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ABSTRACT

Among marine organisms with high dispersal capabilities and limited
geographic barriers, new species have arisen in abundance. Such organisms
may diversify in ways that differ from strict allopatric speciation as
understood from studies of terrestrial systems. The work reported here is a
study of the evolution of fertilization barriers between species of Indo-Pacific
sea urchins in the genus Echinometra.

These urchins form a complex of closely related sibling species with
broad overlapping ranges. Barriers to cross-fertilization between the species
are pronounced and reciprocal. Electron microscopy and electrophysiology
showed that fertilization barriers between two Hawaiian species occur during
sperm-egg attachment and fusion. In urchins, these events involve interactions
of a sperm protein called bindin and its receptor on the egg surface.
Echinometra bindin proteins showed greater binding of conspecific eggs than
heterospecific eggs, indicating that this interaction is species-selective.

In order to examine the molecular evolution of reproductive isolation,

bindin gene sequences were obtained from three Echinometra species. Species
specific amino acid replacements between bindin proteins change the charge
or polarity of the molecule, and there is evidence that positive selection has
favored such replacements. Extensive polymorphism of bindin alleles within
species indicates that the variation required for the evolution of reproductive
isolation exists in natural populations, and suggests parallels with previous

models of the evolution of assortative mating.
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Rare phenotypically-intermediate urchins possess bindin alleles
characteristic of two different species, confirming a hybrid origin. Hybrid
fitness was studied by measuring fertilization; the results suggest a hybrid
advantage when sperm are in excess, but not when sperm are limiting.

Mate recognition behaviors have parallels at the molecular level in the
interactions of sperm-egg recognition proteins. Reproductive isolation may
depend on few gamete recognition loci that evolve rapidly in a process of
sexual selection. This type of species boundary is potentially important in a
very large number of taxa in which mate recognition is focused on gametes,
including unicellular organisms and free-spawning plants and animals.
Fertilization barriers provide an alternative to long-term geographic barriers,
and are likely to be an important aspect of speciation and biodiversity in

marine organisms.
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CHAPTER 1

Fertilization Between Closely Related Sea Urchins is Blocked
by Incompatibilities During Sperm-Egg Attachment

and Early Stages of Fusion

Reference: Edward C. Metz, Robert E. Kane, Hiroko Yanagimachi,
and Stephen R. Palumbi. 1994. Biological Bulletin 187: 23-34.



ABSTRACT

Closely related sea urchin species in the genus Echinometra from
Hawaii and Guam have strong species-specificity of fertilization. Crosses
between the two species found in Hawaii, E. mathaei and E. oblonga, were
compared in order to determine which steps of gamete interaction are
responsible for fertilization barriers. The acrosome reaction, attachment of
sperm to eggs, and fusion of sperm and egg membranes were measured in
crosses between species and compared to within-species controls. In all
crosses, eggs induced the acrosome reaction in 50-100% of sperm within 20
seconds. However, eggs bound approximately 3-5 times fewer heterospecific
than conspecific sperm. In addition, electrical continuity between
heterospecific gametes was achieved rarely under conditions that allowed
conspecific gametes to achieve it readily. Only two sperm-egg fusion events
were recorded in over 80 minutes of heterospecific sperm interaction on 22
eggs. Accordingly, species-specific fertilization in these urchins results firstly
from reduced attachment of the heterospecific sperm acrosomal process to
the egg vitelline layer, and secondly from inability of attached heterospecific
sperm to develop continuity with the egg plasma membrane. At both of these
steps, incompatibilities are reciprocal. Thus a barrier to gene flow is mediated
by molecular interactions during a specific part of the fertilization process, as
the sperm acrosomal surface and the egg vitelline layer contact each other.
Recognition molecules mediating these steps of fertilization may be capable

of relatively rapid change, leading to species-specificity of fertilization.



INTRODUCTION

The relationship between the evolution of reproductive isolation and
species formation is complex and differs among taxonomic groups (Mayr
1963, Donoghue 1985, Carson 1987, Kaneshiro and Boake 1987, Templeton
1989). Species are genetically distinct, yet they may sometimes be
reproductively compatible. Although reproductive barriers do not always
define species boundaries, populations of organisms that do become
intrinsically reproductively isolated will usually evolve independently. Thus
knowledge of the evolution of species-specificity at genetic loci involved
directly in mate recognition could contribute to an understanding of
biological diversification. Many studies have focused on aspects of species-
specific premating recognition that partition gene pools. In most cases
recognition involves complex neurophysiological processes (see review by
Boake 1991) and the genetic basis of these processes remains obscure. In a few
cases, recent work directly implicates specific genes involved in mate
recognition behavior in maintaining reproductive isolation between species
(e.g. Wheeler et al. 1991, reviewed by Coyne 1992).

Species-specific fertilization is a type of mate recognition that is
amenable to study because it involves direct interaction of recognition
molecules on the surfaces of just two cell types, the sperm and the egg.
Species-specific fertilization is particularly important in many different types
of free-spawning organisms like sea urchins, which have relatively simple
premating behaviors prior to the interaction of gametes. Incompatibilities
between gametes from different species cause premating reproductive
isolation and create barriers to gene flow (O'Rand 1988, Minor et al. 1989,
Lessios and Cunningham 1990, Vacquier et al. 1990, Palumbi and Metz 1991,
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Metz et al. 1991). Although broad scale allopatric models of speciation have
been applied to marine organisms including sea urchins (Mayr 1954), many
examples are coming to light of closely related and cryptic marine species
that have differentiated without obvious geographical barriers (reviewed by
Knowlton 1993). Rapidly evolving specificity in mate recognition processes,
including gamete interaction, may be important in generating intrinsic
reproductive isolation between populations, and fadlitating diversification of
marine organisms (reviewed by Palumbi 1992). An understanding of how
species-specificity can arise in the fertilization process may contribute to an
understanding of speciation.

We have focused a study of fertilization on closely related urchin
species in the genus Echinometra that have developed strong reciprocal
gamete incompatibilities. In these urchins, the specificity of fertilization
contributes substantially to maintenance of reproductive isolation between
species. Indo-Pacific species in the genus Echinometra are among the most
closely related sea urchins known. These urchins are abundant in mixed
populations, and contain gonads with mature gametes over broadly
overlapping seasons (Kelso 1970, Uehara and Shingaki 1985, S.R.P.
unpublished data). They show only slight ecological or morphological
differentiation (Kelso 1970, Uehara and Shingaki 1985), and are similar
enough to have been previously classified as different morphs of a single
species (Mortensen 1943). Measurements of genetic relationships indicate that
the species are distinct from one another and probably differentiated from a
common ancestor during the Pleistocene (Palumbi and Metz 1991). Within
that time, species-specificity of fertilization has arisen, making many of the
possible crosses between these urchins incompatible (Kelso 1970, Branham
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1972, Uehara et al. 1990, Palumbi and Metz 1991). In previous studies of
gamete compatibility between Hawaiian Echinometra species, we found that
only a few percent of eggs in reciprocal test crosses between these species
typically become fertilized (Palumbi and Metz 1991). Here we have extended
cross-fertilization measurements to include a third species from Guam
referred to as 'type A' (Uehara and Shingaki 1985). Like the two species found
in Hawaii, the two species found in Guam (E. mathaei and Echinometra type
'A'") have strong reciprocal barriers to fertilization.

Fertilization depends on successful completion of a series of steps
involving interactions between gametes; incompatibilities at these steps could
prevent fertilization from occurring, and provide the basis of species-specific
fertilization (Lillie 1919). These steps involve recognition and binding of
surface molecules on sperm and eggs (for review see C. B. Metz and Monroy
1985, Schatten and Schatten 1989, Foltz and Lennarz 1993). After conspecific
sperm approach the sea urchin egg, four major steps of gamete interaction
occur: (1) Components of the egg jelly induce the sperm acrosome reaction
(Trimmer and Vacquier 1986). (2) Sperm and egg attach as a result of
interaction of the sperm protein bindin and its egg surface receptor (Minor et
al. 1989, Foltz and Lennarz 1993). (3) Molecular interactions of the attached
acrosomal and vitelline surfaces bring gamete plasma membranes together,
and (4) the membranes fuse, creating continuity between the gametes
(Whitaker et al. 1989, Chambers 1989, Foltz and Lennarz 1993).

Specificity of fertilization in crosses between several different genera
of urchins has been shown to result mainly from "primary gamete binding",
the attachment of the sperm acrosomal process to the egg vitelline layer,
visualized by electron microscopy (Summers and Hylander 1975). We used

5



electron microscopy to quantify the acrosome reaction and sperm-egg
attachment in crosses of Hawaiian Echinometra species. In addition, we have
examined the species-specificity of events subsequent to sperm-egg
attachment that lead to gamete fusion. Fusion of the sea urchin sperm and
egg plasma membranes results in a rapid depolarization of the egg
membrane (reviewed in Jaffe 1986). When eggs are held at their resting
transmembrane potential in order to prevent the normal depolarization,
temporary continuity between the sperm and egg creates transient currents
across the egg membrane (Chambers 1989, Whitaker et al. 1989, Chambers
and McCulloh 1990). We assessed the capability of sperm and egg plasma
membranes to fuse by measuring the incidence of transmembrane currents in
voltage-clamped eggs.

The step by step examination of gamete interactions between
Hawaiian E. mathaei and E. oblonga shows that reciprocal incompatibilities
occur at the attachment step, and in interactions of attached gametes leading
to membrane fusion. Comparison of these results with those reported from
other crosses both within and between urchin genera suggest that when
gamete incompatibility arises between species, these steps of fertilization are

most likely to be involved.



MATERIALS AND METHODS
Urchins and Gametes

Echinometra mathaei and E. oblonga (sensu Edmondson 1946), were
collected from mixed populations at Kapapa Island in Kaneohe Bay, Oahu,
Hawaii, and maintained in seawater tables at the Kewalo Marine Lab.
Urchins of Echinometra species type 'A' (sensu Uehara and Shingaki 1985)
were shipped by air from Guam. Shedding of gametes was induced by
injection of 0.5 M KCl into the coelomic cavity. Eggs were collected by
inverting female urchins in dishes of seawater. Undiluted sperm was
collected at the gonopores. Washes and dilutions of gametes were done using

0.45 pm filtered seawater.

Measurement of Cross-Fertilization

Gametes were obtained from two males and two females of each of
three species of Echinometra (E. mathaei, E. oblonga, and Echinometra type 'A').
The 36 possible crosses between these individuals were made as follows:
Sperm concentrations were normalized by dilution with seawater to give an
optical density reading of 0.5 in a spectrophotometer set at 340 nm. Eggs were
washed twice by gentle centrifugation through seawater. 20 ul of settled eggs
were mixed with 200 pl of sperm suspension in a 1.5 ml microcentrifuge tube.
Counts of sperm (using a hemacytometer) and eggs showed that these
gamete mixtures contained approximately 100 sperm per egg. Two replicate
tubes were prepared for each cross. All crosses were performed with highly
motile sperm within 2 hours of induced spawning. After 10 minutes of
gamete interaction, 50 pl of 5% glutaraldehyde in seawater was added to fix
gametes in one tube; the other tube was fixed after 3 hours of gamete
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interaction. Using light microscopy, presence or absence of the fertilization
envelope in the 10 minute samples, and presence or absence of cell division in
the 3 hour samples, was recorded for all eggs in a haphazard succession of
fields of view at 100x magnification, until at least 200 eggs had been
examined for each sample.

Test crosses between Echinometra type 'A' and E. mathaei were also
performed on sympatric urchins in Guam. In these crosses, percent
fertilization was measured under conditions similar to those described above,

for 4-5 different pairs of urchins in each direction.

Electron Microscopy of Hawaiian Echinometra Crosses

For electron microscopy, each gamete mixture used for the crosses was
composed of an approximately equal mixture of gametes from four
individual urchins. Accordingly, in each cross the gamete interaction levels of
16 individual crosses were measured. It should be noted however, that this
methodology will sample the cumulative results of all crosses between
pooled individuals. If certain individual urchin pairs have high cross-
fertilizability, this method might elevate estimates of the amounts of
acrosome reaction and gamete attachment occurring relative to the average
cross between one male and one female. Accordingly, our measurements can
be considered to overestimate rather than underestimate the successful
completion of each step of fertilization. This approach will be less likely to
underestimate the potential for gene flow between species at the population
level.

Eggs were washed twice by gentle centrifugation through seawater,
and 200 ul aliquots of the egg pellet from four females were mixed to make a
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pooled sample of eggs for each species. Likewise, a pooled sperm sample was
made for each species by mixing 10 pl of undiluted sperm from each of four
individuals in 10 ml seawater. Sperm concentrations were normalized by
adding seawater to give an optical density reading of 1.0 at 340 nm. Each of
the four possible crosses between the two pooled sperm samples and the two
pooled egg samples were made as follows: 3 ml of sperm suspension was
added to 0.25 ml of packed eggs and inverted repeatedly to mix. Counts of
sperm (using a hemacytometer) and eggs showed that these gamete mixtures
contained approximately 300 sperm per egg. Sperm appeared highly motile
when all crosses were made. The two interspecific crosses were made prior to
the two intraspecific crosses. After 20 seconds of gamete interaction, the
sample was fixed for one hour at room temperature by mixing thoroughly
with an equal volume of freshly prepared 5% glutaraldehyde in seawater.
Glutaraldehyde fixes the jelly coat surrounding the egg and the sperm
embedded in it, as well as the sperm bound to the egg surface. Unused
pooled eggs were fixed in 1% glutaraldehyde in seawater as negative
controls. No fertilization envelopes were seen in these control samples. The
samples were postfixed with 1% OsO4, block stained with uranyl acetate and
processed for transmission electron microscopy.

Thin sections of gametes from the crosses were examined by electron
microscopy at 10,000 X magnification. Each sample was searched for sperm in
which the tip appeared in longitudinal section near the egg surface. For
convenience, a sperm was considered to be near the egg surface if the tip was
within 5 pm of the egg surface. Sperm that have approached the egg surface
this closely have presumably had an opportunity to interact with the egg jelly
and undergo the acrosome reaction. All sperm within 5 um of the egg surface
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that had either a clearly visible acrosomal vesicle or acrosomal process were
counted. Sperm that were connected at the acrosomal process to the egg
surface by densely staining material were considered to be attached. Each
sperm tip found was scored as either unreacted, acrosome reacted but
unattached, or attached. For each of the sample crosses, at least 35 sperm tips
were scored.

This experiment was repeated as described above, using different
individual urchins as the source of gametes. In the second experiment, the
electron microscopy samples were fixed after 40 seconds of gamete
interaction instead of 20 seconds. Because the experiment was repeated, a
total of 32 urchin pairs were surveyed for each of the four possible crosses
between the two species.

Although other methods for measurement of gamete interaction have
been described (e.g. Vacquier and Payne 1973), examination of gamete
interaction in the electron microscope allows the relative amounts of sperm
undergoing different steps of fertilization to be visualized and measured
within the same samples. For each egg sample, a G-test of independence
(Sokal and Rohlf 1981, pp. 735-738) was used to test the null hypothesis that
the number of sperm completing each of the two steps (acrosome reaction
and attachment) is independent of whether the sperm are conspecific or

heterospecific.

Electrophysiological Recordings of Hawaiian Echinometra Crosses
Electrophysiological measurements were performed as previously
described (Kane 1990) with the following modifications. Microelectrodes
filled with 0.5 M K3SO4, 20 mM NaCl and 0.5 mM potassium citrate (Lynn
10



and Chambers, 1984) had resistances of 20-30 mQ. The bath electrode was
Ag-AgCl with a seawater agar bridge. Electrical measurements and voltage
clamping utilized an Axoclamp-2A amplifier with membrane potential and
current displayed on a digital oscilloscope. The input of the sample-and-hold
amplifier (monitor output) was continuously observed on another
oscilloscope while adjusting the gain and phase of the clamp. Eggs were
impaled by means of a short (20 msec) oscillation induced by an increase in
the negative capacitance. Only impaled eggs requiring less than 0.10 nA of
current to maintain a transmembrane potential of -80 mV were utilized.
Single electrode voltage clamping (Wilson and Goldner, 1975; Finkel and
Redman, 1984) was done at a switching frequency of 2 kHz and filtered at 200
Hz.

Undiluted 'dry' sperm was stored on ice, and diluted in seawater 2-3
minutes before use. Eggs were dejellied by vortexing them gently in 0.55M
NaCl, 0.01 M KCl, 5mM Tris pH 8.3. Dejellied eggs were placed in plastic
petri dishes pre-treated with 0.001% protamine sulfate to allow adhesion
(Steinhardt et al. 1971). As a positive control for fertilization, 2-4 dejellied
eggs from the other Echinometra species were added to the dish near the egg
to be impaled. The egg was then impaled and voltage clamped near the
resting potential at -75 mV.

First, the heterospecific sperm was added to the impaled egg. 2 ul of
dry sperm from a heterospecific male was diluted into 40 ml of seawater, and
vigorously pipetted to mix. In some cases, 1 pl of dry sperm from each of 4
individual heterospecific males was diluted into 40 ml of seawater. In
separate experiments sperm concentration was increased fourfold; 8 pl of dry
sperm was diluted into 20 ml seawater. Transmembrane potential and
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current were recorded while 10 pl aliquots of sperm were added near the
impaled egg. The same volume of sperm was added approximately every
minute for a total of about 3-5 minutes. The impaled egg was observed under
the microscope to verify that heterospecific sperm had arrived at the egg
surface, and fhat heterospecific gamete interaction occurred for several
minutes. The time at which the positive control eggs (from the same species
as the sperm) had elevated fertilization envelopes was noted. From that time,
1-3 more minutes of heterospecific gamete interaction were allowed to occur,
to insure that the impaled egg had been exposed to heterospecific sperm for a
time period sufficient to undergo an electrical response. Then conspecific
sperm was added to the impaled egg. 2 ul of dry sperm from a conspecific
male was diluted into 40 ml of seawater and added to the impaled egg in 10
ul aliquots approximately every 1-2 minutes for about 2-5 minutes. The
amount of conspecific sperm delivered to the dish never exceeded the
amount of heterospecific sperm.

For each of the two Echinometra species, electrophysiological data were
recorded for 11 eggs (1-3 eggs from 6-7 different female urchins). Some of
these eggs were treated with sperm from one heterospecific male at a time,
while the other eggs were treated with mixtures of sperm from 4 different
heterospecific males. Overall, we surveyed heterospecific crosses between 18

pairs of urchins for E. mathaei eggs, and 16 pairs for E. oblonga eggs.
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RESULTS
Cross-Fertilizability of Three Species of Echinometra

Of the 6 possible crosses between E. mathaei and E. oblonga from
Hawaii and Echinometra species'A' (Uehara and Shingaki 1985) from Guam,
all but one were incompatible (figure 1.1). Measurements of percent
fertilization envelopes after 10 minutes were similar to measurements of
percent dividing zygotes after 3 hours. The mean of the twelve within-species
crosses was 98% eggs with fertilization envelopes. Under these conditions,
the mean fertilizability between E. mathaei and E. oblonga was 3% and the
mean fertilizability between E. mathaei from Hawaii and Echinometra
species'A' from Guam was 1%. Low cross-fertilizability was also found in a
separate set of crosses between sympatric Echinometra type 'A’ and E. mathaei
individuals from Guam. For these experiments, the mean and standard
deviation of 4-5 crosses in both directions was 5 * 6.5% (range <1% - 20%).
Accordingly, the sympatric species pairs found on Hawaii and on Guam are
both reciprocally reproductively isolated at fertilization.

Substantial fertilization ocurred in one of the crosses between
allopatric populations of urchins. Sperm of Echinometra species 'A' from
Guam were capable of fertilizing eggs of E. oblonga from Hawaii (figure 1.1).
In this direction, fertilizability of eggs from different individual urchins was
variable; cross-fertilization was 14-27% of eggs from one of the two
individual E. oblonga females we tested and 95-97% in the other. This
preliminary evidence of variation in cross-fertilizability warrants further
investigation. Although cross-fertilization between the two Hawaiian

Echinometra species typically remains low even at high sperm concentrations,
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Figure 1.1
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Figure 1.1. Cross-fertilization between Echinometra mathaei and E. oblonga
from Hawaii and Echinometra species 'A' (Uehara and Shingaki 1985) from
Guam. All possible crosses between two males and two females of each
species were made in duplicate with standardized gamete concentrations.
For each heterospecific cross, the bars indicate the mean and standard error
of four different crosses. Results of all 12 of the within species crosses are
shown together by the bars marked intraspecific. For each cross, the male is
indicated first. E. m. : E. mathaei; E. o.: E. oblonga; E.'A’. : Echinometra
species 'A’.
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(Palumbi and Metz 1991), cross-fertilization between these allopatric urchins
may depend more directly on sperm concentration.

Our results agree with results of a set of crosses between Echinometra
species in Okinawa made by Uehara et al. (1990). The Okinawan urchin
phenotypically similar to Hawaiian E. oblonga is referred to as Echinometra
type 'D'; comparisons of morphology and cross-fertilization are underway for
these allopatric urchins (T. Uehara, personal communication). E. oblonga
from Hawaii and Echinometra type 'D' from Okinawa showed low cross-
fertilization with E. mathaei (figure 1.1, Uehara et al. 1990), although more
Echinometra type 'D' eggs than E. oblonga eggs may be fertilized by E. mathaei
sperm. Substantial percentages of eggs from E. oblonga or Echinometra type
'D' were fertilized by sperm from Echinometra type 'A’, while in both cases the
reciprocal crosses were strongly blocked (figure 1.1, Uehara et al. 1990).
Finally, E. mathaei and Echinometra type 'A’ were reciprocally incompatible in
Okinawa (Uehara et al 1990), just as in our results for Guam and between
Hawaii and Guam. Thus, in general, the patterns of fertilization between
species appear to be similar both for crosses of sympatric urchins from
different locations and for crosses between sympatric and allopatric

populations of urchins.

