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ABSTRACT 

As ectothermic animals, the effects of temperature are evident across nearly all 

levels of fish biology, from behaviour through to gene expression. Wide-ranging, 

migratory fishes are generally well adapted to changing environmental temperatures, yet 

the mechanisms underlying this tolerance to change may vary among or even within 

species. The Striped Bass (Morone saxatilis), which are the focus of recreational and 

commercial fisheries, is one such wide-ranging fish species that has a wide temperature 

tolerance. However, the underlying mechanisms are poorly described. Sturgeons are 

another group of migratory fishes, with economic importance and a wide temperature 

range, that also represent an ancient fish lineage and with an interestingly muted cortisol 

stress response, which is uncommon in fishes. The objective of my thesis was to delineate 

the physiological and transcriptomic responses of these migratory, non-model fish 

species to temperature increase. The first chapter assessed the physiological changes in 

Striped Bass exposed to both chronic and acute temperature increases. This study 

revealed that Striped Bass have an impressive ability to withstand high temperatures 

(both acutely and chronically), with little change in hematology. Building from the first 

chapter, I then characterize changes in gene expression in Striped Bass muscle tissue after 

temperature change. These transcriptomic analyses suggest that a diverse suite of heat 

shock proteins (HSPs) likely play a major role in the Striped Bass’ tolerance to warm 

waters, following both acute and chronic exposure. In the last data chapter, I explore both 

the physiological and gene expression changes in the muscle tissues of two Sturgeon 

species (Shortnose and Atlantic Sturgeon; Acipenser brevirostrum and A. oxyrinchus, 
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respectively) after acute temperature change. I found that the two Sturgeon species have a 

markedly different response to acute temperature change; Atlantic Sturgeon undergo 

many transcriptomic changes with little cortisol increase and Shortnose Sturgeon do the 

opposite (higher cortisol; few changes in gene expression). Together, these data highlight 

the variable nature of how fishes cope with changing temperatures (e.g., marked HSP 

response in Striped Bass vs. nearly none in Sturgeon) and broaden our understanding of 

the processes underpinning the response to an important environmental variable. 
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General Introduction 

Background 

Effects of temperature in fishes 

Unlike the relative stability of homeotherm body temperatures, poikilothermic 

ecothermic organisms, such as most fishes, are unable to maintain a consistent body 

temperature and must be able to cope with any changes in environmental temperature. 

Thus, temperature has profound effects on nearly all aspects of the biology of fishes (Fry 

1947; Fry 1967; Brett 1971). For example, temperature changes may affect chemical 

reactions rates, diffusion rates, fluidity of cell membranes, folding of proteins, metabolic 

rates, mortality, disease susceptibility, and species’ ranges (Bœuf and Payan 2001; 

Hochachka and Somero 2002; Bettoli 2005; Evans 2008; Currie and Schulte 2013; 

Schulte 2015). With few exceptions, fishes are poikilothermic, and have body 

temperatures which fluctuate in tandem to their environment. While some fishes avoid 

this problem by remaining in environments with little temperature variation, many fishes 

are well adapted to temperature changes. One group of fishes that must cope with large 

changes in environmental temperatures are wide-ranging, migratory fishes. For example, 

anadromous fishes routinely move between the relatively stable oceanic waters to less 

predictable rivers to spawn (McCormick et al. 2013). Many anadromous fishes also span 

a large range of latitudes and thus also inhabit a vast number of thermal regimes (Sunday 

et al. 2011). These life history traits make wide-ranging, anadromous fish species useful 
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candidates to assess the mechanisms which underpin tolerance to wide temperature 

ranges.  

Environmental temperature change can also act as an external stressor for fishes. 

In its broadest sense, stress has been defined as “the nonspecific response of the body to 

any demand made upon it” (Selye 1973). Schulte (2014) suggests a more nuanced 

definition of environmental stress as a condition which elicits a reduction in fitness and or 

performance (e.g., swimming capacity, mortality etc.). In addition to whole-animal 

performance changes, the effect of stressors on fishes may be measured at other levels, 

such as changes in hormones or cellular processes. Overall, stress responses in fishes are 

commonly categorized as primary (e.g. hormonal response such as increased cortisol), 

secondary (e.g. metabolic and/or hematological changes) or tertiary stress (e.g. changes 

in the whole-animal’s performance and/or behaviour) (Barton 2002). These responses 

may or may not be casually interrelated (e.g. primary elicits secondary etc.). Furthermore, 

these effects of stress can also expand to affect populations leading to evolutionary 

changes. The negative effects of temperature stress on fishes likely surround limits of 

oxygen delivery limits. As previously discussed, temperature has wide-ranging effects on 

many biological processes (e.g., chemical reaction rates, membrane fluidity, etc.), 

although the oxygen and capacity-limited thermal tolerance (OCLTT) hypothesis 

suggests that temperature extremes limit fishes’ ability to deliver oxygen, and thus leave 

the organism unable to meet the metabolic requirements to sustain optimal performance, 

and eventually life (Farrell 2016). While there is evidence to support the OCLTT in some 

systems, it is likely that there is not one unifying limiting mechanism in all fishes, and the 
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ultimate cause of heat death likely varies among species and environments (Ern et al. 

2023).  

Critical thermal maxima trials have been used since the 1940’s as a standardized 

test to quantify thermal tolerance limits. Critical thermal maxima (CTmax) was first 

described by Cowles and Bogert (1944) in desert reptiles and has since become a 

mainstay of fish physiology. CTmax trials in fish are typically performed as follows: an 

individual or group of fish are placed in an experimental tank at their current acclimated 

temperature; after a period of adjustment to the chamber, the temperature is incrementally 

increased until a predetermined endpoint (e.g. commonly loss of equilibrium, onset of 

spasms or even death); CTmax is then defined as the temperature at this endpoint 

(Lutterschmidt and Hutchison 1997b). While the applicability of CTmax trials to natural 

phenomenon is widely debated, this test provides an easily repeatable, fast, test that 

allows for swift quantification of temperature tolerance that facilitates comparison among 

experimental groups (Becker and Genoway 1979; Lutterschmidt and Hutchison 1997b; 

Lutterschmidt and Hutchison 1997a). Furthermore, by its definition, this test raises 

temperatures to such an extent that the subjects are no longer functioning as normal, thus 

CTmax can also serve as a severe, acute temperature stress. Typically, the CTmax of a fish 

will change along with acclimation temperature, thus it is useful to explore CTmax at 

multiple acclimation temperatures to provide a clearer picture of both chronic and acute 

temperature tolerances (Lutterschmidt and Hutchison 1997b).  

Induction of heat shock proteins (HSPs) is one of the most conserved processes of 

the cellular stress response (CSR) in the fishes (Basu et al. 2002; Iwama et al. 2004; 
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Fangue et al. 2006; Mohanty et al. 2018). Following a stress, one main function of the 

CSR is to protect homeostasis by mitigating damage to macromolecules through the use 

of chaperones, such as HSPs (Kültz 2005; Logan and Buckley 2015a). HSPs have been 

found in nearly all organisms and are a suite of intercellular proteins, categorized by their 

weight (Somero 2020). As molecular chaperones, HSPs are commonly induced following 

a stress to mitigate the protein damage, coagulation and misfolding commonly associated 

with stress, such as increased temperatures (Barton 2002). As their name suggests, HSPs 

were first described following heat stress, but may be induced by many types of stressors. 

HSPs of varying sizes have been found in many fish species, though it appears their role 

in the fish stress response varies among species, or even within a species (Basu et al. 

2002; Iwama et al. 2004; Fangue et al. 2006; Mohanty et al. 2018). The various isoforms 

of hsp70 and hsp90 have been most widely studied in fishes and show induction 

following stress. It is also clear that the pattern and extent of the HSP response which is 

launched varies with the magnitude and duration of stressor (Logan and Somero 2011; 

Logan and Buckley 2015b). While historically, many HSP studies have used targeted 

approach for known HSPs, recent studies using a transcriptomic approach have revealed 

induction of a wide suite of HSPs following thermal stress in teleost fishes (Logan and 

Somero 2010; Logan and Somero 2011; Komoroske et al. 2015). The ability of fishes to 

launch a robust HSP response is likely to aid in survival through stressful events by 

mitigating protein damage.  



5 

 

Study species 

The Striped Bass (Morone saxatilis) is a wide-ranging, anadromous fish with a 

long history as prized quarry in both the recreational and commercial fishery. This 

popularity, along with other factors, unfortunately led to a stock crash, resulting in a 

series of fishing moratoriums, starting in 1985 (NOAA 2019). Populations have since 

largely recovered in many stretches in their native range. In recent years, commercial 

harvests of Striped Bass have reopened in many areas and they have become the most 

harvested saltwater fish by US saltwater recreational anglers (NOAA 2015). Regardless 

of their popularity in many areas, there is friction between Striped Bass and Atlantic 

Salmon, where they two species overlap (Beland et al. 2001; Gibson et al. 2015; Daniels 

et al. 2018). There is concern that Striped Bass pose a significant risk as predators to 

Atlantic Salmon smolts yet this is highly debated (Beland et al. 2001; Daniels et al. 2018; 

Andrews et al. 2019b). Given the interest in harvesting these fish and the stock collapse, 

much of the research into Striped Bass biology has focused on their ecology (Morgan et 

al. 1981; van den Avyle and Evans 1990; Secor and Houde 1995; Bettoli 2005; Leblanc 

et al. 2018; Andrews et al. 2019a) and aquaculture (Cook 2003; Duston et al. 2004; Cook 

et al. 2010). Cook et al. (2006) published thermal tolerance limits of Northern Striped 

Bass (both via CTmax and incipient lethal temperature) and demonstrated a very broad 

temperature range (incipient lethal temperature range: 2.4 to 33.9°C). However, the 

underlying processes of this broad tolerance has not been described. For example, while 

the integral role of HSPs have now been described in many fishes, information on Striped 

Bass HSPs is sparse. Geist et al. (2007) described induction of only hsp70 (no isoform 
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noted) in Striped Bass kidney following exposure to toxic metals, but to date, there is no 

description of HSPs following temperature stress in this species. Induction of hsp70 has 

been documented in the related European Sea Bass to some stressors (Bagni et al. 2005; 

Enes et al. 2006; Poltronieri et al. 2007; Bertotto et al. 2011; Mosca et al. 2013; Montero 

et al. 2015) but not others (Cheng et al. 2021). Thus, while HSP induction is likely in 

Moronid fishes, the nature and patterns of their HSP strategy is largely unknown. 

Sturgeons are another group of wide-ranging, migratory fishes, that have an 

interesting mix of both elasmobranch and teleost fish traits. For example, Sturgeons 

phylogenetically reside in an intermediate group of the non-teleost bony fishes – more 

derived than elasmobranchs yet less derived than teleosts. Unlike teleosts (which includes 

most model fish species), sturgeon have maintained an interesting mix of ancient and 

teleost-like traits (Bemis et al. 1997; LeBreton et al. 2004). Examples of elasmobranch-

like traits include a cartilaginous skeleton, heterocercal tail and spiral valve intestine. 

Contrarily, the Sturgeons also share traits with the teleost bony fishes, for example both 

groups maintain their internal milieu of electrolytes via active osmoregulation (Potts and 

Rudy 1972; Allen and Cech 2007; He et al. 2009; Penny and Kieffer 2014; Penny and 

Kieffer 2019). Sturgeons, however, appear to have a muted stress response compared to 

teleost fishes (Potts and Rudy 1972; Barton et al. 2000; Martinez-Alvarez et al. 2002; 

Baker et al. 2005a; Baker et al. 2005b; Krayushkina et al. 2006; Webb et al. 2007; Baker 

et al. 2008; Penny and Kieffer 2014; Penny and Kieffer 2019; Bugg et al. 2021). This is 

particularly apparent in their lack of a strong cortisol response following typical stressors 

that would lead to changes in processes such as the metabolism of carbohydrates, proteins 
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and lipids (Morgan et al. 1996). It appears this muted stress response is shared among 

Sturgeon species, yet the extent to which it is muted varies (Baker et al. 2005a). The 

cellular responses to stress, including the role of HSPs is poorly understood in Sturgeons. 

Of the data that do exist, it appears the HSP response may vary among Sturgeon species. 

Zhang et al. (2017) found no induction of HSP mRNA upregulation in Shortnose 

Sturgeon after CTmax, yet increases of hsp70 and hsp90a have been documented in Lake 

Sturgeon following CTmax and cold shock (Bugg et al. 2020; Bugg et al. 2021). Their 

intermediate position in the fish phylogenetic tree, between ancient and teleost fishes, and 

muted stress response has led to much interest in Sturgeon for comparative studies.  

Striped Bass and sturgeons represent a selection of both modern and ancient fish 

lineages which co-occur in the same habitats and the same wide range of latitudes. Unlike 

the large body of literature detailing the thermal biology of classically studied fishes, 

such as Salmonids, Striped Bass and sturgeons are understudied, despite their ecological 

and economic importance. While sturgeons represent some of the most ancient “bony” 

fishes, Striped Bass belong to one of the most recently derived and diverse orders of 

fishes (Perciformes) (Hughes et al. 2018). Furthermore, sturgeons and Striped Bass 

inhabit different ecological niches, as sturgeons are benthic suction feeders while Striped 

Bass are active pelagic predators (Billard and Lecointre 2001; Andrews et al. 2019b). 

Despite these differences, both Striped Bass and sturgeons inhabit much of the same 

native ranges, living in and around coastal river systems across much of the Eastern 

seaboard of Canada and the USA and also routinely migrate upstream to spawn (Billard 

and Lecointre 2001; NOAA 2019). Thus, while these fish are phylogenetically distant, 
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Striped Bass and sturgeons have evolved to inhabit the same rivers systems and therefore 

experience similar thermal challenges. The use of these fishes provide an opportunity to 

compare the physiological strategies utilized in very divergent fishes, yet which naturally 

experience the same natural temperatures.   

Role of next generation sequencing 

The rapidly increasing availably of high-throughput sequencing tools offers new 

opportunities to explore the genes and pathways underlying physiological processes. 

Since its inception in the early 2000’s, next generation sequencing (NGS) has 

transformed genomic and transcriptomic research (Mutz et al. 2013; Goodwin et al. 2016; 

Hu et al. 2021). Given their massively parallel nature, modern high-throughput NGS 

technologies have drastically increased the amount data that can rapidly be produced in a 

single sequencing run, at a relatively reasonable price point. The utilization of NGS is not 

limited to DNA-based studies, but can also be used to explore mRNA content. While 

microarray technology dominated transcriptomic research in the early 2000’s, 

microarrays have been mostly abandoned in favour of high throughput RNA-sequencing 

(RNA-seq) in recent years. Microarrays are based on a matrix of many DNA probes, 

which could be used to simultaneously measure the relative differential expression of 

thousands of pre-determined genes. Compared to microarrays, RNA-seq provides higher 

resolution information, including the actual sequence of genes of interest(Wang et al. 

2009). The use of such high-throughput technology offers a unique benefit for analyzing 

gene expression versus targeted gene or gene set approaches, as researchers do not need 

to know what genes are of interest a priori, but rather can assess the patterns of 
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expressions and/or networks of all the currently expressed mRNA (or other RNA subset 

as appropriate) as a whole. This is particularly useful for hypothesis generation and/or 

when trying to find novel pathways or genes of interest. For example, in fishes such as 

Sturgeon, which often have high levels of polyploidy and show a non-typical stress 

response, RNA-sequencing is a perfect candidate to explore whether alternative pathways 

and processes are being used to respond to environmental stressors.  

Objectives 

The overarching objective of this thesis is to describe the physiological and 

transcriptomic effects of heat stress in two groups of wide-ranging, migratory fishes. I 

also aim to assess the effects of temperature stress in multiple levels of biological 

organization, including: whole-animal tolerance (i.e., CTmax), physiological processes 

(e.g., osmoregulation via plasma ions and metabolism via plasma lactate), hormones 

(e.g., cortisol), cellular processes (e.g. heat shock proteins), and specific genes (i.e., 

transcriptomics). For my thesis, non-model fishes, specifically a teleost (Striped Bass) 

and two ancient non-teleost fishes (both Sturgeon), were selected as representatives of 

evolutionarily divergent yet economically and ecologically relevant fishes. To achieve 

this overall objective, three studies spanning three data chapters were designed.  

In the first chapter, I determined the physiological effects of chronic and acute 

temperature change in juvenile Striped Bass. To assess this, fish were acclimated to one 

of three temperatures (15, 25 and 30°C; chronic change), after which they were sampled 

after a CTmax trial (acute change) or after a sham trial (acclimation control). In addition to 

quantifying CTmax, I also analyzed common haematological endpoints (i.e. cortisol lactate 
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and plasma ions), to provide new insight into the physiological state of Striped Bass after 

heat stress. This chapter was published in the journal Environmental Biology of Fishes 

(Penny and Pavey 2021).  

The second chapter delves further into the effects of acute and chronic 

temperature change in Striped Bass to describe changes in muscle tissue at the gene 

expression level, using RNA-sequencing. The tissues used in this chapter are from the 

fish used in the first data chapter (e.g., acclimated to one of three temperatures, 15, 25 or 

30°C; after CTmax or a sham trial). The goal of these transcriptomic analyses was to 

reveal which processes allow Striped Bass to withstand very warm temperatures (up four 

weeks at 30°C). Given the important role of HSPs in many fishes’ heat shock response, I 

also wanted to describe HSP induction, if any, following heat stress in Striped Bass.  

In the third chapter, I assess both the physiological and transcriptomic changes in 

two Sturgeon species (Atlantic and Shortnose Sturgeons) following acute temperature 

stress. These two species of Sturgeon were selected as they co-occur yet have different 

migrations patterns (Atlantic Sturgeon = anadromous vs Shortnose Sturgeon = semi-

anadromous) and have been documented to have different levels of muted stress (Baker 

et al. 2005a). The goal of combining transcriptomic analyses with common physiological 

endpoints was to determine whether the Sturgeon’s muted stress response is similar 

“typical” fish stress response at the cellular level or whether they utilize different stress-

responsive pathways. This chapter was accepted with minor revisions for publication in 

Comparative Biochemistry and Physiology - Part D: Genomics and Proteomics (Penny et 

al. 2023). 
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Together, these chapters provide a rigorous look into the effects of high 

temperature in three important, non-model fish species at multiple levels of biological 

organization, with a focus on the use of next-generation sequencing. The results of this 

research provide important insights into nature of stress in non-model fishes. 

Furthermore, given the warming of our climate, understanding the limits and mechanisms 

of heat stress specifically will be useful for understanding the ramifications to these 

ecologically and economically important fishes (Somero 2010).  
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Increased acute thermal tolerance and little change to hematology 

following acclimation to warm water in juvenile striped bass, Morone 

saxatilis1 

Abstract 

Striped Bass naturally inhabit a wide range of temperatures, yet little is known 

about the processes that control their acute and chronic temperature limits. The objective 

of this study was to determine the effect of temperature acclimation on acute thermal 

maxima and physiology of juvenile Striped Bass. Juvenile fish were acclimated to 15, 25 

or 30°C for 4 weeks, then split into two sampling groups: post-acclimation and post-

critical thermal maximum trials. We found that fish survived in all acclimation 

temperatures with little change to underlying hematology, and that critical thermal 

maximum (CTmax) increased with increasing acclimation temperature. At CTmax, fish 

acclimated to 30°C had elevated plasma cortisol, lactate and potassium levels. These 

results suggest that, while 30°C is likely to be outside their thermal optima, Striped Bass 

can survive at high temperatures. This ability to cope with warm temperatures may 

provide an advantage with increasing global temperatures.  

 

 

1 This chapter is published in the Environmental Biology of Fishes, (Penny F, Pavey S (2021) 

Environ Biol Fishes 104 (4):489-500). 
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Introduction 

Temperature has profound effects on the biology of poikilothermic fishes (Fry 

1947; Fry 1967; Brett 1971). As ectothermic aquatic animals, fish must be able to cope 

with the physiological ramifications of varying temperatures in their environment. The 

ubiquitous effects of temperature on fish biology are well documented, with temperature 

being considered the “master ecological factor” for ectothermic organisms, including fish 

(e.g., Brett 1971). The effects of temperature are wide-ranging and can been seen from 

changes in whole-animal metabolism to specific molecular responses (Bœuf and Payan 

2001; Hochachka and Somero 2002; Evans 2008; Currie and Schulte 2013; Schulte 

2015). For example, temperature has been shown to effect rates of enzymatic activities 

(Hochachka and Somero 2002) through to behavioral effects of determining optimal 

habitats (Bettoli 2005). The response to temperature may not be consistent across fish 

species, as species may have evolved different mechanisms to counter the same problem. 

