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ABSTRACT 

I investigated the effects of acute, increased temperatures on round whitefish 

embryos at the protruding mouth stage and young-of-the-year (YOY) juveniles at 3.5 

months post hatch by characterizing the kinetics of the heat shock response (HSR). The 

HSR provides protection from a variety of stressors (i.e., thermal stress) at the cellular 

level and is characterized by the upregulation of a suite of proteins called heat shock 

proteins (Hsps).  Round whitefish embryos were exposed to two heat shock (HS) 

temperatures (6 or 9 °C above control temperature) for 4 different lengths of time (1, 2, 3, 

or 4 h) followed by a 2 h recovery period at the control temperature of 4 °C, a typical 

incubation temperature for round whitefish embryos. Post-HS recovery was also 

examined by exposing embryos to a 2 h HS at 9 °C above control temperature followed 

by a recovery period of 0, 2, 4, 12, 24, or 48 h at the control temperature of 4 °C. YOY 

juveniles acclimated to an ecologically relevant 10 °C were exposed to three different HS 

temperatures (6, 9, or 12 °C above control temperature) for 4 different lengths of time (1, 

2, 3, or 4 h) and not given a recovery period. Post HS recovery was examined by 

exposing YOY juveniles to a 2 h HS at 6, 9, or 12 °C above control temperature followed 

by a 0, 1, 4, or 8 h recovery period at the control temperature of 10 °C prior to sampling. 

In embryos, hsp70 mRNA levels were the only consistently upregulated heat shock 

protein (Hsp), whereas in YOY juveniles hsp70 and hsp47 mRNA levels were 

consistently upregulated. Furthermore, in comparison to juveniles, embryos took a longer 

time to initiate a HSR but once upregulated the HSR was long lasting in both life history 

stages. These data indicate that embryos and juveniles are able to trigger a protective 

HSR which presumably aids them in surviving a 3 h HS of +9 °C and a 4 h of HS +12 
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°C, respectively. This suggests HSR is one of the mechanisms available to round 

whitefish when experiencing thermal stress in fluctuating environments.   
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1. GENERAL INTRODUCTION 

1.1 Stress   

Aquatic organisms such as fish may be exposed to potentially stressful 

environments where they experience changes in temperature, oxygen availability, 

turbidity, salinity, pH, ammonia, as well as exposure to heavy metals and organic 

chemicals caused by anthropogenic activities (Wendelaar Bonga, 1997; Iwama et al., 

2004). Changes in environmental conditions can directly affect biochemical constituents 

and their interactions necessitating a response from the animal, which can in turn limit 

the energy available for other processes (Hochachka & Somero, 2002). For example, a 

change in environmental conditions can disrupt various cellular events and damage 

organelles and proteins (Morimoto, 1990; Richter et al., 2010). Because environments 

can directly affect and challenge the biochemical state of an organism, they may also 

impact higher levels of organization including cellular, physiological, organismal, and 

ultimately performance and survival (Barton, 2002). Thus, it is important to understand 

how organisms adapt to different environments and respond when experiencing stressful 

conditions outside the presumed optimal or preferred conditions.  

Stress can be viewed as an organism’s response to a challenge that changes the 

physiological state beyond its normal resting or homeostatic state (Iwama, 1998). In this 

sense, organisms are effectively always under some degree of stress as they aim to 

maintain homeostasis. Organisms respond to stress by initiating mechanisms that involve 

changes at one or more different biological levels of organization including 

physiological, cellular, and behavioral (Schulte, 2014). These modifications in turn allow 

organisms to maintain homeostasis, acclimatize, and eventually adapt to different 
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environments (Hochachka & Somero, 2002; Yamashita, 2010). To understand 

population-level impacts of stress, data on the mechanisms underlying the 

aforementioned responses is needed at each level of biological organization for individual 

organisms (Schreck et al., 2001).   

 Fish are an excellent model system to study responses to a variety of stressors 

because they are directly exposed to these in their natural environment (Cossins & 

Crawford, 2005). Fish have an intimate physiological relationship with their environment 

as water comes into direct contact with the gills and gastro-intestinal system (Cossins & 

Crawford, 2005). Fish activate adaptive, generalized responses to stress which have been 

categorized as primary, secondary and tertiary (reviewed by Barton, 2002; Iwama et al., 

2004). Although these responses include common features which exist across taxa, it is 

important to note that responses can vary based on the stressor and species of fish 

(Schulte, 2014).  

Briefly, the primary stress response involves recognizing the stressor and 

initiating a physiological response via the neuroendocrine system which stimulates the 

release of ‘stress’ hormones into circulation (Barton, 2002; Iwama et al., 2004). The 

secondary stress response involves biochemical and physiological changes at the cellular 

level, such as a change in the amount of heat shock proteins (Hsps), plasma, tissue ions, 

and metabolites (Barton, 2002). Changes caused by the primary response can directly 

lead to changes to the secondary response and vice versa. For example, cortisol can have 

an effect on the cellular response in fish (Barton, 2002; Iwama et al., 2004). Vijayan et al. 

(2003) demonstrated that chronic cortisol exposure altered constitutive levels of Hsp90 

and Hsp70 in trout liver. Furthermore, Sathiyaa et al. (2001) demonstrated that exposure 
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to high cortisol levels reduced the typical heat shock (HS) induced Hsp90 mRNA 

upregulation in trout hepatocytes. Tertiary responses involve changes at the whole-

organism level such as immunity, behavior, reproduction, and survival (Barton, 2002). 

Collectively, these multi-tiered responses work together to allow a fish to maintain some 

level of homeostasis and survive a range of environmental conditions (Iwama et al., 

2004). However, if a stressor is sufficiently intense that homeostasis cannot be 

reestablished, because these responses are energetically expensive, stressors may divert 

allocation of resources away from growth and reproduction and therefore may threaten 

fish health (Schreck et al., 2001; Barton, 2002). 

1.2 Thermal Stress 

Natural fluctuations, climate change, and anthropogenic pollution are all possible 

sources of thermal stress in the aquatic environment.  Natural daily fluctuations in water 

temperature occur in streams (Johnson, 2003), near-shore areas of lakes (Kaplan et al., 

2003) and ocean intertidal zones (Feder & Hoffman, 1999). Changing global climate 

conditions are expected to increase both the duration and frequency of thermal stress 

events for aquatic organisms (IPCC, 2007). Based on climate change models, mean 

average global temperatures are predicted to increase up to 4 °C by the year 2100 (IPCC, 

2007). Species shifts towards the poles have already occurred and are expected to 

continue in response to climate change.  For instance, the range of Atlantic cod (Gadus 

morhua) has already shifted about 1 degree of latitude northward in a period of 24 years 

in the North Sea (Perry et al., 2005). Shallow near-shore environments may experience 

greater temperature increases, which could be further impacted by thermal pollution 

associated with industrial processes that use once-through cooling.  
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Once-through cooling is a process that draws water from a body of water such as 

a lake for cooling during power generation and returns it to the water source at higher 

than ambient temperatures. Thermal pollution is generated by a number of industries 

including steam electric power plants, pulp and paper mills, petroleum refineries, and 

chemical plants (NRTEE, 2010). In the North American Great Lakes, 87 333 million 

liters of water are taken per day for the purpose of once-through cooling (Great Lakes 

Commission, 2011).  Discharges of thermal effluents result in increases that average 8-12 

°C above ambient water temperature at the point source and can be as high as 15°C in 

some systems (Langford, 2001). This heated water then mixes with the ambient water 

and the heat of the thermal plume dissipates with distance from the point source (Edinger 

et al., 1968; Langford, 2001). These potential sources of thermal stress can have negative 

effects on some species, but the warmer waters may be beneficial to warm water species 

(Janssen and Giesy, 1984; Richter et al., 2010). Janssen and Giesy (1984) demonstrated 

that thermal effluents increased zooplankton densities that attracted blueback herring 

which in turn attracted robust largemouth bass. Thermal effluents can attract species that 

are not normally found in the ecosystem, but irrespective of the effect on the ecosystem 

as a whole, it may still be beneficial for the individuals in that species.  

Environmental temperature is one of the main factors limiting species distribution 

and abundance (Chadwick et al., 2015). Temperature can affect a wide variety of cellular 

and biochemical processes (Logue et al., 1995; Hochacka & Somero, 2002). Most 

biochemical reactions are affected by daily and seasonal fluctuations in temperature 

(Clarke, 2003). Temperature effects on ectotherm physiology and biochemistry may be 

particularly noteworthy because they have limited ability to regulate their internal body 
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temperatures using endogenous (internal) means and as such internal body temperature 

tends to fluctuate with ambient temperature. Furthermore, due to the physical properties 

of water such as its thermal conductivity and high specific heat, aquatic organisms 

generally have temperatures similar to their environment and due to the homogeneity of 

water; it is often hard for them to escape this stress through behavioral means (Feder & 

Hoffman, 1999). Therefore, acclimatization and adaptation to thermal shifts for 

ectotherms often involves changes in metabolism and other biochemical and 

physiological processes to compensate for these changes in body temperature to 

minimize the negative impacts they might have (Das and Prosser, 1967). Temperature 

can also have a direct impact on the integrity of proteins and other macromolecular 

structures, thus the mechanisms used to combat thermal perturbations play a key role in 

setting thermal tolerance limits and influencing species distribution (Hochachka & 

Somero, 2002). The impact of temperature on biogeography is evident across species in 

determining where certain species may survive (Hochachka & Somero, 2002).  