Gamete Interaction of Hawaiian Echinometra Species

In all crosses between Echinometra species, sperm rapidly became
embedded in the egg jelly. Electron microscopy revealed that in both
heterospecific and conspecific crosses, sperm had arrived to within 5 um of
the egg vitelline layer within 20 seconds. Qualitatively, no differences were
observed in the abundance of sperm at the egg surface in different crosses.
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More than 95% of sperm were acrosome reacted within 20 seconds in
three of the four possible crosses between the two Hawaiian Echinometra
species (figure 1.2). A significantly reduced proportion of E. mathaei sperm
approaching E. oblonga eggs underwent the acrosome reaction (p<0.005, G-
test of independence) indicating that, in one direction, there is specificity of
the acrosome reaction. In this cross, the number of sperm acrosome-reacted at
40 seconds (72%) was higher than the number of sperm acrosome-reacted at
20 seconds (57%), suggesting a relatively slow rate of induction of the
acrosome reaction compared to the other crosses.

In agreement with previous electron microscopy studies of sea urchin
sperm, the acrosomal process of Echinometra sperm appeared to be coated
with a densely staining granular substance, presumably including the protein
bindin (Moy and Vacquier 1979, Nishioka et al. 1990). Sperm that had
attached to the egg were connected to the vitelline layer by a continuous
layer of this densely staining material (figure 1.3). Sperm in the process of
fusing with eggs were observed in a few cases in the intraspecific crosses, but
were not observed in any of the interspecific crosses.

In all cases conspecific sperm demonstrated a significantly greater
ability to attach to eggs than did heterospecific sperm (p<0.005, G-test of
independence). E. mathaei eggs bound 4.3-4.9 times more conspecific than
heterospecific sperm; E. oblonga eggs bound 2.8-5.4 times more conspecific
sperm than heterospecific sperm (figure 1.2). In each case, gamete interaction
for the longer period resulted in relatively more heterospecific sperm
becoming attached, suggesting that heterospecific sperm may attach at a

slower rate than conspecific sperm.
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Figure 1.2A
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Figure 1.2B
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Figure 1.2. Measurements of gamete interaction in crosses between
Echinometra species. Percentages of conspecific and heterospecific sperm that
underwent the acrosome reaction and became attached are shown for two
experiments in which gamete interaction was allowed to occur for 20 seconds
and 40 seconds, respectively. A.: E. mathaei eggs. B.: E. oblonga eggs.

Different urchins were used in the two experiments. For each cross, the
number of sperm, n, that were found in longitudinal section at the tip, within
5 um of the egg surface, is indicated. AR: Percentage of the n sperm that had
undergone the acrosome reaction; AT: Percentage of the n sperm that were
attached to the egg vitelline layer by densely staining material; E. m.: E.
mathaei ; E. o.: E. oblonga.

For each egg sample, a G-test of independence (Sokal and Rohlf, 1981)
was used to test the null hypothesis that the number of sperm completing
each of the two steps (acrosome reaction and attachment) is independent of
whether the sperm are conspecific or heterospecific. In comparisons marked

with asterisks, the null hypothesis can be rejected. *: p< 0.005.
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Figure 1.3
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Figure 1.3. Electronmicrograph of E. oblonga sperm on E. mathaei egg fixed
after 40 seconds of gamete interaction. Some heterospecific sperm-egg
attachment occurs, but only rarely leads to gamete fusion. The acrosome is
attached to the egg vitelline layer by densely staining acrosomal material,

presumably bindin. (bar =1 pm.)
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Transient Electrical Continuity

After addition of heterospecific sperm to voltage-clamped eggs,
approximately 3-10 sperm appeared to be in contact with each egg in the
focal plane around the egg circumference. (Approximately 15-20 were seen
when fourfold more concentrated sperm was added.) The total number of
sperm contacting the egg was presumably several times higher. These
heterospecific sperm appeared to be adhering to the surface of the dejellied
egg; beating of flagella caused them to rotate around a contact point at their
tip. In all cases, the positive control eggs (dejellied eggs from the same species
as the sperm) had elevated fertilization envelopes within 2-3 minutes,
demonstrating that the heterospecific sperm were capable of fertilization.

Recordings totaling more than 80 minutes of heterospecific gamete
interaction were taken from from 22 eggs prior to addition of conspecific
sperm; heterospecific sperm were allowed to interact for 2-6 minutes with
each voltage-clamped egg. In spite of this opportunity for attachment and
fusion, only two heterospecific transient current events occurred, both when
E. oblonga eggs were exposed to concentrated E. mathaei sperm (table 1.1). For
20 out of 22 eggs, no electrical transients were observed for heterospecific
sperm.

At an average of 30 seconds (range: 10-70 seconds) after addition of
conspecific sperm near to voltage clamped eggs, transient currents of 0.25-
0.75 nA began to occur (table 1.1 and figure 1.4). Under the conditions used
for these experiments, the average number of transient current events per
minute was similar in the two species; 2.0 for conspecific sperm on E. mathaei
eggs and 1.6 for conspecific sperm on E. oblonga eggs. Occasionally, fusion
with more than one conspecific sperm simultaneously was indicated by
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Table 1.1a.
Incidence of Transient Currents in Voltage-Clamped E. mathaei Eggs
Exposed First to Heterospecific Sperm and Then to Conspecific Sperm.

Heterospecific Sperm Conspecific Sperm
trial # female #males time (sec.) transients time (sec.) transients fertilization

1 a 4 200 0 170 3 +
2 a 4 185 0 125 6 +
3 b 4 185 0 155 3 +
4 b 4 205 0 105 4 +
5 c 1 220 0 80 3 +
6 c 1 140 0 165 5 +
7 d 4 200 0 160 6 +
8 d 4 180 0 105 4 +
9 e 1 Conc. 240 0 400 11
10 f 4 Conc. 295 0 145 7
11 f 4 Conc. 160 0 115 4 +

Legend:

fernale: each female from which eggs were obtained is designated by a different letter;

#males: number of heterospecific males from which sperm was obtained;

Conc.: fourfold more concentrated sperm;

Heterospecific Sperm Time (sec.) : time in seconds of heterospecific gamete interaction before addition of conspecific sperm;
Heterospecific Sperm Transients: number of transient currents occurring prior to addition of conspecific sperm;

Conspecific Sperm Time (sec.): time in seconds between addition of conspecific sperm and removal of voltage clamp;
Conspecific Sperm Transients: number of transients occurring after addition of conspecific sperm;

Fertilization: after removal of the voltage clamp, normal fertilization depolarization and elevation of the fertilization envelope
is indicated by a '+".
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Table 1.1b.
Incidence of Transient Currents in Voltage-Clamped E. oblonga Eggs
Exposed First to Heterospecific Sperm and Then to Conspecific Sperm.

Heterospecific Sperm Conspecific Sperm

rial female #males time (sec.) transients time (sec.) iransients fertilization
1 a 1 225 0 145 4 +
2 b 1 275 0 130 3 +
3 b 1 185 0 95 2 +
4 b 1 180 0 130 4 +
5 c 4 275 0 95 3 +
6 c 4 195 0 135 3 +
7 d 4 200 0 85 3 +
8 d 4 225 0 90 3 +
9 e 1 Conc. 380 0 300 5

10 £ 1 Conc. 305 1 210 3 +

11 g 4 Conc. 275 1 125 2

Legend:

fengmle: each female from which eggs were obtained is designated by a different letter;

#males: number of heterospecific males from which sperm was obtained;

Conc.: fourfold more concentrated sperm;

Heterospecific Sperm Time (sec.) : time in seconds of heterospecific gamete interaction before addition of conspecific sperm;
Heterospecific Sperm Transients: number of transient currents occurring prior to addition of conspecific sperm;

Conspecific Sperm Time (sec.): time in seconds between addition of conspecific sperm and removal of voltage clamp;
Conspecific Sperm Transients: number of transients occurring after addition of conspecific sperm;

Fertilization: after removal of the voltage clamp, normal fertilization depolarization and elevation of the fertilization envelope

is indicated by a '+'.
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Figure 1.4. Portions of recordings of transmembrane current of Echinometra
eggs voltage-clamped at approximately -75 mV. Small arrows indicate times
of addition of aliquots of heterospecific sperm. Large arrow indicates time of
addition of an equal aliquot of conspecific sperm. For clarity the recordings
have been aligned at the time of addition of conspecific sperm; the times of
heterospecific gamete interaction are somewhat longer than is shown. The
asterisk indicates the time at which all control eggs had elevated fertilization
envelopes. Transient currents of approximately -0.5 nA occurring after
addition of conspecific sperm indicate temporary electrical continuity
between egg and sperm. In each of these trials, the voltage clamp was
released, after which the impaled egg underwent normal fertilization

depolarization and elevation of the fertilization envelope.
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larger currents (Chambers and McCulloh 1990). In most cases, the impaled
eggs were then capable of undergoing a normal fertilization depolarization
and elevation of the fertilization envelope when the voltage clamp was
removed. The two heterospecific fusion events we recorded produced
currents of of similar magnitude and duration to those produced by
conspecific fusion events.

Comparisons between the two heterospecific crosses between
Hawaiian Echinometra species shows that E. oblonga eggs appear to accept
slightly more heterospecific fertilization (figure 1.1), heterospecific sperm
attachment (figure 1.2) and heterospecific fusion (table 1.1), than E. mathaei
eggs. However, the overall pattern in these urchins is strong reciprocal
species-specificity of fertilization caused by strong reciprocal species-

specificity of interactions as gametes attach and begin to fuse.
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DISCUSSION
Species-Specificity of Echinometra Fertilization

Many studies have been done on sea urchin fertilization, but few have
examined species-specific fertilization on a step by step basis in crosses
between congeners. Crosses of Strongylocentrotus purpuratus and S.
franciscanus showed species-specificity of the sperm-egg attachment step but
no specificity prior to attachment (reviewed in Minor et al. 1989, 1991). Indo-
Pacific Echinometra species are approximately 4-5 times more closely related
than these Strongylocentrotus congeners (Palumbi and Metz 1991), and
provide a view of species-specific fertilization at a time much nearer the time
of species formation. Barriers to fertilization have evolved in all but one of the
six possible crosses between the three species of Echinometra found on Hawaii
and Guam (figure 1.1), suggesting that gamete incompatibilities are a
common feature of these urchins in spite of their close relationship. We have
examined the steps of fertilization in crosses between Hawaiian Echinometra

species in order to determine which ones are species-specific.

Step 1. Sperm Activation.

In order for successful fertilization to occur, sperm must first undergo
a complex physiological activation induced by components of egg jelly,
which allows them to find the egg and penetrate the jelly (reviewed in Ward
and Kopf 1993). Specificity of these events is generally moderate; only
distantly related urchins are incompatible. For example, the egg jelly peptide
speract can activate sperm from different genera of urchins (Trimmer and
Vacquier 1986, Garbers 1989, Ward and Kopf 1993). In crosses of
Strongylocentrotus these events are also not species-specific (Minor et al.
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1991). Likewise, in crosses of Hawaiian Echinometra , large numbers of
heterospecific sperm rapidly arrive at the egg plasma membrane, suggesting

that activation is readily achieved.

Step 2. Acrosome Reaction.

Although the acrosome reaction step is blocked in some crosses
between divergent urchins (Segall and Lennarz 1981), this step is typically
not strongly and reciprocally species-specific. The acrosome reaction is not
blocked in crosses between Strongylocentrotus purpuratus and S. franciscanus
(reviewed in Minor et al. 1989, 1991). In addition, the acrosome reaction has
been shown to occur normally in most of the possible crosses between
urchins from four different genera of Caribbean urchins, including
Echinometra lucunter, and was not found to be reciprocally blocked between
any pair of these species (Summers and Hylander 1975).

In Hawaiian Echinometra crosses, asymmetry was observed in the
acrosome reaction step, but in all crosses more than half of the sperm
approaching the egg surface had undergone the acrosome reaction within 20
seconds. This degree of reaction is too high to account for the observation
that only a few percent of eggs in both heterospecific crosses typically elevate
fertilization envelopes. Even though induction of the acrosome reaction is
measurably different depending on the direction of the cross, this step is not
an effective barrier to cross-fertilization. The gamete interaction steps
primarily responsible for preventing interspecific fertilization in both

directions occur after the induction of the acrosome reaction.
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Step 3. Sperm-Egg Attachment.

In contrast to the preceding steps of gamete interaction, the attachment
of sperm to the vitelline layer of eggs is species-specific in many urchin
crosses (Summers and Hylander 1975, 1976, Minor et al. 1991). We found a
similar pattern in crosses of the closely related Hawaiian Echinometra species,
in which eggs bound severalfold fewer heterospecific sperm than conspecific
sperm (figure 1.2). These results agree with our previous counts of sperm
attachment to dejellied eggs (Palumbi and Metz 1991). It might be expected
that heterospecific sperm would fertilize one third to one fifth of the eggs
fertilizable by conspecific sperm, because the results show that eggs will bind
approximately one third to one fifth as many heterospecific sperm as
conspecific sperm. Typically, however, only a much smaller proportion of
eggs in heterologous crosses eventually become fertilized. This indicates that
sperm-egg attachment is not the only barrier to cross fertilization in
Echinometra. Under certain conditions, sperm from Strongylocentrotus
purpuratus will attach to the vitelline layer of eggs from the highly divergent
urchin, Arbacia punctulata , yet only a small proportion of the eggs fertilize
(Glabe et al. 1981). Based on these observations, Glabe et al. suggested that in
heterospecific crosses, bound sperm may not always be capable of

penetrating the vitelline layer and developing continuity with the egg plasma

membrane.

Step 4. Interactions of Attached Gametes and Sperm-Egg Fusion.

The best known indicator of sperm-egg fusion is the fertilization
envelope. However, elevation of the fertilization envelope is a complex
process that normally occurs only after the egg has undergone a series of
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changes induced by fusion with the sperm (reviewed in Jaffe 1986, Kay and
Shapiro 1985), hence it is an indicator of completed gamete fusion. By contrast,
the earliest stages of the gamete fusion process are indicated by
transmembrane electrical changes during interaction of the attached sperm
and egg (Chambers 1989, Whitaker et al. 1989, Chambers and McCullch
1990). It is not yet known if complete fusion of the sperm and egg plasma
membranes is required for the sperm to influence the egg transmembrane
potential. It is clear, however, that if plasma membranes have fused, then
electrical continuity must exist between the gametes. Eggs held at the resting
potential by voltage clamping are prevented from undergoing the normal
depolarization that accompanies gamete fusion, and instead transient fusion
of a sperm creates a transient transmembrane current (Chambers 1989). We
measured the incidence of these transient currents in voltage clamped eggs in
order to directly compare the ability of conspecific and heterospecific sperm
to injtiate the process of fusion. In reciprocal heterospecific crosses of
Hawaiian Echinometra species, sperm were typically incapable of developing
temporary electrical continuity with the egg. Thus species-specificity resides
in the interactions of the sperm acrosomal surface and the egg vitelline layer

that bring the plasma membranes together and allow fusion to occur.

Levels of Reproductive Isolation

Species-specific gamete interactions contribute directly to reproductive
isolation between sea urchin species. However, in some cases, sympatric
congeneric sea urchins fertilize readily in one or both directions of hybrid
crosses (Shearer et al. 1914, Strathmann 1981, Lessios and Cunningham 1990,

Uehara et al. 1990). When barriers are not present at fertilization, other types
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of reproductive isolation, including habitat segregation, timing of spawning,
and postmating incompatibilities are likely to be involved in maintaining
distinctions between marine species (see review by Knowlton 1993).

Hybrid sterility and inviability are important aspects of postmating
reproductive isolation in Drosophila and other organisms (reviewed by Coyne
and Orr 1989, Coyne 1992). However, because of difficulties rearing sea
urchins, little is known about postmating isolating mechanisms in this group.
In Hawaii the existence of rare morphologically intermediate urchins
suggests that viable and fertile hybrids may result from interspecific crosses
between E. mathaei and E. oblonga in nature (Kelso 1970, Palumbi and Metz
1991). Although the strength of postmating isolation remains unclear, the
strong gamete incompatibilities that have evolved act first during
reproduction and are probably most important in maintaining barriers to

gene flow in present populations.

Mechanisms of Gamete Incompatibility

In the genus Strongylocentrotus, the sperm acrosomal protein bindin
has been shown to species-specifically attach the sperm to a receptor on the
egg vitelline layer (Vacquier and Moy 1977, Glabe and Vacquier 1977, Minor
et al. 1989, 1991, Lopez et al. 1993, Foltz et al. 1993, Foltz and Lennarz 1993).
In addition to its responsibility for attaching gametes, the bindin-receptor
interaction is also likely to have a role setting up plasma membrane fusion
(Glabe 1985, Foltz and Lennarz 1993). The steps of fertilization that involve
bindin correspond to the steps that are reciprocally species-specific in closely

related Echinometra congeners.
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Bindin and its receptor could contribute in two different ways to the
reciprocal barrier to fertilization between Hawaiian Echinometra species. First,
heterospecific bindin might not be properly recognized by the receptor on the
egg vitelline layer, resulting in the reduced gamete attachment that we
observe. Secondly, mismatched heterologous bindin-receptor complexes that
occasionally succeed in attaching gametes might not be capable of
undergoing subsequent molecular interactions associated with membrane
fusion. This could result in the barrier to the formation of continuity of the
sperm and egg plasma membranes that we observe. Other recognition
molecules are probably also involved in the barrier to interspecific
fertilization, especially during the complex process of gamete fusion

(Whitaker et al. 1989, Foltz and Lennarz 1993).

Which Fertilization Steps are Evolutionarily Labile?

Species-specific fertilization arises as gamete recognition molecules
differentiate, so recognition molecules that have the most freedom to vary
within populations over time are likely to be the ones that first develop
species-specificity. In sea urchins, different steps of fertilization are not
equally likely to become blocked between species. The responses of the
sperm to egg jelly, including the acrosome reaction, are often not strongly
and reciprocally species-specific, except in crosses between divergent species
(Summers and Hylander 1975, Minor et al. 1991). Components of egg jelly,
including a fucose sulfate glycoconjugate and sperm-activating peptides
operate together to initiate the acrosome reaction (reviewed in Ward and
Kopf 1993). In addition, these molecules also initiate ionic movements across
the sperm membrane and cAMP-dependent protein kinase activity in sperm
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associated with sperm activation (reviewed in Trimmer and Vacquier 1986,
Ward and Kopf 1993). Multiple functions, (and in the case of the fucose
sulfate glycoconjugate, a complex biosynthetic pathway), are likely to create
constraints on the variability of the egg jelly components. Constraints such as
these could prevent rapid differentiation of species-specificity.

The attachment and fusion steps of sea urchin fertilization, which are
most often species-specific, are likely to be mediated by molecules that have
more freedom to differentiate. Reciprocally incompatible attachment and
fusion suggest that two complementary recognition molecules, such as bindin
and its receptor, both differentiate between species. In Strongylocentrotus
bindin and its receptor, protein-protein recognition involving direct binding
of polypeptides expressed on the two gametes has been found. Unmodified
bindin polypeptide attaches to the egg surface (Lopez et al. 1993), and
conversely, a region of the receptor polypeptide binds to bindin particles
(Foltz et al. 1993). In addition, treatment of eggs with a peptide derived from
bindin can inhibit fertilization, presumably by binding to the receptor (Minor
et al. 1993). All of these effects are species-specific and support the view that
recognition and binding result primarily from interactions of polypeptide
domains. As species differentiate, genetic changes could act directly on the
amino acid sequence of recognition domains in proteins expressed on sperm
and eggs. Changes in both the male and the female gamete surface proteins
would likely be required for differentiation of recognition. Constraints on
such changes may be substantial, but would be lessened if they were
uncoupled from other functional constraints of cell physiology. Accordingly,
recognition domains of proteins might be susceptible to relatively rapid
differentiation, and gamete interaction steps mediated by this type of

34



recognition could be expected to be the first to evolve reciprocal species-
specificity and premating reproductive isolation.

Reciprocal gamete incompatibility between recently diverged
Echinometra species occurs during the stages of fertilization in which bindin
and its receptor play a major role. We have recently obtained the nucleotide
sequences of bindin genes from these urchins and have found that they are
substantially differentiated (E. C. Metz and S. R. Palumbi, in preparation).
Further studies of the Indo-Pacific Echinometra species group may aid our
understanding of how gamete recognition evolves and contributes to

differentiation of species.
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CHAPTER 2

Reciprocal Species-Selective Egg Agglutination by Bindins
from Two Closely Related Sea Urchins
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INTRODUCTION

Studies of reproductive barriers typically have relied on measures of
courtship behaviors and counts of matings or progeny in conspecific and
heterospecific crosses among species. These measures usually include the
overall effects of many different loci which are difficult or impossible to
separate (Coyne 1992). In a few cases, the phenotypic effects of a single locus
have been measured (Orr 1991; Wheeler et al. 1991). In such cases, the specific
function of a particular gene product has usually not been measured directly.
During fertilization, however, sperm surface proteins contact those on the
egg surface directly, and the interaction of these proteins effectively mediates
mate recognition at the molecular level (O'Rand 1988, Palumbi 1992).
Measurement of interactions of gamete surface proteins provides a means for
direct assesment of the role of particular pairs of male and female recognition
lodi in reproductive isolation.

When spawning is concurrent in sympatric marine organisms that
release gametes freely, boundaries between species may reside at the level of
fertilization (Palumbi 1994). In a dramatic example of this, fertilization
between closely related species of sea urchins in the genus Echinometra is
highly attenuated as a result of low levels of sperm-egg attachment and
fusion (Palumbi and Metz 1991; Metz et al. 1991; Metz et al. 1994). Sperm-egg
attachment in heterospecific crosses was several times lower than in
conspecific crosses of these urchins. In sea urchins, species-selective
attachment to the egg surface is mediated by the sperm protein bindin and an
egg surface receptor (Vacquier and Moy 1977; Minor et al. 1989; Minor et al.
1991; Lopez et al. 1993; Vacquier et al. 1995). Bindin is the major component

of the sperm acrosomal vesicle, which becomes externalized to contact the
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surface of the egg. In its native form, bindin is an insoluble aggregate that
attaches to multiple egg receptors and in so doing, can cause eggs to
agglutinate. Several studies using gametes from two distantly related urchins
in the genus Strongylocentrotus have shown that bindin particles agglutinate
eggs with high specificity (Glabe and Vacquier 1977; Vacquier and Moy 1977;
Lopez et al. 1993). To compare gamete recognition within and between
closely related Hawaiian Echinometra species, the methods developed for
Strongylocentrotus were employed to isolate acrosomal protein from sperm
and to agglutinate eggs with it. For both Echinometra species, sperm bindin
agglutinated conspecific eggs to a significantly greater extent than
heterospecific eggs. Reciprocal species-selectivity of the bindin-receptor
interaction suggests that coevolution has rapidly shaped this level of mate

recognition.
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MATERIALS AND METHODS
Urchins and Gametes

Echinometra mathaei and E. oblonga (sensu Edmondson 1946) were
collected from shallow waters around Kapapa Island, Kaneohe Bay, Oahu,
Hawaii. Urchins were maintained in seawater tables at the Kewalo Marine
Laboratory. Sperm and eggs were obtained by injection of 0.5 M KCl. All

gamete washes, dilutions, and assays were done in 0.2 um filtered seawater.

