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ABSTRACT 
 
 
 

Molecular Approaches to Assessing  
Red Sea Urchin (Strongylocentrotus franciscanus) Populations:  Implications of 

Sequence Variability for Evolution and  
Population Genetics of the Species 

 
 

by  
 

Patty Debenham 
 
 

 
I evaluated sequence variability in the red sea urchin, Strongylocentrotus 

franciscanus, using DNA sequence data from 134 adult individuals collected 
between Alaska and Baja California in 1995 and 1996.  DNA sequence data was 
obtained from direct sequencing of a 273 base pair region of bindin—a sperm 
protein required for fertilization. These data were used to evaluate genetic 
subdivision as well as natural selection at the bindin locus operating within and 
between species. 

Results indicate that bindin is sufficiently polymorphic to serve as a genetic 
marker.  I identified 14 unique alleles present in the entire range sampled with a 
maximum of eight alleles at a specific site.  Analysis of allele frequencies indicate 
that the bindin locus in the red sea urchin is panmictic throughout the entire range 
examined, suggesting there is a high exchange of genetic material. 

To evaluate selection operating on a marine invertebrate fertilization protein, I 
conducted both an intra- and interspecific analysis of bindin sequence variation.  
Based on our analyses, it is not possible to reject the null hypothesis that sequence 
variation observed in S. franciscanus bindin is a result of neutral evolution.  Several 
statistical tests suggest that random mutation followed by genetic drift created both 
the polymorphism observed within the 273 base pair region of S. franciscanus 
bindin and the divergence observed between several species. 



 
 
 
 

 

ix 

 

Finally, I explored possible explanations for the different patterns of sequence 
divergence in Strongylocentrotus compared to Echinometra bindin.  One analysis 
included a simulation to evaluate the probability that the degree of sequence 
variation observed in Echinometra could be the result of chance alone and not 
natural selection.  Our simulation suggests that a sliding window analysis can 
incorrectly identify a significant spatial clustering of replacement substitutions. 
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Chapter 1 
 
 

Introduction 
 
 

Many marine invertebrates are external fertilizers (Strathmann, 1978).  For these 

organisms, there is a strong contrast between the limited mobility of the adult phase 

and the potential for high vagility in the larval stage.  Males and females of these 

often synchronous broadcast spawners, simultaneously release their gametes into the 

water column (Strathmann, 1978).  Commonly, after fusion of the egg and sperm, a 

free swimming larvae develops and remains in the water column until it either dies 

or settles onto an acceptable substrate (Thorson, 1961).  As opposed to organisms 

with mating interactions between conspecific adults, all interactions between 

potential mates are isolated to the egg and sperm for broadcast spawners.  Small 

changes in the interaction between egg and sperm theoretically can have large 

impacts on the outcome of fertilization.  Subsequently, the gamete interaction 

molecules in these organisms possess a unique potential to be determinants of 

reproductive isolation (Palumbi, 1992). 
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There is no clear understanding of what determines reproductive isolation in 

marine environments.  As an open system (Roughgarden, 1985), there are few 

distinct geographic barriers that would limit either adult migration or larval 

transport.  Yet, reproductive isolation must occur in broadcast spawners as 

evidenced by the record of speciation events (Jablonski, 1986).  However, the 

connection between gamete interaction molecules and reproductive isolation is 

unclear.  In order to probe this connection, we examined DNA sequence variability 

of bindin, a sea urchin sperm protein necessary for fertilization.  As a result of being 

a model system of reproduction, there is a large amount of information available on 

both sea urchin fertilization including sequence data of many species for bindin, a 

sperm protein necessary for successful fertilization (Vacquier et al, 1995; Minor et 

al., 1989).  Many investigators have demonstrated species-specific differences in 

bindin (see Vacquier et al., 1995).  Therefore, it is possible to assume that 

reproductive isolation must have existed in bindin.  It is also a plausible assumption 

that forces that created reproductive isolation in the past are likely to be operating in 

the present.  However, the mechanism that would mediate the reproductive 

incompatibilities is unclear.  For example, perhaps geographic isolation followed by 
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genetic drift creates incompatible alleles.  On the other hand, directional selection in 

these isolated environments can create the same pattern of divergence.    

Our approach to evaluate possible correlations between marine invertebrate  

gamete interaction molecules and reproductive isolation was to examine sequence 

variability in a portion of the bindin locus in the red sea urchin species, 

Strongylocentrotus franciscanus.  If no intraspecific variability exists in the bindin 

locus, there is no potential for reproductive isolation.  Therefore, our first line of 

inquiry explored the level of sequence variation in the bindin locus.  However, 

variability within the red urchin provides the potential for, yet not the explanation 

of, species-specific differences.  If the variability is a result of random mutations 

created by neutral evolution, reproductive isolation will not ensue.  On the other 

hand, variability could be the result of a selective force such as frequency dependent 

selection that creates incompatibilities in alternate forms of bindin.  Subsequently, 

we used several statistical methods to test the null hypothesis of neutral evolution.  

We looked for evidence of selection both throughout the species range examined 

and at each of six subpopulations.   

Finally, we evaluated how genetic variability correlated with geography as an 

indicator of incipient reproductive isolation.  To test the null hypothesis of complete 
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genetic homogeneity, we evaluated inbreeding coefficients as well as conformance 

to Hardy-Weinberg equilibrium.  If genetic substructuring exists, it is possibly the 

result of geographic isolation followed by random mutation and genetic drift, or 

directional selection in different environments. 

This dissertation is organized into six chapters.  Following this introduction is a 

description of materials and methods that apply to the entire dissertation (Chapter 

2).  Similarly, Chapter 3 presents the results that apply to the entire dissertation.  An 

examination of population subdivision is presented in Chapter 4.  To evaluate the 

operation of selection, we evaluated evidence for selection operating on the bindin 

locus within S. franciscanus (Chapter 5) and between four related urchin species 

(Chapter 6).  In combination, these last three chapters investigate how variation 

observed in gamete interaction molecules relates to reproductive isolation. 
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Chapter 2 
 
 
 

Materials and Methods Applicable to Entire Dissertation 
 
 

Sample Collection 

In total, gonad tissue samples from 479 adult red sea urchins representative 

of six different geographic regions were collected.  The six sampling sites span the 

geographic range of the species from Alaska to Baja California.  Approximately 30 

samples from each site (a total of 181) were shipped to UCSB in 1993 from the 

following locations:  Ketchikan, Alaska; the Straits of Juan de Fuca, Washington; 

Depoe Bay, Oregon; Ft. Bragg, California; Anacapa Island, California; and Punta 

Baja, Baja California, Mexico (Figure 2-1). These individuals are all designated as 

part of sampling effort #1 and identified by a number from 1 - 30. 

A second sampling effort was conducted in 1995 to collect 298 urchins, 

approximately 50 samples from each site.  The locations for sampling effort #2 were 

Ketchikan, Alaska; Port Townsend, Washington; Port Orford, Oregon; Ft. Bragg, 

California; Santa Barbara, California; and Ensenada, Baja California, Mexico.  

These individuals are all designated as part of sampling effort #2 and identified by a 

number from 101 - 154. 
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All samples were collected on SCUBA either by myself or by commercial 

fishermen.  Table 2-1 lists the names and address of commercial fishermen and 

government agency representatives that assisted in the sample collection.  In 

addition, this table lists the numerous individuals who assisted in sample dissection.  

In several cases, the samples were shipped to UCSB via overnight express airmail 

service.  To keep the animals alive during shipping, each animal was wrapped 

individually in newspaper and packed in a Styrofoam container with ice.  During the 

tissue preparation, all necessary sterile precautions were taken to avoid cross-

contamination of samples.  Examples of these precautions included changing 

gloves, rinsing cutting implements in bleach and water, and using sterile weigh 

boats for each new sample.  

To eliminate possible genetic variation associated with the depth of habitat, 

the depth at which urchins were collected was chosen to represent a depth of 

common occurrence for the species and to be standardized between the sampling 

sites.  All individuals came from as close to a 10 - 15 meter depth range as possible.  

In several cases it was not possible to collect animals from this depth range, 

however, it is unlikely that these small variations in depth significantly affect the 

results of the work.  Actual depths for each collection are listed in Tables 3-2 and 3-

3 (Chapter 3).  To insure that all samples were adults, all individuals collected were 

at least 80 mm in test diameter. 
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Where possible, we identified the sex of each sample:  males were indicated by 

a white exudate of sperm from the gonads and females were identified by an orange 

exudate of eggs.  Because the exudate produced by females is the same color as the 

gonad, in some cases it was difficult to distinguish between a female sample and a 

reproductively immature sample that could be male or female.  In this case, we 

examined the gonad under a light microscope at 40X magnification.  In most cases 

it was possible to see either the existence of eggs or sperm.  In some cases in which 

the gonad contained reproductive cells in the early stages of gametogenesis, it was 

still not possible to determine the sex of the sample using the light microscope.  An 

aliquot of each tissue sample was stored in sterile containers at -70 o C and additional 

reserves of tissue were stored at -20oC. 

 

DNA Extraction 

DNA extractions were performed as described in  Milligan (1992).  

Approximately 25 -100 ug of gonadal tissue was homogenized in 700 ul  CTAB 

buffer prewarmed to 60oC (100 mM Tris-HCl, pH 8.0; 1.4 M NaCl; 20 mM EDTA; 

2% hexadecyltrimethylammoniumbromide (CTAB, w/v)); 1% polyvinylpyrrolidone 

(PVP-360, w/v); 0.2% 2-mercaptoethanol (v/v added just before use).   At the end of 

a 30-60 minute incubation at 60oC (with periodic swirling) 700 ul of 

chloroform:isoamyl alcohol (24:1) was added followed by vortexing.  
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Centrifugation for 10 minutes at 1500 x g separated the aqueous and the organic 

phases.  One extraction with an equal volume of chloroform:isoamyl alcohol (24:1) 

was followed by extractions with phenol:chloroform:isoamyl until the interface was 

clear.  The aqueous phase was transferred to a sterile tube followed by addition of 

2/3 volume of ice-cold isopropanol and vortexing.  The pelleted DNA was washed 

with 500 ul wash buffer (76% ethanol, 10 mM ammonium acetate), dried, and 

resuspended in 20-30 ul TE containing 1 ul RNAse (10 mg/ml).  It was imperative 

to conduct the extraction protocol on fresh ovary tissue.  Ovary samples frozen for 

as short as one day showed reduced yield of DNA and reduced success in 

subsequent PCR amplification.   

Three methods were used to determine the success of DNA extraction. 

1.  Resolve 1-5 ul of extracted genomic DNA on a 1% agarose gel.  A 

bright, high molecular weight band indicated successful extraction and 

acceptable yield.  In many cases a large smear occupied the mid and lower 

portions of the lane which most likely represented degraded DNA.  These 

samples were acceptable for PCR amplification. 

2.  Perform double-stranded PCR amplification using approximately 

100-200 ng of extracted DNA.  It was not always necessary to quantify the 

DNA and was often sufficient to use 0.5 ul of extracted DNA in a 25 ul PCR 

reaction. 
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3.  Use spectrophotometer to quantify absorbency at 260 and 280 nm 

and subsequently calculate purity and DNA concentration (see Sambrook et 

al. , 1989).  This method was time consuming and was not necessary for 

most samples. 
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PCR Amplification 

Double-stranded PCR amplification 

The primers FNbindin 5' (5'-AGTCGACGTTCGACAGACGAC-3') and 

FNbindin 3' (5'-TTACATGGTCCATTATAGTATGCC-3') amplify a 431 base pair 

region of the 5' end of the bindin gene (Figure 2-2).  Amplification followed 

standard procedures (Saiki et al., 1988) using a reaction volume of 25 ul and final 

magnesium chloride concentration of 2 mM.  The thermocycler (Perkin Elmer 

Cetus)  profile for all double stranded reactions was:  1 cycle of 95 0C, 5 min. 

followed by 30 cycles of 94 0C, 1 min.; 60 0C, 1 min.; 72 0C, 2 min.  Five ul of each 

PCR product was resolved on a 2% Nu Sieve agarose, low melting temperature TBE 

gel.  Gel isolates were removed with sterile wide-bore, disposable polyethylene 

transfer pipettes and stored in a microfuge tube with 200 ul of water at -20 0C. 

 

Single-stranded PCR amplification 

Each gel isolate was heated to 65oC for approximately 5-10 minutes and used as 

template for the single-stranded PCR amplification.  To amplify a single-stranded 

product of the 5' strand, the PCR amplification conditions were identical to those 

identified above for amplification of the double-stranded product except the 5' 

primer (FNbindin 5') was used at a final concentration of 0.5 uM.   
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The PCR amplification conditions to amplify the 3' single-stranded product 

required a lower annealing temperature (58oC) and lower MgCl2+ concentration 

(1.2 mM final).  The concentration of the 3' limiting primer was 2.5 uM (final).  

Some samples required additional adjustments to annealing temperature (between 

57-63oC) and limiting primer concentration (0.5-2.5 uM final concentrations). 

 

Direct sequencing of single-stranded PCR product 

The single-stranded PCR products were washed in Centricon filter units (30,000 

MWCo) and resuspended in 7 ul H2O for Sanger dideoxy sequencing (Sequenase 

version 2.0, U.S. Biochemical) using internal sequencing primers KTseq 5' (5'- 

GGAGCGCGTAAGAAGCGTTAT-3') and KTseq 3' (5'-

ATACACACGATGGTCAAG-3') at 10uM. 

Figure 2-3 shows an example of all reactions (DNA extraction, Double-stranded 

PCR product, single-stranded PCR product, and Centricon-purified DNA template) 

performed prior to DNA sequencing and resolved on a 1% agarose gel.  Figure 2-4 

shows an autoradiogram resulting from direct sequencing of homozygous and 

heterozygous individuals.   An individual is heterozygous when two bands are 

present at the same nucleotide position on the sequencing gel (Figure 2-4). 

 
Cloning of bindin DNA from heterozygous individuals 
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In order to confirm the exact sequence of representatives of all alleles, the PCR 

products were cloned.  The samples cloned and their representative genotype are 

listed in Table 2-2.  Double-stranded PCR products were amplified using primers 

KBRS 5' (5'CGCGGATCCAGT CGACGTTCGACAGACGAC-3') and 3' (5' 

GCCAAGCTTTTACATGG TCCATTATAGTATGCC-3') and the double-stranded 

PCR protocol.  These primers incorporate the restriction sites BamHI and HindIII, 

respectively on their 5' ends to facilitate directional cloning into the pBMKS 

bluescript vector.  The PCR products were resolved on a 2% agarose gel and the 

excised gel fragment was purified using Quiaquick spin columns (Quiagen) and 

then digested with BamHI and HindIII.  The gel-purified fragment was ligated into 

pBMKS and transformed into E. coli DH5α.  The DNA from a minimum of four 

transformants were sequenced for each PCR product.  Several individuals with the 

same genotype, but from different geographic locations, were cloned and sequenced 

to verify sequence consistency among alleles found at different geographic 

locations. Plasmid DNA was purified using the alkaline lysis method (Sambrook et 

al., 1989).  The double-stranded plasmid DNA was sequenced using Kgseq 5' 

(5'GTTTCTGACG ATTCGGAAAGA-3') and Kgseq 3' (5'-

GAAACAACCAATTTAAAAATA-3’) as internal sequencing primers. 
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Cloning of the PCR products also allowed us to assess nucleotide changes due to 

PCR incorporation error to be detected and eliminated.  Cloned PCR products from 

four different reactions were sequenced on both strands.  A substitution in a 

sequence was determined to be PCR incorporation error based on one or both of the 

following observations:  (1)  the nucleotide present in the sequence was not present 

in either the 5' or 3' strand produced by direct sequencing; or  (2) the existence of 

this new sequence now created a total of three alleles for one genotype which is 

biologically impossible for a diploid organism.  We found what appeared to be a 

substitution resulting from PCR incorporation error in approximately one out of 

2,000 nucleotides.  The sequence of a particular allele was considered to be an 

accurate representation of an individual genotype when it appeared in at least two 

out of three of the cloned sequences. 
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Chapter 3 
 
 
 

Results Applicable to Entire Dissertation 
 
 
 

Results of Sample Collection 

Table 3-1 presents a summary of sampling data from each site for both 

sampling effort #1 and #2 including:  the number of Strongylocentrotus 

franciscanus collected from each site, sex of samples, test size, and color 

morphology.  In general there were two types of color morphologies found in all 

locations.  A red color morphotype indicates individuals that were a red, and in 

some cases, pink color.  Adults that had a purple color morphology were a deep 

shade of purple/maroon.  In addition, some individuals from Port Orford, Oregon 

(sampling #2) had partly green tests.  Table 3-2 contains detailed information of 

each sample collected from sampling effort #1 and Table 3-3 contains detailed 

information of each sample collected from sampling effort #2. 

