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ABSTRACT 

A major portion (approximately 14.5 kb) of the mitochondrial genome of 

the crinoid, Florometra serratissima, has been sequenced and a complete 

gene map has been developed. The genome contains the genes for 13 

proteins, small and large ribosomal RNAs (12s and 16s rRNAs), and 22 

transfer RNAs (tRNAs) as well as a putative control region for initiation of 

replication (D-loop). The crinoid mitochondrial gene order is: [D-loop]-T-E- 

I 2s-F-LUUR-G-1 6s-Y-N D2-I-ND 1 -COI-R-ND4L-COI I-K-A8-A6-COIII-SUcN-ND3- 

ND4-H-SAGN-ND5-ND6-Cytb-P-Q-N-LcuN-A-W-C---Dl where the single letters 

indicate tRNA genes. Previous analyses have demonstrated that there has 

been a mitochondrial gene rearrangement that separates four echinoderm 

classes into two groups. The classes Asteroidea (sea stars) and Ophiuroidea 

(brittle stars) contain a 4.6 kb inversion in their mitochondrial genomes in 

comparison to the Echinoidea (sea urchins) and Holothuroidea (sea 

cucumbers). This inversion includes most of the tRNA genes, the 16s rRNA 

gene, and the genes for the NADH dehydrogenase subunits 1 and 2. In the 

case of brittle stars there has been a subsequent inversion event within this 

region. The mitochondrial gene order of F. serratissima (class Crinoidea) 

displays additional inversions within this 4.6 kb region not seen in the other 

classes. The remaining mitochondrial gene order of the five echinoderm 

classes is conserved. Both gene order and gene sequencing may be used to 

examine the relationship of the crinoids to the other echinoderm classes as 



well as the potential phylogenetic pathways of echinoderm mitochondria1 

genome rearrangements. 
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Crinoidea Evolution and General Biolo~y 

Historically, there have been five extant classes of echinoderms 

considered: the Asteroidea (sea stars), the Echinoidea (sea urchins), the 

Holothuroidea (sea cucumbers), the Ophiuroidea (brittle stars) and the 

Crinoidea (feather stars). Recently, Baker et al. (1986) established a sixth 

class, the Concentricycloidea (sea daisies) following a discovery of new 

benthic specimens off the coast of New Zealand. Within the Phylum 

Echinodermata, the classes are subdivided into the mostly extinct, stalked 

Subphylum Pelmatozoa and into the free-living, stemless echinoderms of 

Subphylum Eleutherozoa. The class Crinoidea is the only living representative 

of the Pelmatozoa and is the oldest of the extant echinoderm classes. Fossil 

evidence indicates that the divergence between the crinoids and the other 

classes appears to have taken place before the end of the Lower Cambrian, 

about 550 million years ago (mya) (Smith, 1988). The oldest crinoid-like fossil 

known, Echmatocrinus brachiatus Sprinkle, was found in the Burgess Shale of 

British Columbia and is dated back to the Middle Cambrian (Sprinkle, 1973), 

yet the first distinct crinoid fossil does not appear until the beginning of the 

Ordovician period (Figure 1). At present, there are 21 species of Cambrian and 

Lower Ordovician crinoids known, plus a variety of fossil structures that 

suggest the presence of additional crinoid species (Donovan, 1986). The 

basic body plan for the Eleutherozoan echinoderms was established by the 



Figure 1: Fossil record for echinoderms and vertebrates. 
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Figure 1. A summary of divergence times for the five major echinoderm 
classes based on fossil evidence (Smith et al., 1988). Crinoids appear 
first in the fossil record with the asteroids, ophiuroids, echinoids, and 
holothuroids appearing later. 



end of the Lower Cambrian but, it was not until the Ordovician that the 

asteroids, ophiuroids and echinoids first appeared in the fossil record with the 

holothuroids appearing even later (Paul and Smith, 1984). 

The stalked crinoids, like the other classes of the Pelmatozoa, flourished 

in Palaeozoic era during which over 6000 fossil crinoid species have been 

described (Moore and Jeffords, 1968). Crinoids increased in abundance and 

diversity up to the Mississipian (Early Carboniferous) about 350 mya, until the 

Mid-Late Triassic when a massive extinction event resulted in only a few 

representative groups remaining (Simms, 1 988). An indication of the 

abundance of crinoids in this era is seen in the Mississipian Burlington 

Limestone layer, a middle Palaeozoic deposit that occurs in southeastern 

Iowa, western Illinois and Missouri, 99% of which is comprised of fossil crinoid 

remains, including approximately 300 different species (Macurda and Meyer, 

1983). The deposit averages 40 to 50 meters in thickness and covers tens of 

thousands of square kilometers. 

A typical Palaeozoic crinoid is divided into three morphological regions: 

the calcareous plated calyx or theca, which has been used for most fossil 

classification purposes (Hyman, 1955 and Sprinkle, 1987), the food-gathering 

arms that branch (with or without pinnules) off the side or top of the calyx and a 

stalk, with associated cirri that attaches the base of the calyx to the substrate 

(Sprinkle, 1987). The stalk is flexible, being mostly composed of a series of 

calcareous discs (columnals) stacked one on top of the other. The feeding and 

reproducing part of the animal is situated at the top of the stalk. The digestive 



system is tubular, consisting of a mouth, intestine and anus. The calyx, a cup- 

like structure, encloses the complete digestive system and is covered orally by 

a membrane, the tegmen, that bears the mouth (Hyman, 1955). Extant crinoid 

species maintain the general structures of fossil crinoids yet contain 

modifications of details, to different extents (Hickman, 1967). 

The class Crinoidea is subdivided into four subclasses based on 

several features, particularly the arrangement of plates in the calyx, structure of 

the arms and nature of the tegmen (Sprinkle, 1987). Three of the subclasses, 

Camerata, Flexibilia and lnadunata are extinct and for the most part, restricted 

to the Palaeozoic era. The fourth subclass Articulata, first appeared in the Early 

Triassic (about 250 mya), and is generally thought to have evolved from an 

inadunate ancestor, or ancestors, at some point in the Late Permian or Early 

Triassic (Sprinkle, 1987; Paul and Smith, 1984; Macurda and Meyer, 1983; 

Meyer and Macurda, 1977; Nichols, 1966; Van Sant and Lane, 1964). However, 

others believe as it is difficult to identify a single character that is both specific 

to the articulates as well as being recognizable in fossil material, the ancestor 

to the articulates may be any of the extinct subclasses (Simms, 1988). The 

articulates flourished in the Jurassic and Cretaceous and have existed to 

present day. Originally, all articulate crinoids were stalked, but during the 

Mesozoic (Jurassic), some of them gave rise to stalkless articulates (Simms, 

1988). Modern crinoids are represented by either the stalked sea lilies, 

belonging to the orders Isocrinida, Millericrinida, Bourgueticrinida and 

Cyrtocrinida (Breimer, 1978) or the free-living comatulids or feather stars in the 



order Comatulida, which are stalked as juveniles, but break free later. The 

emergence of the feather star in the Jurassic, represents a major step in 

crinoid evolution. The absence of a stalk, combined with the development of 

muscular articulations, allowed this more mobile form to invade new habitats 

and eventually to become the more widely distributed modern crinoid (Macurda 

and Meyer, 1983). At present, there are about 650 species of living crinoids of 

which, only about 80 have the typical stalked pelmatozoan form and are 

restricted to deep waters, probably in a state of approaching extinction (Moore 

and Teichert, 1978; Hyman, 1955). Feather stars range from intertidal waters 

to great depths (Meyer et al., 1978), have undergone extensive speciation and 

appear on the upgrade at present (Hyman, 1955). 

Present understanding of development in crinoids is derived from 

studies of comatulid crinoids or feather stars. Little or nothing is known about 

the embryology of the approximately 80 species of stalked sea lilies as they live 

too deep to study by conventional SCUBA diving and most dredged individuals 

are collected damaged and dying (Holland, 1991). Sexes are separate in 

crinoids, although a few hermaphroditic individuals have been observed in 

Oxycomanthus japonica (Dan and Dan, 1 941 ), Himerometra bartschi (Vail, 

1 987), Colobometra perspinosa (Vail, 1 987), Oligometra serripinna (Vail, 1 987) 

and Florometra serratissima (Mladenov, 1986). Gonads are usually located in 

the genital pinnules on the lower half to two-thirds of each arm but in some 

species, the gonads are located within the arms (Hyman, 1955). Only one 

species of crinoid, the feather star Florometra serratissima, is found in 



northeastern Pacific coastal waters (Mladenov, 1987), from California to Alaska 

at depths of I I to over 1200 meters (Clark and Clark, 1967) with gravid females 

available at any time of the year (Mladenov, 1986). F. serratissima doliolaria 

larvae (nonfeeding vitellaria larvae surrounded by bands of cilia) begin to hatch 

35 hours after fertilization and swim just below the surface of the water. After 

4.5 days they begin to explore the substratum and then settle into aggregations 

where there is a rapid metamorphosis into the attached stalked cystidean form 

of developing feather stars. The non-feeding cystidean, increases in height (to 

approximately 1.8 mm) and transforms into a pentacrinoid: oral plates open, 

tube feet are extended and feeding begins (Mladenov and Chia, 1983). Over 

the course of weeks to months, the pentaradial arms, water vascular system, 

anus, and calyx develop and just prior to separation of the free-living feather 

star juvenile from its stalk, the pinnules and cirri develop from the arms and 

base of the calyx, respectively (Mladenov, 1987). 

Mitochondria1 Genomes 

The mitochondrial genomes of metazoans are mostly closed circular 

DNA molecules that range in size from 14-17 kb. The complete sequences of 

mitochondrial DNA (mtDNA) are now available from a variety of different 

animals. There is a notable conservation of mitochondrial gene content in the 

metazoans, however, the arrangements of the genes within the mtDNA 

genomes vary greatly (Desjardins and Morais, 1990; Okimoto et al., 1992; 

Paabo et al., 1991; Cantatore et al., 1989; Wolstenholme, 1992). In general, 



the mitochondria1 genome contains genes for: 13 proteins, the oxidative 

phosphorylation system cytochrome oxidase subunits I, II, and Ill (COI, COll, 

and COlll) and cytochrome b (Cyt b), the ATPase complex subunits 6 and 8 

(ATPase6 and ATPase 8), and the respiratory chain NADH dehydrogenase 

subunits 1-6 and 4L (NDI -ND6 and ND4L); 22 transfer RNA genes (tRNAs); 

and small and large ribosomal RNA genes (12s and 16s rRNAs). In addition, 

there are usually one or more noncoding regions which have been 

demonstrated to contain signals for initiation of replication and transcription of 

the mtDNA in mammals and amphibians (Montoya et al., 1982, 1983; Clayton, 

1982, 1984, 1991 ; Walberg and Clayton, 1981 ; Brown et al., 1986). In 

vertebrates, the main noncoding region that contains the replication origin of 

the heavy strand (OH) and the promoters for heavy (HSP) and light (LSP)-strand 

transcription is often referred to as the displacement loop or D-loop region. 

This control region or D-loop is thus named because initiation of the heavy (H) 

strand replication results in the formation of a triple-strand structure, a 

displacement loop, with the newly sythesized H-strand paired to the L-strand. A 

second, but smaller noncoding region believed to contain the origin of the light 

strand replication (0J  has also been located in mammals (Bibb et al., 1981 ; 

Anderson et al., 1981), including marsupials (Janke et at., 1994), and possibly 

in Xenopus laevis (Wong et al., 1983) and Drosophila (Clary and 

Wolstenholme, 1985), but has not been detected in birds (Desjardins and 

Morais, 1990). In other organisms, such as the invertebrates, there are similar 

noncoding regions present in the mtDNA that are often designated putative 



control regions. Although some of the mtDNA genome size variations result 

from differences in gene lengths, most are attributed to differences in the 

length of the control region, some of which contain repeated sequences 

(Bermington et al., 1986; Moritz et al., 1987; Rand and Harrison, 1989; Buroker 

et al., 1990; Wolstenholme, 1992). In some instances, tandem duplications of 

coding regions have also occurred (Moritz and Brown, 1 986,1987; Wallis, 1 987; 

Moritz, 1991 ; Zevering et al., 1991 ). 

In contrast to other mtDNAs, the animal mitochondria1 genome is highly 

compact, with very few intervening sequences. Apart from the origin of 

replication regions, the genes coding for the transfer, ribosomal, and 

messenger RNAs do not contain any introns or untranslated regions. In most 

cases, genes are contiguous or separated by only a few nucleotides, while in 

others the genes overlap (Wolstenholme, 1992; Saccone and Sbisa, 1994). 

Some of the overlaps occur between the 3' ends of genes that are transcribed 

on opposite strands yet there are cases in which the overlap involves genes 

encoded on the same strand. One striking example is the overlap seen in the 

ATPase6 and ATPase8 genes. The initiation of the ATPase6 gene overlaps 

with the termination of the ATPase8 gene to varying degrees among 

metazoans (Anderson et al., 1981, 1982; Bibb et al., 1981 ; Roe et al., 1985; 

Jacobs et al., 1988a; Cantatore et al., 1989; Desjardins and Morais, 1990; 

Smith et al., 1990; Asakawa et al., 1995). In addition, the ND4 and ND4L genes 

have been seen to overlap by seven nucleotides in vertebrates, where they 

occur next to one another (Anderson et al., 1981). Complete, bicistronic 



transcripts containing the ATPase6 and ATPase8 reading frames, and the ND4 

and ND4L reading frames have been isolated from the HeLa cell mitochondria 

(Ojala et al., 1981) as well as two bovine proteins that correspond in size and 

sequence predicted by overlapping ATPase6 and ATPase8 genes (Fearnley 

and Walker, 1986), which demonstrate that translation of the ATPase6 protein 

must involve initiation within the ATPase8 reading frame. The condition of 

overlapping genes contained within the same transcript would require specific 

mechanisms by which independent complete translation products could be 

formed (Anderson et al., 1982). The mitochondrial genomes of sea urchins 

produce multicistronic, and probably overlapping transcriptional units which 

extend bi-directionally over the whole genome. It has been suggested that 

extensive RNA processing would be required to produce mature RNA 

molecules from the primary transcripts, at the post-transcriptional level 

(Cantatore et al., 1990; Jacobs et al., l988a). 

In contrast to the universal code, the genetic code in mitochondria is 

diverse and varies from phylum to phylum (Barrel1 et at., 1979; Jukes and 

Osawa, 1990; Osawa et al., 1992). Rather than being a stop codon, as seen in 

the universal genetic code, UGA specifies tryptophan in all animal 

mitochondrial genomes. In addition, the codons AGA and AGG are thought to 

specify stop codons in vertebrates (Anderson et al., 1981, 1982; Bibb et al., 

1981 ; Roe et al., 1985; Gadaleta et al., 1989; Osawa et al., 1989; Desjardins 

and Morais, 1990) yet, specify serine in most of the invertebrates (Jacobs et al., 

l988a; Cantatore et al., 1989; Himeno et al., 1987; Okimoto et al., 1992; 



Asakawa et al., 1995) except cnidaria in which arginine is specified as in the 

standard universal code (Wolstenholme, 1992). In most metazoans, the 

codons AUA and AAA specify methionine and lysine respectively. In the 

echinoderms however, AUA specifies isoleucine and AAA, asparagine (Himeno 

et al., 1987; Jacobs et al., 1988a; Cantatore et al., 1989). 

A second feature of the metazoan mtDNA genetic code is the variation in 

translation initiation and termination codons. It has been determined that all 

four AUN triplets can act as initiation codons (Bibb et al., 1981 ; Attardi et al., 

1985; Jacobs et at., 1988a; Cantatore et al., 1989) as opposed to just AUG. 

