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ABSTRACT

Mitochondrial DNA (mtDNA) sequence from the large

ribosomal gene (16s) was used to study phylogenetic

relationships in the mollusk genus, Cellana, and an order of

teleost fishes, Perciformes. Hawaiian Cellana are composed

of three main mtDNA lineages that correspond to three of the

four described species. These species appear to be most

closely related to those found in Japan and the Bonin

Islands. Phylogenetic analysis suggests that Cellana

colonized the Hawaiian islands twice. Data for the perciform

fish provides strong support for a sister relationship

between the families, Coryphaenidae and Rachycentridae.

Echeneidae and Carangidae can also be grouped with these fish

into a "carangoid" clade. An unusual insertion of DNA within

domain V of the 16s gene provides additional phylogenetic

information clustering the carangoids together. Analysis of

secondary stucture suggests this extra sequence is a tandem

duplication of upstream sequence and is absent in most other

perciform fishes. Closer examination of the duplicated

sequence in the carangoids reveals the possibility of

recombination in mtDNA between the duplicated segments.

Cytochrome b was also used to study perciform relationships.

However, it was found that this gene saturates quickly at

synonymous sites while amino acid sequence is highly
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constrained. Cytochrome b provides little phylogenetic

information to resolve deep perciform relationships. A rate

of nucleotide substitution calibrated from the 16s data was

used to estimate divergences between closely related fish

taxa. These dates were then used to calibrate a rate of

change for the Cytochrome b gene. It appears ectothermic

fishes have a rate similar.to endothermic mammals.

Cytochrome b was also used to survey 55 Coryphaena hippurus

from eleven sites around the world. This survey revealed

little nucleotide diversity indicative of a recent near

extinction. The mean coalescent time for this species was

found to be roughly 70,000 years. Alternatively, recurrent

local extinctions and recolonization, characteristic of a

metapopulation scenario, may provide a better explanation for

the inability of this migratory, widespread species to

maintain mitochondrial lineages over evolutionary time.
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CHAPTER 1

An Introduction to the Molecular Insights of Mitochondrial

DNA

Model of MtDNA Evolution

Mitochondrial DNA (mtDNA) of animals is a highly

conserved, compact genome 16-20 kilobase pairs in length. It

usually carries genes for 13 proteins, 22 tRNA, and two

ribosomal genes (Wolstenholme 1992a). Sequence analysis of

ribosomal genes in plant mitochondria suggests a common

ancestry with alpha purple bacteria (Yang et ale 1985). One

modern phylogenetic relative, Agrobacteria, has a symbiotic

association with the root nodules of legumes. Such

relationships support the idea that mitochondria were once

free-living prokaryotes which became endosymbionts in

eukaryotes. Today, mitochondrial function is limited

strictly to aerobic metabolism while genes for other tasks

were lost or transferred to the host's genome over evolution.

Animal mtDNA seems to be inherited as a single, haploid

unit through female lines (Brown 1985; Avise 1986), not

broken and reannealed in different ways as in the nuclear

genome. However, recombination and biparental inheritance is

common in the mitochondrial genomes of plants (Andre et ale

1992), and yeast (Costanzo and Fox 1990). Recently Zouros et

ale (1994) found evidence that the mussel, Mytilus, exhibits
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biparental inheritance of mtDNA. However, most animals,

particularly vertebrates, appear to conform to the assumption

of simple, maternal inheritance. Most mutations in this

genome are thought to involve one or a few bases caused by

polymerase errors, oxidative damage, or mispairing during

replication (Wilson et ale 1985; Wolstenholme 1992b). In

protein coding genes, observed changes typically involve

single-base substitutions. In ribosomal and tRNA genes,

small insertion/deletions can also occur. Parts of the

control region, a non-coding regulatory region for

transcription and replication, encounter far more mutagenic

activity than other parts of the molecule hinting that it is

relatively free of selective constraints at the sequence

level (Aquadro and Greenberg 1983; Horai and Hayasaka 1990).

Often it is assumed that mutations detected along a

short stretch of mtDNA evolve neutrally, or nearly neutrally.

However, it only takes one elsewhere in the genome to

invalidate this assumption. In the absence of recombination,

all genes in the molecule are linked together. If a single

base in a particular mtDNA lineage was to suddenly come under

selective pressure, even for a short number of generations,

then every gene on the entire molecule would be affected. If

the pressure were negative, then that lineage would approach

extinction. If the pressure were positive, the lineage would

approach fixation as more and more offspring survive and

reproduce. Many mtDNA studies have found one or a few
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widespread lineages dominating their data sets. In humans,

Excoffier (1990) has suggested that selection may be an

explanation for the predominance of one lineage in some human

populations. Yet there is no direct evidence showing that

these lineages are selectively favorable to the individuals

who house them.

Advances in Molecular Technology

Although mtDNA has become a useful phylogenetic tool,

earlier methods to isolate the DNA of this genome often

limited the scope of study. In the past, the circular,

supercoiled mtDNA was isolated by density-gradient

centrifugation which required large quantities (1 to 3 grams)

of fresh tissue (Lansman et al. 1981). Analysis often

involved fragmenting the DNA with a number of different

restriction endonucleases (see Avise and Lansman 1983) .

These enzymes recognize specific, short sequences of

nucleotides (usually 4-6 bases) and cleave the double

stranded DNA at that site. While the banding pattern of

these fragments is often successful at identifying rntDNA

lineages, they do not identify what base changes cause a site

to appear or disappear. In addition, fragments less than 500

base pairs are not reliably scored unless high-resolution

electrophoresis is used.

Usually, differences in electrophoretic banding pattern

were assumed to be the result of a base substitution causing

the site to appear or disappear (Nei and Li 1979). To verify
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this assumption, direct observation of the DNA sequence could

be obtained through cloning and then sequencing the insert.

However, cloning can be time-consuming as it takes days to

plate out, grow up, and screen a series of bacterial cultures

for analysis. For large-scale surveys of genetic variability

in natural populations, sequencing was impractical. Thus

restriction enzymes were preferred.

Discovery of the Polymerase Chain Reaction (Saiki et ale

1985) frees one from the constraint of fresh tissue and large

body size for mtDNA isolation. This method, commonly called

PCR, targets a specific DNA sequence and then quickly

amplifies millions of copies. In a few hours, enough DNA can

be generated and purified for direct sequencing. Thus PCR

has played a key role in making large-scale population

genetic studies amenable to sequence analysis.

In the past, limited sequence data has shown that mtDNA

is under a tremendous amount of functional constraint in

spite of its apparent rapid rate of nucleotide substitution

(e.g. Avise 1991, page 51). For gene-coding regions, rapid

accumulation of neutral substitutions occur in third codon

positions as they do not change the amino acid in the protein

(for mtDNA, this is also true for some first position

changes). Substitutions in second positions change the amino

acid and they are found to accumulate slowly. Ribosomal

genes possess highly conserved regions while other parts

change much faster (Mindell and Honeycutt 1990). As noted
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earlier, the control region of mtDNA evolves quickly.

However, there are short segments within this region that are

highly conserved (Saccone et ale 1991). Thus knowledge of

the DNA sequence has provided important information on the

tempo of nucleotide substitution as well as the type of

changes that occur which can be incorporated into the model

of mtDNA evolution. With the rapid explosion of sequence

data through the use of PCR, we are now at a point were it is

possible to investigate further some of the key assumptions

of this evolutionary model by comparing sequences between

phylogenetically related taxa.

The drawback to peR is that one must have some a priori

knowledge of the sequence before the DNA can be targeted and

amplified. This is because the PCR technique relies upon

short sequences (15 to 20 base pairs) of synthetically

prepared oligonucleotides which anneal to homologous sites

and serve as primers to initiate DNA synthesis. These

primers must be specific enough to identify genes of interest

without also identifying similar DNA sequences from other

regions. Kocher et ale (1989) demonstrated that a standard

set of primers homologous to conserved regions of various

genes will usually amplify a specific DNA fragment from a

variety of different animal taxa.

These "universal" primers, as they have been called,

have been used extensively in mtDNA research. However, it

has been the experience of this researcher that some primers
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thought to reliably target sequences in a wide variety of

species fail to work in other taxa, even if they are fairly

close relatives. During the early stages of my dissertation

research, I had hoped to include the hypervariable control

region in my study of C. hippurus populations. However,

primers for the control region of humans failed to amplify

this sequence in my fish. Control region primers listed by

Palumbi et al. (1991) did successfully amplify sequences yet

failed to reliably target the same sequence in repetitive

assays. This entire region was eventually sequenced

successfully only after isolating purified mtDNA from a

cesium gradient, amplifying the entire 1.2 kilobase region

with PCR, then cloning it with the PCR-Script SK(+) Cloning

Kit (Stratagene). This data will be discussed elsewhere

after the project is completed. If there is a lesson to be

learned, it is that PCR is a great molecular tool. But it

must be applied with caution to taxa which have not been

studied at the sequence level before. Furthermore, it cannot

replace cloning.

App~ication to Problems in Evolution and Conservation

Animal mitochondrial DNA has been heralded as the best

molecular marker we have to address questions of population

structure and species relationships from a historical

perspective (Avise et al. 1987; Wilson et al. 1985). Linear

inheritance makes it relatively simple to reconstruct

ancestral relationships between today's taxa on phylogenetic
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trees. MtDNA's rapid rate of nucleotide substitution,

relative to the nuclear genome (Brown et ale 1979), makes it

useful for grouping close relatives and identifying

populations. Conserved regions in ribosomal genes, as well

as transversions and nonsynonymous substitutions in protein

genes, allow one to resolve more distant relationships (e.g.

Kocher et ale 1989; Irwin et ale 1991; Martin et ale 1992).

The aim of this dissertation is to use universal primers

and PCR, along with direct sequencing of a protein and

ribosomal gene in mtDNA, to examine genetic relationships of

commercially exploited marine organisms, and to place these

relationships in an evolutionary context. A genus of endemic

Hawaiian limpets (Cellana) will be compared to Indo-pacific

relatives in order to infer where they originated, when they

arrived, and how they traveled to the Hawaiian archipelago.

In addition, the DNA sequence will be used to establish the

number of discrete mtDNA lineages that may represent

reproductively isolated species of Cellana in Hawaii.

The migratory fish, mahimahi (Coryhaena hippurus) , will

be more thoroughly studied. This commercial species belongs

to a highly diverse order of fish known as the Perciformes

which are thought to have undergone a rapid radiation during

the Paleocene (50 to 60 million years ago). An attempt will

first be made to genetically test an idea that Coryphaena's

closest relatives belong to a group of fish called the

"carangoids" (Freihofer 1978; Johnson 1984, 1993). The data
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gathered will then be used to describe the tempo and mode of

nucleotide substitution in fish mtDNA. These results will be

compared to other data in the literature and to the current

model of mtDNA evolution. Finally, C. hippurus will be

sampled globally to see if female lineages form discrete

phylogenetic clades indicative of population structure. In

addition, the amount of genetic diversity historically

maintained in this large, widespread species will be

estimated.

Currently, many species inhabiting the open waters of

the world's oceans are commercially exploited while little is

known about their population structure and dynamics. Fishery

biologists are trying to understand how highly mobile species

composed of large numbers can approach the edge of extinction

as in the case of the Atlantic blue marlin (Finnerty and

Block 1992) or the bluefin tuna (Safina 1993). At present,

few globally distributed fisheries are effectively managed

On a smaller scale, endemic island species inhabiting

narrow shore or intertidal zones may be more prone to

extinction (Vermeij 1993). Commercial harvesting of a

valuable limpet (Cellana) in Hawaii has caused adult stocks

to decline with time (Kay and Schoenberg 1991). Often it is

assumed the spawning potential (millions of eggs per

individual) can replace what is collected and little control

is enforced. However, reduction of the size of adults in

mollusk populations may adversely lower fecundity as younger
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individuals have smaller gonads and thus produce fewer eggs

(Keough et ale 1993).

The following four chapters are examples of how

phylogenetic analysis of mitochondrial DNA sequence can

provide useful insights into the evolution of a

circumtropical fish and an endemic group of Hawaiian

mollusks. Insights into the molecular evolution of

mitochondrial DNA, itself, will also be revealed though

analysis of the tempo and mode of sequence change. It is

hoped this information will lead to a better understanding of

systematic relationships within these two marine groups, and

provide a basis to improve management of their fisheries.
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CHAPTER 2

Phylogenetic Relationships within an Endemic Group of

Hawaiian Limpets (Cellana) and between their Pacific

Relatives

Introduction

In the Hawaiian archipelago, there are four described

species of endemic limpets in the genus, Cellana, locally

known as opihi. These species can be distinguished by shell

characters: color of the mantle and foot, and where they live

along the intertidal shoreline. For example, C. exarata

(Reeve, 1854) has a black shell and black foot. It is found

from the spray zone seaward and is distributed from the

island of Hawaii as far north as French Frigate Shoals (Kay

1979). C. melanostoma (Pilsbry, 1891) has a very tall,

cream-colored shell with a green mantle and foot. This

species is found within the high splash zone of the northwest

islands of Gardner Pinnacles, La Perouse Pinnacle, Necker,

Nihoa, and occasionally Kauai (Kay 1979). C. sandwichensis

(Pease 1861) has a blackish grey shell often encrusted with

red calcareous algae. It possesses a yellow foot and dwells

within or below the low tide zone. This limpet ranges from

the island of Hawaii to Nihoa and Necker (Kay 1979).

Finally, C. talcosa (Gould 1846) has a yellow foot and is

found subtidally. The shell is more dome-like than the other
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species and it is commonly encrusted with algae. This

species can be found on Hawaii and many of the Northwest

Islands. However, they are not commonly observed on Kauai

and Oahu (Kay 1979).

Not everyone agrees with the above taxonomy. Kay (1980)

recognizes three species (excluding C. melanostoma) while

Powell (1973) recognizes only two (further excluding C.

sandwichensis). The excluded taxa are thought to be ecotypes

and not reproductively isolated (Powell 1973).

Unlike Hawaii's terrestrial genera, evidence supporting

a radiation of species which comprise the endemic marine

fauna is poor (Hourigan and Reese 1987; Kay and Palumbi

1987). However, the multi-species assemblage of Cellana is

one of the best candidates for this evolutionary event (Kay

1980). Thus it is important that we know how many species of

Cellana there are, and whether these species are the

descendants of a single colonizing lineage. If multiple

colonizations gave rise to this assemblage, then this would

reject the idea of a species radiation of Cellana in the

Hawaiian islands.

Phylogenetic analysis of mitochondrial DNA will be used

to construct phylogenetic trees of individuals and the

species they represent. The simple maternal inheritance of

this cytoplasmic genome makes it an ideal single-character

marker for this type of study (Avise et ale 1987).

Mitchondrial DNA sequences of Hawaii's endemic Cellana will
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be compared to each other to determine whether specific

genetic lineages correspond to discrete species currently

described in Hawaii. If mitochondrial lineages are randomly

scattered between the different species, this would suggested

recent gene flow amongst the recognized taxa.

Other Cellana species will be collected along Asia's

west Pacific rim in order to identify the closest maternal

relative of the Hawaiian group. From this, one might be able

to infer a geographic origin of the Cellana that migrated

into the archipelago. In addition, the phylogeny will be used

to determine whether colonization was a single event or if it

occurred several times. And finally, a rate of nucleotide

substitution will be estimated for the mtDNA region sequenced

in this study in order to determine a time frame for when

colonization may have occurred.

Cellana Biology and Hawaiian Island Geology:

According to Powell (1973), limpets in the genus,

Cellana, are a widespread mollusk group inhabiting temperate,

tropical, and subantarctic intertidal zones of the Pacific

and Indian oceans. Species endemism is often observed on

islands. This may best be explained by the short-lived

larval phase (less than two weeks) characteristic for

Patellacean limpets (Powell 1973) as well as for the Hawaiian

taxa themselves (Kay and Magruder 1977).

The most diverse assemblage of species occurs in

Australia and New Zealand and it may be there that Cellana
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first arose. Reliable fossils for this genus go back to the

lower Miocene in both New Zealand and Australia (see Powell

1973). However, a single Australian specimen tentatively

identified as Cellana may extend the geological range of this

genus as far back as the Late Neocomian of the Lower

Cretaceous (Skwarko 1966), some 125-120 million years ago

(Ma). Today, the oceanic islands of Juan Fernandez, in the

Southern Hemisphere (near Chile), and Hawaii, in the Northern

Hemisphere, mark Cellana's eastern-most Pacific extension.

They are not found in the Atlantic.

Because of its antiquity, Cellana could be a long-time

inhabitant of the Hawaiian archipelago. Today's Hawaiian

islands are part of a long stretch of volcanoes, including

submerged guyouts and seamounts, called the Hawaiian-Emperor

chain (Figure 2.1). It is known that these oceanic volcanoes

have been continuously formed over a volcanic "hotspot"

during the last 70 million years (Jarrard and Clague 1977,

Dalrymple et al. 1980a, Dalrymple et al. 1980b). Over time,

each new island moves off the "hotspot" as the Pacific plate

moves toward the northwest. Erosion of the soft basaltic rock

(Moberly 1963) and subsidence of the cooling Pacific plate

upon which the islands are attached (Parsons and Sclater

1977) eventually cause each island to sink below sea level.

Ultimately, each volcanoe is subducted beneath the Eurasian

plate.



Figure 2.1: Hawaiian-Emperor Chain. Koko and Yuryaku
seamounts are 48 Ma and 43 Ma respectively. Kanmu is
slightly younger than Yuryaku. Midway is 28 Ma while the
oldest volcano on the island of Hawaii is approximately
400,000 years old (McDougall 1969). Redrawn from Kennett
(1982) .

14
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On the other hand, Cellana could be a rather recent

immigrant to the archipelago. The Indo-west Pacific (IWP)

fauna, to which Cellana belongs, does not appear to have

colonized the Hawaiian-Emperor chain prior to the early

Oligocene. Grigg (1988) has found fossil evidence in cores

drilled on Koko, Yuryaku, and Kanmu seamounts showing that

IWP corals first appeared in the Hawaiian chain about 34

million years ago. Cores drilled on Midway revealed clear

evidence that the IWP fauna had established itself on this

island in the Miocene (Ladd et al. 1970). The age of Midway

is 28 Ma (Dalrymple et al. 1977).

Considering the fairly wide time frames discussed above,

the divergence between species of Cellana cculd be quite

large. Therefore, the large ribosomal subunit (23s-like or

16s) gene was chosen for study. This gene has a fairly slow

rate of change through time (Mindell and Honeycutt 1990).

This study will estimate a rate of nucleotide change in

mollusks for a region of the 16s gene. While considered only

an approximation, this "molecular clock" will allow a date to

be given for Cellana's arrival to the islands. Currently,

the only fossil record of Cellana in Hawaii is from the

remains of Pleistocene reefs (Powell 1973; Kay 1979).

The data gathered for this project will provide useful

information to fishery managers who must know the number of

genetically discrete species in order to protect this

commercially exploited resource. Such information will also
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provide important biogeographic information concerning the

origin and colonization time of Hawaiian Cellana. It is

hoped the inferences made here will be useful to future

studies addressing migration and evolution of other Indo

Pacific groups.

Methods

Specimens of Cellana were obtained from Okinawa, the

Bonin Islands, Japan, Guam, the Marquesas, Australia, and the

Hawaiian islands. Table 2.1 lists the collectors and sample

locales. At least two individuals of each species were

examined for approximately 470 base pairs. Forty six

Hawaiian limpets were screened for a shorter stretch of 270

bases which possessed diagnostic differences between the

species.

Samples collected in the field were stored in 70%

ethanol (or in the case of the Marquesas samples, rum was

used) and shipped to the laboratory. For samples sent via

First Class mail, the ethanol was removed prior to shipping.

Individuals of Patella stellaeformis, were obtained from Guam

and these were used as an outgroup. Powell (1973) groups

Cellana with Patella in the family Patellidae. However,

others (Lindberg and Hickman 1986; Beu and Maxwell 1990)

group Cellana with Nacella and place them in the family,

Nacellidae (Thiele 1929). Two nerites, Nerita picea from



Table 2.1: Mollusk Collection and Data Summary.

# Sequenced
Species Primer ar bJ;: Collection Site Collector ~
C. exarata 4 8 Nihoa, NWHI C. Rowland 7/90

1 1 Necker, NWHI J.Megyesi 8/91
2 3 Tern Island, NWHI C. Rowland 8/91
1 11 Island of Hawaii Slo Poke Fish 11/91

Market, Honolulu

C. sandwichensis 0 4 Nihoa, NWHI C. Rowland 7/90
3 10 Island of Hawaii 510 Poke Fish 11/91

Market, Honolulu

C. talcosa 3 9 Island of Hawaii R. Dedman 5/92
C. Reeb

C. mazatlandica 2 4 Ogasawara (Bonin Islands) J. Randall 6/92

C. nigrolineata 5 5 Banda Coast, Japan M. Omori 9/93

C. tramoserica 3 3 Sydney, Australia W. Ponder 11/93
P. Eggler

C. toreuma 2 2 Ogasawara (Bonin Islands) R. Pyle 6/92
3 3 Sesoko Island (Okinawa, Japan) R. Kinzie 8/92

C. testudinaria 3 4 Sesoko Island R. Kinzie 8/92

C. radiata 2 4 Sesoko Island R. Kinzie 8/92
3 3 Marquesas A. Simonet 2/94
2 2 Guam S. Palumbi 8/93

Patella stellaeformis 2 2 Guam S. Palumbi 8/93
Nerita picea 2 2 Island of Oahu C. Reeb 6/92
Nerita plicata 2 2 Tahiti J. Kirshtein 3/92
Crassostrea virginia 2 4 Texas. Virginia J Avise 1988
NWHI = Northwestern Hawaiian Islands I-'

-...I
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Hawaii and Nerita plicata from Tahiti were collected to

calibrate a rate of nucleotide substitution for

archaeogastropods. Two individuals were sequenced for each

of these species. In addition, purified mtDNA from the

bivalve, Crassostrea virginica, was obtained from two

samples. One was collected in the Gulf of Mexico

(Brownsville, TX) and the other was from the southeastern

Atlantic coast of the United States (the Chesapeake Bay in

Virginia) .

Total genomic DNA was prepared by 12 hour incubation at

50-60oC of approximately 0.1 grams of muscle (foot) tissue in

a tube containing 0.4 mg/ml Proteinase K, 0.05% SDS, and STE

buffer (100 roM NaCl, 50 roM Tris, 10 roM EDTA, pH 8.0). The

DNA was extracted twice with phenol and then with chloroform,

precipitated in 100% ethanol and resuspended in 200 ~of

dH20. It was then precipitated in 4M lithium chloride to

remove mucopolysaccharides (common in mollusks) which can

inhibit enzyme reactions. The DNA pellet was washed in 70%

ethanol then resuspended in 100 ~ dH20.

Tag polymerase purchased from Perkin Elmer Cetus was

used for PCR under conditions recommended by the supplier.

Primers for the large subunit (16s) ribosomal gene of

mitochondrial DNA (Palumbi et al. 1991) amplified a variable

region of the 16s gene called domain V. The primer sequence
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follows:

16sar 5' CGCCTGTTTATCAAAAACAT 3'

16sbr 5' CCGGTCTGAACTCAGATCACGT 3'.

The thermal profile for the PCR reaction (denature 1 minute

at 93 0C, anneal 2 minutes at 47 0C, and elongate for 2 minutes

at 72 0C) was repeated 30 times in a Perkin Elmer Cetus

machine. Negative controls were routinely run from DNA

extractions without muscle tissue to check for contamination.

The PCR fragment was separated by electrophoresis on a

2% NuSieve gel and then purified by GENE CLEAN (BIO 101).

The double stranded fragment was then sequenced by a slightly

modified chain termination method of Sanger (1977) using T7

DNA polymerase (Sequenase, version 2.0; US Biochemical) .

First, 1 ~ of a 0.1% solution of Tween and NP-40 was added

to the annealing mixture. The DNA was then denatured at 96 0C

for 10 minutes and placed immediately in liquid nitrogen for

5 minutes. Tubes were placed on ice and the DNA was labeled

with 35S dATP (Amersham). DNA fragments were separated on a

7% acrylamide/bis (19:1) gel and visualized by

autoradiography (Fuji X-Ray film).

After preliminary sequence was obtained, a second primer

was designed for the light strand which provided better

sequence results than the original primer. This primer

sequence is as follows:

16sa-350pihi 5' TAGTAATTAAATAGCCGCGGTA 3'.
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The sequence is highly conserved for many of the mollusks

studied here, including outgroups.

Sequences were phylogenetically analyzed with PHYLIP,

version 3.5c (Felsenstein 1989) and PAUP, version 3.1

(Swofford 1991). All sequences were recorded as light strand

sequences oriented 5' to 3'. They were aligned by CLUSTAL V

(Higgins et ale 1992) and by eye to published sequences.

Distances were calculated using Kimura's 2-parameter test

with a transition/transversion ratio of 2:1 which was

inferred from the data. All gaps, regardless of size, were

treated as a single substitution by placing a "-" and then

"N" in the remaining open spaces (J. Felsenstein pers.

corom.). All Cellana sequences are recorded in Appendix A.

Other mollusk sequences are in Appendix B.

Results

Hawaiian Ce~~ana:

Forty-six limpets were sequenced for 270 base pairs from

the Hawaiian archipelago using the 16sbr primer. The

polymorphic sites for each lineage is listed in Figure 2.2

along with their species classification. This portion of the

16s gene allowed the discrimination of three main lineages.

The 3' end of the ribosomal gene (sequencing with the 16sar

primer) did not provide as much polymorphism. Hence, it was

not sequenced for all forty-six individuals.
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Polymorphic Sites
2 4 222 2 3 3 3 3 3
3 4 445 9 0 0 2 4 4
6 0 5 7 2 5 5 9 8 7 3
CAT Gee C A A C A0-39

0-40
0-41
0-42
0-43
0-44
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Figure 2.2: polymorphic Sites of Hawaiian Cellana. Individuals sequenced for 270
base pairs are listed along with their collection site, species designation, and mtDNA
sequence at polymorphic sites. The Necker, Nihoa, and Tern Island are islands from
the northwest portion of the Hawaiian ridge. N

~



Polymorphic Sites
2 4 2 2 2 2 3 3 3 3 3 4
3 4 445 9 0 0 2 4 4 3

.Individual Island "Species" 6 0 5 7 2 5 5 9 8 7 3 1
0-50 Hawaii C. sandwichensis . . GA. A • • T T G
0-51 "" . . GA. A • • T T
0-52 "" . . GA. A • • T T G
0-53 "" . . GA. A • • T T G
0-54 . . GA. A • • T T G
0-55 . . GA. A • • T T G
0-56 . . GA. A • • T T G
0-57 . . GA. A • • T T G
0-58 . . GA. A • • T T G
0-59 . . GA. A • • T T G
0- 60 • • GA. A • • T T G
0-01 Nihoa
0- 09 "" . . GA. A • • T T G

0-61 Hawaii C. talcosa T · G A T G · · T T
0-62 " " T G A T G T T· · ·0-63 " " T G A T G T T· · ·
0-64 " " T G A T G T T· · ·0-65 " " T G A T G T T· · ·0-66 " " T G A T G G T T· ·
0-67 " " T G A T G T T· · ·0-68 " " T G A T G T T· · ·0-69 " " T G A T G G T T· ·
Figure 2.2 (Continued) : Polymorphic Sites of Hawaiian Cellana.

N
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The three mtDNA lineages differed by as many as eight

and as few as four substitutions. Five other Hawaiian

haplotypes were found to differ from one of the three main

lineages by a single base. Intraspecific variability was low

in all species examined for this gene. Individuals within a

species did not differ by more than one base substitution,

even when the 16sar sequence was included.

The correspondence between genetic and morphological

classification was best with limpets collected from the

island of Hawaii (100% m~tch). Shell characters could be

used to easily distinguish the three species, c. exarata, C.

sandwichensis, and C. talcosa which sorted perfectly with one

of three main mitochondrial lineages. The shells of limpets

collected from the northwest islands were badly worn and it

was difficult to identify. Individuals of C. melanostoma

were often difficult to distinguish from C. exarata and C.

sandwichensis using morphological characters alone. This may

likely explain the poorer match between morphology and

genetics in opihi collected from this area. The subtidal C.

talcosa was not collected from the northwest islands due to a

danger of sharks in this region.

Although mtDNA sequences could distinguish between three

species, the fourth species, C. melanostoma, could not be

genetically tagged. Three individuals of C. melanostoma only

differed from C. exarata by a single base transition while

others did not differ at all. Figure 2.2 shows that
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intraspecific variability within other Hawaiian species also

amounted to a single base difference. For example, one C.

exarata differed from other C. exarata individuals by a

single base as did two C. talcosa and one C. sandwichensis.

Pby~ogeny of Pacific Ce~~ana:

Cellana from other locales were similarly sequenced and

identified (Appendix A). Transitions and transversions were

weighted (2:1) and genetic distances were calculated

using Kimura's 2-parameter algorithm (Table 2.2). The data

set was bootstrapped 100 times and a consensus tree was drawn

using the Neighbor-joining method (Figure 2.3). This

bootstrap procedure was run twice yielding high values of 95

and 91 for a cluster of species called the "Hawaiian" clade.

This group included species from the Hawaiian and Bonin

islands, and Japan. DNApars was used to construct an

unweighted, consensus tree using parsimony in Figure 2.3.

However, the bootstrapped value for the "Hawaiian" clade was

lower (60). Transitions and transversions were weighted

(2:1) and the data was bootstrapped again 100 times. A

heuristic search with simple addition in PAUP generated a

tree identical to the distance tree (data not shown). The

bootstrap value for the "Hawaiian" node was slightly higher

(68) than the unweighted parsimony tree. A maximum

likelihood tree was drawn and it too was the same (data not

shown). All four trees cluster the Hawaiian species with one



Table 2.2: Pairwise Difference Matrix for Cellana. Numbers in italics correspond to
transitions (P) and transversions (Q) for 172 base pairs of sequence from domain v.