Of the total 479 urchins that were received from the two sampling efforts, 

there were 218 females and 182 males.  It was not possible to determine the sex of 

an additional 79 samples.  The average size of all samples was 98.39 mm.  There 
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were 149 samples with a red color morphology, 295 purple morphotypes, 25 green, 

four that were a combination of red and green, four that were a combination of red 

and purple, and two samples where the information about the color morphology was 

not recorded. 

 

Sampling Effort #1 

Specifically in sampling effort #1, out of 181 urchins collected, 59 were female 

and 72 were male.  It was not possible to determine the sex of 50 of the samples.  

The average size of these samples was 95.62 mm.  There were 66 samples with a 

red color morphology, 109 purple morphotypes, and four that were a combination of 

red and purple, and two samples where the information about the color morphology 

was not recorded.   

Table 3-2 includes detailed information about sampling effort #1 including 

information about habitat, sample collectors, and shipping information. There were 

no unusual circumstances for urchins received from Washington, Northern 

California, or Santa Barbara. The following is a summary of unusual circumstances 

from specific collection sites.   

Because of the early stage of the project, information about the sex of the 

animals received from Alaska in sampling effort  #1 was not recorded and 

measurements of test diameters are rough estimates rather than exact measurements.  
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For samples received from all other sites, the sex of each sample and a precise 

measurement of test diameter (mm) was recorded. 

Urchins received from Depoe Bay, Oregon had very small gonads.  The 

collectors reported that it appeared as if the urchins were eating the tube worms 

(possibly Phragmatopoma sp.) that covered the rocks within the urchin habitat.  

Further support that the urchins were ingesting tube worms came from the fact that 

there were pieces of calcareous shell as excrement inside the test rather than the 

more common pieces of processed kelp.  It is possible that this alternate food source 

is connected to fact that these samples had very small gonads. 

The original plan was to collect urchins from their most southerly distribution 

which is published to be Cedros Island, Baja California, Mexico (Morris et al., 

1980).  Local representatives of the fisheries departments in Baja were unable to 

convincingly confirm or deny these reports.  One fishery government official gave 

us false information that it was possible to find S. franciscanus in an eelgrass bay 

slightly north of Guerrero Negro however, we were unable to find any S. 

franciscanus adults in this location and the species present was probably Arbacia 

stellata (Gmelin) (Morris et al., 1980). 

Although local fishermen seemed to be the most knowledgeable about species 

distribution, we were never able to conclusively determine if red sea urchins were 

present on Cedros Island.  Fishermen on the mainland indicated that the urchins on 
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Cedros Island "are the same species that they fish in El Rosario."  El Rosario is the 

major area of S. franciscanus harvest in Baja California.  Based on the lack of 

confirmation that S. franciscanus exists in sufficient numbers on Cedros Island, the 

cost (approximately $300), and the time to get the samples (approximately 3 days), 

we decided to collect samples from Punta Baja, a location on the coast 

approximately 300 miles north of Cedros Island.   

 

Sampling Effort #2 

For sampling effort #2, 50 individuals were collected from each site.  This 

number ensured sufficient sample sizes for a thorough population study and to 

assess diversity enhancing selection even if we would be forced to conduct the 

entire study on only male samples.  To increase the probability DNA extractions 

from female samples would be successful, DNA from ovaries were performed 

within four hours of sacrifice.  In addition, all tissue samples were stored at -70oC 

with additional aliquots of these samples stored at -20oC. 

Out of 298 urchins collected in sampling effort #2, 159 were female and 110 

were male; it was not possible to determine the sex of 29 of these individuals.  The 

average test size of these adults was 101.16 mm diameter.  There were 83 samples 

with a red color morphology, 186 were purple in color, 25 were green and four were 

a combination of red and green.  
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Table 3-3 includes detailed information about sampling effort #2 including 

information about habitat, sample collectors, and shipping information. There were 

no unusual circumstances for urchins received from Alaska, Northern California, 

Santa Barbara, or Baja California.  For urchins collected in Washington, it is not 

possible to describe the exact location, depth, or habitat of this population. 

Samples received from Port Orford, Oregon, had a longer than average travel 

time (approximately 2 1/2 days).  Upon receipt the urchins showed very few signs 

of life and also had a very strong odor.  In addition, the gonads of nearly all the 

urchins were very small and recessed.  Finally, it was difficult to determine the sex 

of many of these urchins and in many cases the sex indicated for a specific sample 

may be incorrect.  Because it was difficult to be certain about the sex, DNA was 

extracted immediately from all individuals that appeared to be female as well as any 

individual that could not definitely be determined as male. 

 

Results of DNA Extraction and PCR Amplification 

In many cases, the result of PCR amplification was used to determine the 

success of DNA extraction (see Materials and Methods) and for this reason, the 

results of these two procedures are presented together.  Gonad tissue from sampling 

effort #1 were stored in 50% ethanol, and extracted using a phenol chloroform 

extraction protocol followed by ethanol precipitation of DNA (see Materials and 
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Methods and Sambrook et al., 1989).  These samples had a very low percentage of 

successful DNA extractions. Out of 181 samples collected at all six sites, 35% (63 

urchins) produced DNA acceptable for PCR.  In addition, there appears to be a 

correlation in the success of PCR amplification and the sex of the sample—with 

extraction of male tissue appearing to produce DNA more suitable for PCR than 

female tissue.  Of all the ovary tissue extracted, only 9% were successful; however, 

of all the testis extracted, 44% produced DNA acceptable for PCR.  In general, 

extraction from sampling effort #1 was very poor, but extraction from male tissue 

was substantially more effective than female tissue.  It is possible that storing tissue 

samples in ethanol increased dehydration and degradation of gonadal material and 

DNA.  Perhaps this explains why storing tissue samples at -20oC was a more 

successful preservation technique. 

DNA extraction procedures were optimized prior to sampling effort #2.  Gonad 

tissue collected from sampling effort #2 was stored as frozen aliquots.  In addition, 

DNA was extracted immediately from female tissue samples whereas male samples 

were stored at -70oC. from one to four days before extraction.  Both male and female 

samples were extracted by using a CTAB/PVP lysis buffer (see Materials and 

Methods).  There does not appear to be a correlation between success of DNA 

extraction and sex of the sample.  Only six percent of all extractions did not work.  

It is interesting to note that of the thirteen samples that did not yield DNA, eleven 



 
 
 
 

 

27 

 

were female, one was male, and one was of unknown sex.  In other words, although 

extraction of sampling method #2 was very successful, there still was a trend for 

ovarian DNA to be more difficult to extract than testis DNA.   

Regardless if the tissues were stored in ethanol or frozen, there was a consistent 

trend that it was more difficult to prepare DNA extraction from ovary DNA 

compared with testis DNA.  Perhaps the polysaccharide content in ovary is higher 

than in testis and somehow inhibits DNA extraction and/or subsequent PCR 

reactions.  The method that was ultimately successful extracting DNA from both 

ovary and testis was originally developed to extract DNA from plant tissues with 

very high polysaccharide content (Milligan, 1992). 

 

Results of DNA Sequencing 

Table 3-4 summarizes the sample size, the number of alleles, and the number of 

genotypes present at each site.  The range in number of alleles at each site was 

between four and eight with a total number of alleles throughout the region as 14.  

The number of genotypes found at a specific site was lowest in Oregon (6) and 

highest in Santa Barbara (12).  In all sites combined, there were 21 genotypes.   

It was necessary to estimate whether the allele composition in our samples were 

representative of the number and frequency of all alleles in the population.  Figure 

3-1 plots the sample size (n) against the total number of alleles at that value of n.  
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Data points are the mean number of 100 randomizations of data resampling.  The 

point at which the curve asymptotes indicates a sample size at which essentially all 

the alleles in the population have been sampled.  At a sample size that falls within 

the range of the asymptote, it is unlikely to identify additional alleles in the 

population.  For all sites, the data indicate that most have been identified and in 

general, it would be necessary to sequence from 10-15 additional samples to find 

another unique allele.  In addition, these rare alleles represent one allele out of the 

entire population (n for allele number = 268) or  0.3% of the population.  Based on 

these results, the alleles present in the samples probably represent a random sample 

of each geographic location as well as all but the rarest alleles in each location. 

There are a total of 14 unique alleles throughout the species range (Figure 3-2).  

Different combinations of these alleles make up 21 unique genotypes (Table 3-5).  

Figures 3-3 a-f shows the nucleotide sequence data for all 134 individuals sampled 

for each site.  These figures also include information about the sex and genotype of 

each sample.  These data were generated by sequencing both strands of DNA.  In 

some cases it was not possible to read the entire 282 base pair region with both 

strands.  However, for all samples, all variable positions in the sequence have been 

confirmed by sequencing both strands of DNA. 
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Chapter 4 
 
 

Population Genetics of the Red Sea Urchin, 
S. franciscanus, Along the West Coast of North America 

 
 

 
Introduction 

Barriers to gene flow are one of the most basic mechanisms creating genetic 

population structure within a species (Hartl and Clark, 1989).  In the marine 

environment, these barriers could result from interruptions in species distribution 

(see Bermingham and Avise, 1986), oceanic current patterns (Tracey et al., 1975; 

Saunders et al., 1986), paleogeography, such as the rise of the Isthmus of Panama 

(Bermingham and Lessios, 1993), or dispersal limitations of planktonic larvae 

(reviewed by Avise, 1994; see also:  Janson, 1987; McMillan et al., 1992; Waples, 

1987).  Of these mechanisms, the role of dispersal in creating population structure is 

particularly uncertain (Palumbi, 1995). 

In studies of genetic differentiation of marine species, all permutations of 

dispersal potential and corresponding population subdivision exist (see  Gooch, 

1975; Burton, 1983; Hedgecock, 1986; Palumbi, 1995).  For example, organisms 
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with restricted dispersal can have either a great degree of genetic differentiation 

(Duffy, 1993; Berger, 1973; Day and Bayne, 1988; Gaines et al., 1974) or show no 

genetic substructuring (France et al., 1992; Selander et al., 1970).  Long distance 

dispersers can be both homogeneous throughout their entire range (Buroker et al., 

1983; Selander et al., 1970; Ovenden et al., 1992) or have distinct subpopulations 

(Burton and Feldman, 1981; Burton and Lee, 1994; Planes, 1993).  Of these four 

scenarios, the first and the third patterns represent those expected for populations of 

marine species primarily as a result of the ability of dispersal to facilitate or limit 

gene flow.  In the absence of dispersal and subsequent gene flow, populations of 

genes will differentiate as a result of natural selection and genetic drift (Nei, 1987). 

There are numerous examples that support the expectation that species with low 

dispersal potential should have a high amount of genetic differentiation.  Organisms 

with dispersal restricted to tens of kilometers such as limited dispersing shrimp 

(Duffy, 1993) and gastropods (Berger, 1973; Day and Bayne, 1988; Gaines et al., 

1974) show a high degree of genetic differentiation.  The opposite pattern of species 

with high dispersal potential exhibiting a low amount of genetic differentiation is 

seen in oysters (Buroker et al., 1983) crabs (Selander et al., 1970) and rock lobsters 

(Ovenden et al., 1992).  These species all have a pelagic life history phase that is 
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capable of long distance dispersal with ocean currents over hundreds and possibly 

thousands of kilometers. 

There are also several examples of marine organisms that do not fit the expected 

patterns.  For example, the splashpool copepod Tigriopus californicus (Burton and 

Feldman, 1981, Burton and Lee, 1994) and a Polynesian surgeonfish with a 60-day 

planktonic phase (Planes, 1993), have a potential for long distance dispersal, yet 

exhibit high genetic differentiation over tens to hundreds of kilometers.  The 

converse scenario of species with limited dispersal and high genetic homogeneity 

over a large regional scale are seen in hydrothermal vent amphipods (France et al., 

1992) and horseshoe crabs (Selander et al., 1970).  However, these species are not 

wholly panmictic and do show some genetic differences within the species' range. 

This report examines the population structure of a sea urchin with an extremely 

long dispersal stage.  Strongylocentrotus franciscanus, the red sea urchin, has a 

continuous distribution along the Pacific coast of North America and a 

planktotrophic larval phase of 61 to 131 days (Strathmann, 1978) that would allow 

for long distance dispersal within the predominantly southward moving California 

Current (Hickey, 1979).  Published reports identify the range of S. franciscanus to 

be from northern Japan and Alaska to Cedros Island, Baja California (Morris et al., 
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1980).  The red sea urchin is a tremendously fecund broadcast spawner (Morris et 

al., 1980) with one female releasing over eight million eggs (Strathmann, 1987).  

Spawning occurs year-round, with a strong seasonal maximum in late winter and 

early spring (Morris et al., 1980).  Studies of red sea urchin larvae collected from 

settlement brushes indicate that settlement occurs both at low levels year-round 

superimposed on large episodic pulses (Ebert et al., 1994).   

These life history characteristics, especially the ability of larvae potentially to 

travel thousands of kilometers, predict high gene flow and low or absent population 

subdivision in S. franciscanus.  This prediction is supported in theory by Wright 

(1931) who modeled that for selectively neutral genes, one reproductively 

successful immigrant in each subpopulation every other generation is sufficient to 

homogenize allele frequencies across all sub populations ( see also Hedgecock et 

al., 1994).  Yet without knowledge of isolating mechanisms that may affect this 

species such as selection, dispersal, biogeography, etc., it is not possible to accept 

the de facto prediction of panmixia in S. franciscanus without experimental support.  

In addition, as an extremely valuable fishery (Leet et al., 1992), it is important to 

understand the population structure of the red sea urchin. 
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S. purpuratus, which has distribution and life history characteristics similar to S. 

franciscanus, may have similar population structure.  Examination of the population 

structure of the congener S. purpuratus have produced conflicting results.  Britten et 

al. (1978) reported no difference in the thermal renaturation of DNA from two 

urchins separated by 2,000 km compared to the reassociation of DNA of each urchin 

compared to itself, suggesting a lack of genetic subdivision.  Expanding the sample 

size and using a more sensitive technique, Palumbi and Wilson (1990) used 

restriction fragment length polymorphism (RFLP) of mitochondrial  DNA (mtDNA) 

and saw no genetic differentiation in 28 S. purpuratus individuals from populations 

separated by 1,500 km along the Pacific Coast of the USA.  Additionally, sequence 

data of cytochrome oxidase I (COI; a mitochondrial gene) in 30 individuals 

collected from three sites between Washington and Santa Barbara, CA 

(approximately 2,500 km) showed approximately 1% sequence variation yet no 

genetic heterogeneity among populations and no population subdivision (Palumbi 

and Kessing, 1991). 

In contrast to these three studies that conclude large scale genetic homogeneity 

in the purple sea urchin, Edmands et al. (1996) found distinct genetic differentiation 

among subpopulations.  Allozymes examined in S. purpuratus collected over 1,000 
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km in the southern range of the species distribution showed significant genetic 

differentiation among populations.  Additionally, sequence data of the mtDNA gene 

investigated by Palumbi and Kessing (1991) yet using a large sample size and 

focusing on the southern range of the distribution, revealed a significant 

heterogeneity among locations with a contingency chi-square analysis (Edmands et 

al., 1996 ; n=147, X2 = 115.05 df = 90, p<0.05).  Analyzing the same data with an 

Analysis of Molecular Variance, AMOVA (Excoffier et al. 1992), Edmands et al. 

(1996) did not find significant differentiation among locations (FST = 0.017, 

p>0.05).  However, based on a regional analysis, there was a statistically significant 

genetic break approximately 300 km south of Pt. Conception in central California 

(FRT = 0.064, p< 0.05).  All other regions and populations examined by Edmands et 

al. (1996) were not genetically differentiated. 

The result of Edmands et al. (1996) is in conflict with those of Palumbi and 

Kessing (1991) and Palumbi and Wilson (1990) that conclude complete genetic 

homogeneity throughout the species range.  Based on the conflict in these two data 

sets, it is not certain whether there are barriers to gene flow that result in genetically 

isolated populations in S. franciscanus.  Although it is common for different genetic 

markers to display different portraits of genetic variation, clearly more work is 
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needed to resolve the discrepancy in information regarding population structure in S. 

purpuratus. 

The current study examines genetic differentiation of sequence data in S. 

franciscanus using relatively large sample sizes from nearly the entire geographic 

range of the species.  Population structure was examined using a 273 base-pair 

region of the nuclear gene coding for the sperm protein called bindin.  The bindin 

protein is localized to the acrosomal tip of sea urchin sperm and mediates binding to 

the surface of urchin eggs (Vacquier et al., 1995; Minor et al., 1989).  Because 

portions of urchin single copy nuclear DNA (scnDNA) are suggested to have 8-20 

times more variability than mtDNA (Palumbi and Wilson, 1990; Palumbi and Metz, 

1991; Palumbi, 1995; Britten et al., 1978), it is possible that the population signal 

would be greater from a nuclear molecule than a mitochondrial marker.  