The physiological and biochemical impacts of changes in temperature have the 

potential to affect all life history stages with major life history transitions being 

potentially more vulnerable. At earlier life stages, hyperthermia increases the number of 

permanent deformities. For instance, deformities in the caudal part of the vertebral 

column and curvature of the column as a whole have been observed in Atlantic salmon 

(Salmo salar), common pandora (Pagellus erythrinus), and tilapia (Oreochromis 

mossambicus) embryos as a result of hyperthermia (Wang & Tsai, 2000; Sfakianakis et 

al., 2004; Wargelius et al., 2005).  Subtler effects of hyperthermia include increased 

developmental rate which may negatively impact larval survival. For example, an 
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advanced hatching date can lead to a mismatch of prey abundance which has been 

hypothesized to influence growth and survival of cod larvae (Gotceitas et al., 1996).  

Furthermore, temperature has been shown to affect survival (Huuskonen et al., 2003), 

development (Bascinar & Okumus, 2004), growth (Marr, 1966), hatching success (De 

March, 1995), behavior (Lee et al., 2003) and reproduction (Jobling et al., 1995; Atse et 

al., 2002) in a variety of fishes. These effects can translate into shifts in distribution and 

abundance of a variety of species (Iwama et al., 2004; Perry et al., 2005). While 

temperature can impact all life history stages of fish, young animals tend to have 

narrower thermal tolerance limits compared to older juveniles or adults (Finn & 

Ronnestad, 2003); this makes these earlier life stages particularly vulnerable to the effects 

of thermal stress.  

Adaptive cellular processes and a variety of physiological responses dictate 

thermal tolerances of a variety of fish species (Yamashita et al., 2010). Biochemical and 

physiological processes in ectotherms tend to have wider optimal thermal ranges and are 

generally better adapted to a broader range of temperatures. Fish usually have a body 

temperature within 1 °C of the ambient temperature and different species can be found in 

a broad range of thermal niches as low as -1.5 ° C up to 44 °C (Reynolds & Casterlin, 

1979; Goldspink, 1995).  Moreover, different individuals of the same species can occupy 

different thermal niches which in turn can change on a daily or seasonal basis.  Because 

ectotherms cannot regulate body temperature, they have cellular and biochemical systems 

which function at a broad range of temperatures. These may in turn provide a mechanism 

to respond to thermal stress if temperatures reach the limit of this relatively broad 

temperature range and avoidance is not an option.   
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1.3 Heat Shock Response 

Depending on the severity of thermal stress encountered, a cell can either combat 

the stress or initiate one or more programmed cell death pathways (Evgen’ev et al., 

2014).  Both of these will involve the up and down regulation of different gene 

expression networks (Evgen’ev et al., 2014).  The heat shock response (HSR) and the 

associated increase in Hsps, represents one of the key protective cellular mechanisms in 

response to thermal stress and a suite of other stressors (Hightower, 1991). This is a 

safeguard mechanism which protects the cell from an otherwise lethal stressor 

(Hightower, 1991). The HSR involves increased synthesis of a suite of highly conserved 

proteins called heat shock proteins or stress proteins (Hsps; Lindquist & Craig, 1988). 

Several Hsps have been identified and these were originally assigned to families, which 

are a group of closely related proteins, based on molecular weight (Gething, 1997). The 

major Hsp families are Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, and low molecular weight 

class Hsps (Gething, 1997). In some instances, an Hsp family may have two or more 

closely related proteins that differ in tissue distribution and function (Gething, 1997). 

Hsps have been identified in all taxa investigated and there is high conservation in amino 

acid identity across the three domains which reflects their importance in cell function and 

survival (Georgopoulos and Welch, 1993; Gupta & Golding, 1993; Iwama et al., 1999; 

Feder & Hoffman, 1999). 
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1.3.1 Heat Shock Protein Function  

Although often referred to as stress proteins, Hsp function goes beyond their role 

in the cellular stress response. They are molecular chaperones required for the normal 

function of all types of cells (Hartl, 1996). Because of these critical functions, some Hsps 

are always expressed and present at low to moderate levels in the cell and as such these 

Hsps are described as constitutive(Feder & Hoffmann, 1999).  This is in contrast to those 

described as inducible Hsps which are mostly absent under normal cellular conditions, 

but whose expression is rapidly upregulated (i.e., induced) in response to stress (Feder & 

Hoffmann, 1999). Several different Hsps function to maintain critical processes of 

folding and compartmentalization of nascent proteins, protein transport, cell signaling, 

DNA replication, protein synthesis and immunity (Iwama, 1998; Parsell and Lindquist, 

1993; Welch, 1993; Hartl, 1996). One key function of molecular chaperones such as Hsps 

is to bind to the unstable, non-native conformations of proteins, and facilitate their 

folding (Frydman et al., 1994). As nascent protein chains come in contact with the 

aqueous surrounding medium during protein synthesis, they may bind to other nascent 

proteins or to themselves and form nonfunctional protein aggregates which can be lethal 

for the cell (Hochachka & Somero, 2002). Molecular chaperones allow unfolded nascent 

proteins to fold to their native state (Hartl, 1996) and thus have a critical role in cellular 

health.   

One of the most widely studied and most temperature sensitive family of Hsps is 

the Hsp70 family. Members of this family have essential roles in protein folding and cell 

signaling under normal conditions (constitutive; Hsc70) while others are rapidly 

upregulated during stressful events (inducible; Hsp70) (Balchin et al., 2016). Hsp70 
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recognizes hydrophobic segments of proteins, which are exposed when proteins are not in 

their native conformation, and promotes folding through an ATP-dependent binding and 

release process (reviewed by Balchin et al., 2016). Hsp70 has also been shown to affect 

different cellular events such as differentiation, proliferation and cell death by transiently 

binding to a variety of regulatory proteins (Mayer & Bukau, 2005). Some other functions 

from members of the Hsp70 family include protein folding, refolding, disaggregation, and 

trafficking (Balchin et al., 2016). Under stressful conditions, some members of this family 

are inducible (i.e., Hsp70), where they are absent or present at relatively low levels in the 

cell under normal conditions, and have increased expression in response to stressors such 

as temperature, hypoxia, heavy metals, and UV light (Parsell & Lindquist, 1993). Inducible 

Hsps are integral in maintaining cellular homeostasis during stress events where they 

function to repair or degrade denatured proteins (i.e., in non-native conformation) and 

prevent protein aggregation (Feder & Hoffman, 1999).  

Various families of Hsps have roles beyond chaperoning. During stressful events, 

inducible Hsps inhibit programmed cell death pathways and modulate other stress 

responses such as the anti-oxidant defenses and glucocorticoid systems (Feder & 

Hoffman, 1999; Garrido et al., 2001; Beere, 2005; Kirsche et al., 2014). Examples of 

some functions in roles beyond chaperoning include inhibition of apoptosis by Hsp70 

(Mosser et al., 2000). The Hsp90 family has roles in the cell-cycle, development, 

apoptosis, telomere maintenance, and regulation of important signaling molecules such as 

steroid receptors (McClellan et al., 2007). Finally, Hsp47, a highly inducible Hsp, is also 

involved with collagen production and development of embryonic tissues in fish and 

frogs (Basu et al., 2002; Hamilton et al., 2006).  
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1.3.2 Regulation of the Heat Shock Response 

Expression of the genes for heat shock proteins is regulated by transcriptional 

activators called heat shock factors (HSFs; Morimoto, 1998). In vertebrates, there are 

four different members of the HSF family (HSF1-4) where HSF1 is the “master 

regulator” of the stress response (Morimoto, 1998; Richter et al., 2010). Under normal 

cell conditions, HSFs exist in a monomeric state in the cytosol or nucleus bound to 

Hsp70, Hsp90, and Hdj-1 (Hsp40) (Wu, 1995; Morimoto, 1998). As the amount of 

denatured proteins increase, the molecular chaperones bound to HSFs dissociate and 

interact with the denatured proteins (Wu, 1995; Morimoto, 1998). These free, monomeric 

HSFs then diffuse into the nucleus, trimerize, and bind to DNA promoters (Wu, 1995). 

Hyperphosphorylation of the HSF1 trimer is in turn involved in activation of gene 

transcription (Wu, 1995). The HSF trimer binds to the highly conserved heat shock 

element (HSE) found upstream of the coding region of genes that are responsive to heat 

shock (e.g. Hsp genes) and induces their transcription (Morimoto, 1998). The mechanism 

for attenuating Hsp transcription is regulated by Hsps through a negative feedback loop 

(Morimoto, 1998). As Hsps increase in the cell, they bind to activated HSFs and prevent 

further DNA binding (Morimoto, 1998).  

