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Population DiversiEy and Halecular Evolution of Selected Ea.;tern 

Pacif ic  Sea Cucumbers (Class: Holothuroidea) Based on 



~4IISbYECt 

Sea crrcz~~~~trers ( C k -  Hcrfmurolda) are one of six a z m t  cfasses of the 

exclusively marine phylum Echinodemata. Unfortunately. these orsanisms are poorly 

represented in the fossil record and ccrtsequentty, the taxonomy and systematics cf this 

class remains proDlematZc. As a preliminary investigation, a molecular phylogeny was 

co~stmcted fmsing ,  on members of the f m i l  y Cucumartidac from tfte eastern Pacific 

Fourteen hundred nudeotides spanning portions of two mitochondrid genes, encoding the 

iarge ribosomal RYA subunit and cytochrome oxidase subunit one, were sequenced from 

15 species, representing six families from two orders. A number of imponant 

phylogenetic issues were resolved, parlicul arly the re1 ationships among brooding species 

Following this phylogenetic assessment, an analysis of population structure in 

two species of sea cucumber as a firnction d t h e i r  mode of development was undertaken, 

based on four hundred ncldeoddes of mitochondrial sequence with presumed homology to 

he replication control region. C~c~~~rnar~apseud~~~rata exhibits a brooding form of 

deve1opment while Czicrmtaritt rniirida passes through a pelagic nonfeeding larval stage 

lasting to 14 days. These two species occupy extensive, overlapping ranges along the 

west coast of North America and populations were sampled between Pescadero Point, 

California and Jmeau, Alaska. Significant geogaphic structuring of populations was 

evident in C. psetf-ata indicating limited dispersal. Despite tbe general trend of 

strong geographic structuring ofpopulaiions, there is evidence of significant gene flow 

between adjacent sites separated by as little as four kilometres of ocean or as much as one 

ir- kilometres along the coast. The mast significant genetic disjunction observed 

iii 



separated A t a s h  and @em CMot te  Island (Haida Gwaii) sampks from Vancouver 

fstand md aft sampte sites h-ther south ?he nohem popularion samples were f i n d  to 

contain qwl or greater genetic variability compared to many southern sites. The most 

plausible explanarion of &is genaic disjunction is therefore suni.ivd in northern glacial 

refugh in addition to the persistence of populations south of the firthest extent of' the 

Corciilferm ice sheer., Presumably, hese sur\r.iuing populations expanded to their present 

apparentfy continuws disuibution of these externally indistinguishable types following 

the retreat of the ice sheet The degree of sequence divergence suggests that this 

separation existed well prior to the last glaciation and may have - maintained for 

several million years 

Conversely C ~ Z I I I U I L T  population samples exhibited a panrnictic structure over 

tfieir entire range indicaring high levels uf gene flow despite a relatively short dispersal 

phase These r d t s  suggest that made of development and life histmy mits have had a 

profound influence rn gene flow. 

Finally, mtDNA seqctence from C miniata and C pseudmurc~ta has revealed a 

navel tRNA gene arrmgement compared to other echinoderms. Analysis of mtL)NA 

indicates &is novel zrrangement has arisen by a nontandem duplication of an ancestral 

W A  gene cluster including putative control elements. Gene sequence analysis indicated 

potential utilhy ofthe tRNAs as a phylogenedc marker at deeper levels than other 

mitochmdrial gem which, in conjunction with tRNA gene order rearraugements, make 

&is a region of promisins utility in studies o f m d d a r  evolution. 



Bruce Cockburn. 1990 
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General Introdaction 

Molecular Murkers 

Over the past three decades, the introduction of molecular techniques has 

provided an enormous increase in ;he scope of opportunities in many areas of biological 

research. Through the use of such techniques, specific heritable traits can be identified 

and used in quantitative analyses at a level of sensitivity and throughput previously 

unattainable. One of the earliest applications of such an approach was based on 

immunological identification. Zuckerkandl and Pauling (1 965) demonstrated that amino 

acid substitutions accumulated as a linear function of time over a wide range of taxa. This 

pattern of change is consistent with neutral mutation theory (Kimura, 1983) and indicates 

that at least some positions arc not subject to selective constraints. This feature of 

sekciive neutrdiiy in properly chosen molecular markers precludes problems associated 

with markers subject to sexual selection or phenotypic plasticity. One of the most 

important recent technical advances has been the development of polymerase chain 

reaction (Mullis et al., 1986; Saiki et al., 1988) (PCR) DNA amplification techniques. 

PCR allows DNA to be recovered in suficient quantities to obtain specific gene sequence 

from extremely small amounts oftissue from living or even preserved organisms. Such 

direct anaiysis of the genetic material can provide a wealth of information for 

phylogenetic analysis as well as in assessing more recent events such as differentiation 

within populations. 



Mitochondrizl DNA (mtDNA) was chosen as a marker for several reasons. The 

mitochondria1 genome of most organisms is a compact, circular DNA molecule containing 

a limited set of genes coding for 13 protein subunits, 22 tRNAs, and both the small 

(srRNA) and large (1rRNA) ribosomal RNAs. The mitochondria1 genome is present at 

high copy number per cell in most tissues (Brown and Wilson, 1986; Wolstenholme, 

1989). The attributes of high copy number and circular nature allow relatively 

straightforward mtDNA purification from very little material and has been successfully 

performed on many organisms. Consequently, complete genomic sequences from a 

diverse range of taxa are available (reviewed by Avise, 1994) including several 

echinoderms (Jacobs et al., 1989; Cantatore et al., 1989). This information can be utilized 

to identifl highly conserved regions of the mtDNA genome through sequence 

comparisons of homoIogous regions. Kocher et al., (1 989) first suggested that 

oiigonucleotide primers designed to anneal to such highly conserved regions would have 

utility across a broad range of taxa and would allow amplification of DNA from many 

organisms. Such conserved primers offer a considerable advantage by eliminating the 

necessity of costly and time consuming cloning and sequencing of DNA in order to 

examine organisms not previously analyzed in this manner. 

Among the 37 mitochondria1 genes, there exists considerable heterogeneity in rates 

of accumulation of substitutions. A particular gene of interest can often be chosen which 

is thought to be evolving at an appropriate rate. Regions such as the replication control 

region and third positions of protein coding genes accumulate substitutions at higher rates, 

and are useful for the cumparison of closely related species or even populations, while the 



ribosomal genes, tRf.fA genes, and second positions of protein coding genes are 

appropriate for analyzing more ancient relationships. Furthermore, mtDNA accumulates 

mutations at a rate some 5-10 times higher than single copy nuclear genes in primates 

(Brown et al., 19791, however, approximately equal rates were observed in sea urchin 

(Vawter and Brown, 1986). This may be attributable to the fact that replication of 

mtDNA is dependent on DNA polymerase y, an enzyme that apparently lacks a repair 

mechansim (Tomkinson and Linn, 1986) in most organisms. The mitochondrial genome is 

usually strictly maternally inherited with no evidence of intermolecular recombination, 

and can thos be treated as a haploid genome which provides a maternal genealogy. The 

rapid accumulation of mutations and uni-parental inheritance provide a sensitive marker 

for recent evolutionary events (reviewed in Moritz et al., 1987). It is therefore not 

surprising that mtDNA has become one of the most commonly used molecules for 

phylogenetic and population genetic analyses (Avise, 1994). 

The investigations described here utilized mitochondria1 DNA sequence analysis 

to address several problems. First, to provide an initial phylogenetic analysis of selected 

sea cucumber species and compare these results to more traditional morphological 

characters; second, to examine population structure or micro-evolutionary changes within 

two closely related species with differing modes of development; and finally, a third 

section examined observed tRNA gene rearrangements within two Cummaria species and 

considers the implications concerning intra-molecular recombination and the use of 

mitocho~drial gene order for more ancient phylogenetic analysis. 



Chapter I 

Phylogenetic Analysis of Selected Eastern Pacific 

Sea Cucumbers Focusing on the Cucumariidae 

Sea Cucumber Systematics 

The sea cucumbers, Class Holothuroidea, constitute one of the six extant classes 

of the exclusively marine Phylum Echinodermata. The approximately 1,200 species of 

sea cucumbers are partitioned into six orders. The earliest fossil evidence of the 

Holothuroidea, in the Upper Silurian, consists of calcareous deposits from the body wall, 

(Gilliland, 1992, Pawson, 1966). Unfortunately, the fossil record for the Holothuroidea is 

poor, providing little evidence in support of intraclass phylogeny. The first holothuroids 

were probably covered by calcareous plates, a condition maintained in only a few genera 

ofthe order Dendrochirotida. In most extant species, the calcareous accretions have been 

reduced to microscopic ossicles in the skin. Sea cucumber orders are distinguished on the 

basis of gross morphological characters such as the morphology of the tentacles, the 

presence or absence of tentacular retractor muscles, the presence or absence of an internal 

respiratory tree, and the presence and distribution of podia on the trunk. At the familial 

level, taxonomic distinctions are dependent on a finer level of characters such as the 



morpholw of derm J ossides, the form of the esophageal calcareous ring, the 

distribution and morphology of the tube feet, etc. At the species level, the differences in 

a defining morpho lo~d  character can be quite subtle, obscuring taxonomic distinctions. 

An interesting feature of this group is the wide range of reproductive strategies 

that have been adopted. Included in this study are species with feeding or nonfeeding 

planktonic larval forms as well as several instances of benthic maternal brooding of 

embryos (see Table 1). In order to understand how such differences may have evolved, a 

firmly established phylogeny is required. 

Molec-rilar PPhylogee7letics 

in addition to the enormous amount of sequence data being generated, an equal 

effon has been put into improving analytical methods of handling such data. Three 

different approaches to phylogenetic analysis have been developed. 

Maximum parsimony treats nucleotides as differing character states and 

reconstructs relationships based on the minimum number of character changes required to 

explain the observed data. The cornerstone of this concept is rooted in cladistics with the 

most important or informative characters demonstrating a shared derived state (reviewed 

in Hillis and Moritz, 1990, Avise, 1994). Such synapomorphic changes cluster taxa 

together and indicate a departure &om the presumed ancestral state. 

Distance based methods calculate the dissimilarity between sequences and usually 

report this value as the number of changes per nucleotide position. A model ofthe 

pattern of nuclecidde substitution is assumed (see below) in order to calculate a corrected 



distance matrix for all possible pairwise comparisons among the taxa examined. Various 

algorithms are then employed to combine these distances into an estimate of phylogenetic 

structure. One of the most commonly employed tree building algorithms based on such a 

distance matrix is the neighbor-joining method (Saitou and Nei, 1987). In this method, a 

pair of taxa are joined together so as to minimize the squared distances to all other tam. 

Taxa are then added to this pair one at a time in a similar manner to define distances 

among all internal nodes and produce the final phylogenetic tree. 

The third method is referred to as maximum likelihood (Felsenstei n, 198 1) In this 

method, a likelihood function is determined for how well the observed data fits a given set 

of relationships based on the nucleotide changes observed and seeks to maximize this 

likelihood value. 

A1 the methods described above have certain advantages and drawbacks and the 

performance of these methods has been subjected to a multitude of tests based on 

theoretical and natural data sets and has been reviewed by numerous authors (Li and 

Grauer, 1991; Hillis and Moritz, 1990; Avise, 1994). Both parsimony and likelihood 

methods analyze a multitude of possible trees and choose the one which optimizes the 

defhing criteria. In the case of maximum likelihood, alternative possibilities can be 

directly compared in order to test if the resultant tree is significantly more likely than 

others (Kashino and Hasegawa, 1989) based on the calculated log t i  keli hood and 

confidence limits of a given tree. Parsimony determines if there is a unique most 

parsimonious tree or will indicate if more than one tree of equal length was found. This 

indicates uncertainty in one or more branch points and a consensus tree can be 



constructed which redues such uncertainties to polytomies. Distance-based methods are 

generally much faster computafionaIly but produce only a single tree. 

One commonly employed significance test for these methods Is a bootstrap 

procedure (Felsenstein, 1985). A subsample of the data is selected by sampling 

nucleotide sites, with replacement, such that a particular site(s) may be selected more 

than once. A new tree is then constructed with this subsample of the data. This 

procedure is repeated numerous times (hundreds or thousands) and the frequency that 

nodes connecting particular taxa in the original tree occur in the resampled trees is 

recorded. This test is a measure of the consistency of the data across the entire region 

sequenced. 

Among the three common approaches described, maximum likelihood has the 

fewest inherent assumptions concerning the model of substitution and appears to perform 

consistently among the best (Huelsenbeck and Hillis, 1990). Yet this method is 

computationally the most demanding and reconstruction with more than 15 taxa requires 

considerable computer time. One of the key assumptions in parsimony analysis is equal 

rates of variation among lineages. This condition is often violated in typical phylogenetic 

studies for a variety of reasons such as generation time, population structure or possibly 

even metabolic rate (Felsenstein, 1985; Pdumbi, 1992). Under such conditions an 

incorrect phylogeny may be recovered. Assumptions are also made in distance methods 

where a model of nucleotide substitution is required to calculate the distance matrix. The 

simplest model assumes an equal prabability of substitution among all four nudeotides 

(Jukes and Cantor, 1969). Kimu~a (1980) derived the two parameter model to calculate 



transitions and transversions separately. This is an important concept since it appears 

that transitions tend to occur more frequently yet the proportion of transitions often 

decreases with time. This can be explained by the fact that a transversion will remove 

any trace of a previous transition at the same site while a transition at a site where a 

transversion has previously occurred will appear to be due to a single transversion 

@eSalle et al., 1957). Thus over time, as the likelihood of multiple mutations at a single 

site becomes significant, transversions will mask a proportion of transitions and thus 

underestimate the actual number of mutations that has occurred. Tamura and Nei (1 993) 

noticed that the pattern of substitutions in human and chimpanzee control region 

sequence data followed a gamma distribution and derived a method where all types of 

substitutions are considered separately. This method offers an advantage by being less 

sensitive than other distance methods to nucleotide composition. Basic parsimony 

m d y ~ i ~  is also sensitive to base composition and recently another approach has been 

developed which calculates differences among taxa as the log of determinants of a matrix 

(Lockhart et al., 1994; Steel, 1993). Again this method, referred to as logDet, has been 

demonstrated to be insensitive to nudeotide composition bias among taxa and recovered 

the correct tree when other methods failed (Jenniin et al., 1994a; Jermiin et a1 , 1994b; 

Lockhart et al., 1994). Methods of phylogenetic inference based on molecular data are 

relatively new and improvements will no doubt continue to appear in the literature. For 

the time being, the most satisfactory approach to dealing with such uncertainties among 

phylogenetic reconstruction methods is to demonstrate agreement or congruence among 

various methods. 



A phylogenetic analysis was undertaken utilizing partial DNA sequences of two 

mitochondrid genes; 870 nuckotides of the cytochrome oxidase subunit 1 (COI) and 350 

nuckotides of the large ribosomal RNA subunit (IrRNA) were obtained from 16 species 

of sea cucumber from the eastern Pacific (Table 1). Included are most Pacific members of 

the genus, Czcumaria, with representative species from five other families in two ixders, 

Dendrochirotida and Aspidochirotida. This molecular analysis primarily focuses on 

recent evolution within the Cucumariidae a d  examines a number of specific taxonomic 

and phylogenetic questions concerning these Pacific sea cucumbers. Members of other 

families were obtained opportunistically in order to a) provide a range of potential 

outgroups, b) examine the suitability of COI and lrRNA a .  suprafamilial indicator 

sequences, and c) provide a framework for fkture molecular phylogenetic studies. 

Materials and Methods 

~oI~ec2zon and~&nhj?catiun 

Specimens were collected subtidally by SCUBA diving or dredge, or intertidally 

by hand. Most species were collected along the west coast of North America from 

southeast Alaska to Baja California, with the exception of Pseudoenus californicus, which 

was collected from the Gulf of California (Table 1). Upon collection, specimens were 

cleaned in sea water, immediately frozen on dry ice, and subsequently stored at -70'~. 







bromide (CTAB), and incubated for a furha twenty minutes a( 6 5 ' ~  Mta two find 

fallowed by & m d m  at 13808 RPM for 20 minutes in a miaocen~iuge: fhe! I I N A  

pellet was rinsed with 500 mL af70?6 ethaPid, a i r 4 e d  and r-ded in tW uf - dl fp 

buffer (10 mM Tris-Ha, pH 7 5 1  mM EDTA) 



Rnr@Ificaf~cm P ~ t m r - ~  

Amplification of specific mitochondria] DNA fragments was accomplished by 

designing mserued primers (Kocher et a1 . 1989) based on published sea urchin and sea 

srar sequence data C b d s  et al 1988, Smith et d. 1993). All primers used in this study 

were s p k s i z e d  by the Institute sf Molecular Biology and Biochemistry (MBB), at 

Simon Eraser Crsniversit)r {Table 21 The first set of primers, which span the 3' end ofthe 

OrRXA gene md the 5"third of the COX _gene_ were previously used to demonstrate a 

shred gene order between the echinoid and holohuroid dasses (Smith et al., f 993). The 

s a d ,  mertapping fimer set amplified the middle region of the COX gene* resulting in a 

data set of 350 nuclmides ofthe IrWA gene and 870 nucleotides of the COI gene. 

N"K Ifny7Irficrr;c1m 

ORe hundred rranogrms oftempIate D M  and 25 picumdes of each primer were 

pf!it~ed in a r e d m  mixture using either -4mpliq (Perkin-Elmer, Nopwafk, CT), or 

UOtratherm (Ecf ipse Bialogkds through Biocan Scientific. ,Mssis- ON) thermal- 

sable DNA plymerase acccwdtin~ to the manuf"mersi specifications with a covering 

Iqa ofminerd oif awf h$d mice mail ;he thema? cycler had. reached denamation 

l m p m f e  me amflffidm profile was as fallows: An initial cycle of 95OC for 60 

fcaf9md by a final cyde widh a 10 minute exaen~ion time. 



Primer feqttence 5'-3" Mitochondria1 Map 
~ o s i  tion1----- 

16% GKGAGAAGACCCTGTGGAGC 5297-53 17 

16% ACTI"A6ATAGAAACTGACCTG 5710-5687 
Map position refers to the complete mitochondria1 genome sequence of the sea urchin, 

S. purpurafus, (Jacobs, et al., 1988). 



Froduct Pz1rt$cation 

Amplified products were electrophoresed on 1% agarose gels in a Tris-acetate- 

EDTA buffer ( lX TAE ) containing 50 nglml ethidium bromide. Product bands, 

visualized at 365 nm wavelength, were excised with a razor blade. These agarose plugs 

were placed in micro-centrifuge spin columns. A minimal amount of siliconized glass 

wool was packed into the tip of the lower half of a 1 ml pipette tip. A 0.5 ml 

microcentrifbge tube with a hole punctured in the bottom served to hold the tip and was 

placed in a 1.5 ml tube to collect flow-through containing DNA. The tubes were 

centrifuged for 15 minutes at 5000 RPM and the column was discarded, leaving the DNA 

in the 1.5 ml tube. Product concentrations were estimated by agarose electrophoresis in 

gels containing DNA standards of known %ass. If necessary, PCR products were 

precipitated and resuspended to achieve optimal concentration for DNA sequencing. 

Cb??ing 

Direct sequencing of the 16s-COI PCR products was not always possible. In 

such cases the PCR products were cloned into the Smal restriction enzyme site of 

pUC 1 8 according to the TIA cfoning protocol (Marchuk et al. 1991). A minimum of 3 

clones were sequenced in order to eliminate my nucleotide sequence errors due to 

amplification or doning (S& et d., 1988; Tinrtdl and Kunkell, 1988; Kheovang and 

Thilly, 1 989). 





Figure 1.  Aligned nucleotide sequence of the 3' terminal lrRNA gene fragment from 14 

species of sea cucumber. Capital letters in bold type indicate sites used for phylogenetic 

analysis, except for the 3' ATG of each sequence which represents the initiation codon of 

the COI gene; lower case letters refer to sites of ambiguous alignment which were 

excluded from the analysis. Original alignment was produced by CLUSTAL V Wggins et 

al., 1993) with a transition1 transversion ratio of 2.0, final alignment was done manually 

@SEE, Cabot and Beckenbach, 1989). Dots indicate nucleotide identity. C .cura, 

Cucumaria curata; C. lubr-s, C. lubriccz-subtidal specimen; Po. ast, Pseudocnus 

astigmatus; C. lubr-i, C. lubrica-intertidal specimen; C.pipe, C. piperata; C.mini, C. 

mitziata; C. pseu, C. pseudocurata; Po.ca2, Pseudocms cal~ornicus; E. quin, Eupentacta 

qz~inpesemita; Pelis, Pentamera lissoplaca; Pxhit, Psolus chitonoides; Ps. mol, 

Pseudostichopus mollis; Pa.cal, Parastichops cal~orniicus; Pa.par, Parastichopus 

parvimensis. 
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that many methods of phylogenetic reconstruction may be unsuitable when directed 

mutation pressure results in nucleotide composition bias (Jermiin et al., 1994a, 1994b; 

Lockhart et al., 1994). Therefore, several methods of phylogenetic reconstruction were 

utilized. The distance method of Tamura and Nei (1993), which takes into account 

differing nucleotide frequencies and substitution rates, was used with the neighbor-joining 

tree building method (Saitou and Nei, 1987) in the computer program package Molecular 

Evolutionary Genetic Analysis (MEGA) (Kumar et al., 1993). The maximum likelihood 

method (Felsenstein, 1981) using DNAML in Phylip 3.5 (Felsenstein, 1993), the 

maximum parsimony method using PAUP (Swofford, 1993), and a new method based on 

the determinants of a divergence matrix (Steel, 1993) (logDet) were also utilized. In cases 

involving irregular nucleotide composition, logDet has been shown to recover the correct 

tree when other methods have failed to do so (Lockhart et al., 1994). The 1ogDet 

transformation was utilized in Splitstree (Huson and Wetzel, 1994), a computer program 

which allows differing portions of a tree to be represented by separate graphs and is 

thereby less constraining in cases of unequal rates of substitution or unique nucleotide 

composition among lineages. 



