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Abstract 

Cytochrome c oxidase (COX) is a multimeric complex of the electron transport system. The 

largest of the 10 nuclear-encoded subunits, subunit 4, contains two paralogs COX4-1 and  

COX4-2. In species studied to date (humans, rodents), COX4-1 is the more abundant paralog in 

all tissues, the highest expression of COX4-2 is found in brain and lung. In mammals, the two 

paralogs differ in hypoxia responsiveness; the COX4-2 gene is induced in response to hypoxia. 

The COX4-2 gene in other lower vertebrates (goldfish, zebrafish, anoles and turtles) did not 

appear to be hypoxia-responsive. To add to the current range of vertebrates studied, I examined 

the levels of COX4 transcripts and proteins in tilapia (Oreochromis niloticus) across tissues and 

in response to hypoxia. In contrast to mammals, (1) COX4-2 was the dominant isoform in most 

tissues, and (2) hypoxia did not trigger any consistent induction of the COX4-2 mRNA or protein 

levels.  Focusing on tissues that expressed both COX4-1 and COX4-2, I used 

immunohistochemistry to assess the intercellular patterns of expression. In most tissues (brain, 

gill, and liver) the distribution of COX4-1 and COX4-2 protein appeared to be specific to 

individual cells, with cells expressing predominantly one paralog or the other. However, in heart, 

individual myocytes appeared to express both COX4 paralogs, although select non-myocytes did 

not express detectible COX4-2. In addition to intertissue differences in relative paralog 

abundance, there were transitions seen in select tissues in relation to body size. Heart, for 

example, was dominated by COX4-1 mRNA and protein in small fish but transitioned to 

predominately COX4-2 in large fish. Collectively these studies show that fish COX4-2 differs 

from mammalian COX4-2 in that it is generally not hypoxia responsive, but more abundant in 
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each tissue. Whether these differences are related to metabolic regulation in relation to hypoxic 

metabolism remains to be demonstrated.  
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Chapter 1 General Introduction and Literature Review 

1.1     Overview  

An organism must overcome physiological and environmental stressors to maintain 

homeostasis and survive. Physiological stress can affect organism metabolism and energy 

production. Energy metabolism revolves around the regulation of adenosine triphosphate (ATP) 

production and consumption. Under normal (aerobic) conditions, cellular respiration through 

mitochondria is central to this process.  When oxygen levels decline, cells must use alternate 

pathways that are less efficient. For this reason, cells must be able to regulate the existing 

metabolic machinery to control which pathways are used, and be able to alter transcription and 

translation of metabolic genes to change enzyme levels to better match energy demands.  

My thesis focuses on a pair of paralogs of subunit 4 of the mitochondrial enzyme, 

cytochrome c oxidase (COX), the last enzyme of the electron transport system (ETS). My thesis 

examines the patterns of expression of the COX4 paralogs (COX4-1 and COX4-2) in tilapia 

(Oreochromis niloticus). This will include examining relative paralog expression in tissue 

profiles, during normoxic and hypoxic conditions, how these paralogs display at the cellular 

level, and how organism size may impact overall COX4 paralog expression.  

Exploration of the factors that regulate these paralogs in fish contributes to the broader 

understanding of the evolution of this gene switch in animals. While the two paralogs may have 

arisen in vertebrates in a single genetic/genomic duplication (Little et al., 2010), it appears that 

they have evolved different physiological roles. In fish, they may help fine-tune metabolism in 

different tissues (Little et al., 2010), but in mammals they appear to be more related to hypoxic 
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metabolism (Fukuda et al., 2007). In humans, this may have special relevance for cancer biology, 

given that cancers often transition from expression COX4-1 to COX4-2, with a concomitant 

transition to a hypoxia-tolerant phenotype.  

1.2 Oxidative phosphorylation and the ETS 

The energy needed to maintain metabolism in an organism can be captured in the form of 

ATP through two main pathways that differ in efficiency and oxygen dependency. In the absence 

of oxygen, glycolysis is used for ATP production. Through glycolysis, carbohydrate catabolism 

yields two or three ATP per glucose (two from glucose, three from glycogen), but it is able to do 

so at high velocity (more ATP per unit time) and in the absence of oxygen. Mitochondrial 

oxidative phosphorylation (OXPHOS) produces 30-36 ATP per glucose. Thus, OXPHOS is 

more efficient than glycolysis (more ATP per glucose), but it is slower (less ATP per unit time). 

It is also critically dependent on oxygen, so is impaired when oxygen levels are limiting. 

OXPHOS is also able to produce ATP from non-carbohydrate substrates. Thus, glycolysis is 

essential when ATP demands are high and oxygen is limiting, but OXPHOS is preferred under 

all other conditions. Later in this thesis I will discuss the importance of OXPHOS under 

conditions where oxygen is high enough to permit activity, but low enough to have catalytic 

consequences. However, I will first review the nature of OXPHOS in more detail to provide 

better context for subsequent discussions about COX regulation specifically.   

The process of OXHPOS is supported by oxidation of mitochondrial reducing equivalents 

produced in numerous reactions. Pyruvate produced from glycolysis, lactate oxidation, or 

deamination of select amino acids, can be oxidized by pyruvate dehydrogenase to produce 

NADH and acetyl CoA, the main substrate for the tricarboxylic acid (TCA) cycle. Other 

substrates (fatty acids, ketone bodies, select amino acids) also lead to acetyl CoA production. 
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Oxidation of acetyl CoA by the TCA cycle leads to production of reducing equivalents, NADH 

and FADH2, which are oxidized by the ETS. This chain is a series of complexes (I-IV) and 

mobile electron carriers (ubiquinone, cytochrome c) imbedded in the inner mitochondrial 

membrane. A stepwise series of redox reactions simultaneously transfer electrons and pump 

protons from the mitochondrial matrix to the intermembrane space. NADH is oxidized by 

complex I (or NADH: ubiquinone oxidoreductase) and FADH2 is oxidized by complex II, (or 

succinate dehydrogenase). These enzymes pass electrons to the first mobile carrier, ubiquinone. 

A number of other FAD-linked dehydrogenases also contribute electrons directly to ubiquinone, 

each bypassing Complex I. Ubiquinone transfers electrons to Complex III (or cytochrome c 

reductase), which transfers electrons to the second mobile carrier, cytochrome c. In the final step 

of the ETS, complex IV (or COX) oxidizes cytochrome c and transfers electrons to molecular 

oxygen to form water (Figure 1).  

 

 
Figure 1. Schematic diagram representing the electron transport system 

present in mitochondrial oxidative phosphorylation  including complexes I-V.  

Electrons are carried from Complexes I (NADH: ubiquinone oxidoreductase), II (succinate 

dehydrogenase), ubiquinone (Q), followed by III (cytochrome c reductase), cytochrome c (cyt c), 

and to the final step before ATP synthase, complex IV (cytochrome c oxidase). (Kocha, 2012).  
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 The energy released in redox reactions of the ETS is used to pump protons across the 

mitochondrial membrane. Complexes I, III and IV (but not II) pump protons in the redox cycles. 

Collectively, these reactions contribute to a proton gradient known as the proton motive force.  

This proton motive force drives many mitochondrial processes. Perhaps the most important 

reaction is the phosphorylation of ATP by complex V (or F1Fo ATP synthase). Protons are fed 

back through the ATP synthase down the electrochemical gradient creating the energy necessary 

to phosphorylate ADP. The combination of oxidation (through complexes I- IV) and 

phosphorylation (through complex V) is OXPHOS, a combination of two independent pathways 

with a mutual dependency on the proton motive force.   

1.3     Cytochrome c oxidase 

The understanding of COX structure benefited from the publication of the crystal structure of 

the bovine enzyme (Tsukihara et al., 1996). COX normally exists as a dimer of two monomers 

(Figure 2). Each monomer of the vertebrate enzyme contains 13 subunits, ten of which are 

encoded by the nuclear genome, and three are encoded by the mitochondrial genome.  

 
Figure 2.  Crystal structure of cytochrome c oxidase from bovine species, 

showing all 13 subunits.   

(Tsukihara et al. 1996). 
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 COX is an enzyme that is present in all organisms, though the complexity differs widely, 

mainly in terms of the number of subunits. Mitochondrial-encoded COX subunits are highly 

conserved over vertebrate lineages and are similar to the prokaryotic sequences identified 

(Saraste 1990). These subunits are responsible for the catalytic function of the enzyme whereas 

the nuclear-encoded subunits contain residues responsible for structural stability of the complex 

and are more highly conserved across lineages (Das et al., 2004).  

The three mitochondrial-encoded subunits (COXI, II, and III) are the hydrophobic core of the 

enzyme. COXI, which binds two heme centers, is comprised of 12 transmembrane helices. Most 

of the subunit is within the membrane domain, but both the carboxyl and amino terminal ends 

emerge on the matrix side of the membrane (Tsukihara et al., 1996). COXII processes the 

electron transfer steps. It has a large extra membrane domain located in the cytosolic surface 

along with the carboxyl and amino terminal ends (Tsukihara et al., 1996). COXIII has seven 

transmembrane domains, which interact with COXI (Tsukihara et al., 1996).  

The nuclear-encoded subunits of COX are less understood but are thought to be responsible 

for providing structure to the enzyme and regulating its expression (see 1.4). These are numbered 

COX4 to 8, in Arabic numerals to further distinguish from mitochondrial subunits. They are 

numbered based upon size, with 4 being the largest. The subunit numbering system is confusing 

because sub-types distinguish some subunits by size (e.g. 6a and 6b) whereas other subtypes 

differentiate between paralogs (e.g., 4a and 4b) 

The COX enzyme contains two heme groups, cytochrome a and cytochrome 𝑎3, as well as 

their associated protein bound coppers, 𝐶𝑢𝐴 and 𝐶𝑢𝐵 respectively (Malmström and Malmstroem, 

1990). A zinc and magnesium ion are also present within the structure of the vertebrate COX 

enzyme (Malmstroem, 1990). Initially cytochrome c molecules transfer electrons to 𝐶𝑢𝐴 leaving 
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the oxidized cytochrome c molecules to dissociate.  The electrons are transferred from 𝐶𝑢𝐴 to 

cytochrome a and are then passed to a binuclear metal center formed between 𝐶𝑢𝐵 and 

cytochrome 𝑎3. With the reduction of the four metal centers, oxygen can bind to the binuclear 

core. In the final step, two water molecules are formed through the addition of protons to the 

oxygen molecules.  

In total, 8 protons are pumped and 4 electrons are transferred in a full catalytic cycle of COX 

(Antonini and Brunori, 1970). The net equation of the complete COX catalytic cycle between 

subunit I and II is as follows:  

 

4 Fe2+-cytochrome c + 8 H+
in + O2 → 4 Fe3+-cytochrome c + 2 H2O + 4 H+

out 

 

Three proton pathways have been identified in the bovine enzyme (D-, K- and H-

channels) that allow the protons to move through the COX enzyme (Yoshikawa 1998, Michel 

1999). Only channels D and K have been observed in bacterial COX enzymes as compared to 

mammalian models which possess the H-channel through a presumed residue mutation (Michel 

1999; Shimokata et al., 2007; Tsukihara et al., 2003).  

