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Abstract 

Many fish species respond to cold temperatures by inducing mitochondrial 

biogenesis, reflected in an increase in the activity of the mitochondrial enzyme 

cytochrome c oxidase (COX). COX is composed of 13 subunits, 3 encoded by mtDNA 

and 10 encoded by nuclear genes. I used thermal acclimation/winter acclimatization to 

explore how fish muscle controls the synthesis of COX. In this study, I used real-time 

PCR to measure mRNA levels for the 10 nuclear-encoded COX genes and several 

transcriptional regulators. I compared the thermal response of two cyprinid species, the 

tropical zebrafish (Danio rerio, acclimated to 11 and 30°C) and the temperate redbelly 

dace (Phoxinus eos, winter and summer acclimatized). I hypothesized that (i) there would 

be an increase in COX activity in the cold- versus warm-acclimated fish and (ii) changes 

in COX activity would be paralleled in the transcript levels of the nuclear-encoded COX 

subunits as well as the master-regulators and transcription factors of mitochondrial 

biogenesis.  

Zebrafish COX activity did not change in the cold but the transcript levels of 

some subunits decreased up to 70%. Redbelly dace COX activity was 2.9-fold higher in 

winter fish and though nuclear-encoded subunits had higher transcript levels the increases 

did not parallel enzyme activity, ranging from 1.7- to 21-fold higher in winter. There also 

did not appear to be parallel patterns in mRNA for the transcriptional regulators.  In 

zebrafish, when COX activity did not change, there was no significant change in PGC-1α 

mRNA.  In redbelly dace, when COX activity was 2.9-fold higher, PGC-1α mRNA was 

6.3-fold higher. These observations suggest that coordination of COX subunit expression 
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is imperfect, implying that subsets of these genes are more important in determining the 

COX activity. I assert that those genes that are most likely the candidates for regulating 

COX activity are COX4 and COX5A as they are the first regulatory subunits incorporated 

into the holoenzyme. Though arguments can also be made for COX5B, 6A and 7B based 

on the parallels between changes in enzyme activity and transcript abundance as well as 

the position in which they are assembled into the enzyme complex.  
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Chapter 1 

Introduction and Literature Review 

1.1 Thesis overview 

All animals require metabolic processes to transform precusor compounds into 

energy forms that are useable by cells. Central to animal energy metabolism is the 

mitochondrion, a membrane-bound organelle that uses oxidative phosphorylation 

(OXPHOS) to produce the ATP needed by diverse cellular processes. OXPHOS is the 

combination of two processes; oxidation by the electron transport system (ETS) produces 

a proton gradient, and F1F0-ATPase phosphorylates ADP, a process driven by the proton 

gradient. The ETS is a chain of four multimeric protein complexes (I-IV) and two mobile 

electron carriers (ubiquinone and cytochrome c). The F1F0-ATPase and Complexes I, III, 

and IV each possess subunits encoded by the nucleus and subunits encoded by 

mitochondrial DNA (mtDNA). Thus, cells must coordinate the expression of many genes 

in both genomes to ensure that adequate precursors are available for mitochondrial 

biogenesis.  

The requirement for ATP production is diverse among cells and changes over 

time. Cells regulate both the content of mitochondria and rate of OXPHOS to ensure that 

ATP supply meets ATP demand. One mechanism by which cells fine-tune ATP 

production kinetics is by changing the nature of the OXPHOS proteins. In this regard, 
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most organisms possess sets of isoforms that can be used to make OXPHOS complexes 

with different properties.  

There is a general impression that cells possess master controllers of 

mitochondrial biogenesis to ensure that the diverse genes are regulated in a coordinated 

manner (Puigserver & Spiegelman, 2003; Scarpulla, 2006; Dhar et al., 2008). However, it 

is not entirely clear just how well coordinated this process actually is. Much less is 

known about the mechanisms cells use to switch isoforms between tissues and during 

remodeling processes. What is known about these regulatory process is best studied in 

mammals, and much less is known about how mitochondrial biogenesis might differ in 

fish, which have been shown to possess different mechanisms of transcriptional 

regulation (LeMoine et al., 2008) and repertoire of isoforms (Little et al., 2010).  

In my thesis, I address how fish coordinate the expression of nuclear-encoded 

subunits of Complex IV, better known as cytochrome c oxidase, or COX. With a focus on 

muscle, and the remodeling that accompanies thermal acclimation, I compare and 

contrast the mRNA profiles of nuclear COX genes and their putative regulators to assess 

the extent to which COX genes are coordinated. 

 

1.2 Overview of mitochondria and OXPHOS 

Mitochondria produce the majority of cellular energy in the form of ATP. They 

possess two membranes; the outer encapsulates the organelle and allows selective 

passage into and out of the mitochondrion, and the inner across which a proton motive 
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force is generated. The inner membrane possesses many folds and invaginations, called 

cristae, which increase its surface area and thus energy production capacity. The inner 

membrane is spanned by the complexes of the ETS that generate a proton gradient across 

the inner membrane, between the matrix and the intermembrane space. This proton 

gradient is then used to synthesize ATP through the process of OXPHOS.  

 The production of cellular energy through oxidative metabolism is a highly 

conserved process throughout evolution (Rand, 2001). Biochemical compounds are 

systematically modified to lead to the eventual phosphorylation of ADP to ATP. This 

process can occur either anaerobically through glycolysis or aerobically through 

OXPHOS. Spanning the inner membrane of the mitochondrion, the ETS is comprised of 

four large enzyme complexes which shuttle electrons from NADH and succinate through 

ubiquinone and cytochrome c to dioxygen causing its reduction to water. The proton 

gradient created by the ETS across the inner membrane is then used by the F1F0-ATP 

synthase complex to generate ATP thus completing OXPHOS. As both the catalyst of the 

reduction of O2 to H2O and a generator of the proton motive force, COX is crucial to 

OXPHOS regulation. 

 The prokaryotic and eukaryotic versions of COX show remarkable similarity in the 

core catalytic subunits; even the most primitive COX complex contains three 

mitochondrially-encoded catalytic subunits (COX1-3). The number of additional nuclear 

subunits increases with organismal complexity (van der Oost  et al., 1991). Vertebrates 
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have ten nuclear-encoded subunits, many of which possess isoforms1 allowing for greater 

specialization and complexity (see Little et al., 2010).  

 

1.3 Origins of isoforms of COX subunits 

 Many of the COX subunits have isoforms with distinct structures and functional 

properties. Like most gene families, the origins of the homologs can be traced back to 

ancestral gene and genomes duplications. Ohno (1970) proposed that whole genome 

duplications (WGD) occurred early in the evolution of vertebrates, giving rise to genetic 

and functional diversity. Early in animal evolution, the common ancestors of fish and 

tetrapods experienced two WGD events (1R and 2R). A third WGD event (3R) occurred 

in the common ancestor to teleost fish. There is a possibility that other groups may have 

undergone subsequent additional WGDs, such as salmoniformes which have had a fourth 

WGD (Allendorf & Thorgaard, 1984). Superimposed on WGD are duplications of 

individual genes.  

 Following a gene or genome duplication event, duplicate genes are identical and 

share redundant functionality; the effects of selection determine the ultimate outcome for 

both duplicates. Usually the functional redundancy protects one duplicate from selection, 

though it is possible for selection to act equally on both duplicates (Hakes et al., 2007). In 

the case where one copy is protected from selective forces, the duplicate is permitted to 

                                                        
1 Isoforms is a general term used to refer to different proteins with similar function, with no inference about 
their genetic origins. Homologs are proteins (or genes) with a shared evolutionary ancestry, either through a 
gene duplication event (paralogs) or a speciation event (orthologs).  
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accumulate random mutations and thus diverge from the original gene (Sémon & Wolfe, 

2007). In such a situation degenerative mutations are usually amassed until the gene loses 

any function and is ultimately lost to pseudogenization (Sémon & Wolfe, 2007). 

However it is possible for the duplicates to diverge in function, accumulating mutations 

and new functional properties through positive selection (Lynch & Force, 2000; Jaillon et 

al., 2008). 

 After gene or genome duplication, one of the isoforms may neofunctionalize 

through positive selection or the isoforms may subfunctionalize and divide the role of the 

ancestral gene (Jaillon et al., 2008). Neofunctionalization and subfunctionalization occur 

when a duplication event is followed by a period of relaxed functional constraint thus 

allowing the functional divergence to develop, however purifying selection must be 

restored to preserve functionality (Bielawski & Yang, 2003). This subfunctionalization 

may result in two isoforms cooperating to jointly perform the ancestral function, however 

the two might co-exist but be functional in different situations (Hüttemann et al., 2001). 