Results 

PCR products 

The amplified mitochondrial DNA products from all the sea cucumbers contained 

3' terminal regions of the lrRNA gene and the 5' half of the COI genes. The overall length 

of amplified products, as verified by DNA sequence analyses, varied between 1364 

nucleotides (nt) (Cucumaria piperata, C. pallida) and 15 1 5 nt (Parustichopzrs 

parvimensis) (Table 1). Except for a 6 nt (two codon) insertion in the COI sequence of 

Eupentacta and Pentamera, and minor insertionsldeletions in the IrRNA gene sequences, 

this length variation mapped to a highly variable region directly upstream of the COI 

initiation codon and represents either terminal lrRNA gene sequence or unassigned 

sequence, UAS, (Figure I). All of the large ribosomal genes contained nucleotide blocks 

that are identical to DNA segments close to the 3' end of the IrRNA gene of Ilrosophilc~ 

D. yakuba 3'-terminal block represents the last highly conserved block among the sea 

cucumber sequences. Nonetheless, the exact 3' termini of individual sea cucumber 

mitochondria1 lrRNA genes could not be assigned with certainty. The complete DNA 

sequences ofthe amplified fragments have been submitted to the Genbank data base 

(Accession Nos. U3 1901,U32210-U32221, U32 198 and U32199). 



Sequence Analysis of the PCR Fragments 

Cytochrome oxidase I sequence. 

The identity of the COI gene sequences was determined by similarity of the 

peptide sequence to the COI gene of the sea urchin, Stron~locentrotuspurpuratus 

(Jacobs et al. 1988). The resulting amino acid sequences of the sea cucumber COI 

fragment are aligned in Figure 2. All COI genes are assigned ATG as the initiation codon. 

Both Eupeniacta quinquesemiia and Peniamera lissoplaca COI genes contain a two amino 

acid insertion following the initiation codon (Figure 2). The amino acid sequences of both 

species of Parastichops were identical and the species pair C. pseudocuratalC. vegae 

share identity with C. miniata. The number of amino acid differences within the 

Cucumariidae ranges from 1 to 8 between species with the maximal difference (8) between 

Pseudocnus califorticus and the members of the genus Cucumaria. There are only two 

comparisons between families and orders show differences ranging from 1 1 to 3 1 amino 

acids. 

A detailed analysis of base composition was undertaken in order to assess 

patterns of change and examine the validity of assumptions used in phylogenetic 

reconstruction. The GC content of the sea cucumber COI gene fragments ranged from a 

low of 34.7% in Pseudosfichopus mollis to a high of 43.5% in C. miniata, with an average 

of 42%. As reported for numerous organisms, including a number of other echinoderms 

(Jacobs et al., 1988, Asakawa et al., 1991, Cantatore ct al. 1989), the proportion of 

guanine (G) in the third codon position was low; 6-12% (Table 3), with a corresponding 



Figure 2. Inferred amino acid sequences for the sea cucumber C01 gene fragments. Species 

designations are as given in the legend to Figure 1 with the addition of Clzrcz~mmiapailida, 

abbreviated as Cpall. The inferred amino acid sequence of the C. Izibrica-s C 0 1  gene fragment is 

identical to C. curata, and those of C. pseudomrata and C. vegae (abbleviated C.vega elsewhere) 

are identical to C. minzata and are not shown. E.quin and Pe.lis have a putative 2 amino acid 

insertion (IN) at codon positions 2-3. Dots indicate amino acid idcntity. 
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increase in adenine (Ape an average of 47%. It is of interest that the echinoderm mtDNA 

genetic code utilizes only ATG for methionine and AAG for Iysine. This bias against G 

therefore appears even stronger when one examines four-fold degenerate sites only (Table 

3). This is most evident fur the two species Psetidocr~t~s caI~fortfict~s and 

Pseudostichops mollzs where G was not recorded at any four-fold degenerate sites. For 

Pseudocm~s califomiais, a bias against thymine (T) at degenerate sites was also apparent 

where the frequency of T was 8.7%. resulting in 70.6% of such sites being occupied by 

A. Pse~~dostichopuopu molli.~ shows a similar bias against cytosine (C) where a frequency of 

8.1% was observed. The bias against G is reflected in observed pairwise substitution 

comparisons, where the vast majority of transversions do not involve G. Nearly all 

&served pairwise transversions were ANT or AwC while THC changes are 

predominant among transitions. In only two pairwise comparisons does the A-G 

transition change exceed T M  changes and both involve closely re'tated species. The first 

case is the comparison be%ween Pserfdocms astigmatzis versus ( : If~hricci-i in which the 

COI comparison shows only two nucleotide changes, one a transition and the second a 

apanmersion. The second case is the paimise comparison between C pst.zidc~ctrratu and 

C- t q p e  where there are 13 A-G and w e n  THC transitions and a single A-T 

transversion. 

The effect ofthe bias against G is further reflected in the d o n  usage in the COI 

sequence. The summsd d m  usage of 16 sea cucumber COI gene fragments is shown in 



TabIe 4. There are 8 codons for serine (AGN and TCN). In the 16 sea cucumber COI 

fragments there are 299 serines. Of these there is a 2: 1 usage of TCN vs. AGN codons 

(201 :98). In third positions of serine codons there is a 30: 1 ratio favoring third position 

A over G (only 6 of the 299 serine codons end in G) while T and C were approximately 

three fold less common than A. Six leucine codons are utilized a total of 592 times among 

gene fragments from the 16 species where A is 4-5 times more common than C or T and 

I I times more common than 6. In the 4 member codon families, the third position is 

preferentially occupied by A (920 codons) over C (361 codons) over T (353 codons) over 

G (79 codons). Only in the case of glycine codons is the frequency of G in the third 

position not the lowest while A is still by far the most common (3 16/461). 

The aligned variable sites in the Cucumariidae COI gene fragment are shown in 

Figure 3. In that alignment we have included two putative C. lubrica as discussed, and 

two species of Pseudoc~ms, the recently reclassified P. astignzatus (Lambert, 1990) and 

were variable. Pairwise comparisons of Tamura-Nei distance estimates ax-3 given in Table 

5. 

Transitiodtranmersion ratios ranged fiom a high of 20.0 for the 21 nucleotide 

changes between the closely related C. pseuhmrata/C. vegcie pair, to 0.64 for the 146 nt 

changes between Eupentacta and C. miniata. The C. Zubrica-s/C. curata were the most 

similar with only 7 changes in 867 nucleotides examined. Despite this high similarity, the 

transitions to transversion ratio for this pair was only 1.3. In Table 6, the pairwise 

species comparisons in which the transition to transversion ratio exceeded 2.0 are listed. 



Table 4. Overall codon usuage for the 870 nucleotide C 0 1  gene fragments from 16 sea 
cucumber species. 

F TTT 185 

F TTC 180 

LTTA 135 

LTTG 4 

L CTT 149 

LCTC 79 

L CTA 215 

LCTG 10 

IATT 136 

IATC 86 

I ATA 289 

M ATG* 241 

VGTT 81 

VGTC 39 

V GTA 105 

VGTG 11 

STCT 37 

STCC 48 

STCA 111 

STCG 5 

PCCT 83 

PCCC 71 

PCCA 115 

PCCG 3 

TACT 50 

TACC 45 

T ACA 149 

TACG 6 

AGCT 67 

AGCC 158 

AGCA 167 

AGCG 6 

Y TAT 45 

Y TAC 67 

#TAA 0 

#TAG 0 

HCAT 32 

HCAC 96 

QCAA 62 

QCAG 1 

NAAT 18 

NAAC 57 

N AAA 144 

KAAG 32 

DGAT 36 

D GAC 109 

EGAA 61 

EGAG 3 

CTGT 0 

CTGC 0 

WTGA 121 

WTGG 7 

RCGT 4 

RCGC 18 

RCGA 68 

RCGG 6 

SAGT 9 

SAGC 17 

SAGA 71 

SAGG 1 

GGGT 68 

GGGC 30 

GGGA 316 

GGGG 47 

* excluding initiation codons 



Figure 3. Alignment of the variable nucleotide sites of the COI gene fragment from ten 

Cucumariidae species. The nucleotide position of the variable sites is indicated over the 

sequence. Dots indicate nucleotide identity. Species designations as given in the legend 

to Figure I .  
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Table 6. Pairwise species comparisons of  C 0 1  gene fragments with 
transitiodtransversion rctios greater than 2.00 

Species SN D 

(# changed870) 

C. curatalp. astipatus 2.14 66 

C. curata/C. lubrica-i 2.09 68 

C. lubrica-slPseudocms astigmatus 

C. Izrbrica -SIC. lubrica-i 

C. palIida/C. pseudocurata 

C. pallida/C. vegae 

C minist&. pseudccurata 

C. miniatdc. vegae 3.94 84 

C. pseudocurataC vegae 20.00 2 1 

Parastichopus californicusP. parvimensis 3 2 2  3 8 



Large Rzbosomal RNA Gene Sequence 

The nucleotide composition of the irRNA gene fragment for fourteen sea 

cucumbers representing two orders and six families are shown in Table 7. The complete 

sequence of the fragments amplified are shown in Figure 1, where the regions aligned for 

phylogenetic analyses are indicated. Painvise comparisons of aligned sequences show 

that transition to transversion ratios are less than 2 for all comparisons except for the 

following instances: between the Parastichopus species (4 transitions and no 

transversions), between Parastichopus calfornicus or Parastichopus parvimernis and 

PsoIus (transition to transversion ratios of 2.3 and 2.2 respectively), and between 

Pseudostichopus mollis and C. miniata (ratio = 2.2). In the pairwise comparisons AurI' 

transversions always exceed A u C  changes except in the C. miniatn/C:. lzibricn 

comparison where there is a single A w T  and 3 A u C  transversion events. 

Patterns of Nucleotide Substitution 

For the COI gene, the observed directional mutation pressure results in a restricted 

substitution pattern where CHT transitions and transversions involving A predominate. 

A similar pattern is seen in the lrRNA gene where AHG transitions are only half as 

common as C#T events and transversions involving A occur 12 times more frequently 

than those involving G. 



Table 7. Nuclecltide base composition of the aligned portions of the sea cucumber lrRNA 
gene fragments 

A T C G Length 

(lucumaria curata 32.2 25.7 20.6 21.5 3 54 

C. rniniata 31.2 24.9 22.4 21.5 353 

C. psezrdocurata 31.1 26.3 20.9 21.8 3 54 

Pseudocnus californiczrs 32.1 23.9 22.0 22.0 355 

Ezrpentacta yuinyztesemita 33.3 27.7 19.0 19.9 3 57 

Pentamera lissoplaca 34.4 26.8 17.9 20.9 358 

Psohs chitonoides 34.0 25.6 20.5 19.9 3 56 

Pseudostichopus m o l k  34.7 26.3 17.8 21.2 3 54 

Parastichopus californiczrs 3 0.5 24.6 20.7 24.1 357 

Parastichopus purvimensis 30.3 24.1 2 1.3 24.4 357 

Average 32.4 25.6 20.4 21.6 

All values in per cent (%) except 
total fragment length (in nucleotides) 



MoZecziZar Phylogeny and Systematics of the Czrmmariidae 

Prior to the molecular phyiogenetic analysis of the family Cucumariidae 

using the COI nucleotide sequence, the intraspecific DNA polymorphism in that gene 

was assessed. DNA fragments containing COI gene sequence were amplified from 23 

individual C. pseudocwata and six C. miniata. A 630 nt fragment of the gene from (: 

pseudocurata, mapping between codons 23 1 and 443 of the 5'. pzupzrratrrs gene (Jacobs el 

a2 , 1988), was sequenced as was a 657 nt fragment from C. miniatu (S. p~irpwalus 

codons 225-446). The DNA sequence of the 23 C. pseudocriraia COI fragments fell into 

9 haplotypes, while the C. miniata sequence fell into 4 haplotypes. The Tamura-Nei 

distance estimates between C. psezrdocurata haplotypes ranged fiom 0.16% to I .  13% 

while that between C. miniata haplotypes ranged from 0.1 5% to 0.6 1 %. Distance 

estimates between the two species varied from 10.8-12.2%, while a value of I 1 2% was 

obtained from the fragments used for phylogenetic analysis, indicating that the rate of 

divergence does not vary significantly between regions of the COI gene fragments used. 

In additicn. two E. quinquesemila specimens were collected and compared; one from 

northern Baj a California, Mexico and one from Barkley Sound, Canada. These geographic 

isolates were of particular interest since the former possesses red-coloured tubefeet as 

opposed to the cream white tubefeet of northern specimens. The two specimens differed 

by 0.3% (two transitions: THC and A e G ;  and one A e C  transversion) in the 870 

nuc1eotiJes of COI sequence, a level of difference in the range noted between (I: minim 

individuals. 



The phylogenetic analysis of the Cucwnariidae utilized three species; Ez~penfacta 

pinpesemitu, Peniamera Z~sfophca, and P x h s  cki~u~zoidef, belonging to three different 

families in the same order as the Cucumariidae, the Dendrochirotida, as outgroups. The 

close relationships between the C. curata C. lubrica-s pair and the C. firbrica-i P. 

astiputus pair can be seen in the trees in Figure 4. Also evident in these trees is the fact 

t h t  the two Psezidmnznzis species clearly do not fom a monop'nyktic group. All four 

methods used consistentty place P- asfigmaftis in a paraphyletic arrangement within the 

Cucumuriu (Figure 4A-D). 

An examination of the type specimen of C. lubricu Clark, 1901 (MCZ #202) 

indicated that the intertidal C. hbrica most closely matched the original description 

(Clark, 1 90 2 )  with lobed 4-holed button ossicles and some pine me-shaped ossicles 

(Figure 5 D,E). Clark stated only that C. hbrica was collected in Puget Sound, with no 

indication of depth. These types of ossicles are also found in Pseztdmtzus miigma2us 

(Figure 5C). These two species exhibit GO1 gene nucleotide identity of W.8%, well 

wi*in the range of estimates of irrtraspecific variation for C. psetrdmratu (0.16-1.13%). 

Similarly, C cira?a from Pacific Grove exhibits 99.2?4 C01 sequence identity with the 

seen in interpopulation comparisons of C. pse~doczira?~. Both C curata and C. lubdca-s 

possess the same kind of s m d  4-bdd b ~ o n  ossicles (Figire 5 &B). 

Due to the G bias disemsed above, it is possible that 3rd d o n  positions are 

saturated for some cmparisons even within the genus Cticumcxnu and simple parsimony 

anaZyses w d d  not r e f l a  multiple changes at nudeotide sites. Analysis of 1st and 2nd 

d o n  p o s i h ~ s  d y ,  resuhed in a branch and b m d  parsimony bee with ooe minor 







Figure 5. Comparison of calcareous ossicle morphology of brooding sea cucumber species. All 

ossicfes were obtained from the middorsal region Scale bar equals 100 pm. A, IP Itrbrrcu-s, 

Vicbriq B-C.; B, C. curata, Pacific Grove, CA; C, P. astzgmafz~s~ Smke, B.C ; D, C'. hibricn-I, 

Vimria, B.C.; E, C. fubricaf cotype, Puget Sound, W k  
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difference; placement of C. piperata next to the C. miniatm'C. paf/ida pair rather than next 

to the C. curataK. /uftrzca clade (not shown). 

Phylogeny of HoZothzrroid~ at the Family Level 

Our preliminary analyses of painvise comparisons of the COI gene fragment at 

the nucleotide level demonstrated that at the family level and above, most variable sites 

were saturated for change and, consequently, were of limited utility at such levels. Two 

distinct approaches were used to ascertain relationships among the sea cucumber families 

The lrRNA gene sequences were aligned and those positions for which unambiguous 

alignment could be determined were used in maximum likelihood and bootstrapped 

parsimony estimates of sea cucumber phylogeny. For the maximum likelihood estimates, 

the Kishino-Hasegawa statistical test (1989) of user-defined trees was utilized to estimate 

the likelihood of alternative tree topologies. 

Both maximum likelihood and bootstrap parsimony approaches mentioned abovc 

yielded congruent results. The best-fit DNA maximum likelihood estimate from 3037 

trees examined for the aligned lrDNA sequences is shown in Figure 6. In that Figure are 

shown the confidence limits for the nodes from 200 bootstrap parsimony replicates 

Several alternative tree topologies were assessed with the user tree option. The 

movement of Psolus chifonoides to the edge leading to the Ye~~tamerdEupenlucfa clade 

does not result in a statistically significmt log likelihood difference. This demonstrates 

the ambiguity in the placement of the Psolidae. Of particular interest is the relationship 

between P. Zissopfaca and E guiwpesemita, which are currently assigned to different 



Figure 6. Maximum Likelihood phylogeny based on the nucleotide sequence of the sea cucumber 

3'-terminal IrRNA gene fragment. 3037 trees were examined. Decimal values indicate branch 

lengths whlle those in brackets with arrowheads refer to percent bootstrap confidence levels from 

206 replicates. Species designations as in the legend to Figure 1 .  
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families. The distmce estimate of 4.1 1% is very similar to the intrafamilial comparison of 

C. miniuiu and C. lubrzca (3.5%) and no other interfamilid comparisons have a value less 

than 100/0. 

Discussion 

Phylqqenetic AmAnalyses 

DNA sequences of the PCR amplification products corresponding to portions of 

the COL and lrRNA genes revealed the presence of length variation among the taxa 

examined. This variation was localized to the 3' end of the lrRNA gene and represents 

either unique 3' tennid sequence in the lrRNA or variable length unassigned sequence. 

Direct RNA sequence analysis to confirm the precise 3' termini could provide insight into 

these two possibilities. 

Both Eupenfata tpinquesemita and Pentamera lissophca exhibited an insertion of 

six nuclddes  (ATCAAC) corresponding to a two amino acid insertion (IN) between 

codons two and three of the C01 gene. The initial four codons of all other species are 

MFXLN, with a consensus sequence of ATGAAACTAAAC. The insertion may 

represent duplication of either the first two, or the third and fourth, d o n s  with 

subsequent nucleotide divergence. Either ofthese possibilities would require two 

&ms~ersims to produce ATCAAC seen in bath E. piquesemila and P. lissopfaca. 



Similar patterns of nucleotide frequency and substitutions were observed in both 

the irKNA and COT gene sequences. Although G accounted for 2 1.6 % and 16.9 % of 

sites, respectively, CHT transitions were far more common t h x ~  AwG transitions and 

transversions involving G were less than one tenth as common as those involving .4. 

Particularly illustrative is the extreme bias against G at four-fold degenerate sites of the 

COI gene fragment where G accounts for 4.3 % of such sites. It therefore appears that 

directional mutational pressure against G has been exerted on both protein coding and 

RNA genes and may be a strand-specific effect as suggested (Osawa et a1 ., 1992, 

Asakawa et al., 1991; W. K. Thomas, pers. commun.). Since Neighbor-Joining with the 

Tamura-Nei distance method (Tamura and Nei, 1993), maximum likelihood (Felsenstein, 

1993) and Splitstree (Huson and Wetzel, 1994) using a logDet transformation (Lockart et 

al, 1994; Steel, f 993) produced congruent phylogenetic trees, it was concluded that the 

analysis has adequately compensated for mu~ational bias. Further analysis, particularly 

of nuclear loci would clearly strengthen the phylogenetic conclusions presented. 

Phylogenetic analysis of the Cucumariidae clarified several controversial points 

concerning the taxonomy of this group. COI gene sequence analysis demonstrated that f'. 

asfigmatus and the intertidal C. kubrica specimen exhibit a level of similarity (99.8%) 

well within the estimates of intra-specific variation for another brooding species, C. 

p d m r a f s r  (d = 0.0-1.13%)- Examination of ossicle morphology also indicated that 

these two specimens were indistinguishable (Figure 5 C,D) and most closely matched the 

original description of C. hrbrica Clark, 1901 (Figure 5E). Thus both morphololJica1 and 



mtDNA evidence provide strong support that these two species are synonymous. This 

species synonymy could also resolve the apparent paraphyly in the genus Cucumaria 

(Figures 4). The recent revision of Cucmariafisheri astigmatus to Pseudocnus 

Cambert, 1990) may therefore have been incorrect. The genus Pseudocnus is described 

as having an outer layer of pine cone-shaped ossicles supported by a layer of plates 

(Panning 1962). P. astigmatus has pine cone ossicles only in clusters around the podia. 

