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Abstract 
 
 

Temperature has a profound effect on biological processes. Enzyme kinetics and 

macromolecular structure are no exception to thermodynamic laws. Therefore, acute, 

seasonal and evolutionary variation in environmental temperature poses a serious 

challenge to organisms whose body temperatures fluctuate with that of the environment. 

There are myriad adaptations that allow such organisms to cope with such challenges, 

including the plasticity of phenotype in response to the thermal environment. In fish, a 

thermal acclimation response has evolved that allows locomotory muscle to acclimate to 

seasonal changes in temperature. Some fish, such as Fundulus grandis, however, persist 

in environments such as estuaries that exhibit severe fluctuation in temperature on time 

scales shorter than the acclimation response can be completed in addition to seasonal 

changes in temperature. These fish must utilize other adaptations that allow them to 

reproduce, avoid predation and forage in spite of such harsh abiotic conditions. It was 

hypothesized that the adaptations permitting the insensitivity of this species to acute 

variation in temperature obviates the need for the typical acclimation response employed 

by other fish.  Therefore, Fundulus grandis will display less of a change in myofibrillar 

ATPase activity, myosin thermostability and will not alter the proportions of the myosin 

isoforms when compared to another eurythermal fish from a less acutely thermally 

variable environment, Carassius auratus. ATPase activities and thermostability of 

glycolytic muscle myosin from these fish, however, could not be successfully examined. 

As these were the primary indicators of the acclimation response utilized in this study, it 

was not possible to fully address the hypothesis. Electrophoresis studies, on the other 

hand, revealed that Fundulus grandis most likely do not alter the expression of myosin 

isoforms in response acclimation temperature, a typified acclimation response across 

many groups. Carassius auratus, on the other hand, do alter the ratio of myosin light 

chain isoforms in response to acclimation temperature and do not alter expression of 

myosin heavy chain isoforms severely in the temperature range tested, both new findings. 

The inability to fully assess the extent of the acclimation response in Fundulus grandis 

also prevented analysis of evolutionary theories regarding the effect of local 

environmental conditions on selective pressures of the acclimation response and its 

evolutionary lability.  
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Introduction and Literature Review 

 

Changes in temperature elicit profound effects on biochemical reaction rates, the 

stabilities of macromolecules and diffusion rates of critical metabolites (Sidell and Hazel, 

1987), pH (Sartoris, 2003) and ionic equilibrium (Lowe and Davison, 2005 ; Lega et al, 

1992 ; Franklin et al, 1991). It is no small feat, then, that organisms whose body 

temperature fluctuates with that of the environment, or poikliotherms
†
, manage to thrive 

and, in some cases, exhibit strong conservation of function across all levels of biological 

organization when environmental temperature can change over evolutionary, 

developmental, seasonal and acute periods of time. Poikliotherms demonstrate many 

fascinating physiological adaptations that allow them to buffer these confounding effects. 

Most notably, poikliotherms may demonstrate plasticity of phenotype
†
 in response to a 

thermally variable environment. Particularly, muscle phenotype tends to be very plastic, 

demonstrating changes from the biochemical to organismal level of organization in 

response to changes in temperature.  

It is important to emphasize that fish are especially sensitive to these temperature 

challenges. Oxygen has a limited solubility in water, with saturation levels approaching 

1.53% in 0ºC fresh water and high atmospheric pressure and as low as 0.42% in 40ºC salt 

water (USGS, 2006) as compared to the atmosphere’s 21% Oxygen. As a result, gill-

breathers must ventilate their respiratory apparatus with a much greater volume than air-

breathers to extract an equivalent amount of oxygen. This factor, coupled with the high 

heat capacity of water and the fact that the rate of thermal diffusivity far exceeds the 

molecular diffusion of oxygen across the gill cell membrane, guarantee that by the time 

blood in the gills is saturated with oxygen it has reached thermal equilibrium with the 
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environment (Hazel, 1993 ; Bone, 2008). Finally, this blood is transported through the 

body by the cardiovascular system. As a result, most fish, with several notable 

exceptions, are obligate ectotherms with body temperatures within 1ºC of ambient water 

(Hazel, 1993). 

A variety of thermal compensatory mechanisms affecting locomotion have 

evolved in the fish lineage as taxa undergoing adaptive radiation have faced various 

thermal challenges. Although there may be considerable overlap, these myriad 

adaptations can be categorized into responses to changes in the thermal environment over 

acute, seasonal or otherwise long-term, and evolutionary time scales. Three classes of 

responses dominate the adaptations that permit fish to cope with acute thermal variability: 

responses mediated by the central nervous system, post transcriptional modification of 

proteins and rapid changes in expression of genes associated with homeostasis of 

metabolism and protein synthesis and degradation. During the evolutionary divergence of 

fish taxa, a diverse array of responses have been adopted to optimize locomotory 

performance to local conditions. Over intermediate periods of time, temperature changes 

that span weeks or months can lead to alterations in the myofibrillar protein complex
†
, 

organization of muscle fibers, and metabolism. 

Most fish that experience a thermally variable environment, or eurythermal
†
 fish, 

exhibit such adaptations. Some fish, such as Fundulus grandis, however, live in habitats 

where environmental conditions, including temperature, fluctuate to a great extent on a 

tidal or otherwise short term basis. As expected, these fish’s swimming ability is not 

significantly sensitive to temperature changes.  The rate of temperature change in these 

fish’s environment, however, is much greater than the rate at which thermal acclimatory 
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changes in muscle can occur. In this work, it is hypothesized that such temperature 

generality obviates the need for the normal thermal acclimation response in Fundulus 

grandis. Namely, Fundulus grandis acclimated to temperatures at opposite ends of their 

natural range should have similar myosin isoform composition in their muscles, myosin 

thermostability and similar myofibrillar ATPase activity when compared to a fish from a 

less variable environment, the goldfish. 

This review will address the adaptations present in fish muscle that allow them to 

persist in thermally variable environments. While the adaptations to acute and 

evolutionary thermal stress will be briefly reviewed, the primary focus will be thermal 

acclimation responses in fish muscle at molecular, genetic and protein levels of biological 

organization in an appropriate ecological and evolutionary framework. Promising areas 

for future research will be suggested and the development of the research hypothesis 

given the current state of knowledge will be delivered. 

 

 

Adaptations to Acute Thermal Stress 

Neuromuscular Responses 

Behavior 

Responses alleviating negative locomotory effects of an acutely variable 

environment are often mediated by the nervous system. Indeed, behavioral or 

neuromuscular changes can occur instantly. Fish demonstrate a preferred temperature 

range that can vary according to a number of variables including developmental stage, 

diurnal cycles (Neverman and Wurtsbaug, 1994), thermal history (Konecki et al, 1995), 
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oxygen availability (Crawshaw et al, 1989 ; Schurmann et al, 1991), and accumulation of 

metabolic intermediates (Yoda et al, 2008). In order to maintain body temperature at or 

near the preferred range, fish behaviorally thermoregulate by swimming to regions in the 

water column close to their preferred temperature. Sockeye salmon, for example, migrate 

to depths in the water column nearest the optimum temperature for reproductive 

development prior to anadromous spawning (Newell and Quinn, 2005). Placed in 

temperature gradient tanks both Carrasius auratus and Lepomis cyanellus locate 

themselves near the region of the tank nearest their acclimation temperature (Nelson and 

Prosser, 1979). Such thermoregulatory behavior is initiated as a response to sensory 

information. Fish detect environmental and body temperature from both central and 

peripheral thermoreceptors (Bone, 2008). This sensory input is integrated in the preoptic 

anterior hypothalamus (Crawshaw et al, 1990) ultimately resulting in the demonstation of 

thermoregulatory behavior. Interestingly, acclimation temperature of Fundulus 

heteroclitus has no effect on preferred temperature, as determined by temperature 

selection in a gradient tank. Furthermore, Fundulus spend more time 

 

Figure 1:  Individual Fundulus grandis temperature selection in a gradient tank as a function of time 

(Fangue et al, 2009)  
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outside their ideal range than other fish tested in a similar apparatus. These data 

corroborate other work suggesting the relative insensitivity of Fundulus to temperature 

(Fangue et al¸ 2009). 

Muscle Fiber Recruitment
†
 

  While behavioral thermoregulation can assist organisms in maintaining body 

temperatures near preferred ranges, fish cannot always maintain body temperature during 

acute thermal stress. Muscular power output, however, falls with a Q10
†
 of greater than 

2.0 in many fish species (Rome, 2007). Vertebrates posses an array of specialized muscle 

fiber types that utilize different metabolic strategies and protein isoform expression to 

optimize certain types of performance. These fiber types can be differentially activated, 

or recruited, by the central nervous system (see Appendix I for review of muscle fiber 

types and recruitment strategies). Muscle fiber recruitment is the successive increase of 

muscle fibers signaled to contract by the central nervous system producing increasing 

amounts of force. By recruiting increasing numbers of intermediate and fast glycolytic 

fibers with decreasing temperatures, the nervous system can elicit a response that allows 

fish to combat the decreased power output of muscle after acute exposure to cold 

temperatures.  

Individual fish use the same tailbeat frequency to power locomotion at a certain 

speed and this tailbeat frequency is coupled to the contraction rate of individual muscle 

fibers (Rome et al, 1992 ; Hoar and Randall, 1978). Fish recruit different muscle fiber 

types at various swimming speeds according to the optimization of both power output 

and energetic efficiency. These factors are optimized at a contraction rate 17 – 36% of 
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maximum (Rome et al, 1990). Accordingly, slow oxidative muscle fibers, intermediate 

fibers, and fast glycolytic fibers are successively recruited at increasing speeds (Rome et 

al, 1990 ; Bone, 2008). The maximum rate of contraction for an individual fiber type, 

however, depends on temperature. As a result the temperature ranges at which faster 

contracting muscle is recruited contract. Slow, intermediate and fast twitch muscle are 

still recruited successively at increasing speeds, but the speed at which the nervous 

system begins to recruit new fiber types decreases with an acute exposure to lowered 

temperature (Rome et al, 1990 ; Rome et al, 2000). While the recruitment of faster twitch 

muscle fibers at lower speed allows fish to produce the same force and tailbeat frequency 

at lower temperatures, it comes with the cost of the lowered metabolic efficiency of these 

fiber types (Wakeling et al, 2000).  

 

Post-Translational Modifications of Myofibrillar Proteins 

 Covalent post-transcriptional modifications
†
 of proteins can occur at a rapid rate. 

It is well known that the proteins of the myofibrillar complex undergo post-

transcriptional modifications. The most well studied example is the phosphorylation of a 

specific serine residue on the regulatory light chain (RLC or LC2) of myosin (see 

Appendix I for review of myofibrillar proteins and their functions). While the exact 

function of RLC of myosin in vertebrate skeletal muscle remains unclear, it has been 

shown that phosphorylation of this serine residue leads to several changes in the function 

of myosin (Szczesna-Cordary, 2003). Phosphorylation leads to increased force 

production of the myosin power stroke, ATPase rate, contraction / relaxation rate and 

Ca
2+

 sensitivity of contraction as well as disordering of structure in the myosin head 
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(Sweeney et al, 1993 ; Greenberg et al, 2009). Furthermore, phosphorylation is activated 

after periods of contraction and the kinetics of myosin phosphatases are such that the 

phosphorylation state of LC2 can function as a molecular memory, priming the myosin 

for increased duty (Greenberg et al, 2009). 

 As will become clear throughout this review, these modifications to the kinetics 

and regulation of the myosin power stroke would promote improved myosin function at 

decreased temperature. Thus, it would seem that phosphorylation of myosin LC2 is an 

ideal candidate for response to acute drops in temperature. Despite this clear implication, 

very little work has been done on the phosphorylation of fish LC2. It has been established 

that fish LC2 contains a serine residue that is capable of phosphorylation (Hirayama et al, 

1998), and that phosphorylation levels are variable in vivo within individuals (Huriaux et 

al, 1999 ; Yancey and Johnston, 1982). No work exists, however, investigating the 

phosphorylation state of fish myosin under varying thermal conditions. Work on myosin 

light chain phosphorylation in hibernating hamster, however, suggests that there may be a 

link between temperature and LC2 phosphorylation state (Morano et al, 2005). Future 

work investigating this connection in fish may elucidate a new mechanism by which 

tolerance of a thermally variable environment is conferred in the muscle. 

 

Thermal Acclimation Responses 

 In addition to changes that occur rapidly or over evolutionarily significant periods 

of time, many organisms, especially those at temperate latitudes, experience seasonal 

changes in temperature that occur over weeks or months. These changes, while neither 

rapid nor extreme, can still have deleterious effects on organismal performance because 
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many physiological processes demonstrate Q10s of two or more. In order to avoid these 

deleterious effects, organisms reversibly modify their physiology following 

environmental cues. Undergoing this process as a response to cues from the temperature 

of the natural environment is referred to as thermal acclimatization. The modification of 

physiological processes after temperature experience in the laboratory is referred to as 

thermal acclimation. 

 The effect of thermal acclimation on swimming performance was first noted in 

the goldfish, Carassius auratus, in 1948 (Fry and Hart). Fish were acclimated to varying 

temperatures for several weeks prior to subjection to a forced exercise experiment in a 

rotating chamber. Maximum cruising speed was measured over a range of experimental 

temperatures. Not surprisingly, fish acclimated to low temperatures performed better at 

low temperatures but poorly at high temperatures and vice versa. Furthermore, fish 

acclimated to 5°C were able to demonstrate increased swimming performance up to a 

critical temperature of 18°C, whereas fish acclimated to 35°C were unable to swim at all 

below 20°C (Fry and Hart, 1948). This early work did little to answer the question of 

how the acclimation response occurs or to delineate the function of different muscle fiber 

types in the measured variable, but it did establish that locomotory performance depends 

on thermal history. 

 Throughout the 1970’s and 1980’s the number of biologists interested in the 

thermal acclimation of fish muscle grew substantially. This growth culminated in the 

formation of several laboratory groups that did much to elucidate the molecular 

mechanisms of fish muscle thermal acclimation and integrate phylogenetic and ecological 

information in an attempt to explain the evolution of the response.    
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Most work published since this time has indicated a variety of locomotory behaviors 

depend on thermal history. Studies investigating this phenomenon commonly segregate 

performance of the slow muscle fiber from escape responses powered by glycolytic fast 

twitch muscle. This review will focus on the latter, as the attached study investigates the 

acclimation response in fast twitch muscle. 

The evidence of an acclimation response 

in this muscle type is clear in studies 

measuring escape responses after long 

term exposure to different temperatures. In 

the goldfish Carassius auratus, 

acclimation to 10ºC resulted in a six to 

eightfold increase in the speed of escape 

response over 40cm assayed at 10ºC when 

compared to fish acclimated at 35ºC. The 

same response, although to a much lesser 

extent can be observed in killifish, 

Fundulus heteroclitus. Similarly, the 

maximum velocity obtained by goldfish 

during the escape response at 10ºC was four to five times greater in cold acclimated fish, 

while the difference between acclimation groups of Fundulus was only approximately 1.5 

fold (Fig. 2) (Johnson and Bennett, 1995). In the scorpaenid fish Tauralus bubalis, fast 

start performance was also dependent on thermal history (Temple and Johnston, 1998). In 

a closely related species, Myoxocephalus scorpius, however, acclimation temperature did 

Figure 2: Maximum Fast Start Velocity in Fundulus 

Heteroclitus and Carassius auratus acclimated to 10 

and 35ºC. (Taken from Johnson and Bennett, 1995) 
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not have an effect of fast start velocity but there was a significant alteration in kinematics 

of the fast start response (Ball and Johnston, 1996 ; Beddow et al, 1995). Acclimization 

responses may have a fitness advantage as fast starts are utilized in prey capture and 

predator avoidance. In Myocephalus scorpius the acclimization response led to an 50.2% 

increase predation success rate (Beddow et al, 1995). In contrast to these species, some 

fish groups, including members of the salmonids, demonstrate no significant acclimation 

effect on swimming performance (Johnston et al, 1996). The lack of a significant 

acclimation response might be related to a low thermal dependence of locomotion. 

Indeed, the rainbow trout Oncorhynchus mykiss and the killifish Fundulus heteroclitus 

both demonstrate Q10 value for fast start performance of 1.2 and acclimation responses of 

small magnitude (Johnson and Bennett, 1995 ; Johnston et al, 1996). Characterizing this 

relationship is a significant goal of this thesis.  

 The molecular mechanisms by which the acclimation response of swimming 

performance are diverse, but all related by the assertion that cold acclimation leads to 

greater activity and force production of the myofibrillar complex at the relevant 

temperature in order to overcome a low energy environment. Myofibrillar ATPase 

activity, the rate at which ATP is hydrolyzed, is an indicator of contraction force 

production and rate. In many fishes studied to date cold acclimation temperature is 

associated with an increased ATPase activity. This is true of the common carp (Watabe et 

al, 1992 ; Hwang et al, 1990) and goldfish (Johnson and Bennett, 1995 ; Johnston et al, 

1975) as well as a series of other cyprinids (Heap, et al, 1985). This response is also seen 

in killifish, and to some extent in salmonids (Johnson and Bennett, 1995 ; Johnston et al, 

1996). Other factors associated with cold acclimation include increases in contraction and 
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relaxation rates of whole fibers (Johnston et al, 1990 ; Johnson and Bennett, 1995), 

increased force production and velocity of isolated actomyosin (Chaen et al, 1996) and 

increased sensitivity to Ca
2+

 signaling (Watabe et al, 2006). These acclimation responses 

to the kinematics of myofibrillar complex contraction are mediated through changes in 

metabolism, myotomal organization and perhaps most importantly differential gene 

expression of various myofibrillar protein isoforms. 

