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Abstract
"

My study investigated the evolution of oxidative metabolism in fishes. While

intense selection for, or against, non-synonymous point mutations in coding sequence
drives the evolution of mitochondrial OXPHOS genes, genome-specific mechanisms
such as gene duplication events can play major roles in the evolution of nuclear
OXPHOS genes. My thesis focused on the mitochondrial enzyme cytochrome c oxidase
(COX), principally in fish because of their evolutionary origins and functional diversity in
terms of energy metabolism. In the first part of my thesis, I examined a highly aerobic
group of fishes (billfishes and tunas) to study the evolution of mitochondrial COX genes.
Though the study began as a structure-function analysis of COX, my approach changed
when my preliminary results called into question the accepted phylogenetic
relationships of my species of interest. We generated a robust multigene phylogeny of
this group to interpret data in a phylogenetically informative context. Phylogenetic
analyses in this group provided us with a framework to study the evolution of
mitochondrial OXPHOS genes, but unexpectedly revealed that: 1) billfishes are only
distantly related to tunas, and share greater evolutionary affinities with flatfishes
(Pleuronectiformes) and jacks (Carangidae), and 2) regional endothermy has evolved in
a non-scombroid suborder in teleosts. These results collectively imply that regional
endothermy has evolved independently at least twice within teleost fish. The second
part of my thesis explored the evolution of the nuclear COX subunits, focusing on their
origins in fish. Isoform transcription profiles coupled with phylogenetic analyses for each
subunit show that vertebrate isoforms arose from a combination of early whole-genome
duplications in basal vertebrates or specific lineages (e.g. teleosts), and more recent
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single gene duplication events. While there is evidence for retained function of some
COX orthologues across fishes and mammals, others appear to have diverged in
function since their earlier radiation, possibly contributing novel evolutionary functions.
Together these two studies provide insight into the evolutionary forces facilitating
adaptive change in mitochondrial and nuclear OXPHOS genes.
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Chapter 1: General Introduction and Literature Review

1.1 Overview
"

Most of the energy produced by an aerobic cell is achieved via oxidative

phosphorylation (OXPHOS). OXPHOS is a combination of two processes: oxidation by
the electron transport system and phosphorylation by an ATP synthase. Though the
basic elements of this process are broadly similar among vertebrates, there are
examples of specific variations among taxa, such as overall increases in aerobic
capacities, structural adaptations for endothermy and differential isoform retention and
expression for oxidative genes. In my thesis I focus on the mitochondrial enzyme
cytochrome oxidase (COX) to explore how its structure has evolved in fish.

1.2 Oxidative Metabolism
Electrons enter the electron transport system (ETS) through the reduction of complex I
(NADH dehydrogenase) and complex II (succinate dehydrogenase) by NADH and
FADH2, respectively. They are then transferred through the subsequent complexes of
the ETS to the final electron acceptor, atmospheric oxygen via a cascade of redox
reactions. Complex I (NADH dehydrogenase), complex III (cytochrome reductase or
COX) and complex IV (cytochrome oxidase) harness the energy released during
electron transfer to translocate protons outwardly across the inner mitochondrial
membrane to the intermembrane space, creating an electrochemical gradient. F1F0
ATPase (ATP synthase) relies on the resulting proton motive force to drive the
phosphorylation of ADP to ATP. Oxidative metabolism is highly efficient and generates
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approximately 15-fold the amount of ATP as glycolytic metabolism (Ballard and
Whitlock, 2004).
"

OXPHOS is necessary for meeting vertebrate energy requirements during rest,

sustained exercise and recovery from burst exercise. In fishes, oxidative muscle fibers
are organized into red muscle, with high myoglobin content and many densely-packed
mitochondria and are capable of powering continuous swimming (Dalziel et al., 2006).
Estimates of the percentage of red muscle provide some indication of species
athleticism, with many pelagic fishes having red muscle contribute a higher percentage
of total body mass (Goolish, 1991). While the individual components of OXPHOS are
highly conserved across taxa, some groups have evolved unique tissue-specific
mechanisms. For instance, in mammals, uncoupling protein 1 in brown adipose tissue
(BAT) uses the proton motive force for thermogenesis, rather than ATP production, by
providing a proton channel across the inner mitochondrial membrane and subsequently
uncoupling OXPHOS. Fish (and other non-mammalian vertebrates) lack uncoupling
protein 1, though many taxa have evolved mechanisms to generate heat, ultimately
from OXPHOS.

1.3 Nuclear- and Mitochondrial-encoded OXPHOS Components
"

The proteins of OXPHOS are large multimeric complexes (I-V) with subunits of

both nuclear and mitochondrial origin. Because OXPHOS is essential to fulfill the long
term energy requirements for aerobic organisms, its components are subject to intense
selective constraints, with most deleterious mutations removed from the gene pool
rapidly by purifying selection (Kivisild et al., 2006). The shared genomic origins of most
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OXPHOS complexes (I, III, IV and V) require much intergenomic coordination (Rand et
al., 2004). While mitochondrial genes typically encode subunits of OXPHOS complexes
that are catalytic in nature, nuclear-encoded subunits tend to have specific regulatory
and/or structural functions (Barrientos et al., 2008). Regardless of genomic origin, these
subunits are all ultimately expressed and functionally interact within the ETS (and
complex V) and are therefore subject to generally the same selective environment.
Although the two genomes encoding OXPHOS complexes differ radically in evolutionary
mode (organization, mutation rate, size constraint, inheritance pattern) and gene
expression mechanisms, both evolve in ways to coordinate function under intense
selective constraints (Rand et al., 2004).

1.4 Evolution of Mitochondrial OXPHOS Genes
"

The vertebrate mitochondrial genome includes 13 protein-coding genes, all of

which encode peptides critical to electron transport, proton pumping and
phosphorylation of ADP. These genes are traditionally believed to evolve via neutral
evolution (Blier et al., 2001); however the vital role of each in the production of cellular
energy suggests that mutations in mitochondrial DNA (mtDNA) could significantly affect
overall fitness. Statistical analyses exploring patterns of variation in mtDNA sequences
have supported this suggestion (Blier et al., 2001), and more recent studies have shown
that the evolution of mitochondrial proteins is not necessarily neutral; non-random
processes can influence mitochondrial genome evolution (Dalziel et al., 2006, Castoe et
al., 2008). Although mutations in structural genes or assembly proteins typically have
deleterious consequences on OXPHOS complexes (see Moyes and Hood 2003),
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positive selection has been known to mark the evolution of OXPHOS components in
extraordinary cases (Castoe et al., 2008; Grossman et al., 2001; Grossman et al.,
2004). While mitochondrial genes are typically subject to intense purifying selection to
conserve enzymatic function (Rand, 2003), few studies have assessed whether they
evolve in ways that affect bioenergetics.

1.4.1 Mitochondrial-Encoded Cytochrome Oxidase Subunits
"

COX is a particularly good model to study the evolution of metabolism because

much is known about its structure-function relationships. Vertebrate COX is comprised
of 13 subunits, 3 of mitochondrial origin and 10 of nuclear origin. The three
mitochondrial-encoded subunits form its catalytic core, transferring electrons from
cytochrome c to atmospheric oxygen and pumping protons from the matrix to the
intermembrane space. While all of these subunits are subject to strong purifying
selection, adaptive evolution has been shown to drive their evolution in rare instances
(Castoe et al., 2008).
"

Deleterious mutations are infrequent in mtDNA, as even minor disruption of

electron transport, proton pumping or ADP phosphorylation could have major
implications on total organismal energy production and/or result in disease (Ballard and
Whitlock, 2004). Because OXPHOS his highly efficient across all aerobic taxa, positive
selection in mtDNA is also rare. While positive selection in these cases may be
adaptive, it may also be compensatory in nature. In the latter, positively selected
residues do not confer adaptive benefit relative to ancestral function, but merely
counterbalance slightly deleterious mutations at neighbouring sites. Compensatory

4

coevolution has been known to occur both within and across genomes (see Brown,
2008; Moyes and Hood, 2003; Rand et al., 2004).
"

While most studies looking at adaptive evolution in COX genes do so in primates

(Grossman et al., 2001; Grossman et al., 2004; Kivisild et al., 2006), a recent study in
snakes (Castoe et al., 2008) represents a paradigm shift in the field. Early in snake
evolution, the entire mitochondrial genome experienced two punctuated bouts of
adaptive evolution (Castoe et al., 2008). Despite its typical status as the most
conserved of the mitochondrial genes (Appia-Ayme et al., 1999), COX I experienced the
highest levels of positive selection. Although the mechanistic impact of these positively
selected mutations is unknown, amino acid replacement was physicochemically
extreme and generally centered around electron and proton transfer channels
responsible for the catalytic activity of the complex (Castoe et al., 2008). It appears that
these core metabolic proteins have been functionally redesigned in snakes (Castoe et
al., 2008). Castoe et al. (2008) postulate that these two unprecedented bouts of positive
selection contributed to the evolution of the extreme metabolic regulation necessary for
specific dynamic action (increase in metabolic rate above basal metabolic rate required
to process food) during snake evolution. Because snakes feed infrequently and on
relatively large prey, digestive conditions are not continuously maintained, but are
induced upon feeding (Secor and Diamond, 1998). The synthesis of components
necessary for specific dynamic action is incredibly expensive relative to basal metabolic
rate. For instance, a python must upregulate oxidative metabolism up to 4000-fold for
large meals, which can take as long as two weeks to digest (Secor and Diamond,
1998). It follows that good models to study non-random evolution of mitochondrial
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genes, specifically COX, are those that have experienced strong selective pressures for
increased aerobic capacities

1.4.2 High Performance Fishes
"

My main focus in this thesis was the evolution of COX in fish. One group of fishes

that has provided important insight into the evolution of energy metabolism lie within the
suborder Scombroidei, specifically tunas (scombrids) and billfishes (xiphiids and
istiophorids). This group consists of arguably the most athletic fishes in the ocean; they
have evolved many specializations for fast and continuous swimming, long migrations,
rapid recovery from exercise, and are capable of generating heat to maintain regional
body temperatures elevated more than 15°C above ambient temperatures (regional
endothermy). While endothermy in a terrestrial environment is metabolically demanding,
maintaining a temperature differential in water is far more energetically costly, especially
when respiration occurs across gills (Block and Finnerty, 1994); the potential for heat
loss is 105 times greater for a fish than for a terrestrial animal (Wolf et al., 1988).
Despite these high energetic costs, endothermy has arisen between three (once in
lamnids, once in scombroids and once in the deep-sea lampridiforms) and five times
depending on resolution of phylogenetic uncertainty. While the evolutionary advantage
of regional endothermy to thermal niche expansion in fishes is clear, evolutionary forces
may have also selected for additional fitness advantages, such as superior visual acuity
(Fritsches et al. 2005). Though three separate lineages within Scombroidei show
regional endothermy, the appearance of such remarkable suites of adaptations in this
one group has led to vigorous debate about the phylogenetic relationships within
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Scombroidei (Collette et al., 2006) and whether the distribution of the trait is indeed of
independent origin.
"

Tunas warm their muscles, viscera and brains via counter-current heat

exchangers that conserve the heat generated in anteriorly positioned internalized red
muscle tissue (see Block and Finnerty 1994). Packed with mitochondria that have
cristae surface areas 2-3 times higher than in most vertebrates, red muscle in tunas is
one of the the most aerobic tissues known in fish (Moyes et al., 1992). Billfishes warm
only their brains and viscera via a specialized thermogenic organ called a heater organ
(Block 1986; Carey 1982). These organs are comprised of highly oxidative tissues
derived from specialized extraocular muscle cells that lack most of their contractile
machinery (Block 1986; Block and Finnerty 1994). Heater organs are thought to have
evolved twice, once in the common ancestor of billfishes and once in the common
ancestor of the butterfly mackerel (Gasterochisma melampus; Block and Finnerty 1994).
Assays of citrate synthase activity, an enzymatic marker for aerobic pathways, have
revealed that the heater organs of billfishes have a 3-4 fold higher oxidative capacity
than even the red muscle of tunas (Block and Finnerty 1994). These fishes, because of
their ancient origins and remarkably-mammalian like energy metabolism, can provide
great insight into how the capacity for high metabolic rate has evolved.

1.4.3 Evolution of Cytochrome Oxidase II in Scombroidei
"

The energetically expensive physiological demands of tunas and billfishes are

met by their increased potential for oxidative metabolism. While enhanced mitochondrial
content and greater cristae surface areas are responsible, at least in part, for the
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greater aerobic capacities typical of these fishes, increases in biochemical efficiency
and/or regulatory control have also been implicated (Dalziel et al., 2006). COX provides
a good model to study the evolution of mitochondrial OXPHOS genes because it is a
key regulator of OXPHOS and much is known about its structure-function relationships.
"

Dalziel et al. (2006) identified 13 positively selected residues in COX II of

billfishes, but found that this subunit was strongly conserved via purifying selection in
tunas. Although these residues do not directly contribute to the catalytic activity of the
enzyme, many were in regions known to interact with other COX subunits of both
mitochondrial and nuclear origins (Dalziel et al., 2006). Sequencing these subunits, we
determined that the positively selected residues identified in billfish COX II were not the
result of coevolution, and were therefore unlikely to merely compensate for minor
deleterious mutations at adjacent positions. However, whether these residues were
selected for benefits relating to increased aerobic capacity has yet to be determined.

1.4.4 Billfish Phylogeny
"

In using this group to study the evolution of COX in fishes, it is necessary to

understand the evolutionary origins of its members. While Dalziel et al. (2006) remarked
upon some interesting evolutionary trends in the amino acid sequence of billfish COX II,
their general conclusions may be phylogenetically misinformed. The greater phylogeny
of billfish has long been contentious; as mentioned earlier, it is traditionally accepted
that they belong within the suborder Scombroidei, with other highly athletic fishes such
as tunas, mackerels and barracudas (Sphyraenidae). Using maximum-likelihood
analysis, Dalziel et al. (2006) found that billfishes share unexpected phylogenetic
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affinities at COX II with carangids (jacks and jack mackerels), a family of fishes from an
entirely separate suborder (Percoidei), to the exclusion of tunas. While recent studies
focusing upon greater billfish phylogeny have placed them outside of Scombroidei, their
evolutionary relationship with tunas is still inferred to be relatively close (Orrel et al.,
2006; van der Straten et al., 2006); no studies have allied them with such traditionally
distant groups as carangids. Without a strong grasp of the true evolutionary affinities
among these taxa, evolutionary patterns responsible for increased oxidative potential,
and general scombroid physiology, remain difficult to interpret. Thus, the first goal of my
thesis was to re-evaluate the structural evolution of mtDNA-encoded COX subunits, but
with more rigorous assessment of the phylogenetic relationships using a suite of both
mitochondrial and nuclear DNA sequences and Bayesian phylogenetic inference.

1.5 Evolution of Nuclear OXPHOS Genes
"

Although products of nuclear OXPHOS genes are ultimately expressed in the

mitochondria and are subject to the same general selective environment as those of
mitochondrial origin, the evolutionary mode and expression mechanisms characteristic
of the nuclear genome have very different effects on the evolution of its genes. Whereas
the organization of mitochondrial OXPHOS genes is highly compact, nuclear OXPHOS
genes are scattered across chromosomes, transcribed via individual promoters and
subject to entirely different mechanisms of inheritance. Nuclear OXPHOS genes are still
largely conserved via purifying selection; however adaptive evolution is more common
here than in the mitochondrial OXPHOS genes (Schmidt et al., 2001). Although
evolution of protein-coding genes is largely based upon functional constraints, genome-

9

specific regulatory mechanisms are also known to affect gene evolution. For instance,
gene duplication resulting from unequal crossover during meiosis may altogether alter a
geneʼs selective environment, allowing it to evolve freely and rapidly (Bielawski and
Yang, 2003).