Molecular evidence suggests that the mere presence of pine cone ossicles was not 

sufficient to warrant the placement in the Pseudocnus genus. Such an example 

demonstrates the difficulty of determining true synapomorphic traits that signifL close 

relationships. 

The evidence from morphology and mtDNA strongly suggest that the black 

subtidal species that is usually referred to as C. lubrica may well be conspecific with the 

earlier described C. czirafa. Although C. curata has only been unequivocally reported 

intertidally from the Monterey CA area, further characterization is required to determine 

whether this variation in habitat utilization represents a local adaptation or is more 

widespread. A detailed survey of both subtidal and intertidal populations along the coast 

of North America could clarifj. our understanding of how such differing populations or 

species arose. 

This analysis also demonstrated that C. curafa and C. pseudocz~rafa display 

nucleotide distances sufficient to support distinct species status (COI: d=15%), as argued 

by Larnbert (1985) based on ossicle morphology, and do not represent geographical 

variants of a single species as Rutherford (1977a) concluded. In fact, the rntDNA data 



indicate that C. psezrdocurata is much more closely related to the more northerly 

distributed species C. vegae, with a distance estimate (d=2.5%) approximately twice that 

of intraspecific values (d=O. 16- 1.13%). A discussion regarding the separate status and 

geographic partitioning of these two closely related species is presented in Chapter Two 

If these congeners in fact represent geographic variants of a single species, C: vegc7e Theel, 

1886, is the senior synonym. 

The results also support the recent species designation oE C. pallidn (Kirkendale 

and Lambert, 1995) as distinct from C. miniata, which it closely resembles. The 

comparison of C. pallitia to C. miniata resulted in a distance estimate of 5.1%, an order of 

magnitude greater than intraspecific C. miniata estimates (d=O. 1-0.6%). 

As discussed above, despite the similar size, reproductive biology, habitat, and 

overall appearance of C. curata and C. pse~doczirata, both mtDNA and ossicle form 

suggest these species are quite distinct and, in fact, indicates a considerable degree of 

convergence. Assuming the planktonic larvae of C. plperata, C. miniata and C. pullida 

represent a more primitive condition, it appears that brooding has arisen in at least two 

separate lineages within the Cucurnariidae (Figure 4B). 

Analysis of unambiguously aligned IrRNA gene sequence demonstrated a suitable 

level of variation for phylogenetic analysis, both among genera and among families. 

Notwithstanding the difficulties of alignment of the ribosomal gene sequences, the IrRNA 

gene comparisons appear to be more useful at these levels than those using the COI gene 

due to the lower level of observed divergence. The resultant trees are iargely supportive 

of currently accepted classification. Based on fossil evidence from the late Cretaceous, 



Gilliland (1992) has proposed a recent shared ancestry for the Sclerodactylidae, the 

Phyllophoridae and the Cucumariidae. The lrRNA gene sequence data support a close 

relationship between the Sclerodactylidae (E. quinquesemzta) and the Phyllophoridae (P. 

lissoplaca) (Figure 6) and in fact calls into question the separation of these two species 

into separate families. A primary discriminating character for these families is the form of 

the calcareous esophageal ring. Elements of the ring are formed from a mosaic of minute 

pieces in the Phyllophoridae while they are not formed from minute pieces in the 

Sclerodactylidae. Examination of additional species is necessary to determine whether 

such differences warrant separate family status. Uur results clearly indicate an earlier 

separation of the Sclerodactylidae/Phyllophoridae and the Cucumariidae lineages. 

However, the suggested monophyly of these families is not strongly supported by our 

data. This is due to the ambiguous placement of h e  Psolidae (Figure 6) resulting in an 

unresolved branching order among these families. This may be somewhat surprising 

owing to the presumed appearance of psolid fossils in the Triassic (see Gilliland 1992), 

well before any evidence of the other groups. Our analysis may be reconciled with fossil 

evidence in one of several ways: First, the Sclerodactylidae/Phyllophoridae, 

Cucumariidae and Psolidae lineages may be of approximately equal age but the 

macroscopic calcareous plates of the Psolidae may have had a much greater probability of 

fossilization and hence an apparent earlier origin. Second, the macroscopic plates of the 

PsoIidae may be a secondary acquisition, with the origin of this family being later than the 

first appearance of such presumed ancestral plates. Finally, bias may have been 

introduced by the limited number of species and sequences sampled. Examination of 



other species in these families, as well as the inclusion of additional, more slowly evolving 

loci, are needed to resolve these questions. 

The present study has demonstrated the utility of molecular analysis in light of 

morphologicat evidence, particularly in systems such as the Holothuroidea where simple 

form and poor fossilization have prevented complete elucidation of evolutionary history. 

Phylogenetic analysis of the COI and frRNA genes has provided information at both the 

genus and family levels which will hopefully serve as a foundation for further molecular 

analysis of this class. 



CuaPTER I3 

Genetic Diversity and Population Structure 

of Sea Cucumber Species with DifFering Modes of Development 

Minor genetic differences arise by mutation within and among populations and 

Darwin (1 859) was one of the first to note the importance of intrapopufation diversity in 

the process of speciation. However. these new forms or alleles are initially rare and are 

therefore usually lost in the stochastic sampling of gametes over time. OccasionaHy, such 

forms increase in frequency in populations of finite size, either by chance or due to some 

selective advantage of the new allele and, on a local scale, may replace the ancestral form, 

&us establishing a unique local population. Conversely, migration or dispersal of 

individuals or gametes with shequirt  succe-ssfil participation in reproduction, refened 

EO as gene flow, will oppose such l d  differentiation through tbe random mixing of alleles 

from differing local paputations. The level of gene flow is thus responsible for the scale 

at: which populations raadomfy mix- Baniers to gene flow will result in isolation o f l d  

and lead to geographic differences or structuring ufpop&atims. Stakin 

( 1  987) has described gene fluw as being buth a creative and constraining f ~ c e  in the 

generation of n d  genedc; forms or evdllltion- The most obvious consequence uf 



s i w g & f i ~ t  gene B m  is in miting tocat ppdarirwrs Under such condirians, immigrants 

&ancestral w parental dldm since these are by far the 

inter-mixim will likels maintain similar Jide fqumcies 

i w  1634~4 ppdaficms, cw ng m e  musarid  even& aed reducing or d i m  inatins 

Emd &ects of 

may result in Iwd &W"mgi~aEaaim Gene lilw acts as a creative fwce when n m  el 

m t a g w s  J1dct.s are &Eishied in a popufabn and f;ubquatfy spread to nearby 

I d e s  The of such dfdes may be due to rare moveneat m m g  demcs. or as a 

rmff afthe removal of p i a m  baniim "fhis may occur, fix example, if a rise in mean 

Imd flooded a mrn i&rnus; a d  ccrinmxted two previously isdated marine 

a t i m  Gene flaw may also acr as a aeative force when me w a fw kdividuals 

cdakze new cs wmxupied Mia Uder favaurabte circumiitan@s, such a new 

ation may expand, aJIcnaifng s&antiaJ divergence ro accumulate rapidlv Chrcmgh 

&Qt withcrut, a r b d m  rn t d  pcrpuIa!ion size and has km referred to as the founder 

d m  [revkwtd En S&=, 1985) The IrJaifing balance t f ? ~  Qrwiw-d in f IartJ and 

id;uisn c d d  result in m d  ccanbi~tions of genes resulting 

p, gene flow from such tocai pgpulatians &:mid 

eqin3ibr5uns (re+~ew& in H i d  and C l d ,  

atwxwdd- ar, of d m  mating restores 



to detect any d e p m e  From random rnaung which m be expressed as an i n b i d i n g  

e-dent or fixation idex ,  F Wright (1951) incorporated these ideas into a hierarchical 

approach to assess departures from random panmictic mating. The first level assesses the 

average heterozygosiy of an individual relative to its subpopulation (Fls), the second 

a s s e s  the heteroqgsity of an individual relative to the total population (FIT), the 

third the heteroqgosiry of a subpopuiation relative to the totat population (FST). These 

Em& can be dated by he expressim Fs= (FrrFIs)+'(I -Frs)]. Commonly referred to as 

F stati~ics, these parameters are a standard means of assessing the geographic structure 

of populations 

In order to understand how these processes are operating in natural populations, a 

model of the pattern of migration is required The simplest model of migration is the 

Fisher-Wright i s h d  mod& A large population is assumed to be split into many discrete 

srrbppuiarims wilt q-id pmh"u3My ~frrrigdcin betweea id! s&se~s with the 

arkfitional assumptions of no mutation, no natural selection, and subpopulations 

sufficientIy numerous to negate? overall, the eff' of genetic drift. Wright (1 95 I) firther 

considered such a msdd in the context of finite population size allowing for genetic drift 

by dtawing 2N individuals to kpraduce infinite gmetes leading to 2N individuals in the 

next yeneration and &,tained an estimate ofthe fixation index F. in t m s  of the migration 

m, a d  the &&e papdadion size, N, where F = I/(4Nm+l j. this way, F 

statistics can be wed to ainain estimates of gene flow (Wm) on any given scale. Wright 

C 1P33) also ccrnsideeed thc case of organisms in which dispersal is considerably restricted. 

In &is case it is highly d & d y  that die assumption of equally probable ,,ldom mating 



among all individuals is satisfied. If mating occurs only between nearby groups or 

individuals, the probability of differentiation in the entire population increases and Wright 

(1943) referred to this concept as isolation by distance. In fact, parapatric speciation can 

develop without the presence of barriers to gene flow, as long as gene flow occurs only 

between adjacent populations, (Endler, 1973). The stepping stone model (Kimura and 

Weiss, 1964) was developed for a series of discrete populations with exchange only 

between adjacent populations and predicts spatial differentiation will arise. It therefore 

follows that species with limited dispersal capabilities will eventually develop differences 

among local populations 

Dispersal in Marine Imeriebrates 

Development in many marine species includes a pelagic feeding larval stage 

followed by settlement and metamorphosis into ii .: adult form (Strathmann, 1987) 

Fecundity in these organisms is commonly millic; . of eggs per female and therefore this 

pefagic form represents a potent means of dispersal for many marine organisms 

(Hedgecock, 1986) although to what extent this potential is realized remains controversial 

(Avise, 1994). 

In many cases, species have presumably undergone some change, possibly 

affecting d y  development or sertfement patterns, resulting in the Ioss of feeding 

hc t ions  or even loss of the entire pelagic phase. This loss would result in decreased 

dispersal and dm greater differentiation among populations due to local genetic drift and 

natmd selecdon. Changes w . h  as the loss of feeding in larvae are u s d l y  paralleled by an 



increase in egg size which would be a necessary replacement to the feeding mechanisms of 

nutrient acquisition, and may also result in greatly reduced times between fertilization and 

adult metamorphosis, (Strathmann, 1987). A common assumption is that as the length of 

the pelagic larval phase decreases, the dispersal potential of the organism decreases, and 

thus the degree of local differentiation increases (Crisp, 1978). Berger (1973) assessed 

dispersal in three gastropod species from the genus, Littorina and found that two species 

which lack pelagic Iarval forms showed higher levels of population differentiation than a 

congener possessing a pelagic larval stage. Janson (1987) also examined genetic 

differentiation using allozymes in populations of two Littorina species along the Swedish 

west coast and found a line; sAationship between geographic and genetic distance in L. 

scucatilis which lacks a pelagic form, compared to no such correlation in L. littorea which 

possesses a larval form. Ln a similar study, Campbell (1978) found strong differentiation 

among 12 populations of the gastropod (NnceNa) ZamelIosa along the mast of North 

America, a species which also lacks a pelagic larval phase. However, no clear correlation 

between divergence and geographic distance or with environmental factors was detected. 

Campbell (1978) suggested that random genetic drift among local populations appears to 

explain the genetic structure in this species. Therefore, sedentary species which lack 

pelagic larvae atmost always show significant diEerentiation on a small geographic scale 

(Bunon, 1 983; Jablonski, 1986). 

In contrast to this pattern of local differentiation in species with benthic 

development and limited motility, species which possess a pelagic larval phase, and thus 

a high &sped  potential, show a p a t  variability in the degree of genetic differentiation 



(Burton, 1983; Avise, 1994). Alloqme data (reviewed in Hedgecock, 1986) for certain 

Atlantic species exhibited significant differentiation among local populations, despite 

evidence of pelagic dispersal. Hornanis nmericams, the American 1 obster, possesses a 

pelagic larvae lasting two to eight weeks yet shows genetic differences between the Gulf 

of St. Lawrence and the Atlantic ocean (Tracy et al., 1975; reviewed in Avise, 1994) On 

the other hand, southwestern Pacific populations of the red rock lobster, .lams edwnru'si~, 

(Ovenden et al., 1992) or eastern Pacific populations of the sea urchin Strot~~lo~rt~trot~i~s 

pupratus (Palumbi and Wilson, 1 %O), exhibit a near absence of genetic variation over a 

range of thousands of kilometres. Thus the underlying causes of differentiation and 

speciation in marine species with high dispersal potential are only beginning to emerge 

and include selection due to local adaptation, changes in physical barriers, as well as the 

&ohtion of gamete interactions (Pdumbi, 1993). These results also reflect the strong 

influences that life history and habitat characteristics have on dispersaf capabilities 

(reviewed in Avise, 1994). 

Life History of Sh14 Species 

Cucumwirr mini& is a benthic filter feeding species occupying crevasses or 

burrowing under rocks for protection. Ofren the only visible or accessible part of the 

a@sm is the oral tentacles and upon setdement, is essential1 y a sessile organism. This 

species is  common in shallow waters with current flow but is known to occur to at least 

200 m in depth. Spawning oc;cxns in spring and eggs averaging 408 pm in diameter are 



positively buoyant. After fed lization, nodeeding f ecithotruphic larvae develop in 2 

days with the entire pelagic phase lasting up to 14 days. 

Cuezrrnariapsa~docuP~~~ is strictly an intertidal organism, occupying a zone from 

one to several feet above the mean low tide. This species is f w a d  on the exposed outer 

coast and occupies a series of microhabitats created by other organisms on rocky shores. 

The most common of these is among the byssd attachment threads of the mussel MysiZzrs 

c ~ f ~ r n i a m s ,  where the sea cucumbers often form dense aggregations against the rock. 

Other associations seen zre dense mas packed around the base of surf grass PhyZZospadix 

scmferi or similarly wi& codfine afp2 which offer less obvious protection fiom 

predators, but could tie important as a wave break. It is difficult to assess movement of 

adult individuals in their natural setting but specimens held on water tables would seek 

out some type of protection or ever and were capable of travdiing more than a metre in a 

10 hour period (pers. obs.). How far adults might move in a lifetime in their natural 

hubitat is rmdear but7 n o & b n d i n g  dispersal by stomq fikefy not more than a few 

metres. Spawning in this species mmrs between December and Febnrary. C. 

pstruIkxuraa eggs are 1 mm in &meter. F e d l i d o n  is  external yet the female does not 

retease frer eggs but instead broods the young embyrof u n d e m d  her M y  against the 

substrate for appraximatefy one month. B r d  size varies between I0 and > 100, 

acc~rding to female body mass (Ruthdord, 197%). The embryos then W h  and 

juveniles crawZ away. Due to the lack ofpda@c dispersal and the limited potential 

movement of adults, paplati0119 o f c  p s e e &  would be expected to exhibit some 



geographic structure since any break in the rocky shore habitat cwld present a substantial 

barrier to migratim and gene flow. 

The phylogenedc analysis presented in Chapter I demonstrated a close 

relationship between C. psez~abcuraia and its' northern sister species fT. w p e .  The 

distance estimate (2-596) based on the C01 gene fragment seqvmce was oni y twice that of 

the intraspecific estimates (up to 1.3%). Thus both the phyiogenetic tree topology and 

the shortness of branch lengths, relative to intraspecific estimates, raise some question as 

to the separate species status of these two organisms. 

C. vegae and C- pseztdoczrrata have been distinguished m the basis of 

geographical, ecdogical, aml maphdogical differences. The range occupied by (*. tlegtU?C 

atends northward of C. peudoetrrata, with an uncertain degree of overlap in central 

British Columbia, &mug$ to b e  Aleutian islands, (P Lambert, pers. commun ) C '. ttef:ue 

in dense groupings in cracks arid depressions of intertidal rock surfaces, without the 

typical faunal associadons of C. pseudocz~raza~ Calcareous ossicles from dorsal skin 

samples at so differ among the two species. "IPlose of rwgm are spectacle shaped rods 



attempt to analyze the genetic structure of sea cucumber populations, as a function of 

mode of development and fife history, along the west coast of North America and to 

examine the geographic structure and genetic distinction between the externally 

idistinpisttable brooding species, C. vegae and C. pseudoartrata. 

,Sianphg of Poptdaticm~ 

Populations were sampled at several locations dong the west mast of North 

America (Figure 7). In the case of the brooding species, all population samples were 

obtained from ex@ mer coast hxtions and are therefore referred to as C 

pscudocu~ata~ Specimens obtained from protected sites in Alaska were confirmed as C 

wgae specimens by P Lambat (pers. commun-) based on osside morphology and were 

induded in ifK phylogendc analysis. To sample C. pseudc~furafa ppulations, a transect 

was e~ablished passiq through presumed suitable habitat between one and five feet 

h e  the Om ti& refereace (Minister of Supply and Services, Government of Canada, 

1995) Five individuals were &en at rillfdom from a 100  cm2 quadrat at 10 m intervals 

almg the tramam up to a total of 30 times, if possible. It is worth noring that C 

~rraa occupies zt ~~ protected habitat created by h e r  species which 

mum &em be remoyed in oliderm gain aaess to the sea cuaunbersbers The above sampling 

stmtegy was utilized in &to minimize the impact of sampling on the ~ i~~~ounding  



Figure 7. Population sample site map. Sample locations for C mittiaiu are indicated by 
open boxes (0 ). Sample locations for C. pseudocz~raiu are indicated by closed circles (a). 
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community. Once obtained, specimens were placed in containers of sea water for 

nansport to the laboratory. On occasions when it was not possible to bring live animals 

back to the lab, specimens were placed immediately on dry ice at the field site. All 

specimens obtained from a particuiar location were subsequently placed in individual 

plastic tubes in a common storage box. Individual specimens were drawn at random from 

this pool for sequence analysis. 

C. miniata populations were sampled at Auke Bay, Alaska, Diana Island, B C , 

and Trinidad Head, California, with two smaller samples obtained at Vancouver B C and 

Bodega Bay, California (Figure 7). A transect was established by cmipass heading, and a 

piece of tissue was removed from an individual evey 10 m, if present, until a mini mum of 

30 specimens had been obtained. At Kirby Point on Diana Island, the transect line was 

laid intertidally between the zero and four foot level with reference to published tide 

tables @iii'Jster of $ripply 8r'id Semi=, ~v'eriiinefit of Cmada, 1395). This site is a 

cobble beach and sea cucumbers were obtained in the intertidal zone by overturning rocks 

A small piece of body wall including a fw tube feet was then removed from the organism 

using a scalpel and the sample was placed on dry ice as soon as possible In order to 

prevent cross contamination of samples, scalpel blades were used oniy once At the other 

c d l d m  sites, sampIes were obtained subtidally by SCUBA In these cases* a pair of 

needle m d  pfim was rrsed to remove a piax oforat terrtacle from a feeding individuat. 

Pliers were &en rinsed sctensivdy and Msd ly  inspected to ensure no tissue was still 

present prior ts taking the next sample.. Such a procedure was necessary since this 

species often d e s  in the rsradcs of large slabs of rock or bumws linderneattt large 



boulders, with the oral tentacles being the only exposed or visible portion of the organism. 

Populations were also sampled at Vancouver, B.C., and Bodega Bay, California, but only 

six and eight specimens, respectively, were recovered. 