Furthermore, in some cases the codon GUG is thought to be act as the 

initiation codon (Clary and Wolstenholme, 1985; Gadaleta et al., 1989; Jacobs 

et al., 1988a; Cantatore et al., 1989; Desjardins and Morais, 1990). Translation 

termination in metazoan mtDNA genomes is also mediated in some unique 

ways. In addition to the AGG and AGA stop codons utilized by vertebrates, 

metazoans use TAA or TAG as their termination codons. Some gene 

transcripts end with incomplete termination codons such UA or a single U. A 

complete termination codon results from post-transcriptional polyadenylation of 

individual transcripts (Anderson et at., 1981; Ojala et al., 1981 ; Clayton, 1991). 

The diversity of the genetic code in animal mitochondria is considered to 

be directly related to the sequence and/or structural components of 

mitochondria1 tRNA genes (Osawa et al., 1992). The metazoan mtDNA 

genomes contain the genes for usually only 22 tRNAs yet these are sufficient to 

decode the 13 protein genes found in most metazoan mitochondria due to a 



more extended U:N wobble than that seen in the decoding of the universal 

genetic code. As a result, a single tRNA can read all codons of a four-codon 

family (Barrell et al., 1980; Anderson et al., 1981). However, it is uncertain if this 

is a result of the U, present in the wobble position of the anticodon, being able 

to bind with all four third-codon positions, or if two nucleotide pairs are 

sufficient to stabilize the anticodon-codon interaction (Lagerkvist, 1981). The 

presence of a reduced number of tRNAs is thought to have evolved from 

pressure for economization of genome size (Anderson et al., 1981, 1982; 

Attardi et al., 1985; Bibb et al., 1981 ; Clary and Wolstenholme, 1985; Roe et al., 

1985; Wolstenholme et al., 1987; Gadelata et al., 1989; Desjardins and Morais 

1 990; Okimoto et al., 1 992). 

In addition to the reduced number of tRNA genes, the metazoan mtDNA 

encode variations in the standard, cloverleaf tRNA, secondary structure seen in 

nuclear tRNA genes. Most of the vertebrate and invertebrate mtDNA tRNAs can 

fold into the four-armed secondary structure but, there is usually variation in the 

size and sequence of the loops of the dihydrouridine (DHU or D) and TYC (or 

T) arms. In general, the cloverleaf structure is maintained except there is 

usually a reduction in size of the tRNA, several universal bases are missing, 

some mismatches and unconventional pairings are present, and there is a 

high proportion of AT nucleotides (Attardi et al., 1985; Cantatore et al., 1989; 

Wolstenholme, 1992). It has been hypothesized that the weakened tRNA 

secondary structures resulting from unorthodox base pairings may be 

stabilized more by tertiary interactions or base stacking rather than hydrogen 

11 



bonds (Ueda et al., 1 985; Roe et al., 1 985; Kumazawa et al., 1 989; Yokogawa 

et al., 1989; Wakita et al., 1994). Although the mtDNA tRNA genes vary in 

comparison to the universal tRNA cloverleaf sequence and structure, some 

generalities can be made. A comparison of Paracentrotus lividus mtDNA 

tRNAs with those of Drosophila yakuba, Xenopus laevis, and Homo sapiens 

reveal that the anticodon loop and stems, and the DHU stems are the most 

conserved regions of mtDNA tRNAs, where the W C  stems and amino acid 

stems are more variable (Cantatore et al., 1989). In addition, the most striking 

example of tRNA structure variation is seen in the metazoan tRNA serineAGN, in 

which the tRNA is smaller than any of the others and the DHU arm is missing . 

The metazoan mitochondrial gene order and organization seems to vary 

from phylum to phylum. Gene rearrangement consists of a different distribution 

of genes between the two strands (polarity inversion), gene transpositions and 

even gene loss, in some cases (Saccone and Sbisa, 1994). The arrangement 

of genes in most vertebrates appears to be relatively stable, however, some 

variations have been noted in birds (Desjardins and Morais, 1990, 1991), and 

marsupials (Paabo et al., 1991). In the phylum Echinodermata, complete 

mitochondrial genetic maps have been published for the sea urchins 

Strongylocentrotus purpuratus (Jacobs et al., 1988a), Paracentrotus lividus 

(Cantatore et al., 1989), and Arbacia lixula (De Giorgi et al., 1996) as well as 

the sea star, Asterina pectinifera (Asakawa et al., 1995). In addition, partial 

sequence data from another sea star, Pisasfer ochraceus, has been published 

(Jacobs et al., 1989; Smith et al., 1990). Although previously studies of sea 

12 



urchin mtDNA (Roberts et al., 1983; Jacobs and Grimes, 1986; Jacobs et al., 

1988b; Cantatore et al., 1987a) had suggested that its gene order was 

different, the sea urchin, S. purpuratus, published mtDNA map (Jacobs et al., 

1988a) clearly demonstrated the presence of a novel gene order in comparison 

to the previous ones seen in vertebrates and Drosophila. In addition, utilizing 

protein and rRNA genes, it was proposed that the sea urchin pattern could be 

related to the vertebrate pattern with only a few rearrangements (Jacobs et al., 

l988a; Cantatore et al., 1 987a, 1989). The mitochondrial gene orders of the 

other two published sea urchin species A. lixula and P. lividus are the same as 

that of S. purpuratus which indicates stability of mtDNA gene order within the 

sea urchins. Previously, Smith et al. (1989) demonstrated that a major 

inversion event had occurred in two of the echinoderm classes. The sea stars 

(class Asteroidea) contained a 4.6 kb inversion encompassing portions of the 

tRNA cluster, the large ribosomal RNA gene, and the NDI and ND2 genes in 

comparison to the sea urchins (class Echinoidea). This inversion was seen in 

two sea star orders (Forcipulatida and Valvatida). In addition, PCR and 

sequence data indicated that the sea cucumbers (class Holothuroidea) 

maintained the sea urchin mitochondrial gene order, but the brittle stars (class 

Ophiuroidea) demonstrated the basic sea star pattern (Smith et al., 1993). 

Therefore, although there is variation within the phylum Echinodermata, it 

seems that within classes the mitochondrial gene order is relatively stable. 

However, preliminary data indicates the presence of a novel tRNA duplication 

event within the sea cucumber genus Cucumaria with respect to other 



holothuroids (Allan Arndt, pers. comm.). This 4.6 kb inversion creates two 

groupings of echinoderms: the echinoidlholothuroid lineage and the 

asteroidlophiuroid one. This study was undertaken to determine the mtDNA 

genome order of the fifth echinoderm class, Crinoidea and its possible 

grouping to either lineage. Once the mtDNA gene order of the five major 

echinoderm classes is known, then potential phylogenetic pathways of 

echinoderm mitochondria1 genome rearrangements may be postulated. In 

order to determine the crinoid mtDNA gene order, a strategy of DNA 

sequencing of products from PCR amplification across potential gene 

junctions and partial genomic clones was undertaken. The DNA sequence 

accumulated encodes approximately 90% of the crinoid mtDNA genome 

including the complete sequences of 22 tRNA genes, 11 protein coding genes 

and both ribosomal RNA genes, as well as partial sequences of the remaining 

two protein coding genes. This sequence data allows us to extensively 

examine echinoderm phylogenies and compare tRNA structures across 

echinoderm classes. 



MATERIALS AND METHODS 

Specimens 

Florometra serratissima individuals were obtained by SCUBA in Howe 

Sound, around Bowen Island, B.C. and were also supplied by the Bamfield 

Marine Station, Bamfield, B.C. 

DNA Isolations 

1) Total DNA preparation from compl ete animals 

Individual Florometra were frozen in liquid N2 for five minutes and then 

ground to a fine powder in a frozen cold motor and pestle, adding liquid N2 

occasionally. The ground powder was added to 10 ml of Protease K buffer 

(100mM Tris-CI pH 8; 200mM NaCI; 50mM EDTA pH 8; 1 % SDS (sodium 

dodecyl sulfate); and 200 pglml Protease K (Sigma)) heated to 65" C and 

digested at 65' C for one hour with occasional mixing. After digestion was 

complete, one-half of the digestion volume of IxTE (10mM Tris-CI; I mM EDTA 

pH 8) equilibrated phenol was added and mixed gently for five minutes. The 

tubes were centrifuged in a Beckman JS-13.1 rotor, 4' C for 10 minutes at 8000 

rpm and the aqueous phase was removed to a fresh tube. The organic layer 

was re-extracted with the addition of 10 ml Protease K buffer (no Protease K 

added), mixed for five minutes and centrifuged as before. The re-extracted 
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aqueous phase was combined with the first aqueous phase and extracted with 

one-half volume of a 1 : 1 phenol:sevag{chloroform/isoamyl alcohol (24: I ) }  

mixture. The tube was mixed gently for five minutes and centrifuged as before. 

The phenoksevag extractions were continued until the interface between the 

aqueous and organic layers was clean. The aqueous layer was extracted with 

CTABINaCI (10% (wlv) Cetyl Trimethyl Ammonium Bromide in 0.7M NaCI): a 

one-sixth volume of 5M NaCl was added first and mixed well, then a one-eighth 

(original) volume of CTABINaCI was added. The tube was incubated at 65" C 

for 30 minutes and extracted with an equal volume of sevag twice (or until the 

interface was clean). The aqueous phase was transferred to a fresh tube and 

precipitated overnight at -20" C with the addition of 2.5 volumes of 95% ethanol. 

The DNA was pelleted in a Beckman JS-13.1 rotor, 13,000 rpm, 4" C for 20 

minutes and the pelleted DNA was rinsed twice in 70% ethanol, re-centrifuged 

and let to air dry. The dry pellet was taken up in IxTE containing 20 pglpl 

RNAase and stored at 4" C. 

2) Total DNA preparation of eggs from gravid females 

During dissection of live crinoids, large amounts of eggs were released. 

The isolated Florometra eggs were digested in a final volume of 10 ml 

Protease K buffer (100mM Tris-CI pH 8; 100mM NaCI; 50mM EDTA; 1 % SDS; 

200 pglml Protease K) for two hours at 65•‹C. The digested eggs were 

extracted with an equal volume of IxTE equilibrated phenol until the aqueous 
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and organic layer interface was clean and extracted with an equal volume of 1 : I  

phenokevag. The organic and aqueous phases were separated by 

centrifugation in a Beckman JS-13.1 rotor, 20 OC, for 10 minutes at 8000 rpm. 

The aqueous layer was extracted with CTABINaCI (1 0% (wlv) Cetyl Trimethyl 

Ammonium Bromide in 0.7M NaCI): a one-sixth volume of 5M NaCl is added in 

first and then a one-eighth (original) volume of CTABINaCI is added. The tube 

was incubated at 65" C for 35 minutes, mixed occasionally and extracted with 

0.5 volumes of sevag and centrifuged as before. The supernatant was 

precipitated with the addition of 2.5 volumes 95% ethanol at -20 OC overnight. 

The DNA was pelleted using a Beckman JA-13.1 rotor 13000 rpm, 4 OC, for 20 

minutes, rinsed in 70% ethanol and then re-centrifuged for five minutes. The 

dry pellet was taken up in 1 ml of IxTE and left at 4 OC. 

Southern Blots 

Total DNA preparations were single (and double) restriction digested in 

100 pl volumes containing 10 pg DNA, 3 pl enzyme #I ,  (3 pI enzyme #2), and 

10 pI of the appropriate 1 Ox React Buffer for two hours at 37 OC, at which time 

an additional 3 pI of enzyme # I  (and #2) were added. The following enzymes 

were used: Kpn I, Pst I, Sst I, EcoR I, and Xho I and all restriction digests were 

carried out in specific React Buffers according to the manufacturer's 



specification (Gibco BRL). After the second amount of enzyme(s) had been 

added, the digestion continued at 37 OC for another two hours, heated to 65' C 

for 15 minutes and stored on ice. The digested DNA was electrophoresed on 

0.7% agarose gels in IxTAE buffer (40mM Tris-CI-acetate; 2mM Na2EDTA ) 

containing ethidium bromide and photographed under short U.V. wavelength 

light (302 nm). Prior to transfer of the gel, it was treated as follows: acid 

depurinated in 500 ml of 0.25M HCL for 20 minutes, rinsed with ddH20 once, 

denatured in 300 ml denaturing buffer (1.5M NaCI; 0.5M NaOH) for 20 minutes, 

rinsed with ddH20 twice and finally neutralized in two times 300 ml neutralizing 

buffer (1 M NH40Ac; 0.2M NaOH) for 30 minutes each time. The DNA was 

transferred to HybondN+ membrane (Amersham) overnight by capillary action 

in 2 liters of transfer buffer (1 M NH40Ac; 0.1 M NaOH). The transferred DNA was 

U.V.-crosslinked to the membrane using an UV Stratalinker 2400, according to 

the manufacturer's specifications (Stratagene) and the membranes were 

vacuum dried at 80 OC for two hours and stored between pieces of 3mm 

Whatman. Hybridization, probing and detection were carried out as outlined in 

the chemiluminesence, ECL random prime labeling and detection systems kit 

protocol (Amersham). Probes used were both isolated PCR products and 

isolated inserts from identified Hind Ill clones (previously made by Sharon 

Gorski). 



Polymerase Chain Reaction (PCR@) 

1) Oligonucleotide Primers 

All PCR primers were prepared in one of the following ways: on an 

Applied Biosystems oligonucleotide synthesizer at Simon Fraser University by 

the IMBB oligo service; by the Gibco BRL Custom-Made Primer service; or by 

the DNAgency oligo service (Philadelphia). Florometra specific primers that 

span gene junction regions were either designed from sequence obtained 

from Hind Ill clones, made previously by Sharon Gorski, or from sequence 

using internal gene primers and PCR. Internal gene primers had been 

designed earlier, from either consensus echinoderm regions, the sea 

cucumber Cucumaria miniata (Allan Arndt, pers. comm.) or were obtained from 

published sequences (see Table 1). Primers designed from Florometra 

sequence are distinguished from other primers with the prefix "fs". All PCR 

primer sequences and map positions, based on Strongylocentrotus purpuratus 

mitochondria1 genome map data (Jacobs et al., 1988a), are shown in Table 1. 

2) Thermal Cycle Amplification 

Florometra DNA was amplified using the Polymerase ch ain reacti 

(PCR) in 50 pI reaction volumes containing 20mM (NH4)2S04; 75mM Tris-HCI 

pH 8.8; 0.01 O h  Tween-20; 2.5mM MgCI2; 0.2mM each of the four dNTP1s; 2.0mM 



Table 1. PCR primers 

Name Primer Sequence and Positiona 

1 2sbib 
16SbC 
16SrC 
fsl6Sc 
fsND2f 
fslle 
fsCOl 5'bk 
COlefC 
COlerc 
fsCOl 3' 
fsCOll 5' 
fsCOll 3' 
fsCOlll 5'bk 
COIII~ 
c0lllrd 
fsCOlll 3' 

a DNA primer locations are designated using nucleotide positions from the sea 
urchin, Strongylocentrotus purpuratus mitochondria1 genome (Jacobs et 
al., 1988a). All primers are listed 5' to 3'. Lower case letters indicate 
random 5' sequence and a Kpn I restriction site (bold) added to some 
primers. 

b Palumbi et al., 1991. 
C Primers designed from consensus echinoderm sequence or from Cucumaria 

miniata (Allan Arndt, pers. comm.). 
d b ~ o i g h i l  and Smith, 1995. 



each of the two primers; approximately 10 ng DNA; and 0.2 units of Ultra Therm 

Thermophilic DNA Polymerase (BioICan Scientific). Thirty rounds of 

amplification were carried out in a GTC-2 Genetic Thermal Cycler (GL Applied 

Research Inc.) under the following conditions: an initial cycle of denaturation at 

94" C for 90 seconds, annealing between 50-58" C (depending on the primer 

utilized) for 30 seconds, and extension at 72" C for 1-3 minutes (approximately 

45 seconds per kilobase (kb) PCR product); followed by 29 cycles of 94" C for 

30 seconds, 50-58" C for 30 seconds and 72" C for 1-3 minutes; with the final 

cycle extension time lengthened to 10 minutes. The PCR products were 

electrophoresed in 0.7% agarose gels containing IXTAE buffer, stained with 

ethidium bromide, and were either photographed under short U.V. wavelength 

light (302 nm), or agarose gel slices containing the product band were excised 

under long U.V. wavelength light (360 nm) and the DNA isolated. The DNA was 

purified from the agarose plug by centrifugation through silanized glass wool 

plugs for 20 minutes at 6000 rpm in a desktop microcentrifuge. The eluted 

DNA was precipitated overnight at -20 OC by increasing the salt content to 1 M 

NH40Ac and adding 2.5 volumes of 95% ethanol. The precipitated DNA was 

centrifuged in a desk top microcentrifuge for 20 minutes at top speed and the 

pellet was rinsed in 70% ethanol and re-centrifuged for five minutes. The dry 

pellet was taken up in IxTE, or ddH20 and stored at -20" C. 



