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ABSTRACT

The sequence of a 2214 base pair fragment from the
mitochondrial genomes of individuals representing six salmonid
species has been determined. The levels of pairwise sequence
divergence are lower than those estimated from variation at
restriction sites but the phylogenetic relationships among
species are consistent with the restriction site estimates. The
nucleotide composition, codon usage, tRNA structures and junction
sequences within this salmon fragment are identified and compared
to homologous sequences from other animal mitochondria. Using
these comparisons potential constraints on the evolution of the
animal mitochondrial genome are identified. 1In the protéin
coding regions there exist several potential stem loop structures
which  may be important in the stabilization or translation of the
mitochondrial messages. Although these structures are not
completely conserved either among animal groups or within
salmonids, they may place important constraints on the
mitochondrial genome.

The spectrum of substitutions among the salmonid species
shows a high ratio of transitions to transversions as is typical
of animal mitochondrial DNA. The large number of substitutions
examined in this study allows for an analysis of the ratios of
the alternative transversion pathways. The observed
transversions do not appear at the same frequency and the
spectrum of substitutions in mitochondrial DNA is best explained

by a combination of mispairing and unrepaired damage. There are
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478 substitutions and a single three base pair deletion among the
six species. These differences are distributed among 351 sites
in the mitochondrial fragment. Over 30% of the variable sites in
the mitochondrial fragment have more than one substitution.
Silent positions account for 329 of the variable positions, 12
sites involve non-silent changes and 10 are found in tRNA genes.
The distribution of variation in the fragment examined indicates
that the level of substitution varies among, as well as within,
the protein coding sequences. The tRNA genes also show a complex
pattern of variation. The patterns of sequence conservation
between salmonid mtDNA and that of other vertebrates and among
salmonid species have been used to examine both the potential
evolutionary constraints imposed by the function of the
mitochondria and the basic mechanisms that lead to changes in

mitochondrial genomes.
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INTRODUCTION

The high rate of evolution, mode of inheritance and ease of
isolation have made the animal mitochondrial genome one of the
most useful tools in studies of molecular evolution and
population genetics. The animal mitochondrial genome is
typically a 16 kb double-stranded DNA circle, coding for a set of
37 genes specifying 22 tRNAs, 13 mRNAs and 2 rRNAs. Gene order
changes are limited to highly divergent taxa and most of the
observed changes to mitochondria are base substitutions and small
length changes.

Factors that affect the evolution of mitochondrial DNA fall
into two general categories (Brown et al., 1982; Wilson et al.,
1985). The first is the pressure imposed by basic m?chanism of
mutation in the mitochondrial systems. The high rate of mutation .
in animal mitochondria is probably due to an ineffective repair
system (Brown, George and Wilson, 1979; Brown et al. 1982; Wilson
et al., 1985). This high rate of mutation has been critical in
the past, allowing the use of mitochondrial DNA as a tool to look
at closely related individuals and species. If in fact the high
rate is due to a lack of repair mechanisms in mitochondria, the
mutational spectrum may reflect basic mechanisms of mutation.

The second group of factors affecting the evolution of
mitochondrial DNA are those which affect the fixation of

mutations. These include the transmission genetics, inheritance,



and organismal population structures as well as the fuhctional
constraints placed on the DNA saquence.

In this thesis, I have investigated the evolution of a 2214
base pair mitochondrial fragment from six closely related
salmonid species. This sequence represents almost 15% of the
mitochondrial genome. It contains the two prevalent functional
gene classes, those for tRNAs and proteins. An understanding of
the dynamics of mitochondrial evolution requires the
investigation of a range of divergence levels. It is especially
important that closely related groups which do not show
mutational saturation of potentially variable sites are included.
The Pacific salmon represent a closely related species group
ideal for such an analysis. Previous analysis with restriction
enzymes (Thomas et al., 1986) demonstrated that the levels of
sequence divergence among these species range from 2 to 7
percent. This is a range which in primates minimizes the erasure .
of initial changes by subsequent ones (Brown, 1985).

The thesis is divided into four sections. The first two
sections attempt to look at functional constraints in the
mitochondrial genome by identifying sequences which are
conserved. This follows a basic assumption that sequences which
are conserved are functionally important. 1In section 1, I
investigate the constraints in the long term evolution of this
fragment by comparing the nucleic acid and amino acid sequences

of the trout mitochondrial fragment with the homologous sequence

from other animal species. In section II, I extend this



investigation to the distribution of variation in the fragment
among the salmonid species. The functions of sequences can have
dramatic effects on the types of changes which can occur (Hixson
and Brown, 1986). In both sections I attempt to correlate the
distribution of variation with known functions of the
mitochondrial sequences. The third section investigates the
mutational load on the mitochondrial genome and the basic
mechanisms of mutation in this system. Following the assumption
that mitochondria are essentially without repair, I use the
spectrum of mutations which have accumulated in this fragment
among these species to test three models of mitochondrial
substitution: mispairing, damage and polymerase fidelity. 1In the
final section, I compare the evolutionary relationships
»determined by direct sequencing of this fragment with those
‘previously estimated with a restriction enzyme method. I also
compare the dynamics of the substitutions with those found in
primate species and attempt to correlate the molecular
relationships of these extant taxa with the fossil record for
salmonid fish.

Although I have demonstrated that for some parameters such
as the nucleotide composition and codon usage this fragment is
representative of the entire genome, it does not represent all
functional types of sequence and is not truly representative of
the entire mitochondrial genome. A complete understanding of the
evolution of the mitochondrial genome requires the complete

sequence.



MATERYALS AND METHODS

Adult salmon representing six salmonid species (Table 1)
were sampled from populations in British Columbia and California.
In all cases, livers were extracted from freshly killed fish,
transported on ice and processed within 24 hours of collection.
The sockeye salmon was collected from Henderson Lake, Vancouver
Island. The chinook and coho salmon were collected from the
Harrison River, a major tributary of the lower Fraser River. The
domesticated coho salmon was from the Capilano River Hatchery,
Vancouver, B.C. The pink salmon was collected from Jones Creek,
a Fraser River tributary near Hope, B.C. The rainbow trout
sample represents a domesticated strain that originated from the
McCloud River, cCalifornia. The cutthroat trout specimen
origingted in the lower Fraser River, British Columbia, Canada.
MtDNA Preparation

Mt DNA was extracted from individual adults by the method of .
Lansman et al. (1981) without the optional sucrose step gradient,
except for the use of a Beckman 70.1 Ti rotor in the CsCl
ethidium bromide density centrifugation. Approximately 5 to 50
g of closed circular mtDNA was prepared from 2 to 10 g of liver.
Cloning

Mitochondrial DNA from a single individual representing each
species was cloned into the vector pUC 19. 1 pg of each sample
was mixed with 0.2 pg of pUC 19 (Pharmacia #27-4951-01) and
digested to completion with Hind III in a total volume of 25 pul

for 2 hr at 37°C. The restriction enzyme was removed by either



TABLE 1. Pacific North American salmonids analyzed in this study

Genus Subgenus Species Common name
Oncorhynchus 0. kisutch Coho salmon
0. tschawytscha Chinook salmon
0. nerka Sockeye salmon
Q. gorbuscha Pink salmon
Salmo Parasalmo S. gairdneri Rainbow or steel-
- head trout
S. clarki Cutthroat trout
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extraction with phenol and subsequent precipitation with ethanol,
or by using GENECLEAN, Bio 101. The fragments were resuspended
in 10 pl of H,0 and ligated by adding 6 gl of ligation mix (20 pl
10X ligation Buffer (0.66M TRIS pH 7.5, 0.66M MgCl,); 20 gl 0.1
M, dithiothreitol (DTT); 20 gl BSA, 1 mg/ml; 20 sl 10 mM ATP; and
1 unit of T4 ligase). This mixture was incubated at 15°C
overnight. Two gl of the ligation reaction was mixed with 50 pul
of JM 83 competent cells and left on ice for 1 hr. Five and 45
#l1 of the transformation mixture were plated on nutrient plates
containing 50 pg/ml ampicillin, 40 pg/ml X-gal, and 160 pgg/ml
IPTG. Twenty white colonies were collected from each of the
species cloned.

Plasmid DNA was prepared from each white colony using a

modified boiling method of Holmes and Quigley (1981). The

resulting plasmid DNA was digested with Hind III. q;ones
carrying the 2.3 kb mitochondrial fragment were selected. The
homologous 2.3 kb clones from each species were then subjected to
large scale amplificatioﬁ and purification by the alkaline lysis
method (Birnboim and Doly, 1979) except that all steps prior to
precipitation of cell DNA and debris were performed in 500 ml
centrifuge bottles. The resulting closed circular plasmid DNA
was isolated from CsCl gradients and stored in TE (10 mM Tris, 1
mM EDTA pH. 7.6, Maniatis et al., 1982).
Directed Deletions

Sequential deletions were performed on the rainbow trout

(pSg2.3) sockeye salmon (pOn2.3) and pink salmon (p0g2.3) clones



using the method of Henikoff (1984, 1987). Each clone Qas
digested with the restriction enzymes Sal I and Sac I. Each
enzyme digested only one site in the polylinker of pUC 19. The
3' protrusion left by the Sac I digestion protects the pUC 19
vector while the Sal I product leaves the mitochondrial fragment
susceptible to digestion with exonuclease III. Timed aliquots
were taken from an exonuclease digestion. These aliquots were
subjected to S1 nuclease and Klenow polymerase prior to ligation
and subsequent transformation of JM 83 competent cells. Several
successful transformants from each time point were selected and
DNA was prepared by the boiling method as described above. The
sizes for the resulting clones were determined by digestion with
"Eco RI and separation on agarose gels (Fig. 1). Clones of
appropriate size to produce overlapping sequence were selected.
These deletion clones were then sequenced using the universal M13
sequencing primers (Pharmacia).
Sequencing

Template from cloneé selected for sequencing was prepared
from 10 ml overnight cultures by the boiling procedure described
above. Supercoiled plasmid DNA was isolated from contaminating
RNA, genomic DNA and nicked plasmid by separation on low melting
point agarose. The leading (major) DNA band, containing
supercoiled plasmid, was cut out of the gel and the DNA was
extracted using the phenol method described by Maniatis et al.
(1982). The preparation of plasmid template and the sequencing

reactions followed the method of Hattori and Sakaki (1986).
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FIGURE 1.