Even within a species, populations may be locally adapted to different thermal conditions 

and therefore have different physiological responses (Fangue et al. 2006; Losos 2011; 

Schulte et al. 2011; Conte et al. 2012; Whitehead 2012). For example, different 

populations of Striped Bass have been shown to have different growth rates at the same 

temperature (Secor et al. 2000). Additionally, within populations of a single species, 

individuals may exhibit different life history strategies and react differently to 

temperatures (Morgan and Iwama 1991; Pavey et al. 2015).  

Methods for quantifying temperature tolerance in fishes in an ecologically 

relevant manner have been widely discussed (Fry 1967; Brett 1971; Becker and Genoway 
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1979; Lutterschmidt and Hutchison 1997b; Lutterschmidt and Hutchison 1997a; 

Beitinger and Bennett 2000). One such standard method is the Critical Thermal 

Maximum (“CTmax”) test, whereby temperature tolerance limits are estimated by 

exposing a fish to a linear increase of temperature, up to the point of loss of equilibrium 

(LOE) (Lutterschmidt and Hutchison 1997a; Beitinger and Bennett 2000). While fishes in 

the natural environment rarely experience such an acute change in temperature, extreme 

events are more likely to offer more selection pressure than “normal” temperatures 

(Lutterschmidt and Hutchison 1997b). This method also allows for a quantitative 

comparison of acute temperature tolerance between different groups of fishes and across 

various acclimation temperatures (see Beitinger and Bennett (2000) for an extensive 

comparison across North American fishes), which can facilitate understanding of the 

evolution of temperature tolerance across geography and species groups. 

Geographically wide-ranging fishes provide an interesting model for exploring 

temperature biology. Owing to their life history, these fishes may inhabit rivers with 

drastically different temperature regimes. The Striped Bass, Morone saxatilis (Walbaum, 

1792), is a large anadromous fish, that occupies a large putative geographical range along 

the east coast of North America. Following a population collapse in the 1980’s, stocks 

have widely recovered, yet the continued loss of multiple historical Canadian spawning 

locations recently led to classification of the Bay of Fundy population of Striped Bass as 

endangered (COSEWIC 2012). Given the implications for Striped Bass aquaculture to 

supplement wild populations, the effects of temperature on growth has long been of 

interest (Otwell and Merriner 1975; Cox and Coutant 1981; Cook 2003; Cook et al. 
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2010). Other temperature research has demonstrated effects of temperature on disease 

(Carlson et al. 1995; Lapointe 2014), angling or handling stresses (Bettoli and Osborne 

1998; Wilde 2000; Bradley et al. 2018), and movements of wild fish (Coutant et al. 1984; 

van den Avyle and Evans 1990; Secor and Houde 1995; Bettoli 2005; Secor and Piccoli 

2007; Duston et al. 2018), with adverse effects typically occurring above and/or below 

more moderate/optimum temperatures. Less is known about the limits and underlying 

processes of temperature tolerance in Striped Bass.  

While temperature change is inherent and common in fishes’ natural 

environments, it still can be a stressful stimulus. The cascade of effects of stressors on 

fishes have been well documented and may span many levels of biological organization 

ranging from hormonal changes through to whole-animal or even population-level 

changes (Barton 2002). Primary responses to stress in fishes may be seen through 

elevation in stress hormones (e.g. cortisol), followed by secondary changes to metabolism 

(Kir et al. 2017; Kır and Demirci 2018; Kır 2020) and other disturbances to homeostasis 

(e.g. ability to osmoregulation) before tertiary responses are seen in the animal as a 

whole. To date, the data on Striped Bass temperature biology has focused on whole-

animal endpoints (e.g. CTmax or growth (Otwell and Merriner 1975; Cook 2003; Cook et 

al. 2006; Cook et al. 2010)). While whole-animal studies offer practical insight into 

absolute limits, investigation into the primary and secondary stress responses (e.g. 

cortisol, metabolism, changes in plasma ions) may indicate disturbances not captured in 

whole-animal approaches.  
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To date, few studies have assessed critical thermal limits and temperature 

physiology of Striped Bass. Cook et al. (2006) published a thorough investigation into the 

thermal limits of Shubenacadie Striped Bass across a range of acclimation temperatures, 

using both incipient and critical thermal tests. Cook et al. (2006) also suggest that thermal 

tolerance may be inversely related to body size in Striped Bass, not directly related, as is 

common for many fishes. CTmax values for Oklahoma Striped Bass are also reported by 

Lutterschmidt and Hutchison (1997a) at a single acclimation temperature (10°C) with a 

small sample size (N = 3). Some thermal limits (CTmax or incipient) have also been 

published for hybrid Striped x White Bass hybrids (Woiwode and Adelman 1992; Kelly 

and Kohler 1999). Davis and Parker (1990) demonstrated variations in various 

hematological endpoints (e.g. cortisol, plasma chloride) following a stressor in southern 

Striped Bass acclimated to different temperatures. It has also been suggested that 

Northern populations of Striped Bass possess a broader temperature tolerance range than 

Southern counterparts (Cook et al. 2006). While these studies provide some insight into 

the range and variation of temperature tolerance in Striped Bass, there is an absence of 

studies exploring underlying physiological processes with multiple acclimation 

temperatures and at extreme thermal limits, such as CTmax. Understanding these processes 

could shed light on the limiting factors which limit the thermal tolerance ranges of 

Striped Bass and help define traits important for selection. 

The objective of this study is to determine the effect of acclimation temperature 

on the upper thermal limit (CTmax) of juvenile Striped Bass from Nova Scotia, Canada. 

Furthermore, we aim to determine whether acclimation and CTmax trials also cause 
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changes to ion regulation (plasma ions), indicators of anaerobic metabolism (lactate) and 

stress (cortisol). Lastly, we test the putative inverse relationship of thermal tolerance and 

body weight. We hypothesize that CTmax will increase with increasing acclimation 

temperature and that increased temperature will result in significant changes in plasma 

hematology. 

Materials and Methods 

General husbandry 

All fish were juvenile Striped Bass (mass = 74.5 ± 3.4g; fork length = 19 ± 0.4 

cm; mean ± standard error), raised from wild-caught eggs, spawned naturally in the 

Shubenacadie River (Nova Scotia, Canada). Fish were maintained in circular, fiberglass 

tanks (1 m in diameter; ~750 L) with a constant flow through of fresh (0‰), 

dechlorinated municipal water; prior to any temperature trials, all fish were maintained at 

15°C. Water quality was routinely monitored for constant pH, chlorine and salinity. The 

photoperiod was kept constant at 14 h light: 10 h dark throughout acclimation and 

experiments. Fish were fed daily to satiation on commercial Trout pellets (3mm Vita 

Pellets; EWOS). Prior to trials, food was withheld for 24 hours. All procedures were 

approved by the University of New Brunswick Saint John’s Animal Care Committee 

according to Canadian Council of Animal Care standards.  

Experimental design 

In their rearing tanks, fish were acclimated to one of three temperatures: 15°C, 

25°C or 30°C. Three replicate tanks were used to acclimate fish to each of these 
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temperatures. Temperatures were maintained by the use of multiple 800-watt submersible 

heaters (Aquatop Titanium 800W; TH800W) with external temperature controllers 

(Inkbird; ITC-308). Fish were acclimated to the respective temperatures at a rate of 1-

1.5°C per day. Once at the acclimation temperature, fish were maintained at this 

temperature for 4 weeks prior to thermal maxima trials and/or blood sampling.  

Fish were sampled as part of one of two treatment groups: (1) acclimation control 

or (2) at critical thermal maximum (CTmax). Acclimation control fish underwent no 

further temperature change nor manipulation other than acclimation to one of the three 

temperatures (15, 25 or 30°C) and were removed directly from acclimation tanks for 

sampling. CTmax group fish were sampled immediately following the CTmax trial 

(described below). For each treatment and temperature combination, three fish from the 

three replicate acclimation tanks were selected to account for possible tank variation (N = 

3 fish x 3 tanks = 9 per temperature & treatment). More than three fish were housed per 

holding tank and the three fish were randomly selected at the sampling time. The 30°C 

acclimation group was not originally planned for in the study design but was added after 

we noted the relatively small disturbances at 25°C; therefore only 7 fish from the same 

cohort remained to be used for the 30°C acclimation/CTmax group. New fish were not 

added to the experiment to avoid confounding source variation. 

Critical temperature maximum (CTmax) chamber 

All CTmax trials were performed on individual fish, in the same experimental 

system and monitored by the same observer, to avoid inter-observer bias. The 

experimental system was comprised of an insulated test tank (56 x 28 x 17.75 cm; 27.7 L) 
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and heater tank (48.25 x 43 x 24 cm; 50.3L). The water in the test tank was pumped to 

the heater tank at ~1100 L · h-1 (Marineland Maxi-Jet Pro 1200; ML90509), where it was 

heated before being returned to the holding tank via passive overflow from the heater 

tank. The water in the heater tank was heated by two 800-watt submersible heaters 

(Aquatop Titanium 800W; TH800W) with external temperature controllers (Inkbird; 

ITC-308) and circulated with a powerhead (Hydor Koralia Evolution Powerhead; HY-

KOR03A) for efficient heating. The temperature in both chambers was monitored and 

recorded electronically to ensure consistent heating rates (MyDevices IoT Cayenne via 

Raspberry Pi 3 Model B with DS18b20 temperature probes). Both the header and 

experimental tanks were well aerated using pressurized air and ceramic air stones. 

Dissolved oxygen was periodically monitored (YSI Model 85) to ensure levels did not 

fall with increasing temperatures and stayed above 80% saturation.  

Critical temperature maximum (CTmax) trials 

An individual fish was removed from the acclimation tanks and quickly moved to 

the previously described experimental holding tank, containing water of the respective 

acclimation temperature. The fish was left to adjust to the experimental tank for 1 hr prior 

to any experimentation. Following this 1 hr period, the temperature in the system was 

increased at a rate of rate of 0.3°C · min-1 (18°C · hour-1), which is commonly used for 

CTmax tests in fishes (Woiwode and Adelman 1992; Lutterschmidt and Hutchison 1997b; 

Lutterschmidt and Hutchison 1997a; Beitinger and Bennett 2000; Cook et al. 2006). Loss 

of equilibrium (LOE) was used as the endpoint for CTmax, as defined as the point where 

the fish could not maintain a dorso-ventral position for 10 seconds (Becker and Genoway 
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1979; Lutterschmidt and Hutchison 1997b; Zhang and Kieffer 2014). When LOE was 

reached, the temperature was recorded, then the fish was immediately removed from the 

chamber and sampled. To ensure any changes found in the CTmax treatment groups were 

not artefacts of the experimental design, a pilot study was run using an additional control 

group of fishes which underwent a sham CTmax trial. These sham pilot trials included 

transferring fish to the CTmax chamber, and holding them for a similar length of time of a 

typical CTmax trial but without any further temperature increases before sampling. We did 

not find any significant changes to plasma endpoints when compared to the acclimated 

control fish.  

Sampling and Hematological analysis 

At the appropriate sampling period (acclimation or CTmax), fish were anesthetized 

in 100 mg · ml-1 of tricaine methanesulfonate (TMS; Sigma-Aldrich E10521) buffered 

with sodium bicarbonate (200 mg · ml-1). Once the fish was anesthetized, a ~0.7mL 

blood sample was collected via caudal puncture using a 23g needle and 1 mL syringe. 

The fish was then euthanized, weighed and measured (total length; TL). The blood sample 

was spun in a mini centrifuge at 8500g for 5 min. The plasma was separated into 

duplicate 1.5mL tubes then frozen in a metal rack on dry ice, and stored at -80°C for 

future analyses.  

From one duplicate tube of plasma, plasma ions and lactate were measured. 

Concentrations of plasma sodium, chloride and potassium (Na+, Cl+ and K+) were 

quantified using an electrolyte analyzer (Smartlyte; Diamond Diagnostics) and plasma 

lactate was quantified using a medical lactate meter (Lactate Statstrip; Nova Biomedical). 
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From the remaining duplicate vial, plasma cortisol levels were measured via enzyme-

linked immunosorbent assay (“ELISA”; Neogen kit # 402710). To expedite the solvent 

evaporation step, 40 samples were extracted at once, and a stream of nitrogen was 

provided to each sample with a length of PE50 catheter tubing connected to a 23g needle 

(barrel removed) which was pierced into silicone tubing header containing pressurized 

nitrogen gas (T. McCormack, Mount Allison University, Canada; pers comm.). ELISAs 

were run according to manufacturer’s directions (using the ethyl acetate and HCl stop 

solution options), aside from the following modification: to allow for smaller volume 

samples, starting volume of samples and all reagents were decreased by half up to the 

point of the 1:100 dilution. Samples that were below the detection limit were re-analyzed 

at a lower dilution (1:10) as available. ELISA plates were read using a plate reader 

(Syngery HTX with Gen5 software; Biotek); sample concentrations were calculated with 

the reader’s software, using the plate standards, blank adjustment and accounting for 

background absorbance. All standards, controls and samples were run in duplicate and 

averaged (duplicate variation was 16% ± 2% (mean ±SEM)).  

Statistical analyses 

The effect of temperature on CTmax was assessed using a linear mixed effect 

model with originating rearing tank as a random factor to avoid pseudoreplication (e.g. 

CTmax ~ Acclimation_Temperature + (1|Tank)) (Bates et al. 2015). Similarly, the effects 

and interaction of acclimation temperature and treatment (i.e. acclimation control or at 

CTmax) on plasma ions, lactate and cortisol were also assessed using linear mixed effects 

models with originating tank as a random factor (e.g. Sodium ~ 
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Acclimation_Temperature*Treatment + (1|Tank)). For all tests where interactions were 

significant, the effects of each fixed factor were then assessed in isolation (Logan 2010). 

Where significant effects of a factor were found, differences across the levels of each 

factor (e.g. 15 vs 25 vs 30°C for acclimation temperature) were determined post-hoc with 

Tukeys tests (Hothorn et al. 2009). The effects of acclimation temperature and body 

weight on CTmax were tested using an ANCOVA (acclimation temperature = categorical 

factor; body weight = continuous factor) (Logan 2010). The effect of body weight on 

CTmax within each temperature treatment was also assessed using linear regressions. The 

acclimation response ratio (ARR) was also calculated for CTmax differences as ARR = D 

CTmax / D Acclimation Temperature according to Claussen (1977). Furthermore, to 

determine the relationship of acclimation temp and thermal tolerance, linear (CTmax = 

Acclimation Temperature) and hyperbolic (CTmax = I(Acclimation Temperature ^2)) 

regressions were run and then compared with an ANOVA for best fit. All data were 

assessed for normality and outliers (Grubbs test). All statistical tests were performed 

using R (Version 4.0.1) (R 2008) and an alpha of 0.05. 

Results 

Critical thermal maximum 

Critical thermal maxima were significantly different at each acclimation 

temperature, with higher CTmax occurring at higher acclimation temperatures (Fig 1; p 

<0.001 for linear mixed effects model; S1). Overall, the mean CTmax in 25 and 30°C 

acclimated fish were 2.7 and 5.6°C higher than CTmax at 15°C. Mean difference between 
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observed CTmax and respective acclimation temperatures were 16.7, 9.4 and 7.25°C for 

the 15, 25 and 30°C acclimation groups, respectively. The acclimation response ratio was 

highest when comparing 25°C and 30°C acclimated fish (Table 1). The relationship 

between CTmax and acclimation temperature was determined to be non-linear (CTmax = -

0.55*Acc_temp + 0.021* Acc_temp^2 + 35.35; p < 0.001; Adjusted R2 = 0.8714). When 

assessed together with acclimation temperature, body weight did not affect CTmax (Fig 2; 

p = 0.5 for body weight; p = 0.015 for acclimation temperature). Linear regressions of 

CTmax vs body weight within each temperature group were also non-significant (p = 0.97, 

0.16 and 0.53 for 15, 25 and 30°C, respectively; Figure 2).  

Plasma analyses 

Overall, the effects of acclimation temperature and treatment (acclimation control 

vs CTmax) varied across plasma variables (Fig 3 and 4; S1). No interactions between 

acclimation temperature and treatment group were found for plasma sodium and chloride 

(p = 0.56 and 0.24, respectively), though interactions were found for potassium, lactate 

and cortisol (p = 0.03, <0.001 and 0.04, respectively). Acclimation temperature was 

found to have significant effects on plasma sodium (Na+), potassium (K+), cortisol and 

lactate (p = 0.0013, 0.0016, for sodium and potassium and p < 0.001 for lactate & 

cortisol) whereas temperature did not affect chloride (Cl- ) (p = 0.37).  

Within each plasma endpoint, the patterns of change across temperature and 

treatment also differed. Plasma sodium (Fig 3i) was lower in 25°C acclimated fish 

compared to 15 and 30°C fish (p < 0.001). Plasma chloride (Fig 3ii) did not vary 

significantly by temperature nor treatment group. In fish acclimated to 15 and 30°C, 



35 

 

plasma potassium levels were significantly elevated at CTmax (p = 0.002 and p < 0.001, 

25 vs 15 and 30°C respectively). Furthermore, plasma potassium (Fig3iii) was highest in 

fish acclimated to 30°C at CTmax (p = 0.006 and p < 0.001, 30°c vs 15 and 25°C 

respectively). Plasma lactate (Fig 4i) increased with each temperature increase within 

both the acclimated and post-CTmax fish (p < 0.001 for all except p = 0.002 for 25 vs 

30°C acclimated fish). Lactate was significantly increased following CTmax at both 25 

and 30°C compared to acclimated control fish (p < 0.001 for both). Cortisol was 

increased at 25°C (Fig 4ii) and elevated in all temperature groups following CTmax (p = 

0.02 at 15°C, p < 0.001 at 25 and 30°C). Cortisol was highly variable in fish acclimated 

to 25°C at CTmax; this pattern persisted when analyses were re-run removing one outlier 

(p < 0.001) , however removing the outlier did not change the pattern of significant 

changes. The fold change in cortisol levels at CTmax from acclimated values was greatest 

at 25°C (Fold changes = 1.1, 5.71, 2.16 for 15, 25 and 30°C acclimation groups, 

respectively). 

Discussion 

Juvenile Striped Bass survived in warm temperatures up to four weeks, without 

disruption to stress hormones and plasma ions. Qualitatively, fish acclimated to 30°C did 

not have any changes to behaviour during acclimation and holding, nor were there 

mortalities in any acclimation groups. Furthermore, no change in resting hematology was 

found across acclimation temperatures, even following a four week acclimation period to 

30°C. In contrast, Davis and Parker (1990) found increases in plasma chloride and 

cortisol when juvenile Southern Striped Bass were acclimated to 30°C for 8 days. Such 



36 

 

changes in cortisol and plasma ions are typical in fish following stressful events (Barton 

2002). The lack of stress response found at this high temperature may suggest that 

Northern Striped Bass used in this study are better equipped to adapt to higher 

temperatures. Sunday et al. (2011) demonstrated that while thermal tolerance breadth 

increases, absolute upper thermal tolerance levels tend to decrease in more Northern 

population, which may be contrary to our findings. Future research should aim to 

investigate potential differences in tolerance limits between North and South Striped 

Bass. It should be noted that plasma lactate was elevated in 25 and 30°C fish (both 

acclimated and at CTmax), and thus there was a possible switch to anaerobic processes, 

suggesting these temperatures may be outside the ideal temperature range for these fish 

as they were not able to meet energy demands with aerobic processes. This aligns with 

Cox and Coutant (1981) who found ideal growth temperatures to be more moderate (14-

22°C), though this optimum may differ if fish were not provided a fully satiating diet.  

One potential confounding aspect of comparing tolerance limits within and across 

species is the length of acclimation. In the present study, fish were acclimated for at least 

28 days, while other studies on Striped Bass used shorter acclimations, ranging from 8 

days (Davis and Parker 1990) to 2 weeks (Cook et al. 2006). In their discussion and 

critique of utilizing CTmax, Lutterschmidt and Hutchison (1997b) acknowledge that rate 

and length of acclimation is important to the resultant CTmax but suggest only that in 

ecotherms, thermal acclimation is rapid, occurring within hours to a few days. Beitinger 

and Bennett (2000) suggest acclimation of new thermal tolerance limits suggest this may 

range from 1 to 20 days. While the absolute definition of what precisely defines 



37 

 

acclimation has long been discussed (Lagerspetz 2006), it generally thought of as 

physiological or behavioural changes related to a new environment (e.g. higher 

temperature tolerance), but the time course to acclimation may depend on which system 

is being investigated. There is no “gold standard” of how long fishes should be 

acclimated for thermal tolerance testing. Still, many studies in other fish species use 

longer acclimation times more similar to our period than shorter times used in other 

aforementioned Striped Bass papers (for example see acclimation time in Table 1). The 

different acclimation time may explain some of the differences seen between the present 

study and others. For example, the increased cortisol by Davis and Parker (1990), may be 

an artefact of the shorter (8 day) acclimation period if this was insufficient time to 

acclimate. Although it should be noted that similar tolerance limits to ours were found by 

Cooke et al. 2006, suggesting that the 2 weeks used by Cooke et al. was sufficient 

acclimation to adjust thermal tolerance in these Northern fish. Without further 

information on the timeline of thermal acclimation in Striped Bass, it is difficult to 

determine whether the differences between Northern and Southern fish are valid or an 

artefact of methodology.  