Cloning 

1) mtDNA clones 

Previously, isolated F. serratissima mtDNA was used to prepare four 

Hind Ill clones in the plasmid vector pUC19 by Sharon Gorski. Of the four, only 

one had been identified as containing cytochrome b sequence homology and 

tRNA gene similarity. Table 2 contains a list of these clones and their sizes. 

Table 2: Florometra mtDNA Hind Ill clones 

Name Size Insert sequence 

FSHD2 18OObp cytochrome bltRNA genes 
FSHD4 373bp unknown 
FSHD8 1379bp unknown 
FSHD16 21 00bp unknown 

2) PCR cloning 

The isolated amplified bands from the PCR products were cloned using 

one of two methods: the TA cloning method of Marchuk et al. (1990) utilizing 

the plasmid vectors, pUC19 or pBluescript I1 KS(+); or by using the pCR-Script 

Amp SK(+) Cloning Kit according to the manufacturer's protocol (Stratagene). 



3) Subcloning mtDNA and PCR clones 

The Hind Ill plasmid clones (Sharon Gorski) and the PCR clones were 

digested with several different restriction enzymes (Hind Ill, EcoR I, Sst I, Kpn I, 

Alu I) according to the manufacturer's specifications (Gibco BRL). Once 

internal restriction sites had been identified, the digested fragments were 

isolated through electrophoresis on 0.7% agarose gels; the agarose gel slices 

containing the fragment were excised under long U.V. wavelength (360 nm), 

and the DNA was purified through centrifugation in silanized glass wool 

columns and precipitation in 1 M NH40Ac and 2.5 volumes of 95% ethanol. In 

addition, one of the plasmid vectors pUC19, PVZl or pBluescript KS(+) was 

restriction digested with the appropriate enzyme and heat inactivated according 

to manufacturer's specifications. The digested vector and isolated fragment 

were ligated in 20 pI volumes overnight, at 14" C with the addition of 1 unit of T4 

DNA ligase and 4 pl5X T4 DNA Ligase Buffer (Gibco BRL). The ligations were 

used to transform DH5a competent cells. Transformations were done as 

follows: 5 p1 of the ligation reaction was added to 100 pl competent cells (lo6- 

lo7  transformation efficiency) and left on ice for 30 minutes; the cells were heat- 

shocked at 42" C for 90 seconds and stored on ice for 2 minutes; 900 p.1 of 

sterile LB was added; and the cells were placed in a shaking 37" C incubator 

for one hour at which time 50 pl, 100 pl, and 200 pl was spread plated on LB- 

Agar plates containing 100 pglml Ampicillin, 40 pglml X-Gal and 160 pglml 



IPTG and incubated overnight at 37" C. Single white colonies were streaked 

onto LB-Agar plates containing 100 vg/ml Ampicillin and grown overnight at 

37" C. Single colonies were selected to inoculate 5 ml of LB and grown 

overnight at 37" C in a shaking incubator. The plasmid DNA was isolated 

using the alkaline lysis procedure outlined in Maniatis, et al. (1982) and stored 

at -20" C. Positive subclones were screened by restriction digest with 

appropriate restriction enzyme(s) and electrophoresis on agarose gels. 

Sequencing PCR products, PCR clones, Hind Ill clones, and subclones 

All DNA sequences were obtained using the chain termination method 

of Sanger et al. (1977) applying: the Sequenase Version 2.0 DNA Sequencing 

Kit (U.S. Biochemicals/Amersham); the Sequenase PCR product Sequencing 

Kit (U.S. Biochemicals/Amersham); and through Automated sequencing, ABI 

(Applied Biosystems) protocols. In addition, sequencing of plasmid clones 

using the Sequenase Version 2.0 system included 10% DMSO (Terry Snutch, 

pers. comm.) in the reaction mixture. Aside from the sequences obtained 

using the standard plasmid primers MI3 Forward, MI3 Reverse, T3, and T7 

and specific PCR primers utilized in the amplification (Table I ) ,  internal 

sequencing primers were designed to acquire the rest of the PCR product 

sequence (primer walking) for larger fragments. After one segment had been 

sequenced, a primer was designed from the end of that sequence and then 



used to prime another sequencing reaction further in the clone. In most cases, 

primer walking occurred from both ends of the clones until the two strands 

overlapped. Internal sequence was also obtained through sequencing 

subclones when internal restriction sites were found within the clones. In most 

cases, two PCR clones were sequenced and any nucleotide discrepancies 

were resolved by sequencing a third PCR clone. Table 3 contains a list of the 

sequencing primers used. The prefix "fs" denotes those primers designed 

from F. serratissima sequence. The other primers were either designed from 

consensus echinoderm sequence or from the sea cucumber, Cucumaria 

miniata (Allan Arndt, pers. comm.). 

Sequence Analysis 

Florometra mtDNA sequences were analyzed using Delaney (Delaney 

Software Ltd.), ESEE sequence alignment programs (Cabot and Beckenbach, 

1989), network searches Blastx, Blastn, Blastp, and FASTA @ ncbi.nlm.nih.gov. 

Sequences containing tRNA genes were identified and folded into their 

secondary structures and compared to the tRNA sequences and structures 

found in other metazoans. Florometra DNA sequence encoding mtDNA 

proteins was translated using the accepted echinoderm mtDNA genetic code 

demonstrated in Paracentrotus lividus (Cantatore et al, 1989), 

Strongylocentrotus purpuratus (Jacobs et al., 1988a) and Asterina pectinifera 

(Himeno et al., 1987; Asakawa et al., 1995). 



Table 3. Sequencing Primers 

Name Sequence and Positiona 

a DNA primer locations are designated using nucleotide positions from the sea 
urchin, Strongylocentrotus purpuratus mitochondria1 genome (Jacobs et 
al., 1988a). All primers are listed 5' to 3'. 

b Primers designed from consensus echinoderm sequence or from Cucumaria 

C 
miniata (Allan Arndt, pers. comm.). 

fsDLoop primer was designed from F. serratissima unassigned sequence I 
(UAS I) and therefore has no designation point in the S. purpuratus 
mtDNA genome. Its location is noted in Figure 5 within the UAS I region. 



RESULTS 

1) Southern Blots 

Figure 2 depicts the derived restriction map of F. serratissima with 

approximate gene locations from Southern blots of both single and double 

restriction digests of total F. serratissima DNA (Southern Blots not shown). 

There is only one Kpn I restriction site in the mtDNA genome, located within the 

Cytochrome b gene (Cyt b). A Kpn I and Sst I double restriction digest revealed 

that the 12s and 16s ribosomal RNA genes as well as the NDI-lsoleucine 

tRNA-ND2 gene composite (NDI I ND2) were all contained within a 5.8 kb 

segment of the genome, while the ND5 gene was located within a second 4.1 

kb Kpn I and Sst I fragment. The Cyt b gene is located within both of these 

fragments. A Southern blot using the COI gene located it to a third 3.8 kb Kpn I 

and Sst I fragment, however Southern blots from a Sst I single digest and 

Sst I / EcoR I, and Sst I / Xho I double digests demonstrated that this 3.8 kb 

fragment containing the COI gene, consisted of Sst I ends. In addition, a 

Sst I / Pst I double digest indicated the presence of a Pst I site 0.5 kb in from 

one of the Sst I sites of this fragment. A Kpn I 1 Pst I double digest probed with 

COI placed this Pst I site towards the ND5 side of the mtDNA genome. A 

second Pst I site was found 0.6 kb outside the Sst I site of the 4.1 kb 

Kpn I / Sst I fragment containing the ND5 gene and one of Cyt b segments. 

Finally, an EcoR I site was discovered 0.8 kb from this second Pst I site 

towards 3.8 kb COI Sst I site (see Figure 2). 



Florometra Restriction Map 

16000 bp 3 
Sst 

Figure 2. A restriction map of the Florometra serratissima mtDNA genome 
denoting general locations of genes. Numbers inside the circle 
indicate approximate kilobases (kb) separating the restriction sites. 



2) Identification of the Hind Ill mtDNA clones 

The four F. serratissima mtDNA Hind Ill clones (Table 2) made previously 

by Sharon Gorski were identified through DNA sequencing. The clones FSHD4 

(373 bp) and FSHD8 (1379 bp) have been completely sequenced and the 

insert sequence identified. The clone FSHD4 includes the 3' end of the NDI 

gene, the tRNA gene for isoleucine (I), and the 5' end of the ND2 gene all in the 

same transcriptional polarity. The clone FSHD8 contains the 3' end of the 16s 

rRNA gene, the tRNA genes for glycine (G), leucineuuR (L), and phenylalanine 

(F), and the 5' end of the 12s rRNA gene all in the same transcriptional polarity 

as well (see Figure 3). The clones FSHD2 (1800 bp) and FSHD16 (2100 bp) 

have been partially sequenced but the insert sequence has been identified. 

The FSHD16 clone contains the 3' ends of the ND6 and the ND5 genes at one 

end in opposite transcriptional polarity, and the 5' end of the ND5 gene with a 

portion of the tRNA gene for serineAGN (S) at the other end in the same 

transcriptional orientation. The FSHD2 clone contains the beginning of the 

ND6 and Cyt b genes at one end, in opposite transcriptional polarities and the 

tRNA genes for proline (P), glutamine (Q) ,  asparagine (N), leucinecuN (L), 

alanine (A), and part of tryptophan (W) at the other end in alternating 

transcriptional polarities (see Figure 3). 



Cyt b 

Figure 3. Gene order and transcriptional polarities from four Florometra 
serratissima mtDNA Hind Ill clones (made previously by Sharon Gorski). 
Single letters indicate tRNA genes and arrows indicate transcriptional 
polarity. 



3) PCR products 

PCR products were obtained from amplification either across gene 

junctions or within specific genes. Primers used in each amplification (Table 

I ) ,  the region amplified and size of the PCR products are all shown in Table 4. 

Most of the PCR products shown in Table 4 have been cloned but all of the 

amplified regions have been sequenced completely. In all cases, single PCR 

product bands were obtained in the amplification reactions. 

Table 4. PCR products and fragment sizes 

Primers used Region Amplified size 

fsCytb 3' I  12Sai Cyt b I  tRNAs I  Dloop I  12s junctions 2088 bp 
12Sai I  l2Sbi 12s gene internal 398 bp 
12Sbi I  16Sba 12s I  F I  LUUR I  G I  16s junctions 1482bp 
16Sb I  16Sr 16s gene internal 382 bp 
fsl6Sc I  fsND2f 16s I  Y I  ND2 junctions 1932 bp 
COlef I  COler COI gene internal 672 bp 
fslle I  fsCOI 5'bk I I  NDI I  COl junctions 1426 bp 
fsCOl 3' I  fsCOIIIf COI I  R I  ND4L I  COII I  KI A8 I  A6 I  COlll 3444 bp 
fsco l  3' I  fsCOII 5' COI I  R I  ND4L I  COII junctions 1325 bp 
fsCOll 3' I  fsCOIII 5'bk COll I  K I  A81 A6 I  COlll junctions 1436 bp 
fsCOIII 3' I  fsND5 5' COIII I  SUCN/ ND3 I  ND4 I H 1 SAcN 1 ND5 2270 bp 
COlllf 1 COIII$ COlll gene internal 695 bp 

'PCR products not cloned 



Figure 4 illustrates some of the gene junction PCR products outlined in 

Table 4. Lanes 1 and 8 contain 300 ng of the 1 kb ladder as marker lanes, 

where lanes 2 through 7 contain the amplification products from the primer 

combinations of: fsCytb 3' 1 12Sai, fsND2f 1 fsl6Sc1 fslle 1 fsCOI 5'bk, fsCOl 3' 1 

fsCOll 5', fsCOll 3' I fsCOlll 5'bk, and fsCOlll 3' 1 fsND5 5', respectively. 

4) Subcloning 

The mtDNA clone, FSHD2, has been subcloned into the plasmid vector 

pUC19 using an internal Kpn I site (within the Cyt b gene) found in the clone. 

The mtDNA clones FSHD16 and FSHD2 have been subcloned into the Sma I 

site of the plasmid vector PVZl using internal Alu J restriction sites. In addition, 

the PCR clone obtained from the fsCOlll 3' 1 fsND5 5' amplification has been 

subcloned twice into the plasmid vector pUC19 utilizing an internal EcoR I and 

an internal Sst I site, located within the product. The fsCOl 3' 1 fsCOll 5' PCR 

clone has also been subcloned using an internal Hind Ill restriction site found 

within this product. 

5) DNA sequencing 

The PCR products and product clones shown in Table 4, as well as the 

mtDNA clones FSHD4 and FSHD8, have been sequenced completely. In 

addition, partial sequences of FSHD2 and FSHD16 have been obtained. The 

sequences have been organized into three separate mtDNA fragments of 

varying lengths. Figure 5 is the translated F. serratissima sequence starting 



Figure 4. A representative gel of PCR products resulting from the use of 
primers that span gene junctions. Lanes 1 and 8 contain 300 ng of the 
the 1 kb ladder as marker lanes with sizes marked. Lanes 2 through 7 
contain amplified products from the following primer sets: Lane 2, 
fsCytb 3' & 12Sai; Lane 3, fsND2f & fsl6Sc; Lane 4, fslle & fsCOl 5'bk; 
Lane 5, fsCOl 3' & fsCOll 5'; Lane 6, fsCOll 3' & fsCOlll 5'bk; and Lane 7 ,  
fsCOlll 3' & fsND5 5'. 



from part way through the Cyt b gene and continues to the beginning of the ND5 

gene. It includes the complete sequences for 10 protein coding genes, 22 

tRNA genes and 2 ribosomal RNA genes, and is comprised of 13,371 

nucleotides. Figure 6 consists of the translated regions of the beginning of the 

Cyt b gene, the complete ND6 gene, and the end of the ND5 gene. Figure 7 

contains 647 nucleotides of translated ND5 gene. All three of the figures 

indicate PCR and sequencing primer positions (Tables 1 and 3), some 

restriction site locations, and transcriptional polarity of the genes. In addition, 

there are three regions of unassigned sequence (UAS) larger than 20 

nucleotides (nt) that have not been identified and are designated UAS 1 (382 nt), 

UAS 11 (77 nt), and UAS 111 (73 nt). UAS I is located between the aspartic acid 

and the threonine tRNA genes (Figure 5), UAS II is situated between the 5' 

ends of the NDI and COI protein genes (Figure 5), and UAS Ill is found 

between the 5' ends of the Cyt b and the ND6 genes (Figure 6). 

Figure 8 shows the cloverleaf folded secondary structures of the 22 

F. serratissima tRNA genes. Figure 9 is the derived F. serratissima mtDNA 

genome map generated from the sequence data and gene orders shown in 

Figures 5, 6, and 7. All transcriptional polarities are indicated by arrows and 

tRNA genes are represented by their single letter abbreviations. The boxes 

represent the approximate lengths of the individual genes and unassigned 

regions. 