For example, the isoforms may occupy the same role but at different periods of 

development, or they may be responsive to different environmental factors (Hüttemann et 

al., 2001). When subfunctionalized isoforms adopt these context-dependent roles there is 

usually an additional degree of neofunctionalization (therefore termed sub-

neofunctionalization), which reflects that the gene has been modified to fulfill its role 

within a specific context (Sémon & Wolfe, 2007).  

 The impact of ancestral WGD and gene-specific duplications has been studied on 
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many gene families (Gu et al., 2002; Itoh & Ornitz, 2004; Steinke et al., 2006). Earlier 

studies from Grossman’s group (Wu et al., 1997; Schmidt et al., 1999; Wu et al., 2000) 

have focused on mammals, and primates specifically, offering explanations for the 

functional diversification seen in mammals. The evolutionary expansion of COX genes 

has only recently been addressed from a pan-vertebrate perspective (Little et al., 2010). 

  

1.4 COX subunits and their isoforms 

 Despite the strong purifying selection imposed on the enzymes of metabolic 

pathways (Rand, 2001), duplicates exist for some components of oxidative metabolism, 

notably COX. The isoforms exist only for the nuclear-encoded regulatory subunits as the 

catalytic subunits are highly conserved and present in the mitochondrial genome (van der 

Oost et al., 1991).  

 COX is composed of 3 mtDNA-encoded subunits and 10 nuclear-encoded subunits. 

The discussion of isoforms is limited to the nuclear subunits. There are no isoforms of 

mtDNA-encoded subunits because all mtDNA within a cell is considered to be identical 

(homoplasmy). There are exceptions, where mutations can arise in an individual or a cell, 

and accumulate (heteroplasmy), but these are generally deleterious. The subunits may 

differ between species as a result of evolutionary divergence. There are no splice variants 

of mtDNA gene products. Thus, mtDNA-encoded subunits do not occur as isoforms in 

animals. 

 Many animals have been shown to possess paralogs of the 10 nuclear-encoded 
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COX subunits. The distribution of the paralogs amongst vertebrates gives insight into the 

origins of the gene families. 

 

1.4.1 COX4 

 COX4 plays an important structural role in the COX enzyme. It binds both COX1 

and COX2 from the internal side of the inner mitochondrial membrane (Schmidt et al., 

2001). Mammals, teleosts and yeast all possess two paralogs of the COX4 subunit, 

though the yeast subunit that is orthologous to the vertebrate COX4 is termed COX5 

(Trueblood et al., 1988; Horvat et al., 2006; Little et al., 2010). First noted in mammals, 

the paralogs of COX4 display oxygen-sensitive expression. The paralogs COX4-1 and 

COX4-2 have different responses to adenylates (Horvat et al., 2006). An ATP-binding 

site on the matrix side of the subunit leads to allosteric inhibition in conditions of high 

ATP:ADP ratio when the enzyme contains the COX4-1 isoform but not those containing 

COX4-2 (Napiwotzki & Kadenbach, 1998; Horvat et al., 2006). COX4-2 is the primary 

isoform expressed in the lungs and brain and other oxygen-sensitive tissues of mammals, 

but can be induced in other tissues following exposure to hypoxic conditions (Hüttemann 

et al., 2001). Little et al. (2010) found the same expression profiles seen in mammals are 

present in zebrafish; the COX4-2 isoform is most abundant in the oxygen-sensitive gills 

and brain, while COX4-1 is the dominant isoform in other tissues. It is interesting that 

within vertebrates the COX4 orthologs appear to be more closely related than the 

paralogs (Little et al., 2010). This finding would suggest that the COX4 isoforms are the 
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result of a duplication event early in vertebrate history. There is disagreement as to which 

paralog is most likely to have retained the ancestral function; some believe it is COX4-1 

(Hüttemann et al., 2001; 2007) while others note that COX4-2 is most like the single 

COX4 found in invertebrates (Little et al., 2010). COX5, the yeast ortholog of COX4, 

also has an oxygen-dependent isoform (Trueblood et al., 1988). However, these isoforms 

do not appear to be paralogous with those found in vertebrates, which suggests that the 

oxygen-sensitive trigger evolved twice (Little et al., 2010). 

 

1.4.2 COX5A 

 COX5A is also located on the matrix side of the inner membrane, and sits next to 

COX4 (Tsukihara et al., 1996). A single copy of COX5A exists in mammals; it binds 

thyroid hormone to block the ATP binding domain of COX4 and thereby impede the 

ATP-mediated inhibition of COX (Arnold et al., 1998). The mammalian COX5A subunit 

appears to be evolving at a greater rate in primates (Uddin et al., 2008). It has been 

suggested that since the binding of thyroid hormone may increase metabolic rate, and the 

energy demands of the large cerebral cortex within primates are so high, the increased 

rate of evolution for COX5A may be providing the extra fuel (Uddin et al., 2008). 

 In teleosts there is an additional COX5A paralog, COX5A1 and COX5A2; 

COX5A1 is the dominant isoform found in white muscle tissue (Little et al., 2010). Both 

these isoforms appear to be more closely related to each other than the tetrapod ortholog 

which suggests that they are the result of a fish-specific duplication event (Little et al., 
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2010). The differences in the roles of each isoform are unknown, however COX5A1 

appears to be the ubiquitous isoform though the selective pressures appear to have 

remained constant both before and after gene duplication.  

 

1.4.3 COX5B 

 The COX5B subunit is located within the mitochondrial matrix (Tsukihara et al., 

1996). A single subunit exists in mammals which is phosphorylated in a cAMP-

dependent manner at Ser-40 (Helling et al., 2008; Prabu et al., 2006) which may indicate 

covalent regulation of enzyme activity in response to physiological conditions (Yang et 

al., 1998). 

 As with COX5A, for the single mammalian subunit there exists two paralogs within 

teleosts, COX5B1 and COX5B2. COX5B2 is the dominant isoform in all zebrafish 

tissues except the brain yet COX5B1 is closest in form to the tetrapod ortholog (Little et 

al., 2010). The Ser-40 site which is phosphorylated in mammals has been replaced by a 

threonine in the teleost COX5B2, and an alanine in COX5B1 (Little et al., 2010). Though 

the threonine substitution would likely not affect the phosphorylation vulnerability of the 

COX5B2 isoform (Little et al., 2010), the alanine substitution in the COX5B1 isoform 

would inhibit the potential for phosphorylation-dependent regulation for that subunit (Li 

et al., 2006).  
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1.4.4 COX6A 

 Both teleosts and tetrapods have two isoforms of the COX6A subunit while 

invertebrates possess only one copy of the gene, which is consistent with the 1R or 2R 

WGD hypothesis (Little et al., 2010). Within the enzyme complex, the COX6A subunit 

stabilizes the COX dimer by joining the two monomers together (Tsukihara et al., 1996). 

Orthologs within the tetrapods, specifically the mammalian isoforms, appear to have 

diverged at a faster rate than those in fish (Little et al., 2010), a finding which agrees with 

the hypothesized role of COX6A in mammalian thermogenesis (Hüttemann et al., 1999).  

 Mammals and teleosts both display tissue-specific expression of isoforms. In 

mammals the COX6A1 isoform, denoted as the “liver-type” isoform, is present in most 

tissues, while the COX6A2 isoform, “heart-type”, is contained to striated muscle (Linder 

et al., 1995; Hüttemann et al., 1999). Similarly, zebrafish show tissue-specific expression 

patterns for the COX6A isoforms. COX6A1 has been shown to be dominant in the brain 

and gill, while COX6A2 was preferentially expressed in heart and white muscle, with 

liver tissue having equivalent levels of both isoforms (Little et al., 2010).  

 

1.4.5 COX6B 

    Similar to COX6A, COX6B bridges the two COX monomers binding to COX2 

on one and then COX3 on the next (Tsukihara et al., 1996). COX6B also play a role in 

the binding of cytochrome c which carries electrons from Complex III to COX 

(Tsukihara et al., 1996). COX6B is capable of greatly reducing the turnover rate of COX 
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by discouraging the binding of cytochrome c with positively charged amino acids 

(Weishaupt  & Kadenbach, 1992; Hüttemann et al., 2001). In mammals the COX6B2 

isoform is specific to the testes where it may function to increase ATP production in 

conjunction with a testes-specific form of cytochrome c (Hüttemann et al., 2001). Yet in 

zebrafish both the COX6B1 and COX6B2 isoforms are detected in both muscle and liver 

tissues, although COX6B1 is usually the dominant transcript (Little et al., 2010).  