To ensure cell survival, different regulatory levels are used to accomplish a rapid 

and reversible induction of Hsps (de Nadal et al., 2011). As protein damage accumulates, 

an increase in Hsps is needed to increase the likelihood that denatured proteins will 

interact with Hsps rather than with any other molecules (Parsell & Lindquist, 1993). 

Within minutes of heat stress, translation of most pre-existing mRNA is inhibited while 

hsp70 mRNA is preferentially translated as long as the heat stress is maintained 
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(Dellavalle et al., 1994). At the transcriptional level, rapid induction occurs in part 

because heat shock gene transcription exists in a paused state which is triggered to 

continue once heat shock begins (Dellavalle et al., 1994). At the post-transcriptional 

level, this rapid induction of the HSR is related to a number of factors including: a lack of 

introns in the hsp70 gene, hsp70 mRNA stability, and sequences in the 5’ untranslated 

region (UTR) (Dellavalle et al., 1994). Once the heat shock is over, hsp70 transcription is 

halted and the mRNA is degraded selectively due to special sequences in the 3’ UTR 

which make the RNA unstable during normal conditions (Dellavalle et al., 1994).  

1.4 Heat Shock Response in Fish  

As ectotherms, fish make ideal vertebrate systems to study the HSR because they 

experience changes in temperature at various time scales, allowing for assessment of 

responses to a range of thermal stress gradients at multiple life history stages (Basu et al., 

2002; Shabtay & Arab, 2005; Fowler et al., 2009). Investigations of the HSR in fish 

indicate an induction of various Hsps in cell lines, primary cell cultures, tissues and 

organs, and tissues following whole organism exposures to a variety of stressors 

(Airaksinen et al., 1998; Dietz et al., 1998; Vijayan et al., 1998; Ackerman & Iwama, 

2001; Cara et al., 2005; Kim & Kang, 2016). These stressors include temperature (Dietz 

et al., 1998), hypoxia (Airaksinen et al., 1998), chromium exposure (Kim & Kang, 2016), 

industrial effluents (Vijayan et al., 1998), pathogens (Ackerman & Iwama, 2001), and 

food deprivation (Cara et al., 2005). The response can vary based on species, stressor 

type, and family of Hsp (Dyer et al., 1991; Iwama et al., 2004). Induction of Hsps occurs 

at temperatures normally experienced by the organism (Feder & Hoffmann, 1999) which 
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suggests the HSR is a likely mechanism for homeostatic maintenance by fish exposed to 

fluctuating thermal environments (Basu et al., 2002; Fangue et al., 2006).    

Whole organism experiments show that the HSR in fish is plastic and the 

temperature of induction depends on thermal history (Dietz & Somero, 1992). In general, 

the induction temperature of the HSR is positively correlated with acclimation 

temperature such that organisms that are acclimated to higher temperatures have the HSR 

response triggered at higher temperatures (hereafter referred to as the HSR induction 

temperature).  Dietz et al. (1992) demonstrated that summer-acclimated gobies had 

higher levels of Hsp90 in the brain and a higher HSR induction temperature than winter-

acclimated fish. Currie et al. (2000) demonstrated the opposite trend in rainbow trout 

where warm-acclimated fish showed a decrease in induction temperature of hsp70 

mRNA levels. The magnitude of HSP expression also varies when comparing extremes 

within a species’ geographic range. Fangue at al. (2006) showed that magnitude of Hsp 

levels was greater in northern killifish, which experience colder temperatures, than in 

southern killifish. They also found that southern killifish had a lower HSR induction 

temperature for Hsp90 (Fangue et al., 2006). Hsp70 had the same HSR induction 

temperature but the magnitude of increase was greater in northern killifish (Fangue et al., 

2006). Furthermore, the type of Hsps induced can vary based on temperature fluctuations 

on different time scales. For example, temperature fluctuations over longer time scales 

(acute vs. chronic) resulted in more pronounced increases in Hsc70 and Hsp90 whereas 

those that occurred on shorter time scales had pronounced increases in small Hsps 

(Podrabsky, 2004). Overall, the plasticity and variation of the HSR suggests this is an 

adaptive response by fish to deal with thermal stress.  
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 Hsps are important in the embryogenesis of fish. The role of HSPs in fish 

development has been extensively studied in zebrafish (Danio rerio), with little research 

on non-model fish species. In zebrafish, Hsps have a pivotal role in developmental 

programming (specification) of somitic muscle development (Hsp90α) and lens (Hsp70; 

Sass et al., 1996; Blechinger et al., 2002, Krone et al., 2003). Furthermore, Hsp47 and 

Hsc70 have been implicated in collagen processing and neurogenesis, respectively (Lele 

et al., 1997; Santacruz et al., 1997). Zebrafish exhibit tissue-specific and stage-specific 

heat shock gene expression during physiologically normal and stressful conditions 

throughout embryogenesis. Under control conditions, hsp70 was expressed only in lens 

fibers during lens formation, but was inducible in response to heat shock throughout the 

embryo (Lele at al., 1997; Evans et al., 2005). Hsc70 was constitutively expressed 

throughout normal development and showed a slight increase in levels after heat-shock 

(Santacruz et al., 1997). During normal development, both hsp90α and hsp90β were 

constitutively expressed while hsp90β was present at relatively higher levels. After heat 

shock, hsp90α was more strongly induced in comparison to hsp90β (Krone & Sass, 

1994). These data suggest that different isoforms belonging to the same family are 

regulated differently and therefore could have different functions (Basu et al., 2002).   

1.5 Round Whitefish 

Round whitefish (RWF) are a salmonid species across Canada and the Northern 

United States and a key cold-water adapted species in the Great Lakes (Stewart et al., 

2007). While this species is common in lakes within Canada, its value for commercial 

interest is nonexistent (MacKay and Power, 1968). Throughout much of the year, RWF 

adults can be found in deep, cool waters (Stewart et al., 2007). During late fall and early 
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winter they move into shallow waters to spawn closer to the shore (Stewart et al., 2007). 

Spawning occurs in late November to mid-December when water temperatures range 

from 0-2.5 °C in the North to 2.2-4.5 °C in the South (Stewart et al., 2007). Embryos 

incubate for approximately 140 days at an average of 2.2 °C (Normandeau, 1969; Stewart 

et al., 2007). Griffiths (1980) showed that embryos incubated at temperatures greater than 

4 °C increased abnormalities and decreased survival.  

RWF hatch as yolk sac fry as early as March to May and stay on the bottom of the 

lake (Normandeau, 1969; Stewart et al., 2007). Young of the year (YOY) juveniles 

occupy spawning grounds and shallow shorelines of lakes (Stewart et al., 2007). As 

juveniles grow, they move offshore to cooler, deeper water in May, but not as deep as the 

water occupied by adults (Stewart et al., 2007). Previous research has suggested that 

RWF prefer cooler environments (preferendum of 17.5 °C; see Coutant et al., 1977). 

However, this is not to say they completely avoid cooler or warmer waters.  For instance, 

Sandercock (1964) sampled adult RWF in lakes in Algonquin Park, Ontario, from the 

hypolimnion (7-10 °C) to surface waters (22 °C) and found no statistical correlation 

between RWF abundance and water depth. This suggests that RWF were not avoiding the 

cool, deeper or warm surface waters which reached temperatures of 22 °C. Therefore, 

some life stages of RWF may experience temperatures as high as 22 °C during the 

summer, and therefore may have evolved physiological mechanisms to deal with this 

thermal stress. 

Early life stages of RWF may be subjected to thermal fluctuations generated both 

naturally and anthropogenically. Because young fish are found in shallower depths, high 

mixing of the water can expose RWF to fluctuating temperatures. RWF can also be 
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exposed to temperature fluctuations as a result of thermal effluents from coastal power 

plants. One instance of this is the Pickering Nuclear Generating Station, where RWF 

were impacted by the associated thermal plume (Maher, 1982; Stewart et al., 2007). 

Hatch dates for RWF embryos at the site were accelerated by 1-40 days, with embryos 

closest to the thermal plume hatching the earliest (Maher, 1982; Stewart et al., 2007). 

Embryo survival decreased in areas that were more frequently exposed to temperature 

fluctuations due to thermal plumes (Maher, 1982; Stewart et al., 2007). Consequently, 

this species has been used to assess the potential impacts of a thermal plume. 