Lanes 1 to 12 are Eco RI restriction digested clones
resulting from the directed deletion of a complete 2214 bp Hind
III clone from rainbow trout. The fragments were separated in a
0.8% agarose gel in 1 X TBE and 0.5 pg/ml ethidium bromide
(Maniatis et al., 1982). The size standard is Eco RI and Hind

III double digested lambda DNA (E/H )).
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Oligonucleotides

To facilitate the comparison of all six species and confirm
the sequence determined by the deletion method, oligonucleotides
were used to prime the sequencing of the opposite strand. The
selection of oligonucleotide sequences was based on both an
optimal spacing of approximately 200 bp and the need for
relatively conserved sequence. Although it was impossible to use
completely conserved sequences, no sequences with more than one
mismatch in eighteen were allowed, and each was required to have
perfect conservation of the 3' ends. The oligonucleotides were
prepared in crude form by Tom Atkinson (University of British
Columbia) and were purified as in Atkinson and Smith (1985) using
the ogtional sep-pack C18 cartridge (Waters Associates # 31915).
Template for sequencing with oligonucleotide primers was prepared
by reisolation from CsCl gradients. Once thé template was
collapsed with NAOH and precipitated by ethanol precipitation it
was stored as a dry pellet for up to two months with no
noticeable degradation. The sequencing reactions followed as
above. Using the S2 sequence apparatus, Bethesda Research
Laboratories (BRL) and sharks tooth combs (BRL), the sequencing

reactions for all six species could be run side by side.



SECTION I

THE TROUT MITOCHONDRIAL GENOME

10
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INTRODUCTION

An accurate description of how a DNA molecule evolves
requires an understanding of the functional constraints on fhat
sequence. Evolution of DNA molecules is the result of mutational
pressures, functional constraints, and population dynamics. To
estimate the constraints on a sequence one must identify the
function of that sequence and the limits imposed by that
function. 1In this section I identify the functions associated
with a segment of the trout mitochondrial genome and attempt,
through comparisons with other animal mitochondrial sequences, to
determine limits imposed by those functions. The trout was
selected to represent the salmonids because it was the first
species sequenced. Except where noted all comparisops of trout
with other groups hold for all salmonids.

The mitochondrial sequence and gene organization has been
determined for several animal species (Anderson et al., 1981;
Bibb et al., 1981; Anderson et al., 1982; Roe et al., 1985 and
Clary and Wolstenholme, 1985). A combination of the sequences
and associated transcript mapping (Barrell et al., 1980)
demonstrated the extreme economy of the mitochondrial genetic
material. The functional maps for all animal mitochondria show
that only a very small portion of the DNA does not serve a coding
function. The analyses of mitochondrial sequences have also

provided the details of codon usage, nucleotide composition and
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other functions such as secondary structures involved in
mitochondrial RNA splicing. It is clear from comparisons of both
divergent groups (mouse-human) and closely related groups
(primates) that the function of a sequence has a dramatic effect
on its potential for variation (Brown et al., 1985; Hixson and
Brown, 1986). It is also clear that other factors including
biased codon usage and nucleotide composition affect the

evolutionary dynamics of sequences. In the case of Drosophila

the biased nucleotide composition is particularly extreme. The
nucleotide bias appears to have a dramatic effect on the

potential for variation in the Drosophila mitochondrial genome

(Wolstenholme et al., 1985; DeSalle et al., 1987). Although
other taxonomic groups are less biased, biases do exist in all
groups and it is important to understand them.

As pointed out by Brown (1983), among vertebratg species
there seems to be a difference in the strand bias between the
"cold-" and "warm-blooded" vertebrates. The bias results in the
separation into light and heavy strands as a consequence of the
G+T content. The sequences of Xenopus and several mammalian
mitochondrial genomes has shown that mammals are more asymmetric
with respect to G+T content in the L and H strands than Xenopus.
Other biases, such as the usage of the TTPu and CTN codons for
leucine, are also less asymmetric in Xenopus than in mammals.
The trout sequence provides information as to the reduced bias
among "cold-blooded" species.

Several studies from our laboratory (Wilson et al., 1985;
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Thomas et al., 1986; Wilson et al., 1987) and others (Gyllensten
et al., 1985; Gyllensten and Wilson, 1986; Berg and Ferris, 1984)
have used the salmon mitochondrial genome to determine the
relationships among and within salmon species. 1In order to
interpret the variation found, it is important that we understand
the potential for variation in the salmon mitochondrial genome.
To this end, I have chosen to sequence a 2214 base pair Hind III
fragment containing the coding sequences for ATPase 6, CO III, ND
3, ND 4L, tRNAGLY and tRNAPRG ghown in Fig. 2.

By comparing the sequences of the trout mitochondrial genome
to those of other vertebrate species, I examine the constraints
imposed on the evolution of the mitochondrial genome by its
function. Those sequences which are conserved among vertebrate

~species and in some cases Drosophila are assumed to have

important functions. 1In this analysis I begin by egamining the
conservation of sequences with known function, the protein and
tRNA coding sequences. These comparisons are made through the
alignment of the amino aéid and nucleic acid sequences of these
genes. I also examine the less obvious potential constraints
imposed by codon usage and the conservation of signal sequences
for processing of the primary transcript of the mitochondrial
genome. During the analysis several interesting secondary
structures were identified in the DNA sequences. The
conservation of these structures among animal species is

examined.
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FIGURE 2.

The position of the 2214 base pair Hind III fragment
relative to the vertebrate mitochondrial functional map. The
vertebrate mitochondrial map is represented as two strands, the
inner and outer lines represent the heavy and light strands
respectively. The template sequences of both rRNA coding genes
and all protein coding genes with the exception of ND 6 are on
the heavy strand. The tRNA genes are depicted by their single
letter amino acid codes next to the strand on which their coding
sequences are found. The salmon sequence extends from the ninth
nucleotide of ATPase 6 to within 16 nucleotides of the start of
ND 4, position 10039-12251 in Xenopus (Roe et al., 1985), 8536-
10516 in human (Anderson et al., 1981), 8298-10516 in bovine
(Anderson et al., 1982) and 7935-10148 in mouse (Bibb et al.
1981). The identities of the genes are as in Brown (1985) and
include the NADH dehydrogenase subunits (ND) (Chomyn et al.,

1985).
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RESULTS AND DISCUSSION

Comparison of Protein coding sequences

The trout amino acid and nucleotide sequences for the
fragment are shown in Fig. 3. The organization of the genes in
this trout fragment is identical to that found in other
vertebrates. The amino acid sequences of each of the four genes
are aligned with the homologous sequences from other animal
mitochondrial genomes in Fig. 4. From these alignments the
patchy nature of the variations is obvious. Several sequence
segments show complete conservation while others show little
identity among the animal groups. The simplest explanation for
this observation is that the conserved sections reflect portions
of the protein for which the amino acid sequence is critical.
The extension of this conservation to the Drosoghilq'sequence is
consistent with this interpretation. An examination of Fig. 4
also reveals the differences in levels of accumulated amino acid
replacements between protein coding sequences. I have determined
the levels of amino acid identity for each pairwise comparison
for each protein (Fig. 5). These pairwise comparisons show
consistent and dramatic differences in the level of amino acid
replacements in the four proteins. The CO III protein sequence
is clearly less divergent in each pairwise comparison than the
other three proteins. This conservation probably reflects
greater constraints on the CO III protein sequence.

For each gene, the trout and Xenopus show an unexpectedly
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FIGURE 3.

The sequence of the 2214 base pair Hind III fragment of

trout. The single letter amino acid designations are presented

above the protein coding regions. The first and last nucleotide

of each tRNA gene is marked (*).
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ATPase 6

S F F Db Q FM S P T YL G I P L I A V A
AAGCTTCTTCGACCAATTTATGAGCCCCACATACCTAGGTATCCCACTTATCGCCGTAGC
0-

L T L P W I L F P T P S A R W L N NIR L
ATTAACCCTCCCATGAATTCTTTTCCCTACCCCCTCTGCCCGATGACTAAACAACCGCCT

I T L Q G W F I NRVF T Q QL L L P L N
AATTACCCTGCAAGGGTGGTTCATCAACCGATTTACCCAGCAACTTCTTTTACCGCTAAA

L G GH KW AAULULTS L ML F L I T L
TCTAGGCGGTCACAAGTGAGCAGCTCTACTAACTTCCCTCATACTATTTCTTATTACCCT

NML GLL P Y TV F T PTT QUL S L N M
AAATATACTTGGCCTACTTCCATATACATTCACCCCGACCACACAGCTCTCCCTAAATAT

G L AV P L WUL ATV ITI GMUBRNOQP T

GGGCCTCGCAGTCCCACTGTGGCTTGCTACAGTAATTATCGGCATACGAAACCAACCTAC

AA L GH L L P ESGTUPV P L I PV L I
GGCCGCCCTCGGCCATTTATTGCCTGAAGGAACCCCCGTTCCACTGATCCCAGTACTGAT

I I ETTI sS L F I R P A L G V R L T A N
CATTATCGAAACAATTAGCCTTTTTATCCGCCCCGCCCTTGGCGTACGACTTACAGCCAA

L T A G HQ L I A T AAVF V L L P MM P
TCTCACAGCAGGCCACCAACTAATTGCTACAGCAGCCTTTGTTCTTCTACCTATAATACC

T v a I L T S I VL F L L T L L E I A V
TACAGTAGCAATCCTAACTTCTATTGTCCTCTTTCTACTCACCCTTCTCGAAATCGCCGT

A M I Q A Y V F VvV L L L 8 L Y L Q E N V
AGCCATGATTCAAGCCTACGTTTTTGTCTTACTCCTAAGCCTCTATTTACAAGAAAACGT

Co III
UM A H Q A H A Y H M V D P S P W P L T
TTAATGGCACACCAAGCACACGCATACCACATGGTTGACCCAAGCCCCTGACCTCTGACC
-663
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G A I A A L L L TS GG T A V W F H F H S
GGCGCAATTGCCGCCCTTTTACTTACATCAGGCACTGCAGTCTGATTCCATTTCCACTCG

L T L L T™UL GG N I L L L L T M Y Q W W R
CTCACACTTCTTACCTTAGGTAACATTCTCTTACTTCTAACCATATACCAATGATGGCGG

D I I R E G T VF Q G HUHTP PV Q K G L
GATATCATCCGAGAAGGTACCTTTCAAGGACACCACACGCCCCCAGTCCAAAAAGGGCTA

R ¥ 6 M I L F I TS E V F F F L G F F W
CGATATGGCATAATCTTATTTATTACCTCCGAGGTATTCTTTTTCTTAGGTTTCTTCTGA

A F Y H A S L A PTUPETULGGCW P P A
GCCTTCTACCACGCCAGCCTCGCCCCCACACCTGAATTAGGAGGTTGCTGACCCCCCGCA

G I T TL DUPVF EV P L L NTA AUV L L A
GGTATTACTACTCTAGACCCCTTTGAGGTACCCCTTCTTAATACTGCAGTCCTTCTAGCA

S G VvV T VT WA HH S I M E G ER K QT
TCTGGTGTCACCGTAACATGAGCCCACCACAGCATCATAGAAGGTGAACGAAAACAAACC

I Q AL TJLTTIULUL G F Y F TV FULOQGM
ATTCAAGCTCTTACTCTCACTATCTTACTGGGATTTTACTTCACTTTCCTACAAGGTATA ~

E Y Y E A P FT I A DGV Y G S T F F V
GAATACTACGAAGCCCCATTTACAATCGCTGACGGCGTATACGGCTCTACTTTCTTTGTC

A T G F H G L HV I I G S TV F LAV C L
GCTACAGGATTCCATGGCCTACACGTAATTATTGGCTCTACCTTTCTGGCCGTTTGCCTT

L R Q VQ YH F T S E HHVF G F E A A A
CTACGACAAGTTCAATACCACTTTACATCTGAACATCATTTTGGCTTTGAAGCTGCTGCC

W Y WH F VDV V WL F L Y V S I Y W W
TGATATTGACACTTTGTAGACGTTGTATGGCTCTTCCTATACGTCTCTATTTACTGATGA

tRNAGLY
G S U*
GGCTCATATCTTTCTAGTATTAATACGTATAAGTGACTTCCAATCACCCGGTCTTGGTT
-1448
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ND 3
, *M N L I T T I I T I T I T L
AAAATCCAAGGAAAGATAATGAATTTAATCACAACAATCATCACTATTACCATCACATTA
~1519