1.4 Regulation of COX 

Given the complexity of the enzyme, it should not be surprising that the process of producing 

COX is also very complex. Furthermore, conditions that demand a change in COX also require 

parallel changes in the levels of the other OXPHOS complexes, each composed of multiple 

subunits. When a cell requires more mitochondrial capacity, it must sufficiently coordinate the 

expression of the genes encoding OXPHOS complexes, as well as all of the other enzymes and 

transporters needed for mitochondrial metabolism. This complex process of mitochondrial 

biogenesis is regulated by a suite of transcriptional regulators that coordinate expression of the 

genes required to make more enzymes.   
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Focusing specifically on COX, there are many reasons why its biosynthesis is complex. First, 

like other OXPHOS complexes, the holoenzyme subunits are bigenomic: large hydrophobic 

catalytic subunits are encoded by mtDNA, and smaller regulatory subunits are encoded by 

nuclear genes. Second, many accessory proteins are involved in the assembly. COX assembly 

factors SURF1, SCO1, SCO2, COX10, and COX15 have been implicated in mitochondrial 

dysfunction when mutated, and have clinical significance in the presentation of many 

mitochondrial disorders (Bruno et al., 2002: Valnot et al., 2000; Sacconi et al. 2003; Antonicka 

et al., 2003; Antonicka et al., 2003b).  

Despite the complexity of the process, most studies on the control of COX synthesis focus on 

the regulation of the genes encoding catalytic subunits. Nuclear respiratory factor (NRF) -1 and 

NRF-2 have been implicated as important DNA-binding transcription factors, affecting the 

expression of all 10 nuclear-encoded subunits of COX (Ongwijitwat and Wong-Riley, 2005). 

NRF-1 has also been shown to influence transcription factors A and B, which regulate the three 

mitochondrial-encoded subunits of COX (Ongwijitwat and Wong-Riley, 2005). During a period 

of increased energy demand in a cell, NRF-2 regulates the increased expression of transcripts 

from all ten nuclear-encoded subunits from ten different chromosomes (Ongwijitwat et al., 

2006).  Though the need for transcriptional master regulators is clear, there may be differences in 

the way different vertebrates coordinate the regulation of this complex (Bremer and Moyes, 

2011; LeMoine et al., 2008, 2010; Bremer et al., 2012).  

Most research focuses on what coordinates the expression of COX genes, but relatively little 

attention has been given to factors that differentially regulate COX paralogs. It is thought that 

paralogs impart differences in the way COX is regulated. 
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1.5 Allosteric regulation of COX 

Once COX is made, its catalytic activity is regulated numerous ways, including allosteric and 

covalent mechanisms. One important way in which cellular energy demands are communicated 

to the biosynthetic machinery is through allosteric regulation of COX by ATP.  

Cytochrome c is unable to bind to COX when ATP levels are sufficiently high enough to 

bind and inhibit COX (Ferguson-Miller et al., 1976).  The ability of ATP to regulate COX is 

further controlled through covalent modification. A phosphorylation site has been identified in 

the matrix domain of COX4, which has an inhibitory effect on the kinetics of the enzyme when 

the ATP/ADP ratio reaches a particular threshold (Arnold et al., 1998). The inhibition by ATP is 

thought to decrease the production of reactive oxygen species (ROS) and functions independent 

of membrane potential values (Arnold and Kadenback 1997).  As well as being regulated 

allosterically by the cellular ATP/ADP ratio, COX is also regulated by 3, 5-diiodothyronine 

levels (Arnold et al., 1998). Later in the section, I will discuss how this sensitivity to ATP is 

affected by COX subunit composition, but this is the pattern that is expected for the enzyme in 

most mammalian cells. 

 Inhibition of COX can also be caused by the binding of regulatory molecules to its catalytic 

core. Gases, including carbon monoxide (CO), hydrogen cyanide (HCN), hydrogen sulfide 

(H2S), and nitric oxide (NO) each bind to COX, inhibiting its function. NO is particularly 

important because it can be produced regularly as a result of infection or injury (Brown and 

Cooper 1994). High amounts of NO decreases respiratory capacity out competing oxygen in 

binding to the heme 𝑎3 in the binuclear core (Brown and Cooper 1994). In situations of low 

cellular oxygen concentrations such as hypoxia, COX is typically reduced allowing NO to bind 

and effectively inhibit COX until oxygen concentrations are increased in order to preserve 

energy (Taylor and Moncada, 2010).  
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1.6 Phosphorylation of COX  

A second category of mechanism to regulate COX in response to fluctuating energy demands 

is protein phosphorylation - the post-translational addition of a phosphate group to the hydroxyl 

of select amino acids. In the bovine heart enzyme, 53 potential serine/threonine phosphorylation 

sites have been identified (11 in COXI, ten in COXII, three in COXIII, six in COX4, three in 

COX5a, three in COX5b, four in COX6a, three in COX6b, two in COX6c, two in COX7a, one in 

COX7b, one in COX7c, and four in COX8) (Pearson and Kemp 1991). Not all of these potential 

sites may be phosphorylated, or if phosphorylated play regulatory roles. However, 22 

phosphorylation sites have been identified on mammalian COX that appear to have play a role in 

enzyme regulation (Acin-Perez et al., 2011; Fang et al., 2007; Helling et al., 2008; Helling et al., 

2012; Hüttemann et al., 2012; Lee et al., 2002; Lee et al., 2005; Lee et al., 2009; Olsen et al., 

2010; Tsukihara et al., 2003; Zhao et al., 2011).  

The capability of COX to undergo rapid phosphorylation in reaction to changes in metabolic 

demands, may play an important role in an organism’s tolerance and ability to compensate with 

hypoxic conditions (see 1.9). COX isoforms in particular influence an organisms ability to cope 

with changing environmental conditions.  

1.7 Origin and regulation of COX subunit isoforms   

 The terminology for distinguishing between related proteins is often used in imprecise ways. 

For the purposes of this thesis, I use the following definitions. An ortholog is the same 

gene/protein appearing in two species. For example, human and mouse COX4-1 versions are 

orthologous. A paralog distinguishes between two genes encoding the same subunit of COX, 

even when the genes have sufficiently diverged to impart differences in function. For example, 

humans have two paralogs of COX4: COX4-1 and COX4-2. The term isoform is more general, 
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usually referring to proteins specifically, and intended to include variants that are paralogs and 

orthologs, as well as different versions of the same protein arising through alternative splicing 

mechanisms. In the case of COX4, there are no known splice variants, so I use “isoform” to 

include both orthologs and paralogs.   

To understand the origins of COX isoforms, it is worthwhile considering how gene families 

arose, acknowledging the influence of ancient whole genome duplication (WGD) events. In 

1970, Ohno described a secondary mechanism for diversity being caused by a single gene or a 

WGD event where divergence of duplicated genes create isoforms of a gene or protein. A WGD 

event occurs from a nondisjunction during meiosis in a cell; this is also known as polyploidy and 

is typically very rare in vertebrate species. There have been three WGD events in vertebrate 

history; the third of which is thought to have occurred before the divergence of teleost fish and 

likely lead to the isoforms present in the COX enzyme (Ohno 1970, Holland 1999).  

As a result of a WGD event two processes can lead to differentiation of isoform function: 

neofunctionalization and subfunctionalization (Lynch and Conery 2000). During 

neofunctionalization, mutations and divergence of duplicates result in the creation of novel 

functions, which can create a selection pressure for the more successful isoform (Lynch and 

Corney 2000). Subfunctionalization results in the divergence of isoforms with both maintaining 

some ancestral function and typically having a reciprocal relationship to work toward a common 

function (Hughes 1994). Most COX isoforms demonstrate subfunctionalization, with subtlety 

different functions and/or expression patterns.  This creation of novel isoform function has been 

linked to the ability of organisms to increase in complexity without drastically increasing the size 

of their genome; as approximately 40% of the eukaryotic genome is a result of a WGD event 

(Ohno, 1999; Zhang, 2003). 
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1.8 Vertebrate COX isoforms  

Many of the nuclear-encoded subunits of COX possess paralogs, the transcript control and 

function of which are not well understood at this time. COX subunits 4, 6A, 6B, 7A, 7B and 8 

possess paralogs in mammalian species examined (Little et al., 2010).  

There are multiple differences in the COX enzyme of mammals as compared to fish species. 

Mammalian species possess six isoforms while teleost species possess seven isoforms of the ten 

nuclear-encoded COX subunits. Teleost species lack one of the subunit isoforms (7B) found in 

mammals but contain an isoform of subunit 5A/B whereas mammalian species do not (Little et 

al. 2010). As well as their presence, the overall abundance of these isoforms is also vastly 

different when comparing mammalian species to fish species (Little et al. 2010). Many of the 

isoforms appear to be tissue specific while some appear to be expressed in response to 

environmental conditions.  

For COX subunits with orthologs, there is generally a “dominant” isoform that is most 

abundant across tissues, and a “subordinate” isoform that is expressed in select tissues or in 

response to environmental change (Little et al., 2010). For example, in fish and mammalian 

species COX5A, COX5A2 transcripts are more abundant/dominant than COX5A1 (Little et al. 

2010). The situation is more complex for COX4 paralogs, which exhibit different patterns of 

expression in fish and the better studied mammalian models. The dominant isoform in the COX4 

subunit is dependent on the tissue and does not display an overall dominant isoform (Little et al. 

2010). For example, relative mRNA levels in brain tissue are 90% COX4-1 in mammals, 

whereas in zebrafish less than 30% of brain tissue expresses the COX4-1 isoform relative to 

COX4-2 (Hutteman et al., 2001).  

Across vertebrates the function and expression of COX isoforms is not always conserved as 

some of the isoforms evolved through different WGD events and therefore have evolved to 
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possess different functions in different lineages of vertebrates (Little et al., 2010). Unlike some 

of the other nuclear encoded subunit isoforms, COX4 teleost isoforms do appear to be 

orthologous to mammalian COX4 isoforms and will be discussed further in the subsequent 

chapters.  

1.9 Isoforms of COX subunit 4  

COX4, the largest of the nuclear-encoded subunits, exists as two paralogs: COX4-1 and 

COX4-2. The early divergence of these isoforms has led to fairly distinct distributions of 

dominant paralogs across animal tissues.  

COX4 has a transmembrane helix with a cytosolic domain on either end (Tsukihara et al., 

1996). The location of the transmembrane helix can be found between the XII helix of subunit 1 

and the VIIb helix (Tsukihara et al., 1996). COX4 contains two adenylate sites which bind 

ATP/ADP competitively and are understood to be a secondary mechanism of respiratory control 

(Napiwotzki and Kadenbach, 1998).  

COX4 is thought to have regulatory properties and is very adept at sensing cellular energy 

requirements and matching metabolic demands through phosphorylation, containing the most 

phosphorylation sites of the nuclear-encoded subunits (Fang et al. 2007). COX4 paralogs are 

found in all vertebrate species postdating actinopterygians except for avian species which lack 

the isoforms completely.  

COX4-1 is 169 amino acids in length and has a molecular weight of 19.6 kilodaltons; 

whereas COX4-2 is 171 amino acids in length and has a molecular weight of 20 kilodaltons, with 

each containing five exons. COX4-1 is typically ubiquitously expressed in most mammalian 

tissues, whereas COX4-2 is expressed in tissues with higher energy demands and often in 

response to environmental stimuli (Hutteman et al., 2001, Fukuda et al., 2007). In terms of 
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structural differences, COX4-1 possesses an ATP-binding site that in rodents and humans, is 

disrupted by a disulfide bond in the COX4-2 isoform (Huttemann et al. 2007). This causes 

COX4-2 to be less affected by the ratio of ATP/ADP within the cells than its paralog COX4-1 

(Huttemann et al. 2007). 