 The teleost COX6B1 appears to be the subunit most closely related to the single 

invertebrate, and therefore ancestral, COX6B subunit, but it remains unclear whether the 

second teleost isoform and the tetrapod isoforms were formed during a single duplication 

event or are the result of both the 1R and 2R WGDs (Little et al., 2010) 

 

1.4.6 COX7A 

 There are three COX7A isoforms in both mammals and fish, however the function 

of these genes is not clear. In mammals, COX7A2 is the dominant isoform, expressed 

highly in most every tissue while COX7A1 is expressed only in muscle tissues 

(Bielawski & Yang, 2003). The third COX7A3 isoform appears to have 

neofunctionalized and no longer participates in COX function as it seems to migrate to 

the Golgi body (Schmidt et al., 2003). The same amino acid presequence found in the 

mammalian COX7A3 is also found in the fish COX7A3 which suggests it too may be 

targeted to the Golgi body (Schmidt et al., 2003). This suggests that the gene duplication 

for COX7A isoforms occurred before the separation of the actinopterygian and 
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sarcopterygian lineages, which would be consistent with the 1R/2R WDG hypothesis 

(Schmidt et al., 2003).  

 The fish COX7A2 isoform appears to be orthologous to the mammalian form as it 

is also the ubiquitous isoform expressed all tissues (Little et al., 2010). Indeed, the only 

remaining isoform, COX7A1, is undetectable in transcript profiles of zebrafish tissues 

and amino acid analysis has revealed that the coding region contains no stop codons 

suggesting that the gene has undergone pseudogenization (Little et al., 2010). 

 

1.4.7 COX7B 

  Single copy of COX7B exists in teleosts as well as most tetrapods excluding 

placental mammals (Little et al., 2010). The subunit is one of the last to be added during 

COX synthesis (Herrmann & Funes, 2005), but is known to interact with COX4 which is 

among the first regulatory subunits to be incorporated into the holoenzyme (Tsukihara et 

al., 1996). COX7B is the least abundant transcript in all zebrafish tissues (Little et al., 

2010). 

 

1.4.8 COX8B 

 Both the origin and function of COX8 are poorly understood. Mammals possess 

three paralogs of this gene but all non-mammalian tetrapods and fish possess only two 

(Little et al., 2010). The nomenclature for these paralogs is not standardized. Within 

zebrafish, the muscle isoform, COX8B appears to be ubiquitously expressed above the 
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other paralog COX8A. 

 

1.5 COX synthesis 

There are many circumstances when a cell must synthesize COX holoenzymes, 

under normal conditions, some COX is damaged, requiring repair or resynthesis of 

individual holoenzymes to ensure that COX catalytic capacity is conserved. In some 

cases, cells must increase mitochondrial content, which requires synthesis of all 

OXPHOS proteins, as well as other enzymes and membranes. Whether maintaining COX 

activities, increasing COX content or increasing mitochondrial content, cells must be able 

to ensure that the appropriate genes are expressed at desired rates, and the individual 

subunits are assembled in the appropriate manner.  

 

1.5.1 COX assembly 

By any standard, COX is a complex enzyme. The 13 subunits include proteins 

encoded by 2 genomes (3 mitochondrial, 10 nuclear). The complete holoenzyme includes 

2 heme units (a, a3), and metals (CuA, CuB). The process is mediated by a series of 

chaperones that aid in delivery of building blocks and assembly into the holoenzyme 

(Fontanesi et al., 2006).  

The assembly of the COX holoenzyme was elucidated by studying cultured 

human cells; it was determined that the assembly process consists of four steps where the 

assembled factors are referred to as subcomplexes S1-S4 (Nijtmans et al., 1998). S1 
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consists solely of COX1 and that first catalytic subunit comprising approximately one-

fourth the mass of the entire holoenzyme (Nijtmans et al., 1998). The addition of COX4 

as well as two heme molecules, and CuB comprises S2 (Nijtmans et al., 1998; Ugalde et 

al., 2002). S3 is formed after the addition of the remaining catalytic subunits COX2 and 

COX3 as well as most of the remaining nuclear-encoded subunits (Njitmans et al., 1998, 

Ugalde et al., 2002). The assembly of subunits COX6A and COX7B completes the COX 

monomer (S4) and it need only dimerize to become active (Nijtmans et al., 1998; Ugalde 

et al., 2002). Though it is clear that each of the subunits is required for proper COX 

assembly, it is not entirely clear which step of the process may be rate limiting to COX 

synthesis. It is generally held that the mtDNA-encoded subunits are present in excess, 

and that the COX synthesis is regulated by the nucleus which can integrate cellular 

signals to control gene expression (Kadenbach et al., 2000). Whether one or more of the 

genes exerts greater control over the process is not yet clear. Independent of whether 

COX synthesis is limited by one or more genes, the cell has to coordinate the expression 

of each of the genes encoding nuclear subunits to ensure that adequate building blocks 

are available for COX synthesis.  

 

1.5.2 COX assembly limitations 

Reduced availability of various subunits leads not only to reduced COX activity 

but reduced quantities of the holoenzyme present and a buildup of excess subcomplexes 

unable to finalize their assembly (Fornuskova et al., 2010). COX synthesis and assembly 
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is also controlled by factors that do not form part of the final structure. There are 

numerous accessory proteins with implications to COX synthesis and function (Fontanesi 

et al., 2006). Many of these have only been studied in yeast or bacterial systems and 

likely represent only the beginning of our understanding (Fontanesi et al., 2006). COX10 

and COX15 are not part of the final COX assembly but are crucial to the synthesis of the 

heme molecules which form COX (Tzagoloff  et al., 1993). Surf1 and its homolog Shy1 

are crucial for the translation of COX1 (Mick et al., 2007). There are many proteins 

involved in the delivery of copper ions to the COX assembly, notably SCO1 and SCO2 

which have also been implicated in the regulation of copper content of the cell (Leary et 

al., 2004; Leary et al., 2007).  

It has been found in a yeast model that the translation of COX1 is reliant on the 

availability of its assembly partners which form a negative feedback loop (Barrientos et 

al., 2004). Unassembled COX1 interacts with Mss51 and COX14, the presence of this 

assembly appears to halt the translation of new COX1 until the existing protein has been 

assembled with other subcomplexes in the path to holoenzyme formation (Barrientos et 

al., 2004). Due to its nature it is logical that for COX to be formed there must be 

cytochrome c present (Pearce & Sherman, 1995). Curiously, it appears to have a 

structural role as an inactive form will initiate normal COX activity in cytochrome c null 

mutants (Barrientos et al., 2003). It seems that the presence of F1F0-ATPase is also 

necessary. In yeast mutants where the assembly of F1F0-ATPase is compromised, COX is 
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almost undetectable (Rak et al., 2007). This is thought to relate back to the inhibition of 

COX1 translation, as the holoenzyme cannot be assembled (Rak et al., 2007).  

 

1.5.3 Coordination of COX gene expression  

As mentioned in the previous section, COX synthesis requires the products of 

more that 10 genes, necessitating a mechanism to control the expression patterns. In the 

past 15 years, several transcriptional regulators have been touted as “master controllers” 

of mitochondrial biogenesis.  

Peroxisome proliferator-activated receptor γ (PPARγ) is a transcription factor 

which appears to be the primary regulating factor in the signaling pathway of 

adipogenesis (Sears et al., 1996). Studies of brown fat and muscle found that a related co-

activator protein, peroxisome proliferator-activated receptor γ co-activator-1α (PGC-1α) 

was highly induced after exposure to cold as well as uncoupling protein-1 (UCP-1) 

(Puigserver et al., 1998). When induced, PGC-1α appears to not only increase the 

expression of genes related to the electron transport chain in mitochondria but also 

mitochondria themselves (Wu et al., 1999). The formation of mitochondria during 

development appears to be regulated by a related co-activator protein, PGC-1 related co-

activator (PRC) (Andersson & Scarpulla, 2001). It shares some conserved regions with 

PGC-1α, but is a much larger protein with little sequence similarity (Andersson & 

Scarpulla, 2001). 
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Alone, PGC-1α has little activity it must recruit transcription factors to interact 

directly with the gene of interest. Of particular importance, PGC-1α interacts with 

nuclear respiratory factor-1 (NRF-1) and myocyte enhancer factor-2 (MEF-2) (Wu et al., 

1999; Czubryt et al., 2003). NRF-1 is present in all tissues, however MEF-2 is only 

present in muscle tissue; like PGC-1α both transcription factors are encoded by the 

nuclear genome but regulate the transcription of mitochondrial genes (Wu et al., 1999; 

Czubryt et al., 2003).  