1.5.1 Nuclear-Encoded Cytochrome Oxidase Subunits
"

The 10 nuclear-encoded COX subunits do not directly contribute to the enzymeʼs

catalytic activity, but possess regulatory and/or structural functions. Because these
genes each have an individual promoter, transcription of nuclear COX genes may occur
differentially rather than concurrently, which is not the case with mitochondrial genes.
While the exact functions of many nuclear COX subunits remain elusive, several have
been implicated as key regulators of OXPHOS (Burke, 1998; Castello et al., 2008;
Huttemann et al., 2001; Kadenbach et al., 2000).
"

For example, COX IV, the largest nuclear-encoded subunit (Capitanio et al.,

1994), interacts with the mitochondrial-encoded subunits COX I and COX II (Schmidt et
al., 2001). COX IV binds ATP in the matrix to allosterically inhibit catalytic activity at high
ATP/ADP ratios (Napiwotzki and Kadenbach, 1998). Interestingly, COX Va can bind
thyroid hormone to prevent inhibition of enzyme activity by COX IV, even in the
presence of high ATP concentrations and low ADP concentrations (Arnold et al., 1998).
Like COX IV, COX VIa also possesses an ATP binding site to regulate enzyme function
according to cellular energy demands (Huttemann et al., 1999). Although more than a
decade has passed since Tsukihara et al. (1996) first described the structure and
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interaction domains of all 13 COX subunits, much remains unknown about the specific
functions of many COX subunits.

1.5.2 Whole Genome Duplication Events
"

One of the over-riding principles in studying gene families in vertebrates is the

potential impact of whole genome events. Our goal was to assess the impact of these
events on the adaptive evolution of nuclear COX genes. The “one-two-four” model is
generally used to describe the two whole genome duplication (WGD) events (1R and
2R) that occurred early in vertebrate evolution (Steinke et al., 2006). Although the
implication is that gene copy number increases with evolutionary time, gene duplicates
can be differentially retained across taxa, and some vertebrate groups have a greater
propensity for WGD and small-scale gene duplication events than others (e.g. frogs).
The differential retention of gene duplicates across taxa is interesting, as retained
copies are likely to provide some degree of adaptive benefit. Such is the case with
paralogous isoforms, where a duplicated gene is retained either for a dosage-response
effect, or for some adaptive variation in original function.
"
1.5.3 Cytochrome Oxidase Isoforms
"

The retention of gene copies following duplication events results in isoforms.

While isoforms can also arise via the alternate splicing of a single gene transcript, my
thesis will deal exclusively with the paralogous variety. Of the ten nuclear-encoded COX
subunits, seven possess isoforms in fishes and six possess isoforms in mammals; the
higher numbers of subunits with isoforms in fishes may be a result of the extra WGD
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event in this lineage, as compared to mammals. Although isoforms may be retained for
their original function in cases where increases in expression levels help to increase
animal fitness, many isoforms have diverged in function to some degree and their
expression is usually context-dependent. For example, COX IV possesses two isoforms
which are expressed differentially in mammals according to oxygen availability; while
COX IV-1 is the major isoform expressed under normoxic conditions, COX IV-2 is
preferentially expressed under hypoxia (Huttemann et al., 2001). Although the functions
of some COX subunits are unknown, resolution of isoform origins and comparisons of
isoform transcription profiles in various tissues under different physiological conditions
across taxa may help to elucidate what selective advantages they confer.
"
1.6 General Goals
"

In my thesis I use COX to assess the evolution of oxidative metabolism in fishes.

For mitochondrial-encoded OXPHOS subunits, variation as a result of point mutation
seems to be the major facilitator of adaptive evolution. Thus I focus this study directly on
mitochondrial COX gene sequence data, looking for evidence of adaptive change. While
a previous study identified 13 positively selected residues in the mitochondrial COX II
gene of billfishes (Dalziel et al., 2006), my aim is to further resolve greater billfish
phylogeny to reinterpret molecular evolution of all 3 mitochondrial COX genes, and
general billfish physiology, using a robust phylogenetic framework. I am primarily
interested in whether groups of fishes with energetically demanding physiologies show
adaptive evolution for increased OXPHOS efficiency/regulation at the molecular level.
To this end, it is imperative that conclusions are framed within an accurate evolutionary
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history of the taxa studied. My first hypothesis is that the evolution of increased aerobic
capacities in these groups was accompanied by moderately increased rates of noncompensatory non-synonymous change.
"

For nuclear-encoded OXPHOS subunits, the major vehicle of adaptive change

appears to be gene duplication coupled with relaxed selective constraint. Thus, I focus
my study on the evolutionary patterns and expression profiles of COX isoforms. To
assess the evolution of nuclear OXPHOS genes and their respective functions in fishes,
it is important to have a good understanding of the origins of isoforms involved in
oxidative metabolism. Although COX isoform function has been studied in mammals
(Huttemann et al., 2001, 2003, 2007), there has been minimal study on the broader
origins of these isoforms, and whether they serve parallel functions in fishes. I test
whether isoforms arose via the 1R, 2R or 3R WGD events, or via smaller scale gene
duplication events. Combining these evolutionary analyses with rate of nonsynonymous to synonymous mutation (dN/dS) ratio tests and gene transcription profiles
across zebrafish tissue types, I am interested in whether homologues in fishes and
mammals are orthologues or paralogues, and whether isoform retention and isoform
function correlate across taxa. Thus, my second hypothesis is that WGD events are
followed by rapid rates of non-synonymous change, and that retained duplicates differ
functionally from their paralogue(s).
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Chapter 2: Evolutionary Affinity of Billfishes (Xiphidae and Istiophoridae) and
Flatfishes (Pleuronectiformes): Independent and Trans-Subordinal Origins of
Regional Endothermy in Teleosts
2.1 Abstract
"

Billfishes (Xiphiidae and Istiophoridae) and tunas (Scombridae), both of the

suborder Scombroidei, have long been studied by biologists largely because of their
remarkable physiological and anatomical muscular adaptations associated with regional
endothermy and continuous swimming. These attributes, combined with analyses of
other morphological and molecular data, have led to a general perception that tunas
and billfishes are close relatives, though this hypothesis has been vigorously debated.
Using Bayesian phylogenetic analysis on suites of 9 mitochondrial and 3 nuclear loci
(>7000 base pairs total), we show that billfishes are only distantly related to tunas, and
rather share strong evolutionary affinities with flatfishes (Pleuronectiformes) and jacks
(Carangidae). This phylogenetic relationship is striking because of the radical variation
in phenotype and niche across these trans-ordinal groups of fishes. Billfishes and
flatfishes have each evolved radically divergent morphological and physiological
features: elongated bills and extraocular heater organs in billfishes, and cranial
asymmetry with complete eye migration during ontogenetic development in flatfishes.
Despite such extensive phenotypic anatomical divergence, we identify synapomorphies
consistent with the hypothesis of a common billfish/flatfish/jack ancestor. This finding
not only illustrates the power of selection in the independent, convergent evolution of
nearly identical character states in greatly disparate groups (endothermy and
adaptations for continuous swimming in tunas and billfish), but also captures the
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magnitude to which varying selective pressures can spur rapid and extraordinary
divergence within a single monophyletic assemblage.
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2.2 Introduction
"

The suborder Scombroidei (Perciformes) is a collection of teleost fish with

remarkable physiological adaptations related to aerobic activity. Scombroidei contains
three groups of teleosts that possess some form of regional endothermy (1). It also
includes some of the fastest fish in the ocean, exhibiting muscular, metabolic and
cardiovascular specializations (2, 3). Though there are many apparent examples of
similar physiological traits among Scombroidei (regional endothermy and continuous
swimming), the taxonomic limits and evolutionary affinities of the group remain
controversial. The suborder has been subject to serial rearrangement (4-11) since it was
first given modern definition by Regan in 1909 (4). It has generally been accepted that
Scombroidei encompasses the families Istiophoridae, Xiphiidae, Scombridae (tunas,
mackerels, bonitos), Sphyraenidae, Gempylidae, Trichiuridae (9) and
Scombrolabracidae (5, 11). At the center of debate surrounding scombroid phylogeny
are the billfishes, comprised of the monotypic Xiphiidae and the monophyletic
Istiophoridae (12).
"

The phylogenetic relationships of billfishes have been explored in numerous

morphological and molecular studies with resulting phylogenetic hypotheses differing
dramatically, but more recently edging toward classifying billfishes in their own suborder,
Xiphioidei (6, 10, 12). Morphological-based phylogenies are more susceptible to type I
error because of an increased likelihood of misinterpreting adaptive convergence (13),
but molecular data are not impervious to the effects of homoplasy (14). Thus, even in
consideration of new morphological evidence (4, 9, 11) and an increased breadth of
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molecular data (15), the greater evolutionary history of billfishes remains contentious
and unsolved.
"

Morphological studies largely support the inclusion of billfishes in Scombroidei,

but tend to disagree in terms of relationships between suborders (Fig. 2.1). Three
general phylogenetic hypotheses have been supported by morphological data: that
billfishes are scombroids and comprise the sister group of Scombridae (scombrid sister
group hypothesis; ref 5), that billfishes comprise a subgroup within Scombridae
(scombrid subgroup hypothesis; refs 4, 9) and that billfishes are not scombroids and
should comprise a separate suborder (non-scombroid hypothesis; refs 11, 16, 17).
Morphological studies suggesting a scombroid hypothesis are supported by many
seemingly homologous character states unique to billfishes and scombroids (usually
scombrids) such as interconnection of the gill filament blades and hypurostegy (fusion
of the hypural bones into a single plate with bases of the caudal fin rays overlapping the
hypural bone; ref 9), while those supporting a non-scombroid hypothesis provide strong
evidence of polyphyly, citing differences in developmental and meristic characters (16,
17), and sperm microstructure (11). In the former case, undetected evolutionary
convergence in traits independently evolved for continuous swimming may result in
overestimates of relatedness (6, 16). In the latter however, misinterpretation of billfish
synapomorphies may result in spurious conclusions implying separate billfish and
scombroid clades. Morphological evidence to date has been unsuccessful in identifying
which taxa, if not scombroids, most closely relate to billfishes (10).
"

Although molecular phylogenetic analyses have not unequivocally resolved

higher-level billfish phylogeny, they unanimously support a non-scombroid hypothesis
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(6, 10). Beyond this there remain outstanding phylogenetic issues. Finnerty and Block
(6) refuted the monophyly of billfishes and scombroids based on parsimony analyses of
590 base pairs (bp) of cytochrome B sequence data, suggesting instead that billfishes
comprise a separate suborder sister to the scombroids (scombroid sister group). Orrell
et al. (10) analyzed two datasets using parsimony, one consisting of 511bp of the single
copy nuclear locus Tmo-4C4 and the other combined nucleotide sequence data of
Tmo-4C4 and cytochrome B. They also found evidence indicating that billfishes should
comprise a separate suborder suggesting that they are only distantly related to
scombroids (removed non-scombroid hypothesis).
"

Both molecular studies of higher-level billfish phylogeny used few nucleotide

sequence data (<700 potentially informative characters) and predominantly parsimony
analyses to produce hypotheses conflicting with each other, and with those of previous
morphological-based studies (4, 5, 9). Thus, resolution of greater scombroid phylogeny
will be enhanced through increased taxon sampling intensity and greater number of
independent DNA characters (18). Further, because homoplasy has varying effects on
the tree topologies of different genes, the repeatability of a robustly supported clade
across multi-locus analyses can provide a good indicator of confidence for that clade
(14). It is also important to consider the potential effects of coevolution on gene
sequences, as many of the typical mtDNA markers encode residues known to interact.
"

In this study we augment taxonomic sampling breadth of past studies by using

over 7 kb of DNA sequence data from 9 mitochondrial loci and 3 nuclear loci to further
evaluate scombroid polyphyly, and to resolve close ancestors to billfishes in
evolutionary time. Greater resolution of billfish affinities will not only help to clarify and
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stabilize classifications of scombroid fishes (4), but will also give greater context to
studies addressing evolutionary, physiological and ecological questions in this group (1,
2, 19, 20), and its relatives.

2.3 Results
"

The best-fit models for the datasets of each locus varied, but considering models

implemented by MrBayes 3.1, the most appropriate (next complex) model was GTR+I
+G for all mitochondrial datasets, GTR+G for mixed-lineage leukemia-like protein (MLL)
and titin-like protein (Tmo-4c4) and HKY+I+G for rhodopsin (Table 2.1).
2.3.1 Individual Mitochondrial Loci Datasets
"

The Bayesian analyses for each separate locus, except the relatively shorter D-

loop, ATPase 8, ATPase 6 datasets and cytochrome B, all produced a strongly
supported clade (posterior probability > 0.95, Clade 1; Figs. 2.2-2.10) consisting of
billfishes, carangids, flatfishes and the one representative of the family Latidae included
in this study, Lates calcarifer. These groups clustered together to the exclusion of the
scombrids. This clade was present in the cytochrome B analysis, but with weaker
support (posterior probability < 0.89). The D-loop, ATPase 8 and ATPase 6 analyses,
neither contradicted nor supported Clade 1.

2.3.2 Concatenated Dataset
"

We used Bayes factors to compare our 5 partitioning strategies (Table 2.2) to

determine that the best strategy was partitioning each locus separately (P1; Table 2.3).
Our analyses strongly support the monophyly of Istiophoridae (though Makaira indica
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and Tetrapturus georgii were missing in this study) and support the monotypic Xiphiidae
as its sister family, together comprising the monophyletic billfishes (Fig. 2.11). Within
Istiophoridae, however, the genus Tetrapturus appears to be polyphyletic. The four
species of Carangidae sampled, along with Lates calcarifer, comprise the closest sister
group to the billfishes as detected by our study. The four species of flatfishes sampled
comprise the closest sister group to the billfish/carangid/latid clade (Clade 2). There was
strong support (posterior probability > 0.95) separating Clade 1 from scombrids in
evolutionary time across this and all other partition strategies evaluated in this study.

2.3.3 Nuclear Datasets
"

Using refined datasets in terms of taxonomic breadth, our independent nuclear

analyses (MLL, Tmo-4c4 and rhodopsin) all support the monophyly of billfishes,
carangids and flatfishes to the exclusion of scombroids with high confidence (posterior
probabilities > 0.95; Fig. 2.12-2.14).

2.4 Discussion
"

Billfishes and tunas (Scombridae) have been studied by biologists for decades in

part because of their remarkable physiology. They show many similarities such as
swimming performance, red muscle morphology and the unusual capacity to generate
and retain metabolic heat to gain regional endothermy (2, 21). These similarities have
led to a general perception that tunas and billfishes are close relatives, though the
“closeness” has been vigorously debated (4-11). Our study has revealed two
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remarkable findings: 1. that billfishes are not closely related to tuna, and 2. that billfishes
show surprising affinities with flatfishes (Pleuronectiformes) and carangids
(Carangidae).

2.4.1 Endothermy as a Single Morphological Trait
"

The traditional scombroid hypothesis requires the assumption that this is a

monophyletic clade that has undergone many unlikely character reversals back to the
ancestral state (6). For example, Johnson (9) inferred a scombroid origin for billfishes
and considered the development of 2 epurals a synapomorphy at the Scombridaebillfish node; the development of three epurals being the ancestral state. However,
because billfishes possess 3 epurals it is argued that they reverted back to the ancestral
state after divergence, and relatively soon after the evolution of 2 epurals. Alternatively,
classifying billfishes as an entirely separate suborder, particularly one distantly related
to scombrids would seem to require an extraordinary degree of convergence between
two phylogenetically remote groups. Our findings offer strong support for the removed
non-scombroid hypothesis (Fig. 2.11), and are consistent with the model presented by
Orrell et al. (10), but indicate an even greater degree of evolutionary distance
separating billfishes and scombrids.
"

One of the reasons why this group of fish has been particularly challenging to

classify is the remarkable apparent convergence in physiological and morphological
traits. Though it has been recognized that morphological datasets may be
phylogenetically unreliable (4, 9), physiological traits have received less scrutiny. Many
of the traits that are shared by billfish and tuna are associated with regional endothermy
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and continuous swimming (6). Characters that contribute to the greater synergic state
(endothermy or continuous swimming) are appropriately analyzed as one collective
character. Endothermy, even among fishes, is known to have evolved multiple times (1,
22, 23, 24), and continuous swimming is by no means monophyletic (22, 25, 26).
Obviously two characters alone are not sufficient to assume common ancestry, and
breaking synergic characters into their respective components will positively mislead
with respect to evolutionary affinities. Likewise, characterizing the ability to produce and
retain muscle heat is erroneously categorized as a common trait if the developmental
basis of the trait has different origins in the two groups. The physiological specializations
that enable tunas to use myogenic heat involve internalization of red muscle. The
location of muscle fiber types in fish typically occurs during morphogenesis as a result
of the distinctions in the way muscle progenitor cells are directed within the embryo to
move from the notochord to their final location (27). For billfishes, the muscle heat is
produced within an eye muscle (superior rectus) that undergoes transdifferentiation. It
likely arises as a result of differences in the way myogenic transcription factors are
regulated to control the contractile phenotype. Thus, from a developmental perspective,
there is little argument for convergence in the trait.