Due to their apparent sensitivity to oxygen concentrations, COX4 isoforms have been the 

subject of recent research relating to hypoxia response and tissue specific isoform expression. 

COX4-2 in particular has been shown to respond to environmental cues in an attempt to protect 

the cell from damage and mediate metabolic fluctuations (Fukuda et al., 2007).  

1.10 Hypoxia and COX expression 

A lack of cellular oxygen will decrease and eventually inhibit OXPHOS within a cell and 

cause the COX enzyme to stay reduced. The inhibition of COX by oxygen limitation also 

prevents this enzyme from fulfilling its role as a NO consumer (Taylor and Moncada 2010). The 

net result of a reduced enzyme and increased NO is an increase in reactive oxygen and nitrogen 

compounds. This cascade is thought to be important in signalling vasodilation during hypoxia, 

which is thought to be a protective mechanism to reduce cell damage (Palacios-Callender et al. 

2004). However, it can also be cytotoxic, leading to production of damaging ROS such as 

hydrogen peroxide, peroxynitrite, superoxide anion, and hydroxyl radicals (Gutteridge and 

Halliwell 2000). 

Hypoxia has both short term effects on metabolism, and triggers a number of responses as 

part of a compensatory pathway. Hypoxia-inducible factor (HIF) -1 is a transcription factor that 

acts as a master regulator of the hypoxia response. It is a basic helix-loop-helix PAS domain 

protein with two subunits: alpha and beta. The activity of the dimer is determined by the 

abundance of HIF1 alpha, which is constitutively transcribed, but degraded soon after it is 
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translated, in an oxygen dependent pathway (Semenza and Wang, 1992). In the presence of 

oxygen, HIF1 alpha is hydroxylated by the prolyl hydroxylase, PHD2 (Epstein et al., 2001). 

Hydroxylated HIF1 alpha is bound to the von-Hippel Lindau protein and is targeted for 

degradation by ubiquitin ligase (Ohh et al., 2000). When oxygen declines, HIF1 alpha is no 

longer degraded, begins to accumulate and dimerizes with HIF1 beta. The intact, active HIF1 

increases transcription by binding hypoxia responsive elements (HRE) found in a wide array of 

genes, including (in mammals) COX4-2 (Semenza et al., 1996). HIF1 increases the expression of 

a wide variety of genes that improve the ability to deliver and use oxygen, as well as genes that 

mitigate some of the damage arising in hypoxia, particularly enzymes involved in defence 

against ROS.  

As mentioned previously, COX4 isoform shifts are thought to play an important role in fine-

tuning the ability of COX to be regulated appropriately in response to oxygen. In mammals, it 

appears that the ATP-binding site of COX4-1 is critical to enable the enzyme to be regulated 

appropriately with changing ATP levels. During hypoxia however, there is a shift in expression 

from COX4-1 to COX4-2, in which the ATP-binding site is blocked through the formation of a 

disulphide bridge (Hutteman et al., 2007). In considering the role of COX4-2 in hypoxia, two 

traits appear important. First, the loss of the ATP-binding site changes how COX4-2 regulates 

COX, and based upon the inducibility in hypoxia (Huttemann et al., 2007; Fukuda et al., 2007), 

this trait is more advantageous under hypoxic conditions. However, this structural and functional 

distinction between COX4 paralogs may be unique to mammals, or at least different between 

mammals and other vertebrates. Outside of a clade that encompasses rodents and primates, there 

appears not to be the requisite CYS residues needed to form the (reversible) disulfide bridge 

(Kocha et al. 2015). Alternatively, it does appear that the ATP biding site of COX4-2 in lower 
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vertebrates is disrupted through other structural, though irreversible, mechanisms.  Another 

distinction is that evidence to date, on a limited number of models, suggests that COX4-2 is not 

hypoxia responsive outside mammals (Kocha et al. 2015).   

1.11 Mammalian COX4 expression under hypoxia 

The regulation of COX4 isoforms in response to hypoxia has been studied in several 

mammalian models, including whole animals (rodents) and cell cultures (Huttemann et al., 2007; 

Fukuda et al., 2007).  Human cell lines (HepLa and Hep3B) show an increase in COX4-2 

expression during exposure to hypoxic conditions (1% 𝑂2) as well as chemical hypoxia in the 

form of exposure to cobalt choride, desferrioxamine, and dimethyloxalylglycine (Fukuda et al., 

2007).  

Two hypoxia responsive elements (HREs) were discovered in COX4-2, which were shown to 

be responsible for the hypoxia response as well as HIF1 activation (Fukuda et al., 2007).  Fukuda 

and colleagues hypothesized that the HIF-1 regulated paralog switching (COX4-1 to COX4-2) 

occurs to increase ATP production while decreasing ROS production during hypoxic conditions 

(Fukuda et al., 2007). This increase was seen in COX4-2 during a 10% hypoxic treatment 

observed in mice tissues as compared to a normoxic control; this increase was most prominent in 

heart, lung and liver (Fukuda et al. 2007).  

Huttemann and colleagues discovered an oxygen responsive element (ORE) located 

downstream from the HRE located by Fukuda and colleagues which is more highly conserved 

across the mammalian species than the HRE (Huttemann et al., 2007). This ORE was shown to 

demonstrate hypoxia responsiveness in COX4-2 which is distinct from the HRE (Huttemann et 

al., 2007). Despite the contradictory COX4-2 control mechanisms described by the above 
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mentioned studies, it is agreed that HIF-1 is still the master regulator of pathways affected by 

hypoxia such as the expression of COX4-2.  

1.12 Hypoxia and COX4 expression in fish  

Fish are an intriguing group to study because they have a pivotal place in the study of the 

evolution of gene regulation as a basal vertebrate, and there is the potential for lineage-specific 

adaptations to environmental challenges. Fish are more likely to be exposed to more extreme 

levels and frequencies of hypoxia in aquatic environments than most terrestrial mammal species 

due to the prevalence of hypoxic conditions found in many of the world’s lakes, oceans, and 

rivers. Most fish species are also much more hypoxia tolerant than mammalian species with 

some being able to withstand completely anoxic conditions.  

Two limitations in the current literature prompted my studies on the role and regulation of 

COX4-2 in fish. First, the range of hypoxic conditions studied has been rather limited, and none 

employed a duration of exposure that I would consider long term. Second, the lack of a suitable 

antibody has prevented previous researches from assessing a potential role for post-translational 

regulation in subunit levels. COX4 has been suggested to be regulated in part through the activity 

of a mitochondrial protease, LON protease, which may participate in shifts in COX4 paralog 

levels rising in hypoxia (Fukuda et al., 2007).  

Unlike mammalian species examined, the COX4-2 isoform in many teleost species does not 

appear to be hypoxia responsive (Kocha et al., 2015). Although in certain tissues there was a 

visible increase in COX4-2 isoform expression, in most organisms examined including turtle, 

anole, goldfish, and zebrafish, a significant isoform specific response to hypoxic or anoxic 

conditions was not observed (Kocha et al. 2015).  
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Interestingly, tilapia tissue profiles for baseline normoxic conditions display a higher mRNA 

abundance of COX4-2 than most other fish and vertebrate species examined (McDonald, 2015). 

It was therefore of interest to determine how these initial increased levels of the COX4-2 isoform 

would be affected by the presence of hypoxia and whether or not the isoforms within tissues 

would be displayed in a cell specific manor.  

1.13 Metabolic scaling of COX4 isoforms   

As well as being hypoxia tolerant, the tilapia (Oreochromis niloticus) used for the collection of 

the experimental data has a dramatic range in body size from juvenile to adult, with an adult fish 

growing up to 4kg and 60cm in length. This wide range of body size can have implications on 

the metabolic processes and energy expenditure of the organism throughout its development. The 

majority of experimental research surrounding metabolic scaling has been related to the 

relationship of metabolic rates and rates of oxygen consumption as a factor of varying body size. 

This research has extended to tissue specific expression of metabolic genes such as LDH and PK 

particularly in muscle tissue (Almeida-Val et al., 2000). As I progressed through this work, I was 

aware of the potential influence of body size, but previous studies have shown little evidence of 

body size related changes in oxidative genes (Burness et al. 1999). Nonetheless, my preliminary 

studies identified a size-dependence in the paralog expression of COX4 genes. The aim of my 

thesis was therefore to extend this research further to include more tissue types as well as expand 

the pool of genes investigated to include COX4 isoforms, lactate dehydrogenase A (LDHA), and 

lactate dehydrogenase Ba (LDHBa).  

The metabolic scaling theory is a fundamental principle of biology, and has been a topic 

of interest and debate in the scientific community for decades. The basis of this theory is an 

equation which, makes it possible to relate an organism’s metabolic rate to its overall body mass. 
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In 1932, Huxley determined the equation 𝑌 = 𝑚𝑥𝑎where Y represents the metabolic rate, m 

represents body mass, x represents a normalizing constant and a represents the allometric 

exponent (Huxley, 1932). This equation can accurately be ascribed to most organisms. Based on 

the former equation, Max Kleiber derived his equation proposing that an animal’s metabolic rate 

is proportional to its mass, to the exponent of  
3

4
 , which is now known as Kleiber’s law (Kleiber, 

1932). This law therefore suggests that smaller animals will have a proportionately higher mass-

specific metabolic rate than larger animals (Kleiber, 1932).  

Another important parameter to consider when examining the effects of scaling is 

whether the scaling is allometric or isometric. For the purposes of this thesis, allometric scaling 

proposes that size related changes in shape occur in an organism to maintain function as overall 

size increases; whereas an isometric relationship occurs when the proportions increase or 

decrease by the same factor as the size of the organism changes. This differentiation is important 

to investigate given the study of intertissue gene expression in fish of varying body sizes. Tilapia 

heart and brain tissue are examples of tissues which scale isometrically as the fish increases in 

mass.  

There are vast differences in the comparison of mammalian and fish models even when 

comparing similar organ structures such as the brain and heart. As compared to a four-

chambered mammalian heart, the fish heart is a two chambered heart composed of one atrium 

and one ventricle. Blood travels from the heart, to the gills and then to the rest of the body with 

no circulation division for oxygenated and non-oxygenated blood. There are no blood vessels 

found in a fish heart unlike a mammalian heart which contains veins and arteries. This non-

segmented blood flow affects the division of oxygenated blood, and can affect the rate of 

perfusion of a larger fish as compared to a fish with a smaller overall body mass. Changes to the 
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metabolism of certain organs can also be affected by the amount of oxygen, nutrients, and energy 

supply they are provided with. The expression of COX4 isoforms in tissues of tilapia from a 

range of body sizes were therefore examined to determine this scaling effect on isoform 

expression.  

When examining a surface area to volume ratio, smaller organisms have a higher relative 

surface area therefore increasing the overall ratio. Physiologically this can influence the 

efficiency of organs and tissues; especially ones in which oxygen absorption is directly 

dependant on surface area. Organs such as the gills/lungs, and heart would be affected most 

severely by the surface area to volume ratio, as they must absorb oxygen and can directly 

influence the rate of perfusion throughout the body. Classical theories of metabolic scaling relate 

an organism’s metabolic rate to various factors such as body size and temperature. The metabolic 

rate of an organism typically increases with an increase in temperature and decreases with an 

increase in body size. This inversely proportional relationship between metabolic rate and body 

size is likely to influence the turnover rate of oxygen, nutrients and waste in varying sized 

organisms.  

