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SUMMARY 

Early in their post-larval development, tunas undergo an ontogenetic transition 

from ectothermy to regional endothermy but it is largely unknown when this 

occurs or how it is regulated. In bluefin tunas, the tissues that are endothermic 

are the red (‘slow-twitch’, predominantly aerobic) skeletal muscle, the viscera 

and the cranium (eye/brain). We observed a linear increase in the red muscle 

temperature elevation above the ambient temperature in juvenile Pacific 

bluefin tuna (PBT, Thunnus orientalis). More specifically, we estimated that 

significant temperature elevation in the red muscle of juvenile PBT occurs at a 

minimum body size of approximately 29 cm fork length (FL), corresponding to 

an age of approximately 5.5 months. The red muscle mass of the PBT 

specimens scaled slightly less than isometrically with increasing body mass 

(BM) indicating that increasing red muscle mass as a proportion of total BM 

was not the explanation for the increasing red muscle temperature elevation 

with increasing body size. Similarly, the activity per g tissue of mitochondrial 

marker enzymes either decreased or remained constant with increasing body 

size. This suggested that the development of red muscle endothermy in PBT 

is not a result of an increase in mitochondrial abundance and therefore heat 

generated by an increase in the aerobic metabolic activity in the red muscle. 

Instead, increasing temperature elevation in the red muscle above the ambient 

water temperature correlated well with the proliferation of red muscle counter-

current heat-exchanging blood vessels known as retia mirabilia (singular = 

rete). Similarly, increasing temperature elevation in the viscera of PBT 

correlated well with increases in the proliferation of the visceral rete. Together 

these findings indicate that it is likely that the development of the retia is the 

most important factor supporting the development of regional endothermy in 

PBT. The temperature elevation we observed in the red muscle of our PBT 

specimens with increasing body size was not paralleled with an increase in the 

transcript abundance of peroxisome proliferator-activated receptor-gamma 

(PPAR gamma) coactivator-1α (PGC-1α), a master regulator of mitochondrial 

biogenesis and function in mammals, with increasing body size. This suggests 

that the function of PGC-1α may be different in fishes than it is in mammals. 
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Yellowtail kingfish (YTK, Seriola lalandi) is an important aquaculture species 

in South Australia but in winter it suffers from impaired feed digestion due to 

suboptimal water temperatures. It was found that CS and COX enzyme, per g 

tissue, were 57% and 20% greater, respectively, in the liver of feed restricted 

YTK compared to satiated YTK. This suggested that the aerobic metabolic 

capacity of the liver increased in response to feed restriction. This did not 

correspond with an increase in PGC-1α transcript abundance. Therefore, it is 

unlikely that the feed restriction-induced increase in mitochondrial abundance 

was a result of regulation by PGC-1α. 
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CHAPTER 1 – General introduction 
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1.1.1. Thermoregulation in vertebrates 

Vertebrates can regulate their body temperature in response to changes in the 

temperature in their surrounding environment (Seebacher, 2009). There are 

two broad types of thermoregulation, behavioural and physiological. 

Behavioural thermoregulation is dependent on externally generated heat 

whereas physiological thermoregulation involves internally generated heat. 

Ectothermic vertebrates, i.e., amphibians and reptiles and most fishes, have 

little to no internal physiological sources of heat and cannot generate sufficient 

metabolic heat to warm their bodies and instead use external heat sources to 

maintain their body temperature. This is particularly important for fishes 

because water conducts heat 25 times more effectively than air (Castellini, 

2018). This means that heat flows out of a warm object in cold water much 

more efficiently than it does when that same object is in air (Castellini, 2018).  

Ectotherms can regulate their body temperature though behavioural 

modification (Glanville and Seebacher, 2006, Seebacher, 2000, Seebacher 

and Grigg, 2001). Examples of behavioural modification include reptiles 

basking in the sunlight to directly use heat produced by the sun to maintain 

close to optimal body temperatures and fishes adjusting their vertical position 

in the water column to utilise the change in water temperature to maintain their 

internal body temperature (Porter and Gates, 1969, Freitas et al., 2015). 

Advantages of not having the requirement of generating heat by metabolic 

processes are that ectotherms can invest a greater percentage of their energy 

into growth and reproduction and they can survive for long periods of time 

without feeding. 

In contrast, endothermic vertebrates (mammals and birds) maintain relatively 

stable body temperatures that are higher than the surrounding environment by 

adjusting metabolic heat production in response to varying environmental 

temperature (Ruben, 1995). Endotherms can also adjust their ability to retain 

heat by flattening/raising their fur and feathers to trap heat in small air cells 

within their structure (Speakman and Król, 2010). Endothermy provides a 

stable thermal environment for optimal enzyme activity and reduces 

vulnerability to fluctuations in external temperature (Ruben, 1995, Lovegrove, 

2012). This has allowed endotherms to spread and occupy a large range of 
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environmental niches. However, endothermy is energetically expensive, 

meaning that birds and mammals must feed more frequently than similarly 

sized ectotherms (Buckley et al., 2012). As stated above, an ectotherm can go 

for long periods of time without feeding. In contrast, a small endothermic 

animal may be starving within a day of lacking food (Wang et al., 2006). The 

most widely accepted explanation for the evolution of endothermy has been 

the selection for an enhanced aerobic capacity to sustain physical exertion for 

longer periods of time (Clarke and Portner, 2010). A consequence of high 

levels of physical activity resulting from a high aerobic capacity is a greater 

metabolic production of heat. Thus, it is likely that the increase in aerobic 

capacity gave rise to endothermy. 

1.1.2. Regional endothermy in fishes 

Most fishes are ectothermic (Dickson and Graham, 2004). However, some 

display regional endothermy (Dickson and Graham, 2004).  This is enabled by 

conserving metabolic heat in only some of their tissues to maintain elevated 

temperatures above the temperature of their environment while other tissues 

are still ectothermic (Dickson and Graham, 2004, Davenport et al., 2015). 

Regionally endothermic fishes include the tunas, billfishes, lamnid sharks, the 

common thresher shark (Alopias vulpinus) and the opah (Lampris guttatus) 

(Dickson and Graham, 2004, Sepulveda et al., 2005, Wegner et al., 2015). 

Fishes with regional endothermy have elevated temperatures in either their red 

(‘slow-twitch’, oxidative) muscle fibres, eyes, brain, viscera, or only some of 

these tissues (Dickson and Graham, 2004).  

1.1.3. Red muscle endothermy in fishes 

There are two predominant types of muscle fibres in the skeletal muscle of 

fishes, the “slow twitch”, oxidative red muscle fibres and the “fast-twitch”, 

glycolytic white muscle fibres (Johnston et al., 2011). The red muscle fibres 

are very abundant in mitochondria and are used for endurance type activity, 

such as long migrations and are resistant to fatigue. In contrast, white muscle 

fibres are much less abundant in mitochondria and are more glycolytic (Roy et 

al., 2014). They are used for short intense bursts of powerful activity, such as 
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pursuing prey and fatigue more quickly. Muscular contraction generates heat 

as a by-product.  

In tunas and lamnid sharks, heat generated by the repeated contraction of the 

red muscle is conserved by vascular counter-current heat exchangers, called 

retia mirabilia (singular = rete), to reduce convective heat loss at the gills. 

(Bernal et al., 2001a). Venous blood, which is cooled as it passes through the 

gills to draw oxygen from the water, passes by warm outgoing arterial blood 

and heat transfer occurs thereby warming the cooled blood. A proposed 

advantage of red muscle endothermy is enhanced sustainable (i.e. aerobic), 

cruise-type swimming performance (Dickson and Graham, 2004). 

Early in their post-larval development, tunas undergo an ontogenetic transition 

from ectothermy to regional endothermy but it is largely unknown when this 

occurs or how it is regulated. Dickson (1994) showed that black skipjack tuna 

(Euthynnus lineatus) start life as ectotherms but could significantly elevate the 

temperature of their red muscle above ambient water temperature at a 

minimum body size of ~21 cm FL. Similarly, Kubo et al. (2008) showed that 

Pacific bluefin tuna (Thunnus orientalis) could achieve this feat at a minimum 

body size of ~55 cm FL. There are no other studies that we know of that have 

pin-pointed the timing of this important ontogenetic transition. 

1.1.4. Visceral endothermy in fishes  

Elevation of visceral temperatures in tunas and lamnid sharks involves 

retention of metabolic heat produced during the digestion and absorption of 

food in a process known as specific dynamic action (SDA) or dietary induced 

thermogenesis (Dickson and Graham, 2004).  The site of heat production for 

visceral endothermy is the pyloric caeca in tunas (Carey et al., 1984) and the 

spiral valve intestine in lamnid sharks (Carey et al., 1981). Tunas and lamnid 

sharks conserve the heat produced through SDA through visceral counter 

current heat exchanging blood vessels, as is true for red muscle endothermy 

(Carey et al., 1981, Fudge and Stevens, 2005). Visceral endothermy increases 

the activity of digestive enzymes allowing regionally endothermic fishes to 

digest more nutrients per day than can individuals from closely related species 

(Newton et al., 2015). A proposed advantage of visceral endothermy is 
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improved rates of nutrient digestion and assimilation in cooler waters (Dickson 

and Graham, 2004). 

1.1.5. Cranial endothermy in fishes  

It has been proposed that in tunas the source of heat for cranial endothermy 

may be the frequent contraction of the highly aerobic ocular muscles or the 

heat produced by the central nervous system, though the true mechanism is 

unknown (Block, 2011, Sepulveda et al., 2007). The heat for cranial 

endothermy is conserved by heat exchanging, cranial retia that protect the 

eyes and brain from heat loss (Block and Finnerty, 1994, Bushnell et al., 1992). 

The source of heat for cranial endothermy in lamnid sharks is much better 

understood. These fishes utilise heat generated within the red muscle to warm 

their brain and eyes. The warm blood from the red muscle enters the myelonal 

vein and flows towards the brain where the heat is retained by the cranial retia 

(Wolf et al., 1988). It has been proposed that the dependence of cranial 

endothermy on heat generated by the red muscle in lamnid sharks means that 

cranial endothermy evolved after, or in association with, red muscle 

endothermy (Dickson and Graham, 2004). Unlike tunas and lamind sharks, 

billfishes such as swordfish (Xiphias gladius) have highly specialized 

extraocular muscles that are modified into a thermogenic organ that warms 

just the brain and eyes up to 10-15˚C above ambient water temperatures 

(Carey and Robison, 1981, Carey, 1982, Block, 1987a). A proposed 

advantage of cranial  endothermy is enhanced vision in cooler waters allowing 

better perception of prey (Fritsches et al., 2005). 

1.1.6. Regulation of mitochondrial abundance by PGC-1α  

In mammals, the peroxisome proliferator-activated receptor-gamma (PPAR 

gamma) coactivator-1α (PGC-1α) was first identified as an activator of the 

transcription factor peroxisome proliferator-activated receptor-gamma 

(PPARγ), hence its name (Puigserver et al., 1998). Since its initial discovery, 

PGC-1α has been shown to be an important transcriptional coactivator that 

coordinates the up-regulation of mitochondrial biogenesis and function (e.g. β-

oxidation) in mammals by interacting with transcription factors such as PPARα, 

estrogen related receptor-α (ERRα) and nuclear respiratory factors (NRF) 1 
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and 2  (Lin et al., 2005a, Arany, 2008, Liu and Lin, 2011). It is uncertain if PGC-

1α has the same role in fishes as it does in mammals. The reason for this 

uncertainty is because the PGC-1α amino acid sequence is highly conserved 

among vertebrates except for the ray-finned fishes, a subclass of the bony 

fishes (LeMoine et al., 2010a). In the ray-finned fishes, the NRF-1, PPARγ and 

MEF2c transcription factor binding domains are interrupted by various 

insertions including serine (S)-rich and glutamine (Q)-rich insertions (Wu et al., 

1999, Michael et al., 2001, LeMoine et al., 2010a). Thus, it is questionable as 

to whether PGC-1α coordinates the up-regulation of mitochondrial biogenesis 

and function in fishes, as it does in mammals. 

1.1.7. Bluefin tunas 

Bluefin tunas are the largest species of tuna (Froese and Pauly, 2018). They 

are highly sought after fishes, as their flesh is popular in high-end sushi and 

sashimi restaurants (Bergin and Haward, 1996, Porch, 2005). Bluefin tunas 

are extremely economically valuable fish and are often auctioned off at 

selective fish markets in Japan, such as the famous Tsukiji fish market (Miyake 

et al., 2010). For example, in January 2018, a record US$3.1 million was paid 

at the Toyosu market (incorporating the former Tsukiji fish market) for a single, 

wild-caught, bluefin weighing 278 kg (613 lbs) that was caught off the northern 

coast of Japan’s Aomori prefecture 

(https://edition.cnn.com/2019/01/05/asia/giant-tuna-sets-record-at-japan-

auction/index.html). There are three species of bluefin tuna, Pacific bluefin 

tuna (PBT, Thunnus orientalis), Atlantic bluefin tuna (ABT, Thunnus thynnus) 

and southern bluefin tuna (SBT, Thunnus maccoyii) (Tseng et al., 2011). Due 

to the popularity of bluefin tuna for human consumption the populations of 

these fishes have declined severely from overfishing (Safina and Klinger, 

2008, Matsuda et al., 1998). For example, the spawning stock biomass (SSB) 

of ABT peaked in the mid-1970s and then declined until 1991 due to 

overfishing before the population became steady (ICCAT, 2017). As a result, 

PBT, ABT and SBT are currently listed as vulnerable, endangered and critically 

endangered, respectively, on the International Union for Conservation of 

Nature and Natural Resources (IUCN) Red List of Threatened Species 

(https://www.iucn.org/resources/conservation-tools/iucn-red-list-threatened-

species) (Collette et al., 2011a, Collette et al., 2011b, Collette et al., 2014). 
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Farming and strict catch quotas have slowed the decline of the bluefin tuna 

populations (ICCAT, 2017). The aquaculture of bluefin tunas is generally 

dependent on capturing these fishes as juveniles and then fattening them in 

sea cages along the Pacific coast of Mexico and the southern coast of Japan 

(for PBT), in the Mediterranean Sea (for ABT) and the Spencer Gulf of South 

Australia (for SBT) (Miyake et al., 2010, Mylonas et al., 2010, Kirchhoff et al., 

2011). In more recent times, there has been a push to establish more 

sustainable methods of producing bluefin tuna for human consumption, 

through aquaculture based captive breeding (Sawada et al., 2005, Masuma et 

al., 2008, De Metrio et al., 2010, Bubner et al., 2012, Tsuda et al., 2012, Okada 

et al., 2014, Yúfera et al., 2014, Endo et al., 2016). There has been limited 

success with breeding these fishes in captivity. Mostly there has been success 

breeding PBT in captivity (Sawada et al., 2005). After 23 years of research, 

scientists at the Kindai University (Osaka, Japan) completed the life cycle of 

captive-bred PBT under aquaculture conditions in the summer of 2002 

(Sawada et al., 2005). The challenges facing the breeding of these fishes in 

captivity include trauma by collision with the tanks or net wall of their sea 

cages, cannibalism in larval and juvenile stages and their high mortality in the 

cold water temperatures experienced during the winter when the fish are 

maintained in sea cages (Sawada et al., 2005).  

1.1.8. Amberjacks 

The amberjacks are popular recreational and commercially sought after fish 

that, like the bluefin tunas, have high-quality flesh that is popular for sushi and 

sashimi (Jirsa et al., 2011). Several amberjacks, including yellowtail kingfish 

(YTK, Seriola lalandi), are farmed, predominantly in sea-cages (Premachandra 

et al., 2017, Kolkovski and Sakakura, 2004, CST, 2016, Norwood, 2017, 

Benetti et al., 2005, Kingfish-Zeeland, 2018).  For example, Japanese 

yellowtail (Seriola quinqueradiata) is farmed in Japan, Almaco jack (Seriola 

rivoliana) near Hawaii and greater amberjack (Seriola dumerili) in Japan, the 

Mediterranean and Vietnam (Webster and Lim, 2002, Benetti et al., 2005, 

Naomasa et al., 2013, Sicuro and Luzzana, 2016). YTK is farmed in sea cages 

in Australia, New Zealand, Mexico, Chile and Hawaii as well as in indoor 

facilities in the Netherlands (Premachandra et al., 2017, Kolkovski and 
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Sakakura, 2004, CST, 2016, Norwood, 2017, Benetti et al., 2005, Kingfish-

Zeeland, 2018).  

The culture of YTK in countries such as Australia, New Zealand and Chile 

depends on the rearing of larvae/fingerlings produced in a hatchery from 

captive brood stock (Kolkovski and Sakakura, 2004, Orellana et al., 2014, 

CST, 2016). In contrast, the culture of Japanese yellowtail and greater 

amberjack in Japan is reliant, mainly, on the on-growing of readily available 

wild-caught juveniles (Kolkovski and Sakakura, 2004). YTK is a valuable 

aquaculture species in a rapidly expanding industry in Australia. For example, 

in 2018, sales volumes increased from the previous year by 15% while sales 

revenue grew 18%, supported by continued improvement in selling prices 

(CST, 2018). In Australia, YTK aquaculture takes place predominantly in South 

Australia but there has been some expansion into New South Wales and 

Western Australia as well (Norwood, 2017).  

1.1.9. Project aims 

The aims of this project were: 

1. To determine the effects of fish body size/age on the development 

of regional endothermy in PBT and to estimate the minimum body 

size for significant temperature elevation in the red muscle 

2. To ascertain the effects of fish body size/age on the development of 

red muscle and visceral retia in PBT  

3. The determine the effect of fish body size/age on mitochondrial 

abundance/aerobic metabolic capacity in red muscle and white 

muscle during the development of regional endothermy in PBT 

4. To determine whether PGC-1α is involved in the development of 

regional endothermy in PBT by investigating the effect of fish body 

size/age on PGC-1α transcript abundance in red muscle and white 

muscle during the development of regional endothermy in PBT 

5. To determine the effects of feed restriction on mitochondrial 

abundance/aerobic metabolic capacity in the red muscle, white 

muscle and liver of juvenile YTK 
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6. To determine the effects of feed restriction on the transcript 

abundance of PGC-1α and genes involved in β-oxidation in red 

muscle, white muscle and liver of juvenile YTK 

Aims 1-3 will provide insight into how the ontogenetic transition from 

ectothermy to regional endothermy occurs at the anatomical, physiological and 

molecular levels in PBT. Additionally, Aim 4 will identify whether the role of the 

PGC-1 transcriptional coactivators have any involvement in the up-regulation 

of mitochondrial biogenesis and function in during this transition. Collectively, 

these aims will identify which anatomical, physiological and/or molecular 

changes are the driving force for the transition from ectothermy to regional 

endothermy in PBT. The final aims (5 and 6) address the second topic in this 

thesis and will provide new knowledge into the effects of feed restriction on the 

aerobic metabolic capacity in the red muscle, white muscle and liver of juvenile 

YTK. 

1.1.10. Thesis structure 

This thesis consists of a general introduction (see above), four results chapters 

and a general discussion. The results chapters have been formatted as draft 

manuscripts for submission to scientific journals. Chapters 2, 3 and 4 explore 

the ontogenetic transition from ectothermy to regional endothermy at the 

anatomical, physiological and molecular levels. However, at the beginning of 

this project it was unknown if tuna tissue would become available. Therefore, 

the work done on YTK was done due to the uncertainty of getting tissue from 

tuna and has been included in this thesis despite the dissimilar topic. The titles 

and authors’ names, affiliations and contributions to the draft manuscripts are 

as follows: 
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Regulation of the ontogenetic transition from ectothermy to regional 

endothermy in Pacific bluefin tuna (Thunnus orientalis): Anatomy 
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Kathryn Schuller1 
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the final manuscript. K. Fujioka supplied the PBT the specimens and 

contributed his expertise to the writing of the final manuscript. C. Farwell and 
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specimens. K. Schuller devised the project, participated in the collection of the 

tissue samples, advised on the analyses, and contributed her expertise and 

advice on the writing of the final manuscript. 
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expertise to the final manuscript. K. Schuller devised the project, contributed 

her expertise and supported in the writing of the final manuscript 
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CHAPTER 2 - Regulation of the ontogenetic 

transition from ectothermy to regional endothermy in 

pacific bluefin tuna (Thunnus orientalis): anatomy 

and physiology 
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Abstract 

Tunas are unusual fishes because they are regional endotherms. Regionally 

endothermic fishes can elevate the temperature of their red (‘slow-twitch’, 

predominantly aerobic) skeletal muscle, cranium (eye plus brain) and/or 

viscera above the ambient water temperature by conserving metabolic heat. 

Here we show that young Pacific bluefin tuna (PBT, Thunnus orientalis) 

juveniles begin to  elevate their red skeletal muscle temperature (TRM) above 

the ambient water temperature (Ta) at a minimum body size of ~29 cm fork 

length (FL), corresponding to a minimum age of ~5.5 months and that the 

thermal excess (TRM – Ta) increases with increasing fish size up to an 

impressive 14.2°C in one of the largest specimens we studied (61.2 cm FL and 

5,200 g body mass (BM)). Red muscle mass increased with increasing body 

size but the ratio of red muscle mass to BM decreased. Thus, 

disproportionately increasing red muscle mass relative to BM cannot explain 

the increasing red muscle temperature elevation we observed in these fish as 

they grew larger. In contrast, increasing red muscle temperature elevation was 

strongly positively correlated with increasing proliferation of the red muscle 

retia. These are networks of specialized blood vessels interposed between the 

red muscle and the gills that conserve the metabolic heat generated by the 

repeated contraction of the red muscle. We also observed small elevations of 

the visceral and cranial temperatures in some of the larger individuals we 

studied. The visceral temperature elevations were paralleled by increasing 

proliferation of the visceral rete. This rete conserves the heat generated by 

specific dynamic action. Overall, we conclude that increasing proliferation of 

the red muscle retia and the visceral rete underpins the increasing capacity for 

temperature elevation in the red muscle and visceral tissues in young PBT 

juveniles. 
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Abbreviations  

Pacific bluefin tuna, PBT; Atlantic bluefin tuna, ABT; Southern bluefin tuna, 

SBT, Specific dynamic action, SDA; Fork length, FL; Body mass, BM;  

Cytochrome c oxidase subunit 1, COXI  
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2.1. Introduction 

2.1.1. Regional endothermy in fishes 

Early in their post-larval development, tunas undergo an ontogenetic transition 

from ectothermy to regional endothermy but it is largely unknown when this 

occurs or how it is regulated (Dickson, 1994, Kubo et al., 2008). In fishes, 

regional endothermy is defined as the ability to elevate and maintain certain 

regions of the body at temperatures above the ambient water temperature (Ta), 

by conserving metabolic heat (Dickson and Graham, 2004). In bluefin tunas, 

the tissues that are endothermic are the red (‘slow-twitch’, predominantly 

aerobic) skeletal muscle, the viscera and the cranium (eye/brain). Proposed 

advantages of regional endothermy in fishes include: (a) thermal niche 

expansion into cooler waters; (b) enhanced cruise-type (i.e. sustainable, 

aerobic) swimming performance; (c) faster rates of nutrient digestion and 

assimilation leading to faster growth and (d) improved vision in cooler/deeper 

waters leading to greater success in the capture of prey (Carey et al., 1984, 

Block et al., 1993, Dickson and Graham, 2004). 

2.1.2. Tuna classification and distribution  

Tuna larvae and very young juveniles are restricted to warm tropical waters 

presumably because they are functioning as ectotherms and have not yet 

developed the capacity for regional endothermy (Reglero et al., 2014, 

Kitagawa et al., 2010, Fujioka et al., 2018b).  In contrast, older tuna juveniles 

and adults can be found either in warm tropical or cool temperate waters, 

depending upon the species. Tunas are bony fishes (class Osteichthyes) 

belonging to the tribe Thunnini within the family Scombridae (Dickson and 

Graham, 2004). The tribe Thunnini consists of the genera Allothunnus, Auxis, 

Euthynnus, Katsuwonus and Thunnus. The genus Thunnus is further 

subdivided into the subgenus Thunnus (the bluefin group) and the subgenus 

Neothunnus (the yellowfin group). Atlantic bluefin tuna (ABT, Thunnus 

thynnus), Pacific bluefin tuna (PBT, Thunnus orientalis) and southern bluefin 

tuna (SBT, Thunnus maccoyii) belong to the bluefin group and are the most 

cool-water tolerant of all of the tunas. The older juveniles and adults in this 

group spend most of their lives foraging at higher latitudes in cool temperate 

waters but like all tunas they return to warm tropical waters, at lower latitudes, 
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to spawn and hatch their eggs (Reglero et al., 2014). The present study 

focuses on one of the bluefin tuna species, namely Pacific bluefin tuna (PBT). 

2.1.3. The life history of Pacific bluefin tuna 

There are two known spawning grounds for PBT. The first is in the waters 

surrounding the Ryukyu Archipelago to the south of the Japanese main island 

of Kyushu and the second is in the Sea of Japan to the west of the Japanese 

main island of Honshu (Fig. 2.1) (Kitagawa et al., 2006b, Fujioka et al., 2018a). 

PBT spawn in these waters in the summer months of April to June and July to 

August, respectively. Once hatched, the larvae and young juveniles disperse 

to their winter feeding grounds off the west coast of Kyushu Island in the East 

China Sea and off the south coast of Honshu Island in the north-western 

Pacific Ocean. The larvae/juveniles travelling from the more southerly 

spawning ground are assisted in their dispersal by the Kuroshio Current. This 

is a warm current that travels northwards from the Ryukyu archipelago before 

splitting into an eastern extension (also known as the Kuroshio Extension) that 

carries the larvae and young juveniles to their feeding grounds off the south 

coast of Honshu Island and a western extension (also known as the Tsushima 

Current) that carries them to their feeding grounds off the west coast of Kyushu 

Island.  
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Fig. 2.1. Map of the western North Pacific Ocean showing the sampling 
locations (open circles) for the Pacific bluefin tuna (PBT) specimens used in 
this study. The map also shows a schematic illustration of the main ocean 
currents around Japan (broad grey arrows). The stippled areas are the known 
hatching grounds for PBT larvae and the dashed areas are the habitats for 
age-0 PBT juveniles (Kitagawa et al., 2006b, Fujioka et al., 2018a). 
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2.1.4. Regional endothermy in bluefin tunas 

In bluefin tunas, there are three types of regional endothermy, commonly 

referred to as red muscle endothermy, visceral endothermy and cranial 

endothermy (Gunn and Block, 2001, Marcinek et al., 2001, Dickson and 

Graham, 2004). In the red muscle, the source of the heat that warms the tissue 

is the repeated contraction of the red (‘slow-twitch’, predominantly aerobic) 

muscle fibres. These power the continuous swimming that is characteristic of 

tunas. Tunas swim continuously because they are negatively buoyant and they 

are ram ventilators, i.e., they require water continuously flowing over their gills 

to obtain oxygen (Dickson and Graham, 2004). In most fish species, the red 

muscle is located in a narrow wedge just beneath skin. In tunas, on the other 

hand, it is located in cones deep within the body, close to the vertebral column 

(Graham and Dickson, 2000). This more medial location of the red muscle in 

tunas reduces conductive heat loss across the body surface. The heat 

generated by the repeated contraction of the red muscle is conserved by retia 

mirabilia (‘wonderful nets’) (Dickson et al., 2000, Stevens, 2011). These are 

networks of arterioles and venules arranged as counter-current heat 

exchangers. In these networks, the warm blood exiting the muscle in the 

venules, transfers heat to the cool blood entering the muscle in the arterioles. 

This reduces convective heat loss at the gills. In the tuna species belonging to 

the genera Auxis, Euthynnus and Katsuwonus there are two different types of 

red muscle retia, the lateral and the central (Dickson and Graham, 2004, 

Graham and Dickson, 2000). The bluefin tunas have only the lateral. The 

lateral retia, consist of epaxial and hypaxial halves on either side of the fish 

and they are located between the red muscle and the major subcutaneous 

arteries and veins that run along the sides of the fish (Carey and Teal, 1966, 

Dickson and Graham, 2004).  In this study, we will refer to these lateral retia 

simply as red muscle retia (singular = rete). 

In addition to red muscle endothermy, bluefin tunas also exhibit visceral and 

cranial endothermy (Dickson and Graham, 2004). In the viscera, the source of 

the heat that warms the tissue is specific dynamic action (SDA). SDA is the 

heat generated by the processes of digestion and assimilation of nutrients, 

following a meal (Fitzgibbon et al., 2007). In the cranium, the heat source is, 

most likely, either the frequent contraction of the highly aerobic ocular muscles 
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or the heat produced by the central nervous system (Block, 1987b, Block and 

Finnerty, 1994, Dickson and Graham, 2004, Sepulveda et al., 2007). Like the 

red muscle, both the viscera and the cranium have heat-exchanging blood 

vessels arranged as retia. These are referred to as visceral and cranial retia, 

respectively. 

2.1.5. Aims  

Firstly, this study aimed to determine when, at what minimum body size and 

age, PBT juveniles begin to significantly elevate their red muscle, visceral and 

cranial tissue temperatures above the ambient water temperature. Secondly, 

we aimed to determine how this temperature elevation is related to the 

ontogenetic development of the anatomical features that support the 

development of regional endothermy in fishes. To this end, we measured the 

maximum temperatures in the red muscle, viscera and cranium in young PBT 

juveniles of different sizes/ages and compared the tissue temperatures with 

the ambient water temperature and we analysed the mass of red muscle 

relative to the mass of the fish as well as the extent of proliferation of the red 

muscle and visceral retia in different sized fish. 
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2.2. Materials and Methods 

2.2.1. Fish specimens 

Four groups of young Pacific bluefin tuna (PBT, Thunnus orientalis) juveniles 

caught in Japanese waters were used in this study. The first [18.5 – 21.2 cm 

fork length (FL), 71 – 142 g body mass (BM), n = 21] was obtained from 

fishermen operating offshore from the port of Kaminokae (Kochi Prefecture, 

Shikoku Island) on the 2nd of August 2016 (late summer) (Fig. 1). The fish were 

caught in small batches, using barbless hooks and maintained alive in ambient 

seawater in the baitwell of a commercial fishing boat for a period of no more 

than one hour prior to sampling. The second [33.3 – 42.6 cm FL, 750 – 1,700 

g BM, n = 10] and third [57.5 – 62.5 cm FL, 4,050 – 5,350 g BM, n = 4] were 

obtained from a sea cage farm located approximately 1 km offshore from the 

town of Imazato (Nagasaki Prefecture, Tsushima Island) on the 28th of 

November 2016 (late autumn) and the 27th of March 2017 (early spring), 

respectively. The fish was hooked individually from the sea cage, using a pole 

and line with a barbless hook. The fourth [42.2 – 47.5 cm FL, 1,500 – 2,200 g 

BM, n = 5] was caught by a fisherman operating off the south coast of Honshu 

Island in late October 2016. The fish in Groups one through three were 

obtained alive whereas those in Group four had been frozen whole.  The fish 

in Groups two and three had been maintained on the sea cage farm on a diet 

of anchovies, sardines and round herring and were fed to satiation once or 

twice a day since October and May 2016, respectively.  

2.2.2. Estimating the age of the PBT specimens 

The age of our PBT specimens was estimated using the von Bertalanffy growth 

function, with values for PBT obtained from Shimose et al. (2009). The von 

Bertalanffy growth function relates FL in cm to age in years and can be written 

as follows:	"# = "∞(1 − e*+(,*,-)), where "# = FL at age #, "∞ = the asymptotic 

FL, K = the growth coefficient , # = age in years, and #0 = the theoretical age 

when length is equal to zero (Chen et al., 1992). Using the values for PBT 

obtained from Shimose et al. (2009), this equation becomes "# = 249.6	(1 −

e*0.678(,90.:;<)). 
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2.2.3. Temperature measurements  

The fish in Groups one through three were used for the temperature 

measurements. Individual fish were caught one by one and subjected to the 

temperature measurements described below. The measurements were made 

immediately following the capture of each fish and while it was still alive. The 

fish were transferred to a seawater-moistened, vinyl-covered, foam cradle for 

tissue temperature measurements. During the tissue temperature 

measurements, the fish were not sedated. Instead, the fish’s eyes were 

covered with a soft, seawater-moistened cloth to keep it calm. This was done 

to prevent the body temperature being increased by the increased physical 

activity resulting from being stressed. Ethics approval for all fish handling 

procedures was obtained from the Institutional Animal Care and Use 

Committee of California State University-Fullerton (Protocol No. 16-R-07). The 

temperature measurements were made using an Omega® copper-constantan 

type T thermocouple attached to an Omega® model HH506R digital 

thermometer (Omega® Technologies). The maximum temperature was 

determined for the red muscle, the viscera and the cranium. For the red 

muscle, the thermocouple probe was inserted slowly into the body at a position 

just dorsal to the epaxial lateral blood vessels and approximately 40-50% of 

FL from the fish’s snout. The probe was inserted until it contacted the vertebral 

column and then slowly withdrawn towards the skin. The maximum 

temperature was recorded at a point slightly shallower than the vertebral 

column.  For the viscera, the probe was inserted into the visceral cavity and 

the maximum temperature was recorded in the more anterior portion of this 

cavity.  For the cranium, the probe was inserted into the ocular cavity behind 

the eye where the ocular muscles and the optic nerve are located. Immediately 

following the tissue temperature measurements, the same 

thermocouple/thermometer was used to measure the ambient water 

temperature (Ta). To ensure the accuracy of the temperature measurements, 

the thermocouple/thermometer had been calibrated against a mercury 

thermometer. For the fish in Groups two and three (the intermediate-sized and 

largest fish), extra precautions were taken to prevent overheating of the tissues 

during the temperature measurements. To do this, ambient sea water was 

pumped in through the fish’s mouth and out across its gills using a length of 

clear, flexible, PVC tubing (13 mm internal diameter, 16 mm external diameter) 
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attached to a 12 V submersible pump (Rule 500 GPH) powered by dry cell 

batteries, at a flow rate of 32 litres min-1. The flow of water maintained the 

supply of oxygen to the fish’s gills and kept its heart beating and blood 

circulating during the temperature measurements. In addition, the fish was 

kept calm by covering its eyes with a soft, seawater-moistened cloth and 

supporting its body in a sea-water moistened, vinyl-covered, foam cradle.  

2.2.4. Fish sampling for histology  

Immediately following the temperature measurements, the fish was 

euthanized, weighed using a spring balance and then dissected for the 

histology samples. The histology samples were taken only from the left side of 

the body to ensure that the right side remained intact for the muscle distribution 

analyses (see below). For the histology analyses, samples were taken of the 

red muscle retia, with some of the skin and red muscle still attached for 

orientation, at a position approximately 40-50% of FL from the snout of the fish, 

just posterior to the insertion of the pectoral fin. Samples were also taken of 

the visceral rete. Each sample was placed in a labeled histology cassette 

which was subsequently immersed in 10% (v/v) neutral buffered formalin (pH 

7.4) (Wako Pure Chemical Industries Ltd., Japan). For processing for 

microscopy, the tissue samples were rinsed in 0.1 M phosphate buffer, then 

dehydrated in a series of increasing concentrations of ethanol finishing with at 

least two changes of 100% (v/v) ethanol. Paraffin is poorly soluble in ethanol. 

Therefore, the samples were then immersed in xylene, which is miscible with 

both ethanol and paraffin, to replace the ethanol (clearing). Finally, the 

samples were vacuum infiltrated and embedded in paraffin wax. Following this, 

the embedded samples were sectioned using a rotary microtome (Microm 

HM325 microtome) to produce 5-µm-thick sections that were subsequently 

mounted on glass slides and stained with hematoxylin and eosin (Humason, 

1979). The slides were examined and photographed using an Olympus SZ40 

microscope fitted with a Kodak video camera and Q Capture Pro software. To 

quantify their size, the lengths of the blood vessels constituting the red muscle 

retia and the total cross-sectional area of the blood vessels constituting both 

the red muscle retia and the visceral rete were measured using ImageJ 

software (https://imagej.nih.gov). The lengths of the red muscle rete blood 

vessels were measured from the axial margin of the large lateral subcutaneous 
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artery and vein to the lateral border of the red muscle, in all images in which 

the rete blood vessels were clearly visible. In addition, to obtain cross sections 

of the rete blood vessels segments of the red muscle retia were also 

embedded and the number of rows of vessels in each rete were measured in 

each cross section. Prior to the measurements for each section, the scale was 

set in Image J using the ruler in the image (Schneider et al., 2012). The visceral 

rete blood vessels were cut in cross-section and montages of multiple images 

were created using the merge function in Adobe Photoshop in order to 

visualize the whole rete and to measure the total visceral rete cross-sectional 

area.  

2.2.5. Red muscle distribution and mass measurements 

Whole fish, or fish that had been partially dissected to remove the histology 

samples (see above), were used for these measurements. For the smallest 

fish, eleven of the twenty specimens caught on the 2nd of August 2016 (Group 

one fish, see above) and partially dissected for the histology samples were 

used. For the intermediate-sized fish, the five fish that had been caught and 

frozen whole in late October 2016 (Group four fish, see above) were used. For 

the largest fish, the four specimens that had been caught on the 27th of March 

2017 (Group three fish, see above) and partially dissected for the histology 

samples were used. Only one side of the Groups one and three fish had been 

dissected to remove the histology samples and therefore the other side 

remained intact for the muscle distribution analyses. The partially dissected 

fish had been carefully arranged back into their original shape before being 

frozen at -20°C in preparation for the muscle distribution analyses. To analyse 

the distribution of the red muscle along the length of the fish, the whole or 

partially dissected fish were removed from the freezer and sectioned using a 

bandsaw while still frozen. The bandsaw was used to cut the fish into 2-cm-

thick cross-sections, commencing immediately posterior to the operculum and 

continuing until little red muscle remained visible, in the area of the finlets. The 

head, tail and each cross-section were photographed alongside a scale bar, 

and the resulting images were analysed using Image J software (Schneider et 

al., 2012). For each cross-section, the total cross-sectional area and the area 

occupied by the red muscle were determined. The values for adjacent sides of 

neighbouring cross-sections were averaged together to correct for any tissue 
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losses as a result of the band-sawing procedure and the values so obtained 

were averaged between the anterior and posterior sides of each cross-section 

to correct for any differences in red muscle area between different planes 

within each cross-section. To determine the mass of red muscle in each 

section at different positions along the body, the area values for each cross-

section were multiplied by the width of each cross-section (i.e. 2 cm) to obtain 

volume values and the volume values were converted to mass values by 

multiplying them by published tuna muscle density values (Magnuson, 1973, 

Magnuson, 1978).  

2.2.6. Confirmation of the species identity of our PBT specimens 

Different tuna species can be difficult to distinguish from one another when 

they are very young (Matsumoto et al., 1972, Chow et al., 2003, Pedrosa-

Gerasmio et al., 2012). Thus, we confirmed the species identity of the PBT 

specimens we sampled using a modification of the method described by Ward 

et al. (2005). This method uses the nucleotide sequence variation in the 

mitochondrial cytochrome c oxidase subunit 1 (COXI) gene to differentiate 

between different fish species. DNA was extracted from 25 mg of PBT red 

muscle (previously stored in RNAlater®, Ambion®) using a QIAamp® DNA mini 

kit. In the first step of this procedure, the tissue was homogenised, in 180 µL 

of the ALT buffer supplied with the kit, for 4 min using a Retsch MM40 bead 

mill set at a frequency of 30 Hz. All other procedures were as described by the 

manufacturers of the kit. To determine the species of origin, the extracted DNA 

was used as the template for polymerase chain reaction (PCR). Each 50 µL 

PCR reaction contained 1 µg of PBT red muscle DNA, 200 µM dNTPs 

(Promega), 2.5 units of Taq DNA polymerase (New England Biolabs), 5 µL of 

10x ThermoPol® Buffer (New England Biolabs) and 0.2 µM of the relevant 

forward and reverse PCR primers. The sequences of the forward and reverse 

primers were 5′-TCAACCAACCACAAAGACATTGGCAC-3′ and 5′-

AGACTTCTGGGTGGCCAAAGAATCA-3′, respectively. The PCR cycling 

conditions were as follows: one cycle of denaturation at 95°C for 3 min followed 

by 30 cycles of denaturation at 95°C for 3 s, annealing at 55°C for 30 s and 

extension at 68°C for 1 min followed by a final extension at 68°C for 5 min. The 

PCR cycling was done in a Hybaid PX2 thermal cycler (Thermo Scientific). The 

resulting PCR products were purified using the Wizard® SV Gel and PCR 
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Clean-Up System (Promega), following the manufacturer’s instructions and 

their nucleotide sequences were determined using Sanger sequencing by the 

Australian Genome Research Facility (AGRF). Finally, the sequences were 

used to perform nucleotide BLAST searches of the GenBank nucleotide 

database (available at http://www.ncbi.nlm.nih.gov/). The BLAST searches 

retrieved COXI nucleotide sequences from various tuna species. The top five 

hits, each with 99% identity to our sequences, were from PBT. Various tuna 

sequences from the GenBank database and our sequences were aligned 

using ClustalX2 (Larkin et al., 2007) and then  the Neighbor-Joining method 

(Saitou and Nei, 1987), implemented using MEGA6 (Tamura et al., 2013), was 

used to infer the relationships between these sequences.  The sequences 

obtained from the samples we collected, grouped most closely together with 

the five other PBT COXI sequences that had previously been deposited in the 

GenBank database and they were clearly separated from the COXI sequences 

from the other tuna species (Appendix 1). Thus, we confirmed that the species 

that we were studying was indeed PBT.  

2.2.7. Statistical analyses 

All graphs, the linear, power and polynomial trend lines that were fitted to the 

data and their corresponding R2 values were generated using Microsoft Excel 

(Excel 2013). Scaling coefficients that describe the relationship of fish FL or 

BM to a given variable were obtained by plotting the log10 of the variable of 

interest against the log10 of FL or BM and obtaining the slope value from the 

linear regression performed in Microsoft Excel (Excel 2013). The slope value 

was the scaling coefficient. The standard error was calculated through linear 

regression analysis of the log transformed data performed using the IBM® 

SPSS Statistics version 22.0 software package (IBM, New York, USA).  
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2.3. Results 

2.3.1. Fish growth and age determination 

Four groups of young PBT juveniles were used in this study. The Group one 

fish, the smallest fish, ranged in size from 18.5 to 21.2 cm FL and 71 to 142 g 

BM. The Group two fish, the intermediate-sized fish, ranged in size from 33.3 

to 42.6 cm FL and 750 to 1,700 g BM. The Group three fish, the largest fish, 

ranged in size from 57.5 to 62.5 cm FL and 4,050 to 5,350 g BM. The Group 

four fish, additional intermediate-sized fish, ranged in size from 42.2 to 47.5 

cm FL and 1,500 to 2,200 g BM. Taking all of these fish all together, BM 

increased exponentially with increasing FL with a scaling coefficient (mean ± 

SE) of 3.38 ± 0.04 indicating slightly greater than isometric scaling of BM with 

increasing FL (Fig. 2.2). By substituting the smallest and largest FL for each 

group of fish into the von Bertalanffy growth function, with values for PBT from 

Shimose et al. (2009), the ages of the fish were estimated to be 2 to 3 months 

for the Group one fish, 6 to 8 months for the Group two fish, 15 to 16 months 

for the Group three fish and 8 to 10 months for the Group four fish.   
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Fig. 2.2. The relationship between body mass (BM) and fork length (FL) in 
young juvenile PBT specimens sampled in the waters of Japan. The 
relationship is described by the equation BM = 4.86 x 10-3FL3.38, R2 = 0.99, n 
= 41.   
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2.3.2. Red muscle distribution and ontogeny  

Fig. 2.3 shows examples of cross-sections through the body of small, 

intermediate-sized and large individuals to illustrate the distribution and 

ontogeny of their red muscle. Regardless of the size of the fish, the red muscle 

had the more medial distribution that is typical of tunas.  

Fig. 2.4 shows how the amount of red muscle varied along the length of the 

body of the fish. In the smallest (~20 cm FL), intermediate-sized (~45 cm FL) 

and largest (~60 cm FL) fish, the maximum red muscle area, expressed as a 

percentage of the whole body cross-sectional area, was reached at 52, 46 and 

49% of FL, respectively, from the snout of the fish. Thus, regardless of the size 

of the fish, the maximum amount of red muscle was reached at approximately 

50% of FL from the snout of the fish.  

Fig. 2.5 shows how the total mass of red muscle varied in relation to the size 

of the fish. The average total red muscle mass as a percentage of the average 

total BM was 5.79 ± 1.4% when all of the fish were taken all together. In Fig. 

2.5A, the total mass of red muscle is shown to increase with increasing FL with 

a scaling coefficient of 3.10 ± 0.09. Thus, there was slightly greater than 

isometric scaling of red muscle mass with increasing FL. In Fig. 2.5B, the total 

mass of red muscle is shown to increase with increasing BM with a scaling 

coefficient of 0.90 ± 0.24. Thus, there was slightly less than isometric scaling 

of red muscle mass with increasing BM. Figs. 2.5C and 2.5D show that red 

muscle mass, expressed as a percentage of total body mass, decreased with 

increasing FL with a scaling coefficient of -0.35 ± 0.08 and with increasing BM 

with a scaling coefficient of  -0.10 ± 0.02. Thus, when the data were expressed 

this way, it became apparent that the red muscle mass as a proportion of the 

total BM decreased as the fish grew larger.  
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Fig. 2.3. Transverse body sections, taken at ~50% of FL, in young juvenile 
PBT specimens of different sizes, i.e., (A) 18.5 cm FL and 110 g BM, (B) 45.5 
cm FL and 2,120 g BM and (C) 59.7 cm FL and 5,350 g BM.  
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Fig. 2.4. Red muscle distribution along the length of the body in small juvenile 
PBT specimens of different sizes, i.e., (A) ~20 cm FL (n = 11), (B) ~45 cm FL 
(n = 5) and (C) ~60 cm FL (n = 4). The red muscle cross-sectional area as a 
percentage of the total cross-sectional area is plotted as a function of the 
relative position of the cross-section along the length of the body (% of FL from 
the snout). The curves represent the best-fitting polynomial functions for all of 
the fish within each size class. 
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Fig. 2.5. The relationships between red muscle mass, fork length (FL) and 
body mass (BM) in young PBT specimens of different sizes (n = 28). The best-
fitting power functions for the data in the different panels are: (A) y = 7.1 x 10-

4FL3.10, R² = 0.98; (B) y = 1.1 x 10-1BM0.90, R2 = 0.98; (C) y = 19.3FL-0.35, R² = 
0.41; (D) y = 10.8BM-0.10, R2 = 0.40.  

  



46 
 

2.3.3. Relationships between tissue temperature, body size and ambient 
water temperature 

Fig. 2.6 shows how the maximum red muscle, visceral and cranial 

temperatures varied with varying body size and with varying water temperature 

in our young PBT specimens. For the smallest fish (~20 cm FL), caught in 

August (late summer) at an average ambient water temperature (Ta) of 29.4°C, 

the mean maximum red muscle temperature (TRM) was 30.5°C. For the 

intermediate-sized fish (~40 cm FL), caught in November (late autumn) at an 

average Ta of 20.4°C, the mean maximum TRM was 25.4°C. And for the largest 

fish (~60 cm FL), caught in March (early spring) 2017 at an average Ta of 

15.8°C, the mean maximum TRM was 26.9°C. Thus, the decrease in TRM was 

small compared with the decrease in Ta and because of this, the mean thermal 

excess (TRM – Ta) for the red muscle increased from 1.1°C in the smallest fish 

to 4.9°C in the intermediate-sized fish to 11.1°C in the largest fish (Fig. 2.6B). 

Thus, the thermal excess for the red muscle increased with increasing fish size 

and with decreasing Ta. The maximum thermal excess for the red muscle for 

any of the fish we studied was an impressive 14.2°C, observed in a specimen 

with a size of 61.2 cm FL.  

In contrast to the thermal excess values for the red muscle, the thermal excess 

values for the viscera and the cranium were much more modest (Figs. 2.6A 

and B). The mean maximum visceral temperature (TV) decreased with 

decreasing Ta from 30.0°C for the ~20 cm FL fish to 22.2°C for the ~40 cm FL 

fish to 19.3°C for the ~60 cm FL fish (Fig. 2.6A). Thus, TV closely mirrored Ta 

but with a small elevation of the visceral temperature in the largest fish. 

Specifically, the thermal excess for the viscera was 0.6°C for the ~20 cm FL 

fish, 1.8°C for the ~40 cm FL fish and 3.5°C for the ~60 cm FL fish (Fig. 2.6B). 