 

Metabolism 

 Changes in temperature affect the kinetic energy of molecules and thus diffusion 

rates and intra- and intermolecular interactions. A decrease in temperature slows reaction 

rates and diffusion. As a result, physiological and cellular processes are depressed at low 

temperatures. Indeed, cellular metabolism is no exception and fish muscle demonstrates a 

suite of metabolic acclimatory responses. As a generalization, fish compensate for 

decreased temperature by increasing the rates of metabolic processes and increasing the 

availability of oxygen throughout the muscle cell. The mechanisms by which these two 

goals are achieved, however, vary with the phylogeny and ecology of species and there is 

no generalized response across all fish. It is also worthwhile to note that many 

mechanisms of metabolic acclimation overlap with mechanisms of adaptive responses of 

fish to different thermal environments. 

 One common mechanism employed by various taxa is an alteration of 

myofibrillar ultrastructure, most notably the distribution and abundance of mitochondria. 

After cold acclimation many species demonstrate an increase in mitochondrial volume 
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density within muscle fibers. In striped bass, Morone saxitilis, cod, Gadus morhua, 

 

Figure 3: Transmission Electron Micrograph of oxidative fibers from Morone saxitilis acclimated to 5ºC 

(A) and 25ºC (B). Note the increase in mitochondrial volume density (Egginton and Sidell, 1989) 

 

and numerous cyprinids, Cyprinus carpio, Carassius carassius, Carassius auratus 

(Egginton and Sidell, 1989 ; Lucassen et al, 2006 ; Johnston and Maitland, 1980 ; Tyler 

and Sidell, 1984) mitochondrial volume density increases while other species such as 

rainbow trout, Oncorhynchus mykiss do not demonstrate this adaptation (Egginton et al, 

2000). This response serves two purposes. First, an increased density permits greater 

production of ATP by oxidative phosphorylation, offsetting the effects of temperature on 

low turnover rate by simply increasing the number of metabolic enzymes present in the 

cell (Egginton and Sidell, 1989 ; Guderly, 2004). Secondly, an increased mitochondrial 

density provides greater surface area for diffusive exchange of metabolites between the 

mitochondria and the myoplasm. This is abetted by the increase in mitochondrial volume 

as a result of mitochondrial proliferation rather than engorgement. Proliferation leads to a 

decrease in the mean distance between mitochondria and thus increases diffusivity of 

metabolites between the mitochondria and myoplasm (Egginton et al, 2000 ; Egginton 
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and Sidell, 1989 ; Guderly, 2004). The 

diffusivity of oxygen in 5ºC, as an 

example, may decrease to 29% of the rate 

in 25ºC goldfish myoplasm. Other changes 

in myofibrillar ultrastructure compensate 

for cold temperature primarily by 

ameliorating the effects of this low 

diffusion rate. Namely, cold acclimation 

can lead to an increase in cristae
†
 in many 

species (Egginton et al, 2000 ; Egginton 

and Sidell, 1989). Interestingly, 

Oncorhynchus mykiss manage to increase 

the rates of metabolite diffusion through 

this mechanism alone, without modifying the volume density of mitochondria within the 

myoplasm (St- Pierre et al, 1998). 

 The second major mechanism by which fish increase their metabolic activity to 

compensate for cold temperatures is increasing the catalytic activities of individual 

proteins and pathways, through quantitative and qualitative changes in transcription and 

mitochondrial membrane lipid alteration. The oxidative capacity of fish acclimated to 

cold temperatures increases with respect to warm acclimated fish. This measure is 

independent of increases in the size or quantity of mitochondria because it is measured 

per gram of protein. Both pyruvate and acyl carnitine oxidation rates increase after cold 

acclimation (Guderly and Johnston, 1996 ; Guderly et al, 1997 ; St-Pierre et al, 1998). 

Figure 4: Myoplasmic Mitochondria of 

Onchorhynchus mykiss acclimatized to winter (A) 

and summer (B). Winter trout mitochondria 

demonstrate greater volume of cristae. (St-Pierre et 

al, 1998)   
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The major pathway by which this is achieved is modification of membranes, permitting 

greater contact between proteins of the electron transport chain. 

 Fish extensively modify their membranes in response to temperature acclimation 

(Hazel and Williams, 1990). In Oncorhynchus mykiss, changes in membrane fluidity as 

elicited by modification of membrane lipids alter membrane-protein interactions in the 

mitochondrion. This interaction is partly responsible for thermal acclimation of metabolic 

rates (Guderly et al, 1997 ; St-Pierre et al, 1998). By changing mitochondrial inner 

membrane fluidity, Oncorhynchus mykiss compensate mitochondrial oxidative capacity 

for temperature (Guderly et al, 1997). 

 In addition to altering membrane fluidity as a means to affect the rates of 

metabolic cycles, the rates of some reactions are altered directly either by quantitative 

changes in gene expression or changes to the enzyme itself. Citrate synthase, for 

example, is a key regulatory enzyme in the Krebs cycle and its activity in fish muscle has 

been found to depend on acclimation temperature, with cold acclimation leading to 

greater activity and expression. This response is observed in many species including Esox 

niger, sticklebacks, Oncorhynchus mykiss, Gadus morhua, Cyprinus carpio. Cytochrome 

c oxidase and carnitine palmitoyltransferase are similarly regulated (Kleckner and Sidell, 

1985 ; Vezina and Guderly, 1990 ; St-Pierre et al, 1998 ; Lucassen et al, 2006 ; Johnston 

et al, 1985). Of course, all groups do not follow these trends (Guderley and Gawlicka, 

1991). The effect of increasing activity of these enzymes after cold acclimation is to 

maintain oxidative metabolism despite the depressing effect of low temperature on 

enzyme kinetics and substrate diffusion. 
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 The focus on oxidative metabolism starting from energy containing molecules 

such as pyruvate and acyl carnitines suggests that these changes in metabolism have a 

significantly greater effect on oxidative, rather than glycolytic muscle fibers and therefore 

they are of less relevance to this thesis. The metabolic thermal acclimation response, 

however, occurs in both muscle types, but to varying extents (Guderly, 2004). 

Mitochondrial volume density in Morone saxitilis, for example, increases significantly 

both in red fibers from 0.268 to .448 and in white fibers from 0.027 to 0.040 (Egginton 

and Sidell, 1989). Focusing only on glycolytic metabolism of fast twitch muscle, 

acclimation has varying effect by phylogeny. Gadiforms decrease the expression of 

glycolytic enzymes after cold acclimation, but this may reflect their lifestyle as cold 

acclimizatized cods rarely utilize their white muscle in feeding (Pelletier et al, 1993). On 

the contrary phosphofructokinase levels increase in the white muscle of sticklebacks 

(Vezina and Guderly, 1991), Oncorhynchus mykiss and Coregonus clupeaformes 

(Guderly and Gawlicka, 1992). The conservation of this response across taxa implies that 

it is significant in the metabolic acclimation of fish and should not be deemed 

insignificant as it has been in earlier reviews. This assertion is especially defensible 

considering the regulatory role of phosphofructokinase in the glycolytic pathway.  

 

Myotomal Organization 

 The proportion of red oxidative muscle fibers to white glycolytic fibers increases 

in all fish taxa studied to date after cold acclimation. In striped bass and goldfish, the 

cross sectional area of individual red slow oxidative muscle fibers increases, as does that 

of the intermediate fibers after cold acclimation. The cross sectional area of individual 
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white muscle fibers, on the other hand, decreases. As a result, the total proportion of red 

to white muscle in the myotomal musculature increases (Jones and Sidell, 1982 ; Sidell, 

1980). The increase of oxidative muscle in the myotomes at low temperature compared to 

fast glycolytic muscle may reflect the greater effect of cold temperature on the oxidative 

metabolism that drives the slow twitch muscles. Glycolytic metabolism in fast glycolytic 

muscle is, in fact less sensitive to temperature (Sidell, 1980) and this is demonstrated 

functionally. The reduction of glycolytic muscle mass would suggest a decrease in rapid 

escape response speed, or maximum velocity, yet burst speed in goldfish is not strongly 

affected by acclimation temperature due to other adaptive responses discussed in the next 

section of the review (Johnson and Bennett, 1995). Put simply, fish must increase 

oxidative muscle volume in order to make up for the depressing effects of temperature on 

oxidative metabolism and maintain isokenesis
†
 across varying environmental 

temperatures. The fast glycolytic muscle, on the other hand, is relatively free from 

metabolic constraints on its function and acclimation responses at the level of 

myofibrillar protein complex
†
 alone can compensate for temperature.    

 

Differential Expression of Myosin Isoforms 

Differential Expression of Myosin Heavy Chain Isoforms 

One of the most well characterized responses of muscle to temperature 

acclimation is the varied expression of myosin heavy chain (MyHC) isoforms
†
. It seems 

that many aspects of the myofibrillar thermal acclimation response is elicited through 

variable expression of these isoforms (Hirayama et al, 1997 ; Hirayama et al, 1998 ; 

Kakinuma et al, 1998 ; Tao et al, 2009 ; Guo, 1994 ; Watabe, 2002 ; Watabe et al, 1997 ; 

Nakaya et al, 1997 ; Johnson and Bennet, 1995). Myosin is a hexamer consisting of two 
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heavy chains (MyHC) of approximately 200 kilodaltons and four non-covalently bound 

light chains (MyLC) that are named according to their relative mobility in SDS-PAGE as 

LC1-3. Each heavy chain is bound to one essential alkali light chain (LC1 or LC3) and 

one regulatory light chain (LC2). A review of myosin structure and function is provided 

in Appendix I.  

The variable expression of myosin heavy chain isoforms has been studied most 

thoroughly in members of the family Cyprinidae
†
. Cyprinus carpio express three 

isoforms of MyHC that despite over 95% sequence identity, vary markedly in catalytic, 

functional and thermodynamic properties (Guo, 1994, Watabe, 1994). The proportions at 

which these three isoforms are expressed depend on acclimation temperature (Watabe et 

al, 1997 ; Imai et al, 1997). The catalytic S1 domain of the myosin molecule isolated 

from Cyprinus carpio acclimated to varying temperatures and expressing varying 

proportions of the MyHC isoforms demonstrates an increase in ATPase rate with 

decreasing temperature (Hwang et al, 1991). The ATPase rate of the individual isoforms 

S1 domain were responsible for this trend (Guo et al, 1994). Furthermore, myosin force 

production and sliding velocity as assayed in an in vitro actomyosin motility experiment 

varied between isoforms (Chaen et al, 1996). These studies as well as studies on the 

variable expression of myosin light chains corroborate to suggest that the acclimation 

response of carp swimming performance is primarily elicited by the variable expression 

of MyHC isoforms under changing thermal conditions. 

Goldfish are also found to change myosin heavy chain isoform expression in 

response to temperature acclimation (Johnson and Bennett, 1995). The case of the 

common killifish, Fundulus heteroclitus, however, is more complex. These fish do not 
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express different myosin isoforms, but their acclimation response, however slight, is 

indicative of changes to the myosin molecule (Johnson and Bennett, 1995 ; Sidell et al, 

1983). Interestingly, enzyme thermodynamic studies and in vitro motility assays utilizing 

unregulated myosin heavy chain from killifish suggests that the low thermal sensitivity of 

the myofibrillar complex does not stem from inherent insensitivity of the myosin heavy 

chain, perhaps implicating accessory proteins (Grove et al, 2005). Finally, the myosin 

heavy chains of other species do not exist as multiple isoforms. This distinction applies to 

scorpaeniforms and salmonids (Ball and Johnston, 1996 ; Johnston et al, 1990). Indeed, 

temperature dependent variable expression of MyHC isoforms may be unique to the 

Cyprinidae. In fish, different myosin isoforms originate from separate loci (Dalla Libera, 

1991). This finding is in stark contrast to other vertebrates studied so far which produce 

myosin isoform diversity through alternative gene splicing. The Cyprinidae, interestingly, 

are tetraploid
†
, and their ability to utilize MyHC isoform expression for temperature 

accliomation has been attributed to this polyploidy (Goldspink et al, 1992). The increased 

myosin gene copy number may have permitted the adaptation of myosin genes to varying 

thermal environments. Tetraploidy evolved independently, however, in another group, 

the salmonids, that do not utilize different MyHC expression to cope with thermal stress 

(Johnson et al, 1996) 

Differences in the myosin heavy chain isoforms primary structure may account 

for some of the various kinematic and thermodynamic traits of these proteins. Utilizing 

the ubiquitous myosin expression system created by Uyeda et al in 1996, Hirayama et al 

(2000) created chimeric myosins using sequence data from the three MyHC isoforms of 

carp. There is a high degree of sequence similarity in the myosin S1 domain, the domain 
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responsible for catalysis and actin binding, except in two surface loops. Through activity 

and unregulated motility assays using chimeric myosins, it has been established that 

differences in the catalytic capacity and kinematic properties of the carp MyHC isoforms 

is a result of amino acid substitutions in a surface loop (surface loop 2)(Hirayama et al, 

2000). 

Myosin Thermostability 

 In addition to associations with changes in ATPase activity, actin binding, 

contraction speed and force generation, different MyHC isoforms exhibit varying 

thermostabilities
†
 (Kakinuma et al, 1998 ; Tao et al, 2009 ; Nakaya et al, 1997 ; Watabe, 

2002 ; Watabe et al, 1997 ; Guo, 1994 ; Johnson and Bennet, 1995). In general, myosin 

isoforms expressed in fish acclimated or acclimatized to a cold environment demonstrate 

lower thermostability than isoforms from fish in warm environments. This conclusion is 

intuitive from both an ecological and functional standpoint. Ecologically, proteins in a 

cold environment have less need for high thermostability. Functionally, low 

thermostability is associated with increased flexibility and a lower energy of activation 

(Collins et al, 2003). 

 With a few notable exceptions (LeMaster et al, 2005), greater protein 

thermostability is associated with less flexibility of the polypeptide in its native state 

(Vihinen, 1987 ; Varley and Pain, 1991). In most enzymes, however, there is a close 

relationship between dynamic structural fluctuations (flexibility) and enzymatic 

functions, as the function of most enzymes depend on conformational changes that 

stabilize the transition state between substrates and products. As a result, increased 

flexibility of proteins is associated with a lowered activation energy and increased 



- 22 - 

activity (Varley and Pain, 1991 ; Huber, 1979).  Put in an ecologically and functionally 

relevant context, enzymes from organisms adapted to a cold environment achieve high 

activity in spite of a low energy environment through an increase in inherent flexibility, 

thereby increasing freedom of the molecular motions that lead to catalysis, or in other 

words, decreasing the activation barrier. This increased flexibility, however, also leads to 

lowered thermostability (Collins et al, 2003). Any protein that is well adapted to a 

specific thermal environment must attain a compromise between the related factors of 

activity, flexibility and stability. Indeed, these considerations are true of fish skeletal 

muscle myosin and the relationship between environmental temperature and 

thermostability of glycolytic muscle myosin has been extensively characterized in a 

diverse array of fish taxa.  

The thermostability of common carp, Cyprinus carpio, myosin is certainly the 

most comprehensively described. Early work (Hwang et al, 1990) established that 

myosin ATPase activity varied between myosins isolated from 10ºC, 20ºC, 30ºC 

acclimated Cyprinus carpio and that higher ATPase activity of myosin from cold 

acclimated fish was associated with a lower thermostability. Shortly thereafter, it was 

discovered that the heavy chain of myosin (MyHC) found in temperature acclimated 

Cyprinus carpio belonged to one of three isoforms of different molecular weights named 

H1, H2, and H3. The isoforms were resolved by a combination of techniques (Guo et al, 

1994). Interestingly, this relatively early work also characterized the thermostabilities of 

these isoforms’ ATPase activity and found that H1, the dominant isoform in the cold 

acclimated carp, had the greatest activity and was the least thermostable. H3, the 

dominant form in the hot acclimated carp, on the other hand was the most thermostable 
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and had the lowest activity. The H2 isoform was found in all acclimation groups and had 

an intermediate thermostability of ATPase activity. Watabe et al (1995) and Imai et al 

(1997) then elegantly demonstrated that transcription of mRNA encoding the three 

different isoforms depended on acclimation temperature and went on to isolate cDNA 

clones for each dominant MyHC isoform at 10ºC, 20ºC, 30ºC , previously described as 

H1, H2, and H3. These accomplishments cleared the way for much research describing 

the thermochemistry of these isoforms. 

The thermochemistry of these MyHC isoforms has been characterized by a 

variety of authors using a number of techniques. One technique, differential scanning 

calorimetry, is used frequently to investigate the thermostabilities of MyHC and deserves 

reviewing here. Differential scanning calorimetry is “the measurement of the change of 

the difference in heat flow between a sample and a reference sample subjected to a 

controlled temperature program” (Höhne et al, 2003). Interpreting this technique 

graphically, with differential heat flow on the Y-axis and temperature on the X-axis, 

phase transitions can be detected by the presence of peaks on the graph. Local maxima 

represent endothermic phase transitions while local minima represent exothermic phase 

transitions. This technique becomes powerful when applied to protein and provides a 

wealth of thermodynamic information about the unfolding of protein in solution. 

Endothermic peaks occur as each domain unfolds. The area under the peak represents the 

enthalpy of unfolding while the center of the peak provides the transition temperature, Tm. 