Having a long developmental time period in cold temperatures may make RWF 

especially vulnerable to temperature fluctuations throughout embryogenesis. One study 

performed on RWF embryos found that developmental rate, developmental 

malformations, and mortality all increased with increasing temperatures (Patrick et al., 

2013). Because RWF at early stages are exposed to fluctuating temperatures due to both 

natural and anthropogenic sources, they may represent a sentinel species to investigate 

the effects of fluctuating temperatures on a cool-water species, especially during 

embryogenesis, when they have no behavioral way of avoiding thermal stress. A sentinel 

species has been previously described as a species that is highly sensitive in an 

environment and a species which may be used to serve as an early warning sign for the 

health of the environment (Renzoni, 1994).  As embryonic life stages may be more 

sensitive and have lasting effects on later stages of fish development, the mechanisms 

that embryos use to protect themselves against thermal stress are of particular interest.    
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1.6 Hypotheses and Objectives 

The objectives of my research were to investigate the effects of thermal stress at 

the cellular level during early life history stages of RWF. Effects at the cellular level 

provide useful biomarkers for stress as the responses can be detected earlier than at the 

organismal level (Weis et al., 2001). I set out to determine the extent to which these fish 

can respond to thermal increases by using the HSR as an indicator for thermal stress, as 

relatively little research has focused on the HSR during embryonic development and the 

early life history stages of fish. RWF embryos are particularly sensitive to temperature 

increases; as such they may be a sentinel species to study the effects of thermal effluents 

in lakes such as the North American Great Lakes. Thus, I set out to determine the kinetics 

of the HSR at two early life stages (embryonic and post-hatch young-of-the-year 

juveniles (YOY)) because thermal tolerance limits at these early stages are generally 

lower than in adults (Finn & Ronnestad, 2003).  

I chose the protruding mouth stage of embryonic development as it represents a 

point in embryogenesis (~70 % development; Sreetharan et al., 2015) when all organs 

have formed and the embryo should have the full complement of organ and cellular 

systems to respond to stressful events.  During embryogenesis, RWF are unable to escape 

thermal stress through behavioral means, which may make them especially vulnerable to 

thermal fluctuations. Ecologically, at this stage, RWF embryos are developing in a 

habitat that should have stable cold temperatures (Stewart et al., 2007). This is in contrast 

to post-hatch YOY juveniles (i.e., the second stage chosen), which likely experience 

fluctuating temperatures due to water mixing that occurs during the spring melt and the 

shallow depth of the near-shore environment. The contrast of these two thermal 
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environments at these different life stages may result in differences of the HSR at their 

respective life stages.  

A previous study on lake whitefish (Coregonus clupeaformis; LWF), another 

cool-water species, showed that differences exist in the HSR of embryos and post-hatch 

YOY juveniles (Stefanovic et al., 2016). Moreover, they showed there were differences 

in the Hsps upregulated in response to HS and the duration of these upregulations 

between the two life stages (Stefanovic et al., 2016). My work on RWF is particularly 

important because RWF are more sensitive to thermal stress than LWF. The 24-hour 

median lethal temperature in RWF is +4.8 C whereas for LWF embryos it is +6 °C 

(Griffiths, 1979, 1980). Based on these data, I predict that both life stages studied would 

upregulate Hsps and initiate a HSR following thermal stress, the HSR would be longer 

lasting than other warmer water species, and the types of Hsps induced would differ 

between the two life stages. To this end, I quantified the changes in hsp mRNA levels, as 

my metric for the upregulation of hsps and the HSR, in response to various thermal stress 

regimes. The objectives of my research were to: 

1. Characterize the kinetics of the HSR in RWF embryos. 

A) Effect of increasing heat shock (HS) magnitude on hsp mRNA levels: 

Identify the combination of temperature and HS duration that elicits a 

maximal increase in hsp mRNA levels. 

B) Effect of post-HS recovery on hsp mRNA levels: Determine the duration 

that hsp mRNA levels remain elevated following their induction in response 

to heat stress. 
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2. Characterize the kinetics of the HSR in RWF YOY juveniles. 

A) Effect of increasing HS magnitude on hsp mRNA levels:  Identify the 

combination of temperature and HS duration that elicits a maximal increase in 

hsp mRNA levels. 

B) Effect of post-HS recovery on hsp mRNA levels: Determine the duration 

that hsp mRNA levels remain elevated following their induction in response 

to thermal stress. 

Characterizing the kinetics of the HSR during RWF embryogenesis and recently 

hatched YOY juveniles will provide information that may help elucidate the capacity to 

which they can respond to temperature fluctuations. This will help identify differences in 

the vulnerability of these two life stages to natural and anthropogenic temperature 

fluctuations. These data are important as RWF embryos develop in the near-shore 

environment that is susceptible to temperature fluctuations because of natural temperature 

variation in the fall and spring, which may be exacerbated by thermal effluents from 

industrial and power generating plants.   
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2. MATERIALS AND METHODS 

2.1 Animal Collection and Rearing 

Round whitefish (RWF; P. cylindraceum) adults were sampled using index gill 

nets and following Ontario Ministry of Natural Resources (OMNR) RWF spawning 

assessment protocols in December 2014 and 2015, from Lake Ontario (43° 51’51.1”N 

and 78° 44’32.9”W). Eggs and milt were stripped from adults, pooled, and fertilized for 4 

minutes. Fertilized eggs were water hardened, treated with 0.5 % iodine for 0.5 h, rinsed, 

and transported to the University of Regina. Upon arrival at the University of Regina, 

embryos were maintained at 4 °C in mini-McDonald bell jars with continuously flowing, 

biologically filtered, dechlorinated city of Regina water to ensure gentle rolling of 

embryos. Dead embryos were removed daily and water changes were performed weekly. 

Once embryos hatched, YOY juveniles were maintained in small, plastic tanks for 2 

months and then transferred to 75-L tanks where water was changed daily and weekly, 

respectively. Newly hatched fry were fed marine fish larval and weaning feed twice daily 

(Otohime-Marubeni Nisshin Feed Company, Chuo-ku, Tokyo, Japan). Temperature was 

increased gradually from 4 °C to 10 °C over a period of 7 weeks once hatching occurred. 

All handling and animal care procedures were approved by the University of Regina’s 

President’s Committee on Animal Care and conducted in accordance with the guidelines 

on Canadian Council on Animal Care (CCAC). Experiments were performed on YOY 

juveniles and embryos during the 2014 and 2015 field collection, respectively. 
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2.2 Experimental Design  

2.2.1 Effect of increasing HS magnitudes on hsp mRNA levels in embryonic RWF 

RWF embryos (protruding mouth stage; 71 dpf), reared at 4 °C, were subjected to 

HS regimes at 6 or 9 °C above their control temperature of 4 C for 1, 2, 3, or 4 h and 

then permitted a 2 h recovery period at the control temperature prior to sampling. HS was 

administered by transferring embryos from the rearing bell jars (4 °C) to one of 4 

treatment vessels containing water at 10 °C (+6 °C HS), 13 °C (+9 °C HS), or 4 °C (+0 

°C; control). Each treatment vessel was placed in a water bath containing water at the 

appropriate temperature to ensure constant temperature. Embryos were exposed to these 

temperatures for 1, 2, 3, or 4 h. Immediately following HS, embryos were transferred to 

vessels at 4 °C for a 2 h recovery period and then snap frozen. Snap freezing involves 

submerging the tissue in liquid nitrogen. A 2 h recovery period may be considered 

atypical for studies investigating kinetics of the HSR examining mRNA levels. It is 

common that HSR kinetics studies quantifying mRNA levels sample animals or tissues 

immediately after the HS for a set duration. Based on previous work with LWF embryos 

(Stefanovic et al., 2016) and my preliminary work which suggested that embryos exposed 

to a HS without a recovery period did not show an upregulation of hsp70, I opted for a 2 

h recovery period. My data, along with those from LWF, suggest these embryos are slow 

to respond to thermal increases (Stefanovic et al., 2016). Following snap freezing, 

embryos were stored at -86 °C until processing. For each experimental group, 5-6 

replicates consisting of 3 embryos each were sampled.  
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2.2.2 Effect of post-HS recovery of hsp mRNA levels in embryonic RWF 

RWF embryos (protruding mouth stage; 72 dpf) reared at 4 °C were subjected to a HS 

of 9 °C above their control temperature for 2 h and then returned to control temperature 

for a recovery period of 0, 2, 4, 12, 24, or 48 h. Based on previous work with LWF 

embryos (Stefanovic et al., 2016), a 2 h HS was given as this duration showed maximal 

levels of Hsp mRNA levels. HS was administered by transferring embryos from the 

rearing bell jars (4 °C) to one of 2 treatment vessels containing water at 13°C (+9 °C HS) 

or 4 °C (+0 °C; control) for 2 h. Immediately following HS, embryos were transferred to 

recovery vessels at 4 °C for 0, 2, 4, 12, 24, or 48 h and snap frozen. Following snap 

freezing, embryos were stored at -86 °C until processed. For each experimental group, 3-

5 biological replicates consisting of a pool of 3 embryos were sampled.  