In addition to their ability to acclimate to warm waters, the upper acute thermal 

tolerance of juvenile Striped Bass increased with increasing acclimation temperatures. 

While CTmax is widely used in fishes, few other studies have used it to test thermal limits 

in Striped Bass, though our values generally coincide with these previously published 

values. While the authors did not report mean CTmax directly, our CTmax values are close 

to the estimated values from regressions published by Cook et al. (2006). As the fish used 
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by Cook et al. (2006) are from the same population and rearing facility, similar thermal 

tolerances were expected. The slightly lower values at the higher temperatures may be 

due to experimental set-up or an artefact of differing statistical methods (regression 

values vs means). The pattern of change in CTmax across acclimation temperatures found 

in this study is surprising. Typically, the upper thermal limit will increase linearly as 

acclimation temperature increases, and then plateau as acclimation temperature 

approaches thermal maxima (Beitinger and Bennett 2000). Thus, we would expect the 

acclimation response ratio (AAR) to decrease as the acclimation temperature passes the 

linear portion and approaches thermal maximum (see Table 1 for ARR values from other 

fishes). The fish species selected in this table represent a wide range of taxonomic and 

ecological diversity, from ancient lineages of temperate Sturgeon (Acipenser 

brevirostrum), to tropical modern Perciformes (Therapon jarbua), to a similar temperate 

sea-bass (Dicentrarchus labrax). Yet only the Striped Bass and Striped Bass hybrid show 

increased ARR at the highest temperature pairs. Our data show that the ARR is largest 

between the two highest temperatures, suggesting the scope for increase in acute maxima 

is still increasing. The ARR’s found at higher temperatures in this study are also on the 

high end for a mid-latitude fish (Morley et al. 2019). Other studies examining Morone 

spp. thermal tolerance across similar temperatures used in this study have found linear 

relationships of CTmax to acclimation temperature, thus implying a constant ARR (Table 

1), unlike our data. Given that CTmax continued to increase with each increase in 

acclimation temperature (i.e. the relationship has not plateaued/nonlinear), it is possible 
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that further increases to acute thermal maximum may be possible at even higher 

acclimation temperatures.  

While upper thermal tolerance did increase with acclimation, indicators of 

physiological stress and acid-base changes at CTmax were present in fish acclimated to 

warmer temperatures. During a stressful event, such as a CTmax trial, disturbances to ion 

regulation following the cascade of stress hormones are common (Barton 2002; Farrell 

2011). Thus, the increases in cortisol found at CTmax are to be expected, given the 

stressful nature of such an acute test. The modest fold change in cortisol pre/post CTmax 

found at 25°C was within the range of fold changes reported before/after confinement 

stress (~3 to 5 fold change) (Davis and Parker 1990; Secor et al. 2000), but lower fold-

changes were found at the other two acclimation temperatures. When compared to other 

types of stressors, much higher fold changes (~86-fold) in cortisol have been documented 

in Striped Bass following acute salinity transfer (Madsen et al. 1994), though this may be 

related to the additional role of cortisol in seawater readiness in addition to stress 

response (Evans et al. 2005). It is surprising that the highest CTmax cortisol values were 

found in 25°C acclimated fish, not the highest acclimation temperature, which we would 

expect to be the most stressful. This may be an artefact of the variable nature of cortisol 

response found, especially at 25°C, or there may be a depression of cortisol response 

occurring at the highest temperatures combined with an acute stress. Furthermore, the 

highly variable cortisol at 25°C coincides with the highest variability in CTmax, which 

could suggest increased variation across individuals at this moderate temperature 

treatment. The cortisol response following stress at high temperatures may be tied to an 
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overall reduction to metabolism, which has been seen in other fishes (Kir et al. 2017; Kır 

and Demirci 2018; Kır 2020) should be investigated further.  

Evidence of plasma ion disruption was also illustrated in the increase seen in 

plasma potassium at CTmax, particularly in fish acclimated to 30°C. The apparent 

hyperkalemia at 30°C is mirrored by the increased lactate at CTmax at the same 

acclimation temperature. This pairing of changes is common in fishes following stressful 

or strenuous activities, in which the increase in lactate production from anerobic 

metabolism results in plasma acidosis, which in turn leads potassium to migrate into the 

plasma in order to close the anion gap (Wood et al. 1983; Kieffer et al. 1994). This was 

not seen at CTmax in the lower temperature groups, which again suggests that while fish 

may survive at these elevated temperatures for many weeks, it is likely to be less ideal 

than moderate temperatures. While the other CTmax studies in Striped Bass did not 

measure plasma ions (Lutterschmidt and Hutchison 1997a; Cook et al. 2006), chloride 

fluctuation has been documented during recovery from confinement stress in Striped 

Bass and their hybrids (Davis and Parker 1990; Davis 2004). We did not find chloride 

fluctuations immediately following CTmax, though ion disruption may not occur until 

many hours after the stressor (Davis and Parker 1990; Davis 2004), thus it is possible 

changes in chloride may have been seen if further measures were made during recovery 

from CTmax. Future studies should aim to investigate the time course of ion perturbation 

following temperature stress.  

In contrast to Cook et al. (2006), we did not find any indication that thermal 

tolerance was inversely related to body size in juvenile Striped Bass. Generally, CTmax 
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would be expected to increase with body mass, likely owing to the lag of temperature 

transfer to the interior of a larger bodied animal (Beitinger and Bennett 2000; Ziegeweid 

et al. 2008). Cook et al. (2006) has suggested an inverse relationship of body weight to 

thermal tolerance. We found no indication that temperature tolerance is related to body 

size. Compared to Cook et al. (2006), our paper assessed the patterns of thermal tolerance 

change on a continuous basis across a wider range of sizes and generally larger size 

juveniles (52 – 102g in the present study; small = 21.8 g vs large = 34.4g by Cook et al. 

(2006)). Zhang and Kieffer (2014), found a positive relationship between thermal 

tolerance and body weight within small and large groups of Shortnose Sturgeons, 

Acipenser brevirostrum (Lesueur 1818 non Heckel 1836), yet the smaller fish as a group 

had higher tolerance when compared to large fish categorically. It is possible that the 

inverse relationship exists in smaller juvenile Striped Bass as previously described, but 

the direction changes in larger juveniles. As previously mentioned, our CTmax values 

were slightly lower than those found by Cook et al. (2006), which may support this 

notion. Notwithstanding, both the current study and Cook’s previous work on body size 

assess these trends over a small subsection of juvenile Striped Bass sizes; future 

investigation into this phenomenon should assess trends across a larger size range.  

As a wide-ranging, migratory fish, the natural thermal regimes of Striped Bass 

vary greatly across their range. In addition to changes in thermal regimes, Northern 

Striped Bass are more migratory and typically utilize saline stretches of their environment 

more than their Southern counterparts (Secor et al. 2000; Conroy et al. 2015). The 

Shubenacadie Striped Bass used in the present study are one of the most Northern 
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populations of the species. Furthermore, the Shubenacadie River is a tidal bore system 

(COSEWIC 2012) and is connected to the Bay of Fundy, which boasts the highest tides 

in the world (Desplanque and Mossman 2001). As such, this population faces extremes in 

both temperature and salinity fluctuations on and hourly and seasonal scale. The 

temperatures used in this study span a range of temperatures that may be found naturally 

in this system: spring spawning occurs around 15°C (COSEWIC 2012) and summer 

temperatures in the estuary are expected to be around 22°C (Duston et al. 2004). In 2020, 

this population experienced an abnormal summer fish kill, purportedly related to 

unusually warm temperatures (Withers 2020). With rising global temperatures, 

understanding the processes with limit tolerance to these fluctuations will become 

increasingly important. 

The ability of juvenile Striped Bass to acclimate to increased temperatures is 

demonstrated in this paper. Few physiological disruptions were found at acclimation, 

although increased stress hormones and likely anerobic metabolism occurred at CTmax at 

the highest temperatures. Nonetheless, juveniles were able to live at 30°C for multiple 

weeks, which is only 1.7°C away from the CTmax measured of fish acclimated to 15°C. 

This impressive ability for a temperate fish to withstand warm temperatures may have 

ecological ramifications as it provides a competitive edge in the face of global 

temperature change. Better understanding is needed to determine the mechanisms which 

underpin temperature tolerance, including the potential of heritable genetic traits. 

Furthermore, as a species which inhabits a wide range of temperature regimes, future 

research should aim to explore the difference in temperature tolerance across their range. 
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Tables 

Table 1 Comparison of Acclimation Response Ratios (ARR) across 

multiple fish species and acclimation temperatures (Ta). “Relationship” 

describes the published (or implied) relationship of thermal maximum to 

acclimation temperatures. Multiple rows within a study represent ARRs for 

different temperature intervals (as denoted by the “upper” and “lower” Ta). 

Where not stated in original publication, ARR was calculated from selected 

Ta and CTmax values as ARR = D CTmax / D Ta according to Claussen (1997).
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Species Relationship 
(CTmax a Ta) 

Acclimation 
(weeks) 

N (fish/ 
group) 

Ta (°C) 
D Ta 
(°C) 

D 
CTmax 
(°C) 

ARR Study 
Lower Upper 

Morone saxatilis Non-linear 4 7 to 9 
15 25 10 2.69 0.27 This study 
25 30 5 2.89 0.58 

Morone saxatilis Linear 2 5 
15 25 10 4.2 

0.42 Cook et al. (2006) 
25 30 5 2.1 

Morone saxatilis x 
M. chrysops Linear 5 to 7 2 

12.2 23 10.8 5.3 0.49 Woiwode and 
Adelman (1992) 23 29.2 6.2 3.2 0.52 

Dicentrarchus 
labrax  Linear 5 15 

15 20 5 1.6 0.32 Dülger et al. (2012) 
20 25 5 1.1 0.22 

Fundulus 
heteroclitus 
(Northern) 

Non-linear 3 15 
12.4 26.5 14.1 6.8 0.48 

Fangue et al. (2006) 
26.5 32.1 5.6 1.4 0.25 

Fundulus 
heteroclitus 
(Southern) 

Non-linear  3 15 
12.4 26.5 14.1 6.5 0.46 

26.5 32.1 5.6 1 0.18 

Acipenser 
brevirostrum Linear 4 8 

10 15 5 3.9 0.78 Zhang and Kieffer 
(2014) 15 20 5 1.3 0.26 

Etroplus suratensis Linear Unknown Unknown 
20 25 5 0.75 0.15 

Rajaguru (2002) 

25 30 5 2.5 0.5 
30 35 5 0.5 0.1 

Therapon jarbua Linear Unknown Unknown 
20 25 5 0.75 0.15 
25 30 5 1.5 0.3 
30 35 5 0.75 0.15 

†	Authors	did	not	include	mean	CTmax	values	per	Ta,	thus	the	slope	of	the	linear	regression	is	used	to	represent	the	overall	ARR	 
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Figures 

 

Figure 1 Box plot of critical thermal maxima (CTmax) of juvenile 

Striped Bass, Morone saxatilis, acclimated to different temperatures. Letter 

designations denote significant differences between temperature acclimation 

groups. 
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Figure 2 Critical thermal maxima (CTmax) of juvenile Striped Bass, 

Morone saxatilis, acclimated to various temperatures according to body 

weight. Fish were acclimated to 15C (○), 25°C (■), or 30°C (▽) for 4+ weeks 

prior to undergoing CTmax trials. Lines reflect linear regressions within each 

temperature, though none of these regressions were found to be significant. 

Effects of acclimation temperature (“Temp”), Body Weight and their 

interaction (“Int”) were determined via ANCOVA. 
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Figure 3 Mean (±SEM) plasma ion concentrations (sodium, chloride 

& potassium in i, ii, & iii, respectively) in juvenile Striped Bass, Morone 

saxatilis, acclimated to various temperatures. Fish were sampled as 

following: after 4 weeks acclimated to appropriate temperature (△) or 

immediately following critical thermal maxima (CTmax) trial (■). Lowercase 

letter designations denote significant differences across temperature within 

the CTmax trial group. Uppercase letter designations designate differences 

across temperature, regardless of CTmax treatment (no interaction). An 

asterisk (*) denotes a significant difference in CTmax from respective 

acclimation control. Statistical differences were determined via linear mixed 

effects models followed by pairwise comparisons determined via Tukey’s 

post hoc tests as appropriate.  
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Figure 4 Mean (±SEM) plasma lactate and cortisol (i & ii, 

respectively) in juvenile Striped Bass, Morone saxatilis, acclimated to various 

temperatures. Fish were sampled as following: after 4 weeks acclimated to 

appropriate temperature (△) or immediately following critical thermal 
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maxima (CTmax) trial (■). Lowercase letter designations denote significant 

differences across temperature within the CTmax trial group. Uppercase letter 

designations denote significant differences across temperature within the 

acclimation trial group. An asterisk (*) denotes a significant difference in 

CTmax from respective acclimation control. Statistical differences were 

determined via linear mixed effects models followed by pairwise comparisons 

determined via Tukey’s post hoc tests as appropriate.  
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Transcriptomic analyses of juvenile Striped Bass (Morone 

saxatilis) exposed to chronic and acute temperature change2 

Abstract 

Striped Bass are economically important, migratory fishes, which occur across a 

wide range of latitudes. Given their wide-ranging nature, Striped Bass can cope with a 

broad range of environmental temperatures, yet the mechanisms underlying this ability 

have not been thoroughly described. Heat shock proteins (HSPs) are inducible molecular 

chaperones, which help mitigate protein damage resulting from increased temperatures. 

The importance of HSPs has been demonstrated in a number of fish species, but their role 

in Striped Bass is poorly understood. This study characterizes changes in gene expression 

in juvenile Striped Bass, following acute and chronic temperature change. Fish were 

acclimated to one of three temperatures (15, 25 or 30°C) and sampled at one of two 

treatments (control or after CTmax), following which we assessed differential gene 

expression and gene ontology in muscle. It is clear from our differential expression 

analyses that acclimation to warm temperatures elicits more robust changes to gene 

expression, compared to acute temperature increases. Our differential expression analyses 

also revealed induction of many different heat shock proteins, including hsp70, hsp90, 

hsp40 and other small HSPs, after both acute and chronic temperature increase in white 

 

2 This chapter has been submitted for publication in PLOS One (resubmitted 2023/06).  
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muscle. Furthermore, the most consistent gene ontology pattern that emerged following 

both acclimation and CTmax was upregulation of transcripts involved in “protein folding”, 

which also include heat shock proteins. Gene ontology analyses also suggest changes to 

other processes after acclimation, including decreased growth pathways and changes to 

DNA methylation. Overall, these data suggest that HSPs likely play a major role in the 

Striped Bass’s ability to tolerate warm waters.  

Introduction 

Temperature is often referred to as the “master abiotic factor” (Fry 1947) – 

especially in poikilothermic animals, including most fishes – as its effects span nearly all 

levels of biological organization, from protein folding, through to behaviours and species 

distribution (Hochachka and Somero 2002). The capacity of fishes to acclimate to 

warmer temperatures not only allows a species to inhabit a wider range of environments, 

but is also likely to be beneficial during subsequent extreme temperature events (Morley 

et al. 2019). On acute time scales, rapid tests, such as the critical thermal maximum 

(CTmax) test, provide a useful tool to facilitate comparison of thermal tolerance among 

experimental groups (Lutterschmidt and Hutchison 1997; Beitinger et al. 2000). Wide 

ranging, migratory species routinely encounter changes in environmental temperature, on 

both the short-term (i.e. tidal) and long-term scale (i.e. seasonal). This makes such fishes 

an useful candidate to explore the breadth of chronic and acute temperature stress 

(Sunday et al. 2011).  

The Striped Bass, Morone saxatilis, are a wide-ranging, anadromous fish, with 

important recreational and commercial value (NOAA 2019). Striped Bass naturally 
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inhabit many coastal rivers along the eastern seaboard of the USA and Canada and 

migrates upstream to spawn (NOAA 2019). While the commercial harvest of Striped 

Bass has mostly reopened following a stock crash in the 1980’s, it has also become the 

most-sought after saltwater fish in the USA by recreational anglers, with a recreational 

harvest of 15.8 million tones in 2021 (NOAA 2019; NOAA 2022). In the northern 

stretches of its range, Striped Bass have come under scrutiny as a putative predator of 

Atlantic salmon smolts, especially in areas which Atlantic salmon listed as endangered, 

such as the Inner Bay of Fundy (Andrews et al. 2019). Penny and Pavey (2021) showed 

that even Northern Striped Bass have a large capacity to acclimate to very warm waters 

for many weeks (i.e., 4 weeks at 30°C) with no mortality and little change in hematology, 

in contrast to the cold-water Atlantic Salmon. This impressive ability to cope with warm 

temperatures may be beneficial in warming waters, yet the underlying mechanisms that 

drive this ability are yet to be determined.  

One of the most ubiquitous cellular mechanisms animals use to deal with heat 

stress are the heat shock proteins. Heat shock proteins (HSPs) are intracellular proteins 

found in nearly all organisms. HSPs are generally grouped by their molecular weights, 

with the most commonly studied groups being HSP70 (68-73 kDa) and HSP90 (85–90 

kDa), though both smaller and larger HSPs also exist (Basu et al. 2002; Mohanty et al. 

2018). While the structure of HSPs vary, these proteins generally act as molecular 

chaperones to help mitigate protein damage, misfolding and coagulation caused by 

stressors, including heat stress (Iwama et al. 1998; Basu et al. 2002; Hochachka and 

Somero 2002). The induction of HSPs following a stress is commonly referred to as the 
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Heat Shock Response (HSR). In fishes, the HSR is commonly includes hsp70 and hsp90, 

although the extent and diversity of this response varies among fish species, and even 

populations within species (Basu et al. 2002; Iwama et al. 2004; Fangue et al. 2006; 

Mohanty et al. 2018). Within the HSP family, some are expressed constitutively (e.g. 

hsc70, the constitutive isoform of hsp70), while others can be rapidly induced by 

stressors (e.g., hsp70). This ability of a fish to induce an HSR is also likely to be an 

important deciding factor to whether the fish can acclimate to different temperatures 

(Basu et al. 2002). Owing to the cosmopolitan nature of HSPs, it is likely that they play 

an important role in allowing Striped Bass to withstand temperature changes. Geist et al. 

(2007) detected induction of hsp70 but not hsp90 during exposure to toxic metals in 

Striped Bass kidney, yet outside of this, the HSR of these fish has not been described. 

The regulation of HSPs is believed to be controlled at the transcriptional level, with the 

resultant translation to useable HSPs swiftly following (Basu et al. 2002), thus measuring 

HSP-related RNA levels are a good surrogate for the relevant proteins levels. As such, 

high-throughput sequencing technology offers an opportunity to profile many different 

potentially induced HSPs, without a priori knowledge of the HSR.  

The objective of this study is to describe the transcriptional changes elicited by 

chronic and acute heat stress in northern Striped Bass, using tissues collected by Penny 

and Pavey (2021). The previously published physiological data demonstrates an 

impressive ability of these fish to withstand chronic high temperatures, thus we aim to 

elucidate the underlying mechanisms. Given the ubiquitous and important role of HSPs in 
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other species of eurythermal fishes, we also aim to describe the HSR in Striped Bass. We 

hypothesize that HSPs will play an important role in the HSR of Striped Bass.  

Methods 

Juvenile Striped Bass (mass = 74.5 ± 3.4 g; fork length = 19 ± 0.4 cm; mean ± 

standard error) were raised from wild-caught eggs, spawned naturally in the 

Shubenacadie River (Nova Scotia, Canada). Experimental husbandry and sampling was 

performed at the University of New Brunswick’s Saint John campus. Prior to 

experiments, all fish were maintained in circular, fiberglass tanks (~750 L) with a 

constant flow of new, fresh (0 ‰), dechlorinated municipal water on a 14:10 hour 

light:dark rotation. Fish were fed daily to satiation (commercial Trout pellets; 3mm Vita 

Pellets; EWOS) but fasted for 24 hour prior to all experimental procedures or sampling 

(i.e. before CTmax trails or acclimation sampling). Before experimental procedures, 

temperatures were maintained at 15°C using multiple 800-watt submersible heaters 

(Aquatop Titanium 800 W; TH800W) with external temperature controllers (Inkbird; 

ITC-308).  