In complex with PGC-1α, NRF-1 binds to the promoter regions of a wide variety 

of genes including several components of the ETS such as ATP synthase and COX (Chau 

et al., 1992; Evans & Scarpulla, 1989). NRF-1 also promotes the transcription of 

mitochondrial transcription factor-A (mtTFA), a nuclear-encoded gene that interacts with 

the mitochondrial genome to promote the transcription of mitochondrially-encoded genes 

and to increase the rate of mitochondrial replication (Wu et al., 1999).  

Early research on PGC-1α and its transcription factors were performed on 

mammals or with mammalian cell lines. However, subsequent research showed that 

while the PGC-1 family of proteins is highly conserved throughout vertebrate taxonomy 

it has diverged at a faster rate in fish (LeMoine et al., 2008, LeMoine et al., 2010). 

Studies on the response of fish to starvation and thermal stressors showed that the 

correlation between PGC-1α and NRF-1 transcript levels and subsequent levels of 

mitochondrial biogenesis seen in mammals was not replicated in a goldfish model 

(LeMoine et al., 2008). Phylogenetic studies of the different regions of the PGC-1α 
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protein have shown that while, in general, the structure is highly conserved across 

different vertebrate lineages, the regions of the protein which interact with NRF-1 and 

MEF-2 in fish appear to have evolved at a faster rate and accumulated multiple insertions 

(LeMoine et al., 2008, LeMoine et al., 2010).  

 

1.6 Changes in COX content in adaptive remodeling 

Most studies that address coordination of mitochondrial gene expression rely on 

mammalian models, largely because of the impact of defects on metabolic dysfunction 

and disease. In the natural world, many physiological and environmental processes can 

elicit adaptive remodeling of mitochondrial properties or content. Some differences in 

metabolic genes are evident when comparing populations or species. The evolutionary 

changes can take the form of (i) variation in the structure and function of orthologs or (ii) 

differences in the regulation of expression of genes encoding otherwise indistinguishable 

enzymes. In contrast, physiological differences arise in individuals undertaking adaptive 

remodeling of tissues, which manifest as changes in (i) the levels of enzymes or (ii) the 

expression patterns of paralogs. Though my thesis focuses on the latter, I will first give 

an overview of studies that discuss of the interaction between evolution and temperature.  

 

1.6.1 Evolution of enzyme structure and activity in relation to temperature  

As poikilotherms, fish are particularly affected by their environmental 

temperature and as such temperature acclimation studies have been used to study as 
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variety of physiological and behavioural changes. It has been found that a temperature 

change of only 5°C can leave lasting signatures in the genetic profiles of tuna (Castilho et 

al., 2009). Enzyme function in relation to temperature has been studied for decades. The 

classic paper by Graves and Somero (1982) studied closely related species of barracuda 

along a latitudinal thermal cline and found that lactate dehydrogenase (LDH) amongst the 

species demonstrated temperature-compensatory changes in kinetic properties. Studies of 

the killifish (Fundulus heteroclitus) along a similar species and thermal range found that 

those fish who lived the Southern range were more thermotolerant and across the entire 

thermal range the transcriptional profile for many heat shock proteins varied (Fangue et 

al., 2006).  

The previous examples deal primarily with the natural evolutionary variation 

present within a species or closely related species which allows them to thrive in their 

particular environment. Other work in the field has been focused on the ramifications and 

adaptations that occur when a fish is exposed to temperatures outside of its normal range. 

The icefish Lepidonotothen nudrifrons, is adapted to very cold temperatures and lives 

within a very narrow temperature range which makes it particularly susceptible to 

changes in the global climate (Hardewig et al., 1999a). It has been found that as the 

icefish body temperature rises there is a decreased efficiency of OXPHOS (Hardewig et 

al., 1999a). As the catalytic rate of enzymes is affected by temperature it is crucial to 

maintain adequate ATP production particularly at low temperatures. In rainbow trout 

(Onchorynchus mykiss) both COX and the tricarboxylic acid cycle (TCA) enzyme citrate 
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synthase (CS) have higher activities in cold acclimated fish regardless of muscle type 

though the amount of mtDNA remains comparable (Battersby & Moyes, 1998). 

Similarly, LDH studies have been conducted on numerous species of fish and the work of 

Graves and Somero (1982) was furthered by the discovery that the LDH proteins may 

take on alternative conformations in response to thermal stress which may bestow 

adaptive functional properties (Fields & Somero, 1997). Hardewig and colleagues 

(1999b) studied eelpout acclimated to warm temperatures and then compared them to 

those who were either cold-acclimated or eelpout species adapted to very cold 

temperatures. They found that the cold-acclimated fish had higher levels of COX activity 

in oxidative tissues to compensate for the temperature stress, and the same tissues also 

had an increase in total RNA content (Hardewig et al., 1999b). There were also 

differences discovered in the levels of transcripts of nuclear or mitochondrially-encoded 

COX subunits. The nuclear-encoded subunits appear to be transcribed in far higher levels 

in both muscle and liver tissue, while the mitochondrially-encoded subunit transcripts 

were present in higher numbers in fish acclimated to cold temperatures (Hardewig et al., 

1999b). There were also differences in the transcriptional profiles of the tissues 

(Hardewig et al., 1999b). 

 

1.6.2 Adaptive remodeling of muscle metabolic enzyme profile 

It has been recognized for decades now that cold-acclimation causes 

mitochondrial proliferation in both the red and white muscle of fish (Johnston, 1982; 
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Tyler & Sidell, 1984; Egginton & Sidell, 1989). This mitochondrial proliferation is often 

accompanied by an increased volume of individual mitochondria as well as increased 

percentage of the cell that is occupied by mitochondria (Johnston, 1982; Tyler & Sidell, 

1984; Egginton & Sidell, 1989). Much of this early research was based on electron 

micrography of tissue samples but now it is generally accepted that an observed change 

in enzymes such as COX or CS, which are tightly linked in mitochondrial function, are 

indicative of mitochondrial biogenesis. 

More recently the focus of research has switched to quantifying the changes that 

temperature might have on other aspects of the mitochondrion or oxidative metabolism. 

For example, it has been shown that F1F0-ATPase, or Complex V of OXPHOS, is 

sensitive to temperature changes in carp, with transcript levels two-fold higher in cold-

acclimated fish (Kikuchi et al., 1999). Although the transcriptional levels differ in cold-

acclimated fish for both nuclear and mitochondrially-encoded genes, the regulation of all 

subunits in the complex appears to be coordinated (Itoi et al., 2003). Over a similar 

temperature gradient it was found that medaka (Oryzias latipes) up-regulated the 

transcription of genes related to β-oxidation as well as transcripts to various PPAR genes 

(Kondo et al., 2010). 
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1.7 Study organisms 

1.7.1 Zebrafish as a model organism 

Zebrafish (Danio rerio, Hamilton 1822) are an ideal organism for research due to 

their sequenced genome, fast generation time, easily observed behaviours, and ability to 

be purchased from near-by pet stores. A freshwater fish native to India, the zebrafish has 

become an important model organism in many fields including developmental biology, 

genetics and toxicology. It gained popularity in experimental biology because it was 

adopted as a model system for studying early development in vertebrates. This led to its 

own genome project, which has greatly stimulated its use as a model species in diverse 

studies. 

Given the utility of the zebrafish model system, and a recent study that suggested 

they respond to thermal acclimation at 18°C with mitochondrial proliferation 

(McClelland et al., 2006), I began my thesis exploring how this remodeling process 

might be regulated. When my earliest studies did not replicate this observation, I 

expanded my work in a new direction by comparing the “non-response” of zebrafish to 

another cyprinid (minnow) species which has been shown to undergo temperature-

induced muscle mitochondrial biogenesis: the northern redbelly dace. 

 

1.7.2 Northern redbelly dace 

Northern redbelly dace (Phoxinus eos, Cope 1861) is a freshwater minnow found 

across much of North America. Its range extends from northern British Colombia south 
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to Colorado east to New York State and to Nova Scotia in the north east (Scott & 

Crossman, 1979). It lives in a variety of habitats mostly lakes, ponds, and marshes as well 

as any interconnecting waterways provided the current is not very strong (Scott & 

Crossman, 1979). Due to the potential for isolation in these various habitats the northern 

redbelly dace can exhibit extreme morphological variations between populations within a 

reasonably small geographic range (Toline & Baker, 1993).  