Additionally, other work evaluating variation in recognition proteins (Vacquier et 

al., 1995; Metz and Palumbi, 1996; Hughes and Nei, 1988) suggests gamete 

interaction molecules such as bindin may exhibit a high degree of genetic variation 

both between and within species (Metz and Palumbi, 1996).  The 273 base pair 

region of bindin examined here coincides with the region of greatest variation in 

Echinometra sp. bindin DNA (Metz and Palumbi, 1996).  Finally, new evidence 
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suggests that this gene has evolved as a result of neutral evolution (see Chapter 5) 

which increases its value as a genetic biogeographic marker (Hillis and Moritz, 

1990).  As a result of potential increased variation in sea urchin nuclear DNA and 

the fact that bindin is a gamete interaction molecule evolving as a result of neutral 

evolution, bindin is potentially an informative population marker.  

 

Materials and Methods 

Sample Collection 

Between August 1995 and February 1996, 298 adult S. franciscanus, 

approximately 50 animals from each site, were collected from the following six 

locations:   Ketchikan, Alaska; the Port Townsend, Washington; Port Orford, 

Oregon; Ft. Bragg, California; Santa Barbara, California; and Ensenada, Baja 

California, Mexico (Figure 4-1).  All animals were collected on SCUBA and then 

shipped via overnight express to our laboratory.  All individuals came from as close 

to a 10 to 15 meters foot depth range as possible. To insure that all samples were 

adults, all individuals collected were at least 80 mm in test diameter. 

 

DNA Extraction 
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DNA extractions were performed as described in  Milligan (1992).  

Approximately 25 -100 ug of gonadal tissue was homogenized in 700 ul  CTAB 

buffer prewarmed to 60oC (100 mM Tris-HCl, pH 8.0; 1.4 M NaCl; 20 mM EDTA; 

2% hexadecyltrimethylammoniumbromide (CTAB, w/v)); 1% polyvinylpyrrolidone 

(PVP-360, w/v); 0.2% 2-mercaptoethanol (v/v added just before use).   At the end of 

a 30-60 minute incubation at 60oC (with periodic swirling) 700 ul of 

chloroform:isoamyl alcohol (24:1) was added followed by vortexing.  

Centrifugation for 10 minutes at 1500 x g separated the aqueous and the organic 

phases.  One extraction with an equal volume of chloroform:isoamyl alcohol (24:1) 

was followed by extractions with phenol:chloroform:isoamyl until the interface was 

clear.  The aqueous phase was transferred to a sterile tube followed by addition of 

2/3 volume of ice-cold isopropanol and vortexing.  The pelleted DNA was washed 

with 500 ul wash buffer (76% ethanol, 10 mM ammonium acetate), dried, and 

resuspended in 20-30 ul TE containing 1 ul RNAse (10 mg/ml).  It was imperative 

to conduct the extraction protocol on fresh ovary tissue.  Ovary samples frozen for 

as short as one day showed reduced yield of DNA and reduced success in 

subsequent PCR amplification.   

 



 
 
 
 

 

108 

 

PCR Amplification 

Double-stranded PCR amplification 

The primers FNbindin 5' (5'-AGTCGACGTTCGACAGACGAC-3') and 

FNbindin 3' (5'-TTACATGGTCCATTATAGTATGCC-3') amplify a 431 base pair 

region of the 5' end of the bindin gene.  Amplification followed standard procedures 

(Saiki et al., 1988) using a reaction volume of 25 ul and final magnesium chloride 

concentration of 2 mM.  The thermocycler (Perkin Elmer Cetus)  profile for all 

double stranded reactions was:  1 cycle of 95 0C, 5 min. followed by 30 cycles of 94 
0C,       1 min.; 60 0C, 1 min.; 72 0C, 2 min.  Five ul of each PCR product was 

resolved on a 2% Nu Sieve agarose, low melting temperature TBE gel.  Gel isolates 

were removed with sterile wide-bore, disposable polyethylene transfer pipettes and 

stored in a microfuge tube with 200 ul of water at -20 0C. 

 

Single-stranded PCR amplification 

Each gel isolate was heated to 65oC for approximately 5-10 minutes and used as 

template for the single-stranded PCR amplification.  To amplify a single-stranded 

product of the 5' strand, the PCR amplification conditions were identical to those 

identified above for amplification of the double-stranded product except the 5' 

primer (FNbindin 5') was used at a final concentration of 0.5 uM.   
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The PCR amplification conditions to amplify the 3' single-stranded product 

required a lower annealing temperature (58oC) and lower MgCl2+ concentration 

(1.2 mM final).  The concentration of the 3' limiting primer was 2.5 uM (final).  

Some samples required additional adjustments to annealing temperature (between 

57-63oC) and limiting primer concentration (0.5-2.5 uM final concentrations). 

 

Direct sequencing of single-stranded PCR product 

The single-stranded PCR products were washed in Centricon filter units (30,000 

MWCo) and resuspended in 7 ul H2O for Sanger dideoxy sequencing (Sequenase 

ver. 2.0, U.S. Biochemical) using internal sequencing primers KTseq 5'                       

(5'- GGAGCGCGTAAGAAGCGTTAT-3') and KTseq 3'                                     (5'-

ATACACACGATGGTCAAG-3') at 10uM. 

 
Cloning of bindin DNA from heterozygous individuals 

In order to confirm the exact sequence of representatives of all alleles, the PCR 

products were cloned.  Double-stranded PCR products were amplified using primers 

KBRS 5' (5'CGCGGATCCAGTCGACGTTCGACAGACGAC-3') and 3'            (5'-

GCCAAGCTTTTACATGGTCCATTATAGTATGCC-3') and the double-stranded 

PCR protocol.  These primers incorporate the restriction sites BamHI and HindIII 

respectively on their 5' ends to facilitate directional cloning into the pBMKS 
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bluescript vector.  The PCR products were resolved on a 2% agarose gel and the 

excised gel fragment was purified using Quiaquick spin columns (Quiagen) and 

then digested with BamHI and HindIII.  The gel-purified fragment was ligated into 

pBMKS and transformed into E. coli DH5α.  The DNA from a minimum of four 

transformants were sequenced for each PCR product.  Several individuals with the 

same genotype, but from different geographic locations, were cloned and sequenced 

to verify sequence consistency among alleles found at different geographic 

locations. Plasmid DNA was purified using the alkaline lysis method (Sambrook et 

al., 1989).  The double-stranded plasmid DNA was sequenced using Kgseq 5' 

(5'GTTTCTGACG ATTCGGAAAGA-3') and Kgseq 3'                                        (5'-

GAAACAACCAATTTAAAAATA-3’) as internal sequencing primers. 

Cloning of the PCR products also allowed us to assess nucleotide changes due to 

PCR incorporation error and thus disregard those sequences.  Cloned PCR products 

from four different reactions were sequenced on both strands.  A substitution in a 

sequence was determined to be PCR incorporation error based on one or both of the 

following observations:  (1)  the nucleotide present in the sequence was not present 

in either the 5' or 3' strand produced by direct sequencing; or  (2) the existence of 

this new sequence now created a total of three alleles for one genotype which is 
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biologically impossible for a diploid organism.  We found what appeared to be a 

substitution resulting from PCR incorporation error in approximately one out of 

2,000 nucleotides.  The sequence of a particular allele was considered to be an 

accurate representation of an individual genotype when it appeared in at least two 

out of three of the cloned sequences. 

Sequence and Statistical Analyses 

From the 431 base pair PCR product, we obtained unambiguous sequence 

information confirmed with both strands of DNA for a 273 base pair region.  

Sequences were aligned using Seq-Ap ver 1.9a multiple sequence alignment 

program for the Macintosh (Gilbert, 1994).  Molecular Evolutionary Genetic 

Analysis ver. 1.01 (MEGA, Kumar, et al., 1993) was used to calculate nucleotide 

sequence divergence.  Individual genotypes were coded as paired alphabetical 

characters and analyzed with BIOSYS (Swofford, 1989) to obtain estimates of the 

following:  allele frequencies, conformance to Hardy-Weinberg equilibrium, 

Wright's (1978) F-statistics, and Nei’s (1972) minimum genetic distance in pairwise 

comparisons.  Conformance to Hardy-Weinberg proportions were estimated in three 

ways: (1) contingency chi-square analysis with Leven’s (1949) correction for small 

sample size; (2) chi-square with pooling of rare and common categories; and (3) 

significance test with exact probabilities.  Finally, a Monte Carlo simulation of a 
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chi-square contingency test as per Roff and Bentzen (1989) was performed using 

1000 runs.  The CHIRXC program, available from Zaykin and Pudovkin (North 

Carolina State University), tests conformance to the null hypothesis of homogeneity. 
 

Results 

Out of 134 individuals sequenced from six geographic locations along the 

Pacific coast of North America, 14 alleles and a total of 21 genotypes were 

identified, suggesting a high degree of polymorphism at this locus (see Table 3-4).  

The number of alleles per sampling site ranged from four to eight locus (Figure 4-1 

and see Table 3-4).  The maximum number of genotypes identified at a specific 

geographic location ranges from six to twelve locus (Figure 4-1 and see Table 3-4).  

There is no obvious trend in the number of alleles or the number of genotypes with 

geographic location (locus (Figure 4-1 and see Table 3-4). 

There are a total of 13 variable nucleotide positions in all 14 alleles (Table 4-1).  

All other positions of the 273 base pair region, in all 134 individuals sequenced, are 

identical.  The number of nucleotide differences between any two sequences is low, 

ranging between one (0.35%) and six (2.1%) nucleotide substitutions in the 273 

base pair region. These pairwise comparisons of the 14 unique alleles show a 

maximum of six nucleotide differences in only one out of 91 (<1%) of the 
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comparisons.  On average, there are 2.9  nucleotide positions that vary between any 

two unique alleles.  Average nucleotide-sequence diversity is 1.06% (Tajima and 

Nei,  1984, excluding correction for multiple hits).  Figure4-2 represents the 

phylogenetic relationship of the 14 unique alleles as determined by a parsimony 

analysis (PAUP, Swofford, 1993). 

The allele frequencies data were calculated to assess population structure and 

conformance to Hardy-Weinberg equilibrium.  Figure4-3 presents the frequency 

data for each allele and each geographic location.  Four alleles are dominant 

throughout the range examined; allele A is the most common allele (51%).  Allele 

B, C, and D are the next most common alleles with frequencies of 16%, 20%, and 

8% respectively.  All other alleles are rare, representing < 1% of the total 

population.  Allele G is present in three and allele F is present in two individuals out 

of the total 134 individuals sequenced.   All remaining alleles (E, H, I, J, K, L, M, 

and N) are present in only a single individual out of all urchins sampled. 

Using BIOSYS (Swofford, 1989), average heterozygosity was calculated in 

three ways (Table 4-2 (1) direct count of the proportion of individuals that are 

heterozygous; (2) an estimate of heterozygosity based on Hardy-Weinberg 

expectations; and (3) an unbiased estimate based on conditional expectations 
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(Levene, 1949; Nei, 1978).  The results from three different tests for deviation from 

Hardy-Weinberg equilibrium were all nonsignificant at all geographic locations 

(Table 4-2).  Analysis of allele frequencies in Alaska with pooled data indicated a 

mildly significant departure from Hardy-Weinberg equilibrium (p=0.037).  All other 

measures of allele frequencies in Alaska suggest this population is in Hardy-

Weinberg equilibrium (significance test with exact probabilities, p=0.08, and chi-

square test on complete data set, p=1.0). 

To evaluate population subdivision over all geographic scales, F-statistics were 

calculated for all possible combinations of geographic locations. All combinations 

of regional grouping were tested and indicate insignificant values and random 

mating (FST<0.008).  For example, analysis of Alaska as one group versus a second 

grouping of Washington, Oregon, Northern California, Santa Barbara, and Baja 

California, indicated insignificant deviations from zero.    Population structure was 

also evaluated using a Monte Carlo simulation of a randomized chi-square test (Roff 

and Bentzen, 1989).  After 1,000 simulations, it is not possible to reject the null 

hypothesis of homogeneity (X2 = 52.46, df = 65, p>0.05). 

 

Discussion 
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All measures of genetic variation in bindin indicated that the red sea urchin, S. 

franciscanus, is panmictic throughout the entire range examined from Baja to 

Alaska.  Regardless of whether the data are pooled, resampled, or evaluated for 

inbreeding coefficients, no statistically significant differences in allele frequencies 

among sites were observed (see below for single exception).  Conformance to 

Hardy-Weinberg equilibrium expectations at all sampling sites suggests that urchin 

populations from Alaska to Baja are mating randomly.  Finally, no combination of 

regional groupings indicated the existence of a genetic break between any sampling 

sites in the range examined.  These data are consistent with a conclusion of 

sufficient gene flow to prevent genetic divergence within S. franciscanus along the 

Pacific coast. 

As was expected based on work with other recognition proteins (Metz and 

Palumbi, 1996; Vacquier et al., 1995; Hughes and Nei, 1988), bindin appears to be 

an acceptable genetic marker with sufficient polymorphism to detect genetic 

structure.  All six populations of S. franciscanus are highly polymorphic with at 

least four alleles, but as many as twelve alleles at a single geographic site.  With the 

amount of polymorphism present in bindin, genetic isolation could readily result in 

changes in allele frequencies.  Given the constancy of bindin allele frequencies 
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throughout the range examined, it seems likely that genetic isolation does not exist 

for S. franciscanus. 

Individuals sampled from Alaska show allele frequency patterns that are slightly 

different than the five other sampling locations.  When Alaska genotypes are pooled 

into one of the following three categories, ( (a) homozygotes for most common 

allele; (b) common/rare heterozygotes; (c) rare homozygotes and other 

heterozygotes), there is a statistically significant deviation from chi-square 

expectations (p=0.037).  In addition to the fact that the p-value is only marginally 

significant, other tests of the same hypothesis using alternate pooling strategies do 

not detect statistical significance (i.e. Fisher exact test, p=0.08).  The goal of pooling 

allele frequency data is to ensure that rare alleles are not overrepresented in the 

population sample (Cochran, 1954).  As a rule of thumb, Cochran (1954) suggested 

that no expected frequency should be <1.0 and no more than 20% of the expected 

frequencies should be < 5.0 (Roff and Bentzen, 1989; Cochran, 1954).  Although 

the pooling method described above satisfies these guidelines, there are many 

alternative ways to pool the data that do not result in deviations from Hardy-

Weinberg expectations. 
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One explanation for the anomaly in the Alaska data set is that mating is non-

random.  However, a more likely explanation is that signal of selection evident in 

the pooled Alaska data is incorrect.  Typically the most accurate assessment of allele 

frequencies for small sample sizes is Fisher’s exact test (Lessios, 1992) or a 

resampling technique to compensate for statistically small sample sizes (Roff and 

Bentzen, 1989).  According to these two tests, selection is not detected in Alaska. 

Slatkin and Maddison (1990) describe a method to infer isolation by distance 

using phylogenies of genes.  For S. franciscanus, the geographic location of alleles 

does not correlate with the phylogenetic relationships described by the phylogenetic 

tree (see Figure 4-2 and Figure 4-3).  More importantly, the inability to resolve 

polytomous branches suggests that there are many alternative ways to rearrange the 

branches on the tree.  The uncertainty in the phylogenetic tree is most likely a result 

of the small number of nucleotide substitutions in the region of the bindin gene 

sequenced (range from one to six when comparing any two alleles).  As a result, the 

variance of sequence diversity is high relative to the mean, hindering the ability to 

identify relationships among alleles. 

Slatkin (1985) also described a method to use rare, "private alleles" existing in 

only one geographic location to estimate gene flow.  However, it was not possible to 
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use this method here because the rare singleton alleles often occur in several 

geographic locations and are thus not considered "private alleles."  The existence of 

the same rare allele in populations separated by 1,500 km is additional evidence for 

extremely high gene flow in S. franciscanus. 

S. franciscanus and S. purpuratus are distantly related congeners and most of the 

life history traits that would determine gene flow appear identical in the two species:  

long planktotrophic larval stage; habitat range along the Pacific coast of North 

America (Morris et al, 1980); tremendously high fecundity (Morris et al. 1980; 

Strathmann, 1978); broadcast spawning primarily in winter/spring; and periodic 

settlement and recruitment (Ebert et al., 1994).  The high gene flow identified in S. 

franciscanus is similar to that in S. purpuratus, the current study supports the 

conclusions of limited genetic heterogeneity found in S. purpuratus (Britten et al., 

1978; Palumbi and Wilson, 1990; Palumbi and Kessing, 1991).  However if the two 

species have similar population structure, the current study contradicts the finding of 

Edmands et al. (1996) that identifies a genetic break in S. purpuratus populations.  