Experimental design 

The overarching experimental design included acclimation of Striped Bass to one 

three temperatures (15, 25 or 30°C) and sampled at one of two treatments (control or at 

CTmax). For each of these acclimation temperature x treatment combinations, seven fish 

were sampled (N = 7 x 3 temperatures x 2 treatments = 42 individual fish total). 

Acclimation to experimental temperatures was accomplished in the previously described 
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husbandry tanks, with three replicate tanks for each temperature. Temperatures were 

increased by 1 to 1.5°C per day until the appropriate acclimation temperature was 

reached, following which the fish were maintained at this temperature for at least four 

weeks before further manipulation.  

Following the four week acclimation period, two or three fish from each of the 

three replication temperature tanks were haphazardly selected for CTmax trials (N = 2-3 

fish x 3 tanks/temperature = 7 total per acclimation temperature). Another seven fish 

were randomly selected in the same manner and sampled without further temperature 

manipulations (i.e. control fish). For simplicity, we henceforth refer to fish sampled as 

the acclimation controls (i.e., acclimated but no CTmax) as the “acclimation” groups and 

those after CTmax simply as the “CTmax” groups. Prior to commencing the CTmax trial, the 

selected fish was placed in the experimental chamber, at its respective acclimation 

temperature, and allowed to acclimatize for one hour. Further details of experimental 

chamber and temperature regulation can be found in (Penny and Pavey 2021). Following 

the acclimatization period, the temperature of the experimental chamber was increased by 

0.3 °C · min−1 (18 °C · hour−1) until the point of loss of equilibrium (LOE), at which time 

the temperature (CTmax) was recorded and the trail stopped. LOE was defined as the point 

where the fish was no longer able to maintain a dorsal-ventral position.  

Tissue sampling  

Immediately following LOE, each fish was euthanized via overdose in 100 mg · 

ml−1 of tricaine methanesulfonate (TMS; Cat: E10521; Sigma-Aldrich) buffered with 

sodium bicarbonate (200 mg · ml−1) followed by cervical dislocation. Hematological 
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procedures and results are published by Penny and Pavey (2021). A sample of white 

epaxial muscle tissue was excised from the left trunk, from the dorsal end to the pectoral 

fin. All skin and non-white muscle was removed and then the muscle was immediately 

placed in 5mL of RNA storage solution (combined solution of 3.5 M ammonium sulfate, 

0.05 M EDTA and 0.1 M sodium citrate at pH 5.2), stored at 2°C for 24 hours, and then 

stored at -80°C until RNA extraction. 

RNA extraction, DNA removal and pre-library preparation quality control 

All RNA extraction, purification and library preparation was completed at the 

University of New Brunswick Saint John. Each white muscle sample was thawed on ice 

and a ~100mg section of tissue was dissected. The excess storage solution was blotted 

off, and then the tissue was placed in 1000 µL of TRIzol reagent (Cat:15596026; 

ThermoFisher; Waltham, USA) along with a 3mm tungsten ball. The samples were then 

homogenized using an oscillating mixer mill (Retch MM400) for 3 minutes at 25.0 Hz. 

Total RNA was then extracted from the homogenized tissues using PureLink RNA Mini 

Kit (Cat: 12183020; ThermoFisher; Waltham, USA) according to the manufacturer’s 

directions aside from the following changes: elution was preformed twice, with 30 µL of 

RNAse-free water heated to 37°C; prior to the first elution; 0.5 µL of recombinant 

ribonuclease inhibitor (RNaseOUT; Cat: 10777019; ThermoFisher; Waltham, USA) was 

added to the recovery tubes prior to the first elution.  

Following extraction, quality and concentration of each sample was determined 

using microvolume spectrophotometry (NanoDrop 2000; ThermoFisher) and then 

normalized to ~200 ng/µL. Each sample was then DNase treated (Turbo DNA-Free Kit; 



 

 

 

68 

Cat: AM1907; Invitrogen; Waltham, USA). The quality of each sample was then assessed 

with chip-based capillary electrophoresis (RNA 6000 Nano Kit; Agilent Bioanalzyer 

2100; Agilent; Santa Clara, USA) and then quantified using fluorescence-based RNA-

quantification assay (Quant-it™ RiboGreen RNA Assay Kit; Cat: LSR11490; Invitrogen; 

Waltham, USA). The concentration of all samples were normalized to 10 ng/µL for 

library preparation. 

RNA library preparation and sequencing 

Two mRNA sequencing lanes were created, each with 21 multiplexed individual 

fish samples. To help mitigate sequencing lane effects, samples were randomized across 

each lane, but still ensuring that roughly half of the replicates from each temperature x 

treatment groups were on each lane. The libraries were prepared using the following pre-

prepared kits, following the manufacturer’s directions: magnetic bead isolation 

(NEBNext Poly(A) mRNA Magnetic Isolation Module (Cat: E7490; New England 

Biolabs; Ipswich, USA); NEBNext Ultra II Directional RNA Library Prep Kit for 

Illumina (Cat: E7760; New England Biolabs; Ipswich, USA); NEBNext Multiplex Oligos 

for Illumina (Cat: E7335 & E7500; New England Biolabs; Ipswich, USA). Creation of 

cDNA from isolated RNA is included in the NEBNext protocol. Prior to final 

normalization and pooling, individual library quality was assessed using chip-based 

capillary electrophoresis (High Sensitivity DNA Kit; Agilent Bioanalzyer 2100) and then 

quantified using qPCR (NEBNext Library Quant Kit for Illumina, Cat: E7630; New 

England Biolabs; Ipswich, USA). All library preparation was completed with the aid of 

an automated liquid handling system (epMotion 5075t; Cat. 5075006022; Eppendorf; 
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Hamburg, Germany). The two resultant multiplexed libraries were sequenced on the 

Illumina HiSeq 4000 platform (paired-end; 150BP), performed by GENEWIZ (New 

Jersey, USA). 

Quality control and alignment 

Following demultiplexing by GENEWIZ, all of the samples were trimmed with 

Trimmomatic 0.39 (Bolger et al. 2014). Trimming was done based on residual adapters 

and barcodes as well as quality settings as follows: minimum read length = 35; sliding 

window = 4:20; ILLUMACLIP: 2:30:10. Pre and post trimming quality was visually 

assess using FastQC (Brown et al. 2017).  

The Striped Bass reference genome (BioProjects Accession #: PRJNA266827; 

NCBI Project#: 266827) was used for alignment. The reference genome indexing and 

alignment were preformed using HISAT2 version 2.2.1.0 (Wen 2017). The resultant .sam 

files were converted to .bam and indexed using StringTie 1.3.5 (Pertea et al. 2015). 

Summary tables of raw read counts were compiled using htseq-counts 0.12.4 (Anders et 

al. 2015). 

Differential expression analyses 

Differential expression analyses was performed using DESeq2 (Love et al. 2014). 

Experimental design settings for the DESeq2 object were defined by temperature, 

treatment and sequencing lane. Differential expression was examined via two methods: 

First, the effects of acclimation temperature were explored by comparing the 25°C and 

30°C acclimation control fish each to the control fish acclimated to 15°C; Secondly, 
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differential expression in response to CTmax was calculated by comparing fish at CTmax to 

the acclimation control fish at the respective temperature. These summary lists of 

relevant temperature x time combinations were extracted using the DESeq2::results() 

function. DEGs were categorized as up or down regulated by whether the resultant fold-

changes were greater than (up) or less than (down) 1. Significant differentially expressed 

genes (DEGs) were selected using the Benjamini-Hochberg adjusted p-values with a cut 

off of 0.05. After rlog transforming the relative expression values, principal component 

analyses was performed on all of the expressed genes to visualize the effects of treatment, 

temperature and sequencing lanes. Heat plots of DEG groups of interest were also created 

using fold change (log2 or raw as appropriate) as the input value. All differential 

expression and figure creation were performed using R base plotting functions (R Core 

Team 2020), aside from the Venn diagrams, which were created with eulerR (Larsson 

2018). 

Gene ontology and clustering 

Gene ontology (GO) analyses were performed on the DE gene lists using 

DAVID’s functional annotation tools (Dennis et al. 2003), and the Danio rerio identifier. 

GO term lists were created from both up and downregulated DEG lists separately. 

Resultant GO terms were further refined selected from the “FAT” lists using the 

following criteria, according to Huang et al. (2009): Benjamini-Hochberg adjusted P-

value < 0.05; fold enrichment ≥ 1.5; minimum number of DEGs/term = 5. Due to lower 

significant GO term numbers in the other categories, only GO terms from the “biological 

processes” category were used in clustering analyses. Where the resultant GO biological 
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processes term list was greater than ten, semantic clustering analysis (REVIGO) was used 

to further reduce the GO list and examine the higher-level patterns (Supek et al. 2011). 

Clustering analysis results were used to select representative GO terms for visualization 

in bubble plots (VisGO ref) in order to allow comparison of fold-enrichment, gene count 

and adjusted p-values across temperature and treatment groups.  

 

Results 

Summary of sequencing and alignment  

The average number of reads/sample was similar across both sequencing lanes, 

with more than 21 million reads/ sample overall and 918 million reads total across both 

sequencing lanes (Table 1). After trimming, roughly 91% of raw reads remained. Of the 

possible mappable genes in the reference genome, ~89% of the gene had non-zero 

normalized read counts. The proportion of aligned annotated genes was similar to the 

proportion annotated in the reference genome (Table 1).  

Patterns of differentially expressed genes across treatments 

Principal components analyses suggested that the effect of acclimation 

temperature had a greater effect on expression than did subsequent temperature increases 

to CTmax (Fig. 1A). Replicate fish grouped roughly by acclimation temperature, mostly 

spread along PC2 regardless of CTmax or sham treatment. Furthermore, fish acclimated 

to 15°C were grouped towards the lower values of PC1 while 25°C and 30°C fish mostly 

overlap along PC1. Unlike acclimation temperature, there is no obvious distinction 
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between control and CTmax fish within their acclimation temperature “cloud”. When 

sequencing lane information is assessed by PCA, there is significant overlap and no 

distinct grouping of replicates based on sequencing lane (Fig. 1B).  

The summary of DEG counts also showed a much larger effect of acclimation 

compared to that of CTmax (Fig. 2). This is suggested by the much higher numbers of 

significant DEGs found in the acclimation comparisons (Fig. 2A) versus the nearly order 

of magnitude lower number found in CTmax comparisons (Fig. 2B). The pattern of total 

DEGs also differs between acclimation and CTmax. In acclimated fish, the 30°C treatment 

elicited the highest total DEGs, whereas the 25°C treatment had the largest number in 

CTmax comparisons. For both acclimation comparisons, the number of up vs down DEGs 

were similar (Fig. 2A). Contrarily, the response in fish at CTmax was highly skewed 

toward upregulated genes, with roughly 2x more up regulated DEGs vs down regulated 

(Fig. 2B). 

Within both acclimation and CTmax comparisons, each temperature elicited a 

private subset of genes, in addition to some shared genes (Fig 3). The largest number of 

private genes within acclimation were found at 30°C (Fig 3Ai), with a large proportion of 

these being annotated (Fig 3Aii). Fish acclimated to 25°C also had the largest number of 

private DEGs at CTmax while the smallest private DEG list at CTmax was at 15°C (Fig 3 

Bi). All three acclimation temperatures shared a subset of DEGs at CTmax, 33 of which 

were annotated (Fig 3Bii). Of these shared annotated genes, the direction of change was 

the same across all acclimation temperatures, with the majority of genes being 

upregulated (Fig 4).  



 

 

 

73 

Differential expression of heat shock proteins 

Thirty-four genes directly related to heat shock proteins were differentially 

regulated in at least one of the treatment groups (Fig. 5). These DEGs relate to multiple 

HSP types, including hsp90, 70, 40 and some smaller HSPs. Generally, these HSP were 

upregulated at CTmax and warmer acclimation temperatures. The greatest variety and 

number of HSP-related genes were found in acclimation comparisons, with acclimation 

to both 25 and 30°C yielding a similar number of HSP DEGs, most of with are 

upregulated. The highest fold-change HSPs were found after CTmax, specifically 

upregulation of subunits of inducible hsp70 (hspa1b) and hsp40 (dnajb1b). No HSP 

genes were upregulated at CTmax in 15°C acclimated fish; the only HSP changes at this 

temperature was two subunits of hsp60, which were down regulated.  

Gene ontology 

In nearly all comparisons, the “biological processes” GO category had by far the 

highest significant terms compared to the other GO categories (Table 2). Similar to the 

patterns seen in DEG lists and PCA, acclimation comparisons yielded more significant 

GO terms than did CTmax. The highest number of significant GO terms were found in fish 

acclimated to 30°C. At CTmax the 25°C fish produced a greater number of DEGs (Figs 2B 

& 3B), the 30°C fish produced a larger number of significant GO terms. The number of 

DEGs found at CTmax in 15°C were too short to allow for gene enrichment analyses.One 

GO term was found to be upregulated in multiple temperatures in both acclimation and 

CTmax comparisons: protein folding (Fig. 6). Genes related to protein folding were 

significantly upregulated at 25 and 30°C following both acclimation (Fig. 6A) and CTmax 
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(Fig. 6B), with higher fold enrichments found at CTmax. While this term was upregulated 

following both acclimation and CTmax, the specific genes upregulated appear to differ 

between these treatments (Fig. 7). Nearly all of the genes upregulated at CTmax are HSP 

related genes. Comparatively, acclimation to increased temperatures resulted in a more 

varied list of protein folding genes, which includes some HSP genes (e.g. hsc70, 

dnaka12b) but chaperonins (cct2, cct4, cct5, cct7 & cct8) (Fig. 7). No other top GO terms 

were found in common at both acclimation and CTmax. A greater variety of top GO terms 

were found to be shared across temperatures in acclimation compared to CTmax. (Fig. 6) 

For example, genes related to growth and cell division were downregulated following 

acclimation to higher temperatures (25 and 30°C) (Fig. 8A) whereas methylation related 

genes showed a mixed response, in that multiple related genes were both up and down 

regulated at 30°C (Fig. 8B).  

Discussion 

Both chronic (4 week acclimation) and acute heat exposure (at CTmax) initiated a 

heat shock protein transcriptomic response in juvenile Striped Bass. This is evident by the 

consistent upregulation of the ‘protein folding’ gene ontology and suites of HSP-related 

genes in both acute and chronic heat exposures. While heat shock proteins are found in 

nearly all organisms, the extent, type and patterns of HSP induction vary by organism, 

individual history, environment and many other factors (Iwama et al. 1998; Hochachka 

and Somero 2002; Iwama et al. 2004; Fangue et al. 2006; Mohanty et al. 2018). Of the 

many different HSPs, hsp70 and hsp90 are the HSPs are the most commonly described 

HSPs in fishes (Currie and Schulte 2013; Mohanty et al. 2018). Our data show that 
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multiple genes related to these two HSPs were indeed upregulated following both acute 

and chronic heat stress in Striped Bass at 25°C and 30°C. Interestingly, fish acclimated to 

the control temperature of 15°C did not show an increase of HSPs or other protein 

folding genes at CTmax, suggesting the HSR was not initiated. Logan and Somero (2010, 

2011) detailed the differences between chronic (4 week) and acute heat stress on the HSR 

in Gillichthys mirabilis (longjaw mudsucker) and found that acclimation produced a 

much less robust transcriptomic response when compared to the acute response. This 

contrasts our findings in two ways: (1) the effects of acclimation was much greater than 

acute and (2) both acclimation and CTmax produced a strong HSP response. In addition to 

the upregulation of stress-inducible HSPs (i.e. hsp90α & hsp70), acclimation also elicited 

an upregulation of constitutive HSPs - hsp90β and hsc70 (Hochachka and Somero 2002). 

We found that these constitutive HSPs to only be upregulated following acclimation 

whereas the stress-inducible HSPs are upregulated in all temperature treatments to some 

extent. Fangue et al. (2006) documented higher levels of constitutive HSPs (hsc70 and 

hsp90β) in warm-adapted Southern killifish (vs their Northern counterparts) and 

suggested this may lead to this population’s larger thermal tolerance range. Thus, our 

data suggests that Striped Bass’s multi-pronged HSP response is well adapted to cope 

with fluctuating temperatures. To my knowledge, no previous studies have examined 

temperature related induction of these common HSPs in Striped Bass, but Geist et al. 

(2007) reported induction of hsp70 (but not hsp90; isoform not specified) following 

chronic (7-day) copper exposure. Furthermore, the hsp70 induction reported by Geist et 

al. (2007) was found only in kidney tissue, and not white muscle, the tissue examined in 
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the current study. Heat shock proteins have been relatively more studied in the related 

European Sea Bass (Dicentrarchus labrax), though much of this research used a targeted 

gene approach and focused on aquaculture practices. In D. labrax, significant induction 

of hsp70 has been found following changes in diet (Bagni et al. 2005; Montero et al. 

2015), handling stress (Poltronieri et al. 2007), vaccination (Mosca et al. 2013) and 

during larval development (Bertotto et al. 2011). Cheng et al. (2021) used RNA-seq to 

assess transcriptomic changes in D. labrax after infection by a common pathogen, but 

found no induction of any HSP-related genes, while the pufferfish (Takifugu rubripes) 

also assessed in this study did show HSP induction. Our data suggests that the HSR (heat 

shock response) in Striped Bass do indeed launch a robust HSP response following both 

chronic and acute heat stress.  

 

In addition to the commonly studied hsp70 and hsp90, we also found upregulation 

of multiple genes related to hsp40 in response to increased temperature. While many 

HSP-related research in fish biology focuses on hsp70 and hsp90 (Basu et al. 2002; 

Logan and Somero 2010; Roberts et al. 2010; Mosca et al. 2013; Somero 2020), it is not 

surprising to find induction of hsp40 as well. hsp40 is believed to work co-operatively 

with hsp70’s in protein folding, transport and degradation (Li et al. 2009). Specifically, 

hsp40 acts by stimulating ATPase activity for the proper function of hsp70 (Qiu et al. 

2006). While hsp70 and hsp90 may be able to prevent protein aggregation during stress, 

the cooperation of hsp40 allows for actual renaturation of proteins (Somero 2020). We 

found that the treatments with the highest hsp70-related gene upregulation were also the 
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treatments with the highest fold-change of hsp40. This co-upregulation was greatest at 

CTmax in the two highest acclimation temperature fishes, with lower fold-changes of these 

genes also differentially expressed at acclimation. In fishes, upregulation of hsp40 has 

mainly been documented in response to exposure to infection agents, including in 

Paralichthys olivaceus (olive flounder), Epinephelus coioides (orange-spotted grouper), 

Ictalurus punctatus (channel catfish), and Carassius auratus (Crucian carp) (Dong et al. 

2006; Song et al. 2014; Chen et al. 2021; Li et al. 2022). The mixed direction response 

(e.g., some subunits upregulated and others downregulated) we found in hsp40 subunit 

genes after acclimation is similar to that described in Channel Catfish liver following 

bacterial exposure (Song et al. 2014). Co-induction of hsp40 with hsp70 was described in 

longjaw mudsucker (Gillichthys mirabilis) following acute heat stress but not after 

acclimation to high temperature (Logan and Somero 2010; Logan and Somero 2011). 

This co-induction of hsp40 and hsp70 has not previously been described in Striped Bass 

or other member of this genus, to our knowledge.  

Chronic temperature increases also appear to decrease processes related to 

growth. All of the DEGs found within the “growth” GO term were downregulated 

following acclimation to warmer temperatures (both 25 and 30°C vs 15°C), which 

suggests that growth is likely to be reduced overall. This trade-off would suggest that, 

while juvenile Striped Bass are able to survive at warmer temperatures (up to four weeks 

at 30°C), as demonstrated by Penny and Pavey (2021), it is likely not their thermal 

optimum. Decreases in whole-animal performance, including somatic growth, are 

described in Barton (2002) as tell-tale signs of tertiary stress. This trade-off between 
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warm temperature and decreased growth and has been described in many fishes (Baldwin 

1957; Schulte et al. 2011; Verberk et al. 2021). Given that some function of HSPs are an 

active, ATP-dependent process (e.g. hsp70 and hsp40 aided refolding (Qiu et al. 2006)), 

the induction of the HSR seen in this study may further limit the energy reserves for 

somatic growth. Jutfelt et al. (2021) recently proposed that this reduced growth in warm 

conditions may be in an effort to protect aerobic scope, through reduced food 

consumption. The relationship of growth to temperature in Striped Bass has been well 

documented and is similar to other fishes, where growth tends to increase with 

temperature until the optimal temperature is surpassed (Otwell and Merriner 1975; Cox 

and Coutant 1981; Cook 2003; Duston et al. 2004). So, while Striped Bass are capable of 

surviving at very warm (30°C) temperatures for many weeks, this downregulation of 

growth related genes suggests it is at the cost of fitness-related processes, like growth.  