2.2.3 Effect of continuous increasing heat shocks on hsp mRNA levels in RWF YOY 

juveniles  

RWF YOY juveniles (~ 3.5 months post hatch) acclimated to 10 °C were 

subjected to HS regimes at 6, 9, or 12 °C above their control temperature for 1, 2, 3, or 4 

h with no recovery period. HS was administered by transferring YOY juveniles from 

rearing tanks (10 °C) to one of 4 experimental tanks containing water at 16 °C (+6 °C 

HS), 19 °C (+9 °C HS), 22 °C (+12 °C HS), or 10 °C (+0 °C; control). YOY juveniles 

were exposed to these temperatures for 1, 2, 3, or 4 h. Immediately following HS, 

juveniles were anesthetized using a buffered solution of tricaine methane sulfonate (MS-

222) and then snap frozen. Following snap freezing, juveniles were stored at -86 °C until 

processed. For each experimental group, 6 biological replicates consisting of one YOY 

juvenile each were sampled. 
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2.2.4 Effect of post-HS recovery of hsp mRNA levels in RWF YOY juveniles 

RWF YOY juveniles (~ 3.5 months post hatch) acclimated to 10 °C were subjected to 

HS regimes of 6, 9, or  12 °C above their control temperature for 2 h and then permitted a 

recovery period at control temperature for 0, 1, 4, or 8 h. HS was administered by 

transferring YOY juveniles from rearing tanks (10 °C) to one of 4 experimental tanks 

containing water at 16 °C (+6 °C HS), 19 °C (+9 °C HS), 22 °C (+12 °C HS), or 10 °C 

(+0 °C; control) for 2 h. Immediately following HS, juveniles were transferred to 

recovery tanks at 10 °C for 0, 1, 4, or 8 h. An additional time point of a 12 h HS was 

added for the 19 °C (+9 °C HS) and 10 °C (+0 °C; control) groups. Juveniles were 

anesthetized using a buffered solution of tricaine methane sulfonate (MS-222) and then 

snap frozen. Following snap freezing, juveniles were stored at -86 °C until analysis. For 

each experimental group 4-5 biological replicates consisting of one YOY juvenile each 

were sampled. 

2.3 Analysis of Hsp Gene Expression 

Total RNA was isolated from each biological replicate (3 embryos or half a YOY 

juvenile) using TRIzol reagent following manufacturer’s instructions (Invitrogen-Life 

technologies, Mississauga, ON). RNA concentration and purity was quantified using 

spectrophotometry and samples were accepted as suitable for further quality control tests 

when 260 nm/280 nm and 260 nm/230 nm ratios were above 1.8 for each biological 

sample (NanoDrop Thermo-Scientific). The RNA quality was further assessed using 1 % 

agarose gel electrophoresis to visualize 28S and 18S ribosomal RNA bands to confirm 

absence of RNA degradation prior to using the RNA samples for reverse transcription. 

RNA was stored in -86 °C until further processing. For each biological replicate, 1 μg of 
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total RNA was reversed transcribed to synthesize first strand cDNA using a QuantiTect 

Reverse Transcription Kit according to the manufacturer’s instructions and then stored at 

-20 °C prior to use in reverse transcription polymerase chain reaction (RT-qPCR) 

(Qiagen, Missassauga, ON).   

Specific primers were designed based on previously isolated, partial cDNA 

sequences of RWF hsp70, hsc70, hsp90α, hsp90β, hsp47, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), and β-actin (R.G. Manzon unpublished) using the software 

Primer3Plus (Table 1). All primers were validated to meet Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et 

al., 2009). For all primer pairs, optimal RT-qPCR amplification conditions such as 

template amount, primer concentration, and reaction efficiency were determined 

empirically. Standard curves were performed by serially diluting cDNA from a pool of 

HS and control samples to relate threshold cycle (Cq) to cDNA amount and ensure 

amplification efficiencies ranged between 90 – 110 % (Table 1). 

The mRNA levels of hsp70, hsc70, hsp90α, hsp90β, hsp47 and two reference 

genes (β-actin and GAPDH) were quantified using the aforementioned cDNA and qPCR 

conducted on a Bio-Rad CFX Connect Real Time Detection system (Hercules, CA). 

Reactions were performed in triplicate using SsoAdvanced Universal SYBR Green 

Supermix kit following the manufacturer’s instructions. The reactions consisted of 1 μL 

of 0.5X diluted cDNA, 250 nM of forward and reverse primers, and 2X SsoAdvanced 

Universal SYBR Green Supermix in a total reaction volume of 20 μL.  
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Table 1: Primers for RT-qPCR of hsp and reference genes in RWF. 

Gene Sequence (5′ – 3′) Annealing 

Temperature 

Amplification 

Efficiency 

hsc70 F: CTCCACTCGTATCCCCAAGA 

 

R: CCTCGTCAGGGTTGATGCT 

 

60 °C 

 

99.8 % 

hsp47 F: ACCATCCCTTCATCTTCCTG 

 

R: CACGCATCTTGTCTCCTTTG 

 

60 °C 

 

100.8% 

GAPDH F: GCAACCAACCAAACGCTAC 

 

R: CCATCTCACCTTTCACAAGACC 

 

60 °C 

 

96.2% 

β-actin F: GCCACCCGACTACCACTTCAG 

 

R: AGCCTTTCTCCGTTCCAGTTG 

 

60 °C 

 

104.6% 

hsp70 F: ATTACAGTCCCCGCCTACTTCA 

 

R: CCCTGGATTTGCCTTTGTCC 

 

60 °C 

 

101.7% 

hsp90α F: TGAGGCAGACAAGAACGACA 

 

R: TCCTCCACTGCTGAGTCATC 

 

60 °C 

 

100 % 

hsp90β F: ACCTGGACAAGAACGACAAG 

 

R: GAGGTGGGATCTCATCTGGG 

 

60 °C 

 

103.63 % 
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 Each qPCR run used the following cycling conditions: 1 pre-incubation cycle of 95 °C 

for 2 min, 40 cycles of 95 °C for 5 s, and 60 °C for 30 s. At the end of every run, a 

melting curve was performed to ensure amplification of a single product. Absence of 

genomic DNA contamination was confirmed using two primer pairs (Hsp90α and 

Hsp90β) which spanned an intron. To comply with MIQE guidelines, no template 

controls and an inter-run calibrator used from a pool of HS and control RWF were run in 

triplicate with each run to assess variation between runs. Raw Cq values were exported 

from the CFX Manager 3.1 software for analysis via the MCMC.qpcr package (Matz et 

al., 2013). 

2.4 Statistical Analysis 

Statistical analyses and modeling were performed using the MCMC.qpcr package 

(Matz et al., 2013) in R studio (R Studio Team, 2015) to investigate the change in heat 

shock protein gene expression in response to thermal stress. For a given set of qPCR 

measurements, this linear mixed model uses a Bayesian Markov Chain Monte Carlo 

(MCMC) sampling scheme to sample from the joint posterior distribution of all model 

parameters to infer gene fold changes caused by fixed factors (Matz el al., 2013). One of 

the main advantages of this model is the ability to account for increased variance that 

occurs when expression of genes is low (Matz el al., 2013).  The model enables the 

quantification of low abundance genes by converting Cq values to molecular counts using 

the following equation: 

Count = E (Cq1-Cq) 

Where: E = amplification efficiency 
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Cq1 = number of PCR cycles needed to amplify one target molecule 

Cq = cycle number 

The Cq number was determined experimentally in triplicate through RT-qPCR for 

each sample. The amplification efficiency was determined empirically for every primer 

pair and is specific to each gene. The number of PCR cycles needed to amplify one target 

molecule can be determined empirically using the formula: Cq1 = 79-21.5E. However, 

Matz et al. (2013) demonstrated that whether a value of Cq1 was determined empirically 

for each gene or a value of 37 was used for all genes, it made no difference in the model 

fit or approximation of molecular counts. This was also confirmed by Sessions (2016) for 

the Bio-Rad CFX Connect Real Time Detection system I used for all my qPCR. 

Therefore, a Cq1 value of 37 was used for all modelling performed in this study.  

 After raw Cq values are converted to molecular counts, these data are then 

“described using generalized linear mixed models under a Poisson-log normal error 

distribution” (Matz el al., 2013). While reference genes are not needed, the model allows 

for use of reference genes as priors to make the model more powerful than running a 

naïve model; which were added to the models I ran (Matz et al., 2013).  

Data for each life history stage (embryo and YOY juveniles) were analyzed 

separately. For the increased HS magnitude experiments, the fixed factors used in the 

model were temperature and duration of HS and the interaction effect between the two. 

For the post-HS recovery experiments, the fixed factors were temperature and duration of 

recovery as well as the interaction effect. Control genes, GAPDH and β-actin, were added 
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as priors and were allowed 1.2 fold changes between samples. Error bars represent 95% 

credible intervals (Matz et al., 2013).  