1.14 Hypotheses 

Given the current understanding of COX4 paralogs in mammalian species, the limited 

knowledge of how these paralogs are expressed in fish species during hypoxic conditions, and 

the potential for differences in patterns in development I framed the following hypotheses:  

1. Hypoxia and COX4 gene expression: Although the mammalian ortholog for COX4-2 is 

known to be hypoxia-responsive, I frame my studies around a null hypothesis that COX4-2 is not 

responsive to hypoxia. To assess this I exposed tilapia to a matrix of oxygen tensions and 

treatment durations to study COX4 mRNA levels in a range of tissues. At a stable hypoxic 
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oxygen concentration, I examined relative tilapia mRNA levels of COX4-1 and COX4-2 over 

specific time periods (0-72 hours) as compared to a normoxic control.  

 2. Cell-specific COX4 paralog expression: Given the results of the previous mRNA paralog 

profiles, it is known that tilapia tissues express both COX4-1 and COX4-2 paralogs. I 

hypothesize that any given cell type expresses primarily one paralog at the protein level. I sought 

to distinguish between two explanations: is the minor paralog being translated at low levels in all 

tissues or is its low abundance due to expression in rare cell types.  

3. Metabolic and size dependent COX4 paralog expression: Given the role of COX4-1 and 

COX4-2 in aerobic and anaerobic metabolism respectively, it is feasible that the importance of 

the two paralogs may change with body size. My null hypothesis is that the ratio of COX4 

paralog does not change with body size.  

4. Protein and mRNA stoichiometries: I also assessed the potential role of post-translational 

effects by comparing COX4-1/4-2 protein levels to COX4-1/4-2 mRNA levels over a range of 

different sized tilapia. My null hypothesis is that post-translational regulation is not important in 

determining COX4 protein levels, and that ratio of the paralogs is similar at the mRNA and 

protein levels. 
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Chapter 2 Materials and Methods 

2.1 Tilapia whole animal experiments 

Tilapia (Oreochromis niloticus) were received from Red Fish Ranch of British Columbia. 

They were held in a 620 L aquarium with dechlorinated water maintained at 28°C for at least six 

weeks. The fish were kept under a 12:12 light: dark photoperiod and fed Omega One natural 

protein pellets (OmegaSea, Painesville, OH, USA) once daily ad libitum.  

2.1.1. Hypoxia experiments varying oxygen tensions 

Six fish were used in each of four treatment groups: 21% oxygen (control), and three hypoxia 

groups: 5%, 3%, and 1.5% oxygen. Each fish was transferred into individual air tight 6 L 

containers at 28°C with aerated heated water maintained for 18 hours for each specific oxygen 

treatment. Water was bubbled with 5% O2/95% N2 for the 5% hypoxic treatment group, 3% O2 / 

97% N2 for the 3% hypoxic treatment group, and 1.5% O2/98.5% N2 for the 1.5% hypoxic group. 

Water was gradually brought from 21% (control) oxygen to the correct percent oxygen level for 

each hypoxia treatment over half an hour to allow the fish to acclimatise.  Oxygen was measured 

using FOXY oxygen probes (Ocean Optics, Dunedin, FL, USA). 

After the experimental period, the tilapia were lethally anaesthetized in a solution of 0.4 g / L 

of tricaine methanesulphonate and 0.8 g/ L sodium bicarbonate before dissection. Brain, heart, 

liver, gill, kidney, white muscle, and red muscle were collected and immediately frozen in liquid 

nitrogen and stored at -80oC.  
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2.1.2. Hypoxia experiments varying time durations  

A time course experiment was also completed at 5% oxygen where the fish were held for 

various times in the hypoxic treatment (0-72 h). All control fish were taken from the holding 

tank at the beginning of the hypoxia treatment and tissues from all fish were collected in the 

same manner described above. 

2.1.3. Body size analysis in relation to COX4 paralog expression  

I conducted two studies assessing the impact of body size on mRNA and protein. Table 1 

shows the fish sizes for a broad range of masses. Table 2 summarizes the more intensive study of 

three size categories.  

Table 1. Length and weight of individual tilapia used for size range analysis.  

N Length (cm) Weight (g) 

1 6.3 4.3 

2 8.4 10.0 

3 15.2 84.5 

4 20.1 181.2 

5 24.5 336.7 

6 28.8 562.6 
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Table 2. Length and weight of individual tilapia used for size analysis.  

N LARGE MEDIUM SMALL 

 Length (cm) Weight (g) Length (cm) Weight (g) Length (cm) Weight (g) 

1 44.0 1552.1 9.5 16.7 5.4 2.6 

2 39.0 1219.2 10.2 20.8 5.4 2.5 

3 39.0 1436.3 10.4 22.6 5.2 2.3 

4 38.0 954.5 10.6 14.0 4.9 1.9 

5 44.0 1836.5 6.1 4.2 5.7 3.0 

6 40.0 1381.9 9.3 14.8 5.3 2.1 

Average 40.7 1396.8 9.4 17.2 5.3 2.4 

 

 

2.2 RNA extraction and cDNA synthesis 

Whole animal tissues were homogenized in 1 mL TRIzol reagent (Invitrogen, Carlsbad, 

CA, USA) per 50 mg of tissue using a tissue homogenizer (Fisher, Ottawa, ON, CAN). Samples 

were incubated 3 min before the addition of chloroform (0.2 mL / 1 mL of TRIzol used). After a 

3 min incubation at room temperature, the samples were centrifuged at 3400 × g for 30 min at 

4°C. The upper aqueous layer of the sample was removed and transferred to a 2 mL tube with 

0.5mL of isopropanol per 1 mL of TRIzol used. Samples were inverted and stored at -20°C 

overnight.  

Samples were then centrifuged at 12000 × g for 10 min at 4°C. The supernatant was 

removed and 0.5 mL of 75% ethanol was added to wash the remaining pellet before centrifuging 

at 7500 x g for 5 min. The supernatant was removed and the samples were allowed to air dry for 10 

min before the addition of RNase free water (~50 uL) to the pellet of each sample. A 
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spectrophotometer (Molecular Devices, Sunnyvale, CA) was used to quantify the RNA using the 

260/280 ratio. 

RNA was reverse-transcribed to cDNA using the QuantiTect Reverse Transcription Kit 

(Qiagen, Valencia, CA, USA) with 1 μg of RNA in a 20 μL reaction, as per the manufacturer’s 

instructions. Samples were stored at -20°C until needed.  

2.3 Quantitative PCR 

Primers were designed using sequences available online for the published tilapia genome. 

All primers were first tested by PCR using an Eppendorf Mastercycler Gradient thermocycler 

(Eppendorf, Hamburg, Germany). All reactions were run in 25 μL volumes containing 1× PCR 

buffer, 1 mM MgCl2, 0.75 units Taq DNA polymerase (Qiagen, Valencia, CA, USA), 0.4 μM 

dNTPs (Promega, Madison, WI, USA), 0.3 μM of each primer, 50-100 ng of cDNA template, 

and the balance of nuclease-free water. PCR runs involved a 3 min denaturation at 94°C 

followed by 35 cycles of 15 s at 94°C, 30 s at the appropriate annealing temperature, and 30 s at 

72°C. There was a final extension period of 10 min at 72°C. PCR products were visualized on 

1.5 % agarose gels with red safe. Primers were designed to amplify a region approximately 200 

base pairs in length (Table 3).  

Real-time quantitative PCR was run on an ABI 7500 real-time PCR system (Applied 

Biosystems, Carlsbad, CA, USA) using GoTaq qPCR Master Mix (Promega, Madison, WI, 

USA). Reactions were done in 25 μL volumes with 12.5 μL of the GoTaq Master Mix, 25-100 

ng of cDNA template, 0.58 μM each of the forward and reverse primer, and the balance of water. 

qPCR runs consisted of an initial 10 min denaturation at 95°C followed by 40 cycles of 15 s at 

95°C, 15 s at the appropriate annealing temperature, and 36 s at 72°C. The last stage of the PCR 

was a steady increase in temperature producing the dissociation curve. The cycle threshold (Ct) 
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was determined by measuring fluorescence from qPCR products. The primers are fitted with a 

fluorescence marker and quencher so that as GoTaq amplifies DNA, the quencher no longer 

absorbs fluorescence and it is given off exponentially along with DNA amplification. The Ct is 

the cycle that this fluorescence is first detected. 

All samples were run in duplicate and each primer set was run with a no template control. 

All Ct values for all cDNA samples were normalized to the housekeeping gene β-actin to 

account for variations in efficiency of cDNA synthesis.  

Table 3. Primers used for qPCR quantification of target tilapia mRNAs. 

 

Gene Forward (5’-3’) Reverse (5’-3’) ˚C 

COX4-1 CGACAGACCTTACAAAGACATCC  GAAGAATAAGATCCCAGCCGT  67 

COX4-2 CGACAGACCTTACAAAGACATCC  GAAGAATAAGATCCCAGCCGT  67 

IGFBP-1 ACGCAAGAAACTGGTGGAAC  GGGCTGTCTGGAGTTCGATA  59 

β-actin TCCAGGCTGTGCTGTCCCTGTA  GTCAGGATCTTCATGAGGTAGTC  59 

LDHA AGGAGGAGCCTGTTGG   AGCTACAATCTTGTGTGTCT  58 

LDHBa GCTTATCAGCCCTCAGGCCA AGCCAGCTCATCACACAGGTC 58 

 

2.4 Protein isolation 

 Tissue was harvested for protein extraction after being frozen in liquid nitrogen 

immediately after dissection. Frozen tissue was then suspended in radioimmunoprecipitation 

assay (RIPA) buffer containing10  mM Tris-Cl (pH 8.0), 1 mM ethylenediaminetetraacetic acid 

(EDTA) 0.5, mM ethylene glycol tetraacetic acid (EGTA), 1% Triton X-100, 0.1% sodium  

deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 140 mM sodium chloride (NaCl), 1 μM  

phenylmethanesulfonylfluoride (PMSF), 20 μM sodium fluoride (NaF), and 100 μM sodium 

orthovanadate (Na3VO4)). RIPA buffer (1 mL) was added to 50-100 mg frozen tissue (0.5 mL 

RIPA for tissue weighing less than 50 mg). Tissues were homogenized using a Power Gen 125 

tissue homogenizer (Fisher, Ottawa, ON, CAN) for 10 sec, followed by sonication for 10 sec at 8 

KHz, using a VirSonic 60 sonicator (Gardiner, NY, USA). Homogenates were then centrifuged 
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at 14000 x g for 10 min and the supernatant was collected. Tissue proteins were quantified in 

Biorad protein assay dye reagent concentrate (Biorad, USA) using a Spectromax plate 

spectrophotometer measuring protein absorbance at 495 nm. Bovine serum albumin (BSA) was 

used as a protein standard (Biorad, USA). Samples were stored at -80°C until use. 

2.5 Immunoblots 

 

All SDS polyacrylamide gels were prepared with acrylamide/bis-acrylamide (ratio 

37.5:1) 12% resolving gel and 6% stacking gel. Gels were electrophoresed in running buffer (25 

mM Tris, 192 mM glycine, 0.01% SDS) for 1 h at 120 V using a PowerPac HC (Biorad, USA). 

Membrane transfer took place in transfer buffer (pH 8.3, 25 mM Tris, 192 mM glycine, 20% 

methanol) and was executed at 4°C for 1 h at 100 V in a Trans-Blot Transfer Cell (Biorad, 

USA). Proteins were transferred from the gel onto polyvinylidene fluoride Immobilon-P 

membranes (Millipore, Billerica, MA) which was soaked in methanol for 5 min before use. After 

the transfer was complete, the membrane was blocked in 5% milk with Tris-Buffered 

Saline and Tween 20 (TBST) (20 mM Tris, 137 mM NaCl, 0.1% Tween-20, pH 7.6) for 1 h at 

room temperature.  