During chronic temperature increases, DNA methylation processes are also 

significantly modified. Unlike the clear transcriptional downregulation in growth related 

genes, methylation related genes are both up and down regulated, with the most DEGs 

found at 30°C vs. 15°C. As methylation may act to either increase or decrease expression, 

depending on the nature of the methylation, it is difficult to predict the exact outcome of 

the changes seen here. Nonetheless, it is likely that methylation is changing after 

acclimation to warmer temperatures. Changes in methylation has been documented in 

other fishes following chronic temperature change. For example, Beemelmanns et al. 

(2021) found changes in CpG site methylation in Atlantic salmon exposed to chronic 

high temperature. Changes in methylation has also been implicated in facilitating 
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phenotypic plasticity (Navarro-Martín et al. 2020). Epigenetic changes, such as 

methylation, can allow an organism to react to a changing environment by influencing the 

transcriptional response. Unlike evolutionary changes at the population-scale, such as 

allele frequency change, epigenetic processes may change the genetic ‘tools’ available to 

an individual many times within its own lifetime. Such epigenetic changes may have 

wide-ranging effects, as they may also be passed down to future generations (Venney et 

al. 2022). Thus, the changes to methylation here likely serve as an indicator of the 

plasticity of Striped Bass to cope with new temperature regimes.  

Along with changes related to protein folding, other genes were also more highly 

expressed at CTmax compared to sham treatments at all acclimation temperatures. One of 

these genes, klf9 has also been found in two Sturgeon species at CTmax (Penny et al. 

2023). It has recently been suggested that Krüppel-like factor 9 (klf9), plays a role as a 

feedforward regulator of the transcriptional response to glucocorticoid stress pathway 

signaling (Gans et al. 2020). This gene was upregulated at CTmax in all three acclimation 

temperatures in the current study, with a fold change similar to that previously published 

for juvenile Atlantic and Shortnose Sturgeons (FC=3.4-4.9 in current study; FC = 3.6-3.7 

in Sturgeons; Penny et al. 2022). Given the stressful nature of the CTmax trail procedures, 

the participation of the glucocorticoid pathway is not unexpected. Changes to Krüppel-

like factor 6 (klf6), were also found in all CTmax treatments. In addition to their putative 

role in glucocorticoid processes, Krüppel-like factors are also zinc-finger transcription 

factors. Little other work has been done in fishes, though Yu et al. (2019) characterized 

klf9 in Grouper, and found significant upregulation following viral exposures.  
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In the current study, we decided to focus on white muscle tissue, though the 

response may be different in other tissues. Given that our definition of CTmax was based 

on loss of equilibrium, we aimed to assess gene expression changes in locomotory 

tissues. Furthermore, this tissue selection also mirrors similar work recently published in 

sturgeons at CTmax (Penny et al. 2023). Nonetheless, different patterns of induction may 

have been observed in other tissues. For example, heart muscle would be an interesting 

and relevant next tissue of interest, as multiple theories of the proximal cause of heat 

death involve cardiac limit (e.g. oxygen- and capacity-limited thermal tolerance; 

temperature-dependent deterioration of electrical excitability (Ern et al. 2023)). Future 

studies should assess the transcriptomic changes in more types of tissue.   

Striped Bass are capable of existing in a wide range of temperatures, both under 

acute and chronic timelines, as demonstrated by their wide ranging, migratory nature. 

The data presented in this study suggests that changes to HSPs likely play a critical role 

in this tolerance, both in the chronic and acute time scale. An ability to both upregulate 

constitutive HSPs in white muscle and launch a robust acute heat shock response, 

provides protection from the protein damage common during heat stress. Furthermore, 

we have demonstrated hsp40 mRNA is also induced following temperature increases, 

which likely acts to strengthen the HSP response in these fish as found in other species. 

Heat exposure also may decrease growth in long term and high temperature acclimation 

treatments reiterate that this is not the ideal temperature for Striped Bass. Nonetheless, 

these data show that Striped Bass are well-equipped to cope with large temperature 
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changes on the short and longer-term timescale. This will undoubtedly serve them well in 

a warming environment.  
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Tables 

Table 1 Summary of sequencing results from juvenile Striped Bass 

exposed to acute (CTmax) and chronic (acclimation) temperature change. 

Metric Reads 

Total reads    

Lane 1 452,810,110 
Lane 2 465,568,797 
Total 918,378,907 
Reads/ Sample (mean ± SE)  

Lane 1 21,562,386 ± 707,609 
Lane 2 22,169,943 ± 1,566,307 
OVERALL 21,866,164 ± 850,144 
OVERALL after Trimming  20,381,742 ± 673,475 

Percent reads removed by trimming  9.1 ± 0.3 % 
Alignment Success/ Sample  72.3 ± 0.4 % 
 All   Annotated 

# of Mappable Genes in Reference 
Genome 22,733  14,217 (63%) 

# of Genes with > 0 Normalized Counts 20,195   13,052 (65%) 
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Table 2 Counts of significant gene ontology (GO) terms resulting from differential expression analyses of 

juvenile Striped Bass acclimated to one of three temperatures (15, 25, or 25°C) after acclimation or CTmax. For 

acclimation, differential expression is defined as difference from 15°C acclimated fish; For CTmax, differential 

expression was defined as difference from respective temperature acclimation control. Significant GO terms were 

defined as those which fold-enrichment > 1.5 and Benjamini-Hochberg p-value < 0.05. Counts are summarized by the 

three GO term categories (biological processes, molecular function or cellular components).  

Group 
Acclimation 
Temperature 

Biological Processes  Molecular 
Functions 

 

Cellular 
Components 

Down Up Total   Down Up Total   Down Up Total 

Acclimation 
25°C 143 111 254  14 15 29  0 38 38 

30°C 278 137 415   34 14 48   51 0 51 

CTmax 

15°C n/a 15 15  n/a 15 15  n/a 1 1 

25°C n/a 21 21  n/a 3 3  n/a 1 1 

30°C n/a 57 57   n/a 21 21   n/a 1 1 

n/a = DEGs list was too short for GO analyses 

8

4 
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Figures 

 

Figure 1 Principal components analysis of gene expression from juvenile Striped Bass exposed to one of two 

treatments (control or CTmax) and acclimated to one of three temperatures (15, 25, or 30°C). Plot points are formatted 

to highlight the patterns of treatment & temperature (A) or sequencing lane (B). Plot (A) inlay is the scree plot created 

from the PCA analysis.
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Figure 2 Differentially expressed genes (DEGs) from juvenile Striped 

Bass, acclimated to one of three temperatures, then sampled as acclimation 

controls or following a CTmax trial. For acclimation (A), differential 

expression is defined as difference from 15°C acclimated fish; For CTmax 

(B), differential expression is defined as difference from respective 

temperature acclimation control. DEGs are summarized both as total count, 

subtotal of annotated genes, and direction of change. Up = increased 

expression at CTmax vs control; Down = decreased expression at CTmax vs 

control. 
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Figure 3 Euler diagrams of differentially expressed genes (DEGs) 

from juvenile Striped Bass from two treatments (A: Acclimation or B: 

CTmax) and acclimated to one of three temperatures. DEGs are summarized 

both as total count (i) and whether the resultant genes are annotated (ii). The 

area of each circle is proportional to the respective number of DEGs, both 

within and among subsections of the figure (e.g. CTmax had fewer DEGs 

than Acclimation, and is thus proportionally smaller). 
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Figure 4 Heatmap of all significant annotated & differentially 

expressed genes at CTmax (vs acclimation control) shared across all three 

acclimation temperatures. Differential expression is defined as difference 

from respective temperature acclimation control. All values are displayed as 

actual fold change. 
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Figure 5 Heatmap of all significant annotated differentially expressed 

heat shock protein (Hsp) genes between acclimation temperature within two 

treatments (Acclimation or CTmax). For acclimation, differential expression 

is defined as difference from 15°C acclimated fish; For CTmax, differential 

expression is defined as difference from respective temperature acclimation 

control. All values are displayed as actual fold change. sHsp – small family 

HSPs. 
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Figure 6 Bubble plots of the top 10 representative enriched GO terms 

(biological processes) in juvenile Striped Bass acclimated to various 

temperatures, and from one of two treatments (A = Acclimation; B = 

CTmax). For acclimation, differential expression was defined as difference 

from 15°C acclimated fish; For CTmax, differential expression was defined 

as difference from respective temperature acclimation control. Top 

representative GO terms were selected based on clustering analysis 

(REVIGO). GO terms are ordered top to bottom by decreasing fold-

enrichment. Boxes highlight GO terms which are shared across at least two 

acclimation temperatures. The dotted line represents the lower fold-

enrichment cut-off of 1.5. Only upregulated GO terms are displayed for 

CTmax data (B) the respective DEG lists were too small to allow for GO 

analysis. 
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Figure 7 Heatmap of all significant annotated differentially expressed 

genes from the “Protein folding” gene ontology term (GO:0006457) found in 

juvenile Striped Bass acclimated to various temperatures, and from one of 

two treatments (Acclimation or CTmax). For acclimation, differential 

expression was defined as difference from 15°C acclimated fish; For CTmax, 

differential expression was defined as difference from respective temperature 

acclimation control. All values are displayed as actual fold change. 
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Figure 8 Heatmaps of all significant annotated differentially expressed 

genes from the gene ontology terms “Methylation (A; GO:0032259) or 

“Growth” (B; GO:0040007) found in juvenile Striped Bass acclimated to 

�12.1
2.4
2.1
1.8
1.6
1.7
2.1
1.9
2
2
2.2
1.8
1.9
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
3
2.7
�
�
�
�
�
�

�1.8
�1.6
�1.7
�1.4
�1.4
�1.4
�1.6
�1.6
�1.5
�2
�2
�2.2
�2.1
�2.2
�2.3
�2.3
�
�
�
�
�
�
�
�
�
�
�
�
�

�2.7
�5.6
�4.4

�5.7
2.8
2.6
2.3
2.0
2.1
2.2
2.2
2.0
2.0
1.8
1.8
1.7
1.6
1.8
1.7
1.7
1.7
1.9
1.9
2.1
2.0
3.0
2.9
2.7
2.8
2.8
2.5
2.5
2.2
2.2
2.3
2.3
2.3
4.6
4.2
3.6
3.4
3.5
5.4
4.6
4.6
�1.7
�1.7
�1.8
�1.5
�1.4
�1.7
�1.5
�1.6
�1.6
�3.1
�2.8
�1.9
�2.0
�2.4
�2.4
�2.5
�1.4
�1.3
�1.3
�2.2
�1.7
�1.9
�2.5
�2.6
�2.6
�2.8
�2.7
�3.2
�3.7
�5.0
�4.4
�2.2

tdrd1
asmtl
trmt5
prmt7
mettl5
trmt1
trmt10b
nsun6
bud23
ezh1
smyd5
prdm10
armt1
ftsj1
smyd1a
coq5
shmt2
trmt112
emg1
dimt1l
nsun5
eef1akmt2
cskmt
ntmt1
rrp8
mettl13
mettl16
mettl17
prmt3
thada
mto1
dydc2
setd4
larp7
setd7
si:dkey�190g11.3
mettl1
eef2kmt
men1
hemk1
dph5
etfbkmt
bhmt
setdb1b
wtap
kmt2d
tfb2m
kmt2ba
smyd1b
kmt2cb
trmt12
nsd3
dnmt3ab
thumpd2
kmt5c
suz12b
prmt1
jarid2b
setd2
pbx4
ash1l
dmap1
ehmt1b
bmt2
mettl2a
antkmt
comtb
setd3
dot1l
prmt2
dnmt3bb.1
ezh2
uhrf1
ndufaf7

Temperature
Treatment

(A) Methylation (GO:0032259) (B) Growth (GO:0040007)

FC

�10

�5

0

5

Temperature

Acclimation 
Temperature

Treatment

Treatment

25°C

30°C

25°C

30°C

�
�
�
�
�

�3.1
�2.7
�5
�5
�3.8
�3.5
�3
�3.3
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�2.6
�2.8
�2.7
�2.1
�2.1
�1.9
�2
�1.3
�1.5
�1.5
�2.1
�2
�1.7
�1.6
�1.6
�1.4
�1.3
�1.6
�1.6
�1.6
�2.1
�2.1
�1.7
�2
�2
�2.4
�2.5
�2.5
�2.8
�2.7
�2.7
�13.6
�5.8
�4.8

�8.4
�4.5
�5.3
�5.9
�5.8
�5.6
�5
�4.2
�3.5
�4.1
�3.1
�3.2
�3.6
�1.2
�1.3
�1.4
�1.4
�1.4
�1.3
�1.8
�1.8
�1.8
�1.5
�1.6
�1.7
�1.6
�1.6
�1.6
�2.1
�2.1
�2.3
�2.2
�2.5
�2.5
�2.7
�2.9
�2.8
�
�
�
�
�
�
�
�
�
�
�2
�1.9
�1.9
�1.7
�1.8
�1.5
�1.5
�1.5
�1.6
�1.6
�2.7
�2.8
�2.6
�2.3
�2.5
�2.2
�2.4
�2.7
�2.6
�2.5
�2.6
�7.4
�9
�14

ngfb
col1a1a
pcdh17
col10a1a
tmem59l
col22a1
ezh2
tubb5
sema6dl
eaf2
sema6bb
clstn1
cacna1c
mycbp2
eaf1
gpc4
atg5
celf1
ext2
wwc1
kif1b
col4a6
ptpn11a
tmem108
myog
mapk14a
sema6a
ryk
glis2b
sema3e
acvr1ba
insrb
pik3cd
igf1rb
wfdc1
robo3
setd3
osgn1
inhbaa
si:ch211�79m20.1
sema3ab
itga5
grb14
ptpn11b
smc1a
dbnlb
wdr11
kmt5c
sema4d
galnt2
jag1b
sema3b
kmt2d
extl3
stk11
sema3bl
myo9aa
stim1a
ncaldb
smad2
apobec2b
plxnb1a
robo2
apobec2a
mstnb
traf4a
dpysl2b
axin1
minar1
tnn
hmmr

Acclimation

25°C
30°C

Acclimation 
Temperature

Treatment
Acclimation

25°C
30°C

FC

�12

�10

�8

�6

�4

�2

0



 

 103 

various temperatures, and from one of two treatments (Acclimation or 

CTmax). For acclimation, differential expression was defined as difference 

from 15°C acclimated fish; For CTmax, differential expression was defined 

as difference from respective temperature acclimation control. All values are 

displayed as actual fold change. 
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Atlantic Sturgeon and Shortnose Sturgeon exhibit highly 

divergent transcriptomic responses to acute heat stress3 

Abstract 

In comparison to most modern teleost fishes, sturgeons generally display muted 

stress responses. While a muted stress response appears to be ubiquitous across sturgeon 

species, the mechanisms unpinning this muted response have not been fully described. 

The objective of this study was to determine the patterns of hematological and 

transcriptomic change in muscle tissue following an acute high temperature stress 

(critical thermal maxima; CTmax) in two locally co-occurring but evolutionarily distant 

sturgeon species (Atlantic and shortnose sturgeon). The most striking pattern found was 

that Atlantic sturgeon launched a vigorous transcriptomic response at CTmax, whereas 

shortnose sturgeon did not. In contrast, shortnose sturgeon have significantly higher 

cortisol than Atlantics at CTmax, reconfirming that shortnose have a less muted cortisol 

stress response. Atlantic sturgeon downregulated a number of processes, including RNA 

 

3 This chapter is published in Comparative Biochemistry and Physiology - Part D: 

Genomics and Proteomics: Penny FM, Bugg WS, Kieffer JD, Jeffries KM, Pavey SA 

(2023) Comparative Biochemistry and Physiology Part D: Genomics and Proteomics 

45:101058 https://doi.org/https://doi.org/10.1016/j.cbd.2023.101058 
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creation/processing, methylation and immune processes. Furthermore, a number of genes 

related to heat shock proteins were differentially expressed at CTmax in Atlantic sturgeon 

but none of these genes were significantly changed in shortnose sturgeon. We also note 

that the majority of differentially expressed genes of both species are undescribed and 

have no known orthologues. These results suggest that, while sturgeons as a whole may 

show muted stress responses, individual sturgeon species likely use different inducible 

strategies to cope with acute high temperature stress.  

Key Words: sturgeon; thermal stress; RNA-seq; cortisol; heat shock proteins 

Introduction 

Sturgeon species have existed relatively unchanged for the last 200 million years. 

Acipenseriformes are in an ancient group of fishes, interestingly more derived than 

elasmobranchs yet less derived than teleosts, with a mix of morphological and 

physiological traits from both ends of the evolutionary timeline (Bemis et al. 1997; 

LeBreton et al. 2004). For example, sturgeons are likely osmoregulators, similar to most 

euryhaline teleosts, yet have maintained a principally cartilaginous skeleton, a spiral 

valve, and heterocercal caudal fin, similar to elasmobranchs (Potts and Rudy 1972; 

McEnroe and Cech 1985; Jenkins et al. 1993; Cataldi et al. 1995; McKenzie et al. 1999; 

Barton 2002; Jarvis and Ballantyne 2003; Penny and Kieffer 2014). This eclectic 

collection of traits makes sturgeons valuable fishes to comparatively explore 

physiological processes in non-model fishes, highlighting physiological differences 

across evolutionary timescales between primitive developing fishes and newer teleost 

species.  
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One of the most intriguing anomalies of sturgeon physiology is their apparently 

muted stress response when compared to most modern teleosts. The surprisingly low 

plasma cortisol levels of sturgeons compared to most modern teleosts has been known for 

decades (Potts and Rudy 1972) and has been documented in many different sturgeon 

species and for a number of different stressors, including: salinity exposure, hypoxia, 

handling stress, and forced exercise (Potts and Rudy 1972; Barton et al. 2000; Martinez-

Alvarez et al. 2002; Baker et al. 2005a; Baker et al. 2005b; Krayushkina et al. 2006; 

Webb et al. 2007; Baker et al. 2008; Penny and Kieffer 2014; Penny and Kieffer 2019; 

Bugg et al. 2021). These studies also span sturgeon species from broad geographical 

ranges and variable life histories, including: nearly all the North American sturgeons, 

some European/Asian species, anadromous species, and smaller freshwater sturgeons. 

Regardless of their muted cortisol response, sturgeons may still demonstrate downstream 

stress indicators, such as osmoregulatory disturbances and/or changes to metabolism 

(Barton 2002; Penny and Kieffer 2014; Zhang and Kieffer 2014; Spear and Kieffer 

2016). The ubiquitous nature of this muted stress response indicates this is a conserved 

trait within the sturgeons, yet there is evidence to suggest there is still significant inter-

species variation (Baker et al. 2005a). Given this muted “typical” cortisol-driven stress 

response, the question of whether sturgeon may utilize alternative/non-expected stress 

pathways has been posed but not yet fully addressed.  

Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) and shortnose sturgeon (A. 

brevirostrum), commonly co-occur in the same geographical locations but have divergent 

life history patterns and strikingly different ploidies (Leggatt and Iwama 2003; Le 
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Comber and Smith 2004; Sato and Nishida 2010; Havelka 2013; Trifonov 2016). The 

Atlantic and shortnose sturgeon are both found in many coastal river systems along the 

Eastern seaboard of North America. Like all sturgeons, both species undergo breeding 

migrations, yet the Atlantic sturgeon is a large, truly anadromous fish, while the 

shortnose sturgeon is classified as freshwater amphidromous – spawning in freshwater, 

but spending much of their adult lives in and around estuarine stretches of the rivers, 

compared to the true ocean-dwelling migrants (Doroshov 1982; Kynard et al. 2016). As 

previously mentioned, sturgeons are an ancient group, yet these two species also 

represent the scope of both basal-type and more modern sturgeons, with the Atlantic 

sturgeon originating ~170 million years ago compared to the shortnose sturgeon which 

diverged from other sturgeons ~35 million years ago (Trifonov 2016). Research has 

shown that clear physiological differences exist in the stress responses of these two 

species, with the shortnose sturgeon displaying a higher cortisol response to hypoxia and 

forced activity compared to the extremely muted cortisol response in Atlantic sturgeon 

(Baker et al. 2005a; Baker et al. 2005b). To date, it is not clear why this difference exists 

between these sturgeons, or what mechanistic differences may underly differences in the 

stress response.  