S AV L A T I sS F WL P Q I S P D A E K
TCCGCAGTACTAGCCACTATTTCTTTCTGATTACCACAAATCTCCCCAGACGCAGAGAAG

L S P Y E C G F D P VL G S A R L P F S L
TTATCCCCCTACGAATGTGGATTTGACCCCTTAGGGTCCGCCCGCCTGCCCTTCTCCTTA

R F F L I A I L F L L F DL E I A L L L
CGCTTCTTTCTAATCGCCATCTTATTCCTCCTATTTGATCTAGAAATCGCCCTCCTTTTG

P L P W G D Q L HT P TTL TUL I W S T A
CCCCTACCTTGAGGGGATCAACTCCACACCCCGACCCTGACACTCATCTGATCCACTGCC

vV L A L L T UL G L I Y E W T Q G G L E W
GTTCTAGCCCTTCTTACTCTTGGCTTAATCTATGAATGAACCCAAGGAGGCTTAGAATGA

tRN AARG
A E U*
GCCGAGTACGGAGTTAGTCCAAAACAAGACCCTTGATTTCGGCTCAAAAGACCATGGTT
-1876

-

ND 4L
*M T P V H F s F T S A F I L~
TAAGTCCATGACCGCCTTATGACACCAGTACACTTCAGCTTTACCTCAGCCTTTATTTTA
=-1939

G L M G L A FHRTHIULTULS A UL L C L E
GGGCTTATAGGACTCGCGTTTCACCGCACCCACCTTCTCTCAGCCCTTCTATGCCTAGAA

G M M L s L F I AL S L W AUL QME AT
GGAATAATACTCTCTCTATTCATCGCCCTCTCCCTCTGAGCCCTCCAAATGGAAGCGACT

G Y s va PMULULI LAV FS ACEA A S A G
GGCTACTCAGTGGCCCCGATACTTCTCCTAGCGTTCTCAGCCTGTGAAGCCAGCGCAGGG

L AL L vV AT AU RTHGTTDUR L Q S --
TTAGCCCTACTAGTAGCAACTGCACGAACACACGGCACAGACCGCCTCCAAAGCTT
-2214
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FIGURE 4.
A comparison of the protein coding sequences: A, ATPase
6; B, CO III; ¢, ND 3 and D, ND 4L; of trout and other animal
mitochondria. The comparisons include trout, Xenopus, human,
mouse and Drosophila. The alignmenté of Xenopus, human bovine
and mouse are as in Roe et al. (1985). The mammals were aligned

with the Drosophila ATPase 6 and CO III genes as in Clary and

Wolstenholme (1983). All trout genes and Drosophila ND 3 and ND

4L genes were aligned so as to maximize the homology of sequences
conserved in the other genomes. Amino acid identities to rainbow

trout are indicated by (.).
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FIGURE 5.

Pairwise comparisons of the nucleotide and amino acid
sequences for the homologous animal mitochondrialrfragments
aligned in Fig. 4. The observed percent nucleotide divergence is
calculated using the algorithm in Queen and Korn (1984) based on
alignments of the amino acid sequences. The protein similarity

was determined using an algorithm by Dayhoff et al. (1972).
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high level of identity when the classical phylogenetic
relationship of these groups is considered (Dayhoff, 1972). The
close relationship of trout with the previously sequenced groups
is consistent with the phylogeny of the 5s rRNA sequences of
these groups (Hori and Osawa, 1987). The relationship between
the Xenopus and trout protein sequences is interesting in light
of the low level of amino acid replacement found among salmonids
(Section 2). The observed number of amino acid replacements
among salmonid species much lower than that found among humans
(Cann et al., 1984). The lack of divergence between trout and
Xenopus and the increased bias against amino acid replacements in
salmonid mitochondria suggests that "cold-blooded" mitochondrial
systems may have greater functional constraints on their
mitochondrial proteins. One might expect that because each of
these proteins perform the same essential function in every
animal group, the constraints on amino acid sequences may be
greater on proteins which must perform the same functions at a
variety of temperatures.‘ Although the data presented here are
only suggestive, effects of such a constraint could alter the

dynamics of evolution in different animal groups.

Codon Usage and Nucleotide Composition

Table 2 is a presentation of the trout mitochondrial genetic
code and codon usage for the protein coding sections of the
segment sequenced. Although this segment is only a part of the

entire mitochondrial genome it is probably representative of
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the codon bias found throughout the genome. Evidence for this
comes from the fact that the homologous fragments from Xenopus,

mouse, human and Drosophila give codon usage profiles which are

the same as those derived from all protein coding regions of
their respective mitochondrial genomes. The amino acid
composition among the species is also conserved to a great extent
as can be seen in the comparison of protein coding sequences.

The general appearance of the trout codon usage table is similar
to that of other vertebrates (Brown, 1985).

The biased distribution of nucleotides in animal
mitochondrial genomes is correlated with the distribution of
coding sequences and is expected to be affected by complex
functions such as codon anticodon interactions. A typical form
of this bias is the G+T content difference between the light and
heavy strands of vertebrate mitochondrial DNAs. The’nucleotide

composition of the sense strand for four vertebrate species and

Drosophila is given in Fig. 6. The G+T content of this fragment
in trout is intermediate to the mammalian and Xenopus G+T
contents. The lower G+T bias in trout is the result of a
decreased general bias against G in the sense strand and in the
third position of codons.

A comparison of the percentage of codons ending in each of
the four nucleotides is given in Fig 6. The data for the two-
fold degenerate codons and the four-fold degenerate codons have
been kept separate to eliminate the possibility of losing biases

which are a result of the differences in mechanisms of
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FIGURE 6.
Nucleotide composition and codon usage of animal
mitochondrial DNA. The data are from the homologous sequences in
trout, Xenopus (Roe et al., 1985), mouse (Bibb et al., 1981),

human (Anderson et al., 1981) and Drosophila (Clary and

Wolstenholme, 1986).
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translation used by each of the two classes. In all species the
four-fold degenerate codons exaggerate the bias against G found
in the third position of two-~fold degenerate codons.

The hydrophobic amino acid, leucine, makes up a significant
proportion (15%-18.6%) of the amino acids coded for by this
fragment. The species in Fig. 6 show variation in the usage of
the CTN and TTPu tRNA species to code for leucine. At'the

extremes of this usage are the Drosophila and human sequences.

Drosophila shows a bias toward the TTPu tRNA whereas human

mitochondria is biased toward the CTN tRNA. The usage of TTPu
and CTN is correlated at the extremes with the nucleotide
composition and/or the percent codons ending in T and C. This
does not hold for the variation found among the vertebrate
specieg. Trout, which contains more C than T in both nucleotide
composition and codon usage, is less biased against the TTPu
codon than mouse which has more T than C. Trout is intermediate
to the mammals and Xenopus in usage of TTPu and CTN. As pointed
out in section 2 of this'thesis, the TTPu and CTN codons can have
dramatic effects on the potential for, and distribution of,
variation in the mitochondrial protein coding sequences. Species
which are biased toward either tRNA codon are limited in the
variability of the first position of those codons. Those species
such as Drosophila, which are biased in favour of the two codon
family tRNA species, are limited tovtransitions in the third
positions of their leucine codons.

A comparison of the nucleotide sequence composition of the
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sense strand shows that each species has a unique sequence
composition. The sequence composition profile is dominated by a
universal bias against G in the sense strand. Trout appear to be
the least biased against G and also have the highest G+C ratio at
47.2, compared to 26.2 in Drosophila. Trout nucleotide
composition is most similar to the human nucleotide composition
except that trout is more biased against A than is human. It is
important to note that the sequence biases are not limited to the
protein coding regions of the genome in species for which the
entire mitochondrial sequence is known.

The biases in nucleotide composition are less extreme in

trout than in other species. The biases in Drosophila are much

more pronounced. The maintenance of this bias can be explained
using a mechanism proposed by Wolstenholm and Clary, (1985),
whereby once a sequence becomes biased, the transcription and
replication machinery may become adapted to those particular
conditions. An analogous mechanism involving replication is
difficult to extend to the vertebrate mitochondrial sequence

biases because of their strand asymmetry.

tRNA Genes

The two sequence blocks occupying the junctions between CO
III/ND 3 and ND 3/ND 4L have been identified as the coding
sequences for tRNAGLY and tRNAARG respectively. They have been
identified as tRNA sequences based on their ability to form

typical cloverleaf secondary structures and by their primary
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sequence homology to other known mitochondrial tRNA sequences.
As no mitochondrial tRNAs have been shown to be imported from the
cytoplasm (Aujame and Freeman, 1979), I assume that these are the
only functional tRNAs in trout mitochondria. The tRNA genes
punctuate the protein coding sequences in the same fashion as
other species. Hence, the role of the tRNA sequences in the
processing of the polycistronic message (Ojala et al., 1981) is
probably conserved in salmonids.

Both trout tRNAGLY and tRNAARG correspond to four-fold
degenerate codons. The primary base in their anticodons is U.
They must therefore read all four codons in their respective
families via U:N wobble (Barrell et al., 1980).

The proposed secondary structures of these tRNAs are shown
in Fig.’7 and 8. The nucleotide composition of these tRNAs is
similar to that for the protein coding portions of the sequence,
with a slightly higher proportion of A and less C. The higher
proportion of A is due to the high frequency of A in the DHU and
TYC loops and is typical'of animal mitochondrial tRNAs.

In Fig. 9 the homologous tRNAs from trout, Xenopus, mouse,

human, bovine and Drosophila are aligned. This figure reveals a

high level of sequence similarity among the vertebrates which in

many cases extends to Drosophila.

The aminoacyl (AA) stems are seven base pairs in length.

The tRNAGLY aminoacyl stems in mouse and Drosophila each have a

single non-standard pair (C:A and A:G, respectively). Non-

standard pairs in the AA stems of tRNAARG include three in trout
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FIGURE 7.
Cloverleaf structure for trout tRNAGLY, fhe structure
was determined from its alignment with vertebrate mitochondrial

tRNAGLY (Roe et al., 1985). Standard base pairs in stems are

designated (-).
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FIGURE 8.
Cloverleaf structure for salmon tRNAARG, The structure
was determined from its alignment with vertebrate mitochondrial

tRNAARG (Roe et al., 1985). Standard base pairs in stems are

designated (-).
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FIGURE 9.