After blocking, the membrane was washed once with TBST for 10 min and then probed 

with primary antibodies overnight at 4°C with steady agitation. COX4-1 antibody (ab14744, 

Abcam, USA) used at 1:4000 dilution. As for COX4-2, 16 antibodies for were tested using 

western blot analysis. Custom antibodies were obtained from Abmart, using the tilapia COX4-2 

sequence for epitopes with the requirement that it be nonhomologous with the COX4-1 gene 

sequence. Amongst the 6 options provided by the company, clone y 1-6 c264 was best. It was 

raised from the amino acid sequence R-L-T-F-C-K-T-Y-P-E-M-K and was chosen because it 

produced the strongest signal. It was used at a 1:4000 dilution. The membrane was washed three 
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times for 10 min with TBST before adding the goat anti-mouse secondary antibody at 1:5000 

dilution. The secondary antibody was left for 1 hour at room temperature under steady agitation 

before the membrane was washed two times for 10 min with TBST.  

Imaging took place using Immobilon Western substrate (Millipore Billerica, MA) and 

employing a Cell Biosciences FluorChem HD2 system (Santa Clara, CA). Immunoreactive 

proteins were analyzed using the band analysis tool of AlphaView software (version 3.2.2.0), as 

per the manufacturer’s specifications. 

2.6 Immunohistochemistry 

 

Antibodies COXI, COX4-1 and COX4-2 were used in immunohistochemistry in tilapia 

brain, heart, liver and gill. The sequences for COXI and COX4-1 are highly conserved such that 

commercial antibodies raised against rodent proteins worked well. The COX4-2 antibody was 

designed specifically for tilapia COX4-2. Their specificity was first established using 

immunoblots, then employed in immunohistochemistry.  

2.6.1. Paraffin embedded sections  

Tilapia were dissected, tissues were collected, and put in 4% PFA (paraformaldehyde) 

solution overnight. After washing with phosphate-buffered saline (PBS) and double-distilled 

water, they were put into a 70% ethanol solution and stored at 4°C. Tissues were then placed in 

cassettes and embedded in paraffin wax. Paraffin tissue blocks were sectioned using a microtome 

to 5μm and mounted on ionized glass slides. The slides were then heated at 60°C for 1 hour, 

rehydrated in ethanol (100%, 95%, 75% and 50%) and washed with PBS.  
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2.6.2. Frozen sections 

Tilapia were dissected, tissues were collected, and placed in optimal cutting temperature 

solution. Sections were cut using a cryotome at -21°C and placed on ionized slides, and kept at   

-80°C until use. Slides were then treated with 4% PFA solution for 10 minutes and rinsed with 

PBS buffer for 10 minutes.  

All slides (paraffin and frozen treated) were then blocked for 1 hour using a 1% BSA-PBS 

solution before the addition of the primary antibody. The following primary antibodies were 

used: tilapia anti rabbit, tilapia anti goat, tilapia anti mouse as well as rabbit IgG, goat IgG, and 

mouse IgG as negative controls. Primary antibodies were incubated for 16 hours at 4°C and 

washed with PBS three times for 10 min. Slides were then incubated with a secondary Alexa594 

fluorescein conjugated antibody (mouse anti-rabbit, rabbit anti-goat, and goat anti-mouse 

respectively) for 2 h in the dark. Sections were washed briefly with PBS and 4′, 6-diamidino-2-

phenylindole (DAPI)-supplemented mounting media (ProLong Gold Anti-fade Reagent with 

DAPI; Invitrogen) was added before the coverslips.  

Photomicrographs were collected using an AxioCam-equipped Zeiss M1 Imager with 

Axiovision 4.8 software and analyzed using ImageJ.  

2.7 Statistical analysis  

All data is presented as averages relative to the control with error bars depicted as SEM. 

Mann-Whitney U statistical test was used to determine significance between the groups with a 

<0.05 deemed as significant.  
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Chapter 3 Results 

3.1 Hypoxia and COX4 gene expression   

Quantitative PCR was used to determine whether a change in oxygen tension would alter 

COX4 paralog mRNA abundance as compared to a 21% oxygen control group. With regards to 

hypoxia treated tilapia COX4 paralogs, gill displayed decreases in COX4-1 mRNA levels, and 

there was a minor but significant increase in COX4-2 mRNA levels in gill, liver, red muscle, and 

kidney in certain oxygen tensions (Fig. 3). The highest increase in COX4-2 was seen in the 

hypoxic liver tissue at 3% oxygen tension, which increased 90% as compared to the control 

treatment (Fig. 3). White muscle and brain tissue were also examined and displayed no 

significant changes in mRNA transcript levels between COX4-1/2 during hypoxia.  

 

Figure 3. Transcriptional response of COX4 paralogs to hypoxic treatments 

in whole tilapia.  

Transcriptional response in gill, liver, brain, red muscle, white muscle, and kidney exposed to 18 

h of 21% (control), 5% (hypoxia), 3% (hypoxia), and 1.5% (hypoxia) oxygen levels. n=6 per 

treatment, with exception of treatment group 1.5% where there was an n=5 due to one mortality. 

Asterisks represent a significant difference from the control treatment as determined by a Mann-

Whitney U test. Error bars depict SEM.  



30 

 

In order to ensure the ratio of the COX4 paralog mRNA abundance is changing rather than 

both paralogs simultaneously, the relative abundance was determined for all treatment groups. 

When relative abundance of COX4-2/COX4-1 mRNA levels are assessed there does not appear 

to be a change in the paralog ratios in response to varying oxygen tensions with the slight 

exception of liver, gill and kidney (Fig. 4). The change in relative mRNA abundance in liver 

tissue is not as considerable as the change in individual COX4 liver paralogs during the various 

hypoxia treatments as seen in Figure 3.  

 

Figure 4. Relative COX4 paralog abundance during hypoxic treatments in 

whole tilapia.  

Transcriptional response in gill, liver, brain, red muscle, white muscle, and kidney exposed to 18 

h of 21% (control), 5% (hypoxia), 3% (hypoxia), and 1.5% (hypoxia) oxygen levels. n=6 per 

treatment, with exception of treatment group 1.5% where there was an n=5 due to one mortality. 

Error bars depict SEM. 

 

To determine whether any changes seen were related to the degree of hypoxia experienced 

within tissues, I examined the mRNA levels of genes known to be induced by hypoxia via a HIF-

dependent pathway. Not every such positive control gene responds in each tissue, so this 

required different positive controls to be evaluated. IGFBP-1 was therefore used in addition to 

the LDHA and LDHBa paralogs to provide information from a range of positive controls.  



31 

 

Heart tissue in particular displayed interesting patterns in former studies on body size 

(McDonald, 2015) as it relates to COX4 paralog abundance and was therefore an area of focus 

for my research. Relative transcript levels of COX4-2/COX4-1 did not change with decreases in 

oxygen tension in the tilapia heart tissue. Transcript levels of LDHA and LDHBa increased 

significantly (<p=0.05) between treatment groups 5%, 3% and 1.5% hypoxia groups as 

compared to the 21% control group. LDHA transcript levels increased 3, 19, and 33 fold for the 

5%, 3%, and 1.5% treatment groups respectively as compared to the 21% control (Fig. 5).  

 

Figure 5. Transcriptional response of COX4 paralogs , LDHA and LDHBa to 

hypoxia treated tilapia heart tissue.   

Transcriptional response of heart tissue exposed to 18 h of 21% (control), 5% (hypoxia), 3% 

(hypoxia), and 1.5% (hypoxia) oxygen levels. Treatments were n=6, with exception of treatment 

group 1.5% where there was an n=5 due to one mortality. Asterisks represent a significant 

difference from the control treatment as determined by a Mann-Whitney U test. Error bars depict 

SEM.  

Insulin growth factor binding protein (IGFBP-1) has been shown to be a hypoxia responsive 

gene in a range of tissues (Tazuke et al., 1998), and was therefore used to determine the hypoxia 

response present in the range of tilapia tissues examined during hypoxic treatments.  IGFBP-1 
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did not appear to increase uniformly with severity of hypoxia treatment as compared to control in 

the majority of tissues. The exception being liver tissue which increased approximately 8 to 13 

fold as compare to a normoxic control (Fig. 6). Statistically significant increases were also seen 

in brain, white muscle, and kidney in certain oxygen tensions.  

 

Figure 6. IGFBP-1 relative mRNA levels during hypoxic treatments  in whole 

tilapia.  

Transcriptional response in gill, liver, brain, red muscle, white muscle, and kidney exposed to 18 

h of 21% (control), 5% (hypoxia), 3% (hypoxia), and 1.5% (hypoxia) oxygen levels. Each 

treatment was n=6, with exception of treatment group 1.5% where there was an n=5 due to one 

mortality. Asterisks represent a significant difference from the control treatment as determined 

by a Mann-Whitney U test. Error bars depict SEM.  

3.1.1. Hypoxia time duration 

To determine if the general absence of a hypoxic response in paralog expression was due to 

the duration of hypoxia, I conducted an experiment at low oxygen but with longer term exposure. 

Minimal changes in COX4-1/COX4-2 were found in any of the tissues examined in the fish 

treated at 5% oxygen over the time course of 0-72 hours (Fig. 7). 
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Figure 7. Transcriptional response of COX4 paralogs to hypoxia time trials 

in whole tilapia.   

One animal was analyzed at each time point over 72 h of treatment at 5% oxygen.  

3.2 Cell specific paralog expression  

I employed a series of antibody combinations in order to determine the distribution of COX4 

paralogs in various tissues. Not every combination of antibodies was possible because the 

strongest staining for two different paralogs could not be done from the same animal antibody. 

The assumption was that all COX enzymes possess COXI because it is part of the catalytic core 

of the enzyme. Cells that possessed COXI but not one COX4 paralog are assumed to express the 

other paralog.  

Immunohistochemistry was performed on heart tissue (Fig. 8). Figure 8a shows the 

distribution of cells with nuclei stained blue. Binding of the antibody for COX4-2, the dominant 

paralog in this tissue, is reflected in the red colour. Although the protein is found in the 

mitochondria, the organelles are dispersed throughout the cell, giving the section a uniform 

colour.  A negative control was conducted for each experiment (Fig. 8c). 
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Figure 8. Immunohistochemical micrograph of tilapia heart  200x 

magnification.  

Panel A merged photo of COX4-2 antibody (red) and nuclei stained with DAPI (blue).  B stained 

for COX4-2 antibody. C stained for mouse IgG as negative control. Scale bar indicates 100µm. 

Figure 9 shows that some heart cells appear to lack expression of COX4-2. As expected, 

heart tissue uniformly displayed binding of COXI antibodies in all cells (in red). While COX4-2 

was also found in most cells (green) the merging shows select cells to express COXI but not 

COX4-2 (Fig. 9a). These cells shown in red would likely express COX4-1. This could not be 

shown directly because the COX4-2 antibody from the same animal origin could not be stained 

simultaneously with COX4-1 in the one tissue sample. I did not pursue the identity of the cells 

that were anomalous. Cell mass is dominated by cardiomyocytes but heart also possesses 

cardiofibroblasts, endothelial cells, and smooth muscle cells (Souders et al. 2009). The location 

of the red cells in the merged image, near the lumen of the heart, suggests these cells may be 

associated with the vasculature.   
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Figure 9. Immunohistochemical micrograph of tilapia heart 200x 

magnification.  