As poikilothermic animals, water temperature is an important abiotic factor 

affecting fish’s biology and distribution (Fry 1947; Fry 1967; Beitinger et al. 2000; 

Alfonso et al. 2021). As with other fishes, temperature has been demonstrated to affect 

many aspects of sturgeon biology, including: bioenergetics, osmoregulation, migration, 

swimming and feeding in their natural environment (Niklitschek and Secor 2009; 
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Usvyatsov et al. 2012a; Usvyatsov et al. 2012b; Coleman et al. 2018; Downie et al. 2018; 

Stilwell et al. 2022). Critical thermal maximum (CTmax) tests have long been used to 

assess and compare the acute temperature tolerance limits in ectotherms (Lutterschmidt 

and Hutchison 1997b; Lutterschmidt and Hutchison 1997a; Beitinger and Bennett 2000; 

Beitinger and Lutterschmidt 2011). These CTmax tests offer an easily repeatable metric for 

comparing the thermal limits of different experimental groups and serve as an intense 

acute stress, as animals are brought to the point of physical dysfunction (loss of 

equilibrium) (Lutterschmidt and Hutchison 1997a). The CTmax test has been criticized for 

its relevance to real-world application. Regardless of whether the CTmax loss of 

equilibrium represents a useful tolerance limit, this test may also be used as an acute, 

severe thermal stress. While death from high temperatures is likely limited by the heart’s 

inability to deliver sufficient oxygen (Farrell et al. 2008), the ataxic movements seen near 

the CTmax endpoint demonstrates that acute temperature stress is seen in other tissues, 

such as voluntary muscle.  

Given the unique nature of the muted sturgeon stress response, our main objective 

was to characterize the transcriptomic and hematological responses to acute high 

temperature stress in two evolutionarily distant, but locally co-occurring species of 

sturgeon. We hypothesized two possible transcriptomic scenarios to describe the putative 

muted sturgeon stress response: (1) The patterns and types of gene expression will be 

similar to a “typical” fish thermal stress response, but also muted or (2) Sturgeons will 

utilize different stress pathway than is typical for modern teleosts. Furthermore, given the 

higher cortisol response in shortnose sturgeon relative to Atlantic sturgeon, we predict 
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that shortnose sturgeon may similarly show a more robust transcriptomic response to 

acute thermal stress.  

Materials and Methods 

General husbandry 

Juvenile (~2 years old) Atlantic (122 ± 10. 3 g; 33.8 ± 0.84 cm total length (LT)) 

and shortnose sturgeon (136 ± 8.6 g; 32.9 ± 1.0 cm LT) were obtained from Acadian 

sturgeon and Caviar (Carter’s Point, Kingston, New Brunswick, Canada). Production of 

both species were from the same rearing facilities under similar conditions. Prior to 

experimental manipulation, every effort was made to provide identical rearing conditions. 

All fish were maintained in round (1 m diameter, ~200 L) fiberglass tanks, provided with 

a fresh flow-through of dechlorinated municipal water. All fish were maintained at a 

temperature of 10°C prior to CTmax tests. Fish were fed twice daily to satiation (EWOS 

Vita Pellets: 1.5 mm) and were fasted for 24 hours prior to the CTmax tests. At the time of 

experiments, all fish from both species were still well within the juvenile life stage. 

During sampling, no large gonads were found. Additionally, all fish were much smaller 

and younger than the typical ages of first spawning (~8-10 years in the wild). 

Experimental design 

Critical thermal maximum (CTmax) tests were performed on fish from each of the 

sturgeon species. All trials were performed one at a time, on individual fish, for a total of 

8 fish per treatment (CTmax or control) per species (Total N = 8 fish X 2 treatments X 2 

species = 32 fish total (16/species)) . The experimental set up and trials were run 
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according to Zhang and Kieffer (2014). The starting experimental temperature was the 

same as the housing acclimation (10°C) and was increased at a rate of 6 °C·hr-1. The 

CTmax was defined as the temperature of the experimental tank at the point of loss of 

equilibrium (LOE). LOE was determined by the point at which the fish was no longer 

able to maintain an upright orientation (see Zhang and Kieffer 2014, for additional 

details).  

Control Sham trials were also performed in the exact same manner as CTmax trials, 

but without increasing temperature. A sham control (vs. non handling whatsoever except 

sampling) was selected in the aim of isolating thermal stress from handling stress related 

to moving to CTmax chamber. Fish were sampled at the average time fish took to reach 

LOE in the CTmax experiment (3 hr; N = 8 fish/species).  

Tissue sampling  

Once fish reached CTmax or the equivalent Sham time, the fish were removed 

from the experimental tank and anesthetized in buffered (NaHCO3; 2 g·l−1) tricaine 

methanesulphonate (MS-222; 1 g·l−1). Following anesthesia, a blood sample was taken 

via caudal puncture, using a 1 mL (26 G) heparinized syringe, and fish were then 

euthanized by cervical dislocation.  

The blood samples were immediately transferred to 1.5 mL microcentrifuge tubes 

and centrifuged at 10 000 g for 3 min. The resultant plasma supernatant was next drawn 

off and separated into two microcentrifuge tubes. The duplicate plasma samples were 
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then flash frozen by placing in an aluminum rack on dry ice and then stored at -80°C for 

further analyses.  

Samples of white epaxial muscle, with skin removed, were dissected (~2 mm x 2 

mm x 20 mm section) from the left anterior body. The muscle samples were then 

immediately placed in 5 mL of RNA storage solution (combined solution of 3.5 M 

ammonium sulfate, 0.05 M EDTA and 0.1 M sodium citrate at pH 5.2), stored at 2°C for 

24 hours, and then stored at -80°C until RNA extraction. 

Haematological analyses 

One of the frozen plasma duplicates were thawed to determine plasma sodium 

(Na+), potassium (K+), chloride (Cl-), and lactate. All plasma ions (Na+, K+, Cl- ) were 

measured using a combined ion analyzer (SmartLyte, Diamond Diagnostics; 

www.diamonddiagnostics.com) while lactate concentration was determined using a 

medical lactate meter (Lactate Statstrip; Nova Biomedical). The second duplicate was 

used to determine plasma cortisol concentration via enzyme-linked immunosorbent assay 

(ELISA; Neogen kit # 402). Cortisol was extracted according to Penny and Pavey (2021) 

and ELISAs were then performed according to the manufacturer’s directions. After 

adding the HCl stop solution, absorbance was measured (Syngery HTX with Gen5 

software; Biotek) and used to determine cortisol concentration using the plate reader’s 

software. All samples, controls and standards were run in duplicate and averaged. All 

samples fell within the linear range of the test. Some samples were re-run on multiple 

plates to assess intra-assay variation.  
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Statistical analysis of CTmax and haematological endpoints 

All analyses were performed in R (R Core Team 2020). Linear mixed effects 

models were used to determine significant differences in between the two species, with 

originating husbandry tank as a random factor and species as a fixed factor (Kuznetsova 

2017). An F-test was also performed on CTmax ~ species to assess significant differences 

in variation. Similar mixed effects models were used for all plasma endpoints to assess 

the species and treatment (CTmax vs Sham) effects and interactions, with husbandry tanks 

also included as a random factor (i.e., Na+ ~ Species * Treatment + (1|tank)). Where 

significant interactions were found, within and across species comparisons were further 

investigated using single fixed factor models. Tukey’s post hoc tests were used to 

determine differences across species and treatment as appropriate. In addition to the 

linear mixed effect model on raw cortisol concentration, fold changes for this end point 

were also calculated for comparison with other species. All tests were performed with an 

alpha of 0.05 unless otherwise stated.  

RNA library preparation and sequencing 

 Prior to all procedures involving RNA, all surfaces and lab equipment 

were decontaminated with dilute (10%) household bleach, 70% ethanol and then an 

RNase specific surface decontaminant (RNAse AWAY; ThermoFisher; Cat: 7002PK). 

Frozen muscle samples were thawed on ice and a small section (~100 mg) was excised 

for RNA extraction. The tissue sections were individually placed into 1.5 mL 

microcentrifuge tubes with 1000 µL of TRIzol reagent (ThermoFisher; Cat:15596026) 

and a single 3 mm tungsten ball. The samples were homogenized using an oscillating 
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mixer mill (Retch MM400) for 3 min at 25.0 Hz. Following homogenization, total RNA 

was extracted from each sample using the PureLink RNA Mini Kit (ThermoFisher; Cat: 

12183020) according to the manufacturer’s directions, using the TRIzol and Animal 

Tissue procedures aside from the following modifications to final elution: prior to final 

elution, 0.5 µL of recombinant ribonuclease inhibitor (RNaseOUT; ThermoFisher; Cat: 

10777019) was added to the collection tubes; the final elution was preformed twice, using 

elution buffer heated to 37°C.  

 Following elution, rough quality and total RNA concentration was 

determined using microvolume spectrophotometry (NanoDrop 2000; ThermoFisher). 

Using the total RNA concentrations, all samples were normalized to 200 ng/µL and then 

DNase treated (Turbo DNA-Free Kit; Invitrogen; Cat: AM1907) according to 

manufacturer’s directions. After DNase treatments, RNA quality was assessed using 

chip-based capillary electrophoresis (RNA 6000 Nano Kit; Agilent Bioanalyzer 2100) to 

confirm sufficient quality (RNA integrity values ≥ 9). All samples were then quantified 

using a fluorescence-based RNA-quantification assay (Quant-it™ RiboGreen RNA 

Assay Kit; Invitrogen; Cat: LSR11490). To ensure sample concentrations were within the 

assay’s standard curve (0 to 1 ng/µL), samples were diluted 4:1 water:sample, then the 

assay was run in accordance with manufacturer’s directions. Final florescence values 

were measured with an automated plate reader (Syngery HTX with Gen5 software; 

Biotek). Using the florescence-based concentrations, all samples were then normalized to 

10 ng/µL for library preparation.  
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 Two sequencing libraries were prepared; one for each of the sturgeon 

species (sixteen fish per species; 8 control & 8 CTmax). All of the individual fish samples 

within a species were each assigned novel barcodes and combined to create the two 

multiplexed single-species libraries. All sequencing library preparation was performed 

with the aid of an automated liquid handling system (epMotion 5075t; Eppendorf: Cat. 

5075006022). For each individual fish sample, mRNA was isolated via Poly(A) magnetic 

bead isolation (NEBNext Poly(A) mRNA Magnetic Isolation Module; New England 

Biolabs #E7490) and then samples were prepared for sequencing using a directional RNA 

prep kit (NEBNext Ultra II Directional RNA Library Prep Kit for Illumina; New England 

Biolabs #E7760). Each individual sample was tagged with a unique indexing primer 

(NEBNext Multiplex Oligos for Illumina, New England Biolabs # E7335 & E7500). 

Quality of the resultant cDNA samples was assessed using chip-based capillary 

electrophoresis (High Sensitivity DNA Kit; Agilent Bioanalzyer 2100) and then 

quantified using qPCR, according to manufacturer’s directions (NEBNext Library Quant 

Kit for Illumina, New England Biolabs # E7630; BioRad CFX96). Following 

quantification, individual samples were each normalized to 20 nM and then samples of 

each species were combined into a single, indexed, sequencing library (N = 8 CTmax & 8 

Sham fish/ each library). Libraries were paired-end sequenced at 150 bp using two lanes 

on the Illumina HiSeq 4000 platform, performed by GENEWIZ (New Jersey, USA).  

Quality control and alignment 

Samples were demultiplexed by GENEWIZ, using the unique barcodes. Raw 

reads were trimmed using Flexbar 3.4.0 (Dodt et al. 2012) using the following criteria: 
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Illumina quality score > 20; minimum read length = 25; removal of adapters matching the 

standard Illumina TruSeq adapters. Quality of samples was also visually assessed using 

FastQC (Brown et al. 2017) before and after trimming. All alignments were performed 

using HISAT2 version 2.2.1.0 (Wen 2017). The HISAT2 alignments were run in paired-

end mode, using the using the transcript assembler output (-dta). No other settings were 

specified, other than computer performance parameters (e.g. ran on 12 cores). Trial 

alignments to the reference genomes of both an unannotated reference genome of 

Acipenser oxyrinchus oxyrinchus (GenBank: GCA_013184475.1) and the annotated 

reference genome of Acipenser ruthensis (GenBank: GCF_010645085.1). Both A. 

brevirostrum and A. oxyrinchus oxyrinchus had higher alignment rates to the A. ruthensis 

reference genome, thus further analyses were performed using this reference genome 

(mean alignment rate = 65.2% vs 33.1% with the A. ruthensis and A. oxyrinchus 

oxyrinchus reference genomes, respectively). Following alignment of each sample to the 

A. ruthensis genome, the resultant .sam files were sorted then converted to .bam files 

using StringTie 1.3.5 (Pertea et al. 2015). Final tables of raw read counts were compiled 

using htseq-counts 0.12.4, using ‘intersection-strict’ mode (Anders et al. 2015). 

Differential expression analyses 

Differentially expressed genes (DEG) were calculated using raw read counts for 

each species using DESeq2 (Love et al. 2014). Unlike other methods of calculating 

differential expression, DESeq2 does not require input of pre-normalized read counts 

(e.g. RPKM, TPM, etc.). Alternatively, DESeq2 normalizes the raw counts using a 

median of ratios method, where all counts are adjusted by sample-specific ‘size factors’ 
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(Anders and Huber 2010; Love et al. 2014). These size factors are defined as the median 

value of ratios calculated for each read count versus the geometric mean of all read 

counts for that gene, across all samples (Evans et al. 2018). This normalization approach 

is very tolerant of data sets with differences in both library composition and library size 

among samples. DEG counts were summarized based on direction of change (up vs 

down) and whether a transcript was annotated (vs. generic ID). To select significant 

genes, the Benjamini-Hochberg adjusted p-values were used (α = 0.05). Prior to 

differential expression visualization, the data were transformed using DESeq2’s rlog 

method. Patterns of expression were assessed using principal components analyses (PCA) 

(plotPCA; (Love et al. 2014)) on all of the reported genes. All figures were created with 

the R base plotting functions (R Core Team 2020), with the exception of DEG Venn 

diagrams, which were plotted with the VennDiagram package (Chen and Boutros 2011). 

Gene ontology and pathway analyses 

Gene ontology and pathways analyses were performed using DAVID’s functional 

annotation tools (Dennis et al. 2003). To create a list of DEGs within the recommended 

lengths, an alpha of was 0.1 used. Only genes with annotated gene names were included. 

The number of annotated DEGs for shortnose sturgeon was not sufficient for functional 

analyses, so these analyses were only performed on Atlantic sturgeon. The list of 

annotated DEGs was input into DAVID, using the Danio rerio identifier. To select for 

the most specific terms for clustering, the FAT_GOTERM tables for each of the gene 

ontology categories were selected in addition to KEGG pathway analysis. To further 

summaries the resultant GOTERMs and pathways, functional annotation clustering was 
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performed, using high stringency and a cut-off of ≥ 10 DEGs per term/pathway. To select 

the most significant clusters, a cut off of an enrichment score ≥ 1.3 and Benjamini-

Hochberg adjusted p-value ≤ 0.1 were applied.  

Results 

CTmax and hematological endpoints 

Critical thermal maximum was not significantly different between species of 

sturgeon at 28.8 ± 0.4°C and 27.9 ± 2.2°C (mean ± SD for Atlantic and shortnose 

sturgeon, respectively; Fig. 1a; p = 0.418; S1), yet the F-test revealed that the amount of 

variation was significantly greater in shortnose sturgeon (p < 0.001). Plasma sodium did 

not differ significantly between species or treatment (p = 0.491 & 0.342, respectively; 

Fig. 1b). Regardless of treatment (Sham vs CTmax), plasma chloride concentration was 

higher in Atlantic sturgeon (p = 0.002; Fig.1C), while plasma potassium was higher in 

shortnose sturgeon (p = 0.004; Fig. 1D). Both plasma lactate and cortisol were elevated in 

each species following CTmax trials (p < 0.001 for both; Fig. 2A,B), and cortisol at CTmax 

was significantly higher (3.8-fold) in shortnose than Atlantic sturgeons p <0.001; Fig. 

2B).  

Read counts and alignment 

Overall, RNA-sequencing produced a similar number of total reads for each 

species’ lane and average reads per individual fish, although alignment success was lower 

in Atlantic sturgeon (Table 1). The number of mappable genes in the reference genome 

were comparable for both sturgeon species. The number of genes with non-zero 
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normalized reads were similar in both species (Table 1) as were the proportion of genes 

with a known name (Fig. 3).  

Differential expression 

In every measure, Atlantic sturgeon had a much stronger gene expression 

response than shortnose sturgeon (Fig. 3,4). In Atlantic sturgeon, the number of 

downregulated differentially expressed genes (DEGs) were nearly double the number of 

upregulated DEGs (Fig. 4A), while in shortnose sturgeon, the number of up and down 

regulated DEGs were similar (Fig. 4B). The range of fold-change DEG in Atlantic 

sturgeon was also higher (-218.8 to 27.4 FC) than in shortnose sturgeon (-115.5 to 14.9 

FC; Table 1). In both species, most of the differentially expressed genes have unknown 

orthologues (Tables 1,2; Fig. 3,4). Principal component analysis showed that all replicate 

Atlantic Sturgeon were loosely related in Sham trials, yet clustered tightly following 

CTmax (Fig. 5A), while a dissimilar pattern without distinct treatment clusters is observed 

in the shortnose sturgeon (Fig. 5B), suggesting a stronger effect of CTmax in Atlantic 

Sturgeons. Similar to the increased variability in cortisol and CTmax in shortnose 

sturgeon, the principal components analyses show more variation in expression in this 

species at CTmax. The shortnose Sham replicates were loosely clustered, but the CTmax 

treatment was also similarly dispersed with multiple replicates overlapping the Sham fish. 

Furthermore, the amount of variance captured by the first two principal components was 

about 2 times higher in Atlantic sturgeon, with more variance occurring across the higher 

order principal components (see Figure 5B Scree-plot inlay).  
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Only 80 out of 3,470 total significant DEGs were shared between the two species, 

and of these, only 9 to 17 were annotated, depending on which alpha-level was used (Fig. 

3,4). The proportion of shared DEGs represented a much larger subset of the species’ 

total DEGs in shortnose sturgeon (shared DEGs = 21.5% vs 2.5% of all DEGs in 

shortnose and Atlantic sturgeon, respectively; Fig. 4). Of the annotated shared genes, all 

were differentially expressed in the same direction and the largest fold-change shared 

DEGs were the same for both species (Table 3). In Atlantic sturgeon, six genes related to 

heat-shock proteins (HSPs) were differentially expressed, while none of these six genes 

were significantly differentially expressed in shortnose sturgeon (Table 4).  

Gene ontology and pathway analyses in Atlantic sturgeon 

Gene ontology analyses of Atlantic sturgeon DEGs produced a total of 46 

significant GO Terms (biological process = 29; cellular components =11; molecular 

function = 6; Benjamini-Hochberg p-val < 0.1). Pathway analysis found one pathway that 

surpassed our criteria (>10 DEGs; Benjamini-Hochberg p-val < 0.1), ribosome 

biogenesis in eukaryotes (KEGG pathway dre03008), which included 17 DEGs 

(Benjamini-Hochberg p-val < 0.001). Clustering of gene ontology and pathways found 30 

annotation clusters with enrichment scores > 1.3. The top 3 scoring clusters include 

groups of GO terms relating mainly to RNA processing and creation (Table 5), yet 

clusters 4 and 5 relate to methylation and immune response, respectively.  



 

120 

 

Discussion 

The most striking pattern that emerged from the changes in transcriptional 

response at CTmax is the nearly absent response seen in shortnose sturgeon relative to the 

robust response in Atlantic sturgeon. While the typical cortisol stress response is higher 

in shortnose, this species is not modulating gene expression in the early stages of acute 

temperature stress. In contrast, Atlantic sturgeon responded to the acute thermal stress 

with a larger array of transcriptional responses, which suggests these two species use 

different inducible strategies to mitigate acute temperature changes. It is interesting that, 

while shortnose sturgeon generally are higher ploidy and thus likely have a greater 

diversity of genes, they exhibited much less differential expression than Atlantic 

sturgeon. It is possible that shortnose sturgeon possess different alleles and/or genes that 

we were not able to detect due to the large number of unannotated genes in the current 

sturgeon genomes. One possible explanation for the different transcriptomic responses is 

the different life-history strategies of these species. As adults, Atlantic sturgeon spend 

most of their lives in the relatively stable environment of the ocean. Comparatively, 

shortnose sturgeon spend a majority of their lives in highly variable estuaries, where 

environmental variables, such as temperature and salinity, may change many times a day 

with the tides. Perhaps the Atlantic sturgeons are less adapted to cope with common, 

rapid temperature changes in the short term, thus must launch a transcriptomic response, 

whereas the shortnose have adapted to utilize a more typical cortisol response. While 

many RNA-seq based studies in fishes focus on a single species, fewer studies have 

assessed transcriptional changes across multiple fish species simultaneously (Logan and 
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Buckley 2015; Jeffries et al. 2016; Komoroske et al. 2021). Transcriptional responses to 

environmental stressors, such as temperature, have not been explored comparatively in 

multiple species of sturgeons.  

