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Abstract 

 Understanding how species respond to thermal challenges is important for forecasting 

future species distributions, and to provide information for population management. Sea lamprey 

(Petromyzon marinus), a jawless representative of a basal branch of the vertebrates, successfully 

invaded the Laurentian Great Lakes in the 20th century to the detriment of the local fishery, 

resulting in an intensive population control effort since the late 1950s. Sea lamprey are therefore 

an excellent study species not only for the practical implications of population management, but 

also as an outgroup to the vertebrates and for testing predictions of invasion theory. Here, the 

critical thermal maximum (CTMax) of a native population of sea lamprey larvae from New 

Brunwick was determined in individuals acclimated to 5 °C, 13.5 °C, and 20 °C, and gene 

expression profiles were determined via reverse-transcription quantitative polymerase chain 

reaction (qPCR) for genes involved in the cellular stress response (CSR) in response to an acute 

thermal shock. Subsequently, similar experiments were performed on an invasive landlocked 

population of sea lamprey larvae acclimated to similar temperatures, and a population 

comparison was performed. The CTMax results demonstrated that sea lamprey possess a 

relatively low acclimation capacity, as their CTMax increased only 0.12 °C for each 1 °C 

increase in acclimation temperature in both populations; however, the landlocked population had 

a consistently higher CTMax temperature. Sublethal thresholds appear to exist at ~24 °C – 26 °C 

and ~30 °C in the New Brunswick population, where the CSR is initiated and then shifts to an 

extreme response, respectively. Invasion theory predicts increased plasticity in invasive 

populations, and evidence for this was found in the transcription profiles of heat shock proteins 

in the landlocked population relative to the New Brunswick population. Temperatures above 30 

°C are already being recorded in historical sea lamprey spawning streams in the southern end of 
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their native distribution, suggesting that a northerly range shift may occur. Despite their greater 

upper thermal tolerance, this suggests the landlocked population may be more susceptible for 

future warming, as they already exploit their entire range in the Great Lakes Basin.  
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Chapter 1: General Introduction 

Temperature is a primary environmental parameter influencing the ecology and 

physiology of ectotherms (Fry 1971; Hochachka and Somero 1971; Brett 1971). Aquatic 

ectotherms are particularly affected as their body temperature closely follows that of the 

surrounding water (Stevens and Sutterlin 1976). As a result of climate change, average global 

temperatures are projected to continue to increase (IPCC 2014). Species will therefore be faced 

with modified thermal conditions in their current habitat and will have to respond accordingly. 

Depending on species’ capacity to respond to their new thermal regime, they may be forced to 

shift their distribution towards new, more favourable habitats, or if their ability to disperse is 

limited, they will need to adapt their thermal tolerance (Perry et al. 2005; Parmesan 2006; 

Daufresne and Boët 2007; Cheung et al. 2009; Somero 2010; Hoegh-Guldberg and Bruno 2010; 

Fuller et al. 2010; Doney et al. 2012). If species are unable to adequately respond to these 

changing conditions, they could be faced with extirpation. Understanding how species respond to 

thermal challenges will be a vital part of predicting species-specific impacts of future climate 

change (Perry et al. 2005; Parmesan 2006; Cheung et al. 2009; Somero 2010; Doney et al. 2012; 

Seebacher et al. 2015). 

 

1.1 Upper Thermal Limits 

Upper thermal tolerance estimates have generally been produced by one of two 

experimental methods; the incipient lethal temperature, or the critical thermal maximum 

(CTMax). These approaches provide a common methodology, allowing for comparative 

investigations in acute upper thermal limits within habitats and between related species or 
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populations, permitting insight into adaptive differences (Somero 2010; Comte and Olden 2017). 

The incipient lethal temperature provides an estimate of the temperature at which 50 % of a 

population dies within a defined time frame (e.g., two weeks; Potter and Beamish 1975), similar 

to toxicological estimates of lethal concentrations. This is a static measurement where fish are 

acclimated at some ecologically-relevant temperature, then introduced as a group to one of 

several aquaria at a greater, fixed temperature, and observed over time. Each aquarium provides 

a single data point of mortality rate, and the temperature for 50 % mortality is estimated via a 

regression (Potter and Beamish 1975; Beitinger et al. 2000). The CTMax is a dynamic 

measurement where fish are placed in a container at their acclimation temperature and exposed 

to a constant temperature increase (often 0.3 °C min-1) until a repeatable, near-lethal event is 

observed, at which point fish are rescued, returned to their acclimation temperature, and 

monitored for survival (Beitinger et al. 2000; Morgan et al. 2018). The endpoint chosen depends 

on the biology of the species being investigated; for teleosts and crustaceans, a common endpoint 

is loss of equilibrium (Beitinger et al. 2000; Vinagre et al. 2015), while for snails, detachment 

temperature can be used (Johansson and Laurila 2017). Due to the constant rate of temperature 

change, this method can overshoot temperatures which would be lethal under natural conditions, 

but it does provide a useful estimate of acutely lethal upper thermal limits (Beitinger et al. 2000).  