Panel A merged photo of COX1antibody (red) and COX4-2 antibody (green).  B stained for 

COX1 antibody (red) C stained for COX4-2 antibody (green). Scale bar indicates 100µm. 

 

In agreement with the quantitative PCR results, the heart tissue is dominated by COX4-2 and 

COX4-1 is the dominant isoform in the tilapia brain as shown in figure 10 below. Blue staining 

represents the nuclei of the cells merged with COX4-1 cells stained in green (Fig. 10a). A 

negative control was also conducted (Fig. 10c). This particular micrograph represents the 

forebrain of the tilapia. This area appears to be of special interest in contrast to other areas of the 

brain that did not express COX4-1 as dominantly.  
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Figure 10. Immunohistochemical micrograph of tilapia brain  200x 

magnification. 

Panel A merged photo of COX4-1 antibody (green) and nuclei stained with DAPI (blue). B 

stained for COX4-1 antibody. C stained for mouse IgG as negative control. Scale bar indicates 

100µm. 

 

Staining of COX4-1 reveals a high expression around the periphery of the gill filaments or 

potentially a high mitochondrial content within those cells (Fig.11a). The nuclei of the cells are 

stained blue and merged with COX4-1 stained green to demonstrate the concentration of this 

specific paralog in the gill tissue (Fig. 11b). The main types of cells are found in the epithelium 

of the fish gill are pavement cells, mitochondrion-rich/chloride cells, pillar cells, and accessory 

cells such as mucous or goblet cells (Evans et al. 1999). The majority of cells on the epithelium 

of the gill are pavement cells; all other types of cells only make up 10% of the gill epithelium 

(Evans et al. 1999).  
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Figure 11. Immunohistochemical micrograph of tilapia gill  100x 

magnification.  

Panel A stained for COX4-1 antibody. Panel B merged photo of COX4-1 (green) nuclei stained 

with DAPI (blue). Scale bar indicates 200µm. 

In order to determine the nature of the subcellular distribution of the COX4 paralogs a higher 

magnification and the use of confocal microscopy was employed. Comparing heart and liver, I 

see two scenarios. In heart (Fig. 12a), the red colour associated with COX4-l is distributed 

throughout the cardiomyocyte, whereas COX4-2 appears restricted to a layer beneath the cell 

membrane. In muscle cells, mitochondria are interconnected into a network or reticulum, 

although there are distinctions between two subcellular compartments. The intermyofibrillar 

mitochondria interweave the myofibrils, whereas the subsarcolemmal mitochondria are found 

directly under the cell membrane. Based upon the immunohistochemistry, COX4-1 appears to be 

preferentially found in interfibrillar mitochondria whereas COX4-2 is located in subsarcolemmal 

mitochondria.  

In liver (Fig. 12b), COX4 paralogs appear to be limited to different cells, and exist in 

mitochondria of different configurations. Liver mitochondria can be found as either rod-like 

structures or networks, as in muscle. In liver, COX4-1 (red) appears to be located in 

mitochondria that take on a rod-like configuration, whereas COX4-2 (green) is found in cells 
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with a more reticular mitochondria structure. It is likely that the paralogs are differentially 

expressed in specific cell types, which also produce different types of mitochondrial structures.   

 

Figure 12. Immunohistochemical micrograph of tilapia heart and liver at 

high magnification.  

Panel A is heart at 400x magnification. Scale bar indicates 20µm. Panel B is liver at 200x 

magnification. Scale bar indicates 40µm. Merged images stained for COX4-1 (red), COX4-2 

(green), and nuclei stained with DAPI (blue). 

3.3 Size-dependent paralog expression  

Preliminary studies showed an apparent discrepancy between the COX4-2/COX4-1 ratios in 

mRNA versus protein. While considering potential post-transcriptional regulators, it became 

clear that the mRNA and protein analyses were performed, for convenience, on fish of different 

sizes. Subsequent work was performed to determine if there were size-dependent differences in 

COX4 paralog mRNA and/or protein.  

Tilapia body size appears to play a role in the degree of COX4 paralog expression in heart 

and white muscle tissue (Fig. 13). COX4-2/COX4-1 transcript ratio increases from 3% in the 

smallest fish to 76% in the largest fish (Fig. 13a). A similar trend, though not as extreme was 
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seen in white muscle (Fig. 13b). Size did not influence the relative amounts of COX4-2/COX4-1 

mRNA in brain (Fig. 13c).  

 

Figure 13. Relative COX4 paralog transcript abundance for a size range of 

tilapia.  

Relative transcript levels for heart, white muscle, and brain tilapia tissue. Size range can be seen 

in Table 1, n=1.   

In an effort to better understand the influence of body size, I further explored the size 

dependence of transcription. I examined the expression pattern of LDH paralogs, which can 

differ in muscle development. However, LDHA and LDHBa transcript levels are not affected by 

an increase in body size as seen in the tilapia heart and white muscle tissues (Fig. 14). 
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Figure 14. Relative LDHA and LDHBa transcript abundance for a size range 

of tilapia.  

Relative transcript levels for heart and white muscle. Size range can be seen in Table 1, n=1. 

Based on the sampling of fish from 4 g to 500 g, I selected three size classes to conduct more 

quantitative analyses of paralog patterns at both mRNA and protein levels. For COX4 paralogs 

(Fig. 15a), COX4-2 mRNA increases significantly with body size in heart but does not change in 

brain. Body size does not significantly influence the mRNA levels for LDH paralogs (Fig. 15b).  
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Figure 15. A. Size dependence of mRNA for COX4 and LDH paralogs in 

heart and brain.  

Asterisks represent a significant difference between groups as determined by a Mann-Whitney U 

test. Error bars depict SEM, n=6.  

Given the increased ratio of COX4-2/COX4-1 mRNA expression in tilapia heart tissue, 

protein immunoblots were performed to determine if the post-translational expression of these 

paralogs mirrored the transcriptional expression. An increase in COX4-2 and a decrease in 

COX4-1 can be seen as tilapia size increases in heart tissue. There appears to be a plateau of 

COX4-2 increase around the third size range (Fig. 16). COX4-1 and COX4-2 ratios do not 

appear to change in brain tissue with respect to the increase in tilapia size range (Fig 16.).  
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Figure 16. Protein immunoblots of COX4 paralogs in tilapia heart (A) and 

brain (B).  

Fish size range are represented by 1-6 (size range can be seen in Table 1) with C representing 

opposite tissue control.   

 In conclusion, hypoxia does not appear to effect the relative COX4 paralog expression 

when varying either oxygen tension or duration of hypoxic condition. There appears to be some 

degree of cell specific expression of one COX4 paralog over the other in heart and liver tissue 

examined.  

A size dependent paralog expression was seen in tilapia heart tissue, with COX4-2 

expression increasing and COX4-1 patterns decreasing with increasing tilapia size. This size 

pattern is present at both the transcript level as well as the protein level in heart tissue but is not 

seen in brain tissue.  
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Chapter 4 Discussion  

4.1    Overview  

The isoforms of the COX4 subunit have been a subject of interest in the scientific 

community because of their role in hypoxic metabolism and associations with ROS production. 

COX4-2 is a hypoxia-responsive gene in mammalian models, such as rodent and human cells 

(Fukuda et al., 2007), but does not appear to be hypoxia responsive in several non-mammalian 

vertebrates, including reptiles (turtles, anole) and fish (goldfish and zebrafish) (Kocha et al., 

2015). My research extends these studies, focusing on tilapia, a species that offers a number of 

experimental benefits. The availability of a published genome facilitated both primer design and 

identification of epitopes suitable for monoclonal antibodies to distinguish between paralogs. It 

is a hypoxia-tolerant species, so I was able to expand the range of hypoxic paradigms, and 

explore distinctions between mRNA and protein patterns. Furthermore, I also aimed to 

understand how the isometric scaling patterns found in tilapia tissues affected the expression of 

COX4 paralogs. I was able to explore the influence of body size on paralog patterns at both the 

transcript and protein level across a variety of tissues.  

4.2 Tissue specific COX4 hypoxia responsiveness in tilapia   

In exploring the evolution of a hypoxic response, it is not always clear whether the most 

insight can be gained from studying a species that is hypoxia tolerant or hypoxia sensitive. Of the 

species studied to date, zebrafish is characterized as hypoxia sensitive, and goldfish are tolerant 

of complete anoxia. In these species, no significant changes in COX4-2 transcripts were seen 

(Kocha et al. 2015), but these previous studies used a limited number of combinations of oxygen 

tension and duration.  It was therefore my goal to use tilapia to expand these variables to shed 

further light on the aspects of hypoxia tolerance in tilapia related to COX4 isoform expression. In 
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this study, tilapia survived oxygen concentrations as low as 1.5% making them an excellent 

candidate for longer term hypoxia experiments.   

If COX4-2 was an important hypoxia responsive gene, then I would have expected it to 

increase in mRNA given sufficient time for a genetic response to be detected. I used an 18 h 

treatment protocol to permit sufficient time for changes in gene expression to be seen as changes 

in transcript level. A treatment duration of 18h was sufficient to see changes in the mRNA levels 

of other hypoxia-responsive genes (Fig. 6). I would also expect that changes in mRNA for 

paralogs of genes should be on the order of several fold if changes in transcript levels are 

expected to culminate in changes in protein, assuming the process is under transcriptional 

regulation. For example, in my control genes, I saw 12-fold changes in liver COX4-2 mRNA, 

consistent with a hypoxia-induced transcriptional response (Fig. 6). In treating fish with hypoxic 

water, you need to consider that external conditions do not necessarily lead to similar conditions 

throughout the body. Many tissues have the capacity to mute hypoxic conditions by increasing 

oxygen delivery through cardiovascular responses. Thus, I also expected that tissues might not 

respond in parallel because some may be more vulnerable to low blood oxygen. This would also 

be seen as differences in the response of positive controls in a given animal. This is also why it 

was important to study different levels of hypoxia. This is further complicated by the likelihood 

that different tissues may differentially regulate positive controls. For example, I would not 

expect a hypoxic response from IGFBP in a tissue that does not normally express this gene. 

Thus, I treat a response in any of the positive controls as evidence that a particular tissue is 

experiencing hypoxia, even if not all positive controls respond in a similar manner. Finally, for 

paralogs, a change in mRNA for one isoform is likely to be important only if a change in the 

ratio of the paralogs is seen. This assumption is also vulnerable to the relevance of post-
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transcriptional methods, making parallel measures of protein critical, with due consideration for 

the different time courses of mRNA and protein turnover. The measures of changes in protein is 

an important new observation in the body of work looking at COX4 paralogs in addition to 

current knowledge of transcript levels during hypoxic conditions.   

When examining the COX4 paralog expression (i.e., mRNA levels) in response to 

hypoxia, COX4-1 did not change significantly in any of the tissues with the exception of a 

significant decrease in the gill tissues. Although a significant increase in COX4-2 was seen in 

some tissues (gill, liver, red muscle,and kidney) for certain oxygen tensions, these changes were 

not uniform in response and typically did not increase by more than twice the relative mRNA 

abundance as compared to the control (Fig. 3). The only two tissues to show no significant 

changes in either isoform examined were brain and white muscle. I had expected to see an 

increase in tissues with high energetic demands as well as tissues requiring high oxygen demands 

such as the gills and brain.  