The alignment of the homologous tRNAGLY and tRNAARG

gene sequences from the trout, Xenopus, mouse and Drosophila

mitochondrial genomes (References in Fig. 6). The sequences are

aligned as in Gauss et al. (1979). The nucleotides between the

AA and DHU stems are omitted.
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(2xC:T, 1xA:G), two in Drosophila (T:T,G:T), and one in Xenopus

(G:T). The primary sequence homology of the AA stems is high and
all species are related by a limited number of substitutions,
additions or deletions. The dihydrouracil (DHU) stems show an
interesting conservation of their 5' strands in tRNAGLY,

As in most tRNAs the salmon AA and AC stems are asymmetric
with respect to the distribution of purines and pyrimidines.
This asymmetry maintains the rigidity of these stems (Dickerson
and Drew, 1981). The DHU and TYC stems of trout and other
species do not show this asymmetry, perhaps due to the tertiary
structure of the DHU and TyYC stems. The predominant non-standard
pairs found in mitochondria are G:U and A:C. Both pairs are
allowable under wobble and allow for the asymmetry discussed
above, The predominance of these pairs may reflect their ability
to maintain this asymmetry. 3

The DHU stems are four bp long with 1-2 nonstandard pairs.
The non-standard pairs include six T:G and one T:A pair, all at
external positions. The'DHU loop shows little primary sequence
similarity aside from being A+T rich. The size of the loop

decreases from trout with six bases to Drosophila with four

bases. In eukaryotic nuclear tRNA genes the DHU and TY¥C loops

contain the A and B blocks of conserved sequences. These

sequences act as the RNA polymerase III promoters for these genes

(Hall et al., 1982; cCiliberto et al., 1983; Baker et al., 1986).
The anticodon (AC) stems are five base pairs long. The

tRNAGLY Ac stem has a single non-standard pair in each species

-
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(2xC:A, 1xG:T, 1xT:T). The tRNARARG Ac stem shows a single non-
standard pair (C:A) in trout. Significant sequence identity
exists among the AC stems in the first three bases proximal to
the AC loop. The AC loops are seven base pairs in length with,
perfect identity in tRNAGLY and near-perfect identity in tRNAARG,
The size and conservation of the AC loop is consistent with the
model of codon-anticodon interaction proposed by Curran and
Yarus, (1987). The only change is an A rather than a G at the

Pu37 position in mouse and Drosophila tRNAARG, rThe variable

loops are four bases long and show no convincing conservation
among the vertebrate species. The TYC stems are five base pairs
long with a single non-standard pair (C:A) in mouse tRNAGLY, The
TYC loops show length variation similar to the DHU loops, with
trout.the largest at seven bases and Drosophila the smallest with
four and three base loops in tRNAGLY and tRNARRG respectively.
Trout tRNAs lack most of the invariant bases found in other .
non-mitochondrial tRNAs (Kim et al., 1974; Gauss and Sprinzl,
1979). Trout tRNAGLY and tRNAARG lack all of the invariant bases
of the DHU loop and the Cz¢G A of the TYC loop. This is also
generally true for the other mitochondrial tRNA sequences known.
The invariant bases found in the trout tRNAs include the T35 and
Puj; bases flanking the anticodon, and the bases Gg3 and Cgp, the
last pair in the TYC stem. It is interesting to note that none
of these bases are involved in tertiary interactions. The only
bases involved in tertiary interactions that are conserved in

trout tRNAs are the bases Tg4 and Agg, which may assist in
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maintaining the helicity of the loop with respect to Gs3 and Cgq
of the stem, also conserved. Both of the trout tRNAs show the
potential to form some of the hydrogen bonds involved in the
tertiary interactions described by Kim et al. (1974). This
potential is particularly evident in tRNAGLY 6 but none of the
,interactions between the DHU, variable and TyC loops are
conserved in all trout sequences. This observation suggests that
the tertiary interactions of the trout mitochondrial tRNAs as in
other animal mitochondrial tRNAs are weaker or different in form.

Among the mitochondrial tRNAs aligned in Fig. 9, the most
conserved region is the anticodon loop. This conservation is
extraordinary in light of the lack of primary sequence homology
in the other loops and stems. The sizes of the DHU and TyC loops
are hithy variable, suggesting a lack of consistent interactions
between DHU and TYC loops. The trout have six base DHU loops and
seven base TYC loops in both mitochondrial tRNAs. The sizes of
the homologous tRNAs in the other species seem to show a
consistent pattern of size variation. In each case the mouse and
Drosophila loops are smaller than the trout and Xenopus. In
comparison to the DHU and TYC loop sizes, the lengths of the
stems are highly conserved and the 5' DHU stem is also conserved
in primary sequence. These consistent features of mitochéndrial
tRNAs suggest that beyond the maintenance of secondary and
tertiary structure, the primary sequence of the tRNAs outside of

the AC loop is not important.
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Junction Sequences

I have presented the results of comparisons of the protein
coding and tRNA regions of the trout fragment with other animal
mitochondrial sequences. Aside from the more obvious coding
functions of the mitochondrial DNA sequences there are sequence
directed functions associated with other processes in the
mitochondria which would be expected to impose constraints on the
sequence.

The transcription of animal mitochondrial DNA occurs through
the production of a polycistronic message from promoters in the
D-loop region (Clayton, 1984; Chang and Clayton, 1984).
Individual transcripts of rRNAs, mRNAs, and tRNAs result from
endonucleolytic cleavage at specific junctions in these primary
transcripts. The signals involved in these events are poorly
understood. The trout mitochondrial fragment sequenced has a
variety of potential cleavage junctions representing a range of
processing mechanisms in mitochondria. Although most of the
sequences currently implicated in non-coding functions are stem-
loop structures, there are clearly other sequence directed
mechanisms which will affect the potential variability of these
regions.

TRNA sequences have been implicated in the pfocessing of
primary mitochondrial transcripts because they flank rRNA genes
and most of the protein coding genes. The trout fragment
sequenced contains two tRNA sequences, tRNAGLY and tRNAARG, p

comparison of the homologous stem structures formed by tRNAGLY in
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Drosophila, mouse, Xenopus, and trout are given in Fig 10. The
comparison shows that a cleavage of the RNA at the 5' primary
nucleotide of the stem will result in a T or TA at the end of the
CO III coding sequence. The final maturation and completion of
the stop codon of the message are accomplished through
polyadenylation. Cleavage at the 3' end of the stem appears to
occur one nucleotide beyond the stem. 1In all cases for tRNAGLY
this results in a complete tRNA, with the A of the ATG start
codon as the first nucleotide of the following message (ND 3).
Manam and Van Tuyle (1987) have recently isolated and
characterized the 5' and 3' processing nucleases from rat liver
mitochondria believed to be responsible for this event. The 5!
nuclease cleaves the primary transcript and the 3' nuclease
requires the transcript to be processed at the 5' end.

The putative cleavage site formed by the tRNAARG.stems from

Drosophila, mouse, Xenopus, and trout are presented in Fig. 11.

The tRNAARG stem that may connect the ND 3 and ND 4L genes
contains three non-standard pairs. One of these mispairs is
located in the primary position of the proposed cleavage site.
An examination of the vertebrate mitochondrial tRNAs shows that
the stems that are involved in precise processing events are
without non-standard primary base pairs and the few non-standard
pairs present are all G:T or A:C. The lack of a good aminoacyl

stem in the tRNAARG sequences in trout and Drosophila may suggest

that the constraints on that sequence in these taxa have changed.



45a

FIGURE 10.
A comparison of the potential stem structures involved
in the tRNAGLY processing. The comparison includes trout,

Xenopus, mouse, and Drosophila (References as in Fig. 6).

Standard base pairs are indicated by a (-). The suspected
cleavage site is shown as (/). The dashed loop at the bottom of

each structure corresponds to the remainder of the tRNAGLY
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FIGURE 11.

A comparison of the potential stem structures involved
in the tRNAARG processing. The comparison includes trout,
Xenopus, mouse, and Drosophila (References as in Fig. 6).
Standard base pairs are indicated by a (-). The suspected
cleavage site is shown as (/). The dashed loop at the bottom of

each structure corresponds to the remainder of the tRNAARG,
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A different type of processing site and presumably sequences
to direct the processing are found at the junction of the ATPase
6 and CO III genes. This is the only non-overlapping junction
between protein coding genes not punctuated by a tRNA sequence in
these taxa. As first noted by Bibb et al. (1981), the junction
between the coding sequences for ATPase 6 and CO III contains a
potential stem loop structure in the 3' end of ATPase 6. I have
found an analogous structure in the trout junction. The

analogous vertebrate and Drosophila structures are probably all

cleaved at the 3' end of the stem structure. The trout cleavage
site is 3 bases 3' from the stem. The cleavage site of yeast is
“also 3' from the stem. This variation in the distance of the
"cleavage site from the stem may reflect a divergence of cleavage
mechanisms or a tolerance of the endonuclease. It is interesting
to note that a deletion in the ATPase 6 sequence of the pink
salmon alters the position of the stem relative to the cleavage
site. If in fact the nucleases are tolerant of slight distance
changes, the lack of non-coding nucleotides at most junctions may
not result from constraints imposed by the cleavage mechanism.
The ATPase 6 gene is also novel with respect to its
translation. The ATPase 8 and ATPase 6 genes are present on a
single transcript, and both genes are coded for by this
transcript (Mariottini et al., 1983). This is one of only two
cases where mitochondrial mRNAs overlap and presents a question

concerning their translation. Most mRNA sequences contain little
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or no 5' untranslated sequence and thus no ribosome binding
sites. This fact has led Montoya et al. (1981) to suggest a
mechanism whereby ribosomes attach at or near the 5' end of
sequences and recognize the initiator codon after fine
adjustment. These investigators also suggest that secondary
structure of the mRNA may play a role in the exclusion of
alternate AUG codons. Because the ATPase 6 transcript does not
have a normal 5' end it must be translated by a different
mechanism. Several possible mechanisms have been proposed
(Anderson et al., 1982). These mechanisms include alternative
splicing, ribosomal frameshifts and the requirement of expression
of ATPase 8 for expression of ATPase 6.

Using the method of Tinoco et al., (1973) I have searched
the trout mitochondrial fragment for other stem loop structures
which may be functional in the mitochondrial system. I have
identified eleven stem loop structures in the trout mitochondrial -
fragment. These stem loop structures all have free energies
lower than those of the stem loops discussed above, including the
tRNAs and ATPase 6/CO III junction. A stem loop structure was
found in the ATPase 6 sequence 112 bases 3' of the ATPase 8 stop
codon and 121 bases 3' to the probable AUG of ATPase 6 (Fig. 12).