2.4.2 Relationship Between Billfishes, Carangids and Flatfishes
"

Unexpectedly, we found evidence that billfishes share a recent common ancestor

with pleuronectiforms (flatfishes), carangids (jacks and pompanos) and Lates calcifer
(barramundi) to the exclusion of the tunas and other scombrids (Clade 1; ref Fig. 2.11).
This relationship, particularly the affinity between billfishes and flatfishes, is surprising
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because of the extensive variation in morphology and niche across these groups of
fishes. The unusual morphology of the flatfishes (cranial asymmetry associated with
ocular migration, advanced position of the dorsal fin over the cranium and presence of a
recessus orbitalis) contributes to their current assignment as an entirely separate order
of Actinopterygii (28). Bayes factor was used to predict the best partitioning strategy for
the mitochondrial data (Table 2.3) and Clade 1 was recovered with confident posterior
probabilities (>0.95) in all analyses except in individual analyses of the ATPase genes,
cytochrome B and D-loop. Clade 1 was also recovered with robust support (posterior
probabilities > 0.95) across independent analyses of the nuclear single-copy MLL,
Tmo-4C4 and rhodopsin genes (Fig. 2.12-2.14). Although various forms of Clade 1 have
been diagnosed in a few wide-scale Actinopterygian phylogenies (29, 30, 31), this
relationship remains largely unremarked. Taxon-sampling in these studies was intended
for more global teleost analyses and in isolation, inadequate for any meaningful
discussion concerning the evolutionary origins of billfish specifically. The repeatability of
Clade 1 across diverse datasets, our own and those mentioned above, further
reinforces its validity, as repeatability is considered the primary criterion in establishing
reliability (14). For instance, phylogenetic analysis of one gene across taxa reproduces
a pattern indicative of gene history, but not necessarily species history; different
functional constraints on different genes can cause them to evolve in ways to
misrepresent phylogeny (14). Even among multiple genes of a single family or similar
function, coevolution directed by selection can synchronize the evolution of these genes
(32), again indicative of gene history but not necessarily species phylogeny. That our
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findings are repeated without contradiction across loci from different genomes and with
varying functional relevance offers strong support for the monophyly of Clade 1.
"

Although billfishes cluster with flatfishes and carangids, separate from

scombroids, other groups of perciform fishes also separate these two groups in
evolutionary time (Fig. 2.11). Increasing the breadth of taxa sampled could help uncover
the true evolutionary distance between billfishes and scombroids, and help determine
whether other traditionally scombroid fishes have also been phylogenetically
misrepresented. For instance, the sphyraenids (barracudas) are shown to be closelyrelated to Clade 1 in many datasets (14, 31, 33), and therefore more distantly-related to
scombroids.
"

While the phylogenetic signal for Clade 1 is very well-conserved across

mitochondrial and nuclear datasets (29, 30, 31), the phenotypic variation within Clade 1
is astonishing. Members of this group have evolved extreme morphological and
physiological attributes including elongated bills and extraocular heater organs in
billfishes, cranial asymmetry with ocular migration in flatfishes and exaggerated deep
body forms in some carangids, effectively making the relatively recent ancestry of these
groups difficult to imagine. Interestingly however, lower-percoid origins have been
independently suggested for both billfishes (16) and flatfishes, although specific groups
representing lower-percoids were never explicitly defined (28). While it appears that
traditional morphological taxonomists have been misled by the distribution of these
highly divergent characters, there are morphological characters states novel in the
context of a recent common billfish/carangid/flatfish ancestry that are absent in
scombrids, and in some cases, the majority of acanthopterygian fishes.

29

"

In looking for morphological evidence of common ancestry among such highly

derived fishes, it follows that we should look to the more ancient representatives of
lineages with high degrees of morphological divergence in respect to a given character
state. Billfishes, carangids and flatfishes all share a relatively low number of vertebra
(24-26) when compared to scombrids (30-55; refs 4, 9, 34, 35). Further, while scombrids
develop only two epurals (9), billfishes, ancient flatfishes and many carangids all
develop three (36-38). Billfishes, ancient flatfishes and some extant flatfishes also lack
the fusion of the 5th hypural to the uroneural observed in scombrids (9, 36, 39), and
while these elements are fused in carangids, there is an obvious groove (37) possibly
indicative of a transitional state.
"

A predominant synapomorphy defining flatfishes is the advanced position of the

dorsal fin over the cranium, found in all members of this group (28); between five and
seven pterygiophores insert in the preneural and interneural space before the second
neural spine, the first of which supports a supernumerary spine (28). Multiple
pterygiophore insertion in this region is incredibly rare, usually there is a vacant
interneural space anteriorly in acanthomorphs (38) including scombrids (17). Dorsal fin
morphology provides useful characters in fish taxonomy, and the specific relationships
between pterygiophores and their insertion points along the vertebral column are good
indicators of taxonomic levels (38). Incredibly, both extant and ancient istiophorids also
have multiple pterygiophores (approximately 5) inserting before the second neural spine
(less in xiphiids; refs 17, 40), the first of which also supports a supernumerary spine (17,
28). Interestingly, fishes of the superfamily Echeneoidea (remoras, dolphins and the
monotypic cobia) have also been implicated as close billfish/flatfish relatives (29). These
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fishes appear to represent primitive carangids (29) and also exhibit the same anterior
shift of the first dorsal pterygiophores (41) observed in billfishes and flatfishes. While
predorsals are observed in both scombrids and most carangids, their collective absence
in flatfishes (36), billfishes (17) and Echeneoidea (41) is also compelling. Furthermore,
members of flatfishes, billfishes, carangids and echeneoids all seem to display multiple
insertions of the anterior anal fin pterygiophores in the prehaemal space (17, 36, 38,
41). In the new context of our findings, it follows that these character states most likely
constitute underlying synapomorphies originating from one ancestral node, rather than
homoplasy. Other morphological characters lending support to a billfish/flatfish ancestor
(not found in scombrids) include the absence of finlets, and a more primitive type I
sperm microstructure (42, 43) as compared to the scombridsʼ more advanced type II
microstructure (11, 42). In addition to providing morphological corroboration for a recent
common ancestry of billfishes, carangids and flatfishes, these apparent homologous
character states also help to explain the evolutionary origin of billfishes without relying
on improbable character reversals to the ancestral state.
"

The phylogenetic position of billfishes is remarkable. It illustrates not only the

power of similar selective pressures in driving the evolution of nearly identical character
states in distantly related groups (billfishes and scombrids) via convergent evolution, but
also how varying selective pressures can spur rapid and extreme phenotypic
divergence within a single monophyletic group (Clade 1). As such, the emergence of
this novel relationship has many implications to studies addressing phylogenetic,
ecological and physiological questions in billfishes, flatfishes and carangids. It provides
better context for choosing suitable outgroups in future phylogenetic studies addressing

31

these fishes. More interestingly however, it reveals that regional endothermy has also
evolved in a non-scombroid group of teleosts, and, in conjunction with scombrids, gives
further insight into a system on which to study the evolution of heat production and heat
retention in fishes. It is also intriguing that both billfishes and flatfishes possess extreme
extraocular specializations, the heater organ in the billfishes, and the migration of one
eye during pleuronectiform development. It might arguably be easier to explore the
developmental basis of such morphogenic anomalies with the knowledge that a close
phylogenetic relationship exists between these two groups.
"

Higher teleost phylogeny is by no means well-resolved (44); our analyses were

specific to providing greater insight into higher billfish phylogeny. Molecular support for
Clade 1 is overwhelming, but increasing the taxonomic range of fishes sampled could
bring to light additional novel and relevant relationships undetected by this study.

2.5 Materials and Methods
2.5.1 Sample Collection
"

Tissue samples from swordfish (Xiphias gladius), striped marlin (Tetrapturus

audax) and blue marlin (Makaira nigricans), bigeye tuna (Thunnus obesus), yellowfin
tuna (Thunnus albacares), bullet tuna (Auxis rochei) were collected on the National
Oceanic and Atmospheric Administration ships Townsend Cromwell and Oscar Elton
Sette. Fish were caught in the Pacific Ocean around the Hawaiian Islands at
approximate latitudes of 18–35°N and longitudes of 155–170°W by longline and trolling.
Red muscle samples were removed immediately after death and snap-frozen in liquid
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nitrogen. These were subsequently powdered in liquid nitrogen and stored at –80°C
until DNA extraction. Tissue samples from additional billfishes were graciously provided
by Derke Snodgrass of the Southeast Fisheries Science Center (National Oceanic and
Atmospheric Association, Miami, FL). These samples were stored and transported in
DMSO. All additional sequences were obtained from GenBank (Table 2.4).

2.5.2 DNA Isolation
"

Tissue samples were suspended in buffer (200 mM NaCl, 20 mM Tris-HCl pH

8.0, 50 mM EDTA, 0.10% SDS, pH 8.0) with proteinase K (0.2 mg ml–1) and digested
overnight. An equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) was added,
the sample was mixed thoroughly and centrifuged for 10 min at 1700 g. The aqueous
phase was retained and DNA was precipitated by adding of 0.1 volume ammonium
acetate (7.5 mol l–1) and 2 volumes of 100% ethanol. The solution was centrifuged for 3
min at 1700 g and washed with 70% ethanol. The pellet was air-dried and resuspended
in 250 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). DNA purity was assessed
using absorbance at 240 nm, 260 nm and 280 nm, then quantified based on the 260 nm
reading.

2.5.3 Loci Amplification, Cloning and Sequencing
"

Five mitochondrial loci, 16S, COX I, COX II, ATPase 8, ATPase 6 and COX III,

and 2 nuclear loci, MLL (fragment) and Tmo-4C4 (fragment), were amplified using the
primers listed in Table 2.5. PCR reactions for mitochondrial loci were carried out in 25 μl
containing 16 μl of autoclaved water, 2.5 μl of 10x PCR buffer containing 15 mM MgCl2
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(Qiagen), 100 ng of each appropriate forward and reverse primer, 1 μl of 10 mM dNTPs,
1 μl of 25 mM MgCl2, 1.5 units of Taq DNA polymerase (Qiagen), and 20 ng of template
DNA. Amplifications were also performed in a Mastercycler Gradient thermal cycler
(Eppendorf) using an initial denaturation of 2 min at 94°C followed by 35 cycles at 94°C
for 15 s, 48–60°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 10 min.
The same conditions were used to amplify nuclear loci, with the exception of the
addition of 200 ng of template DNA. Annealing temperatures were optimized for each
gene across species. The resulting PCR products were gel purified (QIAquick PCR
Purification Kit, Qiagen), quantified by absorbance at 260 nm, and cloned using a
pDrive vector cloning kit (Qiagen). Cloned fragments were purified using QIAprep Spin
Miniprep Kit (Qiagen) and quantified by absorbance at 260 nm. The purified plasmids
were sequenced in both directions using universal internal primers, M13F and M13R,
using ABI BigDye terminator chemistry and an Applied Biosystems 3730 DNA Analyzer
(DNA Sequencing Facility, Robarts Research Institute, London, ON). Nuclear loci were
sequenced directly from gel-purified PCR product.

2.5.4 Phylogenetic Analysis
"

Multiple nucleotide sequence alignments for each locus were performed using

ClustalW (45) via Molecular Evolutionary Genetics Analysis 4.0 (MEGA4, 46).
Nucleotide alignments were based on corresponding amino acid sequence alignment
where applicable, and sites within alignments containing gaps were downweighted to
zero for all subsequent analyses. We used ModelTest version 3.7 (47) to determine the
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best model of evolution for individual loci based on the Akaike Information Criterion
(Table 2.1).
"

Bayesian phylogenetic analyses (MrBayes 3.1, 48) were performed on nucleotide

sequence data from each individual locus and on the total concatenated mitochondrial
nucleotide dataset under different partitioning strategies to find the optimal topology. In
cases were models of evolution selected by ModelTest required numbers of rate classes
not implemented by MrBayes, we used the next most complex model available (Table
2.1). Species for which sequence data from all nine mitochondrial loci were incomplete
or unavailable were removed from the concatenated dataset. Four separate Bayesian
analyses were performed, each beginning with different random starting trees, and were
run for 1x106 generations for nuclear loci and 1x107 generations for mitochondrial loci
unless otherwise noted (Table 2.2), with Metropolis-coupled MCMC using four
incrementally heated Markov chains per generation, and Markov chains sampled every
100 generations. Convergence and an appropriate “burn-in” were assessed by visually
inspecting the trace of the parameters across generations using Tracer v1.4.1 (49). A
conservative 25% of trees were discarded as “burn-in” unless otherwise stated (Table
2.2).
"

Using Bayes factor, we evaluated five different partitioning strategies for the

concatenated mitochondrial dataset (Table 2.3) to determine which strategy best
described the dataset. We used a separated partition for each locus (P1), and separate
partition for each gene family (P2), a separate partition for D-loop, protein-coding and
non-protein-coding genes (P3), a separate partition for protein-coding genes and nonprotein-coding loci (P4) and lastly the concatenated dataset with no partitions (P0).
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Gene families were defined as the D-loop, rRNA genes, cytochrome oxidase genes,
ATPase genes and cytochrome B. Protein-coding genes were defined as cytochrome
oxidase genes, ATPase genes and cytochrome B. Non-protein-coding genes were
defined as the rRNA genes and the D-loop. The harmonic means of the likelihoods for
each partition strategy were calculated using the sump command in MrBayes 3.1, and
compared by calculating 2∆ln Bayes factor. Adapted from Kass and Raftery (1995; 50),
we interpreted a 2∆ln Bayes factor > 10 as strong support against the alternative
strategy tested. Nuclear datasets were not concatenated.
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2.8 Tables
Table 2.1. Data parameters.
Locus, number of base pairs used in this study (bp), number of informative sites (SI), best model
of evolution selected by ModelTest version 3.7 based on the Akaike Information Criterion
(ModelTest), number of rate classes associated with model of evolution selected by ModelTest
(RCMT), most appropriate model implemented by MrBayes 3.1 (MrBayes), and number of rate
classes associated with most appropriate model implemented by MrBayes (RCMB).
Locus

bp

SI

ModelTest

RCMT

MrBayes

RCMB

Dloop

287

287

K81+I+G

3

GTR+I+G

6

12S

675

339

GTR+I+G

6

GTR+I+G

6

16S

445

209

GTR+I+G

6

GTR+I+G

6

COX I

1542

728

GTR+I+G

6

GTR+I+G

6

COX II

690

378

TVM+I+G

5

GTR+I+G

6

ATPase 8

162

134

TIM+I+G

4

GTR+I+G

6

ATPase 6

303

192

TIM+I+G

4

GTR+I+G

6

COX III

783

339

GTR+I+G

6

GTR+I+G

6

CYT B

579

312

GTR+I+G

6

GTR+I+G

6

MLL

463

237

TIM+G

4

GTR+G

6

Tmo-4C4

480

159

GTR+G

6

GTR+G

6

Rhodopsin

749

252

HKY+I+G

2

HKY+I+G

2

7158

3566
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Table 2.2. Partitions.
Strategy for concatenated dataset (P), partition strategy with number of partitions in
parentheses, number of generations run (GN), percent of total generations discarded as “burnin” (%BI), standard deviation of split frequencies (SD) and harmonic mean of the likelihood
values (Hm).
P
P1
P2
P3
P4
P0

Partition Strategy

GN

%BI

SD

Hm

partition for each locus (9)

1.0 x

106

50

0.025497

-122 556.14

1.0 x

106

25

0.015586

-122 911.80

1.0 x

106

25

0.061671

-122 996.21

1.0 x 106

25

0.008954

-123 252.70

5.5 x 106

25

0.008006

-123 566.50

partition for each gene family (5)
partition for Dloop, protein-coding genes and
non-protein-coding genes (3)
partition for protein-coding genes and nonprotein-coding loci (2)
no partitions (0)
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Table 2.3. Bayes Factors.
2ln Bayes factors of comparisons of partitioning strategies for concatenated dataset with
alternative strategies listed horizontally. 2∆ln Bayes factor > 10 indicates strong support against
the alternative model.
P0