In order to effectively examine genetic diversity at the population level, it was 

first necessary to identie a region of high nucieotide variability in the mtDNA genome of 

these sea cucumbers A strategy was developed based on published sea urchin mtDNA 

sequence (Jacobs et al. 1988) since previous work had demonstrated a conserved gene 

order b e e n  urchins and sea cucumbers (Smith et al., 1993). Studies with vertebrate 

species have demonstrated that the regions flanking the control region exhibit the highest 

levels of substitution obsenred and are suitable for population level studies (for example, 

Cann et id., 1984; J. Brown et al., 1993; Bowers et al., 1994; Stanley et al., 1996; T. Burg, 

pers- commun.). Althmgh much r e d u d  in size in sea urchins compared to vertebmtes, 

the control region appeared to be a region with the potentid for variation. In urchins this 

mail riomain is also flanked by a duster of tRNA genes. Since gene boundaries may also 

proaFide opportunities for hi& ram of subdtution, a characterization of this region in sea 

C W X U ~ ~  was u n m e n .  OligormcIeotide piimers were designed to anneal at a 

c~a~enred region at the 3" end ofthe dl ribosomal RNA (wRMA) gene and at tfie 

a-atkcwtbn loop a f s e u d  tRBtkA genes (Table 8)- The cambination of the sdWA gene 



TRANSFER RNA GENE ORDER PRIMERS 
P m R  

12Sb 
12SCUC 
UAS 1 
ALAC~ 
CYSc 
METBc 
NDlc 
TRP 
A6c 
VALC 
COI3 ' 
COB 'B 
CM21R 
CM2lRCc 
CMARG 
CM2 1RC2c 
CM2 IRC3c 

GATCGAGGTGCAGCTAATAAG 708-728 of S. plrrplrrufus' 
ATGTACCGGAAGGTGCCTC 3' End of srRNA Gene 
GATCCTTGAGTACCATCC 360-377: C ~ S ~ R N A - N D  1 ' 
ATATTTTGGAAATC AC AG 847-830- CmsrRNA-ND 1 
TGCAATTAAATATGTGAA 958-940: CmsrRNA-ND 1 
CATTCTTGGGATATGAGCC 1095-1 077: CmsrRNA-ND1 
TGCATATAACCCAUYACCT 2268-2250 of S. purprirciius 
GTTAACTMCTGAAAGCCTTCAAAG Faces ATPase6 Gene 
TGTGAGGTTGGCTGCTAGTCG From 3 ' End of p~mhd23' 
AAGCGACTCTTTTACACAG Faces C01 
GGCTACACTCCAAGGGTC 675 5-6773 of S. pt~rpzir~iftf 
GTCAAAGGTACAATTCTTC 70 10-7029 of S. ptirp~iratus 
CGGGCTTTAACCACFTT?C 253-270 of pCMHD23 
GAACATCACTCCTACC 75-58 of pCMHD23 
CCAACCCATAATCCATC 3' of tRNA ARG 
GGTTTTCCATAGAGTTC From CM2 1 RCc Sequence 
GGGGTTATCTTTACTC From CM2 1 RCc Sequence 

1. Numbers refer to S. prrpttratz~s mitochondrial genome position (Jacobs et al., 1 989). 
2. Numbers refer to C- mzniafa srRNA-NDI gene fragment (Figure 20). 
3. A lower case c is used to denote primers that anneal to the sense strand and therefore 

prime synthesis of the complement strand. 
4. Numbers refer to C minim HindIfI restriction fragment clone pCmhd23 {Figure 23). 



primer, IZScuc, and one of these tRNA gene primers, Metb, were used to PCR amplify a 

1000 bp fragment that included the putative control region. The thermal cycle profile was 

95"C, for 30 sec.; 5&, 30 say; 7 2 ' ~ ~  60 see., for 25 cycles followed by a final cycle with 

a 5 minute extension step. For the purposes of comparison of detectable variation, 

consensed COI primers (Palurnbi et al., 1991) were also used to amplify and sequence 

approximately 600 bp fragment from this gene using the same thermal cycle profile. 

Fragment Pz~rt~calion a d  DM Seqtterrcing 

PCR amplified DNA fragments were separated by agarose gel electrophoresis and 

purified using spin columns as in Chapter I. Sequencing for population level analysis 

utilized the 12Scuc and UAS I (Table 8). Both these primers are oriented ta sequence the 

sense strand. Automated thermal cycle sequencing was utilized for most sarnpies 

according to the manufacturer's instructions (ABI), as in Chapter I. Other primers listed 

in Table 8 were used to determine complete sequence ofthe PCR fragment (discussed in 

Chapter 111). 

& Z f l ~ i k ~ d d  AfZdJdi~ 

lnidd irxvd@w d 'gae ic  stmcmre were perfmed using h e  phylogenetic 

reeonstnrcdm mahais  defaibed in Chapter I.. Sequences were aligned using the program 

ESEE (Cabot and &eckenbac:h, 1989). The program MEGA, (Kumar et al., 1993) was 





I'op~lu~iiin Sfntcture cmd Gene HOW 

Fixation indices ijF statisticsf were origindfy derived by Wright (1  95 1 )  in order to 

padion the gertdc variation &sewed in populations into various components. These F 

azatistics are applicable ro mDNA under the assumption of uniparental, nonrecombining 

inheritance. Nucfsm et aJ. (1992) derived an expression to estimate Fst values based on 

sequence data: 

Fg = I-HJHh 

w k e  H, is the nudeaide vuiatim among all individuals, calculated painvise, within a 

dme, and &, is  the average variation betmen demes The computer program Heap Big, 

(Steve Pdumbi, pers cornnun , 199.5) calcuiates this Fsr value and compares it to values 

&faked by ranbmIy assigning qtimtes zo demes using a Mmte € d o  simulation in 

order to assign a P value fix rhe &sen-& Fm It has been shown (Hudson et al., 1992) 

that FsT can be used to eftird~e gene flow and, in the case of miDNA, Nem = lf2f lIEsT 

11, where N, is  the e f fdve  number offemales and m is the migation r a .  

A second approach &rived by Excofier a a] , i was also used to assess the 

d e a d  variance: within &e data set using the mtbors" cmp~uter p r w ,  the d y s i s  of 

moie@ular variance @VtdOVA) Distance beween dl haplaqpes are computed 

and wid  to cm.s&ua km Euclidian qamd disrance m3;trix Thus, the distance values 

can brce sul,j~egll ta oisnal ~-;lrimce analysis This approach thereFm: does not 

=apI%. ~ ~ t f i e m o d e x o f e ~ d ~ ~ ~ e s ~ a n d m a y  



represent the most, conservative approach to analyzing population structure. Ah4OVA 

- - l f t  -A&- IL- w m  patu~iutt UK v m ~ m c e  ~ s i c h  a mipiing pmcedu~e into three components analogous 

to Wright's F statistics (1951): the correlation of variance among a set of defined groups 

compared to the total popuf ation (QCT), the correlation among sub popul at ions compared 

to the defined group (&% and the conefation within subpopulations compared to the 

tota! population ($ST). The program will dso caf cuiate pairwise & i. estimates among all 

populations and perfornr a randomization procedure to assess the significance of 

population structure 

Since one of the assumptions of these models is equal populations and samplc 

sizes, analysis was restricted to the eight largest samples, which were of approximately 

equal size. 



,5'1te f>e.sc~~pf~un 

As mentioned, it was ofien necessaq to remove other co-oc-cumng fauna since 

Cir~~rrnurm p.seudoc~~ra!tu is opportunistic in occupying protected microhabitats created 

by numerous rock adhering organisms. One such species is tire mollusc, tW,.riIzts 

L'LIIIJO~~ZICUIU~S, bebeneath which, against the rock was the most commonly observed habitat 

of C: pmwdocurcz&, and is the most well known habitat of this organism (Ricketts and 

Calvin, 1968) C: p.wI6Joc"im-a1~ was also f m d  crowded tigfifly around the base of surf 

grass PtryIIospd~x SCOUIP~I~ p;nrticuldy on extended intertidal benches of rock such as 

those at First Beach, Vlam0u~'er Island. British Columbia, and near Sitka, Alaska, or 

sirnitarly associated with coraltine algae sf'& genus CoraIIim. The le;rst wmmon 

&atim sen  w s  at TOW Hi!!? R C t  whse  C psadmraia was fwd in crevices 

created between bafniic1es on the rock Both *YemibaIcuius carmJus, the thatched barnacle, 

and I P / r l ~ e ~ p u ~ s p ~ m t ~ ~ ~ ~ s ~  rdmed to as either the leaf or goose banrack, appeared to 

pavide suitable habitat 

Paplatisan density of C ~XEI&I-  varied consider;ztbly among sites. C. 