In my study, the breadth of hypoxia treatments and tissues studied makes me confident in 

suggesting that, for the most part, COX4-2 is not what I would consider a typically “hypoxia 

responsive gene”. In most tissues, COX4-2 mRNA did not increase in hypoxia after even 18h 

exposure. This was despite the fact that the various hypoxia positive control genes showed many 

fold increases. A similar conclusion (lack of hypoxia responsiveness) is reached by considering 

the paralog ratios, which did not change in any consistent pattern. Even though tilapia had 

overall higher COX4-2/COX4-1 ratios than zebrafish and goldfish (Kocha et al., 2015; Little et 

al., 2010), the ratios of COX4-2/COX4-1 did not change in response to hypoxia treatments in 

most tissues. Similar conclusions were reached when considering the influence of prolonged 

hypoxia (Fig. 7).   
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Given that a minor response to hypoxia was seen in some tissues, I thought it important 

to bolster my confidence about the hypoxia-sensitivity of COX4-2 through more complex 

analysis of positive control genes. In classic oxygen-responsive pathways, I would expect similar 

changes in mRNA in suites of genes regulated by HIF. It is important to note that not all oxygen-

responsive genes would be expected to respond to hypoxia in all tissues. However, the pattern of 

change seen in positive control genes provides important insight into how individual tissues 

respond to hypoxia, and the general utility of “positive control” genes. IGFBP-1 is a suitable 

positive control in at least some tissues because of its regulation by HIF-1 alpha (Feldser et al., 

1999). In my study, I found that IGFBP-1 was hypoxia responsive at the lowest oxygen tension 

in liver, kidney, brain and white muscle but not gill or red muscle. Previous studies also used 

VEGF as a positive control, due to its sensitivity to hypoxia and regulation by the classic HIF 

pathway.  Although my reasons for including LDH transcripts in this analysis was related to size-

depended regulation, LDH transcript analysis also served as another positive control gene. 

Previous research found that in cellular models LDHA expression is increased during hypoxic 

conditions whereas LDHB is typically not increased; however, this pattern of LDH expression 

was not seen in whole animal experiments (Rossignol et al., 2003).  

Overall, I found little evidence that the COX4-2 gene could be considered a classic 

hypoxia-responsive gene. Although some tissues showed a minor change in response to hypoxia 

of different degree and duration, there was no consistent pattern. Even where minor increases 

were noted, the magnitude of change was much less than seen in genes that are accepted to be 

hypoxia-responsive genes. The only possible exception to this generalization was liver. 

Although, as in other tissues, the magnitude of the response to hypoxia (e.g. 1.8-fold in COX4-2 

mRNA) was much less than in the positive control (IGFBP-1, 12-fold increase), the response to 
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hypoxia was more consistent across treatments. In an effort to better understand the increase in 

COX4-2 mRNA in liver, McDonald (2015) looked at three transcription factors that have 

recently been identified as the proteins that regulate COX4-2 gene through binding to an oxygen 

responsive element (ORE). These binding proteins are recombinant single sequence binding 

protein j (RBPJ), coiled-coil helix coiled-coil helix domain 2 (CHCHD2), and CXXC finger 

protein 5 (CXXC5) (Aras et al., 2013).  For the mammalian gene, both RBPJ and CHCHD2 

increase transcription of COX4-2, whereas CXXC5 decreases transcription (Aras et al., 2013). In 

tilapia, changes in the mRNA for these transcription factors were seen in liver (but not other 

tissues). Specifically, liver tissue demonstrated an 8-fold increase in RBPJ mRNA levels 

(McDonald, 2015). How the expression of these transcriptional regulators is affected by hypoxia 

remains unclear, but the regulation of the COX4-2 gene in liver is of substantial interest for 

future research.  

One aspect of the tilapia work that is different than what is seen in other fish species 

studied to date (Kocha et al., 2015) is that the abundance of COX4-2 mRNA relative to COX4-1 

mRNA is much higher than in other species. While I have shown that the COX4-2 gene is not 

(generally) hypoxia-responsive, this does not preclude the COX4-2 gene product from being 

beneficial under hypoxic conditions. Other cichlid species are very well adapted to environments 

of hypoxia and even anoxia, down-regulating oxidative metabolism and increasing glycolytic 

pathways in order to survive low cellular oxygen concentrations (Chippari-Gomes et al., 2005). 

As discussed in the introduction, COX4-2 is thought to be beneficial under hypoxic conditions 

by allowing the COX enzyme to escape allosteric inhibition by ATP. It is thought that this 

reduces the production of ROS, though the specific mechanisms by which this is achieved is 

somewhat controversial (see Kocha et al. 2015). If COX4-2 has the structural features that permit 
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it to be beneficial under hypoxia, then it is possible that tilapia have evolved this higher 

constitutive expression of COX4-2 as part of its general hypoxia tolerance. Goldfish are more 

hypoxia tolerant than tilapia, but have low COX4-2 expression, suggesting that, if it is an 

adaptation to hypoxia, the adaptation may be restricted to lineages that include tilapia. Although 

another cichlid, tiger oscar, has low COX4-2 mRNA, it is possible that the adaptation is more 

restricted to tilapia lineages. This is speculative at this point, and would require a more 

comprehensive analysis of COX4-2/COX4-1 abundance in other tilapia relatives for an 

appropriate phylogenetic context.  

4.3 Tissue-specific COX4 transcript level scaling 

Current research has not examined the relationship between COX4 isoform expression 

and metabolic scaling related to body size. I therefore examined tilapia ranging in weight from 

4.3 g-562.6 g, and found an increase in COX4-2 transcripts occurred in heart and white muscle 

tissue but not brain tissue (Fig. 13). Both the heart and white muscle tissue expressed 

predominantly COX4-2 after juvenile tilapia reached a threshold size. Many genes associated 

with the muscle phenotype undergo development transitions, whereby one isoform is expressed 

at small size/early development and is supplanted by another at later stages. Such changes 

typically occur at very small sizes, much earlier than what is seen in this study. In some cases, 

the patterns seen between tissues recapitulate what is seen in development. Given the potential 

metabolic link, I hypothesized that if the transition in COX4 patterns was related to acquisition 

of hypoxia tolerance in heart with body size, then similar patterns would be seen in LDH 

expression: a transition from an aerobic/heart isoform (LDHA) to a hypoxic/liver isoform 

(LDHB).  However, I saw no size-dependent changes in LDH expression (Fig. 14).  
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Metabolism can be affected by many confounding variables that can be influenced by 

environment, age, food availability, and transcription of certain genes. Protein synthesis in 

particular is supported by oxidative metabolism and is correlated with fish growth rates and 

therefore body size (Houlihan et al., 1993). Enzymes involved in aerobic and anaerobic 

metabolism will also affect how an organism distributes and utilizes its available energy. LDH 

and malate dehydrogenase are enzymes associated with anaerobic metabolism; expression has 

been studied in a species of hypoxia tolerant Amazonian cichlids. It was shown that both 

enzymes LDH and malate dehydrogenase increased with body size in white muscle tissue 

(Almeida-Val et al., 2000). This increase in body size was interestingly also associated with an 

increase in hypoxia tolerance and a decrease in metabolism (Almeida-Val et al., 2000).  

Another study found similar results in teleost species where LDH and pyruvate kinase 

increased as body size increased in white muscle, whereas citrate synthase associated with 

aerobic metabolism decreased with increased body size (Somero and Childress 1980). 

Interestingly, this pattern was not seen in teleost brain tissue, where LDH and pyruvate kinase 

levels remained constant over a range of teleost body size similar to the pattern seen in my data 

above (Somero and Childress 1980). This difference between aerobic and anaerobic enzyme 

scaling suggests that although the metabolic scaling paradigm reflects many parameters well, it 

may not extend to all anaerobic and aerobic metabolic enzymes.  

There are multiple hypotheses that can explain the increase of COX4-2 abundance in 

heart with increased body size. Factors such as age, sexual maturity, and changing metabolic 

demands of the fish may all play an important role in changing COX4-2 abundance as body size 

increases. Recall that given the accepted definitions of allometric and isometric relationships, 

most of the internal organs found in tilapia would scale isometrically with overall body size. Due 
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to the isometry of tilapia heart and brain tissue, as the tilapia body size increases, the heart and 

brain also increase in parallel. The increase in COX4-2 expression with increasing body size may 

be due to a decrease in the surface to volume ratio of the specific organs examined. The heart in 

particular may become large enough that with no blood vessels running through it, it is more 

sensitive to lower concentrations of oxygen and nutrients in the blood. This increased sensitivity 

may cause the more glycolytic and ROS protective COX4-2 isoform to be favoured in the 

majority of cells in a large tilapia heart.  

An alternative hypothesis is that the change seen in COX4-2 expression in the heart tissue 

is a function of tilapia age rather than tilapia body size. Oxidative metabolism and energy 

demand is linked to a suite of genes including COX activity; the more energy an organism 

requires, the more mitochondrial biogenesis and transcription of COX will occur. Energy must 

be budgeted properly for multiple requirements such as growth, reproduction, and cell repair to 

function effectively. Such a compromise is the central concept behind the disposable soma 

theory proposed first in 1977 (Kirkwood and Holliday 1979).  As an organism grows and ages, 

resources switch from somatic growth, to gamete production, to cellular repair as tissues age. 

COX activity as measured by the transcriptional expression of COX subunits I and III was 

shown to decrease with age in certain tissues such as lateral gastrocnemius (Barazzoni et al., 

2000). This decrease in activity was not seen in the heart tissue, likely due to its highly aerobic 

activity (Barazzoni et al., 2000). Age related mitochondrial oxidative damage is also known to 

occur due to the production of ROS and can lead to changes in metabolism and expression of 

COX (Barazzoni et al. 2000). The increase in COX4-2 isoform expression from a dominantly 

COX4-1 expression in heart tissue could be the result of an increase in ROS production and an 

attempt to reduce damage caused by this isoform switch. 
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Another factor which may affect the dominant COX4 isoform expression as fish increase 

in body size may be the age of sexual maturity. It may be that a metabolic change from somatic 

growth to growth aimed at gamete production may result in a change in the metabolic 

requirements of the fish which, may impact the isoform expression in tissues such as the heart. 

The age of sexual maturity of tilapia can be affected by environmental conditions as well as fish 

size. Tilapia grown in small ponds or aquaculture will reach sexual maturity after six months or 

when they reach between 150-200 g in weight. This body size is consistent with my data for the 

size at which the switch from a predominantly COX4-1 expression in heart tissue to a 

predominantly COX4-2 expression occurs. Fish at 84.6g expressed COX4-2 at a 45% level 

whereas the next size group of 181.2 g expressed COX4-2 at a 57% level making the COX4-2 

isoform the more dominantly expressed gene in the heart at that body size. This size tilapia has 

presumably reached sexual maturation. Investigating the COX4 isoform expression of other 

tissues such as gametes in tilapia at a variety of ages before and after sexual maturity would 

determine whether the specific isoform expression is related to a metabolic division between 

sexual reproduction at a young age, and cellular repair at an older age once tissues begin to 

degrade and senescence occurs. 

4.4 COX4 protein scaling and cell specific isoform expression  

My preliminary studies suggested that there may be profound differences in the relative 

abundance of COX4 paralog expression as determined by mRNA and protein. Subsequent work 

revealed that this apparent lack of stoichiometry in heart was due to the use of different body 

sizes for mRNA and protein analysis. Looking at the collection of studies, the general pattern is 

that the ratio of COX paralog mRNA reflects the patterns in protein. This generalization applies 

to each tissue studied under normoxia, size-dependence in heart (Fig. 15A, 16A), and the 
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patterns seen in hypoxia (McDonald, 2015). Thus, I found no evidence of a significant role for 

post-transcriptional regulation of COX4 paralog abundance. 