CTATTCCTTATTTAGGTGTTTTTTTGGTACAATGAGTTTGAGTTTGGGGGGGTTTTTCTGTTGATA 60 
I P Y L G V F L V Q W V W G G F S V D  19 

C y t  b- 
AAGCTACTCTTGTTCGGTTTTTTACTTTTCATTTTCTTCTTCCTTTTATAATTATAGCTT 120 
N A T L V R F F T F H F L L P F I I I A  39 

TAAGTGTAGTGCATCTTTTATTTTTACATCAAACTGGTTCTTCCTACTGGTTTGG 180 
L S V V H L L F L H Q T G S N N P T G L  59 

Kpn I  
ATTCTAGGTCAGATAAGGTACCTTTTCATATTTATTATACAGTAAAGGATATTCTTTGGT 240 
D S S S D K V P F H I Y Y T V K D I L W  79 

TTTTAATAATTATTAGATTTTTAGGTTTTATTGCACTTTTTTTTCCTAACGCTTTTTG 300 
F L I I I S F L G F I A L F F P N A F N  99 

ACCCAGATAAATTTATTCCTGCWCCTTTAGTAACCCCTGTTCATATTCAACCAG~~~~~ 
D P D N F I P A N P L V T P V H I Q P E  119 

fsCytb 3' ---  - - - - - - - -  -b 
GGTATTTTCFFT~T?~CT~~T~C~ATACTTCGTTCTATCCCTGTTAGGGGGTGTTT 420 - - -  
w Y - F - L - F - A - Y - A  I L R s I P N K L G G v 139 

TAGCTTTAGGGGGGGCTATTGCAATGAGTTTTCTTTTTTTAGTTCCTCTTTTACACACTTCTAATC 480 
L A L G G A I A I L F L V P L L H T S N  159 

AACAGTCTAGTGTTTTTGGTCCTTTTTCTCAATGAGTTTTWTTTTGGTGTCTTATTGTTTGTT 540 
Q Q S S V F G P F S Q L N F W C L I V C  179 

Cytb 5f --=+- 
TTTTTTTATT@-CTTGACFAGGAEGACAACCFI;TAGAAACTCCTTATATAGAATTAAGTC 6  0  0  
F  F  L L -T--w--L--G-C--Q-P- v E  T  P  Y  I  E  L  s 199 

AGGTTGTTTCATTTTTTTATTTTTCTATTTTTTTTATTTTTTTTCCTTTAATGAGTTTATCTTATT 660 
Q V V S F F Y F S I F F I F F P L I S Y  219 

TGGAAAAATTTTTTATTTTTAACTAAAAATT$AAGGAAGG 720 
L E N F F I F N *  2 2  7  

tRNA Proline (P) 
CTTTGGGTGTCATTGATAAAAGTTAAACTCTTTTTTCTTTG~TATAATAGTAGT*~ 780 

Figure 5. A compiled 13,371 nucleotide fragment of Florometra serrafissima 
mtDNA sequence. Solid arrows indicate transcriptional polarity of 
individual genes. tRNA genes are boxed in solid lines and their 
anticodons are bold-faced. Protein coding genes are indicated by their 
putative start and stop codons. Stop codons are designated by 
asterisks. Their predicted amino acid sequences are shown one line 
below the DNA sequence. Amino acids are represented by their single 
letter abbreviations. Sequencing and PCR primer sequences (Tables 1 
and 3) are boxed in dashed-lines and their direction is indicated by 
dashed arrows. The two unassigned regions of mtDNA sequence are 
denoted UAS I and UAS II. Restriction sites (Figure 2) are underlined. 



tRNA G l u t a m i n e  (Q) 
GAAAACAAGGATTGAACTTGTTCTTAAGAAATCA~TTCTTAGTACTTCCAATTATACT 8 4 0  

tRNA A s p a r a g i n e  (N) 
ATTTCTT+TTT~AAGTTGAAGCCTTATGGTTTAGGTTTTTGGCCGTTGAT 9 0  0  

tRNA L e u c i n e -  (L)  -b 
T T A G G A T C T T T T A T C A T A G G T T C A A A T C C T T T T T T T ~  1 0 2 0  - tRNA Alanine (A) 
T T T A G A T T T T T T G C T T G C A A A G C A A A T A T T T T A T T T T ~  1 0 8 0  

tRNA C y s t e i n e  (C)- 
+GTTCTATGGTGTAAAAAACATATTAGATTGCAAATCTTTAGTTACGGTTAGATTCCGT 1 2 0 0  

4- - - - - - - , tRNA A s p a r t i c  acid (D)  
ATGGTTTGA~~CCCATTGTTATAAAATTTAAC~~ATTTTCTTTAAGATAAAATGTTTTA - - - - - - - -  

Figure 5. continued. 



4- tRNA Threonine (T) 
TGGTAAGGAATTTAACCTTTTTTATCAGTTTACAAAACTGATTGCATGTCTTTTGCTTAC 1920 

TATTTACTTTTCTTACTACTAAATCCTTCTTCTTTTTTTTATGTTTTTTCGCT 2160 

4- 12s 
C G T T T T T G A G T T T C T T T T T A G C T T A C T T C T T T T A T T A A G G  2280 

ACAAGCTGATTTTCTAGAAAAGGTAAGGTAAGGTTTTTCGTGGATTATCGATTATATAGCAGGCT 2340 

Hind I11 
CCTCTAGAGAGATCTAAAAAACCGCCAAGTCCTTTAAGTTTTAAGCTTTGGCTCGTAGTT 2400 

ACGTGAATTTTTTTTAGTGTTTTACTTTTGTAATTTATTTTATTTTATTTTATACATTTG 2520 

ACTGTTGAATTTTATTTTTAATACACTTTAATTAAATTATTTTTCACTAAGAATGTTTCT 2580 

TTCTATTATTAAGTCTAGTTTTTACTAATTGCTTAATATTTAGTACTGCTGTTGTGGAAT 2700 

TATATATTTAAAGAATAAGAGGATTTCTTTATTTTATTTTAATTGTTTTTCTTTT 2760 

ATATTTTTCGCTGGAGAAGATATTTCTTTGCATGTATCATTATAGATGTAAGGG 2820 

4- tRNA Phenylalanine (F) 
AAATTGGGACCAAGTTTT~GCATAAAGAGGGGACTTAATTC 2880 

Figure 5. continued. 



4- tRNA Leucine- (L) 
GAAGAGCTTAGGTCTTCTGCATTAACTTCTTTGCTATTTTATCATCTTAGATTT 3000  

4- UZNA Glycine (G) 
AAACTAAGGCTTTTTAATTGGAAGTCAAATGTCAAATGTACTTTAATACTTATAAGA~GTTTTTC 3060 

TTTATTTGTTTTCAGTAGTTTTTTAAGAGTTTTTATAG-TTTACTCTAGTTTTAAA 3120 

GTCTGAACTCAGATCGCGTAGGGCTTTAAAGGTCGAACAGACCTACCTTTAGAGGCTGTT 3240 

CTTAAAGAGAATAACGCTGTTATCCTGCGGTAACTTTTTTCCTTTGATCAGTATTTTCTGG 3360 

ATCTTTAAAATTTTAAAAATTTTTAAATTTTGTTTATTTCTTTTTTTAATCGAAGGTTTTT 3420 

TTTTCTTCGTGGTTGCCCCAACCAAAGATATTTTTATTTGGTTTTTAGTATATAAATTAT 3480 

Hind I11 
TTATCTTTGTTTCTTCACGAAGATAATAATTTCTTTTTTCAGGGGGGAGACAGTTWGCT 3600 

TTCGTGTTGCCTTTCATACTAGTCCTCAATTAAAGAACAAATGATTATGCTACCTTTGCA 3660 - 

Hind I11 
TATTTTTCAAGGAGCAATGTTTTTGGTAAACAGGCGAAGCTTTTATTTGCCGAGTTCCTT 3780 

C C T C T T G T T T T T T T A A T T T T T T G G T T T C C G G T G T T G G T A A T T T T  3840 

TTCTTGAAAAAAATATTTTCTTTCTTCCATTATATATTTGTTAGAATAGCTTTTT 3900 
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4- 16s 
GTTTTGCTTTTTATTTTTATGATAATATTATTTAAGTCATAATTAAAAGCATGAGTTTAA 4200 

CCTCTTTATTTACTTTTGCAACAGTAATACTTTACAACCATATGTTGGGGTTTCATTAGA 4320 

TCTCTTGGTTTCGGGGTTTGAATTTTTTATTCTTTTATTGTTGTTMCCATAATACW 4380 

TACAGTACTATTTATTTAGCTTCAATTTAAATTTCTAATAATTATACTATTATAAGTTAA 4500 

TTTTTTATTTTTTTTTTTTATTTTTTATTTTGTTTATTTATTTAGAGCTATTTTTTATTT 4560 

GAAATTATTCTTAATATTGGATTAATTTTTTTTCTTTTTATCCGTAAGTTAATATAAAAT 4740 
S I I S L I P N I N N S N I R L N I Y F  262 

AATGATTTTTGTGGAAATGTTAGCATTTTTGTTTTMTGCTATTCGTAAATAAAAAAAA 4800 
L S N Q P F T L M N T N F A I R L Y F F  282 

AGTCTTATTAATCTTCCTATAATTAATGGTATTGTGTATTATTTTTTTTTTTAGTT 4860 
L S I L S G I I L P I T L I I N N N L I  302 

C - - -  fsND2fc 
A A T G T T T T T A T A C C T A G A A A C T T T T T T A T W C C T G T T -  L - - - - - - - - - - - - - -  4920 
L T N I G L F K N I F G T L P P L G G L  322 

EATAG+TTGCTAAAATAGTTGTTGATGCTTTTCATGGTTTTATTATTTTTTT~TTTTTT - - - - -  4980 
S L I A L I T T S A N W P N I I N N K N  342 

CTTTTAGCTATATTTATTGTTTTTTTTTTTATMTTTTATMTATTGTAGATTTAATT 5040 
S N A I N I T N N N I F N I F I T S N I  362 
1 ND2 

ATTATATAGATTGMGCATGATTAGTGATATTTTAGGGTTGTATACAGATATAATAATT 5100 
I I Y I S L M I L S I N P N Y V S I I I  382 
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ACTCATCCAATATGTTTTATTGATGAAAAGGCCATTATCTTTCGGGTTTGTGTTTGGTTT 5160  
V W G I H N I S S F A M I K R T Q T Q N  402 

A A T C C T T T T C A T G A T C C A A T T A T T A T T G A C A T G G T A G A A C T T T T G T T  5220  
L G N W S G I I I S M T S C L I I I N T  422 

C - - -  f s N D 2 f b  
TTTAAGTTTTTTATTATATTAATTATTATTAT$TTGGTGCTAFCT?TTGFCA?GTGTT 5280  
N  L  N  N  I  I  N  I  I  I  I  T ' - P - - A - - f - ' f ( - - - -  Q  T - T  T 442 

ATTAAAAGTCCTTTTATTAATTTTGTACCTTTTATTACTTCTGGTCATGAGTGT 5340  
I L L G N I L N T G N I V E P F W S H F  462 

Hind I11 
GGTGCTATTCTAAGCTTAAAAAATAATGCTATTGTAATTATAATCCTTCTAAAATTTTTT 5400  
P A I S L K F F L A I T I I I S S F N N  482 

ATTGGGGATTTGATTAATCATGATCCTTTTTCTCATATTTTTATTGCTGCTTTTAGA 5460  
I P S N I L W S G N E W I N I L A A N L  502 

Hind1 I  I  
ATTATAGCTGCTGCTAGTGCTTGAATTAAAAAATACTTTATAGAAGCTTCAACTTTTCGT 5 5 2 0  
I I A A A L A Q I L F Y K I S A E V N R  522  

CGGTTTTGTATTGATAAAATTATTGGTATAATTGACATAGTTTTTGTTTCTAATCCAATT 5 5 8 0  
R N Q I S L I I P I I S M T N T E L G I  542  

4---fsND2f 
CATATAAGAAA$CAGTG~T~T~?TTGT~TAT~G~~ATAATTGTACCTAAAGCTATTTTAATT 5 64 0  
W I L  

m--K- m--s---T ------ '  
I A I I T G L A I N I  562  
- - - f sI-~-~--------C - - - - - - 

AAAAAF~AATCTTATTATTCTTCGTTTCA+GAGTTTGTGAGGATTTGCCTCATTAT 5700  
L F F S I I S R N L  w - - - - - - - - - - - - - - - -  572  

-tRNA Isoleucine (I) 
CTAATTATCAGTTAGATTCCTTTTCTTTAGGTTCAAATTCTAAGGTTTTTGGTATA 5760  

* L F T N P I  578 

G C T T T T T T T A T T C T T T T A A T T A A A A T A A T T T T T C A T A G T A G G T  5820  
A N N I S N I L I I N W L L F S I S F P  598 

Hind I11 
AAATATCTCTTTCATGTTAAAAACATTAATTGATCATCGGTCGAGGGCTTGCT 5 8 8 0  
L Y S K W T L F M L Q D Y R F R P F S A  618 

CGTACTCATAAGAATGTTCTAGATAGTATTCTAGTCTTTATTGCTATAATAATTATTTTT 5 9 4 0  
R V W L F T S S L I S T K I A I I I I N  638 

ATTGGAAAAATTTTTATAGGTAGTTTCCCTCCTAAAAATAAAATAGTAGATAATAATTTA 6000 
I P F I N I P L N G G L F L I T S L L N  658 

f sNDla - - - -b 
ATAAA~A~TAF~T%~E~~~A?~~T&TAAAAAGAATAATGCAAATGGTCCTCCGGCATAT 6060  
I  F  I--I-N--A--y--E--X L  F  F  L  A  F  P  G  G  A  Y 678 

TCTACTTTATATCCTGAGACTAGTTCTGATTCTCCTTCTGTTAAATATCTGGTGTTCGT 6120  
E V N Y G S V L E S E G E T L D F P T R  698 

TTTGTTTCTGCTAATGATGAGATATATCAAATATATAAGATAGTGGAATACATGAAAATATT 6180 
N T E A L S S I Y W I Y S L P I C S F I  718  

Figure 5. continued. 