&1-wrrc8so:m&a is wdly fd in dense aggregations (Rutherfmd, 1973) and densities 

Yadmts; At tfoie M m e  Islam& P d e n r  Paint, Trinidad Head and Shell Beach sites, 

~~~ were still d n d a t  bur densities arere an order of magnitude lower and no 

mxdve mats w m  as was tk case fa the sites mentioned above. & TOW 



Hill, and Baranof Island, densities were lower still. At these two sites, only 17 and 23 

spedtaens, respectively_ were collected. At Tow Hill in particular, there is only a small 

area of suitable rock habitat surrounded by extensive sand beaches and the total 

poprrlation size is likely extremely small in comparison to sites such as Diana Island and 

Yachats with extensive stretches of rocky shoreline. Population density was much iower 

at TOW Hill than at other sites (per3 obs ) and considerable effort was put into obtaining 

the 1 7 specimens collected. At the Baranof Island sample site, smai l offshore isicts 

provide a nz~xs!  3-ir~t: bra& and. aihugh not exa61ned directly, are likely to cansti tute 

a much more extensive population site than that directly sampled on Baranof lsland 

DNA sequence was &mined tiom dl specimens from the Tow Will  and Baranof Island 

sites.. These population samples were thus not subjected to the randomization described 

in the Materials and Merhods section for all other sites This involved intensive sampling 

from numerous -sect points followced by combining all specimens into a single large 

from which indiGduals were drawn at random for sequence analysis Therefore, the 

mailer papdabion samples m y  be subfa  ta  greater sampling error 

fiel~rn~nmy &~tl&srs 

h inidat analysis &genetic diversity in C. mnrrruutu and (1 pdtxtfrulct 

afims was tdktaken using a pcaim of the COI gene as described in Chapter I 

T6Es initial assessment wars undertaken to provide an estimate of intraspecific variation 

sr ta phylagenetic: d y s i s  Nine ~ ~ p e s  were detected among 23 <'. 

gzsadmmrda specimens and &stan- estimates ranged between 0 16% and 1 13% 



Among nine C. miniafa specimens; six haplotypes were detected and varied between 

0 li 5% and 0 6 1% Distance estirna"te3 between the two species ranged between 10.8% 

and 12 2% for this region oftbe mitochondri J genome. 

MDNA ArnpI~Jic&~m~ 

An amplificatim product ~fapproximately 1200 bp was obtained from both 

species using the sKNA f l2Sb) and the merhionine tIUVA ~~) oligmucieotide 

prima pair DNA sequexe analysis demonstrated c o n s e n d  nucteotide blocks 

corresponding to the 3' end of the sHNA gene Based on this conserved sequence, 

another olfigonucleotide primer, 12bc, was designed far sequence analysis beyond the 

end of the srRNA gene (Table 8) Sequencing and subsequent analysis of the amplified 

fragment provided stme unespec~ed results regarding tRNA gene arrangement and will be 

discussed in Chapter TI1 Manual sequence alignment (Figure 8 ), using the computer 

program ESEE (Caboft and Bec:kenbach, 1989), indicated this region to be highly divergent 

between the N o  species .F;si.rah a &simce estimate of24?&, excluding an apparent 23 

nudestide iJEsertiddelczticm went {indel) This ~ g i a n  accumulated changes at more than 

d d f e  the rate of the COJ gene- b& on bath inter- and intmpxif ic  comparisons, and 

appeared to be a suitable marker for population level analysis. 



Figure S Alignment of mtDNA re&m utilized ibr population study Sequences were aligned 

using ClustaJ IV and manually adjusted to maximize identity The region used in the population 

mdy indicated in capitals, Banking regims in lower case. Askrisk below aligned sequences 

indicates ndeodde identity The 1 2 % ~ ~  primer sequence is shown underlined and labelled 

&we- The rthreonine gene sequence i s  indicated in bdd with dashes enclosed in brackets above 





wmpiete wderstandiElg of the patiems of divergence or genetic exchange, sequences from 

intamdate Iwations between h e  eight major sample sites were included Numbers of 

sxpmces from these locations were considerably lower than the oridnai seven sites In 

total, 41 1 nucIeoGdes ofmPf)NA sequence was obtained from 223 C: c).s~ffdtx.~trt~tt 

specimens from I 1  Iomions Iisted in Figure 7 DNA sequences were entered and aligned 

in ES. This r&w. &?he gemme IS AT rich (58 6%) and exhibie sane bias against C 

which accounted for d y  1 1 5% of sites Figure 9 shows the variability across the entire 

~egh is ~ e n o i i ~ l a p p i ~  bids dm i?*s!eddes- Numbers of* ,uhs~tlirom Betccttrj in 

a ten n u d d d e  block varied b e e n  m o  and six S e v d  smalt blocks appeared mare 

variable than others Enrt generally dsitutisns were distributed thrm&out the region In 

total72 variable sites were detected (Figure I O), of which 5 1 were parsimoniously 

idamative. A tmd of63  unique m@XA bploeypes were identified among the 223 4 '. 

pseudixuraia specimens sequenced The reduction in detected haplotypes compared to 

the niiiliik of--= a a m k d  wi?~; dw m :o sisingfe or very fm h a g l a y p  

p'sdominating at each sample site, with the remainder of the population being represented 

by nrrmacws considefabfy mcwe m e  hap1aypes A complete lisg of haplotype 

f v c i e s  is in Tdie 9 A$ six of& eight major sits+ a single hapfaype 

;KCOCM~S fix greater tfian WBB Offhe specimens examined. The two exceptions are 

-&!dad A&, a d  Y a d m ~ ~  OR At both these sites. three common haplotypes 

were found in appraarimatefy equal fiequeLlcies [Table 9)- 



Figure 9 VariabiEity ofsites in &m sequenced for population study. The number of 

variable sites in n m - o v d ~ n g  biwks of t O nucteutides are shown across the entire 

region used for both CT- pw~drrera- and C. miniala Nucleatides 330-350 are not 

applicable (NA) for C", m~- due to an insertionldeletion in the aligned sequences (see 

Figure 8), The threonine gene sequence cmesponds to positions 63-128. 





Figure 1 U Variable nimcleoddes detected among C.pse?u&ur~~cl hqloqpes. Sequence 

shown i s  shared by three C'ucumana wgae specimens from Auke Bay, AK (Cva), other 

labels as in Table 9 A period indicates nucleotide identity. Insertioddeletion differences 

are only shown for muId-state sites, based rn output options from the computer program 

&MEGA [Kumar et al ,1993) 









Table 9. Haphype rfequerrcy distribution - C-. ycctrdocirm~ ( cant'd) 

Lofarion Latirude Sample Size Haplo%pe Frequency 

Cape Meares, 
OR. 

Trinidad, 
C A. 

She11 Beach, 
CA. 

23 BFa 
BFb 
BFj 
BFk 
BFI 

22 SKa 
SKb 
SKd 
SKe 

CLfa 
CMb 
CMc 
Chid 
CMe 
CMf 
YHa* 
Bfa* 

SBa 
SBb 
SBc 



Pesradero Poinr, 36$ 35' F 25 PPa In  
1 7  

CA PPE, - 3 

PP9 I 
PPd I 
PPe I 
PPf I 

Total for aff I I Sites 60 223 
* The haplotypes Bfa and YHa were also shared by specimens from Cape Meares OR. 



PprlrIqe~zetic A~M&SIS: 67. pwt~C&#.~w~fa 

Fhylogenedc analysis xsas performed on the haplotype data sets usins the 

m i m u m  likdibood iFeIsens;tein, l ?I4 I ), neighbor-joinins (Saitoo and Nei. 1 V87), and 

maximum parsimony [Swoffmd, 1992) methods All three methods produced nearly 

congruent trees and therefore only the neighbor joining tree is shown {Figwe 1 1) 

Pairwise distances were cdculakd using the Jukes-Cantor m d e l  ofnucleotide 

substitution with the computer program MEGA f Kumar et d , 1993) (Appendix A) The 

mean number of nucleotide diflFerences between haplotypes was 15, corresponding to a 

distance of 3.8% and ranged M e e n  J and 28. In most cases* individuals from the same 

sampling site are cIustered together indicating some level of geographic structuring of t hc 

populations. The exceptions to this are Cape Meares OR., Bamfield B.C , and Tow I iil l 

B.C. The most significant branch poifit of the trees separates the three northern sites 

from a set of more southern sites, with fie break point occurring between the Queen 

Charlotte IslanddHaida Gwaii and Vancouver island. The mean distance estimate 

between individds across this discontinuity was 6.1%. 

Diffnffnhtion of C. p m ~ h c o l a  H@o&pes 

011 a finer s d e ,  relationships between population sample sites were less clear In 

&e smth three major ddes were detected. The first of these three ctades contained all 

haphypes from Yachats OR., most of the Cape Meares OR, haplotypes, and the only 

two haplotypes detected at Shell Beach CA. The second clade induded haplotypes from 

Sooke and Bamfidd on 'Cvifl~;ouver f sland B.C. 'Fhe third clade included haplotypes from 



Figure t I .  Weigfihr-joining tiee for C. p.wudumi-a~a haplotypes. The tree was based on 

a distance matrix calculated using the method of Tamura and Nei (I 989) (see Appendix A) 

and was constructed using the computer program MEGA (Kumar est d., 1993). OTU 

i&ds indicate sample location (see Figure 7 and Table 9). 



Alaska 

Q.C.1 

Van .I. 

Van I 

O r e .  

C a l  . 



wed fazatims atmg &e mask induding Barnfield B C., Cape Meares OR, Trinidad 

CA , and Pescadero P&nr CA The Pesadero Point hap lo typ  fumed a monophyietic 

gmp nested within firis diverse dade Sequence data was obtained for 20 individuds 

from Cape &Meares md, except for the two Bamfield area s i t s -  included the only two 

instances &sewed of haphypes shared between locations. Two specimens shared the 

Raplatype designated BFa and fmr shared the haplotype m a . .  Another interesting 

fawe of this sire was &at spximens were placed into nvo very distinct clusters in the 

me (Figure 1 11, 9/20 individuals identical or most closely related to %Fa and I 1/20 

identicaI or closely relared to YHa Therefme, this northern Oregon location has 

haplotypes similar to the adjacent wthern site at Yachats OR. as well as haplotypes 

similar to the more broadly distributed g o u p  f i n d  dl along the coast An intermediate 

site examined was Trinidad Head, C"B. Sequences fim thirteen randomly chosen 

specimens, from a tad coii&m ufm=er iWZ r w d d  a si@e haphype, bifferiag from 

haphype BFa by only 0.5%, again piaced =<thin the broadly distribured group of 

lineages (Figure 1 1)- This site was the only case observed where a single haplotype was 

;tppil~endy fixed in the pp la t i cn .  The nearest sample sites in a geographic sense are 

Yachats OR., to the n a  and Shell Beach CA., to the south, buth of which fall into the 

8regdf difmia goup.. The other intermdate site was S k l l  Beach, CA., between 

Trinidad Head and P ~ Q  Point. Sequence was obtained from d y  e igh i n d i v i u s  

;tnd onty two haphypes were identikd. These haplotypes are neady ideatical to a two 

specimens from Cape Meares and appear doslely related to haplatypes found in central 

Oregon" 



Pmiamce ~FkpIetypes dong the eoasi can Q+ k a i 2 K d  as fdtmCs, one lineage 

is prdEninan8 ~otr-t  &qm, a second Iineagt is broadly dianbuted and includes 

specimens from British Coimbia, northem Oregon and was the only haplotype detected 

in no- California, while a third major lineage is also present on Vancouver Idand 

Among the thee major northern population samples, specimens were cfustered 

into wcnrophyf etic gasps r e f i d n g  sampfe f ocation site Has-ever, as in the South. there 

were exceptions to a direct ~0rre1atim between gwgraphic and gendic distance% 

particrrldy when larger geographic distances are involved The first such instance is the 

smaller mean gen& distance &sewed b e e n  specimens Obtained near Auke Bay, 

Alaska, and either Mor&y ldmd haplotypes (1 .%) or Tow Hill haplotypes ( 1 gob) 

-pared to the mean distance between ,4uke Bay and Baranof Man$ haplotypes 

(3.3%). This is despite the fact that Baranof Island is located betwen Auke Bay and 

Taw fiil! witla MagSfr Idand &~?g e v a  f i s t h e  to the m& !f is  dm wmh noting 

that the Auk  Bay lacation is a protected, d m  area unlike the exposed outer coast where 

p e a t a  is typically f w d -  In fact, specimens analyzed from this site have been 

iderrsat as C. vegae fP. Lambat) which raises the quatian of s p i e s  designations 

DNA sequence was obtained fram a single s w i m e n  of C. vegae from Undaska Island, 

Alaska, and its' hapfatype falls within the Moresby Island cluger in the tree {Figure 1 f ) 

m r ne spaies d e s i p ~ a t  ofc wgm, Thee5 1848 precedes that of C p-wdc~ura& 

@eichmann 1938). Interah&, the two demes with the bighest mean intrademe 

distance were from northern locations (Baranof Mand and Moresby Island) and that the 



ovadl  mean distance mmg n d e m  sampies was almost twice that of the southern 

smptrrs 

M m m m  ,f"papnihg Trees: 61 psdmirafa 

A minimum spanning tree {MST) for C. pseudwurata is presented in two pats in 

Figures i2, and 13 nor;Wsmrfi sptit seen in the neighbor-joirGng tree is dsu evident 

in the MST, which requires 17 changei to connect haplotypes m g  and SKa. It is 

interesting that these Eocatirsns are nat the geographically dosest sample sites between the 

northern and southern groups, in fact the Barnfieid and Moresby Island sites make up the 

closest gwgaphic connerztim. As in the neighbor-joining tree, haplotypes from each site 

tended $0 be ciustered tagether in the MST. The most notable exceptions to this pattern 

were once again the Barnfield and Cape Meares samples. The frequency at which 

haplotypes were detected in the samples is proportional to the area of the circle (the 

w a r e  root of the &salute frequency was used as the radius ofthe circle). The most 

amrnon haplotypes detected in popufatim samples were often the centre or hub of 

radiations connecting to many other rarer haplotypes (Figures 12 and 13). One such 

example is the hagdotype BFa, found at a frequency of 14 with seven unique types most 

similar to BEa of which two connect to other clusters in the network. Similarly, Bbq 

Wa, Ma, BF5, ma, YHc? and SBa are d l  represented by multiple specimens and are all 

hubs of genetic radiations &thin the MST (Figures 12 and 13). NTSYS does not 

incorparate my resampling p '0c .e~~  to test tire significance of nudes in alternative 

networks and does not incorporate the possibility of reticulating rdationships 



Figre  12. Minimum spanning net%-ork among northern C. p.reiUlr~ci~rirtu haplor y pes. 

Nezwo& was constmcted using i-ite corn-mx prvgarn NTSYS (Rohif, t 990). 'n;i.wci a n  it 

distance matrix calcuIated by the metirod of Tamura and Nei ( 198% {see appendix A). 

FJ! didmces greater tba a sin& &mge zue I a d i ~ ~ d  Jmg bmxh kngths. The 

number of times a haphype was detected is represented as a scjuam root of the radius of 

the circle, This results in a given haplotype circle with an area proportional lo the 

hq31otype frequency. Absolute frequencies are a h  indicated in brxkeis within circles. 

Haplotype Eakls indicate sample lacation [see Table 9). A minimum of 17 changes is 

required to connect Northern aMf Southern (Figure 13) samples and is depicted as a 

truncated connection to S X a  Two specimens positively identified as C. vegm IP. 

Eamfaert, pers. comlm.) are included an& %re labelfed CVa (Auke Bay, AK) and CVu 

(Unalaska Island, AK). 





Figure 1 3. Minimum spanning network anlong southern C. p s i L - i r r  h i ~ p l o t y ~ s .  

The network was constructed using the computer program htjTSk'S {RohlC 1990). bascr~ 

on a distance matrix caIcJlatcd by the mW of Tamurn and Kei ( 1989) [see appendix 

A). All distances greater than a single change are indicated d o n s  branch lengths. Thc 

number of times a hapiotype was detected is represented as a square root of the radius of  

the circle, resulting in a given haplotype circle having an area propodional to the 

hapiotype frequency.. A b h t e  haplotype frequencies are also indicated in brackets. 

Haplotype labeis indicate sample location (see Table 9). Thc hqlety pes BFa and Y Ha 

were also shared by 2 and 4 individuals respectively from Cape &Meares. OR and arc 

in&..t*d by "* " -- ----- -L- I-- -=-- 
1 I- WCK CIR: ~ m y  umfi=ed instmces of hap'ioiyps shared ktwecn 

-pie sites. A minimum of 17 changes is required to connect Southern and Northern 

(figure 12) samples and is depicted as a truncated connection to THg. 





.Y~~Esiitzitiatz Patterns rn C 6 r f u h m n t a  

A total of 127 changes were required to account for at1 63 hapiuryp.?i and lnuiudcd 

87 trmsitions, 25 tranwmians* 1 5 indefs C-T and Ci-A uans;itlm,x wze equally 

common (43 versus 44 ~ a p m i * . d y j  These values giw a fransi~isriitriztns\ersi~l ralm of' 

3 5 and lndels ace- fcrr 112% of df daitu~ons Mapping changes onto the. 301S'l"s 

required 122 changes- five wba;rih~ticsns fwer than the na&b.srj&ning trw Tht\ 

resulted in 80 trmsi,itiarns with 42 4-43 md 38 C-7" changs Twat).mne- trancversrr~ns 

and 13 ideIs were also required This results in an observed trmsiaiMt;'t~a~sveg.s~rn ram 

d 2  9 amb fad& accaunrilmg fa just wez sfthe &sewed changes Mprte &ar 

dEaent apprsaches* a#lth h&&wjaining and ,MST trees result in v a y  amila 

- *  A I I R  -+.*a 2 &,A. :I-&:- 
u s a ~ a i @  wa u r e  y a r ~ ~ i  wn d b ~ u . a u u n S  



Styue~tce A~d'zs of C- min~utu Hapiotpes 

The 12Scuc and =Me& primers w-ere used to amplify and sequence 391 nucleotides 

of mtDNA from 84 C7. mitmta specimens from 5 locations show in Figure 7 Overall 

this region was AT rich 464%) wqth a sligbt bias against G which accounted for 9.8% of 

nucleotide sites Of the 391 nucleotides. 63 were found to be variable and are shown in 

Figure 14, of which 33 were pusirnonicrus sites. Figure 9 shows the variabili~ across all 

sites The number of substitutions in a ten nucleotide block ranged from zero to five. 

Among the 84 specimens sequenced, 68 unique haplotypes were detected. Therefore, 

only shared haplotypes are presented in Table 10. In contrast to C. psezidoczirala, C. 

mrtllufa shared haphypes were often detected in distantly separated locations (Table 10) 

and at lower frequencies of occurrence For example, the most common haplotype 

detected, Ja, was shared by five individuals corresponding to 6% ofthe entire population 

sampled, three from Juneau, .IUC.. one from Diana Island, B C ,  and one from Bodega Bay, 

CA 



Figure 14. Detected variable nucleotides among C. rnitliatn hapfotypes. Variable sites are 

presented according to position in region used for population analysis (see Figure 8). 

Periods indicate nucleotide identity shared with haplotype TI . Only variable sites are 

shown. 
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Table I0 
Frequency and Distribution of Shared C. miniafa rntDNA ~ a p l o t y ~ e s '  
L0c;aticn Lzthde Sample Size ~aplotype' 

331 Dl J1 J2 T1 V1 
Juneau, AK. 58' 10' N 24 1 3 1 2  
Vancouver, B.C. 49" 1 5 ' N 7 I 
Diana Island, B.C. 48' 50' N 23 2 1 1 2  
Trinidad, CA. 41' 05' N 23 4 
Bodega Bay, CA. 38' 25' N 7 2 1 1 
Tods 2 3 5 2 8 2  
1 Only haplotypes mcurring more than one time are recorded. A total of 68 haplotypes 
were identified from 84 specimens. 

Haplotypes are labelled according to population from which they were first identified. 



Figure 15. Neighbor-joining tree for C miniata haplotypes. The tree was based an a 

distance rnatiix c d m 1 a d  using the method of Tamura and Nei (1989) (see Appendix B) 

and was constmcted using the computer program MEGA (Kumar et a1 ., 1993 ). OTU 

labels indicate sample location: Juneau, AK (3); Diana Island, B.C. 0); Vancouver, B.C 

(V); Trinidad, CA (T); and Bodega Bay, CA (BB) (see Figure 7). 





resulting tree, however, values fur nearly J1 nodes were very low (not shown) and likely 

reflect the minimal number of charmers separating branches. 

Minimm Spanning Tree: C. mzniatn 

The MST shown in Figure 16 resembles a star-like pattern of relatedness. A 

striking radiation of many haplotypes arising from one of a few central hubs is seen 

Only five hap1 otypes were represented by more than one individual and as in the case of 

C. pseudoczrrata, most of these more common haplotypes were ce~tral hubs in the MST 

In contrast to C. psezrdoczrrata, the C. miniuta mtDNA haplotypes showed no evidence 

of clustering based on geographic location. 

P a f f e m  of Substztz~tion: C. mi~iiata 

Mapping substitutions onto the neighbor-joining and MST trees resulted in 

similar patterns of nucleotide substitutions. For the neighbor-joining tree, a total of 122 

substitutions were required including 66 C-T and 32 A-G transitions, I 1 transversions of 

which only 2 involved G, nine deletions and three insertions. Thus a 

transition/transversion ratio of 9.0 was observed and indels accounted for just over 10% 

of substitutions. Similar patterns were obtained using the MST tree where a total of 146 

substitutions were required. These included 79 C- T and 35 A-G transitions, 19 

transversions with only one involving G, 13i~dels were detected. This results in a 

transitiodtrmsversion ratio of 8- 1. 



Figure 16. Minimum spanning network among C. miniuta haplotypes. Network was 

constructed using the computer program NTSYS (Rohlf, 1990), based on a distance 

matrix calculated by the method of Tamura and Nei (1989) (see appendix B). All 

distances greater than two changes are indicated along branch lengths. The number of 

times a haplotype was detected is represented as a square root of the radius of the circle 

resulting in a given haplotype circle having an area proportional to the haplotype 

frequency. Haplotype labels indicate sample location: Juneau, AK. (J); Diana Island, 

B.C. (D); Vancouver, B.C. (V); Trinidad, CA. (TI; and Bodega Bay, CA. (B). 



- 
Longer lengths indicated 



130pI.tion Sfnrcfure: C. psei~docu~utu 

Average nucfeotide distances within and between demes for C. pseudo cur at^ are 

presented in Table I 1. Within demes, this distance ranged from a low of 0.1 W. 17% at 

Tow Hill, B.C., to a high of O.75kO.6PA at Moresby Island, B.C. with an overall average 

of C.48i0.3Q%. Variance estimates within demes were quite large and standard deviations 

were as large as the mean distance values (Table 1 1). Mean interdeme distances were 

typically an order of magnitude larger than intrademe vaiues (Table 1 1). The mean 

interdeme distance among the three northern sample sites was 2.43+0.46% and 

1.44*.35% among the four southern sites. The overall interdeme distance among all 

seven sites was 3.98t0.36%. This value reflects the degree of the northlsouth 

discontinuity with the average distance between individuals across this break equal to 

6.1&2.4%. 

An FST estimate among all eight samples (0.88) was obtained acsording to the 

formula of Hudson et al., (1992). In order to test whether this high value was due 

primarily to the north/south discontinuity, FgT was recalclrlated on the northern or 

southern groups alone and resulted in FST estimates of 0.77 and 0.76, respectively. 

Bootstrap analysis indicated zero out of 500 random samples resulted in a higher Fsr 

vdue, indicating a high level of significance in the geographic structure of populations. 





Two population samples were obtained near Bamfield, B.C., in an attempt to 

examine the poteniiai geographic size ofpopuiations. First Beach iies southwest of 

Barnfieid on Vancouver Island and is approximately five kilometres distant from the 

Diana Island site included in the analysis above. Furthermore, these two sites are not part 

of a continual stretch of suitable habitat as they are separated by Trevor Channel, some 

three kilometres wide. Such separation would presumably form a formidable barrier to 5 

brooding organism of the littoral zone. Despite this, haplotype frequency distributions at 

the two sites are nearly identical (Table 9). The two Bamfield area sample sites were also 

analyzed and resulted in an estimate of FsT = 0.009 and a Monte Carlo simulation 

indicated these two population samples were not significantly different. 

Using Hudson et al.'s (1992) estimator for gene flow f<Nm> = 1/2(1/FsT -I)] 

yields a value of 0.07 migants/generation for all eight populations, a value of 0.15 

migrantsfgeneration among either North or South populations and a surprisingly high 

value of 54 migrantdgeneration between the two Bamfield area sites. 

Results of the variance analysis (Excoffier et a1 . 1992) using the computer 

program AMOVA are summarized in Table 12. Overall, 96.6% of the variance was due 

to differences among populations and only 3.4% due to differences within populations, 

resulting a value of +== 0-97 and an estimate of gene flow of N,m = 0.017. Based on the 

genetic spiit observed in the phylogenedc analysis, population samples were assigned to 

one of two groups, designated North and South, separating Ataska and the Queen 

Charlotte islands/Haida GoMii &om Vancuuver Island, Oregon and California samples. 



1. Variance is broken into comwmts dmmg goups (AG), among paptrIa#~ans within 
groups (PaP), and wirhin pol;aubapions and are given the +-statistic symbd[s (tc,. and 
h-respectively, according ro Excdier et d , 4 1992) P values g3reiaa than 0 03 indicate: 
the populations are not statistically difkrenr 
2. The N d S o u &  split of goups was assigned to minimize mang poplarim t.;vrmc-t. 

and was based on the split shown in tlpe n&&bor-jrrirdng tree Qfigwe I f j The three 
n d m  p q u l a d m  inet~cfe .M&a Bi the Queen Charfate fd&,fiardil fiwaii, ~r hdrt 
tlre five smthern poprrldm indude: Vancotrver Idand, Oregm d C"aliPmia 



of- sample site, despite the fact that the two 

fe as preti8us.Iy noted. TOlerefbreZ tfie paIm-ise 

by .aM6YA arr: uay usdid for detecdng pmat_id gene flaw 



Table 13. Pvrwise estimates among C. psei~doc~irfftu population samples 