Kimura's Distance
exar sand talc maza nigr tram test to (Ok) to (Bo) ra (Gu) ra (Ok) ra (Ma) Pate

exarata ----- .020 .024 .024 .031 .061 .068 .061 .063 .117 .080 .088 .281

sandwichensis 9 ----- .011 .013 .026 .061 .070 .066 .068 .123 .083 .090 .286

2P/3Q

talcosa 11 5 ----- .015 .026 .056 .075 .068 .066 .118 .078 .085 .282

3P/3Q 3P/OQ

mazatlandica 11 6 7 ----- .026 .056 .075 .066 .073 .116 .080 .088 .279

2P/2Q 2P/2Q lP/1Q

nigrolineata 13 11 11 11 ----- .056 .073 .058 .055 .108 .081 .086 .281

tramoserica 26 26 24 24 24 ----- .074 .067 .070 .124 ".079 .085 .305

testudinaria 29 30 32 32 31 31 ----- .084 .089 .143 .114 .107 .297

toreuma (Ok) 25 27 28 27 24 25 34 ----- .014 .099 .077 .078 .281

toreuma (Bo) 26 28 27 30 23 27 36 6 ----- .108 .082 .085 .287

radiata (Gu) 45 46 44 44 42 45 51 36 39 ----- .056 .056 .277

radiata (Ok) 33 34 32 33 34 33 46 31 33 20 ----- .014 .254

radiata (Mar) 37 38 36 37 36 35 44 33 35 20 6 ----- .252

Patella 88 89 87 87 87 94 93 88 88 85 82 82

Number of Substitutions

N
U1
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99 toreuma Okinawa

toreuma Bonin Is.

nigrolineata Japan

matzatlandica Bonin Is.

sandwichensis Hawaii
40

talcosa Hawaii

'--- exara t a Hawaii

37 r------ tramoserica Australia

60

72

87

&.....--------- testudinaria Okinawa

74

85 radiata Okinawa
r---f

radiata Marquesas

&.....-----radiata Guam
Treelength 211

Patella

matzatlandica Bonin Is.65

98 toreuma Okinawa
.....--f

toreuma Bonin Is.
sandwichensis Hawaii

talcosa Hawaii

&.....---- testudinaria Okinawa

exarata Hawaii

nigrolineata Japan

661r---- tramoserica Australia

99

I---f
o 2

% Sequence Divergence

radiata Marquesas

~-- radiata Guam

76 radiata Okinawa
78

L..... Patella

Figure 2.3: Consensus Trees of Pacific Ce~~ana for 16s
MtDNA. Data set is bootstrapped 100 times and values are
noted. Trees rooted with Patella. a.) Unweighted
parsimony. b.) Neighbor-joining tree using Kimura's 2
parameter distance with a 2:1 transition/transversion ratio.
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from the Bonin Islands and another from Japan. This

"Hawaiian" clade includes C. exarata, C. sandwichensis, C.

talcosa, C. matzatlandica, and C. nigrolineata.

The PAUP tree was used in an exercise to test whether

rearranging branches produced a tree significantly different

than the consensus tree (Templeton 1983). Although most

rearrangements produced a significantly worse tree, the

swapping of two particular branches did not. If C.

nigrolineata is moved to the C. toreuma branch, the tree

increases in length by two steps (from 211 to 213). If C.

exarata is moved to the C. tramoserica/C. testudinaria

branch, the treelength increases by five steps (from 211 to

216). Although these rearranged trees are statistically

equivalent by Templeton's criteria, they are not the shortest

tree the data can produce.

Mo~ecu~ar Change of the 16s in Mollusks:

Samples of C. radiata appear to be the most divergent in

the Cellana group. A four base deletion at position 337 is

diagnostic for this species. The nerites had several small

insertions/deletions relative to Cellana. The very divergent

bivalve was difficult to align beyond the evolutionarily

conserved stem regions of the gene near the 3' and 5' ends.

Because of alignment problems, oyster sequences were not

analyzed with the other mollusks. Three transition

substitutions distinguished the Gulf oyster from the Atlantic

oyster for the 430 base pairs sequenced (see Appendix B) .
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Figure 2.4: Secondary Structure
for the Mitochondrial 1Ss Gene in
Cellana exarata.
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Figure 2.5: Secondary Structure
for the Mitochondrial 16s Gene in
Patella.
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Figure 2.6: Secondary Structure
for the Mitochondrial 168 Gene in
Nerita p~icata.
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Secondary structures for the 16s ribosomal gene were

drawn from the model of Gutell and Fox (1991) in order to

illustrate what regions incurred the most base substitutions.

Figures 2.4 shows the seconjary structures for C. exarata

while 2.5 and 2.6 show the two outgroups, Patella and Nerita

plicata. These structures are drawn as RNA and assume the

DNA sequence can be transcribed directly into RNA without

modification. Dashes represent Watson-Crick base pairing.

Dots indicate G-U base pairing which is not uncommon in the

models of Gutell and Fox (1991). Most single base

sUbstitutions, particularly those between close relatives,

occurred primarily between positions 191 and 360, also known

as domain V. As more divergent lineages were compared,

single-base substitutions were found outside this region and

were augmented with short deletions or insertions, and small

inversions. The numbering scheme follows that of the

sequences in Appendix A and B. Notice that the loop

structures vary in size between these taxa in the less

constrained domain V.

Because domain V appeared to change at a rate somewhat

faster than the rest of the 16s sequence, it was examined

more closely. To determine whether base composition was

biased, frequency of occurrence for each base in domain V was

compared to base frequency across the entire sequence for

Cellana, Patella, and Nerita. The results are listed in

Table 2.3. The variable region's light-strand seemed to



Table 2.3: Base Composition of Mitochondrial 16s rDNA in Mollusks.

Total
% Base Composition Bases

Tatca GeT A Compared
Cellana 18.23 18.42 26.87 36.49 457-426

Standard dev. (0.53) (1.13) (1.33) (0.82)
Patella 20.64 19.50 28.67 31.19 436
N. plicata 19.50 18.81 28.21 33.49 436
Crassostreat 24.02 17.08 29.24 29,67 381-427
Mean 20,6 18.4 28,2 32,7

Domain V:
Cellana 15.6 22.5 16,9 45,0 157-165
Patella 17,3 22,0 28.0 32.7 150
N.~lli;Rt~. ~.J3~~4__~32...~O ~38 __8_ 178
Mean 14 . 9 2 0 , 7 25 • 6 38 • 8

Bivalves:
C. virginica 21.3 17.3 27.3 32.0 150
C. aiaast 21..8 19.7 27.9 29.3 147
Mean 21 • 6 18 • 5 27 • 6 30 • 7

t data from Hedgecock et al, (1993)

W
N
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favor A's (38.8%) while G's were less abundant (14.9%). This

same pattern was observed for the whole sequence but was not

as strong (A's = 32.7%, G's = 20.6%). The bivalve showed the

same trend.

A Chi squared test for each of the four nucleotides was

used as a crude test to see whether base composition in

domain V differed markedly from an expected 25% occurrence if

each base is equally frequent (expected counts were based on

the length of sequence for each comparison). Although there

is unequal representation of all four bases, it does not

appear to be significant (p < 0.01, d.f. = 1 for each base)

and genetic distances used to calibrate a molecular clock

were not further corrected.

Calibrating a Mollusk Molecular Clock:

First, a rate of nucleotide change was calibrated

between Nerita and the two limpets, Cellana and Patella.

This was done using conserved regions from consensus

sequences of the so called "Hawaiian" Cellana, the C. radiata

assemblage, and the Patella. These three sequences, listed

in Appendix B, were then compared to the two Nerita species.

Not all of this sequence was used for the clock estimate

because large gaps made it alignment difficult. Sequence in

Appendix B notes which regions were omitted when calculating

the genetic distances listed in Table 2.4.

The genus Nerita is thought to have diverged from

patellid and nacellid limpets in the mid-Devonian, about 380
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Ma (Knight et ale 1960). Mean sequence divergence between

these two groups was 0.3476 ± 0.0508. From this, a crude and

rather conservative estimate for the rate of sequence

divergence over time between a pair of taxa was estimated.

This rate (0.0915 ± 0.0134% per myrs) is slower than a 0.3 -

0.4 % rate which I calculated from data reported for

homologous 16s sequence in King crabs (Cunningham et ale

1992). Divergences calculated between Patella and all

Cellana were averaged and divided by a Lower Cretaceous

divergence time (125 Ma). This date comes from the first

appearance of Cellana noted earlier (Skwarko 1966) and yields

a substitution rate of 0.22 ± 0.012% per million years which

is higher.

Table 2.4: Kimura's 2-Parameter Distance Matrix for
Different Groups of Mollusks (Domain V Excluded) .

"Hawaiian" Clade Consensus

"Hawaiian"

"Radiata"

"Radiata" Clade Consensus 0.0142 Patella

Patella

Nerita plicata

Nerita picea

0.2196 0.1932 N. plicata

0.3058 0.2800 0.3656 N. picea

0.3684 0.3419 0.4236 0.1181

Genetic distance between C. virginica populations was

esti.mated using domain V sequence only. There were two
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observed transitions across 150 bp yielding a distance of

0.013. Reeb and Avise (1990) suggested that the Gulf and

Atlantic populations of oysters were separated during glacial

episodes of the Pleistocene. Assuming the Pleistocene began

roughly 2 million years ago (Kennett 1982), the divergence

rate becomes 0.70 % per million years. This rate applies

strictly to transitions as only this type of mutation was

found between Gulf and Atlantic populations. Transitions in

domain V of oysters seem to be evolving about 3.5 times

faster than the whole 16s gene of archegastropods.

Genetic distance between the Pacific (C. gigas) and

Atlantic (C. virginica) was found to be 0.1273. A rate of

substitution between the two species of Crassostrea can also

be estimated. However, the fossil record is a bit obscure.

Several west Pacific taxa have strong affinities to those

found in Atlantic, particularly the Americas (Newton, 1988;

Skelton 1988). Exactly when these species became isolated is

difficult to determine as there is no single model that

adequately explains distributions of similar faunas in both

the west Pacific and Atlantic. However, Stenzel (1971)

speculates that the Tethys seaway provided a corridor for

Crassostrea dispersal that later closed isolating the Pacific

and Atlantic populations. This seaway began closing about

125 Ma and was completely eliminated in the Miocene (Kennett

1982). Stenzel notes the appearance of C. virginica as a

recognizable species at about 65 Ma and this divergence time

_ ... __.--~------- -----
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is used to calibrate the molecular clock for oysters.

Therefore, a crude substitution rate in oysters corresponds

to about 0.1958% per million years which is similar to the

Patella-Cellana rate above.

Discussion

NUJDber of Ce~lana Species in tbe Hawaiian Arcbipelago:

Data collected in this study provides support for thr~e

genetically distinct species endemic to the Hawaiian islands.

However, further work may support a fourth. C. melanostoma

is described as having a cream-colored shell and is

restricted to the Northwestern Hawaiian islands where many

adult shells are subjected to erosion and reduced to a

uniform cream or white, regardless of species (Powell 1973;

C. Reeb, observation). Identifying species from this area

with shell characters alone can thus be difficult. However,

what appeared to be C. melanostoma has been seen on the

island of Molikini (C. Reeb, observation). If several of

these individuals could be sequenced to show they all had the

single "T" transition observed between C. exarata and the

individuals thought to be C. melanostoma from the

Northwestern Hawaiian islands, then this may be sufficient to

support a fourth genetically distinct species. Because these

two Hawaiian lineages differ at most by only a single base, a
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faster-evolving gene will probably provide a better approach

to this problem with the samples already collected.

Phylogenetic Relationships o£ Paci£ic Cellana:

The Neighbor-joining tree (Figure 2.3) drawn from

Kimura's 2-parameter distance and the weighted PAUP tree

provide the best evidence for a link between Japan and

Hawaiian Cellana. However, the number of polymorphisms

distinguishing these closely related species in the data set

is small. Perhaps this caused problems with the parsimony

algorithm, making it diff~cult to completely exclude all

members of the Hawaiian clade from nearby branches of C.

tramoserica and C. testudinaria, and C. toreuma.

The distance tree does supports a close relationship

between the Hawaiian Cell ana and species from Japan and the

Bonin Islands. C. matzatlandica falls inside the Hawaiian

clade strongly suggesting that Cellana immigrated more than

once to the archipelago. Maximum divergence within the

Hawaiian clade was only 0.031 (between C. nigrolineata and C.

exarata). The next closest distance was between C.

tramoserica (0.058 ± 0.003) and then C. toreuma (0.064 ±

0.005). It is not clear why C. testudinaria clustered next

to C. tramoserica because its genetic distance to the

Hawaiian clade is much larger than the other two species.

Plates 1 through 4 are photographs showing the

similarities and differences in shells of the various Cellana

species (photos taken by E.A. Kay). Similarity in shell



Plate 1: Diversity in Cellana Shells in the Hawaiian Clade.
C. nigrolineata (Japan), C. matzatlandica (Bonin Islands), C.
sandwichensis (Hawaii), C. talcosa (Hawaii).

From top left to right,
exarata (Hawaii), C. LV

(X)



Plate 2: Two Shells of Ce~~ana tramoserica from Australia. LV
1.0



Plate 3: Ce~~ana toreuma from the Bonin Islands (right) and Okinawa (left). .J::>
o



Plate 4:
Islands),

Ce~~ana radiata. From left to right, C. radiata orientalis (Marquesas
c. radiata (subspecies unknown) (Guam), and C. radiata orientalis (Okinawa).

.t:>
I--'
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characters is best illustrated between C. matzatlandica and

C. sandwichensis. They both have prominent primary ribs with

secondary ribs between them. C. radiata appears quite

different from the Hawaiian clade taxa which is consistent

with it being the most divergent Cellana lineage in this

study. C. radiata is flatter, more symmetrical, and has a

very different rib pattern.

Time Frame for Colonization:

In the absence of a complete fossil record for the

mollusks used in this research, calibration of a nucleotide

substitution rate for the 16s ribosomal gene in has been

approached very cautiously. An attempt was made to verify

the rates by devising several calibrations and then comparing

them to other data for the 16s mitochondrial gene. The rates

reported for the 16s data set ranged from 0.1 to 0.2%

sequence divergence per million years (0.7% for domain V)

between a pair of mollusk taxa. Clearly, the rate depends on

the region of the 16s gene used to calibrate the clock, as

well as the antiquity of the divergence. Mindell and

Honeycutt (1990) show a graph (Figure 2B) with 16s

substitution rates ranging from 0.1% to 0.8% per million

years. This deceleration increases with the depth of the

divergence and is possibly due to back mutation. In light of

the errors inherent in this type of inference, the dates

below should be considered as rough approximations.
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Because the nerite and Patella divergences are quite

old, transitions were most likely saturated yielding a rate

more descriptive of the slowly accumulating transversions.

Because the nerite/Cellana rate was even slower (0.1% per

million years), transversions may have also suffered the

effects of homoplasy. Hence, this particular rate of change

is probably not appropriate for estimating divergence times

within the young Hawaiian clade. The domain V transition

rate between Atlantic and Gulf oyster populations might be

more suitable. However, oysters are very distant relatives

of Cellana (Cambrian divergence) so caution is again advised.

The mean maximum divergence between C. exarata and the

other Hawaiian species (including C. mazatlandica) is 0.023.

Using the rate (0.22% per million years) found between

Cellana and Patella, this divergence may have began about

10.4 Ma, or mid-Miocene. Because much of the change between

taxa in the Hawaiian clade involved substitutions in domain

V, the oyster transition rate was applied to these sequences.

The lower diagonal numbers in parenthesis in Table 2.2 shows

the numbers used. Transversions were counted as two

transitions. With this clock, mean divergence between C.

exarata and the other Hawaiian taxa (and C. mazatlandica) was

0.045 resulting in a divergence time of 6.6 Ma. This range

of six to ten million years is much older than the

Pleistocene fossil record of Hawaiian Cellana (Powell 1973;

Kay 1979) .
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Divergence of the Hawaiian clade from the more distant

C. tramoserica can be estimated to range from 25 to 28 Ma

using the Patella/Cellana clock. A· mean divergence time

between C. radiata (subspecies, orientalis) found on Okinawa

and the Marquesas is roughly 6.5 Ma (late Miocene). The

oldest island in the Marquesas chain is Eiao which ranges

from 5 to 8 Ma (IOC 1987). Interestingly, the Guam C.

radiata (subspecies unknown) last shared common ancestry with

these two about 25 Ma. Early Paleocene (65 Ma) to Late

Oligocene (24 Ma) divergeuces separate other species from the

Hawaiian clade. These results clearly show 'that the genus,

Cellana, is composed of very old lineages.

Cellana's Colonization or Remote Pacific Islands:

The similarity between C. tramoserica and the "Hawaiian"

clade provides evidence that these species may trace an

ancestry back to Australia. Perhaps this lineage began to

disperse sometime in the late Oligocene reaching the Bonin

Islands and Japan. C. nigrolineata is found only in Japan

and is a relative of this lineage while C. mazatlandica is

the sole endemic representative of this lineage in the Bonin

Islands. From here, Cellana moved into the Hawaiian

archipelago sometime in the mid to late Miocene. Due to the

close similarity of C. talcosa and C. sandwichensis to C.

mazatlandica, there is better reason to believe their

ancestry is directly descended from the Bonin Islands.
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ancestry is directly descended from the Bonin Islands. C.

exarata may represent a second immigration of a related

lineage likely from the same area. Figure 2.7a shows the

progression of this colonization.

The data leads to further speculation that Cellana has

experienced several expansions (and possibly contractions)

during the course of its evolution. Three very divergent

mtDNA lineages belonging to C. toreuma, C. testudinaria, and

C. radiata occur in Okinawa. In addition, C. radiata in

Okinawa is more closely aligned to C. radiata in the

Marquesas, not Guam (Figure 2.7b). In view of this, it is

interesting that Okinawa's C. radiata failed to establish

itself in the Hawaiian islands. It seems Cellana is composed

of lineages with independent biogeographic histories.

Hypothetical Dispersal Mechanisms:

At least three scenarios explain the distribution of

Cellana today. First, veliger larvae may have dispersed

along with other Indo-west Pacific fauna via island corridors

extending seaward. Certainly, the seafloor between the

Hawaiian Islands and the western Pacific is littered with

submerged guyouts and seamounts which may have served as

temporary stepping stones before subsiding beneath the

surface (see Figure 4.22 in Menard 1964). However, due to

the Miocene time frame involved, higher sea levels would have

placed many of these formations well below sea level, making

these stepping stone uninhabitable for an intertidal mollusk.
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Figure 2.7: Migration of Ce~~ana. a.) Lineages colonizing the Hawaiian archipelago
may have originated in Australia. In the mid- to late Miocene, this lineage made its
way into the Hawaiian archipelago. A total of two immigrations probably gave rise to
three endemic species found in the island chain today. b.) The striking genetic
similarity between C. radiata (orientalis) found in the Marquesas and Okinawa
underscores the ability of these limpets to disperse great distances in spite of their
short-lived planktonic larval phase. These two populations/species have been separated
since the late Miocene. At this time, it is unclear which direction migration took
place.

.:::.
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This time frame also dispels another possible scenario.

A single fossil from Oregon indicates that Cellana had

reached the eastern coast of the Pacific by the Eocene (50

Ma) and then went extinct (Lindberg and Hickman 1986). Thus

Cellana may have colonized the continuous coastal habitat

rimming the Pacific during warmer climates, then rafted with

prevailing currents out of the Americas toward Hawaii.

However, the Hawaiian clade is closely related and does not

have an Eocene divergence from its closest Asian relatives.

Long-distance rafting eastward of young adults (Jokiel

1988) is probably the best explanation of Cellana's Pacific

migration at this time. Because today's surface currents

flow predominantly in a westward direction, rafting east is

difficult except during El Nino. This climatic event

produces a temporary reversal of equatorial flow. However,

El Nino may be a fairly recent phenomenon probably starting

during the early to middle Miocene (about 20 Ma) and

intensifying in the Pliocene about 3.5 Ma (see Grigg and Hey

1992). Alternatively, rafting vagrants initially caught in

the Kuroshio current (which runs northward along the west

Pacific's coastal boundary) might have occasionally

encountered the northwest Hawaiian islands if they were

entrained in south-moving eddies. Whatever the cause, it

appears colonists established themselves on the remote

islands of Hawaii, twice.



48

The mechanism by which Cellana moved out across the

Pacific and encountered Hawaiian shorelines is likely linked

to favorable transport conditions by oceanic currents.

Similarly, the ability of IWP corals to reach Hawaii has also

been explain by favorable oceanographic conditions which were

not available until the Oligocene (Grigg 1988). The faunal

connection between Hawaiian Cellana to those in Japan and the

Bonin Islands is not surprising. For example, the endemic

Hawaiian gastropod Strombus vomer hawaiensis is considered

most closely related to S. vomer vomer from Okinawa (Kay

1979). Similarly, Hawaii's inshore fish fauna share

affinities with the fauna of the Ryukyu islands and southern

Japan (Randall et al. 1985; Hourigan and Reese 1987).

No Species Radiation of Hawaiian Ce~lana:

Phylogenetic analysis provides evidence that three

genetically distinct species of Cellana inhabit the Hawaiian

archipelago and that they originated from a monophyletic

maternal ancestor around Japan and surrounding islands.

There appears to have been two immigrations, one bringing C.

exarata and the other bringing a lineage which split into C.

talcosa and C. sandwichensis. This strongly argues against a

species radiation of Hawaiian Cellana.

Grigg (1988) has reasoned that continued gene flow

between Hawaiian corals and their IWP counterparts has

prevented excessive speciation. In addition, extinction of

the early Oligocene coral taxa and recolonization in the

._~-_.._ .. ---
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Miocene may have caused a set back in coral diversity. For

Cellana, it seems probable that since the establishment of

the Hawaiian lineages in the Miocene, gene flow between their

Asian relatives has been inhibited. However, rampant

speciation has not occured. In contrast, Hawaiian Drosophila

have been able to undergo excessive speciation in shorter

time frames (Carson and Templeton 1984) suggesting that

Hawaii's marine environment may not possess the various

isolating mechanisms found in the archipelago's terrestrial

environments.

Perhaps Cellana's inability to differentiate beyond the

three species recognized here is due to the fact that they

inhabit intertidal zones which are narrow on cone-shaped

islands. This makes it difficult for populations to become

isolated. An accumulation of immigrant species through time

would seem a better mechanism for increasing species

diversity in Hawaii's intertidal fauna. But it appears

immigration into the Hawaiian islands is a rare event with

Cellana. A continuation of this work with other mollusk

genera may allow one to better decipher the biogeographic

patterns displayed by the Pacific's intertidal fauna.
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CHAPTER 3

The Usefulness of Mitochondrial DNA to Infer the Phylogenetic

Relationships of Coryphaenidae to Other Perciform Fishes

Introduction

The order, Perciformes, is the largest vertebrate order

and the most diversified of all fish orders (Nelson 1994).

Perciform fish dominate vertebrate life in the sea as well as

in many tropical and subtropical freshwater habitats. The

suborder, Percoidei, is itself the largest and most species

rich of the perciform suborders (Johnson 1984). Percoids

form a significant component of the reef fauna in the tropics

and subtropics. A few groups are mesopelagic (living at

depths > 400 m or epipelagic (living at depths < 100 m) .

The commercially exploited mahimahi, or dolphin fish

(Coryphaena hippurus) and its only congener (C. equiselis)

are percoid fish inhabiting warm surface waters worldwide.

To understand the genetic and phenotypic novelties of

coryphaenids as they are today, it would be useful to place

them in an evolutionary framework with other relatives; that

is, a phylogenetic tree. From this, one may piece together

how and when these novelties arose, and perhaps infer why

they did so (e.g. Block et ale 1993).
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Percifor.m Systematics:

Unfortunately, perciform systematics based on

traditional methods is problematic. Johnson and Patterson

(1993) suggest that perciforms are part of a monophyletic

group only if the orders Scorpaeniformes, Pleuronectiformes,

and Tetraodontiformes are included. These three orders may,

in fact, be derived from the Perciformes. Some believe the

current grouping of the Perciformes is probably not

monophyletic (Johnson 1993; Nelson 1994). In this study,

twelve perciform species pelonging to three suborders will be

compared. Four outgroups, including one Scorpaeniformes,

will be used to root the phylogeny. The relationships of the

three perciform suborders are shown in Figure 3.1 and will be

discussed next.

Perciformes has been divided into eighteen suborders.

The suborder, Percoidei is thought to be the basal

evolutionary group from which the other perciform suborders

were derived (Nelson 1994). Percoidei is probably not a

monophyletic unit because it is recognized solely on

plesiomorphic (ancestral) characters (Nelson 1994). In fact,

Johnson (1984) describes this suborder as "a convenient

repository for those generalized perciform families that

cannot obviously be placed elsewhere".

Three families, Cichlidae, Embiotocidae (surfperches),

and Pomacentridae (damselfishes) are no longer considered



Percoidei

7.

Nematistiidae

Coryphaenidae
~--- Rachycentridae "Carangoidei"

Echeneidae
Carangidae

52

~----------Sparidae

~----------Lutjanidae

Scombroidei r------Scombridae

~-----Xiphiidae

r----------Cichlidae

Labroidei

~---------Pomacentridae

Figure 3.1: Relationships of Perciformes Used in this Study.
The order, Perciformes, is the largest, most diverse
vertebrate order. Similarly, the suborder, Percoidei, is the
largest, most diverse grouping within this order. Both may
be polyphyletic. Most systematic relationships within the
perciforms have remained unresolved. However, five percoid
families have been grouped together as the "carangoids". In
addition, Coryphaena and Rachycentron are thought to form a
sister group. These ideas will be tested using sequence
analysis of mtDNA. Outgroups will include Cyprinus (carp),
Oncorhynchus (salmon), Lampanyctus (myctophid), and Ophiodon
(lingcod, order Scorpaeniformes) .
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percoids. They have been moved to Labroidei based upon

characters in the pharyngeal region specialized for food

processing. However, the monophyly of labroids, with

cichlids as the postulated sister-group may change because

these characters appear to involve a high degree of homoplasy

(Johnson 1993; Nelson 1994).

Scombriodei are comprised of the large oceanic tunas and

billfish that make up a valuable commercial fishery. While

most teleost fishes are ectotherms with body temperatures

within 10 to 20C of ambient water temperature, only the

Scombroidei have acquired the ability to elevate body

temperatures by metabolic means. There are three ways in

which this is done. Tunas (e.g. Thunnus) have an

exceptionally high metabolic rate analogous to birds and

mammals. Billfish (e.g. Xiphis, Tetrapturus, and Makaira)

use a cranial heater organ to warm only the brain and eyes.

The butterfly mackerel (Gasterochisma) uses a heater organ

derived from the lateral rectus eye muscle, not the

extraocular muscle fibers used by billfish. Johnson (1986)

has included the Sphyraenidae (barracuda) as the primitive

sister group and has referred to this suborder as

"Sphyraenoidei".

The "Carangoid" Clade:

Within the Percoidei, progress has been limited in

establishing familial relationships. This is largely due to

extensive morphological diversity and frequent convergence of
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traits that characterize percoid evolution. However,

Freihofer (1978) noted that the Nematistiidae (roosterfish),

Carangidae (jacks), Coryphaenidae (mahimahi), Rachycentridae

(cobia), and Echeneidae (remoras) can be united by two

morphological traits. This group was referred to as the

"carangoids". Johnson (1984) lists three synapomorphies

uniting Echeneidae, Rachycentridae, Carangidae, and

Coryphaenidae as a monophyletic group. Smith-Vaniz (1984)

describes two synapomorphies grouping Nematistiidae with the

"carangoids".

While most perciform systematics relies upon "adult"

morphology, Johnson (1984) provides evidence that larval

characters can provide a diverse suite of traits to elucidate

relationships between families. Three additional

synapomorphic traits were found in juvenile fish reiterating

a monophyletic relationship between Coryphaenidae,

Rachycentridae, and Echeneidae. Additional synapomorphies

were discovered between Coryphaenidae and Rachycentridae

suggesting a sister-group relationship between these species

which had not been realized before. One of these larval

characters, a modified epithelial cuticle with crown-shaped

spicules, has not been found in any other fish. It is

believed this cuticle is actually a primitive feature of

carangoids which was lost in the other families (Johnson

1993) .
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Finding additional characters supporting a monophyletic

"caragnoid" clade would lend even stronger support for it

becoming a recognized taxon within the highly confused

perciform order. In this study, mitochondrial DNA will be

assayed in an attempt to genetically determine relationships

between maternal lineages of carangoids and other perciform

fishes. Phylogenetic trees will be drawn in an attempt to

demonstrate that the carangoid families cluster together as a

single monophyletic group.

Fossil History of Perciformes and their Relatives:

Because mtDNA does not accumulate substitutions at the

same rate in all genes (Anderson et al. 1982), one needs some

idea of the time frame involved since the taxa of interest

shared common ancestors. From this, the appropriate genes

can be chosen at the start which will provide suitable

information for phylogenetic analysis.

Perciformes are percomorph fishes belonging to the

Acanthopterygii which, along with two other superorders

(Polymxiomorpha, Paracanthopterygii), form the acanthomorphs

(Rosen 1973). Stiassny (19B6) provides a firm basis for

believing Acanthomorpha is monophyletic. Patterson (1993)

reviews the acanthomorph fossil record which is used below to

establish a time frame for the appearance of the perciform

taxa used in this study.

According to Patterson (1993), the acanthomorphs first

appear in the Upper Cretaceous from the base of the
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Cenomanian (95 Ma) to the top of the Campanian (75 Ma) .

However, the earliest notable Tertiary acanthomorph faunas,

such as the Monte Bolca fauna in Italy, date to the topmost

Paleocene (55 Ma). This represents a gap of almost 20

million years in the record during a time acanthomorph fishes

began their remarkable radiation. Table 3.1 below lists the

fossil ranges for some perciform fish studied here.

Table 3.1: Fossil Record for Euteleost Fishes. Based on
Data from Carroll (1988), Patterson (1993), and Nelson

(1994) .

Taxa
Carangidae
Coryphaenids
Echeneidae
Scombroidei
Cichlidae
Myctophiformes
Ostariophysi

First Appeara~ce

Late Paleocene!aasal Eocene
Late Paleocene/Basal Eocene
Early Tertiary
Upper Cretaceous/Eocene
Middle Eocene
Campanian (Upper Cretaceous)
Upper Jurrasic/Late Cretaceous

Time Range
(Ma)

60-50
60-50
65-36
83-66
49-42
84-74

150-112

The only evidence suggesting perciform fish appeared in

the Cretaceous is an extinct family, Blochiidae, which has

been grouped with the Scombroidei (Schultz 1987). It is found

in strata of the Cenomanian and the Eocene. However, the

list of apomorphies that characterize scombroids (Johnson

1986) have not been demonstrated in blochiids. Thus,

Patterson (1993) does not consider this fossil family a

perciform. However, Patterson (in press) has found evidence

of percoids and scombroids in stratigraphy that belongs to
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the Danian (60 to 65 Ma). Thus the origin and early

diversification of several acanthomorph lineages, including

Perciformes must be pushed back into the late Cretaceous, 65

Ma.

While acknowledging the problems of inadequate sampling

and gaps, a consistent picture emerges which shows no

acanthmorphs in the Lower Cretaceous. Twenty million years

later, the early Tertiary contains the entire diversity of

the modern percomorph fishes (Patterson 1993). Somewhere in

between this gap, a tremendous diversification occurred.

Based on the evidence above, I will assume that perciform

evolution began 65 million years ago.

Tempo and Mode of Moleci..l1ar Change:

From the above discussion, the age of the "carangoid"

group should not exceed 65 million years. This places the

project in the same time frame as similar research done on

sharks (Martin et al. 1992, Martin and Palurnbi 1993) and

mammals (Irwin et al. 1991) in which the Cytochrome b gene

was appropriate for observing evolutionary change.

Cytochrome b has been easy to amplify and sequence for

several groups of vertebrates, including coryphaenids (C.

Reeb unpublished), with conserved "universal" primers (Kocher

et al. 1989).

Other fish which will be used as outgroups (cyprinids,

salmonids, and myctophids) diverged in the Lower Cretaceous

and Upper Jurassic (100 to 150 Ma). Such a large divergence
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increases the likelihood that back mutations (homoplasy) in

Cytochrome b have taken place. To circumvent convergence due

to homoplasy in the distant outgroup comparisons, the

ribosomal large subunit (16s) gene was also assayed. The

product of this gene is an RNA which must fold into specific

secondary and tertiary structures in order to function.