Acrosomal Protein

Acrosomal protein isolated from sperm using the method of Vacquier
and Moy (1977) and Vacquier (1983) (steps up to and excluding solubilization
of proteins in 8M urea) with modifications by A. Hofmann et al. (1993) and
additional modifications to scale down the procedure to sperm from
individual males. All steps of the isolation were performed at 0-4° C. Sperm
were collected from gonopores and washed twice by centrifugation through
50 ml seawater for 10 minutes at 4-5000g in a graduated conical tube. Sperm
were resuspended by stirring with a spatula, leaving behind the layer of
pigmented cells on the bottom of the pellet. If the final sperm pellet volume
was at least 1.5-2.5 m], the sample was used for bindin isolation. The sperm
pellet was stirred gently into 2 ml calcium free seawater (CFSW) pH 5.8 and
then gently stirred into 100 ml isolation medium (CFSW containing 300 mM
sucrose, 50 mM potassium acetate, 5 mM EGTA, 0.05% w/v sodium azide,
pH 5.7, with protease inhibitors: 10 pg/ml soybean tripsin inhibitor, 1 pg/m!l
benzamidine, 1 pug/ml tosyl-arginine methyl ester (TAME), 1 pg/ml
phenylmethylsulfonyl fluoride (PMSF), and 1 pg/ml aprotinin) in a 250 ml

centrifuge bottle. After complete resuspension of the sperm, 100 ml of Triton-
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X 100 solution (70 ml isolation medium plus 30 ml 300 mM sucrose, 10%
Triton X-100) was added and the sperm suspension was shaken very
vigorously by hand for one minute. Using phase contrast microscopy, sperm
were checked for dissociation of the acrosomal vesicle, which appeared as a
dark dot at the tip of the sperm. If vesicles were not dissociated from most
sperm, the suspension was shaken vigorously for an additional minute, and
rechecked. This was repeated up to 2 times, until vesicles had dissociated
from most sperm. To remove sperm, the suspension was centrifuged twice at
4000g for 10 minutes, discarding the pellet each time.

The supernatant containing acrosomal material was then poured
through a glass fiber column to filter out residual sperm heads and tails. The
column was prepared in advance by fragmenting 8 pm diameter glass wool
in 1M acetic acid at high speed in a blender for 5 minutes. The glass fiber was
washed with 1-2 1 H2O. The column was poured 7 cm deep in a 60 ml syringe
barrel, overlaid with glass beads, washed with H20, and stored at 4° C in
isolation medium. Prior to use, the column was fitted with an 18 gauge
needle; flow rate of the acrosomal preparation from the columns was
approximately 1-2 ml/minute. Each preparation was checked for
contaminating sperm heads; if sperm heads were seen, the sample was
passed through another glass fiber column. Flow through from the column
was centrifuged at 21,500g for 1 hour. The pellet was resuspended in 1-2 ml
isolation medium and frozen in 200 pl aliquots at -80°C.

Prior to use in agglutination assays, aliquots of the acrosomal
preparation were thawed on ice. Isolation medium was washed from
insoluble material by three cycles of suspending in 1 ml seawater and

pelleting in a microfuge. The final pellet was resuspended in 2 ml seawater
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and sonicated intermittently for a total of 10 seconds. The concentration of
protein was measured with the DC Protein Assay (BioRad) against a
standard curve for albumin. Concentration of protein in the acrosomal
preparations was adjusted to 400 pg/ml by addition of seawater. These
preparations, which are referred to as 'acrosomal protein' were stored on ice

and used in agglutination assays within 90 minutes.

Dejellied Eggs

Eggs were washed twice through seawater by gently pelleting with a
hand centrifuge. Eggs were then washed through seawater containing
protease inhibitors: 10 pg/ml soybean tripsin inhibitor, 1 ug/ml
benzamidine, 1 ng/ml TAME, 1 pg/ml PMSF, and 1 pg/ml aprotinin. Eggs
were dejellied by suspending packed eggs in 40-50 volumes calcium,
magnesium free seawater (CMFSW) and gently pouring back and forth
between two centrifuge tubes 15-20 times. The packed egg volume was
diluted in 20 volumes seawater to make a 5% v/v suspension of eggs.
Dejellied eggs were gently agitated to keep them in suspension prior to use.

Trypsin-digested eggs were prepared by adding 20 volumes seawater
containing 2 mg/ml trypsin to packed dejellied eggs, and incubating with
gentle agitation at room temperature for 15 minutes. The eggs were washed
in seawater containing 5 mg/ml soybean trypsin inhibitor, and then in

seawater, prior to use in agglutination assays.

Egg Agglutination Assays
Assays were performed using the method of Vacquier and Moy (1977)

with modifications by A. Hofmann et al. (1993) and additional modifications.
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Agglutination tests were performed using individual pairs of urchins in order
to maximize the sensitivity of the assay. Quantification of individual
variation is not part of the experimental design, but pooling gametes from
many individuals could produce results biased by the effects of a few variant
individuals. Assays were done in 24-well plastic culture plates wetted with a
1 mg/ml albumin solution and then dried, in order to coat the plastic surface
and prevent dejellied eggs from sticking. Assay reactions consisted of 250 ul
seawater, 50 ul 5% v/v dejellied egg suspension, and 20-80 ug acrosomal
protein, swirled at 125 rpm on a rotating table. After 20 minutes, 250 pl of
seawater containing 0.1% formaldehyde and 0.01% sodium azide was added
as preservative, and the assays were stored at 4°C. In each trial, an acrosomal
protein sample was reacted with conspecific and heterospecific eggs in
parallel, and negative controls for agglutination were included for both egg
types.

Effects of fucoidin (Sigma), on agglutination were measured by
performing sets of agglutination assays as described above in which 100 pl
(40 pg) of acrosomal protein was pretreated by mixing for 1-2 minutes with
2.5 pl of seawater containing 0.008 - 25 g of fucoidin or seawater control.
Effects of an anti-Strongylocentrotus bindin polyclonal antibody (provided by
A. Hofmann and C. G. Glabe) on agglutination were measured by pretreating
10 ! (4 ug) of acrosomal protein with 10 pl of antibody (or seawater control)
with gentle mixing for 10 minutes. These agglutination assays were done in
50 pl droplets of 1% v/v eggs rotated at 125 rpm for 10 minutes on a parafilm
substrate.

For measurement, the entire agglutination reaction was gently

transferred to a large glass slide using a wide-bore pipette and covered with a
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cover slip. Counts were made in a succession of haphazard fields of view at
100x magnification until a total of 100 or more eggs had been counted. Three
different types of counts were made in each field of view: (1) the total number
of eggs, (2) the number of adhesive junctions at which egg surfaces were in
contact, and (3) the number of egg clusters in each of the possible size classes:
singlet, doublet, triplet, etc. up to 10 or more eggs per cluster. If the number
of adhesive junctions per 100 eggs exceeded 10 in negative control samples
(dejellied eggs without acrosomal protein), the corresponding reactions were
not used. Most assays were performed with 40 pug of acrosomal protein
because this was judged the minimum amount that produced agglutination
with a broad range of egg cluster sizes. When larger amounts of protein (e. g.
80 ug) were used, very large clusters were seen, in which it was more difficult
to accurately count adhesive contacts. Percentage data were arcsine

transformed in order to calculate means and 95% confidence intervals.

Expression of Bindin

Bindin coding sequence was cloned into the pET 15b vector (Novagen)
to allow expression of Echinometra bindin proteins by E. coli. Bindin cDNA
previously cloned in pBluescript for sequencing (Metz and Palumbi 1996)
was used as template in PCR with primers BX3: 5'
TAGAATTCCATATGTACGGGAACTACCCGCAAG 3' and BX4: 5'
ATGAATTCGGATCCCTACCCTTGCCGATAA 3', which amplify the bindin
sequence and provide correctly positioned Nde I and Bam H I restriction sites
at the 5' and 3' ends respectively. These PCR products and pET 15b were
digested with the two restriction enzymes, and then ligated. XL1-Blue E. coli

(Stratagene) were transformed with ligations and resulting colonies were
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PCR-screened with BX3 and BX4 to detect plasmids with inserts. Purified
plasmids were transformed into BL21DE3 E. coli (Novagen) by
electroporation. Colonies were innoculated into 3 ml DYT cultures containing
100 pg/ml ampicillin and grown with vigorous shaking for 3 hours. These
cultures were used to innoculate 100-500 ml large scale cultures containing
100 pg/ml ampicillin, which were grown with vigorous shaking to O. D. =
0.8 at 550 nm. Expression of the inserted bindin coding sequence was then
induced by addition of IPTG to 2-4 uM and continuation of growth for 1-2
hours. Pelleted cells were lysed by three cycles of freezing followed by
thawing on ice, and then were sonicated intermittently for a total of 10
seconds in 6 M urea. Expression products of pET 15b have a carboxy-terminal
chain of 6 histidine residues that bind to nickel ions, facilitating purification
of expressed proteins on nickel-conjugated columns. Materials and
procedures for charging, washing, eluting, and stripping the nickel columns
were as described in the pET expression manual (Novagen). Proteins eluted
from the nickel column were dialyzed extensively against 0.2 um filtered
seawater or phosphate buffer (0.8 M sodium phosphate monobasic, 0.8 M
potassium phosphate monobasic, 0.1 M sodium HEPES, pH 7.5).

Electrophoresis and Blotting

Aliquots of acrosomal protein were subjected to SDS polyacrylamide
gel electrophoresis and silver staining (Harlow and Lane 1988).

Fractions of bacterial expression proteins eluted from nickel columns
were subjected to SDS polyacrylamide gel electrophoresis and western-
blotting (Sambrook et al. 1989). Blots were incubated first with an anti-

Strongylocentrotus bindin polyclonal antibody (provided by A. Hofmann and
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C. G. Glabe), and then with horseradish peroxidase-linked goat anti-rabbit
IgG secondary antibody (Sigma) for chemiluminescent detection (ECL,

Amersham) on x-ray film.



RESULTS
Sperm Proteins and Bindin

Typically, the isolation method yielded about 300-600 pig of proteins
from a single male urchin. Gel electrophoresis revealed that bindin was
present in the preparations, but was not a major component (figure 2.1).
Bindin was identified on gels by comparison with an acrosomal preparation
from Strongylocentrotus franciscanus (provided by A. Hofmann and C. G.
Glabe). The method used to isolate bindin from Echinometra, which is
essentially the same as that used previously to isolate bindin from
Strongylocentrotus (Vacquier and Moy 1977; Vacquier 1983; Lopez et al. 1993),
did not result in effective purification of bindin, even though microscopic
examination showed that acrosomal vesicles appeared to be released from
sperm. The major contaminants are tubulins (mw 53,000 and 56,000),
presumably from broken sperm tails (figure 2.1). Smaller amounts of a wide
size range of other proteins are also present. In whole sperm, the major
components are tubulins and histones H1 (mw 33,000) and H2, H3, H4a, H4b
(mw's 10,000-20,000). Little or no contamination by histones indicates that
sperm heads were effectively removed from the Echinometra acrosomal
preparations (figure 2.1). Although bindin was not purified by the method,
bindin was enriched in the acrosomal protein preparations relative to total

sperm protein.

Egg Agglutination
Acrosomal protein was capable of causing stable agglutination of
dejellied eggs. Agglutination increased as the amount of added protein was

increased (figure 2.2). Count data collected from agglutination reactions
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Figure 2.1A
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Figure 2.1A. Silver-stained 12% SDS-polyacrylamide electrophoresis gel of
acrosomal protein preparations from Echinometra mathaei (E.m.) and E. oblonga
(E.0.), and from Strongylocentrotus franciscanus (S.f.), provided by A. Hofmann
and C. G. Glabe. Sizes in kilodaltons (kD) of the major molecular weight
standard (Std.) proteins are shown at the right. Tubulins (53 kD and 56 kD)
and bindin are indicated by arrows. Bindin is identified in the
Strongylocentrotus preparation as the band migrating at approximately 30.5 kD
(Lopez et al. 1993), i. e, between markers at 29 kD and 31 kD. The
corresponding band in the Echinometra preparations is faint but detectable.
Each of the six Echinometra lanes contains 1 jig of protein from an independent
acrosomal protein preparation from a different male. The aliquots run on gel
lanes were taken directly from the acrosomal protein samples that were used

for egg agglutination assays.
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Figure 2.1B
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Figure 2.1B. Silver-stained 12% SDS-polyacrylamide electrophoresis gel of
acrosomal protein (AP) preparations and whole sperm from E. mathaei. Sizes
in kilodaltons (kD) of the major molecular weight standard (Std.) proteins are
shown at the right. Tubulins and bindin are indicated by arrows. Bands in the
whole sperm sample that correspond to histone H1 (33 kD) and the four
smaller histones (10-20 kD) (Glabe et al. 1982; Vacquier 1983) are indicated at
the far right by the letter H. Histones and many other proteins present in
whole sperm appear to be absent or greatly reduced in the acrosomal protein

preparations.
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Figure 2.2, Increasing amounts of acrosomal protein increase egg
agglutination measured in two different ways. A. number of adhesive
contacts per 100 eggs; B. number of singlet eggs (without any contacts) per
100 eggs. The two measures were made on the same set of agglutination
reactions. Eggs from one female of each species were treated with varying
amounts of acrosomal preparation from each species (#E.m.-1 and #E.o0.-1).
Dark symbols indicate conspecific reactions; light symbols represent

heterospecific reactions. E.m.: Echinometra mathaei; E.o.: E. oblonga.
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provide the basis for three different measures of the amount of agglutination:
(1) the number of adhesive contacts per 100 eggs, (2) the number of single
eggs with no contacts per 100 eggs, and (3) the number of large clusters with
> 7 eggs. Under the assay conditions used (see methods), 40 pg of the
acrosomal protein preparations was judged to provide the level of
agglutination most amenable to quantitation. These reactions resulted in a
few clusters of about 8-20 eggs, a distribution of smaller cluster sizes, and a
variable number of single eggs. Assays with 80 pg of protein resulted in large
clusters of eggs.

Three types of experiments were performed to help assess whether
agglutination resulted specifically from the bindin-receptor interaction.
Agglutination was inhibited by either trypsin digestion of eggs (figure 2.3), or
pre-treatment of the acrosomal protein with either fucoidin (figure 2.4) or
anti-Strongylocentrotus bindin polyclonal antibody (figure 2.5). Egg
agglutination by 40 ug of acrosomal protein was inhibited by pre-treatment
with a little as 0.2 pg of fucoidin, and was strongly inhibited by 5 pg of
fucoidin (figure 2.4). The titrations indicate that a 50% reduction of this
agglutination reaction is achieved by 0.2-0.4 ug of fucoidin. Likewise, egg
agglutination by acrosomal protein was significantly inhibited by pre-
treatment with antibody (figure 2.5).

Acrosomal protein agglutinated more conspecific eggs than
heterospecific eggs (table 2.1, figure 2.6). The paired t-test was used to test the
null hypothesis that agglutination of conspecific and heterospecific eggs by
acrosomal protein does not differ. All three types of count data allow the null
hypothesis to be rejected (figure 2.6). The number of contacts per egg was two

times greater and the number of large clusters was 5.8-6.2 times greater in
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Figure 2.3, Trypsin-digestion of dejellied egg surfaces effectively eliminates
egg agglutination by acrosomal proteins. Each bar shows mean and standard
deviation of 3 replicate assays using 40 ug of E. mathaei acrosomal protein on

conspecific eggs.
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Figure 2.4. Pre-treatment of acrosomal protein with increasing amounts of
fucoidin decreases egg agglutination. Each point shows the mean and
standard deviation of four replicate assays. Acrosomal protein (100 pl
containing 40 pug) was pretreated with 2.5 ul seawater containing 0-25 ug
fucoidin. Acrosomal protein and eggs were obtained from E. mathaei. A.

adhesive contacts per 100 eggs; B. singlets per 100 eggs.
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Figure 2.5

ujojold Jewosoloe
pejees-Apogiue

ujejoid jewiosoioe
peojean-Apoque

ujejoud jewososoe ujejoid jBwosoloe

[osuo0d 101302

T v L] v
(=] o (=] (=] (=]
«© w0 < N

-
-t
-

0
40.

T
[=]
«© (7]

100 -
100 -

. sbb3 oo} 49d sjorlUO) sb63 go| Jod syojbuis

59



Figure 2.5. Pre-treatment of acrosomal protein with anti-Strongylocentrotus
bindin polyclonal antibody inhibits egg agglutination. Acrosomal protein (10
ul containing 4 ug) was pretreated either with 10 pl antibody or seawater.
Control assays have no added protein. Each bar shows the mean and
standard deviation of four replicate assays. Acrosomal protein and eggs were
obtained from E. mathaei. A. adhesive contacts per 100 eggs; B. singlets per
100 eggs. The paired t-test was used on arcsine transformed data, because in
each case reactions were set up in pairs with control and antibody-treated
acrosomal protein. For both measures of agglutination, acrosomal protein
samples differed significantly from control and antibody-treated samples, p <
0.001.
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Table 2.1A
Agglutination of Conspecific and Heterospecific Eggs by 40 ug
of E. mathaei Acrosomal Protein

Adhesive Proportion Number of

Junctions of Single Clusters

per Egg Eggs of > 7Eggs
Acrosomal Egg
Protein # Pair # Con Het Con Het Con Het
Em.1 1 47 29 42 52 3 0
Em.1 2 .56 .28 32 .58 1 0
Em.1 4 57 15 .39 69 5 0
Em.3 1 41 25 44 .54 0 1
Em.3 2 46 33 49 47 1 0
Em.3 3 74 39 .20 .50 5 0
Em.3 4 72 41 24 45 4 1
Em. 4 6 .90 47 13 26 3 1
Em.5 7 72 24 21 68 2 0
Em.5 8 54 48 34 42 3 1
Em.6 7 62 18 38 72 4 0
Em.6 7 73 33 23 48 6 2
Em.6 8 51 .19 37 66 3 0

Note: --Acrosomal proteins were assayed at the same time on paired samples
of dejellied eggs from E. mathaei and E. oblonga , designated by the egg pair #.
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Table 2.1B
Agglutination of Conspecific and Heterospecific Eggs by 40 g
of E. oblonga Acrosomal Protein.

Adhesive Proportion Number of

Junctions of Single Clusters

per Egg Eggs of > 7 Eggs
Acrosomal Egg
Protein # Pair # Con Het Con Het Con Het
Eo.1 1 41 23 37 .65 0
Eo.1 2 .58 24 26 .58 2 0
E.o.1 4 39 19 48 73 2 0
E.o.3 1 57 16 27 72 4 0
E.o.3 2 .53 17 41 71 4 0
E.o.3 3 74 41 13 49 4 1
E.o.3 4 .95 51 .10 35 5 1
E.o.4 6 54 .68 .20 .20 3 2
E.0.5 7 .50 29 44 .55 0 0
E.0.5 8 66 36 29 .53 2 0
E.0.6 7 67 .36 .19 46 4 1
E.o.6 7 77 19 2 71 5 0
E.o.6 8 79 31 09 .59 2 1

Note: --Acrosomal proteins were assayed at the same time on paired samples
of dejellied eggs from E. mathaei and E. oblonga , designated by the egg pair #.
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Figure 2.6
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Figure 2.6. Egg agglutination in conspecific reactions is greater than in
heterospecific reactions. Each bar shows the mean and standard deviation of
results from 13 agglutination reactions with 40 pug acrosomal protein. A.
number of adhesive contacts per 100 eggs; B. number of singlet eggs (without
any contacts) per 100 eggs; C. number of clusters with > 7 eggs. The three
measures were made on the same set of'agglutination reactions. The paired t-
test was used on arcsine transformed data, because in each case reactions
were set up in pairs with eggs from a conspecific and a heterospecific female
(table 2.1). Asterisks indicate probabilities for no difference between
conspecific and heterospecific agglutination; *: p < 0.005. E.m.: Echinometra

mathaei; E.o.: E. oblonga.
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conspecific than in heterospecific crosses. Likewise there were 1.6-2.1 times
fewer unattached eggs in conspecific crosses. The number of adhesive
contacts per 100 eggs and the number of singlets per 100 eggs showed a
strong negative correlation; for all 52 paired samples in which 40 pug of bindin

was tested, r2 = 0.904 for the two measures.

Bacterial Expression of Echinometra Bindin

Western blots of proteins purified from the pET15b bacterial
expression system for Echinometra bindin cDNA indicated that bindin and
fragments of bindin were the major components. To attempt to renature the
bindin to its native form, it was dialyzed gradually from urea into seawater
or phosphate buffer (Lopez et al. 1993), which resulted in precipitation of
insoluble bindin. The insoluble bindin synthesized from either urchin coding
sequence strongly agglutinated both conspecific and heterospecific eggs.
However, in all cases, the agglutination was transitory and lasted only 2-3
minutes. This system might eventually allow individual Echinometra bindin
alleles to be expressed and assayed for their recognition function, but

requires further characterization.
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DISCUSSION

Acrosomal preparations from Echinometra sperm contained a mixture
of proteins, predominantly tubulins, and including bindin, but with histones
apparently removed. In bindin preparations from Strongylocentrotus urchins,
using essentially the same methods used here, sensitive silver staining has
revealed that tubulins and histones usually are substantial contaminants, and
a number of unidentified proteins are also found (Glabe et al. 1982; Vacquier
1983; Lopez et al. 1993) (also see figure 2.1). Nonetheless, agglutination of
eggs by such acrosomal preparations has provided the experimental evidence
for species-selectivity of the bindin-receptor interaction. Contamination of
bindin preparations by tubulin and histone H1 was reported not to contribute
to the lectin-like behavior of bindin particles that results in egg agglutination
(Glabe et al. 1982; Vacquier 1983).