Similarly, the maximum cranial temperature (Tc) for the three size classes of 

fish decreased with increasing fish size and with decreasing Ta from 29.9°C 

for the ~20 cm FL fish to 21.8°C for the ~40 cm FL fish to 17.8°C for the ~60 

cm FL fish (Fig. 2.6A). This resulted in thermal excess values for the cranium 

of only 0.5°C for the ~20 cm FL fish, 1.3°C for the ~40 cm FL fish and 2.0°C 

for the ~60 cm FL fish (Fig. 2.6B). Thus, the cranial thermal excess values 

were the smallest of all for the three different tissue types. In summary, TRM 
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remained relatively constant as the fish grew larger and this resulted in 

increasing thermal excess values for the red muscle as the water temperature 

cooled. In contrast, TV and TC decreased essentially in parallel with the 

declining Ta except for TV in some of the larger fish which was somewhat 

elevated. In the red muscle, the highest thermal excess value recorded was 

14.2°C whereas in the viscera and the cranium it was only 5.1°C and 2.7°C, 

respectively. 
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Fig. 2.6. The effects of increasing fish size and decreasing Ta (× with a dotted 

line) on maximum TRM (! with solid black lines), TV (◻with dashed lines) and 

TC (◆ with solid grey lines) in young PBT specimens of different sizes caught 

in the waters of Japan in August and November 2016 and in March 2017. In 
Panel A, the relationships between temperature and FL are described by the 
equations:  TRM = −0.11FL + 31.42, R² = 0.29; TV = −0.29FL + 34.56, R² = 0.80, 
TC = −0.32FL + 35.21, R² = 0.87; and Ta = −0.36FL + 35.42, R² = 0.88. In Panel 
B, the relationships between temperature elevation and FL are described by 
the equations: TRM = 0.25FL − 4.01, R2=0.90; TV = 0.07FL − 0.86, R2 = 0.78; 
and TC = 0.04FL − 0.20, R2 = 0.13. Measurements were made on 25 
specimens in total with 10 at ~20 cm FL, 10 at ~38 cm FL and 4 at ~60 cm FL.    
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2.3.4. Proliferation of the red muscle rete blood vessels with increasing 
fish body size and decreasing ambient water temperature  

Fig. 2.7 shows an example of how the red muscle rete blood vessels 

proliferated with increasing fish body size and with decreasing Ta. Fig. 2.7A 

shows a macroscopic view of a cross-section through the body of a small PBT 

specimen (18.5 cm FL) with a box highlighting the location of the red muscle 

rete blood vessels. The rete blood vessels are located between the red muscle 

and the large subcutaneous artery and vein that run just beneath the skin along 

the lateral line of the fish. Fig. 7B shows a microscopic view of the boxed in 

region in Fig. 7A and Fig. 7C shows a higher magnification of this same region. 

It is apparent from these three figures that the red muscle rete consists of 

epaxial and hypaxial halves connected to the corresponding major lateral 

arteries and veins running along the length of the body of the fish and 

connecting the red muscle blood circulation to the gills. Figs. 7D, E and F show 

longitudinal-sections of the rete blood vessels in examples of small (18.5 cm 

FL), intermediate-sized (37.4 cm FL) and large (61.2 cm FL) PBT specimens 

whereas Figs. 7G, H and I show the corresponding cross-sections. It is clear 

that the width of the rete (in the longitudinal sections) and the number of 

individual rete blood vessels (in the cross-sections) increases substantially 

with increasing fish size. In particular, the difference between the smallest and 

intermediate-sized fish is especially striking with relatively little proliferation in 

the smallest fish (Fig. 2.7D) but considerable proliferation in the intermediate-

sized fish (Fig. 2.7D). Fig. 7J shows a higher magnification of Fig. 7I 

highlighting the individual arterioles (with the thicker walls) and venules (with 

the thinner walls) that make up the rete and showing how they are interspersed 

with one another to facilitate heat exchange. 

In Fig. 2.8A, data are presented for the quantification of the average lengths of 

the blood vessels that make up the red muscle rete. The quantification was 

done using samples taken from the region of the body of the fish that contained 

the maximum amount of red muscle, i.e., at approximately 50% of FL from the 

snout. It is clear from the figure that there was a very strong correlation (R² = 

0.97) between the average vessel length and increasing fish body size. Thus, 

there is a quantitative as well as a qualitative increase in the proliferation of 
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the red muscle rete blood vessels as the fish grow larger. In Fig. 2.8B, data 

are presented for the maximum number of red muscle rete blood vessel rows. 

It is evident from the figure that, like the average red muscle rete blood vessel 

length, there was a very strong correlation (R² = 0.91) between the maximum 

number of red muscle rete vessel rows and increasing fish body size. Fig. 2.8C 

shows that there is a strong positive correlation (R2= 0.85) between the 

maximum number of red muscle rete blood vessel rows and the thermal 

excess in the red muscle. This indicates that the increasing thermal excess in 

the red muscle is due to the increasing proliferation of the red muscle rete 

blood vessels with increasing body size.  

Fig. 2.9 shows that there was a strong positive correlation between the red 

muscle temperature elevation and the age of the fish (R2= 0.85). Together with 

the strong correlations we observed between red muscle rete length/the 

maximum number of red muscle rete blood vessel rows and the thermal 

excess in the red muscle, this provides strong evidence that the increase in 

thermal excess in the red muscle with increasing age is due to the proliferation 

of the red muscle retia. 
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Fig. 2.7 The effect of increasing body size on the length of the red muscle rete 
blood vessels. (A) Transverse section of a 18.5 cm FL PBT specimen. (B) 
Higher magnification of box in A, showing the epaxial and hypaxial red muscle 
retia. (C) Higher magnification of the hypaxial portion of the red muscle rete 
(box in B). (D-F) Longitudinal sections of the hypaxial portion of red muscle 
rete (bracketed) from three PBT specimens (18.5, 37.4 and 61.2 cm FL, 
respectively) all at the same magnification. (G-I) Cross-sections of the red 
muscle rete blood vessels from three PBT specimens (19.8, 37.7 and 62.5 cm 
FL, respectively). (J) Higher magnification of I, showing alternating thicker-
walled arterioles (A) and thinner walled venules (V).  
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Fig. 2.8 The effect of body size (measured as FL) on (A) the average (± the 
standard deviation (SD)) length of the red muscle rete (RMR) blood vessels 
and (B) the maximum number of RMR vessel rows in the region of the 
maximum amount of red muscle. The equation describing the data in panel A 
is RMR length = 0.34FL - 6.15 (R² = 0.97, n = 28) and in panel B it is RMR 
vessel rows = 0.33FL - 2.35 (R² = 0.91, n = 17). Panel C shows the relationship 
between the maximum number of RMR vessel rows and red muscle 
temperature elevation in young PBT specimens of different sizes. The 
equation that describes the relationship is temperature elevation = 0.68RMR 
vessel rows - 1.97, R² = 0.85, n = 17. 
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Fig. 2.9. The relationship between fish age and red muscle temperature 
elevation above the ambient water temperature in young PBT specimens of 
different sizes. The ages were estimated using the von Bertalanffy growth 
function with values for PBT obtained from Shimose et al. (2009). The dotted 
line represents the point where the tissue temperature elevation above the 
ambient water temperature is 3°C. This was used to determine the minimum 
body size and age at which PBT displays red muscle endothermy. This cutoff 
was chosen based on the study by Dickson (1994).  
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2.3.5. Proliferation of the visceral rete blood vessels with increasing 
body size and decreasing ambient water temperature  

Fig. 2.10 shows how the total cross-sectional area occupied by the blood 

vessels of the visceral rete increases with increasing fish size and decreasing 

Ta in four different PBT specimens ranging in size from 21.1 to 57.5 cm FL. 

The total cross-sectional area occupied by the blood vessels of the visceral 

rete increased from 0.9 to 2.0 mm2 in the smallest fish to 8.4 to 12.9 mm2 in 

the intermediate-sized fish to 25.7 mm2 in the largest fish. It can also be seen 

that the number of blood vessels within the rete increased considerably with 

increasing fish size. In Fig. 2.11A, data are presented for the quantification of 

the total cross-sectional area occupied by the visceral rete blood vessels. It is 

clear that the average cross-sectional area increases linearly and steeply with 

increasing fish body size. Thus, there is a quantitative as well as a qualitative 

increase in the total cross-sectional area occupied by the visceral rete blood 

vessels as the fish grow larger. Fig. 2.11B shows that there was a weak 

positive correlation (R2= 0.46) between the cross-sectional area of the visceral 

rete and the thermal excess within the visceral cavity.  This indicates that the 

increasing thermal excess in the viscera is due to the increasing proliferation 

of the red muscle rete blood vessels with increasing body size.  
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Fig. 2.10 Micrographs of cross-sections of the visceral rete from four PBT 
specimens of different sizes. FL and visceral rete cross-sectional area are 
indicated above each micrograph. 
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Fig. 2.11. Panel A shows the effect of increasing body size (measured as FL) 
on the total visceral rete (VR) cross-sectional area in young PBT specimens of 
different sizes. The equation that describes the relationship is VR area = 
0.95FL - 21.54 (R² = 0.72, n = 17). Panel B shows the relationship between 
total VR cross-sectional area and visceral temperature elevation in young 
juvenile PBT specimens of different sizes. The equation that describes the 
relationship is temperature elevation = 0.05VR area + 1.16 (R² = 0.46, n = 17). 
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2.4. Discussion 

2.4.1. PBT can significantly elevate their red muscle temperature above 
the ambient water temperature at a minimum body size of ~29 cm FL  

In the literature, there is a dearth of studies investigating the ontogeny of 

endothermy in tunas (Dickson, 1994, Dickson et al., 2000, Kubo et al., 2008). 

Thus, it is largely unknown when they make the transition from ectothermy to 

regional endothermy. Dickson (1994) showed that black skipjack tuna 

(Euthynnus lineatus) could significantly elevate their TRM above Ta at a 

minimum body size of ~21 cm FL and Kubo et al. (2008) showed that PBT 

could achieve this feat at a minimum body size of ~55 cm FL. Based on 

comparisons with various ectotherms, Dickson (1994) proposed a minimum 

thermal excess (TRM – Ta) of 3°C as evidence of red muscle endothermy. By 

substituting this value into the equation that describes the relationship between 

red muscle thermal excess and fish FL in the fish we studied (Fig. 2.6B), we 

determined a minimum body size for significant red muscle temperature 

elevation of 29 cm FL in our young PBT specimens. This is much smaller than 

the size estimated for this species by Kubo et al. (2008). There could be 

several reasons for this. Firstly, the dataset of Kubo et al. (2008) was 

incomplete in that the three specimens that showed evidence of red muscle 

temperature elevation were the largest that they had available. Thus, there 

were no larger fish to confirm the trend. Additionally, there was a considerable 

size gap between the largest fish and the next largest (~55 cm compared with 

~34 cm FL) in the study of Kubo et al. (2008). Thus, their dataset lacked 

continuity. In addition, Kubo et al. (2008) used temperature sensors that had 

been implanted into the body of the fish (in the red muscle, the white muscle 

and the peritoneal cavity, which is equivalent to the visceral cavity). Thus, their 

sensors may not have been positioned in the warmest part of the respective 

tissues. Any or all of these differences may be important but the most important 

is most likely the different ambient water temperatures (Ta) in our study 

compared with the study of Kubo et al. (2008). In our study, the largest fish 

(57.5 to 62.5 cm FL), with TRM elevations of 7.8 to 14.2°C, were caught at Ta 

values of only 15.8°C. In contrast, in the study of Kubo et al. (2008), fish of a 

similar size (54.5 to 55.5 cm FL), with red muscle temperature elevations of 
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only 2.6 to 4.4°C, had been maintained at Ta values of 22.8°C, i.e., a 

considerably higher ambient water temperature than in our study. Thus, there 

was less scope for significant red muscle temperature elevation above Ta in 

the study of Kubo et al. (2008) because of the higher Ta in that study.   

It is interesting to compare the red muscle temperature elevations we observed 

in our small/young tuna specimens with those observed in larger/older tuna 

specimens. In the largest of our small tuna specimens (~60 cm FL and ~5 kg 

BM), the red muscle temperature elevations we observed ranged from 7.8°C 

to 14.2°C, above an average Ta of 15.8°C. In their pioneering work done in the 

late 1960s, Carey and Teal (1969) measured maximum red muscle 

temperatures in a total of 121 large (68 – 362 kg) specimens of Atlantic bluefin 

tuna (ABT), caught at various locations to obtain a wide range of ambient water 

temperatures. Using their data, they derived the following equation: red muscle 

temperature = [0.25 x Ta (°C)] + 24.94(°C). Using this equation, the red muscle 

temperature elevation in one of these large ABT specimens at an ambient 

water temperature of 15.8°C would have been 13.1°C. This is very similar to 

the value we observed for our largest PBT specimens. This suggests that our 

largest PBT specimens (~60 cm FL and ~5 kg BM) had already developed 

their full capacity for red muscle endothermy. To confirm this, measurements 

will need to be made on larger PBT specimens.  

2.4.2. PBT can significantly elevate their red muscle temperature above 
the ambient water temperature at a minimum age of approximately 5.5 
months. 

In the wild, PBT spawn mainly in the waters surrounding the Ryukyu 

Archipelago in the months of April to June each year (Kitagawa et al., 2006a, 

Kitagawa et al., 2010, Fujioka et al., 2018a, Fujioka et al., 2018b) (Fig. 2.1). 

Subsequently, their larvae disperse, with the aid of the Kuroshio Current and 

the Tsushima Warm Current, to the feeding grounds for age-0 PBT juveniles 

in the East China Sea off the north-west coast of Kyushu Island and in the 

western North Pacific Ocean off the south coast of Shikoku Island. PBT 

juveniles caught off the south coast of Shikoku Island in the months of July to 

August have been estimated, using otolith analysis, to be 2 to 3 months of age 

and their sizes have been shown to range from 16.7 to 30.0 cm FL (Tanaka et 
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al., 2006). In our study, the youngest fish were caught in this same location 

and at this same time of year and their sizes were within the same range. Thus, 

our youngest fish were most likely 2 to 3 months of age. Based on our 

temperature measurements, these fish were unable to elevate their body 

temperature above the ambient water temperature. Thus, PBT juveniles of this 

size (~20 cm FL and ~2-3 months of age) are functioning as ectotherms. This 

is consistent with their geographical restriction to the warm waters of the 

Kuroshio Current  

The Group two fish were obtained in late November, in the same year that they 

hatched. Thus, they were most likely 6 to 8 months of age. The Group three 

fish had hatched in 2015 and we sampled them in late March 2017. Thus, the 

members of this group were most likely 22 to 24 months of age. Wild-caught 

PBT at 22 to 24 months of age, have body sizes ranging from 55.4 to 68.1 cm 

FL (Itoh, 2001). This compares well with the body size range (57.5 to 62.5 cm 

FL) we observed for our Group three fish.  

To check the age estimates made using our knowledge of the life history of 

these fish and to obtain the minimum age at which PBT can significantly 

elevate their red muscle temperature above the ambient water temperature, 

we used the von Bertalanffy growth function, with constants for PBT obtained 

from Shimose et al. (2009). Using this equation, we estimated the ages of our 

three groups of fish to be 2 to 3 months for the Group one fish, 6 to 10 months 

for the Group two fish and 15 to 16 months for the Group three fish (Fig. 2.11). 

The ages for the Groups one and two fish were similar to the ages predicted 

using the life history method but the calculated age for the Group three fish 

was substantially younger than predicted using the life history method. Thus, 

we conclude that for these oldest fish, the natural history based estimate of 

their age is more accurate than the estimate based on the von Bertalannfy 

growth function. In summary, we estimate the age of the Group one fish to be 

2 to 3 months of age, the Group two fish to be 6 to 8 months of age and the 

Group three fish to be 22 to 24 months of age. Thus, PBT undergoes the 

transition from ectothermy to regional endothermy between the ages of 

approximately 2 months and 2 years.     
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As already mentioned, the proposed minimum temperature elevation for 

evidence of red muscle endothermy in tunas is 3°C (Dickson, 1994). Thus, we 

used this value together with the von Bertalannfy growth function, to estimate 

the minimum age for significant red muscle temperature elevation in our PBT 

specimens. Using this approach, we found an age of 5.5 months. Thus, 5.5 

months is the minimum age for evidence of red muscle endothermy in PBT.  

Our estimate of 5.5 months for the onset of red muscle endothermy in PBT 

makes sense in terms of the geographical distribution of this species in relation 

to the ambient water temperature. For example, in the waters to the south and 

east of the Japanese main islands of Shikoku and Honshu, the median Ta 

experienced by free-ranging age-0 (i.e. <12 months of age) PBT juveniles, as 

determined using archival tags implanted in their peritoneal cavity, was found 

to be 27.6°C in July (mid-summer) compared with 17.0°C in May (late 

spring/early winter) (Fujioka et al., 2018a). Based on previous estimates 

(Tanaka et al., 2006), the fish implanted with the tags would have been 2 to 3 

months of age when they were first caught and released in July/August and 

those of them that were recaptured in May of the following year would have 

been 12 months of age. Thus, if the transition from ectothermy to regional 

endothermy in PBT occurs at approximately 5.5 months of age, as we have 

estimated, this would correspond to the months of October to November. If this 

is correct, then the transition from ectothermy to regional endothermy, at least 

in the red muscle, occurs during the period just before Ta declines relatively 

sharply from a median of 23°C in November to a median of 18°C in January of 

the following year. This suggests that declining Ta may be the signal that 

triggers the onset of the development of regional endothermy. Alternatively, an 

endogenous signal, generated independently of any external environmental 

influences, may be the trigger. Future research is warranted to address this 

question.   

The relatively warm water temperatures experienced by age-0 PBT juveniles 

along the southern coasts of Shikoku and Honshu Islands are due to the 

influence of the Kuroshio Current and seasonal variations in the path of this 

current strongly influence the geographic distribution of these fish (Fujioka et 

al., 2018a). The Kuroshio Current is a warm, low nutrient current that flows 
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north-eastwards along the southern coasts of Shikoku and Honshu Islands 

(Mizuno and White, 1983, Kawai, 1998) (Fig. 2.1). Age-0 PBT juveniles are 

found predominantly on the inshore side of this current, and/or along the 

current front, but their distance from the shore varies with seasonal variations 

in the current’s offshore displacement (Fujioka et al., 2018a). In summer and 

autumn, when the Kuroshio Current is close to the coast, age-0 PBT juveniles 

inhabit predominantly near-coastal waters. In contrast, in winter, when the 

Kuroshio Current moves eastwards, away from the coast, these fish are found 

more widely distributed, both inshore and further offshore. The distribution of 

age-0 PBT juveniles in relation to the path of the Kuroshio Current has been 

linked to various oceanographic factors, including the current’s speed (Fujioka 

et al., 2018a). Very young (~2 months of age and 21.0 to 24.5 cm FL) PBT 

have been found to swim at a speed of 0.6 – 0.7 m/s (Noda et al., 2016). This 

is substantially slower than the speed (1.0 – 1.5 m/s) of the Kuroshio Current, 

as it flows along the southern coasts of Shikoku and Honshu Islands (Nitani, 

1975). Thus, the observation that age-0 PBT juveniles caught and released to 

the south of Shikoku and Honshu Islands are restricted to the coastal waters 

inshore from the Kuroshio Current, is presumably because of the high 

energetic costs that would be incurred by swimming directly within the current 

(Fujioka et al., 2018a). This suggests that increasing swimming prowess, 

associated with increasingly more frequent and powerful contractions of the 

skeletal muscles may be the signal that initiates the transition from ectothermy 

to regional endothermy. This warrants further investigation. 

Another interesting finding of the tagging study mentioned above, is that age-

0 PBT juveniles tracked to the south of Shikoku and Honshu Islands, 

substantially increased their daily travel distance as they made the transition 

from summer to winter (Fujioka et al., 2018a). There was also a dietary shift to 

more active prey and from smaller prey items, such as zooplankton and squid, 

to larger prey items, such as small fishes, when the PBT juveniles reached 

approximately 25 cm FL (Shimose et al., 2013, Kitagawa and Fujioka, 2017). 

This suggests that perhaps a dietary shift may be the signal that initiates the 

transition from ectothermy to regional endothermy. Again, this warrants further 

investigation. 



64 
 

2.4.3. Scaling of body mass with fork length 

The BM of our PBT specimens increased exponentially with increasing FL with 

a scaling coefficient of 3.38 ± 0.04. Similarly, the BM of PBT specimens caught 

off the coast of California and reared at the Monterey Bay Aquarium (Monterey, 

California), for periods varying from one to nine years, increased with 

increasing FL with a scaling coefficient of 3.32 (Estess et al., 2014). In contrast, 

for PBT specimens caught from the wild off the coasts of Japan and Taiwan 

and analysed immediately after capture and without further rearing, BM 

increased with increasing FL with a scaling coefficient of 2.89 (Shimose et al., 

2009). The larger scaling coefficients for our fish and the aquarium fish, 

compared with the wild-caught fish, could be due to more frequent feeding or 

reduced physical activity because of the confinement to a sea cage or an 

aquarium tank. Alternatively, they could be related to different body size 

ranges in the different studies. The fish in our study ranged in size from 18.5 

to 62.5 cm FL whereas those in the aquarium study ranged in size from 65 to 

209 cm FL and those that were caught from the wild and analysed without 

further rearing ranged in size from 47 to 260 cm FL. Thus, many of the ‘wild’ 

fish were in a somewhat larger size bracket than either our fish or the fish 

raised in the Monterey Bay Aquarium and perhaps larger fish have slower 

growth rates; this would explain the smaller scaling coefficient for the ‘wild’ fish 

compared with our fish and the fish reared in the aquarium.    

2.4.4. Anatomy of the red muscle 

Ectothermic fishes have their red muscle located in shallow lateral wedges just 

beneath the skin whereas tunas have a more medial (i.e. internal, closer to the 

vertebral column) location for their red muscle. Because of this, the red muscle 

of tunas is insulated by the overlying tissues and conductive heat loss, across 

the body surface, is reduced (Dickson et al., 2000, Graham and Dickson, 2000, 

Bernal et al., 2001b, Carey and Teal, 1969, Carey and Teal, 1966, Shadwick, 

2005, Kishinouye, 1923, Dickson and Graham, 2004). In our study we 

observed, that regardless of the size of the fish, the red muscle had the 

characteristic medial location that is typical of tunas.  Thus, an ontogenetic 

shift from shallow lateral wedges to internal cones buried deep within the body 
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does not explain the increasing red muscle temperature elevation we observed 

in our young PBT specimens.  

In addition to its more medial location, tuna red muscle also has a more 

anterior (i.e. closer to the snout) location when compared with what is found in 

other teleosts (Dickson et al., 2000, Graham and Dickson, 2000, Dickson and 

Graham, 2004). In our study we observed that the maximum amount of red 

muscle was found at approximately 50% of FL from the snout of the fish and 

this did not differ between the smallest, intermediate sized and largest fish we 

studied. This compares well with previously reported values for other tuna 

species. For example, in frigate tuna (Auxis thazard), black skipjack tuna 

(Euthynnus lineatus), skipjack tuna (Katsuwonus pelamis), yellowfin tuna 

(Thunnus albacares) and albacore tuna (Thunnus alalunga), the maximum 

amount of red muscle was located at 41-58% of FL from the snout (Dickson et 

al., 2000, Graham et al., 1983, Graham and Dickson, 2000). In contrast, in 

close ectothermic relatives of the tunas, including Pacific mackerel (Scomber 

japonicus), Pacific bonito (Sarda chiliensis) and Pacific sierra 

(Scomberomorus sierra), the maximum amount of red muscle was located at 

74-78% of FL from the snout. The more anterior-medial location of the red 

muscle in tunas is proposed to facilitate their thunniform mode of swimming 

(Donley et al., 2004). Unlike other modes of swimming, such as the 

carangiform swimming mode displayed by the bonitos and mackerels, the 

thunniform mode results in locomotion powered primarily by the lateral motion 

of the hydrofoil-like tail rather than full-body undulations (Sfakiotakis et al., 

1999, Shadwick and Syme, 2008, Dowis et al., 2003).  

Total red muscle mass as a percentage of total BM has been reported to be 

~5%, ~12%, ~11%, ~7%, ~7% and ~4% in slender tuna (Allothunnus fallai), 

frigate tuna, black skipjack tuna, skipjack tuna, yellowfin tuna and albacore 

tuna (Graham et al., 1983, Graham and Dickson, 2000). Thus, total red muscle 

mass as a percentage of total BM varies greatly between tunas from different 

genera (Thunnus, Auxis and Euthynnus), but is relatively similar between 

different members of the genus Thunnus. In our study we found that the total 

red muscle mass, as a percentage of the total BM, was 5.8 ± 1.5%, when we 

took all of the data for all of our young PBT specimens together. Thus, the 
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value we found for PBT was very similar to the previously reported values for 

yellowfin tuna and albacore tuna, both of which belong to the same genus (i.e. 

Thunnus) as PBT. Thus, our results are within the range observed for species 

within this genus. In contrast, in ectothermic fishes in the family Scombridae 

(mackerels and bonitos), the total red muscle mass as a percentage of the 

total BM has been reported to be ~2%, ~4%, ~6% and ~5% in dogtooth tuna 

(Gymnosarda unicolor), striped bonito (Sarda orientalis), Pacific mackerel and 

Pacific bonito (Graham et al., 1983, Graham and Dickson, 2000). These values 

are generally smaller than the values for the tunas. This indicates that the total 

red muscle mass as a percentage of the total BM is generally lower in the other 

fishes in the family Scombridae (mackerels and bonitos) than what is observed 

for most tuna species. This indicates that PBT, like other tunas may be better 

adapted to sustained swimming at high speeds than their closest ectothermic 

relatives.  

Red muscle mass has been shown to increase with increasing BM with scaling 

coefficients of 0.82 ± 0.35, 0.93 ± 0.09, 0.66 ± 0.23, 0.92 ± 0.12 and 0.96 ± 

0.05 in frigate tuna (Auxis thazard), black skipjack tuna (Euthynnus lineatus), 

skipjack tuna (Katsuwonus pelamis), yellowfin tuna (Thunnus albacares) and 

albacore tuna (Thunnus alalunga), respectively (Graham et al., 1983). Thus, 

in all of these tuna species, except for skipjack tuna, the scaling of red muscle 

mass with increasing BM was slightly less than isometric. In our study, we 

found that red muscle mass increased with increasing BM with a scaling 

coefficient of 0.90 ± 0.24 in PBT.  Thus, we also observed slightly less than 

isometric scaling of red muscle mass with increasing BM. This is the first time 

that scaling of red muscle mass with BM has been studied in young tuna 

specimens still in the process of transitioning from ectothermy to regional 

endothermy. Thus, our results provide the most convincing evidence yet that 

increasing red muscle mass as a proportion of total BM is not the explanation 

for the increasing red muscle temperature elevation observed as tunas grow 

larger.  

In contrast to the above, red muscle mass has been shown to increase with 

increasing BM with scaling coefficients of 1.23 ± 0.17 and 1.72 ± 0.35, 

respectively, in the close ectothermic relatives of the tunas, the  Pacific 
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mackerel and the Pacific bonito (Graham et al., 1983). These values are 

greater than those observed for the tunas and they indicate greater than 

isometric scaling with increasing BM. It has been hypothesised that a greater 

than proportional increase in red muscle mass with increasing BM may be an 

adaptation to increase power output during swimming to overcome the 

increased drag associated with increasing body size (Graham et al., 1983). 

Thus, this may explain the greater than isometric scaling of red muscle mass 

with increasing BM in the ectothermic relatives of the tunas. In contrast, in 

tunas, it has also been hypothesised that the less than isometric scaling of red 

muscle mass with increasing BM may be a result of the elevated red muscle 

temperature enhancing the contraction efficiency and therefore power output 

of the red muscle as the fish grow larger (Graham et al., 1983). Thus, an 

increase in contraction efficiency, due to the increasing thermal excess in the 

red muscle with increasing body size, could be the reason why we observed a 

decrease in the amount of red muscle mass with increasing body size in our 

juvenile PBT specimens.  It has also been observed, that PBT glide without 

beating their tails as they swim and this is presumably to save energy (Okano 

et al., 2006, Takagi et al., 2013). Therefore, it might also be that the less than 

isometric scaling of red muscle mass could be a result of increased glide 

swimming efficiency in tunas with increasing body size. 

2.4.5. Anatomy of the red muscle retia 

We observed a strong positive relationship between the magnitude of the red 

muscle temperature elevation (above the ambient water temperature) and the 

extent of the proliferation of the red muscle retia, in our young PBT specimens. 

In particular, we found that our youngest PBT specimens, at ~20 cm FL, 

exhibited minimal, if any, development of their red muscle retia and the 

temperature elevation in this tissue was only 1.1°C.  In contrast, in our 

intermediate-sized and largest specimens there was increasing proliferation of 

the red muscle retia that was clearly associated with increasing red muscle 

temperature elevation. This is strong evidence that the development of the red 

muscle retia in our PBT specimens is essential for increasing red muscle 

temperature elevation with increasing body size. 
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There is a dearth of studies investigating the ontogenetic development of the 

heat exchanging blood vessels that support the development of regional 

endothermy in tunas, especially in individuals that are young enough to still be 

in the process of transitioning from ectothermy to endothermy. In fact, we know 

of only one study besides our own. In that study, Dickson et al. (2000) 

investigated the ontogenetic development of the red muscle retia in black 

skipjack tuna and found, like us, that there was a strong positive relationship 

between the magnitude of the red muscle temperature elevation and the extent 

of the proliferation of the red muscle retia. Specifically, Dickson et al. (2000) 

found that in juvenile black skipjack tuna, the  proliferation of  the red muscle 

retia and the red muscle temperature elevation increased linearly with 

increasing fish FL. This was the same as we observed in PBT.  

2.4.6. Anatomy of the visceral retia 

We observed that the cross-sectional area of the visceral rete was only 

approximately 0.9-2.0 mm2 in our smallest PBT specimens but increased to an 

impressive 27-57 mm2 in our largest specimens. As a result of this, the 

numbers of heat exchanging blood vessels in the rete also increased greatly. 

Thus, there would have been a greater surface area for heat exchange to occur 

and therefore a greater potential for heat retention. Despite this, we saw only 

a small elevation of the visceral temperature above the ambient water 

temperature. This can presumably be explained by the fact that temperature 

elevation requires heat production as well as heat retention. The main heat 

source in the viscera is specific dynamic action (SDA) (Fitzgibbon et al., 2007). 

Therefore, the small temperature elevations recorded in our PBT specimens 

were likely to be a result of the heat generated by SDA from our fish being fed 

to satiation once or twice a day. 

In a previous study, Blank et al. (2008) measured visceral temperatures in 

small PBT juveniles swimming in a respirometer at water temperatures ranging 

from 8 to 25°C and when they did this they found visceral temperature 

elevations of only 1.1 to 1.8°C above the ambient water temperature. This was 

surprising because the fish in the study of Blank et al. were larger (70 to 84 cm 

FL) than the largest fish in our study (~60 cm FL) and yet we saw substantially 

larger visceral temperature elevations, i.e., 2.2 to 5.1°C, in our study.  The 
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likely explanation for the discrepancy is that Blank et al. used archival tags 

implanted into the peritoneal cavity (i.e. the visceral cavity) that would have 

measured the average temperature of the viscera whereas we used a probe 

inserted into the warmest part of the visceral cavity. Another explanation could 

be that Blank et al. (2008) fasted their fish for 45–72 h prior to the 

commencement of the temperature measurements, whereas our fish had not 

been fasted and might recently have fed. Thus, there might still have been 

substantial heat generation in the viscera of our fish as a result of SDA. 

In the same study, Blank et al. (2008) also measured visceral temperatures in 

free-ranging PBT. Once again they used tags implanted into the peritoneal 

cavity of ten PBT specimens that were a similar size to the specimens used in 

their swim tunnel experiments, but in this case, the mean visceral temperature 

was 22.9 ± 0.9°C at a mean ambient water temperature of 18.4 ± 1.2°C giving 

an average visceral temperature elevation of 4°C above the ambient water 

temperature. This was greater than the thermal excess seen in their swim 

tunnel experiments but similar to that seen in the largest fish in our own study. 

This suggests that the free-ranging fish may have just recently eaten and were 

still generating substantial visceral heat due to SDA.  

In another study with young free-ranging PBT from the same geographical 

region as the fish in our study, juvenile PBT were implanted with archival tags 

in their peritoneal cavity and  an average visceral temperature elevation of 1°C 

was observed in the months of August to November, corresponding to the 

Japanese autumn compared with nearly 3°C in December corresponding to 

the Japanese winter (Furukawa et al., 2017). This was consistent with our own 

observations. 

Recently, the results of a decade (1995 – 2015) of archival tagging studies 

designed to clarify the migration patterns of young PBT juveniles (< 2 years of 

age) tagged in their two main nursery areas, the East China Sea and the 

coastal waters to the south of Shikoku and Honshu Islands, were compiled and 

published (Fujioka et al., 2018b). The tags had been inserted in the peritoneal 

cavity of these fish and therefore measured the average temperature of this 

cavity. Fish that migrated across the Pacific Ocean encountered an average 

Ta of 14.7 ± 2.0°C and had a substantial peritoneal cavity thermal excess value 
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of 6.9°C (Fujioka et al., 2018b). This was higher than we observed in our study, 

presumably because the fish were larger/older and the Ta was cooler.    

In another example, with a different but closely related species, large (~100 

cm FL) free-ranging southern bluefin tuna (SBT, Thunnus maccoyii) were 

tracked with archival tags implanted into their peritoneal cavity to record their 

temperature (Bestley et al., 2008). The authors identified the start of a feeding 

event by a sharp decrease in peritoneal cavity temperature (associated with 

the ingestion of cold food and/or water) followed by a steep steady increase 

above the initial temperature, or by a steep steady increase without the 

preceding decrease. For one individual, a steep steady increase from ~20°C 

lasted for several hours before peaking at a maximum temperature of ~25°C 

at an ambient water temperature of ~15°C. This was indicative that the fish 

had just recently fed. Thus, in SBT, and possibly other tuna species such as 

PBT, the maximum thermal excess value in the peritoneal cavity is observed 

several hours after feeding. Our PBT specimens were fed to satiation once or 

twice a day. This further indicates that in our intermediate-sized and largest 

PBT specimens it is possible that we were recording the thermal excess 

resulting from SDA after feeding. It is possible that the thermal excess values 

were lower in our fish because they only ranged from ~20 to 60 cm FL 

compared to the ~100 cm FL SBT in the previous study. This indicated that the 

visceral rete was less developed in our young PBT juveniles than in the larger 

SBT specimens. 

Continuous monitoring of the stomach temperatures of large (~350 to ~450 kg) 

Atlantic bluefin tuna (ABT) specimens revealed thermal excess values for the 

stomach 10 to 15°C at ambient water temperatures of 12  to 17°C, 12 to 20 

hours after feeding (Carey et al., 1984). In this study, the temperature 

measurements were made using acoustic transmitters that were fed to the fish 

and recorded the temperature in their stomachs. These temperature elevations 

were much higher than those we observed for our own specimens. It is highly 

likely that this is due to a difference in methods between the studies. For 

example, our temperature measurements were for the warmest location in the 

visceral cavity of the fish, whereas in the study with ABT, the temperature of 

the stomachs was recorded. The temperatures within the stomachs of the ABT 
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were likely higher because the stomach is the site of digestion, which 

contributes to SDA. 

2.4.7. Cranial temperature elevation 

We observed that the thermal excess for the cranium increased with increasing 

fish size and decreasing water temperature in our young PBT specimens but 

the increase was modest compared with what we had observed for the red 

muscle and the viscera. The cranial thermal excess we observed increased 

from 0.5°C for the ~20 cm FL fish to 1.3°C for the ~40 cm FL fish to 2.0°C for 

the ~60 cm FL fish. This contrasts with several previous studies, with other 

tuna species, in which greater cranial thermal excess values were observed. 

For example, a study with skipjack tuna (Katsuwonus pelamis) juveniles, with 

an average size of 44.5 cm FL, found a cranial thermal excess of 4.5°C above 

an ambient water temperature of 25.6°C (Stevens and Fry, 1971). These fish 

were approximately the same size as our intermediate-sized fish in which we 

saw a temperature elevation of only 1.3°C. Based on a previous study, the size 

of the 44.5 cm FL skipjack tuna corresponds to an age of approximately one 

year for this species (Tanabe et al., 2003). Thus, skipjack tuna individuals at 

one year of age can elevate their cranial temperature considerably above the 

ambient water temperature whereas PBT individuals of the same size cannot. 

This suggests that skipjack tuna may have a greater capacity for cranial heat 

generation and/or a greater capacity for cranial heat retention than PBT.  

In another example, a cranial temperature elevation of ~7°C at an ambient 

water temperature of ~20°C was observed in large ABT individuals ranging in 

size from 180 to 410 kg (Linthicum and Carey, 1972). This compared with a 

cranial temperature elevation of ~6°C at a water temperature of ~21°C in 

smaller ABT individuals ranging in size from 7 to 11 kg (Linthicum and Carey, 

1972). Thus, the large and small ABT specimens had similar cranial 

temperature elevations to one another suggesting that the capacity for cranial 

endothermy was already fully developed in the 7 to 11 kg fish. Both the large 

and the small ABT specimens in the previous study were all larger than the 

PBT specimens in our study suggesting that our fish had not yet fully 

developed the capacity for cranial endothermy. Alternatively, the differences 

between the different studies could be due to differences in the methods used. 
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For example, in our study, the temperature probe was inserted into the ocular 

cavity behind the eye where the ocular muscles and the optic nerve are located 

and while the fish were still alive. In contrast, in the previous study, the fish 

were euthanised with a shot to the head with a 12-gauge shotgun and their 

brain temperatures were taken immediately afterwards by inserting a 

temperature probe through the pineal window and into the brain. Therefore, it 

is possible that we were measuring the temperatures of different parts of the 

cranium in the two different studies. 

2.4.8. Conclusions  

In this study, we have shown that the transition from ectothermy to endothermy 

in the red muscle of PBT occurs at a body size of approximately 29 cm FL 

corresponding to an age of approximately 5.5 months. We observed a steep 

linear increase in red muscle thermal excess with increasing body size in our 

intermediate and large sized specimens, with a maximum temperature 

elevation of 14.2°C observed in a 61.2 cm FL individual. We have shown that 

red muscle mass scales slightly less than isometrically with increasing BM 

indicating that increasing red muscle mass as a proportion of total BM is not 

the explanation for the increasing red muscle thermal excess with increasing 

body size that we have observed. Instead, our data indicate that the increasing 

red muscle thermal excess is due to the corresponding increase in the 

proliferation of the red muscle retia with increasing body size. We also 

observed a modest increase in visceral thermal excess with increasing body 

size. This corresponded with major proliferation of the visceral rete resulting in 

increasing surface area for heat exchange to occur. In the future, it will be 

important to identify the endogenous and/or environmental signals that trigger 

the onset of the ontogenetic development of red muscle endothermy in tunas. 

This will be important because it could lead to a better understanding of how 

these species will tolerate alterations in the flow of warm ocean currents 

occurring and predicted as a result of climate change.  
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CHAPTER 3 - Regulation of the ontogenetic 

transition from ectothermy to regional endothermy in 

pacific bluefin tuna (Thunnus orientalis): 

Biochemistry and molecular biology 
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Abstract 

Early in their post-larval development, tunas undergo an ontogenetic transition 

from ectothermy to regional endothermy but it is unknown how this is 

regulated. In the bluefin tunas, it is the red (‘slow-twitch, aerobic) skeletal 

muscle, the eye/brain and the viscera that are endothermic but the white (‘fast-

twitch’, glycolytic) skeletal muscle and the heart are ectothermic. In Pacific 

bluefin tuna (PBT, Thunnus orientalis), young juveniles ranging in size from 20 

to 60 cm fork length (FL) and in age from ~2 months to ~2 years, displayed 

increasing elevation of their maximum red skeletal muscle temperature (TRM) 

above the ambient water temperature (Ta) as they grew larger (Chapter 2). 

Thus, we hypothesized that they would display increasing enzyme activity and 

gene expression for enzymes involved in aerobic metabolism in this tissue. To 

test this we measured enzyme activity and transcript abundance for the 

mitochondrial marker enzymes citrate synthase (CS) and cytochrome c 

oxidase (COX) as well as for the glycolytic marker enzyme pyruvate kinase 

(PK) in red and white muscle of these same PBT specimens. CS enzyme 

activity (per g tissue) was on average 7.1-fold higher in the red muscle 

compared with the white muscle of these fish but CS transcript abundance 

(expressed as copies per g tissue) was not significantly different between the 

two tissues. In contrast, COX enzyme activity (per g tissue) was on average 

12.4-fold higher, COXI transcript abundance was on average 2.4-fold higher 

and COXIV transcript abundance was on average 2.6-fold higher in the red 

muscle compared with the white muscle. For PK, enzyme activity (per g tissue) 

was on average 4.3-fold higher in the white muscle compared with the red 

muscle and PK transcript abundance (expressed as copies per g tissue) was 

on average 9-fold higher in the white muscle compared with the red muscle. 

CS enzyme activity decreased with increasing body size in both the red muscle 

and the white muscle whereas CS transcript abundance remained constant 

with increasing body size. In contrast, COX enzyme activity remained constant 

with increasing body size in both muscle types but COXI transcript abundance 

and COXIV transcript abundance both decreased. For PK, enzyme activity 

(per g tissue) increased with increasing body size in the white muscle but not 

in the red muscle and transcript abundance (copies per g tissue) decreased 

with increasing body size in both muscle types. The results are discussed in 
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terms of the different functions of the different muscle types and in terms of the 

changes in aerobic and glycolytic metabolic capacity as the fish grew larger. 
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3.1. Introduction 

3.1.1. Regional endothermy in tunas 

Tunas are unique amongst regionally endothermic fishes in that they have a 

relatively long period of their early lives in which they function as ectotherms 

and it is only later during their development that they become regional 

endotherms (Dickson, 1994, Kubo et al., 2008). For most tuna species, it is 

unknown when the ontogenetic transition from ectothermy to regional 

endothermy occurs.  Recently, we undertook a study of the anatomical and 

physiological changes associated with the transition from ectothermy to 

regional endothermy in Pacific bluefin tuna (PBT, Thunnus orientalis) (Chapter 

2). In this study we observed significant red (‘slow-twitch’, aerobic) skeletal 

muscle temperature (TRM) elevation above the ambient water temperature (Ta) 

at a minimum body size of 29 cm FL corresponding to a minimum age of 5.5 

months. Thus, it is around about this size/age that this particular species 

makes the transition from ectothermy to regional endothermy.   

3.1.2. The effects of muscle type on mitochondrial abundance and 
aerobic metabolic capacity in fishes 

Fish skeletal muscle consists of clearly distinct bundles of red and white 

muscle fibres (Johnston et al., 2011). The red muscle fibres are used for 

sustained, cruise-type swimming and their metabolism is predominantly 

oxidative whereas the white muscle fibres are used for short, burst-type 

activities, such as the pursuit of prey, and their metabolism is predominantly 

glycolytic. Consistent with these different roles, the red muscle fibres have 

large numbers of mitochondria and prominent lipid droplets which they use as 

fuels whereas the white muscle fibres have fewer mitochondria and fewer lipid 

droplets. Mitochondrial abundance and a tissue’s aerobic metabolic capacity 

can be assessed using mitochondrial marker enzymes such as citrate 

synthase (CS, the first enzyme in the tricarboxylic acid (TCA) cycle) and 

cytochrome c oxidase (COX, the last enzyme in the mitochondrial electron 

transfer chain (mETC)) (Guderley, 1990, LeMoine et al., 2008). Both enzymes 

can be used as indicators of mitochondrial abundance and therefore aerobic 

metabolic capacity but in addition, COX can also be used as an indicator of 
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the extent of folding of the inner mitochondrial membrane and hence the 

capacity of the mETC.  

In bigeye tuna (Thunnus obesus), yellowfin tuna (Thunnus albacares) and 

skipjack tuna (Katsuwonus pelamis), CS enzyme activity, expressed per g 

tissue, has been shown to be approximately 5- to 6-fold higher in the red 

muscle compared with the white muscle and COX enzyme activity, expressed 

in the same way, has been shown to be 6- to 10-fold higher (Dalziel et al., 

2005, Moyes et al., 1992). These data are indicative of the red muscle having 

a greater number of mitochondria and aerobic metabolic capacity than the 

white muscle.   

3.1.3. The effects of muscle type on glycolytic capacity in fishes 

In mammals, white muscle fibres are characterised by a high glycolytic 

capacity compared to the red muscle (Schiaffino and Reggiani, 2011). 

Similarly, the white muscle in fishes has a greater glycolytic capacity than red 

muscle (Childress and Somero, 1990). In studies with both mammals and with 

fishes, pyruvate kinase (PK) the last enzyme in glycolysis, has been used as 

an indicator of a tissue's glycolytic capacity (McClelland et al., 2006, Cordiner 

and Egginton, 1997, Kyprianou et al., 2010, Childress and Somero, 1990, 

Emmett and Hochachka, 1981). Consistent with the white muscle being more 

glycolytic than the red muscle, it has been shown that PK enzyme activity is 

approximately 7-fold greater in the white muscle than in the red muscle in 

skipjack tuna (Guppy and Hochachka, 1979). These data are indicative of the 

white muscle having a greater glycolytic capacity than the red muscle in tunas.   

3.1.4. The effects of body size on mitochondrial abundance and aerobic 
metabolic capacity in fish skeletal muscle 

In terrestrial mammals, there is a decrease in resting aerobic metabolic activity 

with increasing body size (Kleiber, 1947, Riek and Geiser, 2013). It is 

hypothesised that this decrease is a means of preventing overheating due to 

the decrease in the surface area-to-volume ratio with increasing body size. 

This hypothesis was developed for terrestrial mammals but the same appears 

to be true in fishes. For example, CS enzyme activity has been shown to 
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decrease with increasing body size in the white muscle of the ectothermic fish 

species including deep-sea rattail (Coryphaenoides armatus), largemouth 

bass (Micropterus salmoides), smallmouth bass (Micropterus dolomieui), 

pumpkinseed sunfish (Lepomis gibbosus) and bluegill sunfish (Lepomis 

macrochirus) (Somero and Childress, 1985, Davies and Moyes, 2007). This 

suggests that mitochondrial abundance and aerobic metabolic capacity of the 

white muscle decreases with increasing body size in these fishes.  

3.1.5. The effects of body size on the glycolytic capacity of skeletal 
muscle fibres of fishes  

Previous studies have shown that the PK enzyme activity increases with 

increasing body size in the white muscle of zebrafish, deep-sea rattail, kelp 

bass (Paralabrax clathratu), rainbow trout, black bass, smallmouth bass, 

pumpkinseed sunfish and bluegill sunfish (Goolish, 1989, Davies and Moyes, 

2007, McClelland et al., 2006, Childress and Somero, 1990). The same 

analysis was not performed on the red muscle of these fishes. The increase in 

PK enzyme activity indicates that the glycolytic capacity of the white muscle 

increases with increasing body size in these fishes but it is unknown how body 

size effects the glycolytic capacity of the red muscle. In fishes, during burst 

swimming, anaerobic metabolism is dominant. Therefore, it has been 

proposed that positive scaling of glycolytic capacity with increasing body size 

provides increasing power for the muscles of fishes with a greater body mass 

to reach the same burst swimming velocities as smaller-bodied fishes (Somero 

and Childress, 1985).  

3.1.6. The effects of decreasing water temperature on mitochondrial 
abundance and aerobic metabolic capacity in fish skeletal muscle 

Ectothermic fishes compensate for the negative thermodynamic effects of 

cooler water temperatures by increasing the concentrations of metabolic 

enzymes, especially those involved in aerobic metabolic activity in the 

mitochondria of the skeletal muscle (Battersby and Moyes, 1998, McClelland 

et al., 2006, LeMoine et al., 2008, Cordiner and Egginton, 1997, Kyprianou et 

al., 2010, Orczewska et al., 2010, O'Brien, 2011). For example, rainbow trout 

caught at 4°C, compared with 18°C, had 4-fold higher CS enzyme activities 
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per g tissue in their red muscle and 2.8-fold higher CS enzyme activities per g 

tissue in their white muscle (Cordiner and Egginton, 1997). Similarly, rainbow 

trout held at 4°C, compared with 18°C, for two months, had 1.4-fold higher CS 

and COX enzyme activities per g tissue in their red muscle and 1.7-fold higher 

COX enzyme activity per g tissue in their white muscle (Battersby and Moyes, 

1998). In another study, zebrafish held at 18°C, compared with 28°C, for 21 

days, had 1.5-fold higher CS enzyme activity per g tissue and 1.2-fold higher 

COX enzyme activity per g tissue in their skeletal (presumably white) muscle 

(McClelland et al., 2006). In yet another study, threespine stickleback 

(Gasterosteus aculeatus) maintained at 8°C, compared with 20°C,  for 9 

weeks, had 1.7-fold higher CS enzyme activity per g tissue and 1.9-fold COX 

enzyme activity per g tissue in their oxidative pectoral adductor muscle 

(predominantly red muscle) (Orczewska et al., 2010). Collectively, these data 

indicate that the mitochondrial abundance within the red and white skeletal 

muscle fibres of fishes increases in response to cooler water temperatures. In 

contrast to the wealth of information available for ectothermic fishes on the 

effects of cooler water temperatures on metabolic enzyme activities in the red 

and white skeletal muscle, there is a lack of equivalent information for 

endothermic fishes. 

3.1.7. The effects of decreasing water temperature on glycolytic capacity 
in fish muscle   

Suboptimal ambient water temperature has been reported to result in both 

increases and decreases in glycolytic capacity in the skeletal muscle of fishes 

(Cordiner and Egginton, 1997, McClelland et al., 2006, Kyprianou et al., 2010). 

For example, zebrafish held at a suboptimal water temperature of 18°C over a 

period of 21 days, compared with 28°C, had ~60% higher PK enzyme activity 

per g tissue in their skeletal muscle (McClelland et al., 2006). The muscle fibre 

type was not reported in this study but due to the fact that the bulk of the muscle 

mass in fishes is white, it is likely it was white skeletal muscle. In contrast, 

Cordiner and Egginton (1997) reported that rainbow trout caught at different 

water temperatures at different times of the year had PK enzyme activities per 

g tissue in their red muscle that were not statistically significantly different 

between fish caught at 11°C compared to 28°C but were 82% lower in rainbow 
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trout caught at 4°C compared to 28°C. In contrast, in the same study, PK 

enzyme activity in the white muscle was ~70% greater in fish caught at 11°C 

compared to 28°C and 47% lower in fish caught at 4°C compared to 28°C. In 

another study, in which gilt-head sea bream were held at 10°C for ten days, 

PK activity per g tissue increased by approximately ~20% in the red muscle, 

compared to the control fish held at 18°C, after 5 days before decreasing back 

to control levels after 10 days and the same was observed in the white muscle 

(Kyprianou et al., 2010). Collectively, these data show that the effects of cold 

water temperature on the glycolytic capacity of the red and white skeletal 

muscle of fishes is much more variable than what is observed for aerobic 

metabolic capacity.   