 

1.8 Hypotheses 

 For this thesis, I sought to learn more about the coordination of COX genes in fish 

in response to temperature. I compared and contrasted the situation in two minnow 

species that differ in their response to temperature. The work addressed two main 

hypotheses: 

1. Given that COX activity does not change in zebrafish in response to thermal 

acclimation, I hypothesized that (i) the relative levels of mRNA for different 

nuclear-encoded COX subunits would remain constant and (ii) the relative levels 

of mRNA for putative “master regulators” of mitochondrial biogenesis would not 

change. 

2. Given that COX activity increases in redbelly dace in winter acclimatized fish, I 

hypothesized that I would see parallel increases in all nuclear-encoded COX 

genes and their transcription regulators. 
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Chapter 2 

Control of Cytochrome c Oxidase Biosynthesis in the Thermal 

Remodeling of White Muscle of Two Cyprinid Minnows 

2.1 Methods 

2.1.1 Animals 

 Zebrafish were obtained from a local pet store in Kingston (Pet Paradise) then 

held in the Animal Care aquatic facility at Queen’s University. Zebrafish were held in a 

140L aquarium filled with dechlorinated water and held at 26°C for at least two weeks to 

acclimatize before any experimental manipulations began. The fish were fed daily 

Tetramin Tropical Crisps (Tetra, Germany) ad libitum and were kept under 12:12 

light:dark photoperiod. 

 Redbelly dace samples were captured from the Queen’s University Biological 

Station (QUBS) in the outflow of Beaver Marsh. The winter samples were caught in 

April 2009 just after the ice melted and the summer fish were caught in late August 2009, 

for each sample group 7 animals were collected. They were captured using live catch 

minnow traps. The redbelly dace were sacrificed by severing the spinal column and 

dissected immediately on site to collect white muscle samples which were flash frozen in 

liquid nitrogen.  
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2.1.2 Temperature stress 

Zebrafish were randomly separated into 80L tanks in groups of twenty and 

temperatures were adjusted by approximately 1°C daily until they reached the final 

temperature of either 11°C or 30°C. Fish were then held at these temperatures for at least 

three weeks. The number of fish from each group which survived until the end of the 

treatment period were 19 30°C fish, and 13 11°C fish. 

Following the end of the temperature exposure the fish were euthanized in a 

solution of 0.4 gL-1 of tricaine methanesulphonate (MS-222, Syndel Laboratories, 

Canada) and 0.8 gL-1 sodium bicarbonate. The fish were dissected immediately after 

death and white muscle tissue was flash frozen in liquid nitrogen. Tissues were stored at -

80°C until RNA extraction. From each of the temperature conditions 6 zebrafish were 

selected for study. 

 

2.1.3 COX enzyme assays 

White muscles tissues samples, approximately 50-150 mg, were homogenized on 

ice with glass homogenizers in 20 volumes of ice-cold extraction buffer (25 mM 

potassium phosphate, 1 mM EDTA, 0.6 mM lauryl maltoside). Homogenates were 

diluted 10-fold in assay buffer (25 mM potassium phosphate, 0.6 mM lauryl maltoside) 

and added to a mix of assay buffer and reduced cytochrome c then read in triplicate at 

25°C in a spectrophotometer every 2 seconds for 3 minutes at 550nm. Reduced 

cytochrome c was prepared by dissolving solid horse heart cytochrome c in 10 mM Tris 

8.0 and reducing it with an equal mass of ascorbic acid. The mixture was placed in 
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dialysis tubing (5000 MW cutoff) and transferred to 4L of Tris buffer (10 mM at pH 8.0) 

at 4oC with stirring. After 8-12h, the tubing was transferred to fresh Tris buffer (3 times). 

The reduced cytochrome c was stored in aliquots at -80oC. 

 

2.1.4 RNA extraction and cDNA synthesis 

RNA was extracted from flash frozen white muscle samples with TRIzol 

(Invitrogen, USA) using 1 mL of TRIzol reagent per 50 mg of tissue. The samples were 

homogenized in TRIzol using a polytron then centrifuged at 3,400 rpm for 20 minutes at 

4°C. The supernatant was then collected and mixed with 0.2 mL of chloroform per 1 mL 

of TRIzol. After a brief room temperature incubation to allow the phases to separate, the 

samples were centrifuged at 3,400 rpm for 30 minutes at 4°C. Following centrifugation, 

the aqueous layer was collected and mixed with 0.5 mL of isopropanol for every 1 mL of 

TRIzol. After RNA precipitated, it was collected by centrifuging at 3,400 rpm for 3 

minutes at 4°C. The RNA pellet was then washed with 75% ethanol in a volume equal to 

that of the original TRIzol and re-suspended in RNase-free water. The quality and 

quantity of RNA present in each extraction was determined using a spectrophotometer. 

 RNA was reverse transcribed to cDNA using the QuantiTect Reverse 

Transcription Kit (Qiagen, USA) with 1µg of RNA in a 24 µL reaction as per the 

manufacturer’s instructions. 
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2.1.5 Quantitative PCR 

Primers were designed for amplicons of 50-200 bp (Table 1) and were obtained 

from Eurofins MWG Operon. Previously published primer pairs were used for all the 

zebrafish COX isoforms (Little et al., 2010), as well as the zebrafish TBP (Little et al., 

2010), 18S (Braun et al., 2009), β-actin and 60S ribosomal protein L13α (RPL13α) (Tang 

et al., 2007). The remaining zebrafish primers were designed from published sequence 

data. Redbelly dace primers were designed from consensus sequences of published 

sequence data of closely related species. Large fragments were amplified and real-time 

primers designed from the resulting sequence. I was unable to amplify COX8B transcripts 

in redbelly dace and the subunit was therefore excluded from analysis PGC-1β and NRF-

2β were also excluded for similar reasons. All newly designed primers were tested by 

PCR using an Eppendorf Mastercycler Gradient thermocycler. All reactions were carried 

out using 2.5 µL of 10X PCR buffer, 0.5 µL of 25 mM MgCl2 and 0.15 µL of Taq DNA 

polymerase (Qiagen, USA), 0.5 µL of 10 µM dNTPs (Promega, USA), as well as 1.0 µL 

of each of the primers (diluted to 7.25 µM), 50 ng of cDNA template, and enough sterile 

ddH20 to bring the total reaction volume to 25 µL. The PCR runs involved an initial 3 

minute denaturation at 94°C, followed by 30 cycles of 15 seconds at 94°C, 30 seconds at 

the appropriate annealing temperature, and 30 seconds at 72°C followed by a final hold 

of 10 minutes at 72°C. The resulting PCR products were visualized on 2% agarose gels 

with ethidium bromide. DNA bands of the appropriate size were excised from the gel and 

extracted with the QIAquick Gel Extraction Kit (Qiagen, USA) and the ligated into the 
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pDrive cloning vector (Qiagen, USA). Plasmids containing the appropriate PCR inserts 

were transformed into DH5α competent cells (Invitrogen, USA) and then grown on agar 

plates containing 50 µM IPTG, 200 µM X-gal, and 130 µM ampicillin. Colonies positive 

for inserts were grown in Lysogeny broth with ampicillin (50 ng/µL). Plasmids were 

isolated with QIAprep Spin Miniprep Kit (Qiagen, USA) and quantified at 260 nm then 

sequenced (Robarts Research Institute, London, Canada). Sequences derived from these 

plasmids were compared with databases to ensure the products were of the correct gene 

and isoform.   