Below diagonal: $ST between pairs of populations 
Above diagonal: Probability of Random distance ($ST ) > Observed distance 
Number of iterations : 5W 
Sample Sites: 
I .  Bxiranof Istand,AK; 2. T m  Hill, B.C.; 3. Moresby Island, B .C.; 4. Sooke; B.C. ; 5 
Diana Island, B.C.; 6.  Cape Mares, OR, 7. Yachats, OR; 8. Pescadero Point, CA; 9. First 
Bath, B.C. 



resulting in a gene flow estimate ofN,m = 0.85. However, the bootstrap analysis 

indicated this v a ! ~  was not significantly different from random (Table ! 3). 

PopulaIion Structure: C. mir~zafa 

The intra- and interdeme distances among all five C. rniniata sample sites are 

presented in Table 14. The mean distance within dernes was 1.15+0.45% and the mean 

distance between demes was 1.20_+0.48%. Estimates of geographic structuring of 

populations were obtained initially for the three large C. miniatu population samples with 

FST = 0,008. Gene fiow was estimated at N,m = 61. 

Variance analysis ~f C. miniata population samples indicated that 95.2% of 

variance due to differences within populations and only 4.8% among populations. These 

results yield a estimate of 0.05 and a value of N,m = 10 is obtained, indicating very 

high levels of gene flow. This vdue is ir? c~nsiderably lower than the value obtained by 

the method of Hudson et al. (1992) of N,m = 61. 

OssicZe MorphoZogy of C. psa~doa~rata 

Ossicles from the dorsal skin were prepared from representative specimens from 

the major clades identified in the neighbor-joining tree (Figure 11) and are presented in 

Figure f 7. Specimens from Vancouver island, B.C., Yachats, OR., and Pescadero Point, 

CA., all possess Iarge perforated plates typical of C. pseudoauata (Lambert, 1985). In 

contrast, ossicles from specimens from Baranof Island, AK., Auke Bay, AK., and 



Table 14A. Mean intrademe distance for C. miniata samples 

Deme Location Mean intrademe Variance Standard 
distance Deviation 

1 Juneau 0.0123 3.1x10-' 0.0056 
2 Diana I., B.C. 0.01 16 3.0x10-~ 0.0055 
3 Burrard Inlet, B.C. 0.0107 2.4x10-* 0.0049 
4 Trinidad Head, CA. 0.01 19 5 . 4 ~  1 o - ~  0.0023 
5 Bodega Bay, CA. 0.01 10 1 .6x10"------0.0040 

Table 14B. Mean inlerdeme nucleotide distances for C. miniata samples 

Distance estimates in upper diagonal; Error estimates in lower diagonal 
FST: using all five population samples = 0.041 
using samples 1,2, and 4 (equd sizes, >lo) = 0.008 1 



Figure 17. Comparison of ossicles from northem and southern populations. Skin 

samples were taken from central dorsal region, digested in 10% bleach, rinsed and 

mounted on slides and viewed under 100x magnification. Scale bar shown indicates 0.10 

mrn. 



C. Vegae 
Auke Bay 2 
N o r t h e r n  A 

C. pseudocura ta 
B a r a n o f  I s l a n d  1 
N o r t h e r n  B  

C. pseudocura ta 
Moresby  I s l a n d  6 
N o r t h e r n  C 
. . 

C-  pseudocurata - C I  pseudocura ta C. pseudocura ta 
Diana Island 3 Yachats 1 P e s c a d e r o  P o i n t  2 
Southern A  S o u t h e r n  3 S o u t h e r n  G 



Moresby Island, B.C., are much more similar to the rod or dumbbell shaped ossicles 

characteristic of C vegae (Lambert, pers. cornmun.). 

Substifufiom in the irplreonine fRNA Gene 

The threonine tRNA gene lies within the region sequenced for the population 

study. Substitutions detected within this gene were examined with respect to the 

secondary structure of the tRNA molecule. Figure 18 shows variable positions found 

within and between species. As indicated, the consensus sequence of the two species 

differ by only a single nucleotide transition in one of the loops. In the case of C. rnzniata 

four transitions were detected with none involving stem positions. Six changes were 

detected among C. pseudomrata haplotypes and included five transitions and one 

deletion. Three of these changes occurred at stem positions involved in base pairing. The 

first instance was the deletion of A19 (Figure 18) which could potentially pair with U39 

in the anticodon stem. This change is likely minor, since it occurs at the top of the stem 

which would still involve five base pairs. The second change is also minor, an A to G 

transition which alters the U2 1lA37 pair in the anticodon stem to a U2 l/G3 7 pair, an 

acceptable pairing which would not significantly affect the stem stability. In contrast to 

these minor changes, a single haplotype from Baranof Island exhibited a U to C transition 

zt position 58 .which lies -&&in the T sterr; in the consensus sequence (Figure 18). This 

results in a A-C pair in the stem and, although seen in other W A S ,  would appear to 

destabilize this stem to some degree. 



Figure 18. Variable sites detected in the threonine tRNA gene. Character in bold 

indicate variabie positions detected within species. The nucleotides marked with 

asterisks represents the only two differences detected between consensus 

sequences for C. mznzafa and C. pseudocurata threonine gene sequences. 
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Discussion 

Patterns of ilhicleotide Frequency mzd Szibstittltion 

Similar patterns of substitutions were observed in the two species. By assigning 

changes to particular branches of either minimum spanning networks or neighbor-joining 

phylogenetic trees, it was possible to determine the direction of mutation in most cases 

and the two approaches yielded nearly identical patterns within species. Consequently, 

only the patterns obtained based on the MSTs are discussed Transitions were more 

common than transversions by a factor of 3.5: 1 in the case of C. psezidocsirotn, and 8 :  1 in 

the case of C. miniata. The transitiodtransversion ratio is considerably lower than that 

reported for many organisms, particularly vertebrates where a ratio of 10: 1 has been 

reported (Brown et al., 1979). As described in Chapter I for the COI and lrRNA genes, 

this region of the genome exhibited significantly fewer substitution events involving G in 

the case of C. miniata. C-T transitions were twice as common as A-G transitions, and 

transversions involving A were between five and nine times as common as those involving 

G among C. miniata haplotypes. Overall this region was AT rich (63.4%). In contrast, 

this pattern is not maintained in C. pseuclocurata where A-G transitions were as common 

as C-T transitions and transversions involving G were more common than those involving 

A. 

Indels were roughly half as common as transversions in C psuz4hczrrcrta and as 

common as transversions in C. miniala, thus constituting a significant class of mutation 

events in these non-protein coding regions. In both species, the most common size class 



of such events was a single nucleotide. Discarding such information remains an 

unfortunate prerequisite for distance and maximum likeiinood analysis. 

Substitutions Within the Ihreonine tRNA Gene 

Among the 68 C. rniniata haplotypes, four transitions were detected within the 

threonine tRNA gene. Two of these occurred in the Dhu loop, one occurred at the point 

of transition between the T$C stem and the acceptor stem, and the fourth occurred at the 

3' terminus. All these positions are likely to be under less structural constraint than stem 

positions and it is therefore not unexpected to detect differences at a population level. 

Among the 63 C. psezrdocurata haplotypes, six substitutions were detected within 

the tkreonine tRNA gene and, similar to the pattern observed for C. rniniata, included five 

transitions and one deletion. Two A to G transitions at positions 4 and 37 altered base 

pairing in stems from A-U to G-U. A to G transitions were also detected at positions 13 

and 60 that do not involve stem positions. In fact these two substitutions are at the 

komologous positions to identical A to G transitions described above in C. rniniata 

suggesting the highly variable nature of the sites. The deletion of A1 9, which is depicted 

as pairing with U39 in Figure 17, was also detected in one C. pseudocurata haplotype. 

This change is likely not structurally important as the anticodon stem remains stable with 

six nucleotide pairs and the unpaired U W O U ~ ~  simply increase the variable loop by one 

nucleotide. One substitution o fa  more surprising nature was also detected at position 58 

in the T+C stem (Figure 18). These changes result in C-A mismatch pairing and barring 



the utilization of some modified C or A nucleotide, would likely destabilize the stem 

structure to some extent. Alternatively, this tRNA may be subject to some form of post 

transcriptional editing to restore base pairing. It is worth noting that the Dhu stem, as 

depicted, is dso  somewhat unstable and the presented structure should be treated as 

preliminary. Since sequencing of the mitochondria1 genome has not been completed for 

these species, it remains possible that this region does not constitute the functional 

threonine tRNA gene, although the near identity between species suggests some type: of 

functional constraint exists for this region. It seems that several positions within the 

threonine tRNA gene are under relatively relaxed constraints and may accumulate 

substitutions even within populations. Recently, Kumazawa and Nishida (1  993) 

suggested the utility of stem portions of tRNA genes for assessing deep phylogenies. 

The present work suggests caution at such levels due to the great variability in rate of 

variation among sites and therefore the potential for convergence in nucieotide data. 

Population Siructzlre in C. pseudbcurah 

The results of the population analyses indicate that the two species differ 

dramatically in terms of the degree of geographic structuring of genetic variation. The 

observed variance in the mtDNA sequences of C. pseudocurata population samples was 

almost completely among populations (96.6 %) (Table 13) rather than within populations 

(3.4%). Even when the sample sites are divided into northern and southern groups, the 

nested AMOVA analysis (Table 13) indicated that only 1.9% of the variance was due to 



difTerences within popuiations, while 9 5% was partitioned among populations within 

groups and 88 6% due ts differences among groups 

Estimates of gene flow among plqmlations within groups were low using either 

the method of Hudson et a]., (1 992) (Nem = 0 15) or Excoffier et a1 , (1 992), (N,m =O 10) 

However, these two methods yielded very different values for the two Bamfield 

populations (N,m =54 or 7.0, respectively) The analysis of variance approach (Excoflier 

et a1 , 1992) partitions all observed variance into hierarchical levels, thereby utilizing all 

information in contrast to that of Hudson et al., (1 992) which relies on mean estimates of 

distances within and between population Since the variance approach uses squared 

distance values, any measurable difference among populations will be magnified and thus 

reduce an estimate of gene flow. The method of ExcofEer et al., (1992) is therefore a more 

conservative approach to estimating gene flow, particularly in cases of high levels of gene 

flow In any case, since gene flow vdues of greater than one are presumed suficient to 

prevent population differentiation (Slatkin, 1987), these results suggest a connection of 

the two Barn field area populations of C. psezrdoczrrata. Alternatively, the assumption of 

populations being in equilibrium may not hold and insuficient time may have passed for 

diserentiation to arise. As pointed out in Cockerham and Weir, (1993) such estimates of 

gene flow assume the observed population differentiation is due to the level of gene flow 

a d  in the absence ofdirecr observarion of successhi migration, should be treated 

cauti ousi y . 

C- pseudoc~~rata occupies a narrow zone of varied but specialized habitat. Over 

much of its range, there is a linear character to this habitat and is therefcae closely 



approximated by the stepping same m d e i  {Kimura md tV&ss, i W) The expmsi\ e 

beaches a lms  the coast of northern \Y&ingon and sc)utbern Orqm t.flkctit.d> 

separate the southern group into three main areas British Crrl~mbia 1i"ashingxon and 

Oregon, and California. Se~r'a-al extensive beaches also =cur on the cwsl  of 

Vancower Island, particularly tttm of Pacific Rim National Park ini-Ira&ng Long &a& 

and hrther south, Cannanab Beach, which ma); accaunt t'or the segaratim sexm b;rp\wcn 

she Barnfield and S d e  sample sites Areas r#r the Islad north of Long B i ~ c h  WTT not 

sampled but are likely to be distinct from those of the centrat and sourhem rc.yrsna f;.H ohc 

reasons outlined above. 

Areas in the nmh such as Barkley Sound, within whish the  Bmficild mpk.?t 

were obtained, provide a rnlEeh bircmkr habitat ~ i i th  numerous Islands md a pc*mtnwc 

of rocky shores resulting in a significant depamre fim a simple linear disuihrtlrcr Such 

m- ia fza c j ? ? ~ ' z d ~ z e  &he P E A  ems$ af Bsi!i& Cdumbia a d  ~~~~ A!a&s md 

may provide a considembiy increased cr~lportmby for suecesdd naf_rra:tm 'I& lucx 

Bmhdd population samples were mt Gpificanly diWerent fim each src*.csts&ng trt 

.AIMCJVA (p > 0 01) despite 

@W 2H3loOf8 h d m  

d a  few tifi~malles a d d  OCCUP w rnm-5 

a d - b ~ m s  k be *%Pfi cf rrmp 

G w ~ I m  tjhao are &en seen w fd9ming sxamns (pas &3 J ;aurdl mt9r whr& 



source ppufation associated with lower sea fevefs of the fast glaciation and these 

w l a h s n s  b v e  na &,ew significan~ disagence in the post _ e l a d  period. Sample 

sites generally fwmeb nmoylhj;letic goups and appear to be evolving independently 

On the scale of h u n b d s  of kilometres sfaich typically feparares sample sites in &is 

study, there is  litde support fw a aepwise dispersal pattern. Limited or rare genetic 

exchange is also suggesd ktwm he Cape Mares and Yachm in Oreom. Thus, a 

Iimrted stepwise or f inear dlsped panern clearly seems to occur over distances of a few 

ki tmetres but tess than E km This upper limit may reflect the occurrence of 

uninhabitable zones dong the c d i n e ,  resulting in barriers to d i s p d  and l o d  

differentiation The detection of haptotypes assigned to nhio different cfusters in the trees 

f' bath the Barnfield and P e d e r o  Paint samples is consistent with long term 

pais!ence of m a  lineages dong the south cwd 

Tfre distinction beween the northern and southern population samples of C. 

pwuLBTxz~r~~rn was highl~ s;i_lmificrult, with 88 6% ofthe &serrd variance occurring 

between &e two- g w p  (Table $4) The rneain genetic distance b a r n  goups was 5.0% 

and the maIIest vdue recmded was 3 8% In contrast, the mean distance within p u p s  

was 2 47o in the gcsp d I - 4 Y i  in the suttrern gmpP wifh the maximum 

c h m - g C 1  diswe within dtker group being 4 3% The goups are significantly different 

(Table 83) ; g k h &  h e  is  same ~ ~ e r f a p  b - x n  the minimum b e e n  group and &e 

One p s i b l e  explanation ofthis sepdcm is that the 

minimum c nroaharn and d m  sample sites ( 758 km) was 

c d within either gray ( typidy 200-300 h). 



Tiris was primarily due to the difficulty and expense of sampling in the intermediate 

region along the central coast of British Columbia However, several examples within 

each g o u p  indicate that a direct correlation between geographic and genetic distance is not 

well supported, padcularIy when large distances are involved Haplotypes of some 

individuals from the Barnfield area were nearly identical to those from Pescadero Point. 

CA , several thousand kilometres away rather than samples geographically much closer 

Similarly, the haplotype ofa  single specimen from Unalaska Island, AK , was most 

similar to those fiom iMoresby Island. B C. ,  again on the order of thousands of kilometres 

distance and despite an intervening sample site on Baranof Island, AK Such occurrences 

may be the result of convergence rather than identity by descent and are merely meant to 

indicate the significance of the norh/south disjunction 

A second point concerning this genetic disjunction is the influence of the last 

daciadon. Ar its maximum extent, approximately i 5,000 years before present, the 

Cordilleran ice sheet covered much ofthe coast of British Cohmbia However, several 

coastal rehgia likely existed along the Queen Charlotte IslandslHaida Gwaii and 

Varrcouver island and a iager Beringid refbgia is thought to have existed in northeast 

Alaska dong the Baing, Sea (Clague, 1989). Substantial survival in these refugia seems 

probable given &e hi& genetic diversity present in northern samples In fact Baranof 

Island exhibited rite kgbest mean i n w p l a t i o n  distance of aft samples As the ice sheet 

retreated, mlanization would then have spread south and east from these northern refugia 

as weII as north &an d m  populations below the fiirthest extent of ice 



The present disjunction may be explained by the reproductive patterns and 

predominant coastal currents. C. pseudoczrrata spawns between December and January 

and juveniles hatch in early spring. As these young continue to grow, considerable spatial 

pressure may occur. Rutherford (1973) found a strong negative correlation between size 

class and frequency, with mortality particularly high in the first year of life (>96%). The 

author also reported a strong positive correlation between biomass density of the colony 

and mortality. It is possible that migration is therefore largely due to juveniles and would 

correspond to summertime space selection pressure. At this time of year, the northern 

Pacific current splits north and south off the coast of the Queen Charlotte Islands/Haida 

Gwaii into the Alaska and California Currents, respectively (Thomson, 1981). This 

current split coincides with the mtDNA genetic disjunction observed, separating Alaska 

and the Queen Charlotte IslanddHaida Gwaii from Vancouver Island and regions to the 

south. Ln contrast, during the winter months, the Davidson Current predominates off the 

west coast of Vancouver Island and regions to the south and moves in li northerly 

direction to join the Alaska Current (Thomson, 198 1). If dispersal were to occur 

predominantly in the winter months due to the Davidson Current, it is improbable that 

such a disjunction as that detected would arise. Although a correlation between summer 

current patterns and genetic variance exist, alternative hypotheses could explain this 

phenoaemri it'ithrii siigesting ifrai these ciliieni patterns regulate gene flow, 

presumably through their influence on rdting, although the possibility exists. In fact, 

predominant currents inside the continental shelf, which may have a far greater influence 



on the short term dispersal of this species, are dependent on highly variable prevailing 

wind patterns (Thornson, 198 1). 

Alternatively, the observed disjunction may be a result of expansion following the 

last period of glaciation occurring from both northern and southern refugia. This 

expansion may only recently have connected these two population groups and genetic 

exchange may still be possible yet sufficient time may not have passed to allow detection 

of such exchange. This is certainly possible given that the proposed point of this 

disjunction was not sampled. It should be pointed out that these two concepts are not 

mutually exclusive. Higher genetic diversity in the northern samples compared to 

southern samples suggests substantial refugial survival while the disjunction is consistent 

with long term separation of these lineages. Furthermore, the lack of intermolecular 

recombination and maternal inheritance of mitochondria1 DNA may preclude the earliest 

detection of genetic exchange foIlowing expansion. The use of nuclear markers such as 

microsatellites or allozymes would allow the detection of hybrids as heterozygotes 

possessing alleles previously restricted to either northern or southern populations. 

It appears that, although limited gene flow does occur along the coast and may 

involve rafling mechanisms, particularly in area such as Barkley Sound, the predominant 

pattern is one of local populations evolving independently. The highly structured nature 

of these populations is likely due to isola!ion by distance as well as the presence of 

significant barriers to gene flow such as areas of sand beach or predominant current 

patterns- In the southern regions of this species' range, habitat is much more linear in 



nature and sand coastline is more common than in the north and would suggest an even 

stronger pattern of I ocal isolation. 

Despite the uncertain influence of coastal currents on gene flow in C. 

pseudoczirata poputations, examples of predominant current patterns resulting in such 

genetic disjunctions are well known. Avise (1994) has reviewed evidence of a major 

genetic disjunction between Atlantic and Gulf of Mexico populations based on mtDNA 

sequence from numerous taxa including the horseshoe crab, Limuluspolyphemus, the 

American oyster, Crassostrea virginica, the black sea bass, Centropristis s@iata, 

diamondback terrapin, MaZaclemys lerrapin and the seaside sparrow, Ammodramus 

maritzmus. This break corresponds to the offshore currents at Cape Canaveral Florida 

effectively separating these two regions. Avise (1994) suggested that ancestral 

populations were most likely separated during the Pleistocene that, due to ecological 

andor dispersal influences, hzve remained distinct. In contrast, Buroker (1 983) reported 

uniform a1 lozyme allele frequencies in American oyster populations from this region. 

Subsequently, Avise and Karl (1 992) found that nuclear restriction fragment length 

palymorphisms agreed with the mtDNA data in detecting this genetic break, but that 

allozyme markers did not show this split. The authors suggested that one explanation of 

this discrepancy may be that allozyme loci are under balancing selective constraints and 

thus are not free to vary sufficiently to detect such a split. 

On the Pacific coast, Burton (1983) has described local isolation among 

populations of the tide pool dwelling copepod, Tigriops calzfornicus, separated by as 

littie as 500m despite a Me history including pelagic larvae. Berger (1973) examined 



population structure among three species of gastropod from the genus Littorim with 

differing lengths of larval stase and found hat  two species without pelagic larvae 

exhibited higher population differentiation than a congener with such a larval stage. 

Campbell (1978) examined the genetic divergence among populations of the marine 

gastropod (Nucella) ZmelZosa from San Francisco to Glacier Bay using allozy mes and 

found a wide range of variation with little geographic correlation. This organism lacks a 

pelagic larval stage, is confined to rocky shores and often returns to the same breeding 

congregation which result in a low level of migration between demes. In a similar study, 

Hellberg (1993) examined allozyme variation in populations of the solitary coral, 

BaZanophyZlia elegam. Larval dispersal in this species has been estimated to be on the 

order of centimetres (Gerrodette, 1981) and, upon settlement, adults are sessile, resulting 

in an extremely low dispersal potential. Hellberg (1993) compared the pattern of genetic 

variation to expectations of the stepping stone model of Kimura and Weiss (1 964). 

Overall, a high degree of genetic differentiation was detected with significantly less 

variation observed in more northerly samples. It is interesting that neither of these two 

studies detected the northhouth genetic disjunction described for (3. pseudocurata and 

may reflect the nature of the genetic marker utilized as discussed above. Hellberg ( 1  993) 

included only one site which would undeniably belong to the northern region of the 

present study. It mzy therefm be difftcdt to discriminate between local differentiation 

and a larger phylogeographk split from such data. Alternativeiy, these studies may 

indicate that the sea cucumber populations examined have a different biogeographic 

history from those of the gastropods of the genus NuceZIa and the coral, BulanophyZZiu 



efquns. It is pcrssible that these groups were not present in coastal refugia and therefore 

were reestablished from wuthem popu!atims. In the case of BaImmphyIIia elgans, this 

is consistent with the reduced genetic diversity observed in northern populations as 

discussed by Nellberg (1993). 

Evidence from a mitochondria1 DNA analysis of populations of Oncorhyncus 

tshawyfscha, chinook salmon (Wilson et al., 1987), also indicate that British Columbia and 

Alaskan populations are derived from the Beringia refuge. Both mitochondria1 DNA and 

allozyme data for sockeye salmon, Oncorhyncus nerka, also indicate post-glacial 

dispersal from both Beringian and Columbian rehgia pickham et al., 1995). In this 

study, fish from the Skeena and Fraser river drainages were genetically distinct and in fact 

fish from the S keena drainage were more closely related to Alaskan and Russian fish than 

those of the Fraser. The Skeena drains into the Pacific approximately across from the 

Queen Charlotte IslandsEfaida Gwaii and this evidence is therefore consistent with the 

genetic break observed for sea cucumber populations north of Vancouver Island. A finer 

scale analysis of 0. nerka populations also suggests a third possible refugia on 

unglaciated portions of Vancouver Island and/or the Queen C hariotte Islands/Haida Gwaii 