AATCATCTTTTTTTTTGCGCTTTTATTATTGCTTTTAGTTTAAAGGTTCCGGTTAATATA 6240 
L W S N N Q A N I I A N L N F T G T L I  738 

T A T A C A G A A A G T C T T G A T A T A C C C A A T A T T A A T G G T T A  6420 
Y V S L S S I G L I L I L S L N V N I N  798 

GGATTAGGGCATGGTATAATAGTTCATAAAATTAATGCTAATAGGTTGCTGGA 6480 
P N P C P I I T W L I L A L L L F L A P  818 

GATAAAAAGAATAATGTTGGTGTAGCTGATGAGGGCTTTAATTTTTCCTTTATAAATAGC 6540 
S L F F L T P T A S S P K L N E K I F L  838 
1 ND1 

TTAATACCGTCTGCTATTGTTTGCATTGTTCCTGATGGTCCAACTATACTAGGACCCTTT 6600 
K I G D A I T Q M T G S P G V I S P G K  858 

CGTAGTTGCATGTATCCTAGAATCTTTCGTTCTATTAGTACAATAAATGCCTGCTATA 6660 
R L Q M Y G L I K R E I L V I F A V A I  878 

AGGATTGGGATTATAATTTTTACTATTTTTATTAACATTATAAGATTTTTTTTCATTAGT 6720 
L I P I I I N V I N I L M I L N N N M  8  97 

UAS I1 
AAGTATTAAAATTAGTGTTAAAATCTGTTATGTTATTTTTTATTAATTTGTAAAGTTCAT 6780 

TACTTTGTATTTTCTTTTTGGTGCTTGGGCTGGTATGGTTGGCACTGCTTTAAGAATTAT 6900 
T L Y F L F G A W A G M V G T A L S I I 9 3 3  

AATTCGTACAGAGTTATCTCAACCTGGTTCTTTTTTAGGAGATGATCAAATTTATAAAGT 6960 
I R T E L S Q P G S F L G D D Q I Y N V 9 5 3  

I ~ A T T G T A A C T T C T C A T G C T T T A A T A A T G A T T T T T T T T A T G G T T G C C ~ T  - - - - - - - - - 7020 
I V T S H A L I M I F F M V M P ' I M I G 9 7 3  

COIef --- -b Sst I  C - - -  fsCOI 5 'bk  
TGGYT-T?CQAATTGATTAATTCCTTTAATGATAGGA<CTCCYGATT~~.EGCTTTTCCT~CG - -  - - - -  7  0  8  0  

G F E N w L I P L M I G A P--D--L-A-F--P-R 993 

TGGTGTAGAAAGGGGTGCTGGTACAGGTTGGACTATTTATCCTCCTTTATCAAGTGGTTT 7200 
G V E S G A G T G W T I Y P P L S S G L 1 0 3 3  

AGCACATTCTGGAGGTTCTGTTGATCTTGCTATTTTTTCTTTACATATTGCTGGTGCTTC 7260 
A H S G G S V D L A I F S L H I A G A S 1 0 5 3  
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TTCTATTGTTGCTTCTATAAATTTTTATTACAACTGTAATUTGCGCTCTCCGGGGGT 7320 
S I V A S I N F I T T V I N M R S P G V 1 0 7 3  

COI -b 
TACTTTTGATCGTTTGCCTTTATTTGTTTGATCTGCTTTTATTACGGCTTTTCTTCTTTT 7380 

T F D R L P L F V W S A F I T A F L L L 1 0 9 3  

ATTATCTCTTCCAGTTTTAGCTGGTGCTATAACTATGCTTCTTACTGATCGTAATATTAA 7440  
L S L P V L A G A I T M L L T D R N I N 1 1 1 3  

TACTACTTTTTTTGATCCGGCTGGTGGTGGTGATCCTATTTTATTTCAGCATTTATTTTG 7500  
T T F F D P A G G G D P I L F Q H L F W 1 1 3 3  

ATTTTTTGGTCATCCTGAGGTTTATATTCTTATTTTACCTGGTTTTGGTATGATTTCTCA 7560  
F F G H P E V Y I L I L P G F G M I S H 1 1 5 3  

fsCOI 3 ' - - -  + 
TGTTGTAGCTCACTATTCTGGTAAGCAGGAACCTTTTGGGTATTTG~FG? 7620  

v v A H Y s G K Q E P F G Y L 2--I?-V-Y-A 1 1 7 3  

TGGAATAAAGGTTTTTAGGTGAATGGCAACTTTACAGGGTTCTAATATTCGTTGAGATGT 7800  
G I K V F S W M A T L Q G S N I R W D V 1 2 3 3  

TCCTTTGTTTTGGGCTTTAGGTTTCATTTTTTTATTTACTTTAGGTGGTTTAACGGGTGT 7860  
P L F W A L G F I F L F T L G G L T G V 1 2 5 3  

TGTTCTTTCTAATTCTAGTTTAGATATAGTTCTTCATGATACTTATTATGTAGTAGCTCA 7920  
V L S N S S L D I V L H D T Y Y V V A H 1 2 7 3  

fsCOI 3 ' b  - - -  -b 
TTTTCATTATGTTCTTTCTATGGGTGCTGTTTTTGCTATTTT~FC%~C??FT~??~~~T%~~~~O I - - - - - - - - - - - - - - - -  

F H Y V L S M G A V F A I F S G F T H W 1 2 9 3  

ATTTCCTTTATTTTCTGGTGTAGGTTTTCATCCTCAATTAAGAAATGGTTCAATTTTTTAT 8040  
F P L F S G V G F H P Q L S K V Q F F I 1 3 1 3  

T A T G T T T A T T G G T G T T A A T C T T A C T T T T T T T C C T C A A C A T  8100  
M F I G V N L T F F p Q H F L G L A G M 1 3 3 3  

GCCTCGTCGTTATGCTGATTATCCTGATGCTTATGTTAGCTGAAATTTTAGTTTCTTCTAT 8160 
P R R Y A D Y P D A Y V S W N L V S S I 1 3 5 3  

Hind 111 
TGGTTCTATTATTTCTTTAGTTGCTGTTATTTTTTTTATTTTTTTAGTTTGAGAAGCTTT 8220 

G S I I S L V A V I F F I F L V W E A F 1 3 7 3  
f s C O I e n d -  - - 4 

TGTAGTT~,ETCGGAGYZTTF~A?TA&TAGATATGTAAGTTCTTCTTTAGAATGACAATA 8280 R--R - - S - - v - T - -  L--h 
S S L E W Q Y 1 3 9 3  
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TAGTTTTTTTCCTCCATCCCACCATACATATAATGAGACTCCTTTTGTTGTTTTAATTAA 8340 
S F F P P S H H T Y N E T P F V V L I N 1 4 1 3  

tRNA Arginine (R) -b 
TTCTTA~~GGGTAGTTTAATAAAAATTTTCGATTTCGGCTCGTGTGCTTTTGGTT 8400 

S * 1414 

GTTTTAGGGGTTTTATTAAAACGTAAGCATTTATTAACTGTTATGTTATGTTTGGAGTTA 8520 
V L G V L L N R K H L L T V M L C L E L 1 4 4 9  

ND4L -b 
CTTCTTGTTTCTTTATTTGTTAATTTTTCTGTTGTTGTTGGTTTATATTTTTCT 8580 

L L V S L F V N F S V V V G L Y N N F S 1 4 6 9  

TTTTGTAGAACTAGTTTAGTTCTTTTAACTTTTTTCTGCTTGTGAGGCTAGAATTGGTTTA 8640 
F C S T S L V L L T F S A C E A S I G L 1 4 8 9  

TCTTTATTAGTTTGTATTTCTCGTTCTTATAGAAGGGATAATATTTTCTCTTTWTTA 8700 
S L L V C I S R S Y S S D N I F S L N L 1 5 0 9  

COII ( 1 6 9 )  - --  + 
CTTTATATATAAAATGGCAACTTGGTTACAGTTAGGCTTT~AGGAGTTCF 8760 

L - - - - - - - - - - - . 
L Y I *  M A T W L Q L G F Q D A S S P L 1 5 2 8  

AATGGAG~;AGCTTATTTATTTTCATGATTATATTTTAGTTGTTCTTGTTTTAATTACTAT - - - - - -  8820 
M E E L I Y F H D Y I L V V L V L I T I 1 5 4 8  

COII -b 
TATAGTTTTTTATGGCTTATTTAGTCTTTTGTTTATTGTTAAAACAGATCGTTTTTTTTT 8880 

I V F Y G L F S L L F I V N T D R F F L 1 5 6 8  
+---fsCOII 5' 

AGATAGACAGGGT GTAGAAACT GTTTG~~CTGTXGFGCCT ~~?~T?Z\~~~T~T~TTTTTAT 8 9 4 0  
D S Q G V E T V W T--V-P--F-A--P--I--E- V F I 1588 

AGCTTTTCCTTCTTTACAACTTTTATATTTAATAGATGAAATAAAAGATCCTTGTTTAAC 9000 
A F P S L Q L L Y L I D E I N D P C L T 1 6 0 8  

AATAAAGGCTTTAGGTCATCAGTGATATTGAAGATATGAATATACTGATTATTGTAATTT 9060 
I K A L G H Q W Y W S Y E Y T D Y C N L 1 6 2 8  

fsCOII 3' ---+ 
AGATTTTGATTCTTATATGGTTTT@CTGATG~TTFGACTTT?G<TT~TTTACGTCTTTT 9120 

D F D S Y M V F S L R L L 1648 

AGAAGTTGATAATCGTGTTATTGTACCAAGACAAAATTCTATTCGAGTTTTAGTTAGTTC 9180 
E V D N R V I V P S Q N S I R V L V S S 1 6 6 8  

T T C T G A T G T T C T T C A T T C T T G G G C T A T A C C T T C T C T T G G A G C T G T T C C  9240 
S D V L H S W A I P S L G I K M D A V P 1 6 8 8  

f sCOII 3' b- - - -b 
TGGTCGTTTAAATCAAGTAACTTTTTTATGTCCTCGTAGTGGGGTTTTT?GG? L - - - - - - - - - - -  9300 

G R L N Q V T F L C P R S G V F Y G Q C 1 7 0 8  
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T~CTTTTGAGAATTGGGTTTATAATTTTATTAATAATTAATTTT+TTGGTTAACTA 9420  
N T F E N W V Y N F I N N *  1 7 4 1  

tRNA Lysine (K) -b 
AGTATAAAGTTTTAGACTCTTAATCTAATTATATCAGTGAAAATCTGTTACCAAAG~TG 9480  

M  1 7 4 2  

CCACAGCTTGATGTTTTTTCGTGAGGTTTAAATTTTTTATTTTGTTGGTTTTTTTTTCTT 9540  
P Q L D V F S W G L N F L F C W F F F L 1 7 6 2  

ATPase8 -b 
ATTTTGTATATTTATTTGATTAATTTTAAGTTTTTTTATTTAGATGGGGTTTTAACTATA 9600 

I L Y I Y L I N F K F F Y L D G V L T I 1 7 8 2  

M V I F N S I  7  
AATTCTAATTTTTCTTTATGTTCTTTTAATTCTTGATTATGGTAATTTTTAATTCTATTT 9660 
N S N F S L C S F N S W L W *  1 7 9 6  

F D Q F Y P D T F F F F P I S I L C L L  2 7  
TTGATCAATTTTATCCTGATACTTTTTTCTTTTTTCCTATTTCTATTTTATGTTTATT 9720  

I N V F W C F F M I S E S W L C G R C Q  47 
TfLAATGTTTTTTGATGTTTTTTTATGATAAGAGAATCTTGACTTTGTGGTCGGTGTCAAG 9780 

ATPase6 
V F W L N F I F S S I G L I F A N Y F S  67 
T T T T T T G A T T A A A T T T T A T T T T T T C T T C T A T A G G T T T A A T G  9840 

S W G G L L V T V F V F I L S I  8 7  V  V - 2 - T  - - - - - - - - - -  
TG<TACAGACTTCTTGGGGAGGGCTTTTAGTTACTGTTTTTGTTTTTATTTTATCTTA - - - - - - - - - - -  - - - -  9 9 0 0  

+ - - - ~ S A G ~  
N L L G L L P Y N F T S T S H F S I T F  1 0 7  
ATTTGTTAGGTCTTCTTCCTTATAAATTTTACTAGTACAAGTCATTTTTCTATAACTTTTA 9960  

S L G F P L W L S V N I F G F Y S S F N  1 2 7  
GTTTAGGGTTTCCTCTTTGATTAAGGGTAAATATTTTTGGTTTTTATTCTTCTTTTW 1 0 0 2 0  

S R L S H L V P Q G T P F V L I P L M V  1 4 7  
GTCGTTTAAGTCATCTTGTTCCTCAGGGTACTCCTTTTGTTTTTACCTTTTGGTTT 1 0 0 8 0  

W I E T L S F F A Q P L A L G L R L A A  1 6 7  
GAATAGAAATCTTTAAGATTTTTTGCTCAGCCTCTTGCTTTAGGTTTACGGCTTGCTGCTA 1 0 1 4 0  

N L T A G H L L I F L L A T T I W S F I  1 8 7  
ATTTAACAGCTGGTCATTTATTAATATTTTTA~TFGCTACTXCTATTTGGT-QTTTATTA - - - -  + - - -  -f-sA6a - - - - 1 0 2 0 0  

N T Y F I F F P L L I V F F L L F I L E  207  
ATACTTATTTTATTTTTTTTCCTTTATTAATAGTGTTTTTTTTACTCTTTATTTTAG 1 0 2 6 0  

I A V A V I Q A Y V F T A L I H F Y L Q  227  
TAGCTGTTGCTGTTATTCAGGCTTATGTTTTTACTGCTTTTTCTTTTATTTACAGG 1 0 3 2 0  

E N L *  COIII~ ---+ 2  3 o 
AAAATCTTTAGTTAAATGAATCATCAACATCCATA$C~?T?G&T~~~T~~~T?~PTGA -8 - -L- -0- -D- - -Q- -s - -p~ 

18 1 0 3 8 0  11 M N H Q H  
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GGTTTTGGCTTTTCTGTTGTTTTTTTAGGTTTATGTTCTTTTTTTTGTTTCTATCTTT 1 0 5 0 0  
G F G F S V V F L G L C S L I F V S I F 1 8 5 1  
& - - - f s C O I I I  5' bk  

GTTGGTTTACGTTTTGGAATGGTTCTTTTTATMCTTCGGMGTTTTATTTTTTTTTGCT 1 0 6 2 0  
V G L R F G M V L F I T S E V L F F F A 1 8 9 1  

P s t  I 
TTTTTTTGAGCTTTTTTTCATAGTAGTCTTGCTCCTGCAGTTGAGTTAGGTGTTTGTTGG 1 0 6 8 0  

F F W A F F H S S L A P A V E L G V C W 1 9 1 1  

CCCCCTTTTGGAATTAAACCTTTAGATCCTTTTTTAATCCCTTTGTTAAACACTGCTGTT 1 0 7 4 0  
P P F G I N P L D P F L I p L L N T A V 1 9 3 1  

C O I I I  - b  
CTTTTATCTTCTGGTGTTACTATAACTTGATCTCATCATAGTATTTTAGAGMGAAATGA 1 0 8 0 0  

L L S S G V T I T W S H H S I L E K N W 1 9 5 1  

TTGGGGGCTGTTCAAGGTTTATTTTTTACTGTTTTATTAGGTTTATATTTTACTGGATTG 1 0 8 6 0  
L G A V Q G L F F T V L L G L Y F T G L 1 9 7 1  

Hind I11 f s C O I I I  3' ---+ 
CAAGCTTGAGMTATTATG~~~~T~~T?TT~C~A?TT~~~A?~G~GTTTATGGTTCTACT 1 0  9  2 0  

Q A W E Y Y D S  V  Y G S  T 1 9 9 1  

TTTTTTGTAGCTACTGGTTTTCATGGTTTACATGTTATGATAGGAACAACTTTTCTTTTT 1 0 9 8 0  
F F V A T G F H G L H V M I G T T F L F 2 0 1 1  

4---  C O I I I r  
A T T T G T T T A A T T C G T T T A A T G G T T T A T C A T T T T T C T M T T T A T ~ T T G E ~ T G  1 1 0 4 0  

I c L I R L M v Y H F s N L H - - K - F - G - Y - E -  2 0 3 1  

TGAAAGGGTTTATTTTTGTTTTGTTAGTT 1 1 2 2 0  
M N G F I F V L L V 2 0 6 6  

GTAGTAATTGTTTTAGGTTTGTTGTGTTTTTTMTTTACTTTTTACCTTCTCGTTTACCA 1 1 2 8 0  
V V I V L G L L C F L I Y F L P S R L P 2 0 8 6  

S s t  I 
GATAAACAAAAGAGCTCTCCTTATGAGTGTGGTTTTGATCCTTTTTCTGCTCGTATT 1 1 3 4 0  

D N Q K S S P Y E C G F D P L N S A R I 2 1 0 6  

CCTTTTTCTTTTCGGTTTTTTCTTGTAGCTATTCTTTTTCTTTTATTTGATTTAGAAATA 1 1 4 0 0  
P F S F R F F L V A I L F L L F D L E I 2 1 2 6  

ND3 
TCTTTATTATTTCCTTTACCTTACTCTTTTTCTGTTTTATTAGACCTTTTTTATTATT 1 1 4 6 0  

S L L F P L P Y S F S V L L D Q F F I I 2 1 4 6  
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ATTATAAGTTTTTTTATTTTTATTCTTACMTTGGTTTGGTTTATGAGTGTTGGT 11520 
I I S F F I F I L T I G L V Y E W I N G ~ ~ ~ ~  