P4

P3

P2

P1

2020.72

1393.12

880.14

711.32

P2

1309.40

681.80

168.82

P3

1140.58

512.98

P4

627.60
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Table 2.4 Mitchondrial sequence data.
Taxa used in this study and Genbank accession numbers for complete mitochondrial genome
sequences (unless noted otherwise) are given except for sequences obtained in this study
which do not yet have accession numbers.
Taxon
Genbank Accession Number and Species
PERCIFORMES
Scombroidei
Scombridae AB101291 Thunnus alalunga; AB097669 Thunnus thynnus; AB185022
Thunnus orientalis; AB101290 Katsuwanis pelamis; AB105447 Auxis
thazard; AB103467 Auxis rochei; AB099716 Euthynnus alleIeratus;
AB120717 Scomber scombrus; DQ536428 Scomberomorus cavalla;
AY971777 Acanthocybium solandri;
Sarda sarda (COX II AY971771); Sarda orientalis (COX II AY971772);
Rastrelliger kanagurta (COX II AY971780); Scomber japonicas (COX II
AY971781); Thunnus albacares (CytB EF141179); Thunnus obesus (CytB
L11559.1)
Gempylidae AY971779 Lepidocybium; AY971778 Gempylus serpens
Xiphiidae Xiphias gladius (Dloop ; 12S ; COX II AY971767; CytB)
Istiophoridae Tetrapturus angustirostris NC_012679; Tetrapturus pfluegeri (Dloop
DQ855105; 12S DQ854639; CytB L11555.1); Tetrapturus georgii (Dloop
DQ855109; 12S DQ854643); Tetrapturus audax NC_012678; Makaira
nigricans (COX II AY971765; CytB L11562.1); Tetrapturus albidus (Dloop
EF415036; 12S DQ854633; CytB L11550.1); Istiophorus albicans (CytB
L11538.1)
Carangoidei
Carangidae AP003091 Trachurus japonicus; AB108498 Trachurus trachurus; NP740052
Carangoides armatus; NP740065 Caranx melampygus
Percoidei
Sparidae AP002949 Pagrus major; AB124801 Pagrus auriga; EF107158 Parargyrops
edita; EF506764 Acanthopagrus latus; NC_009502 Pagellus bogaraveo
Lutjanidae AP006000 Lutjanus rivulatus; EF514208 Lutjanus russellii
Chaetondontidae AP006004 Chaetodon auripes; AP006005 Heniochus diphreutes
Haemulidae NC_009857 Parapristipoma trilineatum; NC_009856 Diagramma pictum
Percidae NC_008111 Percina macrolepida; NC_005254 Etheostoma radiosum
Acropomatidae NC_009867 Doederleinia berycoides
Centracanthidae NC_009854 Spicara maena
Emmelichthyidae NC_004407 Emmelichthys struhsakeri
Lethrinidae NC_009855 Lethrinus obsoletus
Monodactylidae NC_009858 Monodactylus argenteus
Oplegnathidae DQ872160 Oplegnathus fasciatus
Sinipercidae AP005990 Coreoperca kawamebari
Serranidae NC_008449 Plectropomus leopardus
Caesionidae NC_004408 Pterocaesio Tile
Latidae NC_007439 Lates calcarifer
Centrarchidae NC_008106 Micropterus salmoides
Pomacanthidae AP006007 Micropterus salmoides; AP006006 Centropyge loriculus
Pseudochromidae NC_009054 Labracinus cyclophthalmus
Acanthuroidei
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Taxon
Genbank Accession Number and Species
Acanthuridae NC_010108 Acanthurus lineatus; AP006032 Zebrasoma flavescens;
NC_009853 Naso lopezi ; NC_009830 Acanthurus leucosternon; AP009162
Zanclus cornutus
Luvaridae NC_009851 Luvarus imperialis
Zanclidae AP009162 Zanclus cornutus
Siganidae NC_009572 Siganus fuscescens
Labroidei
Labridae NC_009459 Parajulis poecilepterus; NC_009066 Halichoeres melanurus;
NC_010205 Pteragogus flagellifer
Odacidae NC_009061 Odax cyanomelas
Pomacentridae NC_009064 Abudefduf vaigiensis
Zoarcoidei
Anarhichadidae NC_009773 Anarhichas lupus; EF427917 Anarhichas minor; EF427918
Anarhichas denticulatus
Caproidei
Caproidae AP002943 Antigonia capros; AP009159 Capros aper
Blennioidei
Blenniidae NC_004412 Salarias fasciatus
Gobiodei
Odontobutidae NC_010199 Odontobutis platycephala
Trachinoidei
Trichodontidae NC_002812 Arctoscopus japonicus
PLEURONECTIFORMES
Pleuronectidei
Pleuronectidae NC_009711 Reinhardtius hippoglossoides; NC_009709 Hippoglossus
hippoglossus; NC_002386 Paralichthys olivaceus; NC_008461 Verasper
moseri
BERYCIFORMES
Berycidae NC_003188 Beryx splendens
Holocentridae NC_004394 Ostichthys japonicus; NC_004395 Sargocentron rubrum
Rondeletiidae Rondeletia sp.
BELONIFORMES
Exocoetidae NC_003184 Exocoetus volitans
GASTEROSTEIFORMES
Fistulariidae NC_010274 Fistularia commersonii
SCORPAENIFORMES
Scorpaenoidei
Sebastidae NC_005450 Sebastes schlegelii
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Table 2.5. Primers used for amplification of loci.
16S: the mitochondrial 16S ribosomal RNA; COX I: the mitochondrial cytochrome oxidase
subunit I with 3 overlapping primer sets; COX II: the mitochondrial cytochrome oxidase subunit
II; ATPase8/6: the mitochondrial ATPase subunits 8 and 6; COX III: the mitochondrial
cytochrome oxidase subunit III; MLL: fragment of the nuclear mixed-lineage leukemia-like
protein and Tmo-4c4: fragment of titin-like protein. HB, BF and TU designate halibut, billfish and
tuna groups, with x and - indicating groups in which primers were used and not used,
respectively. F and R designate forward and reverse primers.
Locus
16S

COX I

COX II

ATPase 8/6

COX III

MLL

Tmo-4C4

Name

HB

16SL

-

BF
x

16SH

-

x

x

5’-CCG GTC TGA ACT CAG ATC ACG T-3’

ScC1F1

-

x

x

5’-CTG TAT ATG GGG CTA CAA TCC AC-3’

ScC1R1

-

x

x

5’-TCC ATT CCG ACT GTA AAC ATG T-3’

ScC1F2

-

x

x

5’-CGC AGG WGC ATC TGT TGA-3’

ScC1R2

-

x

x

5’-CTC CGA AGT GGA TTT TTG TTC-3’

ScC1F3

-

x

x

5’-GTA GTW GCC CAC TTC CAC TAC G-3’

ScC1R3

-

x

x

5’-ACC AAT TCA TGG GGG TCC-3’

L7467 (Dalziel et al.,
2006)
H8319 (Dalziel et al.,
2006)
ATPaBFF

-

x

x

5’-GAG AAA GGR AGG AAT TGA ACC-3’

-

x

x

5’-CAC CWG TTT TTG GCT TAA AAG-3’

-

x

-

5’-ACC TCY CTA ATA ATY GAA GAC GC’3’

ATPaBFR

-

x

-

5’-TGG TAG GGG TGT GAT TGA TG-3’

ATPaTUF

-

-

x

5’-TCA TCT CTA ATA CTT GAA GAC GCC-3’

ATPaTUR

-

-

x

5’-TAT GTG GTG TGC GTG TGC-3’

ScC3F

-

x

x

5’-AAG YCT HTA YYT ACA AGA AAA CG-3’

ScC3R

-

x

x

MLL U1477 (Dettai and
Lecointre, 2005)
MLL L2158 (Dettai and
Lecointre, 2005)
Tmo-4C4F (Streelman
and Karl, 1997)
Tmo-4C4 (Streelman and
Karl, 1997)

-

x

x

5’-TCA TTA YYT TTC CTT GGR TTT TAA
CC-3’
5’-AGY CCA GCR GTC ATC AAA CC-3’

-

x

x

5’- ARA GTA GTG GGA TCY AGR TAC AT-3’

x

x

x

x

x

x

5’-CCT CCG GCC TTC CTA AAA CCT
CTC-3’
5’-CAT CGT GCT CCT GGG TGA CAA
AGT-3’

48

TU
Sequence
x 5’-CGC CTG TTT ATC AAA AAC AT-3’

2.9 Figures

Figure 2.1. Three phylogenies of scombroids and billfishes
(A) Collette et al. (1984), (B) Johnson (1986) redrawn from figure 1 in Finnerty and Block (1995) and (C)
adapted from Orrell et al. (2006)
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Figure 2.2. Bayesian phylogenetic analysis for the Dloop
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.3. Bayesian phylogenetic analysis for 12S
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.4. Bayesian phylogenetic analysis for 16S
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.5. Bayesian phylogenetic analysis for COX I
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.6. Bayesian phylogenetic analysis for COX II
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than 0.95 are
denoted by double asterisks for main internal branches. The tree was rooted using Beryx splendens as the outgroup.
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Figure 2.7. Bayesian phylogenetic analysis for ATPase 8
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.8. Bayesian phylogenetic analysis for ATPase 6
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.9. Bayesian phylogenetic analysis for COX III
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.10. Bayesian phylogenetic analysis for Cyt B.
Bayesian posterior probabilities with values > 0.89 are denoted by a single asterisk and values > than
0.95 are denoted by double asterisks for main internal branches. The tree was rooted using Beryx
splendens as the outgroup.
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Figure 2.11. Bayesian phylogenetic analysis for the concatenated mtDNA dataset under the
partition strategy with the strongest 2∆ln Bayes factor (P1).
Numbers adjacent to internal branches represent Bayesian posterior probabilities, with values > 0.89
denoted by a single asterisk and values > than 0.95 denoted by double asterisks. The tree was rooted
using Beryx splendens as the outgroup.
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Figure 2.12. Bayesian phylogenetic analysis of MLL across billfish, carangid, flatfish and
scombroid representatives.

Numbers adjacent to internal branches represent Bayesian posterior probabilities, with values > 0.89
denoted by “*” and values > than 0.95 denoted by “**”. The tree was rooted using Beryx splendens as
the outgroup. Rondeletia sp. EU638087;Beryx splendens AY362238; Trachinotus ovatus AY362263;
Mene maculata AY362250; Selene dorsalis EU638089; Chloroscombrus chrysurus AY362223;
Gnathanodon speciosus EU638053; Xiphias gladius EU638098; Psettodes belcheri AY362259; Citharus
linguatula AY362232; Microchirus variegatus AY362275; Zeugopterus punctatus EU638099; Syacium
micrurum AY362262; Arnoglossus imperialis AY362228; Bothus podas EU638033; Aphanopus carbo
EU638028; Scomber japonicus AY362237.
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Figure 2.13. Bayesian phylogenetic analysis of Tmo-4C4 across billfish, carangid, flatfish and
scombroid representatives.

Numbers adjacent to internal branches represent Bayesian posterior probabilities, with values > 0.89
denoted by “*” and values > than 0.95 denoted by “**”. The tree was rooted using Polysteganus
praeorbitalis as the outgroup. Polysteganus praeorbitalis DQ388120; Ruvettus pretiosus DQ388083;
Scomber scombrus DQ388099; Scomber japonicus DQ388098; Auxis thazard DQ388092; Katsuwonus
pelamis DQ388105; Sarda orientalis FJ939297; Thunnus alalunga DQ388108; Trinectes maculatus
DQ874827; Paralichthys dentatus DQ874826; Seriola carpenteri DQ388109; Pseudocaranx chilensis
DQ388111; Selar crumenophthalmus DQ874848; Xiphias gladius DQ874842; Istiophorus platypterus
DQ874839; Makaira nigricans DQ874841; Tetrapturus albidus DQ388076; Tetrapturus pfluegeri
DQ388077.
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Figure 2.14. Bayesian phylogenetic analysis of rhodopsin across billfish, carangid, flatfish and
scombroid representatives.

Numbers adjacent to internal branches represent Bayesian posterior probabilities, with values > 0.89
denoted by “*” and values > than 0.95 denoted by “**”. The tree was rooted using Beryx splendens as
the outgroup. Beryx splendens AY141265; Rondeletia sp. AY368327; Xiphias gladius EU638019; Mene
maculata AY141316; Solea solea EU638009; Arnoglossus imperialis AY141283; Citharus linguatula
AY141323; Gnathanodon speciosus EU637963; Selene dorsalis EU638006; Chloroscombrus chrysurus
AY141313; Trachurus trachurus EU638013; Auxis thazard DQ080405; Thunnus albacares EF456084;
Thunnus atlanticus DQ874802; Scomber scombrus EU492178; Scomber japonicus AY141311.
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Chapter 3: Evolutionary Origins of the Nuclear-Encoded
Cytochrome Oxidase Isoforms

3.1 Abstract
"

In teleost fish, seven of the ten nuclear-encoded cytochrome oxidase (COX)

subunits exist as isoforms with as yet unknown functions. We assessed the tissue
expression patterns, structural divergence, and possible functions and origins of these
isoforms in teleost fish by using Bayesian phylogenetic analysis to explore isoform
relationships and qPCR to measure transcript levels of all nuclear-encoded COX
subunits and their respective isoforms in zebrafish tissues. Transcriptional profiles show
high variability with respect to subunit ratios within and across zebrafish tissues. For
example, COX Va and COX VIII were more consistently present in abundance than any
other subunit, while COX VIIb was always present in the lowest amounts. The
differences seen in stoichiometries across tissues are purportedly caused by differences
in transcript stability or transcriptional efficiency. High variability was also seen in
isoform ratios within and across zebrafish tissues. COX Va and COX VIII were the only
subunits to display consistent majorly and minorly transcribed isoforms while all other
subunits displayed switching of major and minor isoforms across tissues. The isoform
profiles in combination with phylogenetic analyses for each subunit show that vertebrate
COX isoforms arose from a combination of early whole-genome duplications in basal
vertebrates or specific lineages (e.g. teleosts) and more recent single gene duplication
events. It appears that some teleost subunits have acquired new functions, as a result
of rapid divergence facilitated by gene duplication events.
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3.2 Introduction
"

Although the the field of genomics was barely in its infancy, Ohnoʼs 1970

proposal that duplicated genes and genomes are the fundamental basis of vertebrate
diversity has since garnered growing support in a vast number of studies (see Brunet et
al., 2006; Crow and Wagner, 2006; Jaillon et al., 2006; Taylor and Raes, 2004). The
“one-two-four” model is generally used to describe the two whole genome duplication
(WGD) events (1R and 2R) that occurred early in vertebrate evolution; however
relatively recent studies support a third WGD event (3R) occurring prior to the
divergence of the teleosts (Meyer and Peer, 2005; Steinke et al., 2006; Vandepoele et
al., 2004). While the “one-two-four” rule coupled with a fishes specific WGD event
implies that a single copy gene in basal deutrosomes and invertebrates exists in four
copies in mammals, and eight copies in fishes, duplicates are often differentially
retained across lineages (Gout et al., 2009).
"

Immediately succeeding WGD events, the amino acid sequences of duplicates

share 100% identity. The fate of the duplicate pair is thought to depend, in part, on how
selection favours the subsequent redundancy in function. In some cases a dosageresponse exposes both duplicates to equal selective pressures (Hakes et al., 2007).
Usually however, the redundancy in function effectively shelters one duplicate from
selection and it diverges via the accumulation of mutations (Steinke et al., 2006). In
many cases degenerative mutations accumulate within the coding region and/or
promoter of this duplicate and gene function is ultimately disabled via pseudogenization
(Steinke et al., 2006). Less frequently however, gene duplicates diverge in function, and
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are retained within the genome for their derived subfunctional or neofunctional
properties (Jaillon, 2008).
"

Many isoforms exist as a result of duplication events, either via WGDs or single-

gene duplications. While some have neofunctionalized to fulfill novel biological roles,
others are the result of subfunctionalization and have partitioned ancestral functions
(Jaillon, 2008). Although subfunctionalization tends to imply a division of labour in terms
of functional synergy, it can also occur in a context-dependent manner where one
isoform is expressed preferentially on a temporal or developmental scale, or in
response to variable environmental factors such as temperature or oxygen availability
(Huttemann et al., 2001). In these cases however, the subfunctionalized isoform also
undergoes neofunctionalization (jointly sub-neofunctionalization; ref Semon and Wolfe,
2007), as its mechanism has diverged from that of the original to greater benefit a
specific environment. In the case of both subfunctionalization and neofunctionalization,
gene duplication is typically followed by a period of relaxed functional constraint after
which functional divergence occurs and purifying selection reinstates to conserve
enzyme function (Bielawski and Yang, 2003).
"