3.1.8. Aims  

The aim of the present study was to investigate the effects of muscle type, 

body size and water temperature on CS and COX enzyme activity as indicators 

of aerobic capacity and PK enzyme activity as an indicator of glycolytic 

metabolic capacity in red and white muscle of young PBT juveniles undergoing 

the ontogenetic transition from ectothermy to regional endothermy. We 

hypothesised that the number of mitochondria, and/or their aerobic metabolic 

capacity, would increase with increasing body size in the red muscle. We also 

hypothesised that the glycolytic capacity would increase in the white muscle 

with increasing body size in juvenile PBT. 
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3.2. Materials and Methods  

3.2.1. Fish specimens 

Young Pacific bluefin tuna (PBT, Thunnus orientalis) juveniles, ranging in size 

from 18.5 to 62.5 cm fork length (FL) and 71 to 5,350 g body mass (BM), were 

used in this study. They were caught in Japanese waters on three separate 

occasions. For details refer to Chapter 2. The Group one fish [18.5 – 21.2 cm 

fork length (FL), 71 – 142 g body mass (BM), n = 21] were caught by fishermen 

operating offshore from the port of Kaminokae (Kochi Prefecture, Shikoku 

Island) on the 2nd of August 2016 (late summer) (Fig. 1). The Group two fish 

[33.3 – 42.6 cm FL, 750 – 1,700 g BM, n = 10] and the Group three fish [57.5 

– 62.5 cm FL, 4,050 – 5,350 g BM, n = 4] were caught from a sea cage farm 

located approximately 1 km offshore from the town of Imazato (Nagasaki 

Prefecture, Tsushima Island) on the 28th of November 2016 (late autumn) and 

the 27th of March 2017 (early spring), respectively. The fish were subjected to 

the tissue temperature measurements described in Chapter 2 and following 

this, samples were taken for the enzyme activity and gene expression 

analyses described here. The samples were taken from the left side of the fish 

at ~40-50% of FL from the snout. For the enzyme activity analyses, two 

samples (~1 cm3) were taken from the red muscle and two from the white 

muscle whereas for the gene expression analyses, four samples (~0.5 cm3) 

were taken from each muscle type. The samples for the enzyme activity 

analyses were initially snap frozen in dry ice and then later transferred to liquid 

nitrogen in an Arctic Express™ Cryogenic dry shipper (Thermo Fisher 

Scientific). For the gene expression analyses, the samples were immersed in 

RNAlater® (Ambion®), initially on ice and then later at -20°C for longer term 

storage. 

3.2.2. Citrate synthase enzyme activity analysis 

Citrate synthase (CS) enzyme activity analysis was essentially as previously 

described (Gibb and Dickson, 2002). In brief, the procedure was as follows. 

Approximately 50 mg of frozen tissue was homogenised for 45 s at 4,000 rpm 

in nine volumes of ice-cold extraction buffer [50 mM imidazole (pH 6.6), 2 mM 

ethylenediaminetetraacetic (EDTA)] using a TOMY micro Smash™ MS-100 
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tissue homogeniser. The resulting homogenate was clarified by centrifugation 

at 12,000 g for 10 min at 4°C and then the supernatant was desalted using a 

Bio-Spin® P-30 Gel column (Bio-Rad), equilibrated with the extraction buffer. 

The desalted extract was used for the enzyme assays. To ensure that the initial 

rate of the reaction could be reliably measured, the red muscle extract was 

diluted 1:20 and the white muscle extract was diluted 1:2 before the assay. 

The enzyme activity was assayed using a Corona SH-9000 microplate reader 

(Corona Electric Co. Ltd.) in a room maintained at a constant temperature of 

25°C. The reactions were performed in flat-bottomed 96-well plates and each 

reaction (160 µL total volume) contained 80 mM Tris buffer (pH 8.0), 2 mM 

MgCl2, 0.1 mM 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), 0.1 mM acetyl CoA, 

0.5 mM oxaloacetate and 10 µL of the appropriate dilution of the tissue extract. 

The reactions were initiated with the addition of the oxaloacetate and the 

change in absorbance, due to the reduction of DTNB, was monitored at a 

wavelength of 412 nm. Preliminary experiments had been carried out to ensure 

that doubling or halving the volume of the diluted tissue extract added to the 

assay resulted in proportional changes in the reaction rate. 

3.2.3. Cytochrome c oxidase enzyme activity analysis 

Cytochrome c oxidase (COX) enzyme activity analysis was essentially as 

previously described (Bremer and Moyes, 2011). In brief the procedure was 

as follows. Approximately 25 mg of frozen tissue was homogenised for 4 min  

in 20 volumes of ice-cold extraction buffer [25 mM potassium phosphate buffer 

(pH 7.4), 1 mM EDTA, 0.6 mM n-dodecyl β-D-maltoside] using a Retsch MM40 

bead mill set at a frequency of 30 Hz. The resulting homogenate was used 

directly for the enzyme assays. To ensure that the initial rate of the reaction 

could be reliably measured, the red muscle homogenate was diluted 1:50 and 

the white muscle homogenate was diluted 1:5. The enzyme activity was 

assayed using a FLUOstar Omega microplate reader (BMG LABTECH) set at 

25°C. The reactions were performed in flat-bottomed 96-well plates and each 

reaction (200 µL total volume) contained 25 mM potassium phosphate buffer 

(pH 7.4), 0.6 mM n-dodecyl β-D-maltoside, 0.15 mM reduced cytochrome c 

and 10 µL of the appropriate dilution of the tissue homogenate. The reactions 

were initiated with the addition of the reduced cytochrome c and the change in 
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absorbance due its oxidation was monitored at a wavelength of 550 nm.  The 

reduced cytochrome c had been prepared by adding an excess of sodium 

ascorbate to a 1 mM stock solution of cytochrome c dissolved in 25 mM 

potassium phosphate buffer (pH 7.4) and then removing the ascorbate using 

a PD-10 desalting column (GE Healthcare), pre-equilibrated with the same 

phosphate buffer. Reduction of the cytochrome c was confirmed by performing 

a wavelength scan between 350 and 700 nm to identify the characteristic 

absorption maximum for the reduced form of cytochrome c at 550 nm. 

Preliminary experiments had been carried out to ensure that doubling or 

halving the volume of the diluted tissue homogenate added to the assay 

resulted in proportional changes in the reaction rate. 

3.2.4. Pyruvate kinase enzyme activity analysis 

Pyruvate kinase (PK) enzyme activity analysis was essentially as previously 

described (Davies and Moyes, 2007). In brief the procedure was as follows. 

Approximately 25 mg of frozen tissue was homogenised for 4 min in 20 

volumes of ice-cold extraction buffer [20 mM HEPES (pH 7.2), 1 mM EDTA, 

0.1% (v/v) Triton X-100] using a Retsch MM40 bead mill set at a frequency of 

30 Hz. The resulting homogenate was used directly for the enzyme assays. To 

ensure that the initial rate of the reaction could be reliably measured, the red 

muscle homogenate was diluted 1:20 and the white muscle homogenate was 

diluted 1:100. The enzyme activity was assayed using a FLUOstar Omega 

microplate reader (BMG LABTECH) set at 25°C. The reactions were 

performed in flat-bottomed 96-well plates and each reaction (200 µL total 

volume) contained 50 mM HEPES (pH 7.4), 5 mM ADP, 100 mM KCl, 10 mM 

MgCl2, 0.15 mM NADH, 5 mM phosphoenolpyruvate (PEP), 10 mM KCN, 10 

units/mL lactate dehydrogenase (LDH) and 10 µL of the appropriate dilution of 

the tissue homogenate. The reactions were initiated with the addition of the 

ADP and the change in absorbance due the oxidation of NADH was monitored 

at a wavelength of 340 nm. Preliminary experiments had been carried out to 

ensure that doubling or halving the volume of the diluted tissue homogenate 

added to the assay resulted in proportional changes in the reaction rate. 

3.2.5. Primer design for polymerase chain reaction 
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At the time of this research, there were no annotated sequences for any of the 

genes of interest available for PBT. There was, however, an unannotated 

whole genome shotgun contigs database for this species (accession number 

BADN00000000 available at http://www.ncbi.nlm.nih.gov/). Therefore, the 

primers for polymerase chain reaction (PCR) were designed using BLAST 

searches of this database. First of all, cDNA sequences for CS from yellowfin 

tuna (Thunnus albacares, AY461848.1), COXI and COXIV-1 from bigeye tuna 

(Thunnus obesus, HM071005.1 and AF204870.1) and PK from Atlantic 

salmon (Salmo salar, PKM paralog, NM_001141703.1) were downloaded from 

the GenBank database (available at http://www.ncbi.nlm.nih.gov/). Then each 

of the downloaded sequences was used one by one to query the PBT whole 

genome shotgun contigs database. Several contigs were retrieved for each 

gene and each contig was aligned individually with the query sequence using 

ClustalX 2.1 (Larkin et al., 2007). Subsequently, regions of sequence 

conservation were chosen for primer design. The primers were designed using 

Primer3 (version 0.4.0) (Untergasser et al., 2012). Primer3 was set to choose 

a primer with a length of 20 base pairs (bp), a melting temperature of 

approximately 60°C and a GC content between 40 and 60%. Following this, 

the potential primers chosen using Primer3, were tested for their suitability 

using Oligo Analyzer Version 3.1 

(http://sg.idtdna.com/analyzer/Applications/OligoAnalyzer/). Oligo Analyzer 

was used to check for primer-dimer formation and for the formation of 

secondary structures within the primer sequence which if present could reduce 

the amplification efficiency of the PCR reactions.  Finally, the selected primers 

were ordered from GeneWorks Pty. Ltd. (Australia) or Integrated DNA 

TechnologiesTM (Singapore).  

3.2.6. RNA extraction and cDNA synthesis 

RNA was extracted from the various red and white muscle samples (see 

section 3.2.1) using the RNeasy® Fibrous Tissue Mini kit (QIAGEN), essentially 

as described by the manufacturer. In the first step, the tissue samples were 

removed from the RNAlater® (Ambion®) storage solution and blotted dry. Then 

approximately 60 mg of tissue was homogenised for 45 s at 4,000 rpm in 300 

µL of RLT buffer (supplied with the kit), with 40 mM DTT added, using a TOMY 
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micro Smash™ MS-100 tissue homogeniser. The homogenate was applied to 

one of the columns supplied with the kit and whilst it was on the column, it was 

subjected to an on-column RNase-free DNase I digestion to remove any 

genomic DNA that might have been present. Following this, the RNA was 

eluted from the column and the concentration was determined using a 

NanoDropTM 1000 spectrophotometer (Thermo Scientific). First strand cDNA 

was synthesized from one µg of the extracted RNA using a SuperScript® IV 

Reverse Transcriptase kit (Invitrogen™) as described by the manufacturer and 

the synthesized cDNA was stored at -20°C until it was required. 

3.2.7. Conventional polymerase chain reaction 

Conventional PCR was performed to amplify fragments of the genes of interest 

and the normalisation gene β-actin to be used as standards for gene 

expression analysis using quantitative real-time PCR (qRT-PCR). Each 50 µL 

conventional PCR reaction contained 5 µL of a 1:5 dilution of PBT red muscle 

cDNA, 0.2 µM of each of the relevant forward and reverse PCR primers (Table 

3.1), 200 µM dNTPs (Promega), 2.5 units of Taq DNA Polymerase (New 

England Biolabs) and 5 µL of 10x ThermoPol® Buffer (New England Biolabs).  

The PCR cycling conditions consisted of an initial denaturation step at 95°C 

for 30 s followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 

60°C for 30 s and extension at 68°C for 1 min, followed by a final extension at 

68°C for 5 min. The cycling was done in a Hybaid PX2 thermal cycler (Thermo 

Scientific).  At the end of the cycling, the PCR reaction mixture was subjected 

to electrophoresis on a 1.5% (w/v) agarose gel to confirm that the PCR 

products were of the expected sizes. Subsequently, the products were purified 

from the remaining PCR reaction mixture using the Wizard® SV Gel and PCR 

Clean-Up System (Promega), following the manufacturer’s instructions. The 

products were subsequently cloned in Escherichia coli (see below). 
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Table 3.1. Nucleotide sequences of the primers used for polymerase chain 

reaction in this study 

Gene Forward primer sequence (5′ → 3′) Reverse primer sequence (5′ → 3′) 

CS CTGGACTGGTCCCACAACTT GGACAGGTAGGGGTCAGACA 

COXI GGAGCTGTATTCGCCATTGT AGGAAGTGCTGTGGGAAGAA 

COXIV GCCCACTGGGACTATGAAAA CCAAAATGCACAGACTGAGG 

PK CTGGGATGAACATTGCAAGA TCCTGATTTCTGGTCCCTTG 

β-actin1 ACCCACACAGTGCCCATCTA TCACGCACGATTTCCCTCT 

1 Designed by Agawa et al. (2012)  
All other primers were designed by the author of this thesis (refer to Section 3.2.5.) 
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3.2.8. Cloning of the PCR products in E. coli 

The purified PCR products (Section 3.2.7) were cloned in E. coli to be used as 

standards for the subsequent gene expression analyses using qRT-PCR. To 

do this, the PCR products were first of all ligated into the pGEM®-T Easy vector 

(Promega) and then the resulting constructs were used to transform E. coli 5α 

competent cells (New England Biolabs). The transformed cells were plated 

onto Luria broth (LB) agar containing 100 µg/mL ampicillin and colonies that 

were resistant to the antibiotic were selected. The selected colonies were 

screened for the presence of the gene of interest using colony PCR. Colony 

PCR was performed using primers targeting the T7 (5´-

TAATACGACTCACTATAGGG-3´) and SP6 (5´-TATTTAGGTGACACTATAG-

3´) promoter regions of the vector, following the conventional PCR method 

outlined above (Section 3.2.7). Confirmed positive colonies were cultured 

overnight at 37°C in LB broth containing 100 µg/mL ampicillin. Following the 

overnight culture, plasmid DNA was extracted from the cells using the Wizard® 

Plus SV Minipreps DNA Purification System (Promega) and the inserts within 

the plasmids were sequenced using the Sanger sequencing method at the 

Australian Genome Research Facility Ltd (AGRF) using primers targeting the 

T7 and SP6 promoter regions of the vector. The resulting sequence data were 

used to perform BLAST searches of the GenBank database (available at 

http://www.ncbi.nlm.nih.gov/) to confirm the identity of the inserts. After the 

identity of the inserts had been confirmed, a 10-fold dilution series was 

produced using the remaining plasmid construct for each gene and these 

dilutions were used as standards for qRT-PCR. The standards were made into 

single use aliquots and stored at -20°C until required. To calculate the copy 

number for each plasmid construct, the DNA concentration was determined 

using a NanoDropTM 1000 spectrophotometer (Thermo Scientific) and the 

following equation was used to calculate the number of DNA copies per 

microliter of sample.  

=>?@AB	?AC	µE

=
(FG>HI#	>J	?EFBG@K	LMN	O>IB#CHO#	(IP) 	× 	6.022 × 10:8)

(EAIP#ℎ	>J	?EFBG@K	LMN	O>IB#CHO#	(T?) 	× 	1 × 10U	 × 	650	LFE#>IB)
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This calculation is based on the assumption that the average molecular weight 

of a bp is 650 Daltons. 

3.2.9. Gene expression analysis using qRT-PCR  

RNA was extracted and first-strand cDNA was synthesised as described 

above (Section 3.2.6), using the various red and white muscle samples 

(Section 3.2.1) as the source of the RNA.  Subsequently, the first-strand 

cDNAs or the standards (plasmid constructs) (Section 2.8) were used as 

templates for qRT-PCR. Various dilutions of the cDNAs from the various tissue 

samples were tested for each gene of interest to determine the optimal amount 

of cDNA to be added to each qRT-PCR reaction. The optimal amount of cDNA 

was the amount that produced fluorescence curves within the middle of the 

range of the fluorescence curves produced for the standards, i.e., the 10-fold 

dilutions of the plasmid constructs. Once the optimal cDNA concentration had 

been determined, qRT-PCR analyses were performed with the standards and 

the appropriately diluted cDNAs side by side in the same run. Each run 

included all of the cDNAs from the smallest (~20 cm FL), intermediate-sized 

(~40 cm FL) and largest fish (~60 cm FL) for one of the genes of interest from 

either the red muscle or the white muscle, a no template control and a no 

reverse-transcriptase control. For these analyses, each 20 µL qRT-PCR 

reaction contained 5 µL of the appropriately diluted first-strand cDNA or 

plasmid construct plus 10 µL of the KAPA SYBR® FAST qPCR Master Mix 

(2X) Universal (KAPA Biosystems) and 0.4 µL each of the relevant forward 

and reverse qRT-PCR primers (Table 3.1) to give a final primer concentration 

of 200 nM each. Thermal cycling was performed using a Rotor-Gene Q thermal 

cycler (QIAGEN) fitted with fluorescence detection. The thermal cycling 

conditions were an initial denaturation step at 95°C for 3 min followed by 40 

cycles of denaturation at 95°C for 3 s, annealing at 60°C for 20 s and extension 

at 72°C for 20 s.  At the end of each amplification run, melt curve analysis was 

performed to ensure that only one product was produced for each set of 

primers. This was done by raising the temperature from 60 to 95°C in 0.5°C 

increments and observing the change in fluorescence as the DNA strands 

separated. Amplification of only one product was confirmed by analysing the 

amplicons using agarose gel electrophoresis. For all primer pairs, the 

amplification efficiency was between 90 and 105% and each primer pair gave 



90 
 

only one product. Primer efficiency was calculated by plotting log10 transcript 

copy number against Ct values for each standard and then determining the 

linear regression. By using the slope of the regression and the following 

equation the efficiency could be calculated: WC@GAC	AJJ@O@AIOX	(%) =

Z10
[
\]

^_`ab
c
− 	1d × 100. The transcript copy number for each gene of interest for 

each tissue sample was calculated by comparing the Ct values for the red 

muscle and white muscle cDNAs with the Ct values for the standards and 

multiplying the copy number per microgram of RNA by the total RNA extracted 

per mg tissue. All of the cDNA samples were analysed in duplicate (technical 

replication) and the average values for the duplicates were used to calculate 

the copy numbers. In addition to calculating the transcript abundance per g 

tissue, the relative transcript abundance for the genes of interest was 

calculated by dividing the transcript abundance for the gene of interest by the 

transcript abundance for the normalisation gene β-actin. 

3.2.10. Statistical analyses 

All statistical analyses were performed using the IBM® SPSS Statistics version 

22.0 software package (IBM, New York, USA). Independent-samples t-tests 

were performed to test for significant differences in the enzyme activity or 

transcript abundance between the red and the white muscle. This comparison 

between tissues was made independently for the smallest, intermediate-sized 

and largest fish. Scaling coefficients were calculated through linear regression 

analysis of the log10 of the variable of interest and the log10 of BM. Pearson 

correlation analyses were used to determine whether the relationship between 

transcript abundance and enzyme activity was significant. For all of the 

statistical tests applied in this study, values were considered to be statistically 

significantly different when P < 0.05.  
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3.3 Results 

3.3.1. The effects of muscle type and body size on citrate synthase 
enzyme activity 

Citrate synthase (CS) enzyme activity is a marker for mitochondrial abundance 

and aerobic metabolic capacity. Fig. 3.1 shows the effects of muscle type and 

body size on CS enzyme activity in young PBT juveniles in the process of 

transitioning from ectothermy to regional endothermy. When expressed per g 

tissue, the mean ± SE CS enzyme activities for the smallest (~20 cm FL), 

intermediate-sized (~40 cm FL) and largest (~60 cm FL) fish were 46.9 ± 3.1, 

43.0 ± 2.1 and 26.4 ± 2.2 U/g tissue, respectively, in the red muscle compared 

with 7.2 ± 0.7, 5.9 ± 0.4 and 2.5 ± 0.5 U/g tissue, respectively, in the white 

muscle. This resulted in statistically significant differences (P < 0.05) between 

the two different muscle types of 7-, 10- and 10-fold, respectively. Similarly, 

when expressed per mg protein, the mean ± SE CS enzyme activities for the 

smallest, intermediate-sized and largest fish were 2.46 ± 0.14, 2.38 ± 0.07 and 

1.27 ± 0.04 U/mg protein, respectively, in the red muscle compared with 0.26 

± 0.02, 0.20 ± 0.01 and 0.10 ± 0.02 U/mg protein, respectively, in the white 

muscle. This resulted in statistically significant differences (P < 0.05) between 

the two different muscle types of 9-, 12- and 13-fold, respectively. Thus, the 

CS enzyme activity in the red muscle was approximately an order of magnitude 

greater than that in the white muscle and this was regardless of whether the 

activity was expressed per g tissue or per mg protein. This result indicates that 

mitochondrial abundance and aerobic metabolic capacity were also 

approximately an order of magnitude greater in the red muscle than they were 

in the white muscle.   

CS enzyme activity decreased with increasing fish size in both muscle types. 

For the red muscle, the BM-dependent scaling coefficient was -0.12 ± 0.04 

whereas for the white muscle it was -0.21 ± 0.06.  This was true regardless of 

whether the data were expressed per g tissue or per mg protein. Taken 

together, these data indicate that mitochondrial abundance and aerobic 

metabolic capacity were decreasing with increasing body size in both muscle 

types but the decrease was proportionally greater in the white muscle. 
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Fig. 3.1. The effects of increasing FL and BM on CS enzyme activity per g 
tissue and per mg protein in red and white muscle of young PBT juveniles of 

different sizes. The data for the red and white muscle are represented by ! 
with solid lines and △ with dashed lines, respectively.  The best-fitting power 
functions for the data in the various panels are as follows: (A) red muscle, y = 
168.61FL-0.42, R² = 0.36; white muscle, y = 63.86FL-0.72, R² = 0.37; (B) red 
muscle, y = 84.14BM-0.12, R² = 0.34; white muscle, y = 19.45BM-0.21, R² = 0.36; 
(C) red muscle, y = 9.34FL-0.43, R² = 0.45; white muscle, y = 2.49FL-0.74, R² = 
0.52; (D) red muscle, y = 4.59BM-0.12, R² = 0.43; white muscle y = 0.72BM-0.21, 
R² = 0.49 (n = 22). Significant differences in enzyme activity between the red 
and the white muscle for fish of a particular size (i.e. ~20 cm FL, ~40 cm FL or 
~60 cm FL) are indicated by *. 
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3.3.2. The effects of muscle type and body size on cytochrome c 
oxidase enzyme activity 

Cytochrome c oxidase (COX) enzyme activity, like CS enzyme activity, is a 

marker for mitochondrial abundance and aerobic metabolic capacity but it is 

also a marker for the extent of folding of the inner mitochondrial membrane 

and therefore the capacity of the mitochondrial electron transfer chain (mETC). 

Fig. 3.2 shows the effects of muscle type and body size on COX enzyme 

activity in young PBT juveniles in the process of transitioning from ectothermy 

to regional endothermy. When expressed per g tissue, the mean ± SE COX 

enzyme activities for the smallest, intermediate-sized and largest fish we were 

207 ± 14.9, 205 ± 7.3 and 226 ± 11.2 U/g tissue, respectively, in the red muscle 

compared with 15.9 ± 2.2, 17.9 ± 1.2 and 17.3 ± 2.5 U/g tissue, respectively, 

in the white muscle. This resulted in statistically significant differences (P < 

0.05) between the two different muscle types of 13-, 11- and 13-fold, 

respectively. Similarly, when expressed per mg protein, the mean ± SE COX 

enzyme activities for the smallest, intermediate-sized and largest fish were 

0.94 ± 0.07, 0.75 ± 0.04 and 0.63 ± 0.07 U/mg protein, respectively, in the red 

muscle compared with 0.07 ± 0.01, 0.05 ± 0.01 and 0.04 ± 0.01 U/mg protein, 

respectively, in the white muscle. This resulted in statistically significant 

differences (P < 0.05) between the two different muscle types of 14-, 16- and 

17-fold, respectively. Thus, the COX enzyme activity in the red muscle was 

more than an order of magnitude greater than that in the white muscle and this 

was regardless of whether the activity was expressed per g tissue or per mg 

protein. This confirms the results obtained with CS and it supports the 

conclusion that mitochondrial abundance and aerobic metabolic capacity were 

approximately an order of magnitude greater in the red muscle than they were 

in the white muscle.   

In contrast to what was observed for CS, COX enzyme activity, expressed per 

g tissue, remained constant with increasing fish size in both the red and the 

white muscle. However, when expressed per mg protein, the COX enzyme 

activity decreased significantly (P < 0.001) in the red muscle but remained 

constant in the white muscle with increasing body size. For the red muscle, the 

BM-dependent scaling coefficient was -0.09 ± 0.03 (Fig. 3.2D). This was 
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slightly smaller than the equivalent scaling coefficient for CS which was -0.12 

± 0.04. Thus, there was either no change or only a very small change in COX 

enzyme activity with increasing body size. The constant COX enzyme activity 

per g tissue paired with the decrease in CS enzyme activity, per g tissue, in 

response to increasing body size, suggests that increasing folding of the inner 

mitochondrial membrane could have been compensating for decreasing 

mitochondrial abundance (indicated by the decrease in CS enzyme activity) as 

the fish grew larger. If this were the case, then the aerobic metabolic capacity 

of the two different muscle types would have remained constant with 

increasing fish size.    
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Fig. 3.2. The effects of increasing FL and BM on COX enzyme activity per g 
tissue and per mg protein in red muscle and white muscle of young PBT 
juveniles of different sizes. The data for the red muscle and white muscle are 

represented by ! with solid lines and △ with dashed lines, respectively.  The 
best-fitting power functions for the data in the various panels are as follows: 
(A) red muscle y = 155.42FL0.08, R² = 0.04; white muscle y = 8.35FL0.19, R² = 
0.04; (B) red muscle y = 209.75BM0.02, R² = 0.04; white muscle y = 
16.50BM0.06, R² = 0.05; (C) red muscle y = 2.48FL-0.33, R² = 0.33; white muscle 
y = 0.15FL-0.34, R² = 0.08 (D) red muscle y = 1.43BM-0.09, R² = 0.33; white 
muscle y = 0.09BM-0.09, R² = 0.08 (n = 22). Significant differences in enzyme 
activity between the red and the white muscle for fish of a particular size (i.e. 
~20 cm FL, ~40 cm FL or ~60 cm FL) are indicated by *. 
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3.3.3. The effects of muscle type and body size on pyruvate kinase 
enzyme activity 

PK enzyme activity is a marker for glycolytic metabolic capacity. In contrast to 

what was observed for CS and COX, PK enzyme activity was greater in the 

white muscle than it was in the red muscle (Fig. 3.3). This was regardless of 

whether the activity was expressed per g tissue or per mg protein, and also 

regardless of the fish size. When expressed per g tissue, the mean ± SE PK 

enzyme activities for the smallest, intermediate-sized  and largest fish were 

219 ± 14.3, 213 ± 20.3 and 287 ± 47.2 U/g tissue, respectively, in the red 

muscle compared with 857 ± 53.4, 961 ± 37.1 and 1,267 ± 98.1 U/g tissue, 

respectively, in the white muscle. This resulted in statistically significant 

differences (P < 0.05) between the two tissues of 4-, 5- and 4-fold, respectively, 

with the white muscle activities being higher than the red. Similarly, when 

expressed per mg protein, the mean ± SE PK enzyme activities for the 

smallest, intermediate-sized and largest fish were 0.9 ± 0.1, 0.9 ± 0.1 and 0.9 

± 0.2 U/mg protein, respectively, in the red muscle compared with 3.1 ± 0.1, 

3.5 ± 0.2 and 3.5 ± 0.3 U/mg protein, respectively, in the white muscle. This 

resulted in statistically significant differences (P < 0.05) between the two 

tissues of 3-, 4- and 4-fold, respectively. Thus, overall PK enzyme activity was 

~4-fold greater in the white muscle compared with the red muscle and this was 

regardless of the fish size (Fig. 3.3). The greater PK enzyme activity in the 

white muscle compared to the red muscle indicated that the glycolytic capacity 

of the white muscle was greater than that of the red muscle. 

In the red muscle, PK enzyme activity remained constant with increasing body 

size regardless of how it was expressed. In the white muscle, on the other 

hand, it remained constant with increasing body size when it was expressed 

per mg protein, but it increased with increasing body size when it was 

expressed per g tissue (P < 0.001). The BM-dependent scaling coefficient for 

PK enzyme activity expressed per g tissue in the white muscle was 0.09 ± 

0.02. Overall there was no evidence for a change in PK enzyme activity, and 

therefore glycolytic capacity, in the red muscle but there was an increase in 

the white muscle with increasing body size in our young juvenile PBT. 
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Fig. 3.3. The effects of increasing FL and BM on PK enzyme activity per g 
tissue and per mg protein in red muscle and white muscle of young PBT 
juveniles of different sizes. The data for the red and white muscle are 

represented by ! with solid lines and △ with dashed lines, respectively.  The 
best-fitting power functions for the data in the various panels are as follows: 
(A) red muscle y = 119.61FL0.18, R² = 0.07; white muscle y = 329.04FL0.31, R² 
= 0.43; (B) red muscle y = 158.79BM0.05, R² = 0.07; white muscle y = 
543.77BM0.09, R² = 0.43; (C) red muscle y = 0.93FL-0.01, R²= 1.64x10-4; white 
muscle y = 2.23FL0.11, R² = 0.10; (D) red muscle y = 0.91xBM-2.31x10-3, 
R²=1.67x10-4; white muscle y = 3.37x0.03, R² = 0.09 (n = 22). Significant 
differences in enzyme activity between the red and the white muscle for fish of 
a particular size (i.e. ~20 cm FL, ~40 cm FL or ~60 cm FL) are indicated by *. 
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3.3.4. The effects of muscle type and body size on the amount of 
protein extracted per g tissue 

Differences in the enzyme activity results depending upon whether the data 

were expressed per g tissue or per mg protein, could be due to differences in 

the amount of protein extracted per g tissue for the different enzymes or for 

the different individual fish. Thus, we analysed the amount of protein extracted 

per g tissue for the various samples and Fig. 3.4 shows the results of this 

analysis. The overall mean ± SE amount of protein extracted per g tissue for 

the CS enzyme assays was 18.8 ± 0.62 mg protein/g tissue for the red muscle 

whereas it was 27.9 ± 1.03 mg protein/g tissue for the white muscle and this 

did not vary with varying fish size (Figs. 3.4A and B). Thus, the overall mean 

amount of protein extracted per g tissue for the CS enzyme assays was 47% 

greater for the white muscle than it was for the red muscle (P < 0.05). This 

shows that the difference in CS enzyme activity between the two different 

muscle types and between the fish of different sizes cannot be explained by a 

difference in the amount of protein extracted. 

For the COX enzyme assays, the amounts of protein extracted per g tissue ± 

SE for the smallest, intermediate-sized and largest fish were 232 ± 9, 276 ± 11 

and 376 ± 41 mg/g tissue, respectively, in the red muscle compared with 281 

± 30, 377 ± 21 and 485 ± 89 mg/g tissue, respectively, in the white muscle 

(Figs. 3.4C and D). Thus, the overall mean amount of protein extracted per g 

tissue for the COX assays was 29% greater for the white muscle than it was 

for the red muscle but this was not significant for the smallest and largest fish, 

it was only statistically significant for the intermediate-sized fish (P < 0.05). 

Overall the amount of protein extracted per g tissue for the COX enzyme 

assays increased with increasing FL and with increasing BM for both the red 

(P< 0.005) and the white muscle (P< 0.005). Therefore, it is possible that the 

decreasing COX enzyme activity per mg protein with increasing body size in 

the red muscle was due to the increasing amount of protein extracted per g 

tissue as the fish grew larger.  

Comparing the CS and COX enzyme assay extracts, the amount of protein 

extracted for the COX assays was 15-fold greater for the red muscle and 13-

fold greater for the white muscle compared with the amount extracted for the 
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CS assays. This can be explained by the different extraction methods. The 

extraction buffer for the COX assays contained the detergent n-dodecyl β-D-

maltoside which would have dissolved membrane proteins. Thus, the total 

amount of protein in the COX assay extracts would have been greater because 

it would have included membrane proteins as well as water soluble cytosolic 

proteins. In addition, the COX assay extracts were not centrifuged. Thus, 

proteins that had not been solubilised by the detergent in the extraction buffer 

would have been detected in the protein assay which uses sodium hydroxide 

to solubilise proteins.  

For the PK enzyme assays, the amounts of protein extracted per g tissue ± SE 

for the smallest, intermediate-sized and largest fish were 238 ± 16, 222 ± 8 

and 314 ± 20 mg/g tissue, respectively, in the red muscle compared with 290 

± 20, 282 ± 12 and 365 ± 20 mg/g tissue, respectively, in the white muscle. 

Thus, the overall mean amount of protein extracted per g tissue for the PK 

assays was 21% greater for the white muscle than it was for the red muscle, 

but this was only statistically significant for the intermediate-sized fish (P < 

0.05). Overall the amount of protein extracted per g tissue for the PK enzyme 

assays increased with increasing FL and with increasing BM for both the red 

(P< 0.05) and the white muscle (P< 0.05). Therefore, the significant increase 

in PK enzyme activity per g tissue may have been due to the increasing 

amount of protein extracted per g tissue as the fish grew larger.    

The amounts of protein extracted for the PK assays were similar to the 

amounts extracted for the COX assays but much greater than the amounts 

extracted for the CS assays. The explanation is similar to the one given above. 

In other words, the extraction buffer for the PK assays contained the detergent 

Triton X-100. Thus, membrane proteins as well as soluble cytosolic proteins 

would have been present in the extract. As with the extracts for the COX 

assays, the PK enzyme assay extracts were not centrifuged. Together, the 

presence of a detergent in the extraction buffer and the lack of centrifugation 

most likely explain why the amount of protein extracted for the PK assays was 

similar to the amount extracted for the COX assays but much greater than the 

amount extracted for the CS assays.  
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Fig. 3.4. The effects of increasing FL and BM on the amount of protein 
extracted per g tissue from the red muscle and white muscle of young PBT 
juveniles of different sizes. (AB, CS), (CD, COX), (EF, PK). The data for the 

red and white muscle are represented by ! with solid lines and △ with dashed 
lines, respectively. The best-fitting power functions for the data in the various 
panels are as follows: (A) red muscle y = 18.81FL-3.80×10-3, R² = 1.06×10-4; white 
muscle y = 25.62FL0.02, R² = 2.72×10-3; (B) red muscle y = 18.79BM-1.91×10-3, 
R² = 3.23×10-4; white muscle y = 26.68BM-4.96×10-3, R² = 1.87×10-3; (C) red 
muscle y = 76.49FL0.36, R² = 0.52; white muscle y = 65.76FL0.47, R² = 0.35; (D) 
red muscle y = 140.63BM0.10, R² = 0.50; white muscle y = 144.21BM0.13, R² = 
0.35; (E) red muscle y = 128.66FL0.18, R² = 0.16; white muscle y = 177.97FL0.15, 
R² = 0.10; (F) red muscle y = 172.77BM0.05, R² = 0.17; white muscle y = 
227.93BM0.04, R² = 0.09 (n = 22). Significant differences in protein content 
between the red and the white muscle for fish of a particular size (i.e. ~20 cm 
FL, ~40 cm FL or ~60 cm FL) are indicated by *. 
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3.3.5. The effects of muscle type and body size on the citrate synthase 
transcript abundance, expressed as copies per g tissue 

There was no significant difference in the number of CS transcripts, per g 

tissue, between the red and the white muscle (Figs. 3.5A and B). This was 

surprising because we had observed that the CS enzyme activity, per g tissue, 

was on average an order of magnitude higher in the red muscle compared with 

the white muscle (Fig. 3.1). Consistent with this discrepancy, there was no 

significant correlation between CS transcript abundance and CS enzyme 

activity (Fig. 3.6A). This indicates that the higher level of CS enzyme activity 

in the red muscle compared with the white muscle in these fish is not the result 

of a higher level of CS gene expression.  
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Fig. 3.5. The effects of increasing FL and BM on the number of transcripts per 
g tissue for CS (AB, values are x 1010), COXI (CD, values are x 1013), COXIV 
(EF, values are x 1011) and PK (GH, values are x 1011) in red and white muscle 
of young PBT juveniles of different sizes. The data for the red and white muscle 

are represented by ! with solid lines and △ with dashed lines, respectively. 
The best-fitting power functions for the data in the various panels are as 
follows.:  (A) red muscle y = 6.01FL-0.32, R² = 0.01; white muscle y = 5.33FL-

0.14, R²=1.48x10-3; (B) red muscle y = 1.83BM-0.12, R² = 0.01; white muscle y = 
2.88BM0.05, R²=2.57x10-3; (C) red muscle y = 4.65 x 103FL-2.20, R² = 0.37; white 
muscle y = 6.89 × 105FL-4.11, R² = 0.76; (D) red muscle y = 134.64BM-0.64, R² 
= 0.38; white muscle y = 814.91BM-1.18, R² = 0.76; (E) red muscle y = 360.81FL-

1.30, R² = 0.15; white muscle y = 310.85FL-1.50, R² = 0.40; (F) red muscle y = 
3.26BM-0.39, R² = 0.16; white muscle y = 1.38x-0.43, R² = 0.39; (G) red muscle 
y = 8.80 × 105FL-2.61, R² = 0.30; white muscle y = 4.74	× 103FL -1.54, R² = 0.26; 
(H) red muscle y = 143.30x-0.78, R² = 0.32; white muscle y = 381.79x-0.44, R² = 
0.26 (n = 22). Significant differences in transcript abundance between the red 
and the white muscle for fish of a particular size (i.e. ~20 cm FL, ~40 cm FL or 
~60 cm FL) are indicated by *. 
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Fig. 3.6. Correlations between enzyme activity and transcript abundance for 
CS, COXI, COXIV and PK. Transcript abundance values are × 1010, × 1013, × 
1011 and × 1011 for CS, COXI, COXIV and PK, respectively. The data for the 

RM and WM are represented by ! and △, respectively. The r and P values 
were determined using a Pearson correlation analysis in IBM® SPSS Statistics 
version 22.0.  
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3.3.6. The effects of muscle type and body size on the cytochrome c 
oxidase subunits I and IV-1 transcript abundances, expressed as copies 
per g tissue  

The COX enzyme is made up of thirteen different subunits, ten encoded in the 

nucleus and three in the mitochondria (Tsukihara et al., 1996). We investigated 

the expression of COXI and COXIV as examples of mitochondrial and nuclear 

encoded COX subunits, respectively. COXI transcript abundance was greater 

in the red muscle than it was in the white muscle, but the magnitude of the 

difference varied depending upon the size of the fish. In the smallest, 

intermediate-sized and largest fish, COXI transcript abundance, expressed per 

g tissue, was 2-, 11- and 12-fold greater in the red muscle compared with the 

white muscle and the differences between the tissues were statistically 

significant (P < 0.05). This was in contrast to the 13-, 11- and 13-fold greater 

COX enzyme activity per g tissue in the red muscle compared to the white 

muscle in the same fish, respectively. Thus, in the intermediate-sized and 

largest fish, there was a good correlation between transcript abundance and 

enzyme activity in terms of the differences between the two different muscle 

types but in the smallest fish, this was not the case. In the smallest fish, the 

difference between the two different muscle types was only 2-fold for the COXI 

transcript abundance whereas it was 13-fold for the COX enzyme activity. This 

suggests that the greater COX enzyme activity in the red muscle compared 

with the white muscle could have been due to greater COXI transcript 

abundance in the red muscle of the intermediate-sized and largest fish but not 

in the smallest fish. 

COXI transcript abundance showed a decrease with increasing FL and with 

increasing BM in both muscle types (P < 0.01) (Fig. 3.5C and D). For the red 

muscle, the BM-dependent scaling coefficient was -0.64 ± 0.13 whereas for 

the white muscle it was -1.18 ± 0.15. Thus, the relative decrease in COXI 

transcript abundance with increasing body size was approximately twice as 

great in the white muscle as it was in the red muscle. In contrast, the COX 

enzyme activity, per g tissue, remained constant with increasing body size in 

both the red muscle and the white muscle. This suggests that the transcript 

translation efficiency for COXI may be greater in the white muscle compared 
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to the red muscle in larger PBT. When all of the data, for both tissues and all 

of the fish were taken together, COXI transcript abundance showed a small 

but significant positive correlation with COX enzyme activity (Fig 3.6B). This 

suggests that the greater COX enzyme activity in the red muscle compared to 

the white muscle could at least to some extent be explained by the greater 

COXI transcript abundance in the red muscle compared with the white muscle. 

In the smallest, intermediate-sized and largest fish we sampled, COXIV 

transcript abundance, expressed as copies per g tissue, was 2-, 3- and 3-fold 

greater, respectively, in the red muscle compared with the white muscle and 

the differences between the tissues were statistically significant (P < 0.05) (Fig. 

3.5 E and F). This differed from the 11 to 13-fold greater COX enzyme activity 

per g tissue in the red muscle compared with the white muscle that we had 

observed (Fig. 3.2). This suggests that the greater COX enzyme activity in the 

red muscle compared with the white muscle, is not due to a greater COXIV 

transcript abundance in this tissue. In addition, COXIV transcript abundance 

showed a decrease with increasing FL and BM in both the red muscle and the 

white muscle, with BM-dependent scaling coefficients of -0.39 ± 0.20 and -0.43 

± 0.12, respectively (P < 0.05) (Fig. 3.5E and F).  As was true for COXI 

transcript abundance, this was in contrast to the COX enzyme activity, per g 

tissue, which remained constant with increasing body size in both the red 

muscle and the white muscle. Thus, the relative decrease in COXIV transcript 

abundance with increasing body size was approximately the same for the two 

different muscle types. When all of the data, for both tissues and all of the fish 

were taken together, COXIV transcript abundance showed a small but 

significant positive correlation with COX enzyme activity (Fig 3.6C). The 

correlation of COX enzyme activity with COXIV transcript abundance was 

stronger than the correlation with COXI transcript abundance This suggests 

that although the COX enzyme activity showed only a small positive correlation 

with COXIV transcript abundance, the greater COX enzyme activity in the red 

muscle compared to the white muscle could at least to some extent be 

explained by the greater COXIV transcript abundance in the same tissue. This 

was similar to what was observed for COXI transcript abundance. 
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3.3.7. The effects of muscle type and body size on the pyruvate kinase 
transcript abundance, expressed as copies per g tissue  

PK transcript abundance, expressed as copies per g tissue, was greater in the 

white muscle than it was in the red muscle, but the magnitude of the difference 

varied depending upon the size of the fish. In the smallest, intermediate-sized 

and largest fish, the transcript abundance was 7-, 40- and 22-fold higher in the 

white muscle compared with the red muscle and the differences between the 

two different muscle types were statistically significant (P < 0.05) (Fig. 3.5 G 

and H). This was much more variable than the 4.3-fold higher PK enzyme 

activity per g tissue observed in the white muscle compared with the red 

muscle (Fig. 3.3). Although the fold differences between PK transcript 

abundance and PK enzyme activity were dissimilar, both were greater in the 

white muscle than in the red muscle. This suggested that greater PK transcript 

abundance may directly result in greater PK protein abundance and in-turn 

greater PK enzyme activity in the white muscle compared with the red muscle. 

Thus, unlike CS and COX, PK appears to be regulated at the level of 

transcription. Additionally, PK transcript abundance showed a decrease with 

increasing FL and with increasing BM in both muscle types (P < 0.01) (Fig. 

3.5G and H). For the red muscle, the BM-dependent scaling coefficient was -

0.78 ± 0.26 whereas for the white muscle it was -0.44 ± 0.17. This was in 

contrast to what we had observed for PK enzyme activity, which, when 

expressed per g tissue, had remained constant in the red muscle but increased 

significantly in the white muscle with increasing body size. This suggests that 

either there is a greater amount of the PK protein translated from less mRNA 

or the PK protein stability increases with increasing body size. When all of the 

data, for both muscle types and all fish sizes were taken together, PK transcript 

abundance showed a small but significant positive correlation with PK enzyme 

activity (Fig. 3.6D). This indicated that PK enzyme activity may be regulated at 

the transcriptional level. However, the discrepancy in the changes occurring in 

PK enzyme activity and PK transcript abundance with increasing body size 

suggest that PK may also be regulated at the post-transcriptional and/or post-

translational levels.  
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3.3.8. The effects of muscle type and body size on β-actin transcript 
abundance, expressed as copies per g tissue  

A trivial explanation for the poor correlations we observed between enzyme 

activity and transcript abundance could be differences in cDNA synthesis 

efficiency between the red and the white muscle samples. To test for this, we 

investigated the transcript abundance for β-actin, a frequently used 

normalization gene in quantitative PCR analyses (Hendriks-Balk et al., 2007). 

β-actin transcript abundance per g tissue was greater in the red muscle than it 

was in the white muscle, but the magnitude of the difference differed 

depending upon the size of the fish. In the smallest fish, it was 4-fold greater 

whereas in the intermediate-sized fish it was 8-fold greater and in the largest 

fish, it was 3-fold greater (Fig. 3.7 A and B). Thus, it is possible that cDNA 

synthesis efficiency could have been greater in the red muscle than in the white 

muscle. If this were the case, however, we would have expected that the 

differences in transcript abundance for our genes of interest would have been 

greater than the differences in enzyme activity when in fact it was the opposite, 

i.e., the difference in transcript abundance was less than the difference in 

enzyme activity. Thus, greater efficiency of cDNA synthesis in the red muscle 

compared with the white muscle cannot explain the differences we observed 

between transcript abundance and enzyme activity.  

To visualise this more clearly, the transcript abundances for each of the genes 

of interest were divided by the transcript abundance for β-actin. When this was 

done, the difference in CS transcript abundance between the red and white 

muscle increased from no difference between the two different tissue types to 

an average of 8.6-fold greater in the white muscle compared with the red 

muscle, but this apparent difference was not statistically significant (Figs. 3.8A 

and B). The greater relative CS transcript abundance in the white muscle 

compared with the red was the opposite of what we had observed for CS 

enzyme activity, where the activity per g tissue on average 7.1-fold greater in 

the red muscle compared with the white muscle. When the COXI transcript 

abundance was expressed relative to the β-actin transcript abundance, there 

was a decrease from an average of ~2.4-fold higher in the red muscle 

compared with the white muscle to no difference between the two different 
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tissue types (Figs. 3.8C and D). When COXIV transcript abundance was 

expressed relative to the β-actin transcript abundance there was a decrease 

from an average of ~2.6-fold higher in the red muscle compared with white 

muscle to no difference between the two different tissue types (Figs. 3.8E and 

F). Thus, it can be concluded that the difference in COXIV transcript 

abundance the difference in enzyme activity between muscle types is not 

explained by a difference in transcript abundance. Finally, when the PK 

transcript abundance was expressed relative to the β-actin transcript 

abundance, the difference in PK transcript abundance increased from an 

average of ~9-fold higher to an average of 25.6-fold higher in the white muscle 

compared with the red muscle (Figs. 3.8G and H). Thus, it can be concluded 

that there was a greater PK transcript abundance in the white muscle 

compared with the red muscle regardless of whether the data were expressed 

as copies per g tissue or relative to β-actin transcript abundance. However, the 

difference between the two different muscle types was much greater when 

expressed relative to β-actin transcript abundance than when expressed as 

copies per g tissue. These findings are consistent with PK being regulated at 

the transcriptional level.  
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Fig. 3.7. The effects of increasing FL and BM on the number of β-actin 
transcripts per g tissue in red and white muscle of young PBT juveniles of 
different sizes (values are x 1011).  The data for the red muscle and white 

muscle are represented by ! with solid lines and △ with dashed lines, 
respectively. The best-fitting power functions for the data in the various panels 
are as follows: (A) red muscle y = 274.35FL-0.52, R² = 0.02; white muscle y = 
187.59FL-0.74, R² = 0.09; (B) red muscle y = 42.27BM-0.16, R² = 0.03; white 
muscle y = 12.75BM-0.20, R² = 0.08 (n = 22). Significant differences in transcript 
abundance between the red and the white muscle for fish of a particular size 
(i.e. ~20 cm FL, ~40 cm FL or ~60 cm FL) are indicated by *. 