The statistical significance of gene expression fold-changes in response to fixed 

factors for all treatment combinations was determined by estimating PMCMC. As stated by 

Matz et al. (2013), PMCMC  is a “two-tailed P-value which represents twice the fraction of 

all sampled parameter values that cross zero with respect to the posterior mean.” The 

package then treats these as classical P-values (Matz et al., 2013). In this study,            

log2 (abundance) differences computed from the MCMC.qpcr were considered significant 

when P < 0.05. 
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3. RESULTS 

3.1 Effect of increasing HS magnitudes and post-HS recovery on Hsp mRNA levels 

in embryonic RWF  

3.1.1    Effects of HS temperature and duration on Hsp70, Hsp47, Hsp90α, Hsc70, 

and Hsp90β mRNA levels  

In embryos, HS duration and temperature significantly affected hsp70 and hsp47 

mRNA levels. Both a +6 and +9 °C heat shock resulted in an elevation of hsp70 mRNA 

levels, but the result varied with HS duration. Hsp70 mRNA levels increased 

significantly in response to a 2 h HS of +6 °C (P = 0.012) and 2 h recovery, and gradually 

decreased towards control with longer HS durations of 3 and 4 h (Fig. 1A).  In response 

to a +9 °C HS, hsp70 mRNA levels remained significantly elevated in the 2, 3, and 4 h 

HS groups (P = 0.003, P = 0.016, P = 0.033, respectively) (Fig. 1A). Hsp47 mRNA 

levels in HS embryos approximated those of controls in almost all instances with the 

exception of the +6 °C HS for 3 h (P = 0.017) (Fig. 1B).  Interestingly, this increase in 

hsp47 mRNA was not observed in the 4 h HS (Fig. 1B). The mRNA levels of the 

typically inducible hsp90α, and the typically constitutive hsp90β and hsc70 were not 

significantly altered in response to any HS temperature or duration used in my study 

(Figs. 1C-1E).  
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Figure  1. Induction of Hsp mRNA levels in embryonic RWF. Hsp70 (A), hsp47 (B), 

hsp90α (C), hsp90β (D), and hsc70 (E) mRNA levels (log2 abundance arbitrary units) for 

RWF embryos following a HS of 6 or 9 °C above the control temperature of 4 °C for one 

of 4 durations (1, 2, 3, or 4 h). Following HS, embryos were allowed to recover for 2 h at 

control temperatures. Data were modeled using the MCMC.qPCR package for R. The 

data are modeled using a Bayesian Markov Chain Monte Carlo sampling scheme and a 

generalized linear mixed model under a Poisson-log normal error distribution with 

GAPDH and β-actin used as priors. Data are presented ± 95% credible intervals, 

analogous to 95% confidence intervals. The lines connecting the points in the graph 

represent a visual tool to see the trends in the graph and do not represent data collected. 

Differences in log2 abundance were deemed statistically significant when P < 0.05. Data 

points labelled with a 6 or 9 indicate the temperature group of +6 or +9 °C, respectively, 

were significantly different from the control group within a given HS duration.   
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3.1.2    Effect of post-HS recovery on Hsp70, Hsp47, Hsp90α, Hsc70, and Hsp90β 

mRNA levels 

Embryos exposed to a 2 h HS followed by variable recovery periods, overall 

responded similarly to those embryos exposed to different HS durations with some 

noteworthy exceptions. Hsp70, hsp47, hsp90α, and hsp90β mRNA levels were all 

upregulated in response to HS in some instances, while hsc70 mRNA levels were not 

upregulated in response to any HS or recovery treatments. Following a 2 h HS, hsp70 

mRNA levels were elevated relative to controls and remained elevated for 2 (P = 0.001), 

4 (P = 0.038), and 12 h (P = 0.026) following removal of the HS (i.e., 12 h recovery; Fig. 

2A).  By the 24 h post-HS recovery time point, hsp70 mRNA levels had decreased to 

control values and remained there for the 48 h recovery time point (Fig. 2A). Hsp47 

mRNA levels were upregulated in response to a 2 h HS when examined 12 (P = 0.004) 

and 48 h (P = 0.04) following removal of HS but not 24 hours after the 2 h HS (Fig. 2B). 

Hsp90α mRNA levels were upregulated in response to a 2 h HS and a 12 h recovery 

period (P = 0.031), but had returned to control levels by 24 h post-HS and remained a 

control levels at the 48 h time point (Fig. 2C). Interestingly, although hsp90α mRNA 

levels were not altered by a 1 to 4 h HS with a 2 h recovery period in the induction 

experiment (Fig. 1C), they were upregulated significantly in response to a 2 h HS with a 

longer 12 h post-HS recovery (P = 0.031; Fig. 2C). Hsp90β mRNA levels only 

upregulated in response to a 2 h HS and a 48 h recovery period (P = 0.021; Fig. 2D). 

Hsc70 mRNA levels were not upregulated for any HS temperature or recovery period 

(Fig. 2E).  
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Figure  2. Recovery of Hsp mRNA levels in embryonic RWF.  Hsp70 (A), hsp47 (B), 

hsp90α (C), hsp90β (D), and hsc70 (E) mRNA levels (log2 abundance arbitrary units) for 

RWF embryos following a 2 h HS of 9 °C above the control temperature of 4 °C. 

Following HS, embryos were given a recovery period at the control temperature for 6 

durations (0, 2, 4, 12, 24 or 48 h). Data were modeled using the MCMC.qPCR package 

for R. The data were modeled using a Bayesian Markov Chain Monte Carlo sampling 

scheme and a generalized linear mixed model under a Poisson-log normal error 

distribution with GAPDH and β-actin used as priors. Data are presented as ± 95% 

credible intervals analogous to 95% confidence intervals. The lines connecting the points 

in the graph represent a visual tool to see the trends in the graph and do not represent data 

collected. Differences in log2 abundance were deemed statistically significant when P < 

0.05. Data points labelled 9 indicate that the temperature group of +9 °C was statistically 

significant from control within a given post-HS recovery.  
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3.2 Induction and Recovery of Hsp mRNA levels in YOY juvenile RWF  

3.2.1 Effects of HS temperature and duration on Hsp70, Hsp47, Hsp90α, Hsc70 

and Hsp90β mRNA levels  

HS duration and temperature significantly affected hsp70, hsp47, hsp90α, and 

hsp90β mRNA levels in YOY juveniles. Hsp70 mRNA levels were significantly 

elevated, relative to controls, in juveniles following +9 and +12 °C HS temperatures for 

all HS durations (P = 0.001; Fig. 3A) In contrast, hsp70 mRNA levels were only 

significantly upregulated in response to a +6 °C HS for the 4 h HS treatment (P = 0.001; 

Fig. 3A). Juveniles exposed to a +12 °C HS rapidly upregulated hsp70 mRNA in as little 

as 2 h after which levels stabilized and remained significantly elevated relative to 

controls. In contrast, when exposed to a +6 °C or +9 °C HS, hsp70 mRNA levels 

increased over the entire 4 h duration with longer HS duration resulting in greater 

increases in hsp70 mRNA (Fig. 3A). Hsp47 mRNA levels were significantly elevated, 

relative to controls, in juveniles following a +6 (P = 0.005), +9 (P = 0.001), and +12 °C 

HS (P = 0.001) in response to a HS of 2 - 4 h (Fig 3B). However, following a 4 h HS at 

these same temperatures hsp47 mRNA levels, although still significantly higher than 

controls, decreased slightly from levels in the 3 h HS treatment (Fig. 3B). A dose 

response effect was observed with greater increases in hsp70 and hsp47 mRNA levels 

with increased HS temperatures. Juveniles exposed to HS also upregulated hsp90α 

mRNA levels. However, in this case they were only significantly upregulated by a HS of 

+12 °C and only for the longer 3 h (P = 0.002) and 4 h HS durations (P = 0.024; Fig. 3C). 

Curiously, hsp90 in the juveniles exposed to a 1 h HS of 12 °C were significantly lower  
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Figure  3. Induction of Hsp mRNA levels in YOY juvenile RWF. Hsp70 (A), hsp47 

(B), hsp90α (C), hsp90β (D), and hsc70 (E) mRNA levels (log2 abundance arbitrary units) 

for RWF YOY juveniles following a HS of 6, 9, or 12 °C above the control temperature 

of 10 °C for one of 4 durations (1, 2, 3, or 4 h). Data were modeled using the 

MCMC.qPCR package in R. The data are modeled using a Bayesian Markov Chain 

Monte Carlo sampling scheme and using generalized linear mixed models under a 

Poisson-log normal error distribution with GAPDH and β-actin were used as priors. Data 

are presented ± 95% credible intervals analogous to 95% confidence intervals. The lines 

connecting the points in the graph represent a visual tool to see the trends in the graph 

and do not represent data collected. Differences in log2 abundance were deemed 

statistically significant when P < 0.05. Data points labelled with a 6, 9, or 12 indicate that 

the temperature group +6, +9 or +12 °C, respectively, was statistically significant from 

the control group within a given HS duration.   

 

 

 

 

 

 

 

 



 

37 
 

than control (P = 0.004; Fig. 3C). Hsp90β mRNA levels were only upregulated in 

response to a 1 h HS at +6 °C (P = 0.013) and 4 h HS at +9 °C (P = 0.037; Fig.3D).  

Hsc70 mRNA levels were not significantly affected by any HS temperature or duration 

(Fig. 3E). 