To date, most research on isoforms arising from WGD events has focused on

Hox genes that encode transcription factors important in controlling cellular fate during
development in most metazoans. Hox gene copy numbers across vertebrate taxa are
indicative of multiple WGD events early in vertebrate evolution (Lynch et al., 2006). The
duplication of these genes was likely vital to the diversification of vertebrate species, as
increases in Hox transcription factors may lead to the increasing complexity seen in
body segments of vertebrates (Pendleton et al., 1993). Little other research has been
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done on isoforms resulting from WGD events, although recently the glycolytic pathway
was analyzed for evidence of such isoforms (Steinke et al., 2006). Although individual
glycolytic enzymes possess isoforms that likely originate from the early WGD events,
there are no general patterns of isoform origin for the entire pathway (Steinke et al.,
2006). This suggests that glycolytic enzymes evolved independently, regardless of when
isoforms arose (Steinke et al., 2006). Little work has been done on isoforms of other
metabolic pathways, such as those driving oxidative metabolism (electron transport and
proton translocation coupled with ATP synthesis). While there is clear evolutionary
benefit for increases in vertebrate complexity via duplication of developmental genes
such as Hox, enzymes associated with oxidative metabolism are under intense purifying
selection and there is minimal opportunity for duplicates to diverge in ways that enhance
enzyme function (Kivisild et al., 2006). Nevertheless, duplicates persist for some key
regulatory components of oxidative metabolism, such as cytochrome oxidase (COX).
"

COX plays an important regulatory role in electron transport, catalyzing the

reaction of atmospheric oxygen to water and translocating protons to the
intermembrane space. While prokaryote forms of COX contain only the three core
catalytic subunits (van der Oost et al., 1990), eukaryotes possess nuclear genes for
additional subunits. The number of nuclear-encoded subunits generally increases with
the complexity of the organism; however little is known about the precise roles of these
subunits in enzyme function. Although vertebrates share many of these subunits with
invertebrate lineages, in the following discussion we deal exclusively with vertebrate
subunits and their respective isoforms.
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"

There has been some research focused on the functions and/or retention

patterns of COX isoforms in mammals (Huttemann et al., 2001, 2003, 2007); however
homologues in fishes remain largely unstudied. While there is obvious similarity in the
numbers of isoforms for a given subunit between fishes and tetrapod lineages, duplicate
retention patterns are not identical. For instance, there is one COX VIIb in fishes, but
two in tetrapods. The similarities and differences in the retention patterns of COX
isoforms between these two major lineages is interesting not only in terms of identifying
the evolutionary fates of genes involved in oxidative metabolism after WGD events, but
also to evaluate functional context.
"

Using Bayesian phylogenetic analysis, we identify the origins of the COX

isoforms to evaluate whether those existing for a given subunit in both fishes and
mammals are paralogues resulting from a single WGD event, or homologues resulting
from separate WGD events. Orthologous isoforms in fishes and mammals necessarily
performed the same function in the common ancestor until radiation, whereas
paralogous isoforms have had greater opportunity to functionally diverge. Isoform origin
in combination with rates of evolution (with consideration of non-synonymous and
synonymous mutation rates) and isoform transcription profiles in a zebrafish (Danio
rerio) model may help indicate whether orthologues play similar functional roles in fishes
and mammals. Different selective pressures acting upon fish and mammalian lineages
are likely responsible for the differential retention of isoforms for a given subunit. While
fishes and mammals possess many homologous metabolic enzymes, their
environments, and subsequently their metabolic strategies, are disparate.
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3.3 Results and Discussion
"

The main goals of this study were to (1) assess the evolutionary affinities and

diversification patterns of the gene families for each nuclear-encoded COX subunit in
vertebrates, (2) identify tissue-specific expression patterns (relative mRNA levels)
across tissues and (3) compare stoichiometries of subunits quantitatively across
tissues. In these discussions, we use the term “isoform” to refer to different genes that
encode the same subunit, regardless of their evolutionary origins (and ignoring the
potential for splice variants for any given gene). When we use the term “subunit”, we are
comparing the transcripts between gene families, without regard for isoform. Thus, the
COX-IV subunit is present in two isoforms.
"

With respect to the first goal, our analysis showed that vertebrates differ

considerably in the repertoire of isoforms available for each nuclear-encoded subunit,
with important roles for ancient genome duplications (1R, 2R), the 3R teleost
duplication, and lineage specific genome (e.g. salmonids) and gene duplications.
"

As with most gene families, multiple isoforms confer opportunities for tissue-

specific specializations, either in terms of structural specialization or timing of
expression. We found that brain and gill shared a similar transcription profile, perhaps
reflective of an oxidative disposition. There were also numerous instances where a
single transcript was the dominant isoform in all tissues.
"

Finally, we measured subunit stoichiometries to gain insight into which of the

subunits might be “rate-limiting” to COX synthesis, and thus a potential target for
regulation of holoenzyme assembly. Because of the quantitative qPCR approach we
used (with internal standards) we were able to generate real numbers of transcript
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abundance for each subunit and isoform, an approach that, to my knowledge, has not
been done for any species. mRNA levels for each subunit differed dramatically among
tissues. For the most part, subunits VIc, VIIa and VIIb were present at the lowest
mRNA levels, less than 1% that of the mRNA levels for COX Va, Vb and VIII , which
were present at the highest mRNA levels (Fig. 3.1). While it is important to note that
transcription profiles are not necessarily reflective of ultimate gene expression, many
post-transcriptional pathways also regulate protein expression, as has been reported for
the liver-specific isoforms of several COX subunits (Huttemann et al., 2001).
"

In the following section, we will discuss the gene and expression patterns seen

for each subunit in turn.

3.3.1 COX IV Isoforms
"

Although COX IV-1 is the dominant isoform in most mammalian tissues, COX

IV-2 is preferentially expressed in oxygen-sensitive tissues such as lung and brain, and
in other tissues under hypoxic conditions (Huttemann et al., 2007). The exact benefit of
each isoform under varying oxygen availability is not entirely understood; however, COX
IV-2 may confer upon COX greater capacity to consume oxygen and produce less
reactive oxygen species than COX IV-1 (Huttemann et al., 2007). It is clear how the
increased ability of COX IV-2 to utilize oxygen for ATP production is beneficial in lowoxygen conditions. Its ability to minimize reactive oxygen species may serve as a safety
mechanism in oxygen-rich conditions, such as those experienced in the brain and gills
or lungs (Huttemann et al., 2007). Conversely, if COX IV-2 confers these advantages to
COX, it is not entirely clear why COX IV-I persists, suggesting there is more to the story
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than is currently known. Interestingly, transcription of the oxygen-responsive isoform
COX Va (COX IV homologue) in yeast (Ascomycota) is also induced under low-oxygen
conditions. Functional studies of this isoform have revealed that it enables COX to take
up oxygen more efficiently, thus allowing the yeast cell to maintain its metabolic rate
when there is less oxygen available (Trueblood et al., 1998).
"

In zebrafish, transcripts of isoform COX IV-1 made up the vast majority of total

COX IV transcript levels in liver, white muscle, and heart (Fig. 3.2A). In brain and gill
tissues however, COX IV-2 was the dominant isoform, comprising approximately 76%
and 55% of total transcript amounts, respectively. This transcription pattern is consistent
with that seen in mammals, where oxygen-sensitive tissues contain higher proportions
of COX IV-2. As previously stated, COX IV is a transmembrane subunit that serves to
regulate the kinetic properties of COX through ATP binding (Napiwotzki and Kadenbach,
1998). It has been the focus of many studies because its expression is regulated
according to oxygen availability.
"

Bayesian phylogenetic analysis of these isoforms across eukaryote

representatives reveal that oxygen-sensitive isoforms in yeast are not orthologous with
those found in fish and mammals (data not shown). Thus, the oxygen-sensitive switch
appears to have evolved independently in these lineages, a conclusion previously
reached by Huttemann et al. (2001). While previous studies assume COX IV-1 to be the
more ancestral of the pair (Huttemann et al., 2001, 2007), Bayesian and dN/dS
analyses suggest that COX IV-1 evolved from COX IV-2 because it appears to be more
conserved with COX IV in invertebrates; it is likely the result of an early 1R or 2R WGD
event (Fig. 3.3). dN/dS ratios (see Appendix for LRT tests) indicate that the COX IV-2
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genes of fishes and mammals have been conserved by high levels of purifying selection
since vertebrate radiation, and that after duplication in basal vertebrates, bouts of
relaxed selective constraint, and possibly positive selection, were responsible for the
divergence and subsequent conservation of COX IV-1 function in fishes and mammals
(Fig. 3.3). Interestingly, the hypoxia-induced COX Vb in yeast is also believed to be
ancestral to its normoxia-transcribed COX Va partner; the idea being that because it
supports higher production of nitrite-dependent nitric oxide (NO), COX likely evolved
from an enzyme functioning in nitrogen metabolism (Castello et al., 2008). Castello et
al. (2008) suggest that the increased ability for O2 to inhibit NO production in yeast COX
Va, relative to Vb, may indicate that COX Va evolved to maximize COXʼs activity as an
oxidase, and minimize NO production under normoxia. The exact benefits of each
isoform in yeast and vertebrates, and the degree of functional convergence remain to
be studied.
"
3.3.2 COX Va Isoforms
"

In binding with thyroid hormone in mammals, COX Va blocks ATP/ADP-mediated

inhibition of COX activity via COX IV inhibition. This may increase cellular metabolic
rates in tissues that have high energy demands and in accordance with this hypothesis,
research suggests that this subunit is evolving at an accelerated rate in primates, known
for the high energy demand in their enlarged, energy-hungry cerebral cortex (Uddin et
al., 2008).
"

Subunit Va was present in consistently high amounts relative to other COX

subunits across all tissue types (Fig. 3.2B). Interestingly, this was one of only two COX
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subunits (the other being COX VIII) to also consistently express the same major isoform
(Va1) across all tissue types sampled.
"

Based on our COX Va phylogeny, isoforms for this subunit, which are found only

in fishes, appear to have arisen from the 3R fish-specific WGD event (Fig. 3.4). Isoformsynteny analyses could help to verify this conclusion. dN/dS analyses of COX V
isoforms within fishes did not reveal relaxed purifying selection succeeding gene
duplication events that have been described by Bielawski and Yang (2003). Instead, we
found a constant dN/dS ratio of approximately 0.04 before and after gene duplication
(Fig. 3.4), implying no significant change in selective pressures.

3.3.3 COX Vb Isoforms
"

COXVb, a subunit peripherally associated with COX (Tsukihara et al., 1996),

does not possess isoforms in mammals. Little is known about the function of this
subunit; however Prabu et al. (2006) have shown that it is phosphorylated in a cAMPdependent manner to regulate COX activity. In mammals, COX Vb tends to have the
highest transcription levels in tissues with high metabolic demands (Galati et al., 2009).
It has been shown to decrease at the protein level under hypoxic conditions, leading to
subsequent decreases in COX activity (Prabu et al., 2006). Yang et al. (1998)
suggested that it is cAMP-regulated in response to growth.
"

In contrast to the mammalian situation, we found fish to possess a second COX

Vb homologue. COX Vb1 transcripts were identified only in gill and brain tissues; a
small proportion of COX Vb in gill tissue was isoform Vb1 (1:99), while it was the major
isoform seen in brain tissue (3:2; Fig. 3.2C). Liver, heart, and white muscle tissues
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contained transcripts of only COX Vb2. As COX Vb isoforms have not been studied
before in detail, we can only speculate as to their respective functions. COX Vb2 is most
likely the ubiquitous isoform while COX Vb1 is the tissue-specific variant.
"

The most parsimonious explanation for a fish-specific duplicate is the 3R WGD;

however topology of the Bayesian phylogeny for isoforms of COX Vb did not exclude
the possibility of a 1R or 2R event (Fig. 3.5). This would entail a deletion of the
corresponding duplicate in a basal tetrapod lineage; thus the isoform profile in modern
sarcopterygians would be informative. While dN/dS ratios indicate an almost 5-fold
relaxation in purifying selection following gene duplication, we found no significant
change in selective pressures along subsequent branches (Fig. 3.5). It is intriguing
however, that there is only one isoform found in fishes for a subunit that has been
implicated in regulating metabolic rates with growth, as fishes are known to experience
diverse growth patterns, including in most species indeterminate growth (Charnov and
Gillooly, 2004).

3.3.4 COX VIa Isoforms
"

In mammals, both the functions of COXVIa and its respective isoforms have

been extensively researched. In addition to functioning as a bridging subunit between
the COX monomers (Tsukihara et al., 1996), COX VIa also modulates the pumping of
protons into the intermembrane space via an ATP/ADP binding site (Huttemann et al.,
1999). In mammals, the ubiquitously-expressed isoform (COX VIa1) maintains a 0.5
ratio of protons to electrons, while the muscle-specific isoform (COX VIa2) adjusts the
ratio from 0.5 at high ATP/ADP ratios to 1.0 at low ATP/ADP ratios (Huttemann et al.,
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1999). In other words, when energy status is low, COX VIa switching from isoform 1 to
isoform 2 can make COX proton pumping more efficient. This is hypothesized to
regulate thermogenesis in mammals. When Huttemann et al. (1999) looked at COX VIa
in fish however, they concluded that the subunit functions to minimize thermogenesis in
teleosts.
"

We found highly variable levels of transcription between the two isoforms across

zebrafish tissues (Fig. 3.2D). COX VIa1 was the dominant isoform in brain (99:1) and
gill (3:1) tissues while COX VIa2 was the dominant isoform in heart (3:1) and white
muscle (12:1) tissues. The isoforms were transcribed at near equal levels in liver tissue,
although COX VIa2 was dominant (3:2).
"

Results of the phylogenetic analyses for these isoforms are difficult to explain.

While the two fish isoforms appear to be genetically to ancestral invertebrate genes, the
tetrapod isoforms appear to be more divergent (Fig. 3.6). Isoforms in this subunit are
likely the result of a 1R or 2R WGD event (1R or 2R). Elucidation of exact isoform
origins is made even more difficult in light of dN/dS analyses; we found no significant
evidence for changes in dN/dS ratio (approximately 0.11) following gene duplication
(Fig. 3.6). Thus, it is difficult to assess which isoforms may have functionally diverged,
and which are likely to retain ancestral function.

3.3.5 COX VIb Isoforms
"

COX VIb is another subunit that connects the two COX monomers. It likely does

this through an association with the cytosolic domains of COX II and III, and with the
corresponding COX VIb on the other monomer (Tsukihara et al., 1996). Recently, it was
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discovered that COX VIb aids in the binding of the electron carrier molecule cytochrome
c. This subunit can reduce the turnover rate of COX by as much as 50% (Wisehaupt
and Kadenbach, 1992) and is believed to achieve this by repelling cytochrome c from
the binding site via positively charged amino acids (Huttemann et al., 2003). The
mammalian COX VIb2 is expressed only in testes. This isoform may interact with a
testes-specific cytochrome c to augment production of ATP (Huttemann et al., 2003).
"

Transcripts for both isoforms were detected for all tissues sampled. Isoform

VIb1a was found to be the dominant isoform, with transcript levels at least 130-300%
higher than isoform VIb1b, in all tissues except muscle, where isoform VIb1a transcripts
were detected at levels approximately 50% those of isoform VIb2 (Fig. 3.2E).
"

It is difficult to interpret isoform origin from our phylogenetic analyses, in part

because there are insufficient numbers of informative sites in the sequence data to
completely resolve the phylogeny (Fig. 3.7). While isoform VIb1b in fishes appears to be
most related to the ancestral invertebrate COX Vb subunit, it is difficult to determine
whether other isoforms are the result of one WGD event, or the combined result of two.
Again, dN/dS analyses provide no additional insight, except that purifying selection
appears to have remained intense and constant (dN/dS of approximately 0.07) before
and after gene duplication (Fig. 3.7).