Atlantic sturgeon also showed changes to immune system-related genes at CTmax. 

While the majority of DEGs associated with the top functional clusters are 

downregulated, roughly a quarter of genes within cluster five are upregulated. This 

cluster includes GO terms that are related to immune responses and hemopoiesis, 

suggesting that Atlantic sturgeon launched an immune response to thermal stress. While 

the present study only assessed acute stress, prolonged stress has been documented to 

increase mortality in cultured fish by way of increased bacterial and fungal disease 

(Pickering and Pottinger 1989). Recently, increases to targeted genetic immune markers 

have been associated with exposure to different temperatures in White sturgeon 

(Acipenser transmontanus) (Soto et al. 2022). Similarly, chronic temperature acclimation 

has been linked to whole-animal and immunity gene-level differences in shortnose 

sturgeons (Gradil et al. 2014) and Lake sturgeon (Bugg et al. 2022). Furthermore, 

activation of glucocorticoid pathways, as also seen in this study, have been connected to 

change in immune response (Tort 2011). Given the acute nature of the changes measured 

here, it is unlikely immune changes are linked to endocrine changes. Furthermore, it is 

interesting that the species which shows the lowest stress (i.e., cortisol) would undergo 

immune changes. Immune changes have not been documented at the very acute timescale 

of a single CTmax trial. Yet, it is not surprising to see alterations in the immune response 

following thermal stress, which may lead to detrimental consequences in the long term. 
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Thus, while the samples were not taken following recovery from CTmax, it would be of 

interest to investigate whether these changes persisted over time.  

Atlantic sturgeon modulated mRNA expression of some Hsp related genes while 

shortnose sturgeon did not. Induction of heat shock proteins following temperature stress 

is a nearly universal response in fishes (Currie and Schulte 2013), though their role in 

sturgeon stress is poorly understood. Increases to hsp70 and hsp90a mRNA have been 

documented following CTmax and cold shock in Lake sturgeon (Bugg et al. 2020; Bugg et 

al. 2021), whereas no change in hsp90a was found in shortnose sturgeon at CTmax (Zhang 

et al. 2017). Our data suggest a divergent heat shock response in Atlantic and shortnose 

sturgeons. Similar to the pattern found in Zhang et al. (2017), we demonstrated that while 

Hsp mRNAs were indeed expressed in shortnose sturgeon, this expression was not 

changed by CTmax. In contrast, Atlantic sturgeon downregulated hsp90b1 and hsp5a 

while the smaller hsp40-related genes were increased at CTmax. Similar research (Yebra-

Pimentel et al. 2020), also found mixed inducibility of Hsps in Atlantic sturgeon cell lines 

exposed to high temperatures. They found that hsp90 was increased at high temperature, 

which is opposite to what we report here for Hsp. Future studies should aim to confirm 

the patterns and repeatability of Hsp induction in Atlantic sturgeon. Notwithstanding, the 

fact that no Hsp-related mRNA was found to be differentially expressed in shortnose 

sturgeon, even though it was aligned to the same genome, suggest that induction of Hsps 

is unlikely to be a ubiquitous adaptation to acute temperature change in all sturgeon 

species.   
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The observed decreased expression of genes associated with methylation activity 

suggests that the acute thermal stress may affect Atlantic sturgeon at the epigenetic level. 

Functional clustering analyses suggests that multiple genes associated with DNA 

methylation are differentially expressed at CTmax in Atlantic sturgeon, with many being 

downregulated. Even without notable differences in the underlying genetic code, changes 

to epigenetic processes, such as DNA methylation, have the potential to induce lasting 

effects on an animal’s physiology (Best et al. 2018). Decreases in DNA methylation may 

act either to increase or decrease gene transcription, depending on the location and nature 

of the methylation; thus, we cannot elucidate the downstream changes to methylation 

may cause. For example, upregulation in one methylation gene may act to increase 

methylation, whereas the same upregulation in another gene may result in lower 

methylation. To date, little is known about epigenetic processes specifically within 

sturgeon species. However, Whitaker et al. (2018) recently demonstrated changes to 

DNA methylation that were related to different migration patterns in Lake sturgeon 

(Acipenser fulvescens), highlighting the potential high-level ramifications of epigenetic 

differences. The data presented in the current study suggest changes to methylation may 

occur in response to acute temperature stresses. Investigation into the nature of any 

down-stream consequences of such methylation change may shed light on the long-term 

effects, and/or intraspecific tolerance differences of high temperate exposure in 

sturgeons.  

In general, Atlantic sturgeon appear to be globally ramping down gene expression 

during temperature stress, with nearly double the number of genes downregulated at 
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CTmax (vs. number upregulated). This pattern was subdued for shortnose sturgeon, which 

show a similar proportion of up and down regulated DEGs. Many of the genes 

contributing to this downregulation in Atlantic sturgeon were included in the top three 

rated gene ontology clusters, all of which relate to control and regulation of RNA 

production, processing and ribosomal processes. Genes within these top clusters are 

involved in many transcriptional and translational processes, including processing of 

rRNA, ribosome biogenesis, RNA polymerase activity. A downregulation of these 

processes suggests an overall decrease in the creation of RNAs and likely their protein 

products. This aligns with the overall downregulation of various genes. This could be 

explained through non-essential processes being abandoned in favour of  fewer, 

beneficial processes (e.g., growth, disease resistance, etc.) to cope with an intense, acute 

stress (Barton 2002). As metabolic energy reserves are limited, such prioritization of 

resources would be a logical “decision” during extreme stress. Other studies of acute 

stress on shortnose sturgeon have shown an overall reduction of whole body metabolism, 

which could further force the metabolic “choices” required (Penny and Kieffer 2014). 

Furthermore, recent data from Lake sturgeon have demonstrated similar reductions to 

non-essential processes in response to chronic thermal stress (Bugg et al. 2022). 

Nonetheless, it is surprising to see changes to long-term processes, such as growth and 

disease resistance, to such short-term stressors. Changes to processes which are beneficial 

for immediate survival (e.g., metabolism, hypoxia response) would seem to be more 

useful in the short term.  
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Some highly differentially expressed genes were found in common in both 

sturgeon species. The shared differentially expressed genes were a relatively small subset 

of all the DEGs found in Atlantic sturgeons, yet of these shared genes, most changes in 

regulation were in the same direction (up vs down). Due to the differences in the 

magnitude of transcriptional responses observed between the species, the overarching 

transcriptomic strategy of these two species is divergent, yet this list of shared genes may 

suggest some commonalities. Of the annotated shared DEGs, the upregulated and 

downregulated gene with the largest fold-change is the same in both sturgeons, ankrd1a 

(downregulated) and kfl9 (upregulated). Ankyrin repeat domain 1b (ankrd1a) codes for a 

muscle ankyrin repeat protein (MARP), which is thought to be pleiotropically functional, 

including a role as an RNA polymerase II-specific DNA-binding transcription factor. 

Other putative functions of the resultant protein are structural within striated and/or 

cardiac muscle in addition to a potential role in mechanical sensing in the heart (Ling et 

al. 2017). Ankdr1a has been shown to be inducible in muscle fibers in Danio rerio during 

times of mechanical stress (Miller et al. 2003; Boskovic et al. 2018; Boskovic et al. 

2021). Upper acute temperature tolerance limits are believed to be limited by capacity to 

deliver oxygen (Farrell 2016), therefore a decrease in a product potentially helpful during 

increased cardiac (and therefore oxygen delivery) demand is surprising and deserves 

further investigation. It is important to note that the results from the present study only 

represent white muscle tissue not cardiac tissue, thus we cannot directly comment on 

cardiac function directly. A possible interpretation of this is that since oxygen-delivery is 

limited at the cardiac level at high temperatures (Farrell et al. 2008), this pathway is not 
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in use as the muscle is not able to receive enough oxygen anyhow. The highest shared 

upregulated gene also serves an interesting role conserved in both sturgeon species. The 

krüppel-like factor 9 (klf9) gene encodes for a zinc-finger transcription factor, which has 

recently been determined to play a role in regulation of the glucocorticoid stress response 

in the teleost fishes (Gans et al. 2020). Gans et al. (2020) found that klf9 is the main 

upregulated gene signaled by glucocorticoid receptors and described the role of klf9 as a 

key feedforward regulator for the downstream transcriptome mediated changes elicited 

by cortisol receptors. While both Atlantic and shortnose sturgeons in the present study 

showed significantly increased cortisol levels at CTmax, sturgeons as a whole are thought 

of as low-responders to stress, as the magnitude of cortisol response is often muted in 

comparison to many teleosts (Barton et al. 2000; Baker et al. 2005b; Webb et al. 2007; 

Baker et al. 2008; Penny and Kieffer 2014). The induction of klf9 presented in this study 

is sufficient to signal downstream transcriptional changes.  

In the present study, we opted to explore the transcriptomic changes in white 

muscle. While other tissues, such as liver, brain or gill, are also often used for 

transcriptomic analyses, the reasons for using muscle tissue were two-fold. Firstly, while 

the eventual death of fish at high temperature is limited by cardiac ability to deliver 

oxygen (Farrell et al. 2008; Farrell 2016), voluntary muscle disfunction is also integral to 

the CTmax endpoint. CTmax is typically defined by the ataxic movements and locomotory 

disfunction seen before death occurs (i.e., loss of equilibrium or onset of spasms). Thus, 

transcriptomic changes seen in the muscle are interesting and useful avenue of 

investigation. Secondly, Zhang et al. (2017) recently demonstrated a lack of change in 
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heat shock proteins in shortnose sturgeon liver tissues, thus we were interested to see 

whether induction may occur in other tissues. In the future we aim to assess other tissues 

sampled during these experiments, as the genomic tools continue to become more cost-

effective.  

Overall, these data suggest that there are significant differences in the 

transcriptomic response to acute thermal stress in two sturgeons from the same 

geographical region, with different life history strategies. It appears that the more 

ancestral Atlantic sturgeons launch a gene expression response to acute temperature 

increase while shortnose do not, instead relying on a cortisol/glucocorticoid driven 

response. This contrasts with the higher, yet still muted cortisol response after acute heat 

stress seen in shortnose sturgeons compared to Atlantic sturgeon. Furthermore, our data 

suggests that Atlantic sturgeon may induce heat shock protein responses while shortnose 

sturgeon do not, at least in response to acute temperature increases. Despite this 

difference, there are a selection of significantly differentially expressed genes in both 

sturgeon species, related to glucocorticoid stress responses and cardiac function. These 

findings further support the overall muted, yet variable stress response across species of 

sturgeons.  
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Tables 

Table 1 Summary of RNA sequencing data, alignment, and differentially expressed genes (DEGs) metrics from 

Atlantic and shortnose sturgeon immediately following a critical thermal maximum (CTmax) or a Sham trial (N = 8 

/species /group). FC = fold change. All p-values are Benjamini-Hochberg corrected. Differential expression was 

determined using DEseq2. 

Metric Atlantic   Shortnose 

# of Raw Reads/ Sample (mean ± SE) 28,657,795 ± 3,438,507 
 

29,479,502 ± 2,040,923 

# of Trimmed Reads/Sample (mean ± SE) 27,457,862 ± 3,322,658 
 

27,930,215 ± 2,224,758 

Raw Reads % ≥ Q30 (mean ± SE) 92.1 ± 0.3 % 
 

92.4 ± 0.1 % 

Trimmed Reads % ≥ Q30 (mean ± SE) 96.5 ± 0.8 % 
 

97.4 ± 0.1 % 

Alignment Success/ Sample (mean ± SE) 59.7 ± 0.6 %   70.7 ± 0.3 % 

 All   Named   All   Named 

# of Mappable Genes in Reference Genome 44182  7475 (17%)  44182  7475 (17%) 

# of Genes with > 0 Normalized Counts 30453  3631 (12%)  31309  3640 (12%) 

# of DEGs (p < 0.05) 3179  462 (15%)  371  49 (13%) 

# of DEGs (p < 0.1) 4495   659 (15%)   681   83 (12%) 

 
Max Min SD   Max Min SD 

Fold Changes of DEGs 27.4 -219 9.2   14.9 -116 7.1 
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Table 2 Top 20 differentially expressed genes (DEGs) by direction of 

change (Up vs Down) in Atlantic and Shortnose Sturgeon immediately 

following a critical thermal maximum (CTmax), as determined by largest 

absolute fold change (FC). Differential expression was analyzed based on 

normalized counts. Fold changes less than 1 (i.e. down regulated) are 

transformed (-(FC-1)). Significance was determined using an adjusted p-value 

(p-adj; Benjamini-Hochberg) cut-off of ≤ 0.05.  
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Atlantic  Shortnose 
Gene FC p-adj  Gene FC p-adj 

Up 
LOC117397868 27.4 0.002  LOC117413449 14.9 0.001 
LOC117428516 15.9 0.001  LOC117431908 14.2 0.001 

ky 15.5 0.000  LOC117419854 13.8 0.023 
LOC117397866 15.0 0.028  LOC117428547 9.2 0.027 
LOC117433610 13.1 0.007  LOC117429554 8.9 0.012 
LOC117431908 12.9 0.000  LOC117421301 7.1 0.002 
LOC117407175 12.6 0.000  LOC117424552 6.8 0.001 
LOC117403393 11.4 0.000  LOC117408976 6.8 0.021 
LOC117419734 11.3 0.001  LOC117415511 5.6 0.001 
LOC117406251 11.2 0.000  LOC117433294 5.3 0.022 
LOC117405841 10.7 0.000  LOC117434952 5.1 0.024 
LOC117430501 10.1 0.000  LOC117411392 4.7 0.020 
LOC117409973 10.1 0.000  LOC117419321 4.6 0.006 
LOC117400666 10.0 0.000  LOC117421300 4.6 0.033 
LOC117399631 9.9 0.000  LOC117968234 4.2 0.033 
LOC117424552 9.1 0.000  LOC117402261 4.0 0.032 
LOC117406758 9.1 0.000  LOC117434935 4.0 0.020 
LOC117397343 9.0 0.008  LOC117417625 4.0 0.008 
LOC117964402 8.6 0.007  LOC117968566 3.7 0.002 
LOC117435820 8.5 0.000  klf9 3.6 0.013 

Down 
LOC117401081 -218.8 0.000  LOC117416000 -115.5 0.023 
LOC117973867 -172.5 0.003  LOC117424195 -20.7 0.002 
LOC117966966 -128.9 0.000  LOC117408823 -12.5 0.002 
LOC117403924 -109.9 0.001  LOC117410988 -11.6 0.010 
LOC117398021 -90.0 0.002  LOC117424452 -11.0 0.006 
LOC117968717 -88.5 0.000  LOC117418123 -10.8 0.014 
LOC117403923 -82.3 0.003  LOC117424726 -9.9 0.024 
LOC117971567 -77.0 0.001  LOC117962985 -9.3 0.005 
LOC117403596 -76.5 0.003  LOC117417685 -8.7 0.041 
LOC117420665 -72.8 0.011  si:ch211-266i6.3 -8.6 0.000 
LOC117428251 -69.9 0.004  ankrd1a -7.9 0.016 
LOC117413345 -47.1 0.000  LOC117408900 -7.8 0.048 
LOC117397990 -46.3 0.026  LOC117410792 -7.6 0.017 
LOC117400950 -45.9 0.000  LOC117418039 -7.5 0.014 
LOC117407478 -45.7 0.000  LOC117430518 -7.4 0.002 
LOC117398064 -43.6 0.000  rhoua -7.4 0.041 
LOC117408826 -42.8 0.017  LOC117964456 -7.4 0.023 

daw1 -42.3 0.001  LOC117415252 -7.4 0.000 
LOC117972157 -39.6 0.001  LOC117419961 -7.1 0.017 
LOC117424726 -39.3 0.032  LOC117415121 -7.0 0.001 
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Table 3 Significant differentially expressed genes shared between 

Atlantic and shortnose sturgeon immediately following a critical thermal 

maximum (CTmax). Differential expression was analyzed based on 

normalized counts. Fold changes (FC) less than 1 (i.e., down regulated) are 

transformed (-(FC-1)) to maintain symmetry about 0. All genes which are 

significant using an adjusted p-value (p-adj; Benjamini-Hochberg) cut-off of 

p ≤ 0.1 as well as an indication of which are also significant with a p-adj < 

0.05. 

  Atlantic   Shortnose Both  
p < 0.05? Gene FC p-adj   FC p-adj 

ankrd1a -18.4 0.00 
 

-7.9 0.02 * 

slc13a4 -4.6 0.06 
 

3.5 0.09 
 

cps1 -2.6 0.08 
 

-2.1 0.06 
 

mtr -2.4 0.00 
 

-1.6 0.00 * 

calm2a -2.2 0.01 
 

-1.7 0.08 
 

nop10 -1.8 0.02 
 

-2.2 0.00 * 

rps16 -1.7 0.07 
 

-1.8 0.02 
 

gars1 -1.6 0.01 
 

-1.6 0.05 * 

si:dkey-12j5.1 -1.5 0.06 
 

-1.6 0.08 
 

aspscr1 1.3 0.08 
 

1.3 0.07 
 

fam234a 1.6 0.04 
 

1.6 0.05 * 

si:ch211-287a12.9 1.8 0.03 
 

2.0 0.00 * 

myf5 1.8 0.05 
 

-2.5 0.02 
 

mpp1 2.0 0.02 
 

1.7 0.09 
 

iqca1 2.0 0.03 
 

2.7 0.03 * 

cited4b 2.1 0.00 
 

1.9 0.04 * 

klf9 3.7 0.00   3.6 0.01 * 
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Table 4 Summary of differentially expressed genes associated with 

common heat-shock proteins (Hsp) in Atlantic and shortnose sturgeon 

immediately following a critical thermal maximum (CTmax). Differential 

expression is displayed as fold change (FC). P-values (p-adj) are Benjamini-

Hochberg adjusted.  ** = significant at p-adj < 0.05; * = significant at p-adj < 

0.1 

Heat-
Shock 

Protein 
Gene 

Atlantic Shortnose 

FC p-adj FC p-adj 

Hsp90 hsp90b1 -2.59 0.001 ** 1.18 0.834 

Hsp70 hspa5 -2.12 0.022 ** 1.07 0.939 

Hsp40 

dnaja 3.96 0.000 ** 2.42 0.196 

dnajb12b 2.10 0.001 ** -1.05 0.941 

dnajc18 1.71 0.020 ** -1.10 0.797 

dnajc27 1.48 0.077 * -1.18 0.746 

 

Table 5 Top five significant gene ontology and KEGG pathway 

clusters of differentially expressed genes (DEGs) in Atlantic sturgeon 

immediately following a critical thermal maximum (CTmax) or a Sham trial 

(N = 8 /species /group). Clusters were calculated using DAVID’s high 

stringency selection and only including terms with ≥ 10 DEGs/term. 