It is possible that there are differences in the two species that can create the mild 

genetic break seen in purple but not in red urchin populations.  However, the genetic 

break evidenced by mtDNA (Edmands et al., 1996) was not substantiated by the 
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allozyme data (Edmands et al., 1996).  In addition, the allozyme data showed 

heterogeneity in allele frequencies that was not supported by the mtDNA sequence 

data (Edmands et al., 1996).  Although the sample size for the work presented here 

using the bindin locus is quite large for sequence data, it focuses on a single locus 

and thus is potentially limited.  The value of examining multiple loci in order to 

formulate assessments of population structure can not be overemphasized. 

Selection on the bindin locus could also produce the observed polymorphism.  

In addition, selection acting on bindin could influence population structure.  For 

example, a scenario of restricted gene flow with a global selective pressure would 

result in genetic homogeneity as would a scenario of high gene flow and no 

selection.  However, evaluation of evolutionary forces on the 5’ region of bindin 

suggests only purifying selection and neutral evolution act to shape bindin 

variability (see chapter 4).  The polymorphism observed in bindin is most likely the 

result of nearly neutral random mutations (see chapter 4) and thus selection is not 

confounding the pattern of genetic heterogeneity.   

Because estimated average scnDNA diversity is 8-20 times greater than 

mtDNA, the amount of variation in bindin was expected to be at least higher than 

sea urchin mtDNA (Palumbi and Wilson, 1990, Palumbi and Metz, 1991; Palumbi, 
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1995; Britten et al., 1978).  This was not the case.  Although bindin sequence 

variation (1.06%) is low, it is approximately equal to variation in mtDNA (COI) 

examined in S. purpuratus, S. droebachiensis, and Echinometra sp. (Palumbi and 

Metz, 1991; Palumbi and Wilson, 1990; Edmands et al., 1996).  Population 

structure has been observed in S. droebachiensis (Palumbi and Wilson, 1990) and 

Echinometra mathaei. (Palumbi and Metz, 1991).  By analogy, these studies suggest 

that if significant population structure were present in S. franciscanus as well, it 

would have been detected.   

Comparison with these studies also illustrates the role that biogeography can 

play in facilitating gene flow.  All of these species have similar life history 

characteristics (long pelagic phase, broadcast spawning, etc.).  As demonstrated by 

this and other work (Palumbi and Wilson, 1990; Palumbi and Kessing, 1991), 

urchin species that have been observed to be homogeneous throughout their range 

tend to inhabit a continuous coastline.  Species that have genetically isolated 

populations, such as S. droebachiensis and Echinometra sp., have interruptions in 

their species distribution (Palumbi and Wilson, 1990; Palumbi and Metz, 1991). 

These gaps in species occurrence may be sufficient to limit gene flow and 

eventually result in population subdivision.  Thus, categorization of these species by 
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one of their most obvious characteristics, biogeography, potentially elucidates the 

mechanism creating population structure. 

Point Conception is a prominent headland and biogeographic feature along the 

Pacific coast (Figure 4-1).  As a major boundary of the Oregonian and Californian 

biogeographic provinces (Valentine, 1973), Point Conception divides two regions 

with disparate sets of co-occurring species and marks the limit of species 

distribution for many species (see Avise, 1994; Palumbi, 1995; Briggs, 1958, 1974).  

It is hypothesized that biogeographic boundaries can also be boundaries for gene 

flow and result in population subdivision (see Avise, 1994; Palumbi, 1995; Briggs, 

1958, 1974). The California Current, that flows predominantly southward from 

Alaska to Baja California, takes a sharp turn seaward at Point Conception 

potentially demarcating northern and southern water masses (Hickey, 1979).  For a 

species existing on a linear coastline with a unidirectional current, genetic isolation 

created by Point Conception would predict a greater amount of genetic variation in 

the south compared to the north.  This is not the pattern seen here or for other 

Strongylocentrotids.  Southern populations of s. franciscanus and S. purpuratus 

apparently are not genetically isolated from populations north of Point Conception 

(Edmands et al., 1996; Palumbi and Wilson, 1990; Palumbi and Kessing, 1991). 
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Although flow of the California Current is predominantly southward, reversals 

in flow direction are quite common (Pirie et al., 1975).  As a result of an El Nino 

Southern Oscillation (ENSO) event, warm tropical waters can travel past Point 

Conception as far north as Vancouver Island (Crowe and Schwartzlose, 1972).  In 

addition, every winter, the southern California and Davidson Counter currents send 

water from southern California northward (Hickey, 1979).  Extreme homogeneity 

throughout the range examined suggests that S. franciscanus larvae are able to move 

south with the California Current as well as north with either a periodic ENSO event 

or annually with the Davidson Counter current.  However, Point Conception is a 

dramatic genetic break for allozyme loci in the splashpool copepod Tigriopus 

californicus (Burton and Feldman, 1981; Burton and Lee, 1994).  Thus, the genetic 

break at Point Conception suggests that T. californicus can not move north across 

Point Conception with the same currents that move urchin larvae. 

Although they share a common biogeography, a major distinction between T. 

californicus and the two Strongylocentrotids is in the duration of the pelagic larval 

phase.  Urchin larvae can spend months in the plankton, yet the copepod eggs hatch 

and become adults in 14-22 days depending on water temperature and available 

splashpool habitat (Morris et al., 1980).  Even when T. californicus eggs hatch 
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during a northward flow reversal, the larvae may settle before the water mass makes 

it around Point Conception.  On the other hand, S. franciscanus and S. purpuratus 

larvae could remain in the current until well northward of the Point.  In addition, the 

shorter larval period of Tigriopus allows larval behavior to play a relatively greater 

role in limiting dispersal (Burton and Feldman, 1982).  For urchin larvae that are in 

the plankton for several months, behavior probably is a relatively smaller factor in 

determining ultimate dispersal compared to strength and duration of the prevailing 

current. 

Clearly biogeography is not the sole or necessarily the most important 

determinant of population genetic structure.  In the case of the four urchin species 

that share similar life history characteristics, disparate biogeography resulted in 

unique patterns of population structure.  In the case of two organisms that share a 

similar biogeography (Strongylocentrotids and Tigriopus) dispersal potential 

apparently influences the limits of gene flow.  In fact, another marine organism that 

has a similar biogeography and spends long periods in the plankton like the 

Strongylocentrotids, also shows a similar genetic pattern.  The northern anchovy 

(Engraulis mordax) showed slight yet significant genetic heterogeneity over small 
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scales, but the absence of population subdivision at Point Conception (Hedgecock, 

1994; Hedgecock et al., 1994). 

In conclusion, sequence data of S. franciscanus  bindin indicate that the red sea 

urchin represents a marine species where dispersal potential corresponds to the 

expected portrait of population structure.  A dispersal stage of two to four months 

creates the potential for planktonic larvae to travel 1,000 to 3,000 kilometers with 

the California Current’s average speed of 0.25 m/sec (Pirie, 1975).  It is not possible 

to know whether transfer of the red urchin’s genetic material occurs as a result of 

larval transport over these long distances or as the accumulation of genetic transfer 

made over small distances.  Although the long pelagic phase may allow 

transmission of genetic information over thousands of kilometers, retention of local 

water masses could keep larvae close to parental stocks.  Even with local retention, 

high gene flow is possible if genetic material travels up and down the coast in a 

stepping stone process (Wright, 1978). 

The data of S. franciscanus bindin allele frequencies does not elucidate whether 

dispersal potential is rarely, sometimes, or often realized.  Examples of shared 

alleles in urchin populations separated by thousands of kilometers of open ocean 

(Echinometra sp. and S. droebachiensis) suggests urchins have the ability to realize 
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the furthest extent of their dispersal potential.  The fact that Echinometra sp. and S. 

droebachiensis populations are not panmictic indicates that this very long distance 

dispersal is not a regular event.  The most likely scenario for S. franciscanus 

dispersal is for moderate dispersal (100s of km) to be common, with an occasional 

delivery of larvae over thousands of kilometers.  To be certain of actual dispersal, it 

will be necessary to identify or introduce population specific markers or to develop 

techniques to track larval movement.
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Chapter 5 
 
 
 

Intraspecific Sequence Variation in the  
Bindin Locus of S. franciscanus:  Unusual Nucleotide Variation  

in a Marine Invertebrate Gamete Interaction Molecule 
 
 
 

Introduction 

Among sexually reproducing organisms, many marine invertebrates have unique 

life history and reproductive strategies.  For organisms such as urchins, abalone, 

polychaetes, bivalves, etc., an adult phase releases gametes into the water column 

(Strathmann, 1987).  The gametes fuse species-specifically to create a zygote that 

develops into a motile larvae (Strathmann, 1987).  In most cases, there is limited, if 

any, interaction between the sexual adults.  If courtship or any type of signals for 

assortative mating exist in these organisms, it must be limited to chemical or 

physical interactions between the gametes.   

These unique life history strategies and recent data concerning the gamete 

interaction molecules of two marine invertebrates prompted speculation that 

selection may be creating unexpected patterns of sequence divergence in those 

molecules.  For example, lysin is an abalone sperm molecule that dissolves the egg 
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vitelline layer, allowing the sperm to penetrate the egg (Lee et al., 1995; Vacquier et 

al., 1993; Lee and Vacquier, 1993).  Closely related abalone species have lysin 

sequence patterns that suggest selection is operating to create rapid sequence 

divergence at this locus.  Specifically, lysin sequences exhibit a much higher 

number of replacement versus silent substitutions.  According to prediction of the 

neutral theory of evolution (Kimura, 1983), the proportion of nonsynonymous 

substitutions per nonsynonymous site (dn) should equal the proportion of 

synonymous substitutions per expected synonymous site (ds) (Nei and Gojobori, 

1986).  When dn is significantly greater than ds, the action of divergent evolution is 

suggested in comparisons between species and diversity enhancing selection is 

suggested from comparisons within species. The term positive selection is often 

applied to both processes (see Endo et al., 1996; Hughes and Nei, 1988; Vacquier et 

al., 1997; Lee et al., 1995 ).  Values of dn:ds significantly less than 1.0 indicate the 

action of purifying selection eliminating replacement substitutions within a species.  

In six pairwise comparisons of abalone lysin sequences, dn:ds is significantly 

greater than 1.0. 

In a second marine invertebrate, the widespread tropical sea urchin 

Echinometra, significantly high sequence divergence in the sperm protein bindin 

was reported among species (Metz and Palumbi, 1996).  Bindin binds species 

specifically to the receptor ligand on the egg (reviewed by Vacquier et al., 1995; 
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Vacquier and Moy, 1977).  A successful interaction between bindin and the receptor 

is necessary for sea urchin fertilization (see Vacquier et al., 1995; Foltz and 

Lennarz, 1992).  Palumbi and Metz (1996) reported a significantly high ratio of 

dn:ds (based on a one-tailed t test) in a 39 codon subset of the 276 codon bindin 

molecule and concluded rapid interspecific divergence occurred in three recently 

speciated congeners. 

High dn:ds values in marine invertebrate gamete interaction molecules has 

prompted speculation that selection may result in rapid sequence divergence among 

related species (see Chapter 6; Lee and Vacquier, 1993; Vacquier et al., 1993; 

Palumbi, 1994; Metz and Palumbi, 1996) and within species (Metz and Palumbi, 

1996).  An intraspecific pressure creating sequence diversity within species at 

marine invertebrate gamete interaction molecules is particularly intriguing because 

it opposes the standard evolutionary thinking that traits closely related to fitness are 

strictly conserved (Nei, 1987 ).  A 60 base pair region in the center of the bindin 

coding region, designated the "conserved core," is highly conserved.  An 

interspecific analysis of three Strongylocentrotus species and Lytechinus variegatus 

(see Chapter 6; Minor et al., 1991)  shows extremely high amino acid similarity 

between the four species in this region (Minor et al., 1991; Vacquier et al., 1995; 

Chapter 6).  But the interspecific variability in bindin observed by Metz and 
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Palumbi (1996) exists in a 39 codon region just 5' of the conserved core.  It has yet 

to be demonstrated that this variability also exists at the species level. 

There are three systems where selection has been shown to create allelic 

diversity within species. The major histocompatibility complex (MHC) immune 

recognition molecules in humans and mice, the merozite surface antigen in the 

malarial parasite Plasmodium falciparum, and the self-incompatibility locus (S-

alleles) in plants.  All have high allelic diversity as a result of diversity enhancing 

selection (Hughes and Nei, 1988; Hughes and Nei, 1989, Hughes et al., 1990; 

Hughes, 1992).  For MHCs and Plasmodium falciparum there is an adaptive value 

to increase the ability to recognize a wide range of proteins (Hughes and Nei, 1989, 

Hughes, 1992).  For S-alleles, allelic diversity coupled with self-incompatibility 

promotes outcrossing and reduces inbreeding depression (Charlesworth, 1987; 

Haring, 1990).  In all three systems there is an adaptive advantage to heterozygosity 

and high intraspecific polymorphism.  Although diversity enhancing selection has 

not been observed in a marine invertebrate gamete interaction molecule, sequence 

variation in sea urchin bindin showed higher than expected levels of polymorphism 

(Palumbi and Metz, 1996).   

Despite several "hints" that  selection may favor allelic diversity in marine 

invertebrate fertilization proteins, the mechanisms for such diversifying selection 

are not evident.  Without courtship behavior perhaps mate matching exists in these 
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broadcast spawners at the molecular level as a means to convey fitness information 

to a "choosy" gamete.  This mechanism would require that the bindin locus is linked 

to other traits, a possibility that has not been explored.  It has also been suggested, 

but not demonstrated, that allelic diversity in the receptor and by necessity bindin, 

may be a means to avoid microbial pathogens that bind to the egg surface receptor 

as a way to invade the egg (Vacquier et al., 1993). 

The similarities between plant and marine invertebrate mating systems suggests 

a second possible mechanism favoring diversity enhancing selection.  The action of 

free floating marine gametes that after fertilization become larvae, is similar to plant 

gametes that after fertilization disperse as seeds.  Both systems have mating 

interactions with the opposite sex that do not involve courtship yet rely on the 

interaction of specific gamete recognition molecules.  In addition, both plant seeds 

and marine invertebrate larvae have only limited control over their ultimate 

dispersal.  Possibly the analogy between plants and marine invertebrates continues 

such that marine invertebrates possess a prezygotic isolating mechanism similar to 

that of the S-allele system.  However, it is important to keep in mind that although 

inbreeding depression could exist in marine invertebrate broadcast spawners, the 

generally longer dispersal distances of marine invertebrate larvae over plant seeds 

may reduce the probability of mating with a close relative and eliminate the need for 

a mechanism to favor outcrossing. 
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Despite considerable speculation about the existence of positive selection within 

a marine invertebrate species, to date there have been no published examples of 

such a selective force creating intraspecific sequence variation in marine organisms.  

Before it is possible to identify the mechanisms of diversity enhancing selection, it 

is necessary to demonstrate that sequence variation exists in these molecules and 

that the variation is the result of natural selection. 

To test the hypothesis that positive selection in marine invertebrates creates an 

unusual pattern of sequence variation in gamete recognition molecules, we 

conducted a large-scale intraspecific examination of DNA sequence variation in the 

a 273 nucleotide region of bindin locus of the red sea urchin (Strongylocentrotus 

franciscanus). The region examined (Figure 5-1) is the variable region just 5' of the 

conserved core, corresponding to the site where Metz and Palumbi (1996) observed 

a "hotspot" of interspecific divergence in Echinometra.  If prezygotic isolation 

occurs at the molecular level in the red urchin, it is likely to influence the nucleotide 

sequence of bindin.  This "hot spot" is a logical place to look for variation in the 

bindin sequence. 

The current study aims to determine the nature of sequence variation in the red 

urchin bindin locus.  Intraspecific variation could result from either genetic drift (if 

the allele is neutral relative to fitness) or selection (if diversification is somehow 

beneficial).   replacement substitutions are absent within a species, this would 
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suggest the action of purifying selection.  Regardless of the result, each possibility 

has interesting implications relative to newly emerging ideas about the unique 

operation of marine invertebrate gamete interaction molecules.  

 

Materials and Methods 

Sample Collection 

Between August 1995 and February 1996, 298 adult S. franciscanus, 

approximately 50 animals from each site, were collected from the following six 

locations:   Ketchikan, Alaska; the Port Townsend, Washington; Port Orford, 

Oregon; Ft. Bragg, California; Santa Barbara, California; and Ensenada, Baja 

California, Mexico.  All animals were collected on SCUBA and then shipped via 

overnight express to our laboratory.  All individuals came from as close to a 10 to 

15 meters depth range as possible. To insure that all samples were adults, all 

individuals collected were at least 80 mm in test diameter. 