3.3.6 COX VIIa Isoforms
"

The COXVIIa subunit has no proposed functions as yet (Tsukihara et al., 1996),

but the transcription patterns of these isoforms have been studied in mammals. Two of
the isoforms display a tissue-specific transcription pattern where COX VIIa2 is
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ubiquitously transcribed and COX VIIa1 is transcribed only in muscle tissues (Bonne et
al., 1993). The third isoform, COX VIIa3, no longer participates in COX function in
mammals, but has been found to migrate to the Golgi apparatus (Schmidt et al., 2003).
"

In the transcriptional analysis, we found no evidence of transcription of COX

VIIa1. Furthermore, we found no definitive indications of a ubiquitously expressed
isoform. COX VIIa2 was most dominant in brain (13:1) and gills (3:1; Fig. 3.2F). All other
tissues had comparable levels of both COX VIIa2 and COX VIIa3. Slightly more COX
VIIa3 transcripts were seen in liver (1.2:1) and white muscle (1.1:1) while heart tissue
had slightly more COX VIIa2 transcripts (1.8:1). None of these findings is consistent
with the transcription patterns found in mammals.
"

The phylogenetic relationships among these isoforms are complicated. It appears

that COX VIIa3 is a result of the 1R WGD event, and most related to the ancestral
invertebrate subunit (Fig. 3.8). However, it has been suggested that this isozyme no
longer participates in COX function in mammals, but instead migrates to the Golgi body
where it performs an unknown function (Schmidt et al., 2003). Mammalian COX VIIa2
appears to be orthologous to the teleost isoform. As stated above, it is present in large
amounts in all tissues and therefore may be the ubiquitous isoform in teleosts as well.
The absence of teleost COX VIIa1 at the transcript level suggests that is has undergone
pseudogenization. The dN/dS analyses for COX VIIa are interesting, as they reveal a
period of relaxed selective constraint following the first gene duplication event,
consistent with the model of Bielawski and Yang (2003). While isoform VIIa3 in fishes
and mammals subsequently underwent purifying selection, the remaining isoforms
remained under relaxed selective constraint (Fig. 3.8). While it is uncertain whether
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function of isoform VIIa3 in fish is consistent with that in mammals, extremely low dN/dS
ratios suggest that there has been relatively little functional change between the two.
Thus, future work could determine whether this isoform also migrates to the Golgi
apparatus in fishes. While it is difficult to retrieve dN/dS estimates for COX VIIa1 in
fishes due to limited taxon-sampling, free-ratio models suggest that this isoform
underwent an extraordinary degree of non-synonymous change, consistent with the
hypothesis that it is a pseudogene.

3.3.7 COX VIIb Isoforms
"

While this subunit is known to interact with COX IV (Tsukihara et al., 1996), little

else is known about its functional or structural relevance to COX activity. Because this
was the least transcribed subunit across tissues (Fig. 3.1), it may play a role in
regulating the assembly of COX. There are no known isoforms for this subunit in fishes;
however 2 isoforms exist in mammals. Although it is difficult to determine the exact
origin of these isoforms, it is likely that they are the result of an early WGD event in
basal vertebrates (Fig. 3.9). Despite poor phylogenetic resolution, evidence of purifying
selection, as indicated by dN/dS ratios, in COX VIIb1 suggests that it is the most
conserved of the mammalian isoforms (Fig. 3.9).

3.3.8 COX VIII Isoforms
"

While little is known about the function of COX VIII, it has liver-type and heart-

type isoform organization. However, no evidence of developmentally regulated
switching of isoforms has yet been found (Ewart et al., 1991). The major isoform (COX
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VIIIb) was between 4- and 99-fold higher than COX VIIIc in all tissues. Again, the
phylogeny for COX VIII is poorly resolved and gives no insight into which isoform is
most conserved with the invertebrate ancestor (Fig. 3.10). With such poor phylogenetic
resolution, dN/dS analyses would be unreliable, and so were not performed for this
subunit.

3.3.9 COX Subunit Stoichiometries
"

COX synthesis is recognized as a complex process involving coordinated

expression of the various nuclear-encoded genes, creating precursors that are imported
and assembled in conjunction with mtDNA-encoded subunits (Fig. 3.11). Though many
studies have suggested that certain transcriptional regulators affect each of the genes
(Dhar et al., 2008), it is not yet clear if one or more of the genes is regulated in a way
that exerts more control over holoenzyme synthesis. Thus, we conducted transcription
factor analysis of the COX nuclear subunits across tissues to see if the transcripts were
expressed at comparable levels, or a subset expressed at much lower levels,
suggesting a potential role as a critical site of regulation.
"

Transcript amounts for the ten nuclear-encoded subunits varied widely both

within and across zebrafish tissues (Fig. 3.2). Although this variation was such that few
similar patterns were observed between tissue transcriptional profiles, some trends
were evident. Within a given tissue, 2 or 3 subunits tended to be in excess, while the
majority of subunits were present in amounts that varied by no more than 6 million
copies/µg. Transcripts for the single-isoform subunit COX VIIb were present in the
lowest amount in each tissue. COX Va and COX VIII, each possessing two isoforms,
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were among the most abundant transcripts across tissues. Within liver and muscle
tissues, COX Vb transcripts were found to be in great excess. This pattern contrasts
with that observed in brain and gill tissues, where COX Vb was among the leasttranscribed subunits. Zebrafish heart tissue had the highest variation in COX subunit
stoichiometry, while liver tissue had the lowest variation.
"

Nuclear respiratory factor 1 has been shown to regulate the transcription of all 10

nuclear-encoded COX subunit genes (Dhar et al., 2008). Thus, it would be interesting to
develop transcription profiles for this transcription factor in these tissues to determine
how its expression correlates with transcription patterns of COX IV, or other nuclearencoded COX subunits, across tissue types.
"
3.3.10 General Conclusions
"

While the subunit stoichiometries are not consistent with our hypothesis (that

subunit transcripts would be present in equal amounts), it is important to reiterate that
they are not necessarily representative of ultimate gene expression. There are many
levels of control beyond transcriptional regulation and it would be interesting to see how
well transcript profiles in each tissue actually correlate to respective protein levels.
"

It proved difficult to assess the origins of the isoforms for nuclear COX subunits.

Poor resolution of the relationships between isoforms within and across lineages is
likely because many of the oxidative phosphorylation gene duplicates were lost as
functional genes within the genome. Tissue-specific patterns may also be informative in
a more global context, where expression patterns are compared between interacting
subunits. For instance, the hypoxia-induced expression patterns of subunit IV isoforms
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seem to mirror those of subunit VIa (Fig. 3.2A, D), possibly indicating that when oxygen
levels are limiting, the efficiency of proton-translocation by cytochrome oxidase is
increased.

3.4 Methods
3.4.1 Gene Sequence Retrieval
"

All nuclear COX sequence data was retrieved from online databases Ensembl

and Genbank (see Figs. 3.3-3.10 for accession numbers). Introns were removed from
genomic sequences prior to retrieval and taxa with sequences of insufficient length and/
or quality were removed from further analysis.

3.4.2 Bayesian Analyses
"

Multiple nucleotide sequence alignments for isoforms of each subunit were

performed using ClustalW (45) via Molecular Evolutionary Genetics Analysis 4.0
(MEGA4, 46). Alignments were based on corresponding amino acid sequence
alignment where applicable, and sites within alignments containing gaps were
downweighted to zero for all subsequent analyses. We used ModelTest version 3.7 (47)
to determine the best model of evolution for individual loci based on the Akaike
Information Criterion (AIC).
"

Bayesian phylogenetic analyses (MrBayes 3.1, ref 48) were performed on

nucleotide sequence data from each individual locus. In cases were models of evolution
selected by ModelTest required numbers of rate classes not implemented by MrBayes,
we used the next most complex model available. Four separate Bayesian analyses
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each began with different random starting trees, and were run for at least 1x106
generations, with Metropolis-coupled MCMC using four incrementally heated Markov
chains per generation, and Markov chains sampled every 100 generations.
Convergence and an appropriate “burn-in” were assessed by visually inspecting the
trace of the parameters across generations using Tracer v1.4.1 (49). A conservative
25% of trees were discarded as “burn-in”.

3.4.3 dN/dS Ratios
"

Using codon-based models in PAML version 3.14b3 (Yang 1997), we tested dN/

dS ratios along branches of interest in the Bayesian trees of each subunit and its
respective isoform(s). To study the effects of gene duplication on selective pressures,
we adapted the model implemented by Bielawski and Yang (Fig. 3.12.; 2003). This
model uses log-likelihood ratio tests (LRTs) to test dN/dS ratio models of varying
complexities. The simplest model assumes that all branches in the tree evolve under
equal selective pressures, and outputs one universal dN/dS ratio (1 ratio test). The next
simplest model assumes that selective pressures for all branches preceding gene
duplication are equal, and that selective pressures for all subsequent branches are also
equal (2 ratio test). The next model again assumes that all branches preceding gene
duplication evolve under equal selective pressures, the two branches immediately
succeeding gene duplication evolve under equal selective pressures, and that all
subsequent branches evolve under equal selective pressures. Models increase in
complexity respectively and the LRTs comparing these models examine the differences
in selective pressures before gene duplication and in all subsequent branches (Fig
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3.12). The LRT statistic, 2∆l (twice the log likelihood difference), is equal to 2[lnL1 –
lnL0], where lnL1 is the log likelihood under the more complex model and lnL0 is the log
likelihood under the simpler model. The LRT statistic can be compared to the critical
values (p < 0.05) of the χ-square distribution based upon the degrees of freedom for
each respective model, as determined by the number of additional parameters required.

3.4.4 Sample Collection and RNA Purification
"

Forty zebrafish for tissue transcription profiles (Danio rerio) were purchased from

a local pet store and kept in a 40 L aquarium. They were kept at 28 ˚C with a 12 h
photoperiod and fed ad libitum. After an acclimatization period of at least 6 weeks, the
zebrafish were sacrificed by immersing them in a buffered MS222 (tricaine methane
sulphonate) solution (0.4g MS222 + 0.8 g Na2HCO3/l). Gills, heart, brain, liver and white
muscle tissues were dissected from each fish, and tissues from 3-5 individuals were
pooled for each sample. All tissue samples (except for the white muscle samples) were
placed in Qiagen RNeasy lysis buffer immediately after dissection, and dispersed by
syringe. The RNA was extracted from the tissue samples using a Qiagen RNeasy kit
following the manufacturerʼs protocol. The white muscle tissue samples were frozen
immediately in liquid nitrogen. The RNA was extracted from the samples in 5 ml of Trizol
reagent (Invitrogen). The samples were homogenized in Trizol, and centrifuged at 2000
g for 30 min. The supernatant was recovered and 1 mL of chloroform added. Once the
phases separated, the samples were centrifuged at 2000 g for 30 min and the resulting
uppermost aqueous phase was retained (approximately 2 – 5 ml). The RNA was then
precipitated with 2.5 ml of isopropyl alcohol, washed with 5 ml of 75% ethanol, and re-
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suspended in 130 µl of RNase-free water. All RNA samples were quantified by
measuring the absorbance at 260 nm. Three RNA samples from each tissue were used
to make cDNA. Each sample was first DNase treated using RNase-free DNase I
(Invitrogen). Reverse-transcriptase from SuperScript III (Invitrogen) was then used to
create cDNA for all 15 samples.

3.4.5 qPCR Analysis
"

Primers were designed from published sequence data to amplify 100-200bp

regions of each nuclear-encoded COX isoform in zebrafish cDNA (Table 1). PCRs were
carried out for each primer set using an Eppendorf Mastercycler Gradient thermal
cycler. All reactions were done using 2.5 µl of 10x PCR buffer, 1 µl of 25 mM MgCl2, and
0.15 µl of Taq DNA polymerase (Qiagen), as well as 2 µl each of the appropriate forward
and reverse primers (diluted to 7.25 mM), 10 ng of template, and enough autoclaved
water to bring the reaction to 25 µl. PCR runs involved a 3 min initial denaturation time
at 94 ˚C, 40 cycles of 15 s at 94 ˚C, 30 s at 61 ˚C, and 36 s at 72 ˚C, followed by a final
extension time of 10 min at 72 ˚C. Resulting PCR products were run on 2% agarose
gels and DNA bands at the correct lengths were excised and purified by a Qiagen Gel
Extraction Kit, and ligated into pDrive cloning vectors (Qiagen). The plasmid vectors
containing DNA fragments of each isoform were transformed into DH5α competent
cloning cells (Invitrogen) and plated onto agar plates with X-gal/ampicillin selection.
Positive-testing colonies were plucked and grown in Lysogeny broth with ampicillin (50
ng/µl). Plasmids were isolated using a Qiaprep Spin Miniprep kit, quantified at 260 nm,
and sequenced (Robarts Research Institute). Samples were sequenced with an Applied
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Biosystems 3730 Analyzer to verify that primers amplified the correct isoform fragment.
Annealing temperatures of all primer sets were optimized to ensure that only the
corresponding isoform was amplified, and dilution curves were run in qPCRs using both
template and plasmid dilution series. All qPCRs were run in 96-well optical plates
(Applied Biosystems) using a 7300 Real-Time PCR System (Applied 22 Biosystems).
Runs consisted of a 15 min initial denaturation time at 95 ˚C, then 40 cycles of 15 s at
95 ˚C, 1 min at 59-65 ˚C, and 36 s at 72 ˚C, followed by a melt curve analysis consisting
of 15 s at 95 ˚C, 1 min at 60 ˚C, and 15 s at 95 ˚C. Each sample was run in duplicate,
and reactions were made up of 12.5 µl of 2× QuantiTect SYBR Green PCR master mix
(Qiagen), 2 µl each of the corresponding primers (diluted to 7.25 mM), 3.5 µl of
autoclaved water, and 5 µl of template (25-100ng). cDNA samples were run in qPCRs
with all primer sets, their corresponding plasmid standards, and no-template controls.
Results (cycle threshold values or Cts) were translated into number of copies of target
cDNA using the plasmid containing the corresponding insert. This allowed for the
conversion of Ct values to copy numbers, but did not correct for any differences that
may exist between reverse-transcriptase efficiencies. Correction for efficiency in cDNA
synthesis was performed by adjusting these results based on TATA-binding protein
(TBP) amplification. In brief, the median value of the TBP Cts for each tissue was used
to adjust the copy number of each sample within the tissue, assuming that TBP levels
were constant.
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3.6 Tables
Table 3.1. Primers design for nuclear COX isoform amplification in zebrafish.