The heat capacity is easily calculated from the first derivative and by comparing the heat 

capacity of the native and unfolded states, the entropy change of the unfolding transition 

can also be calculated. Finally, by comparing the calculated enthalpy of the transition to 
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the van’t Hoff enthalpy
†
 of the unfolding transition, conclusions can be drawn about the 

mode of unfolding and to what degree the processes deviates from the two-state model
†
 

of protein denaturation. From here, insights can be drawn about the transitions of 

individual domains (Makhatadze, 2001 ; Tinoco et al, 2003). 

Differential scanning calorimetry was used to characterize multiple Tms of mixed 

myosin isoform assemblages purified from Cyprinus carpio acclimated to 10ºC, 20ºC, 

30ºC. The assemblages of fish acclimated to one temperature regime had significantly 

different patterns of endothermic peaks representing the unfolding of isoforms with 

varying thermostabilities. Furthermore, differential scanning calorimetry patterns of fish 

from hotter environments showed greater thermostabilities, evidenced by increased Tm. 

The Tm of the highest endothermic peak among the three found in cold acclimated 

Cyprinus carpio MyHC isoforms was 7ºC lower than that of the highest peak in the hot 

acclimated group (Nakaya et al, 1995 ; Nakaya et al, 1997).  

More interestingly, cDNA clones of the three isoforms of carp MyHC were used 

to transfect competent E. coli cells and produce pure samples of each isoform that were 

subsequently cleaved by limited proteolysis. The C-terminal portion of the myosin 

molecule, light meromyosin, was subjected to differential scanning calorimetry. This 

portion of the molecule forms the myosin rod and is responsible for the formation of the 

sarcomeric thick filament
†
. The dominant isoform of the 10ºC acclimated carp had a Tm 

of 35.1ºC and an unfolding enthalpy of 1269 −⋅molkcal , while the dominant isoform of 

30ºC acclimated carp had a Tm of 39.2ºC and an unfolding enthalpy of 152 −⋅molkcal  

despite a sharing primary structure identity of 95.6% amino acids. The intermediate 

isoform had an intermediate Tm of 34.9ºC. These results clearly demonstrated that 
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Figure 5: The α-helices of two 

membered coiled coil structures often 

contain heptad repeats of amino 

acids. Here the amino acid positions 

in heptad repeat α-helix are labeled a-

g. Adapted from Harbury et al, 1998.  

isoforms expressed in greater proportion in cold acclimated fish exhibit lower 

thermostabilities and suggested that lower thermostability may permit greater energy 

transduction from the globular heads to the myosin rod (Kakinuma et al, 1998). These 

workers also conducted site directed mutagenesis on the cDNA clones and created 

chimeric light meromyosin
†
 (LMM). These studies 

revealed that the differences in thermostability of the 

10ºC and 30ºC dominant myosin lanine  are largely 

attributable to the C-terminal half of LMM (Kakinuma et 

al, 1998).  

The myosin rod consists of a dimeric coiled-coil 

structure of α-helices from two MyHCs. The amino acid 

sequence of the α-helices from this dimeric coiled-coil 

structure follows a conserved pattern consisting of 7 

repeated residues, a-g. The pitch of the helices is such that there are approximately 3.5 

residues per turn. Hydrophobic residues are concentrated at the a and d positions (see 

figure 5), while charged residues are common in positions b, c, and f,  as well as g and e. 

The coiled-coil structure forms such that residues a and d form a hydrophobic core, while 

g and e participate in salt-bridges from helix to helix, further stabilizing the dimer. Polar 

or charged residues in positions b, c, and f, are organized into alternating patches of 14 

residues with like charge that interact with other dimers and help facilitate the formation 

of the higher order structure, the thick filament (Atkinson and Stewart, 1991 ; McLachlan 

and Karn, 1982 ; Kakinuma et al, 1998). The specific amino acid substitutions mediating 

the differences in thermostability between the 10ºC and 30ºC dominant isoforms were 
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concentrated in the C-terminal region of LMM. These include a Ala535Ser (30ºC→  

10ºC) substitution in the a position and substitutions that lead to similarly charged 

residues in the e and g positions within one heptad repeat (Kakninuma et al, 1998). Both 

substitutions theoretically lead to lowered stability at cold temperature. A serine is 

considerably less hydrophobic than an alanine. This substitution weakens the internal 

hydrophobic seam of the myosin dimer because it occurs at the a position. As for the 

second substitution, in the 10ºC isoform, His and Arg were common at the e and g 

positions. The interactions between these two residues may weaken cross-dimer salt-

bridging and contribute to the lower thermostability of the 10ºC dominant isoform 

(Kakinuma et al, 1998). Later work revealed that 5 more of the 26 substitutions between 

the two isoforms are of significance to the thermostability of LMM, by site directed 

mutagenesis and differential scanning calorimetry. These results, however, were not 

placed in the context of altering specific interactions leading to secondary structure 

(Kakinuma et al, 2000). This conclusion, that lower thermostability of MyHC LMM 

isoforms is due to relatively few amino acid substitutions concentrated in the C-terminal 

region, has been corroborated in other species. In chum salmon, a relatively small number 

of substitutions to Gly in the C-terminal region has been attributed to lower 

thermostability of this species MyHC LMM compared to rabbits and other fish species 

(Iwami et al, 2002).   

Assuming that the relationship between thermostability and catalytic function 

exists (Collins et al, 2003), stability is sacrificed in order to allow functional levels of 

enzyme activity at a given temperature. Certainly the myosin rod is critical in transducing 

energy from the motor domain of myosin to the sarcomere, but it would not seem as 
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crucial to sacrifice stability in this region in order to gain flexibility and thus greater 

catalytic activity at low temperature if this region does not even contain a catalytic site. 

Although, the myosin rod may be able to affect regulation of ATPase domains through 

interactions with various kinases (Trybus, 1997) and its thermostability may therefore 

affect ATPase activity at varying temperatures. This logic suggests that the varying 

thermostability of the myosin motor domain may be of more interest in understanding 

adaptation to a thermally variable environment. Only limited work, however, has been 

conducted investigating this crucial question. 

Hwang and colleagues (1991) found that 

thermostability as measured by the inactivation rate 

constant of ATPase activity of the crossbridge 

segment, S1, produced by limited proteolysis of 

10ºC and 30ºC dominant myosin isoforms varied by 

a factor of 2.4. The inactivation rate constant is a 

measure of the rate of activity change of an enzyme 

per unit time spent incubating at a temperature 

above the Tm, and is usually abbreviated KD. Similarly, in vitro motility assays using 

whole myosin of mixed isoforms from fish acclimated to 10ºC and 30ºC showed an 

inactivation rate constant ratio of 2.02 (Watabe et al, 1992). Other studies (Hirayama et 

al, 2000 ; Hirayama and Watabe, 1997 ; Hwang et al, 1991) have investigated differences 

the primary structure of these isoforms’ S1 proteolytic segment and attributed amino acid 

substitutions to variation in ATPase activity and actin binding but not thermostability. 

Figure 6: ATPase activity versus high 

temperature incubation time of mixed 

myosin isoforms isolated from cold 

acclimated (open circles) and warm 

acclimated (filled circles) Cyprinus carpio 

(Watabe et al, 1992)  
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Our understanding of how variation of protein thermostability plays a role in adaptation 

to local environmental conditions would benefit from this research. 

MyHC thermostability research is not limited to the common carp. Workers in 

this field strive to be highly comparative in order to gain multiple perspectives into any 

one question. Such a comparative approach has been adopted in the literature concerning 

myosin thermostability. Approximately six other species are commonly used in the 

literature concerning the plasticity of fish muscle phenotype with regard to temperature: 

Carassius auratus (goldfish), Fundulus heteroclitus (common killifish / mummichog), 

Myoxocephalus scorpius (short-horn sculpin), Oncorhyncus mykiss (rainbow trout), and 

Stenotomus chrysop (scup). In all species thus far studied, myosin thermostability 

decreases with decreased temperature (Johnson and Bennett, 1995 ; Ball and Johnston, 

1996 ; Johnson, 1990). Also, there is a wealth of fish myosin thermostability data from 

the food science literature that provides an interesting perspective on the adaptation of 

myosin thermostability over evolutionary time to different habitats rather than 

acclimation and acclimatization over seasonal or the short term (Howell et al, 2007 ; 

Johnston et al, 1975). Indeed, comparison of thermostability of MyHC from fish of 

various evolutionary lineages and environmental challenges has revealed that fish from 

tropical environments have more thermostable MyHC than fish from temperate or arctic 

biomes (Gauvry et al, 2000 , Howell et al, 2000). Integrating these data with sequence 

information and insight from research into the seasonal MyHC acclimation response has 

much potential. Such an integrative body of work, perhaps utilizing bioinformatic 

analysis, could provide a wealth of knowledge regarding the adaptation of proteins to 
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thermal environments and insight into how evolution functions at the interface of 

phenotype and environment.   

In Carassius auratus the same logical trend is observed between acclimation 

temperature and myosin thermostability. Increased myosin thermostability is associated 

with higher environmental temperatures (Penney and Goldspink, 1981 ; Johnson and 

Bennett, 1995). Incubation at 40ºC decreased ATPase activity of myosin from 10ºC 

acclimated fish to 50% of its maximum after only approximately 20 minutes, while 

myosin from 30ºC remained active (Johnson and Bennett, 1995). Despite that this work 

demonstrated the variable expression of MyHC isoforms at the two acclimation 

temperatures, the variability in ATPase activity thermostability has also been attributed to 

alterations in the regulatory proteins (Penney and Goldspink, 1981). Both the 

phosphorylation state and isoform ratio of myosin light chains (MyLC) can affect myosin 

activity and thermostability (see review on MyLC isoform expression).  

The thermostability of myosin from killifish acclimated to different temperatures 

is a topic of some contention. The pioneering work of Sidell et al (1983) found that 

myosin isolated from Fundulus heteroclitus acclimated to a broad range of temperatures 

demonstrated the same TM with statistical significance. In later work, cold acclimated 

killifish myosin was substantially less thermostable than myosin from warm acclimated 

individuals. Furthermore, the acclimation temperature of the cold acclimated fish was 5ºC 

warmer than in the previous work and the TM was found to be well below that found by 

Sidell et al (Johnson and Bennett, 1995).  

Thermal acclimation studies of Oncorhyncus mykiss, may provide some insight 

into the questions surrounding variability of Fundulus heteroclitus myosin 
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thermostability. Like Fundulus, Oncorhyncus mykiss demonstrate a reduced acclimation 

response when compared to other species. There is no variable expression of myosin 

isoforms and ATPase activity is not significantly affected by acclimation temperature 

(Johnson et al, 1990). Despite this lack of the typical acclimation response as elicited by 

differential expression of myofibrillar protein isoforms, myosin isolated from fish 

acclimated to warm temperatures display greater thermostability. This observation seems 

to corroborate the conclusion drawn by Johnson and Bennett (1995) that Fundulus 

heteroclitus do indeed modify the thermostability of their myosin in response to 

temperature.  

From the current standpoint of the literature, it seems that decreasing 

thermostability of myosin following cold acclimation in teleost fish is a highly conserved 

feature of the temperature acclimation response. In the Cyprinidae this response is 

mediated by differential expression of myosin heavy chain isoforms coded for by genes 

of varying loci. Other phylogenetic groups, however, may achieve this control through 

different means. Answering questions regarding fish myosin thermostability can provide 

a better understanding of this adaptive response and perhaps more importantly, provide a 

better predictive framework for the design of thermostable enzymes. In order to achieve 

these ends, however, much work lies ahead. Most significantly, understanding how 

changes in primary structure lead to changes in enzyme flexibility and thermostability 

should be a goal. An approach integrating protein primary structure data from various 

taxa, deuterium exchange or fluorescence quenching studies of the relationship between 

activity and flexibility, and entropic contributions to the energy of activation would 

certainly markedly progress this field.  
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Differential Expression of Myosin Light Chain Isoforms 

 As explained more fully in Appendix I, myosin light chains are not directly 

involved in the regulation of striated muscle
†
, but can tune the cross bridge cycle by 

altering the kinetics and effect of Ca
2+

 release (Timson, 2003 ; Chen et al, 2008 ; 

Szczesna-Cordary, 2003). While the exact function and mechanism of action of the light 

chains in striated muscle remains unclear, given both their proposed role in modulation of 

cross bridge cycle kinetics and Ca
2+

 binding effects and the presence of a great diversity 

of differentially expressed isoforms across the vertebrate line, control of their expression 

would seem a likely candidate for optimizing myofibril performance in a thermally 

variable environment. Indeed, altered expression of both essential and regulatory myosin 

light chains in response to temperature acclimation has been demonstrated in at least two 

species (Hirayama et al, 1997 ; Hirayama et al, 1998 ; Ball and Johnston, 1996 ; 

Crockford and Johnston, 1995), but not in at least three others (Johnson and Bennett, 

1995 ; Johnson et al, 1996). 

 Similarly to other aspects of the myofibrillar thermal acclimation response, the 

variable expression of myosin light chains (MyLCs) isoforms has been best characterized 

in the common carp. Hirayama and colleagues isolated cDNAs of both essential alkali 

light chains LC1 and LC3 (1997) and regulatory light chain LC2 (1998). It was found 

that LC1 was expressed in two isoforms, LC1a and LC1b and that the LC1:LC3 ratio 

depended on acclimation temperature while LC1 isoforms expression did not. The 

proportion of LC3 increased after acclimation to warmer temperatures. Furthermore, after 

analyzing sequence data this work demonstrated that the MyLC isoforms are produced 
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from different genes, in stark contrast to mammalian muscle (Hirayama, 1997). As for 

regulatory light chain, two distinct mRNAs were discovered in carp with identical 

deduced amino acid sequence, but varying polyadenylation signals and nucleotide 

sequences. The origin of these genes as well as those coding the two LC1 isoforms seems 

to be the recent tetraploidy† that occurred in the cyprinid line (Hirayama et al, 1998 ; 

Hirayama et al, 1997). While not discussed by the authors, this gene duplication 

represents a significant discovery concerning evolutionary mechanisms behind 

optimizing proteins through various isoform expressed from different loci rather than 

alternative splicing. The two transcripts, while currently redundant in protein sequence, 

have already diverged since the recent tetraploidy event in nucleotide sequence by 17 

base pairs. What is of greater significance, however, is that only the expression of one 

gene is affected by acclimation temperature (Hirayama et al, 1998). In effect, two 

diverging genes at different loci coding for the same protein are regulated by different 

mechanisms. If a novel mutation should create a functional protein with different 

functional properties, such as thermostability, there could be a great selective pressure for 

the development of a thermal acclimation response involving differential expression of 

these two proteins. 

 Thermal acclimation of myofibrillar proteins also involved differential expression 

of MyLCs in Myoxocephalus scorpius (Ball and Johnston, 1996). This study quantified 

the MyLC at the protein level using 2-D SDS-PAGE. The LC3:LC1 ratio decreased at 

increased temperature. This observation is in contrast to the effect seen in carp and in 

agreement with proposed functional differences of the essential alkali light chain 

isoforms (Ball and Johnston, 1996).  
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 Other species, however, do not vary the ratio of MyLC isoforms in order to cope 

with a variable thermal environment. These include both species with typically reduced 

acclimation responses, such as Fundulus heteroclitus (Johnson and Bennett, 1995) and 

Oncorhyncus mykiss (Johnson et al, 1996) as well as a cyprinid species that utilizes 

variable expression of MyHC isoforms to buffer the confounding effects of a variable 

thermal environment, the goldfish, Carassius auratus (Johnson and Bennett, 1995). 

 Although the exact function of the essential alkali light chains (LC1 and LC3) is 

unclear, it is well established that their presence or absence, as well as the identity of the 

isoform, can modulate the contractual properties of the myofibrillar complex. Removal of 

essential light chain from myosin results in a substantial reduction in both sliding velocity 

and force generation without altering myosin ATPase activity and this effect is reversible 

(Lowey et al, 1993 ; VanBuren et al, 1994 ; Hernandez 2006). Myosin S1† loaded with 

LC1 had both a lower Km for actin and slower kcat of ATPase activity than LC3 loaded 

myosin S1 subfragments (Lowey et al, 1993). This difference was also noted in MyLC 

and myosin S1 isolated from fish muscles (Ochiai, 1989). Skeletal myosin isoforms are 

named based on their mobility in SDS PAGE gels (see appendix I for review) with long 

and short isoforms differing in the size of the amino terminus domain. These results 

suggest that differences in the amino terminus of MyLC elicited varying degrees of 

myosin cross bridge kinetics and actin binding (Lowey et al, 1993). Recent work has 

focused on cardiac MyLC isoforms. This muscle type also expresses short and long 

isoforms of MyLC that differ in the amino terminal region. As with skeletal muscle, 

association with MyHC with the long MyLC isoform leads to increased actin binding 

strength, slower kinetics, and lower force generation and that these differences are caused 
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by changes in the amino terminal domain (Kazmierczak, 2009 ; Chen et al, 2008 ; 

Morano, 1999).  These results corroborate the longstanding proposal of the function of 

light chains to provide rigidity to the level arm of myosin, thereby increasing the 

efficiecy of torque transduction during the power stroke, as do recent work on structural 

dynamics of myosin  (Kazmierczak, 2009 ; Borejdo, 2002). 

 Applying these suggestions of the role of MyLC and the differences elicited by 

expression of the two dominant isoforms to the results seen in Cyprinus carpio and 

Myoxocephalus scorpio, reveals even greater complexity within the thermal acclimation 

response. From what is known about MyLC isoforms, expression of a greater proportion 

of LC3 results in greater force production, decreased binding coeffecients between actin 

and myosin and faster turnover rates of the ATPase domain. Clearly, this response fits 

along with the intuitive requirements for changes in cold acclimated muscle. Warm 

acclimated carp, however, express proportionally more LC3 (Hirayama et al, 1997). 