(Wood et d., 1995). Furthermore, a recent study of harbor seal populations also 

demonstrated a genetic distinction between northern and southern groups with a similar 

break point to this study (T. Burg, gers. commun.). These results k-tlber support 

gowing evidefice of subsmZjlal iehgial survival along the coast resulting, at least for the 

present time, in at least two distinct biogeographic regions along the coast of British 

Columbia and Maska. 



fie Species Spectre: C. psetrdoczrrafa versus C. vegne 

Since this study was based on a single locus, mltochondrid DNA, it is not 

possible to unequivocally determine whether C. vegae,C. pselidoc~rrata represent a single 

species or separate taxa having arisen through vicariance or allopatry as described above 

based on this study done. Avise (1994) suggests that concordance among numerous loci 

is required to demonstrate separate species status. C. pseudocurnta and C vegnr are 

externally indistinguishable and characterization is based on calcareous ossicle 

morphology. Ossicles from body wall of C. vegae are typically rods with some 

perforations at the ends (Theel, 1886) and have been described as spectacle rods 

(Lambert, 1985). The body wall ossicles of C. pseudocurata are much larger plates with 

numerous perforations (Deichmann, 1938). Representative specimens from the three 

main southern clades all possessed such large plates (Figure 17), while ossicles from three 

northern specimens possessed spectacle rods characteristic of C wgae (Figure 17). 

Larnbert (1985) developed a morphometric analysis of ossicle size and shape to examine 

geographic variation in ossicle morphology of these two species over a range similar to the 

present study. Despite the distinction associated with species descriptions, a h e a r  

relationship between geographic location and ossicle shape was detected (Lambert, 1985). 

It is interesting to note that the single most convincing intermediate form was from the 

northern tip ofirancouver Island. Unfortunateiy, the next adjacent site to the north was 

near Prince Rupert, B.C. and falls clearly within the northern group. Lambert (pers. 

commun.) describes the area of northern B.C. and southeast Alaska as being intermediate 

in nature with some spectacle rods and some smaller perforated plates. Such an 



intermediate type of ossicle was noted in the Moresby Island specimen. The analysis of 

ossicle morphology, a character presumably produced under the influence of nuclear 

heritable traits, parallels the mtDNA evidence of a significant genetic spiit north of 

Vancouver Island. The description of intermediate forms from northern Vancouver Island 

suggests the possibility of a continuum of variation and further investigation with genetic 

markers is warranted. C. vegae is the senior synonym and a demonstration of 

hybridization would suggest a single species having gone through isolation due to 

glaciation with recontact along the central B.C. coast. At present it can be stated that C. 

vegae occurs from the Commander and Aleutian Islands down to southeast Alaska and 

the Queen Charlotte Is!mds/Haida Gwaii while C. pseudocurata occurs from Vancouver 

Island south to central California. 

Population Structzrre in C. rniniata 

In contrast to C. pseadocurata, C. miniata does not exhbit any significant 

geographic separation over the range between Alaska and California. Analysis of 

indicated that 97.5% of the variance was due to that within populations and results in an 

estimate of gene flow of N,m = 20. As in the case of C. pseudocurata. the method of 

Hudson et a]., (1 992) produced a much higher estimate of N,m = 6 1. Despite this 

discrepancy, both approaches clearly indicate substantial gene flow among C. miniata 

populations, similar to the island model of migration. 

At first, this may appear somewhat sutprising considering that the nonfeeding 

larvae of this species spend less than two weeks in the water column and are essentially 



sessile once settlement occurs. Furthermore, the doliolaria larvae of C. miniati? has been 

described as a sluggish swimmer (Strathmann, 1987) and would depend on local currents 

for movement. McMillan, Raff and Pdumbi (1993) utilized mtDNA restriction length 

polymorphisms to examine the structure of sea urchin populations of two species 

(Genus; Helioczdaris) in the south Pacific. The authors reported that H. ttrbercitlrrtcr, a 

species with a feeding pelagic larval phase lasting several weeks, exhibited no significant 

geographic structuring of populations and appeared panmictic over a range of several 

thousand kilometres, while H. erythrogramma, possessing a nonfeeding pelagic larvae 

lasting only a few days, showed significant structure suggesting little gene flow. In tenns 

of mode of development, C, mzniata clearly is more similar to the latter, sharing a 

nonfeedlng form of larvae which admittedly lasts significantly longer than H. 

erythrogramma (10-14 versus 4-6 days respectively). Yet the lack of geographic 

population structure and apparent high dispersal potential of C'. miniaia follow the 

pattern seen in H. tubercuiata. 

Several aspects of life history and habitat preference shed some light on this 

situation. It is possible that the greater length of duration of the larval stage of C. minialn 

compared to H. erythrogramrna is sufficient to account for the differences in dispersal. 

This organism is a filter feeder and is highly abundant in semi-protected areas with 

moderate to high current flow. Stewart and Levitan (1993) monitored a natural spawning 

event near the Bamfield Marine Station and found greater than 90% fertilization rates 

which they attributed to synchronous spawning and high densities. These factors suggest 

a high potential for successfbl dispersal and therefore gene flow. Furthermore, C. miniulu 



is found from the intertidal shallows to over 200m in depth which provides a wide zone 

of suitable habitat along the coast which could increase the survivorship of settling larvae 

and may therefore reduce barriers to dispersal. It is interesting that this species does not 

appear to be affected by the splitting of the Alaska and California currents. C. miniata 

spawns in early summer when these two currents oppose each other, yet no geographic 

separation was detected. Coastal currents are complex and poorly understood so the data 

may simply indicate that C. miniata occupies waters where currents are more complex 

than this predominant movement. Another possibiIity is that the larvae may be capable 

of considerable oceanic movement due to currents and is consistent with the abundance of 

this organism in areas of high current flow. It therefore seems most consistent to suggest 

that C. miniata is capable of considerable dispersal and is able to circumvent the 

predominant coastal currents, forming a panmictic population along the western coast of 

North America. This species therefore appears to most closely fit an island model of 

dispersal with a high probability of mixing between many demes. 

Age Estimates Within and Between Species 

Since the fossil record for holothurians is poor, it was not possible to provide 

calibration of the molecular clock within this class. Nonetheless, the rate of overall 

mtDNA sequence divergence for sea urchins has been estimated at 1.0-1.5% per million 

years (my-') (Vawter and Brown, 1986; Palumbi and Wilson, 1990). Given that the 

region used for the present study is accumulating substitutions at twice the rate sf the 

COI gene, a rate of 2.0-3.0% my-' was used. 



Overall mean distance estimates between lineages varied considerably for the two 

species examined. Among C pseudocurata haplotypes the mean distance was 3.8%. 

Separating these into northern and southern groups yields mean distance estimates of 

2.4% and 1.4%, respectively with a mean of 6.1% between the groups. Assuming equal 

rates among lineages, southern C. psezldocrrrata lineages 1 ast shared a common ancestor 

0.5-0.7 million years ago (mya), northern T. psezrdoczrrata lineages 0.8- 1.2 my a and the 

two groups last shared a common ancestor between 2.0 and 3.1 rnya, indicating that these 

groups have remained separate since well before the last glacial retreat began. The mean 

distance among C. rniniata haplotypes was 1.2% and C. rniniata haplotypes last shared a 

common ancestor 0.4-0.6 mya. It appears that C. pseudocurafa populations are evolving 

independently and the set of populations may accumulate change more rapidly than the 

panmictic C. rnzniata population. Unequal rates of fixation of changes may exist for 

organisms with such differing dispersal capabilities. Assuming a common rate of 

substitution may therefore result in either an underestimate of the age of C. miniatu 

lineages or an overestimate of the age of C. psezrdoczrrata lineages. This provides an 

important cautionary note when reconstructing the phylogenetic history among even 

closely related taxa and underlines the need to use algorithms that account for varying 

rates of substitution among lineages. 



CI%WI'ER f 11 

Sea Cacumber Mitochondriai tRNAs: 

Gene Order, Seclondary Structures and Patterns of Substitution 

Phylogenetic analysis based on rntDNA is a powerful technique, particularly for 

closely related species, due to the high rate at which substitutions accumulate in this 

molecule. However, this rapid accumulation of substitutions results in a saturation of 

changes, restricting the level at which informative data can be extracted. Tie tRNA genes 

appear to be among the most highly conserved of mitochondrid genes and have been 

suggested as potentidiy informative at deeper phyiogendc ieveis w~rnazawa md 

Nishida, 1993). It has also been suggested that rnitochondrid gene order may serve an 

infornative role at these deeper levels (W. Brown, 1985; Moritz et al., 1987) This is due 

to the fact that, although the mitochonchiai genome has a highly conserved set of genes, 

&e mder or arrangement ofthese genes is not universal. 

A comparison ofmitwkaon~d gene order of different phyla r e v d s  substan-tjal 

rearrangement. Fm exampk, D r e k  differs from vertebrates by two major inversion 

events; the first including the genes for ND41, NL)4 and NDS, the second including M)1,  

sRNA and lrRNA in addition to numerws &YA gene rearrangements (Clay md 
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Based on these observdms- Smith et al . (1 993 j examined the gene order in two of the 

remaining cfiissesT xhe QgRi*x&ds and halo;thuroids. The trdo&uroids C'11ciirnaria rninmt~ 

and Y L C I ~ ~ , I I C ~ ~ . P  c r c l ~ ~ ~ ~ ~ c u ~ ~  exhi bit& he sea urchin pattern while the ophiuroid 

C1@c+IuU~ w d e a  gene fKda i s  lthe same as the sea stars, with respect ro the inversion 

event Funher gene reanangments were subsequently detected in the brittle star, 0- 

mwIeata Indding a sigr?ificanay m d k d  R N A  gene duster (Smith et at ., 1993). Several 

independent rearrrans,emmt events appear rtecessaary to ref ate: this novel pattern to the 

cmr;enrd cluster seen in astactids and echinoids. 

The initial mtDSA sequence analysis o f C  pseudoc~tra~a and C m~triuta indicated 

a substantially different gene mder in the K K A  cluster of these TWO species compared to 

the conserved tRkiPA cluster seen in urchins and sea stars An effort to describe these 

diRerences and provide a p e n t i d  explanation of how these difierences arose was 

undertaken This system prwides an opportunity to examine potentid mechanisms of 

gene r.learrangement in a system presumably lacking i n t enno lda r  recombination. 

Fdmmrae, m e  describe4 t ! s  dai~erd gne: order c d d  p m t i d l y  be utilized as a 

c b @ ~ : e r  for phylqgenetiic analysis izr d e e p  levels such as between families.. 



For the purposes of cloning, mtDNA was purified according to the procedure of 

Lansman et al. (1981) with some modification. C. mh~iata tissue was homogenized using 

a Teflon dounce homogenizer in 20 ml of 210 m M  mannitol, 70 rn-M sucrose, 50 m M  

Tris-Wl, pH7.5 (MSB) plus 3 mM calcium chloride. This homogenate was centrifuged 

at l OOOxg for 20 rnin. to separate cytoplasm from nuclei. The supernatant was 

recentrifbged at 2000hg for 20 min. The resulting pellet containing mitochondria was 

rinsed with 20 ml of I00 mh.a NaCl, 50 mM Tris-HC1 pH 8.0, 100 mM Na2EDTA (STE 

buffer) and recentrifuged. This pellet was resuspended in STE buffer and sodium dodecyl 

sulphate (SDS) was added to a final concentration of 1% to lyse the mitochondria The 

crude mmNA fraction was brought to IM CsCi and 0.3 mglml ethidium bromide and 

centrifbged at 100,000xg for 72 hours to separate mtDNA from genomic DNA and RNA 

The tubes were carefully placed ir, UV light and the mtDNA band extracted by 

puncturing the tube with a needle and syringe. The mtDNA was precipitated with 

ethanol and resuspended in 10 mM Tris-HC1, pH 7.5, 1 mM Na2EDTA (TE). 

Aliquots of mtDNA were digested with various restriction enzymes and 

dectrophmesed on I% agaruse gels to determine suitability for cloning. The enzyme 

Hindm was chosen as it appeared to cleave the mtDNA and digested aliquots were 

ligated into the Hindm restridon site of the plasmid pUC 1 8. Ligation reactions were 

used to transform competent ficherzchia coli cells, strain DHSa, which were plated on 



tS plates containing 100 pghl ampicillin to select for cells containing plasmids. Plates 

a!so contained 40 pgfml 5-bromo-4-chloro-3- indol yl-P-D-galacto-pyranoside (x-gal). X- 

gal is included to distinguish colonies containing plasmids with mtDNA inserts from 

plasmids without inserts. Colonies with plasmids containing mtDNA inserted into the P 

galactosidase gene appeared white due to loss of enzyme function while those without 

mtDNA inserts appeared blue due to the metabolism of x-gal. IPTG was also included to 

induce expression of the galactosidase gene. Pfasmid was subsequently purified from 

several white colonies according to the alkaline lysis method (Birnboim, 1983), digested 

with HindIII, and separated by electrophoresis on 1% agarose gels in 40 mM Tris- 

Acetate, 2mM EDTA (IX TAE) to determine the presence and size of mtDNA inserts. 

Sequencing and analysis of the isolated clones was accomplished by following 

standard procedures outlined in Chapter I using the M13 forward and reverse primers 

which have complementary sequences to sites flanking the cloning site in the pUC 18 

plasmid. 

PCR Amplification 

In order to determine gene order, several primer designed to anneal at anticodon 

loops of several tRNA genes or conserved regions of the COI, ND1, and ATP6 genes 

(Table 8, Chapter 11) were used in a variety of combinations. Subsequently, a tryptophan 

tRNA gene primer was used in combination with standard MI3 forward and reverse 



plasmid primers in an attempt to locate the mA genes which had presumably been 

reiocated and were no ionger present between the sr"KNA and itmU i genes. 

Secor&ry Structure of tRnih 

tRNA genes were identified by sequence identity of the anticodon loop and by the 

potential of the putative transcribed DNA sequence to be folded into the classic cloverleaf 

tRNA secondary structure. Attempts to use computer programs to generate tRNA 

secondary were largely unsuccessful due to the apparently less constrained forms of the 

sea cucumber mitochondria1 W A S .  The secondary structures were therefore produced 

manually by comparison to other mitochondrial tRNA structures, particularly those of 

the sea urchins S. purpurafzis (Jacobs et al., 1988) and P. lividus (Cantatore et al., 1989). 

Ph_vlogenetic Analysis Using fRNA Gene Sequence 

The tRNA genes appear to be among the most highly conserved of the 

mitochondria1 genes particularly with respect to secondary structure (reviewed in 

Wolstenhome, 1992). Kumazawa and Nishida (1993) utilized tRNA gene stem positions 

for phylogenetic analysis of vertebrate groups and suggested this approach may be useful 

for deeper levels than is possible with other mitochondria1 genes. The authors also 

pointed oir; h i  stem eompaiiseiris avoid the protilem of alignment imbigtiities often 

encountered in comparisons of loop positions. Gene sequence was obtained for a set of 

ten tRNA genes from C. mzniafa and P. caiifirntcrus. Sequences were aligned according to 

secondary structure. A preliminary phylogeny was constructed for these two sea 



cucumber species as well as the sea urchins, S. purpuratus and P. Zividus, two sea stars, 

Asterinapectinifera and Pisaster ochraceus, with Xenopus laevis as an outgroup. 

Comparisons were based on dl changes observed or on transversions alone, and both the 

entire tKNA gene sequence as well as only stem positions were analyzed by the 

maximum likelihood method @NAML; PHYLP 3.5, Felsenstein, 1993). 

C rnifriata rntDNA Clorres 

Four C. mzr~rafa mAJINA Hindu1 restriction fragment clones with insect lengths of 

1.5,2.3, 2.6, and 3.9 kilobase pairs (kbp) were isolated and designated pCmhd 15, 

pCmh622, pCmhd26, aid pCmhd39, respectivejy. Standard plasmid M13 forward and 

reverse primers were used to sequence the ends of these clones. Sequences were 

compared to an echinoderm mtDNA library in order to identi@ any gene fragments 

present. 

A cluster of 13 tRNA genes is located between the srRNA gene and the NADH 

dehydrogenase subunit one (NDI) gene in sea urchins (Jacobs et d., 1988; Cantatore et 

d., 1989). This cluster is preceded by the threonine and glutamate &lA genes as well as 

the replication control region (Figure 19). Sequence analysis of a portion of this region 

firom one sea cucumber species, P. caZifomims, indicated that the portion of the gene 

cEuster between the s W A  and the methionine tRNA genes was also conserved in 



Figure 19. Arrangement of clustered tRNA genes in sea cucumber mtDNA. The sea 

urchin S. pztrpuratus tRNA gene cluster (Jacobs et al., 1988) is shown in the top panel 

The tRNA genes are labelled as their corresponding single letter amino acid Sequences 

for P. californzcus and C. pseudocrtrata were obtained from a PCR fragment spanning the 

region between the srRNA and methisnine tRNA genes. Consequently, the remainder of 

the cluster is not shown for these species. C. miniata sequence was obtained from a PCR 

product spanning the region between the srRNA and NDl genes. encompassing the entire 

cluster. Hatched regions indicate short regions of unassigned sequence, presumably 

representing degenerated copies of the tRNA genes. The stippled area represents the 

putative control region and is listed as approximate for C. pseudocrrazh since it was not 

possible to distinguish between the end rf the control region and any remaining portion of 

the degenerated proline tRNA. 





members of this class of echinoderms (Smith et al., 1993) (Figure 19). DNA sequence 

was also obtained for this region from C. minzara (Figure 20) and from f '. pseridoc~u.ata 

(Figure 2 1). However, DNA sequence analysis of this same region demonstrated that five 

of the tRNA genes, those for glutamate, proline, asparagine, leucinecuw, tryptophan, and 

valine, were no longer present in the cluster between the srRNA and ND1 genes (Figure 

19). This results in a modified cluster that includes a short region of unassigned sequence 

(UAS) between the srRNA and threonine tRNA genes, a putative control region followed 

by the glutarnine tRNA gene, another short UAS, the alanine tRNA gene, another short 

UAS, the cysteine tRNA gene, and another short UAS. In order to determine the extent 

of rearrangements throughout the cluster, a PCR product of approximately 1400 

nucleotides (nt) in length was amplified from C. miniata using the 12Scuc and ND1 

primers. Sequence analysis indicated that the five tRNA genes adjacent to NDI in sea 

urchin mtDNA are also present in C. miniata mtDNA in the identical order and 

orientation (Figures 19 and 20). The relocation event@) has therefore been restricted to 

the region between the srRNA gene and the methionine tRNA gene with only the five 

previously mentioned tRNA genes having been relocated. 

In an attempt to determine the events underlying this rearrangement, an 

oligonucleotide primer was designed from the tryptophan tRNA gene sequence of the sea 

iir'chin, S. p~rpiiririzis. &YA appsird to be om of &e iiiost higl'ly eonserved of 

the relocated tRNA genes based on alignments of several sea urchin and sea star species 

(not shown). This primer was used in combination with forward or reverse universal 

plasmid ptimers in an attempt to identify and amplify a fragment containing this tRNA 



Figure 20 (,'. mminiata Mitochondria1 DNA Sequence Between the srRNA and NDI 

Genes. Identified genes are in bold type, with name and boundaries indicated above. In 

the case of ND1 gene, the initial methionine codon is underlined and the putative amino 

acid sequence is also indicated above. Intervening or unassigned sequence is in regular 

type. The tRNA genes are identified by the corresponding three letter amino acid label 

with the anticodons underlined. 







Figure 21. C. pseudocurata nucleotide sequence between the srRNA Gene and the 

Methionine tRNA Gene. Identified genes are indicated in bold, unassigned regions in 

regular type. Labels above sequence indicate genes and their boundaries with tRNA genes 

identified by their corresponding amino acid with anticodons underlined. Genes 

transcribed from the opposite strand are indicated by labels ending with a lower case c. 

The precise end of the srRNA gene was not determined precisely and is indicated with a ? 

based on the last highly conserved region compared to C. miniata. 





sene fiom one dfeanr HkdIb rrsuictlm ffa-mat clones This experiment was based on 

the fm PEre fbw HdEU c h e s  represent mare than I 0  kbp zzf rfie C: nz~ntaw 

mittocRQndrid gemme d *auld tfierefcae hasf: a high prcaZabiti~ oft containing the 

d ~ r ~ a t e d  M t A s  8kEes such anmp yielded a 1 8 kbp PCR paaducf frm the clone 

pCmMZ3 22) usins the tryptophan and 5413-fm-ard primers Analysis of7 

DNA ~ ~ c e  & a s i d  with the fixward primer indicamf .bdwy ro !he ATP5 sent* 

f m  sea urchin f F i p e  23) APitm~bts; to identify series f m  sequence &tai.jined with the 

reverse primer id rSw: presence ofa putative dutanrate tRNd gene (Figure 23) 

An A m  oditgmmcid& primer (Table 8) was derslped and used in cumbinatian 

Mtith a COf primer in an amp to PCB amplify the entire rqim surrwnding the 

-ban W A  gene Tram rtd ratDNA A PCR product 4 15 kbp in length was 
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fl&1e 8) in mder a a ~  n DXA ~~ % I  this region QESgure. 25) From &is 
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e lre:CQCdW (Figwets 25,26) The gutamate tftNi2 gene is djacn: to a 
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e l u r n  in t T, mmd& mrDNA have 

reizmve ro b e  aripsid dttslted in sea urchins 
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Figure 22 PCR amplihcarions using Krnhd23. A standard alkaline lysis preparation of 

the plasmid pCmhd23 was diluted one in one hundred for use as a PCR template. 

Reaction conditions were 95@CG* 39 s; SO") C,  30 s; 72' C, 60s for 25 cycles. Lanes are 

identified according ?a the primer combination used. Lane I ,  M13 forward-Tryptophan 

W A ;  Lane 2, MI3 fornard-MI3 reverse; Lane 3, One kb ladder; Lane 4, M13 reverse- 

Tryptophan tRNA. 





Figure 23. DNA sequence from the mitochondria1 restriction-fragrneri: clone, pCmhd23. 

Sequence from pCmhd23 was obt;ained using standard M13 forward and reverse primers. 

Sequence using the reverse primer is shown aligned with the glutamate tRNA gene 

sequence from the sea urchin, purpzrralzts. (Jacobs et al., 1988). The tRNA gene 

sequences are indicated in bold tyge aith the anticodons underlined. Sequence obtained 

with the forward primer is aligned with ATPase 6 gene sequence from S. pzupuratus 

(Jacobs et al., 1988). The putative amino acid sequences for this gene are also shown. 





Figure 24. PCR amplification products of C. miniata mtDNA between C01 and AT6 

genes. Products are identified by the primer pair used in the amplification. Lane1 , 

COI3b-ATP6; Lane2, C013'4TP6; Lane 3, COII-AV6; Lane 4, One kb ladder. 





Figure 25 CI. miniatu mitwhondrjd DNA sequence between the COf and ND41 genes 

Identified genes presented in boid type witb direction of transcription (arrows) and gene 

boundaries (square brackets) indicated above. Putative amino acid sequence for the COI arid 

N I L  genes dso indicated above DNA sequence. The t.KfVA genes are i&efIed by heir 

corresponding three letter amino acid name, with anticdons underlined. Unassigned sequence 

in regular type. Copies of a 286 nt repeat identified next to the @nine tRNA gene are 

undalined. Complete sequence for this intervening region was not obtained due to technical 

diffrmlties (see text). Therefore, numbering s f  downstream sequence and the presence of four 

copies of the repeat were estimated from the size of P e R  products spanning this region (see 

figme 24)- 









Figure 26. Arrangement of tRNA genes in C. miniczla mtDNA. The sea urchin S. 

prprraius tRNA gene cluster (Jacobs et al., 1988) is shown in the top panel. The tRNA 

genes are labelled as their corresponding single letter amino acid. C. rninzata sequence was 

obtained from two distinct regions: The middle panel shows gene order spanning the 