3.2.2 Effect of post-HS recovery on Hsp70, Hsp47, Hsp90α, Hsc70, and Hsp90β 

mRNA levels 

YOY juveniles exposed to a 2 h HS followed by variable recovery periods 

responded similarly to those YOY juveniles exposed to variable HS durations. Hsp70 and 

hsp47 mRNA levels were upregulated in response to HS while constitutive hsc70 and 

hsp90β mRNA levels were not significantly affected by any HS temperature or post-HS 

recovery time (Fig. 4). The 2 h HS at +6 °C did not increase hsp70 mRNA levels in any 

instance irrespective of the post-HS recovery duration (Fig. 4A). Following a +9 °C HS 

for 2 h, hsp70 mRNA levels were elevated relative to control levels for 0, 1, and 8 h post-

HS (P = 0.001; Fig. 4A). Following a +12 °C HS for 2 h, hsp70 mRNA levels were 

elevated relative to control levels and remained elevated for 0, 1, 4, and 8 h post-HS 

recovery time points (P = 0.001 for all recovery periods; Fig. 4A). Likewise, hsp47 

mRNA levels were also upregulated for 0, 1, 4, and 8 h following a +12 °C HS (P = 

0.001, P = 0.002, P = 0.004, P = 0.001, respectively; Fig. 4B). Furthermore, hsp47 

mRNA levels were upregulated following a +9 C HS for 0, 1, and 8 h post-HS (P = 

0.001, P = 0.042, P = 0.018, respectively; Fig. 4B). A +6 °C HS temperature did not 

upregulate hsp47 mRNA levels in response to any HS duration (Fig. 4B). Hsp90α, 

hsp90β, and hsc70 mRNA levels were not significantly affected by HS (Figs. 4C-E). 



 

38 
 

0 1 4 8

6

8

1 0

1 2

1 4

1 6

1 8

2 0

P o s t H S  R e c o v e ry  (h )

H
s

p
7

0
 m

R
N

A
 (

lo
g

2
 a

b
u

n
d

a
n

c
e

)

9 ,1 2 9 ,1 2

1 2 9 ,1 2

A

0 1 4 8

1 0

1 2

1 4

1 6

1 8

2 0

P o s t H S  R e c o v e ry  (h )

H
s

p
4

7
 m

R
N

A
 (

lo
g

2
 a

b
u

n
d

a
n

c
e

)

9 ,1 2 1 2

9 ,1 2

C O N T R O L + 6  ºC + 9  ºC + 1 2  ºC

B

9 ,1 2

0 1 4 8

1 4

1 6

1 8

2 0

P o s t H S  R e c o v e ry  (h )

H
s

p
9

0


 m
R

N
A

 (
lo

g
2

 a
b

u
n

d
a

n
c

e
)

C

0 1 4 8

1 4

1 6

1 8

2 0

2 2

P o s t H S  R e c o v e ry  (h )

H
s

p
9

0


 m
R

N
A

 (
lo

g
2

 a
b

u
n

d
a

n
c

e
)

D

0 1 4 8

1 4

1 6

1 8

P o s t H S  R e c o v e ry  (h )

H
s

c
7

0
 m

R
N

A
 (

lo
g

2
a

b
u

n
d

a
n

c
e

)

E

 

 

 



 

39 
 

 

Figure  4. Recovery of Hsp mRNA levels in YOY juvenile RWF. Hsp70 (A), hsp47 

(B), hsp90α (C), hsp90β (D), and hsc70 (E) mRNA levels (log2 abundance arbitrary units) 

for RWF embryos following a 2 h HS of 6, 9, or 12 °C above the control temperature of 

10 °C. Following HS, YOY juveniles were given a recovery period of 2 h at control 

temperature for 4 durations (0, 1, 4, or 8 h). Data were modeled using the MCMC.qPCR 

package for R. The data were modeled using a Bayesian Markov Chain Monte Carlo 

sampling scheme and using generalized linear mixed models under a Poisson-log normal 

error distribution with GAPDH and β-actin used as priors. Data are presented as ± 95% 

credible intervals, analogous to 95% confidence intervals. The lines connecting the points 

in the graph represent a visual tool to see the trends in the graph and do not represent data 

collected.  Differences in log2 abundance were deemed statistically significant when P < 

0.05. Data points labelled with a 6, 9, or 12 indicate that the temperature group +6, +9, or 

+12 °C, respectively, was statistically significant from control group within a given post-

HS recovery.  
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4. DISCUSSION 

I found that both RWF embryos and juveniles are able to upregulate inducible 

Hsps in response to temperatures as low as 6 °C above control temperatures under certain 

HS conditions. While the HSR was initiated in both embryos and juveniles, the kinetics 

between the two life stages differed at their respective ecologically relevant temperatures 

of 4 °C and 10 °C. In comparison to YOY juveniles, embryos were slower to upregulate 

Hsps in response to HS, the magnitude of the increase of Hsps was smaller, and they 

upregulated only hsp70 mRNA levels consistently. In contrast, YOY juveniles 

upregulated hsp47, hsp70, and hsp90α mRNA levels under multiple HS conditions. In 

both life history stages, once the HSR was initiated, it was sustained with hsp mRNA 

levels remaining elevated for a minimum of 12 and 8 h post-HS in embryos and 

juveniles, respectively. Because both life history stages initiated a HSR, this suggests 

these HS conditions were stressful and may in turn have a negative impact. However, 

RWF’s ability to respond is also a positive sign as it suggests they have a mechanism to 

potentially mitigate the stress. The protective role of the HSR has been demonstrated in 

fish such as Japanese medaka, Oryzias latipes. Medaka embryos were heat shocked 

throughout development for 0.5 h at +15 °C above the control temperature of 25ׄ °C. This 

study showed that only 28% of embryos developed normally at the late blastula stage 

following HS, a stage which did not upregulate Hsp70 in response to HS (Werner et al., 

2003). This is in contrast to later stages of development which were able to upregulate 

Hsp70 in response to HS and resulted in at least 94% of the embryos developing 

normally (Werner et al., 2003). These data suggest that the upregulation of hsp70 by 
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RWF embryos was one contributing factor providing some protection against HS and that 

it could guard against developmental abnormalities and increase survival.  

I showed that RWF embryos and juveniles are able to respond to acute increases 

of 6 and 9 °C above control temperature. The ability to trigger a HSR is particularly 

important given that RWF may be exposed to thermal effluents from coastal power plants 

in the Great Lakes basin. Griffiths (1987) showed that RWF embryos incubating near a 

nuclear power plant in Lake Ontario were exposed to temperatures that were, on average, 

+3 °C warmer than reference sites, with acute peak exposures likely higher. Moreover, 

embryos at these impacted sites hatch up to 5 weeks earlier than in the reference sites 

(Griffiths, 1987). Although I did not expose RWF embryos to this lower +3 C HS, my 

study demonstrated that RWF embryos were able to upregulate hsp70 mRNA in response 

to an acute, 2 h HS of +6 °C or greater. The fact they are capable of eliciting a HSR is 

key. If a lower +3 C HS from thermal effluents was sufficiently stressful at the cellular 

level (i.e., resulted in significant intracellular protein damage), my data show that RWF 

embryos would be capable of responding with a protective HSR. However, what remains 

to be determined is if repeated exposure to acute HS, similar to the scenario of effluents, 

might have long-term impacts on the HSR, developing rate (i.e., hatching timing) or 

overall success of the animal. Given, RWF YOY juveniles stay in nearshore spawning 

grounds, they may expose them to fluctuating temperatures due to natural ambient 

fluctuations as well as anthropogenic sources of thermal effluents (Stewart et al., 2007), 

thus the ability to initiate a HSR is likely important for this life stage. My results indicate 

that RWF are able to mount and sustain a HSR following an insult of +6 to +12 °C. The 

ability to initiate a HSR at these early life stages is important as this is one key protective 
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mechanism against cellular damage from thermal and other stressors (Feder & Hoffmann, 

1999). However, the long-term impact of repeated exposure to these types of stressors 

remains to be fully elucidated.  

As for most other fish studied to date, Hsp70 is the primary inducible Hsp in 

RWF. However, upregulation of hsp70 mRNA levels in RWF embryos tends to require 

longer HS durations in comparison to other species. In RWF embryos, hsp70 mRNA 

levels were first upregulated 4 h after the initiation of the HS (2 h HS followed by a 2 h 

recovery) and this was confirmed in both my induction and recovery experiments.  By 

comparison, zebrafish (Danio rerio) embryos maintained at 28.5 °C upregulated hsp70 

mRNA levels after a 1 h HS at 34 °C with no recovery (+ 5.5 °C) and levels peaked at 37 

°C (+ 8.5 °C) at all stages studied post-gastrula (Krone et al., 1997). Furthermore, late 

embryonic zebrafish will upregulate hsp70 in as little as 0.5 h following a +8.5 °C (Lele 

& Krone, 1997). While this lag of HSR induction in RWF in comparison to warm water 

species such as the zebrafish may be due to difference in metabolic rate related to the low 

incubation temperatures, 4 °C versus 28.5 °C (a difference of 24.5 °C; Stefanovic et al., 

2016), RWF hsp70 upregulation was also slow to respond in comparison to other cool-

water fish species. Stefanovic et al. (2016) demonstrated that lake whitefish (LWF; 

Coregonus clupeaformis), at the fin-flutter stage, upregulated hsp70 mRNA levels 2.25 h 

post-HS (0.25 h HS with a 2 h recovery period) at 11 °C (+9 °C), a time frame more 

similar to zebrafish.  Likewise, Atlantic salmon (Salmo salar) embryos also upregulate 

hsp70 mRNA levels in response to a 1 h HS at 16 °C (+8 °C) with no recovery period at 

various stages of development (Takle et al., 2005). Hsp70 mRNA levels in RWF increase 

after a 2 h HS with a 2 h recovery, which suggests that the HSR needs a stress of a 
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particular magnitude prior to being initiated.  Although the precise mechanism involved 

remains to be determined, this may be in part related to the damage occurring at slower 

rates, a reduced cellular response rate at these cold temperatures, or higher basal Hsp 

levels in RWF.  