Myoxocephalus scorpio, on the other hand, modify differential expression of MyLC 

isoforms in the opposite direction, along with expectation given differences in the MyLC 

isoforms (Ball and Johnston, 1996). This apparent contradiction can be justified by the 

observation that Myocephalus scorpius do not exhibit any other observed myofibrillar 

thermal acclimation response while Cyprinus carpio demonstrate differential expression 

MyHC isoforms resulting in changes in force production, actin binding, thermostability 

and ATPase activity (Guo et al, 1994) that may dominate any changes in MyLC 

expression.  
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Summary and Hypotheses 

 In summary, fish possess a number of adaptations to combat the depressing 

effects of lowered temperature of myofibrillar enzyme function. The generalized goal of 

these adaptations is to increase the myosin ATPase rate, thereby increasing the myosin 

sliding velocity and consequently increasing flexibility and decreasing thermostability. 

Integrated over the many myosin molecules within the myofibril, increased rates of 

catalysis lead to greater force production at cooler temperatures than before the 

acclimation response. There are many possible adaptations permitting such changes to the 

myofibrillar proteins. In the Cyprinidae, a diversification of the myosin heavy chain has 

led to the evolution of an adaptive regulation of isoform expression. In other groups the 

ratio of light chain isoforms has been attributed to alterations of the kinetics and stability 

of myosin.  

 This study compares the acclimation response of two eurythermal fish species: the 

goldfish, Carassius auratus, and the gulf killifish, Fundulus grandis. As an estuarine fish, 

Fundulus grandis experience rapid and severe fluctuations in environmental conditions, 

including temperature. These changes, however, occur at a rate faster than the 

characterized acclimation responses to the myofibrillar complex can occur. It is 

hypothesized that the adaptations permitting such thermal insensitivity in the acute sense 

obviate the need for the typical acclimation response. Therefore, Fundulus grandis will 

display less of a change in myofibrillar ATPase activity, myosin thermostability and will 

not alter the proportions of the myosin isoforms when compared to another eurythermal 

fish from a less acutely thermally variable environment, Carassius auratus. 
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Summary of Methods 

Carassius auratus (Goldfish) and Fundulus heteroclitus (Gulf Killifish) were 

collected or purchased and maintained in recirculating water tanks at Pritzker Marine 

Biology Center. Each species was divided into two groups receiving different treatments. 

One treatment group, the warm group, was acclimated to 30ºC, while the second, cold 

group was acclimated to 15ºC. After acclimation, fish were euthanized and fast glycolytic 

muscle tissue was collected from the trunk musculature. 

Muscle myosin and its complexed proteins were purified from a muscle 

homogenate. The purification technique solubilized myosin from the muscle homogenate 

by activating myosin with divalent cations and ATP. Myosin was subsequently 

precipitated and stored. 

Several analytic techniques were applied to the collected myosin and associated 

myofibrillar proteins in order to assess the degree of the acclimation response achieved 

after acclimation to either temperature regime. As a measure of overall acclimation 

response, myosin ATPase activity was measured. Thermostability was assayed using 

inactivation rate of ATPase activity at high temperature. The expression of myosin 

isoforms was investigated using three electrophoresis techniques: peptide mapping of 

myosin heavy chains, SDS-PAGE of myofibrillar proteins and two-dimensional 

electrophoresis of myofibrillar proteins.  
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Fish 

Fundulus 

Phylogeny 

 Fundulus grandis belong to the family Fundulidae and the order 

Cyprinodontiformes. Cyprinodontiformes is a polyphyletic
†
 group consisting of two 

suborders and including both highly derived and highly primitive groups, the 

Cyprindontidae (Pupfishes) and Rivulidae (South American killifish) respectively 

(Wiley, 1986 ; FishBase, 2010).  The Cyprindontiformes are an exceptionally significant 

group ecologically and as experimental, bait and aquarium species. Well known members 

include the endangered Cyprinodons (Cyprinodon salinus and C. macularius), the 

mummichog (Fundulus heteroclitus), the ever popular aquarium poecilids (Poecilia 

reticulata (guppy), Poecilia latipinna (sailfin molly)) and the Anablepidae (four-eyed 

fishes).  The Fundulidae belong to superfamily Funduloidea in the suborder 

Cyprinodontoidei.  

 The Fundulidae consist of five genera: Fundulus, Plancterus, Lucania, 

Leptolucania, and Adinia, although the genus Plancterus is often included with Fundulus 

in some modern phylogenies (FishBase, 2010). The Fundulus genus has a very well 

established phylogeny based on alloenzyme and molecular data (Bernandi and Powers, 

1995 ; Cashner et al, 1992) as well as morphological data (Wiley, 1986). There are no 

polytomies
†
 in this well established phylogeny, making it ideal for the analysis of the 

evolution of physiological mechanisms (Pierce and Crawford, 1995 ; Pierce and 

Crawford, 1996). Within the Fundulus genus there are four subgenera. F. heteroclitus and 

F. grandis are both in the Fundulus subgenera. Understanding the relationship, both 
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phylogenetic and ecological, between, these species is critical to interpreting the 

evolutionary and physiological significance of the results of this research. Additionally, 

as is clear in the literature review, the relevant literature is rife with studies utilizing 

Fundulus heteroclitus, so the ecology of this species will be considered alongside the 

study organism, Fundulus grandis. By integratively analyzing the results of this study 

along with previous work and knowledge of the different ecological conditions these 

two species must cope with, insight can be drawn about the evolutionary lability of 

the muscle acclimation response and the role that local ecological conditions may 

have on adaptation of physiological responses. 

 Throughout the Fundulus and 

Fontius subgenera there are three species 

that have independently colonized the 

Atlantic Coast of North America. Each 

of these species has a sister species from 

the Gulf of Mexico or Southeastern 

United States freshwater (Wiley, 1986 ; 

Bernandi and Powers, 1995 ; Cashner, 

1992).  F. heteroclitus and F. grandis are 

an example of such sister species, with F. heteroclitus from the Atlantic Coast of North 

America and F. grandis from the Gulf of Mexico and part of the Atlantic Coast of the 

Florida peninsula.  

Ecology  

Figure 7: Cladogram of Selected members of subgenera 

Fontius and Fundulus with outgroup Profundulus. Created 

from Phylogenies established by (Wiley, 1986 ; Bernandi and 

Powers, 1995 ; Cashner, 1992) 
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Fundulus grandis is a common salt-marsh fish across a wide range that spans 

from Laguna de Tamiahua, Veracruz, Mexico (21° 35’ 36.51’ N, 97° 33’ 07.73’W) to the 

St. John’s River in Florida (30° 23’ 55.93’N, 81° 23’ 53.47’ W) (Williams, 2008 ; Hoese 

and Moore, 1998 ; Robins et al, 1986). The range Fundulus heteroclitus extends from the 

St. John’s River to St. Lawrence Bay in Nova Scotia. (Hoese and Moore, 1998 ; Robins 

et al, 1986). There is a distinct region of sympatry
†
 between these two ranges 

characterized by a high degree of hybridization (Gonzalez et al, 2009). Recent work 

using nuclear and mitochondrial DNA polymorphisms, has indicated that there is a 

relatively sharp transition of less than 40 miles near Flagler Beach, Florida where there is 

hybridization between the two species. North and South of this region, the respective 

species predominates (Gonzalez et al, 2009).  

 According to the competitive exclusion principle, species that occupy similar 

niches cannot coexist (Meszena, 2006). The sharp transition zone between the ranges of 

the two species suggests that the two species fulfill very similar roles in the ecosystem. 

Indeed, both species occupy salt marsh habitats year round. During low tide, these 

fundulids are found in deeper, subtidal refugia. Upon the onset of high tide, they move 

into shallow waters, utilizing the marsh surface for feeding (Hunter et al, 2009 ; 

Weisberg et al, 1981 ; Able et al , 2006 ; Granados-Dieseldorff and Baltz, 2008 ; Vince et 

al, 1976). Both species are highly abundant and very productive, making their roles as 

predators quite significant. They are opportunistic omnivores with a broad diet consisting 

of detritus, finfish, ostracods, amphipods, copepods, isopods, decapods, polychaete 

worms, insects and mollusks (FishBase, 2010 ; Kneib, 1986 ; James-Pirri et al, 2001 ; 

Able et al, 2007). Both species also occupy critical positions in the trophic web as prey 
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items for crustaceans (Uca spp. , Callinectes spp.) as well as piscivorous birds and fish 

(Currin et al, 2003 ; Kneib, 1986). Additionally, their role as a trophic link between salt 

marshes and subtidal habitats makes the species economically important. This 

significance is evidenced by they regularity with which they form prey items for 

commercially important fish species such as red drum, white perch, striped bass, and 

snook (Kneib, 1986, James-Pirri et al, 2001). Both species are oviparous and exhibit a 

spawning cycle that corresponds to spring high tides in the summer months (Greely and 

MacGregor, 1983). 

 The most significant aspects of the ecology of these two species to consider when 

interpreting the results of this study are the unique challenges they face as estuarine fish, 

namely their thermotolerance. Estuaries are very challenging environments. Subject to 

the influence of both freshwater sources such as springs, rivers or other land drainage 

sources and the sea, estuarine abiotic conditions fluctuate rapidly and severely. At low 

tide estuaries may be dominated by freshwater sources with low salinity, dissolved 

oxygen and pH (due to the lack of buffers in freshwater systems compared to the sea and 

often a high concentration of tannic acid), but high temperatures (shallow water), 

turbidity, and concentration of contaminants or natural stressors. With the incoming tide, 

however, all of these conditions can shift to opposite extremes. Many members of the 

Fundulus genus are exceptionally well adapted to the harsh conditions of estuarine life, 

Fundulus heteroclitus is especially notable (Griffith, 1974). Compared to other 

eurythermal fish Fundulus heteroclitus experience a remarkably variable thermal 

environment. The most extreme conditions are experienced by Northern populations. 

Mean sea temperatures vary seasonally from -1.86 ºC to 16 ºC in the Gulf of Maine. In 
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addition to seasonally variation in temperature, these fish must cope with dramatic 

changes in temperatures of the shallow salt marshes they inhabit on a tidal scale. During 

low tides of summer months, pools may reach 30 ºC. With the flooding tide, the 

temperature of these pools plunges by up to 14 ºC in less than one hour (Sidell, 1983). 

Despite this temperature fluctuation, and all other physiological variables that fluctuate 

with temperature, these fish are able to maintain homeokinesis
† 

(Sidell et al, 1983). 

 Fundulus grandis experiences similar fluctuating temperatures, albeit to a lesser 

extent due to the sub-tropical climate they experience. Sea temperatures vary from 7.7 ºC 

to 32.8 ºC. The maximum temperature shift experienced by this species calculated from 

seasonally NOAA NERRS data for Dry Bar, Apalachicola Bay was 5.8ºC/hr (NOAA 

NERRS, 2005 ; 2006). This calculation, however, was based on data from a monitoring 

station at depth below the littoral zone. Fundulus grandis routinely occupy habitats much 

shallower and therefore may experience even greater fluctuation of temperature.  

 

Collection, Care and Euthanasia 

Fundulus grandis, Gulf Killifish, were collected at two sites in Sarasota Bay by 

cast net: Near Selby Gardens (27 ̊19’34.17”N 82 ̊32’28.19” W) and Quick Point Preserve 

(27 ̊20’11.10”N 82 ̊34’55.90” W ) in September 2009 under Florida Marine Science 

Educator Association Aquatic Educator Collecting Certificate #FWC-07-281-N issued by 

the Florida Fish and Wildlife Conservation Commission. Collected Fundulus grandis had 

a mean mass of 14.20g and S.D. of 7.97g at time of tissue harvesting. N=15. Carassius 

auratus were purchased from SeaScape Aquarium Center in Sarasota. Carassius were of 
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the “comet” variety and were of mean mass 9.20g and S.D. of 2.65g. The comet variety is 

the most commonly used variety in the scientific literature.  

Individuals from each species were randomly assigned to one of two groups: a 

warm-acclimated group and cool acclimated group. Individuals of the same species and 

group were placed together in temperature controlled aquaria at ambient temperature. 

Temperature was controlled by either commercial aquarium chillers or titanium heaters. 

Aquaria temperature was gradually changed from ambient to experimental temperature 

over six days. Warm-acclimated individuals were maintained at 30̊ C, while cool-

acclimated individuals were maintained at 15̊ C. Fundulus were maintained in 

recirculating filtered seawater (30-34 parts per thousand salt, pH of 7.0 - 7.4). Carassius 

were maintained in recirculating fresh water (pH 6.8-7.2). Mechanical filtration was 

achieved by 100micron felt filter bags or polystyrene bead canister filters. Biological 

filtration is achieved through a wet/dry sump equipped with bio-filter media and/or 

polystyrene beads. Fundulus were fed commercial gel fish diet and chopped shrimp ad 

libitum three times weekly. Carassius were fed TetraMin Tropical Flakes© ad libitum 

three times weekly. The health and well-being of the specimens were monitored by the 

investigator and all welfare considerations were taken pursuant to IACUC Protocol W 

3691, approved November 23, 2009 and titled Plasticity of Fish Muscle Phenotype. This 

protocol is included in the appendix.  

Fish were maintained at their respective temperatures for a minimum of eight 

weeks. Individuals were euthanized in accordance with protocols suggested by American 

Veterinary Medical Association Guidelines on Euthanasia and described by IACUC 

protocol W 3691. Four hundred ml of water from the individuals’ aquaria was used to 
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create a 250mg/L solution of tricaine methanesulfonate (FINQUEL MS-222, Argent 

Labs). The solution was brought to the pH of the individual’s equation by titration with 

either a saturated sodium bicarbonate or sodium hydroxide solution. Individuals were 

placed in the euthanasia solution and removed ten minutes after cessation of opercular 

movement
†
 directly into ice water.  

 

Myosin Purification 

 Fish were allowed to remain in ice water for at least 5 minutes to reduce the 

formation of the actomyosin complex. Fast glycolytic muscle was rapidly collected from 

the myotomal
†
 muscle. Care was taken to avoid the slow twitch red and pink fiber 

bundles along the lateral line and just deep to the dermis. A modification of (Crockford 

and Johnston, 1995) and (Grove, 2005) was used to purify myosin from the bulk muscle. 

 Muscle was cut into small pieces, approximately 5mm X 5mm and placed into a 

Thomas Glass Homogenizer. The muscle was homogenized under approximately 20 

volumes of buffer F (10mM Tris-HCl (pH 7.4), 100mM NaCl, 5mM EGTA) under a 

Thomas Teflon Pestle in ice water. The homogenate was centrifuged at 5000g for 5 

minutes and the supernatant discarded. The resulting pellet was resuspended in another 

20 volumes, 0º C buffer F and subsequently centrifuged at 5000g for 5 minuntes. This 

wash step was completed two times. After the last wash, the supernatant was discarded 

and myosin was extracted by the addition of ATP and divalent cation containing buffer G 

(0.3 M KCl, 0.15M potassium phosphate (pH 6.5), 20mM EDTA, 5mM MgCl2, 1mM 

ATP). Myosin was extracted from the myofibrillar pellet in 2 volumes of buffer G for 7 
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min at 0º C. The reaction was stopped by the addition of 4 volumes nanopure water and 

the mixture was centrifuged at 5000g for 10 min.  

 The supernatant was collected and 3 volumes of nanopure water were added. 

Myosin was precipitated overnight at 4º C and collected by centrifugation 5000g for 3 

min. The supernatant was discarded and the pellet dissolved in the high salt myosin 

storage buffer (0.5M Na2PO4 (pH 7.0), 10mM KCl, 2mM MgCl2, and 1mM DTT). 

Glycerol was added to this solution at a concentration no less than 30% v/v and stored at 

-20º C.  

  

Myofibrillar ATPase Activity Assays 

Coupled Enzyme Assay 

Two assays were used for measuring myofibrillar ATPase activities. The first 

assay used a coupled enzyme based system modified from (Huang and Hackney, 1994).  

In this assay, the hydrolysis of ATP into ADP and inorganic phosphate is coupled to the 

conversion of NADH to NAD+ using two glycolytic enzymes. Phosphoenol pyruvate 

(PEP) is converted to pyruvate by pyruvate kinase (PK) in the presence of ADP, which, 

in turn, is converted to lactate by the enzyme, lactate dehydrogenase (LDH). This final 

step utilizes the reducing potential of NADH and yields NAD
+
.  Because NADH absorbs 

strongly at 340 nm while NAD+ does not have a significant absorbance at this 

wavelength, the utilization of ATP in solution can be determined from the decrease in 

absorbance of the assay medium at 340nm. The conversion of one molecule of NADH 

corresponds to the hydrolysis of one molecule of ATP. The extinction coefficient for 

NADH is 6.220 11610 −−× cmM .  
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Figure 8: Coupled Enzyme Assay for ATPase Activity of Myosin. Hydrolysis of ATP by myosin coupled 

to oxidation of one molecule of NADH, resulting in decrease in absorption at 340nm. (Drawn in 

ChemSketch) 

 

 Many attempts were made to record myosin activity with this assay under a great 

variety of conditions. These attempts are described in detail below in the order they were 

attempted in order to provide a logical flow of the experimental methods.  

Protocol 

In the first step of this coupled enzyme assay, myosin was suspended in the 

ATPase assay buffer by dialysis. By loading a protein solution into a sealed bag of 

dialysis tubing and placing the tubing in a solution, small solutes below the molecular 

weight cut off of the semipermeable membrane formed by the dialysis tubing are free to 

exchange between the interior and exterior of the bag. 500µL of myosin suspended in 

myosin storage buffer with at least 30% v/v glycerol was loaded into Snakeskin
©

 dialysis 

tubing. Dialysis was limited to six samples of 500µL, totaling 3mL for at least 12hr. 