region between the srRNA and M3 1 genes; the lowest panel shows gene order between 

the COI and MML genes. Hatched regions indicate short regions of unassigned sequence, 

presumably representing degenerated copies of the tRNA genes. The stippled area 

represents the putztive con$rd r@m. 





orientation. Furthermore, the short UAS elements are found at complementary positions 

in the two ciusters Aiignment of the ciusters demonstrates that tbe iocation of a '&YA 

gene in one cluster, corresponds to a UAS element in the other cluster. Combining the 

two clusters produces a single functional copy of each tRNA gene in the same order and 

orientaxion as seen in the sea urchin cluster (Figure 26) It therefore appears likely that 

this gene arrangement has ajsen though a single nontandem duplication. Attempts to 

align tRNk genes with putative degenerated copies showed no evidence of homology 

except in the case of the proline tRNA (not shown). The putative proline tRNA copy 5' 

of the glutamine tkYA gene has retained 70% identity to the proline tRNA gene 

sequence. Complete sequence was not obtained for the entire region between the arginine 

and glutamate tRN4 genes due to the presence of a number of copies of a 286 nt repeat 

(Figure 25). The presence ofthis repeated element resulted in multiple binding sites for 

the internal primers cm21rc2c and cm21rc3c (Table 8) and consequently, rendered direci 

sequencing impossible. Based on the length of PCR products, and assuming that only 

copies of the repeat were present in this region, it would appear that here are four 

tandem copies ofthis element although cloning and sequencing of this region would be 

required to confrm this. 

In contrast to the degeneration of the putative duplicate tRNA genes, the two 400 

a2 segments 3' d' &her the a&-&se ar &ia-~e &&VA gems Fmte re%ked a 

degree of sequence simifarity to each otIter Figure 27) and have not been r e d u d  to a 

singe copy- These two copies differ by only 3.0% if analysis is resnicted to the first 

420 nucleotides, suggestkg some functional constraint. The f i  240 nt ofthe copy 







betweem &ire srR,YA and AID1 genes of&e sequence  show^ in Figure 37 was dso included 

in the pqmfatirn stiidy. 30 deaease in the numbei of site3 free io vary was observed in 

this region compared to  the 1 5 0  nt 5' of this region correspondins to the threonine tRN.4 

gene and the putative degenerated glutamate tRMA gene (Figure 9) Otwail the r e ~ b n  

used for population analysis accumulated substitutions three times faster than the C01 

gene. C f d y  some sites are free to vary in this region despite the apparent functional 

constraints. 

In the sea urchin, X p~npzn-atus~ the region between the threonine and proline 

ERNA genes is though to enc& the origin of replication. Jacobs er aI (1988) have 

presented a stem fwp mmre thought capable of initiation of replication An at1 mpt  

was made to manually align a stem-laop structure involving the pdypurine (G)  tract in  ( '- 

mniaia and C. pser~hrr&a~ A possibly d o g c w s  structure* of similar dimensions to 

the urchin stem-loop, was in the duplicated :+on of l :  mrmm rnlDNA 5' of 

i.rsth &e giutamine and prdfne tR,Yt genes, having a 21 base pair stem and a loop of 37 

mclmtides (Figure 228) This s~ent m a r e  does inwive a suing of purine: nucleotides as 

does &e S. purptrra%ts am, bwwer  there are four mismatch pairs In the C" mima& 

compared to oare fa S p r p r f t ~  The f" mjmuta sten  is cum& sf eight 

G-a", thee, A-T; and six C-G pais, compared to seven G-T, oncl A-T and 13 C-G pairs 

R- Q -- ~ m c  rlui;n&raac *L *-&dear Ilrv .m- rt-hlm RZIISTP fir f)LP - zsr~h i f i  
I- 0- F ~ + ~ ~ -  I I R L ~ ~ U E  ---a?t:mB xm-e -m- r-awmv v s  u.r - r.il.- 

shmme A s h  e deanem dss identified 3" of fie am-imp smrir"ue for 

C~ mmiata which is quite similar to the stgp sequence dements described fi#. the mcxrse 

ad, 1981. as i I& ea J . l W), and the putative adogous dements 





A 
T T 
A T 
TSG 
A-T 
A-T 
T-A 
A-T 
P;-T 
A-T 
T-A 
A-T 
T-A 
A-T 
T T 
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kcalimd The putative s t q  element described above is contained in ?his alternate stem- 

toop Only less con~iiming stem-loop m m r e s  could be formed from the C. 

pmtckptwra~a sequence and are not presented 







pr-red, however, numerous examples of similar mismatches have been described in 

&a animal mitdendrial &NA genes arad in particular in &e ~ X L ,  sea urchins examined 

to date (Cantatore et al., 1988; Jacobs a al., 1 988). Such mismatches shorten the ?' stem 

from five to four nrrdeddes in the proline, and typtophan tR%A genes of ( '. mrtawltt 

and in the cysteine mA of P. eati$or~~icu+- The Dhu stem has been reduced to threc 

base pairs in the aErreOnjne, l ~ ~ n e ( C C ~ ~ ~  and d i n e  tRNAs d11. c*uI~Bir~nc-irs and in the 

leu;cine(Cw, d i n e 7  IeucmMtKR), and tyrosine tlWAs o f f  : mmuin It wits not 

possible to constma a convincing D stem for the tllreonintt tffN.4 of either f mittmiir or 

pseudocura~a (Appendix C).  hlismatches were also found at internal positions of 

stems.. An A-A mismatch occurs at the base of the AC stem in the glutmine and 

asparaghe iR.NAs of C- m m d a  Ottrer unusual pairs seen in Q ' nrrtrmfa 1RNAs incf ude a 

4343 mismatch in the AA s m n  of the glutamate tRNA. and A-C mismatches at the third 

or fd base pair offie AC stem in the methionine and leucine(UUR) tRNAs, 

r@veIy. Among P.. ca l$ i~cus  &%As, an A-C mismatch occurs a1 the fourth pair 

dtfre gbmate AC stem, a U X  pair wain a? the third pc3fStion o f k  prcdjne AC stem, 

and U-6 and U-U pairs aem ;it: the second and third positions of the alanine AA stem 

(Appendix Cf. 

%icWptp~m Pd~em m IRA% gazes 

DNA sapaw was alignd far a canrnon set of ten W A  genes from t': mrnwfa 

dl? cafg(~17ucus~ as d l  as the h e   AS identified from C. psedxurutu~ in order to 

gainabetter ofstubstihrdm pafferns within mit0r;hondrid KWA genes 





Table t 5.  Nucleofide identity among sea cucumber tRN.4 genes (in percent) 







Table 1 7 8 .  Substitutions in &%A Genes: C. miniara versus P. calijomiclcs 

tRNA Loop 1 

Cl D AC C2 T Indeis2 TOM TVT? 
E t*l* I * 2 2 6 1.0 
T l+5* 5 6 na4 
P 1 * li 2 4 I 8 0.29 

Luop labels refer to structural positions as shown in example tRNA in Appendix C. 
Insertion/defetion events are indicated by *. 
~msition/transversion ratio. 
' Indicates transit ionlmasion ratio of ifinity; no transversions observed. 

Trmsitiodtsansversim d o  of zero; no transitions observed. 





Taxa tREr'A Stem Substitutions PairedNucleotide 
C m-rriafd A AC C <-> U G 



substitutions recorded and demonstrates that a 6-ti pair is dways present in one of the 

species examined at such sites. 

The tRNA gene sequence data was used for phylogendc analysis of six 

echinoderm species, pimarily to serve as an examination of the utility ofthjs data set at 

deeper phylogenetic levels, as suggested by Kumazawa and Nishida (1 993). Trees were 

constructed using both the complete gene sequence and stems plus anticodon loop 

seqrrence. Both neighbor-jcrming distance and maximum likelihood methods were used to 

construct trees based on both transitions and transve~sions or transversions alone. A 

distance matrix based on ail positions (Figure 30) indicated fhat this data set was highly 

variant. Trees were generated using stem positions plus AC loop or the entire gene 

sequence and based on all changes, or aansversions only, group the two members of each 

class together and support the presumed relationships among classes (Figure 3 1 ). 

tRNA Gene Ammgemnt 

The tRNA genes ap=ear to be among the most mobile elements of the 

mit0i:hmOrid -iiiiiie iii hI&i~ ci d., 1987; PS3i) d d., 1991 ; S&h et d., 

f 993)- Movement of these genes appears to be have occurred by intramolecular 

transposition events or duplications (Cantatore et al., 1987; Moritz et al., 1987) involving 



Figure 30. DNA &stance matrix using tRWA gene sequence Ttte method of Tamura and 

Nei (1989) was used to calculate the distance matrix based on 789 nucleotides from ten 

aligned tRNA gene q u e ~ t % a  Gap Sites were removed in the pairuise comparisons. 



Distances in the upper-right mztrix 
'* ' indicates an. invalid distance value 



Figure 3 1. Phyfogmefic trees based on the tRNA data set. A: Neiabor-joining tree 

based on the Tmura-Nei &fisbance matrix shown in Figure 30 using the entire gene 

,qumces, exdudkg 3;hirurrise ~ 4 s .  Branch length indicated above, bmtsttap confidence 

estimates below in brackets. 3: Maximum likelihood tree using only stem positions with 

boomap confidence values. 



,318 P, ochraceus 
,131 A, pectinifera 

336 X. laevis 



one crr more genes. In fh-& several examgies of mDNA dizpficatiom have been reported, 

b& most of these appear to be the resuh of tandem duplication ewents. Moritz and 

Brown (1987) characterized duplicarions in mtDNAs from m e n  lizard species- All 

hpfications were tandem, dim& a d  either included, or were adjacent to, the control 

region. The arrtbors dso nut& a nonrandom distribution of the duplication boundaries 

with most appa iag  to align with &VA genes. However, the most parsimonious 

explanation of the n w d  mitocbcmdrial gene order of C. minim appears to be an ancestral 

nmtandem duplication event involving the tiWA cluster region with subsequent drift 

~ a n d m l y  reducing &e rwo duster mpies to a single set of fitndonal tRNA genes. This 

is co~lsistent with tire short segnents of noncoding DNA present between several of the 

&YA genes in &fie intiDNA ofthe Cz~cu~aria species, despite the fact &at such regions 

are very rare in mimIrmdrid DNA @Itxitz  ef dLf., 1 987). 

Of d l  the putative duplicate tRKA gene copies, only that region corresponding to 

the degenerated proline &NX gene, between the srRNA and 3331 genes, retains any 

recognizable similarity to the functional copy, identified baween the arginine tRNA and 

rhe BID41 genes. These two r~q$ons exhibit 70% nucleotide identity and in fact exhibit 

1 W/"o identity over the first 30 nucleoddes. This would seem to suggest that the 

dttplicatim went is not ofrecent origin and that considerable time has since past, allowing 

most extra gene cqies to become reduced to unrecognizable noncoding regions. This is 

&so consistent with the f& tfiat both C'c~~tnanh species examined shared this 

dupIihon and also paints to the potential utility of this gene arrangement as a 

phykgenedc charaster at deeper levels within the Holothuroidea. 



The hpficat%d r@m between the threonine or glutamate W A  genes and the 

remainder of time: cf~iste~ed mA genes has not k e n  reduced to a single copy, and exhibits 

only 3% divergence By cclmparison, this level is even lower than the 4% divergence 

&senred betweera C and C. pserdoc~nuiu for h e  gene sequence of five tRNAs. 

It is possible that some type of homogenization prows is maintaining the two copies 

n d y  identicai or, dtepfliltivdy, &at considerable fundonaf constraints are imposed on 

this region. If this region has retained fbncdond homology with that of sea urchins, it 

represents the putative replication contro1 region (Jacobs et d., 1988). The authors 

g r o p e d  a stem-loop structure for mtDNA from S. pupratus involving a polypurine 

s&ng as an analogous structure to the cloverleaf involved in replication control in 

verkbrates ( C l a p q  3982; G. Brown et al., 1986). These elements are suggested to 

pavide recognition or regulatory sites for RNA/DNA polyrnerases. Adjacent to the 

praline &YA gene copies is a r e o n  containing a string of 12 G nucleotides and an AT 

rich region. A w t i d  stem4oop structure can be formed involving the poiy G tract of 

C. miniafaF and is fdlowed by a porentid TAS element. The C. miniata stem structure 

has considerably fewer G-C piairs and three more mismatches than the S. p~rpirutm 

structurer and appears considerably less stable. The similarities of this region at least 

suggest the possible invdvement of this w e n t  in the control of replication but more 

direct evidence ofimoIvement in replication is required to d m  such a finctional role 

h is curious that no convincing stem-loop structure could be identified for C. 

gseudoCuTa~a and that the TAS &meat does not share higher identity with that of the 

putative element from C niniafa% given that the TAS is presumed to be a highly 



conse~fr"ed element. ffwmerer since mtDNA sequence WBS not obtained for the duplicate 

region from psetidmaia M e e n  the C8f and TuWl genes, it is possible that onfy a 

sin& f i n c t i d  r e p l i d a n  mrrtrd region has been retained in this species. Obtaining 

mDNA sequence for &at +on ufthe mitochondrial genome from C. psezidoc~rruta 

could provide important insight into the fitndonal requirements ofmitocfiondrial 

regtication md trmricriphim in Cuacmarta 

The tandem duplications chewed in i i m  d mitochondrid DNA (iMoritz and 

Brown, I9W) were also assolciafed with the control region and &'t'A genes were also 

communfy present at the b n d a r i e s  of these regions and may therefme have arisen by 

similar mechani sms However- the rearrangement in C. mmiara rntDSA is distinct. since 

rfie duplicated regions are in the same strand polarity but are separated by several genes 

@Dl, XD2, €01, and the arginirre KXA), acornpassing 3 kbp of DNA and wouid 

appear to have required a duplicative transpusition event It is not know- how such a 

duplication wwld affixt rqlfca~on but nay simply result in afternate possible sites of 

initiation. In fact, this may provide a replicafive advantage compared to a molecule with 

mly a single origin. 

A second firncL.tion of this r e o n  may be as a ~anscriptimal c o d  element for 

the adjacent tRNA genes. Such a role for h i s  noncoding element could also explain t5e 

maintenance of these two n d y  identical copies since initiation or control of 

tr;uzscriprion may be reqrrired fiom both sites in order to transcribe all essential tRNAs. 

Were this region not rapired for some such function, it seems highly unlikely that both 

cagies w d d  have k e n  maintained given the observed drift in the duplicated tKNA genes 



tRNA Sf;ru,rfz~re 

Among the structures presented ibr the ifWAs, mismatches were detected but 

numerous clavdeaf structures proposed for sea urchin t R N h  (Jacobs et at , 1988; 

Cantatare et a1 ., f %!?) or for X e q m s  k v i s  (Roe et d ., 1 985) involve similar 

mismatches. Analysis of mature ?RNAs is required to mnfirm whether these mismatch 

pairs exist in the mame strumre. Base modificadons are known to occur which stabilize 

StNA structure (Derrick a d  Horowitq 19%; Arne2 and Steitz, 1994) and may allow 

m d  base pairs to f m -  One such example is the dimethyfation of G at certain 

positions which alters tbe preferred base pairing from G-C to G-A (see Steinberg and 

Gedergren, 1995). The suggested recogsition sequence for the dimethyl transferase is two 

sets of G-C pairs with one of these sets immediately 5' of the G nucleotide to be 

madified, howeverI no such rcx:cgniticm dement was detected for any of the sea cucumber 

mism*k. 

Recently (SteinbePg and Cedergren, 1993) an analysis of atypical mitwhondrial 

WAs l a d  to the prqmd ofa simple set ofrules for these unusual structures. Given 

an AC stem of N base pairs, connector one (see Appendix C) was a minimum of 8-N 

nucleatides and amne~tor 2 was a minimum of9-N nucleotides. Awarding to &is rule, 

tRNAs with a five. base pair At2 stem would require connector regions of three and four 



nucIddesf respect&&. Ho\ .~ -~er ,  a five base pair stern with a two nucfeotide 

connector one appears to be the most common arrangement in the sea cucumber tRNAs 

f Appendix C )  with 761 5 C miniafa and ?/I 0 P- mfiforniczis &srJaS havj ng this 

mangemmt. Tfre 61, miniuta $futitmie &VA has an AC stem of six and mly a one 

n u c l d d e  connector me and the d i n e  tRNA has a five base pair stem with ody  a single 

nuckaide connector me. 

One of the m a s  uncertain structures presented is the &remine tRNA. The I) 

nem far bath Crrmmmm spies is depicted as two base pairs with m intemsming 

mimatch, and the AA stern has a purine-purine mismatch as the basal pair. The AC 

%em is somewhat ambiguous as i~ can be folded into five, six, or seven base pairs. 

Steinberg and Cedergren (1994) suggested that a seven base pair AC stem and a one base 

pair D stem for the serine(GCLij tRKA from S. prp11rafI1s coutd adopt a conventional 

three dimensional stnrchire with smaller connector regions It is therefore possible that 

&e extra length ofthe AC am cem~gifsates for the poor D stem but connector one 

remains two nucleoddes and this does not resolve the question of the mismatch in the AA 

stern. The Sbuctures for P. eafijiumie~~s and two urchin species have o d s  three 

nrrddde  base pairs in the D aem while the reported gene sequence for Pisas~er 

mhacms threclntne &YA dso involves two base pairs and an intervening mismatch. 

Despite &ese stmmrd pr&lmq the &smn>ne gap, s q u e ~ c e  frorr? the two C~cummia 

species are nearfy idmtied, QV& only a single observed substitution, which 

wheidentalIy, emesgonds to the 3' position of the AA stem mismatch. This level of 

substituPion constraint suggests that this is the functional threonine gene, but without 



complete mitcxhmdrid genome sequence from at least one of these species, the 

possibility ofan dfernadve functional theonhe gene copy witfi a more conventional 

structure cannot be ruled out. 

Subsfisfitation Pattern in I ~ A  Genes: C. miniatu vs. C. psaicibciira~a 

The comparison gene sequence from five tRNAs revealed several interesting 

features. Although only 15 changes were observed, strikingly different patterns of 

substitutions were ddectd in stem versus loop positions. As expected, observed 

changes at stem positions maintained base pairing through the occurrence of a G-U pair in 

one of the species (Table 18). All changes detected at stem positions were transitions 

which is consistent with tbe constraint of maintenance ofbase pairing. For example, a G- 

C pair may be changed to a G-U pair thr~righ a C+U transition. Substitutions were 

mice as common at loop positions and transversions and indels were equally common. 

The five tRNA genes ideztified in both Ciicumaria species differed by 4.0%, indicating 

that these genes are accumulating substitutions at a considerably lower rate than the COI 

gene (1 1.3%). An expanded set of tRNA genes would therefore &low analysis at 

phylogenetic levels that the COI gene is no longer usem, as was suggested by Kumazawa 

and Nishida (1993), such as among sea cucumber families. An analysis of the evolution of 

d w e l o p m d  patterns in sea stars (Hart, Byme, and Smith, unpublished), successfully 

utilized a combination of COl and tRNA gene sequence, where it was not possible to 

completely resolve all relationships using either data set alone. 





support the notion that patterns of substitution are heavily influenced by secondary 

strucfud constraints+ 

Phyfogem1ic UizIip of fRAFA Cene &peace 

A simple plylogeneric analysis was undertaken to test the utility of M A  gene 

qmce at deeper l=ds. Both &distance and maximum likelihood methods consistently 

placed the two members of eac:b echinoderm class included together. However. distance 

estimates beyond intracfass comparisons were large, and support for grouping sea urchins 

with sea seamcumbers, as indicated by d t  morphological h a a e r s  and mitochondrid 

gene order (Smith a af*, 19931, was d y  poorly suppod .  Utilizing transversions done 

did not improved perfarmace uftree-building methods compared to both transitions and 

%rmwersims. Analysis of stan pirims plus the a n t i d m  imp did not appear to 

recoyer the correct tree inme often than did the incfusion of d l  positions. It therefore 

appears t b t  tRMA gene sapewe I X ~ I  be of considerable utility for relationships within 

eclfrinderm classes but perhaps not for redationships as ancient as several hundred million 

yearsI as suggested by Kumazam and Mshida (1 993)- The excfusion of loop p s i  tions 

from d y s i s  is not mmssmiIy ' t~~;a~~i l l l ta  althotlgh substihrtions accumulated more 

mpiQIy than at stem pmitioas and the hi& degree of compensatory mutations indicates 

thaa a weighing fmm ~lear 0 5 is ~~~e for stem positions. 



P o p l a ~ o ~ z  Sirucfwe 

'firis study has demonstrated the presence of a significant mtDNA genetic 

discontinuity along the central coast of British Columbia. Further sampling of northern 

Vancouver Island and the mainland coast would allow for a more precise localization of 

this genetic break. One question not answered by this study is whether these northern 

and muthem groups represent different species or simp!y long separated variants which 

have subsequently expanded their ranges following the retreat of the Cordilleran ice sheet 

and have reestablished contact. Since mtf)NA is maternally inherited without 

intermolecular recombination, it is difficult to detect recent hybridization with this 

marker. The inclusion of some type of nuclear marker would greatly improve our 

understanding of this system since such markers could discriminate between the 

ccmpeting hypotheses of hybridization versus speciation between the northern and 

southern groups. Mlozymes, microsatellites, or analysis of anonymous nuclear loci 

pdymorphisms are three possible approaches. The detection of heterozygotes would 

confirm that the northern and southern groups are capable of interbreeding despite 

separation during the last glaciation. 

The pxesmce of*&is A,jsx~ft;;nuity dm raises the possibility that other organisms 

with similar life histories also exhibit this discontinuity. Analysis of population structure 

of &her marine invertebrates with limited dispersal in these regions could be comk ined 

with sea cucumber data to examine patterns of dispersal at a fine scale along the British 



Columbia coast. Concordance among species with limited dispersal capabilities would 

then reidorce the concept of two different biogeographic regions along the British 

Columbia coast. Numerous other organisms appear to share this northfsouth genetic split 

including chinook (Wilson et al., 1987) and sockeye (Wood et al., 1995) salmon, harbor 

seals (T. Burg, pas. commun.), and threespine stickleback (07Reilly et al., 1993). These 

results have important implications for conservation biology, since considerably less 

habitat has been protected on the central and northern coast of British Columbia than in 

the south. A growing body of evidence indicates that considerable diversity has been 

maintained in the northern regions despite past glaciation and efforts must continue to 

preserve and improve our understanding of the origins of biodiversity in this region. 

Dzlplicatioon of fRNA Genes 

The apparent duplication of tRNA genes identified in C, mzniafa raises some 

interesting questions. One of the most intriguing is why the putative control region has 

been maintained in both copies despite the fact that most of the tRNA genes have been 

reduced to a single firnctional copy. Possible explanations, as outlined in above, are, first, 

that a second functional replication origin would not necessarily be deleterious and may in 

fact provide a selective advantage for the mtDNA molecule and second, that a second 

transcriptional regulator is reqzlired as a result of the tRNA gene duplication. One 

experimental approach to test these ideas would be to develop an in vitro transcription 

assay for the mitochondria1 system, or to use a bacterial expression vector to test the 



potential of this region to initiate transcription. Deletion analysis could also be 

undertaken to determine essential elements for either transcription or replication. 

Another point of interest is that the duplication event appears to be shared by 

several members of the Cucu~apia. This duplication event may thus provide a highly 

informative character for phylogenetic analysis. COI gene sequence comparisons 

indicated that variable sites were saturated for changes beyond the familial level and thus 

contain little phylogenetic information. LrRNA gene sequence was more informative at 

higher taxonomic levels but gene order characters may be informative at still higher levels, 

as has been suggested (Cantatore et al., 1987, Moritz et al., 1987). Furthermore, Hart, 

Byme, and Smith (unpublished) utilized tRNA gene sequence for phylogenetic analysis 

of developmental patterns in sea stars when COI gene sequence appeared to be highly 

variable and consequently largely uninformative. Therefore, Iwalization and sequencing 

of tRNA genes could greatly improve our understanding of the radiation of sea cucumber 

families. Phylogenetic information at such levels may lie not only within stem regions but 

at loop positions as well. With proper consideration given to weighting and class of rate 

variation, tRNA genes comprise an informative yet under-utilized portion of the 

rnitochondrial genome. 
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Appendix C: tRNA Structures 

Species abbreviations: Cucumaria miniata, C. m. 
C. pseudocurata, C. p. 
Parastichopus californicus, P. c. 

tRNAs labelled by corresponding three-letter amino acid symbol. 
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