If this stem structure were to act as a endonuclease cleavage
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FIGURE 12.
The secondary structure found in the 5' end of ATPase
6. The sequence extends from nucleotide 108 to 215

in the trout fragment. Standard base pairs are designated (-).
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site it would have to act at a distance and would eliminate
. either ATPase 8 or ATPase 6 coding sequence. The conservation of
the ATPase 6 and 8 sequences suggests that they are both
expressed as proteins. A possible role for this structure
involves orientation of the ribosomes for initiating translation
at the AUG of ATPase 6. An alternative role might be that this
structure eliminates the accessibility of alternate AUG sites in
ATPase 6. A role for mRNA secondary structure in the control of
ribosome binding has been found in bacteriophage MS2 (Kastelein
et al., 1983).

Another interesting stem loop in the trout sequence occurs
near the ND 3/tRNAARG junction. The alternative structure shown
in Fig. 13 has a 9 bp stem and a 31 base loop. This structure is
theoretically much more stable than the tRNAARG stem. cCleavage
at the position corresponding to those found for tRN% junctions
would result in a loss of the 3' ND 3 sequence and cleavage in
the middle of the tRNAARG gene. Conservation between the trout
ND 3 and other species shggest that the 3' end of ND 3 has not
lost its protein function. Alternative splicing of this sequence
may be possible.

In light of these potential stem-loop structures it is
interesting to note that the mRNA sequences of other known animal
mitochondria also contain numerous and complex patterns of
potential stem loop structures. A comparison of the potential
stem loop structures in other animal mitochondria with those

found in trout reveals some similarities. In most cases the 5!
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FIGURE 13.
Alternate structure for the processing site between ND
3 and tRNAARG, rThe stem loop structure extends from nucleotide
337 of ND 3 to nucleotide 40 of tRNARRG, gtandard base pairs are

designated (.).
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end of the putative mRNA is not involved in a stem loop and the
extreme 3' end of most genes are involved in stable stem loop
structures. The exact position of the stems in the sequences
involved varies, suggesting that the constraints imposed by these
putative structures may be slight and that their functions are

more general in nature.

Conclusions

In this section I have attempted to determine some of the
constraints on the evolution of the animal mitochondrial genome.
Under the assumption that sequences and structures which are
conserved over long periods of time are constrained by important
functions, I have compared the sequence of a trout mitochondrial
fragment to the homologous sequences from other animals.

The constraints on sequence evolution in the an}mal
mitochondrial genome range from absolute primary sequence
conservation in the anti-codon loops of tRNAs, to maintenance of
nucleotide composition biases. By comparing distantly related
species we can identify functionally important sequences in the
mitochondrial genome. The conserved sequences I have identified
in this comparison include both stretches of amino acids in of
the four proteins examined and the AC loops of the two tRNA
genes. I have also found that the nucleotide composition and
codon usage in trout is generally less biased than in other
vertebrates. 1In addition I have examined the conservation of

potential secondary structures of "known" and unknown function.
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One would expect sequences and structures conserved among these
relatively divergent group to also be constrained in comparisons
of more closely related species. An understanding of the effect
of these constraints on the dynamics of the evolution of the
mitochondrial molecule requires comparisons between more closely
related groups and an understanding of the basic mechanisms of
mutation in this molecule. In the following two sections I
investigate the distribution of variation among closely related

salmonid species and the spectrum of substitutions among them.



SECTION II

DISTRIBUTION OF VARIATION
IN

THE SAILMONID MITOCHONDRIAL GENOME
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INTRODUCTION

In this report I investigate the distribution of variation
in a 2214 base pair Hind III fragment from six closely related
salmonid species. The fragment contains the genes for ATPase
subunit 6 (ATPase 6), cytochrome oxidase subunit 3 (CO III), NADH
dehydrogenase subunit 3 (ND 3), NADH dehydrogenase subunit 4L
(ND 4L), and two tRNAs, tRNAGLY and tRNAARG, By comparing the
sequences of homologous fragments from six salmonid species I am
able to examine the distribution of variation in this fragment.
In combination with the comparison made in section I, the
comparisons made here will allow for a examination of the
dynamics of the evolution of this fragment. The variation
observed in this fragment includes 478 substitutiong at 351
positions and a single 3 base pair deletion. Of these, 329 are
silent positions in protein coding sequences, 12 are non-silent
positions and 10 are in tRNA sequences. I have found the
frequency of multiple substitutions to be significantly high. I
have also found that the level of divergence observed between
species varies among protein coding sequences as well as tRNAs.
Further investigation of the variation within protein coding
sequences has shown a complex distribution correlated with the
distribution of potential variable sites. The variation witﬁin
the tRNA genes is limited to the DHU loop. These findings have

important implications for both the mechanism of evolution, and
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the use of restriction enzymes in sampling variation in the
mitochondrial genome. In addition I use the different levels of
divergence among these species to investigate the dynamics of
observed changes. Because of the lack of addition/deletion
events and non-silent changes this analysis is limited to
comparisons of the transition and transversion levels. The
substitution dynamics in salmon are compared to those found in
the protein coding regions (Brown et al. 1982) and rRNA sequences

(Hixson and Brown, 1986) of primates.
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RESULTS AND DISCUSSION

SEQUENCE VARIATION

The sequences of the homologous Hind III fragments from the
six salmonid species are aligned in Fig. 14. The sequence
extends from the ninth nucleotide of the ATPase 6 coding sequence
to within eighteen nucleotides of the 3' end of the ND 4L gene

(positions 10039 to 12251 of Xenopus laevis, Roe et al., 1985).

The gene order within this fragment is identical to the order
found in other vertebrate species and a comparison of the
salmonid sequence with other organisms has been made elsewhere
(Section I). Among the different salmonid species analyzed there
are 771 positions within the protein coding regions which have
the potential for silent variation. Of these sites 329 are
variable among\the six species. The spectrum of substitutions at
these positions is described in detail elsewhere (Section III).
The variation also includes a single 3 base pair deletion in a
protein coding region, 14 non-silent substitutions at 12
positions and 13 substitutions at 10 positions in tRNA genes.

The distribution of the 478 substitutions among the 351
variable sites is shown in Fig. 15. There are two ways by which
observable multiple substitutions can occur in these silent
positions: 1) parallel changes in separate lineages; 2) different

changes in separate lineages. Other multiple changes which
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FIGURE 14.

The nucleotide sequences for the six salmonid species
compared for each of six genes: A) ATPase 6; B) CO III; C)
tRNAGLY; p) ND 3; E) tRNAARG; and F) ND 4L. The sequences are
aligned assuming only a single length variation in pink salmon
which is missing nucleotides 616-618 designated (---). The amino
acids coded for by each triplet are given above the nucleic acid
sequences following the salmon mitochondrial genetic code. The
complete sequence for rainbow trout is shown on the first line.
The nuclectides which differ are given for each of the other five
species. Also included are the minimum number of substitutions
(SUBS) which have occurred at each variable position assuming the
parsimony relationship given in Fig. 22 (Section III). The class
of site (A, B, C, D) at which each change occurs refers to A)
first position of a leucine codon; B) silent in two-fold
degenerate codons (CxT);}C) silent in two-fold degenerate codons
(AxG) ; D) silent change ih a four~fold degenerate codon; S) non-

silent changes.
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FIGURE 15.
This graph shows the number of sites with one, two,
three, and four changes per variable site. The number of changes

per site is derived from Fig. 14.
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involve back and forth or multiple changes in a single lineage
are not observable. Most of the multiple changes among the
salmonid species are of the parallel type. This is consistent
with the substitution bias and the fact that parallel changes can
occur at all silent positions whereas different substitutions in
separate lineages must involve at least one transversion and
therefore can only occur in the third position of four codon
families.

The comparison of mitochondrial DNA sequences eliminates
some of the problems implicit in the use of restriction enzymes
to estimate levels of divergence (Wilson et al., 1985). The
problem of multiple substitutions per site has been addressed
(Brown et al., 1982; Cann et al., 1984; Templeton, 1983). The
100 sites with multiple substitutions in the 351 variable sites
found among the salmon sequences demonstrates the problem of
interpreting restriction enzyme data among even moderately

divergent groups (Fig. 15).

DISTRIBUTION OF VARIATION AMONG GENES

I have examined the variation observed in each functional
sequence. Figqgure 16 gives the number of observed variable sites
and the total observed variation as a percentage of the sequence
length. It is clear that both the ATPase 6 and ND 3 coding
sequences have higher levels of variation than the CO III and ND
4L genes. The pattern of observed variation is consistent with

the number of potential variable sites for each gene. The
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FIGURE 16.

The potential and observed variation is divided into
each of the four possible site types of silent changes as
described in Fig. 14. The results are presented for each of the
protein coding sequences separately. The tRNA sequences are not
included. The potential for variation (upper panel), is the
total number of silent positions in the fragment or positions at
which substitutions do not change the amino acid sequences of the
proposed proteins. The observed variable sites (lower panel),
are the silent changes that are observed among the six species.

These do mot include multiple changes per site.
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CLASS GENE
POTENTIAL VARIABLE SITES
ATPase 6 COo III ND 3 ND 4L
1st Pos. Leu 30 19 17 8
(C<=>T)
3rd Pos. 51 77 28 19
(C<=>T)
3rd Pos. 39 46 23 14
(A<=>G)
3rd Pos. 135 140 66 59
(C,T,A,G) - - -——— -
Totals 255 282 134 100
38.5 35.9 38.2 36.0
Total 771
OBSERVED VARIABLE SITES
1st Pos. Leu 15 10 9 2
(C<=>T)
3rd Pos. 20 18 16 7
(C<=>T)
3rd Pos. 17 16 8 4
(A<=>G)
3rd Pos. 75 62 35 24
(Cc,T,A,G) - ——— —-—— -
Totals 127 106 68 39
19.1 13.5 19.4 14.0
Total 340
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distribution of variation is not related to functional
constraints on the proteins coded for by the sequences because
the variation being examined is silent. Differences in the
number of potential variable sites among genes is due to
different frequencies of leucine codon in each gene. Although
the observed and potential variation correlate, the differences
in observed variation among genes is not limited to variation
incurred in the first position of leucine codons. One possible
explanation could be that there are differences in potential
variability due to different levels of four-fold degenerate
codons. The numbers of four-fold degenerate codons do not differ
among the genes. It should also be noted that the differences in
observed variation are reflected in all site types (Fig. 16).
Differences in variation have been found among primate protein
coding genes (Brown et al., 1982) and among humans (Cann et al.,
1984). Among the human genes, Cann et al. found the ATPase 6
gene to have the highest number of variable restriction sites.
With the exception of the ND 4L sequence for which there was
insufficient data, the relative levels of restriction site
variability among the human genes is the same as that found in

our comparison of the salmonid mitochondrial sequences.

INTRAGENIC VARIATION
In order to investigate the distribution of variation more
closely I have determined the distribution of variation within

the protein coding sequences. I have divided the protein coding
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sequences into 50 base pair blocks and determined the number of
variable sites (Fig. 17) and total number of substitutions (Fig.
18) within each block. Because of the inequity of the
constraints on the tRNA and protein coding genes I have not
included the tRNA genes in these graphs. The tRNA genes are
examined separately below.