  



111 
 

 

 

  



112 
 

 

 

 

 

 

 

 

Fig. 3.8. The effects of increasing FL and BM on the relative gene expression 
for CS (AB), COXI (CD), COXIV (EF) and PK (GH) normalised to β-actin in red 
muscle and white muscle of young PBT juveniles of different sizes.  The data 

for the red muscle and white muscle are represented by ! with solid lines and 
△ with dashed lines, respectively. The best-fitting power functions for the data 
in the different panels are as follows: (A) red muscle y = 0.20FL-0.42, R² = 0.02; 
white muscle y = 0.02FL0.75, R² = 0.04; (B) red muscle y = 0.11BM-0.13, R² = 
0.03; white muscle y = 0.07BM0.19, R² = 0.03; (C) red muscle y = 3.01×104FL-

1.87, R² = 0.40;  white muscle = y = 2.36×106FL-3.23, R² = 0.72; (D) red muscle 
y = 1.41×103BM-0.54, R² = 0.40; white muscle y = 1.29×104BM-0.94, R² = 0.74; 
(E) red muscle y = 23.35FL-0.97, R² = 0.16, white muscle y = 52.53x-1.12, R² = 
0.31; (F) red muscle y = 8.43x-0.32, R² = 0.31; white muscle y = 5.04x-0.29, R² = 
0.17; (G) red muscle y = 5.69×102FL-2.29, R² = 0.34; white muscle y = 
1.62×102FL-0.65, R² = 0.08; (n = 22). (H) red muscle y = 15.00BM-0.67, R² = 0.35; 
white muscle y = 60.34BM-0.20, R² = 0.09. Significant differences in transcript 
abundance between the red and the white muscle for fish of a particular size 
(i.e. ~20 cm FL, ~40 cm FL or ~60 cm FL) are indicated by *. 
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3.3.9. The effects of muscle type and body size on total RNA extracted 
per g tissue  

The total amount of RNA extracted per g tissue did not differ significantly 

between the different muscle types but it decreased both with increasing FL 

and with increasing BM in both the red and the white muscle (Fig. 3.8). The 

decrease with increasing BM in the total amount of RNA extracted per g tissue 

resulted in scaling coefficients of -0.91 ± 0.25 for the red muscle and -0.27 ± 

0.07 for the white muscle. Thus, the decrease in the total amount of RNA was 

more pronounced in the red muscle than it was in the white muscle. This was 

consistent with the decrease we observed in PK transcript abundance in the 

white muscle as the fish grew larger but it was in contrast to the increase we 

observed in PK enzyme activity. This could indicate that the larger fish could 

produce more protein from a relatively smaller quantity of RNA. Alternatively, 

it could indicate that protein stability was greater in our largest fish. 
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Fig. 3.9. The effects of increasing FL and BM on the total amount of RNA 
extracted per g tissue from red and white muscle of young PBT juveniles of 

different sizes. The data for the red and white muscle are represented by ! 
with solid lines and △ with dashed lines, respectively. The best-fitting power 
functions for the data in the various panels are as follows: (A) red muscle y = 
11.72FL-0.76, R² = 0.27; (white muscle) y = 14.79x-0.91, R² = 0.40; (B) red 
muscle y = 3.54x-0.23, R² = 0.28; white muscle y = 3.47x-0.27, R² = 0.41, P < 
0.001. (n = 22).  
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3.4. Discussion 

3.4.1. The effect of muscle type on citrate synthase enzyme activity 

Citrate synthase (CS) enzyme activity, expressed per g tissue, was on average 

7.1-fold higher in the red muscle than in the white muscle in the young PBT 

juveniles we analysed in this study. This indicated that mitochondrial 

abundance and aerobic metabolic capacity were almost an order of magnitude 

greater in the red muscle compared with the white muscle in these fish. This 

difference between the two different muscle types was similar to differences 

reported previously for other tuna species. For example, CS enzyme activity, 

expressed per g tissue, was approximately 6 to 10-fold higher in the red muscle 

compared to the white muscle in bigeye tuna (Thunnus obesus), yellowfin tuna 

(Thunnus albacares), and skipjack tuna (Katsuwonus pelamis) (Dalziel et al., 

2005, Moyes et al., 1992). Interestingly, similar fold differences between red 

and white muscle have also been seen in other highly active fishes. For 

example, CS enzyme activity per g tissue was approximately 6-fold higher in 

the red muscle compared with the white muscle in swordfish (Xiphias gladius) 

and striped marlin (Tetrapturus audax) (Dalziel et al., 2005).  

The CS enzyme activities we observed were similar to those reported 

previously for other tuna species. In our study, the mean ± SE CS enzyme 

activities was 41.3 ± 2.5  U/g tissue in the red muscle and 5.8 ± 1.2 U/g tissue 

in the white muscle, in our smallest (~20 cm FL), intermediate-sized (~40 cm 

FL) and largest (~60 cm FL) PBT specimens, respectively. This compared well 

with CS enzyme activities ranging from 21 to 80 U/g tissue in the red muscle 

and 2 to 16 U/g tissue in the white muscle of bigeye tuna (Thunnus obesus), 

yellowfin tuna, (Thunnus albacares) and skipjack tuna (Guppy et al., 1979, 

Moyes et al., 1992, Dalziel et al., 2005). In contrast, red muscle CS enzyme 

activities in non-tunas have been shown to be lower than to those in tunas. For 

example, CS enzyme activities ranging from ~16 to 20 U/g tissue in the red 

muscle of Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus 

mykiss), swordfish and striped marlin have been reported (Dalziel et al., 2005, 

Morash et al., 2014, Zhang et al., 2016). Similarly, CS enzyme activities of only 

1 to 4 U/g tissue have been reported for the white muscle of these species. 

These data indicate that the mitochondrial abundance and therefore aerobic 
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metabolic capacity in the red muscle and white muscle of tunas is greater than 

in non-tuna species. The red muscle in tunas is endothermic. Therefore, in the 

red muscle, the greater mitochondrial abundance could be due to a greater 

energy requirement in tunas to maintain an elevated muscle temperature. It 

has been proposed that the greater aerobic metabolic capacity of the white 

muscle of tunas could be due to the fibres being recruited at sustainable 

speeds or it may be related to rapid lactate turnover or growth rates (Dickson, 

1996). 

3.4.2. The effect of fish body size on citrate synthase enzyme activity 

CS is an indicator of mitochondrial abundance and aerobic metabolic capacity. 

We hypothesised that the number of mitochondria, and/or their aerobic 

metabolic capacity, would increase with increasing body size in the red muscle 

and that this increase in metabolic capacity would contribute to the 

temperature elevation we observed in the red muscle of our juvenile PBT 

specimens with increasing body size (Chapter 2). However, here we found that 

CS enzyme activity decreased with increasing body size in both the red muscle 

and the white muscle in our young PBT juveniles and this was regardless of 

whether the data were expressed per g tissue or per mg protein. This 

suggested that mitochondrial abundance, and therefore aerobic metabolic 

capacity, were decreasing with increasing fish size and in both muscle types. 

However, the BM-specific scaling coefficient for CS enzyme activity per g 

tissue was greater in the white muscle (-0.21 ± 0.06) than it was in the red 

muscle (-0.12 ± 0.04). Thus, the decrease in mitochondrial abundance and 

aerobic metabolic capacity was proportionally greater in the white muscle than 

it was in the red muscle. 

In contrast, Dickson et al. (2000) reported an increase in BM-dependent red 

muscle CS enzyme activity per g tissue with increasing body size. Specifically, 

they found a BM-specific scaling coefficient of 0.24 ± 0.21 for the red muscle 

of small (8 to 18 cm FL) juveniles of black skipjack tuna (Euthynnus lineatus) 

but this was not investigated in the white muscle. The positive scaling 

coefficient for red muscle indicated that mitochondrial abundance and aerobic 

metabolic capacity in the red muscle of this species increased with increasing 

body size as opposed to the decrease we had observed. One possible reason 
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for the difference between our results and those of the previous study could 

be that the fish in the previous study were smaller than those in our own study. 

Thus, it is possible that aerobic metabolic capacity increases with increasing 

body size up to a certain maximum size and then it decreases thereafter as 

the fish grow larger. This could be a means of generating sufficient heat in 

small fish to avoid hypothermia but avoiding overheating as the body grows 

larger and the surface area to volume ratio decreases.   

The BM-dependent scaling coefficient of -0.21 ± 0.06 we observed for CS 

enzyme activity per g tissue in the white muscle of PBT was consistent with 

previous findings. For example, Childress and Somero (1990) determined the 

scaling coefficients for CS enzyme activity in the white muscle but not in the 

red muscle in a number of different fish species from a range of different 

habitats. It was observed that the BM-dependent scaling coefficients for CS 

enzyme activity per g tissue in the white muscle ranged from -0.06 to -0.37 in 

oceanic pelagic species, -0.06 to -0.22 in near-bottom pelagic species and -

0.16 to -0.68 in benthic species. From this it can be concluded that regardless 

of the habitat these fishes were from, their aerobic metabolic rate decreased 

with increasing BM. Similarly, Davies and Moyes (2007) observed scaling 

coefficients of -0.15 to -0.19 in the white muscle of freshwater species of fish 

but the same analysis was not performed for the red muscle. Thus, both of 

these studies indicate that the aerobic metabolic capacity of fishes, from a wide 

variety of different habitats, decreases with increasing body size in the white 

muscle.  

In terrestrial vertebrates, the BM-specific aerobic metabolic rate, determined 

by measuring the rate of oxygen consumption, is inversely related to body size 

with a scaling coefficient of approximately -0.25 (Peters, 1986, Savage et al., 

2004, Savage et al., 2007). It is hypothesised that this decrease in the BM 

specific aerobic metabolic rate with increasing body size prevents overheating 

because as an animal becomes larger it loses less heat to the environment 

due to its decreasing surface area-to-volume ratio (Kleiber, 1947, Riek and 

Geiser, 2013). Interestingly, the scaling coefficient of -0.25 determined for 

terrestrial vertebrates for BM-specific aerobic metabolic rate, determined by 

the rate of oxygen consumption, was not significantly different from the scaling 
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coefficient of -0.21 ± 0.62 we observed for the decrease in CS enzyme activity 

in the white muscle with increasing BM. This suggests that the aerobic 

metabolic rate decreases in the white muscle of PBT with increasing body size 

and this may be a means of avoiding overheating, as is true in terrestrial 

mammals. In contrast, the BM-dependent scaling coefficient of -0.12 ± 0.04 

that we observed in the red muscle was proportionally lower than the observed 

scaling coefficient of -0.25 for aerobic metabolic rate in terrestrial mammals 

(Peters, 1986, Savage et al., 2004, Savage et al., 2007). Therefore, the slower 

decrease in metabolic rate in the red muscle could be an indication of the high 

abundance of mitochondria in this tissue. 

In terrestrial mammals differing in body size by almost six orders of magnitude, 

CS enzyme activity in the gastrocnemius muscle (composed of ~50% red and 

~50% white muscle fibres) has been shown to decrease with increasing BM 

with a scaling coefficient of -0.106 (Emmett and Hochachka, 1981). This value 

was lower than we observed in the red muscle and the white muscle of PBT. 

This could possibly be because, unlike the white muscle of fishes, the 

gastrocnemius muscle in mammals is a combination of both red muscle and 

white muscle fibres.  

3.4.3. The effect of muscle type on cytochrome c oxidase enzyme 
activity 

We found that cytochrome c oxidase (COX) enzyme activity, expressed per g 

tissue was, on average, 12.4-fold higher in the red muscle than it was in the 

white muscle in the three different size classes of young PBT juveniles we 

studied. This indicated that the mitochondrial abundance was much greater in 

the red muscle compared with the white muscle. Additionally, the higher COX 

enzyme activity could indicate that the folding of the mitochondrial inner 

membrane could also be greater in the red muscle than in the white muscle. 

The higher COX enzyme activity in the red muscle compared to the white 

muscle corresponded with what we observed for CS enzyme activity. The fold 

difference in COX enzyme activity we observed between the red muscle and 

the white muscle was greater than what has been observed previously for 

other tuna species. For example, in the only other published study comparing 

COX enzyme activity in the red and white muscle of tunas, it was 6 to 10-fold 
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higher in the red muscle compared with the white muscle in bigeye tuna, 

yellowfin tuna and skipjack tuna (Dalziel et al., 2005). Similarly, the fold 

differences in COX enzyme activity between the red and white muscle 

observed for highly active pelagic non-tuna fish species were comparable to 

that of tunas. For example, COX enzyme activity per g tissue was 

approximately 6-fold higher in the red muscle compared with the white muscle 

in swordfish and striped marlin (Dalziel et al., 2005). Overall the difference 

observed in COX enzyme activity between the red muscle and white muscle 

of both tunas and non-tunas was lower in the previous study than in our own. 

The COX enzyme activities we observed in this study were greater than those 

observed in previous studies both in tunas and in other highly active pelagic 

fish species. In our study, when all PBT specimens were considered, the mean 

± SE COX enzyme activities were 210 ± 7 U/g tissue in the red muscle and 

17.0 ± 3.6, U/g tissue in the white muscle. In contrast, Dalziel et al. (2005) 

reported lower COX enzyme activities of approximately 55 to 65 U/g tissue in 

the red muscle and 5 to 10 U/g tissue in the white muscle of skipjack tuna, 

bigeye tuna and yellowfin tuna. In this same study, they also reported activities 

of approximately 20 U/g tissue in the red muscle and < 5 U/g tissue in the white 

muscle in non-tuna species (swordfish and striped marlin). The greater 

activities we observed compared to other tuna species could be due different 

protein extraction and/or enzyme assay methods. Alternatively, it could be due 

to the fact that we investigated the activity in a different species of fish. 

Although both the study by Dalziel et al. (2005) and our own study investigated 

COX enzyme activity in tuna species, the habitats of the species are different. 

PBT are found in temperature waters whereas bigeye tuna, yellowfin tuna and 

skipjack tunas are found in more tropical waters. Bluefin tunas, such as PBT, 

have higher aerobic metabolic rates, muscle temperatures, heart rates, and 

cardiac outputs than tropical tuna species (Blank et al., 2007). Thus, higher 

aerobic metabolic rates in PBT could be the reason why we observed greater 

COX enzyme activities in PBT than had previously been reported for bigeye 

tuna, yellowfin tuna and skipjack tuna. The estimated minimum amount of 

oxygen needed by a fish to support its aerobic metabolism (standard metabolic 

rate (SMR)) for tunas is 2 to 5 times greater than it is for even highly active 

non-tuna fish species, such as salmonids (Korsmeyer and Dewar, 2001). 
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Thus, the high SMR of tunas could explain why the COX enzyme activity 

reported by Dalziel et al. (2005) and by us for tropical tunas and PBT, 

respectively, was greater when compared with swordfish and striped marlin, 

as reported by Dalziel et al. (2005).  

3.4.4. The effect of fish body size on cytochrome c oxidase enzyme 
activity 

When expressed per g tissue, there was no change in COX enzyme activity 

with increasing body size in either the red muscle or the white muscle in our 

young PBT specimens. These results were different from those observed for 

CS where the activity per g tissue decreased with increasing body size. COX 

is located in the inner mitochondrial membrane as the terminal electron 

acceptor in the mitochondrial electron transfer chain (mETC). This means that 

COX enzyme activity can be both an indicator of mitochondrial abundance and 

an indicator of mitochondrial inner membrane folding. Increasing mitochondrial 

inner membrane folding could lead to increasing activity of the mitochondrial 

electron transfer chain as a result of increasing abundance of the enzymes 

involved, including COX. Thus, the constant COX enzyme activity, coupled 

with the decreasing CS enzyme activity we observed, could indicate increasing 

folding of the inner mitochondrial membrane to compensate for a decreasing 

number of mitochondria as the fish grew larger. 

In contrast to what we observed, Nyack et al. (2007), reported that COX 

enzyme activity per g tissue decreased with increasing BM in the white muscle 

of black sea bass (Centropristis striata), with a scaling coefficient of -0.1. Thus, 

mitochondrial abundance and aerobic metabolic capacity scaled negatively 

with increasing BM in black sea bass. Similarly, it has previously been shown, 

using electron micrographs, that the surface area of the inner mitochondrial 

membrane is significantly greater in the skeletal muscle of small mammals 

compared with the skeletal muscle of large mammals (Else and Hulbert, 1985). 

From this, the authors concluded that there was less inner membrane surface 

area and therefore fewer copies of the proteins in the mETC in large mammals. 

This suggested that there was decreasing respiratory capacity per g tissue with 

increasing body size. This would have been consistent with the theory that in 

mammals the resting aerobic metabolic rate decreases with increasing body 
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size in order to avoid overheating (Kleiber, 1947). The unchanged COX 

enzyme activity per g tissue with increasing body size we observed for PBT is 

not consistent with this theory. Instead the constant COX activity with 

increasing body size supports our theory that there is increased folding of the 

inner mitochondrial membrane to compensate for a decreasing number of 

mitochondria as the fish grew larger. Further investigation is required to 

determine if this theory is correct.  

3.4.5. The effects of temperature on citrate synthase and cytochrome c 
oxidase enzyme activities 

It has frequently been observed, that ectothermic fishes respond to declining 

water temperatures by increasing the activities of mitochondrial enzymes such 

as CS and COX (Guderley, 2004). This has been taken to indicate that these 

fishes are increasing their mitochondrial abundance and/or folding of the inner 

mitochondrial membrane in order to compensate for the decreasing enzyme 

activity that occurs at lower temperatures due to the laws of thermodynamics 

(Guderley, 2004). Interestingly, we observed that CS enzyme activity in the red 

and white muscle of our young PBT specimens decreased with increasing 

body size and that this decrease was coincident with a decrease in the ambient 

water temperature, from 29.4°C to 15.8°C. At first this seems counterintuitive 

when we consider what is known for ectothermic fishes but we must remember 

that the muscle temperature in our young PBT specimens did not follow the 

ambient water temperature. Instead the temperature in the red muscle 

remained at a relatively constant 30.5°C to 26.9°C. This relatively constant 

tissue temperature would obviate the need to increase the amounts of the 

various mitochondrial enzymes in order to compensate for the cooling water 

temperature. Alternatively, the decrease in CS enzyme activity per g tissue, 

regardless of decreasing water temperatures, could indicate that body size has 

a greater influence on the aerobic metabolic capacity of the red and white 

skeletal muscle of juvenile PBT than water temperature. 

3.4.6. The effect of muscle type on pyruvate kinase enzyme activity 

In fishes, as in other vertebrates, white muscle is used for short, unsustainable 

bursts of activity such as the pursuit of prey and its metabolism, under these 
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circumstances, is predominantly glycolytic (Love, 1970, Johnston, 1977, 

Somero and Childress, 1980, Norton et al., 2000). As a result, white muscle 

has a greater glycolytic capacity than red muscle in fishes and in other 

vertebrates (Peter et al., 1972, Childress and Somero, 1990). In our study we 

observed that PK enzyme activity, expressed per g tissue, was 4.3-fold higher 

in the white muscle than it was in the red muscle. This is consistent with white 

muscle having a greater reliance on glycolytic metabolism than red muscle, as 

has been observed for other fish species and for other vertebrates. Guppy et 

al. (1979) found the PK enzyme activity per g tissue in skipjack tuna was 

approximately 7-fold greater in the white muscle than it was in the red muscle. 

This difference is greater than the difference that we observed but our findings 

are broadly consistent with those of Guppy et al. (1979). Similarly, Johnston 

(1977) has reported that, in rainbow trout, PK enzyme activity per g tissue was 

approximately only 3-fold greater in the white muscle than it was in the red 

muscle. However, the same study also showed PK enzyme activity per g tissue 

was the same in both red and white muscle tissue of carp. The 4.3-fold higher 

PK enzyme activity we observed in the white muscle of PBT compared with 

the red muscle was consistent with what had been reported for skipjack tuna 

and rainbow trout. 

Taking all of our PBT specimens all together, the mean PK enzyme activity 

expressed per g tissue was ~230 U/g tissue in the red muscle and ~970 U/g 

tissue in the white muscle. Similar PK enzyme activities have been reported 

for other tuna species such as skipjack tuna. In this species, the average PK 

enzyme activity  was ~195 U/g tissue in the red muscle and ~1,300 U/g tissue 

in the white muscle of fish that were of similar size to our intermediate-sized 

PBT (1,000 to 2,000 g BM) (Guppy et al., 1979). In contrast, it has been shown 

that PK enzyme activity, was approximately 400 U/g tissue in the red muscle 

and 1,200 U/g tissue in the white muscle of rainbow trout (Johnston, 1977). 

These values are much higher than the values we observed for PBT. In 

contrast, in carp, a relatively sluggish fish species, it has been shown that PK 

enzyme activity was approximately 200 U/g tissue in both the red muscle and 

the white muscle. (Moyes et al., 1992, Bushnell and Jones, 1994, Kottelat and 

Freyhof, 2007). This is consistent with more active fish species having a 

greater glycolytic capacity in their white muscle compared to their red muscle, 
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whereas it is approximately the same in both muscle types in more sluggish 

fishes.  

3.4.7. The effect of fish body size on pyruvate kinase enzyme activity 

In the young PBT specimens we studied, PK enzyme activity, expressed per 

g tissue, remained constant with increasing body size in the red muscle but it 

increased with increasing body size in the white muscle, with a scaling 

coefficient of 0.09 ± 0.02.  A wide range of BM-specific scaling coefficients 

(0.08 – 0.23) has been reported for PK enzyme activity in the white muscle of 

various fish species including rainbow trout, largemouth bass, smallmouth 

bass, pumpkinseed sunfish and bluegill sunfish (Goolish, 1989, Davies and 

Moyes, 2007). The scaling coefficient of 0.09 ± 0.02 we observed for PBT was 

within the range of scaling coefficients reported for the other fish species but 

towards the lower end of that range. It has been hypothesised that positive 

scaling of anaerobic metabolic enzyme activity with increasing BM provides 

increasing power for the muscles of larger-bodied fishes to be able reach the 

same burst swimming velocities as smaller-bodied fishes (Somero and 

Childress, 1985). Thus, we conclude that the increase in PK enzyme activity 

with increasing body size in the white muscle of the fishes in our study may 

have the same explanation. 

3.4.8. The effect of muscle type on citrate synthase transcript 
abundance 

CS transcript abundance, expressed as copies per g tissue, showed no 

significant difference between the red and the white muscle in our young PBT 

specimens. This was surprising given that CS enzyme activity, expressed on 

the same basis, was approximately an order of magnitude greater in the red 

muscle compared with the white muscle in these same fish. The lack of 

correlation we observed between CS enzyme activity and CS transcript 

abundance could have several different explanations. One could be that CS is 

regulated not at the transcriptional level but at the post-transcriptional level. 

For example, a greater transcript translation efficiency could explain why we 

observed a 7 to 10-fold greater CS enzyme activity per g tissue in the red 

muscle compared to the white muscle of PBT despite there being no difference 
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in the CS transcript abundance between the different tissues. Other authors 

have found a similar lack of correspondence between CS enzyme activity and 

CS transcript abundance (O'Brien, 2011, Dalziel et al., 2005). For example, 

when goldfish were cold treated at a suboptimal water temperature of 4°C for 

6 weeks, CS enzyme activity, per g tissue, was approximately 2- and 2.3-fold 

greater in the red and white muscle of the control fish maintained at 20°C, 

respectively, but there was no change in CS transcript abundance (LeMoine 

et al., 2008). Similarly, when zebrafish (Danio rerio) were maintained at a 

suboptimal water temperature of 18°C for 3 weeks, there was 50% greater CS 

enzyme activity in the skeletal muscle (presumably white muscle) compared 

with the control fish maintained at 28°C, but there was no change in CS 

transcript abundance (McClelland et al., 2006). In contrast, when threespine 

stickleback (Gasterosteus aculeatus) were maintained at a suboptimal water 

temperature of 8°C for 9 weeks, it was found that the red muscle had ~2-fold 

greater CS transcript abundance and ~70% greater enzyme activity per g 

tissue compared to control fish maintained at the optimal temperature of 20°C 

(Orczewska et al., 2010). 

Some caution is necessary when analysing transcript abundance as an 

indicator of the transcriptional regulation of proteins. For example, the process 

of transcription itself may not result in a change transcript abundance due to 

process of RNA degradation. Similarly, an increase in protein abundance may 

not affect protein activity. This has previously been well documented in a study 

where cold acclimation in goldfish resulted in a significant reduction of 60% 

and 30% to thyroid hormone receptor α-1 (TRα-1) transcript abundance in the 

white muscle when expressed relative to RNA and per g tissue, respectively, 

without there being a similar decrease in TRα nuclear protein (Bremer et al., 

2012). 

CS enzyme activity, expressed per g tissue, has been shown to be 6 to 10-fold 

higher in the red muscle compared with the white muscle of skipjack tuna, 

bigeye tuna and yellowfin tuna but CS transcript abundance expressed per mg 

of DNA ranged from no difference to 1.5-fold higher in the red muscle than in 

the white muscle in these fishes  (Dalziel et al., 2005). The red muscle of these 

fishes has been shown to have a 2.5-fold greater DNA content than the white 
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muscle (Dalziel et al., 2005). From this, the authors concluded that having 

more DNA per g tissue, red muscle would be expected to have a greater 

capacity to synthesise more CS mRNA than an equivalent mass of white 

muscle (Dalziel et al., 2005). Therefore, if protein translation efficiency is equal 

between the red and the white muscle in these fishes then a greater amount 

of CS protein should be synthesised in the red muscle than in the white muscle. 

However, when exploring this further, Dalziel et al. (2005) found that the 

amount of CS enzyme activity produced per femtomole of CS mRNA was 2 to 

3-fold greater in the red muscle than in the white muscle of the tunas they 

studied. This indicated that CS mRNA translation efficiency was greater in the 

red muscle than in the white muscle. From this they concluded that the greater 

translation efficiency in the red muscle could account for the greater CS 

enzyme content per mg of DNA (Dalziel et al., 2005). This was consistent with 

our observations in PBT of no difference in CS transcript abundance between 

the red and white muscle but CS enzyme activity per g tissue being 

approximately an order of magnitude higher in the red muscle compared to the 

white.  

In a recent study with human HAP1 cells, it was discovered that CS enzyme 

activity was inhibited through methylation catalysed by methyltransferase-like 

protein 12 (METTL12) (Małecki et al., 2017). It was determined that 

methylation of a lysine (Lys-395) residue located in the active site was 

catalysed by a METTL12 and this inhibited CS enzyme activity. This suggests 

that CS enzyme activity is down-regulated at the post-translational level by 

methylation. Therefore, the 7-fold higher CS enzyme activity in the red muscle 

compared to the white muscle in our PBT specimens could suggest that the 

CS protein is more highly methylated in the white muscle than in the red 

muscle. By investigating the methylation status of CS in the red and white 

muscle of PBT it would be possible to determine if CS enzyme activity is 

inhibited by methylation in this fish as it is in humans.  

3.4.9. The effect of body size on citrate synthase transcript abundance 

There was no effect of body size on CS transcript abundance in either the red 

or the white muscle in our young PBT specimens. This was in contrast to what 

we had observed for CS enzyme activity which decreased with increasing body 
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size in both muscle types both when the activity was expressed per g tissue 

and when it was expressed per mg protein. The lack of correlation between 

CS enzyme activity and CS transcript abundance we observed here could 

possibly be because CS is not regulated at the transcriptional level. 

3.4.10. The effects of muscle type on the transcript abundances for 
cytochrome c oxidase subunits I and IV-1 

COX is a large enzyme complex composed of 13 different subunits (Tsukihara 

et al., 1996). Three of these subunits (subunits I, II, III) are encoded by 

mitochondrial DNA and form the catalytic core of the enzyme whereas the 

remaining ten subunits are encoded by nuclear DNA. This includes COXIV. In 

mice, COXIV is essential for the correct assembly and function of the COX 

holoenzyme (Li et al., 2006). Thus, it has been proposed that COXIV gene 

expression may be rate-limiting for the assembly of the COX enzyme complex. 

However, it should be noted that the assembly of the COX enzyme complex is 

an intricate process and some caution needs to be taken when measuring the 

levels of a single subunit to make an argument about control of synthesis of 

the COX holoenzyme. We investigated the transcript abundance of the nuclear 

encoded COXIV and mitochondrially encoded COXI subunits to determine 

whether there was a correlation between transcript abundance and the 

enzyme activity of COX in PBT. In the young PBT specimens we studied, COXI 

transcript abundance, expressed as copies per g tissue, ranged from 2- to 12-

fold higher in the red muscle compared with the white muscle depending upon 

the size of the fish. In contrast, COXIV transcript abundance, also expressed 

as copies per g tissue, ranged from 2- to 3-fold higher in the red muscle 

compared with the white muscle depending upon the size of the fish. These 

results were surprising given that COX enzyme activity, expressed per g 

tissue, was, on average, 12.5-fold higher in the red muscle compared with the 

white muscle in all of our PBT specimens, regardless of their body size.  

Several previous studies have explored the relationship between COX 

transcript abundance and COX enzyme activity in fishes. For example, in 

goldfish exposed to a suboptimal water temperature of 4°C for 6 weeks, it was 

found that COX enzyme activity expressed per g tissue was ~2-fold higher in 

the white muscle but not statistically significantly different in the red muscle 
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when compared to the control fish maintained at 20°C (LeMoine et al., 2008). 

Similarly, the COXIV transcript abundance was ~2-fold higher in both the red 

and the white muscle compared to the control fish, resulting in a strong 

correlation between the two variables. In the same fish, COXI transcript 

abundance was ~1.5-fold higher in the red muscle but not significantly higher 

in the white muscle when compared to the control fish. There was a weaker 

correlation between COX enzyme activity and COXI transcript abundance 

compared to the correlation between COX enzyme activity and COXIV 

transcript abundance. Therefore, the fold differences between the red muscle 

and white muscle were very similar for both COX enzyme activity and the 

transcript abundance of the COX subunits in goldfish. However, the overall the 

differences in the transcript abundance of the COX subunits were much less 

than the difference in COX enzyme activity in PBT. This suggests that COX 

enzyme activity may not be regulated at the transcriptional level in PBT. 
However, the small but significant correlations between COXI and COXIV are 

likely to be driven by the differences between tissues rather than a common 

pattern among tissues.  

3.4.11. The effects of body size on the transcript abundances for 
cytochrome c oxidase subunits I and IV-1 

COXI and COXIV transcript abundances, expressed as copies per g tissue, 

both decreased with increasing body size in both the red and the white muscle 

in our young PBT specimens. In contrast, we had seen that COX enzyme 

activity per g tissue remained constant with increasing body size. In addition, 

we observed a poor correlation between COX enzyme activity and COXI 

transcript abundance in specimens of different body sizes. The same was true 

for COXIV transcript abundance but the correlation between COXIV transcript 

abundance and COX enzyme activity was stronger than with COXI transcript 

abundance and COX enzyme activity. The constant COX enzyme activity per 

g tissue despite decreases in the transcript abundance of both the COXI and 

COXIV subunits with increasing body size suggests that larger sized PBT may 

have a better translation efficiency or perhaps there is greater protein stability 

in the larger fish. As far as we can ascertain, there are no other studies on the 
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relationship between COX transcript abundance and fish body size reported in 

the literature. 

3.4.12. The effect of muscle type on pyruvate kinase transcript 
abundance 

PK transcript abundance, expressed as copies per g tissue, was 7, 40 and 22-

fold greater in the white muscle than it was in the red muscle, in the smallest, 

intermediate-size and largest PBT specimens we studied. In contrast, PK 

enzyme activity, also expressed per g tissue, ranged from 4 to 5-fold greater 

in the white muscle compared with red muscle in these fish. This suggests that 

greater transcript abundance may lead directly to increasing protein 

abundance and therefore greater enzyme activity in the case of PK. This 

indicates that PK protein abundance is regulated at the transcriptional level in 

the red and white muscle of PBT. However, the difference in PK enzyme 

activity between the two different muscle types was not directly proportional to 

the difference in PK transcript abundance. In fact, the difference between the 

red and white muscle was smaller for PK enzyme activity than it was for PK 

transcript abundance. This suggests that PK may be regulated at the post-

transcriptional level as well as at the transcriptional level in PBT.  

3.4.13. The effect of body size on pyruvate kinase transcript abundance 

In the red muscle of our young PBT specimens, increasing body size resulted 

in a decrease in PK transcript abundance but no change in PK enzyme activity. 

In contrast, in the white muscle there was a decrease in PK transcript 

abundance with increasing body size but this paralleled an increase in PK 

enzyme activity. There could be at least two possible explanations for the 

difference observed in the white muscle. One reason why we observed the 

highest PK enzyme activities but the lowest PK transcript abundances in the 

largest fish could be greater PK protein stability with increasing body size and 

the other could be better translation efficiency with increasing body size in our 

PBT specimens. Similar to our study, PK enzyme activity in rainbow trout 

ranging in size from approximately 20 to 2,600 g, has been observed to 

increase steeply with increasing body size in the white muscle (Burness et al., 

1999). From this, the authors concluded that the glycolytic capacity of the white 
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muscle in rainbow trout increases with increasing body size. In contrast to our 

own study, there was also a steep increase in PK transcript abundance 

reported in rainbow trout between 20 to 380 g. However, the transcript 

abundance decreased considerably when larger, approximately 900 to 2,600 

g, rainbow trout were introduced into the dataset. From this the authors 

concluded that larger fish were able to produce more protein from less mRNA. 

Consistent with this conclusion, we observed that there was a significant 

decrease in total RNA content and PK transcript abundance, with increasing 

body size, in both the red and the white muscle of our young PBT specimens 

but that there was a significant increase in PK enzyme activity, per g tissue, in 

the white muscle. This suggested that the significant increase in PK enzyme 

activity per g tissue in the white muscle of our PBT specimens with increasing 

body size may have been due to larger fish producing more protein from less 

mRNA. 

3.4.14. Conclusions  

This study has found that: (a) CS and COX enzyme activity was approximately 

an order of magnitude greater in the red muscle compared with  the white 

muscle in our young PBT specimens and this was regardless of whether the 

activity was expressed per g tissue or per mg protein; (b) CS enzyme activity 

decreased with increasing body size in both the red muscle and the white 

muscle (c) There was no difference in CS transcript abundance between the 

muscle types and the transcript abundance remaining constant with increasing 

body size; (d) COX enzyme activity was also approximately an order of 

magnitude higher in the red muscle compared to the white muscle, regardless 

of whether expressed per g tissue or per mg protein; (e) COX enzyme activity 

remained constant with increasing body size when expressed per g tissue but 

decreased significantly when expressed per mg protein; (f) The transcript 

abundance of the COX subunits were more variable than the COX enzyme 

activity but were also significantly higher in the red muscle than in the white 

muscle but in contrast to the enzyme activity the transcript abundance of the 

COX subunits decreased significantly with increasing body size in both muscle 

types.  
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We hypothesised that the number of mitochondria, and/or their aerobic 

metabolic capacity, would increase with increasing body size in the red muscle 

during the development of regional endothermy in PBT. These findings of this 

Chapter indicate that this was not true. Instead, the decrease in CS enzyme 

activity per g tissue suggested that mitochondrial abundance decreases in 

these tissues with increasing body size but the constant COX enzyme activity 

suggested that the folding of the mitochondrial inner membrane increases to 

compensate for the decrease in mitochondrial abundance. Previously we 

showed that red muscle temperature elevation increases linearly in juvenile 

PBT ranging in size from ~20 cm to ~60 cm FL and ~2 months to ~2 years of 

age (Chapter 2). Thus, overall the results of this Chapter suggest that aerobic 

metabolic capacity may remain constant with increasing fish size. Thus, the 

increase in red muscle temperature elevation did not coincide with an increase 

in aerobic capacity. 
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CHAPTER 4 - Roles of the PGC-1 transcriptional 

co-activators in red muscle endothermy in Pacific 

bluefin tuna (Thunnus orientalis) 
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Abstract 
Tunas are unusual fishes because they are regionally endothermic. In bluefin 

tunas, the red (‘slow-twitch’, predominantly oxidative) skeletal muscle, the 

eye/brain and the viscera are the tissues that are warm whereas the white 

(‘fast-twitch’, predominantly glycolytic) skeletal muscle and the heart are cool 

(i.e. at approximately the ambient water temperature). Previously we reported 

that citrate synthase (CS) and cytochrome c oxidase (COX) enzyme activities 

were approximately an order of magnitude greater in the red muscle than the 

they were in the white muscle of Pacific bluefin tuna (PBT, Thunnus orientalis).   

In mammals, the peroxisome proliferator-activated receptor γ co-activator-1 

(PGC-1) transcriptional co-activators are master regulators of mitochondrial 

biogenesis and function. Thus, we predicted that they and their transcription 

factor targets would be more highly expressed in the red muscle compared 

with the white muscle in our tuna specimens. To assess this, we cloned and 

sequenced a PGC-1α cDNA from PBT and investigated its expression as well 

as investigating the expression of PGC-1β, peroxisome proliferator-activated 

receptor α (PPARα), one of the transcription factor targets of PGC-1α, and 

medium-chain acyl-Coenzyme A dehydrogenase (MCAD), a target gene of 

PPARα, in the red and the white muscle. Here we found that PGC-1α and 

PGC-1β transcript abundances were greater in the red muscle compared to 

the white muscle and this corresponded with greater PPARα and MCAD 

transcript abundances in the red muscle compared to the white muscle. This 

suggested that the PGC-1 transcriptional coactivators were involved in the 

upregulation of MCAD transcript abundance in the red muscle through their 

interactions with PPARα. 
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Abbreviations  

Pacific bluefin tuna, PBT, Fork length, FL; Body mass, BM; peroxisome 

proliferator-activated receptor γ co-activator-1, PGC-1;  Medium-chain acyl-

Coenzyme A dehydrogenase, MCAD; peroxisome proliferator-activated 

receptor α, PPARα; Cytochrome c oxidase subunit, COX; Citrate synthase, CS 
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2.1. Introduction 

4.1.1. The PGC-1 transcriptional coactivator family in mammals 

Transcriptional coactivators are proteins that bind to transcription factors and 

increase the rate of transcription of their target genes without binding to DNA 

themselves (Puigserver et al., 1999). In mammals, there are three different 

transcriptional co-activators belonging to the peroxisome proliferator-activated 

receptor γ co-activator-1 (PGC-1) family and they are PGC-1α, PGC-1β and 

PGC-related coactivator (PRC) (Andersson and Scarpulla, 2001, Kressler et 

al., 2002, Lin et al., 2002a). PGC-1α and PGC-1β are considered to be master 

regulators of mitochondrial biogenesis because they interact with certain 

transcription factors to upregulate the expression of mitochondrial genes. PRC 

may play a similar role, but it has not been as intensively investigated. PGC-

1α was the first in this family to be discovered (Puigserver et al., 1998).   

4.1.2. PGC-1α in mammals 

In mammals, PGC-1α was first identified as an activator of the transcription 

factor peroxisome proliferator-activated receptor-gamma (PPARγ), hence its 

name (Puigserver et al., 1998). Since its initial discovery, PGC-1α has been 

shown to be an important transcriptional coactivator that coordinates the up-

regulation of mitochondrial biogenesis and function in response to stimuli such 

as cold temperature treatment and endurance-type exercise training (Lin et al., 

2005a, Arany, 2008, Liu and Lin, 2011). It has been shown to interact with 

many different transcription factors. These include, PPARα, estrogen related 

receptor-α (ERRα), nuclear respiratory factors (NRF) 1 and 2 and myocyte-

specific enhancer factor 2 (MEF2). When PGC-1α interacts with PPARα, it 

upregulates fatty acid β-oxidation by increasing the transcription of genes that 

encode enzymes involved in β-oxidation, which occurs predominantly in 

mitochondria. The genes upregulated by PPARα include the acyl-CoA 

dehydrogenase (ACADM) gene which encodes the medium chain acyl-CoA 

dehydrogenase (MCAD) enzyme which catalyses the initial step in the β-

oxidation of medium-chain fatty acids (i.e. fatty acids with chain lengths 

between 6 and 12 carbon atoms) in mitochondria (Vega et al., 2000, Lehman 

and Kelly, 2002).  Long-chain fatty acids (LCFAs, chain lengths >12 carbon 
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atoms) and very long-chain fatty acids (VLCFAs, chain lengths >22 carbon 

atoms) are partially broken down by long-chain acyl-CoA dehydrogenase 

(LCAD) and very long-chain acyl-CoA dehydrogenase (VLCAD) in the 

peroxisomes but cannot be degraded to completion. The chain-shortened fatty 

acids are subsequently exported to mitochondria where they can be further 

broken down by enzymes such as MCAD and short-chain acyl-CoA 

dehydrogenase (SCAD) which oxidise medium-chain and short-chain fatty 

acids (SCFAs, chain lengths <6 carbon atoms), respectively (Camões et al., 

2009, Schrader et al., 2015). When PGC-1α interacts with ERRα, it 

upregulates genes involved in mitochondrial biogenesis, oxidative 

phosphorylation and β-oxidation, including MCAD. When PGC-1α interacts 

with NRF-1 and 2 it directly or indirectly upregulates the transcription of genes 

that encode enzymes in the mitochondrial electron transfer chain (mETC) 

(Collu-Marchese et al., 2015). Examples of these are the genes that encode 

the subunits that constitute cytochrome c oxidase (COX), the last enzyme in 

the mETC. COX is made up of 13 subunits encoded by both the nuclear and 

mitochondrial genomes. PGC-1α is directly involved in upregulating the 

transcription of the nuclear encoded COX subunits, such as COXIV and it does 

this through its interaction with NRF-1 (Scarpulla, 2002, Dhar et al., 2008, 

Collu-Marchese et al., 2015). PGC-1α is also indirectly involved in upregulating 

the transcription of the mitochondrially encoded COX subunits, such as COXI 

and it does this by upregulating the expression of the mitochondrial 

transcription factor A (TFAM), by interacting with NRF-1 and NRF-2 

(Jornayvaz and Shulman, 2010). PGC-1α also interacts with MEF2. When it 

does this, it promotes a switch from white (‘fast-twitch’, predominantly 

glycolytic) to red (‘slow-twitch’, predominantly oxidative) muscle fibres (Lin et 

al., 2002b).  

4.1.3. Muscle fibre types in mammals 

In vertebrates, in general, there are three main types of muscle fibres, the Type 

I fibres, (red, ‘slow twitch’, predominantly oxidative), the Type IIa fibres, (red, 

‘fast twitch’, predominantly aerobic) and the Type IIb fibres, (white, 'fast twitch’, 

predominantly glycolytic). The Type I muscle fibres are used for endurance 

type activities and they have large numbers of mitochondria. In contrast, the 
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Type IIb muscle fibres are used for burst type activities and they have fewer 

mitochondria. The Type IIa muscle fibres are an intermediate type between the 

Type I and the Type IIb muscle fibres (Karp, 2001, Spangenburg and Booth, 

2003). The difference in mitochondrial abundance between the fibre types is 

consistent with the different functions of the different muscle types. In contrast 

to the red muscle fibres, which are used for endurance type activity and are 

resistant to fatigue, the white muscle fibres are used for short powerful, burst-

type activities, such as the pursuit of prey, but they fatigue quickly. The large 

number of mitochondria in the red muscle fibres produces energy aerobically 

to support sustained endurance type exercise (Glancy and Balaban, 2011).  

4.1.4. Regulation of PGC-1α in mammals 

In mammals, PGC-1α gene and protein expression is upregulated in response 

to stimuli such as endurance-type exercise and cold acclimation (Lin et al., 

2005a, Liu and Lin, 2011). For example, it has been observed in a study with 

biopsies taken from the predominantly ‘fast twitch’ human vastus lateralis 

muscle, that there are transient increases in PGC-1α gene and protein 

expression, reaching a maximum increase within 2 h after exercise and 

sustained for 3 h (Pilegaard et al., 2003). In a different study PGC-1α protein 

content in the Type IIa fibres of the quadriceps gradually increased  when rats 

were endurance trained for a period of 60 min, twice per day and 5 days per 

week for 4, 11, 25, or 53  days (Taylor et al., 2005).  

The effects of external stimuli have also been shown in a study where rats 

were maintained at a suboptimal temperature of 4°C for 45 days (Stancic et 

al., 2013). During this study there was a gradual increase in PGC-1α transcript 

abundance in the gastrocnemius muscle (contains predominantly Type I 

muscle fibres) of the rats maintained at 4°C compared to the control rats that 

were maintained at approximately 22°C. 

 4.1.5. PGC-1β in mammals 

PGC-1β was first identified due to nucleotide sequence similarities with PGC-

1α (Lin et al., 2002a). Due to the similarities between PGC-1α and PGC-1β, it 

has been proposed that PGC-1β also interacts with the transcription factors 
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mentioned above, meaning that PGC-1β and these transcription factors have 

similar effects in terms of promoting the expression of genes involved in 

muscle mitochondrial biogenesis and function and differentiating red muscle 

fibres from white (Lin et al., 2005a, Arany et al., 2007). In addition, PGC-1β, 

but not PGC-1α, has been shown to interact with sterol regulatory element-

binding protein (SREBP) transcription factors to activate the expression of 

genes involved in lipogenesis (Lin et al., 2005b). While endurance-type 

exercise has been shown to result in increased PGC-1α transcript abundance 

in skeletal muscle, the opposite has been observed for PGC-1β. For example, 

in a study where the effects of 10 weeks of endurance training on human 

vastus lateralis muscle (40–56% Type I fibers) were investigated, it was found 

that PGC-1β transcript abundance decreased by approximately 35% 

(Mortensen et al., 2007).  

4.1.6. PGC-1α and PGC-1β in fishes 

The PGC-1α amino acid sequence is highly conserved between all members 

of the subphylum vertebrata except for the ray-finned fishes, a subclass of the 

bony fishes (LeMoine et al., 2010a). This conservation includes the leucine 

rich motifs that facilitate binding between PGC-1α and transcription factors 

from the family of nuclear receptors such as PPARα and ERRα but not the 

recognition site for AMP-activated protein kinase (AMPK) or the NRF-1, 

PPARγ and MEF2c transcription factor binding domains (LeMoine et al., 

2010a, Bremer et al., 2016). In the ray-finned fishes, the transcription factor 

binding domains are interrupted by various insertions including serine (S)-rich 

and glutamine (Q)-rich insertions (Wu et al., 1999, Michael et al., 2001, 

LeMoine et al., 2010a). Thus, it is proposed that PGC-1α may have a different 

role in ray-finned fishes (LeMoine et al., 2010a). 

Compared with the wealth of information available for mammals, 

comparatively little is known about the role of PGC-1α fishes. However in 

fishes, as in mammals, the expression of PGC-1α is influenced by suboptimal 

temperatures (LeMoine et al., 2008, McClelland et al., 2006).  For example, 

LeMoine et al. (2008) reported that PGC-1α transcript abundance was reduced 

by more than 50% in the red muscle and white muscle of goldfish held at a 

suboptimal temperature of 4°C for six weeks compared to control fish 
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maintained at 20°C. In contrast, the transcript abundance of PGC-1β did not 

differ between the fish maintained at 4°C and 20°C. This suggests that unlike 

PGC-1α, PGC-1β transcript abundance remains constant with decreasing 

temperature in the red muscle of goldfish. The same trend was observed for 

white muscle, but this was not statistically significant. In the same study, 

LeMoine et al. (2008) found that PPARα transcript abundance decreased by 

approximately 80% in the red muscle and the white muscle of the fish 

maintained at 4°C compared with the control fish.  Similar to what was 

observed for PGC-1α, this indicated that there was a strong negative 

correlation between decreasing water temperature and PPARα transcript 

abundance. In a different study, this time with zebrafish, McClelland et al. 

(2006) found that there was no statistically significant difference in PGC-1α 

transcript abundance in the skeletal muscle (presumably white muscle) 

between zebrafish maintained either at 18 or 28°C. In contrast, PPARα 

transcript abundance was significantly lower in the fish maintained at 18°C 

compared with the fish maintained at 28°C.  

In fishes, as in mammals, the expression of PGC-1α has also been shown to 

be influenced by endurance exercise. For example, LeMoine et al. (2010b), 

reported that when zebrafish were endurance trained over a period of 8 weeks, 

it was found that PGC-1α transcript abundance increased approximately 3-fold 

in the red and 4-fold in the white muscle after one week of this training, but 

returned to the pre-training levels after 8 weeks. In the same study, there was 

an approximately 3-fold increase in PGC-1β transcript abundance in the red 

muscle of the trained fish after one week but this also returned to pre-training 

levels after 8 weeks. In contrast, the endurance training had no significant 

effect on PGC-1β transcript abundance in the white muscle. 

4.1.7. The role of the PGC-1 family of transcriptional co-activators in 
regionally endothermic fishes. 

The role of the PGC-1 family of transcriptional co-activators in regionally 

endothermic fishes has not been investigated. Regionally endothermic fishes 

are unusual because they can produce and retain sufficient metabolic heat to 

warm certain regions of their bodies (Dickson and Graham, 2004). As a result, 

these tissues are maintained at temperatures significantly in excess of the 



139 
 

ambient water temperature. This is in contrast to ectothermic fishes, whose 

body temperatures are typical the same or only slightly warmer than the 

ambient water temperature. Fishes that are regional endothermic include 

tunas (Family Scombridae), billfishes (Family Istiophoridae), lamnid sharks 

(Family Lamnidae), the common thresher shark (Alopias vulpinus, Family 

Alopiidae) and the opah (Lampris guttatus, Family Lampridae) (Dickson and 

Graham, 2004, Sepulveda et al., 2005, Wegner et al., 2015). In most tunas, 

the red (‘slow-twitch’, predominantly oxidative) skeletal muscle that is used for 

sustained cruise-type swimming and the eye/brain are endothermic but in the 

bluefin tunas, in addition to these tissues, the viscera are also endothermic 

(Dickson and Graham, 2004). Atlantic bluefin tuna (ABT, Thunnus thynnus), 

Pacific bluefin tuna (PBT, Thunnus orientalis) and southern bluefin tuna (SBT, 

Thunnus maccoyii) belong to the bluefin group. The lamnid sharks are also 

regionally endothermic and maintain elevated temperatures in their red 

skeletal muscle, eye/brain and viscera. An important difference though is that 

lamnid sharks give birth to pups with are miniature versions of their parents 

and most likely begin life as endotherms whereas tunas that hatch from eggs 

have a larval stage and begin life as ectotherms but later transition to become 

regional endotherms (Dickson, 1994). Recently we demonstrated that PBT can 

significantly elevate their red skeletal muscle temperature above the ambient 

water temperature at a minimum body size of ~29 cm fork length (FL), 

corresponding to a minimum age of ~5.5 months. In addition, we also showed 

that in the same fish, the activities of the mitochondrial marker enzymes citrate 

synthase (CS) and COX were approximately an order of magnitude greater in 

the red muscle than in the white muscle. Furthermore, CS enzyme activity 

decreased with increasing body size in both the red muscle and the white 

muscle. This suggested that mitochondrial abundance was decreasing with 

increasing body size. Having observed that the mitochondrial marker enzyme 

activities were greater in the red muscle than in the white muscle, it can be 

concluded that mitochondrial abundance/aerobic metabolic capacity was also 

greater in the red muscle compared to the white muscle. Due to the role of the 

PGC-1 transcriptional coactivators in mitochondrial biogenesis and function in 

mammals it is possible that PGC-1α, and possibly also PGC-1β, expression 

could also be greater in the red muscle than in the white muscle of fishes. 

However, the lack of conservation in the NRF-1, PPARγ and MEF2c 
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transcription factor binding domains between mammals and ray-finned fishes 

could indicate that this may not be the case (Wu et al., 1999, Michael et al., 

2001, LeMoine et al., 2010a).  