Examining the capacity for species to adjust their CTMax through acclimation to 

different temperatures provides an opportunity to quantify species’ acclimation capacity 

(Stillman 2003). A review of thermal tolerance data of freshwater fishes from North America 

found that the mean (±SD) acclimation response ratio (ARR) was 0.41 (±0.07) with a range 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1.1: 𝐴𝑅𝑅 =  
Δ𝐶𝑇𝑀𝑎𝑥

Δ𝐴𝑐𝑐𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
 

 of 0.27-0.50 across 20 species representing nine families (Beitinger et al. 2000). A more recent 
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review of thermal tolerance data for 82 freshwater fish species, from 27 families, found a mean 

ARR of 0.37 (±0.16), with a total range of 0.07-0.91 (Comte and Olden 2017). Other 

investigations in a number of temperate fishes have produced ARRs similar to the means 

reported in these reviews, including mummichog (Fundulus heteroclitus: 0.36-0.41), longjaw 

mudsucker (Gillichthys mirabilis: 0.28), common killifish (Fundulus heteroclitus: 0.3-0.4), 

Chinese sucker (Myxocyprinus asiaticus: 0.50), rock carp (Procypris rabaudi: 0.50), and lake 

sturgeon (Acipenser fulvescens: 0.18-0.31) (Fangue et al. 2006; Logan and Somero 2010; Healy 

and Schulte 2012; Zhou et al. 2019; William Bugg, pers. comm.).  

Traditionally, tropical species have been hypothesized to possess a reduced capacity to 

compensate for increased acclimation temperature because they inhabit relatively thermally 

stable environments, and the potential for a trade-off where acclimation capacity is reduced in 

favour of a high upper thermal tolerance (Beitinger et al. 2000; Stillman 2003; Carveth et al. 

2006; Gunderson and Stillman 2015). This is true for some fish species; for example spotted barb 

(Barbodes binotatus) and greater scissortail (Rasbora caudimaculata), freshwater fish native to 

Thailand, have ARR values of 0.05 and 0.09, respectively (Tongnunui and Beamish 2017), while 

common triplefin (Forsterygion lapillum) and the guppy (Poecilia reticulata) have ARRs of 

~0.17, and 0.13-0.15, respectively (Chung 2001; McArley et al. 2017). There have, however, 

been several recent studies performed on tropical fish which puts this assumption into question. 

In the same study on Thai fish, two additional species tested, a danio (Devario acrostomus) and 

Mystacoleucus chilopterus, demonstrated ARRs of 0.26 and 0.21, respectively (Tongnunui and 

Beamish 2017). Six tropical freshwater fish species examined across three continents 

demonstrated ARR values between 0.33 and 0.43 (Lapointe et al. 2018), while the Nile perch 

(Lates niloticus), Egyptian mouthbreeder (Pseudocrenilabrus multicolor), and the green neon 
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tetra (Paracheirodon simulans) have ARRs of 0.30, 0.43, and 0.50, respectively (McDonnell and 

Chapman 2015; Chrétien and Chapman 2016; Campos et al. 2017). Similarly, Antarctic fishes, 

which inhabit one of the most thermally stable environments on Earth, are hypothesized to have 

reduced acclimation capabilities for similar reasons as tropical species, but experimental data for 

eight Antarctic notothenoid fish species revealed ARRs between 0.21 and 0.55 (Bilyk and 

DeVries 2011). These values align neatly with those previously described for temperate species 

(Beitinger et al. 2000; Comte and Olden 2017), indicating that environmental variability may not 

dictate acclimation capacity. 

 

1.2 The Cellular Stress Response 

The cellular stress response (CSR) is a highly conserved defensive response to any 

stressor that has the potential to inflict macromolecular damage (e.g. heat, cold, ultraviolet 

radiation, acidic or alkaline conditions, salinity, pressure), present in nearly all extant cellular life 

(Kültz 2005). The magnitude of the response is proportional to the severity of the stressor, 

resulting in a tiered response involving stress inducible transcription factors (e.g. immediate 

early genes), molecular chaperones, proteolytic enzymes, interruptions in the cell cycle, or in 

severe cases, induction of apoptosis (Lindquist and Craig 1988; Morimoto 1998; Kültz 2005; 

Logan and Somero 2011; Jeffries et al. 2018). Generally, the tiers of the CSR proceed as follows: 

1) in response to a mild stressor, some upregulation of immediate early genes and molecular 

chaperones (e.g. heat shock proteins [HSPs]) would be expected, in order to repair any minor 

damage and mitigate further damage to macromolecular structure; 2) in response to a more 

severe stressor, the immediate early genes and molecular chaperones would be upregulated, 

while proteases and cell cycle regulators will begin to be upregulated as well. If proteins are 
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denatured to a degree where they cannot be simply repaired, they will need to be sequestered and 

broken down, while damage to DNA molecules would require the arrest of the cell cycle to 

prevent the potential inheritance of harmful mutations in any daughter cells; 3) finally, in cases 

of extreme stress, cells may employ a ‘survival’ strategy, where all of the previously mentioned 

processes will be upregulated in the short term, but if the stressor persists those may be 

abandoned, and programmed cell death (i.e. apoptosis) may occur. 