Hence, there is greater constraint on mutation. The net

result is a gene with a much slower accumulation of mutations

through time.

Mindell and Honeycutt_ (1990) discuss the utility of

mitochondrial ribosomal genes to effectively probe divergent

sequences for phylogenetic information as far back as the

Cambrian (600 Ma). Although the slope of the curve decreases

after 100 million years, it remains positive. Hence,

excessive back mutation, or saturation, has not been observed

in the mitochondrial 16s gene. It is expected that the 16s

will be of marginal use for close relationships which should

be best resolved by Cytochrome b.

The Effect of Metabolic Rate on Sequence Comparisons:

Recently, several papers have appeared in the literature

citing reduced rates of mtDNA evolution in ectothermic

organisms such as salmon, sharks, and turtles (Thomas and

Beckenbach 1989; Martin et ale 1992; Avise et ale 1992).

Rand (1993; 1994) reviews options that have been used to

explain the phenomenon. For example, short generation times

may decelerate rates of change because fewer numbers of DNA
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replication events per unit time decreases the opportunity

for mutation to occur. This hypothesis has been used to

explain the slow rate of change in sea turtles which take as

long as 30 years to reach sexual maturity.

Second, metabolic rate has been implicated as a factor

in controlling rates of DNA change (Adelman et ale 1988;

Shigenaga et ale 1989). Hence, species with rapid

metabolisms may accumulate more mutations via oxidative

damage than species with slow metabolisms. This scenario has

been used to explain the unusually slow rate of change in

metabolically sluggish sharks (Martin et ale 1992).

Finally, selective constraint may be acting in

ectothermic species such that the amino acid sequence of a

protein able to function in a wide range of temperatures

would be maintained through time. This would explain the

lower nonsynonymous substitution rates observed in salmon

mtDNA relative to mammals (Thomas and Beckenbach 1989).

Some of the perciform fish in this study have high

metabolic rates (Corypahena hippurus and Thunnus albacares,

T. thynnus, and T. obesus) and some are endothermic (Thunnus

sp. and Tetrapturus audax). Most of the fish have short

generation times of one to five years. Thus the perciforms

may prove useful to study the various parameters thought to

influence nucleotide substitution rates in mtDNA.
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Methods

Muscle tissue from three to five individuals of

Coryphaena hippurus, C. equiselis, Rachycentron canadum,

Caranx sexfaciatus, and Remora remora were collected. In

addition, single specimens were collected of the following

perciformes: Lutjanidae (species unknown), Thunnus

albacares, T. obesus, T. thynnus, Chrysophrys auretus,

Tetrapturus audax, Nanochromis nudiceps (cichlid), and

Chromis vanderbilti (damsel fish). Outgroups included

Ophiodon elongatus (lingcod), Lampanyctus (mesopelagic

myctophid), Oncorhynchus tshawytscha (Chinook salmon), and

Cyprinus carpio. In addition, several other fish sequences

from GenBank were included. See Table 3.2 for collection

sites, species names, and collector names. Accession numbers

are provided for data taken from other sources.

Samples were either frozen or stored in 70% ethanol

prior to DNA extraction. DNA was extracted by overnight

digestion of approximately 0.1 grams of tissue in STE buffer

(100mM NaCI, 50mM Tris, 10mM EDTA, pH 8.0) with 0.05% SDS and

0.4 mg/ml Proteinase K. After vortexing, the cell debris was

pelleted and the supernatant was transferred to another tube.

This was heated to 1000C for four minutes to denature the

Proteinase K which inhibits enzymatic reactions. The DNA

solution was diluted 1/50 and from 4 to 10 microliters were

used in a 100 microliter PCR.



Table 3.2: Euteleost Data Summary

# Sequenced
16s Cyt b Additional

Species ~ ~ ~ ~ Sequences Collector .s..u.e
Coryphaena. hippurus 2 4 5 5 C. Reeb Pacific Ocean
Coryphaena. equiselis 1 3 2 4 a " ..
Rachycentron canadum 2 3 1 2 A Hrincevich Gulf of Mexico
Caranx sexfaciatus 1 5 1 4 C. Reeb Star Market, HI
Remora remora 2 3 1 2 J. Graves Atlantic Ocean
Chrysophrys auretus 1 1 1 1 C. Reeb Star Market, HI
Lutjanidae ? 1 1 X X C. Reeb Safeway, HI
Thunnus thynnus 0 0 1 1 a, b
Thunnus obesus 1 1 0 1 a, b C. Reeb Kewalo Fish

Auction
Thunnus albacares 1 1 0 1 a, b C. Reeb "
Makaira nigraicans - - - - a
Tetrapturus audax 1 1 0 1 a C. Reeb Kewalo Fish Auc
Istiophorus platypterus - - - - a
Xiphias gladius - - - - a
Chromis vanderbilti 1 1 0 0 R. Feldman Indo-Pacific
Ophiodon elongatus 1 1 1 0 C. Reeb Safeway, HI
Nanochromis nudiceps 1 1 0 1 C. Reeb Pat's Pets, HI
Hemichromis - - - - c
Cichlasoma citrinellum - - - - c
Lampanyctus 1 2 1 2 J. Kirshtein Pacific Ocean
Oncorhynchus tshawytscha 1 1 1 1 d C. Reeb Safeway, HI
Cyprinus carpio - - - - e

* light strand primer for S'end of fragment A heavy strand primer for 3'end of fragment
? Genus and species unknown a From Block et al. (1991)
b From Bartlett and Davidson (1991) c From Meyer et al. (1990)
d Aligned to other salmonids in GenBank e From Tzeng et al. (1992)
X The sequence obtained in this sample did not align to published Cytochrome b sequences.
Identification of Remora, Chrysophrys and Caranx kindly provided by J.E. Randall, Bishop Museum,
Honolulu, HI.

0)

I-'
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Primers (005 and 006) designed by Kocher et ale (1989)

were. used to amplify part of the Cytochrome b gene. producing

a 350 base pair fragment of double stranded DNA. These are as

follows:

005 5' AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA 3'

006 5' AAAAAGCTTCCATCCAACATCTCAGCATGATGAA 3'.

While an effort was made to obtain sequences from both

strands, the 005 primer from the heavy strand was not always

reliable. Hence, some individuals were sequenced twice with

the 006 primer. The 165 ribosomal primers (16sar and 16sbr)

were those from Palumbi et ale (1991) which produced roughly

a 600 base pair fragment. These are as follows:

16sar 5' CGCCTGTTTATCAAAAACAT 3 1

16sbr 5' CCGGTCTGAACTCAGATCACGT 3'.

Sequencing with the 16sar primer often yielded poor results

so a primer specific for fish was designed with the sequence:

16sa-fish 5' TGACACCAATTTAACGGCCGCGG 3'.

This primer produced a sequence about 50 base pairs shorter

than the original 16sar but allowed a longer overlap with the

16sbr primer. Between the three primers, 20 to 60 base pairs

could be overlapped in the middle of the 16s fragment.

Conditions for the PCR were as follows: 1 minute

denature, 92 oC, 2 minutes anneal, 45-470C, and 1.5 minutes

elongation, 72 0C. The GeneAmp kit (Perkin-Elmer) was used

under conditions suggested by the manufacturer (2mM MgCl2

provided adequate results). PCR products were
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electrophoresed on a 2% NuSieve gel and the DNA band was

excised and purified with the Gene Clean Kit (Bio 101, Inc.).

The DNA was sequenced by the method of Sanger et al. (1977)

using Sequenase 2.0 supplied by U.S. Biochemical Corp. This

method was modified by adding 1 ~l of 0.1% solution of Tween

and NP-40 to the annealing mixture in 1.5 ml eppendorf tubes.

Double-stranded DNA was denatured at 96°C for 10 minutes then

placed immediately in liquid nitrogen for 5 minutes. Tubes

were placed on ice and DNA labeled with 35S dATP as

described in the Sequenase protocol. Reactions were

electrophoresed on a 6% acrylamide TBE gel (7 M Urea). The

sequence was visualized by autoradiography (3 day exposure on

Fuji X-ray film).

Sequences were aligned by Clustal V (Higgins et al.

1992) and by eye to other sequences published in GenBank.

Ribosomal DNA sequences for the fish can be found in Appendix

C while Cytochrome b sequences are in Appendix D. For the

16s, gaps greater than one nucleotide were conservatively

treated as a single mutation event by leaving in a single gap

symbol (-) and placing N's in the remaining positions (J.

Felsenstein, pers. comm.). Transition/transversion ratios

and synonymous/nonsynonymous ratios were calculated from

close relatives in this data set and from a larger one in

Block et al. (1993) and recorded in Table 3.3 and 3.4,

respectively. Appendix E contains all pairwise difference

matrices used in this chapter.
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Phylogenetic analysis was performed by the PHYLIP

(Felsenstein 1990) software package. The data was

bootstrapped 100 times with the SeqBoot program. DNApars was

used to provide parsimony trees from the bootstrapped data

sets and the CONSENSE program provided a consensus tree.

Kimura's 2-parameter distance in DNAdist was also used to

estimate distances of this bootstrapped data set. Trees

were assembled by the Neighbor-joining algorithm.

To estimate rates of change in the 16s gene, genetic

distance between two taxa was plotted against time where the

fossil record made this possible. Homologous Cytochrome b

sequence from sharks and mammals were extracted from GenBank

for comparison to fish. The number of transversions at third

positions for four-fold degenerate sites was plotted for

fish, mammals, and sharks. Secondary structures were drawn

for the 16s ribosomal sequence after the model of Gutell and

Fox (1991).

Results

16s Large Subuni t; Ribosomal DNA:

For 16s, a 2:1 transition:transversion ratio was

observed in most comparisons and was used in the distance

estimates. This data set contained an unusual insertion

found only in the coryphaenids and Rachycentron. The Caranx

and Remora possessed a smaller insert which may be similar
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enough to be considered a modified version of the larger one.

The remaining perciforms lack most or all of this insertion.

Yet all possess a run of C's and A's flanking the insert

site. The nature and character of this insert and its

deletion in most other fish will be discussed later in

Chapter 4. However, the 5' flanking sequence of this insert

will be used in the analysis. The secondary structure of the

RNA for C. hippurus and C. carpio is shown in Figure 3.2 and

3.3. These figures illustrate the different loop sizes

between the two fish. Th~ insertion occurs between positions

340 and 396 in the coryphaenid structure in a section of the

gene known as do~ain V. This domain includes positions 194

through 500 in the secondary structures.

Initially, the entire region between 308 and 420 which

contained the insert was omitted from phylogenetic analysis.

Also omitted were regions between 225 and 278, and 458 and

475 because they were difficult to align. Yet, even without

these regions, both parsimony and distance analysis group the

coryphaenids and Rachycentron together into a monophyletic

group with a high (100) bootstrap value (see Figure 3.4). By

adding 37 base pairs between 308 and 345, the Remora and

Caranx enter the clade with bootstrap value > 60% lending

support to the "carangoid" lineage (tree not shown). Further

support for the "carangoid" clade comes by including

additional sequence between 458 to 475 which also forms a
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Figure 3.2: Secondary Structure for Mitochondrial 16s
DNA from Cyprinus carpio.
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Figure 3.4: Consensus Trees from Mitochondrial 16s rDNA
Sequence. Regions between 225-278, 308-420, and 458-475
omitted. a.) Parsimony tree with a length of 313 steps. b.)
Neighbor-joining tree drawn with Kimura's 2-parameter
distance using a 2:1 transition/transversion ratio.
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hairpin stem and loop structure but is not part of the insert

(Figure 3.5). This information increases the bootstrap

values (89 for parsimony and 71 for neighbor-joining) for the

carangoid node. The other lineages of percomorphs cannot be

clearly resolved.

This data set was originally analyzed using the carp as

the outgroup. Relationships did not change when the salmon,

Oncorhynchus, was used. For now, it is difficult to tell

whether salmon followed carp in its evolution. But it is

apparent that the myctophids did. This node can be supported

by bootstrap analysis greater than 50%. The entire perciform

group, along with Scorpaeniformes (Ophiodon), seems to be

monophyletic with respect to this mesopelagic fish.

Branch SwaRPing within the 16s Parsimony Tree:

Branches within the carangoid clade of the parsimony

tree in Figure 3.5 were swapped seven different ways then

tested to see if they significantly altered the length of the

tree (Templeton 1983). Moving the Caranx/Remora branch onto

the Lutjanidae/Nanochromis branch did not cause the tree to

be significantly worse, but five steps were added to the

tree's length. Similarly, moving the Coryphaena/Rachycentron

branch onto the Chromis/Ophiodon/Chrysophrys branch did not

significantly alter the tree but six steps were added. Other

rearrangements tried included moving Lutjanidae/Chromis first

to the Coryphaena/Rachycentron branch, and then to the

Caranx/Remora; moving the Caranx/Remora to the



70

18

60

---- Rachycentron canadum

Coryphaena hippurus Carangoids
Coryphaena equiselis

Caranx hefaciatus

Remora remora

17

84

59

59

Lutjanidae
Nanochromis nudiceps

,..---- Tetrapturus audax
'------.;u.LI Thunnus albacares

Thunnus obesus

Chrysophrys auretus

Ophiodon elongatus

'-----Chromis vanderbil ti

'-----------------------------Lampanyctus

'---------------------Oncorhynchus tshawytscha

'------------------------------- Cyprinus carpi 0

Treelength 802

Carangoids

71

29

20

44

Chrysophrys auretus

Chromis vanderbilti

Coryphaena equiselis

Coryphaena hippurus
'-------Rachycentron canadum

'--------- Remora remora
'------------Caranx hefaciatus

......------------- Tetrapturus audax
,.. ,..-- Thunnus albacares

Thunnus obesus

'----- Lut j anidae
1.- Nanochromis nudiceps

I.------------------------Ophiodon elongatus

Lampanyctus

Oncorhynchus tshawytscha
1.- Cyprinus carpio

Figure 3.5: Consensus Trees from Mitochondrial 16s rDNA
Sequence. Regions between 308-345, and 458-475 included.
a.) Parsimony tree with a length of 802 steps. b.) Neighbor
joining tree drawn with Kimura's 2-parameter distance with a
2:1 transition/transversion ratio.
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Tetrapturus/Thunnus branch onto either

Coryphaena/Rachycentron or Caranx/Remora branches, and vice

versa. All of these rearrangements did alter the tree enough

to make it significantly worse.

Cytocbrome b:

Table 3.3 shows that transition/transversion ratios at

four-fold synonymous sites are maximized at 10:1 for closely

related taxa and decrease as divergences grow. This ratio

was used in Kimura's distance measure. Thomas and Beckenbach

(1989) found that salmon and mammals have a similar

transition:transversion ratio. Again, the longer sequences

tend to produce this ratio while the shorter sequences miss

many of the transitions (e.g. 4:1 for short sequence in

Thunnus comparisons). Table 3.4 shows that synonymous

changes outnumber nonsynonymous ones with a ratio of roughly

11: 1.

Consensus trees drawn by the Neighbor-joining and DNA

parsimony methods for the Cytochrome b are shown in Figure

3.6. These trees were rooted first with carp and again only

with myctophid. Unlike the 16s, there is a lack of

concordance between the branching order of the phylogenies,

particularly in the placement of the "carangoid" taxa.

Another problem is that most of the nodes fall below the

commonly accepted 50% occurrence rate in replicate bootstrap

analysis (Swofford and Olsen 1991). Only very close

relatives retain high bootstrap values.
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Tab~e 3.3: Transition/Transversion Ratios (S:V) for Four
fold Synonymous Sites in Cytochrome b.

Taxa S:y
T. albacares/T. obesus 3:1 (10:1)
T. obesus/T. thynnus 4: 1 ( 9: 3)
M. nigricans/T. audax 9:1 (21:2)
T. audax/I. platypterus 9:2 (20:2)
C. hippurus/C. equiselis 8:5*
Hemichromis/Cichlasoma 8:5*
C. equiselis/T. thynnus 16:19*(56:51)*
T. thynnus/R. remora 8:21*
R. remora/C. carpio 9:10*
Calculated over 222 base pairs. Values in parentheses
calculated over 600 base pairs. * means comparison is
saturated for transitions and may underestimate the correct
ratio.

Table 3.4: Synonymous:Nonsynonymous Substitutions (SYN:N) in
Cytochrome b.

1:0 (10:1)
25:0
44:4
42:5*
41:9*
47:13*

SYN:N

parenthesesCalculated over 222 base pairs. Value in
calculated for 600 base pairs.
* means comparison is saturated for transitions and
transversions and may underestimated the correct ratio.

T. obesus/T. thynnus
C. hippurus/C. equiselis
C. hippurus/R. canadum
C. equiselis/R. canadum
C. hippurus/R. remora
C. sexifaciatus/C. hippurus
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Figure 3.6: Consensus Trees for Cytochrome b Sequence. a.)
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joining tree drawn using Kimura's 2-parameter distance with a
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Evidence of Saturation in CYtochrome b:

The Cytochrome b sequence was examined more closely in

order to understand why there appears to be little

phylogenetic information to resolve phylogenetic

relationships in fish. Kimura (1968) notes that random

mutations should accumulate in a Poisson process. But random

mutation can really occur only at four-fold degenerate sites

because any of the four nucleotides are able to occupy that

position without affecting the amino acid sequence.

Comparisons of mtDNA sequence between species of mammals

and sharks have shown that only transversions at four-fold

degenerate sites fit a Poisson distribution (Irwin et ale

1991; Martin et ale 1992). For the fish data presented here,

there are 32 four-fold synonymous sites across 222 base pairs

of sequence. Sharks have 30 synonymous sites while mammals

have 37. Yet unlike sharks and mammals, Table 3.5 and Figure

3.7 shows quite clearly that the fish data does not fit a

Poisson ( X2 = 260.12, p < 0.005). There appears to be an

excessive number of occurrences for the 14, 15, and 16

transversion categories which truncates the distribution

abruptly.

Ca~ibrating a Molecular Clock for Perci£or.m Fish:

Figure 3.8 plots synonymous transversions in sharks,

mammals, and euteleost fishes against their respective fossil

record for 222 homologous base pairs of Cytochrome b. This
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Table 3.5: Observed and Expected Transversions at Four-fold
Synonymous Sites for 222 Base Pairs of Cytochrome b

Category
a
1
2

~ 3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
~ 21

22
23
24

Mean
variance

X2

d.t.
P
Values less
Chi Squared

Observed
Counts

a
4
2
a
1
3
1
4
3
4
6

14
16
18
25
24
22
10
3
1
1
1
1
3
1

12.4
65.9

260.12
17
<0.005

than 4 or greater than
test.

Expected
(Poisson)

0.0
0.0
0.0
0.2
0.5
1.2
2.5
4.4
6.8
9.4

11.7
13.2
13.6
13.0
11.5

9.5
7.4
5.4
3.7
2.4
1.5
0.9
0.5
0.3
0.1

12.4
12.4

20 were combined for the
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Figure 3.7: Observed and Expected Transversions at Four-fold
Synonymous Sites in Cytochrome b for Nineteen Species of
Euteleost Fishes. Bars show observed tranversions
superimposed upon a Poisson distribution which is expected
under a random mutation model. Arrow points to saturation
point (see Discussion) .
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graph clearly shows that fish are accumulating mutations at

least as fast as mammals. Because close relatives of these

fish have no fossil record, it is not possible to calibrate a

non-saturated rate of change with this data alone. Thus the

ribosomal gene's rate of change was estimated first by

plotting genetic divergence versus time for the 16s ribosomal

data. This information was then used to estimate a

divergence date since the two coryphaenids and Rachycentron

last shared ancestors. Table 3.6 lists divergence times and

the number of transversions between different taxa. Table

3.7 lists divergence times and genetic distance for the 16s

data. This data was used to draw the graphs in Figures 3.8

and 3.9.

The best fit of a curve to the 16s data was a second

order polynomial equation. The curve shown in Figure 3.9a

shows a decrease in the rate of change as divergence

increases, particularly beyond 100 Ma. In order to estimate

a rate for taxa diverging less than 100 Ma, a line was fit

only to data points from the perciform comparisons (Figure

3.9b). Because there is currently no fossil record for any

of the closely related fish, the regression included a zero

point. The slope of this line was equivalent to a sequence

divergence rate of 0.22% per million years. The second slope

was slower for the rate of change between Lampanyctus and

perciforms (0.135% per million years). Because this is a

distant divergence, it was not used for calibrating the
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Tab1e 3.6: Cytochrome b Data and Divergence Dates for
Various Comparisons of Fish, Sharks, and Mammals.

Comparison
~:

Remora/C. hippurus
Caranx/Remora
Thunnus/Coryphaena
Makaira, Tetrapturus,

Istiophorus/Coryphaena
Rachycentron, Caranx,

Remora/Scombroids
Chrysophrys/Cichlids
Perciforms/Lampanyctus
Perciforms/Cyprinus

Divergence
Time (Ma)

60
60
65

65

65
65

100
144

Number of
Transyersions

16
12
14.8

15.1

11.5
16.5
14.6, std = 1.4
15.6, std 4.3

Sharks:
Pacific/Atlantic Bonnetheads 4
Shortfin/Longfin Makos 30
White Shark/Porbeagle 60
Bonnetheads/Scalloped Hammerhead 21
Bonnetheads/Lemon Shark 40
Tiger Shark/Lemon Shark 52
Tiger Shark/Sandbar Shark 52
Tiger Shark/White Shark 145
Bonnetheads/White Shark 145
Lemon Shark/White Shark 145

1
3
3.5
1.5
1
5
5

10
7
6

Mammals:
Goat/Sheep 5 1
Cow/Giraffe 25 5
Ruminants/Pig 60 12
Cow/Pronghorn 20 5
Cow, Sheep, Goat/Human 80 18

Standard deviations given for perciform divergence with
outgroups. Deviations small for all other comparisons.
Genetic data from Appendix E.

- -- -----_._---------
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Figure 3.9: Rates of 16s Sequence Divergence in Euteleost
Fishes. a.) Best fit of a second order polynomial curve to
the data set. b.) Best fit of two linear regressions. One
includes a zero point to the perciform data. The other is
from the perciforms to Lampanyctus. Cyprinus divergences
were not regressed because they appear to show a deceleration
in the rate which is perhaps due to saturation effects.
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Table 3.7: 16s Genetic Distance and Divergence Dates for
Various Comparisons of Fish.

Comparison
Divergence Genetic
Time (Mal Distance

E..i.s.b :
Caranx/Coryphaena, Rachycentron
Thunnus/Carangoids
Tetrapturus/Coryphaena, Rachycentron
Thunnus/Nanochromis, Chrysophrys
Remora/Coryphaena, Rachycentron
Caranx/Tetrapturus
Cichlids/Thunnus
Lampanyctus/Nanochromis, Chrysophrys
Lampanyctus/Carangoids
Lampanyctus/Thunnus
Cyprinus/Thunnus, Tetrapturus
CyprinuslCarangoids

Genetic data from Appendix E.

60
65
65
65
55
65
65
100
100
100
144
144

0.14
0.18
0.15
0.13
0.16
0.12
0.13
0.20
0.21
0.18
0.18
0.22

Cytochrome b clock. The time since coryphaenids diverged

from each other and from Rachycentron could then be found (7

and 22 Ma, respectively).

These two divergence times allow the rate of change in

Cytochrome b to be calibrated. An overall rate of

substitution between the two coryphaenid lineages is roughly

2.2% per million years. Thus, out of 222 bases, two

coryphaenids accumulate one transversion every 1.4 million

years, so the rate of change for transitions (assuming a 10:1

ratio) is one every 140,000 years (or 9.7 x 10-8

substitutions per lineage per bp per year). This means

saturation should be reached in 22.4 million years. The rate

between Coryphaena and Rachycentron was lower (1.2% per
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million years). Because the divergence was estimated to be

22 Ma, this comparison may be at, or near, saturation for

transversions in Cytochrome b.

The types of changes occurring in fish Cytochrome b

offers evidence that mutation may not occur randomly. Figure

3.10 shows that for the monophyletic "carangoids", all four

nucleotides are not equally represented in synonymous sites

as would be expected under a random mutation model (Kimura

1968). Table 3.8 shows that total CA tranversions for the

entire 222 bases sequenced are as likely as UC transitions in

this clade. Meanwhile, UG and CG changes are low. In

addition, the number of non-changing GIS is less than a forth

of the non-changing Als. The base composition for the region

sequenced is A:25.2%, C:27.7%, G:17.8%, and T:29.3%. Figure

3.11 illustrates base composition at the three codon

positions for the seven percoid species assayed. The percent

of GIS at third positions is well below the expected 25%.

Figure 3.12 shows the number of amino acid substitutions

versus time for sharks, mammals, and euteleost fish. This

graph was drawn from data in Table 3.9. Again, fish appear

to accumulate amino acid substitutions as fast as mammals.

However, there is a point beyond which changes do not occur.

Most substitutions are caused by mutations in first or third

positions which typically do not cause major changes in amino

acid sequence. This can be quantified using a table in

Grantham (1974) which weights amino acid substitutions by a



Table 3.8: Types of Nucleotide Base Pairs Occupied at Homologous Sites Amongst Pairs
of "Carangoid" Fishes.

NO CHANGE TRANSITIONS TRANSVERSIONS
Taxa UU CC M GG UC AG VA UG CA CG
C. hippurus/C. equiselis 3 1 8 3 7 5 1 0 4 0
C. hippurus/R. canadum 4 2 6 1 6 1 2 2 5 3
C. hippurus/R. remora 4 0 2 1 4 5 4 1 7 2
R. remora/R. canadum 8 2 2 0 3 4 4 0 6 2
C. sexfaciatus/C. hippurus 2 0 6 1 6 1 4 2 7 3
C. sexfaciatus/R.canadum 4 4 5 1 7 1 6 0 3 1
C. sexfaciatuslR. remora 5 1 5 0 6 3 3 1 6 1
Total 30 10 34 7 39 20 24 6 38 12

co
w
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0.167U-. (0.125)

0.120
(0.125)

0.078
(0.125)

0.063
(0.125)

Figure 3.10: Observed Frequency of Mutation Types at
Synonymous Sites for Carangoids. There is a clear bias
against GIS at these sites. Numbers in parenthesis are those
frequencies expected if each nucleotide is equally
represented, there is no transition (P)/transversion (Q)
bias, and the sequences are in equilibrium. Equilibrium
(saturation) is reached when 2P = Q = 0.5
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Figure 3.11: Base Composition by Site in Seven Species of
Percoid Fish for 222 Base Pairs of Cytochrome b. In third
positions, G's are poorly represented while e's are more
abundant.
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Figure 3.12: Rate of Amino Acid Substitution in Three
Vertebrates. Linear regressions drawn through sharks (-),
mammals ~), and perciforms (--). The rate of substitution
between perciforms and Cyprinus is very low perhaps
suggesting selective constraint. The rate in perciform fish
is more similar to mammals than sharks. Data used to draw
this graph can be found in Table 3.9.
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Table 3.9: Percent of Amino Acid Substitutions and
Divergence Dates for Various Comparisons of Fish, Sharks, and

Mammals.

Comparison
.Eillh:

C. hippurus/C. equiselis
C. hippurus/Rachycentron
C. hippurus/Caranx
C. hippurus/Remora
Remora/Thunnus
Thunnus/Coryphaena
Makaira, Tetrapturus,

Istiophorus/Coryphaena
Cyprinus/Thunnus
Cyprinus/Carangoids
Cyprinus/Cichlids
Cyprinus/Makaira, Tetrapturus,
Makaira
Cyprinus/Oncorhynchus

Divergence
Time (Mal

7
22
60
60
65
65

65
150
150
150

150
150

% Substitution

0.0
8.1

14.9
14.9
14.9

9.4

8.1
12.2
12.2

8.1

9.4
4.0

Sharks:
Pacific/Atlantic Bonnetheads
Bonnetheads/Scalloped hammerhead

Sandbar, Smalltail/Bonnetheads
White Shark/Porbeagle
White Shark/Longfin Mako
Shortfin Mako/WhiteShark
Shortfin/Sandbar Shark
Tiger Shark/White Shark
Smalltail Shark/White Shark
Sandbar Shark/White Shark
Mngfin Mako/Sandbar Shark

5 0.0
20 0.0

40 2.0
60 5.4
60 5.4
60 4.0

150 4.0
150 4.0
150 5.4
150 5.4
150 5,4

Mammals:
Goat/Sheep
Cow/Sheep
Cow/Pronghorn
Cow/Giraffe
Cow/Deer
Cow/Pig
Sheep/Pig
Pronghorn/Pig
Goat/Pig
Ruminants/Human

5
20
20
25
25
60
60
60
60
80

4.0
2.7
4.0
2.7
3.4
6.8
6.8
5.4
8.1

21.4

Genetic Data found in Appendix E.
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formula that considers chemical differences between the

residues. For any pair of amino acids that differ, their

pairwise value (D) can found on Grantham's table. These D's

are sumed across the sequence and the average was taken. For

the 222 bp fragment under scrutiny here, mammals had a D <

61, fish had D < 68, and sharks had a D < 45.

Discussion

Avise and Nelson (1989) point out that taxonomy and

systematics shape our basic perceptions of the biological

world, and it is from this foundation that many biologists

formulate their research questions. The data collected in

this rather small study will now allow discussion of a number

of biological questions. These questions include the process

and pathways of perciform evolution, and the tempo and mode

of mtDNA change through time. The results have shown mtDNA

to be both very useful and very useless in the study of

phylogenetic relationships within perciform fishes. Here,

success seems linked to which region of this cytoplasmic

genome one chooses to examine, and what questions the

sequence is used to address.

Carangoid Monophyly:

The ribosomal sequence data from the mitochondrial 16s

gene provides phylogenetic information strongly supporting a

sister relationship between the perciform families,
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Rachycentridae and Coryphaenidae. Weaker evidence supports a

monophyletic clade of fishes previously identified from

morphological studies and referred to as the carangoids

(Freihofer 1978; Johnson 1984; Johnson 1993). Most other

perciform comparisons form a star phylogeny in which the

nodes could not be resolved with a bootstrap value at, or

above 50. The inability to resolve other relationships

within the group of fish assayed here conforms to

observations in the fossil record suggesting that the

stunning array of diversity exhibited in perciform fishes

arose rapidly (Patterson 1993). Of course, such an

interpretation with molecular data is highly biased by the

accumulation rate of nucleotide differences in a gene known

to evolve slowly.

The rate of change in this ribosomal gene was calibrated

using 351 base pairs (bp) of unambiguous sequence (used to

draw the trees in Figure 3.4) and was found to be 0.223% per

million years. This translates into a rate of 1.1 x 10-9 per

bp per lineage per year. If two percoid lineages diverged

shortly after the start of the perciform radiation, then

fifteen million years later there would only be three

mutations between them. Such few characters might make it

difficult for a phylogenetic algorithm to correctly group

them, especially if other taxa branched from the same lineage

around the same time frame. If another lineage had branched

five million years earlier, then only four differences would
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distinguish its node with the other two. In the case of the

perciform fish, their diversification occurred within a time

frame of 20 million years. Although current methods of

phylogenetic analysis may be powerful enough to reconstruct

evolutionary histories with a high degree of accuracy, the

rates of change of the observed characters must be

appropriate (Hillis et al. 1994). For many of the perciform

lineages, the rate of substitution in the 16s gene is going

too slow.