Samples were dialyzed against 1L of 2 fold concentrated (2X) myosin dialysis buffer J 

(50mM Tris (pH 7.4), 10mM MgCl2, 2mM EGTA, 100mM KCl, 2mM ATP).  

Following dialysis, the protein content of the samples was normalized. Protein 

concentration was determined using a Bio-Rad DC Protein assay kit. The DC Protein 
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Assay works on the same principle as the common Lowry assay but is proprietary and 

optimized. In the Lowry assay, peptide bonds first react with cupric ions in alkaline 

media to form cuprous ions and oxidized amino acids. Then the copper treated amino 

acids react with Folin’s reagent. Specifically, the copper treated aromatic amino acid 

residues, tyrosine and tryptophan reduce the Folin’s reagent, leading to the development 

of absorption at 750nm. Protein assays were conducted in a 96 well plate and analyzed in 

a plate reader with the kind permission of Dr. Elzie McCord. Protein standards of 0.2, 

0.5, 0.9, 1.2 and 2.0 mg/mL bovine serum albumin were prepared in buffer J. Each 

standard and sample were assayed in duplicate. For each assay, 5µL of sample was added 

to the well, then 25µL of reagent A, the alkaline copper solution. 200µL of reagent B, 

containing the Folin reagent was then added, and the color was allowed to develop for 

15min. Using a curve created from the absorption and known concentration of the 

standards, the total protein concentration of each sample was determined. Then, the 

samples were diluted in buffer J to 300 µg/mL. 

In the next step, myosin Mg
2+

 activated ATPase activity was assayed. Diluted 

myosin samples were placed in thin walled 0.5mL microcentrifuge tubes and incubated 

for at least 30 min in a water bath at assay temperature, along with a solution of 2X 

ATPase assay solution (60 U/mL Pyruvate Kinase (sigma), 60 U/mL Lactate 

Dehydrogenase (Worthington), 2mM PEP, 400µM NADH, 20mM ATP). Initial assays 

were conducted at 20ºC. At the time of the assay, 200µL of the myosin sample was 

combined with 200µL of 2X ATPase assay solution in a quartz 0.5mL cuvette. The 

contents of the cuvette were mixed by inversion and the cuvette was placed into a 

thermally controlled Cary300 UV-Vis spectrophotometer. Absorbance at 340nm was 
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recorded for ten minutes. The rate of change of absorbance was calculated by a linear 

least squares regression to the linear portion of the graph after the cuvette temperature 

normalized. 

Many alterations were made to this protocol in order to achieve reproducible 

results. In the first alteration, the concentration of the myosin sample was increased. In 

this first attempt final myosin concentration was 150 µg/mL once the sample and assay 

solution were mixed. In subsequent trials, myosin concentration was increased to 300, 

400 and up to 1872 µg/mL. In another round of trials, purified rabbit actin was added to 

the 2X ATPase assay solution up to 200 µg/mL. This actin is in excess of that already 

present in the myosin sample.  

In a major alteration to the protocol, myosin was first dialyzed into 1X myosin 

dialysis buffer J (25mM Tris (pH 7.4), 5mM MgCl2, 1mM EGTA, 50mM KCl, 1mM 

DTT). After dialysis, sample protein concentration was normalized to 400µg/mL. 2X 

ATPase assay solution in 1X buffer J was created (60 U/mL Pyruvate Kinase (sigma), 60 

U/mL Lactate Dehydrogenase (Worthington), 2mM PEP, 400µM NADH, 20mM ATP 

25mM Tris (pH 7.4), 5mM MgCl2, 1mM EGTA, 50mM KCl, 1mM DTT). Both this 

solution and the diluted samples were incubated at assay temperatures and assayed in the 

spectrophotometer by the same protocol as before. In this major alteration, the shock of 

the transition from 2X to 1X buffer is avoided. A variety of alterations were also made to 

this protocol. Most severely, a variety of buffers were utilized. This variety included two 

Ca
2+

 containing buffers: buffer K (30 mM Tris (pH 7.4), 1.17mM EGTA, 1.17mM 

MgSO4, 2.8mM CaCl2), and buffer I (30 mM Tris (pH 7.4), 40mM KCl, 7mM MgCl2, 

5mMCaCl2).  
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A variety of controls were applied to the coupled enzyme ATPase assay. In a 

positive control experiment, the ATPase activity in the presence of RNA of the 

prokaryotic, ATP dependent, hexameric helicase Rho was assayed. As a negative control, 

the myosin inhibitor 2,3-butanedione monoxime (BDM) was added to assays at 

concentrations from 5 to 100 mM.  

As a final set of control experiments, the assay mixture was both modified and its 

absorbance was observed in absence of myosin sample. The concentration of NADH was 

lowered to 200µM and PEP concentrations of 0.5 to 4 mM were used. Lactate 

degydrogenase from several different suppliers was used in the mixture as well. 

Absorption of solutions of NADH, ATP and PEP were observed before and after addition 

of pyruvate kinase and lactate dehydrogenase.  

 

Ammonium Molybdate Assay 

 In order to validate the activity of myosin ATPase, a second assay was used. This 

assay, modified from Rockstein and Herron (1951), measures free phosphate in solution. 

Ammonium molybdate complexes with phosphate and is then reduced by the reducing 

agent ferrous sulfate forming a product with a maximum absorption at 720nm. ATPase 

activity can be assayed by plotting the change in absorption of aliquots taken from a 

sample of myosin provided with divalent cations and ATP substrate versus time.  

Protocol 

 In the first step myosin ATPase reaction were conducted. Myosin samples were 

normalized for protein concentration by the DC protein assay to 300µg/mL in buffer J. 

These samples were incubated at assay temperature for at least 15 minutes and then ATP 
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was added to 10mM. 200 µL aliquots were removed after 1, 2 and 3 minutes to 66µL of 

10% w/v trichloroacetic acid to quench the reaction and precipitate protein. In later trials, 

aliquots were also taken intermittently up to 21 minutes. 

In the next step free phosphate was determined for each aliquot. The solution was 

centrifuged at 8000g for 3 minutes and the supernatant was added to 12mL of acid 

molybdate solution (0.73% Ammonium Molybdate, 0.833M H2SO4) and 1.06 mL of 

ferrous sulfate solution ( 4100.9 −× M Fe(II)SO4 0.15M H2SO4). Absorption at 720nm was 

recorded in a Cary300 UV-Vis spectrophotometer. 

 

Thermostability 

 Myosin ATPase activity was also utilized to assay the thermostability of myosin 

isolated from fish groups. Myosin ATPase activity was measured after incubation at high 

temperature (40ºC) for 5, 10, 15 and 20 min. From these data, a plot of activity versus 

incubation time was created. The rate at which inactivation occurred was measured by 

fitting the data with a linear regression. This rate, the inactivation rate constant, KD, 

provides an informative insight into the relative thermostabilities of enzymes being 

compared under the same conditions. 

 

SDS-PAGE of Whole Purifications 

 Purifications of myofibrillar proteins were subjected to resolution on acrylamide 

gels by sodium dodecyl sulfate polyacrylamide gel electrophoresis, SDS-PAGE. In SDS-

PAGE, the detergent SDS is used to disrupt peptide tertiary and secondary structure. Also 

the reducing agent β-mercaptoethanol is employed to disrupt cysteine bridging, further 
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linearizing proteins. SDS then binds to the peptide backbone, coating the linearized 

proteins with negative charge of uniform density. Samples are then loaded on to an 

acrylamide gel matrix cast between two glass plates. An electric field is applied across 

the gel, with the anode on the side of the loaded samples. The proteins migrate towards 

the cathode and are resolved as single bands based on their electrophoretic mobility. 

Because all proteins experience a uniform charge density, smaller proteins have a greater 

mobility due to a lowered degree of interaction with the matrix and solution it contains. 

Smaller proteins have a lower hydrodynamic friction coefficient, or Reynolds number 

and experience less drag. There is a logarithmic relationship between mobility and 

protein size. A Laemmli discontinuous gel buffer system was utilized to increase 

resolution of the proteins with the gel. In this system, two gels are cast within the casting 

mold. The resolving gel has a pH of 8.8 while the stacking gel, poured in a thin layer 

above the resolving gel has a pH of 6.8. Because glycine in the buffer is has multiple 

ionization states with moderate pKas there is a sharp ion gradient formed between the 

two gels. Nearly all glycine molecules in the stacking gel are zwitterionic while the 

glycines in the resolving gel carry a net negative charge. The stacking gel is usually cast 

with a low acrylamide concentration so proteins are not hindered by matrix pore size, as a 

result proteins quickly migrate to this transition zone and focus into a sharp band. 

Because constant voltage is being applied across a solution, charge is carried by mobile 

ions. Once the highly mobile chloride ions are displaced through the stacking gel and 

enter the resolving gel the ion gradient at the transition breaks down and proteins are free 

to enter.  

Protocol 



- 52 - 

    In the first step of this procedure polyacrylamide gels were cast and the proteins 

were resolved on the gel. Resolving gels consisted of 13 % acrylamide/bis-acrylamide in 

resolving gel buffer and were polymerized by the addition of TEMED and ammonium 

persulfate. Stacking gels were 5% acrylamide in stacking gel buffer. Samples were 

diluted into 6X sample buffer, heated for 5 minutes and loaded onto the stacking gel. A 

constant voltage of 120V was applied across the gel. Electrophoresis was halted once the 

dye front reached the bottom of the gel. Gels were stained with coomassie blue (1% w/v 

coomassie blue, 45% methanol, 10% acetic acid) and destained with three washes of 

47.5% methanol, 7.5% acetic acid.   

 

Peptide Mapping 

 Peptide mapping is a convenient analytic technique to visualize differences in the 

primary structure of polypeptides. Proteins are subjected to degradation by specific 

proteases that break the peptide backbone. The resulting fragments are subjected to 

electrophoresis producing a peptide map.  Because proteases are sequence specific, 

proteins with different sequences will be cleaved at sites resulting in fragments of 

different lengths. In this manner, peptide mapping can be used to determine the 

composition of different isoforms of proteins expressed under varying conditions. 

 In the first step, myosin heavy chain was degraded by a variety of proteases. 

MyHC bands were cut from the SDS-PAGE gel of whole myosin purifications. These gel 

fragments were homogenized using a plastic pestle in a 1.5mL tube under 300µL of 

buffer L (0.5% SDS, 50mM Tris) and left to stand for 1 hour at 25ºC. Tubes were 

centrifuged at 5000g for 5 min to separate gel fragments from solution. 250µL of 
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supernatant were removed to a new tube with 50µL of solution containing 1 unit of 

protease. Three proteases were used separately, α-chymotrypsin, trypsin and papain. 

Digests were halted after 30 minutes or 8 hours by the introduction of sample buffer and 

heating for 5 min to 60ºC. 

 SDS-PAGE was used to resolve and the digest fragments, then bands were 

visualized by silver staining. Resolving gels of 13%, 15%, 18%, and 20% acrylamide 

were used. Fragments were resolved on the gel by an electric field applied by a constant 

voltage of 80V. Once the dye front reached the bottom of the resolving gel, the gel was 

stained by a silver staining method. Silver staining is substantially more sensitive than 

staining by coomassie blue. The gel was fixed in a solution of 45% methanol and 10% 

acetic acid followed by 3 washes in 50% ethanol for 20 min each.   

 

Two Dimensional Electrophoresis 

 Two dimensional polyacrylamide electrophoresis, or 2D-PAGE is a powerful 

technique for resolving complex assemblages of proteins. Proteins are resolved according 

to two intrinsic properties: their isolectric point by isoelectric focusing in the first 

dimension and size by SDS-PAGE in the second dimension. The isoelectric point, pI, 

refers to the pH at which the net charge on a molecule is 0. Isoelectric focusing relies on 

the myriad ionization states of proteins. Each amino acid can have several acidic 

hydrogens with unique pKas, and the lability of the hydrogens can depend on amino acid 

identity. Furthermore, the local environment surrounding amino acids can effect their 

electronic states and thus lability of acidic hydrogens. Taken together, these factors mean 

that a protein can exist in a great variety of charged states depending on pH. Isoelectric 
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focusing relies on this property to resolve proteins. A pH gradient is established across an 

acrylamide gel through the use of small salts called ampholytes. Proteins in solution with 

pH below their isoelectric points are protonated and carry a net positive charge, at pH 

above their isoelectric point they carry a net negative charge. By orienting the pH 

gradient of the gel such that the acidic side is near the cathode, proteins in the gel are 

subjected to an electric field that will migrate to the region of the gel where pH = pI. 

 In the first step of the 2D electrophoresis procedure, an isoelectric focusing gel 

was cast and a pH gradient established, then samples were loaded and resolved. The gels 

consisted of 8M Urea, 2% Triton X-100, 4.5% Acrylamide and 2% Ampholytes (Range 

3-10). It was polymerized by the addition of TEMED and ammonium persulfate. The gel 

was subjected to 200V for 30 min, then 300V and 400V each for 30 min. Once the pH 

gradient was established samples were loaded onto the gel and resolved according to their 

pI. 

 In the next step electrophoresis was performed in the second dimension, SDS-

PAGE. SDS-PAGE gels of 13% acrylamide were cast with small stacking gels of 4.5% 

acrylamide. To transfer isoelectrically focused proteins to the SDS-PAGE gel the lane of 

interest was cut from the isoelectric focusing gel, laid across the top of the stacking gel 

and overlaid with SDS sample buffer. Electrophoresis was completed at 120V until the 

dye front reached the bottom of the gels.  

Analysis of Gels 

 Gels were imaged using a long digital exposure exposure from a fixed lens in a 

Genomic Solutions gel imaging apparatus suing Intelligent Quantifier. These images 

were saved as .tiff files and imported into Phoeretic 1D software suite by TotalLab. Lane 
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boundaries were manually adjusted and the background was subtracted using a rolling 

ball method with a radius of 200 pixels. Identification of shared bands between the lanes 

was completed based on Phoeretix 1D calculated Rf values. Protein quantitation was 

completed by fitting Gaussian functions to densitometry profiles and calculating the area 

under the fit curve.  
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ATPase Assays and Myosin Thermostability 

 No reproducible results were obtained for the ATPase activity of myosin due to 

problems in the ATPase assay utilized. The lack of a successful ATPase assay also 

precluded the analysis of myosin thermostability. These results are considered more 

completely in the discussion section. 

Electrophoresis 

SDS-PAGE of Whole Purification 

 Resolution of proteins purified in the myosin purification scheme demonstrates 

that the protocol was successful in purifying myofibrillar proteins. The proteins and their 

size, as calculated from Rf, purified from Carassius auratus muscle are: myosin heavy 

chain (>203kDa), actin (43.5kDa), tropomyosin (36.8kDa), troponin I (28.1kDa), alkali 

light chain 1 (24.6kDa), regulatory light chain 2 (18.1kDa) troponin C (16.4kDa) and 

alkali light chain 3 (13.0 kDa).  

Figure 9: 13% Acrylamide SDS-PAGE of whole myosin purification from cold acclimated (GC) and warm 

acclimated (GH) Carassius auratus. LC1:LC3 ratios can be calculated from this gel.   
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Quantification of Essential Alkali Light Chain 

 The LC1:LC3 ratio can be calculated from whole myosin purification SDS-PAGE 

gels. There was a significant difference ( 002.0=p  ; two-tailed t-test) in the LC1:LC3 

ratio between acclimation groups of Carassius auratus.  The LC1:LC3 ratio decreased 

after cold acclimation. The LC1:LC3 ratio was calculated at 1.67± 0.2 for 15ºC 

acclimated fish and 3.80± 0.6 for 30ºC acclimated fish.  

 The LC1:LC3 ratio in Fundulus grandis was not observed to be effected by 

acclimation temperature. Cold acclimated Fundulus had a LC1:LC3 ratio of 0.92± 0.09 

and warm acclimated fish had a ratio of 0.86± 0.05. There was no significant difference 

between these treatment groups, (p=0.544 ; two-tailed t-test).  

Peptide Mapping 

 Peptide maps of 30 minute of all three protease digests did not produce useful 

maps. The proportion of digested fragments to native myosin heavy chain was very high 

Figure 10: 13% Acrylamide SDS-PAGE of whole myosin purification from cold acclimated (KC) and 

warm acclimated (KH) Fundulus grandis. LC1:LC3 ratios can be calculated from a different image of this 

gel.   
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suggesting incomplete protease cleavage. 4 hour digests were much more successful. 

Furthermore, supplies of papain and trypsin were not pure and analysis of these enzymes 

by SDS-PAGE did not produce a single band. Rather, it produced a series of broad 

overlapping bands after SDS-PAGE, making it impossible to distinguish individual 

protein fragment when these proteases were used in peptide mapping. 18% acrylamide 

resolving gels provided the best resolution of myHC fragments  

Carassius Auratus  

 

Figure 11: 18% Acrylamide SDS-PAGE of 4 hour α-chymotrypsin digest of Carassius auratus myosin 

heavy chains. 

 

 Cursory examination of the Carassius auratus peptide maps (figure 11) suggests 

that the treatment effect did not result in changes in myosin heavy chain isoform 

expression. The banding pattern is qualitatively very similar. Examination at higher detail 

(figures 12-14), however, reveals some differences in banding patterns between the two 

groups. 
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Figure 12:  Carassius auratus 4 hour α-chymotrypsin peptide map detail showing lanes 7-10 of figure 11. 

Note the appearance of two new bands after cold acclimation.  