It is obvious from the graph that the distribution of
variation in these sequences is complex and highly variable. Our
division of the sequence into 50 base pair blocks in fact
eliminates some of the complexity. These graphs show that the
distribution of variation among genes is the result of conserved
and/or highly variable regions within genes. 1In order to
interpret the variation I have included an analogous examination
~of the number of potentially variable sites, Fig. 19. The
patterns of potential variation are similar to the observed
pattern but are not nearly as dramatic. As pointed out for the
comparisons between genes above, the number of potentially
variable sites does not account for the differences in
variability within the genes. The most prominent pattern of
observed variation is the reduction of variation at the junctions
of genes. Closer examination shows that this is a result of
reduced variation in the 5' ends of ATPase 6, CO III, and ND 4L,
and the 3' end of ND 3. Because the variation is silent,
explanation for differences in variation are limited to two
general categories. One possibility is that the non-random

distribution of amino acid codons leads to a non-random
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FIGURE 17,

Observed number of variable positions within the
protein coding regions of the cloned fragment. For each block of
fifty base pairs the ordinate gives the total number of variable
positions within that block. The base pair positions are numbers
such that the first position is the first base in Fig. 3. The
punctuating tRNA sequences are not included. A functional map of

the sequence is displayed below the graph.
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FIGURE 18.

Observed variation within the protein coding sections
of the cloned fragment. For each block of fifty base pairs the
ordinate gives the total variation within that block. The total
variation includes the number of changes as given in Fig. 14.

Numbering is as in Fig 17.
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FIGURE 19.

The number of potential variable sites within the
protein coding sections of the cloned fragment. For each block
of fifty base pairs the ordinate gives the total number of
positions at which variation can take place without changing the

amino acid sequence. Numbering is as in Fig. 17.
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distrubition of the nucleotide composition which in turn may have
different potentials for mutation. An alternative suggestion is
that the nucleic acid sequences serve not only a protein coding
function but functions related to the replication, transcription,
processing and/or translation of the mitochondrial genome.

Below, I examine the distribution of variation among the amino
acid codons and the potential for alternative functions of the

mitochondrial sequence.

VARIATION AND AMINO ACIDS

In an attempt to associate the distribution of variation and
amino acid composition I have determined the codon frequencies
for variant and invariant codons. These are given in Fig 20.
The codon frequencies are divided into six-, four- and two-fold
degenerate codons. The two-fold degenerate families show a lower
aggregate ratio of variable to conserved codons than the four- .
fold degenerate codons. This is consistent with the increased
potential for variation by transversions in the four-fold
degenerate codons. It is also true that the variation within
groups is large. The ratio of variable to conserved sites in the
leucine codons is consistent with the two variable sites found in
the only six-fold degenerate codons when compared to the two- and
four-fold degenerate codons. Taken individually the variation in
some amino acids is higher than in others but, with the exception
of the leucine codons we have not been able to correlate

distribution of variability among amino acids and the
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FIGURE 20.

The amino acid codons represented in Fig. 14 are
divided into conserved and variable codons. The codons are
separated into the six member family (LEU), the four member
families, and the two member families. For each family the total
variable codons and the total conserved codons are given. Also
included is the ratios of variable to conserved codons for each
amino acid codon and for the total conserved and variable codons

for each of the three families.
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AMINO ACID # CONSERVED # VARIABLE RATIO V/C
SIX CODON FAMILY
LEU 44 86 1.95
FOUR CODON FAMILIES
VAL 16 19 1.19
SER 15 11 0.73
PRO 16 23 1.44
THR 41 23 0.56
ALA 38 26 0.68
ARG 10 6 0.60
GLY 24 21 0.88
TOTAL 160 129 0.81
] TWO CODON FAMILIES
PHE 34 15 0.44
ILE 19 28 - 1.47
MET 12 8 0.67
TYR 14 5 0.35
HIS 17 7 0.41
GLN 13 10 0.77
ASN 5 7 1.40
LYS 1 3 3.00
ASP 7 4 0.57
GLU 10 13 0.77
CYsS 5 0 0.00
TRP 12 10 0.83

SER 10 0 0.00

TOTAL 159 110 0.69
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distribution of variation in proteins.

There is precedence for non-protein coding functions in
these sequences. One possibility is that the sequence
conservation is due to processing functions attributed to
junction sequences. There are several problems with this
interpretation. Firstly, the junction of ATPase 8 and ATPase 6
is not cleaved (Mariottini et al., 1983). It should also be
pointed out that in salmon as in Xenopus the ATPase 8 gene does
not overlap into the sequence presented here and no additional
conservation due to overlapping reading frames is expected. The
A-A in the 5' Hind III site A-A-G-C-T-T is predicted to be the A-
A in the T-A-A stop codon of ATPase 8. Secondly, the tRNA genes
which punctuate the CO III, ND 3 and ND 4L genes possess the
secondary structure implicated in the processing of the primary
mitochondrial transcript at those junctions. The qply junction
that is included in the sequence presented in Figs. 5 and 6 is
the ATPase 6-CO III junction. This junction, associated with a
stem loop structure, was first identified in mouse mitochondrial
DNA (Bibb et al., 1981). This structure is conserved in the
salmonid sequence but, as in mouse, it is located in the 3' end
of ATPase 6 and therefore not associated with the region of
primary sequence conservation. The lack of correlation between
the processing site junctions and the conservation of the
sequences does not discount the possibility that the conservation
is due to a processing function, but does show that it is not

related to the stem loop structure implicated in the processing.
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Although less well understood, the sequences of the 5' ends of
mitochondrial genes may be involved in functions related to
ribosome binding. The potential for secondary structure in each
of the predicted mRNA sequences is interesting (Section I). I
have not been able to correlate the presence of these structures

with the conserved regions.

tRNA GENES

The distribution of variation in tRNA genes is directly
associated with the functional regions of the tRNA molecules. 1In
Fig. 21 two things are apparent. One, the variation is not
equivalent in the two tRNA genes and two, the DHU loop is the
most variable region in these tRNAs.

Among human mitochondrial tRNAs, the tRNAs for four-fold
degenerate codons are in general more variable than the tRNAs for
two-fold degenerate codons (Cann et al., 1984). Both the tRNAGLY -
and tRNAPARG examined here recognize four-fold degenerate codons.
Our results demonstrate that among the tRNAs for four-fold
degenerate codons there can be great differences in variation.

Comparisons among several vertebrate species show that the
mitochondrial tRNAs do not contain many of the invariant bases
found in nuclear and bacterial tRNAs (Anderson et al., 1981,
1982; Bibb et al., 1981; Clary and Wolstenholm 1986; Roe et al.,
1985; Section I). This is especially true with respect to the

DHU and TYC loops. These loops in mitochondria
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FIGURE 21.

Observed variation within the tRNA genes of the cloned
fragment. The tRNA genes tRNAGLY and tRNAARG are divided into
the twelve functional regions (Gauss et al., 1979). For each
region the ordinate gives the total observed variation. A single
change between designated functional regions in tRNAGLY ig

designated by (]).



FIG 21

850

WZLS WALS dO0O0T WALS dOOT dOOT1 d00T WALS WALS dO0T WALS WILS
o) 4 oL OfIL ORI WVA OV o) 4 o) 4 AHd NHd QHd VY

a0~V FONA

Bl - cuvvNas

- XTOVNG3

SENED VN33 NI NOILVIYVA



86
show little if any primary sequence conservation among species
(Section I). 1In all vertebrate species, tRNASER js missing the
DHU loop, and the TYC loops are absent from the tRNAs in Ascaris
suum and Caenorhabditis elegans (Wolstenholme et al., 1987). The
absence of primary sequence conservation and in some cases the
DHU and TYC structures, is an indication of a loss of their
function in animal mitochondrial systems. In yeast nuclear
tRNAs, the sequences of these loops have been attributed to
regulation of transcription of tRNA genes (Hall et al., 1982).
Like all RNA polymerase III promoters, the tRNA promoters are
located within the coding region of the gene, specifically in the
DHU and TYC loops. The altered mode of transcription eliminates
"this as a constraint on the sequences in the DHU and TYC loops in
animal mitochondrial genomes.

The data presented here and the data of Brown gt al. (1982)
show that neither of these loops or the variable loop are
consistently variable. This result suggests that the sequences
in these loops are not simply silent sites, but that the
constraints are variable among tRNAs and that the variation
reflects complex structure/function relationships in the tRNA

sequences.

NON-STLENT VARIATION
There are 14 substitutions and one deletion which result in
amino acid changes in the proteins coded for by this fragment.

This level of non-silent substitutions is low when compared to
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that detected in human populations (Cann et al., 1984). Although
the small number of amino acid substitutions found in this
fragment precludes an analysis of their distribution, we can
analyse the types of changes which occur. Of the eleven
positions at which non-silent substitutions occur only one
position involves a change of amino acid charge and
hydrophobicity. Six of the substitutions are Ilexval. Both of
these amino acids have aliphatic side chains. This is also the
case for the IlexLeu substitution. Thr and Ser have aliphatic
hydroxyl side chains. Two other changes (ThrxAla) are between
the aliphatic hydroxyl and aliphatic side chains. 1In summary
twelve of the fourteen substitutions which result in amino acid
replacements are among uncharged aliphatic amino acids. It
therefore appears that there is a strong pressure within the
salmonid species to maintain the physical properties_of the
proteins.

The amino acid substitutions among more divergent taxa vary
greatly from protein to protein (Anderson et al., 1082; Roe et
al., 1985; Section I). It is also clear that the amino acid
variation among vertebrate species is not distributed randomly

within protein sequences.

Dynamics of Sequence Evolution
I have already pointed out that the salmonid mitochondrial
genome appears to have a lower rate of replacement substitution

than that found among primates or even within the humans. In
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addition the dynamics of the substitution process may be
different. In a comparison of the levels of divergence with the
percentage of the substitutions that are transitions, the salmon
mitochondria have a lower proportion of transitions at comparable
levels of divergence when compared to protein coding sequences in
primates (Brown et al., 1982) and rRNA sequences in primates
(Hixson and Brown, 1986). Hixson and Brown (1987) have shown the
substitution dynamics in the rRNA coding sequences to be much
different from those in the protein coding regions. They propose
that this is due to constraints placed on the sequence by the
secondary structure of the rRNA. This finding may also suggest
that an accurate comparison of dynamics requires a comparison of
homologous sequences. If in fact the substitution dynamics are
- different between the salmon and primates this suggests that
either the mechanisms which lead to the production of
transversions are higher in salmon or that the mutational
mechanisms are the same but the saturation point for mutations is
lower in salmon than in the primates. Precedence for such a
difference in the dynamics of evolution in mitochondrial DNA can

be found in the Drosophila mitochondrial genome (DeSalle et al.,

1987). The critical test of the alternatives is the sampling of
more closely related salmon mitochondria. If the initial slope
of the salmonid transition curve is high then the low level of
transitions in the salmonids sampled here is due to the
saturation of the salmonid mitochondrial genome and the erasure

of transitions by transversions. Because different mitochondrial
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genes have different rates of divergence it is critical that

homologous sequences are used in comparisons.