A method for obtaining highly purified bindin is available (Vacquier
1983), but it was not used in this study because it requires solubilization in 8
M urea, with unknown consequences for specificity of recognition.
Echinometra bindin polypeptides expressed in bacteria were capable of
causing dramatic egg agglutination, but the effect was neither stable nor
species-selective. These difficulties may result from improper renaturation of
the denatured polypeptides to their native conformation.

Previous studies with purified bindin from Strongylocentrotus indicate
the amount of bindin required for egg agglutination, and suggest that the
Echinometra bindin preparations contain enough bindin to cause
agglutination. For example, a titration by Glabe and Vacquier (1977)
indicated that maximal agglutination of 500 ul of 1% v/v eggs was achieved

by 3.5 ug of purified bindin, and Lopez et al. (1993) found maximal
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agglutination of 400 pl of 1% v/v eggs required 4-5 pg of purified bindin. In
the latter study, 60 + 10% agglutinated eggs were agglutinated and an
average egg cluster size of 4 resulted when only 1 ug of purified bindin was
used. This level of agglutination is similar to that achieved in this study by 40
pug of acrosomal preparation on 400 pl of 0.6% v/v eggs (see methods and
figures 2.2, 2.6). Accordingly, even if the Echinometra acrosomal preparations
contained only 1-2% bindin, the amounts used would be similar to the
amounts previously used in Strongylocentrotus agglutination assays.

Because bindin represents a small proportion of the Echinometra
acrosomal preparations, three types of experiments based on known aspects
of the bindin-receptor interaction in Strongylocentrotus were performed to
help determine whether agglutination resulted specifically from this
molecular interaction. First, the Strongylocentrotus bindin receptor is trypsin-
sensitive, and trypsin digestion of dejellied eggs results in little or no
agglutination by bindin (Vacquier and Moy 1977; Foltz and Lennarz 1993).
Similarly, Echinometra acrosomal protein did not agglutinate trypsin-digested
eggs. Second, the sulfated polysaccharide, fucoidin, has a very high affinity
for Strongylocentrotus bindin, and is a potent inhibitor of egg agglutination
because it competes effectively with the egg surface receptor for bindin
(Glabe et al. 1982). The mass of fucoidin required for 50% inhibition of
agglutination was just 0.5-1% of the mass of Echinometra acrosomal
preparation. This provides evidence that low levels of fucoidin inhibit
agglutination by specifically blocking the action of the low levels of bindin in
the acrosomal preparations. Third, egg agglutination was significantly
inhibited by pre-treatment of the acrosomal protein with anti-

Strongylocentrotus bindin antibody. Small amounts of antibody probably
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inhibit agglutinations by specifically binding and inactivating the small
amount of bindin present in the mixture. Taken together, these three
independent lines of evidence strongly silpport the bindin-receptor
interaction, rather than nonspecific attrag:tions of other molecules, as the
cause of egg agglutination by the Echinometra acrosomal protein preparations.

Acrosomal preparations from males of both Echinometra species
showed species-selectivity of egg agglutination. Three measures of
agglutination made on paired samples show that conspecific agglutination
was significantly greater than heterospecific agglutination. These measures
are presumably influenced by the strength of binding affinities between
bindin and receptor molecules.

The results provide strong evidence that a specific molecular
recognition event, the bindin-receptor interaction, is directly involved in
reproductive barriers between Echinometra species. The reciprocal selectivity
of egg agglutination by Echinometra bindin parallels the strong reciprocal
barriers to cross-fertilization (Palumbi and Metz 1991) and gamete
attachment and fusion (Metz et al. 1994) between these urchins. Reciprocal
selectivity of the Echinometra bindin-receptor interaction differs from that
measured between distantly related congeners of Strongylocentrotus, which
show strong selectivity only in one direction (Lopez et al. 1993). Direct
evidence of the reciprocal selectivity of the bindin-receptor interaction in
closely related sympatric urchins indicates that this interaction is a focal point
of mate recognition, and suggests that selection may have acted in concert on

the corresponding lodi.
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CHAPTER 3

Positive Selection and Sequence Rearrangements Generate Extensive

Polymorphism in the Gamete Recognition Protein Bindin

Reference: Edward C. Metz and Stephen R. Palumbi. 1996.
Molecular Biology and Evolution 13: 397-406.
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ABSTRACT

Bindin is a gamete recognition protein of sea urchins that mediates
species-specific attachment of sperm to an egg-surface receptor during
fertilization. Sequences of bindin from closely-related urchins show fixed
species-specific differences. Within species, highly polymorphic bindin alleles
result from point substitution, insertion/deletion and recombination. Since
speciation, positive selection favoring allelic variants has generated diversity
in bindin polypeptides. Intraspecific bindin variation can be tolerated by the
egg receptor, which suggests functional parallels between this system and
other flexible recognition systems, including immune recognition. These
results show that polymorphism in mate recognition loci required for rapid

evolution of sexual isolation can arise within natural populations.
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INTRODUCTION

Intercellular interactions such as fertilization and immune responses
are mediated by protein-protein binding interactions. Depending on the
recognition function of these proteins, coevolutionary changes may
accumulate as a result of positive selection. Evidence of positive selection has
been documented in over a dozen types of recognition proteins (e. g. Hughes
and Nei 1988; Clark and Kao 1991; Lee and Vacquier 1992; Swanson and
Vacquier 1995). Selection can act on the recognition properties of new variant
alleles that arise by a variety of sequence changes, including amino acid
replacement mutations and recombinations among existing alleles. Here we
present sequence analysis of a gamete recognition locus, at which highly
polymorphic alleles showing evidence of positive selection have a common
ancestor near the time of speciation.

Genes controlling mate recognition may differentiate between species,
leading to sexual reproductive isolation (Coyne 1992; Palumbi 1994).
Theoretical studies have shown that when mate recognition loci are highly
polymorphic, assortative mating may evolve rapidly (Nei et al. 1983; Wu
1985). Heritable variation in male traits and female preferences (reviewed by
Pomiankowski and Sheridan 1994), implies that polymorphisms exist at the
corresponding genetic loci. Such intraspecific alleleic variation would be
required for differentiation of novel assortative mating types. However,
because of the complexity of both signaling and receiving processes during
courtship, there is little direct evidence of sequence variation at loci
responsible for reproductive isolation (Coyne 1992; Wu et al. 1995).

Species-specific fertilization is maintained by a relatively small

number of recognition proteins expressed on gamete surfaces. This provides
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opportunities for study of the molecular evolution and population genetics of
reproductive isolation (Palumbi 1994). In free-spawning marine invertebrates,
gamete recognition proteins that have been characterized include sperm
bindin and its egg receptor from sea urchins (Vacquier and Moy 1977; Minor
et al. 1989; Foltz and Lennarz 1993; Vacquier et al. 1995) and sperm lysin from
abalone (Lee and Vacquier 1992; Lee et al. 1995). In sea urchins, species-
specificity of fertilization generally occurs during sperm-egg attachment
(Summers and Hylander 1975; Metz et al. 1994) which is mediated by the
interaction of sperm acrosomal protein bindin and its egg-surface receptor
(Minor et al. 1989; Foltz and Lennarz 1993; Vacquier et al. 1995).

In order to examine patterns of molecular evolution at a mate
recognition locus, we sequenced the mature bindin coding region from three
Indo-Pacific sea urchin species, Echinometra mathaei , E. oblonga and
Echinometra species 'type A' (Metz et al. 1994). Reproductive isolation
between these sympatric species is maintained by a pronounced species-
specificity of fertilization. Gamete incompatibilities between the species occur
at steps of fertilization known to be mediated by the bindin-receptor
interaction (Metz et al. 1994). Based on mitochondrial and nuclear DNA
comparisons, these urchins diverged in the Pleistocene and are the most
closely related urchins for which genetic relationships are known (Palumbi
and Metz 1991).
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MATERIALS AND METHODS
Urchins

Echinometra mathaei and E. oblonga were collected from mixed
populations at Kapapa Island in Kaneohe Bay, Oahu, Hawaii. Samples from
other locations (Bali, Fiji, Guam and New Guinea) of these two species and
Echinometra species 'type A' (Metz et al. 1994) were preserved in 70% ethanol
prior to shipping.

PCR Templates

Three different sources of templates were used in standard 50 ul PCR
amplifications of Echinometra bindin sequences: (1) Testis cDNA: Male
urchins were injected with 0.5 M KCl in order to induce spawning and clear
sperm from the testis. Poly-A RNA (mRNA) was isolated from total testis
RNA on oligo-dT cellulose (Sambrook et al. 1989). AMYV reverse transcriptase
was used to make cDNA from 1-2 ug of mRNA by random hexamer priming.
1 ul of the cDNA reaction was then used directly in PCR reactions with the 3'
"RACE" primer system for poly-A RNA (Frohman et al. 1988). (2) Genomic
DNA isolated from sperm. (3) Whole sperm: 1 pl of a 1: 2000 dilution of

sperm in distilled water was used directly in PCR reactions.

PCR Primers

PCR primers were designed to bracket and amplify the entire region
encoding the mature functional portion of Echinometra bindin. Conserved
regions in the bindin sequences of two Strongylocentrotus species (Gao et al.
1986; Minor et al. 1991) allowed primers to be made that amplify 5' and 3'

regions flanking the mature Echinometra bindin coding sequence. Sequences
73



of these flanking regions were used to identify a pair of Echinometra-specific
primers, (PBE: 5 TCGGAAAGAGGCGGACGTCAGAAACG 3 and

E6: 5' GTWTACCTAGTTGGTATCTCTTTA 3'), bracketing the mature protein
coding sequence. The upstream primer (PBE) is located in the region of the
proteolytic cleavage site that releases the mature bindin from the
"preprobindin” (Gao et al. 1986; Minor et al. 1991). The downstream primer
(E6) is located outside of the bindin stop codon in the 3' untranslated region.
An alternate downstream primer, (EJ: 5' CATTAGGCCTACCTTTGGCAC3') was

used with PBE to amplify only the 5' half of the bindin coding sequence.

Cloning and Sequencing

PCR products were cloned in T-vectors as described (Palumbi and
Baker 1994) in order to separate individual alleles. Bacterial colonies were
used directly as template in PCR with vector primers to screen for the
presence of plasmids with inserts of the correct size. Single-stranded plasmid
DNA was obtained by helper phage infection (VCSM13, Stratagene) and
sequenced using a series of primers. To assess polymerase error, multiple
clones were sequenced from 2-3 independent replicate PCR reactions using
sperm DNA from each of 4 individual urchins as templates. Sequence
comparisons of clones from different PCR reactions using the same template
showed an average of 0.85 differences per full-length bindin coding sequence
due to polymerase error. No evidence of insertion/deletion or recombination

was found within any of the four sets of replicate sequences.
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Sequence Analysis

Phylogenetic analysis was performed using PAUP (Swofford 1993).
Alignment gaps (excluding polyglycines) were coded as presence/absence
characters. Average proportions of replacement substitutions per
replacement site (Pn) and silent substitutions per silent site (Ps) (Nei and
Gojobori 1986) with standard errors (Nei and Jin 1989) were calculated using
the MEGA program (Kumar et al. 1993). Corrections for multiple hits were
not used because of the close relationship of the taxa. MEGA was used to
obtain nucleotide frequency and codon usage in the sequences. From these,
measures of nucleotide bias (Irwin et al. 1991) and codon usage bias (Shields
et al. 1988) were calculated. MEGA was also used to obtain neighbor-joining
phylogenetic reconstructions. The GCG program (Genetics Computer Group
1991) was used to identify repeat and inverted repeat regions of nucleotide
sequences.

Non-conservative amino acid substitutions were identified as changes
between amino acid functional classes based on net charge and polarity as
described (Hughes et al. 1990); likewise, conservative substitutions were
changes within classes. To generate expected values for non-conservative
changes under neutral evolution, we randomly substituted bindin sequences
at 6% of nucleotide positions. (6% reflects the average difference between
alleles from different species between aligned codons 80-120.) For each
randomly substituted sequence, we counted the number of conservative and
non-conservative differences from the original sequence. This procedure was
repeated 100 times for an allele from each urchin species. The proportion of
non-conservative amino acid differences in these 300 sequences provided the

neutral expectation. Using the chi-square test, we compared this neutral
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expectation with the proportion of non-conservative amino acid changes
indicated by our phylogenetic reconstruction to have occurred in the bindin

alleles.
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RESULTS
Bindin Sequences

Full-length mature bindin sequences were obtained for 5 alleles from
cDNA and 8 alleles from genomic DNA (figure 3.1). Like bindin sequences
from other sea urchin genera (Gao et al. 1986; Glabe and Clark 1991; Minor et
al. 1991), Echinometra cDNA sequences have an inferred polypeptide length of
about 240 amino acids, a central highly-conserved region of about 80 amino
acids, and short repeated elements. An intron is located at aligned codon
position 128 (figure 3.1). Introns range in length from about 450 - 750 bp,
depending on the species. Most variation was found upstream of the intron,
so we sequenced 30 additional alleles in this 5' region (figure 3.1A,
Appendix).

Bindin sequences from Echinometra as well as other genera of urchins
(Glabe and Clark 1991; Minor et al. 1991; Lopez et al. 1993; Vacquier et al.
1995) show numerous short repeated sequence motifs and chains of identical
codons for glycine. We identified 6 sequence motifs (excluding polyglycines)
that have 2-7 repeats at least 40% similar in nucleotide sequence (figure 3.1).
One of these, (set 'a, figure 3.1), resembles the "MGGXX" repeat unit found in
bindins from other urchin genera (Minor et al. 1991; Lopez et al. 1993).
Nucleotide sequences of these units (set 'a) could form 9-12 basepair hairpin
stems with neighboring repeats of the same type (not shown).

In the full length Echinometra bindin sequences, alignment gaps
indicate length variation of polyglycine codons typical of microsatellites, and
11 sites at which 1-10 codons are inserted or deleted (figure 3.1).

Insertion/ deletion of one or a few codons probably results from slipped-

strand mispairing (Levinson and Gutman 1987). Several repeated units are
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Figure 3.1. Deduced amino acid sequences of mature Echinometra bindin
showing species-specific and polymorphic variation. Alignment is based on
nucleotide sequences, including information at silent sites. Labels denote
species (M: Echinometra mathaei; O: E. oblonga; A: Echinometra species type 'A’)
obtained from Hawaii (H), Guam (G), Fiji (F), Bali (B), and New Guinea (NG).
Label numbers are the original sample identification. Sequences derived from
mRNA are indicated by 'X'. Dashes indicate alignment gaps. Asterisks
indicate alignment positions at which all alleles of one species differ from all
alleles of the other two species. Positions of repeated element sets a-f are
indicated by dashed overlines. Aligned codon numbering is shown below the
sequences. Note: Neighboring polyglycine regions that are not aligned (e. g.
positions 76-81 and 250-255) reflect silent differences. A: 5' bindin sequences
showing aligned codons 1-128 up to the position of the intron. B: 3' bindin
sequences showing aligned codons 129-277 downstream of the intron. The 5'
portions of these full length sequences are indicated by 'L' in figure 3.1A. The
overline indicates the region of highest sequence conservation among

different urchin genera (see Vacquier et al. 1995, figure 5, alignment positions
365-428).
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inserted /deleted in different alleles, and some of these insertion/deletions
are bracketed by polyglycines. Alleles that are otherwise identical can differ
in the number of polyglycine codons (e. g. alleles M-H 11 and M-G 1195,
figure 3.1A). There is no evidence of insertion/deletion in the highly-
conserved central region of bindin.

PAUP reconstructions based on coding sequences of the 13 full-length
alleles showed bindin alleles to be monophyletic within species (100%
bootstrap support in 200 searches). The 43 5' sequences also grouped
according to species with high bootstrap values (figure 3.2) with the

exception of two apparently paraphyletic E. mathaei alleles (see below).

Amino Acid Replacements

A total of 14 amino acid alignment positions show species-specific
differences in our sample of full length and 5' alleles (figure 3.14, B). Of
these, 10 are amino acid replacements and 7 of the replacements change
charge or polarity. Among 10 differences fixed between species in the 5'
nucleotide sequences, 7 are replacements and 3 are silent. Likewise, for
changes that are polymorphic within species in this region, 32 are
replacements and 19 are silent. Because the polymorphic replacement/silent
ratio does not differ from the fixed replacement/silent ratio, Echinometra 5'
bindin sequence data do not reveal adaptive evolution in the McDonald-
Kreitman test (p > 0.5, G-test, (McDonald and Kreitman 1991)). However, the
usual alternative of neutral evolution is probably not indicated because
different regions of bindin show evidence of both purifying selection and

positive selection.
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Figure 3.2. Phylogenetic reconstruction of 5' bindin coding sequence
relationships. In addition to nucleotide characters, alignment gaps (excluding
polyglycines) were coded as presence/absence characters. Labels are as in
figure 1. The consensus tree (PAUP 3.1.1 (Swofford 1993), equal weighting,
1000 random order additions) has length (102), close to the minimum length
trees (101), and a consistency index of 0.794. Numbers above branches
indicate branchlengths. Percent occurrence in 500 bootstrap searches is
indicated below branches (for values above 65%). Asterisks denote unique
alleles that may have arisen by recombination among the other alleles (see
figure 3.4); hence the history of alleles within species is not likely to be

described accurately by this reconstruction.



We compared the proportion of replacement substitutions per

replacement site (Pn) to the proportion of silent substitutions per silent site
(Ps) in 30-codon overlapping windows along the 13 full length bindin
sequences (figure 3.3). Between aligned codon positions 130-213 all alleles
have the same inferred amino acid sequence (figure 3.1B), so in this region Pn
= 0, indicating the action of purifying selection (Hughes and Nei 1988). In
windows between alignment codons 80-120, average Pn exceeds average Ps
(and is greater than average Pg over the entire sequence). Comparing all 40
unique 5' bindin sequences between codons 80-120, showed that Pn/Ps = 3.0
(figure 3.3, table 3.1). Py, is also greater than Ps in comparisons of alleles
within species (table 3.1). When P /Ps > 1 the action of positive Darwinian
selection is indicated (Hughes and Nei 1988; Hughes et al. 1990; Clark and
Kao 1991; Lee and Vacquier 1992; Clark 1993; Hughes 1993; Lee et al. 1995).
Positive selection may favor an excess of non-conservative
substitutions that change the charge or polarity of amino acid residues
(Hughes et al. 1990). To test for this in bindin, we compared the proportion of
non-conservative changes observed in the high replacement region (codons
80-120) with the proportion of non-conservative changes that would occur by
random substitution in this region. The average proportions of non-
conservative changes expected to occur randomly are 43% for charge changes
and 49% for polarity changes (see methods). Phylogenetic reconstruction
(figure 3.2), indicates that 27 amino acid replacements occurred between
aligned codons 80-120. (In 4 cases, the same change shows on the tree more
than once within species; these changes may result from recombination (see
below) and were counted as a single change at each site.) Of the 27 observed

replacements, 17 (63%) change charge, compared with 11.6 (43%) expected at
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Figure 3.3. Comparison of proportions of replacement substitutions per

replacement site (Pn) and silent substitutions per silent site (Ps) along the
Echinometra bindin coding sequences. Average Pn and Pg with standard
errors were calculated using the MEGA program (Kumar et al. 1993). For all
comparisons of 13 full-length bindin alleles, average Pn and Pg are shown in
overlapping 30-codon windows, each 10 codons apart (below). The profile
reveals a region of high replacement between codons 80-120. For all
comparisons of 40 unique 5' alleles, average Pn and Pg are shown for the high
replacement region between codon positions 80-120, and for the remainder of
the sequence (above). Horizontal dashed lines indicate the overall average Ps
for each sequence set. Asterisks indicate comparisons in which Pn, is

significantly greater than Ps (p < 0.05, Z-test, (Kumar et al. 1993)).
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Table 3.1

Mean P, + SE and Mean Pg + SE in Comparisons Among Bindin Alleles

Codons 1-80:

40 unique 5' alleles

13 E. oblonga alleles

19 E. mathaei alleles

8 E. type 'A’ alleles

Codons 81-120:

40 unique 5’ alleles

13 E. oblonga alleles

19 E. mathaei alleles

8 E. type 'A’ alleles

Note.--Asterisk indicates comparison in which mean Py, is significantly greater than mean Ps

(Z test, p < 0.05, Kumar et al. 1993).

Pp

0.020 +0.007

0.008 +0.005

0.008 +0.003

0.004 +£0.003

0.063+0.017

0.028 +0.010

0.018 £0.008

0.018 +0.009

Ps

0.065 £0.021

0.049 +0.019

0.030 £0.013

0.011 £0.008

0.021 £0.018

0.017 £0.012

0.016 +£0.015

Pn/Ps

0.31

0.16

0.27

0.28

3.00 *

1.65

>1.0

1.13



random (p = 0.036, Chi square). Likewise, 19 (70%) of the observed
replacements change polarity, compared with 13.2 (49%) expected at random
(p = 0.026, Chi square). This excess of non-conservative substitution further

suggests that positive selection favors the diversification of bindin.

Explanations for High Replacement/Silent Ratios

In general, a high Pn/Ps ratio indicates positive selection, but might
also result from constraints on silent substitution. We tested for such
constraints in two ways. First we examined nucleotide and codon usage bias.
Average G+C content among bindin sequences was 37.6% for introns, 51.6%
for third codon positions, and 59.2% for all codon positions. Nucleotide
frequency bias (Irwin et al. 1991) measured on a scale of 0 (no bias) - 1
(maximum bias) was 0.165 for introns, 0.064 for third codon positions, and
0.147 for all codon positions. The scaled Chi square (Shields et al. 1988),
indicating codon usage bias on a scale of 0 (no bias) to 1 (maximum bias), was
0.238 for all bindin codons and 0.247 for all fourfold degenerate codons.
These measures indicate that nucleotide frequency bias and codon usage bias
are both low to slight (Shields et al. 1988; Irwin et al. 1991; Lee et al. 1995) in
the bindin sequences and cannot account for the strong differences seen
between replacement and silent substitution.