 

DNA Extraction 

DNA extractions were performed as described in  Milligan (1992).  

Approximately 25 -100 ug of gonadal tissue was homogenized in 700 ul  CTAB 

buffer prewarmed to 60oC (100 mM Tris-HCl, pH 8.0; 1.4 M NaCl; 20 mM EDTA; 

2% hexadecyltrimethylammoniumbromide (CTAB, w/v)); 1% polyvinylpyrrolidone 
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(PVP-360, w/v); 0.2% 2-mercaptoethanol (v/v added just before use).   At the end of 

a 30-60 minute incubation at 60oC (with periodic swirling) 700 ul of 

chloroform:isoamyl alcohol (24:1) was added followed by vortexing.  

Centrifugation for 10 minutes at 1500 x g separated the aqueous and the organic 

phases.  One extraction with an equal volume of chloroform:isoamyl alcohol (24:1) 

was followed by extractions with phenol:chloroform:isoamyl until the interface was 

clear.  The aqueous phase was transferred to a sterile tube followed by addition of 

2/3 volume of ice-cold isopropanol and vortexing.  The pelleted DNA was washed 

with 500 ul wash buffer (76% ethanol, 10 mM ammonium acetate), dried, and 

resuspended in 20-30 ul TE containing 1 ul RNAse (10 mg/ml).  It was imperative 

to conduct the extraction protocol on fresh ovary tissue.  Ovary samples frozen for 

as short as one day showed reduced yield of DNA and reduced success in 

subsequent PCR amplification.   

 

PCR Amplification 

Double-stranded PCR amplification 

The primers FNbindin 5' (5'-AGTCGACGTTCGACAGACGAC-3') and 

FNbindin 3' (5'-TTACATGGTCCATTATAGTATGCC-3') amplify a 431 base pair 

region of the 5' end of the bindin gene.  Amplification followed standard procedures 

(Saiki et al., 1988) using a reaction volume of 25 ul and final magnesium chloride 
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concentration of 2 mM.  The thermocycler (Perkin Elmer Cetus)  profile for all 

double stranded reactions was:  1 cycle of 950C, 5 min. followed by 30 cycles of 

940C, 1 min; 600C, 1 min; 720C, 2 min.  Five ul of each PCR product was resolved 

on a 2% Nu Sieve agarose, low melting temperature TBE gel.  Gel isolates were 

removed with sterile wide-bore, disposable polyethylene transfer pipettes and stored 

in a microfuge tube with 200 ul of water at -20 0C. 

 

Single-stranded PCR amplification 

Each gel isolate was heated to 65oC for approximately 5-10 minutes and used as 

template for the single-stranded PCR amplification.  To amplify a single-stranded 

product of the 5' strand, the PCR amplification conditions were identical to those 

identified above for amplification of the double-stranded product except the 5' 

primer (FNbindin 5') was used at a final concentration of 0.5 uM.   

The PCR amplification conditions to amplify the 3' single-stranded product 

required a lower annealing temperature (58oC) and lower MgCl2+ concentration 

(1.2 mM final).  The concentration of the 3' limiting primer was 2.5 uM (final).  

Some samples required additional adjustments to annealing temperature (between 

57-63oC) and limiting primer concentration (0.5-2.5 uM final concentrations). 

 

Direct sequencing of single-stranded PCR product 
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The single-stranded PCR products were washed in Centricon filter units (30,000 

MWCo) and resuspended in 7 ul H2O for Sanger dideoxy sequencing (Sequenase 

ver. 2.0, U.S. Biochemical) using internal sequencing primers KTseq 5' (5'- 

GGAGCGCGTAAGAAGCGTTAT-3') and KTseq 3' (5'-

ATACACACGATGGTCAAG-3') at 10uM. 

 

Cloning of bindin DNA from heterozygous individuals 

In order to confirm the exact sequence of representatives of all alleles, the PCR 

products were cloned.  Double-stranded PCR products were amplified using primers 

KBRS 5' (5'CGCGGATCCAGTCGACGTTCGACAGACGAC-3') and 3' (5'-

GCCAAGCTTTTACATGGTCCATTATAGTATGCC-3') and the double-stranded 

PCR protocol.  These primers incorporate the restriction sites BamHI and HindIII 

respectively on their 5' ends to facilitate directional cloning into the pBMKS 

bluescript vector.  The PCR products were resolved on a 2% agarose gel and the 

excised gel fragment was purified using Quiaquick spin columns (Quiagen) and 

then digested with BamHI and HindIII.  The gel-purified fragment was ligated into 

pBMKS and transformed into E.  coli DH5α.  The DNA from a minimum of four 

transformants were sequenced for each PCR product.  Several individuals with the 

same genotype, but from different geographic locations, were cloned and sequenced 

to verify sequence consistency among alleles found at different geographic 
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locations. Plasmid DNA was purified using the alkaline lysis method (Sambrook et 

al., 1989).  The double-stranded plasmid DNA was sequenced using Kgseq 5' 

(5'GTTTCTGACG ATTCGGAAAGA-3') and Kgseq 3' (5'-

GAAACAACCAATTTAAAAATA-3’) as internal sequencing primers. 

Cloning of the PCR products also allowed nucleotide changes due to PCR 

incorporation error to be detected and eliminated.  Cloned PCR products from four 

different reactions were sequenced on both strands.  A substitution in a sequence 

was determined to be PCR incorporation error based on one or both of the following 

observations:  (1)  the nucleotide present in the sequence was not present in either 

the 5' or 3' strand produced by direct sequencing; or  (2) the existence of this new 

sequence now created a total of three alleles for one genotype which is biologically 

impossible for a diploid organism.  We found what appeared to be a substitution 

resulting from PCR incorporation error in approximately one out of 2,000 

nucleotides.  The sequence of a particular allele was considered to be an accurate 

representation of an individual genotype when it appeared in at least two out of 

three of the cloned sequences. 

 

Sequence and Statistical Analyses 

From the 431 base pair PCR product, we obtained unambiguous sequence 

information confirmed with both strands of DNA for a 273 base pair region.  
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Sequences were aligned using Seq-Ap ver 1.9a multiple sequence alignment 

program for the Macintosh (Gilbert, 1994).  Molecular Evolutionary Genetic 

Analysis ver. 1.01 (MEGA, Kumar, et al., 1993) was used to calculate nucleotide 

sequence divergence.  Average proportions of replacement substitutions per 

replacement site (dn) and silent substitutions per silent site (ds) (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 (i.e. all data are alleles from the same species).  

A program available from T. Whittam (Penn. State University) was used to conduct 

the sliding window dn:ds analysis on the sequence data. All amino acids were 

classified into categories of charge and hydrophobicity according to Lewin (1994; 

and see Weir, 1996).  The cladistic analysis was performed by PAUP 3.1.1 

(Swofford, 1993).  Search for the shortest tree was made by the exact branch-and-

bound algorithm which is guaranteed to find all optimal trees.  MacClade version 

3.05 was used to graphically present the PAUP tree.   

Individual genotypes were coded as paired alphabetical characters and analyzed 

with BIOSYS (Swofford, 1989) to obtain estimates of the following:  allele 

frequencies, conformance to Hardy-Weinberg equilibrium, Wright's (1978) F-

statistics, and Nei’s (1972) minimum genetic distance in pairwise comparisons.  

Conformance to Hardy-Weinberg proportions were estimated in three ways: (1) 
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contingency chi-square analysis with Levene’s (1949) correction for small sample 

size; (2) chi-square with pooling of rare and common categories; and (3) 

significance test with exact probabilities. 

The S. franciscanus polymorphic data were compared to the number of fixed 

differences in four other species following the McDonald and Kreitman (1991) test 

for neutral evolution.  cDNA sequence was available for the bindin locus of S. 

purpuratus  (Gao et al., 1986, GenBank Accession Number M14487), S. 

droebachiensis (C. Biermann and W. Eanes, State University of New York-Stony 

Brook, unpublished data), and Lytechinus variegatus (Minor et al., 1991, GenBank 

Accession Number M59489).  We counted replacement and silent sites as described 

by McDonald and Kreitman (1991) and used a G-test of independence with the 

Williams correction for continuity (McDonald and Kreitman, 1991; Sokal and 

Rohlf, 1981). 
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Results 

Nucleotide variation 

Figure 5-2 indicates the phylogenetic relationship of the 14 unique S. 

franciscanus bindin alleles identified by sequencing the 273 base pair region of the 

5' bindin gene. The published sequence of the congener S. purpuratus bindin cDNA 

was used as an outgroup (Gao et al., 1986).  Superimposed on the tree are 

indications of the most likely point where specific nucleotide substitutions occurred.  

Based on the tree, replacement substitutions have occurred both in the distant 

evolutionary past and more recently and therefore are not limited to a specific time 

in evolutionary history.   

To evaluate the degree to which purifying selection determines nucleotide 

variation in the region of the bindin locus, we examined interspecific amino acid 

conservation between three Strongylocentrotus congeners and a more distant 

relative L. variegatus (see Chapter 6).  Figure 6-1 shows the amino acid alignment 

for the species (see Chapter 6).  Although the nucleotide sequence may vary, there 

are 34 amino acid positions (12%) that are identical between all four species in the 

273 nucleotide bindin region.  The amino acid conservation across three urchin 

families suggests conclude that purifying selection constrains the amino acid 
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sequence of at least twelve percent of the bindin region examined.  The asterisks 

above the codons in Figure 5-3 indicate how these 34 amino acid positions relate to 

intraspecific variation.  One of the 34 conserved positions coincides with a 

replacement polymorphism in the bindin sequence and a second conserved position 

coincides with a silent polymorphism.  It is difficult to draw an inference based on 

these this limited number of polymorphism. 

There is a high degree of intraspecific polymorphism at the bindin locus as 

indicated by a total of 14 alleles and 21 genotypes in 134 individuals sequenced.  A 

gene is considered polymorphic when the most common allele has a frequency less 

than 0.95 (Hartl, 1988, p. 11). The four most common alleles identified have 

frequencies of 0.51, 0.20, 0.16, and 0.08 respectively (see Chapter 4).  There are a 

total of 13 variable positions in all 14 alleles (Table 4-1).  All other positions of the 

273 base pair region, in all 134 individuals sequenced, are identical (Table 4-1).  

The number of nucleotide differences between any two sequences is low and ranges 

between one (0.35%) and six (2.1%) nucleotide substitutions in the 273 base pair 

region.  On average, there are 2.9 nucleotide positions that vary between any two 

unique alleles resulting in average nucleotide-sequence diversity of 1.06% (p-

distance calculated with MEGA, Kumar et al., 1993). 
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Tests of neutral evolution 

Creation of a theoretical data set.   

To assess if bindin’s amino acid substitutions were more common than would be 

expected by chance, we constructed a theoretical data set that mimics the process of 

neutral evolution creating nucleotide variation at the 273 base pair region of the 

bindin locus (program available from S.R. Palumbi, Harvard University).  We chose 

one of the 14 unique bindin alleles at random and allowed the program, "DNA 

Evolve," to create 13 new alleles, each different from the original by four 

nucleotides (as close an approximation as possible to the average number of 

nucleotide differences between all 14 observed bindin alleles).  All new alleles with 

a stop codon were eliminated and replaced by an allele with an open reading frame.  

This new data set provided neutral expectations of random nucleotide substitutions.  

Using the same random starting sequence, we repeated this process ten times to 

obtain ten theoretical data sets and then repeated all data analyses described above 

(see Methods) on the ten randomized data sets in order to compare the results of 

observed bindin sequence variation to truly random, neutral sequence variation.   

 

Probability of replacement changes.   
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It is possible for selection to act on a subset of positions in a gene.  For example, 

the strong signal of positive selection seen in the human MHC was based on the 57 

codons in the antigen recognition site (ARS) of the 398 total codons in the MHC 

molecule (Hughes and Nei, 1988).  Subsequently, we explored the possibility that 

selection is acting on the region of the bindin gene examined here.  The 

polymorphic sites in bindin appear to have a high proportion of replacement 

substitutions.  Nine of the 13 polymorphic sites (69%) in the bindin region analyzed 

are replacement substitutions.  If a nucleotide substitution results in an amino acid 

change, the new amino acid can have similar physiochemical properties (i.e. a 

conserved amino acid class change) or change in charge and/or polarity from the 

original amino acid (i.e. a radical change).  Seven of nine (77%) replacement 

substitutions in our data set result in radical amino acid substitutions that change 

either charge or polarity.  Radical amino acid substitutions are often considered to 

have a greater impact on protein function than conservative changes (Hughes et al., 

1990)  If this is so, then the different bindin alleles could have slightly different 

properties. 

As a comparison to the observed bindin data, we calculated the number and type 

of amino acid changes in the DNA Evolve data set.  The ten DNA Evolve data sets 

(140 sequences total), had on average 74% replacement substitutions and 63% of 

these were radical amino acid changes.  Those values are quite similar to the 
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observed values of 69% replacement and 77% radical changes in our observed 

bindin data set.  The mean values for the simulated data set for the proportion of 

replacement substitutions and the proportion of radical replacement substitutions are 

respectively within  1.19 and 0.61 standard deviations away from the observed 

values.  This result suggests there is no statistically significant difference between 

the observed and theoretical data sets. 

The previous analysis estimated the proportions of radical and conservative 

replacement substitutions both observed and expected over the entire 91 codon 

bindin region examined.  We also estimated the probability of obtaining radical 

replacement substitutions by examining potential mutation at only the nine codons 

that have replacement substitutions.  To evaluate whether the proportion of radical 

amino acid substitutions was different from the proportion expected by chance, we 

calculated for each polymorphic site the probability that the resulting new amino 

acid would be in a different class.  In the observed bindin data set, each 

polymorphic site had only one variable nucleotide position.  We calculated the 

probability that, given that a nucleotide is going to change and result in a new amino 

acid, this new amino acid will be a radical replacement change.  For example, 

nucleotide position 1,028 is polymorphic (see Figure 5-3 and Table 4-1).  Some 

alleles contain the sequence  GGG (Gly) while others are AGG (Arg).  This  is a 

radical replacement substitution  (Gly is neutral hydrophobic and Arg is basic).  Yet, 
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any other nucleotide substitution (e.g. T or a C resulting in Trp and Arg 

respectively) would also generate radical replacement substitutions.  Therefore if 

nucleotide position 1,028 varies, the probability of a radical substitution at this 

codon is 1.0, and the probability of a conservative substitution is 0.  We used 

sequence data of S. purpuratus to determine the ancestral state of the sequence and 

thus the direction of the mutation in the S. franciscanus polymorphism (see PAUP 

tree, Figure 5-2).  We then averaged the probabilities over the nine replacement 

polymorphic positions.  In the bindin data, the average probability of a replacement 

change being radical is 0.85, compared to the observed proportion of radical 

replacement substitutions of 0.77. The observed value is within 0.68 standard 

deviations from the calculated probability for an amino acid substitution being 

radical, suggesting it is more likely than not for nucleotide substitutions at these 

polymorphic positions to result in a radical amino acid substitution.  It is however, 

important to remember that the power of the statistic is low because of the small 

number of polymorphic positions evaluated. 

 

Dn:Ds Analysis.   

There is some debate as to which method is the most effective test of diversity 

enhancing selection (see discussion in Li and Graur, 1991; Whittam and Nei, 1991; 

McDonald and Kreitman, 1991; Kreitman and Ohta, 1996).  The most commonly 
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used method was first introduced by Hughes and Nei (1988) in their evaluation of 

selection in the MHC immune recognition molecules.  This statistic evaluates the 

ratio of nonsynonymous nucleotide substitutions per potential nonsynonymous site 

(dn), to synonymous substitutions per synonymous site (ds) (Nei and Gojobori, 

1986).  A dn:ds ratio that is significantly different from 1.0 indicates the action of 

selection.  A value significantly greater than 1.0 signifies positive selection for 

diversity between alleles, and a value significantly less than 1.0 indicates purifying 

selection, which results in conserved amino acid sequence between alleles despite 

silent nucleotide substitutions. 

In S. franciscanus, the values of dn:ds for each geographic location range from 

0.64-1.45, when evaluating just the unique bindin alleles in a specific population 

(Table 5-1).   Except for Alaska, all geographic locations have dn:ds values greater 

than 1.0.  The overall dn:ds for the 14 unique alleles present in the species is 0.82.  