 

 

Figure 13: Averaged densitometric scan after 

background removal of Carassius peptide map 

indicating appearance of different band at 15ºC. 

Figure 14: Two representative lane densitometric profiles from a warm 

acclimated (A) and cool acclimated (B) Carassius auratus with Gaussian 

fits to band peaks 1, 2 and 3 between pixels 90 and 180. 
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The average volume of the Gaussian curve fitted to the band peak near the 100th 

pixel (Rf = 0.205) of Figure 11 with in the cold acclimated Carassius group was 4000 ±  

1000 while the volume of the peak in the warm acclimated groups was 1200± 300. The 

difference in staining intensity of this band is significantly different between the two 

groups ( 02.0=p ; two-tailed t-test, N = 4 for cold acclimated group, N = 5 for warm 

acclimated group).  

Fundulus grandis 

Differences between the myosin heavy chain peptide maps of Fundulus grandis 

acclimated to 15ºC and 30ºC are apparent. There is a similar banding pattern in both 

Figure 16: Fundulus grandis myosin heavy chain peptide map. 18% Acrylamide SDS-PAGE of 4 hour α-

chymotrypsin digest of myosin heavy chains purified from warm acclimated (KH) and cool acclimated (KC) 

Fundulus grandis  
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groups, but the warm group peptide maps possess fragments that the cool acclimated 

group maps do not. Figure 17 indicates some of the differences between the maps. Area 

of gaussian fits to the band peaks at site 1, demonstrated no significant difference 

between the two groups, as was the case at sites 3 -5 (p =0.38, 0.09, 0.67 respectively ; 

two-tailed t-test). Area under gaussian fits to the band at site 2, however, were 

significantly different between the two groups ( p = 0.005; two-tailed t-test, N = 5 for 

cold acclimated group, N = 4 for warm acclimated group).   

 

The mean area of the peak at site 2 for the 

warm acclimated Fundulus grandis was 

5000± 1000 and the mean area of the peak 

at site two for cool acclimated Fundulus was 

430± 40.  

 

 

 

 

 

 

Figure 17: Averaged densitometric scan after background 

removal of Fundulus grandis  peptide map indicating 5 sites 
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Figure 19: Mixed Protease (α-chymotrypsin, papain) Peptide 

Maps of Carassius (A) and Fundulus (B) MyHC acclimated 

to 15 and 30ºC. 18% Acrylamide. 

  

In a second peptide 

mapping experiment for Fundulus 

grandis (Figure 18) not 

successfully stained and imaged in 

Carassius auratus, greater insight 

is provided into the peptide maps 

of MyHC. There is a high degree of 

variability among groups, and no 

significant differences between 

groups. Note the appearance of a 

completely unique and deeply 

Figure 18: Fundulus grandis myosin heavy chain peptide map. 15% Acrylamide SDS-PAGE of 4 hour α-chymotrypsin digest 

of myosin heavy chains purified from warm acclimated (KH) and cool acclimated (KC) Fundulus grandis.  
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staining fragment in one cold acclimated individual (KC5). Also individuals KC3-6 

possess similar banding patterns not observed in either other members of their group or 

members of the warm acclimated group.  

Figure 19 shows a mixed protease peptide map accidently performed for 

Carassius and Fundulus. While full analysis of these gels were not possible because 

peaks of individual protease degradation fragments could not be resolved and analyzed in 

the gel, qualitative information can be drawn from this image. There is no apparent 

change in the banding patterns between groups of either species.  

 

2D PAGE 

No reproducible results for 2D PAGE of myofibrillar proteins were achieved. 

Voltages required to establish the pH gradient for isoelectric focusing gels consistently 

led to the production of excess heat and pressure in the apparatus, even when a cooling 

system was applied.  
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Discussion of Results 

 

ATPase assays 

  

 ATPase assays did not provide any reproducible results. It is not possible to fully 

evaluate the hypothesis of this thesis without these data because they, along with the 

thermostability data determined from ATPase activity, are the indicators of the 

acclimation response. The electrophoresis experiments assess specific adaptations of the 

response observed in other species. It is not entirely clear that the assays were 

unsuccessful because of inherent problems, or the inactivity of myosin samples due to 

improper handling.  

 In the first set of experiments, a sample of myosin in 2X buffer was added to a 

mixture of coupled enzyme assay components in nanopure water. The procedure was 

designed this way to improve concentrations of myosin after dialysis. It was proposed 

that the sudden ionic, and potentially pH, shock of this method altered the activity of the 

myosin as well as the equilibrium between ATP:ADP and NADH:NAD+ leading to the 

non-reproducible results or otherwise counterintuitive results observed, such as the assay 

running backwards. Altering myosin concentration, adding additional actin substrate, or 

myosin inhibitor butanedione monoxime (BDM) did not affect the results. Changing the 

protocol so that the myosin was dialyzed into 1X buffer and the ATPase assay solutions 

were made in 1X buffer fixed these problems but revealed a new ones.  
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 The rate of change of absorbance at 340nm was found to depend on the time since 

the assay solution was prepared, 

suggesting one of several possible 

problems: non-equilibrium 

conditions of reactants, acid 

catalyzed hydrolysis of ATP, 

contamination of the solution with 

an ATPase protein. This was 

discovered after results were 

recorded for many trials and ATPase activity had no apparent dependence on 

temperature, enzyme concentration or substrate concentration. The rate did depend 

inversely with time elapsed since preparation (figure 20) indicating first order kinetics of 

whatever process was leading to NADH oxidation. This first order degradation of NADH 

was observed in ATPase assay solution not in the presence of myosin, implying that 

observed rates for myosin samples were not indicative of actual myosin activity and that 

any potentially contaminating proteins were not in the myosin purification.  

 From here, preparations of assay solution were created with varying 

concentrations of PEP, ATP and NADH with and without enzymes. Enzyme free 

solutions indicated that NADH was not spontaneously oxidized in the buffer. Altering 

concentrations of the three compounds did not alter the decrease in absorbance with time. 

Allowing the solutions to rest overnight resulted in a solution with absorption well below 

usable levels suggested by several sources using a similar protocol. Furthermore, addition 

of myosin to these equilibrated assay solutions did not result in a change in absorbance 
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indicating activity. Also, lactate Dehydrogenase from several different suppliers was used 

with no effect. These experiments ruled out the possibilities that NADH was 

spontaneously oxidized, there was contaminating enzymes in the LDH preparations or 

that the solution recipe was to far from equilibrium conditions to be stable.  

 Working under the assumption that myosin activity might be great enough to 

observe in addition to the “spontaneous” change in absorbance, a variety of different 

buffers were used testing for calcium and magnesium activated ATPase activity. These 

also did not alter the results obtained. It should also be noted that special attention to 

sterile technique was paid: buffer for ATPase assay solution were separated before it was 

used for dialysis, samples were loaded into clean cuvettes and pipet tips were not shared 

across multiple solutions. 

 Finally, control experiments do not clarify issues with the coupled enzyme assay. 

The positive control produced a positive result, but whether this was a false positive or 

not could not be determined. The negative control experiments added BDM to myosin 

solutions before and during assays. In several instances, the addition of BDM to solution 

during the assay halted the change in the absorbance. Preincubation with BDM, however, 

did not have the same effects suggesting the addition of the BDM solution altered the 

reaction but was not inhibiting myosin activity.  

 A separate assay was used to confirm myosin activity, but no ATPase activity was 

observed. Considering this observation, it seems likely that the ATPase portion of this 

thesis likely suffered from two problems: one with the coupled enzyme assay, and a 

second with the inactivity of myosin. Two possibilities explaining the coupled enzyme 

ATPase solution were not fully explored. It is possible that ATP was spontaneously 
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hydrolyzed. This seems unlikely considering the pH of solution (7.4). Another possibility 

is the contamination of pyruvate kinase with an ATPase. As no other pyruvate kinase 

supplies were available this hypothesis was not examined.  

 In summary, it is likely that contaminants in the pyruvate kinase solution 

purchased from Sigma caused the problem with the ATPase assay. False positive results 

and mixing problems prevented this realization until myosin activity was compromised 

by repeated temperature shifting or cold storage. Possible solutions to this difficulty 

would involve fresh purification of myosin and assaying ATPase activity with new 

supplies of pyruvate kinase or a different assay. 

 

Electrophoresis Experiments 

 

Expression of Myosin Light Chain Isoforms 

 

 There is a significant decrease of the LC1:LC3 ratio after cold acclimation in 

Carassius auratus, from 3.80 to 1.67 ( p= 0.002 ). This finding is inconsistent with work 

completed in other cyprinids (Hirayama, 1997). On the contrary, the shift in expression of 

the two isoforms conforms to predictions based on what is known on the functional 

differences between myosin light chain 1 and light chain 3. Myosin holoenzymes 

containing light chain 3 in cardiac muscle demonstrate higher ATPase rate, force 

production and lower binding coefficients between the myosin actin binding site and 

actin (Lowey et al, 1993). These are all adaptations observed in fish myofibrillar 

complexes after significant cold acclimation responses. Indeed acute exposure to cold 

temperatures causes the myofibrillar complex to have low ATP turnover, force 

production and the stronger formation of actomyosin complexes.  
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This finding is also interesting because previous work (Johnson and Bennett, 

1995) did not find significant alteration of the LC1:LC3 ratio in Carassius auratus after 

acclimation to a broader range of temperatures. One potential explanation of this apparent 

conflict is the methods used. Johnson and Bennett utilized 2D PAGE to characterize the 

ratio while simultaneously analyzing changes in LC1a/LC1b isoforms. Quantification of 

protein in 2D gels is inherently more prone to the introduction of error into analysis. It is 

possible that high levels of variance introduced by 2D analysis precluded the observation 

of a significant difference, whereas simple Gaussian fitting to bands in a one dimensional 

lane allowed more precise protein purification. Johnson and Bennett did not find a 

significant difference in the data, but they also did not complete a statistical analysis of 

equivalence between the two groups.  

In Fundulus grandis, no acclimation response of LC1:LC3 ratio was observed. 

This fits with the findings in the sister species Fundulus heteroclitus (Johnson and 

Bennett, 1995). It also provides evidence in support of the thesis hypothesis: the 

temperature insensitivity of the myofibrillar complex relative to other species obviates 

the need for acclimation responses. Killifish face a highly thermally variable environment 

as estuarine fishes. Avoiding strong effect of changes in temperature is likely a selective 

advantage. Although this theory has not been tested, it is intuitive considering the 

potential fitness benefits experienced by killifish capable of foraging and escaping 

predators in an environment that is extremely challenging to all but the most specialized 

species.  
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Peptide Mapping 

 

Carassius Auratus 

 

 The results of the peptide mapping experiments are difficult to interpret. In 

Carassius auratus, the peptide maps of 4 hour α-chymotrypsin digests of the myosin 

heavy chain are qualitatively very similar. The appearance of only one band is 

significantly different between the acclimation groups. Whether or not the fish are 

expressing different isoforms of myHC at this 

temperature is not clear. Consider figure 21, the 

peptide maps of α-chymotrypsin digest of 

Carassius auratus myosin heavy chain from 

Johnson and Bennett (1995). In these peptide 

maps, there is not the appearance of a single or 

few new band, the banding pattern is wholly 

different. There are some shared bands above 

50kDa in size, but almost none beneath, 

suggesting the presence of two unique isoforms. 

This difference between patterns is in stark 

contrast with the one observed in Carassius 

auratus MyHC in this study, where the pattern 

was largely the same with the exception of the 

appearance of one new band in the 15ºC group. 

 These observations may be interpreted 

Figure 51: Peptide maps of myosin heavy 

chain from Carassius auratus acclimated to  

35 and 10ºC with protein ladder (kDa) 

(Johnson and Bennett, 1995) 
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with two observations: there is a difference in the range of acclimation temperature, and 

Carassius auratus may express various proportions of the multiple isoforms MyHC in 

their muscle. Consider figure 22, in these fish peptide maps of MyHC do not display 

wholly different patterns, but the 

appearance of a few new bands 

becomes apparent as the relative 

expression of new isoforms of myosin 

increases during development. In 

Cyprinus carpio the proportion of both 

the warm and cool associated adult  

isoforms of MyHC increase with age 

over the first 7 weeks after 

metamorphosis (Cole and Johnston, 

2001). In Carassius auratus a similar 

effect may be occurring. The 

appearance of the new band may signal the strongest staining band (most commonly 

digested fragment) of relatively small proportion of a different isoform of MyHC. The 

decreased range of acclimation temperature employed in this study may be the cause of 

such an effect. These observations suggest that Carassius auratus have fine control over 

the expression of different myosin isoforms, expressing greater ratios of cold to warm 

associated isoforms with decreased temperature, thereby shifting the optimum range of 

locomotory performance temperature with that of the environment. Broadening the 

temperature range between the two groups by 5ºC in either direction drastically alters the 

Figure 22: Changes in myosin heavy chain (MyHC) 

peptide maps (top) and their densitometric scans (bottom) 

with age of Cyprinus carpio. Bands characteristic of 21 

°C-acclimated and 10 °C-acclimated fish are indicated by 

left- and right-facing arrowheads, respectively. Adapted 

from (Cole and Johnston, 2001). 



- 73 - 

expression of the myosin isoforms (Johnson and Bennett, 1995). This suggests that 

temperature at which Carassius auratus radically shift gene expression of MyHC lies in 

the temperature range of either 10-15ºC or 30-35ºC. Such control of gene expression 

would require a highly sensitive, graded mechanism of temperature sensing within the 

cell and the coupling of that system to regulators of gene expression such as transcription 

factors or chromatin remodeling enzymes.   

These results may also give insight into possible mechanisms and candidates for 

such gene regulation. The degree of expression of the cool and warm associated isoforms 

of MyHC clearly changes drastically when the fish are exposed to temperatures 5ºC 

colder and warmer and the activity or expression of a potential activator or repressor of 

MyHC gene expression likely fluctuates similarly within this range. Using exploratory 

cDNA microarray analysis
†
 to find genes with such expression patterns may reveal 

potential genetic mediators of this response. In a distantly related fish Austrofundulus 

limnaeus such an approach has revealed a potential signaler of cell temperature. High 

mobility group protein B1 (hmgB1) transcript levels are highly negatively correlated with 

temperature and this protein is known to effect chromatin density and gene expression 

through interactions with myriad protein partners (Podrabsky and Somero, 2005). 

Furthermore, the protein has a broad melting curve that begins at 20ºC and is not 

completely denatured until 65ºC. Completing peptide mapping of myHC isoforms 

expressed at a broad array of temperatures under the same conditions may revela the 

temperature dependence of isoforms. Alternatively, sequence data could be acquired and 

the dependence of myosin gene expression patterns on temperature could be studied 

using RT-PCR or cDNA microarray analysis. Finding a potential mediator of gene 
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expression through exploratory cDNA microarray analysis with expression levels that 

mimic that observed in MyHC and subsequent binding studies such as chromatin 

immunoprecipation may elucidate how Carassius auratus control expression of myosin 

genes.  

Another possibility is that the band does not represent a fragment of different 

length in the peptide map due to sequence substitution between multiple MyHC isoforms 

expressed in different proportions dependent on temperature. Rather, the post 

transcriptional modification of myosin may be responsible for the appearance of the 

band. Myosin contains multiple phosphorylation sites that can alter contractile properties 

and α-chymotrypsin cleavage sites include an amino acid capable of phosphorylation, 

tyrosine. Consequently, it is possible that this band may appear because of a tyrosine 

phosphorylation in the cool acclimated group. The presence of a phosphoryl group on 

tyrosine might sterically prevent the amino acid residue from entering the active site of 

the protease as well as drastically altering the electronic structure aromatic side chain. If 

this cleavage site was not acted upon by the protease the resulting peptide map would 

include a new band and the decrease of staining intensity of a smaller molecular mass 

fragment. There is a smaller molecular mass band that decreases in intensity in the cold 

acclimated group when compared to the warm group, although it is not statistically 

significant (p = 0.15 ; two-tailed t-test). 

Fundulus grandis 

 The results of the peptide mapping studies of Fundulus grandis myosin heavy 

chain are also difficult to interpret as well as being difficult to reconcile with the 

literature. One band was significantly different between the two groups, suggesting the 
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temperature dependent expression of multiple isoforms of MyHC similar to the result 

obtained for Carassius auratus. This is an interesting and unexpected finding worthy of 

further consideration.  

 The evolution of an acclimation response that includes temperature dependent 

differential expression of thermally optimized MyHC isoforms has not been found 

outside of the cyprinidae. There is evidence to suggest that the polyploidy of this line 

permitted the diversity of MyHC isoforms that led to the evolution of this adaptation. 

Diploid fish, such as Fundulus are far less likely to evolve this adaptation. Furthermore, 

in the sister species of Fundulus grandis, Fundulus heteroclitus, differential MyHC 

expression with temperature is not observed to occur. The divergence of these species 

occurred as recently as the Pleistocene. It is hardly parsimonious that the adaptation of 

myosin isoforms to temperature as well as a unique mechanism of modifying expression 

in response to temperature has evolved so recently.  

 The significant differences between the peptide maps of the two acclimation 

groups, however, cannot be discounted. Other thermal acclimation responses in the 

Fundulus genus are evolutionarily labile, including adaptive changes in gene expression 

(Pierce and Crawford, 1997). There is a possibility that there are different proportions 

MyHC isoforms being expressed at the different acclimation temperatures and that the 

presence of the band in the warm acclimated group peptide map not seen in cool 

acclimated group represents myosin isoform polymorphism. Similar to interpretation of 

the Carassius data, it is possible that the new band is from a deeply staining fragment of 

isoform expressed in a small amount proportional to the isoform responsible for the 

majority of the map. The natural temperature range of Fundulus grandis, however, is not 
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substantially greater than the range between the two acclimation temperatures. It is not 

likely that the expression of the different isoform would only occur at the extremes of the 

natural temperature. Another explanation is provided by the phosphorylation of tyrosine 

resides as discussed in Carassius auratus.  