Second, we compared changes in introns to silent changes in coding
regions. Among 2 E. mathaei and 2 E. oblonga alleles for which complete
introns were sequenced, the average proportion of changes occurring in the
intron (0.052 £ 0.010) is similar to the average proportion of silent

substitutions per silent site for the complete coding region (0.044 % 0.010) and
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for codons 80-120 (0.039 + 0.038). Silent sites in the coding sequence appear to
be as free to vary as introns.
In addition, we considered the possibility that high Pn/Pg ratios were

an artefact of aligning shuffled repeated sequences instead of truly

homologous sequences. To do this, we compared the Pn/Ps ratios in

homologous regions with those between orthologous repeated regions. For
each of the short repeat types indicated in figure 3.1, Pn/Pg ratios from all
possible homologous (aligned) pairs of sequences were compared to those
from orthologous (non-aligned) pairs of sequences. In most of the
homologous comparisons Pn/Ps > 1, but the reverse was found for
orthologous comparisons (table 3.2). These results are consistent with the
action of positive selection and accumulation of silent differences between

orthologous repeats that presumably arose by duplication.

Recombination

We used the conservative 'four gamete test' (Hudson and Kaplan 1985;
Kliman and Hey 1993) to obtain a minimum estimate of recombination.
Under the assumption of no parallel changes for two characters, the only way
all four possible allelic types can be found in a sample of alleles is for at least
one recombination event to have occurred between the two sites (Hudson
and Kaplan 1985). Positive selection may favor convergent changes at a
particular nucleotide site, so we restricted our analysis to variable characters
defined either as (1) a unique insertion/deletion (excluding polyglycines) or
(2) 2 or more unique nucleotide differences that always group together.
Despite the conservative nature of this test, we identified 3 recombination

events in E. mathaei (figure 3.4). Two of these alleles related by recombination
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Table 3.2
Numbers of Homologous and Orthologous Comparisons of Repeated
Elements in Bindin in Which Pp > Pg

Pp > Pg /total

repeat set homologous orthologous
repeat set Aomologous orthologous

a* 9/12 17/93

b* 7/9 7/32

c* 7/9 0/11

d* 9/9 0/12

e 0/2 0/4

f 0/2 0/4

Note.--For each repeat type, all possible pairwise comparisons were made
between different sequences that are homologous as defined in our alignment.
Likewise, all possible comparisons were made between the different sequences
of a repeat type that are orthologous (i. e. not aligned). Location of repeat types
a-f is indicated in figure 1. Asterisks indicate repeat types that overlap the

region under positive selection (codons 80-120).
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Figure 3.4
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Figure 3.4. Evidence of recombination in E. mathaei bindin provided by the
"four gamete test" (Hudson and Kaplan 1985, see text). Schematic diagram
shows aligned 5' bindin alleles. In each of the three cases, all four possible
combinations of two unique blocks of sequence in two regions are found in in
our sample of alleles. To account for this, recombination events probably
occurred within the ranges shown by bold arrows. Breaks indicate alignment
gaps; letters refer to amino acid substitutions that always occur together.
Aligned codon positions of gaps and substitutions (see figure 3.1A) are given
below each set of alleles. The number of alleles in our sample with each
profile is shown; when only one allele has a particular profile, the allele

designation is given.
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are the apparently paraphyletic E. mathaei alleles (M-H 1 and M-G 86D, see
figures 3.1, 3.2). In the high replacement region, (codons 80-120) these two
sequences are approximately equidistant from the remaining alleles from all
three species, but differ from all alleles at two amino acid positions. However,
the full-length sequence available for one of these alleles (M-H 1) groups with
other full-length E. mathaei alleles in PAUP reconstructions (not shown).
Counting 4 insertion/deletions and 3 recombinations, (but excluding
polyglycine slippage), a minimum of 7 unique events that rearranged blocks
of sequence are identified in the 19 5' bindin sequences from E. mathaei. As a
result of combined effects of replacement, insertion/deletion, and
recombination, bindins within species differ at up to 10% of the polypeptide.
Most of this variation is found in the first 120 codons, where bindin alleles
differ at up to 26 codon positions in our alignment (alleles M-H 1 and M-H
m35B, figure 3.1A) and differ in length by up to 10 codons (e. g. alleles O-H 1
and O-NG 16). In the 40-codon region under positive selection, up to 5 amino
acid positions in our alignment differ in charge between alleles from the same
species (e. g. alleles M-H 13 and M-G 86D). Because the sequences are
monophyletic within morphological species, this polymorphism must have

arisen since the recent divergence of these urchin species.
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DISCUSSION

Bindin sequences from Echinometra show highly polymorphic alleles
that group monophyletically within three closely related morphological
species sampled from widely distributed geographical areas. Strong
incompatibilities of sperm-egg attachment, which involves the interaction of
bindin and its receptor, exist between the Echinometra species in this study
(Palumbi and Metz 1991; Metz et al. 1994). These incompatibilities
presumably result from functional differences in recognition that depend on
bindin amino acid sequence differences which distinguish species. "MGGXX"
repeat units, which have been suggested to have a role in species-specificity
of bindins from other genera of urchins (Minor et al. 1991; Lopez et al. 1993},
are variable among Echinometra alleles, but most of these differences are not
fixed between species. Instead the seven amino acid alignment positions that
differ in charge or polarity between Echinometra species may be important for
species-specific gamete recognition (figure 3.1).

Fixed differences, and the absence of ancestral polymorphism shared
between species, show that bindin alleles within each of these three species
have had a common ancestor since speciation 1-2 million years ago (Palumbi
and Metz 1991). A similar pattern of species-specific allele clades was seen for
the period locus (Kliman and Hey 1993), which may have a role in mate
recognition of Drosophila. Interestingly, although mitochondrial DNA
haplotypes are expected to drift to loss or fixation more rapidly than neutral
nuclear loci, some mitochondrial haplotypes are shared among these three
Echinometra species, suggesting that selection has acted to fix species-specific

changes at the bindin locus (S. R. P., unpublished results).
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Adaptive evolution between species was not supported by the
MacDonald - Kreitman test, but bindin alleles have an unusually high level of
amino acid-replacing polymorphism. Previous applications of this test
(McDonald and Kreitman 1991; Eanes et al. 1993; Kliman and Hey 1993)
worked with sequences showing ratios of replacement to silent
polymorphism within species of 0.15 or less. For the 5' bindin sequences this
intraspecific ratio is 1.7, suggesting that replacement substitutions are
favored by selection within species. In this case, selection could produce
similar high replacement to silent ratios both within and between species,
which would lead to a failure of the MacDonald - Kreitman test for selection.
A high replacement/silent ratio for intraspecific polymorphism has also been
found at the Drosophila melanogaster ref(2)P locus (Dru et al. 1993), in which
diversification within species is thought to result from the role of ref(2)P in
controlling slightly deleterious viral infections.

Recombination events cannot be resolved to a short 'hotspot' region in
bindin, but G+C rich regions (including polyglycine codons and "MGGXX"
units) with repeat and inverted repeat structure are similar to hotspots of
recombination known for other loci (Lebo et al. 1983; Kobori et al. 1986). Even
in highly variable regions, short repeats and polyglycines have been
conserved in bindin across genera (Minor et al. 1991; Lopez et al. 1993).
Similarly, a threonine-glycine repeat region of the Drosophila period gene is
highly variable, yet is required for function of the protein (Peixoto et al. 1993).
Peixoto et al. (1993) suggested that a predisposition to sequence
rearrangement could facilitate evolution of functional diversity at this locus.

Bindin alleles appear to have much the same predisposition. In addition to
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acting on amino acid replacements, positive selection is also likely to act on
variants generated by insertion/deletion and recombination among alleles.
Accumulation of three times more replacement substitutions than
silent substitutions per site provides strong evidence that differences between
species reflect positive selection in a 40-codon domain of bindin (figure 3.3,
table 3.1). Although the mechanism of interaction with the egg-surface
receptor remains unknown, bindin is not highly modified after translation, so
its function is determined primarily by its amino acid sequence (Lopez et al.
1993). As in other proteins (e.g. Hughes and Nei 1988), different amino acid
positions in bindin probably experience differing degrees of selection. Part of
the region of bindin under positive selection is highly charged; up to half of
the amino acids between positions 96-122, are negatively charged in
Echinometra alleles (figure 3.1A). Conservation of this negative charge
signature in bindins from other genera (see Vacquier et al. 1995, figure 5)
suggests that this region is functionally important despite its variability.
Why positive selection should favor polymorphism in bindin is not yet
clear. It is challenging to suggest a plausible mechanism by which selection
could favor diverse alleles within a species at a gamete recognition locus.
Instead, such a locus is expected to undergo strong purifying or directional
selection for efficient gamete recognition (Carson 1987). Some systems in
which positive selection has been documented, including MHC loci in
primates and rodents (Hughes and Nei 1988; Hughes et al. 1990; Hughes et
al. 1993), surface antigens in Plasmodium (Hughes 1992; Hughes 1993), and
self incompatibility loci in plants (Clark and Kao 1991; Clark 1993), are
characterized by highly polymorphic alleles maintained by balancing

selection for periods of time that transcend speciation. Clustering of bindin
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alleles within species (figure 3.2) indicates that balancing selection probably
was not a major force in Echinometra bindin evolution. Abalone lysin is a
sperm surface recognition protein from a marine free-spawning invertebrate
in which positive selection has generated marked interspecific differences
(Lee and Vacquier 1992; Lee et al. 1995; Swanson and Vacquier 1995).
However, lysin polymorphism within abalone species has not yet been
observed. Vacquier and Lee (1993) have suggested that egg surface receptors
may be in an evolutionary race with microbial pathogens gaining access to
the egg, although there is no direct evidence to support this idea.

Differences between bindin alleles are pronounced, and may result in
functional differentiation within species as well as between species. The
concentration of sperm required for 100% fertilization varies from male to
male, (S. R. P., unpublished results), but very high percentages of eggs
become fertilized in all intraspecific Echinometra crosses with high sperm
concentrations (Palumbi and Metz 1991; Metz et al. 1994). Accordingly, the
egg-surface receptor for bindin must be capable of recognizing the variety of
polymorphic forms of bindin that we find within species. The binding
domain of this receptor is related to the binding domain of hsp70 (Foltz et al.
1993). Like MHC, hsp70 molecules are capable of recognizing a suite of
related peptides, yet exhibit greatest affinities for particular peptides
(Rippmann et al. 1991; Gething and Sambrook 1992; Elliot et al. 1993;
Gragerov and Gottesman 1994). This suggests that in a similar manner the
egg-surface receptor molecule might have greatest affinity for certain forms
of bindin, while accepting a range of related bindins.

Given some tolerance by the receptor (female) locus, many slightly

different functional variants at the bindin (male) locus could accumulate in
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natural populations instead of being removed rapidly by purifying selection.
Under these conditions, selection on the receptor locus would be relaxed,
because all eggs eventually fertilize, regardless of which allelic form of bindin
is encountered on sperm. However, selection could act on the bindin locus if
a particular receptor had greatest affinity for a particular bindin. Especially
under conditions of mass spawning common in sea urchins, receptors on the
egg surface may select among competing sperm based on affinities for
different bindins.

Key elements of models that lead to the evolution of assortative
mating include functional polymorphism of mate recognition loci (Nei et al.
1983; Wu 1985), and relaxed selection on female loci (Wu 1985). In such
models, sexual isolation arises most readily when multiple alleles at a female
choice locus interact with multiple alleles at a male trait locus in partially
isolated sub-populations. Sea urchins and other marine taxa with extensive
ranges are subject to fluctuation of population sizes and short-term
fragmentation of populations by a variety of biogeographic processes
(Palumbi 1995). We have found that bindin allele frequencies based on
restriction fragment polymorphism differ between Echinometra populations
across the Indo-Pacific (5. R. P. and E. C. M., unpublished results). Thus the
action of selection on polymorphic bindin loci may set the stage for
population level differentiation of the specificity of fertilization, and might be

a prelude to species formation.
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SEQUENCE AVAILABILITY
The nucleotide sequences reported in this paper have been deposited

in the GenBank data base: accession numbers U39502-1UU39544.

100



ACKNOWLEDGMENTS

We thank J. Minor, R. Britten, and E. Davidson for providing
Strongylocentrotus bindin sequences we used to design PCR primers, W. K.
Thomas for providing a preprobindin primer, D. Hansell, L. Tashima, and G.
Bryant-Greenwood for help with mRNA isolation, and M. Rivera for help
sequencing. We also thank C. S. Baker, C. Biermann, T. Duda, K. Foltz, R.
Hickson, A. Hofmann, B. Kessing, Y.-H. Lee, H. Lessios, A. P. Martin, M.
McCartney, W. O. McMillan, G. Roderick, S. Romano, and V. Vacquier for
technical advice and discussions. Supported by NSF predoctoral fellowship
and Edmondson Research Fellowship to ECM and NSF grants to SRP.

101



CHAFPTER 4

Backcross Fertilization by Natural Hybrid Sea Urchins is Facilitated

by Gamete Recognition Genes from Both Parental Species
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INTRODUCTION

Hybrids provide opportunities for the study of factors that contribute
to species boundaries because they represent a potential pathway for gene
flow between otherwise independent evolutionary units. In spite of hundreds
of examples of hybridization between animal species (and thousands
between plant species), there are very few documented cases in which
introgression has caused complete genetic homogenization of two species
(Avise 1994). A classical view, based on observations of many different
natural hybrids, holds that the reason for this is that hybrid individuals are
relatively less fit than parents, or are only relatively fit under restricted
conditions (Barton and Hewitt 1985). When hybrids are unfit, reinforcement
selection could potentially act to strengthen prezygotic barriers between
parental species (reviewed by Howard 1993). However, among recent studies
that directly measured aspects of fitness of natural hybrids within plant,
insect, fish, reptile, and amphibian genera, hybrids actually have fitness equal
or greater to parental species in most cases (Howard et al. 1993; reviewed by
Arnold and Hodges 1995).

Congeneric species of sea urchins have been found to form occasional
natural hybrids (Shearer et al. 1914; Harvey 1956; Strathmann 1981). In vitro
cross fertilization between urchin species and their hybrids provides an
opportunity to measure an important aspect of fitness directly, namely
gamete compatibility. Compatible recognition interactions of molecules
expressed on gametes are a prerequisite to fertilization, and the coevolution
of such molecules could lead to species-specificity of their function (O'Rand
1988; Palumbi 1992; Foltz and Lennarz 1993; Vacquier and Lee 1993). Thus

one important level at which boundaries between species may arise is at
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fertilization. Studies of gamete compatibility in sea urchin hybrids might
provide a model for a wide variety of marine taxa that freely spawn their
gametes and may have few reproductive barriers prior to gamete interaction.
Previous studies of urchin hybridization have been based on field
observations of morphology, and rearing laboratory crosses (Strathmann
1981; Uehara et al. 1990), but the genetics of natural urchin hybrids has not
been documented.

Two sea urchin species from Hawaii, Echinometra mathaei and E.
oblonga are very abundant in mixed populations. These urchins have distinct
coloration and gonad spicules, but otherwise are remarkably similar in
morphology and overlap broadly in ecology (Kelso 1970). Paralleling these
similarities, low differentiation of nuclear and mitochondrial DNA suggests
that the two species diverged from a common ancestor in the last 1-2 million
years (Palumbi and Metz 1991; Palumbi 1995). Yet gene flow between these
closely related urchins is constrained by a pronounced reciprocal barrier to
cross fertilization (Kelso 1970; Branham 1972; Palumbi and Metz 1991; Metz
et al. 1991; Metz et al. 1994). The barrier is reflected by species-specific
differences in genes encoding bindin, a sperm protein involved in gamete
recognition (Metz and Palumbi 1996).

After observing and measuring hundreds of Echinometra urchins over
a period of several years, Kelso (1970) reported finding two individuals that
were phenotypically intermediate between the two Hawaiian species. One of
these individuals produced sperm that was found to fertilize a high
percentage eggs from both species, which suggested that it might be a hybrid.

The intermediate urchins appear to provide a pathway for gene flow

between species that are otherwise isolated by a strong fertilization barrier, so
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we collected all such individuals we could find and measured their gamete
compatibilities. We also examined bindin alleles from one of these urchins.
The results indicate that viable fertile hybrids occur at a low frequency, and
that backcross fertilization of hybrids with both parental species is facilitated
by possesion of both parental types of bindin.
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MATERIALS AND METHODS
Urchins

Echinometra mathaei and E. oblonga (sensu Edmondson (1946)) were
collected from shallow waters around the west end of Kapapa Island,
Kaneohe Bay, Oahu, Hawaii between 1988 and 1994. On each of
approximately 25 trips to Kapapa Island to supply experimental animals, we
searched for individuals intermediate in color between the two species; four
such individuals were found. Urchins were maintained in seawater tables at
the Kewalo Marine Laboratory. A survey of the relative abundances of
Echinomeira species was made by counting all urchins in 15 haphazardly
placed non-overlapping 1 meter square quadrats at each of two sites where
intermediate urchins had been found. One site just to the southwest of
Kapapa Island experiences continuous wave action and strong currents,
while the other site is a large shallow pool at the west end of the island. In
addition, counts were made of the two urchin species encountered while

moving haphazardly over the substrate.

Measurement of Fertilization

In each experiment, a color-intermediate urchin was crossed with two
E. mathaei and two E. oblonga. At the same time, conspecific and heterospecific
crosses were made. Crosses involving the intermediate urchin were thus
compared with the two conspecific crosses and with both directions of
heterospecific crosses, using the same samples of gametes under the same
conditions.

Intermediate urchins collected were all males, designated H1, H2, H3,

and H4. For these four urchins, percent fertilization at high sperm
106



concentration was measured as previously described (Metz et al. 1994), with
the following modifications. Sperm concentrations were adjusted to O. D. =
0.8 at 340 nm. For each cross, 10-20 pl of packed eggs were diluted to 500 ul
with seawater and 500 pl of sperm suspension was added with agitation.
Samples were fixed after 10 minutes by addition of glutaraldehyde or
formaldehyde to 1-2%.

For male urchin H4, similar sets of crosses were made at a wide range
of sperm concentrations. Eggs were obtained first from E. mathaei and E.
oblonga and were washed by gentle centrifugation through seawater three
times. The concentration of eggs was normalized by reading the packed egg
volume in a graduated conical tube and adding either 4 (set 1) or 20 (set 2)
volumes of seawater. Eggs were kept in suspension by gentle agitation prior
to use in crosses. Male urchins (including H4) were then induced to spawn,
and sperm was collected at the gonopores. Sperm samples from all males
were diluted with seawater simultaneously and immediately prior to making
the crosses. Sperm concentrations were normalized by rapidly adjusting to O.
D. = 0.8 at 340 nm.

Crosses were set up in plastic 24-well tissue culture plates; each
consisted of 100 ul of egg suspension, a variable volume of sperm suspension,
and seawater to give a final volume of 1 ml. Eggs and seawater were added
first to all wells of a plate and then sperm were added rapidly. Each time
sperm were added to a well, the plate was immediately agitated to mix the
gametes. All crosses were performed within 90 minutes of spawning the
female urchins. After periods of gamete interaction of either 40 seconds, 10

minutes, or 3 hours, samples were fixed by adding formaldehyde to 1%.
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For each cross, presence or absence of the fertilization envelope (or cell
division in the 3 hour samples) was counted in haphazard fields of view at
100X magnification until at least 100 eggs had been sampled. Two sets of
crosses with male H4 (along with conspecific and heterospecific control
crosses) were made approximately one month apart, using different E.
mathaei and E. oblonga males and females.

A standard curve of sperm concentration at three different O. D.
values at 340 nm was constructed by counting sperm in a hemacytometer.
The standard curve showed that at O.D. = 0.8, sperm concentration was about
9 x 107 per ml. Likewise, counts of dilutions of packed eggs indicated that
there were 3.2 + 0.5 x 104 eggs in 20 ul samples of packed eggs. From these
measurements, the number of sperm per egg in each fertilization assay was

calculated.

PCR and Sequencing of Bindin Alleles

Genomic DNA was isolated from sperm. PCR was performed as
described (Metz and Palumbi 1996), with the following modifications. 50 ul
PCR reactions contained 2.5 mM MgClp, Echinometra bindin primers (either
El: 5 CAGCTAGCCCAACAAGGTTA 3' and E2: 5 GGCGCTAAGGACCTGTTCTCG 3;
or PBE: 5 TCGGAAAGAGGCGGACGTCAGAAACG 3' and Ej: 5
CATTAGGCCTACCTTTGGCAC 3'), and rTth polymerase (Perkin-Elmer). PCR
conditions were 94° C for 30 seconds, 55° C for 30 seconds, and 72° C for 1
minute, for 36 cycles. Amplification products were visualized on 1.8%
agarose gels, and slices containing size fragments of interest were excised
from the gel. Gel slices were crushed in 250 pl of water, and spun in a

microfuge to pellet the agarose. The fragments were then reamplified using 1
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ul of the supernatant and PCR conditions as above, substituting the rTth with
Taq polymerase (to facilitate cloning the products into T-Vector). These PCR
products were cloned into pBluescript (Stratagene) and single strand
sequencing templates were obtained as previously described (Palumbi and

Baker 1994; Metz and Palumbi 1996).