All measures of dn:ds are statistically indistinguishable from 1.0 (p> 0.05).  A 

sliding window analysis (e.g. Metz and Palumbi, 1996; Ina, 1996) of a variety of 

window sizes (20,25,30,40 codons) did not reveal any regions containing dn:ds 

ratios significantly different than 1.0.  Analysis of the theoretical DNA Evolve data 

set displays similar results.  For the DNA Evolve data, the range of dn:ds values for 

the unique alleles in each population is slightly higher than the observed bindin data 

at 0.69-1.58 and likewise for all alleles in each population (dn:ds ranges from 1.12-



 
 
 
 

 

155 

 

1.71).  The dn:ds value for the 14 unique DNA Evolve alleles (averaged over ten 

replicate data sets) is 0.90, a value that is close to the average (0.82) of our 

empirical bindin data set. 

 

 
McDonald-Kreitman test for neutral evolution.   

The second method widely used to evaluate selection is the McDonald and 

Kreitman (1991) test of neutral evolution.  According to McDonald and Kreitman 

(1991), “if the observed substitutions are neutral, the ratio of replacement to 

synonymous fixed differences between species should be the same as the ratio of 

replacement to synonymous polymorphisms within a species.”  An unequal ratio 

indicates the action of selection at the loci examined and supports rejection of the 

null hypothesis of neutral evolution. 

Nachman et al. (1994) used the McDonald-Kreitman test to evaluate sequence 

variation within and between three species of mice.  A significant difference in the 

ratio of the number of replacement to silent polymorphisms (i.e. 11:13 = 0.84) 

compared to the ratio of the number of replacement to silent fixed differences (i.e. 

2:23 = 0.08) suggested an excess of replacement polymorphisms and a rejection of 

the neutral model of evolution.  We a similar approach here to determine whether 
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the apparent excess of replacement polymorphisms in S. franciscanus is greater than 

neutral expectations. 

The McDonald-Kreitman method is a more powerful test than the dn:ds method 

because purifying selection in portions of a molecule will not dampen the signal of 

directional selection (see debate in Li and Graur, 1991; Whittam and Nei, 1991; 

McDonald and Kreitman, 1991, Kreitman and Ohta, 1996).  In order to enumerate 

fixed differences between species, bindin cDNA sequences from S. purpuratus (Gao 

et al., 1986), S. droebachiensis  (W. Eanes and C. Biermann, State University of 

New York, Stony Brook, unpublished data ), and Lytechinus variegatus  (Minor et 

al., 1991) were used.  For all four species, we used the McDonald-Kreitman test to 

evaluate selection in a 114 base-pair region of bindin, a region where alignment was 

unambiguous.  This region initiates at the beginning of mature bindin and 

corresponds to base pairs 944 to 1061 in Minor et al. (1991) (see Figure 5-1, Figure 

5-3 and Table 6-2 and Figure 6-2 for interspecific alignment).  These DNA 

sequence alignments represent at least one-third of the entire region examined 

within the S. franciscanus bindin gene. 

In all comparisons, the ratio of replacement to silent differences in fixed versus 

polymorphic sites are not equal and differ by a factor of three to five.  Initially this 
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suggests a proclivity for replacement polymorphic substitutions; however, none of 

the comparisons are statistically significant (see Table5-2).  In fact, for the 

comparison of the ratio of replacement to silent differences S. franciscanus to S. 

purpuratus to become significant, there would need to be an additional six (14 total) 

replacement polymorphisms (nearly twice as many as currently exist). 

The McDonald-Kreitman test using the 14 unique alleles created by DNA 

Evolve as the source of S. franciscanus polymorphic data produces ratios that are 

similar to the observed bindin data (see Table 5-2).  In addition to comparing 

replacement and silent substitutions in S. franciscanus to three other species, Table 

5-2 also includes data comparing these three species to two types of theoretical data 

sets produced by DNA Evolve.  Previously, all mentions of DNA Evolve referred to 

unique bindin alleles mutated to be approximately 2% divergent from each other.  

We also performed the McDonald-Kreitman test using “DNA Evolve 1%” as the 

source of S. franciscanus polymorphic data.  “DNA Evolve 1%” represents random 

mutations to a random S. franciscanus bindin allele resulting in 14 new alleles, each 

approximately 1% divergent from each other.  The result is a data set with the same 

number of polymorphic positions (13) as the S. franciscanus data (yet the mean 

sequence diversity for all pairwise comparisons, p-distance, is lower than observed 
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in bindin).  The results of the McDonald and Kreitman (1991) test using the “DNA 

Evolve 1%” data set are nearly identical to those for S. franciscanus bindin (see 

Table 5-2).  For example, the ratio of replacement to silent polymorphisms is nearly 

three times as great as replacement to silent fixed differences.  Table 5-2 also 

includes results of the McDonald-Kreitman test using “DNA Evolve 2%,” which 

has a similar p-distance, yet a greater number of polymorphic positions than the 

observed bindin data.  The results of the McDonald-Kreitman test using “DNA 

Evolve 2%” are slightly different than the observed bindin data (Table 5-2).  Both 

“DNA Evolve 1%” and “DNA Evolve 2%” have unequal ratios of replacement to 

silent polymorphisms compared to the ratio of replacement to silent fixed 

differences.  Yet the difference in the ratio with “DNA Evolve 1%” is 1.5-fold as 

opposed to 3- to 5-fold in the “DNA Evolve 2%” comparisons.  It appears that the 

very low numbers of nucleotide substitutions in “DNA Evolve 1%” may create an 

artifact in the results due to small sample size.  Thus, in all the comparisons, 

although the S. franciscanus data suggest a trend towards replacement 

polymorphisms, this trend is not statistically significant or different than 

randomized, neutrally evolved data sets. 
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Discussion 

Our results indicate that the 273 base pair region of the S. franciscanus bindin 

locus analyzed in this study is not subject to positive selection.  Sequence variation 

in the locus appears to be a combination of purifying selection and neutral 

evolution.  Purifying selection is indicated by interspecific comparisons at the same 

bindin locus in four urchin species.  Neutral evolution is indicated by dn:ds and 

McDonald-Kreitman statistical tests as well as comparisons of the observed data to 

a neutrally evolved, simulated data set. 

Under purifying selection, mutations resulting in amino acid substitutions occur 

periodically but are selected out of the population because of functional inferiority 

(Nei, 1987).  Silent substitutions have no impact on fitness are ultimately fixed or 

lost through drift.  Based on interspecific comparison of amino acid conservation, 

purifying selection seems to be constraining replacement substitutions in 

approximately twelve percent of the bindin region.  Purifying selection has been 

shown to exist in other Strongylocentrotids such as the mitochondrial gene 

cytochrome oxidase I (CO1; Edmands et al., 1996; Palumbi and Kessing, 1991).  In 

a stretch of sequence approximately equal in length to that studied in bindin (305 

bp), CO1 in the congener S. purpuratus has three times as many polymorphic sites 
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as does the bindin sequence (Edmands et al., 1996).  There are also ten times as 

many silent substitutions in CO1 (42 silent substitutions out of 42 polymorphic 

sites) as compared to S. franciscanus bindin (4 out of 13 polymorphic sites). 

An accelerated mutation rate in CO1 is one possible explanation for an increase 

in the number of polymorphic silent sites in CO1 over bindin.  It is possible that 

mutation rates vary between the two molecules and as a result the rate of silent 

substitutions is higher in CO1 than in bindin.  Mutation is known to be accelerated 

in mitochondrial DNA (mtDNA) genes such a CO1 compared to single copy nuclear 

(scn) genes (Hartl and Clark, 1989).  The accelerated mutation in mtDNA is the 

result of less efficient proofreading during DNA replication (Hartl and Clark, 1989). 

Additionally, maternal inheritance and the fact that mtDNA is haploid reduces the 

effective population size of mtDNA over scnDNA by one-quarter and subsequently 

increases the time to fixation for non-deleterious substitutions (Hartl and Clark, 

1989).  These differences between mtDNA and scnDNA may explain why there is a 

difference in the proportion of silent substitutions between bindin and CO1.  

However, there are no amino acid substitutions in the 300 base pair region of CO1 

(Edmands et al., 1996), yet nine out of 13 (69%) of the bindin polymorphic sites are 
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amino acid substitutions.  Clearly purifying selection is not the only force operating 

on the bindin locus. 

It is possible that weak positive selection does influence the bindin locus, but 

that the statistical tests used are not sensitive enough to detect the selection.  In the 

case of the dn:ds analysis, purifying selection that creates conserved regions can 

dampen an otherwise detectable signal of positive selection.  Additionally, the small 

number of polymorphic sites results in high variances, particularly for calculations 

of ds.  In many cases, the standard error of ds is equal to its calculated value (Table 

5-1).  Thus, is possible that selection operates on the bindin gene but the dn:ds test is 

too weak to detect selection in this data set.  The McDonald-Kreitman test is 

considered to be a more sensitive test of selection compared to the dn:ds method 

(Kreitman and Akashi, 1995).  However, again it is possible that selection exists but 

the number of polymorphic positions in the bindin region examined is too low such 

that the McDonald-Kreitman test falsely concludes neutral evolution.  In addition, 

the McDonald-Kreitman test as used here with polymorphic data from one species is 

more conservative than originally described (McDonald and Kreitman, 1991).  If the 

test had included information about polymorphic substitutions in the second species, 

S. purpuratus, the number of polymorphic replacement substitutions would most 
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likely be greater than observed.  Yet, there is no way to know how much greater that 

number would be and if it would change the statistical outcome of the McDonald-

Kreitman test.  However, it is also likely that as the number of replacement 

polymorphisms increases, the overall count for silent polymorphisms would also 

increase.  Therefore, it remains a formal, through unlikely possibility that inclusion 

of intraspecific sequence variation in S. purpuratus would result in a rejection of the 

null hypothesis of neutral evolution.  

In addition to the statistical tests used, other measures of selection such as the 

proportion of replacement to silent substitutions as well as the probability values for 

amino acid class changes also suggest that changes in the bindin gene are a result of 

neutral evolution.  Finally, it is a very compelling argument that all analyses 

performed on the DNA Evolve data created to mimic bindin variation resulting from 

neutral evolution produces nearly identical results as the observed bindin data.  The 

DNA Evolve data set also shows that, just  as is observed in the empirical data, 

random mutations will result in a high proportion of replacement changes and a 

majority of these changes will be radical amino acid substitutions.  Thus all tests 

regardless of statistical power are consistent with the conclusion that purifying 
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selection constrains approximately twelve percent of the bindin sequence as that 

neutral evolution results in a small number of polymorphic positions. 

Neutral evolution would not necessarily predict the relatively high number of 

alleles observed in at the bindin locus. Following neutral mutation, new 

polymorphisms should either go to fixation or be removed from the population by 

genetic drift (Nei, 1987).  Yet, as presented by Ohta (1992), population size can 

influence the action of drift.  In large populations, it will be a long time before the 

neutral mutations are either fixed or lost through genetic drift.  As very fecund 

broadcast spawners, urchins are known to have large populations (Morris et al., 

1980).  For S. franciscanus in particular, the entire Pacific coast of North America is 

conceivably one extended inter-breeding population as a result of little genetic 

subdivision along the linear coastline and very high gene flow (see Chapter 4). 

Including this data set, to date there is no example of diversity enhancing 

selection operating intraspecifically in a marine invertebrate gamete interaction 

molecule.  Sequence data within each Echinometra species (Metz and Palumbi, 

1996) are similar to that observed for S. franciscanus bindin.  For example, E. 

mathaei has 17 polymorphic sites in 252 base pairs compared to 13 out of 273  in S. 

franciscanus.  Like S. franciscanus, a high proportion (76%) of these sites are 
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replacement substitutions.  These numbers do not include insertions and deletions 

(indels) which are prevalent in Echinometra sp. bindin sequences, both within and 

between species.  The bindin sequences in both genera have comparable dn:ds 

values that are not significantly different from 1.0.  Finally, the McDonald-Kreitman 

analysis on both genera revealed non-significant results that initially appear to have 

an excess of replacement polymorphisms (Metz and Palumbi, 1996). 

There is however, a major discrepancy between the two genera in that bindin 

sequences in Echinometra sp. have insertions and deletions (indels) both within and 

between species that range from one to ten codons in length.  There are no indels in 

S. franciscanus bindin sequences aside from point substitutions.  The function, if 

any, of these indels is unknown, but it does suggest that compared to S. 

franciscanus, Echinometra sp. bindin can tolerate relatively large alterations to 

sequence structure  conceivably without impairment to function, a feature that 

would be consistent with the neutral theory of evolution.   

All of the evidence presented here suggests that portions of bindin sequence 

variation are determined by a combination of purifying selection and neutral 

mutation.  Although diversity enhancing selection is not operating, the picture of 

neutral evolution seen here is still markedly different from that seen in most 
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proteins.  Most genes are highly conserved such that only silent substitutions are 

observed within a species.  Yet for bindin, the majority of substitutions are 

replacement substitutions.  Neutral evolution present in a gamete interaction 

molecule is contrary to initial predictions for a trait closely related to fitness.  The 

explanation for this contradiction is not clear. 

If bindin is evolving according to a neutral model, it would suggest that this 91 

codon region of bindin  is non-functional.  For several reasons, it is difficult to 

accept that this bindin region has absolutely no function.  The fact that 12% of this 

region is conserved between four species suggests there is a functional need to 

maintain these amino acids.  In addition, there is clearly a cost to maintaining this 

region of bindin for example the cost of potential reduction in an individual’s fitness 

resulting from deleterious mutations that impair bindin’s ability to successfully bind 

to the receptor.  If there is a cost associated with the  variation in this region of 

bindin, it is reasonable to assume there is a concomitant benefit to maintain this 

region.   

Finally, there has been a great deal of biochemical work demonstrating the 

species specific nature of sea urchin bindin (reviewed by Vacquier et al., 1995).  

Species specific recognition is not likely to be conveyed through the conserved core.  
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It is more probable that the variable 5' (N-terminal) or 3' (C-terminal) region is 

responsible for species specificity.  In fact, Lopez et al. (1993) identified that either 

the 5' or the 3' region was required for species specific agglutination of urchin eggs.  

To make more definitive correlations of structure and function it will be necessary 

to determine the three dimensional conformation of bindin and identify the active 

site that binds to the egg receptor.  Although it is possible that all species specificity 

is conferred only through the C-terminal region, the data presented in Lopez et al. 

(1993) imply a functional role for the N-terminal region.  If so, the signal of neutral 

evolution is perhaps incorrect.  Although it seems unlikely, it is possible that 

simultaneous action of positive and purifying selection combine to appear as neutral 

evolution.  

Although these ideas are merely conjecture, it is important to continue 

investigating the possible functions of unusual variation in a marine invertebrate 

gamete interaction molecule.  Bindin is different than many other molecules in that 

bindin evolution is coupled with a ligand expressed on another individual.  Any 

changes in bindin sequence must be tolerated by any protein on the egg surface 

interacting with bindin.  This interaction is dynamic, with both bindin and the 

receptor co-evolving.  Therefore, these polymorphic positions represent the few 
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sites where variation is tolerated in both bindin and the receptor.  Perhaps these 

positions could be viewed as highly informative regarding the non-functional 

regions of bindin or perhaps there is an even more interesting, yet currently not 

understood mechanism operating to maintain polymorphisms in a gamete 

interaction molecule. 
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Chapter 6 
 
 
 

Interspecific Sequence Variation in Four Species of Sea Urchins  
at the Bindin Locus as an Indicator of Directional Selection  

in a Marine Invertebrate Gamete Interaction Molecule 
 
 

 
Introduction 
 

In the process of species divergence, random nucleotide point substitutions can 

occur as replacement (nonsynonymous) substitutions that result in a new amino acid 

sequence, or as silent (synonymous) substitutions that do not alter the amino acid 

sequence.  If there is no selection operating (neither directional selection, purifying 

selection, balancing selection, etc.) there will be many more replacement than silent 

substitutions at the ratio of 3:1.  This ratio favoring amino acid change is a result of 

the genetic code.  All of the nucleotide substitutions at the 2nd position of a codon 

and nearly all (96%) of the substitutions at the first position, result in an amino acid 

substitution.  Even 30% of the substitutions that occur at the third position will 

result in a new amino acid (Li and Graur, 1991, p. 14).  Yet, with a large majority of 

proteins examined to date, it is more common to see a large proportion of silent 
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substitutions as compared to replacement changes (Kimura, 1983; Kreitman and 

Akashi, 1995; Kumar et al., 1993).  This is because nearly all silent changes that 

occur will confer neither a benefit nor a disadvantage and therefore they are 

maintained in the population until they are lost or fixed through genetic drift.  

Although replacement mutations occur at a greater rate, replacement substitutions 

are often functionally deleterious and therefore do not persist in the population at 

the same rate that they occur through mutation.  If a replacement change confers a 

benefit, it will be retained and spread through the subpopulation.  If the 

subpopulations are subject to different selective pressures over time, the result of 

this process is two genes with divergent amino acid sequences and most likely a 

high proportion of concomitant silent substitutions that hitchhiked along with the 

beneficial selective sweeps. 