There is a high degree of variance in the peptide maps within groups. Four out of 

the five sites of change between the mean densitometric profiles of the two acclimation 

groups differed greatly but were not significantly different due to this high variance. The 

means of areas under gaussian fit of the peaks at site 4, for example, were 34306± 15874 

for warm acclimated fish and 16284± 11832 for cool acclimated fish. The standard 

deviations of these data are 46% and 72% of the mean. The range of the data of the cool 

acclimated fish was 31063. Also, in the 15% acrylamide peptide map both the cool and 

warm acclimated group displayed much intragroup variation in fragment patterns.  

 Taken together, it may 

be more parsimonius to accept 

that the presence of a novel 

band in acclimation groups in 

both species, warm in Fundulus 

heteroclitus, cool in Carassius 

auratus, is due to the 

phosphorylation of tyrosine 

residues preventing protease 

cleavage. As other proteases are 

site specific for different 

Figure 23: Mixed Protease Peptide Maps of MyHC from Carassius 

auratus (A) and Fundulus grandis (B) acclimated to different 

temperature regimes  
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sequences, successful peptide maps using papain and trypsin would have allowed for the 

testing of this theory. The accidental completion of a papain, trypsin peptide map (figure 

23) suggests provides evidence in support of the myosin phosphorylation theory. In these 

maps there are no observable differences between the acclimation groups of either 

species. The overlap of the many cleavage fragments and protease impurities on the gel, 

however, make the analysis of these maps difficult and only very weak evidence.   

 

 

Possible Confounds 

Acclimation period 

Fish in all four experimental groups were acclimated to a constant temperature for 

at least 8 weeks. There is abundant evidence to suggest that 8 weeks is ample time to 

complete the thermal acclimatory response of muscle across multiple fish taxa. Not only 

have positive significant differences been found between acclimation groups after only 

four to five weeks of acclimation to a constant temperature (Johnson and Bennett, 1995 ; 

Grove, 2005 ; Sidell, 1983, Hirayama et al 1997 ; Hirayama et al, 1998 ; Cole and 

Johnston, 2001 ; Watabe, 2002 ; Goldspink, 1995) and even more between 6-8 weeks 

(Pierce Crawford, 1997), there is evidence to suggest that the response to exposure to a 

novel temperature is complete after only 2-4 weeks across a variety of fish taxa. Early 

studies investigating the time course of thermal acclimation in Carassius auratus found 

that levels of three compensatory enzymes isolated from muscle tissue stabilize and enter 

a steady state during the third and fourth weeks after exposure to a novel temperature. 

Temperatures tested ranged from 5-25̊ C (Sidell et al, 1973). In carp, myofibrillar 

ATPase activity reaches a steady value after 3-5 weeks depending on feeding rates 
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(Watabe, 2002 ; Tyray et al, 1991). Furthermore, in carp, tench, roach, brook Trout and a 

freshwater eel the time course of acclimation occurred after four weeks (Heap et al, 

1985). Acclimation of metabolic enzymes to differing temperature regimes occurred after 

25 days in a Fundulus heteroclitus (Pierce and Crawford 1997). 

In an outgroup to both killifish and cyprinids, the extremely eurythermal goby 

Gillichthyms mirabilis controls the relative expression levels of two isoforms of Malate 

Dehydrogenase (MDH) to favor conservation of MDH Km across commonly encountered 

physiological temperatures. The acclimation response was complete in less than four 

weeks in experimental groups subjected to both cold and warm acclimation. Groups 

acclimating to higher temperatures, however, manage to complete the extent of 

acclimatory changes to MDH isoform levels after only two weeks, while groups exposed 

to colder temperatures only had significant changes in isoform composition after four 

weeks. These results indicate that the process of cold acclimation may take longer than 

warm acclimation (Lin and Somero, 1995). More recently, in Austrofundulus limnaeus, a 

close relative of Fundulus grandis, acclimation at constant high temperatures led to 

immediate increased expression of genes associated with the synthesis and degradation of 

proteins. Acclimation to constant low temperatures, however, did not lead to detectable 

levels of change in the expression of mRNAs coding for these proteins until 2 weeks 

(Podrabsky and Somero, 2004). These results also support the conclusion that cold 

acclimation may occur at a lower rate. 

Many publications have investigated how the time course of white muscle 

ATPase acclimation depends on maturity state.  Most notably Cole and Johnston (2001) 

modeled the time course of acclimation of carp fry myofibrillar ATPase activity and 
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isoform expression as indicated by peptide mapping. In this study the younger group 

(30mm) took 4-5 weeks to reach a significant increase in ATPase activity in response to 

cold acclimation, but the older group (44mm) took only 2-3 weeks. Thus the 

development of the temperature acclimation response of white muscle ATPase activity 

and isoform expression depends on maturity state. Furthermore, the study found that the 

dependence on maturity state presumably provides enough time to prepare the fish for 

cold adaptation before their first winter.  

As is clearly evidenced by previous work the fish in this study had ample time to 

complete their acclimation response, given 8 weeks at either 15ºC of 30ºC. Furthermore, 

all individuals were mature. Upon collection of tissues for myosin purification, all 

individuals were found to be sexually mature, with fully developed gonads. It is highly 

unlikely that the acclimation response had not yet occurred in the experimental and 

control groups of fish. 

Fish Size 

After purchase or collection, fish were randomly assigned to either cool or warm 

groups. There were substantial differences between the groups of both species. In 

Carassius auratus the warm acclimated group was significantly smaller ( 002.0=p ) 

because collections of tissue from smaller fish of the cool acclimated group were 

unsuccessful. In Fundulus grandis there was a small insignificant difference in mean size 

( 64.0=p ). Collection of tissues from smaller fish was more difficult and as a result, 

muscle fiber types other than fast glycolytic were more likely to be included in the 

purification. Introduction of oxidative muscle myosin isoforms has the potential to skew 

results, especially if the introduction is consistent among all fish.  
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This scenario is unlikely for two reasons. First, introduction of other isoforms 

would be more likely to occur only in smaller fish, introducing variance and actually 

decreasing the likelihood of a significant response. Secondly, if introduction of non-

glycolytic fiber isoforms from smaller fish in the warm group (GH1, GH7 and GH8) 

resulted in a type I error, they would have both substantially smaller staining of the 

significant band in the peptide mapping experiments and substantially greater LC1:LC3 

ratios after warm acclimation. These observations, however, cannot be made from the 

data. 

Potential Outcomes 

ATPase Assays 

 It was hypothesized that acclimation to different temperatures would have little 

effect on the ATPase activity of Fundulus grandis when compared to Carassius auratus 

experiencing the same thermal environment. Fundulus grandis experience a highly 

variable thermal environment as estuarine fish and these fluctuations in environmental 

temperatures occur at rates greater than thermal acclimation responses can occur. Despite 

this thermal environment, Fundulus grandis demonstrate homeokinesis allowing them to 

successfully forage and avoid predation. Based on these ecological observations, it was 

hypothesized that the great thermal insensitivity of Fundulus grandis obviates the need 

for the thermal acclimation response of fish muscle. The adaptations permitting 

insensitivity to acute variation in environmental temperature would also allow the fish to 

cope with longer term changes in temperature. Therefore the evolution of an acclimation 

response would be unnecessary and acclimation temperature would have only limited 

effects on ATPase activity when compared to another eurythermal species. In addition to 
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the ecological observation, the development of this hypothesis stemmed from results 

obtained in the sister species, Fundulus heteroclitus. In the sister species, acclimation 

temperature has a statistically significant but minor acclimation response of ATPase 

activity.  

 This hypothesis can be extended to qualitatively predict hypothetical ATPase 

activity for Fundulus grandis. While myosin sliding velocity, or muscle force production 

is the ultimate result of acclimation response in muscle, ATPase activity is a convenient 

measure of the degree of this response. A cold environment decreases ATPase activity 

due to thermodynamic considerations and fish must overcome this in order to maintain 

homeokinesis. Therefore, cold acclimation is associated with an increase in myosin 

ATPase activity compared to myosin from fish acclimated to warm environments when 

assayed at the same temperature. Fish with significant acclimation responses optimize 

ATPase activity as near the acclimation temperature as their adaptations make them 

capable. Above and below this temperature, activity falls. Graphically, ATPase activity 

versus temperature forms a peak near the acclimation temperature. Thermal insensitivity 

of ATPase activity is represented by a broad peak while high sensitivity forms a sharp 

one. Cold acclimation shifts this peak to the left. Graphs of ATPase activity of Fundulus 

grandis are hypothesized to be both broader and shifted less after acclimation than graphs 

of activity from Carassius auratus. Indeed, this is the case with the sister species, 

Fundulus heteroclitus.  

   

Evolutionary Hypotheses 
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 It was also proposed that by integratively analyzing the results of this study along 

with previous work, phylogenetic relationships and knowledge of the ecological 

conditions Fundulus heteroclitus and Fundulus grandis must cope with, insight can be 

drawn about the evolutionary lability of the muscle acclimation response and the role that 

local ecological conditions may have on adaptation of physiological responses. 

Populations of both Fundulid species experience similar ranges of seasonal temperatures 

and both experience a highly variable thermal environment over acute periods of time. 

Fundulus heteroclitus, however, experience a high degree of clinal variation along their 

range, while there is very little geographic variation of the gulf coast limited Fundulus 

grandis. Also, microsattelite analysis of Fundulus heteroclitus suggests that the species 

expanded its range in the recent Pleistocene during in between glaciation events (Adams, 

2006). It is likely that the two species diverged in this time period. Before the time period 

the common ancestor likely occupied thermal habitat similar to Fundulus grandis in 

Pleistocene thermal refugia near the Gulf of Mexico. Given these observations, 

comparison of the thermal acclimation response, as assessed by ATPase activity or 

thermostability data, between these two species could provide evidence supporting one of 

two hypotheses. 

A very similar acclimation response between the two species suggests that the 

evolution of the acclimation response is due to the high degree of acute variability 

experienced by both species and is a synapomorphy, or occurred much earlier in the 

evolutionary lineage and is a symplesiomorphy.  A much lower acclimation response in 

Fundulus grandis, however, suggests that the selective pressures experienced by 

Fundulus heteroclitus individuals during the expansion of range drove the evolution of 
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the acclimation response. This would be an interesting mechanism of adaptation. Rather 

than selection favoring individuals with polymorphisms that compensate for novel 

environmental conditions experienced at the edge of the species range during expansion, 

a new physiological adaptation permitted acclimation to the conditions diminishes 

selective pressures. In other words, an adaptation permitting thermal tolerance on a 

shorter time scale, seasonal acclimation, is modified to mitigate the selection pressures on 

a longer time scale, expansion of geographic range. This provides evidence against the 

generality that adaptive responses to changes in environmental conditions are typically 

characterized by an expansion of physiological acclimation when these changes occur 

seasonally or by genetic differentiation in populations when these changes are 

geographic. Such an analysis has been completed in the Fundulus genus for glycolytic 

enzyme expression levels supporting this second hypothesis (Pierce and Crawford, 1997). 

If such a capability existed it would seem all the more likely that the first hypothesis, the 

insensitivity to an acutely variable environment obviates the need for an acclimation 

response, is possible. In both cases selective pressures drive the evolution of the 

adaptation of an existing physiological mechanism to cope with changes on a different 

time scale. Selection occurs at the interaction between the phenotype and the 

environment and is blind to the mechanisms by which organisms use to mitigate selective 

pressures. Put simply, organisms often work with what they are already given. 

 

Potential Explanation of Acute Eurythermal Performance  

 Both Fundulus grandis and its Atlantic sister species, Fundulus heteroclitus 

demonstrate temperature insensitivity of locomotory performance. Integrating the 



- 84 - 

conclusions and data of many studies allows for the development of hypotheses 

explaining this eurythermal performance. While these theories cannot be fully evaluated 

given the lack of ATPase activity and thermostability data from this study, if the 

predicted outcome of ATPase activity and thermostability studies in Fundulus grandis 

are assumed as discussed above, a hypothetical environment to discuss potential 

mechanisms of the thermal insensitivity of Fundulus muscle performance can be fostered.  

Studies on isolated, unregulated Fundulus heteroclitus myosin have revealed that 

the myosin molecule of these fish is not inherently insensitive to temperature. 

Unregulated myosin ATPase activity in this study depended on temperature with a Q10 of 

2.23. In vitro motility assays revealed an even greater dependence of force production on 

temperature with a Q10 of 3.1 (Grove et al, 2005). In contrast, the Q10s of regulated 

myosin from this same species are 1.4 - 1.5 for ATPase activity and only 1.2 – 1.3 for 

locomotory kinematics (Johnson and Bennett, 1995). The discrepancy between these 

parameters suggests that thermal insensitivity of the Fundulus myofibrillar complexes 

arises from adaptations of the regulatory accessory proteins. Furthermore, twitch 

contraction speed of isolated muscle fibers is more temperature dependent than 

locomotory kinematic variables, Q10s are 1.9 and 1.2 – 1.3 respectively when compared 

to the Carassius auratus, 2.1 and 2.0-2.3, suggesting that some in vivo regulation of the 

myofibrillar complex is occurring to a greater extent in Fundulus.  

Based on these observations and the alterations to myosin function conveyed by 

phosphorylation discussed in the literature review, I posit that myosin phosphorylation 

state may be dependent on thermal environment in these fish. This would represent yet 

another example of the mitigation of evolutionary pressures through the adaptive 
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modification of a specific physiological response to cope with similar challenges caused 

by a different situation. An existing response is adapted to solve a new challenge. In this 

case, the existing effect of myosin light chain phosphorylation increases force production 

of the myosin power stroke, ATPase rate, contraction / relaxation rate and Ca
2+

 

sensitivity of contraction as well as disordering of structure in the myosin head (Sweeney 

et al, 1993 ; Greenberg et al, 2009). Phosphorylation of light chain serines occur after 

periods of contraction, priming the myosin for increased duty over short periods 

(Greenberg et al, 2009). In killifish, light chain phosphorylation may occur after cold 

exposure.  

This theory could readily be examined by 2D PAGE studies of light chains from 

different acclimation groups. Phosphorylation can greatly affect pI. Such work has been 

completed (Johnston and Bennett, 1995) but the protocols have been conducted such that 

the muscle homogenates of the acclimation groups contained active enzymes for later 

characterization of enzymatic parameters. Therefore, any temperature dependent 

regulators of phosphorylation state would function similarly as the purification 

procedures occur at the same temperature across the acclimation groups. In the future, 

studies may employ freeze clamping with liquid nitrogen and extraction of myofibrillar 

proteins by acidic guanidine-ethanol solutions in order to investigate the phosphorylation 

state of myosin light chains (Johnston, 1982).  

The results of peptide mapping studies in this study also suggested 

phosphorylation of myosin heavy chain. Myosin heavy chain phosphorylation is not well 

understood, especially in muscle myosin. Myosin II heavy chain phosphorylation, 

however, has been demonstrated to decrease motility (Dulyaninova et al, 2007). If this 
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function applies to Fundulus grandis myosin then dephosphorylation at low temperatures 

might lead to an adaptive change in myosin kinetics.  

 

Conclusions 

The results of this study elucidated some questions regarding the thermal 

acclimation response in Carassius auratus and Fundulus heteroclitus. Characterization of 

myosin isoform expression patterns in both species was somewhat successful. The ratio 

of essential alkali light chain isoforms depended on acclimation temperature in Carassius 

auratus but not in Fundulus heteroclitus. Furthermore the direction of the change of 

isoform expression followed predictions for an adaptive response to temperature based on 

what is known about functional diversity of light chain isoforms. The results of 

experiments on myosin heavy chain isoform expression, however, were less clear. In both 

species, there were no major qualitative differences in the peptide map patterns between 

acclimation groups. There was a statistically significant change in the staining intensity 

of one band on the peptide maps of both species. This result suggests either myosin heavy 

chain phosphorylation changes between acclimation groups or that the temperature range 

was not large enough to fully induce differential myosin heavy chain isoform expression 

and the appearance of this band is the first sign of the expression of the different isoform. 

While this second explanation is possible in Carassius auratus, it is unlikely in Fundulus 

heteroclitus because extension of the acclimation temperature range would have been 

ecologically insignificant.  

The results of this study also failed to elucidate some questions. Namely, ATPase 

assays did not produce reproducible results. Consequently, both measures of the strength 
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of the acclimation response, ATPase and thermostability were not assessed. Therefore, it 

was not possible to properly address the research hypothesis relating ecological 

observations in Fundulus grandis to the absence of a major acclimation response.   