Sequence accession number, primers, length of target gene fragment, and optimal annealing temperature for all
isoforms included in analysis of COX nuclear-encoded genes in zebrafish tissues.
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3.7 Figures

Figure 3.1. Relative copies of transcripts for each COX nuclear-encoded subunit (as
summed from respective isoform transcript levels) across zebrafish tissues.
Values are +SEM for samples and adjusted for RT-efficiency assuming TBP mRNA is constant.
Median TBP Ct was used to offset each value. Isoform-specific primers used.
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Figure 3.2. Proportion of total transcripts for each subunit possessing isoforms across
zebrafish tissues.
Values are +SEM for samples and adjusted for reverse-transcriptase efficiency assuming TBP
mRNA is constant. Median TBP Ct was used to offset each value.
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Figure 3.3. Bayesian phylogenetic analysis of COX IV isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
C.elegans NP_493394.1; Fruitfly NM_136169.2; Yakuba Fruitfly XM_002090725; Simulans
Fruitfly XM_002079948.1;Aedes AAEL005170; Anopheles AGAP008727; Vase Tunicate
XM_002122378.1; Florida Lancelet XM_002237374.1 IV-2 Fishes Zebrafish zgc:73355; AtlSalm
BT049745.1Stickleback ENSGACG00000004286; Bigeye Tuna AF204870.1; Medaka
ENSORLG00000001813; Tilapia AY737033.1; Oreo AY737033.1; IV-1 Tertrapods Platypus
ENSOANG00000003744; Opossum ENSMODG00000004591; Elephant
ENSLAFG00000014002; Megabat ENSPVAG00000003757; Horse ENSECAG00000011722;
Dog ENSCAFG00000019921; Cat ENSFCAG00000007612; Cow NM_001001439.2; Tarsier
ENSTSYG00000009682; Mouse ENSMICG00000010800; Rat ENSRNOG00000017817;
Guinea Pig ENSCPOG00000022243; Rabbit AF198088.1; Mouse Lemur
ENSMICG00000010800; Macaque ENSMMUG00000006763; Human ENSG00000131143;
Chimp ENSPTRG00000008434; Dolphin ENSTTRG00000016023; Alpaca
ENSVPAG00000008506; Zebra Finch ENSTGUG00000004109; Chicken
ENSGALG00000005749; Turkey AF255350.1; Wild Turkey AF255350.1; Xenopus 41b
BC135405.1; Xenopus 4a NM_001093715.1; Xenopus 4b NM_001092522.1; IV-1 Fishes
Zebrafish ENSDARG00000032970; AtlSalmon BT043749.1; Fugu ENSTRUG00000018241;
Stickleback ENSGACG00000015963; Eelpout EF175142.1; Viva Blenny EF175142.1; Medaka
ENSORLG00000009488; Bigeye Tuna; AF204870.1 IV-2 Tetrapods Xenopus T42
NM_001016945.2; Xenopus L42 NM_001086434.1; Macaque ENSMMUG00000007383; Chimp
ENSPTRG00000013358; Human ENSG00000131055; Pika ENSOPRG00000004657; Shrew
ENSSARG00000003313; Cow LOC618339; Dog ENSCAFG00000007049; Horse
ENSECAG00000014445; Guinea Pig ENSCPOG00000010218; Kangaroo Rat
ENSCPOG00000010218; Mouse ENSMUSG00000009876; Rat ENSRNOT00000010418.
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Figure 3.4. Bayesian phylogenetic analysis of COX Va isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
Fly FBgn0019624; Branchiostoma XM_002246552.1Va1 FishesZebrafish va2
ENSDARG00000018119; Medaka ENSORLG00000014758; Takifugu ENSTRUG00000017081;
Stickleback ENSGACG00000014702; Tetraodon ENSTNIG00000016049; Ciona
ENSCING00000015350; Zebrafish ENSDARG00000018119; Carp AF255354.1; Va2 Fishes
Medaka ENSORLG00000004893; Tetraodon ENSTNIG00000011924; Takifugu
ENSTRUG00000015647; Stickleback ENSGACG00000006516; Tuna AF255355.1; Tsalmon
EU302521.1; Atlsalmon BT059939.1; Va Tetrapods Pika ENSOPRG00000010626; Elephant
ENSLAFG00000006266; Shrew ENSSARG00000004012; Guinea Pig
ENSCPOG00000024832; kangaroo Rat NSDORG00000014983; Bushbaby
ENSOGAG00000005611; Horse ENSECAG00000000160; Trichoplax XM_002110578.1; Mouse
ENSMUSG00000000088; Rat ENSRNOG00000018816; Microbat ENSMLUG00000013702;
Hyrax ENSPCAG00000002646; Rhesus NM_001040279.1; Gorilla ENSGGOG00000003194;
Chimp ENSPTRG00000007289; Orangutan DQ987241.1; Human ENSG00000178741; Alpaca
ENSVPAG00000001121; Dolphin ENSTTRG00000008004; Bovine NM_001002891.1; Dogva2
XM_535544.2; Dog XM_535544.2; Wallaby ENSMEUG00000013942; Opposum
ENSMODG00000009190; Platypus ENSOANG00000006532; Duckbilled platypus
XM_001511853.1, Zebrafinch B5G047_TAEGU; Xenopus L5A NM_001091923.1; Xenopus
T5A NM_001017049.3.
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Figure 3.5. Bayesian phylogenetic analysis of COX Vb isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
Fly CG11015; Sea Urchin XM_781285.2; Branchiostoma XM_002235087.1; Xenopus T5b1
NM_001016250.2; Xenopus T5b2 BC158296.1; Xenopus L5b NM_001091587.1; Vb2 Fishes
Zebrafish NM_001045357.1; Tuna AF255356.1; Tetraodon CR678996.2; Takifugu CR662868.2;
Rainbow Trout AF255351.1; Salmon BT049083.1; Vb1 Fishes Zebrafish XM_001342148.2;
Medaka EU714164.1; Stickleback EU714164.1; Spotted Grouper EU714164.1; Takifugu
CR678996.2; Tetraodon CR678996.2; Vb Tetrapods Gecko AY626820.1; Zebrafinch
DQ217310.2; Platypus ENSOANG00000003832; Rhesus Macaque XM_001100566.1; Chimp
ENSPTRG00000012257; Human ENSG00000135940; Horse ENSECAG00000007968;
Elephant ENSLAFG00000009386; Cow ENSBTAG00000009149; Pig NM_001007517.1;
wildboar NM_001007517.1; Dog ENSCAFG00000002387; Fox NM_001144130.1; Mouse
ENSMUSG00000061518; Rat ENSRNOG00000016660.
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Figure 3.6. Bayesian phylogenetic analysis of COX VIa isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
Sea Urchin XM_001192461.1; Anemone XM_001639580.1; VIa2 Fishes Rtrout U83980.1;
Medaka ENSORLG00000014675; Bigeye Tuna AF051370.1; Stickleback
ENSGACG00000012630; Tetraodon ENSTNIG00000011472; Fugu6a21 EU411479.1;
Fugu6a22 EU411479.1; Carp U83907.1; Zebrafish NM_001004680.1; VIa1 Fishes Zebrafish
ENSDARG00000022438 ; Stickleback BT028312.1; Cherry Salmon EU325850.1; Atl Salmon
BT048066.1; Tetraodon CR715629.2; VIa2 Tetrapods Lhedgehog ENSETEG00000005952;
Hyrax ENSPCAG00000004670; Opossum ENSMODG00000001809; Megabat
ENSPVAG00000010824; Dog ENSCAFG00000016887; Horse ENSECAG00000011578;
Guinea Pig ENSCPOG00000004927; Cow ENSBTAG00000019521; Alpaca
ENSVPAG00000010576; Shrew ENSSARG00000011188; Treeshrew ENSTBEG00000013832;
Orangutan ENSPPYG00000007721; Gorilla ENSGGOG00000006124; macaque
ENSMMUG00000014353; Chimp ENSPTRG00000008046; Human ENSG00000156885;
Squirrel ENSSTOG00000003277; Mouse ENSMUSG00000030785; Rat
ENSRNOG00000019851; VIa1 Tetrapods Chicken IPI00583550.1; Turkey AF148687.1;
Opossum XM_001376804.1; Human ENSG00000111775; Rheusus XM_001109663.1; Gorilla
ENSGGOG00000014101; Orangutan ENSPPYG00000005028; Chimp XM_001160455.1;
Guinea Pig ENSCPOG00000006426; Tarsier ENSTSYG00000011541; Horse XP_001488716.2;
Megabat ENSPVAG00000002226; Treeshrew ENSTBEG00000008018; Cow
ENSBTAG00000008020; Pig AK230744.1; Dolphin ENSTTRG00000000142; Alpaca
ENSVPAG00000010359; Mouse ENSMUSG00000041697; Rat ENSRNOG00000001170; Dog
XM_534704.2; Cat ENSFCAG00000011008; Rabbit ENSOCUG00000007755; Pika
ENSOPRG00000004213; Hyrax ENSPCAG00000013788; LHedgehog
ENSETEG00000016826; Elephant ENSLAFG00000006388.
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Figure 3.7. Bayesian phylogenetic analysis of COX VIb isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
Medaka6b1b1BT083093.1; Salmon BT046705.1; Stickleback ENSGACG00000008583;
Tetraodon ENSTNIG00000008121; VIb2 Tetrapods Opossum XM_001365480.1; Human
ENSG00000160471; Cow ENSBTAG00000007200; Mouse ENSMUSG00000051811; Rat
ENSRNOG00000038616; VIb1a Fishes XenopusL6b1a BC068886.1; XenopusL6b1b
BC133271.1; Stickleback AY522589.1; Tilapia AY522589.1;Medaka BT083109.1; Takifugu
CR725931.2; Zebrafish EF192003.1; Tetraodon CR725931.2; VIb3 Tetrapods Chicken
BX932835.1; Zebrafinch EF192003.1; Horse ENSECAG00000012317; Cow IPI00686911.1;
Mouse ENSMUSG00000036751; Rat LOC688869; Dog6b1 ENSCAFG00000006913; Dog6b3
XM_850376.1; Macaque XM_850376.1; Orangutan ENSPPYG00000009873; Human
AL031594.9; Chimp XR_021161.1; VIb3 Tetrapods Rhesus Macaque ENSMMUG00000013674;
Orangutan AY236504.1; Human ENSG00000126267; Chimp XR_021161.1.
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Figure 3.8. Bayesian phylogenetic analysis of COX VIIa isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
Sea Urchin XM_001176715.1; Lancelet XM_002245037.1;VIIa3 Tetrapods Horse
XM_001499916.1; Pika XM_001499916.1; Squirrel DQ890566.2; Guinea Pig XM_515433.2;
LHedgehog NM_001034695.1; Platypuspartial XM_001513269.1; Platypus XM_001513269.1;
Opossum XM_001375701.1; Xenopus NM_001113151.1; Zebrafish NM_199974.1; Atl Salmon
BT049959.1; Fugu CR703428.2; Tetraodon CR635583.2; Chicken XM_419450.2; Zebrafinch
XM_002195567.1; Cow NM_001034695.1; Cat XM_532946.2; Dog 7a31 XM_532946.2; Dog
7a32 XM_532946.2; Human 7a31 AC006038.3; Human 7a32 AC006038.3; Chimp
NM_001131554.1; Orangutan NM_001131554.1; Mouse NM_009187.3; Rat BC166896.1 VIIa1
Fishes Zebrafish BC124269.1; Stickleback BT083353.1; Tetraodon CR678392.2 VIIa2 Fishes
Zebrafish ENSDARG00000053217; VIIa2 TetrapodsZebrafinch ENSTGUG00000012645;
Opossum ENSMODG00000018503; Cow IPI00839822.2; Cat ENSFCAG00000009787;
Megabat ENSPVAG00000010401; Shrew ENSSARG00000010458; Dolphin
ENSTTRG00000007874; Alpaca ENSVPAG00000011089; Pig XM_001084813.1; Treeshrew
ENSTBEG00000007294; MLemur ENSMICG00000015747; Rheusus NP_001035368.1;
Orangutan ENSPPYG00000016781; Human ENSG00000112695; Gorilla
ENSGGOG00000005865; Chimp ENSPTRG00000018353; Kangaroo Rat
ENSDORG00000015425; Guinea Pig ENSCPOG00000007404; Mouse;
ENSMUSG00000032330; Squirrel ENSSTOG00000002536; Anole NM_001112804.1; Gekko
AY701864.1; XenopusT7a2 NM_001112728.1; XenopusL7a2a NM_001093888.1;
XenopusL7a2b; NM_001112804.1 VIIa2 Fishes Atl Salmon BT059845.1; Stickleback
ENSGACG00000011811; Fugu ENSTRUG00000015302; VIIa1 TetrapodsTetraodon
ENSTNIG00000003607; Guinea pig ENSCPOG00000014953; Mouse
ENSMUSG00000024248; Horse ENSECAG00000000584; Tarsier AY585864.1; Cat
ENSFCAG00000011516; Dog ENSCAFG00000006519; Cow ENSBTAG00000000705; Pig
NM_214411.1; LHedgehog ENSETEG00000011940; Elephant ENSLAFG00000022050; Hyrax
XM_850347.1; Treeshrew ENSTBEG00000014124; Mouse Lemur ENSMICG00000001058;
Squirrel Monkey AY585863.1; Orangutan ENSPPYG00000012463; Gorilla
ENSGGOG00000010739; Human ENSG00000115944; Macaque XM_001095629.1; Silver leaf
fed monkey NM_001040278.1; Microbat ENSMLUG00000004569; Megabat
ENSPVAG00000009779.
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Figure 3.9. Bayesian phylogenetic analysis of COX VIIb isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
VIIb Tetrapods Human ENSG00000131174; Orangutan ENSPPYG00000020494; Chimp7b2
NM_001132444.1;; Rhesus macaque ENSMMUG00000015861; Chimp7b
ENSPTRG00000022049; Rabbit ENSOCUG00000000205; guinea AY339885.1; 2Lesser
Hedgehog7b AY610225.1; VIIb2 Tetrapods Human NM_130902.2; Horse BC102670.1;
2bushbaby ENSOGAG00000011105; 2Dolphin BC102670.1; 2Rabbit ENSOCUG00000000205;
Mouse NM_030052.3; Lesser Hedgehog AY610225.1; Mouse ENSMICG00000014521; Rat
NM_182819.2; Bovine BC103174.1; Dolphin ENSTTRG00000004387; Opossum
XM_001363218.1; Platypus ox_plat1_32518.32518; Xenopus l7b NM_001093985.1; Xenopus
t7b BC118894.1; Zebrafinch ENSTGUG00000005979; Chicken IPI00681435.1; Turkey
AF255353.1; Zebrafish zgc:194876; Salmon BT059943.1; Medaka ENSORLG00000014018;
Tetraodon ENSTNIG00000007638.
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Figure 3.10. Bayesian phylogenetic analysis of COX VIII isoforms with dN/dS ratios.
Values above branches represent rates of dN/dS for that branch and all subsequent unlabelled
branches until the next value. Values below branches represent Bayesian posterior probabilities
and are labelled only for branches leading to major lineages and only when values < 0.90. DE
represents a known gene duplication event. In cases where there are two published sequences
for a given isoform, characters following common name specify respective accession number:
VIIIb Fishes Tetraodon8b CR724833.2; Tetraodon CR724833.2; Medaka CR656971.2; Salmon
BT049321.1; Danio8h XM_001338496.2; Danio8b XM_001338496.2; VIIIb Tetrapods Opossum
CIX XM_001380141.1; WBSpider Monkey AY254826.1; Brown Lemur AY254828.1; tarsier
AY254827.1; Mouse U15541.1; Rat X64827.1; Horse XM_001788899.1 Bovine
NM_001114517.1; Pig 8b NM_001097500.1; Pig 8c NM_001097500.1; Boar NP_001090969;
VIIIc Tetrapods Mouse NM_001039049.1; Rat NM_183055.1; Human NM_182971.2; Brown
Lemur AY161006.1; Boar XM_001927411.1; Human XM_929122.1; Chimp XM_001140050.1;
Chicken CR353872.1; Zebrafinch XM_002196277.1; branchiostoma AY648854.1; Zebrafinch 8c
DQ213249.1; Chicken 8a XM_001235548.1; VIIIc Fishes Danio XM_680403.3; VIIIa Tetrapods
Squirrel monkey AY254821.1; Orangutan NM_001131946.1; Human NM_004074.2; Chimp
NM_001079925.1; Macaque NM_001079925.1; Olive Baboon NM_001112641.1; Brown Lemur
AY254825.1; Loris AY254824.1; Bovine NM_174024.2; Dog XM_533249.2; Cat AY254825.1;
Mouse U37721.1; Rat NM_134345.1.
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Figure 3.11. COX assembly.
This image was adapted from Moyes and Hood (2003). Assembly of COX begins
with insertion of the catalytic core subunit COX I into the inner membrane, followed
by addition of hemes, metals, and other subunits encoded by both nuclear and mitochondrial
genes.
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Figure 3.12. Rate dN/dS ratio tests for assessing selection following gene duplication.
This figure is adapted from Bielawski and Yang (2003). The one ratio test assumes that rate dN/
dS (ω0) is equal across all branches. The two ratio test assumes ω0 for all branches preceding
gene duplication, and ω1 for all subsequent branches. The three ratio test assumes ω0 for all
branches preceding gene duplication, ω1 for branches directly following gene duplication and ω3
for all subsequent branches. The four ratio test assumes ω0 for all branches preceding gene
duplication, ω1 for branches directly following gene duplication and ω3 and ω4 for each branches
leading to each respective lineage. Ratios increase as models become more complex.
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Chapter 4: General Discussion
"

My thesis investigated the evolution of oxidative metabolism in fishes. I used

COX as a model because it is a key regulator of oxidative metabolism, much is known
about its structure-function relationships and it is comprised of subunits with both
mitochondrial and nuclear origins. While intense selection against, or in rare cases for,
random point mutations in coding sequence drives the evolution of mitochondrial
OXPHOS genes, genome-specific mechanisms such as gene duplication events play
major roles in the evolution of nuclear OXPHOS genes.