GGTCTTGATTGGGCAGATTAGTTAATAAAAAGTTATGGGTATATTATTATTTAGTTCTTT 11580 
G L D W A D *  M G I L L F S S F2182 

TGGTGTTTTATTAAGCTCTTTAGTTTGTCCTTTTAAAATGGTTTGGGGTTTCATTATTTT 11640 
G V L L S S L V C p F N M V W G F I I F 2 2 0 2  

TTCTAGTTGTTTTGTTTTATTTTTTAGTCTTTTATTATTTGGAAAAGATTTGTTAT 11700 
S S C F V L F F S L L L F G N D L N V I 2 2 2 2  

E c o R  I 
ATGTTCATTGTTTTATAGTTTAGGTTTAGATAGTGTAAGAATTCCTTTAGTAATTTTMG 11760 

C S L F Y S L G L D S V S I P L V I L S ~ ~ ~ ~  

TTGTTGGCTTTTACCTTTAACTTTTACTTGCTAGTCWGGACACATGTTTTATTATAGTTT 11820 
C W L L P L T L L A S Q G H M F Y Y S L ~ ~ ~ ~  

fsND4a ---) 
AGTTACTCCAAGCGTTTATATTG~GTAT-TACTTAT~~TTGA~TCTTTTCAGATTAATTTT 11880 

V T P S V Y I L L F S L I F 2282 

TACTTTTAGTTCTTTAGAACTTTCATTATTTTATATCTCTTTTGCAACTCTTATACC 11940 
T F S S L E L S L F Y I S F E T T L I P ~ ~ O ~  

f sND4new - - - ) 
AATATTGGTAATTA~~T~T~C%?TG~~G~T~T~&TATGAACGGTATCAAGCTAGAATTTA 12000 

I 
I I--S G---S--Q 

E R  Y Q A S I Y2322 

TTTTATGTTTTATACATTAGTAGGTTCTCTTCCTTTTTTGGTTTCTTTATTAAGAAT 12060 
F M F Y T L v G s L P F L V S L L S I N ~ ~ ~ ~  

AGTTTTTTTAGGGTCTCTTTTTTTTCCTTTTTTTAACTATTGTTTTATTTTTGAGTTATT 12120 
V F L G S L F F P F F N Y C F I F E L L ~ ~ ~ ~  

ND4 
GTATAAAAGATTTTCTTCTTTATGGTGGTTTTTTACTTTTTTAATATTTATTGTTAAGAT 12180 

Y N S F S S L W W F F T F L I F I V K M ~ ~ ~ ~  

GCCTGTTTATGGTTTTCATCTTTGGTTACCTAAGGCACATGTAGAGGCTACTGTGGCTGG 12240 
P V Y G F H L W L p K A H V E A T V A G 2 4 0 2  

AGGATTATTTAGTTTTATAAAATTTTTTTAATTCMTTTTTATATAATATCTTTTTGTAT 12360 
G L F s F I N F F N s N F Y I I S F C I ~ ~ ~ ~  

fsND4b ---+--- 
TTGGGGGTCTTTAATTA@~~T~T-~~?TT~~T~?TGTCAAAGTGATTTAFL~GTCTTTAAT 12420 - - - - - - - - - - -  - - - - - I  

W G S L I T G I I C - ~ c ~ s D L K S L 1 2 4 6 2  

TAGTTCTATAAAATGGTTCTATGGTTTTGATGATATCTCATGGTTTAGTTTCTTCTTGTCT 12540 
S S I N G S M V L M I S H G L V S S C L ~ ~ O ~  

Figure 5. continued. 



AGGTTATAAGTGTTTGATGGGACTTGTTGCTTTTTGGTGATTAATTTCTTGTGCTGCT 1 2 6 6 0  
G Y K C L M G L V A F W W L I S C A A N 2 5 4 2  

TTTAGGTCTTACCTCCTCTCCCAAATCTATAGGGGAGTTATTCTAGGTTTGG 1 2 7 2 0  
L G L T S S P N S I G E L I I I S S F G 2 5 6 2  

TTGTTTGGATTTACTTTTATTTTTATTTCTGGCGGAGCTGTTGTTGTTAGGCTGTTTATT 1 2 7 8 0  
C L D L L L F L F L A E L L L L G C L F 2 5 8 2  

AAAAGTAAGAGTTCGGGAACATATTTTAATTTTTTCACATCTTTTTCCTCTTTTGTTGTT 1 2 9 0 0  
N V S V R E H I L I F S H L F P L L L L 2 6 2 2  

AATATTAAAACCTTGAATTTATTTATAAGTTTTTAAATGAAGT~GAGAGAGTAGTTAAAT 1 2 9 6 0  
I L N P W I Y L *  2  6 3  0  

tRNA H i s t i d i n e  I H )  

Serine- ( S ) L  Hind I11 

AGGATGCCCTAATATAAATATTATTTTATTTAATTGGTTAAGAAATGAAGG 1 3 3 7 1  
G C P N I N I I L F N W L S N E  2 7 2 3  

Figure 5. continued. 



TTTCATCAAATAAAAAATTTTCTAGGACAAGGTAAAGAAATAAAAGTAGATTTAATTATC 60  
W W I F F N S P C P L S I F T S N I I  - Cyt b 

TTTAAAAGAGGATGTCTCTTACGAATAGGACCAACCATATTATTATATTTTTTATT 1 2 0  
K L L P H S K R I P G V M  

WAS I11 
AATTATAAAAAAATAATAATTTAATTTTATTATTAAAAAATAATTATATAAATGAAAACT 1 8 0  

M N T  
ND6 

TATATACTAGTAATTTCCCTTCTATTTGGAAGATCTTTAGTATTTTACAGAATATCCCCT 2 4 0  
Y I L V I S L L F G S S L V F Y S I S P  

T A T T T T T C A G C A T T A G G A C T A G T A A C T G T A T C C  3 0 0  
Y F S A L G L V T V S I S S C L I L S H  

d 
CTAGGTATAAGATTTTTAGCCTTTATTCTTTTATTAATTTATATGGGAGGAATGTTAATA 3 6 0  
L G I S F L A F I L L L I Y M G G M L I  

Hind I11 
G T C T T T A T T T A C T C T A A A G C T T T A A C T A A A G A T C G A T T T C C A A T T T A G T T  420 
V F I Y S N A L T N D R F P I I S N I N  

GAAATATTTACATTATCTTTTTTTCTAATTTTTTGAACAATATTTTTATTAAAAAAACAA 480 
E I F T L S F F L I F W T I F L L N N Q  

AATTGAAAAAAAATTAAAAATAAAACAAACTTATCTAGATCTATTTATTGGGAGCC 5 4 0  
N W N N I N N N T N L S S S I N I E G A  

TCATACCTGTTTCATATATCAATGGCCCCTTTCTTCTTACTAGCAGGCTATATTCTTTTA 600  
S Y L F H I S M A P F F L L A G Y I L L  

ATAACATTAATAGCTGTTTTAGACATTTCACGAGGAATAGAAAATTCTACCCTACGCGCT 660 
I T L I A V L D I S R G I E N S T L R A  

TTATAATTAAAAAAAGATTAGAAGAGTAAAAAAATAAACCCAGATAAAAAGGAAAAAAGG 720  
L * * F F I L L T F F Y V W I F L F F P  
1 ND5 

ATATTGATACTTTATATAACCCCTATAAAAATACTG 7 5 6  
Y Q Y K I Y G S Y F Y Q  

Figure 6. A 756 nucleotide fragment of Florometra serratissima mtDNA 
sequence compiled from the mtDNA Hind Ill clones FSHD2 and 
FSHD16 (Table 2 and Figure 3). Arrows indicate transcriptional polarity 
of the individual genes. The predicted amino acid sequence of the 
protein genes are shown one line below the DNA sequence. The stop 
codons of the ND6 and ND5 genes are denoted by asterisks. Amino 
acids are represented by their single letter abbreviations. The 
unassigned sequence between the 5' ends of the Cyt b and ND6 genes 
is labeled UAS Ill. The Hind Ill restriction within the ND6 gene is 
underlined. 
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AAAACTGGTCTTTATTAGAAGTTTATGGTTTATTAAAAAAAGCTAATAGTTTAATAATAA 60 
N W S L L E V Y G L L N N A N S L I I  19 
EcoR I  

AAGGAATTCAAAAAAGTGGGTTATTAGCTAGAATAGCAAAGTCTGCTCAGGTTGGTTTTC 120 
N G I Q N S G L L A S I A K S A Q V G F  39 

ATCCTTGATTGCCAGCTGCTATGGAAGGTCCAACGCCTGTTTCTGCTTTATTACATAGGT 180 
H P W L P A A M E G P T P V S A L L H S  59 

ND5 
CTACTATGGTTGTTGCTGGTGTCTTTTTTCTTATTCGATTAGGAAGTTTATTTTC 240 
S T M V V A G V F F L I R L G S L L N F  79 

CTTCTTTTTTTTGTAGGTTTTGTTTATTTATTGGTGGAGTCTTCTTTGTTTGCTGCAA 300 
P S F F C S F C L F I G G V T S L F A A  99 

TAAAAAAAGAGCAGGATATTCGAAAGATGGGAGGTTTATTTTTTCTTCTTCCAGTAAA 540 
L N N E Q D I R K M G G L F F L L P V T  179 

GCTCTTGTATTCTTTTAGGGAGTTTGGCTTTAGTTGGAACTCCTTTTTTAGCTGGTTTTT 600 
S S C I L L G S L A L V G T P F L A G F  199 

ATTCTAAGGATTTAATTTTGGAATTAGGTCTTATTAGATTTTCTAAA 
Y S K D L I L E L G L I S F S N  

Figure 7. A 647 nucleotide fragment of the Florometra serratissima ND5 gene 
compiled from the mtDNA Hind Ill clone, FSHD16 (Table 2 and Figure 3). 
Solid arrow indicates transcriptional polarity of the ND5 gene. The 
predicted protein amino acid sequence is shown on line below the DNA 
sequence. Amino acids are represented by their single letter 
abbreviations. Sequencing primers are boxed in solid lines and dashed 
arrows indicate their direction. 



u 
A-U 
G C  
A-U 
A-U 
A-U 
A-U 
U-A U U 
U U G A U C  A 

A A A I I I I I  A 
U A U U G  A C U A G  A 
u I I I I  C u u 
U U A A C  U 
U A A A 

A-U A 
U-A 
G C  
G C  
G A 

U A 
U A 
G U C  

Aspartic Acid (D) 

A 
C-G 
A-U 
A-U 
A A 
A-U 
U-A 
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U C A G A C  A 

G U A  A I I I 1 1  A 
A U C G  G U C U G  C 

I I I U U G 
A A G C  A 

G A A  C A 
U-A A 
C-G 
U-A 
C-G 
U-A 

u C 
U A 
W A C  

Valine (V) 

Figure 8. Predicted secondary structures of the 22 Florometra serratissima 
mitochondria1 tRNAs based on the sequence data of Figure 5. Standard 
(GC or AU) base-pairings are denoted by (-) and non-standard (GU) 
base-pairing by (+). Anticodons are in bold-face. 



u 
A-U 
A-U 
U-A 
A-U 
A-U 
A-U 
G-C A A A  
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A A A 1 1 1  I 
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Figure 8. continued. 



G 
U-A 
A-U 
A-U 
G C  
U-A 
U-A 
G C  A U 
A U G U U C  A 

U A U  A + I 1 1 1  A 
G U C C G  G C A A G  C 

I I I +  G A U 
G A G G U A 
U U U U-A G A 

U-A 
U-A 
U-A 
G-C 
G-C 

C A 
C A 
G U U  

Asparagine (N) 

u 
U-A 
A-U 
A-U 
G C  
A-U 
A-U 
A-U C U 
U U G U U C  A 

U A A  A I I I I I  A 
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Figure 8. continued. 
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Figure 8. continued. 
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A A A 
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Figure 8. continued. 
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Figure 8. continued. 
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Figure 8. continued. 
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Figure 8. continued. 
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Figure 8. continued. 
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Figure 8. continued. 
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Figure 8. continued. 



Florom e fra serra tissima 

Figure 9. The mitochondria1 genome map of the crinoid, Floromefra 
serratissima. Arrows indicate the direction of transcription of each gene. 
Names of protein coding and ribosomal genes are abbreviated as given 
in the text, except A6 and A8 are used to denote ATPase subunits. tRNA 
genes are represented by their single letter codes. Serine and leucine 
tRNA genes are also identified by the codon family they recognize (in 
parentheses). Unassigned regions, UAS I, UAS II, and UAS Ill, are 
designated in hatched areas. 



DISCUSSION 

Florometra serratissirna general mitochondrial DNA features 

The purpose of this study was to determine the mtDNA gene order of the 

crinoid Florometra serratissima and its relationship to the other four major 

echinoderm classes: the asteroids, the echinoids, the holothuroids, and the 

ophiuroids. The complete mitochondrial DNA gene map has been determined 

for F. serratissima and is shown in Figure 9. The map illustrates the total 

14,774 nucleotides of accumulated sequence data (Figures 5, 6, and 7) 

encoding the complete sequences of 11 protein coding genes, 22 tRNA genes 

and 2 ribosomal genes, as well as partial sequences of the final two protein 

coding genes. The F. serratissima mtDNA genome contains the same genes 

as seen in other complete echinoderm mtDNA maps (Jacobs et al., 1988a; 

Cantatore et al., 1989; Asakawa et al., 1995; De Giorgi et al., 1996; K. 

Beckenbach, pers. comm.) as well as vertebrates (Anderson et al., 1981,1982; 

Bibb et al., 1981 ; Roe et al., 1985; Gadaleta et al., 1989; and Desjardins and 

Morais, 1990) and Drosophila (Clary and Wolstenholme, 1985) which provides 

further evidence as to the consistency of gene content within animal mtDNA 

genomes. The conservation of mtDNA compactness seen in other metazoan 

genomes, has been maintained in Florometra. Three regions of unassigned 

sequence greater then 73 nucleotides have been found. The rest of the 

Florometra mtDNA genome contains intergenic spacers of 18 nucleotides or 

less, and in some instances gene overlaps occur (Figures 5 and 6). Overlaps 



from genes transcribed on opposite strands are found in the tRNA genes 

cysteine and valine in which a one nucleotide overlap is seen and in the COlll 

and tRNA serineucN genes where there is an overlap of two nucleotides (see 

Figure 5). Overlaps are also seen with genes transcribed on the same strand. 

The 3' end of the glutamic acid tRNA gene and the 5' end of the threonine tRNA 

gene may overlap by one nucleotide, depending on the tRNA structure of 

glutamic acid (discussed below). However, the 3' end of the ATPase8 and the 

5' end of the ATPase6 genes, which are transcribed on the same strand, 

overlap by 7 nucleotides. Similar ATPase8 and ATPase6 gene overlaps are 

seen in most metazoans but, the degree of the overlap varies (Anderson et al., 

1981, 1982; Bibb et al., 1981; Roe et al., 1985; Jacobs et al., 1988a; Cantatore 

et al., 1989; Desjardins and Morais, 1990; Smith et al., 1990; Asakawa et al., 

1995; and De Giorgi et al., 1996). 