However, what selective constraint may hinder, genetic

novelty can bypass. What has enabled the phylogenetic

algorithms to extract the "carangoid" lineage is part of an

unusual insertion sequence found in domain V of the 16s (23s

like) gene. There may be a bit of phylogenetic information

within this insert. However, much was omitted due to the

inability to align it easily to other taxa inside and outside

the carangoid clade. This unusual sequence will be further

examined in Chapter 4 in an attempt to understand how it

evolves so that it may be used as a phylogenetic character.

In the mean time, the data presented here supports the

existance of a clade of percoid fish which seems to have

split into at least four families. The fifth family,

Nemastistiidae (roosterfish), was not assayed in this study

but it is thought to be the first one to branch from some

hypothetical ancestor. It may have been followed by the

Carangidae (jacks), and then the Echeneidae (remoras)
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(Johnson 1984). However, the ribosomal data can only support

a concurrent branching of these two families. It appears

Rachycentridae and Coryphaenidae may have split much later,

sometime around 22 Ma (Early Miocene). Divergence of the two

coryphaenids is estimated to have occurred 7 Ma (Upper

Miocene). A coryphaenid fossil (although questionable) from

middle Eocene (40-49 Ma) deposits in Italy (see Patterson

1993) enables one to speculate that the family,

Coryphaenidae, gave rise to the Rachycentridae.

As noted previously, perciform fishes are the largest

vertebrate order and the most diversified of all fish orders.

As seen here, even within a single clade lies a great deal of

evolutionary change. For example, remoras have a specialized

disc on the head allowing it to hitch hike its way across the

ocean on the bodies of other fish. A high metabolic rate

characteristic of C. hippurus (Benetti et al. 1994) is likely

absent from remoras. These fish lack the large gills

necessary to extract enough oxygen from the water to fuel a

fast metabolism (R. Brill, pers. corom.). Thus the

"carangoid" clade, by virtue of its apparent monophyly and

phenotypic diversity, may provide an excellent model to

examine the adaptive evolutionary process in fish.

Saturation in Cytochrome b:

The phylogenies in Figure 3.10 are unable to resolve

carangoid relationships with the portions of Cytochrome b

sequence analyzed. Figure 3.8 shows that perciform fish may
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have a synonymous substitution rate similar to mammals for

this gene, provided their maximum divergence does not greatly

exceed the 65 Ma limit imposed in the analysis. A rapid

substitution rate and an unresolved tree strongly hints of

excessive back mutation, or saturation in pairwise sequence

comparisons.

It becomes clear why there is so little phylogenetic

information in the Cytochrome b data if one examines more

closely the transversions at synonymous sites. Kimura (1968)

notes that sites free of selective constraint should

accumulate random mutations in a Poisson process. However,

Table 3.5 and Figure 3.7 demonstrate that synonymous

transverions do not fit a Poisson distribution.

Kimura (1980) derived his 2-parameter distance method,

used in this study, by noting that there are twice as many

ways to obtain a transversion than a transition. Hence, if a

is the rate of transitions and 2~is the rate of

transversions then the total rate of substitutions per site

per unit time, k, is:

k = a+ 2~

and the total number of substitutions (including revertant

and superimposed changes) per site, K, which separate two

taxa becomes:

K = -1/2 In [ (1-2P-Q) (1-2Q) -1/2]

where P is the frequency of transitions and Q is the

frequency of transversions in the data set. This is the
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equation used to correct the data for multiple substitutions.

Kimura notes at equilibrium (which is saturation),

2P = Q = 1/2,

even when a does not equal ~ (which is the case with a 10:1

ratio of transitions and transversions) .

The significance of this last equation for the fish data

set is that at saturation, there are eight transitions (P =

0.25) and sixteen transversions (Q = 0.5) for the thirty-two

observed synonymous sites. One need only glance at Table

3.5, Figure 3.7, and the perciform matrix in Appendix E to

see that many comparisons are at, or near, saturation for

transversions. Thus the slow, linear accumulation of

transversions at synonymous sites, valued by some for its

clock-like behavior (Irwin et al. 1991; Martin et al 1992),

has been compromised in fish by its rapid rate of change.

An observed bias in base composition may be further

influencing the rapidity in which sequence comparisons

approach saturation. The lack of G'S at third positions,

clearly illustrated in Figure 3.11, has been observed in a

number of other organisms, including mammals, sharks, birds,

and fish (see Kocher et ale 1989). The high occurrence of CA

transversions noted in Figure 3.10 has also been observed in

mitochondrial protein genes in salmon (Thomas and Beckenbach

1989). Further analysis of longer sequences amongst closely

related perciform taxa (and simulations) may allow one to
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determine the actual number of transversions and transitions

reached before homoplasy begins.

In pairwise sequence comparisons, homoplasy causes an

underestimate of sequence differences between very divergent

taxa. Phylogenetic analysis might then cluster them together

as sister groups even though they are distantly related

(Swofford and Olsen 1990) .. Parsimony analysis is

particularly susceptible to this error (Felsenstein 1978) as

is distance-based analysis with inadequate compensation for

superimposed substitutions (Felsenstein 1986). Perfect

compensation would eliminate the problem of homoplasy.

However, Swofford and Olsen (1990) point out that beyond a

certain point, no amount of data or compensation will yield

the correct answer. Thus saturation appears to be what is

inhibiting resolution of the carangoid clade with the

Cytochrome b data.

Another problem with the Cytochrome b data set is that

amino acid substitutions appear to be constrained. Unlike

unconstrained synonymous sites, the amount of phylogenetic

information available for analysis is limited. Chemical

differences between original and replacement residues in the

fish were low (68) compared to the range in Grantham's (1974)

table which extends from 5 to 202. This suggests amino acid

change is conservative.

The data plotted in Figure 3.12 shows that amino acid

substitutions accumulate at a rate similar to mammals.
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However, comparisons beyond the perciforms clearly shows the

line's slope bending downward. A parsimony tree drawn using

amino acid data failed to resolve relationships any better

than the Cytochrome b sequence data (tree not shown).

Therefore, Cytochrome b sequence does not provide an ideal

phylogenetic set of characters to study the deeper perciform

relationships as it is plagued with selective constraint at

nonsynonymous sites and saturation at sites free to vary.

Metabo~ic Rate Versus Substitution Rate in Percifor.ms:

The question of whether metabolic rate influences mtDNA

substitution is an important question to molecular

evolutionists hoping to by-pass the fossil record and use

molecular divergence dates to reconstruct evolutionary

history. For years, the "universal" molecular clock, first

calibrated using restriction enzymes in mammals (Brown et ale

1979), has been applied to taxa as different from mammals as

oysters, cicadas, and birds. Of course, this particular

clock was known to saturate after only 8-10 million years

making comparisons beyond this time frame meaningless (Avise

et ale 1987).

So, mtDNA was originally valued as a phylogenetic marker

for populations and closely related species, not families or

orders. And most of the changes were assumed to be silent

reflecting the overall rate of synonymous nucleotide

substitution inherent in mitochondrial genomes. In addition,
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most researchers would take care to qualify their estimates

as "rough approximations".

Evidence was later acquired demonstrating that mtDNA had

a rate ranging from one to ten times faster than single-copy

nuclear DNA depending on whether one was comparing sea

urchins, Drosophila or primates (Vawter and Brown 1986;

Powell et ale 1986). Hence, the idea of a variable

substitution rate amongst different taxa is nothing new.

However, it was unclear which genome had the variable rate.

Observations that primates and some rodents possess

faster rates of mitochondrial change relative to cows

(Hasegawa and Kishino 1989) hinted that mtDNA rates were, in

fact, variable. However, Martin et ale (1992) provided the

best evidence yet that ectothermic sharks are six to seven

times slower than endothermic mammals and favored the

conclusion that slow metabolic rates in sharks explained the

difference in nucleotide substitution rates.

Metabolism and MtDNA Evolution:

There has been established a link between metabolism and

oxidative damage in DNA. Ames (1987) estimates that the DNA

of a human cell sustains an average of 10 3 "oxidative hits"

per day. In a study with rats, Richter et ale (1988) found

that oxidative damage was sixteen times higher in mtDNA than

nuclear DNA. This could be simply explained by the fact that

mitochondria provide the sites for aerobic respiration. Free

oxygen radicals formed during respiration often produce
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abasic sites in DNA that block subsequent replication (Sagher

and Strauss 1983) and can be lethal if not corrected (Wallace

1988). In order for a damaged mtDNA molecule to survive,

these abasic sites must be corrected.

Although the literature suggests that DNA repair is

absent in mitochondria (e.g. Clayton 1984; Brown 1985; Wilson

et al. 1985; Avise et al. 1987), this organelle does possess

enzymes capable of excising damaged nucleotides then ligating

broken strands back together. Mitochondria are known to have

three uracil glycosylases which remove the ribonucleotide,

uracil (formed when cytosine is deaminated, a common

oxidative mutation) leaving an abasic site; two AP

endonucleases capable of cleaving the phosphate backbone of

DNA at apurinic/apyrimidinic sites; endonucleases that act at

lesions introduced by UV light; and a DNA ligase (Tomkinson

et al. 1990, 1988). In addition, the mitochondrial genome is

replicated by a very reliable DNA ypolymerase which is known

to have a low error rate (1 per 10 6 nucleotides incorporated)

(Kunkel and Soni 1988; Kaguni and Olson 1989).

In teleost fish, selective constraint in both the 16s

and Cytochrome b genes hint that some degree of repair may,

in fact, occur. Otherwise, the number of damaged mtDNA

genomes that must be replaced daily in a repair-free

environment would be huge. On the other hand, the average

mammalian cell contains 100's to 1000's of mitochondria and

each organelle contains five to ten copies of mtDNA {Kornberg
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and Baker 1992, page 680). This observation would

collaborate the long-held view that mtDNA repair alone is

unable to keep up with the excessive amount of damage it

suffers.

With this in mind, return to the link between variable

rates of metabolism and variable rates of mtDNA substitution.

Cytochrome b sequence from ectothermic sharks do provide

striking evidence that the accumulation of substitutions at

synonymous sites is noticeably slower than endothermic

mammals. However, Figure 3.8 indicates that ectothermic

perciforms are more similar to mammals than sharks.

Furthermore, extrapolation of a perciform substitution rate

in Cytochrome b suggests that the gene saturates after 22

million years (16 transversions/0.714 transversions Imillion

years). One explanation for this fast rate would be that the

fossil record grossly underestimates the age of the

percomorph radiation. But if we believe, for the moment,

that the fossil record correctly places a maximum divergence

time on the origin of this fish group (c.a. 65 Ma), the only

explanation is that these fish have the substitution rate of

an endothermic mammal.

Perciform Metabolic Rates and Saturation:

Many of the fishes in this study do posses very fast

metabolic rates. For instance, the Thunnus genus is

endothermic and species have very high standard metabolic

rates (Brill 1987). Although ectothermic, C. hippurus has a
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metabolic rate similar to endothermic tunas (Benetti et al.

1994). Conversely, carp and salmon have slow rates of

metabolism (Moyes et al. 1992, Brill and Bushnell 1991).

Unfortunately, these very distant relatives of perciforms are

not reliable for testing metabolism's influence on mutation

rate because they could be saturated due to time in which

case small genetic differences observed between some taxa

(e.g. ten transversions between Remora and Cyprinus) may be

the result of convergence.

Within the monophyletic clade of carangoid fishes,

Echeneidae may be a metabolic outlier. As noted earlier,

this family is considered energetically slow. It is not

known exactly how slow Remora's metabolic rate is relative to

C. hippurus. However, synonymous sites are near saturation

when Remora is compared to taxa inside the carangoid clade.

It is also very near saturation when compared to other less

active perciforms with potentially slow metabolisms (e.g.

Chrysophrys and the cichlids, Hemichromis and Cichlasoma) .

There is an interestingly anomaly in this data set. The

number of transversions between Racycentron or Caranx and the

billfish, Xiphis, Tetrapturus, and Makaira, are half those

expected at saturation. If this is evidence of a slow

substitution rate, then it is complicated by the fact that

billfish are endothermic. However, as noted above, this

endothermy is restricted to the brain and eyes and does not

necessarily require an increase in overall metabolic rate.
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Therefore, either a reduced rate of substitution or extensive

back mutation can explain this observation. Equally

anomalous is the observation that the number of transversions

(around 22) between Remora and Thunnus (tunas) is well above

the saturation point of 16 which is difficult to explain.

Perhaps a substitution bias (which is seen in high CA

transversions) or selection (via codon bias supported by a

lack of GIS) has forced the number of transversions beyond

the saturation point.

In sum, the link between metabolism and nucleotide

substitution rate cannot be supported with this data set.

Nor can it be soundly rejected. However, the comparisons

attempted here have shed some light on comparisons that may

be more appropriate. Mutations in the coryphaenids, tunas,

and, surprisingly, the remoras may be accumulating too

quickly. Comparisons between other distantly related

perciforms seem to be near saturation and it is difficult to

say whether they might be worth pursuing further. One

suborder, the Notothenioidei, may be a good perciform lineage

to examine the link between metabolic rate and nucleotide

substitution rate. Notothenioids are found in the extremely

cold (-2 0C) waters of the Antarctic and it is thought their

metabolism is slow compared to other temperate fish species

(see Eastman 1993, pp. 147-155). It would be interesting to

know whether synonymous sites in Cytochrome b are saturated

in pairwise comparisons with the perciform fish studied here.
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CHAPTER 4

Short, Repetitive Sequences and an Unusual Insertion in the

Mitochondrial 16s Ribosomal Gene of Some Perciform Fishes

Introduction

With only a few exceptions, the conservative nature of

vertebrate mitochondrial DNA in terms of size, gene order,

and gene content has been fairly well documented across a

wide range of taxa (Brown 1983, Avise et ale 1987,

Wolstenholme 1992a). This genome is compact and almost

exclusively coding. Introns are absent, transposable

elements are unknown, intergenic sequences are small or

absent, and repetitive DNA is uncommon (Avise 1991).

In the previous chapter, the discovery of an unusual

insertion (about 60 bp) flanked by poly{C)poly{A) repeats in

a functional ribosomal gene (large subunit) is intriguing in

light of the current model of mtDNA evolution. The region

where this sequence is found lies in domain V. In E. coli,

this region is known to contain A, P, and E binding sites

necessary for the attachment and translocation of tRNAs along

the ribosome during translation (Moazed and Noller 1989).

Thus, one might initially expect this region to be highly

conserved. Yet parts of this sequence were so divergent

between perciform families that they could not be easily
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aligned for phylogenetic analysis (see Chapter 3, Figure 3.4,

3.5) •

The presence of this insertion in a metabolically active

fish is also surprising. This is because DNA housed in

mitochondria is exposed to sixteen times more oxidative

damage than nuclear DNA (Richter et ale 1988). This damage

is thought to be caused by free radicals generated during

respiration Enzymes for simple repair of abasic sites

(common oxidative lesions) have been found in mitochondria

(Tomkinson et ale 1990). However, mitochondria appear to

lack the sophisticated enzymes necessary for DNA repair via

recombination (Clayton 1982, Hayshi et ale 1985). Hence,

genomes damaged beyond the simple mechanisms available for

repair must be continuously replaced. Rand (1994) predicts

that taxa with fast metabolisms (e.g. endotherms) should

experience moze oxidative damage. Therefore, these animals

would maintain compact mtDNA genomes in order to generate

replacement molecules quickly. However, the presence of an

insertion sequence in C. hippurus, a fish with a high

metabolic rate (Benetti et ale in press) and a mutation rate

similar to endothermic mammals (see Chapter 3) seems

incompatible with this prediction.

Both Coryphaenidae and its sister group Rachycentridae

appear to share the same insert. Molecular data suggests

that these two families diverged about 22 Ma (see Chapter 3)

so it seems this sequence has been maintained for a long
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period of time. Two other carangoid relatives, Echeneidae

(Remora) and Carangidae (Caranx) , have lost parts of the

insert sequence. Other perciforms lack most of the insertion

although poly(C)poly(A) flanking sequences remain. This

chapter examines further the nature of the unusual insertion

and its short flanking repeats in the hopes of explaining how

it arose, how it may have evolved, and the significance this

insertion may have to the evolutionary model of vertebrate

mtDNA.

Methods

Ribosomal DNA was amplified and sequenced by methods

described in Chapter 3. The sequence was aligned by Clustal

V (Higgins et ale 1992) and by eye. Secondary structures for

RNA were drawn to fit the mitochondrial 23s-like models of

Gutell and Fox (1991). Base pairing between G's and D's were

allowed as was some A-C pairing. The sequences of all fishes

assayed were compared in order to find evidence of

covariation between complementary base pairs. When this was

observed, one could be fairly certain that a stem structure

was real (Gutell et ale 1994, p. 11). Not all base pairs

within a stem could be verified in this way, so the fine

detail of the structure (in terms of the ends of long stems

and the beginnings of large loops) is only a best guess.
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For simplicity, all structures were drawn from light

strand sequences and translated into RNA sequence (i.e.,

substituting uracil for thymine). These drawings assume that

the DNA sequence represents the functional RNA molecule

(i.e., no introns or processing). Actual transcription of

this RNA is from the heavy strand DNA template. Direct

repeats and open reading frames (ORF's) were screened by the

"Repeat" and "Frames" programs in the GCG software package

(Devereaux et ale 1984). Dot plots of aligned sequences were

drawn by "DotPlot".

Results

Characterizing the Insertion Sequence:

Ribosomal 16s sequence recorded in Appendix C shows an

increase of large gaps between positions 315 and 420. This

region is isolated in Figure 4.1. Many fish taxa seem to be

missing large parts of a sequence (approximately 60 base

pairs long) which is complete only in Coryphaena and

Rachycentron. This apparent insertion sequence does not have

a simple repetitive nature (as in short tandem repeats), but

seems to be more complex.

C. carpio (carp) and O. tshawytscha (salmon) outgroups

are missing about 45 base pairs of this sequence. Similarly,

the Lampanyctus (myctophid) is missing most of this sequence



5' 3'

c. hippurus
C. equiselis
R. canadum
C. sexfaciatus
R. remora
T. obesus
T. albacares
T. audax
C. auretus
Lutjanidae
N. nudiceps
C. vanderbilti
O.elongatus
Lampanyctus
O. tshawytscha
C. carpio

Figure 4.1:
MtDNA.

340 350 360 370 380 390
-----AATAAATCCC-----ATGCGGAACGG AAATTTATCT AAGAAATTAT TCTTACCATAAAGCTACTT------CCCCAAA-
-----AATAAATCCC-----ATGCGGAACGG AAATTTATTT AAGAAACTAT TCTTACCATAAAGCTACTT------CCCCAAA-
-----AACAAATCCC-----ATGCGGAACGG AG--CAAACC CTGAAA-TAT CACTTTCACTATCAAACTT---CCTCCTCAAA-
----CCACAAATCCC-----ATGTGGACTGG AGAACAAACC C--AAACCCT TTTCCC-ACA-------------CTCCC-ACAA
---AATACAAATCCC-----ACGTGGAATGA GAGAA----- ------CTCC TCCCCTCAACAA-------CCCCTCTCACAAA-
AAATAAAAAAACCCCC----ACGTGGAATGG GTG-TA---- ---------- ----------------CCTACCTACAACCAAA
AAATAAAAAAACCCCC----ACGTGGAATGG GTG-TA---- ---------- ----------------CCTACCTACAACCAAA
AAATAAAAAAACCCCC----ACGTGGACTGG GAG------- ---------- ----CACCTTCCCCCTCTTCCCTCCTCCCAAAA
-AAATACAAAACCCCCC---ATGTGGAGTAG GAA-TAC-AT A--------- ---TTCCAAA----------------CCCAAA-
--AAACAAAAACCCCC----ACGTGGAAAGG GA-------- -CGA------ --------------------CCCCCTCCTACAA
------AACAACCCC------TGTG-ACCGG GAG------- ---------- ----CAC--------------CTACCCCCACAA
----CACAAAACCTCC----AAGTGGAATAG GAG-TACTAC GCTCG----- ------------------------CTCCCAAAA
-TAAAACATAACCC------ATGTGGACCGG GA-TATTAT- ---------- ------------------------CCCCTAATA
-AAAGACAAAATCCACCACCACATGG----- ---------- ---------- ---TACCA---GGCTACTATAG--CCCTAAAAC
--AAAATTAAGCCCCC----ATGTGGACTG- ---------- ---------- ------------------------CCCCTAAAG
-AAAGAAAAAGCCTCC----AGGTGGACTGG ---------- ---------- -------------------------TCCTAAAA

Insertion Sequence Found in the Ribosomal Large Subunit of Euteleost

f-->
o
(Jl
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although it does have 14 bases in the middle that have some

similarity to the Coryphaena sequences. Other perciform

fishes have extra bases (mostly CIS) in this region relative

to the older outgroups, carp and salmon. This extra sequence

cannot be aligned and has been placed on the 3' end as a best

guess.

The insertion sequence is flanked by poly(C)poly(A)

sequences that are oriented as reverse repeats (e.g. 5'

AAACCCC-3' and 5' -CCCCAAA--3' ). These flanking sequences are

imperfect and sometimes iDterrupted with a T (e.g. CCCTAAA).

They also vary in length (6-16 bp long) and are best

conserved between taxa on the 5' end. The poly(C)poly(A)

motif is found in helix 2 and loop 2 of all fish. In

addition, it can be found in loop 1 of most fish except

Rachycentron, Tetrapturus, and the three deep outgroups

(Lampanyctus, Oncorhynchus, and Cyprinus). These remaining

fish seem to have CA-rich sequences in loop 1, but the

pattern is not the same as the CA motif described above.

When this pattern is present, it is quite distinct.

Secondary structures were drawn for many of these fish

in order to determine what structural elements were affected

by the extra sequence. Figure 4.2 shows a schematic diagram

of the various structures of domain V in C. hippurus that

will be of importance in the figures that follow. Sequence

homology between the different fish was quite poor in two

loops found in domain V. These loops correspond to 225 - 278
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CCC UOGUUAAAG%
:rl'C G~
o A P-site
A Loop A
C 1 U A-site
C C
U AU

~U rP
A uG CuAAGAAAU

CCAG_CcuAA AU U
A l.'A-U U Loop U He J.X

8=~ Hel.i.x g 2 guuAc 3
2-;-g U~ 2 A I II C
A-U A-U A GAAAuA

CG--A G-C A CC
A-U G-C G cuAcuu C
U-A G-C G I I I I I C
~-U U-A U-A C GA GAA A
G-C G-C ~-UG A reU 0UAA
~-UucG c A

U G G 1 bp G Hel.ix
I I A 4

O-A Cc CCA C
U-A A UA C A G-CA U-A
o-G ~ 0 G-C U U U-A U- A
Ge no CA

A g-g A «-Gu A * CHelix
C * A G-C A uuA A- U 5
G C U A UA A C
G=C HelixUU Helix U
U C 7 6
A-U
U-A

19 C-G
,"C-G 500

c-G.......
5' 3' E-site

Figure 4.2: Diagram of the Secondary Structure in 16s
Ribosomal Gene of Mitochondria in Perciform Fish. Bold face
letters are the poly(C)poly(A) motifs. A, P, and E sites
refer to tRNA binding sites. Three more binding sites should
be in loop 1 but cannot be easily located. Helix 6 is found
in all fish while helices 4 and 6 are only in Coryphaena and
Rachycentron. The double arrow in loop 2 points to a
sequence that seems to maintain its size (14 to 16 bp) in
carangoid fish.
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and 344 - 446 and are referred to as loops 1 and 2 in domain

v. There are eight different helix structures indentified in

these fish. Seven are shown in Figure 4.2. The eighth one

is found only in Lampanyctus.

Figures 3.2 and 3.3 (in Chapter 3) suggest the insert in

c. hippurus has increased the size of loop two relative to C.

carpio. However, Figure 4 ..3 is an alternative structure that

can also be drawn for Coryphaena's domain V. Here, the

insert sequence is shifted to the left and out of loop 2.

This structure is surprisingly similar to that in Figure 3.3

except that loop 1 is now very large and loop 2 is very

small. It seems that the insert sequence is able to form

structures analogous to helices 1 and 2.

In the alternative structure, the sequence of the loop

in helix 1 has been changed from GGGCG to ACCAUA. This loop

contains a tRNA binding site thus this loop sequence is

highly conserved from bacteria to humans (Gutell and Fox

1991, Moazed and Noller 1989). Therefore, the alternative

structure, if it exists in vivo, may be functionally

deleterious. Three tRNA binding sites are also located in

loop 1 (Moazed and Noller 1989). The large size of loop 1 in

the alternative structure might sterically hinder the binding

ability of these sites. Thus it seems logical to assume this

insertion sequence has been shifted to the right to occupy a

loop that seems to lack selective constraints. In most

fishes, this region has been deleted.
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300

Figure 4.3: Al.ternative Secondary Structure for the
Mitochondria 16s Ribosomal Gene in C. hippurus. Helix 1
contains two tRNA binding sites and should contain a
conserved loop sequence (GGGCG), not the sequence shown
above. Therefore this structure may not be functional. The
ability to draw a structure similar to a functional one
suggests that the insertion sequence may be the result of a
tandem duplication between the poly(C)poly(A) repeats. This
duplicated sequence was then shifted to the right.
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At the present time, little is known about the true

structures formed in vivo of perciform ribosomal RNA. Gutell

et ale (1994) note that models similar to the one in Figure

4.2 are based on covariation analysis of 70 mitochondrial

sequences for the 16s (23s-like) gene. Figure 4.3 does not

resemble this structure so it is assumed here that the

structure in Figure 4.2 is the best approximation of the true

structure. However, the ability of the insertion sequence to

form a secondary structure very similar to one formed by

sequence upstream from it does suggest that this sequence may

have arisen as a tandem duplication.

In Figure 4.4b, the insertion sequence in loop 2 was

aligned against its presumed ancestor to look for similarity.

Little similarity remains between these two segments making

it difficult to align them. However, on the 5' end of both

segments, some sequence similarity can be noted. Of the 21

bases shared between the two segments in coryphaenids, 23

(57%) are the same. For Rachycentron, 7 of 15 bases are the

same (47%). There is much more similarity between different

species for the same segment (64%) than between the segments

themselves. This suggests that if a tandem duplication

occurred, it is older than the divergence of the taxa being

examined here.

Secondary structures for Coryphaena and Rachycentron are

drawn in Figure 4.5 and reveal two interesting anomalies. In

Rachycentron, a nine base pair repeat of sequence in helix 3



o Segment Segment

5 ' AAccccl 1 IAAATCcd 2 Iccc~ ,
/ 328 335 ~

Functional Stem/Loop Structure Degenerate copy

Loop 1G Segment
ri-------------------,

Helix 1 Helix 2

c. hippuru~ 1 -AACCCCTTGTTAAAGGAGTAAAATCTAATGTAATC CTACCCTATATCTTCG GTTGGGC--GAC IATGGGA-AT-AAATCCCAT-
2 .C---- ... ACGG ..AT.T ..C... -- --GAAA.- ...T---- C.. ACCATAA.G CTACTTCCCC .... TAAGAG

Loop 2 Helix 3 Helix 4

c. equiselis 1 -AACCCCTTGTTAAAGGATTAAAATCTAATGTAACCICTACCCTATATCTTCGIGTTGGGC--GAC IATGGGA-AT-AAATCCCAT-,
2 .C---- ...ACGG ..AT.T .. T ... -- --GAAAC- ...T--- C..ACCATAA.G C.ACTTCCCC.... TAAGAG

R. canadum 1 -TACTTCACAACAAAGAACTAAATCATCACAACAA- -TACCCTATATCTTCG GTTGGGC---GAC ATGGGA--ACAAATCCCAT-
2 GC----GG.ACGG.G .. -AACCCT--- --GAAA-- ....AC-- T .. CACTATCA.A CTTCCTCCT ..... TAAGAG

Figure 4.4: Duplicated Sequences in Domain V of the Mitochondrial 16s Gene.
a.) Schematic drawing of two tandem repeats flanked by poly (C)poly(A) sequences. b.)
Alignment showing sequence and structural homology between the two repeat segments. The
first segment is sequence from positions 250 to 328. The second segment is from 335 to 396.
Bold letters denote CA motifs. Structural elements are boxed with homologous structures
from the second segment are below those of the first.

I-'
I-'
I-'



5' AAA-UAUCAC 3'I3' AAACUAUCAC 5 '

Rachycentron canadum

-_ G) Reverse Repeats

Coryphaena hippurus

Figure 4.5: Section of Domain V in the Mitochondrial 16s Gene in Rachycentron and
Cory,phaena. Poly(C)poly(A) motifs are in bold type. A.) Apparent strand exchange
between loops 1 and 2. B.) Reverse repeats in loop 2 of Rachycentron.

~

~

N
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lies upstream and is separated by only three U's. This

repeat is unusual as it is the reverse of helix 3's sequence,

differing by only an insertion of a "C". The two sequences

follow:

5'-AAA-UAUCAC-3'

3'-AAACUAUCAC-5'.

Close examination of the sequence in loops 1 and 2 of

Coryphaena and Rachycentron reveals another unusual event.

There appears to have been an exchange of a short sequence

between these two loops._ This is noted in Figure 4.5 as two

arrows marked "At!. This exchange involves the sequence C4An

and A3Un. The movement of a poly(C)poly(A) sequence is

interesting as this sequence flanks the inserted duplicated

region. The observations suggest that simple base

substitution may not be the only changes occurring within

domain v.

If one uses a dot plot to look for sequence similarity

between Coryphaena and Rachycentron, yet another unusual

observation is encountered. Figure 4.6 shows a lack of

sequence homology between these two taxa corresponding to

regions in loops 1 and 2. This dot plot has a window of 15

and a stringency of 10 so if the sequence maintains 67%

homology, there should be a diagonal line drawn on the plot.

The two gaps indicate that the two loops are evolving faster

than the rest of the sequence. Sequence similarity of the

insertion sequence in loop 2 between these two fish
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C. hippurus

191 500

500

/

/
9 /'tS
Il:Ic:
~
.

/c::

224

Loop
1

279 345

Loop
2 t

445

Figure 4.6: Dot Plot of Ribosomal Sequence in Rachycentron
and Coryphaena from Domain V Sequence. Window is 15 and
stringency is 10. Loop 1 and 2 are indicated along with
their reference numbers to the sequence in Appendix c.
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(excluding flanking sequences) was 58%. The 3' end of loop 2

(lacking the insertion sequence) was better conserved.

Secondary structures for Remora and Caranx are drawn in

Figure 4.7. One can see quickly that loop two is different

in these fish compared to the previous two examined. Helix 3

is missing and this is due to the fact that the sequence has

been excised (see Figure 4.1). In addition, helix 5 is also

gone. However, this appears to be due to a change in base

composition, not a deletion of sequence. If one counts the

sequence between helix 6 and helix 4, the number (14 to 16

bp) is fairly well conserved. Another interesting

observation is that the poly(C)poly(A) sequence in Caranx has

undergone a tandem duplication in loop 2.