Real-time quantitative PCR (qPCR) was conducted on an ABI 7500 real-time 

PCR system (Applied Biosystems, USA) using FastStart Universal SYBR Green Master 

Rox (Roche Applied Science, Germany). Reactions were 25 µL in volume and consisted 

of 50 ng of cDNA template, 0.58 µM of forward and reverse primer and 12.5 µL of 

FastStart SYBR master mix. Real-time runs consisted of an initial 15 minutes 

denaturation at 95°C, then 40 cycles of 15 seconds at 95°C, then 15 seconds at the 

appropriate annealing temperature, and 36 seconds at 72°C followed by a final 15 

seconds at 95°C, 1 minute at 60°C and another 15 seconds at 95°C. All cDNA samples 

were run in duplicate and compared with a no-template control and when possible their 

corresponding plasmid standard.  
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Table 1. Novel primer sequences for redbelly dace qPCR analysis (5’ – 3’) 

Gene Forward Primer Reverse Primer °C 
COX4-1  AGCTTCGCTGAAATGGAAAA CCTCATGTCCAGCATCCTCT 56 
COX5A1   CTTGAAAGCCTGTCGGAGAC CAAGCTCACTGAGGGTAGGC 56 
COX5B2  TTCCCACAGATGATGAGCAG CCGCAGTGTTGTCTTCTTCA 59 
COX6A2 CTGGAAGATCCTGTCCTTCG AATGCGGAGGTGTGGATATG 59 
COX6B1   GAAGATNAAGAACTACAGGA

CGGC 
CTCTTGTAGACYCTCTGGTAC
CA 

59 

COX6B2  ATGCCAAAAAGCTCTGGATG CAGGACAGAGGGCAGAGAGA 56 
COX6C   ATGTCACTTGCAAAGCCAGCA

ATGAG 
TTTCCTGGGSTCTGWTACTGT
GAACTTGAA 

59 

COX7A2  GAACCGTATGAGGAGCCAAA GGGTTCGTGGACTGTCTGAT 56 
COX7B   GATTGCTGGAGCCACATTCT ATGCAATGCCTGTTGAAGTG 59 
COX7C   GCAGAACCTGCCTTTCTCAG GACAACGATGAAGGGGAAAG 56 
PGC-1α GACGTGACCAATGCCAGTGAT ATAGCTGAGCTGGGAGTTAGC

A 
61 

NRF-1 AACCGTAGTGCAGACGATCA TGGCAATTCTGACGCATCTG 61 
NRF-2α TTGAAGGCTACCGCAAAGAG

CA 
CATAACCCAAACTGCCCAGTG
GAT 

61 

 

2.1.6 Data analysis  

The cycle threshold values (CTs) of the real-time data were corrected for any 

differences in cDNA synthesis efficiency by adjusting the results based on the 

amplification of housekeeping genes: TBP, 18S, β-actin and RPL13α were used in 

zebrafish but TBP was excluded in redbelly dace because of high variation. The 

geometric mean was calculated for the housekeeping genes of each sample and then used 

as a correction factor for all other genes (Pfaffl et al., 2004). That is to say, that the 

experimental genes were normalized against housekeeping genes which should be present 

in equal amounts across all samples to ensure that observed differences in CTs were the 
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result of differing gene expression in relation to the environment as opposed to differing 

efficiencies in the reverse transcription reaction. 

Enzyme data were analyzed as absolute rates but presented relative to warm-

acclimated/summer-acclimated fish. Data are presented plus or minus the standard error 

of the mean. To determine if the changes present between the two temperature groups 

were statistically significant Student t-tests were performed for each gene where P<0.05. 

 

2.2 Results 

2.2.1 COX enzyme assays 

For zebrafish, there was no significant difference in COX activity between fish 

held at 11°C and 30°C (Figure 1). In the redbelly dace, the winter-caught fish had COX 

activities that were 2.9-fold greater (p<0.05) than the activities seen in summer-caught 

fish (Figure 1). 
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Figure 1: Relative COX enzyme activities in warm (30°C) and cold (11°C) 
acclimated zebrafish, and summer and winter acclimatized redbelly dace. 
An asterisk reflects a significant difference between acclimation states of a 

species (Student t-test, p<0.05). N=6 for each zebrafish temperature 

condition, N=7 for each redbelly dace sampling season. Data is presented 

+SEM. 

 

2.2.2 mRNA levels 

Melt curve analysis was used to confirm that all primer sets produced only a 

single product.   Despite the lack of change observed in COX activity between 11°C and 

30°C acclimated zebrafish, the transcriptional levels for all muscle isoform COX subunits 

as well as all co-activators and transcription factors tested varied between the two groups. 

Most of this variation was statistically insignificant but there also lacked a general trend 

amongst the studied genes. The majority of the COX subunits were present at lower 

transcriptional levels in the 11°C acclimated fish (Figure 2) with subunits COX5A1, 6A2, 
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6C and 7B displaying significantly decreased levels of transcripts (P<0.05). However a 

small number of subunits were apparently present in somewhat greater transcriptional 

levels in the 11°C acclimated fish, though none significantly so (Figure 3). Within the 

zebrafish the PGC-1α and PGC-1β co-activators both had lower transcript levels while 

their associated transcription factors NRF-1, NRF-2α and NRF-2β were apparently 

present in greater transcript levels (Figure 4), though only NRF-2α significantly so 

(P<0.05).  

  

 

Figure 2: mRNA levels of zebrafish COX genes decreased in fish acclimated to 11°C 
relative to fish acclimated to 30°C.  
An asterisk reflects a significant difference between acclimation states 

(Student t-test, p<0.05). N=6 for each temperature condition. Data is 

presented +SEM. 
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Figure 3: mRNA levels of zebrafish COX genes increased in fish acclimated to 11°C 
relative to fish acclimated to 30°C.  
N=6 for each temperature condition. Data is presented +SEM. 

 

 

Figure 4: mRNA levels of zebrafish co-activators and transcription factors in fish 
acclimated to 11°C relative to fish acclimated to 30°C.  
An asterisk reflects a significant difference between acclimation states 

(Student t-test, p<0.05). N=6 for each temperature condition. Data is 

presented +SEM. 

 

0.00 

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 

6B1  7A2  8B 

Re
la
%
ve
 m

RN
A
 le
ve
ls
 

30C 

11C 

* 

0.00 

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 

PGC‐1α  PGC‐1β  NRF‐1  NRF‐2α  NRF‐2β 

Re
la
%
ve
 m

RN
A
 le
ve
ls
 

30C 

11C 



 

34 

 

 Almost all COX subunits showed higher transcript levels in the winter-caught 

redbelly dace (Figure 5). However, transcript levels of COX6B2 and COX7B were lower 

in the winter-caught fish (Figure 6). The degree of transcript increase in the winter-caught 

fish was always significant but not parallel between all subunits. COX4-1, COX5A1 and 

COX7C were all highly increased, 21.3-, 13.9, and 13.3-fold respectively (P<0.05) 

(Figure 5). Of the remaining increased subunits COX5B2 was increased 2.5 fold, 

COX6A2 4.1 fold, COX6B1 6.0 fold and COX7A2 1.7 fold (P<0.05) (Figure 5). Both 

COX6B2 and COX7B transcripts were 44% lower in the winter-caught redbelly dace but 

only COX6B2 was statistically significant (P<0.05) (Figure 6). Amongst the sampled co-

activators and transcription factors, PGC-1α was increased 6.3 fold in winter-caught fish 

while NRF-1 was decreased 0.5 fold and NRF-2α 0.65 fold (P<0.05) (Figure 7). 
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 Figure 5: mRNA levels of redbelly dace genes increased in winter-caught fish 
relative to summer-caught fish.  
An asterisk reflects a significant difference between seasons (Student t-

test, p<0.05). N=7 for each sampling season. Data is presented +SEM. 

 

  
Figure 6: mRNA levels of redbelly dace genes decreased in winter-caught fish 
relative to summer-caught fish.  
An asterisk reflects a significant difference between seasons (Student t-

test, p<0.05). N=7 for each sampling season. Data is presented +SEM. 
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Figure 7: mRNA levels of redbelly dace co-activators and transcription factors in 
winter-caught fish relative to summer-caught fish.  
An asterisk reflects a significant difference between seasons (Student t-

test, p<0.05). Data is presented +SEM. 

 

2.3 Discussion 

In this thesis, my original goal was to compare two independent models where 

mitochondrial biogenesis occurs and identify correlations between transcriptional 

regulators and nuclear-encoded COX genes. As none of the COX subunits have 

antibodies that work with fish, and because of the extent of post-translational regulation 

of assembly, my observations were confined to measuring transcript levels. Though this 

does not equate to gene expression (i.e. mRNA synthesis) or subunit synthesis, 

measurement of steady state mRNA is the best way to survey how gene regulation 

responds to physiological or environmental change.  
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Our goal was to compare the patterns that are observed between two closely 

related species of minnows in response to thermal stress. The zebrafish were bred animals 

acquired from a local pet store and we were able to minutely manage their environment. 

In contrast, the dace were live caught in the field and susceptible to all natural 

fluctuations in their environment, including temperature, and experienced all of the 

variations in environment associated with seasonal change. My first hurdle came when 

zebrafish COX activity failed to change in expected ways in response to low temperature 

(c.f. McClelland et al., 2006). However, this non-change gave me the chance to identify 

situations where statistical differences arose that had no functional consequences to the 

phenotype. In contrast, the dace model showed a dramatic change in white muscle COX 

activity with season, greater than the 50-100% increase typically seen in fish. 

Collectively, the comparisons between zebrafish and dace provided greater clarification 

of transcriptional patterns in response to temperature and how they contribute to adaptive 

changes in mitochondrial content. 