Conclusions

Understanding the distribution of variation in mitochondrial
genomes has important implications in understanding the
mechanisms of molecular evolution of the mitochondrial genome and
in the use of restriction enzymes to estimate the variability
among groups. Both the high level of multiple substitution and
the non-random distribution of variation in these sequences show
the need to account for both problems when interpreting
restriction site data. The non-random distribution of variation
is also important in interpreting the expected level of
saturation for mitochondrial genomes. If in fact the conserved
regions within genes identified in this analysis represent
functional constraints, this can have important effects on the ve

ceiling of variation similar to those found in Drosophila sp.

(DeSalle et al., 1987). -Differences between salmon and primates
in the levels of transitions at comparable divergence levels
requires further investigation. In the first two sections I have
described the distribution of variation in this mitochondrial
fragment in an attempt to understand the functional constraints
on the mitochondrial genome. In the next section I examine the
spectrum of mutations that has accumulated among the salmonid
species in an effort to determine the mutational pressures on the

mitochondrial genomes.
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SECTION IIT
THE SPECTRUM OF SUBSTITUTIONS
AND THE OCCURRENCE OF ADDITIONS/DELETIONS
IN

THE SAILMONID MITOCHONDRIAL GENOME
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Introduction

The rapid rate of evolution of animal mitochondrial DNA
(mtDNA) when compared to nuclear DNA (Brown et al. 1982; Wilson
et al. 1985) is probably due to an increased mutation rate as a
result of inefficient (or non-existent) repair of DNA damage
and/or replication errors (Brown et al. 1979, 1982; Wilson et al.
1985). Previous studies looking at the naturally occurring
variation in animal mtDNA have shown that it includes a high
incidence of length variation and transitions in relation to
transversions (Cann and Wilson 1983, 1984, 1987; Aquadro and
Greenberg, 1983; and Brown, 1983). This mutational spectrum is
similar to that found in bacteria deficient in repair mechanisms
‘(wilson et al., 1985; Fowler et al. 1986). Although evidence for
recombination of mtDNA was obtained in an early study with hybrid
somatic cells (Horak et al., 1974), the results of subsequent
studies all indicate that animal mitochondria appear to be
without mechanisms of recombination (Lansman and Clayton, 1975).
There is also some direct evidence that some mechanisms of post-
replicative repair are absent (Clayton et al., 1974). If animal
mitochondria lack post-replicative repair mechanisms and
exonuclease associated proofreading, naturally occurring "silent"
variation in mitochondrial DNA (mtDNA) should reflect the
spontaneous substitution spectrum and provide a method to
investigate the basic mechanisms of mutation.

There are three means by which substitutions can arise in a
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system without repair mechanisms: (1) formation of mispairs
following the model of Topal and Fresco (1976); (2) differential
DNA polymerase selectivity; (3) unrepaired DNA damage. In this
study I compare silent substitutions in a 2214 base pair segment
of mitochondrial DNA from 6 closely related salmon species to the
substitution spectra predicted by these three mechanisms.

Because the transition to transversion ratio is so high,
past studies of mitochondrial variation have been limited to an
analysis of transition frequencies. 1In order to address the
question of all substitution frequencies I have undertaken an
analysis of a large fragment from a group of species which have
high enough levels of divergence to show sufficient numbers of
transversions without eliminating specificity through subsequent
transitions. The coding function of the sequence is known and

the analysis can be limited to silent substitutions.

-
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RESULTS AND DISCUSSION

Substitution Frequencies

The phylogenetic relationships derived from the sequence
variation is shown in Fig. 22. These relationships are used to
infer the substitution frequencies given in Fig. 23. There are
771 potential silent sites in the sequence compared. 329 of
these sites show variation among the six species. These results
show the high transition/transversion ratio typical of mtDNA
variation. Because of the obvious bias in favour of transitions,
we have calculated the expected numbers of transitions and
transversions separately. The expected values closely match the
observed values for the transitions but not for the
transversions. In both transitions and transversions the bases
which are infrequent in the silent positions have greatly reduced

observed numbers.

Mispairing

For a model based on mispairing it is difficult to develop
strong predictions for the individual substitution frequencies.
If the model is based on the assumption in Topal and Fresco
(1976) Pur-Pyr and Pyr-Pur mispairs that lead to transitions will
be the most prevalent class of substitution. Pur-Pur mispairs
will be the only transversion mispairs. Based on the geometries
and the relative frequencies of the two purine bases, the G-G and
G-A mispairs will occur more often than the A-A and A-G mispairs.

That not all Pur-Pur mispairs have the same geometry is supported
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FIGURE 22.

Parsimony tree relating mitochondrial DNA sequences
from the six salmonid species. Following the principles of
parsimony, the variation at silent positions was used to infer a
branching pattern for the six taxa. The parsimony tree was
derived using the PHYLIP phylogeny inference package supplied by
Joe Felsenstein. The nodes 2,3,4,5 represent branch points for
which hypothetical taxonomic units based on the most parsimonious
order of substitutions can be determined. The minimum number of

substitutions in this tree is 477.
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FIGURE 23.

Substitution frequencies for each of the twelve
possible substitutions in each strand of the mitochondrial
genome. The mispairs that result from the substitutions are
presented. The template (or damaged) base is given in bold. I
have constructed a hypothetical ancestral sequence based on
comparisons of the present sequences of these species and the
phylogeny in Fig. 22. I have calculated the frequency of each
kind of substitution based on (1) a comparison of the
hypothetical ancestral sequences and the sequences from extant
taxa and (2) the phylogeny of Fig. 22. The expected number of
each substitution is the product of the total number of -
transitions or transversions and the frequencies of the base
changing at all silent positions. Each substitution is ranked
according to each of the three proposed mechanisms of
substitution. In each case 1 is the substitution predicted to

occur most often for that mechanism.
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indirectly by the ability of mismatch repair systems to
differentiate between different Pur-Pur pairs. The Pyr-Pyr
mispairs are predicted to be extrahelical and not detectable at
the limits of this analysis.

With respect to the preponderance of transitions over
transversions, the mispair model fits well with the data in Figqg.
23. It does not fit well when the transversion mispairs are

considered.

Polymerase selection

Recent in vitro fidelity studies of eukaryotic DNA

polymerases, including a mitochondrial polymerase, have shown
that base substitution spectra are a result of polymerase
Vselectivity (Kunkel and Alexander, 1986). The frequencies of
each of the twelve substitutions in their study allow for strong
comparisons with the substitution spectra in Fig. 23. I have
ranked the substitutions into four categories based on the
frequencies of substitutions found in vitro with mitochondrial
polymerase. These categories are not consistent with the data in
Fig. 23 and are not consistent with the general predominance of

transitions over transversions in mtDNA.

DNA Damage
The third hypothesis for the production of transversions can
be based on damage to the mitochondrial genome. The damage to

mtDNA which will lead to substitutions is limited by the lack of
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repair. The most frequent spontaneous alteration in DNA in vivo
is depurination (Lindahl and Nyberg, 1972). Depurination results
in abasic lesions which have been shown to allow polymerization
for several eukaryotic and prokaryotic polymerases (Loeb and
Preston, 1986; Randall et al., 1987; and Takeshita et al., 1987).
The propensity toward depurination and the possibility of
polymerization through abasic sites without repair suggest that
depurination is the most likely damage to affect the animal
mitochondrial genome. Depurinations occur 100-500 times as
frequently as depyrimidizations (Lindahl and Karlstrom, 1973,
Lindahl and Nyberg, 1972 and Schaaper and Loeb, 1981). This
predicts that depurinations are the only events which would
affect the transversion frequencies in this study. In addition,
the N-glycosylic bond of deoxyguanosine is hydrolysed more
frequently than that of deoxyadenosine. Recent in vitro analyses
(Randall et al., 1987; Takeshita et al., 1987) have shown that
the incorporation of bases opposite abasic sites occurs such that
A>G>T=C. Although the overall frequency of incorporation
varies with the context of the template, the relative frequencies
remain fairly consistent. With the above information it is
possible to predict that the most frequent class of substitutions
at those sites would be transversions that occur via A-G
mispairing following the convention that G is the template or
depurinated base and A is the incorporated base. The second most
frequent class should be transversions via G-G or A-A mispairs.

Although the two A-A products should have equal frequencies, as
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should the two G-G products, the relative frequencies of the A-A
and G-G products depend on the relative contributions of
depurination and polymerase fidelity. The third most frequent
class would be transversions via the G-A mispairs. The fourth
and fifth classes would be transitions. The model predicts no
detectable contribution from depyrimidizations. The spectrum of
mutations does not indicate any contribution from deamination of
C which should increase the proportion of C to T transitions.

The mtDNA damage model alone cannot account for the
substitution spectrum in mitochondria, since the transitions,
which occur at a high frequency, are predicted to be only the
fourth and fifth most frequent classes. This does not preclude
"the role of damaged DNA in the production of transversions, but
simply suggests that transitions are not consistent with this
model and in that way supports the mispairing model for the
production of transitions. In comparing the transversion
frequencies with their ranking in the model (see Fig. 23) it is
clear that there is a reduced proportion of C to A transversions
from an A-G mispair on the H-strand, due to the low frequencies
of C in that strand. The high frequency of the other A-G product
and the high level of the A-A product fits well with this model.
The only other inconsistency with this model concerns the higher
than predicted level of T to G in the H-strand when compared to
the other transversion via G-A mispairing and the two G-G mispair
transversions. One explanation could involve alternative

pathways, which involve transitions subsequent to transversions.
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If the T to G transversion is over-represented because of a
subsequent A to G transitions, the A to C transversions should
also be over-represented. 1In light of the effect of the under-
represented bases in both transitions and transversions it is

interesting to look at the transversion frequencies in Drosophila

mitochondrial DNA (Wolstenholme and Clary, 1985) where C and G
are both under-represented. In a comparison of the sequences

from protein coding regions in Drosophila yakuba and Drosophila

melanogaster the prominent transversion class is T-A, which is
consistent with the depurination model because both C to A

pathways would be much reduced.