Sequence Analysis

Sequences were aligned by eye to Echinometra bindin sequences (Metz
and Palumbi 1996), and phylogenetic analysis based on nucleotide sequences
was performed using PAUP (Swofford 1993). In the analysis, alignment gaps

(excluding gaps in repeated glycine codons) were coded as presence/absence

characters.
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RESULTS
Intermediate Urchins

As a result of haphazard searches while collecting urchins during
approximately 25 visits to Kapapa Island over the years 1988-1994, a total of 4
urchins were found that were intermediate in color between E. mathaei and E.
oblonga. The urchins had a dark brown color that was distinct from light pink
and green E. mathaei and black E. oblonga (figure 4.1). All of these individuals
were collected either in a shallow pool at the west end of the island or from a
wave-washed area just to the southwest of the island. Counts of urchins in
quadrats showed that 14.1 + 8.4 E. mathaei and 0.4 + 0.6 E. oblonga were found
per square meter in the shallow pool. At the wave washed site, 11.2 £8.0 E.
mathaei and 9.9 + 13.2 E. oblonga were found per square meter. A visual
survey of 1432 urchins encountered haphazardly in both areas where
intermediates had been found included 88% E. mathaei, 12% E. oblonga and no
intermediate urchins. Thus the frequency of the intermediates is low,
probably on the order of one per several thousand urchins.

All four intermediate urchins were males that produced large amounts
(approximately 0.5 ml or more) of sperm. On dilution in seawater the sperm
were highly motile and appeared morphologically normal (at 400x
magnification).

Cross-Fertilization_

Excess sperm from all four intermediate urchins was capable of
fertilizing eggs from both E. mathaei and E. oblonga just as effectively as
conspecific sperm (figure 4.2). In every case intermediate urchin sperm

fertilized more eggs than heterospecific sperm. On average over all of these
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Figure 4.1
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Figure 4.1. Photograph of intermediate Echinometra urchin H2 (center), with
putative parental species: E. mathaei (left) and E. oblonga (right). All three

urchins were collected from Kapapa Island, Kaneohe Bay.
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Figure 4.2 (continued)

[J conspecific male
[E intermediate male
B heterospecific male

male H-4 (set 1)
100,

80
60 1
40 J

20

0

E.

male H-4 (set 2)
100 -

804
60 .
40 J

20

0

Female

114



Figure 4.2. Comparison of the ability of excess sperm from conspecific,
intermediate, and heterospecific Echinometra males to fertilize eggs from
individual females. Each graph represents the results of an experiment
crossing two females each of E. mathaei (E. m.) and E. oblonga (E. 0.), with a
male from each species and a color intermediate male (H1, H2, H3, or H4).
The source of sperm is indicated by the shading of the bars. The five
experiments represented by the five graphs were done at different times and
used gametes from different E. mathaei and E. oblonga individuals. All crosses
were made with excess sperm; either 1.5 x 103 sperm per egg (H1, H2, and
H4 set2) or 3 x 103 sperm per egg (H3 and H4 set1).
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experiments with excess sperm, eggs were fertilized 19 times (range 2.5 to 50
times) more effectively by sperm from an intermediate urchin than by
heterospecific sperm under the same conditions. There is no evidence of
asymmetry in the two directions of crosses. Gamete concentrations used in
the different sets of crosses correspond to 1.5-3 x 103 sperm per egg, yet even
at these very high sperm concentrations, heterospecific crosses usually
produced less than 10% fertilization (figure 4.2).

Fertilization at a range of lower sperm concentrations was measured
for intermediate urchin H4 in two separate experiments (set 1 (figure 4.3A)
and set 2 (figure 4.3B)). For each female, fertilization by conspecific sperm
was greater than fertilization by male H4. Comparisons of crosses were made
at the lowest sperm concentration that produced greater than 90% conspecific
fertilization for each sample of eggs (table 4.1). At this limiting sperm
concentration, just adequate for effective conspecific fertilization,
significantly less fertilization could be achieved by male H4 in either cross
(paired t-test, table 4.1). The means suggest that about half as many eggs are
fertilized by limiting concentrations of H4 sperm, compared with conspecific
sperm. However the variance of measurements from the two sets of crosses is
high, and the only firm conclusion that can be made from these data is that
H4 sperm is less effective than conspecific sperm.

Replicate crosses of urchin H4 in set 1 were allowed to develop for 3
hours prior to fixation. Percentages of eggs undergoing 2-4 cell stage
divisions (figure 4.3A) were very similar to percentages of fertilization in the
10 minute samples, indicating that early development follows fertilization in
most or all of these eggs. Percent fertilization by low sperm concentrations

varies substantially from female to female, but in the same fashion in both 10
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Figure 4.3. Percent fertilization and cell division of eggs in crosses using
various concentrations of sperm from intermediate Echinometra male H4, and
conspecific and heterospecific males. Each graph represents the results of of
crosses between two females each of E. mathaei (E. m.) and E. oblonga (E. 0.),
with male H4, and with a male from each species. Percent fertilization in
crosses with male H4 (INT) are indicated by the light symbols. Results for
conspecific (CON) and heterospecific (HET) crosses are indicated by dark
symbols and tick marks, respectively. A: Set 1, 10 minute crosses and 3 hour
crosses. B. Set 2, 10 minute crosses. Different E. mathaei and E. oblonga
individuals were used in the two sets of crosses. Note: the concentration of
eggs used in crosses of set 1 was four times greater than in crosses of set 2;
although the amount of sperm required for 100% fertilization differs between

the two sets, the sperm/egg ratio required for 100% fertilization is similar.
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Table 4.1A
Relative Fertilizability of E. mathaei Eggs by Sperm from Intermediate Male H4
and Conspecific Males

Proportion Proportion
Sperm Conc. Sperm Fertilized by Fertilized by
(x 106 perml)  perEgg* Male H4** Conspecifics**
Set1l
#1 4.5 150 0.30 0.99
#2 45 150 0.40 0.99
Set 2
#1 0.9 120 0.81 0.94
#2 1.8 240 0.72 0.95

X =0.56 +0.25 X = 0.97 +0.03

p = 0.023, pairwise t-test

* Number of sperm per egg in cross (see methods). Sperm concentration required for
>90% fertilization differed between crosses of set 1 and set 2 because egg
concentrations differed. Although set 1 crosses contained four times as many eggs as
set 2 crosses, the number of sperm per egg was similar.

** Proportion of eggs fertilized at limiting sperm concentrations. For each female,
fertilization in the male H4 cross is compared with the conspecific male cross. The
comparison is made at the lowest sperm concentration at which the conspecific cross
shows greater than 90% fertilization (see Figure 3).

Note: -- Proportions were arcsine transformed in order to obtain means and

95% confidence intervals, and to perform a pairwise t-test (one-tailed) of the

null hypothesis that H4 and conspecific fertilization do not differ.
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Table 4.1B

Relative Fertilizability of E. oblonga Eggs by Sperm from Intermediate Male H4
and Conspecific Males

Proportion Proportion

Sperm Conc. Sperm Fertilized by Fertilized by
(x 106 perml)  perEgg* Male H4** Conspecifics**
Set1
#1 45 150 0.66 0.99
#2 45 150 0.92 0.99
Set 2
#1 0.45 60 0.43 0.97
#2 0.9 120 0.29 0.92

X = 0.59 +0.29 X = 0.97 +0.03

p = 0.011, pairwise t-test

* Number of sperm per egg in cross (see methods). Sperm concentration required for
>90% fertilization differed between crosses of set 1 and set 2 because egg
concentrations differed. Although set 1 crosses contained four times as many eggs as
set 2 crosses, the number of sperm per egg was similar.

** Proportion of eggs fertilized at limiting sperm concentrations. For each female,
fertilization in the male H4 cross is compared with the conspecific male cross. The
comparison is made at the lowest sperm concentration at which the conspecific cross
shows greater than 90% fertilization (see Figure 3).

Note: -- Proportions were arcsine transformed in order to obtain means and

95% confidence intervals, and to perform a pairwise t-test (one-tailed) of the

null hypothesis that H4 and conspecific fertilization do not differ.
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minute samples and replicate 3 hour samples (figure 4.3A). This suggests that
most variation does not reflect errors in measuring out gametes to set up the
crosses, but rather reflects differences in the condition of eggs (e.g. spawning
readiness of female urchin, relative time of collecting eggs), or differences in
sperm recognition by eggs from different females.

About 40 seconds of gamete interaction are required for elevation of
the fertilization envelope to begin in conspecific crosses (Metz et al. 1994).
Replicates of crosses in set 2 with excess sperm (1.2 x 103 sperm per egg) were
fixed after 40 seconds of gamete interaction. Fertilization was 98-100% in
conspecific crosses, and 96-100% in H4 crosses with both species (data not
shown), suggesting that sperm from male H4 are capable of interacting with
and activating the eggs of both species as rapidly as conspecific sperm. A
percent fertilization time course up to 40 seconds would reveal whether

conspecific sperm have an advantage.

Bindin Alleles

Amplification products of PCR's of urchin H4 with Echinometra bindin
specific primers were of two sizes, differing by about 300 basepairs in length
(figure 4.4). The two size fragments (H4-A1 and H4-A2) each correspond to
the PCR products expected from amplification of one of the Hawaiian
species; this length difference is characteristic of introns from the two species
(Metz and Palumbi 1996). Thus urchin H4 DNA supports amplification of
PCR products characteristic of both E. mathaei and E. oblonga.

Partial nucleotide sequences of these two PCR products from urchin
H4 revealed that they were amplified from different bindin genes. The region

sequenced extends from near the 5' end of the bindin coding region (E1
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Figure 4.4. Ethidium bromide-stained agarose gel showing PCR amplification
products from intermediate urchin H4 genomic DNA using Echinometra
bindin-specific primers (E1 and E2). Lanes 1-3: PCR products from varying
amounts of H4 genomic DNA template; Lane 4: molecular weight size
standard in increments of 123 basepairs, starting at 123 basepairs (lowest
band). Intermediate urchin H4 template produced two amplification
products H4-A1 (about 1150 basepairs) and H4-A2 (about 850 basepairs) with
sizes characteristic of amplification products from E. mathaei and E. oblonga,
respectively. The size difference corresponds to an insertion/deletion in an
intron bracketed by the primers. The two fragments were excised from this
gel for sequencing. No bands were present in the no-template control for this

PCR run (not shown).
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primer) partway into the intron, and encompasses the most variable portion
of this gene (see Appendix). In the 5' bindin coding sequence (upstream of the
intron), the aligned H4 sequences differ at 8 nucleotide positions and 4
insertion/deletions (excluding gaps in repeated glycine codons). Allele H4-
A1l shows an E. mathaei sequence, and allele H4-A2 shows an E. oblonga
sequence at all 12 of these differences. In a large sample of alleles from Indo-
Pacific Echinometra (N = 19 E. mathaei, N = 16 E. oblonga) (Metz and Palumbi
1996) states of these 12 characters were either fixed or polymorphic within
one of the Hawaiian species, but not shared by both. Thus they can be used to
distinguish species. In addition, the 294 basepair deletion characteristic of E.
oblonga introns occurs at the same position in sequence H4-A2.

A phylogenetic reconstruction confirms that allele H4-A1 descended
from E. mathaei and allele H4-A2 descended from E. oblonga (figure 4.5). This
analysis was performed as previously described for 43 sequences of 5' bindin
alleles from three species of Indo-Pacific Echinometra (Metz and Palumbi
1996), with the addition of the two 5' bindin sequences from urchin H4.
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Figure 4.5. Phylogenetic relationships of bindin alleles from urchin H4. Two
bindin PCR products (figure 4.4) were sequenced and aligned with 43 5'
bindin alleles (upstream of the intron) from three species of Echinometra
(Metz and Palumbi 1996). The consensus tree of the alleles (PAUP 3.1.1
(Swofford 1993), equal weighting, 1000 random order additions) has length
(103), close to the minimum length trees (102), and a consistency index of
0.786. Percent occurrence in 500 bootstrap searches is indicated above
branches (for values > 50%). The two bindin alleles from intermediate urchin

H4 group with alleles from different Hawaiian Echinometra species.
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DISCUSSION
Occurrence of Hybrid Urchins

Based upon the intermediate phenotype, the high cross-fertilizability
in both directions, and most importantly, the presence of bindin alleles from
both E. mathaei and E. oblonga, intermediate urchin H4 probably results from
natural hybridization. Similarity of appearance and patterns of fertilization
with the other three intermediate urchins strongly suggest that they also
result from hybridization. Evidence that such hybrids are possible comes
from laboratory crosses between Okinawan species that are very closely
related to the Hawaiian species (Uehara et al. 1990; Palumbi and Metz 1991).
Such crosses resulted in adult Echinometra F1 hybrids capable of producing
gametes (T. Uehara, personal communication). Perhaps the simplest
explanation of the rare intermediate urchins in Hawaii is that strong barriers
to fertilization between the two parental species make natural cross-
fertilization very unusual, yet occasionally when it is achieved, viable and
fertile hybrids may result. Thus the intermediate Echinometra urchins are
likely to be rare F1 hybrids. This interpretation emphasizes the strength of the
reproductive barriers between the parental species.

Heterospecific crosses in vitro with limiting sperm typically produce
only 1-2% F1 embryos. Because this low level of hybridization cannot be
substantially overcome even at very high sperm concentrations (figures 4.2,
4.3), it is likely that a low "background" of eggs have reduced species-
specificity, perhaps related to their age. Accordingly, during mass-spawning
events, if gametes from both species became mixed freely, 1-2% percent of
eggs would be susceptible to fertilization by heterospecific sperm. In an even

distribution of gametes, 50% of these eggs could be reached by a
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heterospecific sperm first, resulting in an idealized maximal production of
about 0.5-1% F1 hybrid embryos. This is consistent with the rarity of the

observed intermediate urchins.

Backcross Fertilization by Hybrid Urchins

There are several indications that the putative hybrid males would
have greater potential for fertilization under conditions of simultaneous mass
spawning, than males of either parental species: (1) Intermediate males
achieved several-fold more fertilization than heterospecific males in both
directions of crosses with excess sperm (figure 4.2). This difference is even
greater at lower sperm concentrations that probably occur most often in
nature (figure 4.3). (2) With excess sperm, intermediate males could fertilize
nearly 100% of eggs in both backcrosses (figure 4.2). Even when sperm were
limiting, hybrid male H4 fertilized substantial numbers of eggs in crosses
with either species (table 4.1 and figure 4.3). (3) In crosses with either excess
conspecific or excess H4 sperm fixed after 40 seconds, the percentage of eggs
with fertilization envelopes was very high. In a previous study, electron
microscopy of conspecific crosses of the Hawaiian Echinometra species using
excess sperm showed that there was no evidence of fertilization envelopes
after 20 seconds of gamete interaction; partially formed fertilization
envelopes were evident at 40 seconds of gamete interaction (E. C. M.
unpublished observations). This indicates that in a race to fertilize an egg,
any temporal advantage of conspecific sperm over hybrid H4 sperm is at best
a fraction of the total time required for interacting gametes to achieve fusion.

Accordingly, at low gamete densities, random time of first contact with the
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egg could be an important determinant of fertilization success, and sperm
from hybrid males need not always lose to conspecific sperm.

Thus under certain conditions, hybrid males might have a higher
fertilization success than other males, primarily because eggs of both species
could be fertilized. This advantage would depend on both types of eggs being
encountered by sperm with equal likelihood as a result of simultaneous
spawning and mixing of gametes. Any such advantage may also depend on
the pattern of expression of gamete recognition alleles on hybrid sperm.

Localization studies of bindin expression in the sea urchin testis have
revealed that bindin genes are transcribed relatively late in spermatogenesis,
and that the bindin protein is translated soon after production of its mRNA
(Nishioka et al. 1990). In these studies, the earliest stage at which the bindin
protein was detected was in 2° spermatocytes, which have already undergone
meiotic reduction division to haploidy. This suggests that an individual
sperm might display bindin proteins synthesized from one bindin allele.
Accordingly, a hybrid male would be expected to produce two classes of
sperm, each expressing a bindin characteristic of one parental species, and
each having properties similar to sperm from one of the parental species. If
this scenario were true, hybrid sperm should have approximately half of the
fertilizing power of conspecific sperm when sperm concentrations are
limiting. Although variances are too high for results to be conclusive, the
overall means of H4 crosses (table 4.1) are about half of those for conspecifics.
When sperm-egg encounters are limiting, this one sperm - one bindin model
would not confer a fertilization advantage on hybrid males; for example,
relative to other males, twice as many eggs would be accessible to the hybrid,

but only half as much sperm of each parental type would be produced.
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Alternatively, transcription of bindin genes might occur prior to the
partitioning of cells following meiotic division. If this were true, each sperm
produced by a hybrid might display a mixture of two bindins translated from
both parental species. Such sperm might differ meastira'bly from conspecific

sperm in their rate of attachment and fusion with eggs.

Barriers to Introgression

Mitochondrial DNA haplotypes segregate according to the two
Hawaiian Echinometra species (Palumbi and Metz 1991), but even when
female-mediated mitochondrial gene flow is absent, nuclear gene flow
between species may occur through male hybrids (Avise 1994). Bindin alleles
also segregate according to these urchin species (Metz and Palumbi 1996), so
despite the presence of regularly occurrihg (though rare) hybrids with
potential for a fitness advantage at fertilization, nuclear gene flow between
species is not evident from our sample of bindin alleles (Metz and Palumbi
1996). However, this represents a preliminary assessment; understanding
patterns of nuclear introgression requires multiple loci from many
individuals.

The sympatric urchins Strongylocentrotus droebachiensis and S. pallidus
remain morphologically distinct, despite high fertilizability in one direction
of backcrosses, and naturally-occurring morphological intermediates
(Strathmann 1981). The barriers between these species are unclear, but
probably are created by a combination of subtle ecological and physiological
differences, possibly accompanied by selection against hybrids (Strathmann
1981). Similarly, a combination of habitat segregation and temporal

segregation of breeding was invoked to explain distinct species of Pateriella
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for which hybrids could be obtained in the laboratory (Byrne and Anderson
1994). Echinometra species that are capable of varying degrees of in vitro cross-
fertilization may remain distinct as a result of habitat stratification (Lessios
and Cunningham 1990; Uehara et al. 1990), although at least in Hawaii, these
effects are probably not marked enough to preclude gamete interaction. For
example, although E. mathaei is more abundant in relatively calm waters and
E. oblonga in rough waters, 58 of 75 random 1 meter quadrats in a study on
leeward Oahu, Hawaii contained both species; only 6 quadrats contained a
single species (Russo 1977). At Kapapa Island, E. mathaei is predominant in
shallow pools, however, just southwest of the island on shallow wave-
washed substrate both species are represented approximately equally and in
great abundance; at the latter site the square meter quadrat with the greatest

number of urchins contained 32 E. mathaei and 39 E. oblonga.

Fitness of Hybrid Urchins

The "salt and pepper" distribution of the Hawaiian Echinometra species
suggests that an individual male capable of fertilizing eggs from all
neighboring females regardless of species would be favored. Such an
advantage would depend on synchronous spawning by parental species and
hybrids. Expression of maternal and paternal phenotypes in urchin hybrids
and backcrosses is unpredictable (Shearer et al. 1914; Strathmann 1981). For
backcrossing, intermediacy between parental phenotypes could be
particularly disadvantageous for reproductive traits that differ between
parent species, such as the timing of reproduction. Although the exact time of

a natural spawning has not yet been documented for either Hawaiian
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Echinometra species, there is no evidence to suggest that it differs between
them (Kelso 1970; Arakaki and Uehara 1991).

Because urchins undergo a planktotrophic larval stage, they may settle
as adults at a considerable distance from their parents; accordingly, the exact
point of origin of hybrid Echinometra remains unidentified. The rarity of
intermediate urchins and preliminary evidence against large scale
introgression suggest that hybrids might be unfit in some aspect of life
history. Backcrosses by intermediate Echinometra urchins in both directions
result in swimming pluteus larvae (Kelso 1970; T. Uehara, personal
communication; E. C. Metz, unpublished observations), but these progeny
have not been followed throughout development, and it is possible that they
are inviable or sterile.

Gamete incompatibilities between Echinometra urchins theoretically
could have been augmented by reinforcement selection against the
production of hybrids (Howard 1993). However, if reinforcement is to create
effective reproductive barriers, hybrids must be substantially less fit than
their parents (Liou and Price 1994). Measurements of viability and fecundity
in a variety of studies of animal and plant taxa have revealed that in many
cases, hybrid individuals were not selected against any more than parental
individuals (Arnold and Hodges 1995). For example, the predominance of
parental species in mixed populations in ground cricket hybrid zones was not
caused by viability selection against hybrid individuals (Howard et al. 1993).
Accordingly, in many taxa, prezygotic incompatibilities are more likely to
prevent introgression than postzygotic ones. How such prezygotic barriers

might evolve in the absence of postzygotic barriers remains an important

question.
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It is unclear whether or not hybrid Echinometra urchins have higher
fitness than their parents with respect to fertilization, primarily because the
conditions and concentrations under which natural gamete interaction occurs
are so poorly understood. Continuing study of the genetics of hybrid urchins
and their ability to penetrate a barrier at fertilization holds promise for
understanding the evolution of sexual isolation. In this regard, comparisons
of cross-fertilization and ability to hybridize among allopatric and sympatric
populations of Indo-Pacific Echinometra species may help to assess the
importance of reinforcement relative to other forces (Coyne and Orr 1989;
Howard 1993). Expression patterns of gamete recognition alleles from both
parents are likely to have important consequences for the fertilization success
of hybrid urchins. Hence these urchins may also provide a means for
examining the relative importance of different loci on specificity of

fertilization.
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CHAPTER 5

Evolution of Sperm-Egg Recognition and Incompatibility:
Mate Choice and Reproductive Barriers at the Molecular Level
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INTRODUCTION

Most evolutionary biologists would agree that there is an important
but poorly understood relationship between the evolution of reproductive
isolation and formation of new species. Although reproductive boundaries
do not provide a universal definition of species boundaries, there is much
evidence that the evolution of intrinsic genetically-based reproductive
isolation is potentially a major force in biological diversification. In the first
part of this chapter, such evidence is reviewed with particular emphasis on
the evolution of gamete incompatibilities. In the second part of this chapter,
results from the previous chapters of the dissertation are discussed in this
context. The close relationship of Indo-Pacific Echinometra species and
barriers to fertilization between them are reviewed to argue that these taxa
are ideal for study of evolution of reproductive isolation. Differentiation of
the sperm-egg attachment protein bindin contributes substantially to
reproductive barriers between these species, and facilitates the study of how
genetic changes can affect mate recognition directly. Polymorphic bindin
alleles and evidence for selection acting on them suggests that as recognition
specificities evolve, they may give rise to assortative mating types without
the need for prolonged geographical isolation or substantial genetic
differentiation. Rapid evolution of fertilization specificity may be important
in the diversification of a very large number of marine organisms,
particularly those having external fertilization and limited opportunities for

long-term allopatric subdivision.
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I. REPRODUCTIVE ISOLATION AND GAMETE INCOMPATIBILITY
Reproductive Isolation and the Definition of Species

Intrinsic reproductive isolation has provided an idealized boundary
within which species have been defined (Mayr 1963), and most studies of
speciation in animals have been undertaken in this context (Futuyma 1989;
Coyne 1994). Classic neo-Darwinian allopatric speciation in which
reproductive isolation has an extrinsic geographic basis is a straightforward
and probably prevalent mode of speciation among well-studied terrestrial
animals (Mayr 1963; Coyne 1994). However, as the following examples
briefly indicate, equating the potential for reproduction with species
boundaries does not provide a workable definition for all biological species:
(1) For many organisms, including asexual and obligately selfing organisms,
reproductive isolation cannot be used to define species in a meaningful way
(Sonneborn 1957; Templeton 1989). (2) In a very large number of cases,
particularly among plants, described species that are morphologically and
genetically distinct have no barriers to reproduction with other such species
(Donoghue 1985). (3) Newly arising species might be defined by having
acquired the property of intrinsic genetically-based reproductive isolation,
but in strict allopatry, such intrinsic isolation is irrelevant to morphological
and ecological divergence by the effects of selection and drift (Carson 1987;
Templeton 1989). Such problems have inspired appeals to rethink the
definition of species in other terms, including phylogenetics (Donoghue
1985), population genetic cohesiveness (Carson 1987; Templeton 1989) or
genetic clustering (Mallet 1995). Despite difficulties with an all-encompassing
species definition, there is general agreement that in a wide variety of cases

intrinsic reproductive isolation could be involved in the speciation process
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(Coyne 1992; Howard 1993; Rice and Hostert 1993; Palumbi 1994), hence the
evolutionary genetics of reproductive isolation continues to be an important

area of study.