The above scenario describes the standard expectations for divergence of genes 

in different species.  For example, Messier and Stewart (1997) examined sequence 

divergence in the lysozyme gene for 21 different primate species spanning three 

families, the colobines, the cercopithecines, and the homonoids.  In general, the rate 

of divergence at this locus does not appear to be substantial.  Within-group 

interspecific comparisons show low ratios of nonsynonymous to synonymous 
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substitutions. According to prediction of the neutral theory of evolution (Kimura, 

1983), the proportion of nonsynonymous substitutions per nonsynonymous site (dn) 

should equal the proportion of synonymous substitutions per expected synonymous 

site (ds) (Nei and Gojobori, 1986).  When dn is significantly greater than ds, the 

action of divergent evolution is suggested in comparisons between species and 

diversity enhancing selection is suggested from comparisons within species.  Values 

of dn:ds significantly less than 1.0 indicate the action of purifying selection 

eliminating replacement substitutions within a species.  In the example of lysozyme, 

pairwise comparison of dn:ds for the cercopithecines is 0.38 which indicates the 

absence of directional selection because it is lower than the neutral expectation of 

1.0.  However, at two points since divergence from an ancestral hominoid lineage, 

there appears to be instances of accelerated divergence (Messier and Stewart, 1997).  

This is indicated by significantly high (> 5.0) dn:ds ratios, suggesting directional 

selection for rapid divergence at this locus. 

In contrast to lysozyme, which shows limited spurts of rapid divergence, for 

some molecules, directional selection appears to dominate the interspecific 

divergence.  For example, lysin is an abalone sperm molecule that is necessary for 

penetration of the sperm through the egg vitelline layer.  This gamete interaction 
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molecule has one of the highest measures for interspecific sequence divergence yet 

reported (Lee et al., 1995).  In a statistical analysis of the entire lysin molecule, six 

out of 190 pairwise comparisons of worldwide abalone species show dn:ds values 

significantly greater than neutral evolution predictions.  Out of 190 comparisons, 29 

(15%) had dn:ds values greater than 1.0.  In addition, there is a strong trend of 

decreasing rate of divergence with increasing evolutionary distance.  This trend 

suggests that directional selection for accumulating differences is greatest when 

species are closely related (perhaps due to character displacement).  Alternatively 

replacement substitutions could reach a saturation point and the proportion of silent 

substitutions increases.   

The apparent rapid divergence of lysin and the nature of external fertilization in 

marine invertebrates prompted a search for examples of selection operating to 

increase differences in other marine invertebrate fertilization molecules (Palumbi 

1992; Metz and Palumbi, 1996; Vacquier et al., 1995).  This type of selection is 

sometimes called positive selection (Hughes and Nei, 1988; Vacquier et al., 1997; 

Metz and Palumbi, 1996; Lee et al., 1995).   Many marine invertebrates shed their 

gametes directly into the water column and thus all components of species 

recognition during reproduction are controlled by the egg-sperm interaction.  
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Therefore rapid divergence in just the gamete recognition molecules could result in 

the formation of new species. To evaluate this hypothesis, Metz and Palumbi (1996) 

examined interspecific sequence divergence in bindin, a sea urchin sperm acrosomal 

protein. Bindin is responsible for species-specific binding of sperm to a receptor on 

the sea urchin egg surface (Vacquier et al., 1995).  Metz and Palumbi (1996) 

concluded that a 39 codon region of the bindin molecule was subject to positive 

selection when dn:ds values for the three Echinometra species were significantly 

greater than 1.0 based on a one-tailed t-test (t=1.7, p<0.05).  These three 

Echinometra species are widely distributed throughout the tropical Pacific.  All 

three Echinometra species exist sympatrically as well as allopatrically depending on 

the geographic location (Metz et al., 1994; Kelso, 1970). 

To evaluate the ability to generalize the existence of directional selection in 

marine invertebrate fertilization proteins, we examined deviations from neutral 

evolution in the bindin locus for a group of sea urchins with slightly different 

characteristics from Echinometra.  Two of the four species examined here, 

Strongylocentrotus franciscanus and S. purpuratus, share a common biogeography 

yet in contrast to Echinometra, their distribution is along a continuous, linear 

coastline.  Also in contrast to Echinometra, which is such a closely related genus to 
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Strongylocentrotus in that there are fewer than 2 million years since their divergence 

(Palumbi and Metz, 1991), S. franciscanus and S. purpuratus are among the most 

divergent sea urchin congeners known with 15-20 million years since separation 

(Hall et al., 1980).  The other two species included in the bindin analysis 

(Strongylocentrotus droebachiensis and Lytechinus variegatus) do not share a 

common nor continuous biogeography, yet their shared evolutionary history 

facilitates sequence alignments and conjectures of protein evolution.  The time since 

divergence for  S. purpuratus and L. variegatus is approximately 30-40 million 

years (Minor et al, 1991; Smith, 1984).  The analysis here seeks to determine 

whether the bindin locus (excluding the variable region downstream of the 

conserved core) in these four species exhibits unusually high sequence divergence 

throughout the entire molecule such as abalone lysin or a portion of the molecule 

such as Echinometra bindin. 

Materials and Methods 

We examined sequence divergence in two regions of the bindin locus in four 

species:  S. franciscanus, S. purpuratus, S. droebachiensis, and L. variegatus 

Published cDNA sequences of S. franciscanus and L. variegatus  reported in Minor 

et al. (1991) were used, as well as our own S. franciscanus analysis of 268 alleles in 
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a 91 codon, 5' region of bindin (see Chapter 5).  Gao et al. (1986) was the source of 

S. purpuratus cDNA bindin sequence and C. Biermann and W. Eanes (State 

University of New York, Stony Brook) provided unpublished sequence data for S. 

droebachiensis.  Alignment of the four bindin sequences was by eye using Seq-Ap 

ver 1.98 (Gilbert, 1994) and after Vacquier et al. (1995). 

We performed our analysis on two regions of bindin.  The region designated 

"bindin 5" spans the beginning of mature bindin to the beginning of the "conserved 

core" (amino acid sequence TTISA in all four species.)   The region examined and 

designated as the conserved core begins at the end of the 5' bindin region and ends 

approximately with the sequence MQEEEEEEE in all four species.  The variable 

region (approximately 90 codons) downstream of the conserved core was not 

included our analysis. 

Molecular Evolutionary Genetic Analysis ver. 1.01 (MEGA, Kumar, et al., 

1993) was used to calculate nucleotide sequence divergence.  Average proportions 

of replacement substitutions per replacement site (dn) and silent substitutions per 

silent site (ds) (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 calculated using the Jukes-Cantor correction (Jukes and Cantor, 

1969).  A program available from T. Whittam (Penn. State University) was used to 

conduct sliding window analyses on the sequence data. 
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The S. franciscanus polymorphic data from our intraspecific analysis (see 

Chapter 5) was used to compare the number of fixed differences in four other 

species following the McDonald and Kreitman (1991) test for neutral evolution.  

We counted replacement and silent sites as described by McDonald and Kreitman 

(1991) and used a G-test of independence with the Williams correction for 

continuity (McDonald and Kreitman, 1991; Sokal and Rohlf, 1981). 
 

Results 

Sequence Diversity 

Sequence diversity for all four species (S. franciscanus, S. purpuratus, S. 

droebachiensis, and L. variegatus)  is moderate in the 5' bindin sequences.  For the 

273 base-pair 5' region of bindin, p-distance (calculated with MEGA, Kumar et al., 

1993) ranges from 0.07 for the most closely related species pair (S. purpuratus and 

S. droebachiensis) to 0.51 for the most divergent pair of S. droebachiensis and L. 

variegatus.  The p-distance for the other species pairs are 0.27 for S. franciscanus 

and S. purpuratus, 0.25 for S. franciscanus and S. droebachiensis, and 0.50 for S. 

franciscanus and L. variegatus, and 0.50 for S. purpuratus  and L. variegatus.  The 

p-values for bindin's conserved core are dramatically lower in accordance with the 

designation of genetic conservation.  For a 210 base pair region between base pair 
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1217 and 1427 (numbers i.e. Minor et al., 1991), there are the following pairwise p-

values: S. franciscanus and S. purpuratus p = 0.04, of S. franciscanus and L. 

variegatus. p = 0.16, S. purpuratus  and L. variegatus purpuratus p = 0.17, S. 

droebachiensis and of S. franciscanus p = 0.03, S. purpuratus  and S. 

droebachiensis p = 0.02, S. droebachiensis and L. variegatus p = 0.17.   

In S. franciscanus bindin a 1,300 base-pair intron marks the separation between 

the end of the 5' flanking variable region and the conserved core (see Chapter 5).  

Palumbi and Metz (1996) also report an intron of varying length at this same 

position in three species of Echinometra.  Although the published work is based on 

cDNA sequence, we hypothesize that an intron separates the variable and conserved 

region in the more closely related species S. purpuratus, S. droebachiensis, and L. 

variegatus as well. 
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dn:ds Analysis.   

We used a dn:ds analysis (i.e. Hughes and Nei, 1988) to evaluate sequence 

divergence (Table 6-1).  The dn:ds statistic evaluates the ratio of nonsynonymous 

nucleotide substitutions per potential nonsynonymous site (dn), to synonymous 

substitutions per synonymous site (ds) (Nei and Gojobori, 1986).  A dn:ds ratio that 

is significantly different from 1.0 indicates the action of selection.  A value greater 

than 1.0 signifies selection creating divergence between species.  A value 

significantly less than 1.0 indicates purifying selection acting within species, which 

results in conserved amino acid sequence between species despite silent nucleotide 

substitutions (Nei, 1987).  Evaluation of dn:ds in all species comparisons in the 5' 

bindin region ranged from 0.34 to 0.63.  These numbers are not significantly 

different than 1.0, indicating that this test does not detect the presence of selection 

for divergence between species.  A sliding window analysis (e.g. Metz and Palumbi, 

1996; Ina, 1996) of a variety of window sizes (20, 25, 30, 40 codons) did not reveal 

any region containing significant dn:ds ratios (i.e. > 1.0).  For the sliding window 

analysis comparisons of S. franciscanus to S. purpuratus, the dn:ds for all windows 

ranges from 0.07 to 2.04.  Specific regions identified by the sliding window analysis 

are significantly less than 1.0 suggesting genetic conservation.  The dn:ds value of 

2.04 corresponds to a slight, but non significant, peak in the dn:ds values at the end 

of the 5' region.  This increase in dn:ds could indicate a region of the molecule with 
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functional importance, but more likely it is the result of random clustering of a few 

replacement substitutions. 

We also conducted a more focused dn:ds analysis on the first 38 codons of the 5' 

bindin region in the four species primarily because this region corresponds to a 

region within S. franciscanus that displays the greatest concentration of replacement 

polymorphisms (see Chapter 5).  We were interested to learn if there would be a 

similar concentration of fixed replacement substitutions revealed by an interspecific 

comparison.  All measures for dn:ds in the first 38 codons of bindin are lower than 

for the whole of 5' bindin with a range of 0 to 0.41 (Table 6-1).  In the comparison 

of S. purpuratus and S. droebachiensis, this region of bindin has no replacement 

substitutions resulting in a dn:ds value of zero.  Similar to the larger region 

examined, the average dn:ds values are not significantly different from 1.0.  

Although this region has a concentration of replacement polymorphisms within S. 

franciscanus, the lower dn:ds values observed between species indicate either fewer 

replacement substitutions and/or more synonymous substitutions in the region 

compared to the whole of 5' bindin.  Finally, as a comparison to the variable 5' 

bindin region, we conducted a dn:ds analysis on the conserved core for the four 

species.  The dn:ds values for the conserved core are significantly below 1.0 (Table 

6-1) and support the suggestion that purifying selection is maintaining structure and 

thus function of this region (Minor et al., 1991; Vacquier et al., 1995). 
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Sequence alignment and McDonald-Kreitman test for neutral evolution  

Figure 6-1 in shows amino acid alignment of all four species as originally 

published by Vacquier et al. (1995).  In the 5' region there are 34 (12%) amino acid 

codons that are identical between all four species suggesting the action of purifying 

selection within species results in genetic conservation between species.  Table 6-2 

shows aligned nucleotide sequence for the first 38 codons of the 5' bindin region for 

all four species. For all species, we used the McDonald-Kreitman test to evaluate 

directional selection in this first section (38 codons) of 5' bindin.  This region begins 

at the beginning of mature bindin and corresponds to base pairs 944 to 1058 in 

Minor et al. (1991).  This region of bindin represents at least one-third of the entire 

bindin 5' region.  The original use of the McDonald-Kreitman test identified 

accelerated species diversification between the alcohol dehydrogenase (Adh) locus 

of Drosophila sp. signified by an excess of fixed replacement substitutions 

compared to silent substitutions between species.  The test uses polymorphic data 

from within at least one species to compare the ratios of replacement to silent 

substitutions within versus between species.  An unequal ratio, and rejection of the 

null hypothesis of neutral evolution, indicates the action of selection at the locus 

examined. 
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The bottom portion of Table 6-2 shows summary numbers and ratios for three 

species compared to S. franciscanus. The ratios of  replacement to silent 

substitutions are not equal, and in all cases the fixed ratio is much lower than the 

polymorphic ratio.  For example, for the first 117 bases of S. franciscanus bindin, 

the total number of replacement polymorphisms is 8 and the total number of silent 

polymorphisms is 1 yielding a ratio of 8:1.  Comparing fixed differences between S. 

franciscanus and S. purpuratus results in a replacement to silent substitution ratio of 

2.3:1. Although the ratios are unequal, there is no statistical difference in any of the 

ratios.  If the polymorphic ratio had been significantly greater than the fixed ratio, 

the process of directional selection acting within S. franciscanus bindin would be 

suggested (see Chapter 5).  If the polymorphic ratio had been significantly less than 

the fixed ratio, a selective force for species divergence, similar to what is seen at the 

Adh (McDonald and Kreitman, 1991) would be suggested.  Without statistical 

significance, it is not possible to reject the null hypothesis of neutral evolution as the 

force creating sequence differences in S. franciscanus compared to the other three 

species.   

 

Comparison to selection operating in Echinometra sp. 

Based on dn:ds analysis and the McDonald-Kreitman test, interspecific 

directional selection is not indicated in 5' bindin region of the three 
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Strongylocentrotid and L. variegatus species examined here.  Yet, Metz and 

Palumbi (1996) report selection in this 5' region of bindin between three species of 

Echinometra. There are at least three possibilities to explain this discrepancy in 

bindin evolution for the different species:  1) the results presented here are incorrect, 

2) the two evolutionary systems in the varying species are fundamentally different, 

or 3) the signal of significant clustering artifact of random clustering of replacement 

changes seen in Echinometra is not a correct indication of accelerated species 

divergence.  The first two options including the potential differences in the species 

that would result in alternate patterns of selection and sequence variation are 

considered thoroughly in the Discussion section.  To test the third possibility, the 

sequence data of Echinometra sp. 5' bindin (Metz and Palumbi, 1996) were re-

evaluated to determine the probability of obtaining a false signal of significant 

clustering of replacement substitutions.  The size of the original Echinometra sp. 

data set of the bindin 5' region is 384 nucleotides (128 codons) and includes 

sequence information of 16 E. oblanga, 19 E. mathaei, and 8 E. "species A” alleles 

(43 alleles total).  To perform a dn:ds analysis, it is necessary for each sequence to 

be equal in length (Kumar, et al., 1993).  The Echinometra sequence data show 

insertions and deletions (indels) both within and between species that range from 

one to ten codons in length.  Because dn:ds represents an average over all possible 

pairwise comparisons, it is possible to remove indels only from those pairwise 
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comparisons that would have different sequence lengths.  However, it is a more 

conservative approach to eliminate all positions aligned with an indel in all of the 

sequences and not just specific pairs of sequences.  The result after removal of 

indels was a 228 base-pair (76 codon) data set that had slightly fewer replacement 

and silent amino acid substitutions than the original Metz and Palumbi (1996) data 

set.  Subsequently the test of selection conducted here is more conservative than if 

the indels had been included. 

Using this truncated data set, we then created 100 theoretical data sets identical 

to the Echinometra data (Metz and Palumbi, 1996) yet with a randomized order of 

codon position.  In other words, where the original data had codon positions in a 

sequential order 1 to 228, here each theoretical data set contains exactly the same 

codons, yet the arrangement of the codons was randomized (for example, 76, 3, 211, 

15, 19 etc.).  Each codon was represented only once and thus the overall dn and ds 

values remain constant yet the clustering of replacement and silent substitutions 

varies.   