The HSR, though delayed, therefore provides a mechanism to alleviate potential 

damaging effects of heat. However, there are two possible interpretations to this finding 

which seems delayed relative to other species. First, the slower increase in hsp70 mRNA 

may indicate that RWF embryos are particularly vulnerable to exposure to elevated 

temperatures. With an apparent delay in the response, it is conceivable that cellular 

damage is occurring in the absence of the protective HSR. Alternatively, this delay in the 

HSR could be attributed to a lack of cellular protein damage due to cold temperatures. As 

such, the amount of damage needed to initiate the HSR requires a longer time to 

accumulate than at warmer temperatures. Consistent with these two hypotheses is the 

possibility that, at cold incubation temperatures (4 °C), the accumulation of protein 

damage and the metabolic gene regulatory and protein synthetic mechanisms may be 

much slower in comparison to other fish incubating at higher temperatures. However, this 

explanation alone is insufficient as the lag in induction I observed in RWF is longer than 

in LWF which develop at similar temperatures (Stefanovic et al., 2016). Further studies 

are needed to ascertain the effect this delayed response has on RWF embryos 

experiencing thermal fluctuations any potential long-term effects it could have on embryo 

development and the post hatch survival.  

The HSR of RWF embryos differs from other species studied to date in that hsp47 

and hsp90α mRNA levels were not consistently upregulated in response to HS. For 
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instance, hsp47 mRNA levels were only significantly different from control levels after a 

HS of +6 °C. In this HS temperature group, there was an upregulation of hsp47 mRNA 

levels following a 3 h HS and a downregulation following a 4 h HS. Both hsp90α and 

hsp47 mRNA levels were upregulated following a 2 h HS with a 12 h recovery at a HS of 

+9 °C. By comparison, zebrafish embryos in post-gastrula stages upregulated hsp47 and 

hsp90 mRNA levels in response to a 1 h HS at +5.5 °C, with peak levels at +8.5 °C 

(Lele & Krone, 1997). African clawed frog (Xenopus laevis) embryos, like those of 

zebrafish, upregulated hsp47 mRNA levels following a 1 h HS at +11 °C (Hamilton et 

al., 2006). Furthermore, X. laevis embryos upregulated hsp90α mRNA levels following a 

15 °C HS for 1 h (Taherian et al., 2010). My findings are consistent with results for LWF 

embryos where neither hsp47 nor hsp90α increased in response to a 0.25 - 4 h HS with a 

2 h recovery at +3 to +9 °C (Stefanovic et al., 2016). The failure to upregulate these Hsps 

consistently suggests they may not be essential for the HSR or that higher heat shocks are 

required to trigger the level of damage needed to recruit Hsps beyond Hsp70. It is also 

conceivable that my findings are related to different temporal expression of patterns Hsps 

following HS as this has been shown to be the case in zebrafish.  In zebrafish hsp70 

peaked prior to hsp47 (Lele & Krone, 1997). Thus it is possible given hsp70 is slower to 

respond in RWF than zebrafish, that given sufficient time hsp47 and hsp90α might also 

increase.  However, this possibility is unlikely given the duration of my post-HS recovery 

period extended to 48 h post-HS.   

The HSR in fish varies with embryonic developmental stage. Atlantic salmon 

embryos upregulated Hsp70 levels in response to a 1 h HS (+8 °C from a control 

temperature of 8 °C) for most stages studied with the exception 1st and 25th somite (Takle 
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et al., 2005). Krone et al. (1997) demonstrated that zebrafish lacked a HSR at early 

cleavage stages of embryogenesis while being able to upregulate Hsps after the blastula 

and gastrula stages. In Japanese medaka, Hsp60 and Hsp70 levels increased in response 

to a HS of 0.5 h at +15 °C from control temperature of 25 °C at later stages of 

development while earlier stages of embryos (gastrula) lacked an upregulation (Werner et 

al., 2003). Likewise, the HSR following LWF exposure to a 2 h HS of +6 to +12 °C 

followed by a 2 h recovery varied with developmental stage (R.G. Manzon, unpublished). 

In the aforementioned study a +9 C HS upregulated hsp70 mRNA in late stage embryos, 

but not early stage embryos. Early stage embryos required a more severe HS of +12 C to 

upregulate hsp70 mRNA levels (R.G. Manzon, unpublished). RWF may also show stage-

dependent patterns of Hsp expression throughout embryogenesis. I examined kinetics of 

the HSR for different thermal regimes at the protruding mouth stage. Consequently, those 

stages of development before or after may be more or less susceptible to HS (Stefanovic 

et al., 2016). At 71 dpf, these embryos would be expected to be at low and stable 

temperatures, however later in development they would be more prone to natural 

fluctuating temperatures related to the spring rise in temperature and thus it may not be 

until later in embryonic development that the HSR is fully developed. Perhaps later in 

RWF embryogenesis the response may be more robust. Further studies should examine 

the ontogeny of the HSR throughout RWF embryogenesis to identify whether or not there 

are any potentially vulnerable stages of development which lack a HSR. 

RWF YOY juveniles upregulated hsp70, hsp47, and hsp90α mRNA levels in 

response to HS. Although this is consistent with other species there were also some subtle 

differences. Both hsp70 and hsp47 mRNA were strongly upregulated in response to HS at 
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all temperatures after a 1 h HS. On the other hand, hsp90α mRNA was only upregulated 

following exposure to a +12 °C HS after a 3 h and 4 h HS and showed a downregulation 

of mRNA levels following a 1 h HS at +12 °C. Therefore, it is likely that Hsp70 and 

Hsp47 are the dominant HSPs in RWF, similar to LWF (Stefanovic et al., 2016). By 

comparison, gilthead seabream larvae (Sparus aurata; 22 dph) had significantly elevated 

Hsp70 and Hsp90 protein levels following a +5 °C HS for 1 h from a control temperature 

of 20 °C (Cara et al., 2005); unfortunately data for Hsp47 protein levels were not 

reported. In the same study, Cara et al. (2005) also showed that rainbow trout 

(Oncorhynchus mykiss; following complete yolk absorption) acclimated to 12 °C did not 

upregulate Hsp70 or 90 protein levels when exposed to +5 °C or +10 °C HS for 1 h (Cara 

et al., 2005). However, rainbow trout responded differently if they fasted prior to this HS 

exposure (Cara et al., 2005). When fasted for 7 days and then exposed to a 1 h HS, Hsp70 

and Hsp90 protein levels were elevated 24 h later (Cara et al., 2005).  These data indicate 

that fasting primed the larvae for a more robust protective response. Consistent with this 

conclusion was the observation that fasted larvae given a +10 °C HS had 100% survival, 

while 100% of the fed larvae given the same +10 °C HS died (Cara et al., 2005). My 

observation that RWF can trigger a HSR following a +6 to +12 C HS indicates that 

RWF have a lower threshold temperature for HSR induction and supports the notion that 

they are more sensitive to thermal stress.  However, the fact that they did respond 

indicated that they have a functional protective mechanism which is one component that 

may contribute to the increased likelihood the animal can survive this type of acute HS.  

The ability to initiate a HSR clearly has an energetic cost; however, it is likely key in 

protecting the animal which lives in the potentially variable waters of the near-shore 
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environment. Future research should aim to determine the energetic costs and survival 

benefits of initiating the HSR for YOY juveniles.  

 In summary, this study showed that RWF embryos and YOY juveniles could 

elicit a HSR, but these responses differed between life stages in the magnitude of the 

response, the Hsps upregulated, and the timing of the HSR. RWF embryos at the 

protruding mouth stage were able to upregulate only hsp70 mRNA consistently in 

response to HS after a 2 h HS with a 2 h recovery, and were slower to induce when 

compared to other species and in comparison to the YOY juvenile stage. YOY juveniles 

were able to upregulate hsp70 and hsp47 in response to HS after 1 h. YOY juveniles were 

also able to upregulate Hsp90α mRNA levels in response to HS of greater magnitude and 

longer durations. Furthermore, it was shown that at high temperatures of HS (+9 °C), the 

HSR of both embryos and YOY juveniles were sustained for at least 8 h. Collectively, 

these data support the hypothesis that RWF have a fully functioning HSR and that this 

mechanism may provide protection from stressors in their environment. Future work will 

look at the long-term effects of repeated thermal stress, such as those caused by thermal 

effluents, on the HSR and on the survival of these embryos and YOY juveniles.  
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