Figure 4.8 shows the secondary structures for

Tetrapturus and Thunnus. Both these fish lack all of the

helical structures in loop 2 except helix 6. This is true

for the outgroups Lampanyctus and Oncorhynchus whose

structures are illustrated in Figure 4.9. Lampanyctus has an

unique helix in its loop 2 designated as helix 8. In all the

structures drawn for this chapter, the poly (C)poly(A) motif

which flanks the insertion sequence has been bold-typed

everywhere it could obviously be detected. What is odd about

this sequence is that it appears to change its position in

one fish relative to the others. Such observations again

suggest that simple base substitution is being augmented by

other types of mutations.



Remora remora Caranx sexfaciatus
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~ uf CUCCCCUCA
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A G-C CAUGA U C
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G-C A A A C
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A-U G-C G UUA

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

Figure 4.7: Section of Domain V in the Mitochondrial 169 Gene for Remora and Caranx.
The bold-face poly(C) poly (A) motifs have shifted in position between the four
carangoids so far examined. In addition, this motif has been duplicated in Caranx.
Also, helices 3 and 5 can no longer be seen.
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Tetrapturus audax
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uC

A
C A

A C
C U
A G
A A
U A
UG U

C UG
AcUAG_CcUG

A-U
C-- G UA~ UUCCCCCUC
G-C A A CC lb
G-U A A 1\ C
A-U AG-C C C

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

C G C G-C G C
A-U uaG U C G C
C-G lJ-A G U
A-U G-C U-A U C
G-C C G-C A-CG C C
P>-U U UGGA C

U I I A
CC A

U-A Cc- UAG-C C A AG-C A
U- A A C C-G U A U-AA A
C-G GG / C-G A A C-G A C

C G-C G A U-A U U
2~g CAA UA UAA X ~

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

Thunnus albacares

UAAACAAAG
GA CCC U

CC A
A A

C A
A C
A C
A A
C ~
UG GUUn_ UAA·~UAU-AC

A-U AAAAA C UACCUA
CC--

G

U A AC AAG-C A A
G-g A CUe
A * AG_C g C
A * C GG G-C G A
C * A G C G-C G A

C
A_ U u-G G-C G A
C-G lJ-A C * A ~ C
A-U G-C Q-C A C
G-C U G-C G

UGG
G

A*CU II G

U CCA C
C _JlG-CC A G-C

A
U

U· G CA CV'C-G U A U-A A G
U- A G J\ c-G A U C- G A C
C-G GCA- G-C GAA f-A AA A

G· U CAA uAr! AUCUC
G

A-~

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

Figure 4.8: Section of Domain V in the Mitochondrial 16s Gene in Tetrapturus and
Thunnus. These perciform fish lack helices 3, 4, and 5. In addition, Tetrapturus
seems to lack a poly(C)poly(A) motif in loop 1 although there may be one that has
degenerated. Thunnus seems to have several A-C base pairs in its longer stern. ~

~
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Lampanyctus
Oncorhynchus tshawytscha
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V in the Mitochondrial 169 Gene for Lampanyctus and
two outgroups is much smaller than the other fish.
8. Interestingly, this is next to a poly(C)poly(A)
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Figure 4.9: Section of Domain
Oncorhynchus. Loop 2 in these
Lampanyctus has an extra helix
motif.
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As noted above, most fish are missing the insertion

sequence found in carangoids. Deletion of the duplicated

sequence seems to be restricted within a region bounded by

the poly(C)poly(A) motifs in helix 2 and loop 2. Figure 4.10

shows the ability of the light strand to form a 45 base,

single-stranded loop with nearby sequence in C. hippurus.

The stem is composed of the conserved 5' TTGGG 3' of helix 1

and the 5' CCCAA 3' sequence of loop 2. The structure is

further stabilized by the stem structure of the adjacent

helix 2. It is very interesting that the 5 1-GCG-3' sequence

immediately 51 of loop 2 (which is conserved in fish) has

homology with three of the four bases in helix 1 (which

contain the tRNA binding site). This extends, and presumably

strengthens helix 2 in this particular structure and opens up

a 45 base, single stranded bubble between 349 and 393 in C.

hippurus.

The looping ability of the above sequences could indicate

that an insertion or deletion could be generated through the

action of mobile introns. Mobile introns are usually large

and contain their own endonucleases encoded within the intron

itself. These sequences have been found in nuclear ribosomal

genes of vertebrates and in mtDNA of plants and fungi

(Lambowitz and Belfort 1993). Figure 4.11 shows amino acid

sequence for all possible open reading frames comprising most

of domain V (positions 198 to 497). There were several stop

codons relative to a few start codons. Only Rachycentron
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45
Bases

(single-strand)

U
A
A

349 A'GAAUCCCAUG CG
A 111111111
UAAGGGUAC G C U

A G-C
G-C
G-C

300-U-A
U-A-397

G
G 3'

C
5'

Figure 4.10: Loop-for.ming Ability of One Poly(C)poly(A)
Motif with Conserved Helix 1. This may explain how deletions
occurred in most of the other fishes. It may also suggest
this region is an intron which is removed during RNA
processing.



!1BE ANINO ACID SEQUENCE
1.) YGALDTKVD*IKLLHNKELNHHNNTLYLRLGDLGTNPMRNGANPEISLSLSNPLLKLRVTTLSYSTSDHK*SGNAD*RTKLP

2.) MEL*ILR*TRLNYFTTKN*IITTIPYIFGWATWEQIPCGTEQTLKYHFHYQTSSSN*E*QL*VTVLLTTNDPAMPINEPSYP

3.) WSFRY*GRLD*ITSQQRTKSSQQYPISSVGRPGNKSHAERSKP*NITFTIKLPPQIKSDNSKLQYP*PQMIRQCRLTNQVTL

4.) HLKLY*PLSS*lVECCLVLDDCCYGIDETPRGPFLDWASRLLGQFIVKVILSGG*ILLSLELNCYKQGCIIRCHRNVFWTVR

5.) PAKSVLTS*ILNS*LLSSF**LLVRYRRNPSRPVFGMRFPAFGSIDSESDFKRRLNLTVVRL*LVESWLHDPLAS*RVLNG*

6.) ISS*ISLYVLNF*KVVFF*IMVVIG*IKPQAVQSCIGHPVSCVRPY*K***VEEEP*SHCS*TVTSRVVFSGAIGILSGL*G

Figure 4.11: Translated Open Reading Frames in the 16s Ribosomal Sequence of
Rachycentron. The ORF's shown here are for all six possible reading frames. The *
signifies a stop codon and the amino acids are denoted by their single letter codes.
These sequences do not match the conserved decapeptide motif: LAGLI-DADG indicative of
a mobile intron (Doolittle 1993). The amino acid sequence for coryphaenids is similar.

I-'
N
I-'
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showed one open reading frame of sufficient length (100 bp,

32 amino acids) for a protein. The start codon began within

helix 2's poly(C)poly(A) sequence and extended to a region

just before helix 7.

Discussion

Origin of tbe Unusua~ Insertion:

The sequence found between helix 2 and helix 4 in Figure

4.2 could be the result of a number of different events. It

could be a transposable element. However, its flanking

sequences form reverse repeats which are not typical of

transposons (see Calos and Miller 1980). It could be a

mobile intron. However, only one open reading frame of

sufficient length for a protein was found which encompassed

the insert. The amino acid sequence derived from the DNA

sequence did not contain a conserved decapeptide motif

(LAGLI-DADG) indicative of a mobile intron (Doolittle 1993).

Other shorter potential reading frames were found, but to

manufacture a protein from these sequences would require that

the mitochondrial RNA be edited, a property so far described

only in plants, fungi, and protists (Costanzo and Fox 1990;

but see Cattaneo 1991, pg. 79).

Slipped-strand mispairing may occur during replication

when one strand temporarily dissociates from the other, and

then reanneals in a misaligned configuration. Often this is
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caused when the DNA polymerase encounters repetitive runs of

simple sequences and results in the loss or gain of short «

10 bp) repeat tracts (Levinson and Gutman 1987; Strand et

ale 1993). The lack of recombination repair (gene conversion)

makes this a convenient explanation for tandem duplications

in mtDNA. However, the insertion sequence is not composed of

short, tandem repeats. Therefore, it does not appear to be

the result of simple slippage.

Perhaps the insertion sequence, bound by two

poly (C)poly (A) repeats and found in the functionally

important domain V of the large subunit ribosomal gene, can

be best explained as a single tandem duplication of an

upstream sequence starting in loop 1 and continuing to helix

2. Figure 4.3 provides the clearest evidence for this

interpretation. Figure 4.4b shows there is 57% sequence

homology in loop 1 (which contains 3 tRNA binding sites) to

the first 21 bp of loop 2 in Coryphaena. Rachycentron has

47% similarity in this same region. Structural similarity of

helices 3 and 4 to helices 1 and 2 within the duplicated loop

is also apparent. These observations support the possibility

that the two segments share a common ancestry. Such

similarity would not be expected if the insertion sequence

originated from a source elsewhere in the nuclear or

mitochondrial genome.
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Models that Explain Tandem Dqplications in MtDNA:

Most of the anomalies observed in animal mtDNA are

length polymorphisms which are often restricted to the

control region (e.g. Brown 1985, Moritz et ale 1987, Rand and

Harrison 1989, Stanton et ale 1994). Buroker et ale (1990)

developed a competitive displacement model to explain length

heteroplasmy in sturgeon. In this model, the synthesis of a

displacement strand at the start replication separates the

heavy and light strands. This displacement strand (D-Ioop

strand) extends from the consensus sequence blocks (CSB) to a

point downstream from the termination associated sequences

(TAS). When multiple copies of these TAS sites are present,

several different lengths of the D-Ioop strand are formed

(Doda et ale 1981) which can cause misalignment in the repeat

region. TAS sequences can form hairpin secondary structures

which may stabilize the misaligned sequences. As the

polymerase approaches the repeat region, it may miss, or copy

twice, a repetitive unit. The result is a heteroduplex

molecule. The sequence mismatch would be resolved during the

next round of replication resulting in two molecules with

different sizes.

Arnason and Rand (1992) found that direct, tandem

repeats in the cod control region lie well downstream of the

(TAS) site where there would be no D-Ioop strand. Thus, the

model above could not completely explain their observations.
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These authors suggested that slipped-strand mispairing may

work in concert with the competitive displacement model to

produce heteroplasmic variation. Again, secondary structures

within a 40 bp repeat unit facilitated mispairing.

More recently, Stanton et al. (1994) found tandem

duplications in gene-encoding regions of lizard mtDNA which

were associated with sequences capable of forming stable

secondary structures. A 13 bp direct repeat (GGGTTTAGCTGCT)

was found at the endpoints of two of these duplications.

Interestingly, their first six bases are the complement of

the poly (C)poly (A) sequences found in this study. Although

these authors do not propose a mechanism, they list a number

of possibilities that may have produced these results. Among

them, slipped-strand mispairing, transposable elements, and

recombination were included. Another idea they suggested is

that the stem-loop structures found in tRNA, rRNA, and other

mtDNA regions may mimic signals for an enzyme that initiates

L-strand synthesis during mtDNA replication (Wong and Clayton

1985, 1986; Hixson et al. 1986). This mechanisms could also

lead to tandem sequence duplications.

Along similar lines, Broughton and Dowling (1994)

suggest that secondary structures in tRNA genes may somehow

mimic signals for the initiation of replication in mtDNA.

They offer this as one way 260 base pairs of a tRNA

(phenylalanine) and part of the adjacent control region were

duplicated in the cyprinid fish, Cyprinella spiloptera (a
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relative of carp). Like tRNA's, the 16s ribosomal gene does

possess a wide assortment of various secondary structures

which may potentially mimic a replication origin. Slipped

strand mispairing of this replicated strand could then

explain the tandem duplication observed.

Although it is not clear how the tandem duplication in

perciform fish arose, it is tempting to speculate that stem

loop structures in the ribosomal gene may mimic replication

origins. The inserted sequence is characterized by

poly (C)poly(A) flanking sequences oriented as reverse repeats

which are associated with stem-loop structures. However, the

poly (C)poly(A) sequence in loop 1 is not associated with such

structures. Because the pattern described here suggests that

the sequence from loop 1 to helix 2 was duplicated and was

then shifted into loop three (where is is degenerating in

most fish), the lack of an obvious stem-loop structure in

loop 1 may be problematic for this model.

Poly (CA) ·poly(GT) sequences (5'-CCAAT-3') characterize

the control region's CSB's where the displacement loop

begins. There is some evidence that such sequences are

targeted by DNA binding proteins for the synthesis or

cleavage of RNA and DNA in mitochondria. Fisher et al.

(1987) have shown that mitochondrial Transcription Factor 1

(mtTFl) will bind to CSB sequences upstream of transcription

start sites enabling RNA polymerase to synthesize RNA strands

at selective promoter sites. In addition, CSB's function to

- -------.._-------
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signal a site-specific endonuclease, RNase MRP, to cleave RNA

transcripts from the light-strand which are then used by the

mitochondria's ypolymerase to prime heavy-strand synthesis

(Chang and Clayton 1987; Bennett and Clayton 1990).

Furthermore, TAS sites contain CA-rich sequences (3'

TAACCCAAAAATAC-5') which serve to terminate synthesis of the

D-loop strand (Doda et al. 1981). Thus, poly (C)poly(A)

sequences may make it possible to generate RNA primers for

DNA synthesis. However, it seems counterintuitive that an

origin of replication or_a transcriptional promoter would be

allowed to occur in a functionally constrained ribosomal

gene. On the other hand, this does not preclude the

possibility that such an event might occasionally take place

giving rise to a tandem duplication before such a target

sequence was deactivated by mutation.

Phylogenetic Infor.mation in the Insertion:

The low overall sequence similarity between the two

fragments implies that this putative duplication is probably

very ancient. More than likely, it occurred before the

radiation of the perciform fishes. Figure 4.4b shows that

sequence similarity between the two duplicated segments

within the same molecule (2 to 3%) is far less than sequence

similarity between homologous segments (55%) contained in

Rachycentron and Coryphaena.

While most fish have lost much of this insertion, the

myctophid, Lampanyctus, has retained about 14 base pairs
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which can be aligned to the insertion sequence in Coryphaena

Myctophids are thought to be an early monophyletic branch

from the line leading to acanthomorph fishes, and ultimately

to the perciforms. Thus its divergence time from these fish

may exceed 95 million years (Greenwood et al. 1966; Patterson

1993). positive selection for some unknown function must

have been strong enough to maintain this sequence similarity

between such divergent lineages. Alternatively, the

duplication may have occurred more than once in euteleost

fish.

The fact that the myctophid retains anything of an old

duplication is amazing until one notices that the conserved

sequence is maintained in a stern/loop helix (helix 8). An

example of another conserved sequence maintained as a

structural element is the highly conserved helix 1. Such

observations lend support to the idea that the remnants of

what appears to be a very old tandem duplication are being

maintained by selection on structural features.

In terms of phylogeny, the carangoids, especially the

Rachycentron and Coryphaena, that maintain parts of the

duplicated sequence can be phylogenetically grouped by

themselves. The presence of helix 4 exclusively in the

carangoids supports their monophyly. The presence of helices

3 and 5 solely in Rachycentron and Coryphaena strengthens the

conclusion that these two taxa are sister groups. In spite

of the difficulty aligning the insertion sequence, structural
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Helix 3

Helix 5

Coryphaena

Rachycentron

Helix 4 Carangoids

Caranx

Remora

Helix 1---+---------------- Scornbrids

Helix 8
....---------------Myctophid

Figure 4.12: Structural Elements of the 16s Ribosomal Gene
Can Provide Phylogenetic Information. The carangoids possess
helix 4 by virtue of the insertion sequence they have
maintained. In addition, sister taxa Rachycentron and
Coryphaena possess helices 3 and 5. The myctophid has helix
8. All fish possess helix 1.
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elements appear be useful phylogenetic characters as they

provide homologous secondary structures which seem to cluster

taxa appropriately (see Figure 4.12). However, one should

keep in mind that convergence could easily invalidate the use

of these characters. Perhaps they should be used to augment

pre-existing trees, not provide the sole basis for a

phylogenetic relationship.

Rapid Sequence Change within a S~ow~y Evo~ving Gene:

Aside from a tandem duplication of sequence within a

functional gene, there is another aspect in this 16s data set

that sets it apart from most studies of functional genes in

mtDNA. The first is the two gaps seen in the dot plots

(Figure 4.6) which correspond to presumed duplicated regions

of loops 1 and 2 in sister taxa, Rachycentron and Coryphaena.

By carefully examining the sequence of these two segments, it

becomes evident that simple base substitution cannot explain

a strand exchange between loops 1 and 2 in Coryphaena and

Rachycentron.

Perhaps mutation rates are extremely high and

convergence occurred in this region. A 44% difference

(uncorrected) in this insertion sequence exists between

Rachycentron and Coryphaena. If these taxa diverged about 22

Ma (chapter 3), then this insertion may be evolving at a rate

similar to Cytochrome b (2% per million years) which does not

support the idea of an extremely fast mutation rate.
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Another oddity is the variable copy number and position

of short poly(C)poly(A) motifs. Not only do these sequences

appear to move around in domain V, they duplicate themselves

as observed in loop 2 of Caranx. Simple polymerase slippage

(Levinson and Gutman 1987) can best explain a tandem

duplication of the Caranax poly(C)poly(A) motif in loop 2 or

loss in other fish. However, the apparent mobility of these

sequences may require another explanation.

Generation of variability with Recombination:

Recombination has not often been invoked to explain

polymorphisms of animal mtDNA. Perhaps the reason for this

lies in the model of mtDNA evolution. Animal mtDNA is

considered an asexually transmitted, haploid genome. Lack of

recombination was supported by population studies in which

large numbers of individuals were screened with restriction

enzymes. Unless high resolution electrophoresis was used,

molecular rearrangements less than 500 base pairs would

usually not be observed. Because this genome tends to remain

compact, large perturbations, if tolerated, might eventually

be removed (Moritz 1991) leading to the appearance that this

genome is extremely stable.

Yet recombination is cornmon in the larger genomes of

plants and fungal mtDNA, (Andre et al. 1992, Morton and Clegg

1993), as well as the extracellular chloroplasts (Costanzo

and Fox 1990). Many studies of animal mtDNA seem to produce

data that fit the expected pattern of recombination (see Rand
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and Harrison 1989; Schon et ale 1989; Stanton et ale 1994),

but alternative explanations are often favored. A model

devised below will be used to explain the occurrence of an

apparent strand exchange via recombination in two close

percoid relatives. The cause of reverse repeats in

Rachycentron cannot be easily explained. However, the

reverse orientation of the poly(C)poly(A) repeats suggests

that a deterministic explanation may exist for these

observations.

Short repetitive sequences have received growing

attention for their ability to enhance recombination between

homologous and nonhomologus sequences (Andre et ale 1992,

Thaler 1994). Short repeats associated with recombination in

plant mtDNA can be as small as six (Newton et ale 1990) or

seven (Kadowaki et ale 1990, Joyce et ale 1988) base pairs.

Gaillard and Strauss (1994) found that a repetitive poly (CA)

poly (GT) sequence sixty base pairs in length can

spontaneously form heteroduplexes in the absence of enzymes.

These particular sequences have been associated with

recombination in CA-rich teleomere sequences of yeast (Louis

et ale 1994), and are known to enhance recombination in other

eukaryotes (Stringer 1985; Wahls et ale 1990), as well as

bacteria (Murphy and Stringer 1986). Tandemly repeated

sequences of one to six nucleotides of poly (CA) ·poly(GT) are

common microsatellite sequences in mammals and are widely

dispersed at thousands of sites.
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~5'-AAACCCC-3'- - - - __
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Figure 4.13: Model of Recombination Clamps. 1.) Short
repeats may act as clamps to bring DNA sequences. One end
must form a loop because these repeats are reversed. 2.) DNA
"breathing" allows single strands to pair with non
complementary strands. Oxidative damage could cause multiple
mutations (in this case, four) to occur within the clamped
region. 3.) Simple repair can allow the wrong fragments to
be ligated. This mechanism may apply only to short regions
because the short clamping sequences would not be strong
enough to hold very long strands together. However, tandem
duplications may provide additional homology to keep longer
fragments together.
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Figure 4.13 shows how the 6 to 12 bp poly(C)poly(A)

motifs in perciforms can act as "recombination clamps" to

bring together homologous or non-homologous segments of DNA.

This illustration was drawn to allow for both inter

intragenic recombination. The clamp on one end base pairs

only between the C's of two poly(C)poly(A) motif's which must

form a loop. This is because the reverse repeat nature of

these motifs would cause parallel, not anti-parallel base

pairing during clamping. If the reverse nature of the

repeats was evolution's Wgy to deactivate a protein binding

site, then one could envision this mechanism to have once

occurred more easily in these fish.

A clamped heteroduplex would probably only occur while

the mtDNA was not supercoiled during the replication process.

This lasts about one hour and forty minutes (Kornberg and

Baker 1992). During this time, DNA "breathing" might allow

temporary base pairing between opposite, noncomplementary

strands held close together as shown in step 2. Under heavy

free radical attack, these strands might sustain multiple (in

this case, four) mutations. These could be repaired by AP

endonucleases and the two strands would be re-ligated leading

to step 3. Both of these enzymes have been found in

mitochondria (Tomkinson et al. 1988; 1990).

During temporary pairing, the wrong strands might be

ligated together causing recombination. Because

sophisticated repair mechanisms seem to be absent in



135

mitochondria, this mistake would likely go uncorrected. The

result could be either a perfect exchange of two double

stranded fragments (as shown in the figure), or a severe

mismatch between the two hybrid strands.

The anomalous data noted in the alignment of the

duplicated regions between Coryphaena and Rachycentron

suggests that the length of sequence potentially involved in

a mismatch is very short « 10 bp) If a small length of

mismatched sequenced occurred just prior to replication, the

mismatch would be eliminated when each strand is replicated.

The net result would be heteroplasmy. If one of these

recombinants happened to be selectively favored over the

other, one would eventually disappear from the cell. This

process may occur regularly in mitochondrial genomes.

However, most of the rearrangements tolerated would

conceivably be small length dIfferences which would hardly be

noticed during restriction enzyme analysis.

Figure 4.14 shows how intergenic recombination between

the two tandem segments may occur across two mtDNA molecules

which have suffered multiple lesions via oxidative damage.

Not only the clamps described above, but homology between the

tandem repeats may bring these two molecules together. This

might explain the strand exchange observed between loops 1

and 2 in Rachycentron and Coryphaena.

.. -----_._.- -------
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2

Figure 4.14: Mechanism for Strand Exchange Between Two
Mitochondrial DNA Molecules. Recombinational clamps and
sequence homology of segments 1 and 2 (if one is a tandem
duplication of the other) may allow for strand exchange by
the model in Figure 4.13. This can explain the observation
in Rachycentron of a strand exchange between loops 1 and 2 in
Figure 4.5.
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If this is true, then why do we not see excessive

heteroplasmy in the individual fish sequenced in this study?

Part of the answer lies in the slow overall rate of change of

ribosomal genes. It is very evident when one scans the

sequence between individuals within the same species, or even

related species, that the number of base substitutions are

few to none. The two Thunnus species sequenced here did not

differ at all in 16s sequence while their Cytochrome b

sequence differed by 1.4%. The two coryphaenids differed by

only thirteen bases (4.8%) in the 16s gene while their

Cytochrome b differed by 15.3%. In other words, every base

change is scrutinized by the ability of the ribosome to at

least maintain its functional structure for translation.

Only a few changes are tolerated. Hence, the ribosomal gene

does not evolve in a truly neutral fashion.

Aside from the small number of individuals in each

species assayed here, there is another reason for the lack of

heteroplasmy in the 16s fish data. Because multiple mtDNA

genomes are present in the cell, a rare recombinant might be

easily diluted in a sea of "normal" alleles. Because the PCR

and direct sequencing technique does not favor detection of

alleles that are rare in DNA preparations (Paabo 1989), the

lack of heteroplasmy may simply be an artifact of the

techniques used in this study. However, if the recombination

model above is correct, there should be heteroplasmic

individuals. Documenting heteroplasmy in the 16s gene might
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require sequencing hundreds of PCR templates isolated in

cloned fragments from several individuals. However, this is

not logistiaclly sound for the methods available at this

time.

Deletion of Insertion Sequence:

Figure 4.10 illustrates how a stable secondary structure

can form between the poly(C)poly(A) repeats in loop 2 and the

conserved tRNA binding helix 1. Incorporated in this stem is

the adjacent helix 2 containing a second, reversed repeat

(i.e. poly(A)poly(C)). The resulting single strand loop is

45 bases long for C. hippurus and conceivably would be under

heavy mutagenic attack if it were to form in vivo. The CA

motifs, however, are well protected in stem pairing. Unless

sequences within this single-stranded loop were selectively

maintained, there is a good chance it would begin to fragment

over time. In the race to replicate, there would be pressure

for the single-strand loop to become shorter and shorter.

This model of deletion between the poly (C)poly(A) sequences

relies on excessive mutation, simple abasic repair, and a

selective tendency to constrain genome size. All these apply

to mtDNA.

Another possibility is that the polymerase could have

"jumped" over the loop at the junction of the two stems in

Figure 4.10. Jumping polymerase ability has been noted in

damaged DNA templates (from ancient DNA samples) when

attempts were made to amplify them with PCR (Paabo et al.
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1990). Such an event seems highly probable in damaged mtDNA

genomes and can explain the deletions observed between the

poly{C)poly{A) motifs. Thus recombination, while possible,

is not necessary to explain the deletion of the insertion

sequence in most fish.

The Origin or Poly (e) poly (A) Repeats:

As outlined above, poly{C)poly{A) repeats dispersed

along a stretch of DNA may behave as recombination clamps

that enable spatially distant sequences to corne together and

recombine. There is evidence that these sequences move and

duplicate themselves. There is evidence that mutation may

disrupt their sequence pattern and eliminate their use as

potential recombination clamps. Their position as flanking

sequences around an apparent duplicated sequence is

provocative. Their presence around an insertion that has

been deleted in most fish and highly divergent between others

suggests that these sequences appear to play a role in the

evolution of a portion of the large ribosomal subunit in

perciform fish.

But why CA repeats? Where did they corne from? How are

they formed? It is hard to say where these particular DNA

sequences originated. Enzymatic modification of linear DNA

fragments by telomerase results in a 5'-CCCTAA-3' end in the

ciliated protozoa, Tetrahymena (Zakian 1989). This looks

suspiciously like the 5'-CCCCAAA-3' or 5 '-AAATCCC-3 , motifs

in C. hippurus. However, there is no evidence that

- - ---------- -------
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telomerase exists in animal mitochondria. Telomere-bearing

transposable elements (TBE's) could have introduced these

sequences in teleost genomes early in their evolution. It

has been shown that ciliate TBE's acquired their telomere

sequences when linear fragments from the nucleus were acted

on by telomerase (Cherry and Blackburn 1985; Herrick et ale

1985). Because Chang and Clayton (1989) have shown that the

mitochondrial membrane is permeable to nucleic acids, similar

elements could have invaded the mtDNA genome of fish and were

summarily removed leaving their poly(C)poly(A) sequences

behind.

Another possible origin of CA sequences involves RNA

processing. Enzymatic modification of 3' hydroxyl ends of

tRNAs adds a 5 '-CCA-3 , group necessary for tRNA attachment to

the ribosome. However, this reaction is for RNA not DNA.

But mtDNA ypolymerase uses RNA as a primer for synthesis

(Kornberg and Baker 1992), so there is a way to incorporate

RNA sequences into the DNA. In fact, ribosubstitution occurs

at the two replication-origin regions (see Clayton 1982 and

references therein). Perhaps the poly (C)poly(A) repeats, and

other similarr CA-rich sequences originated as RNA.

Recombination in MtDRA:

The data presented here suggests that recombination may

explain the faster rates of sequence change observed in two

loop structures relative to surrounding sequence in the 16s

ribosomal gene. However, recombination is not thought to
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occur in vertebrate mtDNA. Of the hundreds of studies which

have examined this molecule, why is this the first one to

claim this event? Because there is one mutation event found

here which seems to suggest an apparent strand exchange

between two loops when the secondary structures of

Rachycentron and Coryphaena were observed side by side.

Other events such as a tandem duplication of poly (C)poly(A)

sequences in Caranx, as well as their mobility, could be

explained in ways other than recombination.

Perhaps a good reason for the lack of observations

similar to the one here is that this study deals with a

monophyletic clade of related fish that span in time frame

from 22 to 65 Ma. Most studies have used 12s rDNA to study

deep relationships, or Cytochrome b for younger taxa. In

Chapter 3, both 16s and Cytochrome b were used. Perhaps

these results are due to the fortuitous combinations of

choosing the right time frame, the right molecular marker,

and having a monophyletic clade of fish (carangoids) to piece

together the patterns leading to these conclusions. Had only

Coryphaena been compared to Thunnus and Cyprinus, or even

Caranx, for that matter, recombination would never have been

suggested.

Thus recombination may be possible in vertebrate mtDNA.

Data collected in this study demonstrates that domain V of

the large ribosomal subunit is behaving similar to the

control region of vertebrates in terms of the types of
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changes. However, these changes accumulate at a much slower

rate. Perhaps some of the tandem duplications observed in

this and other mtDNA data sets may also be explained by this

mechanism. The recombination clamps model presented in this

chapter is a way to rapidly generate novel variability which

can then be acted upon by selection. This model is driven by

short, repetitive sequences that may cause inter- or

intragenomic recombination. This, along with metabolism,

might explain the fast rate of mtDNA evolution relative to

the nuclear genome observed in most animals. Further studies

of domain V in the perciform 16s gene may provide a better

understanding of the types of mutations being generated in

mtDNA.



143

CHAPTER 5

Clos~ Similarity Between Mitochondrial Lineages in a

Circumtropical Fish (Coryphaena hippurus)

Introduction

The mahimahi, or dolphinfish (Coryphaena hippurus) is a

circumtropical, oceanic species inhabiting waters between 40 0

north and south latitude. This species provides both a

commercial and recreational fishery, and more recently, an

aquaculture product for the U.S. and several countries around

the world. Yet little is known about this species'

population structure, genetic diversity, or population

stability, key components for management of wild and captive

stocks. Here, an attempt is made to shed some light upon

these three parameters by analyzing phylogenetic

relationships of Cytochrome b sequences in mitochondrial DNA

(mtDNA) from a global collection of individuals.

Substitution rates for this gene, estimated from chapter

three, will be key to interpreting the results and placing

the population dynamics of this species in a historical

perspective.
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Methods

Samples of C.hippurus were collected by fishery

professionals in the field from ten sites (see Table 5.1).

Muscle tissue was preserved in 70-95% ethanol. Prior to

shipping, the alcohol was removed and the samples were

shipped via air cargo or express mail. DNA was extracted by

overnight digestion of approximately 0.1 grams of tissue in

450 ~l STE buffer (100mM NaCl, 50mM Tris, 10mM EDTA, pH 8.0)

with 0.05% SDS and 0.4 mglml Proteinase K. After vortexing,

the cell debris was pelleted and the supernatant transferred

to another tube. This was heated to 1000C for four minutes

to denature the Proteinase K which inhibits enzymatic

reactions. The DNA solution was diluted 1/50 and 4 to 10 ~l

were used in a 100 ~l PCR.