The purpose of this simulation is not to mimic the process of evolution.  Clearly 

it is not common for molecules to evolve by the rearrangement of codon order.  The 

goal was to determine the probability of finding a significant cluster of replacement 

nucleotide substitutions given an overall value of nonsynonymous and synonymous 

substitutions equal to what Metz and Palumbi (1996) observed.  In other words, 
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given evolution results in a particular level of replacement and silent substitutions, 

we determined the likelihood that this signal would be spread out over the whole 

region or clustered into "hotspots."  We also evaluated how the method of 

determining the degree of clustering (i.e. codon window size) would influence the 

likelihood of observing a significant cluster of nonsynonymous substitutions. 

We conducted sliding window analysis on each of the 100 randomized data sets 

using a 20-, 25, or 30-codon window size.  Figure 6-2a in a represents a typical 

distribution of replacement and silent substitutions for the three window sizes.  Out 

of 100 data sets, using any one of these three window sizes, the probability of 

obtaining a data set with at least one codon window with a dn:ds ratio significantly 

different than 1.0 using a two-tailed t-test of significance ranges from 3% to 14% 

(Table 6-3, see Kumar et al., 1993).  For example, out of 100 data sets, evaluated in 

25 codon window segments, 14 of these data sets had at least one window where dn 

was significantly greater than ds using a one-tailed t-test (t >1.96, p < 0.05).  

However, if the test evaluates the hypothesis of directional selection for divergence 

with a one-tailed test as used in Metz and Palumbi (1996), the range of the 

probability increases. With a one-tailed test there is between a 10-25% chance of 

obtaining a data set with a significant region where dn:ds is greater than 1.0.  For 

example, Figure 6-2b shows a region where using a 25 codon window, dn:ds 

exceeds 20:1. Finally, there are 18 data sets where dn:ds is significant based on at 
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least one but not all three window sizes.  Therefore, the probability of finding a 

significant region of replacement substitutions clustering increases as the number of 

window sizes evaluated increases.  Thus, the size of the window and the number of 

different window sizes used as well as the statistical power used (one-tailed versus 

two-tailed) influences the likelihood of observing a region of the bindin locus where 

dn:ds is statistically greater than 1.0. 

 

Discussion 
 

All measures suggest an absence of selection for diversification in the bindin 5' 

locus for all four species of urchins examined in this study.  Based on the dn:ds and 

sliding window analyses, it is not possible to reject the null hypothesis of neutral 

evolution creating sequence differences observed in the four species.  The 

McDonald-Kreitman test only allows a conclusion about the lack of directional 

selection in S. franciscanus compared to the other three species.  To use the 

McDonald-Kreitman test to explore evolution in the other three species, it is 

necessary to have intraspecific polymorphic data for those species.  The existence of 

amino acid identity in approximately 10% of the 5' bindin locus in the four species 

suggests that functional constraints on specific amino acids results in genetic 
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conservation in portions of bindin.  Thus, in L. variegatus  and three species of 

Strongylocentrotus, neutral and purifying selection acting at the species level result 

in nucleotide and amino acid sequence differences observed between species. 

The methods used here did not detect selection operating in the 5' bindin locus in 

Strongylocentrotus sp. or L. variegatus.  In contrast, Metz and Palumbi (1996) 

report that selection in three Echinometra species results in rapid divergence of a 

portion of the same 5' bindin region.  There are three possible ways to reconcile the 

disparate accounts of evolution in bindin.  First, it is possible that the methods used 

here, although similar to the tests employed by Metz and Palumbi (1996), are not 

sensitive enough to detect selection.  This would suggest that the results regarding 

Strongylocentrotus and L. variegatus are inconclusive and/or incorrect.  

Unfortunately, our analysis is limited to the current understanding of selection and 

sequence variation and we will have to rely on future work to identify possible 

misunderstandings.  As a second possibility, the results reported here could be 

correct yet there are differences between Strongylocentrotus and Echinometra such 

that selection can create divergence in Echinometra and not Strongylocentrotus.  

Third, it is possible that the signal of selection detected in Echinometra is a false 

signal created by a random clustering of replacement substitutions.  To address the 



 
 
 
 

 

195 

 

second possibility, we will focus the discussion on some major differences between 

Echinometra and Strongylocentrotus.  

 

Differences in Echinometra sp. and Strongylocentrotus sp. could result in 

different portraits of selection 

If the results here and in Metz and Palumbi (1996) are correct, different selective 

pressures create interspecific sequence divergence in Echinometra and 

Strongylocentrotus sea urchin species.  Because of differences in evolutionary 

history, fertilization, and species distribution, it is possible that selection shapes 

sequence divergence in Echinometra bindin and not Strongylocentrotus. 

Although there is no direct evidence, it is possible that differences in geographic 

distribution could result in substantially different population sizes for the two 

genera. Although the life history characteristics that determine population size of 

Strongylocentrotus and Echinometra are highly similar (high fecundity, long 

planktonic larval stage, etc.) the differences in geographic distribution (continuous 

versus sporadic) could result in different effective population sizes. For example, 

biogeography for the two genera are quite different.  S. franciscanus and S. 

purpuratus inhabit a continuous coastline (Mooris, et al., 1980).  S. droebachiensis 
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mostly inhabits a continuous coastline however there are a few large interruptions in 

species distribution in the Arctic region (Palumbi and Kessing, 1991; Jensen, 1974).  

The three Echinometra species also share common ranges and habitats yet the 

distribution is not continuous.  Frequently, there are large stretches of Pacific Ocean 

isolating populations of Echinometra.  For example, Ohta (1990) discusses how 

small population size can conceivably increase the replacement substitution rate 

relative to the synonymous rate 40-50% in Drosophila obscura Adh genes.  The 

results of a large intraspecific analysis of population structure (see Chapter 4) 

indicates that the S. franciscanus bindin locus has genetic exchange throughout the 

entire species range suggesting an extremely large effective population size for the 

species.  With potentially smaller population sizes, Echinometra sp. bindin could 

respond more readily to selective forces promoting divergence.   

Evolutionary history is another major difference between Echinometra and 

Strongylocentrotus that could result in different patterns of selection.  Echinometra 

is a recently diverged genus (0.5 - 2 million years ago; Palumbi and Metz, 1991).  

On the other hand, Strongylocentrotus is a relatively ancient lineage with 15-20 

million years separating S. franciscanus and S. purpuratus (Hall, et al., 1980).  It is 

possible that Echinometra is so recently diverged that it is in the process of 
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speciation and experiencing a period of accelerated sequence divergence.  Perhaps 

in the evolutionary past during Strongylocentrotus speciation, there was a similar 

period of accelerated divergence that has been masked by an accumulation of silent 

substitutions. 

  Another marked difference between Echinometra  and Strongylocentrotus is 

the receptivity of egg and sperm to heterospecific fertilization.  Within the 

Echinometra  genus, there are very strong, reciprocal barriers to interspecific cross-

fertilization (Metz et al., 1994).  For Strongylocentrotus, however, it is relatively 

more likely to obtain hybrid zygotes (Minor et al., 1991; Vacquier et al. 1995).  

Barriers to cross-fertilization do exist in Strongylocentrotus but can be overcome by 

high sperm concentration and these barriers are not reciprocal.  For example, 

regardless of sperm concentration, S. purpuratus sperm are not effective at 

fertilizing  S. franciscanus eggs.  However, the reciprocal cross of S. franciscanus 

sperm fertilizing S. purpuratus eggs produces hybrid zygotes at sufficiently high 

sperm concentrations (Minor et al., 1991).  Perhaps as a recently speciated genus, 

there is an adaptive advantage to maintaining the strong, reciprocal block to 

interspecific fertilization through enhancement of selection for rapid interspecific 

divergence.  However, in the time since Strongylocentrotus diverged, the selective 
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pressure to keep heterospecific egg and sperm separate has relaxed as other 

mechanisms have evolved to avoid gamete waste. 

 

Implications for proposed mechanisms of diversifying selection  

 If it is true that divergent evolution exists in Echinometra sp. and not 

Strongylocentrotus sp., the existence of selection operating in one genus and not 

another would shed some light on several of the previously proposed mechanisms of 

positive selection.  For example, Lee et al. (1995) suggested diversifying selection 

as a means for free-spawning gametes to avoid microbial pathogens.  It is also 

unlikely that pathogens have adapted to target a widespread genus such as 

Echinometra, but not Strongylocentrotus.  Thus, if selection shapes sequence 

divergence in Echinometra and not Strongylocentrotus, pathogen avoidance is 

probably not the driving force for sequence divergence. 

There are two mechanisms that are still possible as a means of creating sequence 

divergence even if it is specific to a particular genus and not another.   For example, 

it is possible for assortative mating to be limited to only one genus.  Although the 

adaptive advantage is unclear, mate matching could exist in Echinometra bindin and 

receptor alleles at the species level.  If there were an advantage to more than one 
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bindin type within species, selection favoring intraspecific diversity could also 

accelerate interspecific species divergence.  Again, there is no statistical or 

experimental support for the necessary selective force resulting in sequence 

diversity within Echinometra species.  In addition, this mechanism would require 

that the bindin and receptor loci are linked to other traits—another conjecture that 

requires empirical support.  Therefore, although mate matching remains a possible 

mechanism that can result in intra- and interspecific sequence divergence, there is 

currently no empirical support for this mechanism. 

A process of reinforcement that accelerates reproductive isolation could 

potentially operate in Echinometra and not Strongylocentrotus.  As a very recently 

diverged genus, Echinometra may be completing the process of speciation in which 

the selective pressure to reduce hybridization is stronger than in Strongylocentrotus. 

This mechanism of reinforcement would favor rapid divergence of gamete 

recognition molecules between Echinometra species.  This process would only 

predict divergence between, and in contrast to the other mechanisms discussed, 

would not require sequence divergence within species.  Strongylocentrotus perhaps 

experienced a similar selective pressure during initial species divergence, however 

with 10-20 million years since separation, the accumulation of synonymous 



 
 
 
 

 

200 

 

substitutions has since diluted the interspecific signal of selection.  Therefore, if 

directional selection shapes sequence divergence in Echinometra and not 

Strongylocentrotus, these two mechanisms (assortative mating and reinforcement) 

remain viable mechanisms driving sequence divergence. 

 

Patterns in Echinometra  and Strongylocentrotus  suggest neutral evolution 

Having explored how sequence diversity in Echinometra and Strongylocentrotus 

may be the result of different selective pressures, it is also necessary to explore the 

possibility that the two systems are similar.  If the two systems are actually similar, 

and the results represented here are correct, then the signal of concentrated amino 

acid substitutions in Echinometra may not be an indication of accelerated sequence 

divergence. Random clustering of neutral mutations may create a false signal that dn 

is significantly greater than ds. 

The sliding window analysis is not a statistical test but rather a tool to identify 

regions of unusually high replacement substitutions.  There is no error in the use of 

this tool and at times the sliding window analysis can identify subsets of larger 

molecules with high proportion of replacement substitutions that correlate with 

functional regions of a protein.  For example, the 57 amino acids in MHCs that 



 
 
 
 

 

201 

 

show dn:ds values statistically greater than 1.0 correlate with the functional antigen 

recognition site (ARS) of the molecule (Hughes and Nei, 1988).  However, our 

evaluation of 100 bindin data sets with randomized order of codon position shows 

that a sliding window analysis has a high probability of identifying a random cluster 

of replacement substitutions as evidence for the rejection of the neutral theory of 

evolution in that region.  With an a priori choice of a single random window size 

(we chose 20, 25, or 30), the probability of finding a significant cluster of amino 

acid substitutions can range as high as 10%-25% (Table 6-3).  For example, with the 

20 codon window analysis, one quarter of the time the data suggest rejection of the 

null hypothesis of neutral evolution.  Clearly no region of the randomized data set 

can be correlated with sequence function, yet the data would support this 

conclusion.  Additionally, evaluation of more than one window size (i.e. 20, 25, and 

30) further increases the probability of finding a significant cluster of amino acid 

substitutions between species to 29%.  Therefore, the use of a sliding window 

analysis is perhaps a tenuous method to detect regions of elevated sequence 

divergence. 

Finally, the presence of many relatively large insertions and deletions (ranging 

from 2-11 codons in length) both within and between species, is another suggestion 
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that neutral and not divergent evolution may dominate Echinometra evolution.  

Alleles with alternate insertions could have alternate function, yet the ability to 

tolerate relatively large changes to nucleotide sequence suggests the molecule is not 

rigidly constrained at the species level.  Although there are no data to support this 

supposition, it is difficult to imagine a widely varying molecule that performs a 

crucial function. 

If sequence diversity in Echinometra represents a false signal of selection, the 

divergence in Echinometra and Strongylocentrotus is the result of neutral evolution.  

Subsequently, abalone lysin would be the only example of significant interspecific 

divergence reported for a marine invertebrate gamete interaction molecule.  It is a 

convincing argument for directional selection for divergence that the dn:ds values 

for lysin are among the highest reported and furthermore these high values result 

from analysis of the entire molecule and not a sub-region (Vacquier and Lee, 1993).  

It is unclear why lysin and not other fertilization molecules such as bindin would 

diverge rapidly.  It is possible that functional differences account for the disparate 

divergence.  Where bindin is responsible for species-specific binding of sea urchin 

sperm to eggs (Vacquier et al., 1995), lysin solublizes the egg vitelline envelope 
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(Vacquier and Lee, 1993).  It is not clear if this difference in specialized functions 

would also be linked to differences in potential for sequence divergence. 

Where the lysin locus may be the only example of accelerated divergence 

between species of a marine invertebrate, there are currently no examples of 

diversity enhancing selection within a marine species.  In fact, the major 

histocomptibility locus (MHC) in humans and mice (i.e. Hughes and Nei, 1988; 

Hughes and Nei, 1989) and self-incompatibility (S-alleles) in plants (Clarke and 

Kao, 1991) are the only two systems displaying intraspecific signal for allelic 

diversity.  In both of these cases, overdominant selection increases allelic diversity 

at a specific locus.  An extensive examination of 268 alleles in S. franciscanus 

revealed moderately high polymorphism yet neutral evolution (see Chapter 5).  

Likewise for each of the three Echinometra species examined, there is no statistical 

support for positive selection at the species level (Metz and Palumbi, 1996).  And 

despite lysin’s strong signal of interspecific divergence (Lee et al., 1995), there is no 

evidence of intraspecific allelic diversity (E. Metz, unpublished data).   

There are many accounts of accelerated sequence divergence of particular genes 

between species (i.e. Endo et al., 1996;  Messier and Stewart, 1997; Lee et al., 

1993).  Interspecifically, the term positive selection is used to describe a process 
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that results in the divergence of a specific locus between two species.  Intense 

directional selection for divergence "character displacement" is an expected 

outcome when two recent and related species come into secondary contact.  Thus, 

the process termed positive selection between species may be no different than the 

expected action of natural selection.  The process becomes interesting is when 

unique selective pressures on that locus between the different species results in 

relatively rapid divergence and a higher than expected amount of amino acid 

substitutions as is seen in lysin (Lee et al., 1995).  For some of the pairwise 

comparisons of abalone species, the sequences are not very divergent and show no 

statistical reasons to reject the null hypothesis of neutral evolution.  However, for 

six out of 190 pairwise comparisons, dn:ds is statistically greater than the neutral 

expectation and results in more rapid divergence than neutral evolution would 

create, thus implying an increased selection for species-specific function at that 

locus. 

Thus there is an important distinction between a selective force that results in 

accelerated sequence divergence between species compared to a selective force that 

results in allelic diversity within species.  Unfortunately, throughout the literature 

the term "positive selection" has been used to describe both of these processes.  In 
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the sense that both of these processes are the antithesis of purifying (or negative) 

selection, it is correct to use the term positive selection.  Yet, it is misleading, if not 

incorrect, to equate the two processes. For example, it is incorrect to compare 

selection promoting interspecific sequence divergence (such as lysin) with 

intraspecific diversity-enhancing selection as seen in MHCs.  The former is 

accelerated directional selection, while the latter is the result of overdominant 

selection creating extreme allelic diversity.  It would be helpful if a new standard 

could be adopted.  For example, when discussing the rapid divergence of a locus 

between species it would be informative to use the term directional selection and not 

positive selection.  If the term positive selection is used at all, it should be confined 

to describing selection for intraspecific sequence variation.  Yet, perhaps the most 

appropriate term to describe the intraspecific process is diversity enhancing 

selection.  Regardless which term is used, selection for sequence divergence, either 

within or between species, does not appear to be a general property of marine 

invertebrate fertilization molecules.  Perhaps before searching for this phenomenon 

in other marine invertebrates, it would be worthwhile to learn more about the 

particular operation of sequence divergence in abalone lysin by understanding more 

of its function and interaction with the abalone egg. 
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