4.1.8. Aims  

The overall aim of the present study was to determine whether PGC-1α is 

involved in the development of regional endothermy in PBT by investigating 

the effect of fish body size/age on PGC-1α transcript abundance in red muscle 

and white muscle during the development of regional endothermy in PBT. We 

also investigated the expression of PGC-1β and the transcription factor 

PPARα, which is known to interact with PGC-1α, and its target gene MCAD. 

We hypothesised that the transcript abundance of all of the genes of interest 

would be greater in the red muscle compared with the white muscle due to 

their role in fatty acid β-oxidation. An additional aim of this study was to further 

clarify the differences between mammals and ray-finned fishes, especially 

regionally endothermic ray-finned fishes, in terms of the roles of the PGC-1 

transcription factors. 

 

 

  



141 
 

4.2. Materials and Methods 

4.2.1. Fish sampling  

Three groups of young PBT juvenilies, ranging in size from 18.5 to 62.5 cm 

fork length (FL) and 71 to 5,350 g body mass (BM), were caught in Japanese 

waters and used for this study.  The Group one fish [18.5 – 21.2 cm fork length 

(FL), 71 – 142 g body mass (BM), n = 21] were caught by fishermen operating 

offshore from the port of Kaminokae (Kochi Prefecture, Shikoku Island) on the 

2nd of August 2016 (late summer, Ta = 29.4°C) (Fig. 1). The Group two fish 

[33.3 – 42.6 cm FL, 750 – 1,700 g BM, n = 10] and the Group three fish [57.5 

– 62.5 cm FL, 4,050 – 5,350 g BM, n = 4] were caught from a sea cage farm 

approximately 1 km offshore from the town of Imazato (Nagasaki Prefecture, 

Tsushima Island) on the 28th of November 2016 (late autumn, Ta = 20.4) and 

the 27th of March 2017 (early spring, Ta = 15.8°C), respectively. The fish were 

subjected to the temperature measurements described in Chapter 2 and then 

immediately afterwards samples of the red and white skeletal muscle were 

taken for the gene expression analyses described here. Four samples (~0.5 

cm3) of each muscle type were taken, at ~40-50% of FL from the snout, from 

the left side of the fish. Initially, the samples were immersed in RNAlater® 

(Ambion®) on ice and then later they were transferred, in this same solution, to 

a refrigerator at -20°C for longer-term storage. The samples used in this 

chapter were the same as those used for the gene expression analyses in 

Chapter 3. 

4.2.2. RNA extraction and cDNA synthesis 

RNA was extracted, essentially as described by the manufacturer, using an 

RNeasy® Fibrous Tissue Mini Kit (QIAGEN). To do this, the tissue samples 

described above (Section 4.2.1) were removed from the RNAlater® storage 

solution and gently blotted and then approximately 60 mg of tissue was 

disrupted in 300 µL of the RLT buffer, supplied with the kit, with 40 mM 

dithiothreitol (DTT) added. The tissue disruption was performed using a TOMY 

micro Smash™ MS-100 tissue homogeniser set at 4,000 rpm for 45 s. The 

extraction method included an optional on-column RNase-free DNase I 

digestion to remove any genomic DNA that might have been contaminating 
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the RNA. The RNA concentration was quantified using a NanoDropTM 1000 

spectrophotometer (Thermo Scientific) and one µg of the extracted RNA was 

used as the template to synthesise first strand cDNA. The first strand cDNA 

was synthesized using a SuperScript® IV Reverse Transcriptase Kit 

(Invitrogen™) and the synthesized cDNA was subsequently stored at -20°C 

until it was required. 

4.2.3. Primer design for cloning a PGC-1α cDNA from PBT red muscle 
using conventional polymerase chain reaction 

Primers were designed to clone a large fragment of the open reading frame 

(ORF) of a PGC-1α cDNA from PBT red muscle using conventional 

polymerase chain reaction (PCR). At the time of this research, there were no 

publicly available PGC-1α cDNA sequences for PBT, or any other tuna 

species. Therefore, the primers were designed using the unannotated whole 

genome shotgun contigs database for PBT (accession number 

BADN00000000 available at http://www.ncbi.nlm.nih.gov/). The primers were 

designed in several steps as follows. Firstly, a yellowtail kingfish (YTK, Seriola 

lalandi) PGC-1α cDNA sequence (accession number KU869768.1) was used 

to perform a Basic Local Alignment Search Tool (BLAST) search of the 

unannotated PBT whole genome shotgun contigs database. This resulted in 

multiple different contigs being retrieved from the database. Each contig was 

aligned individually with the YTK PGC-1α query sequence using ClustalX 2.1 

(Larkin et al., 2007) and then regions of conservation adjacent to the 5′ and 3′ 

ends of the ORF were chosen for primer design. Initially, the primers were 

designed using Primer3 (version 0.4.0) (Untergasser et al., 2012). Primer3 was 

set to choose primers with a length of 20 bp, a melting temperature of 

approximately 60°C and a GC content between 40 and 60%. Subsequently the 

primers designed using Primer3 were tested for their suitability for PCR using 

Oligo Analyzer Version 3.1 

(http://sg.idtdna.com/analyzer/Applications/OligoAnalyzer/). Oligo Analyzer 

was used to check for primer-dimer formation and for the formation of 

secondary structures within the primers which if present could reduce the 

amplification efficiency of the PCR amplification.  Finally, the selected primers 

were ordered from GeneWorks Pty. Ltd. (Australia).  
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Table 4.1. PCR primer sequences 

Primer Sequence (5′ → 3′) Usage 

PGC-1α qRT F CTGCCTTGGTTGGTGAAGAC cDNA cloning/qRT-PCR 

PGC-1α R1 GTTTGCTGCCTGGTTCTCTC cDNA cloning 

PGC-1α R2 CTGCTTAGCCAAAGGACCAG cDNA Sequencing 

T71 TAATACGACTCACTATAGGG cDNA sequencing 

SP61 TATTTAGGTGACACTATAG cDNA sequencing 

β-actin F2 ACCCACACAGTGCCCATCTA qRT-PCR 

β-actin R2 TCACGCACGATTTCCCTCT qRT-PCR 

PGC-1α qRT R CAACGAAGCAGCCAATCTTT qRT-PCR 

PPARα F GATTTTCCACTGCTGCCAAT qRT-PCR 

PPARα R CGCCTCATACACGCCATA qRT-PCR 

MCAD F GAGGAAGACGTTTGGCAGAG qRT-PCR 

MCAD R GCAATGGAGGCAAAGTAGGT qRT-PCR 

PGC-1β F GTATGGGGAGGAGGAGGTGT qRT-PCR 

PGC-1β R CAGCTCGCTGAGACAGTTGA qRT-PCR 

1 Promega T7 (Q5021) and SP6 (Q5011) primers   
2 Designed by Agawa et al. (2012)  
All of the remaining primers were designed by the author (Section 4.2.6)
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4.2.4. Conventional polymerase chain reaction for cloning a PGC-1α 
cDNA from PBT red muscle 

Total RNA was extracted, and first-strand cDNA was synthesised as described 

in Section 4.2.2. Primers were designed for conventional PCR as described in 

Section 4.2.3. Conventional PCR was performed as follows. Each 50 µL 

reaction contained 5 µL of a 1:5 dilution of PBT red muscle cDNA, 0.2 µM each 

of the relevant forward and reverse primers (Table 4.1), 200 µM dNTPs 

(Promega), 2.5 units of Taq DNA Polymerase (New England Biolabs) and 5 

µL of 10x ThermoPol® Buffer (New England Biolabs).  The PCR cycling 

conditions consisted of an initial denaturation step at 95°C for 30 s followed by 

30 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s and 

extension at 68°C for 4 min. At the end of the cycling, there was a final 

extension step at 68°C for 5 min. The cycling was done in a Hybaid PX2 

thermal cycler (Thermo Scientific) and when it was complete, the PCR reaction 

mixture was subjected to electrophoresis on a 1.5% (w/v) agarose gel 

containing 1 × SYBR® Safe DNA Gel Stain (InvitrogenTM) to determine whether 

the products were of the expected size. The PCR products in the agarose gel 

were visualised using a Gel Doc™ EZ System (Bio-Rad) and a digital image 

was obtained using Image Lab software (version 4.0) (Bio-Rad). Products 

close to the expected size were purified from the gel using the Wizard® SV Gel 

and PCR Clean-Up System (Promega) according to the manufacturer’s 

instructions.  

4.2.5. Cloning of the PGC-1α PCR product in Escherichia coli 

The gel purified PGC-1α PCR products obtained in Section 4.2.4 were ligated 

into the pGEM®-T Easy vector (Promega) and the resulting constructs were 

used to transform Escherichia coli 5α competent cells (New England Biolabs). 

To test for successful transformation, the cells were plated onto Luria broth 

(LB) agar containing 100 µg/mL ampicillin and colonies that were resistant to 

the antibiotic were selected. The selected colonies were screened for the 

presence of the PGC-1α insert using colony PCR. Colony PCR was performed 

using primers targeting the T7 and SP6 promoter regions of the vector (Table 

4.1). Confirmed positive colonies were cultured overnight at 37°C in LB broth 

containing 100 µg/mL ampicillin. Following the overnight culture, plasmid DNA 

was extracted from the cells using the Wizard® Plus SV Minipreps DNA 
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Purification System (Promega) and the insert DNA was sequenced in both 

directions using primers that targeted the T7 and SP6 promotor regions in the 

vector. This produced sequence data for approximately 770 bp at the 5ʹ- and 

approximately 620 bp at the 3ʹ-end of the PGC-1α cDNA but no data for the 

central region between these ends. Thus, a new primer was designed to obtain 

the sequence of the central region. The procedure followed was essentially as 

described in Section 4.2.3 except that the now known sequence of the newly 

cloned PBT PGC-1α cDNA was used as the template to design the new primer. 

The cDNA sequence obtained in this way overlapped with the cDNA 

sequences obtained from the 5ʹ and 3ʹ ends. Using this approach, sequence 

data were obtained from 8 independent colonies and all colonies yielded the 

same sequence. The resulting sequence data were used to perform BLAST 

searches of the GenBank database (available at http://www.ncbi.nlm.nih.gov/) 

to confirm the identity of the PCR products. 

4.2.6. Quantitative real time polymerase chain reaction 

The expression of PGC-1α, PGC-1β, PPARα, MCAD and the normalization 

gene β-actin, in the red and white muscle of the PBT specimens sampled for 

this study, was investigated using quantitative real time polymerase chain 

reaction (qRT-PCR). The primers for this procedure were designed essentially 

as described above for the primers for conventional PCR (Section 4.2.3), but 

with some modifications. The sequence of the newly cloned PGC-1α cDNA 

from PBT red muscle (Section 4.2.5) was used directly to design the primers 

for this gene but for the other genes, the indirect approach described in Section 

4.2.3 was used. Specifically, cDNA sequences for large yellow croaker 

(Larimichthys crocea) PGC-1β (accession no. XM_019255239.1), Atlantic 

bluefin tuna (Thunnus thynnus) PPARα (accession no. KU900605.1) and 

greater amberjack (Seriola dumerili) MCAD (accession no. XM_022758058) 

were used to query the unannotated whole genome shotgun contigs database 

for PBT and then the contigs thus retrieved were used for primer design as 

described in Section 4.2.3. Each qRT-PCR reaction (total volume 20 µL) 

contained 5 µL of the relevant cDNA, 10 µL of the KAPA SYBR® FAST qPCR 

Master Mix (2X) Universal (KAPA Biosystems), 200 nM each of the relevant 

forward and reverse primers (Table 4.1) and the appropriate volume of 

autoclaved deionized water. Amplification was performed using a Rotor-Gene 
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Q thermal cycler (QIAGEN) fitted with fluorescence detection. The cycling 

conditions consisted of an initial denaturation step at 95°C for 3 min followed 

by 40 cycles of denaturation at 95°C for 3 s, annealing at 60°C for 20 s and 

extension at 72°C for 20 s.  At the end of each amplification run, melt curve 

analysis was performed to ensure that only one product was produced for each 

set of primers. This was done by raising the temperature from 60 to 95°C in 

0.5°C increments and observing the fluorescence change as the DNA strands 

separated. Amplification of only one product was confirmed by analysing the 

products using agarose gel electrophoresis. 

4.2.7. Preparation of the standards for qRT-PCR 

Transcript abundance for the genes of interest was determined using absolute 

quantification. Thus, it was necessary first to prepare standards for each of the 

genes interest. The standards were prepared using conventional PCR and 

cloning in E. coli as described in Sections 4.2.4 and 4.2.5, respectively, but 

with some modifications. In particular, the extension time during the PCR 

cycling was reduced to 1 min and the products produced were purified directly 

from the reaction mixture, rather than first being subjected to gel 

electrophoresis. Once the standards had been prepared and their identity had 

been confirmed, using sequencing, the copy number for each standard was 

determined using the equation: 

=>?@AB	?AC	µ"

=
(FG>HI#	>J	?EFBG@K	LMN	O>IB#CHO#	(IP) 	× 	6.022 × 10:8)

(EAIP#ℎ	>J	?EFBG@K	LMN	O>IB#CHO#	(T?) 	× 	1 × 10U	 × 	650	LFE#>IB)
 

Following this, a series of 10-fold dilutions was prepared for each of the 

standards and these dilutions were stored as single use aliquots at -20°C until 

they were required.  

4.2.8. Preparation of the samples for qRT-PCR 

To quantify the expression of the genes of interest in the red and white muscle 

of the PBT specimens sampled for this study, RNA was extracted, and first-

strand cDNA was synthesised as described in Section 4.2.2 and then qRT-

PCR was performed as described in Section 4.2.6. Prior to these analyses, 

various dilutions of the cDNAs from the various tissues were tested for each of 
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the genes of interest to determine the optimal amount of cDNA to be added to 

each reaction. The optimal amount of cDNA was the amount that produced 

fluorescence curves within the middle of the range of the fluorescence curves 

produced for the standards, i.e., the 10-fold dilutions of the plasmid constructs. 

Once the optimal cDNA concentrations had been determined, qRT-PCR 

analyses of the standards and the appropriately diluted cDNAs were 

performed side by side in the same run. Each run included all of the cDNAs 

from both the red and the white muscle from either the Group one (smallest, ~ 

20 cm FL), Group two (intermediate-sized, ~40 cm FL) or Group three (largest, 

~60 cm FL) fish for one of the genes of interest plus a no template control and 

a no reverse-transcriptase control. Preliminary analyses had shown that each 

primer pair gave only one product and for all primer pairs, the amplification 

efficiency was between 90 and 105%. The amplification efficiency was 

calculated by plotting the log10 of the DNA copy number against the 

corresponding Ct value for each standard. The slope of this plot was then used 

in the following equation to determine the amplification efficiency for each 

primer: NG?E@J@OF#@>I	AJJ@O@AIOX	(%) = Z10
[
\]

^_`ab
c
− 	1d × 100. The transcript 

copy number for each of the genes of interest was then calculated by 

comparing the Ct values for the cDNAs with the Ct values for the standards 

and multiplying the copy number per microgram of RNA by the total RNA 

extracted per mg tissue in order to obtain the copy number per mg tissue. All 

of the cDNA samples were analysed in duplicate (technical replication) and the 

average values for the duplicates were used in the calculations. In addition to 

calculating the transcript abundance per g tissue, the relative transcript 

abundance for the genes of interest was calculated by dividing the transcript 

abundance for the gene of interest by the transcript abundance for the 

housekeeping gene β-actin.  

4.2.9 Statistical analyses 

All statistical analyses were performed using the IBM® SPSS Statistics version 

22.0 software package (IBM, New York, USA). Independent-samples t-tests 

were performed to test for significant differences in the transcript abundance 

between the red and the white muscle. This comparison between tissues was 

made independently for the smallest, intermediate-sized and largest fish. 
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Scaling coefficients were calculated through linear regression analysis of the 

log10 of the variable of interest and the log10 of BM. Pearson correlation 

analyses were used to determine whether the relationship between the 

transcript abundances of the PGC-1 transcriptional coactivators and either 

PPARα or MCAD were significant. For all of the statistical tests applied in this 

study, values were considered to be statistically significantly different when P 

< 0.05.  
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4.3. Results 

4.3.1. Sequence analysis of a PGC-1α cDNA from PBT red muscle  

We have cloned approximately two-thirds of the open reading frame (ORF) of 

a PGC-1α gene from PBT red muscle. The cDNA was deposited in the NCBI 

nucleotide database with the accession no. MF737438.1 and the 

corresponding protein has the accession no. ASX95437.1. When the 

translated protein sequence was aligned with other PGC-1α proteins, the 

protein from PBT appeared to be missing ~18 amino acids at the N-terminus 

and ~336 amino acids at the C-terminus of the ORF (Fig. 4.1). Nevertheless, 

the remainder of the protein still contained the canonical motifs that are 

characteristic of PGC-1α proteins from vertebrates in general. Specifically, it 

contained the transcriptional activation domains, AD1, with the sequence 

DLPELDLSELD and AD2, with the sequence NEANLLAVLTETLD, at residues 

30 – 40 and 82 – 95, respectively, relative to the brown rat sequence (Sadana 

and Park, 2007b). It contained the three leucine-rich motifs L1, with the 

sequence LLAVL, L2, with the sequence LKKLL, and L3, with the sequence 

LLKYL, at residues 86 – 90, 142 – 146 and 208 – 212, respectively, relative to 

the brown rat sequence (Knutti et al., 2001). In mammals, the L2 motif 

facilitates binding between the PGC-1α protein and transcription factors from 

the nuclear receptor family, including PPARα (Vega et al., 2000). In mammals, 

the L3 motif facilitates binding between the PGC-1α and ERRα proteins, 

another member of the nuclear receptor family (Huss et al., 2002). 

Furthermore, it also contained the tri-lysine motif (KKK) typical of the NRF-1 

interaction domain at residues 237 – 239, relative to the brown rat sequence.   

In contrast to the above, there were certain regions that were not so well 

conserved. Specifically, this refers to the recognition site for AMP-activated 

protein kinase (AMPK) and the binding sites for certain of the transcription 

factors. In the brown rat sequence, there is a recognition site for AMPK 

between residues 165 and 186 (numbered according to the brown rat 

sequence). In mammals, AMPK has been shown to activate PGC-1α by 

phosphorylating a threonine residue (Thr177) within the AMPK recognition site 

(Jager et al., 2007). This residue is highly conserved between chicken 

(representing birds), the Chinese alligator (representing reptiles) and the 

African clawed frog (representing amphibians) but not in PBT or any of the 
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other fish sequences from the classes of bony fishes (both ray-finned and lobe-

finned fishes) or cartilaginous fishes. In the PBT sequence, the AMPK binding 

site is highly conserved but the Thr177 residue that is phosphorylated by AMPK 

is absent. Instead, a proline residue can be found at this site in PBT. 

In the brown rat sequence (representing mammals), there is a binding site for 

NRF-1 at residues 180 – 403 (Wu et al., 1999). This is well conserved in the 

chicken (representing birds), the Chinese alligator (representing reptiles), the 

African clawed frog (representing amphibians), the spiny dogfish (representing 

cartilaginous fishes) and the West African lungfish (representing bony fishes 

in the subclass of the lobe-finned fishes) (Fig. 4.1). However, it is not well-

conserved in either the swordfish or PBT, both of which are bony fishes in the 

subclass of the ray-finned fishes (Fig. 4.1). In these ray-finned fishes, the 

canonical NRF-1 binding site is interrupted by a serine (S)-rich insertion, a 

glutamine (Q)-rich insertion and multiple mixed amino acid residue insertions. 

Similarly, in the brown rat sequence there is a binding site for PPARγ at 

residues 338 – 403 (Puigserver et al., 1998). Again this is well conserved in 

the representatives of the birds, reptiles, amphibians, cartilaginous fishes and 

lobe-finned fishes but not in the ray-finned fishes, including PBT. In the ray-

finned fishes (PBT and swordfish), this transcription factor binding site is 

interrupted by mixed amino acid residue insertions. Finally, in the brown rat 

sequence, there is a binding site for MEF2 at residues 403 – 570 that is well 

conserved in all of the other vertebrates except the ray-finned fishes (Michael 

et al., 2001). In PBT, this region was not cloned but it is interrupted by a large 

mixed amino acid residue insertion in the swordfish sequence. 
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Fig. 4.1. A multiple sequence alignment of PGC-1α amino acid sequences 
from representatives of six of the seven classes that make up the subphylum 
vertebrata. The GenBank accession numbers are as follows: PBT (bony 
fishes/ray-finned fishes), ASX95437.1; swordfish (bony fishes/ray-finned 
fishes), ACY24361.1; West African lungfish (bony fishes/lobe-finned fishes), 
FJ710608.1; spiny dogfish (cartilaginous fishes), ACY24363.1; African clawed 
frog (amphibians), ACY24354.1; Chinese alligator (reptiles), 
XP_025061364.1; chicken (birds), NP_001006457.1; brown rat (mammals), 
NP_112637.1.The alignment was performed using ClustalX2 software (Larkin 
et al., 2007) and the shading was done using GeneDoc software (Nicholas et 
al., 1997). The degree of amino acid conservation is indicated by 3 levels of 
shading with black, dark grey and light grey indicating 100, 80 and 60% 
conservation, respectively. The transcription activation domains are indicated 
by DLPELDLSELD (AD1) and NEANLLAVLTETLD (AD2) above the 
sequences. The leucine-rich motifs (L1, L2 and L3) are indicated by grey text 
and the tri-lysine motif is indicated by KKK. The AMPK recognition site is 
indicated by light grey shading above the sequences and Thr177 is indicated by 
dark grey shading and ‘T’. The NRF-1, PPARγ and MEF2C transcription factor 
binding sites are indicated by black solid, grey solid and black dotted lines, 
respectively, above the sequences. The RNA recognition motif is indicated by 
a dashed line above the sequences.   
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4.3.2. Phylogenetic analysis of the PBT PGC-1α amino acid sequence 

Fig. 4.2 shows the results of a phylogenetic analysis with the PBT PGC-1α 

amino acid sequence compared with PGC-1α amino acid sequences from six 

of the seven classes that make up the subphylum vertebrata. No data were 

available for the seventh class, the jawless fishes (class Agnatha). From the 

figure it is clear that there are two major clades, one containing bony fishes 

from the subclass of the ray-finned fishes (class Osteichthyes, subclass 

Actinopterygii) and the other containing all of the other vertebrates, including 

bony fishes from the  subclass of the lobe-finned fishes (class Osteichthyes, 

subclass Sarcopterygii). This separation is most likely due to the insertions in 

the transcription factor binding sites in the PGC-1α sequences from the ray-

finned fishes. This applies to PBT as well as to the other ray-finned fishes in 

the phylogenetic analysis. 
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Fig. 4.2. A phylogenetic tree representing the evolutionary relationships 
between PGC-1α amino acid sequences from six of the seven classes that 
make up the subphylum vertebrata. An invertebrate (oriental fruit fly) amino 
acid sequence was used as the outgroup to root the tree (sequence collapsed). 
The amino acid sequences were aligned using ClustalX2 software (Larkin et 
al., 2007) and the tree was constructed using the Neighbor-Joining method 
(Saitou and Nei, 1987) with Mega 6 software (Tamura et al., 2013). The scale 
bar indicates the estimated number of amino acid substitutions per site. 
Evaluation of statistical confidence was based on 1,000 bootstrap replicates. 
The species names and corresponding GenBank or Uniprot accession 
numbers can be found in Table 4.2. 
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Table 4.2. Species names and GenBank or Uniprot accession numbers for the amino acid sequences used to construct the phylogenetic 
tree in Fig. 4.2.  

Class/Subclass Taxon Accession number 

   
Mammalia (mammals)   
 Rat (Rattus norvegicus) NP_112637.1 
 Mouse (Mus musculus) NP_032930.1 
 Human (Homo sapiens) NP_037393.1 
 Horse (Equus caballus) XP_023494058.1  
 Black flying fox (Pteropus alecto) ELK06450.1 
 Cow (Bos taurus) AAQ82595.1 
 Beluga whale (Delphinapterus leucas) XP_022422385.1 
 Sperm whale (Physeter catodon) XP_007130825.1 
 Koala (Phascolarctos cinereus) XP_020848134.1 
 Tasmanian devil (Sarcophilus harrisii) XP_003773396.1 
Aves (birds) Chicken (Gallus gallus) NP_001006457.1 
 Helmeted guineafowl (Numida meleagris) XP_021251408.1 
 Mallard (Anas platyrhynchos) XP_005031720.1 
 Blue tit (Cyanistes caeruleus) XP_023781190.1 
 Rock pigeon (Columba livia) ACY24353.1 
 Southern ostrich (Struthio camelus australis) KFV80390.1 
Reptilia (reptiles) Chinese alligator (Alligator sinensis) XP_025061364.1 
 Chinese softshell turtle (Pelodiscus sinensis) XP_006138222.1 
 Green sea turtle (Chelonia mydas) XP_007058167.1 
 Painted turtle (Chrysemys picta) ACY24356.1 
 Burmese python (Python bivittatus) XP_007429584.1 
 Green anole (Anolis carolinensis) ACY24355.1 
 Central bearded dragon (Pogona vitticeps) XP_020636089.1 
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Amphibia (amphibians) African clawed frog (Xenopus laevis) ACY24354.1 
 Northern leopard frog (Rana pipiens) ACY24357.1 
Chondrichthyes (cartilaginous fishes) Elephant shark (Callorhinchus milii) (PREDICTED) XP_007887233.1 
 Spiny dogfish (Squalus acanthias) ACY24363.1 
Osteichthyes (bony fishes)   
    Sarcopterygii (lobe-finned fishes) West African lungfish (Protopterus annectens)  FJ710608.1 
 West Indian ocean coelacanth (Latimeria chalumnae) H3B241 
    Actinopterygii (ray-finned fishes) Nile bichir (Polypterus bichir) ACY24364.1 
 White sturgeon (Acipenser transmontanus) ACY24367.1 
 Bowfin (Amia calva) ACY24368.1 
 Common carp (Cyprinus carpio) XP_018964173.1 
 Zebrafish (Danio rerio) ACY24358.1 
 Golden shiner (Notemigonus crysoleucas) ACY24360.1 
 Goldfish (Carassius auratus) ACY24365.1 
 Black ghost knifefish (Apteronotus albifrons) ACY24366.1 
 Rainbow trout (Oncorhynchus mykiss) ACY24359.1 
 Arctic char (Salvelinus alpinus) XP_023838104.1 
 Japanese medaka (Oryzias latipes) XP_023821574.1 
 Clownfish (Amphiprion ocellaris) XP_023133583.1 
 Pacific bluefin tuna (Thunnus orientalis) ASX95437.1 
 Swordfish (Xiphias gladius) ACY24361.1 
 Swamp eel (Monopterus albus) XP_020467108.1 
Insecta (insects) Oriental fruit fly (Bactrocera dorsalis) JAC44983.1 
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4.3.3. The effects of tissue type and fish size on PGC-1α transcript 

abundance 

PGC-1α transcript abundance was compared between the red and the white 

muscle and also between individuals of different sizes/ages. When expressed 

per g tissue, PGC-1α transcript abundance was ~20-, ~100- and ~50-fold 

higher in the red muscle compared with white muscle in the smallest (~20 cm 

FL), intermediate-sized (~40 cm FL) and largest (~60 cm FL) PBT specimens, 

respectively, and the differences between the tissues were statistically 

significant (P < 0.05) (Figs. 4.3A and B).  When comparing individuals of 

different sizes, we observed that the number of PGC-1α transcripts per g tissue 

remained constant regardless of the fish size and regardless of the muscle 

type. Thus, increasing body size had no effect on PGC-1α transcript 

abundance in either the red or the white muscle in the young PBT specimens 

we sampled. 

4.3.4. The effects of tissue type and fish size on PGC-1β transcript 

abundance 

PGC-1β transcript abundance, expressed per g tissue, was ~9-, ~6- and ~5-

fold higher in the red muscle compared with white muscle in the smallest, 

intermediate-sized and largest PBT specimens, respectively, but the difference 

between the tissues was statistically significant only for the smallest fish. (P < 

0.05) (Figs. 4.3C and D).  In addition, the number of PGC-1β transcripts per g 

tissue decreased significantly with increasing FL (P < 0.05, Fig. 4.3C) in the 

red muscle but not in the white muscle. The same was true for PGC-1β 

transcript abundance with increasing BM in the red muscle, with a BM scaling 

coefficient of -0.42 ± 0.18 but there was no significant difference in the white 

muscle (Fig. 4.3D). Thus, the increase in body size had a significant effect on 

PGC-1β transcript abundance in the red muscle but not in the white muscle. 

Compared with PGC-1α transcript abundance, PGC-1β transcript abundance 

was approximately an order of magnitude greater in the red muscle and 

approximately two orders of magnitude greater in the white muscle.  
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Fig. 4.3. The effects of muscle tissue type and body size on the number of transcripts 
per g tissue for PGC-1α (A, B, values are × 109), PGC-1β (C, D, values are × 1010), 
PPARα (E, F, values are × 107) and MCAD (G, H, values are × 109) in the red and 
white muscle of young PBT juveniles caught in Japanese waters. The data for the red 
muscle and the white muscle are represented by ! with solid lines and △ with dashed 
lines, respectively. The best-fitting power functions for the data in the different panels 
are as follows:  (A) red muscle y = 1.50FL0.20, R² = 0.01; white muscle y = 0.03FL0.13, 
R²=2.10x10-3; (B) red muscle y = 2.23BM0.05, R² = 0.01; white muscle y = 0.04BM0.04, 
R²=2.59x10-3; (C) red muscle y = 1.58× 103FL-1.39, R² = 0.20; white muscle y = 8.14FL-

0.37, R² = 0.03; (D) red muscle y = 184.71BM-0.42, R² = 0.22; white muscle y = 4.56BM-

0.11, R² = 0.04; (E) red muscle y = 2.93FL0.24, R² = 0.01; white muscle y = 0.06FL0.56, 
R² = 0.04; (F) y = 4.79BM0.05, R² = 0.01; white muscle y = 0.15BM0.16, R² = 0.05; (G) 
y = 2.61 × 103FL-1.72, R² = 0.20; white muscle y = 2.44FL-0.31, R² = 0.01; (H) red muscle 
y = 180.74BM-0.52,R² = 0.22; white muscle y = 1.61BM-0.11, R² = 0.02. Significant 
differences in transcript abundance between the red and the white muscle are 
indicated by *. 
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4.3.5. The effect of tissue type and fish size on PPARα transcript 

abundance 

PPARα transcript abundance, expressed per g tissue, was ~13-, ~16- and 

~17-fold higher in the red muscle compared with white muscle in the smallest, 

intermediate-sized and largest PBT specimens, respectively. The differences 

between the tissues in the smallest and largest fish, but not in the intermediate-

sized fish, were statistically significant (P < 0.05) (Figs. 4.3E and F). PPARα 

transcript abundance showed no significant change either with increasing FL 

or with increasing BM in either the red muscle or the white muscle. Thus, 

increasing body size had no effect on PPARα transcript abundance in either 

the red or the white muscle in our juvenile PBT specimens.  

4.3.6. The effect of tissue type and fish size on MCAD transcript 

abundance 

MCAD transcript abundance, expressed per g tissue, was ~23-, ~7- and ~3-

fold higher in the red muscle compared with white muscle in the smallest, 

intermediate-sized and largest PBT specimens, respectively, however, the 

apparent difference between the tissues was statistically significant only in the 

smallest fish (P < 0.05) (Figs. 4.3G and H). There was a significant decrease 

in MCAD transcript abundance in the red muscle with increasing FL and also 

with increasing BM, with a BM-dependent scaling coefficient of -0.52 ± 0.22. 

In contrast, there was no significant change in MCAD transcript abundance 

either with increasing FL or with increasing BM in the white muscle. Thus, the 

increase in body size had influenced MCAD transcript abundance in the red 

muscle but not in the white muscle 

4.3.7. The effect of tissue type and fish size on β-actin transcript 

abundance 

β-actin is a frequently used normalization gene in qRT-PCR analyses 

(Hendriks-Balk et al., 2007). Normalization genes are used in qRT-PCR to 

correct for differences in cDNA synthesis efficiency between different samples. 

To test for such differences, we analysed β-actin transcript abundance in all of 

our samples. β-actin transcript abundance, expressed per g tissue, was ~23-, 

~17- and ~9-fold higher in the red muscle compared with white muscle in the 
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smallest, intermediate-sized and largest of our PBT specimens, respectively, 

but the apparent difference between the tissues was statistically significant 

only for the smallest fish (P < 0.05) (Figs. 4.4A and B). In addition to the above, 

regression analyses showed that there was a significant decrease with 

increasing FL (Fig. 4.4A) and with increasing BM (Fig. 4.4B) in the red muscle 

but not the white muscle in the β-actin transcript abundance. The decrease in 

β-actin transcript abundance in the red muscle corresponded to a BM scaling 

coefficient of -0.33 ± 0.14. The greater β-actin transcript abundance in the red 

muscle compared to the white muscle indicates either that cDNA synthesis 

efficiency was greater in the red muscle samples compared with the white 

muscle samples or that β-actin transcript abundance was just simply higher in 

the red muscle than in the white muscle. If the first of these explanations is 

correct then the absolute transcript abundances for our genes of interest are 

overestimated in the red muscle. Alternatively, if the second of these 

explanations is correct then it is possible that our findings are as they should 

be. 

To correct for potential differences in cDNA synthesis efficiency, we divided 

the absolute transcript abundances for PGC-1α, PGC-1β, PPARα and MCAD 

by those for β-actin. When this was done, the difference in PGC-1α transcript 

abundance between the red and the white muscle decreased from ~20-fold to 

no difference in the smallest fish, ~100-fold to ~10-fold in the intermediate-

sized fish and ~50-fold to 4-fold in the largest fish, but the difference between 

the tissues was statistically significant only for the largest fish. (P < 0.05) (Figs. 

4.5A and B). In addition, there was a statistically significant increase in the 

relative PGC-1α transcript abundance with increasing FL and with increasing 

BM in the red muscle but not in the white muscle. The BM-specific scaling 

coefficient was 0.38 ± 0.11.  

When the PGC-1β transcript abundance was expressed relative to the β-actin 

transcript abundance, the difference between the red and the white muscle 

decreased from ~6-fold to ~2-fold in the smallest fish, ~6-fold to no difference 

in the intermediate-sized fish and ~5-fold to ~2-fold in the largest fish, but these 

differences were not statistically significant (P < 0.05) (Figs. 4.5C and D).   In 

addition, there was no change in PGC-1β transcript abundance with increasing 

FL or BM in the red muscle or the white muscle.  
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When the PPARα transcript abundance was expressed relative to the β-actin 

transcript abundance there was a decrease from ~13-fold to no difference in 

the smallest fish, ~16-fold to no difference in the intermediate-sized fish and 

~17-fold to no difference in the largest fish (Figs. 4.5E and F). In addition, there 

was a statistically significant increase in the relative PPARα transcript 

abundance with increasing FL and BM in the red muscle but not in the white 

muscle. The increase in the relative PPARα transcript abundance 

corresponded to a BM scaling coefficient to 0.38 ± 0.11. Interestingly this was 

the same scaling coefficient observed for the increase in the relative PGC-1α 

transcript abundance with increasing BM. This suggests that there may be a 

connection between the two.  

Finally, when MCAD transcript abundance was expressed relative to the β-

actin transcript abundance there was no significant difference between the red 

muscle and the white muscle in the small and intermediate-sized PBT 

specimens. This was in contrast to the ~23 and ~7-fold and greater transcript 

abundance in the red muscle compared with white muscle in the same fish. 

However, surprisingly, there was a change from ~3-fold greater MCAD 

transcript abundance in the red muscle compared to the white to ~3-fold 

greater MCAD transcript abundance in the white muscle compared to the red 

in the largest fish and this was statistically significant. In addition, there was no 

change in MCAD transcript abundance with increasing FL or BM in the red 

muscle or the white muscle.  

Overall, when expressed relative to the β-actin transcript abundance, the 

difference in transcript abundances of our genes of interest between the red 

and white muscle decreased or disappeared completely. The transcript 

abundances for all of our genes of interest were greater in the red muscle 

compared to the white muscle before normalisation but these differences 

either decreased or disappeared completely after normalisation. 
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Fig. 4.4. The effects of muscle tissue type and body size on the number of β-actin 
transcripts per g tissue in the red and white muscle of young PBT juveniles caught in 
Japanese waters (values are x 1011).  The data for the red muscle and the white 
muscle are represented by ! with solid lines and △ with dashed lines, respectively. 
The best-fitting power functions for the data in the various panels are as follows: (A) 
red muscle y = 497.40FL-1.13, R² = 0.20; white muscle y = 2.66FL-0.38, R² = 0.05; (B) 
red muscle y = 80.25BM-0.33, R² = 0.21; white muscle y = 1.41BM-0.11, R² = 0.05. 
Significant differences in transcript abundance between the red and the white muscle 
are indicated by *. 
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Fig.4.5. The effects of muscle tissue type and body size on the relative gene 
expression for PGC-1α (A, B), PGC-1β (C, D), PPARα (E, F) and MCAD (G, H) 
normalised to β-actin in the red muscle and white muscle of young juvenile specimens 
of PBT.  The data for the red muscle and white muscle are represented by ! with 
solid lines and △ with dashed lines, respectively. Transcript abundance values are 
× 10-3, × 10-5 and × 10-3 for PGC-1α, PPARα and MCAD, respectively. The 
best-fitting power functions for the data in the different panels are as follows: (A) red 
muscle y = 0.03FL1.33, R² = 0.39; white muscle y = 0.12FL0.51, R² = 0.03; (B) red muscle 
y = 0.28BM0.38, R² = 0.38, white muscle y = 0.28BM0.15, R² = 0.03; (C) red muscle y = 
32.63FL-0.26, R² = 0.01, white muscle y = 32.85x0.01, R² = 0.01; (D) red muscle y = 
23.50BM-0.09, R² = 0.02, white muscle y = 34.69BM-9.86×10-2, R² = 5.87×10-6; (E) red 
muscle y = 0.06FL1.38, R² = 0.39, white muscle y = 0.22FL0.94, R² = 0.14; (F) red muscle 
y = 0.60BM0.39, R² = 0.37, white muscle y = 1.04BM0.27, R² = 0.14; (G) red muscle y = 
53.78FL-0.59, R² = 0.05, white muscle y = 7.43FL0.09, R² = 0.01; (H) red muscle y = 
22.99BM-0.19, R² = 0.06, white muscle y = 9.58BM0.01, 9.14×10-5. Significant 
differences in transcript abundance between the red and the white muscle are 
indicated by *. 
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4.3.8. Correlation analyses between PPARα, MCAD, PGC-1α and PGC-

1β transcript abundances 

Correlation analyses were performed to determine whether the transcript 

abundances for PPARα and MCAD correlated better with the transcript 

abundance for PGC-1α or with the transcript abundance for PGC-1β. For these 

analyses, the data for the red and white muscle were combined and the 

absolute transcript abundances were used, i.e., not relative to β-actin. PPARα 

transcript abundance was strongly and significantly correlated with PGC-1α 

transcript abundance (r = 0.86) and also with PGC-1β transcript abundance (r 

= 0.70) (Figs. 4.6A and B). Similarly, MCAD transcript abundance was highly 

and significantly correlated with PGC-1α transcript abundance (r = 0.63) and 

also with PGC-1β transcript abundance (r = 0.80) (Figs. 4.6C and D). 

Interestingly, the correlation between the transcript abundances of PPARα and 

PGC-1α was stronger than the correlation between the transcript abundances 

of PPARα and PGC-1β. In contrast the correlation between the transcript 

abundances of MCAD and PGC-1β was stronger than it was between the 

transcript abundances of MCAD and PGC-1α. However, the correlations are 

likely to be driven by the differences between tissues rather than a common 

pattern among tissues. 
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Fig. 4.6. Correlation analysis of the transcript abundance values for PGC-1α, 
PGC-1β, PPARα and MCAD. Transcript abundance values are × 109, × 1010, 
× 107 and × 109 for PGC-1α, PGC-1β, PPARα and MCAD, respectively. The 
data for the red muscle and the white muscle are represented by ! and △, 
respectively. The r values were determined using a Pearson correlation 
analysis in IBM® SPSS Statistics version 22.0.  
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4.3.9. Correlation analyses between CS, COXI, COXIV, PGC-1α and 

PGC-1β transcript abundances 

Citrate synthase (CS) is the first enzyme of the tricarboxylic acid (TCA) cycle 

and cytochrome c oxidase (COX) is the last enzyme in the mitochondrial 

electron transfer chain (mETC). Both enzymes can be investigated as 

indicators of mitochondrial abundance and therefore aerobic metabolic 

capacity (Guderley, 1990, LeMoine et al., 2008). In addition, COX has also 

been used as an indicator of the extent of folding of the inner mitochondrial 

membrane and hence the capacity of the mETC. (Guderley, 1990, LeMoine et 

al., 2008). Thus, a correlation might be expected between the transcript 

abundances for CS, COX, PGC-1α and PGC-1β due to the role of the PGC-1 

transcriptional coactivators in mitochondrial biogenesis in mammals (Lin et al., 

2005a). Correlation analyses were performed to determine whether the 

transcript abundances for CS, COXI and COXIV-1 correlated better with the 

transcript abundance for PGC-1α or with the transcript abundance for PGC-

1β. For these analyses, the data from the previous chapter (Section 3.2.5.) 

were used and the data for the red and white muscle were combined. 

Interestingly, we observed no statistically significant correlation between the 

number of CS transcripts and the number of either PGC-1α (r = 0.05) or PGC-

1β (r = 0.23) transcripts (Figs. 4.7A and B). In contrast, there was a weak, yet 

statistically significant, correlation between COXI transcript abundance and 

PGC-1α transcript abundance (r = 0.39) and there was a strong statistically 

significant correlation between COXI transcript abundance and PGC-1β 

transcript abundance (r = 0.71) (Figs. 4.7C and D). Similarly, there was a 

strong statistically significant correlation between COXIV-1 transcript 

abundance and PGC-1α transcript abundance (r = 0.60) but there was a 

stronger statistically significant correlation between COXIV-1 transcript 

abundance and PGC-1β transcript abundance (r = 0.78) (Figs. 4.7E and F). 

From this we conclude that PGC-1β may have the role as the master regulator 

of mitochondrial biogenesis in PBT and not PGC-1α, as is true in mammals. 

However, the correlations may also be driven by the differences between 

tissues rather than a common pattern among tissues. 
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Fig. 4.7. Correlation analysis of the transcript abundance values for PGC-1α, 
PGC-1β, CS, COXI and COXIV-1. Transcript abundance values are × 109, × 
1010, × 1010, × 1013, and × 1011 for PGC-1α, PGC-1β, CS, COXI and COXIV-
1, respectively. The data for the red muscle and white muscle are represented 
by ! and △, respectively. The r values were determined using a Pearson 
correlation analysis in IBM® SPSS Statistics version 22.0. 
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4.4. Discussion 

4.3.1. Sequence analysis of a PGC-1α cDNA from PBT red muscle  

We have cloned and sequenced a PGC-1α cDNA from PBT red muscle. The 

cDNA encodes approximately two-thirds of a PGC-1α protein with a high 

degree of similarity to other PGC-1α proteins. In particular, the PBT protein’s 

amino acid sequence contains the two transcriptional activation domains AD1 

and AD2, the three leucine-rich motifs L1, L2 and L3 and the tri-lysine motif 

that are characteristic of all PGC-1α proteins from all vertebrates (Sadana and 

Park, 2007a, Knutti et al., 2001, LeMoine et al., 2010a). In mammals, it has 

been hypothesised that the AD1 and AD2 domains increase transcriptional 

activation of PGC-1 target genes by interacting with the basal transcription 

machinery (Sadana and Park, 2007a). The L1 motif is within the AD2 domain 

and therefore may have a role in binding to the basal transcription machinery. 

The L2 motif facilitates binding between PGC-1α and transcription factors from 

the nuclear receptor family, including PPARα (Vega et al., 2000).  However, 

not all nuclear receptors interact with the L2 motif. In mammals, the L3 motif 

facilitates binding between PGC-1α and ERRα, another member of the nuclear 

receptor family (Huss et al., 2002). The tri-lysine motif is typical of the NRF-1 

interaction domain of vertebrate PGC-1 proteins (LeMoine et al., 2010a). 

In contrast to the above, other regions in the PBT PGC-1α protein are not so 

well conserved. The recognition site for AMPK is one of the regions lacking in 

conservation. When investigating the relationship between AMPK and PGC-

1α, it was revealed that a human PGC-1α peptide corresponding to the AMPK 

phosphorylation site could be phosphorylated in vitro by human AMPK but 

zebrafish and goldfish PGC-1α peptides could not be phosphorylated by 

human AMPK. PGC-1α amino acid sequence alignments of organisms from 

the different classes of vertebrates have shown that in fishes, including 

goldfish and zebrafish, the essential Thr177 targeted by AMPK to 

phosphorylate the PGC-1α protein, is not present (Bremer et al., 2016). This 

was consistent with our finding that this residue was not conserved in PBT or 

any fishes from the classes of bony fishes or the cartilaginous fishes. This 

suggests that AMPK does not activate the PGC-1α protein in fishes by 

phosphorylating the essential Thr177 residue. 
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Other regions in the PBT PGC-1α protein that are not so well conserved are 

the binding sites for the transcription factors NRF-1 and PPARγ. The NRF-1 

binding site is interrupted by a serine (S)-rich insertion, a glutamine (Q)-rich 

insertion and several other insertions. Similarly, the PPARγ binding site is 

interrupted by several insertions. The swordfish PGC-1α sequence had inserts 

within the same domains as the PBT sequence. Additionally, in the swordfish 

sequence, the MEF2C binding domain has quite a different amino acid 

sequence to the corresponding domain of most of the other PGC-1α proteins. 

PBT and swordfish are both bony fishes from the subclass of ray-finned fishes. 

This indicates that the inserts found within the NRF-1, PPARγ and MEF2C 

binding domains of the PGC-1α protein might be a characteristic of ray-finned 

fishes. The presence of insertions in the MEF2C binding domain of PBT will 

need to be further explored because this domain was not included in the large 

cDNA we cloned here. Previously, similar insertions have been found within 

the NRF-1, PPARγ and MEF2C binding domains in bichir (Polypterus bichir), 

sturgeon (Acipenser transmontanus), bowfin (Amia calva), zebrafish (Danio 

rerio), golden shiner (Notemigonus crysoleucas), black ghost knifefish 

(Apteronotus albifrons), goldfish (Carassius auratus), rainbow trout 

(Oncorhynchus mykiss), stickleback (Gasterosteus aculeatus), medaka 

(Oryzias latipes) and swordfish, all of which are ray-finned fishes (LeMoine et 

al., 2010a). This is consistent with our proposal that the insertions in the NRF-

1, PPARγ and MEF2C regions of the PGC-1α protein are characteristic of ray-

finned fishes. In other words, they are not found in other vertebrates and that 

includes the lobe-finned fishes and the cartilaginous fishes. LeMoine et al. 

(2010a) proposed that these insertions could prevent interactions between 

PGC-1α and the NRF-1 transcription factor. To test this, Bremer et al. (2016) 

investigated the binding of a recombinantly expressed NRF-1 protein from 

zebrafish to recombinantly expressed PGC-1α proteins from either goldfish or 

rat. Interestingly, the zebrafish NRF-1 protein bound to the PGC-1α protein 

from rat but not from goldfish. Based on this result, the authors proposed that 

the NRF-1 transcription factor does not bind to the PGC-1α transcriptional co-

activator in ray-finned fishes as it does in other vertebrates. Alternatively, they 

proposed that the recombinantly expressed protein may have been folded 

incorrectly compared to the native protein. Similar research has not been 

undertaken to determine whether the PGC-1α protein of ray-finned fishes can 
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still interact with the PPARγ and MEF2C transcription factors. Therefore, to 

investigate this interaction, the same procedure undertaken by Bremer et al. 

(2016) could be performed with recombinantly expressed fish or mammalian 

PPARγ and MEF2C proteins. 

4.3.2. The effects of tissue type and body size on PGC-1α transcript 

abundance 

In the smallest (~20 cm FL), intermediate-sized (~40 cm FL) and largest (~60 

cm FL) PBT specimens we studied, PGC-1α transcript abundance, expressed 

as copies per g tissue, was ~20-, ~100- and ~50-fold higher in the red muscle 

than it was in the white muscle and the differences between the tissues were 

statistically significant. In contrast, there was no effect of fish body size on this 

parameter. The many fold greater expression of PGC-1α in the red muscle 

compared with the white muscle suggests an important role for this 

transcriptional co-activator in the development and maintenance of these 

‘slow-twitch’, predominantly oxidative, muscle fibres which are rich in 

mitochondria. As far as we are aware, this is the first time that PGC-1α 

transcript abundance has been compared between red and white skeletal 

muscle tissues in any fish species. The large difference between the two 

different muscle types in PBT is in stark contrast to the much smaller 

differences between similar muscle types in mammals. In mice, for example, 

PGC-1α transcript abundance was approximately 2-fold greater in the soleus 

muscle, composed predominantly of ‘slow-twitch’ muscle fibres, than it was in 

the extensor digitorum longus (EDL) muscle, composed predominantly of ‘fast-

twitch’ muscle fibres (Quinn et al., 2013). One explanation as to why the 

difference in PGC-1α transcript abundance was less in mice than in PBT could 

be that fish skeletal muscle types are very distinct being made up almost 

exclusively of only one fibre type, i.e., red or white, whereas mammalian 

muscle types are much less distinct being made up of more of a mixture of 

different fibre types (Greek-Walker and Pull, 1975, Shadwick, 2005). Thus, any 

white muscle fibres in the soleus muscle of the mice would have contributed 

to lower the relative abundance of red muscle fibres and could therefore, 

explain the smaller difference in PGC-1α transcript abundance between the 

different muscle types in the mice compared with PBT.  
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4.3.3. The effects of tissue type and body size on PGC-1β gene 

expression 

In mammals, PGC-1β, like PGC-1α, is expressed in tissues where 

mitochondria are abundant and oxidative metabolism is active, such as the red 

skeletal muscle (Liang and Ward, 2006). The greater PGC-1β transcript 

abundance in the red muscle may contribute to the greater mitochondrial 

abundance in this tissue compared to the white muscle (Scarpulla, 2011). In 

the smallest, intermediate-sized and largest PBT specimens we studied, PGC-

1β transcript abundance, expressed as copies per g tissue, was ~9-, ~6- and 

~5-fold higher in the red muscle than it was in the white muscle but the 

difference between the tissues was only statistically significant for the smallest 

fish. It is likely that this was only significant in the smallest fish because the 

number of biological replicates was greatest for the smallest fish and the size 

variation between fish was less than for the intermediate-sized and largest fish. 