Protein Coding Genes-Initiation Codons 

Although it had been demonstrated earlier that the mitochondria1 genetic 

code varies between phyla (Barrell et al., 1979; Jukes and Osawa, 1990; and 

Osawa et al., 1992), an accepted echinoderm code has been proposed 

(Himeno et al., 1 987; Jacobs et al., l988a; Cantatore et al., 1 989; Asakawa et 

al., 1995; and De Giorgi et al., 1996). The sequence encoding the mtDNA 

proteins seen in Figures 6, 7, and 8 was translated using the echinoderm 

mtDNA genetic code. All of the F. serratissima protein coding genes begin with 

the traditional ATG codon except for ND4L, which uses GTG. This use of GTG 



as an initiation codon, for the Florometra ND4L gene, is an apparently unique 

feature relative to the other echinoderm ND4L genes encountered thus far. The 

ND4L genes of three sea urchins, from two different orders, and two sea stars, 

from different orders all seem to utilize the unorthodox initiation codons of 

either ATC or ATT (Jacobs et al., 1988a; Cantatore et al., 1989; Smith et al., 

1990; Asakawa et al., 1995; and De Giorgi et al., 1996), whereas the brittle star 

has been seen to use the standard ATG (K. Beckenbach, pers. comm.). 

However, the use of GTG as an initiation codon, has been seen in other 

echinoderm mtDNA protein genes. The ATPase8 gene of Strongylocentrotus 

purpuratus (Jacobs et al., 1988a), Paracentrotus lividus (Cantatore et al., 1989), 

and Arbacia lixula (De Giorgi et al., 1996), as well as the NDI and ND5 genes 

of Asterina pectinifera (Asakawa et al., 1995) all utilize GTG as their initiating 

codons. In addition, the use of the GTG start codon is also seen in 

vertebrates, Drosophila, and Mytilus edulis. The chicken COI gene (Desjardins 

and Morais, 1990), the rat NDI gene (Gadeleta et al., 1989), the Drosophila 

ND5 gene (Clary and Wolstenholme 1985), and the Mytilus NDI gene 

(Hoffman et al., 1992) all utilize GTG as initiating codons. It had been 

suggested earlier that the GTG start codon seen in the S. purpuratus ATPase8 

gene may reflect a mechanism to ensure that these two overlapping genes, on 

the same transcriptional unit, are translated at a similar rate. It was 

hypothesized by Jacobs et al. (1988a) that the inefficiency of internal translation 

initiation of the ATPase6 gene may be balanced by the use of the rare start 

codon, GTG, of the ATPase8 gene. Bibb et al. (1981) also suggested that the 



heterogeneity of all the potential initiation codons may indicate a translation 

control at the level of selection of initiator codons. However further data on the 

use of unorthodox start codons, demonstrate that homologous mtDNA protein 

genes in different species, within classes or phyla, differ in their use of initiation 

codons. Therefore, it has been proposed that the unorthodox start codons do 

not play a role in the regulation of mitochondria1 protein gene expression 

(Wolstenholme, 1992). This hypothesis is supported by the ND4L genes in all 

echinoderms studied so far, in which different initiation codons are found in 

four classes and in one case, different orders of the same class. Rather than 

fulfilling a translation control purpose, the occurrence of unorthodox initiation 

codons may result when there is no spacer nucleotide separating the initiation 

of the protein gene from an upstream tRNA gene. The start of translation, from 

the first base after a tRNA gene, may allow any ATN or GTG to act as initiators 

where ATG would be required at 5' ends containing upstream sequence 

(Attardi, 1985; Cantatore et al., 1989). This no-extra base rule is generally seen 

in all instances when GTG is utilized, except in the COI gene of the chicken 

(Desjardins and Morais, 1990), but is not as conserved a rule when ATC, ATT, 

or ATA are used. In Florometra, there is no extra nucleotide between the ND4L 

GTG start codon and the upstream tRNA gene for arginine (Figure 5). 

Therefore, the start codon GTG for the Florometra ND4L gene, conforms to this 

no-extra base rule seen in other metazoans. 



Termination Codons 

The termination of the Florometra mtDNA protein genes all contain full 

termination codons except COI, which terminates in TA, and NDI and ND2 

which end with a TI only. In all three cases, the 3' ends of the genes are 

punctuated with a tRNA gene (see Figure 5). A complete termination codon 

can be achieved from the sequence data for the ND2 and COI genes, but it 

would result in the 3' ends of the protein genes overlapping with the 5' ends of 

their adjacent tRNA gene. Although overlapping genes, transcribed on 

separate strands are more frequent among metazoan mtDNA genomes, 

processing overlapping genes on the same transcriptional unit would require 

extensive mechanisms (Anderson et al., 1982) and therefore less likely to 

occur as often. Therefore, rather than same-strand overlapping transcriptional 

units, incomplete termination codons are suggested for these Florometra 

protein genes. A complete termination codon would most likely be created 

through post-transcriptional polyadenylation, as seen in other organisms 

(Anderson et at., 1981 ; Ojala et al., 1981; Clayton, 1991). Most metazoan 

mtDNA protein genes have demonstrated the presence of incomplete stop 

codons, such as TA or T, to some degree within their genomes (Attardi, 1985, 

Wolstenholme, 1992). A TA partial termination codon is present in the NDI 

gene of A. lixula (De Giorgi et al., 1 996), however, the NDI gene has complete 

termination codons in the rest of the echinoderms studied thus far. Incomplete 

termination codons are seen in the ND4L and Cyt b genes of P. lividus 

(Cantatore et al., 1989); the Cyt b, ND4L, ND6, and ND4 genes of S. purpuratus; 



the Cyt b and COll genes of A. pectinifera (Asakawa et al., 1995); the Cyt b, 

ND4, and COlll genes of Pisaster ochraceus (Smith et al, 1990); and the ND2 

and ND4L genes of A. lixula (De Giorgi et al., 1996). 

Transfer RNA Genes 

All 22 tRNA genes have been found in the Florometra mtDNA genome. 

The sequences of each tRNA gene are shown in Figure 5 and the 

transcriptional polarity and position of each, in the mtDNA genome are shown 

in Figures 5 and 9. Figure 8 illustrates the predicted secondary structures of 

each tRNA gene. These cloverleaf secondary structures were determined by 

identifying the anticodon sequence of each tRNA gene and then folding the 

tRNA gene according to other metazoan mitochondrial tRNAs and utilizing the 

consensus tRNA form of Sprinzl et al. (1989) as much as possible. In some 

cases, alternative structures to the ones shown in Figure 8 may be drawn, 

however, they were generally considered to be less conserved than the ones 

presented. The standard tRNA structure format includes the amino acyl (AA) 

stem composed of seven base pairs (bp), the dihydrouridine (D) stem 

containing four bp, and the anticodon (AC) stem and the T stem both having five 

bp (Sprinzl et al., 1989). The 3' CCA terminus on the AA stem, found in all 

tRNAs, has not been found to be encoded in metazoan mitochondrial tRNA 

genes, but is instead is added post-transcriptionally. In Florometra, as well, 

the 3' CCA terminus is not encoded in the mtDNA tRNA genes. In most cases, 

the Florometra mitochondrial tRNAs follow the standard cloverleaf structure but, 



some variations do occur. The most obvious example of variation is seen in 

the Florometra tRNA structure for serineAGN in which the D stem is completely 

lacking. However, this is a common feature for this tRNA in echinoderms, 

vertebrates, and Drosophila. 

The termination of the Florometra tRNA genes, at the AA stem, are also 

debatable in some cases. One example is seen in the tRNA gene for glutamic 

acid (Figure 8). The seventh nucleotide pair in the AA stem is the 

unconventional G-U match, seen in tRNA structures. It is unclear if the tRNA 

gene extends to this seventh nucleotide pair in the AA stem or if it terminates at 

the sixth pair. Termination at the G-U seventh pair, would result in an overlap of 

one nucleotide between the 3' end of the glutamic acid tRNA gene and the 5' 

end of the threonine tRNA gene which are transcribed on the same strand 

(Figure 5). Sequencing of the tRNA gene would resolve this conflict. However, 

similar AA stem length discrepancies have been noted elsewhere (Jacobs et 

al., 1988a; Cantatore et al., 1989; Hoffmann et at., 1992). 

In some instances, Florometra ~RNA structures contain only three 

nucleotide pairs in the D stem andlor four in the T stem, which is also seen in 

some tRNAs of S. purpuratus (Jacobs et al., 1988a), P. lividus (Cantatore et al., 

1989) and A. pectinifera (Asakawa et al., 1995) as well as vertebrates (Bibb et 

al., 1981 ; Desjardins and Morais, 1990; and Roe et al., 1985). In addition, a 

few other interesting features of some of the Florometra tRNA genes should be 

addressed. The first nucleotide pair in the AC stem of aspartic acid, is a G-A 

mispair. This is also seen in the same tRNA gene of S. purpuratus (Jacobs et 



al., 1988a) and P. lividus (Cantatore et al., 1989) in which a G-G and a A-A 

mispair are seen, respectively. The Florometra tRNA structure for alanine has 

two C-A mispairs on the end of the T stem facing the T-loop (Figure 8). In the 

other echinoderms the terminal pair is a C-G, however, internal C-A mispairs 

are seen in the T stems of A. pectinifera (Asakawa et al., 1995) and P. 

ochraceus (Smith et al., 1990). In the case of P. ochraceus, the C-A pair is the 

second nucleotide pair in from the loop. The Florometra cysteine tRNA gene 

has two consecutive U-U pairs at the top of the AC stem (Figure 8). However, 

this condition is identical to that found in P. lividus (Cantatore et al., 1989) and 

similar to that in A. pectinifera (Asakawa et al., 1995). Finally, the Florometra 

leucineuuR tRNA structure contains a C-U mispair at the end of the T stem, 

closest to the AA stem (Figure 8). Although this condition is unusual, its 

application does follow the five bp T stem length convention for standard tRNA 

structures (Sprinzl et al., 1989) and its presence is apparently necessary to 

maintain proper alignment of the AA stem. 

Unassigned Sequence 

Apart from the small numbers of nucleotides between identified genes 

(0-18), three regions of unassigned nucleotide sequence (UAS) have been 

found within the Florometra mtDNA genome. The largest UAS sequence 

between genes is 382 nucleotides and is situated between the tRNA genes for 

aspartic acid and threonine, and has been denoted UAS I (Figures 5 and 9). A 

second UAS (UAS II) region is located between the 5' ends of the protein 



coding genes of NDI and COI and is comprised of 77 nucleotides (Figures 5 

and 9). Finally, a third UAS region (UAS Ill) is found between the 5' ends of the 

protein coding genes for Cyt b and ND6 and is 73 nucleotides in length 

(Figures 6 and 9). The UAS I region is located in a similar position and 

generally contains the same flanking sequence as the sea urchin denoted 

putative origin of replication or D-loop (Jacobs et al., 1988a, 1989). In sea 

urchins, the D-loop in situated between the threonine tRNA gene (adjacent to 

the 12s rRNA gene), and the tRNA proline gene (of the echinoderm tRNA 

cluster) (Figure 10) and is composed of 121 nucleotides in S. purpuratus 

(Jacobs et al., 1988a), 132 nucleotides in P. lividus (Cantatore et al., 1989) and 

136 nucleotides in A. lixula (De Giorgi et al., 1996). In sea stars the putative D- 

loop is located between the threonine tRNA gene (adjacent to the 12s rRNA 

gene) and the 16s rRNA gene (Figure 10) and is considerably larger: 337 

nucleotides in P. ochraceus (Smith et al., 1990), and 486 nucleotides in A. 

pectinifera (Asakawa et al., 1995). The UAS I region of F. serratissima is 382 

nucleotides, which is almost three times the size of any of the sea urchin D- 

loop regions, but is comparable to sea stars. In addition, the Florometra UAS I 

region does contain sequence similarities to the D-loop regions in these other 

echinoderms. After the threonine tRNA gene, there is a stretch of nucleotides 

that is considerably pyrimidine rich, followed by a string of G nucleotides, which 

is followed by a high A-T rich region (Figure 5). Similar nucleotide features 

have been seen in the assigned D-loop region of S. purpuratus which has 

been proposed to be a condensed version of the vertebrate mtDNA replication 
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Figure 10. The partial mitochondria1 gene order arrangements of the basic sea 
urchin, crinoid, sea star, and vertebrate patterns. Division between 
genes are indicated by a (-). Arrow heads (< or >) indicate the 
transcriptional polarity of the individual genes. The 13 tRNA gene cluster 
is boxed for clarity. The D-loop is denoted by Dl and the tRNA genes are 
represented by their single letter abbreviations. 



origin (Jacobs et al., 1988a, 1989). It is therefore likely that UAS I contains the 

putative control region for the Florometra mtDNA genome. 

The unassigned nucleotide region between the 5' ends of the protein 

genes Cyt b and ND6, denoted UAS 111, is comprised of only AT sequence and 

is 73 nucleotides in length. Jacobs et al. (1989), noted that a conserved block 

of TTATATATAA sequence, more commonly associated with the putative control 

region, was also found in other echinoderm gene junctions. In S. purpuratus, 

A. pectinifera, A. amurensis, this sequence motif occurs between the 5' ends of 

the oppositely transcribed ND6 and Cyt b genes. It has been therefore 

proposed, that this sequence may function as a bi-directional promoter (Elliot 

and Jacobs 1989; Jacobs et al., 1989). This TTATATATAA motif is present in 

the Florometra UAS Ill region at the 5 ' end of the ND6 gene (Figure 6). Specific 

mtDNA genes are transcribed from either the light or heavy DNA strand. This 

defines a requirement for the presence of promoters on both strands or a bi- 

directional promoter. Identification of the Florometra UAS ll region is still 

indeterminate and somewhat perplexing. Although there are instances in 

which several intergenic spaces, within mtDNA genomes, contain the 

TTATATATAA-like motif (Jacobs et al., 1989), UAS II does not seem to include it. 

However, the UAS II region is AT rich and may contain a more modified motif. 

In addition, the Florometra COI and ND1 genes flanking the UAS II region are 

transcribed in opposite directions (Figure 5), and a bi-directional promoter has 

been proposed to occur between the 5' ends of the COI and the proline tRNA 

genes in sea stars, which are transcribed on opposite strands, (Jacobs et al., 



1989; Smith et al., 1990; and Asakawa et al., 1995). However, the function of 

this UAS II region is still unknown. 

Mitochondria1 Gene Orders Among Phyla 

As mentioned previously, the mitochondria1 gene content is highly 

conserved within most metazoans. However, the order of the genes within the 

mtDNA genomes seem to vary from phylum to phylum (Cantatore et al., 1989; 

Desjardins and Morais, 1990; Paabo et al., 1991 ; Okimoto et al., 1992; and 

Wolstenholme, 1992). Vertebrates, for the most part have a relatively stable 

mtDNA genome except for the variations seen in birds (Desjardins and Morais, 

1990, 1991) and marsupials (Paabo et al., 1991). However, the completion of 

several mtDNA genome maps from the sea urchins, S. purpuratus (Jacobs et 

al., 1988a), P. lividus (Cantatore et al., 1989), and A. lixula (De Giorgi et al., 

1996), the sea star A. pectinifera (Asakawa et al., 1995) and the brittle star 

Ophiopholis aculeata (K. Beckenbach, pers. comm.) as well as partial 

sequence data from another sea star P. ochraceus (Smith et al., 1990), and 

gene-junction PCR amplification data from several echinoderms (Smith et al., 

1993), have provided evidence that the mtDNA gene arrangement is less 

stable within the phylum Echinodermata. In addition, this idea is further 

strengthened by the determined mtDNA gene order for the crinoid, F. 

serratissima shown in Figure 9, which up to this time was not known. 