Primers used to amplify part of the Cytochrome b gene

were those designed by Kocher et al. (1989). A 350 base pair

fragment of double stranded DNA was amplified in 55 fish.

This fragment was electrophoresed on a 2% NuSieve gel and

visualized using UV fluorescence of ethidium bromide. The

DNA band was excised and purified by the Gene Clean Kit (Bio

101, Inc.). This DNA was sequenced with a slightly modified

method of Sanger et al. (1977) using Sequenase 2.0 supplied

by U.S. Biochemical Corp. This protocol has been described

in Chapter 3 and will not be repeated here. Sequences were

aligned by eye to other Cytochrome b data found in the



Table 5.1: Sampling Sites and Collectors of C. hippurus.

~

Apr-May 1991
Dec 1991

Feb-Mar 1993
Apr 1991
Dec 1992
Feb 1991
July 1991
Jun-Aug 1990

5
1
2
9
6
10

Number

Andaman Sea (9 0N, 98 0E)

Australia (Queensland)
Guam
Japan (Daio Point, 34 0N, 1370E)

Hawaiian Islands

American Samoa
Baja, Mexico (offshore, 26oN,

Panama (offshore, 80N, 1050W)

7. )
8. )
9. )

2. )
3.)
4. )
5. )
6. )

Locale
1.) South Africa (Natal)

Collectors
S. Chater,
H. Nellmapius
A. Snidvongs
S. Nel
R. Myers
T. Okazaki
S. Kraul, T. Iwai,

& J. Kaneko
A. Sunia 6

1130W) K. Schaeffer c/o 4
Inter-Am. Trap. 6
Tuna Corn. Nov 1991

10.) North/South Carolina J. Kirshtein 5 Aug 1991
11.) Brazil (offshore, 22 0S, 42 0W) D. Benetti 1 Sept 1991
Total Fish Assayed 55

I-'
~

(Jl
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GenBank data base. The software package, PHYLIP (Felsenstein

1990), was used for phylogenetic analysis.

Resu~ts

After screening 55 fish, 13 unique haplotypes, or

lineages, were detected across 258 base pairs. The

distribution of one unique lineage relative to the other 12

is shown in Figure 5.1. This haplotype was found at all

sites and occurred in 55% (30 fish) of the individuals

sampled. Unique lineages (found at only one site) made up

11% of the sample (6 fish). The remaining lineages (34% or

19 fish) were shared between a small number of populations,

some widely separated geographically. Table 5.2 lists the

polymorphic sites for each lineage and where each is found.

All but one lineage differed by single transitions in

the third codon positions and did not affect the amino acid

sequence. The one odd lineage differed by a single

transition in a first position changing the amino acid from a

valine to an isoleucine. Both strands were sequenced

verifying this substitution. This change is a conservative

one with a weighted difference of only 29 or a scale ranging

from 5 to 202 (Grantham 1974). Mean pairwise nucleotide

diversity (Nei 1987) between each lineage was 0.0025 with a

maximum of 0.0078 and a minumum of O.
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Figure 5.2: Distribution of Global Cytochrome b MtDNA Lineage.
Pie diagrams show frequency of the most common mtDNA lineage (dark) found
at each locale relative to the other 12 lineages found (white). Numbers
denote sample sizes. Sites are listed in Table 5.1 This common mtDNA
type was found in 55% of the fish sampled.
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Table 5.2: Polymorphic Sites in 258 bp of Cytochrome b Sequence from C. hippurus.

Polymorphic Sites
1 1 1 1 111 1 1 1 1 1
4 4 4 4 4 555 5 5 5 5
8 9 9 9 9 0 0 0 001 1
746792459902

Lineage N Distribution 2 1 5 4 4 5 0 8 1 5 0 4
A 31 Global C C A A A T T T C G G C
B 1 Mexico T
C 6 S. Carolina, Japan, . T

Hawaii
D 2 Guam, Hawaii . . G
E 2 Hawaii, Am. Samoa ... G
F 2 Hawaii . . . . G
G 1 Guam . . . . . C
H 1 Am. Samoa . . . . . . C
I 3 Panama, N. Carolina . . . . . . . C
J 3 Japan, S. Africa T
K 1 Mexico . . . . . . . . . G
LIS. Africa . . . . . . . . . . A
MIS. Africa . . . . . . . . . . . .~T

Numbers reference mammal sequences in Irwin et ale (1991).

I-'
.t
co
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Four C. equiselis samples from this study were combined

with the sequence reported in Block et ale (1993). Three

unique lineages were detected for 258 bp but these differed

only by single transitions. The published sequence was

slightly different than the ones generated here at the 5' end

perhaps due to a sequencing and alignment error in which

there seems to be a base missing in Block et al.'s sequence

relative to the sequence generated here. This was omitted in

analysis. C. hippurus was arranged on a phylogenetic tree

using C. equiselis and Rachycentron as outgroups. Figure 5.2

shows a Neighbor-joining tree drawn with Jukes-Cantor

distance (Jukes and Cantor 1969). This figure is meant

simply to illustrate the large amount of sequence divergence

between these three relatives while showing the paucity of

divergence maintained within C. hippurus.

Assuming that C. hippurus has a generation of roughly

one year (Palko et ale 1982), effective female population

sizes (Nf(e)) were estimated by the equation (Ball et ale

1990) :

Nf(e) = (0.45 X 10 8) (p)

where p is the mean sequence divergence (0.0025) and the

overall mutation rate is 2.2 X 10-8 per lineage per bp per

year (from Chapter 3). For C. hippurus, Nf(e) is around

112,500. Using a synonomous mutation rate calculated in

Chapter 3 for third positions only (9.7 X 10-8 substitutions
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Figure 5.2: Jukes-Cantor Genetic Distance Within and Between MtDNA Lineages of
Coryphaena and Rachycentron. It is clear little intraspecific variability has not been
maintained since the time C. hippurus diverged from its relatives. While this is not
unexpected, the extreme paucity of mtDNA divergence within a circumtropical pelagic
fish is not necessarily expected if the population has remained a large, stable,
panmictic population through time.
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per lineage per bp per year), the mean divergence is 0.0066

for 86 sites. This decreases Nf(e) to 67,580 females.

Table 5.3 shows two types of genetic diversity,

nucleotide diversity (average number of differences per site,

Nei 1987) and haplotypic diversity (average number of

lineages observed, Nei and Tajima 1981) calculated for a

number of different species using either restriction enzymes

or Cytochrome b sequence. This table shows that diversity

measures generated for pelagic fishes do ~ differ much

between "endangered" species such as green sea turtles or

whales, or even the highly inbred cheetah. In fact, the

globally distributed Drosophila melanogaster differs little

from these numbers. However, oysters (two populations) and

menhaden (two species) possess nucleotide diversities an

order of magnitude greater than other taxa on this table.

Figure 5.3 plots a histogram of the frequency of

pairwise differences in C. hippurus. This histogram comes

close to, but does not fit, a Poisson distribution (X2 = 4.9,

1 d.f., P > 0.05). Pairwise distributions were also plotted

for several other fish in Figure 5.4. Cytochrome b data for

thirty four yellowfin tuna include one fish from Hawaii

(assayed for Chapter 3) and 33 from Nova Scotia (Bartlett and

Davidson 1991). Twenty six blue marlin from the Atlantic (9)

and Pacific (17) were also compared using data in Finnerty

and Block (1992). Data for six swordfish (Istiophorus

platypterus), two from Italy, two from the east coast of



Table 5.3: Genetic Diversity in Selected Taxa.

Molecular
Marker Haplotypic Nucleotide Reference

Bowen & Avise 1990
Avise et al. 1986

This study
Bartlett & Davidson 1991
Ward et al. 1994
Finnerty & Block 1992

"

0.0025
0.0004
0.0036
0.0034
0.0011
0.0240
0.0010

Mahimahi Cyt b 0.681
Yellowfin Tuna Cyt b 0.279

II RFLP 0.724
Blue Marlin Cyt b 0.683
Swordfish Cyt b 0.600
Menhaden RFLP 0.996
American Eel RFLP 0.527

"
M. nigricans
I. platypterus
Brevoortia
A. rostrata

Species Common Name
Pelagic Fish:
c. hippurus
T. albacares

Other Marine
C. virginica
C. mydas
M. novaeangliae

Taxa:
American Oyster RFLP
Green Sea Turtle RFLP
Humpback Whales RFLP

0.850
0.874
0.632

0.0260
0.0020
0.0025

Reeb & Avise 1990
Meylan et al. 1990
Baker et al. 1990

Terrestrial Taxa:
A. jubatus Cheetah

D.melanogaster Vinegar Fly

RFLP 0.737

RFLP 0.883

0.0018

0.0021

Menotti-Raymond &
O'Brien 1993
Hale and Singh 1987

I-'
U1
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Figure 5.3: Fitting Pairwise Differences to a Poisson
Distribution to Test Whether the Population is
Expanding. C. hippurus does not fit the Poisson <X = 4.9,
1 d.f., p>O.05, p<O.l}.
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Figure 5.4: Pairwise Differences for Various Fish
Species. Cytochrome b "waves" for four pelagic percoids and
RFLP "wave" for A. rostrata. M. nigricans possesses two
clades while all the others contain one closely related
clade.
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North American, and two from Hawaii (Finnerty and Block 1992)

were used to draw the pairwise distribution. Restriction

enzyme data from the American eel, A. rostrata (Avise et ale

1986) were used. This species was considered by these

authors as a large, panmictic population based on the results

of their study.

The histograms of pairwise differences show that all

fish, except blue marlin (M. nigricans), resembled the

general distribution of C. hippurus in which the number of

pairwise differences between mtDNA haplotypes were small

(less than 3). However, a Pearson Chi squared test (d.f.

44) showed that these distributions differed significantly

from each other (X2= 38915). This was repeated without the

blue marlin and still the distributions were statistically

different (X2= 444, d.f. = 12) .

Discussion

The results are similar to those of an earlier allozyme

survey showing that C. hippurus contains very small amounts

of genetic variability. Oxenford and Hunte (1986) assayed 55

loci for 1106 fish collected off the coasts of Barbados and

Miami, Florida. These two collection sites were within the

migratory circuits proposed for two western Atlantc stocks

inferred from catch data and demographic characters. Only

five loci were polymorphic and of these, two showed
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significant frequency differences between the two locales.

Thus, the two putative stocks in the western Atlantic did

seem to have small, yet detectable genetic differences.

However, the data gathered in this study can say relatively

little about population structure. This is because there is

not enough sequence difference for phylogenetic analysis, nor

were enough individuals sampled for frequency differences to

discern population subdivision.

Mahimahi are well-designed swimmers with the potential

to travel long distances in a single generation. In spite of

this potential for extensive gene flow, there is reason to

believe that populations of mahimahi are subdivided.

Although there is little published information about

migration for C. hippurus, several studies, including the one

above, have noted an obvious seasonal abundance in catches

(reviewed in Palko et al. 1982). Catch data from the

Hawaiian archipelago seems to suggest a resident stock of C.

hippurus which complete a migratory circuit during their

lifetime. Juveniles are found near convergence zones north

of the islands in the sumrnmer while larger adults are found

later in the fall nearer the main islands (J. Polovina pers.

corom.). Such observations, along with the electrophoretic

study above would not support the view that all fish are

dispersive vagrants. Yet the data gathered here,

particularly the occurence of one common lineage distributed
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throughout the species' range, suggests that gene flow has

been historically high.

In light of this discrepancy, there may be another way

to view the results. The close genetic relationship amongst

living C. hippurus suggests that female populations have ~

been large and stable through time. Therefore, under a

neutral model of evolutionary change, there are three

scenarios that can explain the results:

1.) the species suffered a catastrophic near-extinction

during the Pleistocene (around 140,000-60,000 years ago)

and a single population has been expanding since then;

2.) populations behave as metapopulations. Local

extinction and recolonization from a neighboring

population is common, causing the genetic composition of

populations to turnover at a very rapid rate. In turn,

this results in a net loss of mtDNA diversity over time;

3.) population structure is stable and gene flow is

relatively low from one generation to the next. The

effective number of spawning females is low or highly

variable. This mimics the above metapopulation scenario

because high levels of drift and very small numbers of

migrants could still produce the same results in 2.
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One caveat should be noted. Maruyama and Birky (1991)

describe a scenario in which genomes with very strong linkage

and little recombination, such as those in mitochondria, may

be subjected to an extreme form of hitchhiking known as

periodic selection. When an advantageous mutation ("driver")

occurs in a genome, it goes to fixation thus reducing genetic

diversity to zero or near zero. Diversity is reconstituted

through mutation until the next round of periodic selection.

As yet, evidence for a selectively favorable mutation in the

C. hippurus mtDNA genome has not been documented and, for

now, it is difficult to consider this possibility further.

Chapter 4 provides some indication that mtDNA genomes

can acquire mutations that are selectively advantageous and

maintained through time. The example of an insertion found

in C. hippurus and its close relatives suggests that early in

the history of the carangoid lineage, a duplication of

upstream sequence did enter a functionally important domain

of the ribosomal large subunit. The fact that this insertion

has been maintained for millions of years suggests it may

have conferred a selective advantage to some fish. At that

time, the effects of periodic selection might have reduced

varibility. However, tens of millions of years have passed

since then which should have allowed mtDNA diversity to

return. Therefore, the shallow lineage coalesence in C.

hippurus is more likely due to fluctuations in female

population size.
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Popu~ation Dynamics in Marine Ecosystems:

Populations of pelagic fish are known to fluctuate in

abundance. The ocean's ecosystems are sensitive to

environmental uncertainty, and wind and current systems can

change quickly with rather catastrophic results (Cushing

1982). Perhaps the best example of long-term population

instability in pelagic species is the fluctuation of

abundance every 50-100 years in the Pacific sardine and the

anchovy as measured by the deposition of scales in anoxic

sediments over the last 200 years (Soutar and Isaacs 1974).

These fluctuations seem linked to changes in mean surface air

temperatures (Kawasaki 1991) .

Such instability is not surprising in temperate and

subpolar habitats. Surveys of mtDNA in temperate, coastal

species show that little genetic variation is maintained

through time in marine catfish and American eels even though

census populations are thought to be quite large (Avise

1991). Similarly, haplotypic and nucleotide diversity in

populations of coastal species inhabiting the eastern U.S. is

somewhat lower than populations found in the warmer Gulf of

Mexico (Reeb and Avise 1990).

In contrast, tropical seas are assumed to be relatively

stable. Cushing (1982) describes fishery production in the

tropics and subtropics as being in a quasi-steady state. In

a study with sea urchins (Palumbi and Wilson 1990), tropical

samples possessed five times more mtDNA variability than
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temperate urchins. Thus stability in the tropics might carry

over into maintaining mtDNA diversity in circumtropical

species. Work with mahimahi does not support this idea. As

noted above, the neutral theory would not predict a lack of

nucleotide divergence unless the populations were subjected

to non-equilibrium conditions caused by large-scale

population decline and recolonization sometime in the recent

past.

No matter which of the three scenarios listed above one

chooses, the overwhelming observation is that C. hippurus is

composed of closely related individuals descended from late

Pleistocene ancestors. To put this in perspective, ten

divergent human lineages (as identified from control region

sequence) were sequenced from populations of Africans,

Polynesians, and Australian Aboriginals for the same region

of Cytochrome b. Five unique haplotypes were found (J.K.

Lum, unpublished data). Pairwise differences between two

lineages yielded a maximum of four substitutions. Four other

lineages differed by as many as three changes. Mahimahi had

no more than two pairwise differences. The message here is

that C. hippurus maintains fewer lineages over time than

humans, in spite of their faster generation times and higher

fecundity. Therefore, this tropical fish population has

recently experienced, or is still experiencing, the

consequences of population instability.
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Limited information on population dynamics can be

obtained by plotting pairwise differences between all

individuals sampled. Episodes of population growth and

decline leave characteristic "wave" signatures in the

distribution of pairwise nucleotide differences between

individuals. A good fit to a geometric distribution suggests

a stable population in equilibrium (Watterson 1975; Ball et.

al. 1990). However, Slatkin and Hudson (1991) and Rogers and

Harpending (1992) have found that in simulations, stable

populations do not often fit the geometric distribution,

especially when the nurr~er of pairwise differences are small.

Simulation studies do indicate that an expanding

population will fit a Poisson curve. Figure 5.3 shows that

C. hippurus does not fit a Poisson and therefore cannot be

considered an expanding population by this criterion. In

fact, none of the fish species examined fit this curve, nor

do they statistically resemble each other even though the

general shape of their distributions are similar (Figure

5.4). This analysis does show that many pelagic fish appear

to resemble C. hippurus. That is, individuals collected at

very distant sites are very closely related with few pairwise

differences. Their pairwise distributions form a peak at the

start which drops off quickly. Previous mtDNA studies of the

subtropical skipjack tuna, Katsuwonus pelamis (Graves et al.

1984) and tropical Yellowfin tuna, T. albacares. (Ward et al.

1994) also show little differentiation between lineages.
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In contrast, blue marlin contains lineages that form a

bimodal distribution with long tails. Finerty and Block

(1992) sequenced 612 bp from Cytochrome b for 26 fish and

found lineages grouping into two main clades. These two

clades are separated by a sequence divergence of 1.6%.

Perhaps at some point in time, gene flow between Pacific and

Atlantic oceans was minimal. However, the authors were

unable to find strong geographic partitioning of these two

clades in modern Pacific and Atlantic populations.

Using the overall rate of substitution for perciform

Cytochrome b (2.2% per million years) calculated in Chapter

3, the two marlin populations would have diverged

approximately 730,000 years ago. Changes between these taxa

are transitions. Using a rate for synonymous transitions

only, this amounts to a 4.8% difference (average of 9.7

transitions per 204 synonomous sites) between the two clades.

Thus there has been roughly 500,000 years since these two

diverged (assuming a transition rate of 9.7% per million

years from Chapter 3). Further studies with other pelagic

species may aid in understanding why blue marlin have been

able to maintain more mtDNA lineages through time compared to

other fish populations examined so far.

In terms of genetic diversity, Table 5.3 shows that even

though C. hippurus contains recently derived mtDNA lineages,

the species is not all that unusual when compared to other

widespread taxa. It seems endangered species (whales and sea
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turtles) do not have all that much more diversity than

species that are not endangered (Drosophilia). Hence, using

genotypic and nucleotide diversity values based on~

sequence difference as a yardstick for making comparisons

between other species can be misleading. Distributions

generated from pairwise comparisons provide a visual

description of the differential maintenance of geneic

diversity amongst different species which may be preferable.

Insights into the Popu~ation Biology o£ C. hippurus:

Fishery biologists seek to understand how exploitation

of highly mobile species composed of large numbers could

influence their approach to the edge of extinction as in the

case of the Atlantic blue marlin (Finnerty and Block 1992) or

the Atlantic bluefin tuna (Safina 1993). Currently,

management plans for pelagic populations rely upon accurate

estimates of reproductive success and recruitment. Yet these

estimates are based upon models that may be flawed with

assumptions of population stability and density-dependent

recruitment.

This work may contribute to our understanding by

pointing out that tropical populations may not be stable

through time. The conventional wisdom is that the high

species diversity seen in tropical oceans is the result of

ecosystem complexity acquired through long-term environmental

stability (Fischer 1960; Stehli 1968; Ricklefs 1979). In

light of the late Pleistocene coalesence time frames for c.
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hippurus lineages, as well as the climatological fluctuations

of the last one million years, tropical pelagic species may

have very well under went a population bottleneck cause by

environmental instability. Perhaps this resulted in an

extensive loss of mitochondrial variability. It may be that

as sea surface temperatures rose, these species have only

recently had the opportunity to expand their range from

small, localized refuge populations. However, C. hippurus

has a short average life time of 1.5 years so several

thousands of generations have passed for a population

expansion to colonize the globe. Perhaps there is now

recently established population structure « 140,000 years).

This structure cannot be resolved by the DNA sequences

assayed here. Haplotypic diversity is fairly high in spite

of low nucleotide diversity which supports this explanation

of a recent population expansion.

But, C. hippurus does not fit the pairwise difference

model of an expanding population (although it comes close).

Neither do the other pelagic fish. An alternative is that

sex ratios may be skewed causing a stable, yet small female

population to turnover if gene flow is fairly high.

Although, biological data does note a slight bias in sex

ratios, it seems to favor the female in most cases (see Palko

et al. 1982). This leaves us with the idea that C. hippurus

populations may behave as metapopulations.
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In 1938, Sewall Wright noted that cyclic fluctuations in

numbers lead to the demise of genetic variability over time.

In 1980, Maruyama and Kimura found that when local extinction

and recolonization are frequent, divergence of subpopulations

is largely prevented. And finally, Slatkin (1977, 1989)

writes that rapid population turnover relative to mutation

rates can cause the genetic composition of populations to

remain homogenous. These studies can explain the data

generated here.

Metapopulations are characterized by instability. Local

populations undergo recurrent extinction and recolonization

from other populations which also go extinct and are

recolonize from elsewhere. Under such a scenario, gene flow

could be quite low prior to extinction at which point, the

entire population is re-established from vagrant pairs.

From this study, the rate of turnover in C. hippurus for the

entire species is somewhere around 140,000 years (the deepest

lineages found differed by two transitions). Unfortunately,

there is insufficient resolving power in Cytochrome b to

address this question at the population level.

C~imatic Inr~uences on Population Stabi~ity:

In may be that climatic instability during the

Pleistocene caused the initial depletion of genetic

variability in mahimahi. Perhaps the population dynamics of

this species continues to be unstable. Figure 5.6 shows

catch data over a six year period. Interestingly, peak



166

landings occur on the western side of the Pacific ocean,

especially during El Nino years. This data is partially

flawed by the fact that landings are not calibrated by the

amount of effort needed to acquire the catch. Yet, if one

assumes that fishing effort did not shift dramatically over

this time scale, fluctuation in population abundance seems

especially pronounced during climate change.

Establishing a firm link between population fluctuation

and environmental parameters is difficult. However, there is

some evidence that could provide a connection between C.

hippurus population instability and climate fluctuation.

Polovina et ale (1994) suggest that a shift in the Aleutian

Low Pressure system caused stronger westerly winds in the

central North Pacific from the mid 1970's to 1980's.

Stronger winds caused a lowering of sea level and a deepening

of the lS oC isotherm. During this time, primary productivity

increased along the north-west Hawaiian archipelago. Greater

mixing of surface waters with nutrient-rich deep waters

presumably enhanced phytoplankton growth. This, in turn,

appears to have favored recruitment in spiny lobster and reef

fish which then elevated monk seal and shorebird populations.

As this climatic event dissipated, survival of juvenile monk

seals declined as did lobster and fish recruitment.

During the last glacial maximum, variability in sea

surface temperature mirrored atmospheric thermal oscillations

in the north Atlantic (McManus et ale 1994). During this
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time, westerly winds were stronger potentially causing

similar, but larger scale, changes in nutrient mixing.

Slowey and Curry (1992) measured oxygen and carbon isotopes

in fossil foraminifera collected from the Bahamas and

concluded that nutrient level actually decreased in surface

waters of the North Atlantic's subtropical gyre during the

last glacial period. They used a similar explanation of

mixing to suggest that wind-driven Eckman pumping caused

surface waters to move downward, not upward, causing oxygen

to become depleted (as re~iration in the water column

increased). This downwelling also prevented nutrients from

recycling upward where they could be utilized by primary

producers. Perhaps reduction in productivity during glacial

periods could have contributed to fluctuations in C. hippurus

populations.

The observation that the El Nino events may correlate to

C. hippurus abundance is intriguing and may hold clues as to

why this species has maintained so little mtDNA diversity

through time. There may also be a link to high gene flow

through time (as implied by metapopulation dynamics). Palko

et al. (1982) note that migrating mahimahi may occasionally

follow drifting objects and flotsam on the high seas.

Passive drifters are at the mercy of surface currents driven

largely by wind and water density gradients (caused by

differential salinity, temperture, or slight sea level

differences). Wind speed and direction are, itself, governed
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by density gradients in the atmosphere that may become

altered during climatic instability of glacial episodes. The

point here is that even with a migratory pattern, the

behavioral association of coryphaenids with floting debris

probably encourages some fish to "wander off".

Molecular insights from mtDNA suggests that the tropics

are not immune to perturbation, even in today's stable

interglacial climate. Continued surveys of other

circumtropical species linked ecologically to mahimahi (e.g.

flying fish, pelagic squids, tunas, billfish, and even

shorebirds which depend on pelagic fish for food), may reveal

concordant patterns suggesting a strong deterministic

mechanism governing the population dynamics of this tropical

species. Until then, fishery biologists should keep in mind

the possibility that some commercial pelagic populations,

even those in the tropics, may fluctuate naturally on their

own. The question remains as to whether heavy exploitation

is enough to push them to the brink of extinction.



APPENDIX A
DNA Sequence from the Ribosomal Large Subunit in Cellana Mitochondria .

.Species 5' 3 I

10 20 30 40 50 60 70
C. exarata TCAAACCTGC TCAATGATTT TAGTAATTAA ATAGCCGCGG TACCCTGACC GTG-CAAAGG TAGCATAATC
C. sandwichensis A•••••••••••••••••••••••••••• , .- ••••••••••••••••
C. talcosa A. • • • • •• •••••••••• •••••••••• • •• -...... • .•••.••••

C. matzatlandica G••••••••••••••••A •••••••••••••••••••••••••••••• - ••••••••••••••••
C. nigrolineata ???????? C.A............•................. - .............•..
C. tramoserica ????????? A. . . . . .. . .. -...... . .
C. testudinaria 1111?1111? ?1111?1111 1111...... .,. -. . . . .. . .
C. toreuma (Ok) ???11????? ?????????? ????..... .,. -. . . . .. . .
C. toreuma (Bo) ?11111111? ?11?11?11? 11?? - .
C. radiata (Gu) ?11?11???? ???11???11 ??11????11 ?????????? ??11????11 ???-'?????? ????????.
C. radiata (Ok) ?111111?11?? A. TA. . . . . .. .,. -. . . . .. . .
C. radiata (Mar) ?????????? ?? A .TA....... ....•..... . -...... . .
Patella ?????? -- -GA A A T .C.TG - .

Ok=Okinawa, Bo=Bonin Islands, GU=Guam, Mar=Marquesas Islands ?=missing data
- = gaps

~
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C. exarata ACTTGCCTCT
C. sandwichensis .
C. talcosa .
C. matzatlandica .
C. nigrolineata .
C. tramoserica .
C. testudinaria .
C. toreuma (Ok) ..
C. toreuma (Bo) .
C. radiata (Gu) .
C. radiata (Ok) .
C. radiata (Mar) .
Patella T.

APPENDIX A
(Continued)

3 1

90 100 110 120 130 140
TAATTGGTGG CTGGCATGAA GGGTTTAATG AGAATAACAC TGTCTCTTTT TTAATCTATT

•••••••••• •••••••••• •••••••••• •••••• • T ••••••••••••••••••••••
•••••.•••• ••••••.••• •••••••••• •••.•• • T •••••••••••••••••••••.
••.••••••. ••.••...•• •.•••••••• •.•••• • T •••••••••• C ••••••••• C.
•••••••••. •••••••••• •••••••••• •••••• • T •••••••••• C •••••••••••
.••• •A..•.••A.••.•.• A •••• C •••.••..••• A ••••••••.•••••••••••• C

•...•••.•. .••..•.... ••.•••.••. .••... •A•..•...•••• C C ..•••..• C
..•• •A.••.••A.T •..•• T •••••••••••••••• T ••••••••••••••••••••• C
•.•. •A.•••.•A.T •..•. T ....•.•••.•••..• T •.•••...•.•••••••.••• C
•...•••..• . . A.T •••.• T ••.•••.••.•••••• T ••.•••••••.• C ..••...••
•.••••..•. . •A.T ••.•. T •.•••••••••..•••••.•••..••.....••••..••
.•••.•••.• • •A.T .•••• T •••••••.••.•••.••••...•••.••• C •••.•••.•
• • • • . . . • •. • .•• T • . . •• T •• CA. G. •. •A . GC .• T .• • •...• C •CC A •• C .••••.

150 160 170 180 190 200 210
C. exarata GAAACTACCT ACTAGGTGAA AAGGCCTAGA TACTTATACA AGACAATAAG ACCCTATCGA GCTTT--AGG
C. sandwichensis c . .
C. talcosa C •••••••••• •••••••••• •••••••••• •••••••••• • •••••••••
C. matzatlandica C •••••••••••••••••••••• T •••••••••••••••••••••••••••

C. nigrolineata C ••••.•••.•..•••.•••••••.••••••.••••••.••••••••••••

C. tramoserica CT.C •••••••••••••••••••••••••

C. testudinaria C .•••••••••••••••••••• T.C •••• T •••••••••••••••.••••••••• C-- ••.
C. toreuma (Ok) ..•.................••.....•...• T ••••• T •••••••••••••••••••••

C. toreuma (Bo) C •••• T •••••.••.••••••••••.•
C. radiata (Gu) T •••••••••••••••• A ••• T •• T •• T •••••••••••••••••••••

C. radiata (Ok) A.CT. • •• •••••••••• • •••••••••
C. radiata (Mar) A.CT .•••••.•....••...•••.••••..•C-- •••
Patella A.•...•..•..••..• T •••A •. T •• T .•..•.. G ..••.•••G•••.••••• AT .• -

I--'
-..J
I--'



APPENDIX A
(Continued)

· .--.T .
C.-- T ••

C.-- ..•C.C
C.--.T .•••

C.--.T ••••

Species 5'

•••••••• A ••C.GT •• G ••

• T ••••••••

.T ......•.

.T •.......

.T •.......
• T ••••••••

• T ••••••••
.T .
• T .• TA .•• G

3'
260 270 280

ACAC-CTTTA GTTGGGGCGA CTAAGGAACA

230 240 250
TT--ACAAAA CAAAACCAAA AAGATAR--T

• •••••••••••••G.A--.

• •••• T •••• '" .G.A-- •

• .••. T ••••.•••G.A--.

• •••••••••••••A.G--.

• •••• T •••••••• A.T--.

• •••••••••••••• GCTT.