Future research direction on this particular topic might address the problems of 

this study by characterizing ATPase activities and thermostabilities of myosin from 

freshly prepared samples and a different ATPase assay. Also, the proposed mechanisms 

of acute eurythermal performance could be examined using a freeze-clamp extraction 

method of myofibrillar proteins and subsequent analysis by 2D PAGE. 
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Glossary 
 
Cristae : Folds of the inner mitochondrial 

membrane which contains the 
membrane bound proteins of the 
electron transport chains 

 
cDNA microarray analysis: technique for 

characterizing the expression of a 
large array of genes as assayed by 
hybridization of cell mRNA 
extractions to short oligonucleotide 
cDNAs printed on a glass slide 

 
Cyprinidae : Family of fish consisting of the 

carps, the true minnows and their 
relatives, includes study organism 
Carassius auratus 

 

Ectotherm : Animal that controls its body 
temperature through external means 

 
Eurythermal : Functional at a wide range of 

temperature 
 
Homeokenesis : homeostatic regulation of 

movement. Organisms achieve 
isokenesis when they are able to 
maintain the same forms and speed 
of locomotion 

 
Homeostasis : Achievement of dynamic 

equilibrium 
 
Isoforms : Multiple forms of the same 

protein within one organism. 
Isoforms generally differ in only a 
few amino acid residues and have the 
same functional domains 

 
Isokenesis : see homeokinesis 
 
Lateral Line : Sense organ of fish utilizing 

neuromast, or hair, cells to detect 
water movement along body. 
Derived from neural crest cells and 

homologous to neuromast cells of 
the ear. 

 
Light Meromyosin : myosin subfragment 

after partial degradation by trypsin. 
Contains only the myosin rod, not 
the globular head or lever arm 
domains, see myosin structure 
appendix 

Myofibrillar complex : Complex of 
proteins directly associated with 
sarcomeric myosin. These include 
myosin heavy chain, myosin light 
chains, actin, tropomyosin, and 
troponin 

 
Myosin S1 : The motor domain of myosin 

also known as the globular head that 
contains the ATPase and actin 
binding sites. 

 
Myotome : Muscle segment in fish 

separated by connective tissue layer, 
the myosepta. 

 
Operculum : Gill covering 
 
Phenotype : Observable physical or 

biochemical characteristics of an 
organism. The Phenotype is a result 
of combinatorial effect of the 
environment and the organisms 
genotype. 

 
Poikliotherms : organisms whose body 

temperature fluctuates with that of 
the enivonment 

 
Polyphyletic : A polyphyletic grouping of 

organisms does not contain the most 
recent descendents from multiple 
ancestral groups. 
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Polyploidy : State of possessing multiple 
homologues of chromosomes 

 
Polytomy : Part of a constructed phylogeny 

where evolutionary relationships 
cannot be fully resolved into 
dichotomies 

 
Post Translational modifications : 

modification made to proteins after 
its translation 

 
Q10 : Rate of change of function after a ten 

degree change in temperature. Can 
be applied to gross morphological or 
behavioral measurements as well as 
the activities and function of 
enzymes. 

 
Recuitment: When a muscle fiber is 

stimulated by the nervous system to 
begin contraction, it is said to be 
recruited 

 
Stenothermal : Stenothermal organisms 

experience a very narrow band of 
environmental temperatures. 
Examples include arctic and 
deepwater marine organisms.  

 
Striated muscle : Muscle with 

characteristic striation when viewed 
at proper maginification. The 

striations are due to the repeating 
structure of the sarcomere. 

 
Sympatry : Sharing of habitat between two 

species. 
 
Tetraploidy : State of possessing 4 

homologous chromosomes 
 
Thick Filament : Bundle of myosin 

molecules in sarcomere held 
together by non-covalent 
interactions on the myosin rod. 
Transduces energy from the lever 
arms of myosin to the sarcomere. 

 
Two-state model : The two state model is 

an idealized model of protein folding 
dynamics in which the protein exists 
only as a random coil or a completely 
folded functional protein. 

 
Van’t hoff enthalpy : Enthalpy change of a 

reaction calculated by measuring the 
dependence of equilibrium constant 
on temperatrye according to the 
Van’t Hoff Equation: 
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Figure A1: Muscle Organization (Public Domain Licensed 

Image) 

Appendix I 

Muscle Physiology and Function 

Starting from the level of an entire muscle and working down in biological organization, 

a muscle consists of a bundle of fascicles bound by connective tissue known as 

epimysium. Each fascicle is another bundle of smaller units known as muscle fibers and 

is bound by the perimysium. A individual muscle fiber represents a single multinucleated 

cell that contains the functional machinery for muscular contraction. Finally, an 

individual muscle fiber contains a number of cylindrical organelles that stretch the length 

of the muscle fiber known as the 

myofibrils. The myofibrils are a 

protein complex of repeating 

subunits along its length known as 

sarcomeres. Sarcomeres are the  

       functional unit of muscular contraction.   
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 The sarcomere is composed of three different filamentous complexes, the thick 

filament, thin filament and a 

series of proteins involved in 

the structural maintenance of 

the sarcomere including titin 

and nebulin. The thick 

filament is formed from the 

interaction of many myosin 

molecules. The thin filaments consist of a strand of actin polymers coated by the 

regulatory proteins troponin and tropomyosin.  Each sarcomere is defined as the region 

between two Z-discs (see figure AI 2). The Z discs form the structural ends of the 

sarcomere upon which contractile force is applied. By connecting subsequent sarcomeres 

the Z-discs transduce contractile force into tension along the muscle fiber. During 

contraction, ATP hydrolysis is coupled to conformational changes in the myosin thick 

filaments and binding between the thick filament and thin filament. Myosin heads on the 

thick filament bind to actin and, utilizing energy from the hydrolysis of ATP, undergo a 

conformational change known as the power stroke that swings the myosin head towards 

the center of the sarcomere, applying tension to the then filaments and compressing the 

sarcomere.  

In order to understand sarcomeric contraction with more depth we must consider 

the structures, functions and interactions of the proteins involved. The myosin 

holoenzyme consists of 6 proteins components: two myosin heavy chains each bound to 

one alkali essential and one regulatory light chain. The myosin heavy chain can be 
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Figure A3: Structure of the head and neck 

domains of myosin with bound light chains 

(Rayment et al, 1993) 

divided into three regions: the globular head, neck 

domain and tail domain. The globular head 

domain contains the ATPase site and actin binding 

site. The neck domain is composed of a single α-

helix. The neck domain is rigid except at the site 

where it meets the rod domain. Thus, it functions 

as a rigid level arm during contraction. A small 

conformational change in the myosin molecule is 

transduced into torque by the rotation of the lever 

arm and myosin head with respect to the myosin 

tail domain. The myosin tail domain consists of an 

α-helix of heptad repeats. It is responsible for the 

assembly of the thick filament and transduction of 

tension along the sarcomere.  Approximate 

synonyms for these domains as defined by sites of 

limited tryptic proteolysis are S1 (head) S2 (neck) and light meromyosin (tail). The 

myosin light chains are largely α-helical proteins that associate through non-covalent 

interaction with the neck region. These proteins are said to “stiffen” the myosin neck, 

greatly increasing force production. They also have complex roles in the modulation of 

myosin activity. 

The thick filament is composed of myosin organized in levels of quaternary 

structure. At the low level, two myosin molecules interact to form a two-membered 

coiled coil structure along the length of the tail domains. Each of these hexamers 
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(includes light chains) then interacts to form a large filament composed of thousands of 

myosin molecules with the lever arms and heads protruding at equidistant intervals along 

its length.  

   Myosin in the thick filament binds to actin during the contraction cycle. Actin 

as a monomer has a globular three dimensional structure. Upon ATP dependent 

polymerization, however, the actin monomers form long thin filaments. A complex of 

proteins binds to actin in addition to myosin. Another long helical filament composed of 

tropomyosin and troponin I and C wrap around the thin filament. Tropomyosin is a long 

filamentous protein that blocks the myosin binding sites on actin. The strength of this 

binding, however, is dependent of the calcium binding protein troponin. When free 

calcium is present in the myoplasm troponin induces the tropomyosin-troponin complex 

to disassociate from actin allowing myosin binding and contraction cycles.  

In the contraction cycle there a several key events. An action potential depolarizes 

the plasma membrane of the muscle fiber this depolarization is experienced even deep 

within the fiber because of deep networks of membrane invaginations called t-tubules. 

Depolarization activates calcium transporters in the sarcoplasmic reticulum, a specialized 

endoplasmic reticulum, releasing calcium into the myoplasm and exposing actin to 

myosin’s actin binding site. Myosin with bound ADP and phosphate ion binds to actin 

and then with the concomitant release of phosphate the conformational changes leading 

to the power stroke in the myosin molecule occur. The myosin ATPase site then releases 

ADP and upon binding of ATP releases actin. Hydrolysis of ATP then primes the myosin 

molecule for the next power stroke.  
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Fish Muscle Anatomy Physiology and Locomotion 

 Considering the density of the medium fish inhabit, economy of weight is of less 

significance than in terrestrial vertebrates. As a result, fish are able utilize a body plan 

that is dominated by muscle mass. Forty to sixty percent of the body mass of most fish is 

composed of locomotory muscle (Hoar and Randall, 1978). The anatomy, physiology and 

function of this muscle have been extensively studied and described. The sheer volume of 

muscle in fish, coupled with our understanding of its physiology, the great diversity of 

the Osteichthyes and Chondrichthyes, the significance of locomotory muscle 

performance to fitness and the close thermal connection between fish and their 

environment, fish muscle is an excellent system in which to investigate physiological 

responses to changes in the thermal environment and draw insight into the evolution of 

local adaptive responses. This portion of the appendix will provide a background on the 

organization of the fish locomotory muscle system, its unique physiology, and briefly 

explain its function in locomotion  

 

Gross Anatomy 

 There are myriad locomotory muscle groups in fish. Indeed, the complex 

musculature of the tetrapods evolved from elaboration of the Osteichthyan plan into 

distinct superficial, median, and deep layers and subsequent division of these groups. 

There are systems in place to control the median caudal, anal and dorsal fins as well as 

the paired lateral pectoral and pelvic fins. Fish possessing the generalized “fish” body 

plan, fusiform and laterally compressed, primarily locomote by lateral undulations in 

their body culminating in their caudal fin. This form of locomotion is utilized by the two 
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Figure A3: Fish and their Myotomal Structure. 

Demonstrates myotomal form and increased 

complexity of myotomal form with phylogenetic 

divergence and ontogenetic development. 

(modified from Bone, 2008)  

 

species in this study, Fundulus grandis and Carassius auratus. These oscillations result 

from the action of segmented axial musculature. This muscle is divided laterally and into 

myotomes (see figure) that form complex three dimensional shapes and insert on layers 

of separative connective tissues called myosepta. The three dimensional shape of the 

interaction of the myotomes can be described as several series of nesting cones. Due to 

the incompressibility of the notochord, 

contraction of the myotomal musculature 

increases the lateral flexion of the body. This 

review will focus on this muscle group, as it 

plays the greatest role in the locomotion of 

fish like those used in this study. 

 The complex shape of the myotomes 

arises because of a variety of factors. In the 

Precambrian protovertebrates, similar to the 

extant Amphioxus, the notochord was located 

dorsally in the body in order to accommodate 

the viscera. This body plan persists in today’s 

derived vertebrates. The contraction of one 

side’s simple serially arranged trunk musculature blocks would result in ventral flexion of 

the notochord in addition to lateral flexion, because the majority of the muscle would lie 

below the notochord. A solution to this predicament is provided in the complexity of the 

myotomal structure. By organizing the muscle blocks into V-shapes, with the point 

centered at the dorsoventral level of the notochord, the contraction of muscle fibers 
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parallel to body axis results in tension along the apices of the nested cones along the long 

axis of the body causing a lateral curvature of the body (Hoar and Randall, 1978; Bone, 

2008).  

 The successful lateral flexion of the trunk is not the only limitation that has 

shaped the design of the myotomal anatomy. Other requirements include that the 

contraction occurs without a change in body volume, the radius of curvature caused by 

contraction is the least deep in the body and the greatest superficially and finally, 

contraction of muscle units must successfully transfer energy to the notochord or 

vertebral column (Hoar and Randall, 1978). One of the simplest to grasp interpretations 

of the myotomal shape begins with the note that in derived groups such as the teleosts, 

superficial fibers lie parallel to the body axis while deeper fibers are rotated up to 40 

degrees from the axis. The trajectory of sequentially inserted and originating muscle 

fibers on the myosepta follows a helix. This design allows the fibers of an individual 

myotome to contract isometrically as the body bends despite the fact that the curvature is 

greatest deep, near the vertebral column or notochord. The complex pattern of the 

myotomes allows optimum fiber packing given the necessities of altering their orientation 

through the body and efficiently transferring energy into the nested cones and down the 

body to cause lateral only flexion (Bone, 2008). Yet another way to visualize this link 

between strucuture and function is that regardless of the orientation of the muscle fiber 

with respect to the body axis, all fibers insert on the myosepta at nearly the same angle 

(Hoar and Randall, 1978).  

 

Histology and Physiology  
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 Muscle fibers are categorized into two main types easily distinguished by the 

presence or absence of myoglobin, referred to as red and white fibers, respectively. 

Although the presence or absence of myoglobin in these fibers provides a simple 

distinction between the two broad types of cells, the differences in metabolism, function, 

innervation and localization of these fiber types is complex. Furthermore, the two type 

distinction belies a greater variety of fiber types including a range that are intermediate in 

many factors. 

 For the most part, fish muscle fibers of the same type are localized together. This 

is in stark contrast to the histology of other vertebrate muscle which is typically 

composed of mixed assemblages of muscle fiber types in any one region. In most fish, 

red muscle in the myotomes is limited to a thin layer near the skin with the thickest 

region following the lateral line
†
 (Bone, 2008). Red muscle is also associated with greater 

portions of the musculature controlling the lateral paired fins. White muscle fibers, on the 

other hand, compose the vast majority of the myotomal muscle. The separation of muscle 

fiber types in fish is yet another reason why it makes an excellent tissue in which to 

address many biological questions. 

 The red and white muscle fiber types are served better by names descriptive of 

their contraction speed and metabolism. White muscle is generally referred to as fast 

glycolytic muscle, while red muscle is termed slow oxidative muscle.  Slow-twitch 

oxidative muscle contains abundant large mitochondria, a high, constitutive level of 

expression of enzymes associated with oxidative metabolism, and large ratios of lipid to 

glycogen stores. These metabolic factors point to an increased emphasis on aerobic 

metabolism. Indeed slow oxidative muscle is well supplied with oxygen in fish by dense 
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capillary beds. Furthermore, the greater myoglobin content and relatively small diameter 

ensures a steady level of oxygen supply even during moderate exercise. Fast glycolytic 

muscle metabolism on the other hand is specialized for rapid production of energy, with 

glycolytic metabolism dominating aerobic metabolism. Mitochondria are small and less 

abundant. Enzymes of anaerobic metabolism are expressed at high levels and glycogen 

stores are far more abundant than lipids. The availability of oxygen is also diminished 

when compared to slow fibers: there is no myoglobin expressed in fast glycolytic fibers 

and vascularization is poor. Finally, the fibers are generally wider, permitting greater 

force production while decreasing gas exchange rates due to volume:surface area 

considerations (Bone, 2008) . 

 The variation in metabolism between the two generalized fiber types is indicative 

of their function. Fast glycolytic muscle is capable of rapid and inefficient bursts of 

contraction and relaxation over short periods of time, while slow oxidative muscle 

provides efficient, aerobic and slow contractive forces (Ruegg, 1986). The differences in 

the contraction/relaxation rate, while logical considering the two fiber types’ metabolism, 

are due primarily to differences in Ca
2+

 activation and innervation. Ca
2+

 activation in fast 

glycolytic fibers leads to much higher rates of ATPase activity. The t-tubules of the 

sarcolemma are denser and of greater volume, allowing rapid release of Ca
2+

 into the 

sarcoplasm after the action potential. Furthermore, the cytoplasm of these cells is rich in 

low molecular weight Ca
2+

 binding proteins such as calmodulin, resulting in rapid 

deactivation of contraction (Ruegg, 1986). Depolarization of the sarcolemma and 

subsequent release of Ca
2+

 also elicits different contraction types in the various fibers. 
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Slow oxidative fibers exhibit tonic contraction, while fast glycolytic fibers exhibit phasic 

contraction. 

 Innervation patterns of fish muscle vary with phylogenetic position and muscle 

fiber type. In teleosts, excluding less derived groups such as the Elopomorpha and 

Clupeomorpha, fast glyocolyitc fibers as well as slow fibers are multiply innervated by 

numerous motor endplates arising from single or multiple axons. This represents a unique 

adaptation in higher teleosts as the fast glycolytic muscle fibers of terrestrial vertebrates 

and other fish groups use focal innervation by a single motor endplate formed from a pair 

of axons (Bone, 2008). Interestingly, this pattern of innervation may be utilized as a 

response to acute temperature stress in the muscle, as multiple innervation permits graded 

levels of contraction rather than the all or nothing contraction caused by focal innervation 

and action potential propagation along the muscle fiber (see literature review).  

 It should come as no surprise considering the metabolism and contraction/ 

relaxation rate of the two generalized types of muscle fibers that they power different 

types of swimming in fish. By operating aerobically, slow muscle fibers can power 

efficient cruising in fish, permitting long distance swimming. As swimming speed 

increases, tonic muscle contraction no longer becomes ideal, because force generation in 

fish locomotion is directly proportional to tail beat frequency. At higher speeds, 

intermediate pink and then fast glycolytic fibers are recruited to a greater extent. At 

speeds below maximum, but above slow cruising, the complex multiple innervation of 

teleost white muscle permits the recruitment of some but not all fibers. In bursts of 

maximum speed, or quick-starts, nearly all fast glycolytic fibers are recruited, depending 

on the degree of curvature. These fibers, however, cannot function for extended periods 
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of time as glycogen stores are rapidly depleted and toxic metabolites such as lactic acid 

accumulate. Interestingly, the proportion between red and white muscle in fish can 

provide evidence predicting lifestyles, with an increase in red muscle suggesting wide-

ranging foragers that rely on the suction feeding. High proportions of white muscle on the 

other hand suggest ambush predation (Evans, 1993 ; Bone, 2008) 
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