One of the reasons for initiating the immunohistochemisty analysis was to assess if cell 

by cell variation could account for the apparent lack of stoichiometry in mRNA and protein. 

Although I discovered that the observations were attributed to the size effect, the work did allow 

me to explore cell specific patterns of paralog expression, yielding intriguing results in different 

tissues.  

In heart, recall that protein analysis suggested the tissue expressed both paralogs, 

although the relative abundance changed with body size. The approach of immunohistochemistry 

is not useful for assessing the relative levels of two proteins in a specific section, but rather more 

of a presence/absence condition. My goal in the heart analysis was to determine if the 

major/minor pattern was a result of a heterogenous expression pattern. Based on the 

immunohistochemical micrographs, COX4-1 and COX4-2 are largely homogenously expressed 

throughout the tilapia heart tissue (Fig.8, 9,12A). The fish used for this micrograph was of a 

“medium” body size and appears to express both COX4 isoforms. This is consistent with the 

mRNA and protein results found for the body size analysis in that a fish of this size appears to 

express both isoforms fairly equally. The homogeneity of COX4 isoforms seen in the heart tissue 

is likely a representative of the homogenous cardiac muscle tissue found in the heart with few 

specialized cells.  However, one set of experiments using a combination of COX1 and COX4-2 

showed that at least some cells failed to express the COX4-2 paralog meaning that they are 

expressing COX4-1 more dominantly (Fig. 9). This suggests that these particular cells are 

specialized are may not be the cardiomyocytes homogenously represented by most of the heart 

tissue.  
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The confocal microscopy did not further elucidate the anomalous cells which may be 

expressing COX4-1 more dominantly but did allow for a closer identification of different 

mitochondrial sub-types. According to the micrograph it would appear that the heart cells contain 

both subsarcolemmal and intermyofibrillar mitochondria (Fig. 12A). Both types of mitochondria 

have different characteristics such as fatty acid oxidation rates, depending on the type of muscle 

tissue they are found in (Koves et al., 2005). Exercise trials have also been shown to change the 

composition of subsarcolemmal vs. intermyofibrillar mitochondria in muscle tissue (Koves et al., 

2005) and therefore may be an interesting point of future research in tilapia. Specifically, the 

subsarcolemmal mitochondria are more likely to increase in volume due to an increase in 

exercise and typically have higher enzyme activity (Bizeau et al., 1998). In the tilapia heart tissue 

examined it is difficult to determine which mitochondrial sub type is more abundant as they both 

appear to be present, but on different cell layers. It does appear that COX4-2 is expressed in 

subsarcolemmal mitochondria whereas the intermyofibrillar mitochondria are expressed more 

predominantly by the COX4-1 isoform. Intermyofibrillar mitochondrial have a lower 

susceptibility to the ROS hydrogen peroxide than the COX4-2 associated subsarcolemmal 

mitochondria (Adhihetty et al., 2005). The higher resistance to ROS production may be useful in 

decreasing apoptosis and muscular atrophy (Adhihetty et al., 2005).  

In contrast to heart, where most cells express both isoforms (albeit to different degrees) 

tilapia liver tissue appears to have cells that express one particular isoform or the other 

(Fig.12B). Furthermore, the expression patterns also coincide with the nature of the 

mitochondrial ultrastructure in different tissues. Cells that possess COX4-2 appear to have 

mitochondria that exist as a type of network or reticulum, whereas cells that possess COX4-1 

have mitochondria that are more tubular in structure (Fig. 12B). Liver is a tissue that has 
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considerable cellular heterogeneity, including multiple types of hepatocytes, immune cells, 

exocrine and endocrine cells, kupffer cells and stellate cells. My own studies on liver concluded 

with the demonstration that cellular differences exist, but it would be interesting to do further 

work to assess which types of cells express which isoform, and the nature of the connection 

between mitochondrial ultrastructure and paralog expression.  

Like the liver, the gill also appears to express the COX4 isoforms more distinctly in 

certain regions of the tissue more than others or in specific cell types. Cells around the periphery 

of the gill sections show expression of the COX4-1 isoform and may represent a particular cell 

type such as pavement cells (Fig. 11).  

Tilapia brain tissue is shown to be predominantly COX4-1 at the transcriptional and 

protein level under all body sizes of tilapia examined. This appears to be consistent at the cellular 

level of a medium sized tilapia examined through immunohistochemistry as well. The frontal 

region of a tilapia brain appears to express high levels of COX4-1 protein (Fig. 10). Unlike the 

other tissues examined, the tilapia brain tissue appears to have whole regions that express one 

COX4 isoform more dominantly than others.  

4.5 Summary and general conclusions  

 Many studies using mammalian models have examined COX4-2 in an effort to 

understand its role in relation to oxygen levels, ROS production, and cancer metabolism. While 

these studies may be important in understanding the role of these paralog in health, it is also 

intriguing to understand how such functional divergence arose, both in terms of protein 

specialization and genetic responsiveness. Given that this gene pair likely arose in a whole 

genome duplication more than 350 million years ago, studies on early vertebrates provides 
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insight into how this gene pair evolved, and assesses if these genes took distinct evolutionary 

trajectories in different lineages of vertebrates.  

As most of the work on COX4 paralogs has been done on mammals, there is an impression 

that what is seen in mammals is characteristic of vertebrates. One indication that should make 

such extrapolations hazardous is the observation that another group of endothermic vertebrates, 

birds, lacks a COX4-2 paralog entirely. Thus, there should be a hesitance in assuming that fish 

will demonstrate patterns fundamentally similar to mammals. Although my work basically 

confirms that done on other fish –that COX4-2 is not a classically hypoxia-responsive gene- it is 

a useful contribution because it uses a new species and extends the range of hypoxic exposures in 

both degree and duration. Just as it is unwise to use a few mammalian studies to extrapolate to all 

vertebrates, it is also unwise to use a few studies on fish to extrapolate to all non-mammalian 

vertebrates.  

Our previous work shared a number of important findings about the evolution of the COX4-2 

gene and protein that should inspire future studies. The COX4-2 protein in mammals appears to 

achieve its unique regulatory role through a disulphide bridge formed between two critical CYS 

residues. However, this pair of CYS residues is absent from mammals outside the primate-rodent 

lineage. In fish, including tilapia, it appears that the ATP binding site may be disrupted on 

COX4-2 through a different mechanism. Future studies should assess if COX4-2 exerts any 

kinetic effects on holoenzymes that possess this COX4 paralog. The nature of COX-bigenomic 

and 13 subunits - means that it is not possible to produce COX recombinantly, and therefore such 

studies must rely upon enzyme purified from tissue. My work is useful in that it helps identify 

which tissues could be used as tissue sources for future COX studies. Based on my studies, it 

would make sense to compare the enzymes of small and large hearts because this would reduce 
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the likelihood that other COX subunits would influence the kinetic parameters. The 

heterogeneity of liver is problematic, but it is possible that cells could be separated and sorted to 

yield pure cell types.   

 Another area of interest suggested by my work is the possibility of evolutionary 

differences in the role of COX4-2 in metabolism. Recall that tilapia differs from other fish 

studied in having relatively more COX4-2. Future studies could assess if this is a pattern unique 

to tilapia, and if so, whether it arises from domestication. Based upon the limited number of 

studies to date, it appears to be unique to tilapia, but further surveys would assess how 

widespread this pattern is.   

Given the differences between fish and mammals (at least primates and rodents) it would be 

worthwhile to do further work to assess when COX4-2 hypoxia-responsiveness was gained (in 

mammals) or lost (in teleosts). Given the likely origin as a whole genome duplication, it is likely 

that both COX4 duplicates possessed a similar inducibility at the time of the duplication. It is not 

yet clear which of the genes is ancestral and which has diverged through subfunctionalization.  

Further research regarding the hypoxia sensitivity of non-mammalian vertebrates may include 

species that have not yet been analyzed to determine if there are any exceptions to the hypoxia 

trials carried out with fish species to date. Fish species from a variety of evolutionary 

backgrounds as well as varying hypoxia tolerance may be a useful addition to the existing 

literature.  

Another unique aspect of my work was the first reporting of the different cellular and 

subcellular associations between COX4 paralogs in different tissues. The finding that liver 

mitochondria differ in configuration and that heart tissues may possess both intermyofibrillar and 

subsarcolemmal mitochondria suggests that there may be complex means of regulating the 
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paralogs in reciprocal ways in different cell types. Future studies could assess which cell types 

express which gene, and in combination with functional work, why such differences may be 

functionally important.   

My research concludes that there is a relationship between COX4-2 expression and body size 

in tilapia heart tissue but not in brain tissue. One intriguing observation was the change in 

expression patterns in heart with body size. Apart from being a reminder of the importance of 

standardizing material when comparing molecular parameters, it does raise an interesting 

question regarding how this pattern arises (from a gene regulation perspective, and what the 

benefits are from a tissue physiology perspective). Although many aspects of metabolism change 

with body size, previous studies on fish have shown that oxidative enzymes generally do not, 

leaving COX4 as a bit of an outlier. The timing of the transition from COX4-1 to COX4-2 is not 

easily explained in terms of development, suggesting it is likely related to body size. This 

increase with body size is however not seen in genes LDHA and LDHBa in heart or brain with 

the exception of LDHA in heart tissue exposed to varying levels of hypoxia.  

Enzymes specific to glycolytic metabolism such as hexokinase, enolase, and pyruvate kinase 

as well as enzymes specific to aerobic metabolism would be of interest to study in relation to 

both hypoxia treatments as well as varying body size. It would also be relevant to determine if 

the significant relationship between heart size and tilapia body size extends to other tissues such 

as gill, liver, kidney, or reproductive tissues.  The specific body size or age group at which the 

switch from predominantly COX4-1 to COX4-2 expression in tilapia heart may prove to be an 

interesting point of isoform switching. Further defining this critical point in maturity may offer 

insights into why the switch is occurring and its metabolic implications.  
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Overall this study helps understand the degree of subfunctionalization of COX4-1 and 

COX4-2. Considering this work in conjunction with other studies provides insight into how the 

functional divergence arose, and the significance of the paralogs in different tissues and species.  
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Appendix 

Table A1. Tilapia genome sequence ensemble accession number.   

 
Common name Species name  Ensembl accession no.  Use (DNA, AA)  

Tilapia Oreochromis niloticus 

 

ENSONIG00000001633 

 

D, A 

 

Table A2: Antibodies and dilution factors used for immunohistochemical analysis of tilapia 

tissues.  

 

Primary antibody Secondary antibody Dilution 

concentration 

Source 

Tilapia COX1 anti 

rabbit 

Alexa594 fluorescein 

conjugated antibody 

1:50 Commercially produced 

COX4-1 anti-mouse 

 

Alexa594 fluorescein 

conjugated antibody 

1:300 Universal antibody 

Tilapia COX4-2 anti-

goat 

Alexa594 fluorescein 

conjugated antibody 

1:200 Commercially produced 

Rabbit IgG Alexa594 fluorescein 

conjugated antibody 

(594 red anti rabbit) 

1:100 Universal antibody 

Goat IgG Alexa594 fluorescein 

conjugated antibody 

(594 red anti goat) 

1:50 Universal antibody 

Mouse IgG Alexa594 fluorescein 

conjugated antibody 

(408 green anti 

mouse) 

1:20 Universal antibody 

 