A. ---. • • •• • ••• A. T •••

A.--- ••••••••• A.T •••

• .••• TT •••••••A.T •••

• •••• TA •••••••A.T •••

•••• • TA •••••••A.T •••

---------- --.TTCT-- •

220
C. exarata TTAAAATCTA

C. sandwichensis .
C. talcosa .
C. matzatlandica .
C. nigrolineata .
C. tramoserica .
C. testudinaria .
C. toreuma (Ok) .
C. toreuma (Bo) .
C. radiata (Gu) .
C. radiata (Ok) ..
C. radiata (Mar) .
Patella GCACC A. TTCC----

290
C. exarata AACAAAACTT

C. sandwichensis .
C. talcosa .
C. matzatlandica .
C. nigrolineata .
C. tramoserica .
C. testudinaria .
C. toreuma (Ok) G•••
C. toreuma (Bo ) ••.•.•G.•.
C. radiata (Gu) G•••

C. radiata (Ok) G•••
C. radiata (Mar) .
Patella C

300 310 320 330
CCTACAACAA AAAAYACCAA CAAGTTACGA CCCGGAAAAT

••• • A •••••••••••••••••••••••••••••••• T ••
••• • R ••••••••••••• R •••••••••••••••••• T ••

•• •• A •••••••••••••••••••••••••••••••••••

••• •A ••••••••••••••••••• • C •••• • • • • • • • • • •
• ••• AT •• " ••••••• A ••• T •••••••••••••• G •• C

•• • TAC ••••••••••• A •••••••• GT •• • • • • • • • • • C

" .T ••• T- •••••••••••••••••• T •••••• A •••••

• •• G••• T- ••••••••••••••••••••• '" .A•••••

••• • A •• T-- •• CTT.ATT. A •• A.C.TA. T ••••••• TA

• ••• A ••• - •••C.T •• TC •••••••• T •• T ••••••• TA

• ••• A.GT- •••C.T •• TC. • •••••• T •• T ••••••• TA
T ••• T. TTTT T .--- ••• T. T ••• A • •C.. • .•• -T.T.A

340 350
ATCCGACAAA AGAAAAAAGC

••••• • T ••••• G •••••••

••••• • T •••••••••••••
••••• •T •••••••••••••
••••• • T •••••••••••••

•••••• T •••••••••••••

• .T ••• T •••••••••••• T

• .T ••• T •••••••••••• T

.••..•• -A ••.•••••

.••••.• --- -A ••••••.•

••• TTT---- .A.G ••••••

.....
-....I
N



APPENDIX A
(Continued)

Species 5' 3'
360 370 380 390 400 410 420

C. exarata TACCGTAGGG ATA-CAGCGT AATTTTCTTT GTGAGCTCTT ATTAAAAAGA AAGTTTGCGA CCTCGATGTT
C. sandwichensis - .
C. talcosa - .
C. matzatlandica -...... . .
C. nigrolineata -...... . .
C. tramoserica - .
C. testudinaria - .
C. toreuma (Ok) .. , . . . . . .. .., -. . . . .. . .
C. toreuma (Bo) - .
C. radiata (Gu) - T ••••••••••••••••••••••••••••••••••

C. radiata (Ok) - .
C. radiata (Mar) - .
Patella C A T.. C C TC A .

430
C. exarata GGATTAAGGT
C. sandwichensis .
C. talcosa .
C. matzatlandica .
C. nigrolineata .
C. tramoserica .
C. testudinaria .
C. toreuma (Ok) .•........
C. toreuma (Bo) .•........
C. radiata (Gu) .
C. radiata (Ok) .
C. radiata (Mar) .......•..
Patella G•••

440 450 460
ACCCCAAAGA CGCAGCAGTC TTTAACGGTT GGTTTGTT

......... ......... . . ......... . .......
......... . ......... . ......... . ...... .
. T.. T..... ......... . ......... . ....... .
. T.. T..... ......... . ......... . ..... .
. T.. T....G ........C. .... . G.... ....... .
. T.. T..... ......... . . ....G.... ........
. T.. T..... ....A..... . ....G.... .......
.T.T ...... ......... . . .... AA .. ? ????????

.T ...... ......... . .....AA ... . ..... ??
.T.T ...... ......... . . ....AA??? ????????

.TG.G.G T...... C.C TC.C.G .... .. ??????

f-'
-..J
W



APPENDIX B
DNA Sequence from the Ribosomal Large Subunit in Mollusk MtDNA. Note: Oyster

sequences do not align well with other mollusks so the numbering does not correspond.

Species 5'

HawaiianCellana
C. radiata
Patella
Nerita plicata
Nerita picea

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas

+------+ 3'
10 20 30 40 50 60 70

TCAARCCTGC TCAATGATTT YARTAATTAA ATAGCCGCGG TACCCTGACC GTGCAAAGGT AGCATAATCA

?????????? ?? •••••• A .TA•••••••••••••••••••••••••••••••••••••••••••••••

?????? • • •• • ••••••• -- -GA....... • ••••••• A • ., A •••••• T •C • TG •• A.. • •••••••••
?????????? ??G •••• -- ---C.C •• T. .CG....... •••••••••• •••••••••• • •••••••••

?????????? ?? .G •••• -- ---C.C •• T. .CG....... •••••••••• .C........ • •••••••••

CACAATAA GTGTCAACGG CCGCCTTAGC -GAGGGTGCT AAGGTAGCGA

••••••••.••••••.•.••••.••.• T - •.•••••••••••••••.•
???????? ????? ••••••••• C •••• G••••••••••••••••• -.

80 90 100 110 120 130 140
Hawaiian Cellana CTTGCCTCTT AATTGGTGGC TGGCATGAAG GGTTTAATGA GAATAAYACT GTCTCTTYTT TAATCTAYTG
C. radiata . . . . . . . . . . ......... . .A.T ••••• T •••••••••• ••••• •Y ••• ••••••••• Y ••••••• T ••
Patella •••••• • T •• ......... . ••• T ••••• T •• CA.G •••• A.GC •• T ••• • •••• C.CCA •• C •••• T ••
Nerita plicata T •••••• T •• •••••• A ••• .ACT ••••• T ••• CCG.C •• ..G ••• A ••• ••••• A.ATA •• T.TA.TA.
Nerita picea G•••••• T •• ••••• •A ••• .A.T ••••• T ••• CCG.C •• • .G ••• AG .• •••••A.ATA .TCAA.ATAA

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas

AATTCCTTGC CTTTTGATTG TGGGCCTGCA TGAATGGTTT GACGAGGGCT TTG-CTGTCT CTTGATTTTT

A ••••••• - •••• A •••••••• AA ••••••

Y = T,C R = A,G M = C,A D = A,G,T
+---+ = omitted from analysis

W = A,T = gap
.....
-.l
It>



APPENDIX B
(Continued)

5'
150 160 170

Hawaiian CellanaAAACTA-CCYA CTAGGTGAA AAGGCCTAGA
C. radiata - Y•••••••.•••.•••• R.
Patella - A •••••••••••••••• T.
Nerita plicata T.AA •• T- AA ••••• C•••••••• TT.
Nerita picea .TTTAAT.TA. AC- •••• C •••••••• TT.

+----3 '
180 190 200 210

TAYTTATACA AGACAATAAG ACCCTATCGA GCTTTAGGTT
• .W.YT •• Y ••••••••••••••••••••••••• Y •••••
• .A •• T •• T. • ••••• G. •• • •••• G•••••••••• TA ••
• • A •• T •• T • • ••• G • G. •• • •••• G • T •• • ••••• ATC •
.CTGG •• CT. ., .AG .CTCC G ••••G. T.. • •••••ATC.

start domain v**************
TATTGAAATT GTAGTGAAGG TGAAAATACC TTCATAAGAA AGTTAGACAA GAAGACCCCG TGCAACTTTG

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas

3'

., L •••••••

••• C •••••••• , .G •••••••••• TTA ••

5'---------------------------------------------+

A •••••••••

220 230 240 250
Hawaiian CellanaA--AAATcTA -----TTAYA AAACAAAAY-CAAAAAGADA
C. radiata .-- -----C--T. C •• A •••• T-A ••••••• A •

Patella -TA. GCACC -----A.TTC CC-----------GTTCTT.

Nerita plicata TAATG.A.AT TCTTTTATA. TT. T •• ATTT .TTTTTGCTC.
Neri ta picea TAACG.G .AT CTTTTC---T. T. TTT. TAAATTTATGCTC-

260
RTAYACC-TTT

• T.T ••• - •••

T-A-CTA ••••

CTA-.AGG •••
-TA-.AGA •••

270 280
AGTTGGGGCG ACTAAGGAAC

GG••••••• A •• C.GT •• G.

•A ••••••••• T ••••••••
•A ••••••••• T ••••••••

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas

******************************************************************
AAAAGCTAAG CTGAATTAAT AAGTAAAAGA TTTT-GGGTG GGGCCC-TAAA GAGTAAATTT AACCTCTGTT

•••• -T ••• - •• TT ••• C.G G••••••••••••• TA •••••• , .G.C •• G. A •• c •• G.C •••••• T--C.

Y = T,C R = A,G M = C,A D = A,G,T W = A,T - = gap
+---+ = omitted from analysis *** = oyster variable region f-1

-.J
U1



5'
290

Hawaiian CellanaAAACAAAA-C
c. radiata R-.

Patella A ••• -.
Nerita plicata .. T..CC.G.
Nerita picea .CT.. TC.G.

300
TTCCTAMAAC
..... . A.RY
.CT ... T. TT
.....GA.T.
.....GA.CT

APPENDIX B
(Continued)

+----------------------------------------------------
310 320 330 340 350

AAAA---AAC ACCRACAAGTT----ACGAC CYGGAAWATA TCCGAYAAA
- ... ---CWT .. TY .M.. R.. ----. TR.T .C ....ATA .
TTT.------ T.T A.---- C.T-TA -A TCTTT
T.TT-CGA.A TATCTAT.AA.TAAAC T .CA.C.AT-- G.T .. TC .. -
T.CTTAGA.A TATTTAT.AGTTAAAT T ..A.C.AT-- G.T .. TC .. -

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas

****************************************************** *********en d
GAATTACATA AATTCTGACT AGATTTGACC TGACTTCAGC CGATCATAGG AGAAGTTACG CCGGGGATAA
•••••••••••••••• A •••••••••••••••••••••• T ••••••••••••••••••••••••••••••

....A.. --T .. C TT.C G C.. T.AT.TT .

+
360 370 380 390

Hawaiian CellanaAGRAAAAAGC TACCGTAGGG ATA-CAGCGT AATTTTCTTT
c. radiata -RA•••••••.•••••••.•••• - •.••.•••••..••••
Patella .AAG c A T.. C
Nerita plicata CAA .. CG , .AC A C.TC ..
Nerita picea CAA .. TG .. T AC A A , .C.T .

400
GTGAGCTCTT
• • • • •Y ••••

C •••• TC ..
GA C.A.
GA TC.A .

410 420
ATTAAAAAGA AAGTTTGCGA

••••••• •A •••••••••••

. .CG GA. G..A T..

. . CG , .A .

domain V
CAGGCCAATC CTCTAGTAAA GTTCGTATTA ACTAAAGGGC TTGGCACCTC GATGTTGAAT CAGGGATTAT

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas ••••• T •••••• T ••••• G•••••••••• G G••••••••••• , .A••••• • •••••• A ••

Y = T,C R = A,G M = C,A D = A,G,T W = A,T
+---+ = omitted from analysis

= gap
I-'
-J
0"1



APPENDIX B
(Continued)

1111111111 11111111
?111111111 ?1111111

5'
430

Hawaiian Cellana CCTCGATGTT
c. radiata .
Patella .
Nerita plicata .
Nerita picea .

440
GGATTAAGGT

••••• •G•••
•• •C •• G •••
•• •C •• G •••

450 460
AYCCYAAAGA CGCAGCAGTC
. .. TC .
. C.. TG.G.G T C.CT
. A.TAG G T C.C1
. A.. AG G T C.C1

470
TTTAACGGTT
.....M .

C.C .. G .

3 '
488

GGTTTGTT
. ... ????
.. ?????1

Crassostrea
virginica

Gulf Mex.
Atlantic

gigas

ACCTTTAAGG CGTAGAAGCT TTAATAAGT AG

.G.??????? ?????????? ????????? ??

Y = T,C R = A,G M = C,A D = A,G,T W = A,T
+---+ = omitted from analysis

= gap

f-I
-...l
-...l



APPENDIX C
DNA Sequence from the Ribosomal Large Subunit in Euteleost Mitochondrial DNA

Species
Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

5' 3'
10 20 30 40 50 60

CCA?CCTGCC CGGTGAC-AC CAATTTAACG GCCGCGGTAT CCTGACCGTG CGAAGGTAGC
?????????? ?????????? ?????????G GCCGCGGTAT CCTGACCGTG CGAAGGTAGC
?????????? ??GTGAC-AC TCGTTTAACG GCCGCGGTAT CCTAACCGTG CAAAGGTAGC
?????CTGCC CGGTGACTAT ATGTTTAACG GCCGCGGTAT TTTGACCGTG CGAAGGTAGC
?????????? ?????????? ?????????? ?????????? ?????????? ??????????
?????????? ?????????? ?????????? ?????????? ?????????? ??????????
?????????? ?????????? ?????????? ?????????? ?????????? ??????????
??????TGCC CAGTGACAAC TAGTTCAACG GCCGCGGTAT TTTGACCGTG CAAAGGTAGC
?????????? ?????????? ?????????? ?????????? ?????????? ????????GC
?????????? ?????????? ??????AACG GCCGCGGTAT TTTGACCGTG CAAAGGTAGC
?????????C CGGTAC-TAT AAGTTTAACG GCCGCGGTAT TTTGACCGTG CAAAGGTAGC
?????????? ?????????? ?????????? ?????????? ?????????? ??????????
?????????? ?????????? ?????????? ????????AT TTTGACCGTG CGAAGGTAGC
?????????? ?????????? ????????CG GCCGCGGTAT TTTGACCGTG CGAAGGTAGC
?????????? ??????CTAT GGGTTTAACG GCCGCGGTAT TTTGACCGTG CGAAGGTAGC
CCAGCCTGCC CAGTGACTAC AAGTTCAACG GCCGCGGTAT TTTGACCGTG CAAAGGTAGC

Y = T,C R = A,G ? = missing data - = gap +---+ = omitted from analysis

I-'
-J
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Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

70
GTAATCATTT
GTAATCATTT
GTAATCATTT
GTAATCACTT
GTAATCACTT
????TCACTT
?????CACTT
GTAATCACTT
GCAATCACTT
GCAATCACTT
GCAATCACTT
????TCACTT
GTAATCACTT
GCAATCACTT
GCAATCACTT
GCAATCACTT

Appendix C
(Continued)

80 90 100 110 120
GTCTTTTAAA TGGGGACTTG TATGAATGGT ATAACGAGGG CTTAACTGTC
GTCTTTTAAA TGGGGACTTG TATGAATGGT ATAACGAGGG CTTAACTGTC
GTCTTTTAAA TAGGGACTTG TATGAATGGT GTGACGAGGG CTTAACTGTC
GTCTTTTAAA TGGAGACCTG TATGAATGGC ATAACGAGGG CTTAACTGTC
GTCTTTTAAA TGAAGACCTG TATGAATGGT ATGACGAGGG CTTGACTGTC
GTCTTTTAAA TGGAGACCTG TATGAATGGC ATTACGAGGG CTTAACTGTC
GTCTTTTAAA TGGAGACCTG TATGAATGGC ATTACGAGGG CTTAACTGTC
GTCTTTTAAA TGAAGACCTG TATGAATGGC ATAACGAGGG CTTAGCTGTC
GTCTTTTAAA TGGAGACCTG TATGAATGGC ATCACGAGGG CTTAACTGTC
GTCTTTTAAA TGAAGACCTG TATGAATGGC ACAACGAGGG CTTAACTGTC
GTCTTTTAAA TGAAGACCTG TATGAATGGC ATAACGAGGG CTTAACTGTC
GTCTTTTAAA TGGAGACCTG TATGAATGGC ATAACGAGGG CTCAACTGTC
GTCTTTTAAA TGAAGACCTG TATGAATGGC ATCACGAGGG CTTAGCTGTC
GTCTTTTAAA TGGAGACCTG TATGAAAGGC ATCACGTGGG CTTAGCTGTC
GTCTTTTAAA TGAAGACCTG TATGAATGGC ATACAGTGGG CTTAGCTGTC
GTCTTTTAAA TAGAGACCTG TATGAATGGC TAAACGAGGG CTTAACTGTC

y T,C R = A,G gap +---+ omitted from analysis

f-l
--.J
~



Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Appendix C
(Continued)

130 140 150 160 170 180
TCCTCCCTCT TGTCAATGAA ATTGATCTCC CCGTGCAGAA GCGGGATACT CT----CATA
TCCTCCCTCT TGTCAATGAA ATTGATTTCC CCGTGCAGAA GCGGGATACT CT----CATA
TCCTCTCTCC GGYCAATGAA ATTGATCTCC CCGTGCAGAA GCGGGATAAG CT----CATA
TCCTCTTTCC AGTCAATGAA ATTGATCTCC CCGTGCAGAA GCGGGACAAA TA----CATA
TCCCCCCTCC AGTCAATGAA ATTGATTTCC CCGTGCAGAA GCGGGATAAA AA----CATA
TCCTTTTTCT AGTCAGTGAA ATTGATCTCC CCGTGCAGAA GCGGGATGTA A----CCATA
TCCTTTTTCT AGTCAGTGAA ATTGATCTCC CCGTGCAGAA GCGGGATGTA A----CCATA
TCCTCTATCC AGTCAATGAA ATTGATCTCC CCGTGCAGAA GCGGGGTAAA A----CCATA
TCCCCTCCCC AGTCAATGAA ATTGATCTCC CCGTGCAGAA GCGGG-ATAG TA---CCATA
TCCTCTTTCA AGTCAATGAA ATTGATCTCC CCGTGCAGAA GCGGGATATA AA----CATA
TCCTTTTTCC AGTCAATGAA ATTGATATCC CCGTGCAGAA GCGGGATATT AA----CATA
TCCTTTCTCT AGTCAATGAA ATTGATCTTC CCGTGCAGAA GCGGGCGGAA TGACCCCATA
TCCCATCTCC AGTCAATGAA ATTGACCTCC CCGTGCAGAG GCGGGATAAT TA----CATA
TCCCCTTTAA AGTCAATGAA ATTGATCTCC CCGTGCAGAA GCGGGATAAG ??----CGTA
TCCTCTTTCA AGTCAATGAA ATTGATCTGC CCGTGCAGAA GCGGGACATA AG--CACATA
TCCCCTTTCA AGTCAGTGAA ATTGATCTAC CCGTGCAGAA GCGGGTATAA TA----C-TA

Y T,C R = A,G gap +---+ omitted from analysis

I--'
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Appendix C
(Continued)

Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

190 200
A--GAACGAG AAGACCCTAT
A--GA-CGAG AAGACCCTAT
A--GA-CGAG AAGACCCTAT
A--GA-CGAG AAGACCCTAT
A--GA-CGAG AAGACCCTAT
A--GACCGAG AAGACCCTAT
A--GACCGAG AAGACCCTAT
A-GGA-CGAG AAGACCCTAT
A--GA-CGAG AAGACCCTAT
A--GACCGAG AAGACCCTAT
A-GGA-CGAG AAGACCCTAT
A--GA-CGAG AAGACCCCAT
A--GA-CGAG AAGACCCTAT
AA-GA-CGAG AAGACCCTAT
A--GA-CGAG AAGACCCTAT
CAAGA-CGAG AAGACCCTTT

+---------------
210 220 230 240

GGCGCTTT-A GATACTAA-G GTAGACCATA TTC------
GGAGCTTT-A GATACTAA-G GTAGCCCATA TTC------
GGAGCTTT-A GATACTAA-G GTAGACTAGA TTA------
GGAGCTTT-A GACACCAA-G ACAGATCATG TTA------
GGAGCTTT-A GACGTTA-GA ACAGACCATG TTA------
GGAGCTTT-A GACACCAAGG CATATCATGT CAA------
GGAGCTTT-A GACACCAAGG CATATCATGT CAA------
GGAGCTTT-A GACACTAAGG CAGATCACGT TAA------
GGAGCTTT-A GACGTCAGAG CAGCCCATGT AAA------
GGAGCTTT-A GACACCAAAG A-AGAACTGT CAG------
GGAGCTTT-A GACACCAAGA ACAGACCATG TTA------
AAGACGTGTT GACCCTGTGG TGCTTTAGAC CAAGCAGCAT
GGAGCTTT-A GAC-CTAAAG TAAGTCACGT TTA------
GGAGCTT-AA GATAC-AAGG CGAGTCGT-G TCA------
GGAGCTT-AA GACAC-AAGG CAGAT????? ???------
GGAGCTT-AA GGTAC-AAAA CTCAACCACT AAG-------

y T,C R = A,G gap +---+ omitted from analysis

......
ex>
......



Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Appendix C
(Continued)

----------------------------------------+
250 260 270 280 290
CATAACCCCT TGTTAAAGGA GTAAAATCTA ATGTAATCCT ACCCT---AT
AAGAACCCCT TGTTAAAGGA TTAAAATCTA ATGTAACCCT ACCCT---AT
AATTACTTCA CAACAAAGAA CTAAATCATC ACAACAA--T ACCCT---AT
AAT-ACCCCC TAATAAAGGC CCGAACTTAA TGACCCC-CT GTCCCT-AAT
ATGAACATAA ATTAAATATA AACCTAATGA GTAC----CT GTTCCT--AT
ACA-CCCCTA AACAAAGGAC TAAACCAAAT GAATC---AT GCCCC---AT
ACA-CCCCTA AACAAAGGAC TAAACCAAAT GAATC---AT GCCCC---AT
C---ACTCCA ATAAGGAACA AACT-GAATG TGTC----CT GCTT---AAT
CCACCCC-TT AACAAAGGAA AAAACCAAAT GAAGC---CT GCCCTAATGT
--TAACCCCA CAAGGCTTGA CT-AATTGGA -ATCC---TT CCCTT-AAAT
ACACCCGCAA ATAAAGGACA AAACTCATTG GCC-7---CT GTTCT--AAT
GTTAACTCCC CACCCAAAGC TAACATAATG AGTTAC--CT GTGCTGATGT
ACATGCTAAA TAACAGAAAA AACTTAGTGA TAT-----TT ACTGAAG-TT
ACACCCCTTA AAGGAAATGA ACGAAAGGCT --------CT GCCTTGGAAT
?CACCCCTAG CACCTGATTA CAGTAAATCG CAGTACCGTG ACCATA-TGT
CAACTCAATA AAAAGC-AAA AACCTTGTGG ATCATG--GA TTTTACCT-T

300
ATCTTCGGTT
ATCTTCGGTT
ATCTTCGGTT
GTCTTCGGTT
GTCTTCGGTT
GTCCTTGGTT
GTCCTTGGTT
GTCTTCGGTT
CTTT--GGTT
GTCTTTGGTT
GTTT--GGTT
CTTT--GGTT
GTCTTTGGTT
GCTTC-GGTT
CTTT--GGTT
C-----GGTT

y T,C R = A,G gap +---+ omitted from analysis

1-1
CD

'"



Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Appendix C
(Continued)

+--------------------------------------------------------
310 320 330 340 350 360

G-GGCGAC-A -TGGG----- ----AATAAA TCCC-----A TGCGGAACGG AAATTTATCT
G-GGCGAC-A -TGGG----- ----AATAAA TCCC-----A TGCGGAACGG AAATTTATTT
G-GGCGAC-A -TGGG----- ----AACAAA TCCC-----A TGCGGAACGG AG--CAAACC
GGGGCGAC-A -TGGG----- ---CCACAAA TCCC-----A TGTGGACTGG AGAACAAACC
GGGGCGAC-A -TGGG----- --AATACAAA TCCC-----A CGTGGAATGA GAGAA----
G-GGCGACCG -CGGGG---A AATAAAAAAA CCCCC----A CGTGGAATGG GTG-TA---
G-GGCGACCG -CGGGG---A AATAAAAAAA CCCCC----A CGTGGAATGG GTG-TA---
G-GGCGACCA TTGGGG---A AATAAAAAAA CCCCC----A CGTGGACTGG GAG------
GGGGCGACCG -CGGG----- AAATACAAAA CCCCCC---A TGTGGAGTAG GAA-TAC-AT
GGGGCGACCG -CGGG----- -AAACAAAAA CCCCC----A CGTGGAAAGG GA-------
GGGGCGACCG -CGGGG---- -----AACAA CCCC------ TGTG-ACCGG GAG------
GGGGCGACC- TCGGAGAAG- ---CACAAAA CCTCC----A AGTGGAATAG GAG-TACTAC
GGGGCGACCG -CGGG----- TAAAACATAA CCC------A TGTGGACCGG GA-TATTAT
G-GGCGACC- --GGGG---- AAAGACAAAA TCCACCACCA CATGG----- ---------
GGGGCGACC- TCGGGG---- -AAAATTAAG CCCCC----A TGTGGACTG- ---------
GGGGCGACCA -CGGAGG--- AAAGAAAAAG CCTCC----A GGTGGACTGG ----------

y T,C R = A,G gap +---+ omitted from analysis

I-'
OJ
W



Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
ctiryeopnry« auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Appendix C
(Continued)

----------------------------------------------------------------+
370 380 390 400 410 420

AAGAAATTAT TCTTACCATA AAGCTACTT- -----CCCCA AA---TTAAG AGTGACAA-
AAGAAACTAT TCTTACCATA AAGCTACTT- -----CCCCA AA---TTAAG AGTGACAA-
CTGAAA-TAT CACTTTCACT ATCAAACTT- --CCTCCTCA AA---TTAAG AGTGACAA-
C--AAACCCT TTTCCC-ACA ---------- ---CTCCC-A CAA--GCAAG AGCTACAA-
------CTCC TCCCCTCAAC AA-------C CCCTCTCACA AA---YACAG AG--CCAC--
---------- ---------- ------CCTA CCTACAACCA AA---CC-GG --CTGCA--G
---------- ---------- ------CCTA CCTACAACCA AA---CC-GG --CTGCA--G
---------- ----CACCTT CCCCCTCTTC CCTCCTCCCA AAA--CT-G- AACTG-ACCG
A--------- ---TTCCAAA ---------- ------CCCA AA----CGT- ------CCCG
-CGA------ ---------- ---------- CCCCCTCCTA CAA--CTAAG A-CCGCA--G
---------- ----CAC--- ---------- -CTACCCCCA CAA--CCCAG AGTCACAA--
GCTCG----- ---------- ---------- ----CTCCCA AAAA-~CAAG AGCCACAG-
---------- ---------- ---------- ----CCCCTA ATA--CTCAG AGCCTCTA--
---------- ---TACCA-- -GGCTACTAT AG--CCCTAA AACCTAGACC CACAGGTCTT
---------- ---------- ---------- ----CCCCTA AAG--CC--A AGAGCCACAG
---------- ---------- ---------- -----TCCTA AAA--CC--A AGAGAGACAT

Y T,C R A,G gap +---+ omitted from analysis

I-'
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Appendix C
(Continued)

480
TGCCGATTAA
TGCCGATTAA
TGCCGATTAA
-GCCGATCAA
-GCCGATCAA
-GCCGATCAA
-GCCGATCAA
-GCCGATCAA
-GCCGATCAA
TGCCGATCAA
AGCCGATCAA
-GCCGATCAA
-ACCGATCAA
-GCCGATCGA
-GCCGATCAA
AGCCGATCAA

+-----------------+
430 440 450 460 470

CTCTAAATTA CAGTA--TTT CTGACCATAA AT--GATCCG GCA-----TT
CTCTAAATTA CAGTAC--TT CTGACCACAA AT--GATCCG GCA----C-T
CTCTAAGTTA CAGTAC--TT CTGACCACAA AT--GATCCG GCAA-----
CTCTAACTAA CAGAATC--T CTGACCTCTA AC--GAT--- GCTTCC---
CTCTAATAAC CAGAA--TTT CTGACCAAAA AT--GAT--G GCCA--AC-
CTCTAAAAAA CAGAATATAT CTGACC-AAT AA--GATCCG GCA---AC-
CTCTAAAAAA CAGAATATAT CTGACC-AAT AA--GATCCG GCA---AC-
CTCTAATTAA CAGAAA--TT CTGACCAAAA AT--GATCCG GCA---AC-
CTCTAATGAA CAGAAA--TT CTGACC-AAT AA--GAT--G GCCA-CAC-
CTCTAATTAA CAGAATA--T CTGACCAATT C---GATCCG GCAA-----
CTCCAAGTAA CAGAAC--TT CTGACCAACA A---GATCCG GCA--CAT-
CTCAAACTAA CAGAAC--TT CTGACCAACA AACAGATCCG GCTTACAT-
CTCCAAGTAA CAGAAA--TT CTGA-CTTTT CT--GATCCG GTATA----
GTCACAGTAA --------TT CTGACCACCA AA--GAGCCG GCA---AT-
CTCTAAGCAC CAGAATA--T CTGACCAAAA AT--GATCCG GCAA--AC-
CTCTAAGC-A CAGAACA--T CTGACCAAAT AT--GATCCG GCAATCACAT

Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

y T,C R = A,G gap +---+ omitted from analysis

.....
co
01



Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax

Chrysophrys auretus
Lutjanidae

Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

490
CGGACCAAGT
CGGACCAAGT
CGAACCAAGT
CGGACCAAGT
CGGACCAAGT
CGGACCGAGT
CGGACCGAGT
CGGACCAAGT
CGGACCGAGT
CGGACCGAGT
CGGACC?AGT
CGGACAGAGT
CGAACCGAGT
CGGACCGAGT
CGGACCGAGT
CGAACCAAGT

Appendix C
(Continued)

500 510 520
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTACCC ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCCCTTA
TACCCTAGGG ATAACAGCGC AATCCCCTTT
TACCCTAGGG ATAACAGCGC AATCCTCTTC
TACCCCAGGG ATAACAGCGC AATCCCCTTC
TACCCTAGGG ATAACAGCGC AATCCCCTCT
TACCCTAGGG ATAACAGCGC AATCCTCTCC
TACCCTAGGG ATAACAGCGC AATCCTCTCC
TACCCTAGGG ATAACAGCGC AATCCTCTCC

530
TAGAGCCCAC
TAGAGCCCAC
TAGAGCCCGC
TAGAGCCCAT
TAGAGCCCTT
TAGAGCCCAT
TAGAGCCCAT
TAGAGCCCAT
AAGAGCCCTT
TAGAGCCCAT
TAGAGCCCAT
AAGAGCCCAT
CAGAGCCCAT
CAGAGCCCTT
CAGAGTCCCT
CAGAGTCCAT

540
ATCAACAAGG
ATCAACAAGG
ATCAACAAGG
ATCGACAAGG
ATCAACGAGG
ATCGACGAGG
ATCGACGAGG
ATCGACGAGG
ATCGACAAGG
ATCGACAAGG
ATCGACGAGG
ATCGACAAGG
ATCGACGAGG
ATCGACGAGG
ATCGACGAGG
ATCGACGAGG

y T,C R = A,G gap +---+ omitted from analysis

I-'
ex>
0'\



Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus obesus
Thunnus albacares
Tetrapturus audax
Chrysophrys auretus
Lutjanidae
Nanochromis nudiceps
Chromis vanderbilti
Ophiodon elQngatus
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Appendix C
(Continued)

550 560 570 580
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTATTGG TG
GGGTTTACGA CCTCGATGAA GGATCAGGAC ATCCTATTGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATGGTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGAC 1111111111 11
GGGTTTACGA CCTCGATGTT GGATTAGGA- 1111111??? ??
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTGATGG TG
GGGTTTACGA CCTCGATGTT GGATCAGGA- ?1?1?11111 11
GGGTTTACGA CCTCGATGTT GGATCAGGAC ATCCTAATGG TG

y T,C R = A,G gap +---+ omitted from analysis

I-'
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Appendix D
DNA Sequence from Cytochrome b in Euteleost Mitochondria (222bp).

Numbers reference amino acid sequences of mammals from Irwin et ale (1991).