We also observed a significant decrease in PGC-1β transcript abundance in 

the red muscle but not in the white muscle with increasing fish size. As far as 

we are aware this is the first time the effects of fish size on PGC-1β transcript 

abundance have been investigated. 

The difference between the red and the white muscle in the abundance of the 

PGC-1β transcript which we observed in PBT, is similar to the difference 

between similar muscle types in mammals. For example, both PGC-1β 

transcript abundance and protein expression have previously been shown to 

be greater (2-fold and 6-fold, respectively) in the soleus muscle (predominantly 

consisting of ‘slow-twitch’ muscle fibres) compared to the EDL muscle 

(predominantly consisting of ‘fast-twitch’ muscle fibres) in mice (Quinn et al., 

2013).  

Interestingly, the transcript abundance for PGC-1β was an order of magnitude 

greater than that for PGC-1α in the red muscle and two orders of magnitude 

greater in the white muscle in the young PBT specimens we studied. This could 

indicate that PGC-1β may have a greater importance in regulating 

mitochondrial abundance and function in the skeletal muscle of PBT compared 

with PGC-1α. In contrast to what we observed for PBT, it has previously been 

observed that PGC-1α transcript abundance is ~3-fold greater in the soleus 
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muscle and ~2.5-fold greater in the EDL muscle than PGC-1β transcript 

abundance in the respective muscle types in mice (Quinn et al., 2013). This 

suggests that PGC-1β may be more important in mitochondrial biogenesis and 

function than PGC-1α in PBT whereas the opposite may be the case in 

mammals.  

4.3.4. The effects of tissue type and body size on PPARα gene 

expression 

When PGC-1α interacts with PPARα, it upregulates fatty acid β-oxidation by 

increasing the transcription of genes that encode enzymes involved in β-

oxidation, which occurs predominantly in mitochondria (Vega et al., 2000, 

Lehman and Kelly, 2002). PPARα transcript abundance was ~13-, ~16- and 

~17-fold higher in the red muscle compared with white muscle in our smallest, 

intermediate-sized and largest PBT specimens, respectively. However, this 

apparent difference was only statistically significant for the smallest (~20 cm 

FL) and the largest (~60 cm FL) fish. The PPARα transcript abundance 

showed no significant change with increasing body size in either the red or the 

white muscle of our young PBT specimens. In plaice (Pleuronectes platessa) 

and gilthead sea bream (Sparus aurata), the PPARα transcript abundance, 

relative to the expression of the housekeeping gene (α-tubulin) has been 

shown to be high in tissues with high rates of mitochondrial fatty acid β-

oxidation, such as the liver, heart and red muscle (Leaver et al., 2005). In 

particular, it was 9-fold greater in red muscle than in white muscle in gilthead 

sea bream. A similar pattern of expression has been observed in mammals. 

For example, PPARα protein abundance has been shown to be ~4-fold greater 

in soleus muscle (predominantly consisting of ‘slow-twitch’ fibres) than it is in 

EDL muscle (predominantly consisting of ‘fast-twitch’ fibres) in mice (Long et 

al., 2007). The difference in PPARα transcript abundance between tissues was 

much greater in PBT than it was in the mice. It is possible that this is because 

unlike the soleus muscle of mammals which consists of both red and white 

muscle fibres (mostly red), the red muscle of tunas is comprised of entirely red 

muscle fibres.  
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4.3.5. The effects of tissue type and body size on MCAD gene 

expression 

We found that MCAD transcript abundance was ~23-, ~7- and ~3-fold greater 

in the red muscle compared with white muscle in our smallest, intermediate-

sized and largest PBT specimens, respectively, but this difference was only 

statistically significant in the smallest fish. This can possibly be explained by 

the number of biological replicates being greatest for the smallest fish and the 

size variation between fish was less than for the intermediate-sized and largest 

fish. MCAD is the enzyme that catalyses the initial step in mitochondrial fatty 

acid β-oxidation of medium-chain fatty acids (fatty acids with chain lengths 

between 6 and 12 carbon atoms). PGC-1α interacts with PPARα to increase 

the transcription of the MCAD gene in the skeletal muscle of mammals (Vega 

et al., 2000, Lehman and Kelly, 2002). Thus, a high transcript abundance of 

MCAD, could also suggest a high capacity for the translation of the MCAD 

protein. As far as we are aware this is the first study that has compared the 

transcript abundance of MCAD in the red muscle and white muscle of fishes. 

In mice, the MCAD transcript abundance, relative to the expression of the 

housekeeping gene ribosomal coding gene L-19, is ~2-fold greater in the 

highly aerobic soleus muscle compared to the highly glycolytic gastrocnemius 

muscle (Seth et al., 2007). As was true for the other genes of interest, the 

difference in MCAD transcript abundance between tissues was much greater 

in PBT than it was in the mice, possibly due to the soleus muscle of mammals 

consisting of both red muscle fibres and white muscle fibres.  

MCAD transcript abundance showed a significant decrease with increasing FL 

and with increasing BM in the red muscle but not in the white muscle in our 

juvenile PBT specimens. This suggests that there were fewer MCAD 

transcripts to translate and therefore probably less MCAD protein in the red 

muscle with increasing body size. It has been previously shown that small (20–

25 cm FL) PBT juveniles prey upon small squid and zooplankton and as they 

grow larger (25–40 cm FL) their diet gradually shifts to epipelagic and 

mesopelagic fishes (Shimose et al., 2013). Previous studies have shown that 

both marine fish and squid contain a high abundance of LCFAs and VLCFAs 

(Chedoloh et al., 2011, Mehta and Nayak, 2017, Meynier et al., 2008). This 

suggests that as the diet of juvenile PBT changes as they grow larger LCFAs 
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and VLCFAs remain plentiful. This suggests that the fatty acid profile of PBT 

prey items may not change drastically as they grow larger. Thus, the decrease 

in MCAD transcript abundance with increasing body size may not be due to a 

change in the fatty acid type. Instead it could possibly be due to the changes 

in energy requirements or fatty acid storage with increasing body size. To 

further our understanding of this, analysis of the fatty acid profiles of the prey 

items of PBT should be investigated. This would confirm whether or not the 

fatty acid profile of PBT prey items remains unchanged with increasing PBT 

body size. Additionally, investigating the MCAD protein abundance or enzyme 

activity would show if MCAD transcript abundance can be used to give an 

accurate prediction of enzyme activity. 

4.3.6. The effects of tissue type and body size on transcript abundance 

of β-actin 

In our juvenile PBT specimens, we found that β-actin transcript abundance 

was 23-fold greater in the smallest fish (~20 cm FL), 17-fold greater in the 

intermediate-sized fish (~40 cm FL) and 9-fold greater in the largest fish (~60 

cm FL) in the red muscle compared to the white muscle. This difference was 

only statistically significant for the smallest fish but there was a general trend 

for β-actin transcript abundance to be greater in red muscle than in the white 

muscle. It is likely that the difference was only significant in the smallest fish 

because the number of biological replicates was greatest for the smallest fish 

and the size variation between fish was less than for the intermediate-sized 

and largest fish. Evidence to support the observation that β-actin transcript 

abundance is greater in the red muscle compared to the white muscle comes 

from a study in which Northern blotting was used to analyse β-actin transcript 

abundance in the highly oxidative soleus muscle compared to the more 

glycolytic EDL muscle in rats (Sketelj et al., 1998). Therefore, it is possible that 

the difference in β-actin transcript abundance between the red and white 

muscle of PBT is due to β-actin being more abundant in red muscle than white 

muscle and not due to greater cDNA synthesis efficiency in the red muscle 

compared with the white muscle. This indicates that when we observed greater 

transcript abundances for our genes of interest in the red muscle compared to 

the white muscle it was not due to a greater cDNA synthesis efficiency in the 

red muscle. We also observed that β-actin transcript abundance decreased 
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significantly with increasing body size in the red muscle but not in the white 

muscle of our PBT specimens.  

4.3.7. Transcript abundances for PPARα and MCAD are strongly 

correlated with transcript abundances for the PGC-1 transcriptional 

coactivators 

We found that PPARα transcript abundance was strongly positively correlated 

with PGC-1α and with PGC-1β transcript abundance, but the correlation was 

stronger for PGC-1α. Similarly, there were strong positive correlations between 

the transcript abundance of MCAD and both PGC-1α and PGC-1β transcript 

abundance, but the correlation was stronger PGC-1α transcript abundance. 

PPARα is a transcription factor that activates the transcription of genes 

involved in fatty acid β-oxidation (Vega et al., 2000). Therefore, the strong 

correlation between PPARα and PGC-1α transcript abundance may be due to 

their interaction to upregulate the transcription of genes that encode enzymes 

involved in β-oxidation. The existence of a protein–protein interaction between 

the L2 leucine-rich motif of PGC1α and PPARα  was confirmed using co-

immunoprecipitation  assays in a mammalian cell protein system (Vega et al., 

2000). The L2 leucine-rich motif was intact in our PBT PGC-1α amino acid 

sequence. Therefore, this suggests that the interaction between PGC-1α and 

PPARα is conserved in PBT. When Northern blot analyses were performed on 

RNA that was isolated from mouse 3T3-L1 pre-adipocytes that were 

overexpressing either the PPARα protein or the PGC-1α protein alone, it was 

found that there was a modest increase in the transcript abundance of genes 

involved in fatty acid β-oxidation (Vega et al., 2000). However, when both 

PPARα and PGC-1α were overexpressed together in the preadipocytes there 

was a large increase in the transcripts encoding the fatty acid β-oxidation 

genes (Vega et al., 2000). This included genes encoding MCAD, long-chain 

acyl-CoA dehydrogenase (LCAD), and carnitine palmitoyltransferase I (CPT 

I). This indicated that PGC-1α enhanced the PPARα-dependent transcriptional 

activation of the fatty acid β-oxidation genes. If this is also true for fish and both 

of these genes (PPARα and PGC-1α) are highly expressed, then their 

downstream target genes should also be highly expressed. This would indicate 

that the capacity for fatty acid β-oxidation should be high. Thus, the greater 

PGC1α and PPARα transcript abundance in the red muscle compared to the 
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white muscle that we observed for PBT could possibly be due to the role of the 

interaction between PPARα and PGC1α in the upregulation of genes that 

encode enzymes involved in β-oxidation in this highly oxidative tissue. This 

interaction will need to be further explored by analysing the PPARα and PGC-

1α protein content in the tissue samples collected from our PBT specimens.  

In mammals, when PPARα interacts with PGC-1α, it upregulates fatty acid β-

oxidation by increasing the transcription of genes that encode enzymes 

involved in β-oxidation, such as MCAD (Lehman and Kelly, 2002). However, 

the interaction between estrogen-related receptor alpha (ERRα) and PGC-1β, 

also upregulates the transcription of the gene that encodes MCAD (Kamei et 

al., 2003, Rodriguez-Calvo et al., 2006). The strong correlation we observed 

between MCAD and PGC-1β transcript abundance in our juvenile PBT 

specimens could possibly indicate that the upregulation of MCAD may be more 

dependent on an interaction between ERRα and PGC-1β rather than an 

interaction between PPARα and PGC-1α in our juvenile PBT specimens. In 

contrast to our own observations in PBT, there was only a weak positive 

correlation of MCAD transcript abundance with either PGC-1α or PGC-1β 

transcript abundance in goldfish (LeMoine et al., 2008). Therefore, more work 

needs to be done to better determine which of the PGC-1 coactivators is more 

important for the upregulation of MCAD. This could include the deletion 

(knockout) of the PGC-1α or PGC-1β gene in vitro in a bluefin tuna cell line. A 

suitable cell line that could be used for such assays has already been 

established from southern bluefin tuna (Thunnus maccoyii) (Bain et al., 2013). 

Knockout assays with this cell line could indicate which, if any, of these 

transcriptional coactivators is more important for the upregulation of MCAD.  

4.3.8. Correlations of the PGC-1 transcriptional co-activators with the 

genes that encode the mitochondrial marker enzymes citrate synthase 

and cytochrome c oxidase 

Mitochondrial abundance and a tissue’s aerobic metabolic capacity can be 

assessed using mitochondrial marker enzymes such as citrate synthase (CS, 

the first enzyme in the TCA cycle and cytochrome c oxidase (COX, the last 

enzyme in the mitochondrial electron transfer chain (mETC)) (Guderley, 1990, 

LeMoine et al., 2008). Previously, we observed that CS and COX enzyme 
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activities were approximately an order of magnitude greater in the red muscle 

compared with the white muscle in PBT (Chapter 3). This indicated that 

mitochondrial abundance was approximately an order magnitude greater in 

the red muscle than in the white muscle in PBT. However, surprisingly, the 

transcript abundances for the genes that encode these enzymes did not follow 

the same pattern. Specifically, there was no statistically significant difference 

in CS transcript abundance between the red and white muscle. In contrast to 

the COX enzyme activity, the transcript abundances of COXI and COXIV were 

much more variable being 2- to 12-fold and 2- to 3-fold greater in the red 

muscle compared to the white muscle, respectively. This suggested that post-

transcriptional and/or post-translational modification of these enzymes may 

explain the differences between the different muscle types. Here we show that 

there was no significant correlation of CS transcript abundance either with 

PGC-1α or with PGC-1β transcript abundance. This could indicate that neither 

PGC-1 transcriptional coactivator is involved in the regulation of CS in the red 

and white muscle of PBT. This is not entirely surprising because unlike the 

COX subunits, which have been shown to be transcriptionally upregulated by 

PGC-1α through the interaction of PGC-1 α with NRF1/NRF2, CS is not among 

the list of PGC1, NRF1/NRF2 sensitive genes. Instead, if there were a 

correlation between PGC-1 and CS transcript abundance it would likely be due 

to the involvement of CS in the general mitochondrial biogenesis network. In 

contrast to our own study, CS transcript abundance showed a poor yet 

significant correlation with PGC-1α transcript abundance and a very strong and 

significant correlation with PGC-1β transcript abundance in data pooled from 

the red muscle, white muscle, heart and liver of goldfish subjected to three 

different temperature treatments (4, 20 and 35°C) and to three different dietary 

treatments (food deprivation, low fat and high fat) (LeMoine et al., 2008).  

In mice, rats and humans, there is evidence that PGC-1α is directly involved 

in upregulating the transcription of nuclear encoded COX subunits, such as 

COXIV, through its interaction with NRF-1 (Scarpulla, 2002, Dhar et al., 2008). 

In mice myoblasts, PGC-1α is also indirectly involved in regulating the 

expression of mitochondrially encoded COX subunits, such as COXI.  This 

occurs by PGC-1α upregulating the expression of the mitochondrial 

transcription factor A (TFAM), by interacting with NRF-1 and NRF-2, which 
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then upregulates the expression of the mitochondrial subunits of COX (Collu-

Marchese et al., 2015). We found strong significant correlations between the 

transcript abundances of COXI and COXIV with both PGC-1α and PGC-1β for 

our PBT specimens and the correlations we observed were much stronger with 

PGC-1β for both COX subunits. This suggests that if the PGC-1 transcriptional 

coactivators are involved in the upregulation of the transcription of genes 

associated with mitochondrial biogenesis in fishes, including the COX 

subunits, then PGC-1β may be more important than PGC-1α. LeMoine et al. 

(2008) also observed a stronger correlation between the transcript abundance 

of COXIV and PGC-1β compared to PGC-1α. In fact, no correlation was 

observed between the transcript abundances of COXIV and PGC-1α. 

However, it is important to note that these patterns of transcript abundance 

may not necessarily reflect a direct interaction between the different factors 

because transcript abundance may not parallel protein abundance due to post-

translational regulation. Therefore, much more research must be conducted 

before a definitive conclusion can be reached. 

4.3.9. Conclusions 

Previously we reported that CS and COX enzyme activities were both 

approximately an order of magnitude greater in the red muscle than in the 

white muscle of young PBT juveniles ranging in size from 18.5 to 62.5 cm FL 

and in age from ~2 months to ~2 years (Chapter 3). From this we concluded 

that mitochondrial abundance was approximately an order of magnitude 

greater in the red muscle compared with the white muscle in these fish. 

Because of this, we predicted that PGC-1α and PGC-1β transcript abundances 

would also be approximately an order of magnitude greater in the red muscle 

compared with the white muscle. Here we have confirmed that this prediction 

was true for PGC-1β and the transcript abundance for PGC-1α ranged 

between one to two orders of magnitude greater in the red muscle compared 

to the white muscle. This suggests that although the role of PGC-1α in 

mitochondrial biogenesis is disputed in fishes, it may still be involved in 

mitochondrial function, specifically β-oxidation. We also observed greater 

PPARα and MCAD transcript abundances in the red muscle compared to the 

white muscle. This suggested that the rate of β-oxidation is also greater in the 

red muscle compared to the white muscle. Finally, there were strong positive 
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correlations between the transcript abundance of PPARα and the PGC-1α and 

PGC-1β transcriptional coactivators and the same was true between the 

transcript abundance of MCAD and the PGC-1α and PGC-1β transcriptional 

coactivators, which provides further evidence that the PGC-1 transcriptional 

coactivators are involved in the upregulation of the capacity for β-oxidation in 

these tissues.   
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CHAPTER 5 - The effects of feed restriction on 

aerobic and glycolytic metabolic capacity in 

yellowtail kingfish (Seriola lalandi) farmed at 

suboptimal water temperatures 
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Abstract 
Yellowtail kingfish (YTK, Seriola lalandi) is an important aquaculture species 

in South Australia but in winter it suffers from impaired feed digestion due to 

suboptimal water temperatures. Here we have investigated the combined 

effects of feed restriction and suboptimal water temperatures on the 

mitochondrial abundance/aerobic metabolic capacity and the glycolytic 

capacity in the red muscle, white muscle and liver of this important aquaculture 

species. We hypothesized that there would be a decrease in the enzyme 

activity and gene expression for the enzymes involved in aerobic metabolism 

and glycolytic metabolism in these tissues in response to feed restriction. To 

test this we measured enzyme activity and transcript abundance for the 

mitochondrial marker enzymes citrate synthase (CS) and cytochrome c 

oxidase (COX) as well as for the glycolytic marker enzyme pyruvate kinase 

(PK) in red muscle, white muscle and liver of juvenile YTK specimens. Feed 

restriction increased CS enzyme activity by 57% in the liver but it had no 

significant effect on the activity in the red muscle or the white muscle. In 

contrast, feed restriction resulted in COX enzyme activity decreasing by 29% 

in the red muscle and increasing by 20% in the liver, but it had no significant 

effect in the white muscle. Finally, feed restriction resulted in a 33% decrease 

in PK enzyme activity in the red muscle but had no effect in the white muscle 

or liver. In mammals, proliferator-activated receptor-gamma coactivator 1-

alpha (PGC-1α) is considered to be a master regulator of mitochondrial 

biogenesis and function. Due to its regulatory role in these processes, we 

cloned a YTK PGC-1α cDNA and investigated its transcript abundance in the 

different tissues and in response to feed restriction. We found that PGC-1α 

transcript abundance increased by 3- and 7-fold in the red muscle and the 

white muscle, respectively, in response to feed restriction but we observed no 

difference in the liver. Lastly, we investigated the effects of tissue type and 

feed restriction on the transcript abundance of the transcription factor 

peroxisome proliferator-activated receptor-alpha (PPARα) which interacts with 

PGC-1α to upregulate the transcription of genes involved in mitochondrial β-

oxidation, such as medium-chain acyl-coenzyme A dehydrogenase (MCAD). 

We found that feed restriction had no statistically significant effect on the 

transcript abundance of PPARα or MCAD in the red muscle, white muscle or 
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liver. However, there was an apparent 96% decrease in PPARα transcript 

abundance in the liver but due to the large fish to fish variation, this apparent 

decrease was not statistically significant. 
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Abbreviations  

Yellowtail kingfish, YTK, Fork length, FL; Body mass, BM; peroxisome 

proliferator-activated receptor γ co-activator-1, PGC-1;  Medium-chain acyl-

Coenzyme A dehydrogenase, MCAD; peroxisome proliferator-activated 

receptor α, PPARα; Cytochrome c oxidase subunit, COX; Citrate synthase, 

CS; Pyruvate kinase, PK 
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5.1. Introduction 

5.1.1. Yellowtail kingfish distribution and aquaculture 

Yellowtail kingfish (YTK, Seriola lalandi) is a large, carnivorous, marine fish 

that can have a lifespan of up to 21 years and grow to a size of up to ~250 cm 

total length and ~100 kg total body mass (Stewart et al., 2004, Fielder, 2013). 

It is a member of the genus Seriola which consists of nine species. Most of 

these species are found in coastal or oceanic waters in tropical or warm 

temperate regions of the world (Benetti et al., 2005). Similar to other Seriola 

species, YTK prefers water temperatures ranging from 18 to 24°C (Fielder and 

Heasman, 2011). Several Seriola species, including YTK, are farmed, 

predominantly in sea-cages. For example, Japanese yellowtail (Seriola 

quinqueradiata) is farmed in Japan, Almaco jack (Seriola rivoliana) near 

Hawaii and greater amberjack (Seriola dumerili) in Japan, the Mediterranean 

and Vietnam (Webster and Lim, 2002, Benetti et al., 2005, Naomasa et al., 

2013, Sicuro and Luzzana, 2016).  

YTK, the subject of the research described here, is farmed in sea cages in 

Australia, New Zealand, Mexico, Chile and Hawaii as well as in indoor facilities 

in the Netherlands (Premachandra et al., 2017, Kolkovski and Sakakura, 2004, 

CST, 2016, Norwood, 2017, Benetti et al., 2005, Kingfish-Zeeland, 2018). The 

culture of YTK in countries such as Australia, New Zealand and Chile depends 

on the rearing of larvae/fingerlings produced in a hatchery from captive brood 

stock (Kolkovski and Sakakura, 2004, Orellana et al., 2014, CST, 2016). In 

contrast, the culture of Japanese yellowtail and greater amberjack in Japan is 

reliant, mainly, on the on-growing of readily available wild-caught juveniles 

(Kolkovski and Sakakura, 2004). In Australia, YTK aquaculture takes place 

predominantly in South Australia but there has been some expansion into New 

South Wales and Western Australia as well (Norwood, 2017). In South 

Australia, YTK aquaculture is carried out by Clean Seas Seafoods Ltd. which 

is the largest commercial producer of farmed kingfish outside of Japan (CST, 

2016). This company has a hatchery at Arno Bay on the Eyre Peninsula of 

South Australia where it maintains its broodstock and raises its larvae and 

fingerlings. Approximately 75 days after hatching, the fingerlings are 

transferred to sea cages near Port Lincoln, South Australia, where they are on-

grown to a marketable size. 
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5.1.2. The effects of water temperature on YTK physiology 

The water temperature in the sea cages where YTK juveniles are cultured in 

South Australia ranges from a low of 10°C in the winter to a high of 24°C in the 

summer (Miegel et al., 2010). Reportedly, the optimal water temperature for 

the growth of YTK juveniles is 22.8°C (Pirozzi and Booth, 2009). Thus, the low 

winter water temperatures experienced in South Australia are sub-optimal for 

YTK growth. Sub-optimal water temperatures have been shown to increase 

gut transit times, and decrease digestion rates, in farmed YTK (Miegel et al., 

2010, Bowyer et al., 2013). For example, when the water temperature was 

decreased from ~21°C to ~13°C, YTK juveniles took approximately three times 

as long to digest their feed (Miegel et al., 2010). Increasing gut transit times, 

as a result of sub-optimal water temperatures, can lead to a condition known 

as winter syndrome (Sheppard, 2004). The  main symptom of winter syndrome 

is inflammation of the intestine (Sheppard, 2004). This inflammation can lead 

to ulceration and necrosis of the intestine and even the death of the fish 

(Sheppard, 2004).  

5.1.3. Diet of cultured YTK 

The most important macronutrients in the diets of carnivorous marine fishes 

are lipids and proteins; these fishes make poor use of carbohydrates as 

macronutrients (Tocher, 2003). Lipids provide both essential and non-essential 

fatty acids. In fishes, as in other vertebrates, fatty acids are catabolised via the 

process of β-oxidation in the mitochondria of the cell. Thus, it is important to 

understand how mitochondrial abundance and metabolic activity are affected 

by the quantity and quality (i.e. fatty acid composition) of the lipid in the diet. 

The omega-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFA), 

eicosapentaenoic acid (EPA) and docosahexaenoic acid, are considered 

essential for carnivorous marine fishes, i.e., they cannot be synthesized de 

novo (Tocher, 2010). In the natural environment, EPA and DHA are ultimately 

derived from phytoplankton and algae at the bottom of the marine food web. 

These fatty acids accumulate to high levels in the flesh of large carnivorous 

marine fish species such as YTK due to the phenomenon known as 

bioaccumulation (Huynh and Kitts, 2009). Thus, feeds for farmed carnivorous 

marine fishes generally contain high concentrations of EPA and DHA. 



187 
 

Historically, these fatty acids have been provided by the fish oils added to fish 

feeds but in recent decades the supply of fish oils has stagnated and these oils 

have become increasingly more expensive (Turchini et al., 2009). 

Consequently, fish farmers have increasingly been replacing fish oils with 

terrestrial plant and animal oils e.g. canola oil and poultry oil in the feeds for 

their fish (Norambuena et al., 2013). Unfortunately, however, these oils are 

lacking in the essential fatty acids EPA and DHA. This has two important 

potential consequences. One is reduced growth of the fish and the other is a 

reduction in the health benefits ascribed to the consumption of fish for the 

human consumer (Swanson et al., 2012). 

Previous research with farmed YTK in South Australia has focussed on the 

effects of fish oil replacement, at both optimal and sub-optimal water 

temperatures, on the growth of the fish (Higgs et al., 2006, Bowyer et al., 

2012b, Bowyer et al., 2012a). For example, in one study, YTK were fed diets 

containing 20% (w/w) lipid in the form of fish oil (FO), canola oil (CO), poultry 

oil (PO), a mixture of fish oil with canola oil (1:1) (FO/CO) or a mixture of fish 

oil with poultry oil (1:1) (FO/PO) at two different water temperatures, i.e., either 

18°C or 22°C (Bowyer et al., 2012b). The fish were fed twice a day to apparent 

satiation over a period of 34 days and the results showed that the weight gain 

was greater when the water temperature was 22°C (optimal) compared to 

when it was 18°C (sub-optimal) and this was regardless of the composition of 

the diet. Weight gain appeared to be lower (by 19%) for the fish fed the CO 

diet compared to the fish fed the FO control diet when the fish were maintained 

at 22°C but the apparent difference was not statistically different. In contrast, 

when the fish were maintained at 18°C the weight gain was statistically 

indistinguishable for the fish fed the FO, PO, FO/CO and FO/PO diets but it 

was statistically significantly lower (by 58%) for the fish fed the CO diet. Thus, 

complete replacement of FO with CO significantly reduced the growth of the 

fish at the suboptimal water temperature of 18°C but not at the optimal water 

temperature of 22°C.  

In a more recent study, the effects of various degrees of feed restriction on the 

growth of YTK that were fed diets containing FO instead of PO or CO were 

investigated at the suboptimal water temperatures of winter to develop better 

feed management practices for YTK during winter (Bansemer et al., 2018). To 
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achieve this aim, the fish were fed diets containing 9% (w/w) lipid in the form 

of fish oil but with different degrees of restricted feeding and this was done 

over a period 84 days during the Australian winter at suboptimal water 

temperatures for YTK growth of between 11.5°C and 16.0°C. The fish were 

fed to apparent satiation either six days per week (Treatment 1), two days per 

week (Treatment 2) or one day per week (Treatment 3) or at 0.65% (w/w) body 

mass (BM) two days per week (Treatment 4), 0.35% (w/w) BM two days per 

week (Treatment 5), 0.12% (w/w) BM six days per week (Treatment 6) or 0.1% 

(w/w) BM one day per week (Treatment 7). The fish fed to apparent satiation 

six days per week (Treatment 1) gained weight and the fish fed to apparent 

satiation two days per week neither lost nor gained weight and the fish fed the 

other treatments lost increasingly more weight with the decreasing amount of 

feed. Thus, the reduction in feed supplied to the fish resulted in reduced growth 

and even weight loss. The results of this study suggested that feeding YTK to 

apparent satiation 2 days per week was the minimum requirement to avoid 

weight loss at winter water temperatures. Additionally, feeding them to 

apparent satiation 6 days per week was the minimum amount of feed required 

to maximise growth at winter water temperatures.  

5.1.4. Fish skeletal muscle structure and metabolism 

The mitochondria are the site of aerobic metabolic activity in fishes just as they 

are in other vertebrates (Johnston et al., 2011). Fish have two main skeletal 

muscle types generally referred to as red muscle and white muscle (Johnston 

et al., 2011). The red muscle consists predominantly of red muscle fibres and 

the white muscle predominantly of white muscle fibres. The red muscle fibres 

have large numbers of mitochondria and their metabolism is predominantly 

aerobic. They are used for sustained, cruise-type swimming and their main fuel 

sources are fatty acids which are metabolized aerobically via the process of β-

oxidation in the abundant mitochondria. The white muscle fibres, on the other 

hand, have fewer mitochondria and their metabolism is predominantly 

glycolytic. They are used for short duration, burst-type activities, such as the 

pursuit of prey, and their main fuel source is glucose which is metabolized via 

the process of glycolysis. Previous studies have used citrate synthase (CS), 

the first enzyme in the tricarboxylic acid (TCA) cycle in the mitochondria and 

cytochrome c oxidase, the last enzyme in the mitochondrial electron transfer 
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chain (mETC) as indicators of mitochondrial abundance and aerobic metabolic 

capacity in fishes (Dalziel et al., 2005, LeMoine et al., 2008). Similarly, previous 

studies have used pyruvate kinase (PK), the last enzyme in glycolysis, as an 

indicator of glycolytic/anaerobic metabolic capacity in fishes (McClelland et al., 

2006, Cordiner and Egginton, 1997, Kyprianou et al., 2010). 

5.1.5. Effects of fasting and feed restriction on mitochondrial 

abundance and aerobic metabolic capacity in fishes 

Fasting in fishes has been shown to decrease mitochondrial abundance and 

therefore aerobic metabolic capacity in the skeletal muscle. For example, 

shortspine thornyhead (Sebastolobus alascanus) juveniles fasted for a period 

of approximately 102 days, displayed a ~35% decrease in their red muscle and 

a ~52% decrease in their white muscle in their CS enzyme activity expressed 

per g tissue (Yang and Somero, 1993). Similarly, in the same study, CS 

enzyme activity (expressed per g tissue) decreased by ~14% in the red muscle 

and ~25% in the white muscle of spotted scorpionfish (Scorpaena guttata) 

juveniles fasted for a period of approximately 98 days. Both of these results 

indicate that mitochondrial metabolic capacity decreases in response to 

fasting. In another study, freshwater catfish (Clarias batrachus) were fasted for 

7, 14, 21, 28 or  35 days and it was shown that there was a decrease in CS 

enzyme activity (expressed per g tissue) in both the white muscle and the liver, 

with a  maximum decrease of approximately 46% observed in both tissues at 

the end of the experiment (Tripathi and Verma, 2003). In contrast, when 

goldfish (Carassius auratus L.) were fasted for 21 days, CS enzyme activity 

per g tissue decreased by 50% in the liver but remain unchanged in the red 

and white muscle (LeMoine et al., 2008). Thus, fish frequently respond to 

fasting by decreasing the aerobic metabolic capacity in their red muscle, white 

muscle and liver but there is species to species variation (Yang and Somero, 

1993, Tripathi and Verma, 2003, LeMoine et al., 2008).  

Although there have been multiple studies investigating the effects of fasting 

on mitochondrial abundance and aerobic metabolic capacity in fishes, the 

effects of feed restriction on the same variables have not been as extensively 

explored. Instead, studies that investigate feed restriction in fishes mostly 

explore the effects of feed restriction on growth performance (Tian and Qin, 



190 
 

2004, Sæther and Jobling, 1999, Pirhonen and Forsman, 1998, Bansemer et 

al., 2018). However, it has been shown, using a microarray analysis, that when 

rainbow trout (Oncorhynchus mykiss) were fed ad libitum once a week, the 

expression of genes involved in β-oxidation were mostly upregulated in the 

skeletal muscle (presumably white skeletal muscle) compared to control fish 

that had been fed ad libitum twice per day (Kondo et al., 2012). This could 

suggest that the aerobic metabolic capacity actually increased in response to 

feed restriction. 

5.1.6. Effects of fasting on glycolytic metabolic capacity in fishes 

Fasting in fishes has been shown to result in a decrease in the glycolytic 

capacity in the skeletal muscle. For example, in shortspine thornyhead 

juveniles fasted for approximately 102 days, PK enzyme activity (expressed 

per g tissue) decreased by ~23% in the red muscle and by ~62% in the white 

muscle (Yang and Somero, 1993). In the same study, PK enzyme activity 

(expressed per g tissue) decreased by ~33% in the red muscle and ~44% in 

the white muscle of spotted scorpionfish juveniles fasted for approximately 98 

days. Together these findings indicate that there is a decrease in the glycolytic 

metabolic capacity in the red muscle and the white muscle of fishes in 

response to fasting. 

5.1.7. Peroxisome proliferator-activated receptor-gamma coactivator 1-

alpha in mammals 

In mammals, peroxisome proliferator-activated receptor-gamma coactivator 1-

alpha (PGC-1α) is a transcriptional co-activator that upregulates the 

transcription of genes involved in mitochondrial biogenesis and β-oxidation by 

interacting with an assortment of different transcription factors (Lin et al., 

2005a, Liu and Lin, 2011). PGC-1α is highly expressed in mitochondria-rich 

tissues with high energy demands, including red muscle (Puigserver et al., 

1998). It was first discovered in the brown fat tissue of mice where it was shown 

to interact with the transcription factor peroxisome proliferator-activated 

receptor-gamma (PPARγ), hence its name. Later, PGC-1α was found to 

interact with several other transcription factors including PPARα, estrogen 

related receptor-alpha (ERRα), nuclear respiratory factors (NRF) 1 and 2 and 
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myocyte-specific enhancer factor 2 (MEF2) (Lin et al., 2005a). These 

transcription factors upregulate mitochondrial biogenesis and function. 

Specifically, PPARα activates the transcription of genes that encode enzymes 

involved in fatty acid β-oxidation, a process that occurs predominantly in the 

mitochondria of the cell. One of the genes transcriptionally activated by PPARα 

is acyl-CoA dehydrogenase (ACADM), which encodes medium chain acyl-CoA 

dehydrogenase (MCAD). MCAD is the enzyme that catalyses the first step in 

the mitochondrial β-oxidation of medium-chain fatty acids (i.e. fatty acids with 

chain lengths between 6 and 12 carbon atoms) (Vega et al., 2000, Gulick et 

al., 1994).  PGC-1α also interacts with ERRα to upregulate the transcription of 

genes involved in mitochondrial biogenesis, oxidative phosphorylation and β-

oxidation, including MCAD (Ikeda et al., 1986, Sladek et al., 1997). In addition, 

when PGC-1α interacts with NRF-1 and 2 together they directly or indirectly 

upregulate the transcription of genes that encode enzymes in the 

mitochondrial electron transfer chain (mETC) (Collu-Marchese et al., 2015). 

Examples of these genes are those that encode the subunits that constitute 

cytochrome c oxidase (COX), the last enzyme in the mETC. PGC-1α 

upregulates the transcription of nuclear encoded COX subunits, such as 

COXIV by interacting with NRF-1, while mitochondrially encoded COX 

subunits, such as COXI, are upregulated through increased expression of the 

mitochondrial transcription factor A (TFAM), which is also upregulated by 

PGC-1α by interacting with NRF-1 (Scarpulla, 2002, Dhar et al., 2008, Collu-

Marchese et al., 2015). PGC-1α also interacts with MEF2 to promote a switch 

from white (‘fast-twitch’, predominantly glycolytic) to red (‘slow-twitch’, 

predominantly oxidative) skeletal muscle fibres (Lin et al., 2002b). 

5.1.8. The effects of fasting on PGC-1α gene and protein expression in 

the skeletal muscle and liver of fishes 

In fine flounder (Paralichthys adspersus) and goldfish, PGC-1α transcript and 

protein abundance have been reported to increase in response to fasting 

(LeMoine et al., 2008, Fuentes et al., 2013). Specifically, in fine flounder that 

were fasted for a period of three weeks, the protein content of PGC-1α was 

elevated by ~60% and the abundance of the mitochondrial electron transport 

chain (mETC) complexes, succinate dehydrogenase (Complex II), cytochrome 

c oxidase (Complex IV) and ATP synthase (Complex V) was 50 to 100% higher 
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within the white muscle. The authors concluded that increasing expression of 

these proteins indicated an increase in mitochondrial biogenesis in the white 

skeletal muscle of these fish (Fuentes et al., 2013). In a different study, when 

goldfish were fasted for three weeks, there was an apparent ~50% increase in 

PGC-1α transcript abundance in the red muscle and an apparent ~100% 

increase in the white muscle, but these were not statistically significant 

(LeMoine et al., 2008). In the same study, there was a small statistically 

significant increase in PPARα transcript abundance in the liver but there was 

no change in the red muscle or the white muscle in response to fasting. This 

could indicate that there was increased β-oxidation of fatty acids in the liver in 

response to fasting but not in the red or white skeletal muscle. 

5.1.8. Aims 

The aims of this study were to investigate the effects of feed restriction on the 

aerobic and glycolytic metabolic capacity in the red muscle, white muscle and 

liver of farmed YTK cultured at suboptimal water temperatures. Specifically, 

we measured the effects of feed restriction on the activities of the mitochondrial 

marker enzymes CS and COX and the glycolytic marker enzyme PK in the red 

muscle, white muscle and liver of YTK. In addition, we also cloned a PGC-1α 

cDNA from YTK red muscle and we investigated the effects of feed restriction 

on the expression of the genes that encode CS, COX, PK, PGC-1α, PPARα 

and MCAD.  
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5.2. Materials and Methods  

5.2.1. Fish culture 

Our research was part of a larger study aimed at investigating the effects of 

feed restriction on the growth of juvenile yellowtail kingfish (YTK, Seriola 

lalandi) exposed to sub-optimal water temperatures (Bansemer et al. (2018). 

YTK juveniles with an initial fork length (FL) of 46.1 ± 1.5 cm (mean ± standard 

error of the mean, SE) and an initial body mass (BM) of 1.44 ± 0.13 kg (mean 

± SE) were obtained from the Clean Seas Aquaculture Hatchery at Arno Bay, 

South Australia and cultured at the South Australian Aquatic Sciences Centre 

at West Beach, Adelaide, South Australia. The full details of the culture 

conditions can be found in Bansemer et al. (2018) but the most important 

details are as follows. Twenty-one fish were stocked into each of twenty one 

5,000 L tanks. The tanks were connected to a water recirculation/flow-through 

system which drew seawater from the beach nearby. The system gave 100% 

water exchange per day and the water temperature fluctuated naturally 

between 11.5°C and 16.0°C. Over the course of the experiment, the mean ± 

SE water temperature was 12.8 ± 0.8°C. All of the fish were fed the same feed 

but with varying degrees of feed restriction. Only the control fish and the most 

severely feed-restricted fish were sampled for the work reported here. The 

control fish were fed to apparent satiation six days per week whereas the most 

severely feed-restricted fish were fed at 0.1% (w/w) of their BM only once per 

week. There were three replicate tanks for the control fish and three for the 

feed-restricted fish. Three fish were sampled from each tank for the work 

reported here. The feed was a commercially formulated pellet (Ridley Clean 

Seas Pelagica) containing 30% (w/v) fish meal and 9% (w/w) fish oil and it was 

manufactured by Ridley Aquafeeds (Narangba, Queensland, Australia). The 

full details of the composition of the feed can be found in Bansemer et al. 

(2018).  

5.2.2. Fish tissue sampling 

The fish were fed the experimental diets for a total of 84 d and at the end of 

this time, three fish were randomly sampled from each of the three tanks per 

treatment. The control fish were last fed one day before sampling whereas the 

feed-restricted fish were last fed three days before sampling. Once the fish had 
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been caught, their FL and BM were recorded and then they were euthanized. 

Following this, samples were taken of the red muscle, white muscle and liver. 

The samples for the enzyme activity analyses were initially snap frozen in liquid 

nitrogen and then later transferred to a freezer at -150°C whereas those for 

the gene expression analyses were initially immersed in ice-cold RNAlater® 

(Ambion™) and then later transferred, in this same solution, to a freezer at -

20°C. Fulton’s condition factor (K) was calculated using the equation K = 

(BM/FL3) ×100. For all animal handling procedures, animal ethics approval 

was obtained from the Flinders University of South Australia Animal Welfare 

Committee (Project No. E424/15) and all procedures were carried out in 

accordance with the South Australian Animal Welfare Act 1985 and the 

Australian Code for the Care and Use of Animals for Scientific Purposes, 8th 

Edition, 2013. 

5.2.3. Citrate synthase enzyme activity analysis 

Citrate synthase (CS) enzyme activity analysis was essentially as previously 

described (Gibb and Dickson, 2002). In brief, the procedure was as follows. 

Approximately 50 mg of frozen tissue was homogenised for 45 s at 4,000 rpm 

in nine volumes of ice-cold extraction buffer [50 mM imidazole (pH 6.6), 2 mM 

ethylenediaminetetraacetic (EDTA)] using a TOMY micro Smash™ MS-100 

tissue homogeniser. The resulting homogenate was clarified by centrifugation 

at 12,000 g for 10 min at 4°C and then the supernatant was desalted using a 

Bio-Spin® P-30 Gel column (Bio-Rad), equilibrated with the extraction buffer. 

The desalted extract was used for the enzyme assays. Prior to performing the 

assays, the red muscle extract was diluted 1:20, the white muscle extract 1:2 

and the liver extract 1:4. This was to ensure that the initial rate of the reaction 

could be reliably measured. Enzyme activity was assayed using a Corona SH-

9000 microplate reader (Corona Electric Co. Ltd.) in a room maintained at a 

constant temperature of 25°C. The reactions were performed in flat-bottomed 

96-well plates and each reaction (final total volume 160 µL) contained 80 mM 

Tris buffer (pH 8.0), 2 mM MgCl2, 0.1 mM 5,5’-dithio-bis(2-nitrobenzoic acid) 

(DTNB), 0.1 mM acetyl CoA, 0.5 mM oxaloacetate and 10 µL of the appropriate 

dilution of the tissue extract. The reactions were initiated with the addition of 

the oxaloacetate and the change in absorbance due to the reduction of DTNB 

was monitored at a wavelength of 412 nm. Preliminary experiments had been 
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carried out to ensure that doubling or halving the volume of the diluted tissue 

extract added to the assay resulted in proportional changes in the reaction 

rate. 

5.2.4. Cytochrome c oxidase enzyme activity analysis 

Cytochrome c oxidase (COX) enzyme activity analysis was essentially as 

previously described (Bremer and Moyes, 2011). In brief, the procedure was 

as follows. Approximately 25 mg of frozen tissue was homogenised for 4 min 

in 20 volumes of ice-cold extraction buffer [25 mM potassium phosphate buffer 

(pH 7.4), 1 mM EDTA, 0.6 mM n-dodecyl β-D-maltoside] using a Retsch MM40 

bead mill set at a frequency of 30 Hz. The resulting homogenate was used 

directly for the enzyme assays. Prior to performing the assays, the red muscle 

extract was diluted 1:25, the white muscle extract 1:5 and the liver extract 1:5. 

This was to ensure that the initial rate of the reaction could be reliably 

measured. Enzyme activity was assayed using a FLUOstar Omega microplate 

reader (BMG LABTECH) set at 25°C. The reactions were performed in flat-

bottomed 96-well plates and each reaction (final total volume 200 µL) 

contained 25 mM potassium phosphate buffer (pH 7.4), 0.6 mM n-dodecyl β-

D-maltoside, 0.15 mM reduced cytochrome c and 10 µL of the appropriate 

dilution of the tissue homogenate. The reactions were initiated with the addition 

of the reduced cytochrome c and the change in absorbance due its oxidation 

was monitored at a wavelength of 550 nm.  The reduced cytochrome c had 

been prepared by adding an excess of sodium ascorbate to a 1 mM stock 

solution of cytochrome c dissolved in 25 mM potassium phosphate buffer (pH 

7.4) and then removing the ascorbate using a PD-10 desalting column (GE 

Healthcare), pre-equilibrated with the same phosphate buffer. Reduction of the 

cytochrome c was confirmed by performing a wavelength scan between 350 

and 700 nm to identify the characteristic absorption maximum for the reduced 

form of cytochrome c at 550 nm. Preliminary experiments had been carried out 

to ensure that doubling or halving the volume of the diluted tissue extract 

added to the assay resulted in proportional changes in the reaction rate. 

5.2.5. Pyruvate kinase enzyme activity analysis 

Pyruvate kinase (PK) enzyme activity analysis was essentially as previously 

described (Davies and Moyes, 2007). In brief the procedure was as follows. 
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Approximately 25 mg of frozen tissue was homogenised for 4 min in 20 

volumes of ice-cold extraction buffer [20 mM HEPES (pH 7.2), 1 mM EDTA, 

0.1% (v/v) Triton X-100] using a Retsch MM40 bead mill set at a frequency of 

30 Hz. The resulting homogenate was used directly for the enzyme assays. 

Prior to performing the assays, the red muscle extract was diluted 1:20, the 

white muscle extract 1:100 and the liver extract 1:10. This was to ensure that 

the initial rate of the reaction could be reliably measured. Enzyme activity was 

assayed using a FLUOstar Omega microplate reader (BMG LABTECH) set at 

25°C. The reactions were performed in flat-bottomed 96-well plates and each 

reaction (final total volume 200 µL) contained 50 mM HEPES (pH 7.4), 5 mM 

ADP, 100 mM KCl, 10 mM MgCl2, 0.15 mM NADH, 5 mM 

phosphoenolpyruvate (PEP), 10 mM KCN, 10 units/mL lactate dehydrogenase 

(LDH) and 10 µL of the appropriate dilution of the tissue homogenate. The 

reactions were initiated with the addition of the ADP and the change in 

absorbance due the oxidation of NADH was monitored at a wavelength of 340 

nm. Preliminary experiments had been carried out to ensure that doubling or 

halving the volume of the diluted tissue extract added to the assay resulted in 

proportional changes in the reaction rate. 

5.2.6. RNA extraction and cDNA synthesis 

Total RNA was extracted using an RNeasy® Fibrous Tissue Mini Kit (QIAGEN) 

following the manufacturer’s instructions but with some modifications. The 

tissue samples (Section 5.2.2) that had been stored in RNAlater® were gently 

blotted dry and then 60 mg of the tissue was disrupted in 300 µL of buffer RLT, 

containing 40 mM dithiothreitol (DTT), supplied with the kit. Tissue disruption 

was performed using a motorised Kimble Chase® cordless pellet pestle. The 

extraction method included an optional on-column RNase-free DNase I 

digestion to remove any DNA that might have been contaminating the RNA. 

The RNA concentration was quantified using a NanoDropTM 1000 

spectrophotometer (Thermo Scientific) and one µg of the extracted RNA was 

used as the template to synthesise first strand cDNA. The first strand cDNA 

was synthesized using a SuperScript® IV Reverse Transcriptase Kit 

(Invitrogen™) and the synthesized cDNA was subsequently stored at -20°C 

until it was required. 
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5.2.7. Primer design for cloning a PGC-1α cDNA from YTK red muscle 

using conventional polymerase chain reaction 

A large fragment of the open reading frame (ORF) of a YTK PGC-1α cDNA 

was cloned using conventional polymerase chain reaction (PCR).  The forward 

PCR primer (PGC-1α F1, Table 4.1) was designed by LeMoine et al. (2008) 

and the reverse (PGC-1α R1) as follows. Firstly, PGC-1α cDNA sequences 

from swordfish (Xiphias gladius, GenBank accession no. FJ710607.1), large 

yellow croaker (Larimichthys crocea, GenBank accession no. 

XM_010733812.1) and rainbow trout (Oncorhynchus mykiss, Genbank 

accession no. FJ710605.1) were aligned using ClustalX 2.1 (Larkin et al., 

2007). Then a region of conservation adjacent to the 3′ end of the ORF was 

chosen for primer design. Initially, the primer was designed using Primer3 

(version 0.4.0)  (Untergasser et al., 2012). Primer3 was set to choose a primer 

with a length of 20 bp, a melting temperature of approximately 60°C and a GC 

content between 40 and 60%. Subsequently, the potential primer chosen by 

Primer3, was tested for its suitability for PCR using Oligo Analyzer Version 3.1 

(http://sg.idtdna.com/analyzer/Applications/OligoAnalyzer/). Oligo Analyzer 

was used to check for primer-dimer formation and for the formation of 

secondary structures within the primer sequence which if present could reduce 

the amplification efficiency of the PCR reactions.  Finally, the selected primers 

were ordered from GeneWorks Pty. Ltd. (Australia). 