 

2.3.1 Overview of changes in COX activity and mRNA levels 

 Despite the invariant level of COX activity between cold- and warm-acclimated 

zebrafish (Figure 1), there was a considerable variation in the subunit transcript levels 

(Figures 2, 3). The transcript levels of COX5A1, 6A2, 6C, and 7B were all significantly 

decreased (Figure 2) and yet had no discernible effect on the activity of the enzyme. 

Indeed, COX6A2 decreased by almost 70% without an observed effect on enzyme 
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function. With respect to the co-activators and transcription factors, only NRF-2α 

changed significantly, with the transcript levels increased over 2-fold in the cold-

acclimated fish (Figure 4).  

 In contrast to zebrafish, dace COX activity differed significantly between 

treatment groups:  2.9-fold greater in winter than summer (Figure 1). I expected the 

transcript levels of the COX subunits to change in parallel. While the transcript levels of 

all but two of the nuclear-encoded COX subunits were significantly higher in the winter-

caught dace, they did not increase in parallel with each other (Figures 5, 6). The transcript 

levels differed between seasons by as little as 1.7 fold for COX7A2 to greater than 21 fold 

for COX4-1 (Figure 5). COX6B2 transcript levels were lower in winter-caught dace, 44% 

of summer values. COX7B remained unchanged between the two conditions (Figure 6). 

Of the co-activators and transcription factors that were analyzed, there was no change 

found in NRF-1 and NRF-2α between the groups but there was a 6.3-fold increase in the 

transcript levels of PGC-1α in winter-caught dace compared to summer-caught dace 

(Figure 7). This observation of higher PGC-1α mRNA in cold dace is the opposite of that 

previously seen in goldfish and threespine stickleback (LeMoine et al., 2008; Orczewska 

et al., 2010). In both species, low temperature decreased COX activity, but PGC-1α 

transcript levels failed to change (zebrafish; Orczewska et al., 2010) or increased; 

goldfish; LeMoine et al., 2008). 
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2.3.2 Which subunits are “rate-limiting” to COX synthesis?  

In any multistep process, some steps will be more important in determining the 

overall rate. In the case of metabolic pathways, some enzymes are considered to the 

“rate-limiting” or “rate-determining”. These sites are often the slowest, and are typically 

subject to other forms of metabolic regulation. Assuming that the same rationale would 

apply to COX synthesis, the “rate-limiting” subunits would presumably be those where 

(i) changes in mRNA best paralleled COX activity and (ii) mRNA was lowest. 

Experimental manipulations of subunit expression have shown that COX assembly 

intermediates can accumulate (Fornuskova et al., 2010), suggesting that the assembly 

process can stall if subunit availability is compromised. However, it is not clear if 

increases in all subunits are required to induce an increase in synthesis and assembly. 

Thus, I compared the patterns in mRNA to determine if any subunit(s) was more likely to 

be rate-limiting.  

 

2.3.2.1 COX4 

Under optimal conditions, COX4 transcripts (COX4-1 + COX4-2) are present in 

one of the lowest abundances in zebrafish tissues (Little et al., 2010). In most tissues it is 

present at less than 5% of the level of the most abundant transcripts (Little et al., 2010). 

Also, COX4 is one of the first nuclear-encoded subunits to be assembled into the COX 

enzyme complex, making it a plausible candidate for regulation of COX synthesis 

(Nijtmans et al., 1998; Ugalde et al., 2002). In zebrafish, COX4-1 mRNA fails to change 
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with temperature, which is consistent with the lack of observed change in zebrafish 

enzyme activity (Figures 1, 2). In dace, there is a 21-fold increase in COX4-1 mRNA but 

only a 2.9-fold increase in COX activity (Figures 1, 5).  

Using human cell lines, knockdowns have been generated for COX4-1 

(Fornuskova et al., 2010). The knockdowns predictably decreased the amount of 

holoenzyme and thus the COX activity with in the cells (Fornuskova et al., 2010). The 

knockdowns also led to an increased accumulation of S1 as COX1 was unable to 

associate with COX2 (Fornuskova et al., 2010). In C. elegans, RNAi was used to create a 

COX4 knockdown which led to COX activity being reduced by greater than 50% of 

control levels (Suthammarak et al., 2009). These observations, in concert with my own 

results, argue COX4-1 as a candidate for the rate-limiting step of COX synthesis. 

 

2.3.2.2 COX5A 

Like COX4, COX5A is one of the first nuclear-encoded subunits assembled into 

S2, but unlike COX4, COX5A is one of the most abundant transcripts in mammalian 

tissues (Nijtman et al., 1998; Ugalde et al., 2002) and zebrafish tissues (Little et al., 

2010). Based on the absolute levels of the mRNA for this subunit, it is likely that COX5A 

mRNA is being produced in surplus. Consistent with this conclusion, my zebrafish 

COX5A1 transcript dramatically decreased in the cold-acclimated fish without effect on 

COX activity (Figures 1, 2). In winter dace the transcript appear to be also produced in 



 

41 

 

surplus; its mRNA was increased almost 14 fold though COX activity changed only 2.9 

fold (Figures 1, 5). 

 Knockdowns of COX5A have been produced in zebrafish using morpholinos 

(Baden et al., 2007). This led to approximately 50% reduction of COX activity compared 

to zebrafish controls (Baden et al., 2007). As with COX4, an RNAi knockdown was 

created in C. elegans which too led to 50% reductions in enzyme activity (Suthammarak 

et al., 2009), and knockdowns were also created in human cell lines which, like COX4, 

led to an increased amassing of S1 subcomplexes (Fornuskova et al., 2010). The apparent 

plasticity of this subunit, and its effects on enzyme activity suggest its significance in 

regulation and thus makes it a potential candidate for COX rate-limiting subunit. 

 

2.3.2.3 COX5B 

I would like to propose COX5B as a potential rate-limiting subunit for COX 

synthesis. It has not yet been a target of any knockdown studies, but I believe there is 

enough evidence to warrant further investigation. COX5B is one of the transcripts 

produced in greatest abundance in zebrafish tissues (Little et al., 2010). In redbelly dace 

COX5B2 transcript changes were closely paralleled with COX activity. In winter-caught 

dace COX5B2 transcript abundance was 2.5-fold increased compared to summer-caught 

dace and COX activity was 2.9-fold increased (Figures 1, 5). In zebrafish the transcript 

levels of COX5B2 remained unchanged between the temperature treatments, as did COX 

activity (Figures 1, 2). While these results are by no means conclusive, I believe these 
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findings merit further consideration of COX5B as a prospective regulator of COX 

synthesis. 

 

2.3.2.4 COX6A 

Along with COX7B, COX6A is assembled into the COX enzyme complex in the 

final step and could thus serve as a limiting subunit in the formation of S4 (Nijtmans et 

al., 1998; Ugalde et al., 2002). Like COX5B2, the change in abundance of COX6A2 in 

redbelly dace closely mirrored the change in COX activity. In winter-caught dace, 

COX6A2 transcripts were 4.1-fold more abundant than in summer-caught dace and the 

COX activity was 2.9-fold increased (Figures 1, 5). However in zebrafish there was a 

significant decrease of almost 70% in the abundance of COX6A2 transcripts in cold-

acclimated fish compared to warm-acclimated fish and yet the COX enzyme activity 

remained unchanged (Figures 1, 2). These observations suggest that the COX6A2 

transcript is produced in surplus; the dace transcript levels increased more than COX 

activity did and in zebrafish a significant decrease transcript had no effect on COX 

activity.   

Due to its position as one of the final additions to the COX holoenzyme, COX6A 

has been the subject of interest in many studies. A mouse strain with a knockout of the 

COX6A heart isoform (COX6A2) gene showed a 65% reduction in COX activity relative 

to control mice, with the remaining functional holoenzymes containing only the COX6A 

liver isoform (COX6A1) (Radford et al., 2002). In Drosophila, Liu et al., (2007) 
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discovered a mutant (levy) that displayed temperature-induced paralysis at elevated 

temperatures. Further investigation into the root of the levy mutants found that there was 

a disruption in the gene coding for COX6A (Liu et al., 2007). COX activity assays 

showed that levy mutants displayed a progressive reduction in COX activity as they aged, 

with reductions of almost 60% that of wild-type Drosophila activity levels (Liu et al., 

2007). When COX6A1 knockdown cells were created in human cell lines, there was a 

decrease in the abundance of holoenzyme and COX activity, as well as increased levels 

of S3 subcomplexes (Fornuskova et al., 2010). It is interesting that in COX6A1 

knockdown cells COX activity could be restored to normal levels by the over-expression 

of COX6A2 (Fornuskova et al. 2010). This would suggest that the cells are capable of 

compensating in situations where synthesis might be compromised (Fornuskova et al., 

2010). It is unlikely that a compensatory isoform switching mechanism is the explanation 

for the low levels of COX6A2 transcript found in my cold-acclimated zebrafish as 

COX6A2 is the dominant isoform in muscle and the gene was in no way compromised.  