4.1 Evolution of Mitochondrial-Encoded COX Subunits
"

I focused on a highly aerobic group of fishes to study the evolution of

mitochondrial COX genes. My first goal was to recreate a robust phylogeny of these
fishes to interpret data in a phylogenetically informative context. Phylogenetic analyses
in this group not only provided a framework to study the evolution of mitochondrial
OXPHOS genes, but also yielded surprising results with interesting implications for
greater perciform phylogeny and origins of regional endothermy in teleosts.
"

While resolving greater billfish phylogeny was originally intended for interpreting

dN/dS ratios in the highly athletic fishes of the suborder Scombroidei, it ultimately
revealed unexpected relationships directly relevant to the evolution of oxidative
metabolism in fishes. That billfishes shared a recent common ancestor with flatfishes, to
the exclusion of tunas, is compelling for different reasons (Chapter 2). It provides two
extraordinary examples of the power of natural selection: first that selection has resulted
in the adaptive evolution of almost identical character states in evolutionarily disparate
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groups (tunas and billfishes), and second that the selective forces drove such radical
phenotypic divergence as that observed between billfishes and flatfishes, on a relatively
small evolutionary timescale (billfishes and flatfishes).
"

From a more physiological viewpoint, however, and more relevant to the overall

aim of my thesis, the evolutionary affinity between flatfishes and billfishes necessitates
that regional endothermy has arisen in a non-scombroid lineage of teleost fish. This
independent, phylogenetically distant origin of regional endothermy is remarkable
because of the degree of convergent evolution necessary for heat production and
retention in fishes. While billfishes and tunas do not generate heat via homologous
mechanisms, a suite of specific anatomical, behavioural and physiological adaptations
are necessary for regional endothermy, including thick bodies with large fusiform
shapes, vascular heat exchangers, extraocular muscle specializations, increased
oxidative potentials, internalized red muscle and behavioural thermoregulation (Block
and Finnerty, 1994). Prior to our finding that billfishes and flatfishes are evolutionarily
close, it was believed that tunas, billfishes and butterfly mackerels shared, at very least,
a relatively recent common ancestor. While the independent origins of regional
endothermy in tunas, billfishes and butterfly mackerels are still compelling under
parallelism, one would assume that the relatively recent common ancestor possessed
many preadaptations for regional endothermy (specializations that predispose it to
evolve regional endothermy). That two groups of perciform fishes from radically different
ancestors independently evolved a suite of mechanisms to generate and retain heat is
astonishing. The only other groups of fishes known to maintain a temperature
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differential are the sharks of the family Lamnidae (Wolf et al., 2988) and the opah
(Lampris regius; ref Runcie et al., 2009).
"

While this unexpected finding is not seamlessly consistent with our exploration

into the evolution of COX, it holds clear relevance to our more general interest in the
evolution of oxidative metabolism in fishes. It would be interesting to investigate whether
fishes that have convergently evolved traits for regional endothermy and continuous
swimming also show convergence in mechanisms at the molecular level to increase
oxidative potential. While we have sequenced and assessed the mitochondrial COX
genes of many scombroid, billfish and lamnid shark representatives, there is no
evidence of convergent evolution at the molecular level in these groups. However, there
are many other mechanisms by which OXPHOS may be enhanced, including increases
in mitochondrial biogenesis, augmentation of cristae surface areas, adaptive evolution
in other OXPHOS subunits that were not my focus, mitochondrial signaling or
transcription pathways or even regulation by other COX subunits (e.g. COX IV).
"

Although our resolution of greater billfish phylogeny surely challenges the

conclusions of Dalziel et al. (2006) regarding positive selection in COX II of billfishes, it
does not completely nullify them. While the phylogeny used by Dalziel et al. (2006)
appears to be largely comparable to my own, insufficient taxon sampling (see Miya and
Nishida, 2000) likely lead to overestimates in dN/dS ratios because of poor resolution of
branch positions leading to underrepresented, evolutionarily distant lineages (billfishes
and carangids). Furthermore, conclusions were framed in the context that tunas and
billfishes shared a recent common ancestor, which we now show is untrue. Although
obvious problems result from this phylogenetic misinformation, it is interesting to note
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that the branches leading to the billfish lineage in trees with similar taxon sampling for
COX I and COX III did not show the same elevated dN/dS ratio as those those for COX
II (Appendix). The presence of a punctuated burst in the rate of non-synonymous
mutations along this branch may be an artifact of insufficient taxon sampling from
lineages between scombroids and billfishes in evolutionary time. However, it is
compelling that COX I and COX III did not yield similar results, as taxon-sampling for
dN/dS analyses in these genes was identical to that for COX II. Thus, dN/dS analyses
on datasets with sufficient taxon sampling could help to elucidate what mechanisms are
responsible for the rapid evolution observed in COX II of the billfishes.
"
4.2 Evolution of Nuclear-Encoded COX Subunits
"

Gene duplication events appear to spur adaptive evolution of nuclear COX genes

in cases where duplicates are retained. The isoform transcription profiles coupled with
phylogenetic analyses for each subunit show that vertebrate isoforms arose from a
combination of early WGD events in basal vertebrates or specific lineages (e.g.
teleosts), and more recent single gene duplication events. While there is evidence for
retained function of some COX orthologues across fishes and mammals, others appear
to have diverged in function since radiation, possibly contributing novel evolutionary
functions (Chapter 3).
"

Phylogenetic analyses combined with dN/dS ratio tests for many trees reveal that

gene duplication events can play major roles in the evolution of nuclear OXPHOS
genes. Although COX genes are typically subject to strong selective pressures to
conserve protein function, duplication events appear to relax purifying selection on both
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copies equally for a period following duplication. While positive selection is typically
thought of as the vehicle for adaptive change, relaxation in selective constraint, coupled
with genetic drift, has also been postulated to shape genes in adaptive ways (Bielawski
and Yang, 2003; Robinson-Rechavi and Laudet, 2001; Yang et al., 2002). In several
cases, paralogous isoforms known to have diverged in function (e.g. COX IV isoforms
in fishes, and COX IV isoforms in mammals) showed relaxed selective constraint along
branches leading to the functionally-derived isoform. This supports the hypothesis that
gene duplication followed by mutation accumulation via relaxed selective constraint is a
major force in the evolution of nuclear genes.
"

In other cases however, changes in dN/dS ratios following gene duplication are

undetectable (e.g. COX Va). While this phenomenon does not adhere to the typical
model of purifying selection characteristic of gene duplication (Bielawski and Yang
2003), there are some instances in which selective pressures may remain unchanged,
even directly following a genome duplication. For example, if a duplicate copy
contributes a dosage-response effect that greatly enhances organismal fitness, then
purifying selection may remain relatively constant both before and after duplication to
preserve this effect. Without expression profiles at the protein level, it is difficult to
determine whether isoforms with a constant dN/dS ratio before and after duplication are
exhibiting a dosage-response mechanism.
"

While stoichiometries of the COX subunits analyzed in this study may not be

directly indicative of ultimate gene expression (functional protein levels), they provide
insight into how these genes are regulated at a transcriptional level. For instance, if
COX VIIa3 functions similarly in fishes and mammals (migration to the Golgi apparatus),
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as appears to be true based upon dN/dS ratio tests, then the relative measurements of
this subunit are irrelevant to COX stoichiometry because they are overestimates of
traditional subunit function. Thus, it is difficult to assess COX stoichiometries in the
absence of subunit and/or isoform function. Despite these problems assessing the
regulation of COX assembly based upon transcription levels, subunits that are
transcribed at the lowest rates in a given tissue type may well be involved in regulating
the assembly of the COX complex. Transcription factors such as nuclear respiratory
factor 1, mentioned earlier, may upregulate and downregulate the overall transcription of
one or two subunits to regulate COX assembly. To this end, there are other mechanisms
by which gene duplication could spur the evolution of nuclear COX genes. For instance,
duplication events increasing the dosage of assembly-limiting subunits could indirectly
cause another subunit to become assembly-limiting. This shift in regulation could alter
the ultimate selective environment of these subunits and/or other COX subunits.

4.3 Conclusions
"

The aim of my study was to investigate the evolution of oxidative metabolism in

fishes. While I set out to look at how the mitochondrial and nuclear COX genes might
evolve in adaptive ways, I also unexpectedly uncovered a close phylogenetic
relationship between billfishes and flatfishes. This relationship has important
implications in the origins of regional endothermy in fishes, and provides a good model
for future studies comparing how OXPHOS has evolved to supply energy demands in
highly athletic, distantly related groups of fishes. It also emphasizes the need for robust
phylogeny when comparatively studying physiology, or any field vulnerable to the forces
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of evolution, as homoplasies have often been the source of erroneous conclusions in
such studies. I am unable to comment specifically on how mitochondrial OXPHOS
genes might evolve adaptive function, except to say that adaptive evolution in
mitochondrial COX genes appears to be extremely rare, and positive selection identified
in COX II of the billfishes in previous study is likely an artifact of incorrect assumptions
about evolutionary affinities. I did however find interesting trends in the evolution of
nuclear COX genes. In several cases, rapid evolution in nuclear COX genes appeared
to be the result of relaxed selective constraints following duplication events; in some
cases however, purifying selection remained constant across duplication events, yet
both duplicates persist. While the former scenario seems to facilitate more functional
adaptive change by allowing for isoform divergence (possibly via subfunctionalization or
neofunctionalization), the latter may facilitate adaptive change in a more regulatory way
via dosage-response mechanisms. Thus, the WGD events characteristic of vertebrate
evolution appear to have played a major role in the evolution and divergence of nuclear
COX genes, and likely nuclear OXPHOS genes as well. While my study takes a very
systematic approach in assessing the evolution of COX genes as a way to look at
OXPHOS evolution in fishes, adaptive evolution in this complex system is expected to
be very concerted. While we can get an idea of the different evolutionary forces
constraining and facilitating evolutionary change in OXPHOS genes encoded in different
genomes, it will likely take a more global context to understand the physiological
implications of adaptive evolution in COX, and in OXPHOS altogether.
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Appendix
Table A1. Rate dN/dS ratio test for COX IV isoforms.
Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX IV
Model

NP

2∆l

df

Sig

R1

127

ω0= 0.10260 -11077.87837

R2

128

ω0= 0.06859 -11075.59538

4.565966

1

p < 0.05

0.063124

1

N

0.835344

2

N

9.229066

3

p < 0.05

1.556924

1

N

ω0= 0.98083 -221241.6441 -420341.3

2

N

ω

l

ω1= 0.10610
R3

129

ω0= 0.06848 -11075.56382
ω1= 0.11665
ω2= 0.10590

R4

130

ω0= 0.09880 -11075.17771
ω1= 0.51704
ω2= 0.07569
ω3= 0.11370

R5

131

ω0= 0.06838 -11070.98085
ω1= 0.10943
ω2= 0.11977
ω3= 0.07712
ω4= 0.11506

R6

132

ω0= 0.06879 -11070.20239
ω1= 0.10309
ω2= 0.12071
ω3= 0.07591
ω4= 110.35944
ω5= 0.11408

R7

133

ω1= 0.91307
ω2= 0.99568
ω3= 0.88728
ω4= 1.19455
ω5= 0.89569
ω6= 0.99589
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R8

134

ω0= 1.19979 -221241.6441 -420341.3

3

N

4

p < 0.01

8.3411

1

p < 0.01

3.99189

1

p < 0.05

ω1= 1.04015
ω2= 0.94574
ω3= 1.11722
ω4= 0.92572
ω5= 1.13180
ω6= 0.93226
ω7= 1.08669
R9

135

ω0= 0.06840 -11063.72315 14.515412
ω1= 0.10554
ω2= 0.12130
ω3= 0.07592
ω4= 0.26284
ω5= 0.13559
ω6= 0.35468
ω7= 0.19687
ω8= 0.09619

R10

136

ω0= 0.06849 -11059.5526
ω1= 0.10638
ω2= 0.12140
ω3= 0.07608
ω4= 0.38848
ω5= 0.13486
ω6= 0.29937
ω7= 0.18317
ω8= ∞
ω9= 0.09258

R11

137

ω0= 0.06848 -11057.55665
ω1= 0.10640
ω2= 0.12143
ω3= 0.07608
ω4= 0.38338
ω5= 0.13481
ω6= 0.30294
ω7= 0.18596
ω8= ∞
ω9= 0.05946
ω10= 0.09986
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Table A2. Rate dN/dS ratio test for COX Va isoforms.

Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX Va
Model

NP

R1

74

ω0= 0.03991 -4629.787

R2

75

ω0= 0.03808 -4629.652

ω

l

2∆l

df

Sig

0.27089

1

N

0.405226

1

N

ω1= 0.04280
R3

76

ω0= 0.03713 -4629.449
ω1= 0.64917
ω2= 0.04473

Table A3. Rate dN/dS ratio test for COX Vb isoforms.
Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX Vb
Model

NP

R1

63

ω0= 0.08922 -3996.3947

2∆l

df

Sig

R2

64

ω0= 0.02672 -3987.0834

18.62259

1

p < 0.001

-2.301836

1

N

-1.111544

2

N

ω0= 0.09267 -3994.7268 -15.286732

3

N

ω

l

ω1= 0.10420
R3

65

ω0= 0.03527 -3988.2344
ω1= 0.21321
ω2= 0.10364

R4

66

ω0= 0.03557 -3987.6392
ω1= 0.21380
ω2= 0.08645
ω3= 0.11044

R5

67

ω1= 0.15315
ω2= 0.08345
ω3= 0.35223
ω4= 0.07347
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Table A4. Rate dN/dS ratio test for COX VIa isoforms.
Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX VIa
Model

NP

R1

114

ω0= 0.10708 -6207.6675

R2

115

ω0= 0.03524 -6207.4158

ω

l

2∆l

df

Sig

0.503504

1

N

0.763206

2

N

1.301798

3

N

3.11221

4

N

3.165606

5

N

ω1= 0.10795
R3

116

ω0= 0.03446 -6207.2859
ω1= 0.11576
ω2= 0.10628

R4

117

ω0= 0.03612 -6207.0166
ω1= 0.11549
ω2= 0.09476
ω3= 0.10903

R5

118

ω0= 0.03503 -6206.1114
ω1= 0.11550
ω2= 0.09477
ω3= 0.09803
ω4= 0.12189

R6

119

ω0= 0.03294 -6206.0847
ω1= 0.11580
ω2= 0.09523
ω3= 0.07925
ω4= 0.12215
ω5= 0.09826
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Table A5. Rate dN/dS ratio test for COX VIb isoforms.
Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX VIb
Model

NP

R1

68

ω0= 0.07397 -3436.2049

R2

69

ω0= 0.16094 -3435.3005

ω

l

2∆l

df

Sig

1.808762

1

N

0.865736

2

N

4.555898

3

N

ω1= 0.07233
R3

70

ω0= 0.08283 -3435.772
ω1= 0.12335
ω2= 0.07117

R4

71

ω0= 0.05753 -3433.9269
ω1= 0.11119
ω2= 0.02307
ω3= 0.07937
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Table A6. Rate dN/dS ratio test for COX VIIa isoforms.
Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX VIIa
Model

NP

R1

147

ω0= 0.17674 -7262.2311

R2

148

ω0= 0.25488 -7261.81

ω

l

2∆l

df

Sig

0.8421

1

N

2.690862

2

N

12.726978

3

p < 0.01

0.204408

1

N

-2.818762

2

N

ω1= 0.17541
R3

149

ω0= 0.14318 -7260.8857
ω1= 0.31324
ω2= 0.18143

R4

150

ω0= 0.14335 -7255.8676
ω1= 0.30223
ω2= 0.12601
ω3= 0.20242

R5

151

ω0= 0.14327 -7255.7654
ω1= 0.30592
ω2= 0.12600
ω3= 0.19325
ω4= 0.20694

R6

152

ω0= 0.17024 -7257.1748
ω1= 0.33544
ω2= 0.12991
ω3= 1.14440
ω4= 0.11987
ω5= 0.20737
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Table A7. Rate dN/dS ratio test for COX VIIb isoforms.
Model “R” represents the number of ratios implemented by the model (R1 is the one ratio
model), number of parameters (NP), rate dN/dS (ω), likelihood score (l), LRT statistic (2∆l),
degrees of freedom (df) and level of significance (Sig).
COX VIIb
Model

NP

R1

55

ω0= 0.34938 -3533.2941

R2

56

ω0= 0.57266 -3530.905

ω

l

2∆l

df

Sig

4.778358

1

p < 0.05

26.398472

3

p < 0.001

ω1= 0.32719
R5

59

ω0= 0.56342 -3517.7057
ω1= 0.51241
ω2= 0.81896
ω3= 0.52806
ω4= 0.21707
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