5.2.8. Conventional polymerase chain reaction for cloning a PGC-1α 

cDNA from YTK red muscle 

Total RNA was extracted from YTK red muscle and first-strand cDNA was 

synthesised from 1 µg of this RNA as described in Section 5.2.6. Conventional 

PCR was performed as follows. Each 50 µL PCR reaction contained 5 µL of a 

1:5 dilution of YTK red muscle cDNA, 0.2 µM each of the PGC-1α F1 and PGC-

1α R1 PCR primers (Table 5.1), 200 µM dNTPs (Promega), 2.5 units of Taq 

DNA Polymerase (New England Biolabs) and 5 µL of 10x ThermoPol® Buffer 

(New England Biolabs).  The PCR cycling conditions consisted of an initial 

denaturation step at 95°C for 30 s followed by 30 cycles of denaturation at 

95°C for 30 s, annealing at 60°C for 30 s and extension at 68°C for 4 min. At 

the end of the cycling, there was a final extension step at 68°C for 5 min. The 
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cycling was done in a Hybaid PX2 thermal cycler (Thermo Scientific) and when 

it was complete, the PCR reaction mixture was subjected to electrophoresis 

on a 1.5% (w/v) agarose gel containing 1 × SYBR® Safe DNA Gel Stain 

(InvitrogenTM). The DNA in the agarose gel was visualised using a Gel Doc™ 

EZ System (Bio-Rad) and a digital image was obtained using Image Lab 

software (version 4.0) (Bio-Rad). PCR products close to the expected size 

were purified from the gel using the Wizard® SV Gel and PCR Clean-Up 

System (Promega), according to the manufacturer’s instructions.  
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Table 5.1. PCR primer sequences  

 

  

Primer Sequence (5′ → 3′) Usage 

T7b TAATACGACTCACTATAGGG cDNA sequencing 

SP6b TATTTAGGTGACACTATAG cDNA sequencing 

PGC-1α F1a ATGGCGTGGGACAGGTGTA cDNA cloning/qRT-PCR 

PGC-1α R1 GTGGAGGCTGGATCAAAGTC cDNA cloning 

PGC-1α F2 CTCGTTCTCCTCCCTCTCCT cDNA sequencing 

PGC-1α R2 GCCTTCGGTAGTGTGAGGAG cDNA sequencing 

PGC-1α qRT 

R 

TGATTGGTCACTGTACCATTTGAG qRT-PCR 

PPARα F CACCACTTTGCCATTGATTG qRT-PCR 

PPARα R GCAGTCATGTCGGGGTATCT qRT-PCR 

MCAD F CGGAACAGCAGAAGGAGTTC qRT-PCR 

MCAD R TGAGGCAGTTGTCGAAGATG qRT-PCR 

CS Fd CTGGACTGGTCCCACAACTT qRT-PCR 

CS Rd GGACAGGTAGGGGTCAGACA qRT-PCR 

PK Fd CTGGGATGAACATTGCAAGA qRT-PCR 

PK Rd TCCTGATTTCTGGTCCCTTG qRT-PCR 

COXI F TGAACAGTCTACCCGCCTCT qRT-PCR 

COXI R CGGCTAGAACTGGGAGTGAC qRT-PCR 

β-actin Fc ACCCACACAGTGCCCATCTA qRT-PCR 

β-actin Rc TCACGCACGATTTCCCTCT qRT-PCR 
a Designed by LeMoine et al. (2008)  
b Promega T7 (Q5021) and SP6 (Q5011) primers   
c Designed by Agawa et al. (2012) 
d Designed by the author of this thesis (refer to Chapter 3) 
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5.2.9. Cloning of the PGC-1α PCR product in Escherichia coli 

The gel purified PGC-1α PCR product (Section 5.2.8) was ligated into the 

pGEM®-T Easy vector (Promega) and the resulting construct was used to 

transform E. coli 5α competent cells (New England Biolabs), following the 

manufacturers’ instructions. Subsequently, the transformed cells were plated 

onto Luria broth (LB) agar containing 100 µg/mL ampicillin and colonies that 

were resistant to the antibiotic were selected. The selected colonies were 

screened for the presence of the PGC-1α insert using colony PCR. Colony 

PCR was performed using primers targeting the T7 and SP6 promoter regions 

of the vector. Confirmed positive colonies were cultured overnight at 37°C in 

LB broth containing 100 µg/mL ampicillin. Following the overnight culture, 

plasmid DNA was extracted from the cells using the Wizard® Plus SV 

Minipreps DNA Purification System (Promega) and the insert DNA was 

sequenced commencing from both the 5′ and 3′ ends, using the Sanger 

sequencing method, with primers targeting the T7 and SP6 promoter regions 

of the vector. Using these primers, approximately 1,000 bp of sequence was 

obtained at the 5ʹ-end of the PGC-1α cDNA and approximately 700 bp at the 

3ʹ-end but no sequence data were obtained for the central region between 

these two ends. Thus, two new primers were designed to obtain the sequence 

of the central region. The procedure followed was essentially as described in 

Section 5.2.7 except that the now known sequence of the newly cloned YTK 

PGC-1α cDNA was used as the template to design the PGC-1α F2 and PGC-

1α R2 primers (Table 5.1). The PGC-1α F2 and PGC-1α R2 primers were used 

for sequencing in the forward and reverse directions, respectively. The cDNA 

sequences obtained in this way overlapped with the cDNA sequences 

obtained for the 5ʹ and 3ʹ ends. The cDNA sequences obtained from the 

second round of sequencing also overlapped with each other in the middle of 

the PGC-1α cDNA. Using this approach, sequence was obtained from 11 

independent colonies and all colonies yielded the same sequence. The 

resulting sequence data were used to perform a BLAST search of the 

GenBank database (available at http://www.ncbi.nlm.nih.gov/) to confirm the 

identity of the PCR product. 
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5.2.10. Quantitative Real Time-Polymerase Chain Reaction 

Quantitative real time-polymerase chain reaction (qRT-PCR) was used to 

analyse the expression of the CS, COXI, PK, PGC-1α, PPARα and MCAD 

genes and the normalization gene β-actin in the red muscle, white muscle and 

liver of the YTK specimens sampled for this study. The forward primer for PGC-

1α (PGC-1α F1) was designed by LeMoine et al. (2008). The reverse primer 

for PGC-1α (PGC-1α qRT R) was designed by the author of this thesis using 

the sequence of the newly cloned YTK PGC-1α cDNA as the template (Section 

5.2.9). The β-actin primers were designed by Agawa et al. (2012) and the CS 

and PK primers were designed by the author of this thesis (refer to Section 

3.2.5.). The PPARα and MCAD primers were designed based on cDNA 

sequences from YTK (GenBank accession nos. XM_023402034.1 and 

XM_023424498.1, respectively). The COXI primers were designed based on 

the mitochondrial DNA sequence from YTK (GenBank accession no. 

NC_016869.1). Each qRT-PCR run included the cDNAs from all of the control 

fish and all of the feed-restricted fish for one tissue type for one of the genes 

of interest and for the normalisation gene β-actin. The samples were analysed 

in duplicate (technical replication) and the average values for the duplicates 

were used in the calculations. The mean value for the three fish from each tank 

was used as the unit of biological replication. Each qRT-PCR reaction (total 

volume 20 µL) contained 5 µL of the relevant cDNA, 10 µL of the KAPA SYBR® 

FAST qPCR Master Mix (2X) Universal (KAPA Biosystems), 0.4 µL each of 

the relevant forward and reverse primers (Table 5.1) to give a final primer 

concentration of 200 nM plus the appropriate volume of autoclaved deionized 

water. Amplification was performed using a Rotor-Gene Q thermal cycler 

(QIAGEN) fitted with fluorescence detection. The cycling conditions consisted 

of an initial denaturation step at 95°C for 3 min followed by 40 cycles of 

denaturation at 95°C for 3 s, annealing at 60°C for 20 s and extension at 72°C 

for 20 s. At the end of each amplification run, melt curve analysis was 

performed to ensure that only one product was produced for each set of 

primers. This was done by raising the temperature from 60 to 95°C in 0.5°C 

increments and observing the fluorescence change as the DNA strands 

separated. Amplification of only one product was re-confirmed by analysing 

the products using agarose gel electrophoresis. The transcript abundances for 

the genes of interest were normalised to the transcript abundance for the  
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housekeeping gene β-actin using the 2-ΔCt method, where #$% =
$%	()*+*	,-	.+/*0*1/) − $%(4 − 56/.+)	(Livak and Schmittgen, 2001). 

5.2.11. Determining the amplification efficiency for the qPCR primers 

The amplification efficiency for each pair of qPCR primers was between 90 

and 105% and it was determined as follows. Conventional PCR was performed 

as described in Section 5.2.8 but with some modifications. The primers used 

were those designated as being for qRT-PCR in Table 5.1, the extension time 

during the PCR cycling was reduced to 1 min and the PCR products were 

purified directly from the PCR reaction mixture using the Wizard® SV Gel and 

PCR Clean-Up System (Promega) rather than being gel purified. The purified 

PCR products were cloned in E. coli and the plasmid DNA was extracted from 

the cells as described in Section 5.2.9. Subsequently, the insert DNA was 

sequenced using the Sanger sequencing method, at the Australian Genome 

Research Facility Ltd (AGRF), using the primers targeting the T7 and SP6 

promoter regions of the vector. The resulting sequence data were used to 

perform BLAST searches of the GenBank database (available at 

http://www.ncbi.nlm.nih.gov/) to confirm the identity of the products. After the 

identity of the PCR products had been confirmed, a 10-fold dilution series was 

produced using the remaining plasmid construct for each gene of interest. The 

10-fold dilution series was then used as the DNA template for qRT-PCR 

following the procedure above (Section 5.2.10). The amplification efficiency for 

each primer pair was then calculated by plotting the log10 transcript copy 

number and the resulting Ct values for each dilution and fitting a linear 

regression. The slope of the resulting linear regression was then used in the 

following equation; 70.8*0	*--.6.*+69	(%) = ;10>
?@

ABCDEF − 	1G × 100.  

5.2.12. Statistical analyses 

Statistical analyses were performed using the IBM® SPSS Statistics version 

22.0 software package (IBM, New York, USA). The FL, BM and K values were 

statistically analysed using Independent-samples t-tests to determine whether 

there were significant differences between the control and the feed-restricted 

fish. The enzyme activity and transcript abundance values were statistically 

analysed using One-way Analysis of variance (ANOVA), with post hoc 
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comparisons performed using Tukey’s test, to determine whether or not there 

were significant differences between the different tissue types and also 

between the control and the feed-restricted fish. Pearson Correlation analysis 

was used to identify significant correlations between enzyme activities and 

transcript abundances. Values were considered to be statistically significantly 

different when P < 0.05. 
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5.3. Results 

5.3.1. Fish growth 

The final fork length (FL), body mass (BM) and condition factor (K) values for 

the control and feed-restricted fish can be seen in Table 5.2. Compared with 

the control fish, the feed-restricted fish exhibited a significant 14% reduction in 

their final BM (P < 0.005) and a significant 9% reduction in their final condition 

factor (P < 0.005) but no change in their final FL. Thus, feed restriction 

significantly reduced the growth of the fish. As stated in the Materials and 

Methods section, the fish we sampled were taken from a larger pool of 

individuals as part of a larger study. Thus, we know the initial FL, BM and K 

values for this larger pool of individuals but not for the particular fish we 

sampled. The initial mean ± SE FL, BM and K values for the larger pool of 

individuals were 46.7 ± 1.5 cm, 1.44 ± 0.13 kg and 1.46 ± 0.10, respectively. 

Thus, although we cannot perform any statistical analyses, it is apparent that 

the control fish in our study increased in BM and body condition whereas the 

severally feed-restricted fish actually lost weight and decreased in body 

condition. 
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Table 5.2. The effects of restricted feeding over a period of 84 days on the 

growth of juvenile YTK at winter water temperatures.    

 Control Feed restricted 

Final fork length  (cm) 46.2±0.5 47.2±0.3 

Final body mass (kg) 1.52±0.03a 1.31±0.03b 

Final condition factor (K) 1.45±0.03a 1.32±0.03b 

Values are the mean ± the standard error of the mean (n = 3). There were 
three replicate tanks for the control fish and three for the feed-restricted fish. 
Three fish were harvested from each tank.   For the statistical analyses, the 
unit of replication was the tank. Statistically significant differences within a row 
are indicated by different superscript letters (P < 0.05). 
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5.3.2. Effects of tissue type and feed restriction on CS enzyme activity 

CS enzyme activity was assayed as an indicator of mitochondrial abundance 

and aerobic metabolic capacity. In the control fish, the mean CS enzyme 

activities were 19.9 ± 2.1, 2.6 ± 0.3 and 1.8 ± 0.1 U/g tissue in the red muscle, 

the white muscle and the liver, respectively (Fig. 5.1). Thus, the CS enzyme 

activity per g tissue was approximately 8-fold greater in the red muscle than in 

the white muscle and approximately 11-fold greater in the red muscle than in 

the liver. This is consistent with the red muscle having a greater number of 

mitochondria and a greater aerobic metabolic capacity than either the white 

muscle or the liver. A similar pattern was observed when the CS enzyme 

activity was expressed per mg protein (Fig. 5.2). Specifically, CS enzyme 

activity per mg protein was 15-fold greater in the red muscle compared with 

the white muscle and 42-fold greater in the red muscle compared with the liver. 

There was no statistically significant effect of feed restriction on CS enzyme 

activity expressed either per g tissue or per mg protein in either the red muscle 

or the white muscle but there was a statistically significant effect in the liver 

(Figs. 5.1 and 5.2). In the liver, the feed-restricted fish exhibited a significant 

57% increase in CS enzyme activity when expressed per g tissue and a 

significant 45% increase in CS enzyme activity when expressed per mg 

protein, relative to the control. Thus, there was a substantial increase in CS 

enzyme activity in the liver in response to feed restriction. This suggests that 

feed restriction results in an increase in mitochondrial abundance and aerobic 

metabolic capacity in the liver of YTK. 
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Fig. 5.1. The effects of restricted feeding on CS, COX and PK enzyme activities 
expressed per g tissue in the red muscle, white muscle and liver of juvenile 
YTK. The control fish were fed to apparent satiation six days per week (black 
columns) whereas the feed restricted fish were fed at 0.1% (w/w) BM once per 
week (white columns). The data are the mean ± the standard error of the mean 
(n = 3). One-way ANOVA was performed to identify statistically significant 
differences between the control and the treated fish (P < 0.05). Statistically 
significant differences are indicated by *. 
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Fig. 5.2. The effects of restricted feeding on CS, COX and PK enzyme activities 
expressed per mg protein in the red muscle, white muscle and liver of juvenile 
YTK. The control fish were fed to apparent satiation six days per week (black 
columns) whereas the feed restricted fish were fed at 0.1% (w/w) BM once per 
week (white columns). The data are the mean ± the standard error of the mean 
(n = 3). One-way ANOVA was performed to identify statistically significant 
differences between the control and the treated fish (P < 0.05). Statistically 
significant differences are indicated by *. 
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5.3.3. Effects of tissue type and feed restriction on COX enzyme activity 

COX enzyme activity was assayed as an alternative indicator of mitochondrial 

abundance and also as an indicator of the extent of folding of the inner 

mitochondrial membrane. In the control fish, the mean COX enzyme activities 

were 91.1 ± 2.5, 14.9 ± 0.8 and 19.5 ± 0.6 U/g tissue in the red muscle, the 

white muscle and the liver, respectively (Fig. 5.1). Thus, the COX enzyme 

activity per g tissue was approximately 6-fold greater in the red muscle 

compared with the white muscle and approximately 5-fold greater in the red 

muscle compared with the liver. Again, this is consistent with the red muscle 

having a greater number of mitochondria and a greater aerobic metabolic 

capacity than either the white muscle or the liver. Similarly, when expressed 

per mg protein, the COX enzyme activity was 8-fold greater in the red muscle 

compared with the white muscle and 4-fold greater in the red muscle compared 

with the liver. 

There were no statistically significant effects of feed restriction on COX 

enzyme activity either per g tissue or per mg protein in the white muscle but 

there were significant effects in the red muscle and the liver (Figs. 5.1 and 5.2). 

In the red muscle, COX enzyme activity was 29% lower when it was expressed 

per g tissue (P < 0.05) and 24% lower when it was expressed per mg protein 

(P < 0.05), in the feed-restricted fish compared with the activity in the control 

fish. In the liver, on the other hand, COX enzyme activity was 20% higher in 

the feed-restricted fish compared with the control fish when it was expressed 

per g tissue (P < 0.05) but there was no significant difference when the activity 

was expressed per mg protein. In summary, feed restriction appeared to 

decrease mitochondrial abundance and/or folding of the mitochondrial inner 

membrane in the red muscle, have no effect on these parameters in the white 

muscle but increase these parameters in the liver. 

5.3.4. Effects of tissue type and feed restriction on PK enzyme activity 

PK enzyme activity was assayed as an indicator of glycolytic capacity. In the 

control fish, the mean PK enzyme activities were 176.0 ± 8.7, 903.2 ± 74.9 and 

15.2 ± 1.4 U/g tissue in the red muscle, the white muscle and the liver, 

respectively (Fig. 5.1). Thus, the PK enzyme activity per g tissue was 

approximately 5-fold greater in the white muscle compared with the red muscle 
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and approximately 60-fold greater in the white muscle compared with the liver. 

This is consistent with white muscle metabolism being predominantly 

glycolytic. Similarly, when expressed per mg protein, PK enzyme activity was 

4-fold greater in the white muscle compared with the red muscle and 

approximately 37-fold greater in the white muscle compared with the liver.  

In the red muscle, PK enzyme activity of the feed-restricted fish was 33% lower 

than that of the control fish when it was expressed per g tissue (P < 0.05) and 

13% lower than that of the control fish when it was expressed per mg protein 

(P < 0.05). In contrast, in the white muscle, PK enzyme activity of the feed-

restricted fish did not differ significantly from that of the control fish when it was 

expressed per g tissue but was 20% lower than that of the control fish when it 

was expressed per mg protein (P < 0.05). Regardless of how the enzyme 

activity was expressed, feed restriction had no effect on PK enzyme activity in 

the liver. Taken together, these data indicate that feed restriction decreases 

glycolytic capacity in the red and white muscle of YTK but not in the liver.  

5.3.5. Effects of tissue type and feed restriction on the amount of 

protein extracted per g tissue 

The mean amounts of protein extracted for the CS enzyme assays were 20.6 

± 0.1, 40.4 ± 2.1 and 77.1 ± 4.6 mg per g tissue for the red muscle, white 

muscle and liver respectively (Fig. 5.3) Thus, the amount of protein extracted 

per g tissue was approximately 2-fold greater in the white muscle and 

approximately 4-fold greater in the liver compared to the red muscle and these 

differences were statistically significant (P = 0.05). There were no statistically 

significant effects of feed restriction on the amount of protein extracted per g 

tissue for the CS enzyme assays from the red muscle, white muscle or liver 

(Fig. 5.3).  

The mean amounts of protein extracted for the COX enzyme assays were 

186.8 ± 4.9, 258.8 ± 25.1 and 161.3 ± 4.7 mg per g tissue for the red muscle, 

white muscle and liver respectively (Fig. 5.3). Thus, the amount of protein 

extracted per g tissue was approximately 39% greater in the white muscle 

compared to the red muscle and this was statistically significant (P = 0.05). In 

contrast, there was no significant difference in the amount of protein extracted 
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per g tissue between the red muscle and the liver. There were no statistically 

significant effects of feed restriction on the amount of protein extracted per g 

tissue for the COX enzyme assays in the red muscle or the white muscle but 

there was a 10% greater amount of protein extracted from the liver (P < 0.05). 

Although this effect was statistically significant, the small difference makes it 

unlikely to be biologically relevant.  

The mean amounts of protein extracted for the PK enzyme assays were 224.0 

± 10.0, 274.08 ± 5.1 and 170.0 ± 8.1 mg per g tissue for the red muscle, white 

muscle and liver respectively (Fig. 5.3). Thus, the amount of protein extracted 

per g tissue was approximately 22% greater in the white muscle and 

approximately 24% lower in the liver compared to the red muscle and these 

differences were statistically significant (P = 0.05). The amount of protein 

extracted per g tissue for the PK enzyme assays did not differ significantly 

between the feed-restricted fish and the control fish in either the white muscle 

or the liver but it was 23% lower in the red muscle of the feed-restricted fish 

compared with the control fish (P < 0.05) (Fig. 5.3). 
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Fig. 5.3. The effects of restricted feeding on the amount of protein extracted 
per g tissue from the red muscle, white muscle and liver of juvenile YTK for the 
CS, COX and PK enzyme assays (Fig. 1 and Fig 2). The control fish were fed 
to apparent satiation six days per week (black columns) whereas the feed 
restricted fish were fed at 0.1% (w/w) BM once per week (white columns). The 
data are the mean ± the standard error of the mean (n = 3).  One-way ANOVA 
was performed to identify statistically significant differences between the 
control and the treated fish (P < 0.05). Statistically significant differences are 
indicated by *. 
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5.3.6. Effects of tissue type and feed restriction on CS transcript 

abundance 

The effects of tissue type and feed restriction on the relative abundance of the 

CS transcript are shown in Fig. 5.4. Interestingly, there was no statistically 

significant difference in CS transcript abundance between the red and the 

white muscle (Fig 5.4). This was surprising because when we examined CS 

enzyme activity it was approximately an order of magnitude greater in the red 

muscle compared with the white muscle (Fig. 5.1). This lack of correlation 

between CS transcript abundance and CS enzyme activity suggests that CS 

enzyme activity is regulated at the post-transcriptional or post-translational 

level rather than at the transcriptional level. We observed a 9-fold greater CS 

transcript abundance in the red muscle compared with the liver but this 

apparent difference was not statistically significant. The lack of statistical 

significance is most likely due to the large amount of fish to fish variation in the 

CS transcript abundance.  

There was no significant effect of feed restriction on CS transcript abundance 

in either the red muscle, the white muscle or the liver (Fig. 5.4). Similarly, we 

had seen no significant effect of feed restriction on CS enzyme activity in either 

the red muscle or white muscle, but we had seen a significant effect in the liver. 

From this we conclude that restricted feeding increases CS enzyme activity 

and therefore mitochondrial abundance and aerobic metabolic capacity in the 

liver of YTK without increasing the transcript abundance. Again, this suggests 

that CS enzyme activity is regulated at the post-transcriptional or post-

translational level and not at the transcriptional level. When the CS transcript 

abundance was plotted against the CS enzyme activity (expressed as U/g 

tissue) there was no significant correlation between these two parameters (Fig. 

5.5). This further supports our conclusion that CS enzyme activity is regulated 

at the post-transcriptional or post-translational level rather than the 

transcriptional level. 
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Fig. 5.4. The effects of restricted feeding on the relative transcript abundances 
for CS, COXI and PK in the red muscle, white muscle and liver of juvenile YTK. 
The control fish were fed to apparent satiation six days week (black columns) 
whereas the feed restricted fish were fed at 0.1% (w/w) BM once per week 
(white columns). The transcript abundances for the genes of interest were 
normalised to the transcript abundance for the  housekeeping gene β-actin 
using the 2-ΔCt method	(Livak and Schmittgen, 2001). The data are the mean 
± the standard error of the mean (n = 3).  One-way ANOVA was performed to 
identify statistically significant differences between the control and the treated 
fish (P < 0.05). Statistically significant differences are indicated by *. 
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Fig 5.5. Correlation analysis of enzyme activity with transcript abundance for 
citrate synthase (CS), cytochrome c oxidase (COX) and pyruvate kinase (PK) 
in the red muscle (!), white muscle (△) and liver (×) of YTK. The data were 
combined for the control and the feed restricted fish (n = 18 for each tissue 
type). 
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5.3.7. Effects of tissue type and feed restriction on COXI transcript 

abundance 

In the control fish, the highest COXI transcript abundance was observed in the 

liver and it was 40% greater than in the red muscle and was approximately 3-

fold higher in the red muscle compared with the white muscle. The apparently 

higher COXI transcript abundance in the red muscle compared to the white 

was not statistically significant but the higher transcript abundance in the liver 

compared to the white muscle was statistically significant (P < 0.05) (Fig 5.4). 

The lack of any significant difference in COXI transcript abundance between 

the red muscle and the white muscle was in stark contrast the 6-fold difference 

in COX enzyme activity with the red muscle having a much higher activity than 

the white (Fig. 5.1). As explained above for CS, our data suggest that COX 

enzyme activity is regulated at the post-transcriptional or post-translational 

level rather than at the transcriptional level in these tissues.  

There was no significant effect of feed restriction on COXI transcript 

abundance in either the red muscle, the white muscle or the liver (Fig. 5.4). In 

contrast, feed restriction had resulted in a significant decrease in COX enzyme 

activity in the red muscle and a significant increase in this parameter in the 

liver (Fig. 5.1). Due to the difference we observed between COX enzyme 

activity and COXI transcript abundance, we conclude that COX enzyme 

activity may be regulated not at the transcriptional level but at the post-

transcriptional or post-translational level. When COXI transcript abundance 

was plotted against COX enzyme activity (expressed as U/g tissue) there was 

a weak but significant correlation between these two parameters (r = 0.36, P 

< 0.05) (Fig. 5.5). The weakness of this correlation is further evidence that 

COX enzyme activity is not regulated at the transcriptional level. 

5.3.8. Effects of tissue type and feed restriction on PK transcript 

abundance 

In the control fish, PK transcript abundance was greater in the white muscle 

than it was in either the red muscle or the liver (Fig. 5.4). Specifically, PK 

transcript abundance was approximately 29-fold greater in the white muscle 

compared with the red muscle (P < 0.05) and approximately 2000-fold greater 
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in the white muscle compared with the liver (P < 0.05). This was to some extent 

consistent with what we had observed for PK enzyme activity except that the 

fold differences were not of the same magnitude. Specifically, PK enzyme 

activity per g tissue was 5-fold greater in the white muscle compared with the 

red muscle and 60-fold greater in the white muscle compared with the liver. 

Overall, these data suggest that, unlike CS enzyme activity and COX enzyme 

activity, PK enzyme activity is regulated at the transcriptional level. When PK 

transcript abundance was plotted against PK enzyme activity, expressed per 

g tissue, there was a strong positive correlation between these two parameters 

(r = 0.70, P < 0.01) (Fig. 5.5). This adds weight to our hypothesis that PK 

enzyme activity/protein abundance is regulated at the transcriptional level.  

In contrast to the stark differences observed between the different tissue types, 

feed restriction had no statistically significant effect on PK transcript 

abundance in any of the tissues we examined.  This was surprising because 

although PK enzyme activity per g tissue remained unchanged in the white 

muscle and the liver in response to feed restriction, it was 33% lower in the red 

muscle of the feed restricted fish compared with the control fish.  

5.3.9. Cloning and sequence analysis of a PGC-1α cDNA from YTK red 

muscle 

We have cloned 2,789 base pair (bp) of the open reading frame (ORF) of a 

PGC-1α gene from YTK red muscle. The cDNA was deposited in the NCBI 

nucleotide database with the accession no. KU869768.1 and the 

corresponding protein has the accession no. AMQ10352.1. According to a 

multiple sequence alignment, the YTK PGC-1α ORF was missing 

approximately ~22 amino acids at the C-terminus but no amino acids at the N-

terminus (Fig. 5.6). Despite the missing amino acids, the predicted protein still 

contained the canonical motifs that are characteristic of PGC-1α proteins from 

fish and vertebrates in general. Specifically, the YTK sequence contained the 

transcriptional activation domains, AD1, with the sequence DLPELDLSELD 

and AD2, with the sequence NEANLLAVLTETLD, at residues 30 – 40 and 82 

– 95, respectively (Sadana and Park, 2007b). It also contained the tri-lysine 

motif (KKK) which is part of the NRF-1 interaction domain at residues 278 – 

281.  Furthermore, it contained the three leucine-rich motifs L1, with the 
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sequence LLAVL, L2, with the sequence LKKLL, and L3, with the sequence 

LLKYL, at residues 86 – 90, 142 – 146 and 210 – 214 (Knutti et al., 2001). In 

mammals, the L2 motif facilitates binding between PGC-1α and transcription 

factors from the nuclear receptor family, including PPARα (Vega et al., 2000). 

In mammals, the L3 motif facilitates binding between PGC-1α and ERRα, 

another member of the nuclear receptor family (Huss et al., 2002).  

In contrast to the above, there were certain regions that were not so well 

conserved. Specifically, this refers to the recognition site for AMP-activated 

protein kinase (AMPK) and the binding sites for certain other transcription 

factors. In the brown rat sequence, there is a recognition site for AMPK 

between residues 165 and 186 (numbered according to the brown rat 

sequence). In mammals, AMPK has been shown to activate PGC-1α by 

phosphorylating a threonine residue (Thr177) within the AMPK recognition site 

(Jager et al., 2007). This residue is highly conserved between chicken 

(representing birds), the Chinese alligator (representing reptiles) and the 

African clawed frog (representing amphibians) but not in YTK or any of the 

other fish sequences.  

In the brown rat sequence, there is a binding site for the NRF-1 transcription 

factor at residues 180 – 403 (Wu et al., 1999). This is well conserved in the 

chicken, the Chinese alligator, the African clawed frog, the spiny dogfish and 

the West African lungfish but not in either YTK or the swordfish (Fig. 5.6). YTK 

and the swordfish are members of the subclass Actinopterygii (ray-finned 

fishes). In the YTK sequence, the canonical NRF-1 binding site is interrupted 

by a serine (S)-rich insertion (residues 231 – 269 of the YTK sequence), a 

glutamine (Q)-rich insertion (residues 289 – 300 of the YTK sequence) and 

multiple mixed amino acid residue insertions (residues 386 – 392, 422 – 431, 

443 – 446 of the YTK sequence). In the brown rat sequence, there is a binding 

site for PPARγ at residues 338 – 403 (Puigserver et al., 1998). Again, this is 

well conserved in the representatives of the birds, reptiles, amphibians, 

cartilaginous fishes and lobe-finned fishes but not in the ray-finned fishes, 

including YTK. In YTK, this transcription factor binding site is interrupted by 

mixed amino acid residue insertions (residues 422 – 431, 443 – 446 of the YTK 

sequence). Finally, in the brown rat sequence, there is a binding site for MEF2 

at residues 403 – 570 that is well conserved in all of the other vertebrates 
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except the ray-finned fishes (Michael et al., 2001). In YTK, this region of the 

PGC-1α protein is interrupted by various amino acid insertions at residues 485 

– 502, 510 – 513, 527 – 549, 564 – 575 and 619 – 628 in the YTK sequence. 
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Fig. 5.6. A multiple sequence alignment of PGC-1α amino acid sequences 
from representatives of six of the seven classes that make up the subphylum 
vertebrata. The protein accession numbers are as follows: YTK (bony 
fishes/ray-finned fishes) AMQ10352.1; swordfish (bony fishes/ray-finned 
fishes), ACY24361.1; West African lungfish (bony fishes/lobe-finned fishes) 
FJ710608; spiny dogfish (cartilaginous fishes) ACY24363.1; African clawed 
frog (amphibians) ACY24354.1; Chinese alligator (reptiles) XP_025061364.1; 
chicken (birds) NP_001006457.1; rat (mammals) NP_112637.1.The alignment 
was performed using ClustalX2 software (Larkin et al., 2007) and the shading 
was done using GeneDoc software (Nicholas et al., 1997). The degree of 
amino acid conservation is indicated by 3 levels of shading with black, dark 
grey and light grey indicating 100, 80 and 60% conservation, respectively. The 
transcription activation domains are indicated by DLPELDLSELD (AD1) and 
NEANLLAVLTETLD (AD2), the leucine-rich motifs (L1, L2 and L3) are 
indicated by grey text and the tri-lysine motif is indicated by KKK. The AMPK 
recognition site is indicated by grey shading above the text and Thr177 is 
indicated by dark grey shading and ‘T’ within the shaded region. The NRF-1, 
PPARγ and MEF2C transcription factor binding domains are indicated by black 
solid, grey solid and black dotted lines, respectively. The RNA recognition motif 
is indicated by a dashed line above the sequence. 
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Table 5.3. Species names and accession numbers used to construct the phylogenetic tree shown in Fig. 5.7 

Class/subclass Taxon Accession number 
Mammalia (mammals) Rat (Rattus norvegicus) NP_112637.1 
 Mouse (Mus musculus) NP_032930.1 
 Cow (Bos taurus) AAQ82595.1 
Aves (birds) Chicken (Gallus gallus) NP_001006457.1 
 Southern ostrich (Struthio camelus australis) KFV80390.1 
Reptilia (reptiles) Chinese alligator (Alligator sinensis) XP_025061364.1 
 Green sea turtle (Chelonia mydas) XP_007058167.1 
 Burmese python (Python bivittatus) XP_007429584.1 
 Central bearded dragon (Pogona vitticeps) XP_020636089.1 
Amphibia (amphibians) African clawed frog (Xenopus laevis) ACY24354.1 
Chondrichthyes (cartilagenous fishes) Spiny dogfish (Squalus acanthias) ACY24363.1 
Osteichthyes (bony fishes)   
    Sarcopterygii (lobe-finned fishes) African lungfish (Protopterus annectens)  FJ710608 
    Actinopterygii (ray-finned fishes) Nile bichir (Polypterus bichir) ACY24364.1 
 White sturgeon (Acipenser transmontanus) ACY24367.1 
 Bowfin (Amia calva) ACY24368.1 
 Zebrafish (Danio rerio) ACY24358.1 
 Golden shiner (Notemigonus crysoleucas) ACY24360.1 
 Goldfish (Carassius auratus) ACY24365.1 
 Black ghost knifefish (Apteronotus albifrons) ACY24366.1 
 Rainbow trout (Oncorhynchus mykiss) ACY24359.1 
 Arctic char (Salvelinus alpinus) XP_023838104.1 
 Pacific bluefin tuna (Thunnus orientalis) ASX95437.1 
 Yellowtail kingfish (Seriola lalandi) AMQ10352.1 
 Swordfish (Xiphias gladius) ACY24361.1 
 Clownfish (Amphiprion ocellaris) XP_023133583.1 
 Japanese medaka (Oryzias latipes) XP_023821574.1 
Insecta (insects) Oriental fruit fly (Bactrocera dorsalis) JAC44983.1 
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5.3.10. Phylogenetic analysis 

Fig. 5.7 shows a phylogenetic analysis the YTK PGC-1α amino acid sequence 

compared with PGC-1α amino acid sequences from six of the seven classes 

that make up the subphylum vertebrata. No data were available for the seventh 

class, the jawless fishes (class Agnatha). In the figure, there are two major 

clades, one containing YTK and various other ray-finned fishes (class 

Osteichthyes, subclass Actinopterygii) and the other containing all of the other 

vertebrates, including the lobe-finned fishes (class Osteichthyes, subclass 

Sarcopterygii) and the cartilagenous fishes (class Chondrichthyes). The 

separation of YTK and the other ray-finned fishes from the rest of the 

vertebrates indicates major differences in their PGC-1α amino acid sequences. 

Some of these differences we have identified above. We will discuss this in 

more detail in the Discussion section.  
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Fig. 5.7. A phylogenetic tree representing the evolutionary relationships 
between PGC-1α amino acid sequences from six of the seven classes that 
make up the subphylum vertebrata. An invertebrate (oriental fruit fly) amino 
acid sequence was used as the outgroup to root the tree (sequence collapsed). 
The amino acid sequences were aligned using ClustalX2 software (Larkin et 
al., 2007) and the tree was constructed using the Neighbor-Joining method 
(Saitou and Nei, 1987) employing the Mega 6 software (Tamura et al., 2013). 
The scale indicates the estimated number of amino acid substitutions per site. 
Evaluation of statistical confidence was based on 1,000 bootstrap replicates. 
The species names and corresponding protein accession numbers can be 
found in Table 3. 
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5.3.11. Effects of tissue type and feed restriction on PGC-1α transcript 

abundance 

In mammals, PGC-1α upregulates mitochondrial biogenesis and function (e.g. 

β-oxidation) (Lin et al., 2005a, Liu and Lin, 2011). Thus, we predicted that 

PGC-1α transcript abundance would be greater in the red muscle than in either 

the white muscle or the liver. In the control fish, PGC-1α transcript abundance 

was approximately 4-fold greater in the red muscle compared with the white 

muscle and approximately 14-fold greater in the liver compared with the red 

muscle (Fig. 5.8). However, due to the large fish to fish variation, these 

apparent differences were not statistically significant. Nevertheless, as we 

predicted, there was a trend towards higher PGC-1α transcript abundance in 

the red muscle compared with the white muscle. The apparently very high level 

of expression of PGC-1α in the liver is also noteworthy. 

Feed restriction significantly increased PGC-1α transcript abundance in the 

red muscle and also in the white muscle but not in the liver. Specifically, PGC-

1α transcript abundance was 3-fold greater in the red muscle (P < 0.01) and 

7-fold greater in the white muscle (P < 0.05) of the feed restricted fish 

compared with the control fish (Fig. 5.8).  
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Fig. 5.8. The effects of restricted feeding on the transcript abundance for PGC-
1α, PPARα and MCAD in the red muscle, white muscle and liver of juvenile 
YTK. The control fish were fed to apparent satiation six days week (black 
columns) whereas the feed restricted fish were fed at 0.1% (w/w) BM once per 
week (white columns). The transcript abundances for the genes of interest 
were normalised to the transcript abundance for the  housekeeping gene β-
actin using the 2-ΔCt method	(Livak and Schmittgen, 2001). The data are the 
mean ± the standard error of the mean (n = 3).  One-way ANOVA was 
performed to identify statistically significant differences between the control 
and the treated fish (P < 0.05). Statistically significant differences are indicated 
by *.
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5.3.12. Effects of tissue type and feed restriction on PPARα transcript 

abundance 

In mammals, PPARα upregulates the transcription of genes that encode 

enzymes involved in fatty acid β-oxidation, a process that occurs 

predominantly in the mitochondria of the cell (Vega et al., 2000). PPARα 

transcript abundance was approximately 2-fold greater in the white muscle 

compared with the red muscle and approximately 500-fold greater in liver 

compared with the red muscle but the differences between the tissues were 

not statistically significant. This lack of statistical significance is presumably 

due to the large fish to fish variation.  

Feed restriction decreased PPARα transcript abundance in the red muscle and 

the liver but not in the white muscle. Specifically, PPARα transcript abundance 

was 38% lower in the red muscle and 96% lower in the liver of the feed-

restricted fish compared with the control fish but again, due to the large fish to 

fish variation, these apparently large differences were not statistically 

significant. Since PPARα is involved in β-oxidation in mammals, this decrease 

in PPARα transcript abundance could indicate that there was a decrease in 

the transcription of PPARα target genes that encode enzymes involved in β-

oxidation in the red muscle and liver of YTK in response to feed restriction. 

5.3.13. Effects of tissue type and feed restriction on MCAD transcript 

abundance 

In mammals, the transcription factor PPARα activates the transcription of the 

gene that encodes MCAD (Vega et al., 2000). MCAD is the enzyme that 

catalyses the first step in the mitochondrial β-oxidation of medium-chain fatty 

acids (i.e. fatty acids with chain lengths between 6 and 12 carbon atoms) (Vega 

et al., 2000, Gulick et al., 1994). MCAD transcript abundance was 

approximately 2-fold greater in the red muscle compared with the white muscle 

and approximately 4-fold greater in the liver compared with the white muscle 

but these differences were not statistically significant. Restricted feeding had 

no effect on MCAD transcript abundance in either the red muscle or the white 

muscle. However, there was an apparent 50% decrease in MCAD transcript 

abundance in response to feed restriction in the liver but this was not 
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statistically significant. Thus, the decrease in MCAD transcript abundance 

could suggest a decrease in the abundance of the MCAD protein, therefore 

resulting in a decrease in the capacity for β-oxidation in the liver of the feed 

restricted fish. 
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5.4. Discussion 

5.4.1. Fish growth  

In this study, juvenile YTK were fed either to apparent satiation six days per 

week (control fish) or at 0.1% (w/w) of their body mass (BM) only once per 

week (feed-restricted fish) and this was over a period of 84 days at an average 

ambient water temperature of 12.8 ± 0.8°C (mean ± SE). Under these 

conditions, there was a statistically significantly lower final BM and condition 

factor for the feed restricted fish compared to the control fish but the 

differences were only small. Specifically, the final BM and condition factor were 

only 14% and 9% lower, respectively, in the feed-restricted fish compared with 

the control fish. When comparing the mean initial BM (1.44 kg) of all of the fish 

in the larger study of which this study was a part with the mean final BM of our 

feed-restricted fish, we observed a weight loss of approximately 9%.  Although 

we cannot perform any statistical analyses, it is apparent that the control fish 

in our study increased in BM and body condition whereas the severely feed-

restricted fish actually lost weight and decreased in body condition. It is 

possible that the suboptimal water temperature used in this study was the 

major factor limiting the growth of the fish. In other words, because of the low 

ambient water temperature, the fish were unable to respond to the availability 

of additional nutrients by increasing their growth rate. In contrast to our own 

findings, juvenile YTK that were either fasted or fed to apparent satiation 

(control) at an optimal water temperature of 22.8 ± 1°C for 35 days both gained 

weight but there was a 25.9 ± 9.0% reduction in BM of the fasted fish, relative 

to the control (Barreto-Curiel et al., 2017). The lower amount of weight loss in 

our feed restricted YTK compared to the fasted YTK in the previous study 

suggests that there was more scope for a response to diet at the optimal water 

temperature of the previous study compared to the suboptimal temperature in 

our own.  

5.4.2. Effects of tissue type and restricted feeding on CS enzyme 

activity 

CS enzyme activity per g tissue was approximately 8-fold greater in the red 

muscle compared with the white muscle. This is consistent with the red muscle 

having a greater number of mitochondria and a greater aerobic metabolic 
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capacity than the white muscle. A similar pattern was observed when the CS 

enzyme activity was expressed per mg protein. Similar results have been 

found for a broad range of other fish species. For example, CS enzyme activity 

per g tissue ranged from 6 to 14-fold greater in the red muscle compared with 

the white muscle in fish species including Pacific bluefin tuna (Thunnus 

orientalis, PBT), bigeye tuna (Thunnus obesus), yellowfin tuna, (Thunnus 

albacares), skipjack tuna (Katsuwonus pelamis), swordfish (Xiphias gladius), 

striped marlin (Tetrapturus audax) and carp (Cyprinus carpio) (Chapter 3, 

Dalziel et al., 2005, Moyes et al., 1989). Tunas, swordfish and striped marlin 

are large, highly active pelagic fish whereas carps are more sluggish fishes 

(Carey and Teal, 1966, Carey, 1982, Holts, 1990). Thus, similar differences 

between the red and the white muscle were seen both in highly active 

predators such as YTK and tunas as well as a less active fish such as the carp.  

We observed a 57% increase in CS enzyme activity per g tissue in the liver of 

our YTK specimens in response to feed restriction but no statistically 

significant effect was observed in the red muscle or the white muscle.  

Therefore, the increase in CS enzyme activity we observed in response to feed 

restriction in the liver could indicate increased mitochondrial abundance in the 

liver whereas mitochondrial abundance was unaffected by feed restriction in 

the red muscle and the white muscle. This could indicate that the capacity for 

fatty acid β-oxidation increases in the liver in response to feed restriction. 

Consistent with our own findings, it has been shown that when goldfish 

(Carassius auratus L.) were fasted for three weeks there was no change in CS 

enzyme activity per g tissue in the red muscle or the white muscle of the feed 

restricted fish compared to the control fish (LeMoine et al., 2008). However, in 

contrast to what we found, the same study showed that there was an 

approximately 50% decrease in CS enzyme activity in the liver of the fasted 

goldfish. Together with our findings this could suggest that the acclimation to 

long-term feed restriction in our study may have resulted in the liver of YTK 

becoming adapted to take advantage of dietary fatty acids when they become 

available by increasing mitochondrial abundance in the liver whereas in the 

previous study, the goldfish had adapted to a complete absence of supplied 

dietary fatty acids, meaning that the capacity for β-oxidation of fatty acids may 

have decreased to conserve the fuel reserves in the body.  
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5.4.3. Effects of tissue type and restricted feeding on COX enzyme 

activity 

COX enzyme activity per g tissue was approximately 6-fold greater in the red 

muscle compared with the white muscle in the juvenile YTK we studied. This 

is consistent with red muscle having a larger number of mitochondria and a 

greater aerobic metabolic capacity than either the white muscle or the liver. A 

similar pattern was observed when the COX enzyme activity was expressed 

per mg protein.  Similar results have been found for other fish species. For 

example, COX enzyme activity ranged from 6- to 12.5-fold higher in red muscle 

than in white muscle in PBT (Chapter 3), bigeye tuna, yellowfin tuna, skipjack 

tuna, swordfish and striped marlin (Dalziel et al., 2005). This indicates that the 

red muscle of YTK, as with other active predatory fishes, has approximately 

one order of magnitude greater mitochondrial abundance than the white 

muscle.  

Feed restriction resulted in significant changes in COX enzyme activity in YTK. 

Specifically we observed a 29% reduction in activity per g tissue in the red 

muscle, a 20% increase in the liver and no change in the white muscle in our 

juvenile YTK specimens. This suggested that feed restriction decreased 

mitochondrial abundance and/or folding of the inner mitochondrial membrane 

of the red muscle whereas it increased these parameters in the liver while at 

the same time having no effect in the white muscle. However, considering the 

results we obtained for CS, it is more likely that the decrease in COX enzyme 

activity was indicative of a decrease in folding of the mitochondrial inner 

membrane rather than a decrease in mitochondrial abundance because feed 

restriction had no statistically significant effect on CS enzyme activity in the red 

muscle. Martínez et al. (2003) investigated the effects of fasting, suboptimal 

ambient water temperature and the combination of the two on muscle 

metabolic capacity in Atlantic cod (Gadus morhua). The fish were maintained 

in tanks for 16 weeks at ambient water temperatures that were low (<4°C) for 

most of the time but gradually rose to 8.8°C towards the end of the study. At 

the end of the study, there was an approximately 20% decrease in the COX 

enzyme activity in the red muscle of the fasted fish compared with the control 

fish. This suggested that fasting decreased mitochondrial abundance and/or 

folding of the inner mitochondrial membrane in the red muscle of Atlantic cod. 
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This was consistent with the decrease we observed in COX activity per g tissue 

in the red muscle of our feed restricted fish and with our conclusion that feed 

restriction results in a decrease in red muscle mitochondrial abundance or the 

folding of the inner mitochondrial membrane in fishes. In contrast, Martínez et 

al. (2003) observed an approximately 45% decrease in the mitochondrial COX 

enzyme activity in the white muscle of the fasted Atlantic cod, whereas we 

observed no change in COX enzyme activity in the white muscle of our feed 

restricted YTK specimens. This indicated that, in fishes, mitochondrial 

abundance or the folding of the inner mitochondrial membrane may decrease 

in the white muscle in response to fasting but not in response to feed 

restriction, as was implemented in our own study. Again, this could indicate 

that feed restriction in fishes could result in an adaptation to take advantage of 

dietary fatty acids when they become available whereas fasting could result in 

a decrease in fatty acid β-oxidation to conserve the fuel reserves in the body. 

However, LeMoine et al. (2008) observed that goldfish fasted for 3 weeks, 

exhibited a significant ~30% increase in COX activity per g tissue in their white 

muscle but not in their red muscle. In contrast to the findings of Martínez et al. 

(2003), the increase in COX activity in the white muscle suggests that 

mitochondrial abundance or the folding of the inner mitochondrial membrane 

actually increased in response to fasting in the white muscle of fishes. This 

was in contrast to the lack of change observed for both COX and CS enzyme 

activity per g tissue in the white muscle of YTK in response to feed restriction 

in our study.  

5.4.4. Effects of tissue type and restricted feeding on PK enzyme 

activity 

PK enzyme activity per g tissue was approximately 5-fold greater in the white 

muscle compared with the red muscle in the juvenile YTK specimens we 

studied. Similar differences between these two tissues have also been found 

in other fish species. For example, PK enzyme activity, per g tissue, ranged 

from 3- to 7-fold higher in the white muscle compared with the red muscle in 

PBT, skipjack tuna and rainbow trout (Oncorhynchus mykiss) (Chapter 3, 

Guppy et al., 1979, Johnston, 1977). These results are consistent with the 

glycolytic metabolic capacity of the white muscle being substantially greater 

than that of the red muscle in all of these fish species, including YTK. 
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In our YTK specimens, feed restriction reduced PK enzyme activity per g tissue 

by 33% in the red muscle but it had no effect in the white muscle. It has 

previously been reported that Atlantic cod fasted for 16 weeks exhibited a 

~30% decrease in the PK enzyme activity per g tissue in their red muscle and 

~70% decrease in the white muscle (Martínez et al., 2003). This was 

interesting because this suggests that the effects of fasting were greater in the 

white muscle than the red muscle of Atlantic cod but the opposite seems to be 

true in YTK. This could possibly be a result of feed being totally withheld from 

the fish in the previous study whereas the fish in our study were still supplied 

with some feed, only at a restricted quantity.  

We also observed that feed restriction had no effect on the PK enzyme activity 

in the liver of our YTK specimens. This was interesting because PK activity is 

known to decrease in the liver of fishes in response to fasting (Foster and 

Moon, 1991). This decrease in PK enzyme activity was well illustrated in a 

study where yellow perch (Perca flavescens) were fasted for a period of seven 

weeks and at the end of the experiment PK enzyme activity per g tissue was 

~20% lower in the liver of the fasted fish compared to the control fish that were 

fed daily (Foster and Moon, 1991). Similar effects have been observed in 

mammals. For example, when mice were fed a calorie restricted diet (50% of 

the amount of feed supplied to the control mice), there was ~60% lower PK 

enzyme activity and transcript abundance in the liver of the calorie restricted 

mice compared to the control mice (Dhahbi et al., 1999). Our findings together 

with the findings of the previous studies could suggest that although feed 

restriction is sufficient to decrease PK enzyme activity in the liver of mammals, 

feed restriction may not be sufficient to cause a decrease in PK enzyme activity 

in fishes, as we observed for YTK, and instead fasting may be necessary, as 

was observed for yellow perch.  