Prezygotic Reproductive Isolation and Selection

Reproductive barriers with an intrinsic genetic basis may be divided
into those with prezygotic or postzygotic causes (Mayr 1963; Coyne and Orr
1989). Prezygotic isolation results from a wide variety of incompatibilities
that may arise between potential mates; postzygotic isolation results when
incompatibilities between parental genomes brought together in the offspring
reduce viability or fecundity. Both prezygotic and postzygotic barriers
between populations may result indirectly from genetic differentiation in
allopatry, but when populations come into contact the two types of barrier
differ in the degree to which selection may augment them. Generally,
selection will not act to increase the strength and specificity of postzygotic
barriers, because decreasing the fitness of a developing zygote typically
would not increase the fitness of its parents (Mayr 1963; Coyne and Orr 1989;
Howard 1993). Under certain conditions there may be exceptions to this
generality: for example, if production of zygotes were not limiting, yet
investment in parental care limited the number of offspring that could be
reared (Coyne 1974). Most often postzygotic isolation is thought to result as a
gradual by-product of adaptation and genetic drift in populations that are
already isolated in some way (Coyne 1992; Wu and Palopoli 1994).

By contrast, genes controlling the selectivity of prezygotic recognition
are subject to natural selection and sexual selection that could have the effect

of strengthening barriers and fragmenting populations into assortatively-
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mating subpopulations. Such effects might result either from reinforcement,
in which selection acts to reduce hybridization between sympatric
populations (Coyne and Orr 1989; Howard 1993; Liou and Price 1994), or as
an indirect effect of selection acting to optimize reproduction within
subpopulations (Nei et al. 1983; Carson 1987; Templeton 1989). The latter type
of selection includes sexual selection, which may give rise to genetic
correlations between pairs of male and female mate recognition alleles,
potentially leading to the evolution of assortative mating (Lande 1981; Wu
1985). In this discussion I will use mate recognition and mate choice in their
broadest sense: As an example, by flowering in the month of May, a female
plant effectively recognizes and chooses mates that produce pollen in the
month of May over mates that produce pollen in other months.

Studies of prezygotic barriers have focused on specificities of mate
recognition or mate choice that have evolved in morphological (Orr 1991;
Coyne 1993; Bradshaw et al. 1995), temporal (Tauber et al. 1977), ecological
(Rice and Salt 1990; Feder et al. 1994), behavioral (Kaneshiro and Boake 1987;
Wheeler et al. 1991; Knowlton et al. 1993; Wu et al. 1995) or molecular
(Roelofs et al. 1987; O'Rand 1988; Raffioni et al. 1992; Vacquier and Lee 1993;
Coyne et al. 1994; Palumbi 1994) aspects of reproduction. Starting with single
populations, artificial disruptive selection for habitat preference (Rice and
Salt 1990; Rice and Hostert 1993), or for extremes of male traits
(Pomiankowski and Sheridan 1994; Wilkinson and Reillo 1994) have
successfully created assortative mating in the laboratory, even within a
relatively small number of generations. As exemplified by these studies,
comparisons among populations or closely related species are valuable,

because additional evolutionary divergence subsequent to speciation is
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minimized. Based on a large number of such comparisons, prezygotic and
postzygotic isolation appear to accumulate at about the same rate between
allopatric species pairs; yet in sympatric species pairs, prezygotic isolation
appears to evolve before postzygotic isolation (Coyne and Orr 1989; Coyne
1992; Rice and Hostert 1993). Because natural and sexual selection have been
implicated as potential causes for the evolution of prezygotic barriers,
alternatives to the gradual allopatric mode of speciation have been
supported. At least in some cases, the differentiation of mate recognition
within populations might initiate the process of speciation (Wu 1985; Rice
and Hostert 1993).

Alternatives to Allopatric Speciation

While much evidence has been accumulated in support of speciation
by gradual divergence in allopatry (Mayr 1963), there is also substantial
evidence that species may also be formed rapidly and without requiring
substantial geographic separation. Striking examples of this include adaptive
radiations of large numbers of species on single islands (Kaneshiro and Boake
1987; Kaneshiro et al. 1995) or in single lakes (Meyer 1993) within a relatively
short period, and despite restricted opportunities for geographical isolation.
There is also growing evidence that speciation may often occur without being
accompanied by substantial morphological or ecological change. Sympatric
groups of organisms that are similar enough to be described as one species
may be divided by assortative mating into reproductively isolated cryptic or
sibling species (Sonneborn 1957; Roelofs et al. 1987; Coyne and Orr 1989; Orr
1991; Raffioni et al. 1992; Knowlton 1993). Low levels of morphological,
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ecological and genetic differentiation indicate that the processes giving rise to
sibling species can occur rapidly (Knowlton 1993).

Among marine organisms, the best-studied examples of speciation and
reproductive isolation involve a striking allopatric barrier, the Isthmus of
Panama. This work reveals patterns of evolution of reproductive isolation
that are similar to those in allopatric terrestrial organisms. For example,
among transithsmus species pairs of snapping shrimp, reproductive
incompatibility increases nearly linearly with two measures of genetic
divergence (Knowlton et al. 1993), in a manner similar to allopatric Drosophila
species pairs (Coyne and Orr 1989). Interestingly, the time required for
reproductive isolation and speciation in allopatry was estimated to be
roughly 3.5 million years in both of these studies.

Although water masses and current patterns may structure marine
biogeographic provinces on a large scale, long-term geographic barriers such
as the Isthmus of Panama represent the exception rather than the rule.
Limited opportunities for strict allopatric barriers may be one of the most
important aspects of speciation among marine organisms (Palumbi 1992;
Palumbi 1994). Many marine organisms have life history stages in which
dispersal capabilities are potentially high; as a result population ranges may
be enormous (Palumbi and Wilson 1989; Palumbi and Kessing 1991). Yet
despite such homogenization, there are numerous examples of speciation in
wide-ranging taxa, providing evidence of a variety of other extrinsic and
intrinsic forces acting to create at least partial subdivision of populations
(Avise 1994; Palumbi 1994). Under these conditions, the majority of new
species might arise by selection and drift acting rapidly to build reproductive

incompatibilities between short-term subpopulations, rather than by gradual
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divergence in separate ocean basins. Thus studies of the evolution of
reproductive isolation among high-dispersal marine species might reveal

novel patterns of biological diversification.

Reproductive Isolation May Have a Simple Genetic Basis

In the traditional neo-Darwinian view, gradual accumulation of
genetic differences in allopatry eventually causes reproductive
incompatibility. As many as 50-300 loci have been estimated to contribute to
lowered hybrid fitness at secondary contact zones between races or closely
related species; postzygotic isolation typically involves many loci (Coyne
1992; Wu and Palopoli 1994). By contrast, strong reproductive isolation may
also have a relatively simple genetic basis, particularly when specificty of
mate recognition is involved. For example, a single maternally-inherited
genetic polymorphism can determine the direction of shell coiling in snails,
and only individuals coiling in the same direction are capable of mating (Orr
1991). In a more complex example, genetic mapping of eight floral traits that
differ between bumblebee and hummingbird-pollinated plants indicated that
for each trait most of the phenotypic variance resulted from few genes with
large effects (Bradshaw et al. 1995). Similarly, few loci appear to be involved
in differentiation of pheromone production and perception that confers
assortative mating on protozoa (Raffioni et al. 1992) and insects (Roelofs et al.
1987; Coyne et al. 1994). Behavioral aspects of mate choice may also be
governed by relatively few loci (Tauber et al. 1977; Wheeler et al. 1991; Coyne
1993; Wu et al. 1995), and may respond rapidly to artificial selection (Rice and
Hostert 1993; Pomiankowski and Sheridan 1994; Wilkinson and Reillo 1994).

Evidence that assortative mating can have a simple genetic basis supports the
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idea that the conditions required to initiate it may occur frequently and

selection may affect it rapidly (Lande 1981; Wu 1985).

Genotypes and Phenotypes of Reproductive Isolation

While the preceding examples indicate that prezygotic reproductive
isolation can have a simple basis, it is also clear that even the simplest genetic
changes can have complex and poorly understood pathways towards
producing the resultant phenotypes that are acted upon by selection. For
example, it remains unclear just how mutations at a particular gene control
the directionality of snail shell coiling. Likewise, in Drosophila, the pathways
between genetic changes at male trait loci and the corresponding phenotypic
changes such as head shape and courtship song rhythms are complex, yet the
pathways between female preference loci and their phenotypes are even
more obscure (Wheeler et al. 1991; Pomiankowski and Sheridan 1994). Thus
in these and other systems in which reproductive isolation has been studied
at the genetic level, the link between particular genetic differences and the
resultant functional differentiation which can be acted upon by selection
remains elusive. Bridging the gap between molecular and morphological
character evolution is one of the challenges in evolutionary biology.

An important but, until recently, largely neglected aspect of mate
recognition holds promise for bridging this gap between genetic and
phenotypic effects. During fertilization, male proteins and female proteins on
sperm and egg surfaces interact and effectively mediate mate recognition and
mate choice at the molecular level (O'Rand 1988; Palumbi 1994); when an
appropriate molecular match occurs, fertilization results. Thus genetic

changes at gamete recognition loci may be translated directly into functional
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differences of proteins, which in turn directly mediate mate recognition. In
this system the intricacies of sending and receiving signals through various
physical media and along neurophsiological pathways are simply bypassed;
gene products from the male reach out and contact gene products from the
female directly. Accordingly, as a single ancestral species evolves into two
derived species, each having specificity of fertilization, the particular genetic
changes at gamete recognition loci that confer specificity may also be the

genetic basis of reproductive isolation.

Evolution of Species-Specific Fertilization

The specificity of fertilization effectively allows eggs to choose sperm
that are likely to produce the best quality offspring, i. e., sperm from
conspecific males. For some taxa this may be the sole type of mate choice that
operates: gametes from over 100 coral species of the Great Barrier Reef are
present in the water column simultaneously during mass spawning events
(Willis et al. 1985). Along with the timing of reproduction, molecular
specificity of fertilization is likely to be a major component of isolation
whenever the biology of organisms restricts other avenues of recognition
prior to the interaction of gametes (Knowlton 1993; Palumbi 1994). Examples
include organisms in which gametes from at least one sex are released freely
to the environment, organisms with little or no motility, organisms with
limited sensory and behavioral capabilities, and single-celled organisms that
effectively act as gametes. Species-specificity or selectivity has been
documented to varying degrees, particularly among marine invertebrates
(Summers and Hylander 1975; Lessios and Cunningham 1990; Minor et al.

1991; Palumbi and Metz 1991; Vacquier and Lee 1993; Byrne and Anderson
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1994), protozoa (Sonneborn 1957), and algae (Bolwell et al. 1977), but also
among mammals with internal fertilization (Lambert 1984; Yanagimachi
1988; Myles 1993). There is circumstantial evidence of species-selective
gamete recognition in insects as well (e. g., Gregory and Howard 1994).

The relationship between evolutionary divergence and the specificity
of fertilization is not a straightforward one; in some cases even members of
different phyla can cross-fertilize. Among congeneric species of echinoderms,
fertilizability may range from very low to very high, and may be reciprocal or
asymmetrical, depending on the particular cross (Strathmann 1987; Lessios
and Cunningham 1990; Minor et al. 1991; Lopez et al. 1993; Byrne and
Anderson 1994). Likewise, no clear congruence between patterns of allopatry
or sympatry and the specificity of fertilization has been found (Lessios and
Cunningham 1990; Byrne and Anderson 1994), although the number of
studies in which this comparison has been made is limited (Palumbi 1994).

While it is possible that this apparent lack of generalizable patterns
reflects the absence of any real relationship between gamete compatibilities
and species boundaries, at this point, poorly understood aspects of
phylogeny, historical biogeography, and reproductive ecology seem to be
equally likely explanations. For example, sibling species may overlap
considerably in ecology, whereas other congeners found in the same
geographic region may have undergone substantial divergence and
ecological segregation (Lessios and Cunningham 1990; Byrne and Anderson
1994). Hence meaningful comparisons of the evolution of reproductive
isolation among taxa require a phylogenetic and ecological context
(Knowlton et al. 1993). In addition, fertilization barriers that are effective in

the wild when sperm are limiting might often be breached under laboratory
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conditions. Most measurements of external fertilization are performed in vitro
with concentrated gametes, but relatively little is known about the
concentrations of gametes that typically result in fertilization in nature
(Levitan and Petersen 1995). However, when fertilization barriers are
pronounced and reciprocal, they may contribute unambiguously to
reproductive isolation. Reciprocal barriers suggest that recognition

specificities between male and female gametes have coevolved.

Gamete Recognition Genes and Proteins

The molecular genetics of assortative mating has perhaps been best
studied among fungi and protozoa. However, the mating type "loci" from
these taxa are typically non-recombining regions of the genome, analogous to
sex chromosomes, that contain one or more highly polymorphic genes with
numerous developmental and regulatory effects (e. g., Ferris and
Goodenough 1994).

In flowering plants, genes expressed in gametes have been
characterized that are responsible for three different self-nonself recognition
systems that appear to have evolved independently (Matton et al. 1994).
These systems function to promote outbreeding by recognizing and
eliminating self pollen via cytotoxic effects, if the pollen has the same allele(s)
as the pistil. As a result, rare alleles including new mutant alleles may be
favored, resulting in extraordinarily high levels of polymorphism (Clark
1993). However, it remains unknown whether there is any relationship of
these gamete self-nonself recognition systems to the evolution of species-

specificity of fertilization and species boundaries in plants.
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Studies of animal fertilization provided early evidence that specific
cell-cell recognition is mediated by interactions of cell surface proteins (Loeb
1915) and suggested comparisons with other types of cellular recognition
incdluding immunity (Lillie 1919). Despite their central importance, relatively
few genes encoding gamete surface recognition proteins have been
characterized. In mammals, primary specificity for binding and activating
sperm probably resides in a glycoprotein of the egg zona pellucida known as
ZP3. Interestingly, in comparisons of ZP3 from different mammals, the region
of the polypeptide responsible for combining with sperm has undergone
twice as many changes as any other region (Kinloch et al. 1995).
Complementary molecules on sperm have not yet been conclusively
identified, although several candidate genes have been sequenced (reviewed
by Myles 1993; Aitken 1995).

In the past ten years, genes encoding two gamete surface recognition
systems have been isolated and sequenced from free-spawning marine
invertebrates: bindin genes and their receptors from sea urchins (reviewed by
Minor et al. 1989; Foltz and Lennarz 1993; Vacquier et al. 1995) and lysin
genes from abalone (reviewed by Vacquier and Lee 1993). Bindin and lysin
proteins are both held in acrosomal vesicles at the apex of sperm until they
are externalized to interact with the egg. Bindin attaches the sperm to a
transmembrane receptor on the egg surface and may be involved in
membrane fusion; lysin dissolves a pathway for the sperm through
extracellular coats of the egg. Bindin and lysin are both small proteins (about
240 and 140 amino acids, respectively) that function with little or no post-
translational modification. Hence the molecular phenotype (conformation) of

these proteins is determined directly by the corresponding genotype (protein
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coding sequence). In addition, these proteins are gamete-specific, and are
unlikely to have pleiotropic effects in development or physiology. Although
the molecular mechanisms of the bindin-receptor and lysin-egg coat
interactions remain unknown, functional assays of isolated bindins and lysins
have shown that they are recognized by their counterpart molecules on the
egg in a species-selective fashion (Vacquier and Moy 1977; Lopez et al. 1993;
Minor et al. 1993; Vacquier and Lee 1993).

Comparisons of lysin cDNA sequences revealed that positive
Darwinian selection has acted to diversify lysin proteins between species (Lee
and Vacquier 1992; Lee et al. 1995; Swanson and Vacquier 1995). This effect is
most pronounced in exposed structural elements of the protein that might be
recognized by egg proteins (Shaw et al. 1994). Positive selection has been
documented in a number of cell-surface recognition proteins, particularly
those involving self-nonself recognition in which overdominant selection
favors high levels of allelic polymorphism (see Vacquier and Lee 1993; Metz
and Palumbi 1996, and references therein). Interestingly, a preliminary study
did not reveal polymorphism of lysin alleles within species. The causes of
diversifying selection on lysin remain mysterious.

Bindin cDNA sequences from distantly related urchins in three genera
have been obtained. Sequence comparisons show that a highly conserved
central region of bindin is bracketed on either side by regions so variable that
they are difficult or impossible to align unambiguously (reviewed by
Vacquier et al. 1995). These labile regions of bindin may function in
specificity of recognition. Comparisons within and between closely related
urchin species could provide a valuable picture of bindin evolution in a time

frame nearer to speciation.
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Summary

This review highlights four main aspects of speciation and the
evolution of reproductive isolation that warrant further study: (1) Very
closely related species can better reveal differentiation that initiates and
contributes to speciation rather than differentiation that merely follows after
speciation. (2) A wide variety of high-dispersal marine organisms with broad
ranges have limited opportunities for long-term allopatric fragmentation and
are likely to reveal novel patterns of biological diversification. {3) Among a
very large number of taxa, gamete incompatibility, mediated by few lodi, is
potentially an important type of prezygotic barrier. When species-specificity
of fertilization is strong and reciprocal, it is an effective barrier to gene flow in
nature. Such prezygotic barriers with a relatively simple genetic basis may
create the first effective barriers to gene flow arising between incipient
species. (4) In sympatry, prezygotic mate recognition loci are subject to
natural and sexual selection that could favor the evolution of assortative
mating and reproductive isolation. Genetic changes at gamete recognition
loci are translated directly to the phenotype of the corresponding gamete
recognition proteins, upon which selection may act.

As described in the next section, these four points have been
addressed by our studies of the evolution of fertilization barriers between

Indo-Pacific sea urchins in the genus Echinometra.
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II. REPRODUCTIVE ISOLATION IN ECHINOMETRA
A Closely Related Echinometra Species Complex

Four distinct species of Indo-Pacific Echinometra urchins (Uehara and
Shingaki 1985; Palumbi and Metz 1991) are similar enough to have been
classified as varieties of a single species, E. mathaei, in the most important and
complete monograph of echinoid taxonomy (Mortensen 1943). These urchins
differ in color pattern and a few morphological characters (Edmondson 1946;
Kelso 1970; Uehara and Shingaki 1985; Palumbi and Metz 1991). Although
there is some ecological stratification, it is not pronounced enough to prevent
the species from occurring sympatrically in mixed assemblages (Kelso 1970;
Russo 1977; Uehara and Shingaki 1985; Walker 1989).

Measurements of genetic differentiation based on restriction fragment
length polymorphism of complete mitochondrial DNA, and single-copy
nuclear DNA hybridization revealed that the four urchin species are
genetically distinct, but only differ at 1.8-3.5% of mitochondrial DNA bases
and 4.9-6.0% of nuclear DN'A bases (Palumbi and Metz 1991; Metz et al.
1991). Genetic differentiation of these urchins is only slightly greater than has
been measured within other urchin species (see Metz et al. 1991). A large
sample of mitochondrial cytochrome oxidase I sequences supported the close
relationship of the urchins and indicated that although the morphological
speciés are not all strictly monophyletic, clades of mitochondrial haplotypes
each correspond to a single species (Palumbi 1995). Estimates of sequence
divergence rates indicate that Indo-Pacific Echinometra species probably
differentiated in the Pleistocene, about 1-2 million years ago (Palumbi and
Metz 1991; Palumbi 1995), and accordingly are the most closely related urchin

species for which genetic relationships have been determined.
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High Dispersal and Population Subdivision

Indo-Pacific Echinometra range from isolated mid-Pacific islands
through the Indonesian archipelago and across the Indian Ocean to Africa. As
a result of this vast range, and the high densities they may attain, they have
been called the world's most abundant sea urchins (Edmondson 1946).
Echinometra urchins potentially have high dispersal capabilities as a result of
their planktotrophic larval stages that may last up to six weeks (Onoda 1936).
Dispersal is also suggested by identical mitochondrial haplotypes collected
from sites thousands of kilometers apart, and a pattern of greater genetic
diversity in the western Pacific than on isolated mid-oceanic islands (Palumbi
1995). However, because different assemblages of from one to four of the
different species in the complex are found at different locations, dispersal has
neither been uniform nor routine and probably is not at equilibrium (Palumbi
1995). Thus despite the potential for dispersal, complex patterns showing at
least partial population subdivision appear among these urchins. Similar
biogeographic patterns of closely related species are known in other Indo-
Pacific invertebrates and vertebrates as well, suggesting a concordant pattern
of speciation (Palumbi 1994). This pattern differs from long-term allopatric
speciation exemplified by isolation on the Hawaiian Islands (Kay and
Palumbi 1987) or isolation by the Isthmus of Panama (Lessios and
Cunningham 1990; Bermingham and Lessios 1993; Knowlton et al. 1993).