Although my own results indicated that the amount of COX6A2 transcript present in 

muscle is likely far more than is actually needed, those results, combined with the above 

knockout and knockdown experiments would suggest its importance in the formation of 

the COX holoenzyme. 
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2.3.2.5 Other COX subunits  

COX7B deserves consideration as a rate-limiting subunit as it, along with 

COX6A, is assembled in the final step to create S4 (Nijtmans et al., 1998; Ugalde et al., 

2002). COX7B is also the transcript present in the lowest abundance in zebrafish tissues 

(Little et al., 2010). These two observations combined would allow COX7B to exercise 

full control over how much holoenzyme is produced, though it would seem to suggest 

that a great deal of energy is wasted creating earlier subunits is vastly excessive 

quantities. 

Other than COX7B, my own findings, particularly in redbelly dace, lead me to 

question why it is that COX6C and COX7C mRNAs are created in such abundance when 

there seems to be such a dearth of knowledge pertaining to their function within the 

enzyme complex (Figure 5). The abundance of their transcripts is greatly increased 

compared to the change in COX activity (increased 10.9 and 13.3 fold respectively in 

winter-caught fish compared to summer) so they are unlikely candidates for limiting 

reagents but I find their general purpose and regulation intriguing. 

 

2.3.3 Transcriptional master controllers of mitochondrial biogenesis 

 Regardless of whether the subunit mRNA levels changed in parallel, I expected 

the adaptive changes (all genes, or critical genes) would be driven by changes in the 

transcriptional regulators deemed “master controllers” of mitochondrial biogenesis. As 

with COX subunits, I am left to measure transcripts because the currently available 
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antibodies do not appear to work in fish tissue extracts. I hypothesized that changes in 

transcript levels of these critical regulators would be part of the signaling cascade that 

induces mitochondrial biogenesis.  

 Within a mammalian model, temperature has long been recognized as a signal that 

leads to mitochondrial biogenesis via multiple pathways. The patterns seen in mammals 

have not to date been repeated in a teleost model which is understandable as 

poikilotherms have a different relationship and response to temperature than mammals. 

Instead it appears that the opposite trends of PGC-1α induction are present in a goldfish 

model (LeMoine et al., 2008). As COX is a crucial component to mitochondrial 

biogenesis and PGC-1α appears to regulate COX gene expression, at least in mammals, 

this study aimed to examine the management of COX genes, as well as related co-

activators and transcription factors, in response to temperature. In zebrafish we found no 

change in the levels of PGC-1α transcripts, just as there was no change in COX activity 

in the two treatments (Figures 1, 4). While in dace we found that PGC-1α transcripts 

were increased approximately twice as much than the corresponding increase seen in 

COX activity in winter-caught fish than summer-caught fish (6.3 fold and 2.9 fold, 

respectively) (Figures 1, 7).  

It has been demonstrated in mammals, that adaptive remodeling of muscle in 

response to cold-exposure results in subsequent increases in mitochondrial content as 

well as increased levels of various co-activators and transcription factors which control 

COX gene expression (Puigserver et al., 1998; Wu et al., 1999; Czubryt et al., 2003; 
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LeMoine et al., 2008). However, LeMoine and colleagues (2008) have shown that there 

is no evidence for the same parallel changes in goldfish, nor was a relationship found 

between PGC-1α and temperature in the threespine stickleback (Orczewska et al., 2010).  

 

2.4 Experimental challenges and future directions 

Though my study has revealed some intriguing correlations, there are a number of 

weaknesses, most of which are unavoidable with the tools currently available.  

My approach of looking at transcript patterns has some inherent weaknesses. 

Levels of transcript do not necessarily result from an increased gene expression. A 

change in transcript levels indicates a change in the amount of mRNA present that is not 

always reflected in a change of protein output. The mRNA levels may be further 

subjected to post-transcriptional regulation, such as splice-variants or RNAi, which 

would impede changes in the amount of protein expressed. By measuring the changes in 

transcript levels via real-time PCR we can only hypothesize that the observed changes in 

transcript levels might be reflected in the actual COX content of the tissues. It was not 

possible to perform western blot analyses on our samples as there are no commercially 

available antibodies for fish COX proteins. Should these antibodies become available in 

the future, it would be interesting to see if further protein study would confirm our 

findings. 

Another consideration is the behavioural changes that occurred with temperature 

acclimation. While it was impossible to observe the behaviour of the redbelly dace in 
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their natural habitat during the different seasons there were obvious differences in the 

activity levels of the zebrafish at 11°C compared to 30°C. The warm acclimated fish were 

very active and occupied the entire range of their tank, while the cold-acclimated fish 

became more sedentary and congregated at the bottom of their tank, frequently pushing 

themselves into the corners. Therefore it is possible that some of our results might be not 

just the product of temperature but of behavioural changes and stress mechanisms. 

As the redbelly dace were wild caught there were numerous factors that could 

introduce variance into the data for which we cannot account.  The time period during 

which the winter dace samples were collected likely overlaps with the time during which 

the dace were preparing to reproduce.  Therefore it is possible that some of the changes 

we observed were due to reproductive cycles not temperature differences.  The diet of the 

dace during the two seasons likely differs, another variable for which we could not 

control. 

An additional consideration for the lack of change observed in zebrafish is genetic 

variability.  As the zebrafish came from a pet store it is impossible to determine if they all 

had a similar genetic background.  The genetic variability that exists in the many strains 

of zebrafish may also explain why our zebrafish COX activity findings did not match 

those of other researchers.  As all the redbelly dace were caught from the same location 

they likely share very similar genetic heritage. 

Further experimentation with zebrafish has already been planned. In an attempt to 

induce the mitochondrial biogenesis that we expected to see with cold-acclimation but 
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did not, future studies will explore if the AMPK agonist metformin can stimulate COX 

gene expression in zebrafish. It is worth noting that the PGC-1α residue that is targeted 

by AMPK in mammals is absent in fish (LeMoine et al. 2010). It might also be 

interesting to acclimate zebrafish to a temperature greater than 30°C and less than 11°C. 

The thermal range for this species has been reported to be 6.2-41.7°C (Cortemeglia & 

Beitinger, 2005). Perhaps more acute changes would occur closer to the thermal limits of 

these organisms. 

 In addition, experimentation with another minnow species would be interesting to 

see if they follow the trend observed in zebrafish or dace, in particular it might be 

interesting to observe enzyme activity and PGC-1α transcript levels in a variety of fish to 

see whether they adhere to the previously observed goldfish pattern or are more similar to 

the patterns we observed in dace.  

Apart from the actual COX subunits there are many possibilities of other 

accessory proteins or factors that may be driving the regulation of the COX enzyme 

activity or even the variation that we observe in the COX subunit transcript levels. It does 

not appear that the so-called “master-regulator” proteins are responsible, as the changes 

we saw in them did not reflect the condition of the enzyme activity. In fact, we saw the 

opposite trend in PGC-1α in dace than has been previously see in a goldfish model 

(LeMoine et al., 2008). In goldfish, the lack of correlation between PGC-1α and 

mitochondrial biogenesis, in combination with the increased rate of mutation in the fish 

NRF1-binding domain, argued against the hypothesis that PGC-1α worked in fish as it 
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did in mammals (LeMoine et al., 2008; LeMoine et al., 2010). The clear correlation 

between PGC-1α and COX levels call this generalization into question and offer a 

cautionary note about the use of transcript levels to infer functional consequences. 

 

2.5 Conclusions  

While we may not have been able to clearly identify what factors are controlling 

COX synthesis in response to cold-acclimation we have found some very interesting 

changes and trends in the COX subunit transcriptional levels of zebrafish and redbelly 

dace. The lack of change in COX enzyme activity in zebrafish was the first surprise but 

the variation in the subunit transcription levels made it all the more interesting. It seems 

that the abundance of some subunits can be decreased by almost 70% without impacting 

enzyme function.  

Meanwhile in redbelly dace the levels to which some subunits were increased was also 

remarkable; greater than 21-fold when the enzyme activity is only increased 2.9 fold. The 

question remains why expend so much energy producing unnecessary quantities of a 

subunit?  The findings in dace that levels of PGC-1α were increased in response to cold-

acclimation were also intriguing as it represents the opposite trend of that seen in other 

fish models.  
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