3'
60
A T+

GCC ACG
•• A

•• A '"

.M '"
T.T G.C
.M T.A
.M T.A
.M T.A
•• A •• A

•• A •• A
•• A •• A

•• G •• R

I
ATT

..C T....T ..C .A ...A
•• T •• C T.C ., •••• T.A •• A

•• C T •••..••• T.A •. C

55
Y T+ A+ D

TAC ACA GCA GAC
•• T

.. G•• T •• G
T.A .• C
•• A •• C

.,. GCT .• C •• C

.. T .. T .. C .. G

•• T •• A •• C •• C •• A

Species 5'
45 50

Percomorphs: I L T+ G+ L+ F L+ A+ M H
Coryphaena hippurus ATC TTG ACA GGA CTC TTC CTC GCA ATA CAC
Coryphaena equiselis .....A •••.• G •. A ••.•• A •• C •• G •• T
Rachycentron canadum .. T C.A .••.• C •• G •. T •• T •• C ••••• T •••••• T •••••••C
Caranx hexfaciatus C.T C.A ., •••..• A .• T •• A •• C •••••••• T •. C T •••• T •• C
Remora remora A.C •• C .• C •. A •• T •• T •• T ••.•• T ••••• G .• G •• T •• C
Thunnus thynnus C.T , .. A C C.T .. T G.C
Thunnus obesus C.T A .. , '" G '" .. C C.T .. T G.C
Thunnus albacares .. , C.T .. , .. , .. A C C.T •• T G.C
Makaira nigricans ... C.T .. , .. C .. T '" T Y .. C T ....C .. C
Tetrapturus audax .,. C.T .• , •. C .• T .••••••• T '" .•.•..••C T.G ., ••• C
Istiophorus platypterus ." C.T C .. T T .. G C T C
Xiphias gladius ... C.C , .. G .. T T T '" T C
Ophiodon elongatus 17: C.A ••••• T •• A •• T •• A ••••••••• C.T •• C T ••
Chrysophrys auretus .. T G.T •• C •• T •• T C.G •• A •• C .C •••••••••• '" ••••CC M. CTA
Hemichromis C C A C T.T •• T .. C A A
Cichlasoma citrinellum "T tlA .. ,C tiT. tiT.""." "T T.C tiT "C tlA "A
Outgroups:
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Y = T,C R = A,G + = 4-Fold Degenerate Site
Bold Letters = Conserved Amino Acids

I-'
ex>
ex>



Appendix D
(Continued)

65 70 75
Pereomorphs: A+ F p+ s+ v+ A H I C R+ D v+ N Y G+ W L+

Coryphaena hippurus GCT TTC CCC TCY GTC GCC CAT ATT TGC CGG GAT GTR AAC TAC GGR TGA eTA
Coryphaena equiselis .. . .. . •. T •• T •• T ••• •• c •.. ... ..A •• , •• A ••• •• T •• A ••• T ••
Rachycentron canadum ... ••• T.A •. C ••. ... ..c •.• •. T •• A ••• •. T •• T •. T •• c .• G •• T
Caranx hexfaciatus .. C ... T. A .. C .• A • TT •. C •• C .• T ., T .• , •• A •• T .,. • .C
Remora remora ... •.. T.A •• T .• G .. G •• C ••• .• T .,. ..C •• A '" ..T •• C
Thunnus thynnus •• C ••• G •. •• A .• A •.• ..C ••• ... ..A •.• •• C ••• .T • .. T ... • .C
Thunnus obesus .. C .•• G.• .. A .. A ••. ..C ••• " . ..A ••. •• C ••• .T • •. T .•• • .C
Thunnus albacares •. C ••• G•. .. A .• A .•. ..C ••. .. . ..A .• , .. C '" .T . •• T ••• · .C
Makaira nigricans •• c ••• A.A .• c .. A .•• ... •• c •.• • jA •. C •. G .• T ., • .• c '" • .C
Tetrapturus audax •. c •.. A.A .. c •• A ••• •• C •• c '" ... •• C •• G •• T ••• •• C '" • .C
Istiophorus platypterus .. c '" A.A •. c •. A ..• .. c .. c •.. ., . ..e .• G .. T ., • .• e ..• • .C
Xiphias gladius •• Y •• T A.A .. C •. A •• A •• , .• c '" •• A ••• •• A •• T .,. ..A ••• • .C
Ophiodon elongatus c .• •. T A.A .. C ••. A.A •• , CC. G•• •• A ••. •. G •• T ., • ..C ••• • .T
Chrysophrys auretus " . •.• T •. •• T •• A ..• .. C •• A ••. ..C .. C .. A C.A .T. • .C
Hemichromis •• A •.• T.A •• C •• T •• T •• C ••• .• T •• A •• C •• A •• T ., • •• C ..• • .C
Cichlasoma citrinellum .. c .. T T.A "c .. , .. . .. c . ,c ., . .. A .. , .. A ... .. T .. c ., . . ..
Outgroups:
Lampanyctus .. . ••• T.A •• A ••• A.T .• C .• C ••• •. A •• , •• c •• T •.• ..A .CA
Oncorhynchus tshawytsch ... •• T T •• •. T ••• TG • .• C ••• " . ..A ••• •• A .GT .,. • .C
Cyprinus carpio •• A ••• T.A .• T •• T A •• •• C •• C ••• •• A •• C •• A •• T ••• • .C

Y = T,C R = A,G + = 4-Fold Degenerate Site
Bold Letters = Conserved Amino Acids

I-'
00
~



Appendix D
(Continued)

o oT Ao 0 ooT
.. T .. C A.T .. T

o oC ooT 0 oC A o 0

CoT CAT ooC

o oT

o oA oTC
o oA ooA ooT
o.A •• A

o.T ooG 0 oT AoG ooC ..«
o oT ooA .oT 0.0 .oC ooC

o oT Go 0 .oC ooC

80 85 90 95
Percomorphs: I a+ N L H A+ N G+ A+ v" F F FIe V Y

Coryphaena hippurus ATC CGT AAC CTA CAT GCT AAC GGR GCT TCA TTC TTC TTT ATC TGY GTC TAC
Coryphaena equiselis 000 ooA 000 ooG ooY 000 000 ooA ooC 00. 000 • 0 0 "0 ., ••• T .oT
Rachycentron canadum C.T o.C .0' '" "0 •• 0 •• T •• C .oC .oC •• 0 0 ...... , ••• T o.T o.T
Caranx hexfaciatus .. T o.G .. T Ao 0 •• T •• T •• C o.T • o' • oT .oC •• T •• T C.T
Remora remora .....A •• T A. o .. 0 0.0 •• T •• A o.C A.G .. 0 0 •• GoA .. C AoT
Thunnus thynnus 00. ooG • 0 0 •• C •• C o.A 0.0 ooG ooC ooT 000 000 • 0 0 o' 0 ooT Ao 0

Thunnus obesus . o••• G •. , •• C •. C •. A •• , .oG ooC . oT •• 0 ••••••••• o.C
Thunnus albacare .....G .. 0 •• C .. C •• A .. 0 .. G o.C .. T 0" .. 0 .. 0 .. 0 .. C A ..

Makaira nigricans o.T ooA 0 oT A. 0 000 .oC 000 .oC ooA ooT 000 000 o. 0 000 ooC Ao 0

Tetrapturus audax . oT • oA •. T Ao. 000 ooC 000 ooC .oA ooT 00' •• 0 .oC 0.0 •• c A.T

Istiophorus platpyterus .. T .. A .. T A.. 0 ....C .. 0 .. C .. A • oT .. 0 o. 0 .. 0 .. 0 .. C AoT
Xiphias gladius o. 0 •• A •. 0 A.G ooC •• C 00' ooC ooA ooC 000 0 •• o.C .00 0 oC AoT
Ophiodon elongatus o.T 0 •••• T A.G .•.•• C •• , ooA ooA .oT 000 ••• ooC .00 0 oC Ao 0 o.T
Chrysophrys auretus 0 •• 0 ••• 0 0 .oC 00. o.A 000 ooA ooC ooe 00' 0" • oC .0 •• oC A. 0

Hemichromis .. 0 ..A 0" A.o .. 0 .. C 0 ....C .. A .. C .. 0 .. 0 .. 0 .. 0 • oT A.T
Cichlasoma citrinelllJm T A••.• C .• C ••.•• e •• A •• e •. T ••••••.• T •. C A•••••

Outgroups:
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Y = T,C R = A,G + = 4-Fold Degenerate Site
Bold Letters = Conserved Amino Acids
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Appendix D
(Continued)

100 105 110
Percomorphs: F H I G+ R+ G+ L+ Y Y G+ s+ y L+ Y K E T+

Coryphaena hippurus TTC CAC ATY GGT CGA GGC CTG TAC TAY GGG TCC TAC CTA TAC AAG GAA ACC
Coryphaena equiselis .. . •• T •• C •• , .. . .. . ... ... •• T ••• •• T ••• •• C ••• •• A •. G .• T
Rachycentron canadum C.T ••. •. T •• , .. . ... •• T •• , .• C •• C •. T .• , T •• •• T •. A •• , • .T
Caranx hexfaciatus A.G •• T .• T .•c ... .. T •. C .• T .. c ..c .. T •• T .. T .TT GTA •• G •• A
Remora remora .. . .. T •. T .• , •. C •. T .. A ..• •. T •. A •. A •. , •. C A .• ... ..G •• T
Thunnus thynnus ... .. . .. C .. C ..• •. A •• T •• , .• C .. C •• T •• , ... .. . •• A •• , •• A
Thunnus obesus .. . ... .• C •• C ••. .• A .. T •• , .. c .. c .. T ••. . .. .. . ..A •• , · .A
Thunnus albacare ... .. . .. C •. C ... .. A .. T .. , .. c .. c .. T ... . .. .. . . , . .. . · .A
Makaira nigricans C •. •. T •. C •• , .. . ... •• C •• , .. T •. C .. T ..• . .. ..T •• A •.. • .A
Tetrapturus audax c .. •. T •• C •• , .. . ... •• C •• , •• T •• C •. T •• , •.. G •• T .• A •• G •. A
Istiophorus platpyterus c .. •• T •• T •. C ••. ... •• C .• , ..C .• C •• T .• , " . .• T •• A •• , •• A
Xiphias gladius c .. ... ..T •• C ••• .. T .• T .• , •• T •. C •.• .• T '" ... •• A ••. • .A
Ophiodon elongatus C.T ... .. T .. c .. T •. T T.A •. T .• c .. c .. A •• T ... ... ..A ••. • .T
Chrysophrys auretus C.A .•• .. C .• C ..• .. A A.C •. , .. c .. C .• A .• , ••• A •• • •A
Hemichromis C.T ••• .• T .• C ••. •. A •• A ••• •• C •• T •• A •• , •• C •• T •• A ••• • .A
Cic1llasiLm~itrinellum C.T ••• •• T •. C ••• •. A •• A •• C~.~_._._~_._T~~___.~. ~._.A

Outgroups:
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

A.G •••••c .. A

A.A •• T •• c .CG
A.A .••.•C .CC

•• A •• T

•• A
•• A

•• C •• C

•• T •• C
.. c .. A •• A

•• C
•• T

•• A
•• A

Y = T,C R = A,G + = 4-Fold Degenerate Site
Bold Letters = Conserved Amino Acids

f-'
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Percomorphs:
Coryphaena hippurus
Coryphaena equiselis
Rachycentron canadum
Caranx hexfaciatus
Remora remora
Thunnus thynnus
Thunnus obesus
Thunnus albacare
Makaira nigricans
Tetrapturus audax
Istiophorus platpyterus
Xiphias gladius
Ophiodon elongatus
Chrysophrys auretus
Hemichromis

Appendix D
(Continued)

115
W N I G+ v+ v+
TGA AAC ATY GGA GTA RTT

•• T •• T •• , .•• G.C

.. T .CC ..... T A..
•• C •• , •• T G ••

•• T .CA •. , •. T G ••
•• C •• , ••• G ••

•• C .• , ••• G.A
•. C •• , .•. G.A
G.G •. Y •• C G.C
G.A •. T ••• G.C
G.G •• T •• C G.C

..G .. T .. T .. , .. T G..
.• T .CC •.• '" A.C

.GT T ••.•• A.C
•. C •. , .. C A.C

Cichlasoma citrinellum ..... T G.A .. T G..

Outgroups:
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

G.G •• T •• T G ••
•• T •• T •• G •• G G.A

•• T •• T ••• G.C

Y = T,C R = A,G + = 4-Fold Degenerate Site
Bold Letters = Conserved Amino Acids

f--'
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I A T G L F LAM H Y T S DID T A F S S v T H I C R D V N Y G S L
I LTG L F LAM H Y T S DIS T A F S S v CHI C R D V S Y G W L
I LTG L F LAM H Y T S DIS T A F S S V T H I C R D V N Y G W L

APPENDIX D
(Continued)

Amino Sequence from a 222bp Region of Cytochrome b in Euteleost Fish.

o 0 0 0 0 0 0
Species 4 5 5 6 6 7 7

Pecormorpbsg 5 0 5 0 5 0 5
Coryphaena hippurus I LTG L F LAM H Y TAD I A T A F P 5 V A H I C R D V N Y G W L
Coryphaena equiselis I LTG L F LAM H Y TAD I A T A F P 5 v A H I C R D V N Y G W L
Rachycentron canadum I LTG L F LAM H Y T 5 D I A T A F 5 S V A H I C R D V N Y G W L
Caranx hexfaciatus L LTG L F LAM H Y T S DIE T A F S S v v H I C R D V N Y G W L
Remora remora I I T G L F LAM H Y TAD I 5 A A F 5 5 V A H I C R D V N Y G W L
Thunnus thynnus I LTG L F LAM H Y T P D V E S A F A S V A H I C R D V N F G W L
Thunnus obesus I LTG L F LAM H Y T P D V E S A F A S V A H I C R D V N F G W L
Thunnus albacares I LTG L F LAM H Y T P D V E S A F A S V A H I C R D V N F G W L
Makaira nigricans I LTG L F LAM H Y T 5 D I A T AFT 5 V A H I C R D V N Y G W L
Tetrapturus audax I LTG L F LAM H Y T S D I A T AFT S V A H I C R D V N Y G W L
Istiophorus platypterus I LTG L F LAM H Y T S D I A T AFT S V A H I C R D V N Y G W L
Xiphias gladius I LTG L F LAM H Y T S D I A T AFT S V A H I C R D V N Y G W L
Ophiodon elongatus ? LTG L F LAM H H T 5 D I A T P F T 5 V T H P G R D V N Y G W L
Chrysophrys auretus I v T G L L L A THY TAD T N L A F S S V A H M C R D V Q F G W L
H~i~~~s ILTGLFLAMHYTSDITTAFSSVAHICRDVNYGWL
Cichlasoma citrinellum I LTG L F LAM H Y T S D I A T A F S S V A H I C R D Y N Y G W L

Outgroupag
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Numbers = Amino Acid Position in Cyt B Gene Bold Letters = Conserved Amino Acids

I-'
'-0
W



I R N M HAN G V S L H F I C I Y M H I G R G L Y Y G S Y L Y K E T
IRNLHANGASFFFICIYMHIARGLYYGSYLYKET
IRNVHANGASFFFICIYMHIARGLYYGSYLYKET

APPENDIX D
(Continued)

o 0 0 0 1 1 1
Species 8 8 9 9 0 0 1
Peco1rllorpha a 0 5 0 5 0 5 0

Coryphaena hippurus I R N L HAN GAS F F F I C V Y F Ii I G R G L Y Y G S Y L Y K E T
Coryphaena equiselis I R N L HAN GAS F F F I C V Y F H I G R G L Y Y G S Y L Y K E T
Rachycentron canadum L R N L HAN GAS F F F I C V Y L H I G R G L Y Y G S Y L Y K E T
Caranx hexfaciatus I R N M HAN GAS F F FIe L Y M H I G R G L Y Y G S Y L F VET
Remora remora I R N M HAN GAS M F F V C I Y F H I G R G L Y Y G S Y L N K E T
Thunnus thynnus I R N L HAN GAS F F F I C I Y F H I G R G L Y Y G S Y L Y K E T
Thunnus obesus I R N L HAN GAS F F F I C V Y F H I G R G L Y Y G S Y L Y K E T
Thunnus albacares I R N L HAN GAS F F F I C I Y F H I G R G L Y Y G S Y L Y K E T
Makaira nigricans I R N M HAN GAS F F F I C I Y L H I G R G L Y Y G S Y L Y K E T
Tetrapturus audax I R N M HAN GAS F F FIe I Y L H J: G R G L Y Y G S Y L Y K E T
Istiophorus platypterus I R N M HAN GAS F F F I C I Y L H I G R G L Y Y G S Y L Y K E T
Xiphias gladius I R N M HAN GAS F F F I C I Y L H I G R G L Y Y G S Y L Y K E T
Ophiodon elongatus I R N M HAN GAS F F F I C I Y L H I G R G L Y Y G S Y L Y K E T
Chrysophrys auretus I R N L HAN GAS F F FIe I Y L H I G R G I Y Y G S Y L N K E T
Hemichromis I R N M HAN GAS F F F I C I Y L H I G R G L Y Y G S Y L Y K E T
Cichlasoma citrinellum I R N M HAN GAS F F FIe I X L H I G R G L Y Y G S Y L Y K E T

Outgr01ilp!J3
Lampanyctus
Oncorhynchus tshawytsch
Cyprinus carpio

Numbers = Amino Acid Position in Cyt B Gene Bold Letters = Conserved Amino Acids

I-'
~
~



APPENDIX D
(Continued)

1
Species 1

Percomorphag 5

Coryphaena hippurus W N I G V V
Coryphaena equiselis W N I G V V
Rachycentron canadum W N T G V I

Caranx hexfaciatus W N I G V v
Remora remora W N T G V v
Thunnus thynnus W N I G v v
Thunnus obesus W N I G V v
Thunnus albacares W N I G V V
Makaira nigricans W N V G V V

Tetrapturus audax W N V G V V

Istiophorus platypterus W N V G V v
Xiphias gladius W N I G V v
Ophiodon elongatus W N T G V I
Chrysophrys auretus W N S G V I

Hemichromis W N I G V I
Cichlasoma citrinellum W N Y G Y Y

Outgroupll:l
Lampanyctus W N V G V v
Oncorhynchus tshawytsch W N I G V v
Cyprinus carpio W N I G V V

Numbers = Amino Acid position in Cyt B Gene Bold Letters = Conserved Amino Acids
Single Letter Amino Acids follow conventional code.

I->
~

U1



APPENDIX E
E.1 : Distance Matrix for Two Euteleost Mitochondrial Genes. Percent sequence

divergence is shown. Cytochrome b above diagonal, 16s (excluding all questionable
regions) below diagonal.

Cytochrome b
:raxa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15* 16* 17 18 19

1.) ** 15 28 44 36 24 24 23 27 30 29 25 34 34 28 28 37 32 27
2. ) 2 ** 28 41 32 30 29 32 34 33 35 32 44 45 33 35 47 31 28
3. ) 5 5 ** 30 38 36 37 38 28 31 27 27 31 47 25 25 45 42 39
4.) 13 14 14 ** 47 37 39 39 31 29 28 31 39 58 31 31 42 42 35
5.) 17 17 16 13 ** 56 58 53 39 34 38 37 52 55 33 33 59 48 37
6.) -- -- -- -- -- ** 1 1 25 27 25 28 45 33 26 29 36 39 38
7. ) 18 19 19 13 17 -- ** 1 26 28 25 29 46 34 29 30 37 40 39
8. ) 18 19 19 13 17 -- 0 ** 25 27 26 28 45 33 28 29 36 39 38
9.) -- -- -- --- -- -- -- -- ** 4 3 18 31 42 20 21 35 32 26

10.) 15 16 15 12 13 -- 8 8 -- ** 5 21 35 43 21 22 38 33 26
11.) -- -- -- -- -- -- -- -- -- -- ** 19 32 42 18 20 34 34 26
12.) -- -- -- -- -- -- -- -- -- -- -- ** 25 46 24 22 38 36 34
13.) -- -- -- -- -- -- -- -- -- -- -- -- ** 50 30 33 46 42 32
14.) 21 23 21 18 20 -- 13 13 -- 13 -- -- -- ** 38 45 51 45 32
15.)*17 17 17 10 13 -- 13 13 -- 12 -- -- -- 17 ** J.9 38 35 25
16.)*26 27 28 21 26 -- 19 19 -- 20 -- -- -- 18 19 ** 34 29 23
17.) 22 22 21 19 23 -- 18 18 -- 17 -- -- -- 18 16 27 ** 39 34
18.) 20 21 21 19 19 -- 13 13 -,- 13 -- -- -- 16 13 21 16 ** 21
19.) 23 24 21 21 23 -- 18 18 -- 17 -- -- -- 19 16 24 22 15 **

16s Ribosomal DNA
KEY:
1.) Coryphaena hippurus 11.) Istiophorus platypterus
2.) Coryphaena equiselis 12.)Xiphias gladius
3.) Rachycentron canadum 13.)Ophiodon elongatus
4.) Caranx hexfaciatus 14.)Chrysophrys auretus
5.) Remora remora 15.)*Hemichromis (Nanochromis nudiceps below diagonal)
6. ) Thunnus thynnus 16.)*Cichlasoma citrinellum (Chromis vanderbilri below diagonal)
7. ) Thunnus obesus 17. ) Lampanyctus
8. ) Thunnus albacares 18.) Oncorhynchus tshawytscha
9.) Makaira nigricans 19.)Cyprinus carpio I-'

\0
10.) Tetrapturus audax ---- Not Assayed for 16s (j)



APPENDIX E
E.2: Euteleost Four-fold Synonomous Sites in Cytochrome b. Out of 222 bp, 32 four

fold synonomous sites were found.

A T A A A C A G T A C C A G C T T C A A T C T T A C A A T A A C
C C C G A C A A T A A C A C A A G C A C A A A A T C C ACT T T

C G C A C C CAT C T C A A C A A C A A T G A A G C C C C G G A

CCAACCACAATTAACATCAAACACAAATCTAC

Species
000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 111 1 1 1 1 1 1
4 4 4 5 555 6 6 6 667 7 778 8 8 8 8 9 0 0 0 0 0 0 1 1 1 1
7 8 9 1 2 6 7 1 2 4 5 613 680 4 6 7 890 1 2 5 682 678

Perciforms T G L L A TAT A P S V R V G L RAG A V G R G L G S LTG V v
Coryphaena hippurus A A C C A A A G T C Y C G R RAT T R TAT A C G G C A C A A T
Coryphaena equiselis A G A A C A A G T T T T A A A A A T A CAT A C G G T C T A A C
Rachycentron canadum A C G T C A A G TAT CAT C T C T C C C T ACT C TAT A T T
Caranx hexfaciatus A A A Ace A G C A CAT A C A G T T C T CAT C C T T A A T T
Remora remora C CAT T G G C TAT G G A C A A T T ACT C T A A ACT A T T
Thunnus thynnus A A A CAe T Ace A A ACT eGA GeT C A ATe T A A A A T

Thunnus obesus A A A C ACT A C C A A ACT C GAG C T C A A T C T A A A A A
Thunnus albacares A A A C ACT A C C A A ACT C GAG C T C A A T C T A A Y A A
Makaira nigricans ACT C T C A A C A C A A G C C A C CAT T A C C C T A A T C C

Tetrapturus audax ACT C T C G A C A C A G G C C A C CAT T A C C C T GAT A C
Istiophorus platypterus ACT eTC A A C A C A G G C CAe CAT C A C C C T A A A C C
Xiphias gladius A A G C T A A R Y A C A A A A C A C C A C CAT T C C A A A T T
Chrysophrys auretus c T T A C A A ATe T A C A CAT A Ace C A Ace A A C A A C
Hemichromis A C C A ACT A A ACT A A C C A C C A C C A A A T A C A A C C
Cichlasoma citrinellum ACT TAT CAe Ace A A CAT C CAe C A A Ace T A A T T

outgroups:
Ophiodon elongatus
Lampanyctus
Oncorhynchus tshawytscha
Cyprinus carpio

Bold Letters
R = A or G

Amino Acids
Y = T or C

Numbers = Amino Acid Position in Mammals

I-'
~
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APPENDIX E
E.3: Transversions at Four-fold Synonymous Sites in Fish Cytochrome b. Number of

transversions (out of 32) above diagonal, percent of four-fold sites with transversion
below diagonal. Note: saturation occurs at 50%.

Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1.) Coryphaena hippurus ** 5 12 16 16 15 16 17 16 15 15 13 12 13 18 12 14 14 14
2.) Coryphaena equiselis 16 ** 13 11 13 16 17 18 17 16 16 12 13 14 17 14 15 11 11
3.) Rachycentron canadum 38 41 ** 10 12 13 14 15 8 9 7 7 10 13 14 11 14 18 16
4.) Caranx hexfaciatus 50 34 31 ** 12 13 14 15 8 9 7 7 14 13 12 11 16 14 16
5.) Remora remora 50 41 38 38 ** 21 22 23 12 13 11 11 12 15 14 13 20 16 10
6.) Thunnus thynnus 47 50 41 41 66 ** 1 2 13 12 12 12 15 14 15 14 15 14 23
7.) Thunnus obesus 50 53 44 44 69 3 ** 1 14 13 13 13 16 15 16 15 16 14 24
8.) Thunnus albacares 53 56 47 47 72 6 3 ** 11 12 14 14 17 16 17 16 15 15 23
9.) Makaira nigricans 50 53 25 25 38 41 44 34 ** 1 1 5 12 15 .10 9 14 16 16

10.) Tetrapturus audax 47 50 28 28 41 38 41 38 3 ** 2 6 11 14 11 10 15 15 15
11.) Istiophorus platypterus 47 50 22 22 34 38 41 41 3 6 ** 4 11 14 9 8 15 15 17
12.) Xiphias gladius 41 38 22 22 34 38 41 41 16 19 13 ** 13 16 13 12 17 17 19
13.) Ophiodon elongatus 38 41 31 44 38 47 50 53 38 34 34 41 ** 14 11 11 16 14 10
14.) Chrysophrys auretus 41 44 41 41 47 44 47 50 47 44 44 50 44 ** 17 16 15 13 15
15.) Hemichromis 56 53 44 38 44 47 50 53 31 34 28 41 34 53 ** 5 16 12 14
16.) Cichlasoma citrinellum 38 44 34 34 41 44 47 50 28 31 25 38 34 50 16 ** 15 11 15
17.) Lampanyctus 44 47 44 50 63 47 50 47 44 47 47 53 50 47 50 47 ** 14 16
18.) oncorhynchus tshawytsch 44 34 56 44 50 44 44 47 50 47 47 53 44 41 38 34 44 ** 14
19.) Cyprinus carpio 44 34 50 50 31 72 75 72 50 47 53 59 31 47 44 47 50 44 **

I--'
~

ex>



APPENDIX E
E.4: Amino Acid Replacements in Euteleost Cytochrome b. Number of substitutions above

diagonal.

Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1.) Coryphaena hippurus * 1 6 11 11 8 6 8 7 6 6 6 13 17 8 7 14 9 9
2.) Coryphaena equiselis ** 6 9 10 7 5 6 6 6 6 5 12 15 7 6 13 8 8
3.) Rachycentron canadum ** 9 10 11 8 10 6 6 6 6 9 15 5 5 13 9 9
4.) Caranx hexfaciatus ** 12 11 11 12 9 8 9 8 13 20 8 8 12 9 8
5.) Remora remora ** 10 12 10 10 10 10 10 14 16 10 9 13 12 11
6. ) Thunnus thynnus ** 1 0 9 9 9 8 15 15 9 8 14 9 8
7.) Thunnus obesus ** 1 10 10 10 9 16 15 10 8 16 11 11
8.) Thunnus albacares ** 9 8 9 8 15 15 13 8 9 8 9
9.) Makaira nigricans ** 0 0 1 7 16 4 1 9 8 7

10. ) Tetrapturus audax ** 0 1 7 16 4 1 9 8 7
11.) Istiophorus platypterus ** 1 7 16 4 0 9 8 7
12.) Xiphias gladius ** 7 16 3 2 10 7 6
13.) Ophiodon elongatus ** 19 8 8 14 13 11
14.) Chrysophrys auretus ** 14 15 21 17 18
15.) Hemichromis ** 3 10 7 6
16.) Cichlasoma citrinellum ** 8 7 6
17.) Lampanyctus ** 11 9
18.) Oncorhynchus tshawytsch ** 3
19.) Cyprinus carpio **

t->
~

~



APPENDIX E
E.5: Transversions at Four-fold Synonymous Sites in Mammal Cytochrome b. Number of

transversions (out of 37) above diagonal, percent of four-fold sites with transversion
below diagonal. Note: saturation occurs at 50%. Data from Irwin et al. (1991)

Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13
1.) Cow ** 4 5 6 5 5 8 13 12 14 8 13 17
2.) Sheep 11 ** 1 4 3 5 8 15 11 12 12 13 19
3.) Goat 14 3 ** 5 4 6 9 16 13 11 13 12 18
4.) Pronghorn 16 11 14 ** 5 3 8 13 9 14 12 13 17
5.) Giraffe 14 8 11 14 ** 4 5 12 11 13 13 16 20
6.) Fallow Deer 14 14 16 3 11 ** 7 12 11 15 13 12 18
7.) Black-tail Deer 22 22 24 22 14 19 ** 17 16 16 12 19 19
8.) Dolphin 35 41 43 35 32 32 46 ** 7 15 17 13 16
9.) Pig 32 30 35 24 30 30 43 19 ** 16 16 11 19

10.) Elephant 38 32 30 38 35 41 43 41 43 ** 16 15 16
11.) Rat 22 32 35 32 35 35 32 46 43 43 ** 15 10
12.) Mouse 35 35 32 35 43 32 51 35 30 41 41 ** 14
13.) Human 46 51 49 46 54 49 51 43 51 43 27 38 **

N
o
o



APPENDIX E
E.6: Transversions at Four-fold Degenerate Sites in Shark Cytochrome b. Number of

transversions (out of 31) above diagonal, percent of four-fold sites with transversion
below diagonal. Note: saturation occurs at 50%. Data from Martin and Palumbi (1993) .

Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13
1.) White Shark ** 6 7 7 7 4 3 3 6 6 6 8 7
2.) Sandbar Shark 20 ** 1 5 5 7 7 5 0 0 0 2 1
3.) Smalltail Shark 23 3 ** 6 6 9 8 5 1 1 1 3 2
4.) Tigar Shark 23 17 20 ** 10 9 10 10 5 5 5 5 4
5.) Horn Shark 23 17 20 33 ** 7 6 5 5 5 5 5 6
6.) Shortfin Mako 13 23 30 30 23 ** 3 5 8 8 8 8 7
7.) Longfin Mako 10 23 27 33 20 10 ** 4 7 7 7 9 8
8.) Poebeagle 10 17 17 33 17 17 13 ** 5 5 5 7 6
9.) Lemon Shark 20 0 7 17 17 27 23 17 ** 0 0 2 1

10.) Blue Shark 20 0 7 17 17 27 23 17 o ** 0 2 1
11.) Scalloped Hammerhead 20 0 7 17 17 27 23 17 0 o ** 2 1
12.) Atlantic Bonnethead 27 7 10 17 17 27 30 23 7 7 7 ** 1
13.) Pacific Bonnethead 23 3 7 13 20 23 27 20 3 7 3 3 **

N
o
I--'
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