Categories codes are as follows: BP = Biological Process; MF = Molecular 

Function; KEGG = KEGG Pathway). 
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Category Term Description Count 

  

% 

  

Fold 
Enrichment 

  

p-adj 

  

Genes 

Annotation Cluster 1 (Enrichment Score: 23.3) Upregulated Downregulated 

BP GO:0016072 rRNA metabolic 
process 42 6.57 8.81 0 nop10 

utp25, ddx27, heatr1, rpf2, rbfa, 
pwp1, rrp8, rpf1, rps14, emg1, 
rps16, exosc9, znhit6, exosc8, 

rrp36, mtrex, riok1, lyar, mdn1, 
abt1, wdr36, utp6, dis3, utp3, rpp40, 

ngdn, ddx54, imp4, ftsj3, bysl, 
pwp2h, tbl3, xrn1, dkc1, rpl7l1, c1d, 

tsr2, polr1e, esf1, nol11, nop53 

BP GO:0042254 ribosome biogenesis 44 6.89 7.12 0 nop10 

utp25, ddx27, heatr1, noc2l, rpf2, 
rbfa, pwp1, rrp8, rpf1, rps14, emg1, 

rps16, exosc9, znhit6, exosc8, 
rrp36, mtrex, riok1, lyar, mdn1, 
abt1, wdr36, utp6, utp3, rpp40, 

ngdn, ddx54, imp4, urb2, gtpbp4, 
ftsj3, bysl, pwp2h, tbl3, dkc1, 

rpl7l1, polr1c, c1d, tsr2, polr1d, 
esf1, nol11, nop53 

BP GO:0022613 ribonucleoprotein 
complex biogenesis 48 7.51 5.14 0 nop10 

utp25, ddx27, nufip1, gemin2, 
heatr1, noc2l, rpf2, rbfa, pwp1, rrp8, 

rpf1, rps14, emg1, rps16, exosc9, 
znhit6, exosc8, rrp36, mtrex, riok1, 
lyar, mdn1, abt1, wdr36, utp6, utp3, 

rpp40, ngdn, ddx54, imp4, urb2, 
gtpbp4, ftsj3, bysl, pwp2h, tbl3, 

eif3ba, eif3k, dkc1, rpl7l1, polr1c, 
c1d, tsr2, polr1d, esf1, nol11, nop53 

 

Annotation Cluster 2 (Enrichment Score: 10.5)         Upregulated Downregulated 

1

36 
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BP GO:0000462 

maturation of SSU-
rRNA from 
tricistronic rRNA 
transcript (SSU-
rRNA, 5.8S rRNA, 
LSU-rRNA) 

13 2.03 15.85 0  
abt1, utp25, utp6, utp3, rpp40, 

heatr1, ngdn, pwp2h, rps14, tbl3, 
rps16, tsr2, rrp36 

BP GO:0042274 ribosomal small 
subunit biogenesis 15 2.35 9.29 0   

abt1, utp25, utp6, utp3, rpp40, 
heatr1, ngdn, pwp2h, rps14, tbl3, 
rps16, tsr2, rrp36, nol11, riok1 

Annotation Cluster 3 (Enrichment Score: 5.2)         Upregulated Downregulated 

MF GO:0003899 
DNA-directed 5'-3' 
RNA polymerase 
activity 

9 1.41 10.73 0 polr2l, primpol 
ugp2b, eif2b3, polr3c, polr1b, 
polr1c, polr1d, polr1e, polr1f, 

tent4a, polr2j 

MF GO:0034062 5'-3' RNA 
polymerase activity 9 1.41 10.43 0 polr2l, primpol polr3c, polr1b, polr1c, polr1d, 

polr1e, polr1f, polr2j 

MF GO:0097747 RNA polymerase 
activity 9 1.41 10.43 0 polr2l, primpol polr3c, polr1b, polr1c, polr1d, 

polr1e, polr1f, polr2j 

KEGG dre03020:RNA polymerase 9 1.41 8.03 0 polr2l polr3c, polr1b, polr1c, polr1d, 
polr1e, polr1f, polr1g, polr2j 

MF GO:0016779 nucleotidyltransferase 
activity 12 1.88 3.89 0.03 polr2l, primpol 

ugp2b, eif2b3, polr3c, polr1b, 
polr1c, polr1d, polr1e, polr1f, 

tent4a, polr2j 

Annotation Cluster 4 (Enrichment Score: 4.2)         Upregulated Downregulated 

1

37 
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BP GO:0032259 methylation 20 3.13 3.18 0 ezh2, mettl17 

setd4, lyn, armt1, mettl2a, larp7, 
mtr, mettl21a, rrp8, ftsj3, pagr1, 

mettl22, emg1, antkmt, carm1, tgs1, 
trmt6, eef2kmt, dph5 

MF GO:0016741 
transferase activity, 
transferring one-
carbon groups 

18 2.82 3.12 0.01 ezh2, mettl17 

setd4, lyn, armt1, mettl2a, mtr, 
mettl21a, rrp8, ftsj3, mettl22, emg1, 
antkmt, carm1, tgs1, eef2kmt, dph5, 

gart 

Annotation Cluster 5 (Enrichment Score: 3.6)         Upregulated Downregulated 

BP GO:0048534 
hematopoietic or 
lymphoid organ 
development 

30 4.69 2.15 0.02 

dkc1, 
angptl1a, klf9, 

irf8, il7r, 
nop10, myd88, 

ezh2 

nrros, fech, smyd5, epas1b, csf1ra, 
sh3rf1, tfr1a, rps14, scube1, 

ppp2r3c, pgm3, tspo, irf4a, cpsf1, 
urb2, wnt9a, epor, mettl22, tbl3, 

slc7a7, med24, bdh2 

BP GO:0002520 immune system 
development 30 4.69 2.1 0.03 

dkc1, 
angptl1a, klf9, 

irf8, il7r, 
nop10, myd88, 

ezh2 

nrros, fech, smyd5, epas1b, csf1ra, 
sh3rf1, tfr1a, rps14, scube1, 

ppp2r3c, pgm3, tspo, irf4a, cpsf1, 
urb2, wnt9a, epor, mettl22, tbl3, 

slc7a7, med24, bdh2 

BP GO:0030097 hemopoiesis 29 4.54 2.13 0.03 

dkc1, 
angptl1a, klf9, 

irf8, il7r, 
nop10, myd88, 

ezh2 

nrros, fech, smyd5, epas1b, csf1ra, 
sh3rf1, tfr1a, rps14, scube1, 

ppp2r3c, pgm3, tspo, irf4a, cpsf1, 
urb2, wnt9a, epor, mettl22, tbl3, 

slc7a7, bdh2 

 

 

1

38 
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Figures 

 

Figure 1 Boxplot of critical thermal maximum (CTmax), plasma 

sodium (Na+), chloride (Cl-) and potassium (K+; in panels A to D, 

respectively) of Atlantic and Shortnose Sturgeon, determined by temperature 

at loss of equilibrium (N = 8 /species). Fish were previously acclimated to 

10°C and temperature was increased by 6°C/hour for the CTmax tests. An 

asterisk (*) denotes significant differences between species, regardless of 

treatment (Sham or CTmax). No significant effects of treatment were found 

(i.e. Sham vs CTmax). 
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Figure 2 Boxplots of plasma (A) lactate and (B) cortisol concentration 

measured in Atlantic and Shortnose Sturgeon, immediately following a 

critical thermal maximum (CTmax) or a Sham trial (N = 8 /species /group). A 

single asterisk (*) denotes a significant difference between treatment (Sham 

or CTmax), while a double asterisk (**) denotes significant between species, 

within the corresponding treatment.  
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Figure 3. Venn diagrams summarizing significant (p-adj ≤ 0.05) 

differentially expressed genes (DEGs) in Atlantic (dark gray) and Shortnose 

(light gray) Sturgeon immediately following a critical thermal maximum 

(CTmax) or a Sham trial (N = 8 /species /group). All DEGs (A) and annotated 

DEGs (B & C; p < 0.05 & 0.1, respectively) are described. Differential 

expression was analyzed based on normalized counts. Area of circles are 

proportional to the total number of DE

(B) Annotated (p < 0.05)

(C) Annotated (p < 0.1)

(A) All DEGs

3099 29180
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9

40
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17

66
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Figure 4 Summary of differentially expressed genes (DEGs) in Atlantic (A) and Shortnose (B) Sturgeon. DEGs 

are summarized by direction of change in expression (Up vs Down), adjusted p-value cut-off (0.05 or 0.1) and whether 

the DEG names are annotated. Differential expression was analyses based on normalized counts. 
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Figure 5 Principal component analysis (PCA) of genes expressed in Atlantic (A) and Shortnose (B) Sturgeon. 

Tissues for gene expression analyses were taken immediately following a critical thermal maximum (CTmax) or a Sham 

trial (N = 8 /species /group). Open circles (○) = Sham; Filled triangles (▲) = CTmax. Figure inlays represent Scree-plots 

of corresponding PCAs 
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General Discussion & Conclusions 

Discussion 

General statements 

The data presented in this thesis illustrates the variation of the heat stress response 

in different fish species. The experiments span a wide range of levels biological 

organization, from whole animal tolerance limits (i.e. CTmax; Chapter 2 & 4) to hormonal 

& hematology (e.g. cortisol, lactate & ions; Chapter 2 & 4) through to changes in gene 

expression within the white muscle (RNA-seq; Chapters 3 & 4). It also describes these 

processes in both a teleost (Striped Bass; Chapters 2 & 3) and fishes that diverged from 

other species over 200 MYA and are intermediate to the Chondrichthyes and Teleosts 

(Sturgeons; Chapter 4) to provide a broad view of the fish heat stress response. Together, 

these chapters provide new revelations about the role of heat shock proteins, underlying 

hematology and stress in multiple economically and ecologically important fishes.  

Major findings 

This thesis demonstrates the impressive ability of Striped Bass to cope with high 

temperatures. In the first data chapter (Chapter 2), I showed that juvenile Striped Bass 

can withstand four weeks at very warm temperatures (30°C) with little hematological 

disturbance and no mortality. Nonetheless, the increase of lactate in fish acclimated to 

30°C suggests that this temperature is not ideal for these fish. To put this acclimation into 

context, consider the following: the 30°C acclimation fish survived a month at a 

temperature only 1.7°C higher that the final CTmax of their 15°C acclimated counterparts 

(CTmax @ 15°C = 31.7°C). A tolerance to long-term warm temperatures is likely a 
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significant advantage for Striped Bass in warming waters over heat-intolerant species, 

such as the Atlantic Salmon.  

My transcriptomic data also provide insight into the processes underpinning the 

impressive temperature tolerance of Striped Bass. Previously, there was an almost 

complete lack of inquiry into the roles of HSPs in Striped Bass temperature tolerance. 

The data presented in Chapter 3 shows that both chronic and acute changes in 

temperature induce many HSP-related genes in white muscle. It also appears that the 

Striped Bass heat shock response (HSR) includes a diversity of HSPs, including not only 

the commonly studied hsp70 and hsp90, but also hsp40 (Basu et al. 2002). In other 

species and some fishes, hsp40 has been shown to act in cooperation with hsp70 to refold 

damaged proteins (Basu et al. 2002; Qiu et al. 2006), thus this co-induction may further 

strengthen the Striped Bass HSR. While the greatest variety of HSP-related genes were 

differentially expressed after chronic (four week) temperature acclimation, the highest 

fold changes occurred after the acute heat stress (i.e., at CTmax). The importance of 

HSPs and their role as molecular chaperones following both chronic and acute heat stress 

was also evident in the gene ontology, as seen by the induction of protein folding gene 

ontologies across the board.  

The data presented in this thesis also establishes that even locally co-occurring 

species of Sturgeon can use vastly different strategies to cope with acute heat stress. As 

described in Chapter 4, Atlantic Sturgeon launched a robust transcriptomic response at 

CTmax, with a low cortisol response, whereas the opposite was true in Shortnose Sturgeon 

(relatively high cortisol & comparatively few differentially expressed genes). While 

inter-species variation in the magnitude of stress response has been documented among 
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Sturgeons (Baker et al. 2005b), this is the first research to explore the stress response 

simultaneously in two Sturgeon species at the level of gene expression. It is also 

interesting to note that CTmax showed no statistical difference between the two species. 

Thus, Atlantic and shortnose Sturgeon may use different hormonal and cellular strategies 

to cope with temperature stress yet both appear to result in the same outcome (e.g. 

thermal tolerance via CTmax) for the animal, at least in the short term.  

This thesis also reinforces the notion of muted-stress response in Sturgeon, 

including a lack of typical heat shock response to temperature stress. As highlighted in 

Chapter 4, Sturgeons as a group generally show a muted cortisol stress response 

compared to most modern teleosts in response to stress (Potts and Rudy 1972; Barton et 

al. 2000; Martinez-Alvarez et al. 2002; Baker et al. 2005a; Baker et al. 2005b; 

Krayushkina et al. 2006; Webb et al. 2007; Baker et al. 2008; Penny and Kieffer 2014; 

Penny and Kieffer 2019; Bugg et al. 2021). Our findings of plasma cortisol levels reflect 

this, with Shortnose having relatively higher plasma cortisol concentration after CTmax 

than Atlantic Sturgeon. A common question often evoked by this muted stress response is 

– are Sturgeon doing something else in lieu of a cortisol-based stress response? The use 

of RNA-sequencing in this chapter allowed us to analyze the entire suite of genes 

affected by acute temperature stress. In Shortnose Sturgeon, the small list of annotated 

differentially expressed genes precluded gene ontology analysis, but Atlantic Sturgeon 

gene ontology analyses mainly suggests downregulation of RNA creation/processing, 

with mixed changes to methylation and immune processes. None of these processes point 

directly to a clear alternative stress response in Sturgeon. Another noteworthy finding in 

this chapter is the results for HSP related genes. No HSP genes were differentially 
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expressed in Shortnose Sturgeon, although I did see decreases to hsp70 and hsp90b  with 

increases in hsp40 related genes in Atlantic Sturgeons. Interestingly, while hsp40 was 

induced by CTmax, hsp70 and hsp90b decreased in Atlantic Sturgeon at CTmax, which was 

unexpected. Typically these HSPs increase after heat stress, which is what we observed 

in Striped Bass. Also, the fold-changes found in HSPs in Atlantic Sturgeon were smaller 

than those seen in Striped Bass. This again reiterates that stress responses are not shared 

among all Sturgeon species and dissimilar to the HSP-base response in many teleosts.  

My thesis also demonstrates the vastly different physiological strategies used by 

different fishes which occur in the same river systems. In Chapter 3, I detailed a strong 

transcriptomic response to heat in Striped Bass, which is driven by a diverse HSP 

response. In stark contrast, I found little to no HSP induction in either species of 

sturgeon, with some HSPs actually going down in Atlantic Sturgeon at CTmax. Despite 

the different physiological strategies, both Striped Bass and sturgeon successfully inhabit 

many of the same river systems and temperature regimes. Thus, my data highlight that 

phylogenetically distant fishes may utilize different physiological “solutions” to the same 

“problem” of temperature change.  

Practical applications 

While the core of this research focuses on mechanisms, the resultant tolerance 

limits may be useful in guiding management decisions. My data show that both Striped 

Bass and sturgeon possess the ability to induce physiological responses to cope with 

acute temperature change. Striped Bass in particular survived an entire month in 30°C 

water with no mortality and little sign of stress. In the Northern stretches of the Striped 

Bass’ range, actual river temperatures would rarely reach this extreme temperature for 
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many weeks at a time, but may indeed reach 30°C for short periods (MREAC 2022). 

Thus, these data suggest that temperature is unlikely to be a limiting factor for northern 

Striped Bass, although synergistic effects with other environmental variables should be 

taken into account. While we did not assess chronic heat exposure in sturgeons, the 

measured CTmax levels are well above normal summer temperatures for their habitats 

(GNB 2023). My data also highlight that different species of sturgeons deal with acute 

heat stress in different manners. For practical reasons, sturgeon species may be grouped 

together for management purposes where multiple species occur. For example, the Saint 

John River (New Brunswick, Canada) hosts both Atlantic and Shortnose sturgeon, though 

recreational fishing regulations designate only “sturgeon” bag, size limits and season 

dates (NBDNRED 2023). While this makes practical sense, it would be prudent to 

consider species-specific differences in stress biology when making management 

decisions for sturgeons.  

Future directions 

While the data in this thesis provide novel information on how Striped Bass and 

Sturgeons cope with heat stress, they also create new questions. For Striped Bass in 

particular, it would be of great interest to repeat similar experiments on fish sourced from 

Southern populations to test for potential local adaptation to environmental temperature. 

Cook et al. (2006) suggested that the temperature tolerance range of Northern Striped 

Bass (used in this thesis) may be broader than Southern populations of the species. In 

other species, there is evidence that the HSPs and related thermal tolerance may vary 

among populations of a species (Fangue et al. 2006), thus it is not unreasonable to 

hypothesize the same may be true in Striped Bass.  
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In the case of Sturgeon, the most glaring question is – what are the identities and 

roles of the many unannotated genes? To address this problem, it may be possible to gain 

some insight into the identity of unknown genes through other methods, such as domain 

annotation and/or knockout/knock down studies. As access to high-throughput 

sequencing continues to increase, it will also be useful to revisit these genes as the 

reference genome annotations improve. Given that some hsp90 isoforms are typically 

increased following stress in teleosts, it was also surprising that some hsp90-related genes 

decreased at CTmax in Atlantic Sturgeon thus this warrants further verification and 

inspection. We did not see HSP induction at all in Shortnose Sturgeon, though it may be 

that HSPs may be induced in other tissues or by other types of stressors (see Logan and 

Buckley 2015 for list of tissues commonly used).  

Conclusions 

Overall, this thesis provides new insights into how multiple fishes from different 

divergent evolutionary groups cope with high temperatures. Striped Bass are well 

equipped to tolerate warm temperatures, likely owing to a well-developed heat shock 

response. Contrarily, the role of HSPs in white muscle is apparently not as integral to 

Sturgeon heat stress. Furthermore, there is evidently a vast difference in the strategies 

Atlantic and Shortnose Sturgeons mobilize to deal with heat stress, even though they co-

occur in the same river systems. I further demonstrated the usefulness of high-throughput 

sequencing to reveal genes and groups of genes which drive tolerance to thermal stress. 

As water temperatures continue to rise, the information gleaned from these data may help 

unlock the secrets of which fishes or populations may persist.  
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Supplementary Information 

S1: Detailed results of linear mixed effects model analyses of blood plasma endpoints in 

juvenile Striped Bass, Morone saxatilis, acclimated to various temperatures. Fish were 

sampled as following: after 4 weeks acclimated to appropriate temperature or 

immediately following critical thermal maxima (CTmax) trial. “Temp” = acclimation 

temperature; “Trmt” = treatment (Acclimation or CTmax).   

Endpoint Factor Sum Sq Mean Sq NumDF DenDF F value Pr(>F) 

Sodium 

(Na+) 

Temp 59367 29683.7 2 38 7.9256 0.0013* 
Trmt 3303 3302.6 1 38 0.8818 0.3536 

Temp:Trmt 4392 2195.9 2 38 0.5863 0.5613 

Chloride (Cl-) 
Temp 1216.1 608 2 38 1.035 0.365 
Trmt 3281.3 3281.3 1 38 5.5856 0.0233* 

Temp:Trmt 1708.9 854.4 2 38 1.4545 0.2462 

Potassium 

(K+) 

Temp 17.023 8.511 2 39 2.3514 0.1086 
Trmt 41.407 41.407 1 39 11.4395 0.0016* 

Temp:Trmt 28.425 14.212 2 39 3.9265 0.028* 

Lactate 
Temp 167.99 83.995 2 6.001 33.009 0.0006* 
Trmt 131.574 131.574 1 36.8 51.707 <0.0001* 

Temp:Trmt 52.671 26.336 2 36.768 10.35 0.0003* 

Cortisol 

Temp 75928 37964 2 41 3.5447 0.038* 

Trmt 156591 156591 1 41 14.6208 0.0004* 

Temp:Trmt 72071 36036 2 41 3.3646 0.0444* 
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S2: Detailed results of linear mixed effects model analyses of blood plasma endpoints in 

juvenile Atlantic and Shortnose Sturgeon. Fish were sampled following one of two 

treatments: immediately following a critical thermal maxima (CTmax) trial or following a 

sham CTmax control. “Species” = Atlantic or Shortnose Sturgeon; “Trmt” = treatment 

(CTmax or control). 

Endpoint Factor Sum Sq Mean Sq NumDF DenDF F value Pr(>F) 

Sodium 

(Na+) 

Species 11.737 11.737 1 27 0.4863 0.4915 

Trmt 22.625 22.625 1 27 0.9374 0.3415 

Species:Trmt 7.495 7.495 1 27 0.3105 0.5819 

Chloride (Cl-) 

Species 199.93 199.93 1 27 11.6874 0.002* 

Trmt 34.313 34.313 1 27 2.0059 0.1681 

Species:Trmt 0.098 0.098 1 27 0.0057 0.9401 

Potassium 

(K+) 

Species 8.0167 8.0167 1 26 10.0715 0.0038* 

Trmt 13.2625 13.2625 1 0.6325 16.6619 0.2549 

Species:Trmt 0.7567 0.7567 1 26 0.9506 0.3385 

Lactate 

Species 1.652 1.652 1 20 0.4338 0.5177 

Trmt 150.267 150.267 1 20 39.4604 <0.0001* 

Species:Trmt 0.151 0.151 1 20 0.0396 0.8443 

Cortisol 
Species 991.5 991.5 1 27 32.121 <0.0001* 

Trmt 1670.45 1670.45 1 27 54.117 <0.0001* 
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