5.4.5. Effects of tissue type and restricted feeding on CS transcript 

abundance 

In our YTK specimens, there was no significant difference in CS transcript 

abundance between the red and the white muscle. This was surprising 

because we had observed an 8-fold greater CS enzyme activity in the red 

muscle compared to the white muscle. The lack of correlation between CS 
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enzyme activity (per g tissue) and CS transcript abundance was evident when 

the two variables were plotted against each other, as there was no significant 

correlation between these two parameters. This suggested that CS enzyme 

activity is not regulated at the transcriptional level and that instead it might be 

regulated at the post-transcriptional or post-translational level. This lack of 

correlation between CS enzyme activity and CS transcript abundance was also 

shown in Chapter 3 in our work with PBT. Thus, it is not unique to just one 

species and it begs the question why is this so? Other authors have found a 

similar lack of correspondence between CS enzyme activity and CS transcript 

abundance (O'Brien, 2011, Dalziel et al., 2005). For example, when zebrafish 

(Danio rerio) were maintained at a suboptimal water temperature of 18°C for 3 

weeks, there was 50% greater CS enzyme activity in the skeletal muscle 

(presumably white muscle) of the cold treated fish compared with the control 

fish maintained at 28°C, but there was no difference in CS transcript 

abundance (McClelland et al., 2006). This is consistent with our theory that 

that the regulation of CS enzyme activity is most likely not at the transcriptional 

level. Instead, it might be at the post-transcriptional or post-translational level.   

Restricted feeding had no significant effect on CS transcript abundance in 

either the red muscle, the white muscle or the liver in our juvenile YTK 

specimens. This mirrored what we observed for CS enzyme activity per g 

tissue in the red muscle and the white muscle but in the liver we observed a 

30% increase in CS enzyme activity in response to restricted feeding. This is 

similar to what has been observed for other fish species. For example, 

LeMoine et al. (2008) observed that in goldfish fasted for 3 weeks, both CS 

enzyme activity per g tissue and CS transcript abundance remained 

unchanged. However CS enzyme activity per g tissue decreased by 

approximately 50% without there being a change in CS transcript abundance 

in the liver.  This is also consistent with our theory that the regulation of CS 

enzyme activity is most likely not at the transcriptional level. 

5.4.6. Effects of tissue type and restricted feeding on COXI transcript 

abundance 

COX is a large enzyme made up of 13 different subunits, 10 of which are 

nuclear encoded and 3 of which are mitochondrially encoded (Ludwig et al., 
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2001, Duggan et al., 2011). This makes it challenging to understand how COX 

enzyme activity is regulated as this regulation may occur at different levels. 

The catalytic core of COX is comprised of the 3 mitochondrially encoded 

subunits (COXI, COXII and COXIII) (Soto et al., 2012). Therefore, we 

investigated the transcript abundance of COXI due to its essential role for the 

functioning of the enzyme. COXI transcript abundance was approximately 3-

fold greater in the red muscle compared with the white muscle. This was 

surprising because COX enzyme activity per g tissue was 6-fold greater in the 

red muscle compared with the white muscle. Although the apparent difference 

between the red muscle and the white muscle was large, it was not statistically 

significant. There could be several possible explanations for this. One 

explanation could be that the availability of the COXI subunit is not rate limiting 

during the assembly of the COX enzyme complex. Another explanation could 

be that the regulation of COX is at the post-transcriptional or post-translational 

level, rather than the transcriptional level. Similarly, we have previously 

observed that COXI transcript abundance per g tissue was 2 to 12-fold greater 

in the red muscle, compared with the white muscle of juvenile PBT but COX 

enzyme activity per g tissue was consistently 12.5-fold greater in the red 

muscle compared with the white muscle (Chapter 3). In contrast to our findings 

with YTK and PBT, Leary et al. (2003) observed that the COXI transcript 

abundance was approximately 3-fold greater in the red muscle compared to 

the white muscle of rainbow trout. This was very similar to the approximately 

4-fold greater COX enzyme activity in the red muscle compared with the white 

muscle that they observed for the same fish. The lack of consistency between 

different studies suggests that further investigation is required to fully 

understanding how COX protein expression/enzyme activity is regulated in 

YTK and in fishes in general. 

Feed restriction decreased COX enzyme activity by 29% in the red muscle 

whereas it increased this activity in the liver by 20% and did not affect the 

activity in the white muscle in the juvenile YTK we studied. In contrast, there 

was no statistically significant effect of this treatment on transcript abundance 

for the COXI subunit in any of the tissues in response to restricted feeding. 

These data suggest that restricted feeding had no impact on the transcription 

of the COXI gene. In contrast, LeMoine et al. (2008) observed that there was 



237 
 

an approximately 6-fold increase in COXI transcript abundance in the white 

muscle and an approximately 50% decrease in COXI transcript abundance in 

the liver, while it remained unchanged in the red muscle of goldfish fasted for 

three weeks. The reason why our findings differed from those of this previous 

study could be due to the difference in the feeding treatment. Unlike in our 

study where YTK were fed 0.1% (w/w) once per week, the fish were fasted in 

the previous study. This could suggest that rapid changes in COX enzyme 

activity can occur at the post-transcriptional or post-translational level when 

feed is restricted but under fasting conditions changes in the transcription of 

the COX subunits are required. We did however observe a small yet significant 

correlation between COX enzyme activity and COXI transcript abundance 

when all tissues were considered. LeMoine et al. (2008) observed that there 

were stronger correlations between COX enzyme activity and the transcript 

abundance of the nuclear encoded COX IV subunit compared with the 

mitochondrial COXI subunit. This suggests that COXIV transcript abundance 

may be a better indicator of COX enzyme activity than COXI transcript 

abundance.  

5.4.7. Effects of tissue type and restricted feeding on PK transcript 

abundance 

PK transcript abundance was approximately 29-fold greater in the white 

muscle compared with the red muscle and approximately 2000-fold greater in 

the white muscle compared with the liver and the differences were statistically 

significant. The pattern in PK transcript abundance was to some extent 

consistent with what we had observed for PK enzyme activity except that the 

fold changes were not of the same magnitude. Specifically, PK enzyme activity 

per g tissue was approximately 5-fold greater in the white muscle compared 

with the red muscle and approximately 60-fold greater in the white muscle 

compared with the liver. Similar results have previously been found in PBT 

(Chapter 3). The difference in PK transcript abundance per g tissue ranged 

from 7 to 40-fold greater in the red muscle, compared with the white muscle 

but PK enzyme activity per g tissue was approximately 4.3-fold higher in the 

white muscle than it was in the red muscle (Chapter 3). As far as we are aware, 

this is the first time that the transcript abundance of PK has been compared 

between the red and white muscle in fish. Together these data suggest that 
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the large differences in transcript abundance result in much smaller differences 

in enzyme activity but that there is an overall similar pattern in terms of the 

differences in enzyme activity and the differences in transcript abundance 

between the red and the white muscle for PK. In other words, PK enzyme 

activity is substantially greater in the white muscle than in the red muscle and 

the same is true for PK transcript abundance.  

We observed that feed restriction had no significant effect on PK transcript 

abundance in red muscle, white muscle or liver of our juvenile YTK. This was 

not what we observed for PK enzyme activity per g tissue. Feed restriction 

decreased PK enzyme activity by 33% in the red muscle whereas it did not 

affect this activity in the white muscle or the liver of the YTK juveniles we 

studied.  In contrast, it has previously been reported that there was an 

approximately 4-fold increase in PK transcript abundance in the white muscle 

of rainbow trout that had been fasted for 30 days (Johansen and Overturf, 

2006). As with COX enzyme activity, the reason we might not have observed 

such a finding could be due to the difference in the feeding treatments between 

the previous study and our own. Unlike in our own study where feed was 

supplied at a restricted quantity, the feed was totally withheld from the fish in 

the previous study. 

5.4.8. Sequence analysis of a PGC-1α cDNA cloned from YTK red 

muscle  

The 2,789 bp PGC-1α cDNA we cloned from YTK red muscle encoded a near-

complete PGC-1α protein with strong similarity to other PGC-1α proteins, 

especially from the ray-finned fishes. The two transcriptional activation 

domains in the N-terminus region, as well as the tri-lysine motif and the three 

leucine-rich motifs were highly conserved between the YTK PGC-1α protein 

and the PGC-1α proteins of the other classes of vertebrates (Sadana and Park, 

2007a, Knutti et al., 2001, LeMoine et al., 2010a). In mammals, it has been 

hypothesised that the AD1 and AD2 domains increase transcriptional 

activation of PGC-1 target genes by interacting with the basal transcription 

machinery (Sadana and Park, 2007a). The L1 motif is within the AD2 domain, 

which is responsible for binding to the basal transcription machinery. The L2 

motif facilitates binding between PGC-1α and transcription factors from the 
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nuclear receptor family, including PPARα (Vega et al., 2000).  However, not 

all nuclear receptors interact with the L2 motif. In mammals, the L3 motif 

facilitates binding between PGC-1α and ERRα, another member of the nuclear 

receptor family (Huss et al., 2002). The tri-lysine motif is typical of the NRF-1 

interaction domain of vertebrate PGC-1 proteins (LeMoine et al., 2010a). 

The canonical NRF-1, PPARγ and MEF2 transcription factor binding domains 

that are found in most vertebrates, were interrupted by a serine (S)-rich 

insertion, a glutamine (Q)-rich insertion and several mixed amino acid residue 

insertions in the YTK PGC-1α amino acid sequence. These insertions were 

only found in the YTK and swordfish sequences, both of which are bony-fishes 

in the subclass of ray-finned fish. This suggests that the insertions are 

characteristic of the ray-finned fishes and not any other vertebrates, including 

the cartilaginous fishes and the lobe-finned fishes, the latter of which are also 

in the subclass of bony-fishes. The same has previously been observed by 

LeMoine et al. (2010a), who investigated the evolution of PGC-1α in 

vertebrates by comparing the PGC-1α amino acid sequences of other classes 

of vertebrates with several other ray-finned fishes. From this, LeMoine et al. 

(2010) concluded that these insertions had potential to prevent interactions 

between PGC-1α and NRF-1, thereby hindering the capacity of PGC-1α to 

coactivate the NRF-1 induced upregulation of the transcription of genes that 

encode enzymes in the mETC. To investigate this possibility, Bremer et al. 

(2016) performed a series of co-immunoprecipitation experiments between 

recombinantly expressed proteins from zebrafish, goldfish and rat. The NRF-

1 protein interaction domain was from zebrafish and the truncated PGC-1α 

protein, containing the transcription activation domain and the NRF-1 binding 

domain in the N-terminal region was from either rat or goldfish. They observed 

that the zebrafish NRF-1 protein bound to the NRF-1 interaction domain for 

the rat but not the goldfish PGC-1α protein. This could indicate that the amino 

acid inserts within the NRF-1 interaction domain of our YTK PGC-1α amino 

sequence could also prevent binding between the NRF-1 and PGC-1α proteins 

in YTK. However, Bremer et al. (2016) advised caution when interpreting their 

findings, as only truncated PGC-1α proteins were utilised for their study. In 

other words, when in its native structure, the complete PGC-1α protein may 

respond differently. 
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The MEF2 binding domain in the YTK PGC-1α protein was also interrupted by 

amino acid insertions. The same was true for swordfish, the other 

representative species of the ray-finned fishes but not for any of the other 

organisms we aligned our YTK PGC-1α amino acid sequence with. The 

interruptions in the MEF2 binding domain have also been observed for many 

other ray-finned fishes (LeMoine et al., 2010a). Interestingly, the MEF2 domain 

has been reported to be the least conserved region of the PGC-1α protein 

domains in all classes of vertebrates (LeMoine et al., 2010a). All other 

vertebrate PGC-1α sequences, including those from lobe-finned fishes and 

cartilaginous fishes, have been shown to have no disruption of their MEF2 

binding domains. Thus, the inserts in the PGC-1α sequence are unique to the 

ray-finned fishes. The insertions found in the MEF2 binding domain of ray-

finned fishes suggest that either the interaction between PGC-1α and MEF2 

may not occur in ray-finned fishes as it does in other vertebrates or the MEF2 

binding domain may differ between ray-finned fishes and other vertebrates and 

that the folding of the PGC-1α protein may be different but binding still occurs.  

It has not previously been shown whether the MEF2 protein from any source 

can bind to ray-finned fish PGC-1α. To investigate this possibility, co-

immunoprecipitation experiments between recombinant fish MEF2 and PGC-

1α proteins could be performed, similar to the ones performed by Bremer et al. 

(2016) between the PGC-1α protein and the NRF-1 protein. 

5.4.9. Effect of tissue type and feed restriction on PGC-1α transcript 

abundance 

We observed that PGC-1α transcript abundance was 4-fold greater in the red 

muscle compared with the white muscle in our juvenile YTK specimens but 

this apparent difference was not statistically significant. The lack of statistical 

significance was most likely due to the large fish to fish variation in PGC-1α 

transcript abundance we observed. However, CS and COX enzyme activities, 

per g tissue, indicated that the mitochondrial abundance was higher in the red 

muscle compared to the white muscle of our YTK specimens. Even if PGC-1α 

does not have a similar role in the upregulation of mitochondrial biogenesis in 

fishes as it does in mammals, it is possible that it is still involved in the 

upregulation of genes that encode enzymes involved in fatty acid β-oxidation. 

Fatty acid β-oxidation occurs in the mitochondria. Therefore, it was expected 
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that PGC-1α transcript abundance would still be higher in the red muscle than 

in the white muscle. We also observed 14-fold greater PGC-1α transcript 

abundance in the liver compared with the red muscle in our juvenile YTK 

specimens but this apparent difference was not statistically significant. 

Similarly in mice, PGC-1α transcript abundance has been shown to be 

approximately the same in the soleus muscle (composed predominantly of red 

muscle fibres) and liver (Reynolds et al., 2015).   

We observed that PGC-1α transcript abundance was 3-fold higher in the red 

muscle and 7-fold higher in the white muscle of our feed restricted fish 

compared with the control fish and the differences were statistically significant, 

whereas, there was no difference between the feed restricted and the control 

fish in the liver. In contrast, goldfish fasted for three weeks exhibited an 

apparent 50% increase in the PGC-1α transcript abundance in their liver but 

the effect was not statistically significant (LeMoine et al., 2008). Similarly, an 

increase in PGC-1α transcript abundance in response to calorie restriction has 

also been observed in mammals. Specifically, it has previously been reported 

that calorie restriction (feed provided on alternate days for 3 months) results in 

an approximately 3-fold higher PGC-1α transcript abundance in the liver of 

calorie-restricted mice compared with control mice (fed ad libitum) (Nisoli et 

al., 2005). Similarly, it has been observed in calorie restricted mice, fed ad 

libitum on alternate days for 3 months, that PGC-1α protein expression was 

~3-fold higher in the liver and soleus muscle compared to what it was in the 

control mice that were fed ad libitum every day for the duration of the 

experiment (Ranhotra, 2010). Fasting for 24 h has been reported to stimulate 

a statistically significant 3.7-fold higher PGC-1α transcript abundance in the 

liver of fasted mice compared with control mice (allowed free access to food) 

(Yoon et al., 2001). This suggests that neither feed restriction nor fasting 

stimulate an increase in PGC-1α transcript abundance in fishes, as they do in 

mammals.  

The response to feed-restriction and fasting is different depending on the 

species and the treatment in both mammals and fishes. In the study by Nisoli 

et al. (2005), where mice were feed restricted (feed provided to mice on 

alternate days for 3 months), the expression of genes (PGC-1α, NRF-1 and 

mitochondrial transcription factor A (Tfam)) and proteins (cytochrome c 
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oxidase (COXIV) and cytochrome c (cyt c)) involved in mitochondrial 

biogenesis and function was significantly higher in the feed-restricted mice 

compared with mice fed to satiation. In contrast, Hancock et al. (2011) 

observed that when rats were either fed to satiation (control) or fed 70% of the 

average amount of food eaten by the control group (calorie restricted) for 14 

weeks, there was no difference in either the transcript abundance or protein 

expression of PGC-1α in the liver, brain, adipose tissue, skeletal muscle or 

heart between the control and the calorie-restricted rats. Similarly, Miller et al. 

(2012) found that in lifelong 40% calorie-restricted mice there were significant 

increases in PGC-1α transcript abundance in the skeletal muscle and liver 

which did not correspond to changes in PGC-1α protein abundance. Miller et 

al. (2012) also found that mitochondrial protein synthesis, calculated as the 

change in the enrichment of deuterium-labelled alanine using gas 

chromatography–mass spectrometry (GC-MS) did not correspond to the 

increases in PGC-1α transcript abundance. This was consistent with the 

increase in mitochondrial capacity, as indicated by an increase in CS and COX 

enzyme activity per g tissue in the liver of our feed restricted YTK but there 

being no corresponding increase in PGC-1α transcript abundance in the same 

tissue. From this it is apparent that further investigation is needed to fully 

understand the relationship between feed restriction and mitochondrial 

biogenesis in both mammals and fishes. 

In mammals, higher PGC-1α transcript abundance is associated with higher 

transcript abundances for the gluconeogenic enzymes phosphoenolpyruvate 

carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) (Yoon et al., 

2001, Lin et al., 2003). The genes that encode these enzymes are upregulated 

by hepatocyte nuclear factor 4α (HNF-4α), a transcription factor known to 

interact with PGC-1α (Finck and Kelly, 2006, Rhee et al., 2006, Yoon et al., 

2001). Increases in PGC-1α transcript abundance have been reported to 

coincide with increases in the expression of PPARα target genes involved in 

hepatic fatty acid β-oxidation (Koo et al., 2004, Finck and Kelly, 2006).  This 

suggests that PGC-1α stimulates the activation of gluconeogenesis to maintain 

blood glucose levels by utilising fatty acids as a fuel source to fuel anabolic 

processes during fasting. However, we observed no statistically significant 

change in PGC-1α transcript abundance in response to feed restriction in the 
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liver of YTK. This could suggest that PGC-1α does stimulate the activation of 

gluconeogenesis in fishes as it does in mammals. Alternatively, the lack of 

upregulation in response to feed restriction could indicate that, in fishes, 

increases in PGC-1α transcript abundance only occur in response to fasting, 

not feed restriction. 

Fuentes et al. (2013) observed that in fine flounder (Paralichthys adspersus) 

fasted for a period of three weeks there was a 1.6-fold greater amount of PGC-

1α protein in the white muscle of the fasted fish compared with the control fish. 

This coincided with a 1.5- to 2-fold greater succinate dehydrogenase (Complex 

II), cytochrome c oxidase (Complex IV) and ATP synthase (Complex V) protein 

content in the same tissue. These complexes are the major constituents of the 

mETC. Therefore, fasting appeared to increase mitochondrial biogenesis in 

this fish species. In addition, it was observed that there was an approximately 

1.6-fold increase in the amount of the phosphorylated (active) form of the AMP-

activated protein kinase (AMPK) protein at the end of the 3 weeks of fasting. 

AMPK is known to activate the PGC-1α protein in mouse skeletal muscle cells 

by phosphorylating the PGC-1α protein at Thr177 and Ser538 (Jager et al., 2007). 

Therefore, Fuentes et al. (2013) proposed that the increase in mitochondrial 

biogenesis was caused by the activation of the PGC-1α protein via 

phosphorylation by AMPK.  

However, 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranosyl 5'- 

monophosphate (AICAR, an analog of AMP that is capable of stimulating 

AMPK) treatment of zebrafish blastula cells to increase the phosphorylation of 

AMPK did not result in an increase in the transcript abundance of the PGC-1α, 

NRF-1 or downstream target genes that are stimulated by the interaction 

between PGC-1α and NRF-1 (Bremer et al., 2016). As mentioned above, this 

could be due to a lack of interaction occurring between the PGC-1α and NRF-

1 proteins in fishes. When investigating the relationship between AMPK and 

PGC-1α further, it was revealed that a human PGC-1α peptide corresponding 

to the AMPK phosphorylation site could be phosphorylated in vitro by human 

AMPK but zebrafish and goldfish PGC-1α peptides could not be 

phosphorylated by human AMPK (Bremer et al., 2016). PGC-1α amino acid 

sequence alignments of organisms from the different classes of vertebrates 

have shown that in fishes, including goldfish and zebrafish, the essential Thr177 
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targeted by AMPK to phosphorylate the PGC-1α protein, is not present 

(Bremer et al., 2016). This was consistent with our finding that this residue was 

not conserved in YTK or any fishes from the classes of bony fishes or the 

cartilaginous fishes. This suggests that AMPK does not activate the PGC-1α 

protein in fishes by phosphorylating the essential Thr177 residue because this 

residue is not present in fishes. 

5.4.10. Effects of tissue type and feed restriction on PPARα transcript 

abundance 

In mammals such as mice, rats and humans, PPARα transcript abundance is 

high in tissues with high mitochondrial β-oxidation activity such as the liver and 

the skeletal muscle (Braissant et al., 1996, Desvergne and Wahli, 1999). 

Specifically, the transcript abundance of PPARα has been shown to be 

approximately 5-fold greater in the liver than in the skeletal muscle of rats 

(does not specify what type of muscle) (Lemberger et al., 1996). We observed 

that PPARα transcript abundance was approximately 2-fold higher in the white 

muscle compared with the red muscle and 500-fold greater in liver compared 

with the red muscle in our YTK specimens. Due to the large fish to fish 

variation, however, these apparent differences were not statistically significant. 

Nevertheless, the large apparent difference between the liver and the red 

muscle (500-fold higher transcript abundance in the liver compared with the 

red muscle) suggests that PPARα may have an important role to play in 

regulating hepatic fatty acid β-oxidation. This requires further investigation. 

We observed that feed restriction in YTK led to a 38% decrease in PPARα 

transcript abundance in the red muscle and a 96% decrease in the liver 

compared with the control fish. However, due to the large fish to fish variation, 

these apparently large differences were not statistically significant. In contrast, 

it has previously been shown that when zebrafish were fasted for 70 days, 

PPARα transcript abundance was approximately 1.7-fold higher in the liver of 

the fasted fish compared to the liver of the control fish that were fed ad libitum 

(Olmez et al., 2015). The increase in PPARα transcript abundance may 

upregulate the expression of genes encoding enzymes involved in fatty acid 

β-oxidation which may then upregulate the catabolism of fatty acid reserves 

stored in the body. Similarly, it has been shown that when mice were fasted 
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for 24 hours, PPARα transcript abundance was approximately 5-fold higher in 

the liver compared to the control (fed) mice (Patsouris et al., 2004). In 

mammals, this could to be due to the absence of a dietary fuel source and 

therefore a switch from dietary fatty acids to stored fatty acids as the main fuel 

source (McGarry and Foster, 1980). Evidence of a switch from dietary sources 

of energy to stored fatty acids has previously been reported for YTK (Barreto-

Curiel et al., 2017). It has been reported that when YTK were fasted for a 

period of 35 days there was significantly reduced lipid content in the muscle 

(56% lower) and liver (52%) but muscle protein was largely conserved, being 

neither catabolized nor replenished (Barreto-Curiel et al., 2017). This is 

consistent with YTK utilising their fat reserves before using their protein 

reserves without a dietary energy source, as is true in general in vertebrate 

animals (Lindgård et al., 1992). The findings of the previous studies indicated 

that there was an increase in the capacity for β-oxidation of fatty acids in 

response to fasting in the liver of both mammals and fishes (Patsouris et al., 

2004, Olmez et al., 2015, Barreto-Curiel et al., 2017). However, the apparent 

decrease we observed in PPARα transcript abundance in the liver of YTK 

could suggest that the response to feed restriction may have the opposite 

effect to fasting in fishes. Instead, the decrease in PPARα transcript 

abundance in response to feed restriction could be a means of slowing down 

the transcription of genes that encode the enzymes involved in fatty acid β-

oxidation to avoid using the body’s fatty acid fuel reserves too quickly. 

5.4.11. Effects of tissue type and feed restriction on MCAD transcript 

abundance 

In our study we observed that MCAD transcript abundance in YTK was 

approximately 2-fold greater in the red muscle compared with the white muscle 

and approximately 4-fold greater in the liver compared with the white muscle 

but these differences were not statistically significantly different. Nevertheless, 

this was consistent with MCAD transcript abundance being greater in tissues 

that use fatty acids as their main fuel source. In an early study with rats, it was 

observed that MCAD transcript abundance was greatest in tissues such as the 

heart, skeletal muscle and small intestines compared to tissues such as the 

brain, lung and spleen (Kelly et al., 1989). From this it was concluded that 
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MCAD transcript abundance was high in tissues that use fatty acids as their 

main fuel source such as the red muscle and to a lesser extent the liver.  

We observed that feed restriction had no effect on MCAD transcript abundance 

in either the red muscle or the white muscle in YTK. However, we did observe 

an apparent 50% decrease in MCAD transcript abundance in the liver in 

response to feed restriction but this was not statistically significant. In contrast, 

it has previously been shown that when goldfish were fasted for three weeks, 

MCAD transcript abundance remained unchanged in the red muscle, was 2-

fold greater in the white muscle and was 50% lower in the liver and these 

changes were statistically significant (LeMoine et al., 2008). In another 

previous study, rainbow trout that were feed restricted by being fed to apparent 

satiation once per week for 31 days, showed no change in the transcript 

abundance of MCAD in the white muscle (Kondo et al., 2012). Together with 

our data, this indicated that feed restriction had no effect on the gene 

expression of MCAD in the white muscle but fasting resulted in an increase in 

MCAD gene expression. No change in MCAD gene expression in response to 

feed restriction may be a means of preserving the fatty acid stores within the 

body, whereas fasting results in more of a dependency on those stores, 

resulting in increased mobilisation of fatty acids in the white muscle. 

Interestingly, the opposite was true for the liver of goldfish, where MCAD gene 

expression decreased in response to fasting, suggesting that fasting may 

result in a decrease in fatty acid β-oxidation in the liver of fishes (LeMoine et 

al., 2008). To gain a better understanding of the role of β-oxidation in the liver 

of YTK in response to restricted feeding, the next logical step would be to 

analyse the protein expression of enzymes involved in β-oxidation such as 

MCAD as well as the protein expression of PPARα and PGC-1α. This will tell 

us whether there is an increase in the abundance of the enzymes that break 

down fatty acids and whether this is regulated by an increase in PPARα and 

PGC-1α protein. 

5.4.12. Conclusions 

This study investigated the effects of restricted feeding on the aerobic and 

glycolytic metabolic capacity of YTK red muscle, white muscle and liver in the 

unfavourably cold conditions of the Australian winter. We found that 
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mitochondrial abundance and by inference aerobic metabolic capacity were 

greater in the red muscle compared with the white muscle or the liver. We also 

found that feed restriction significantly increased mitochondrial enzyme activity 

in the liver. This suggested that the aerobic metabolic capacity of the liver 

increased in response to feed restriction. The increase in aerobic metabolic 

capacity could be a response to enable the fish to respond more rapidly and 

effectively when feed becomes more readily available in the future. In contrast, 

the glycolytic metabolic capacity of the fish was greater in the white muscle 

than in the red muscle or the liver. We also found that there was significantly 

lower PK enzyme activity in the red muscle of the feed restricted fish compared 

to the control fish but there was no effect in the white muscle or liver. This 

suggested that the glycolytic metabolic capacity of the red muscle decreased 

in response to feed restriction. This response may be a result of feed restricted 

YTK limiting their physical activity to conserve fuel reserves within the body. In 

addition, we observed that the YTK PGC-1α amino acid sequence was highly 

similar to PGC-1α amino acid sequences from other ray-finned fishes but 

substantially different in some respects from these proteins in all other 

vertebrates. In particular, there were amino acid insertions within the NRF-1, 

PPARγ and MEF2 transcription factor binding domains. These inserts are 

features that are not found in any other class of vertebrates. This suggests that 

PGC-1α may interact differently, or not at all with these transcription factors. 

The highly variable transcript abundance of PGC-1α, PPARα and MCAD made 

it difficult to fully determine the role of these genes in response to feed 

restriction in YTK. To gain a better understanding of the role of β-oxidation in 

the liver of YTK in response to restricted feeding the next logical step is to 

analyse the enzyme activity of enzymes involved in β-oxidation such as MCAD 

as well as the protein expression of MCAD, PPARα and PGC-1α. 
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CHAPTER 6 - Conclusions and future directions 
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6.1. Conclusions and future directions  

This thesis has first reported on an investigation of the development of regional 

endothermy in juvenile PBT. Secondly, this thesis has reported on an 

investigation of the effects of feed restriction/suboptimal water temperatures 

on the aerobic and glycolytic metabolic capacity in YTK. This chapter presents 

a summary of the major discoveries reported in this thesis and future research 

that could further develop what has been presented here. 

In Chapter 2 we observed a steep linear increase in the red muscle 

temperature elevation in our fish between the sizes of ~20-60 cm FL and 

corresponding to ages ~2 months to ~2 years of age. This indicated that the 

development of red muscle endothermy was occurring in this size range. More 

specifically, we estimated that significant temperature elevation in the red 

muscle of juvenile PBT occurs at a minimum body size of approximately 29 cm 

FL, corresponding to an age of approximately 5.5 months. This was smaller 

than previously published data suggested (Kubo et al., 2008). The red muscle 

mass of PBT scaled slightly less than isometrically with increasing BM 

indicating that increasing red muscle mass as a proportion of total BM was not 

the explanation for the increasing red muscle temperature elevation with 

increasing body size. Instead, a steep linear increase in the length and the 

maximum number of blood vessel rows of the red muscle retia correlated well 

with the increase in temperature elevation in the red muscle. Therefore, it is 

likely that the development of the red muscle retia is the most important factor 

supporting the development of red muscle endothermy in PBT. 

We also observed a modest linear increase in the temperature elevation of the 

viscera with increasing body size. The increase in visceral temperature 

elevation corresponded with a steep linear increase in the total cross-sectional 

area and therefore the number of blood vessels within the visceral rete. 

Therefore, it is likely that the development of the visceral rete is the most 

important factor supporting the development of visceral endothermy in PBT. 

Due to the difficulties involved with maintaining PBT in captivity, the specimens 

used for this investigation were either wild caught or wild caught and then 

farmed. As a result, the water temperature varied between the times of 
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sampling for the different sized fish. Thus, to more accurately determine the 

minimum body size required for regional endothermy in juvenile PBT, 

temperature measurements of the red muscle, viscera and cranium in fish of 

the same size range we investigated here could be performed but at a 

standardised ambient water temperature. A low ambient water temperature of 

10-15°C could reveal whether the ability for ~20 cm FL PBT to elevate the 

temperature of their red muscle, viscera and cranium above the surrounding 

environment is greater than the specimens we obtained from ~30°C waters. In 

the future, the continuation of this investigation should include PBT specimens 

that are both smaller and larger than the specimens we analysed for this study. 

This will provide an indication of the minimum size/age at which the 

temperature elevations start to occur in juvenile PBT and the size/age at which 

the maximum temperature elevation occurs. 

In Chapter 3 we investigated the effects of muscle type, body size and water 

temperature on CS and COX enzyme activity as indicators of aerobic 

metabolic capacity and PK enzyme activity as an indicator of glycolytic 

metabolic capacity in red and white muscle of young PBT juveniles undergoing 

the ontogenetic transition from ectothermy to regional endothermy. We 

observed that CS and COX enzyme activity was approximately one order of 

magnitude greater in the red muscle compared with the white muscle in our 

juvenile PBT specimens. This was consistent with red muscle being more 

aerobic than the white muscle. The CS enzyme activity, per g tissue, 

decreased in the red muscle and the white muscle with increasing body size. 

This suggested that the mitochondrial abundance and therefore aerobic 

metabolic capacity of the skeletal muscle in PBT decreased with increasing 

body size. This may be a method of preventing overheating as the surface 

area to volume ratio decreases with increasing body size. However, unlike the 

CS enzyme activity, the COX enzyme activity, per g tissue, remained constant 

in the red muscle and the white muscle with increasing body size. This 

suggested that the folding of the mitochondrial inner membrane may increase 

with increasing body size, possibly to compensate for the decrease in 

mitochondrial abundance (as indicated by the decreasing CS enzyme activity). 

Overall this suggested that the development of red muscle endothermy in PBT 

is not a result of an increase in mitochondrial abundance per g tissue and 
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therefore heat generated by an increase aerobic metabolic activity in the red 

muscle. The transcript abundance of CS and COX did not correlate well with 

the enzyme activity regardless of whether the data were expressed relative to 

the house-keeping gene β-actin or not. This indicated that the differences in 

enzyme activity we observed were not due to regulation at the transcriptional 

level. 

In the future, electron microscopy could be utilised to directly visualise the 

mitochondria within PBT red muscle and white muscle samples to determine 

if the interpretation of our mitochondrial enzyme activities is accurate and 

mitochondrial abundance decreases while mitochondrial inner membrane 

folding increases in the red muscle and white muscle of juvenile PBT with 

increasing body size. 

The PK enzyme activity was 4.3-fold greater in the white muscle compared to 

the red muscle. This was indicative of the white muscle having a much higher 

glycolytic capacity then red muscle. The PK enzyme activity increased in the 

white muscle but not the red muscle with increasing body size. This indicated 

that the glycolytic capacity of the white muscle increased with increasing body 

size. A possible reason for the increase could be to allow larger-bodied fishes 

to be able reach the same burst swimming velocities as smaller-bodied fishes. 

PK transcript abundance was also statistically significantly greater in the white 

muscle compared to the red muscle. This was consistent with the PK enzyme 

activity being regulated at the transcriptional level. However, in contrast to the 

increase in PK transcript abundance with increasing body size in the white 

muscle, there was a statistically significant decrease in the transcript 

abundance. This indicated that PK may also be regulated at the post-

transcriptional level. 

In Chapter 4 we observed that the PBT PGC-1α protein sequence was highly 

similar to PGC-1α protein sequences from other ray-finned fishes, a subclass 

of the bony fishes. Amino acid insertions within the NRF-1, PPARγ and MEF2 

binding domains of the PGC-1α protein sequence are a feature that ray-finned 

fishes have in common and PBT is no exception. This was consistent with the 

findings of LeMoine et al. (2010a) who observed insertions in the same binding 

domains. These insertions are not found in any other class of vertebrate or 
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even within the lobe-finned fishes, the second subclass of bony fishes. This 

suggests that PGC-1α may not be involved in regulating mitochondrial 

biogenesis and function in fishes, as it is in mammals. Co-immunoprecipitation 

assays with PGC-1α or PGC-1β protein from PBT with NRF-1, PPARγ and 

MEF2c protein from PBT could be performed to determine whether the 

interactions with the PGC-1 transcription factors and these transcription factors 

occur in PBT. This process would use recombinantly expressed proteins all 

from the same species of fish. Thus, the results would give an accurate 

representation of what occurs in PBT. 

PGC-1α transcript abundance ranged from ~20- to ~100-fold greater in the red 

muscle compared to the white muscle. This was much greater than the 

differences we observed in mitochondrial abundance, indicated by the CS and 

COX enzyme activity in these tissues. In contrast, PGC-1β transcript 

abundance was ~5- to ~9-fold greater in the red muscle than in the white 

muscle. This was similar to the difference in mitochondrial abundance, which 

was approximately one order of magnitude greater in the red muscle than in 

the white muscle. Unlike in mammals, these data suggest that PGC-1β, not 

PGC-1α, may have more of a role in mitochondrial biogenesis in fishes. 

However, the temperature elevation we observed in the red muscle of our PBT 

specimens with increasing body size (Chapter 2) was not paralleled with an 

increase in the transcript abundance of PGC-1α or PGC-1β with increasing 

body size. This suggests that the temperature elevation in the red muscle of 

our PBT specimens was not influenced by the expression of these genes. 

We observed greater PPARα and MCAD transcript abundance in the red 

muscle compared to the white muscle. This was consistent with their role in β-

oxidation and red muscle being highly aerobic and therefore having a high 

utilisation of fatty acids as a fuel source in this tissue. There were strong 

positive correlations between the transcript abundances of PPARα and MCAD 

with the PGC-1α and PGC-1β transcriptional coactivators, which provides 

evidence that the PGC-1 transcriptional coactivators may upregulate β-

oxidation in these tissues. Similar to the transcript abundance of PGC-1α and 

PGC-1β, the transcript abundance of PPARα and MCAD did not increase with 

increasing body size either. This suggests that an increase in mitochondrial 
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activity (i.e.  β-oxidation) was not the reason for the steep linear temperature 

elevation we observed in the red muscle of our PBT specimens. 

This was interesting because it has previously been shown that small (20–25 

cm FL) PBT juveniles prey upon small squid and zooplankton and as they grow 

larger (25–40 cm FL) their diet gradually shifts to epipelagic and mesopelagic 

fishes (Shimose et al., 2013). This reported shift in diet occurs at approximately 

the same size at which we estimate the switch from ectothermy to red muscle 

endothermy occurs in juvenile PBT. Although both temperature elevation in 

the red muscle and a shift in diet seemingly occur concurrently, it is unknown 

if this diet shift contributes to the development of red muscle endothermy. Here 

we have shown that there was no change in PPARα or MCAD transcript 

abundance with increasing body size in PBT. Future research could 

investigate the protein content of PPARα and MCAD to determine whether 

protein content correlates with the transcript abundances we reported here or 

whether it is coincident with a shift in diet.  

In Chapter 5 we investigated the effects of feed restriction on the aerobic and 

glycolytic metabolic capacity of the red muscle, white muscle and liver of 

farmed YTK cultured at suboptimal water temperatures. We determined that 

CS and COX enzyme activities per g tissue were 8-fold and 6-fold greater, 

respectively, in the red muscle compared with the white muscle in our YTK 

specimens. This was consistent with red muscle being more aerobic than the 

white muscle, as was observed in PBT (Chapter 3). 

Additionally, CS and COX enzyme, per g tissue, were 57% and 20% greater, 

respectively, in the liver of feed restricted YTK compared to satiated YTK. This 

suggested that the aerobic capacity of the liver increased in response to feed 

restriction. This could have been to facilitate an increase the capacity for β-

oxidation in response to reduced dietary fatty acid supply. The liver of our feed 

restricted YTK could have been priming itself to break down fatty acids when 

they become available. 

We observed that the YTK PGC-1α protein sequence was highly similar to 

PGC-1α protein sequences from other ray-finned fishes, including PBT. This 

included amino acid insertions within the NRF-1, PPARγ and MEF2 binding 
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domains. This supported the theory that PGC-1α may not be involved in 

regulating mitochondrial biogenesis and function in fishes, as it is in mammals. 

Feed restriction resulted in PGC-1α transcript abundance being 3-fold greater 

in the red muscle and 7-fold greater in the white muscle compared to the 

control fish. This increase in PGC-1α transcript abundance did not correspond 

with an increase in CS or COX enzyme activity. Therefore, it is unlikely that 

the feed restriction-induced increase in PGC-1α transcript abundance was 

related to an increase in mitochondrial abundance. Further investigation will 

be required to understand what this increase means. 

Fasting and suboptimal water temperatures have been shown to have 

opposing effects on mitochondrial abundance in the skeletal muscle of fishes, 

with fasting resulting in an increase in mitochondrial abundance and 

suboptimal water temperatures resulting in an increase. Additionally, the 

effects of feed restriction on the aerobic metabolic capacity in fishes have 

never been explored. This makes it difficult to determine whether the results 

observed during this study were due to feed restriction or suboptimal water 

temperature. To gain a better understanding of the effects of feed restriction 

on the aerobic metabolic capacity of the red muscle, white muscle and liver of 

YTK, the same experiment could be repeated at the optimal temperature for 

the growth of YTK (22.8°C) side by side with a suboptimal temperature.  

Additionally, comparing the aerobic metabolic capacity in the red muscle, white 

muscle and liver of feed restricted YTK to fasted YTK would provide a better 

understanding of how energy stores are utilised under the two states of feed 

deprivation in this species of fish.  

In conclusion, this thesis has used a variety of methods to describe the 

development of regional endothermy in juvenile PBT. The results of this have 

advanced the current understanding of the anatomical, physiological and 

molecular changes that occur in juvenile PBT as they transition from being 

ectothermic to regionally endothermic. Furthermore, the work with PBT has 

provided a foundation for future researchers to further investigate the 

development of regional endothermy in PBT and other regionally endothermic 

fish species. Additionally, this thesis has used a variety of methods to describe 

the effects of feed restriction in YTK at suboptimal temperatures. The results 
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of this advanced the current understanding of the effects of feed restriction in 

fishes compared to fasting. 
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Appendix 1. Confirmation of the 

species identity of the PBT specimens 

 

  

 
Fig. A1.1. A phylogeny of COXI nucleotide sequences from the eight species that 
make up the genus Thunnus, including three sequences from the fish sampled in this 
study. The sequences were obtained from the GenBank database (available at 
http://www.ncbi.nlm.nih.gov/). Katsuwonus pelamis (skipjack tuna) was used as the 
outgroup to root the tree. Evaluation of statistical confidence was based on 1,000 
bootstrap replicates. Branches with bootstrap values of less than 50 have been 
collapsed. 
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Appendix 2. PCR primer validations 

 

 
Fig. A2.1 β-actin (A) Fluorescence curve, threshold indicated by red line (B) 
Standard curve, colours correspond to the curves in part A (C) Melt curve rate 
of change in fluorescence relative to temperature 
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Fig. A2.2 CS (A) Fluorescence curve, threshold indicated by red line (B) 
Standard curve, colours correspond to the curves in part A (C) Melt curve rate 
of change in fluorescence relative to temperature 
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Fig. A2.3 PBT COXI (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.4 PBT COXIV-1 (A) Fluorescence curve, threshold indicated by red 
line (B) Standard curve, colours correspond to the curves in part A (C) Melt 
curve rate of change in fluorescence relative to temperature 
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Fig. A2.5 PK (A) Fluorescence curve, threshold indicated by red line (B) 
Standard curve, colours correspond to the curves in part A (C) Melt curve rate 
of change in fluorescence relative to temperature 
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Fig. A2.6 PBT PGC-1α (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.7 PBT PGC-1β (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.8 PBT PPARα (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.9 PBT MCAD (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.10 YTK COXI (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.11 YTK PGC-1α (A) Fluorescence curve, threshold indicated by red 
line (B) Standard curve, colours correspond to the curves in part A (C) Melt 
curve rate of change in fluorescence relative to temperature 
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Fig. A2.12 YTK PPARα (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature 
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Fig. A2.13 YTK MCAD (A) Fluorescence curve, threshold indicated by red line 
(B) Standard curve, colours correspond to the curves in part A (C) Melt curve 
rate of change in fluorescence relative to temperature
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Appendix 3. Identity matrix of PGC-1α amino acid sequences 
Table A3.1. PGC-1α amino acid sequence identity matrix, constructed using Clustal Omega (Sievers et al., 2011), comparing YTK and 
PBT with other vertebrate species (for scientific names and GenBank accession numbers refer to Table. 5.3). 

  

YTK PBT Swordfish Clownfish Japanese 
medaka 

Arctic 
char 

Rainbow 
trout Bowfin Zebrafish Golden 

shiner 

Black 
ghost 
knifefish 

Goldfish White 
sturgeon 

Nile 
bichir Chicken Southern 

ostrich Cow Chinese 
alligator Rat 

Green 
sea 
turtle 

Mouse 
African 
clawed 
frog 

Spiny 
dogfish 

Burmese 
python 

Central 
bearded 
dragon 

YTK 100 95 96.21 92.99 85.4 75.88 74.54 71.09 70.36 69.44 69.37 69.2 67.77 64.88 60.32 59.97 59.89 59.66 59.58 59.66 59.37 57.67 55.74 55.61 55.03 

PBT 95 100 93.05 91.5 82.99 71.23 71.88 68.8 69.26 69.48 69.87 69.03 65.42 61.73 58.52 58.52 58.48 57.21 58.82 56.99 58.91 56.51 52.42 53.19 55.12 

Swordfish 96.21 93.05 100 92.09 83.86 74.53 73.46 69.77 69.13 68.31 68.1 67.95 67.14 63.79 59.79 59.54 59.1 58.99 59.04 59.25 58.83 57.18 55.17 54.8 54.86 

Clownfish 92.99 91.5 92.09 100 86.9 75.49 73.63 70.8 69.75 68.32 68.72 68.44 67.35 64.53 60.98 60.65 60.95 60.21 60.38 60.21 60.18 58.03 55.52 56.4 55.97 

Japanese 
medaka 85.4 82.99 83.86 86.9 100 73.62 71.41 69.42 67.49 66.14 66.42 66.06 66.54 63.07 60.16 59.95 59.61 59.51 58.91 59.12 58.84 58.02 54.8 55.43 54.85 

Arctic 
char 75.88 71.23 74.53 75.49 73.62 100 96.33 71.95 72.74 71.6 71.11 70.55 69.77 65.49 61.69 61.24 60.57 61.04 60.7 61.04 60.62 59.03 56.86 56.98 56.55 

Rainbow 
trout 74.54 71.88 73.46 73.63 71.41 96.33 100 70.22 71.55 70.05 69.65 69.53 68.24 64.04 59.73 59.47 58.55 59.04 58.96 58.9 58.88 57.76 56.47 55.57 55.13 

Bowfin 71.09 68.8 69.77 70.8 69.42 71.95 70.22 100 76.21 74.69 75.28 74.69 74.21 70.2 66.58 66.17 64.99 65.35 64.44 65.48 64.35 61.22 63.02 60.48 61.85 

Zebrafish 70.36 69.26 69.13 69.75 67.49 72.74 71.55 76.21 100 91.8 89.93 89.68 67.92 65.87 61.43 61.47 60.99 61.02 60.52 61.29 60.16 59.5 58.83 57.74 57.22 

Golden 
shiner 69.44 69.48 68.31 68.32 66.14 71.6 70.05 74.69 91.8 100 89.68 89.56 66.33 64.81 60.03 59.92 59.19 59.49 58.6 59.89 58.52 58.02 57.55 56.76 55.91 

Black 
ghost 
knifefish 

69.37 69.87 68.1 68.72 66.42 71.11 69.65 75.28 89.93 89.68 100 99.4 66.36 64.1 59.67 59.95 58.69 58.98 58.63 59.4 58.41 57.58 57.16 56.35 56.3 

Goldfish 69.2 69.03 67.95 68.44 66.06 70.55 69.53 74.69 89.68 89.56 99.4 100 66.16 63.71 59.54 59.56 58.57 58.73 58.51 59.27 58.3 57.1 56.88 56.13 55.27 

White 
sturgeon 67.77 65.42 67.14 67.35 66.54 69.77 68.24 74.21 67.92 66.33 66.36 66.16 100 77.17 68.46 68.08 66.62 67.79 65.55 67.25 65.46 63.86 64.57 61.35 62.85 

Nile bichir 64.88 61.73 63.79 64.53 63.07 65.49 64.04 70.2 65.87 64.81 64.1 63.71 77.17 100 67.31 67.31 66.53 66.48 65.7 67.17 65.28 62.36 63.73 60.16 61.69 

Chicken 60.32 58.52 59.79 60.98 60.16 61.69 59.73 66.58 61.43 60.03 59.67 59.54 68.46 67.31 100 96.29 87.28 93.84 86.04 92.45 85.79 75.82 66.62 81.44 83.86 

Southern 
ostrich 59.97 58.52 59.54 60.65 59.95 61.24 59.47 66.17 61.47 59.92 59.95 59.56 68.08 67.31 96.29 100 87.69 95.26 86.56 94.11 86.3 76.38 67.88 82.13 86.78 

Cow 59.89 58.48 59.1 60.95 59.61 60.57 58.55 64.99 60.99 59.19 58.69 58.57 66.62 66.53 87.28 87.69 100 86.4 92.45 86.52 91.95 74.25 66.53 78.91 79.32 

Chinese 
alligator 59.66 57.21 58.99 60.21 59.51 61.04 59.04 65.35 61.02 59.49 58.98 58.73 67.79 66.48 93.84 95.26 86.4 100 85.28 93.33 85.16 76.47 66.76 82.07 83.98 

Rat 59.58 58.82 59.04 60.38 58.91 60.7 58.96 64.44 60.52 58.6 58.63 58.51 65.55 65.7 86.04 86.56 92.45 85.28 100 85.41 98.37 73.46 64.99 77.9 78.81 

Green 
sea turtle 59.66 56.99 59.25 60.21 59.12 61.04 58.9 65.48 61.29 59.89 59.4 59.27 67.25 67.17 92.45 94.11 86.52 93.33 85.41 100 85.28 76.08 67.18 81.19 83.35 

Mouse 59.37 58.91 58.83 60.18 58.84 60.62 58.88 64.35 60.16 58.52 58.41 58.3 65.46 65.28 85.79 86.3 91.95 85.16 98.37 85.28 100 72.94 64.71 77.27 78.18 

African 
clawed 
frog 

57.67 56.51 57.18 58.03 58.02 59.03 57.76 61.22 59.5 58.02 57.58 57.1 63.86 62.36 75.82 76.38 74.25 76.47 73.46 76.08 72.94 100 61.2 69.9 71.37 

Spiny 
dogfish 55.74 52.42 55.17 55.52 54.8 56.86 56.47 63.02 58.83 57.55 57.16 56.88 64.57 63.73 66.62 67.88 66.53 66.76 64.99 67.18 64.71 61.2 100 60.76 62.36 

Burmese 
python 55.61 53.19 54.8 56.4 55.43 56.98 55.57 60.48 57.74 56.76 56.35 56.13 61.35 60.16 81.44 82.13 78.91 82.07 77.9 81.19 77.27 69.9 60.76 100 82.24 

Central 
bearded 
dragon 

55.03 55.12 54.86 55.97 54.85 56.55 55.13 61.85 57.22 55.91 56.3 55.27 62.85 61.69 83.86 86.78 79.32 83.98 78.81 83.35 78.18 71.37 62.36 82.24 100 
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