Jacobs et al. (1988a) first provided evidence that a novel sea urchin 

mtDNA gene order, in comparison to that previously seen in vertebrates 



(Anderson et al., 1981, 1982; Bibb et al., 1981 ; Roe et al., 1985) and Drosophila 

(Clary and Wolstenholme, 1985) does occur. One of the most obvious 

differences between the mtDNA genomes of the vertebrates and the sea 

urchin, S. purpuratus, was the presence of a 13 tRNA gene cluster adjacent to 

the D-loop. In the echinoderm mtDNA sequences to date, this cluster 

arrangement of the tRNA genes is generally conserved. In vertebrates, the 

tRNA genes are found more dispersed throughout the genome. In addition, 

utilizing protein and rRNA genes, it was proposed that the sea urchin pattern 

could be related to the vertebrate pattern with only a few rearrangements 

(Jacobs et al., l988a; Cantatore et al., 1 987a1 1989). 

Organization of mtDNA within Echinodermata / 

The other two complete sea urchin mtDNA maps have been found to be 

identical to that of S. purpuratus (Cantatore et al., 1989; De Giorgi et al., 1996). 

Of the three sea urchin species, S. purpuratus and P. lividus are from the order 

Camarodonta where A. lixula belongs to the order Stirodonta. These orders 

are believed to have diverged between 100-1 50 million years ago (mya) (De 

Giorgi et al., 1991), which indicates stability within the class Echinoidea. Smith 

et al. (1989) demonstrated that the sea stars, class Asteroidea, contained a 

4.6 kb inversion in comparison to the mtDNA of the sea urchins (see Figure 

10). This inversion includes the tRNA cluster, the 16s rRNA gene, and the NDI 

and ND2 protein genes. In addition, this inversion is present in sea stars from 

the orders Forcipulatida and Valvatida, which are believed to have diverged at 



least 225 mya (Blake 1987). Therefore, the mtDNA gene order stability, within 

the class Asteroidea, also appears to be maintained. Through PCR 

amplification spanning gene junctions, it was further demonstrated that the sea 

cucumbers, class Holothuroidea, maintained the basic sea urchin 

mitochondrial gene orientation, whereas the brittle stars, class Ophiuroidea, 

displayed the basic sea star pattern (Smith et al., 1993). A subsequent 

secondary inversion has occurred in the brittle star, but it does maintain the 4.6 

kb inversion pattern of sea stars (K. Beckenbach, pers. comm.). In addition, the 

brittle stars (Smith et al., 1993; K. Beckenbach, pers. comm.) and some sea 

cucumber species, from the genus Cucumaria (Allan Arndt, pers. comm.), 

exhibit an altered tRNA cluster which contain less than the 13 found in sea 

urchins and sea stars. However, it is generally considered that mitochondrial 

tRNA genes may be moving at an accelerated rate, probably by a separate 

mechanism, in comparison to other mtDNA genes. In addition, they may also 

be involved in gene rearrangements seen elsewhere in the genome (Jacobs et 

al., 1989; Cantatore et al., l987b). Therefore, this original 4.6 kb inversion 

separates these four echinoderm classes into echinoid/holothuroid and 

asteroidlophiuroid lineages. 

The five major echinoderm classes: Asteroidea, Echinoidea, 

Holothuroidea, Ophiuroidea, and Crinoidea, were more than likely distinct by 

the early Palaeozoic, and probably diverged between 450-550 mya (Smith 

1988) (see Figure 1). However, there has been controversy to how these 

classes are related as there is no single character that defines the 



phylogenetic relationships between the classes (Smiley, 1988; Smith, 1992). 

Although fossil evidence is generally good for echinoderms, it gives no clear 

indication as to when each class diverged, or how the classes may be related. 

In addition, there are no fossil intermediates which would link the different 

lineages (Smith, 1992). Echinoderm class phylogenies based on comparative 

morphology (Smith, 1988; Smiley, 1988) and larval characteristics (Strathmann, 

1988) have produced conflicting relationships. Earlier investigations of 

mitochondrial DNA suggested that the analysis of mitochondrial gene order 

could prove to be a useful tool to ascertain inter-relationships of phyla, classes 

and orders (Brown et al., 1985; Jacobs et al., l988b). Characters that 

discriminate the relationship of higher taxa should be homologous and highly 

stable so that any changes in the characters would be unique events and 

therefore readily observed (Smith et al., 1993). The 4.6 kb inversion event 

demonstrated earlier that separated four of the classes into two groupings 

(Smith et al., 1989, 1990, 1993; Jacobs et al., 1989; Asakawa et al., 1991, 

1995) is, by definition, such a unique character and represents a significant 

phylogenetic marker (Smith, 1992). The Asteroidea and Ophiuroidea classes 

have been distinct since the Ordovician (Figure I ) ,  and diverged probably 

between 490-530 mya (Smith 1988). The Echinoidea and Holothuroidea 

classes, also distinct since the Ordovician, are believed to have diverged 

around 450-530 mya (Smith 1988). Fossil evidence indicates that the class 

Crinoidea diverged from the rest of the echinoderms probably before the end of 

the Lower Cambrian, approximately 550-560 mya (Smith, 1988). Therefore, the 



relationship of the class Crinoidea to the other echinoderms, as well as the 

polarity of this 4.6 kb inversion could be possibly defined through the 

determination of F. serratissima mtDNA genome arrangement, seen in Figure 

9, which previously was not known. 

Florometra serratissima Mitochondria1 Gene Order Features 

This F. serratissima resolved mtDNA genome arrangement presented in 

Figure 9 demonstrates a novel gene order in relation to the other echinoderm 

classes. The region of the genome spanning from the COI gene through to the 

ND6 gene is conserved across all of the major five echinoderm classes, 

including Crinoidea, with the notable exception of a tRNA gene duplication in 

the sea cucumber Cucumaria genus (Allan Arndt pers. comm.). The major 

gene inversion event that separates the four echinoderm classes into the 

echinoidlholothuroid and ophiuroidlasteroid lineages appears to have 

happened in the crinoids. However, the presence of novel rearrangements that 

have occurred within the genome, make it difficult to align it to either lineage 

distinctly. 

An initial restriction map had been created earlier (Figure 2), which 

located some of the specific Florometra mtDNA genes to regions of the 

genome, yet did not reveal any significant gene order determinations. 

Sequence data obtained from the mtDNA clone, FSHD8, first indicated the 

presence of a novel gene order within Florometra. The sequence from this 

clone demonstrated that the ribosomal genes 16s and 12s were transcribed 



on the same strand, with the 3' end of the 16s rRNA gene directed towards the 

5' end of the 12s rRNA gene, with three tRNA genes, glycine, leucineuuR, and 

phenylalanine, separating them (Figures 5 and 9). All five genes have the 

same transcriptional polarity. The presence of the phenylalanine tRNA gene at 

the 5' end of the 12s gene appears to be a conserved feature throughout the 

echinoderms and vertebrates studied thus far. However, the genes for the 

glycine and leucineuuR tRNAs have been usually located within the 13 tRNA 

gene cluster found in sea urchins, sea stars, and in some sea cucumbers 

(Allan Arndt, pers. comm.). In Florometra, the terminal three tRNA genes seen 

in the 13 tRNA cluster after aspartic acid- leucineuuR, glycine, and tyrosine, have 

moved. The leucineuuR and glycine tRNA genes apparently moved as a single 

unit to between the ribosomal genes and the tyrosine tRNA gene to between 

the 3' end of the ND2 gene and the 5' end of the 16s gene (Figure 9). This 

location of the tyrosine tRNA gene is not seen in any of the other echinoderms 

studied so far. 

The transcriptional and positional arrangement of the ribosomal genes 

in Florometra also differs from any of the other echinoderms as well as the 

vertebrates. In the basic sea urchinlsea cucumber gene arrangement, the 

ribosomal genes are transcribed on the same strand but the genes are 

separated by the putative control region, the tRNA gene cluster, and the NDI 

and ND2 protein genes (Figure 10). In addition, the 3' end of the 12s gene is 

directed towards the 5' end of the 16s gene. In the sea star pattern the 16s 

and 12s rRNA genes are transcribed on opposite strands with the 3' ends of 



the genes facing each other with the putative control region and two tRNA 

genes separating them, as a result of the 4.6 kb inversion (Figure 10). In 

vertebrates, the 12s and 16s genes are tandem with the tRNA gene for valine 

between them but, the 3' end of the 12s gene faces the 5' end of the 16s gene, 

which is opposite to that in Florometra (Figure 9). In addition to the novel 

ribosomal RNA gene arrangements, or perhaps as a result of it, there is a 

unique arrangement of the remaining ~ l ~ ~ o m e t r a  tRNA cluster, putative D-loop 

(UAS I) and the Cyt b gene (Figure 9). ~lthough this arrangement appears to be 

more similar to the sea urchin lineage than to the sea star (Figure lo), obvious 

differences can be noted. The Florometra Cyt b gene is directly beside this 

modified tRNA cluster and the putative ~ l ~ ~ ~ m e t r a  D-loop (UAS I) is situated on 

the opposite side of the cluster. In sea the 12s gene and D-loop 

separate the original tRNA cluster (Figure 10). 

The 4.6 kb inversion, with respect to the sea urchin lineage, seen in the 

sea star mtDNA pattern, places the 13 ~ R N A  gene cluster adjacent to the COI 

gene, and the 16s gene adjacent to the D-loop (Figure 10). A similar 

inversion appears to have taken place in ~ l~rorne t ra  (Figure 9), however the 

novel rearrangements between the cyt b gene and the rRNA genes, including 

the modified tRNA cluster and putative D-~OOP, suggest that this inversion 

happened after these modifications. The original 4.6 kb inversion involves the 

region spanning the 16s rRNA gene through to the proline tRNA gene of the 

tRNA cluster (Figure 10). In comparison, the inversion seen in the Florometra 

mtDNA genome includes only the 16s rRNA gene through to the ND1 gene. In 



this case the tRNA cluster, is not involved in the inversion. As the class 

Crinoidea is the oldest of the extant echinoderms according to fossil records 

(Smith and Paul, 1984; Smith 1988), it was believed that they may exhibit the 

more ancestral mtDNA genome pattern or at least allow the determination to 

what the primitive pattern may have been. 

Mitochondria1 Gene Rearrangements 

There is no evidence for intermolecular recombination between mtDNA 

molecules within animals (Jacobs et al., 1988b), however, intramolecular 

recombination has not been ruled out. In addition, there is no direct evidence 

of transpositions occurring within mtDNA genomes. Therefore, protein and 

rRNA genes rearrangements between mtDNA genomes are often thought to be 

the result of intramolecular gene inversions (Smith et al., 1993) or 

intramolecular gene duplications (Moritz and Brown, 1987). As tRNA genes are 

generally thought to move by a different mechanism (Cantatore et al., 1987b; 

Jacobs et al., 1989) than that of the rRNA and protein genes, they are generally 

omitted from the calculation of rearrangement steps required to obtain different 

gene orders seen in mtDNA genomes. However, in the case of the crinoid, two 

tRNA genes appear to have moved as a group and therefore will be treated the 

same as other changes. Figure 11 is a schematic drawing with the minimal 

number of changes it would require to change from the sea urchin pattern to 

either the sea star or crinoid pattern form while in Figure 12, the pathways of 

such changes are illustrated. 



5 changes 

Figure 11. Minimum number of changes required to achieve specific 
mitochondria1 gene patterns. 

Generally, the number of steps it would require to achieve either the sea 

urchin or the sea star pattern from the crinoid pattern is greater than that seen if 

the sea urchin orientation was original. There is only one change, the 4.6 kb 

inversion, between the sea urchin and sea star patterns, which hypothetically 

means that the ancestral polarity of the inversion could be either orientation. 

However, Jacobs et al. (1988) noted that the sea urchin pattern and the 

vertebrate pattern could be related with a few protein and rRNA gene 
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Figure 12. Outline of the minimum number of steps to achieve the crinoid 
mtDNA gene order from the sea urchin pattern. Inversion blocks are 
boxed for clarity. tRNA genes are represented by their single letter 
abbreviations. Rearrangement steps assume an independent 
movement of the tyrosine (Y) tRNA gene. 



rearrangements, which would suggest that the sea star inversion had derived 

from the sea urchin orientation. Between the sea urchin and the crinoid pattern 

there are essentially 4 changes. The first is an inversion from the 

phenylalanine (F) tRNA gene to the end of the aspartic acid (D) tRNA gene of 

the tRNA gene cluster in the sea urchin pattern (Figure 12). Next, the modified 

tRNA cluster, missing the terminal 3 tRNA genes for tyrosine, glycine and 

leucineuu~, inverts again. The NDI to 16s region then inverts, followed by an 

inversion of the glycine and leucineuuR tRNA gene doublet. Finally, the tyrosine 

tRNA which has moved to between the ND2 and 16s genes (Figures 10 and 

12), probably occurred by an independent movement. In order to get the crinoid 

pattern from sea star pattern, it would require 5 steps. The sea star pattern 

would have to invert to the sea urchin pattern first, adding one more event. 

Alternative models that involve only inversion events for the modification of the 

sea urchin to crinoid (Figure 13) or the sea star to crinoid (Figure 14) mtDNA 

gene order patterns also result in fewer steps for the sea urchin I crinoid 

conversion. Therefore, it seems that the sea urchin pattern is the more 

ancestral-like state for echinoderm mitochondria1 genomes. 

Phylogenetic Implications 

This accumulated data for the mtDNA gene orders can be applied to the 

fossil evidence and times of divergence of these five classes of echinoderms. 

The initial 4.6 kb inversion that separated the echinoidlholothuroid and the 

asteroidlophiuroid lineages most likely occurred after the split of the 
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Figure 13. Outline of the 6 inversion steps required to achieve the crinoid 
mtDNA gene order from the sea urchin arrangement. Inversion blocks 
are boxed for clarity. tRNA genes are represented by their single letter 
abbreviations. 
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Figure 14. Outline of the 7 inversion steps required to achieve the crinoid 
mtDNA gene order from the sea star pattern. Inversion blocks are boxed 
for clarity. tRNA genes are represented by their single letter 
abbreviations. 



Pelmatazoa, to which the crinoids belong, and the Eleutherozoa, from which the 

other four classes belong. These two groups are believed to have diverged 

approximately 550 mya (Smith and Paul, 1984; Smith, 1988) (Figure I ) .  The 

echinoderm ancestor to these groups most likely had a mtDNA gene order very 

similar to present day sea urchins, considering the relationship of the sea 

urchin mtDNA pattern to the crinoids. Shortly after the divergence of the 

Subphyla, Pelmatozoa and Eleutherozoa, the split between the 

asteroidlholothuroid and echinoidlophiuroid lineages happened (Smith and 

Paul, 1984; Smith, 1988). This event either preceded or was perhaps marked 

by the 4.6 kb inversion event of the sea starlsea cucumber lineage. The 

crinoids, although beginning with the ancestral mtDNA gene order state, 

accumulated changes over the course of their evolution. The apparent 

inversion event in the Florometra NDI to 16s genes probably happened in the 

separate crinoid lineage, independent of the original inversion seen in the sea 

star and brittle star classes. However, it is unclear if this mtDNA arrangement 

within F. serratissima is standard for all crinoids or if there is variation within the 

class Crinoidea. Obtaining the mtDNA gene order from different feather star 

species, would establish that the mtDNA gene order within the crinoids is 

stable. In addition, analysis from the stalked forms of the class Crinoidea, may 

indicate a different mtDNA order as some believe that the stalked and free- 

living conditions of the articulate crinoids may have evolved separately 

(Macurda and Meyer, 1983; Sprinkle, 1987; Simms, 1988). However, the 

accumulated mitochondria1 gene order data to date, implies that the sea urchin 



mtDNA arrangement of genes is more like the primitive echinoderm ancestor 

than any of the other classes. In addition, as the mtDNA gene order appears to 

be relatively stable within echinoderm classes, it seems reasonable that 

similar phylogenetic analyses, using rearrangements between classes, can be 

applied to other systems. 
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