Deletion

Among the six salmonid species there is a single length
variation. This is a deletion of a single codon in‘ﬁhe ATPase 6
gene. Non-protein coding regions of mitochondria show a high
level of small additions and deletions (Hixson and Brown, 1986;
Wrischnik et al., 1987).- Bacteria without repair also show
additions and deletions in their spectrum of mutations. The
single deletion in pink salmon does not allow for a calculation
of rates of deletions in salmon. Considering the fact that the
deletion in pink salmon is a non-silent change and that only a
fraction of the addition/deletion mutational events will result
in loss or gain of a complete codon, a single deletion is not
inconsistent with a high level of addition/deletion mutational

events.
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Conclusions

It is clear that among the three mechanisms of substitution
proposed here, the mispairing model is the most consistent with
the propensity toward transitions found in mtDNA. Because the
relative frequencies of the four possible Pur-Pur mispairs is
difficult to predict based on current knowledge, it is difficult
to completely rule out mispairing as the mechanism by which
mitochondrial transversions arise. However, it is interesting
that the relative frequencies of transversions predicted by the
depurination model match the frequencies observed in mtDNA. The
mispairing and depurination models are not mutually exclusive.
If the effect of depurination falls between the effects of Pyr-
Pur and Pur-Pur mispairing then both models could result in the
transition and transversion substitutions separately. If this is
the case, the substitution spectrum is best explained by a
combination of the mispairing and damage models. The finding
that different transversions occur at different rates is
important in light of the recent advances in the production of
phylogenies based on sequence comparisons. The method of
evolutionary parsimony (Lake, 1987) assumes that the
transversions occur at equal rates. Modifications of this method

will be necessary for analysis of mitochondrial data.
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SECTION IV

PHYLOGENY OF THE SALMONID

MITOCHONDRIAL GENOME
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INTRODUCTION
Evolutionary relationships among the various salmonid
species have been constructed on the basis of many different
characters (Thomas et al., 1986). Successful experimental
hybridizations among many members of the genus Oncorhynchus and
subgenus Parasalmo indicate that the Pacific salmonids form a
closely related evolutionary group. Although Regan (1914) and

Benhke (1962) proposed that members of the Oncorhynchus and

Parasalmo actually constitute a single genus, differences between
these species have been emphasized. The mitochondrial DNA of
several salmonid species have been compared (Thomas et al., 1986;
Berg and Ferris, 1984 and Gyllensten and Wilson 1986). These
studies have shown consistent levels of divergence. Where the
same species were compared in different laboratories’using
different sets of restriction enzymes, the levels of divergence
estimated were very similar. The relationships among the
salmonid species are consistent with the close relationship of

Parasalmo and Oncorhynchus (Thomas et al., 1986) and a distant

relationship between Parasalmo and Salmo (Berg and Ferris, 1984;
Gyllensten and Wilson, 1986).

In this section I address the evolutionary relationships
among these six salmonid species and compare the relationships as
determined by direct sequencing of a specific fragment of
mitochondrial DNA with those determined previously using

restriction enzymes to sample the mitochondrial sequence
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divergence.

The fossil record for the salmonids is not complete. I have
attempted to compare the molecular relationship among the extant
species with the currently known fossils. This is done both to
place limits on the rate of mitochondrial divergence and to begin

a necessary synthesis of the molecular and fossil data.
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RESULTS AND DISCUSSION

The observed level of nucleotide divergence for each
pairwise comparison among the six species is given in Fig. 24.
The levels of observed divergence range from a low of 4.74
percent between the rainbow and cutthroat trouts to a high of
8.76 percent between the pink salmon and rainbow trout. A
comparison of these levels with those previously calculated using
restriction site divergence estimates (Thomas et al., 1986; Berg
and Ferris, 1984; Gyllensten and Wilson, 1986) show that in all
cases the estimates of divergence from restriction site data
significantly underestimate the levels observed in the sequences
"of this specific fragment. The first factor which must be noted
is that the restriction site analysis samples sequences
representing the entire mitochondrial genome and potentially
representing all classes of functional sequences. The sequences *
represented in the 2214 base pair mitochondrial fragment analyzed
in this thesis do not include the rRNA sequences which typically
evolve at half the rate of the protein coding sequences, nor do
they include the control region. The mitochondrial control
region may evolve as much as 5 times faster than protein coding
regions (Aquadro and Greenberg, 1983; Brown, 1985). Because of
the spectrum and distribution of changes in the control region,
the rates observed using restriction enzyme methods such as those
used in (Thomas et al., 1986) will drastically underestimate the

level of sequence divergence in the control region. Both of
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FIGURE 24.

Pairwise nucleotide sequence divergence among the six
salmonid species. The observed number of mismatches between each
pair of species is given above the diagonal. The percentage of
the 2214 base pairs not matching is given below the diagonal.

The mismatches include all types of substitutions. The single

deletion found in the pink salmon is not included.
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these factors suggest that this 2214 base pair fragment will have

a higher actual sequence divergence than that which would be
estimated from restriction site variation across the entire
genome.

As pointed out in previous sections the variation in the
sequence of this fragment is predicted to be greater than that
predicted by restriction site estimates, due to the unequal
distribution of variation in this mitochondrial fragment. The
graph in Fig. 15 demonstrates that over 30 percent of the
variable sites have undergone more than one substitution. The
pairwise divergence shown in Fig. 24 includes those multiple
substitutions which involve different changes at the same site
different lineages.

Another observation of major importance is the non-random

in

distribution of variation within mitochondrial genes. One of the

major assumptions of estimating divergence by sampling
restriction sites is that the variation is randomly distributed
The fact that some sequehces have a higher rate of divergence
than others has been known for some time (Brown et al., 1982).

In this salmon fragment I have found that the variation is not

randomly distributed even within functional units. This clumping

of variation is especially evident in the tRNAGLY gsequence. 1In
this case the variation is limited to the DHU loop.

Mitochondrial tRNA sequences make up almost 10 percent of the

mitochondrial genome. If the variation in tRNAGLY ig typical of

the variation in salmon mitochondrial tRNAs the lack of variation
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in most of the tRNA and the distribution of variation in such a
small region could have a dramatic effect on the ability to
predict divergence levels with restriction enzymes. 1In the
protein coding regions which make up approximately 70 percent of
the mitochondrial genome the variation also shows a clumped
distribution (Fig. 18). This is not as drastic as the
distribution in the tRNAs. Correlated with the distribution of
variation in protein coding regions is the distribution of
leucine codons. As noted in section II, leucine codons make up a
significant proportion of the mitochondrial amino acids. The
leucine codons present a particular problem for sampling with
restriction enzymes. Variation in all other mitochondrial codons
is limited to the third position. This is consistent with the
finding that the majority of the variation observed in
mitochondrial genomes is silent. 1In the leucine codons both the
first and third positions are silent. This increases the maximum
number of potential silent sites in a six base restriction site
in mitochondria from two-to four.

A UPGMA evolutionary tree based on the observed nucleotide
substitutions in the 2214 base pair fragment is given in Fig. 25.
The relationship among these six species predicted in this tree
is the same as that predicted by restriction site estimates. It
is only the level of divergence that varies between the two
methods. The relationship in Fig. 25 is also consistent with the
parsimony tree presented in Fig. 22. These results are in

accordance with the proposal that Oncorhynchus and Parasalmo
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FIGURE 25.
An unweighted pair-group method with arithmetic mean
(UPGMA) evolutionary tree relating the six salmonid species

analyzed. Data used for this tree are from Fig. 24.
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constitute a single genus.

RATES

Any attempt to determine a rate of substitution for the
salmonid mitochondrial génome requires a well defined fossil
record. The salmonid fossil record is not complete, but the
presence of several fossil salmonids representing North American
faunas throughout the late Cenozoic does allow for at least some
comparison of the molecular and paleontological data. Aside from
the general lack of fossil salmonids, one of the problems with
the salmonid fossil record is the lack of a clear evolutionary
relationship of the extant taxa. As pointed out by Calvender and
Miller (1982) in their description of the fossil species Salmo

australius, there is a difficulty in the alignment of the salmo

species based on the current use of the generic name Salmo. This
problem does not affect higher level taxonomic comparisons or
zoogeographical proposals within species.

The earliest known salmonid fossil is the Eocene Eosalmo

driftwoodensis (Wilson, 1977). This species is morphologically

intermediate to the recent Salmoninae and Thymallinae salmonid
subfamilies. No comparisons of mitochondria from these
subfamilies have been published. A fossil Salvalinus is known
from the late Miocene (Calvender, 1986). The divergence of

Salvalinus fontinalis, the brook trout, from the Salmo and

oncorhynchus species is approximately 13 percent (Gyllensten and

Wilson, 1986). A rate of 2 percent per million years is
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consistent with a late Miocene origin of the Salvalinus group.
The extant Pacific salmon species analyzed here and previously
(Thomas et al., 1986) are not found in the fossil record prior to
the Pliocene (Smith, 1981). It is interesting to note that Salmo
clarki, the cutthroat trout, has the earliest known fossils of
any of the extant species and is also the species with the
greatest level of intra-specific divergence, 2.0% (Gyllensten and
Wilson 1986), as compared with 1.5% in rainbow trout (Wilson et
al., 1985) and less than 1.0% among chinook salmon individuals
(Wilson et al., 1987).

The zoogeography of the great basin trouts is an additional
source of reference for the timing of divergence within the
cutthroat trout species. 1In his analysis of the great basin
cutthroat trouts, Behnke (1981) has suggested that the three
distinct cutthroat trout subspecies diverged after the start of

-~

the Pleistocene. The divergence between Salmo clarki bouvieri,

the Yellowstone subspecies and Salmo clarki lewisi, Westslope

subspecies is 2% (Gyllenéten and Wilson, 1986), consistent with a

Pleistocene origin for the cutthroat subspecies.

Conclusions
The evolutionary relationships determined by both parsimony
and UPGMA methods are consistent with a close relationship

between the Parasalmo and Oncorhynchus taxa. Although this

relationship is the same as that estimated with restriction

enzymes, the levels of divergence between taxa estimated from
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restriction site variation were consistently lower than that
observed in this fragment. The fossil record for salmonids is

completely consistent with a rate of 2% sequence divergence per

million years.
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CONCIUSIONS

In the first section of this thesis I have found that the
levels of amino acid identity between mitochondrially encoded
proteins from trout and other animals are consistent with those
previously found among other animal groups studied. A low level
of amino acid sequence divergence between trout and Xenopus may
suggest that the proteins in these two "cold-blooded" species are
under similar constraints. I have found that the tRNA sequences
among animal mitochondria have a complex set of constraints
ranging from almost complete conservation in the AC loop to a
complete lack of primary sequence conservation and lengths in the
other loops. Other factors, such as nucleotide strand
composition and codon usage, appear to be less biased in trout

than in mammals or Drosophila. These comparisons among

relatively divergent taxa probably reflect sequences that have
been saturated with mutational events. Sequences and structures
that are conserved amonglthese groups are assumed to be critical
to the function of this molecule.

The comparisons among salmonid species have revealed a
complex pattern of variation both between and within protein
coding and tRNA coding sequences. A much lower proportion of the
variation among salmonids is non-silent when compared to that
found among primates and within humans (Brown et al., 1982; Cann
et al.,.1984). These non-randon patterns of variation and high

levels of multiple substitution are consistent with the

-
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difference in divergence estimated from the restriction site
variation in the whole molecule and that found in this sequence.

The spectrum of mutations among salmonids is consistent with
a combination of mispairing and DNA damage. This assumes that
there is no repair in animal mitochondrial DNA, an assumption
which requires more direct testing.

The phylogeny of the Pacific salmonid mitochondrial DNA
examined here is consistent with a close relationship of the
Parasalmo and Oncorhynchus groups. The fossil record is
consistent with a rate of divergence of 2 percent per million
years for these extant taxa. The set of oligonucleotides used in
this analysis should facilitate the examination of variation
within each of these species and allow the inclusion of other

Closely related groups.
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