Prezygotic Isolation by Gamete Incompatibility
Echinometra urchins are sedentary and typically bore into the substrate,
which minimizes opportunities for reproductive behaviors. Cues that induce

spawning and the timing of spawning are unknown, but maximal gamete
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production overlaps broadly among species (Kelso 1970; Arakaki and Uehara
1991). The only clear evidence for reproductive isolation occurs at
fertilization. Most in vitro crosses between Indo-Pacific Echinometra species
result in only a small percentage of fertilized eggs, and this percentage
generally cannot be increased even by high sperm concentrations (Kelso 1970;
Branham 1972; Uehara et al. 1990; Palumbi and Metz 1991; Metz et al. 1994).
In most crosses, these gamete incompatibilities are strong, reciprocal, and
probably create substantial barriers to gene flow in nature.

The few eggs that do become fertilized in in vitro crosses can develop
into swimming pluteus larvae and have been reared to adults that produce
gametes (Uehara et al. 1990); T. Uehara, personal communication). In
addition, naturally-occuring hybrid urchins that produce gametes have been
identified (E. C. M. Dissertation, Chapter 4). Although rearing backcross
urchins through maturity has not yet been attempted, no postzygotic
reproductive isolation has been documented. Thus gamete incompatibilities
are likely to be the principal basis of intrinsic isolation between these urchins;
if so, the urchins fit a pattern in which isolation between incipient species in
sympatry depends primarily on prezygotic isolation (Coyne and Orr 1989;
Coyne 1992).

Sperm Bindin and Egg Receptor are Incompatible Between Species

A step by step examination of fertilization in crosses between
Hawaiian E. mathaei and E. oblonga revealed that strong gamete
incompatibility resides in several-fold reductions in sperm-egg attachment
and fusion, with minimal contributions from the other steps of fertilization

(Metz et al. 1994). Gamete attachment is mediated in sea urchins by the sperm
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protein bindin and its egg surface receptor; gamete fusion is not well
understood, but involves the bindin-receptor interaction either alone, or with
the cooperation of other sperm and egg surface proteins (reviewed by Foltz
and Lennarz 1993; Vacquier et al. 1995). In addition, acrosomal protein
preparations from Hawaiian Echinometra sperm agglutinated eggs in a
species-selective manner. Agglutination was effectively abolished by either of
two different agents that have a high affinity for bindin and compete with the
egg surface receptor (E. C. M. Dissertation, Chapter 2). These biochemical
data, along with ultrastructural and electrophysiological data, show that
recognition specificity between bindin and receptor proteins contributes
directly to sexual isolation between Echinometra species. The genetic basis of
the barrier resides in few loci, possibly just these two, that function at the last
possible prezygotic moment and determine which sperm will be chosen by
the egg for fertilization (Metz et al. 1994).

Monophyly and Polymorphism of Bindin Alleles

How do genetic changes at these gamete recognition loci confer
reproductive isolation on newly-evolved urchin species? Sequences encoding
bindin were obtained from three Echinometra species collected from a variety
of locations in the Indo-Pacific (Metz and Palumbi 1996). Phylogenetic
reconstruction showed that full-length bindin alleles group according to
species in a monophyletic pattern. A central region of the protein is identical
in all three species, and is very similar to the corresponding conserved region
in bindin genes from other urchin genera. Variable regions on either side of
the conserved region encode the functional differences in amino acid

sequence that could determine species-specific recognition. Ten aligned
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amino acid positions are species-specific among the sampled bindin alleles;
radical amino acid substitutions that are likely to alter the conformation and
recognition properties of the polypeptide occur at seven of these positions.

Polymorphic bindin proteins within species result from at least three
kinds of genetic changes (Metz and Palumbi 1996): (1) Nucleotide
substitutions replace amino acids; most of these replacements change the
charge or polarity of the amino acid. (2) Insertion/deletions resulting from
slipped-strand mispairing reposition charged amino acids and small repeated
elements. (3) Recombination events among alleles generate new alleles with
different arrangements of amino acid replacements and insertion/deletions.
Polymorphic bindin alleles have arisen within each of the three Echinometra
species, suggesting a susceptibility of this locus to variation. The repetitive
and G+C rich character of bindin genes may make them inherently prone to
sequence rearrangement. In addition, because bindin probably functions only
in sperm-egg recognition, and because it is is recognized by a 'tolerant’
receptor (see below), constraints on sequence evolution may be reduced.

In some cases, artificial selection has been shown to act on heritable
variation to change mate recognition phenotypes within a few generations
(Rice and Hostert 1993; Wilkinson and Reillo 1994). Accordingly, among the
many loci involved in reproduction, particularly variable ones may have
special importance in the evolution of reproductive barriers. Bindin
polymorphism provides a dramatic example of genetic variation at a mate
recognition locus. This variation potentially allows selection to act rapidly to

alter recognition specificities.
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Selection on Bindin

While some polymorphisms are likely to be neutral, others probably
differentiate the recognition function of bindin (Metz and Palumbi 1996).
Polymorphism is widespread among recognition proteins, and often reflects
overdominant selection, because a diversity of alleles allows a broader
spectrum of recognition (Hughes and Nei 1988). In Echinometra bindins,
excess replacement over silent substitution together with excess radical over
conservative amino acid change provides strong evidence that positive
Darwinian selection has acted to diversify the function of the protein. In
addition to acting on point mutations, positive selection could also act on
variant alleles resulting from insertion/deletion and recombination.
However, a convincing argument for why diversifying selection should act
on bindin, abalone lysin, or any other sperm-egg interaction protein remains
elusive.

Within each of the three Echinometra species, bindin alleles are
monophyletic (Metz and Palumbi 1996). In other words, polymorphic alleles
coalesce to a single ancestral allele within the relatively short history of these
species. In other recognition systems such as plant self-incompatibility and
major histocompatibility complex loci, overdominant selection maintains
polymorphic allele lineages that may be quite ancient (Clark 1993; Hughes
1993). The recent coalescence of bindin alleles (and the low levels of
polymorphism found in a preliminary intraspecific survey of abalone lysins
(Lee et al. 1995)) contrasts with this pattern and indicates that there are
important differences in the action of positive selection on gamete recognition

and self-nonself recognition.
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Two opposing processes act on bindin loci: on one hand, abundant
polymorphism is generated within species. On the other hand,
polymorphism is winnowed out so that certain lineages predominate and
bindins are monophyletic within species. Such a pattern could result from
continuous gain and loss of neutral polymorphism through mutation and
genetic drift (e. g., Kliman and Hey 1993). However, evidence for non-neutral
evolution of bindin is provided by the following: (1) Purifying selection has
maintained a central domain of bindin free of amino acid sequence variation.
(2) In flanking domains, amino acid replacement mutations predominate over
neutral silent mutations both between and within species (Metz and Palumbi
1996). (3) Although diversity may be low on isolated oceanic islands, in
Echinometra species overall mitochondrial DNA diversity is high, arguing
against substantial population contractions recently (Palumbi 1995).
Coalescence times are expected to be more distant for neutral nuclear alleles
than for mitochondrial DNA haplotypes, yet bindin alleles coalesce within
Echinometra species (Metz and Palumbi 1996) whereas mitochondrial DNA
haplotypes do so incompletely (Palumbi 1995). Thus in bindin genes the
fixation of differences between species appears to be more rapid than
expected for neutral alleles, providing evidence of directional selection.
Accordingly, the interplay between generation of polymorphic alleles and
selection among them may be a central process in the evolution of
reproductive specificity. Diversifying selection and directional selection may
both act on bindin loci in complex ways that depend on the structure and

dynamics of urchin populations.
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Reinforcement

As discussed above, prezygotic reproductive barriers can in principle
be augmented either directly or indirectly by selection. Hybridization
between Echinometra species is rare, probably as a result of the strength of the
fertilization barrier (E. C. M. Dissertation, Chapter 4). Might species-specific
differences in bindin have been fixed by reinforcement? In order for selection
against the production of hybrid urchins to be plausible, a significant
proportion of gametes must result in hybrid zygotes, and hybrids must have
low fitness (Howard 1993; Liou and Price 1994). On both of these counts,
reinforcement seems unlikely as a mechanism for strong selection on
Echinometra bindin for gamete incompatibilities. First, among sea urchins and
other broadcast spawners there is high variance in fertilization success
(Palumbi and Wilson 1989; Levitan and Petersen 1995), and the numbers of
gametes lost to hybridization are likely to be small compared to the numbers
that are simply lost. Second, although the fertilization success of natural
hybrid Echinometra urchins relative to both parental species is difficult to
measure exactly, there is no direct evidence of significantly reduced viability
or fertility of such hybrids (E. C. M. Dissertation, Chapter 4). Despite these
difficulties, the Indo-Pacific Echinometra occur in naturally replicated
sympatric and allopatric populations at different locations, providing an ideal

system in which to look for reinforcement.

Sexual Selection Models and Bindin-Receptor Coevolution
Prezygotic barriers could also be augmented if coevolution of male
and female mate recognition loci within populations leads indirectly to

differentiation between populations. This kind of sexual selection has most
157



often been studied among species in which males experience much higher
variance in mating success than females (Kirkpatrick and Ryan 1991). Sea
urchin fertilization shows a similar pattern: when competing sperm from
different conspecific males arrive at the surface of an egg during mass-
spawning, the egg will fertilize, but only one of the sperm will be successful.
As a result of these features of the recognition interaction, selection on the
egg receptor locus is relaxed, while selection among polymorphic bindin
alleles on competing sperm could be strong. Despite the extensive
polymorphism in bindin, in crosses between individual Echinometra male and
female conspecifics, eggs become fertilized regardless of which conspecific
male contributes sperm. Thus an egg surface receptor can accept the range of
polymorphic bindin alleles, and like other recognition proteins, probably has
differing affinities for different bindin alleles (Metz and Palumbi 1996).
Variation in the choosiness of mate preference phenotypes, which has
been implicated in evolution of sexual isolation (Kaneshiro and Boake 1987;
Wilkinson and Reillo 1994), could also have parallels in gamete recognition, if
functional polymorphism exists in the receptor. Thus it will be of great
interest to determine what levels of polymorphism exist in the receptor
relative to bindin. Models of sexual selection show how genetic correlations
between male traits and female preferences can create a runaway process
which may lead rapidly to sexual isolation (Lande 1981). This outcome
depends largely on the potential for variation at recognition loci. Genetic
correlations between particular bindin alleles and particular receptor alleles
would be most informative; should such correlations exist, they could
provide direct molecular evidence of the action of sexual selection. At this

point, a coevolutionary process is suggested by strong reciprocal fertilization
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barriers between Echinometra speciespairs sympatric in Hawaii and Guam
(Metz et al. 1994). In both of these cases, either direction of heterospecific
crosses is strongly blocked, suggesting that within species, bindin and
receptor have both differentiated in concert.

In principle, sexual selection models are readily extended to gamete
recognition loci, because egg surface proteins effectively choose among
competing sperm proteins based on molecular recognition specificity, and
because these loci are probably not pleiotropic. In addition to being features
of sea urchin gamete recognition, polymorphism and tolerance in recognition
are important elements of simulation studies of the evolution of sexual
isolation (Wu 1985). By incorporating polymorphism, and relaxed selection at
the female locus, such simulations show that different male and female allele
pairs having high affinities may arise rapidly by stochastic mutation and
drift, creating assortative mating subpopulations. This result is enhanced by
genetic correlations between male and female alleles and, surprisingly, may
occur within a single large population. In accordance with these simulation
studies, bindin polymorphism and receptor tolerance suggest that species-
specific fertilization may have arisen in Echinometra rapidly and without the

aid of long-term geographical barriers.

Sexual Isolation and Marine Speciation

In conjunction with sexual selection models, these studies of gamete
incompatibilties and bindin alleles in Echinometra indicate that speciation of
high dispersal marine species is not as improbable as traditional allopatric
models might suggest. Given mate recognition loci with certain properties,

prezygotic barriers can potentially evolve within a large population. Partial
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and short-term subdivision of populations by oceanographic or climatic
processes and dispersal to isolated peripheral islands would increase the
likelihood of sexual isolation. Mate recognition loci with inherent variation
and flexibile specificty might be predisposed to differentiate and initiate the
evolution of reproductive barriers, particularly if recognition depended on
polypeptide-polypeptide interactions directly encoded by male and female
genes. Such loci might function at other levels of recognition besides gamete
interaction, such as chemical communication, as long as pleiotropic
constraints did not inhibit their variation.

The Indo-Pacific is a major center of marine biodiversity with a
dynamic biogeographic history. Following an early classification (Mortensen
1943), the presence of but one Echinometra species in the Indo-Pacific was
cited as an example of allopatric patterns of speciation among marine
organisms, because no substantive geographic barriers appear across this
range (Mayr 1954). Patterns of the evolution of reproductive isolation in the
Echinometra species complex are likely to be representative of a wide variety
of organisms including sibling and cryptic species, and provide alternatives
to the better-studied but probably less representative systems separated by
the Isthmus of Panama. Rapid evolution of gamete recognition and

incompatibility may help explain the extent of marine biodiversity.
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APPENDIX
5'Bindin Allele Nucleotide Sequences

Allele labels as in figure 3.1A, with Hybrid #4 alleles A1 and A2 added, (see figure 4.5).
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222 222 333 333 333 344 444 444 445 555
456 789 012 345 678 901 234 567 890 123
GGA ATG GGT GGA CCG GTC GGT GGT GGT GGT
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0-H102
O-HS93
O-H3 L

O-H1 LX ..

O-H12 LX
O-H112
0-H31
O-H75
0-H21
O-H121
O-H2 L
O-H84
0O-H52
O-H5 LX
O0-NG1l6
O-NG12
HYB4-A2

HYB4-Al
M-Hm31B
M-Hm31A
M-H51A
M-Hm35A
M-G898B
M-HSG L
M-H2 L
M-Hm35B
M-G994C

111
555
456
GGT

M-H13 LX ...

M-GB898E
M-G1195
M-H11 L
M-H43C
M-H45A
M-G87EL
M-G89A
M-H1 LX
M-G86D

A-G6
A-Gl L
A-B19
A-B10
A-G7
A-F73
A-F75
A-G2 L

111 111 111
555 666 666
789 012 345
GGT GGT GGT

111
666
678
GGT

111
677
901

.. GGT

111
777
234

111
777
567

GCA
GCA
GCa
GCA
GCA
GCA

. GCA

GCA
GCA

GCA
GCA

GCA

GCA
GCA
GCA
GCA
GCA
GCA
Gca
GCA
GCA
GCA
GCA
Gca
GCA
GCA
GCA
GCA
GCA

GCA
GCA
GCA
GCA
GCA

... ... GCA
. GGT GGT

GCA
GCA
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111
778
890

ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG

ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG
ATG

AGG
AGG
AGG
AGG
AGG
AGG
AGG
AGG

111
888
123

GCC
GCC
GCC
GCC
GCC
GCC
GCC
ACC
GCC

GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC
ACC
GCC
GCC
GCC
GCC

GCC
GCC
GCC
GCC
GCC
GCC
GCC
GCC

111
888
456

GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG

GGG
GGG
GGG
GGG
GGG
GGT
GCG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG
GGG

GGG
GGG
GGG
GGG
GGG
GGG
GGG

111
888
789

CcCT
CCT
CCT
CCT
cCcT
CcCcT
cCcT
CcCT
CCT

CcCcT
CCT
CCT
CCT
CCT
CcCT
CcCT
cCT
cCcT
CCT
CCT
CCT
cCcT
CCT
CcCT
CCT
ccT
CcCT
CCT
cCcT

cCcT
CCT
CCT
CcCT
cCcT
ccT
cCT
cCcT

111
999
012

ATC
ATC
ATC
ATC
ATC
ATC
ATC
ATC
ATC
ATC
ATT
ATC
ATC
ATC
ATC
ATC
ATC
ATC
ATC
TTC

ATC
ATC
ATC
ATC
ATC
ATC
ATC
ATC

111
999
345

GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT

GGT
GGT

111
999
678

GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT

GGT .

GGT
GGT
GGT
GGT
GGT
GGT

GGT .

GGT ...

GGT
GGT
GGT
GGT

GGT

GGC
GGT
GGT
GGT

GGT
GGT

GGT

GGT
GGT
GGT
GGT

122
900
901

GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT

222
000
234

GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT



0-H102
0-H93
O-H3 L

222
000
567

O-H1 LX ...
0-H12 LX ...

O-H112
0O-H31
0-H75
0-H21
O-H121
O-H2 L
0-H84
O-H52
O-H5 LX
O-NG16
0-NG12
HYB4-A2

HYB4-Al
M-Hm31B
M-Hm31A
M-H51A
M-Hm35A
M-G898B
M-HSG L
M-H2 L
M-Hm35B
M-G994C

GGT

GGT
GGT

M-H13 LX ...

M-GRAI8E
M-G1195
M-H11l L
M-H43C
M-H45A
M-G87EL
M-G89A

M-H1 LX ...

M-G86D

A-G6
A-Gl L
A-B19
A-B10
A-G7
A-F73
A-F75
A-G2 L

222
001
830
GCA

222
111
123
ATG

222
111
456
GCC

222
111
789
CGG

222
222
012
CCT

222 222
222 222
345 678
TTC GGT
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222
233
201
GGT

222
333
234
GGT

222
333
567

222
334
890

222 222 222 222
444 444 444 555
123 456 789 012
--- GCG ATG GCC

222
555
345
GGG



222 222 222 222 222 222 222 222 222 222 222 222 222 222 223 333 333
555 566 666 666 667 777 777 777 888 888 888 899 999 999 990 000 000
678 901 234 567 890 123 456 789 012 345 678 901 234 567 890 123 456

0-H102
0-H93
O-H3 L

CCT GTC

AL

O-H1 IX ...
O-H12 LX ...

O-H112
0-H31
0-H75
0-H21
0-H121
O-H2 L
0-H84
0-H52

O-H5 L1LX ...

O-NG16
O-NG12
HYB4-A2

HYB4-Al
M-Hm31B
M-Hm31A
M-HS51A
M-Hm35A
M-G898B
M~-HSG L
M~H2 L
M-Hm35B
M-G994cC
M-H13 LX
M~G898E
M-G1195
M-H11l L
M-H43C
M-H45A
M-G87EL
M-G89A
M-H1 LX
M-G86D

A-G6
A-Gl L
A-B19
A-B10
A-G7
A-F73
A-F75
A-G2 L

GGT GGT GGG GGA GCT GGG CCT CCA GAA TTT GGA GGG ATG
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333 333 333 333 333 333 333 333 333 333 333 333 333 333 333 333 333
000 111 111 111 122 222 222 223 333 333 333 444 444 444 455 555 555
789 012 345 678 901 234 567 890 123 456 789 012 345 678 901 234 567

0-H102 GCG GAA GGA GCT GAA GGG GAG GGT GAT GAG GAC TAC AGT AGC AGC GT- --T

0-H93 ee e eee e see tee e e e e e eee ees e oeee e

L0 2 T Y &

O-H1 L1LX ...

O-H12 LX ... ... ...

0-H112 Cee e e

0-H31 Cee e

0-H75

0-H21

0-H121 feh e e e aee eee tee eee ere aae eee e eee e e e

L0 2 ¥ T Y R Y o 8

0-H84 T - W

0-HS52 R,

O-HS5 LX ... it tit thh teh e tee e eee e ees e e eea e

0-NG16 < T

0-NG12 A T

HYB4-A2

HYB4-Al

M-Hm31B

M-Hm31A

M-HS51A

M-Hm35A ... ...

M-G898B --- --- cee eee e
M-HSG L --- ~-== === —== -=-
M-H2 L =--- === === —== -—-
M-Hm35B --= —== === -== -—=-
M-G994C --- -== -== - -—-
M-H13 LX ... ...

M-G898E

M-G1195

M-H11l L

M-H43C

M-H45A

M-G87EL

M-G89A

M-H1 LX .A.

M-G86D A,

GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
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A-G6
A-Gl1 L
A-B19
A-B10
A-G7
A-F73
A-F75
A-G2 L
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333 333 333 333 333 333 333 333 333
556 666 666 666 777 777 777 788 888
890 123 456 789 012 345 678 901 234
0-H102 GAG GAA GAG ACA ACA ATT AGT GCC AAA
0-H93 Che et eee tee e eee e
O-H3 L ... ... tov oue vo. A ..
O-H1 LX ...
0-H12 LX ...

0-H112 ..A .
O-H31 e e e ..A .
O-H75 e eee e LA
0-H21 e e e

0-H121 ce eee eee aee wee e
O-H2 L ... ... i+ ..o o.. A L.
0-H84 e e e

0-H52 e eee e

O-H5 ILX ...

0-NG16

0-NG12

HYB4-B2 ... ... ... v oo. A ..
HYB4-A1 ... ... ... ...
M-Hm31lB ... ... ...
M-Hm31la ... ... ...
M-HS51A cee e s
M-Hm35A ... ... ...
M-G898B ... ... ...
M-HSG L ... ... ...
M-H2 L

M-Hm35B

M-G994C ..

M-H13 LX ..

M-G898E

M-G1195

M-H11 L

M-H43C

M-H45A

M-G87EL

M-G89A

M-H1 LX ...

M-G86D

A-G6 Cee eee eee e e e ean
A-Gl L ... ... c.. ca. ..e WWA L
A-B19

A-B10

A-G7

A-~F73 cee e v

A-F75 e e e

A-G2 L
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