Transcriptomics and reverse-transcription quantitative polymerase chain reaction (qPCR) 

approaches allow for investigations into the changes in specific gene transcript (i.e., messenger 

RNA [mRNA]) abundance in tissues following stress events, allowing researchers to directly 

detect which genes have altered expression under experimental conditions in both model and 

non-model species  (Råbergh et al. 2000; Vornanen et al. 2005; Logan and Somero 2011; Long 

et al. 2012; Jeffries et al. 2012, 2014, 2016, 2018; Logan and Buckley 2015; Komoroske et al. 

2015; Li et al. 2017). These investigations have revealed several genes which appear to 

consistently respond to thermal stress in a wide range of species, including the immediate early 

genes (JUN, FOS), molecular chaperones (HSPs), genes involved in proteolysis (UBQs), cell 

cycle regulators (CDKs), and genes involved in apoptotic pathways (CASPs). A broad thermal 

tolerance is the result of regulating the CSR in both long-term and acute exposure to a thermal 

stressor. Eurytherms can mount a strong response, as measured by the magnitude of change in 

expression of genes related to the CSR, while stenotherms have a reduced capability to 

differentially regulate their gene expression (Logan and Buckley 2015).  

In this thesis, expression patterns of seven genes involved in the CSR were evaluated: 

three transcription factors, three heat shock proteins (HSPs), and a proteolytic enzyme. HSF1 is 

an important transcription factor regulating expression of HSPs and other elements of the heat 
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shock response, and has recently been demonstrated to itself be inducible in response to heat 

shock in a sea cucumber (Morimoto 1998; Xu et al. 2016). JUN is a heat-inducible gene with a 

heat shock element in its promoter region, and therefore it has been demonstrated to be activated 

by HSF1 in human cells (Sawai et al. 2013). Among the many downstream pathways it 

influences,  JUN has been shown to regulate progression of the cell cycle at the G1 to S 

transition through negative regulation of p53, and to prevent apoptosis (Wisdom 1999; Schreiber 

et al. 1999). EPAS1B (hypoxia inducible factor 2) is a transcription factor activated by reduced 

cellular oxygen levels, which stimulates expression of genes involved in hypoxia response 

(Baudel et al. 2017). HSP90B1 is a member of the 90 kDa heat shock protein family primarily 

located on melanosomes and the endoplasmic reticulum (Chen et al. 2005). The majority of 

90kDa heat shock protein targets are signal transduction proteins; for example, HSF1 is kept in 

its inactive monomer state by HSP90 (Young et al. 2001). SERPINH1 encodes a 47 kDa 

collagen-specific molecular chaperone located in the endoplasmic reticulum (Hosokawa et al. 

1998; Widmer et al. 2012). HSPA9 is a constitutive member of the 70kDa heat shock protein 

family primarily located in the mitochondria, a molecular chaperone which aids in protein 

folding as well as cell proliferation (Kaul et al. 2002; Liu et al. 2013; Asea 2018). Suppression of 

HSPA9 (mortalin) in human cells results in a senescent-like growth arrest, leading to cell death, 

while overexpression leads to an extended life span in cultured human cells (Kaul et al. 2000, 

2002; Wadhwa et al. 2004). MMP2 is a membrane-bound proteinase involved in remodeling the 

extracellular matrix (Sariahmetoglu et al. 2007). 

There have been criticisms regarding the use of mRNA transcript abundance as a proxy 

for protein abundance, stemming from the often low correlation between gene transcript and 

protein concentrations (r ≈ 0.64) (Vogel and Marcotte 2012). Much of this disparity in the 
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predictive power of mRNA abundance on protein abundance is attributed to post-transcriptional 

and -translational regulation, as well as differences in the half-life of mRNA and peptide 

molecules (Vogel and Marcotte 2012). On the other hand, studies have also demonstrated a 

relatively high correlation between mRNA and protein abundance in individual Escherichia coli 

cells (r = 0.77) (Taniguchi et al. 2010), and yeast cells subjected to an osmotic shock 

demonstrated an r of 0.88 between mRNA and protein abundance for transcripts which increased 

in abundance, while transcripts that decreased in abundance had a very low correlation with 

protein (r = 0.30) (Lee et al. 2011). In human tissues, a high gene-specific RNA-to-protein 

correlation has been demonstrated (r = 0.85-0.90), but gene-specific RNA-to-protein ratio varies 

widely, from as low as 200 up to 220,000 (Edfors et al. 2016). Regardless of the degree to which 

mRNA abundance influences protein abundance, an increase in mRNA transcripts will generally 

result in an increase in the corresponding protein. In this thesis research, the goal was not to 

identify specific levels of expression, rather it was to examine the relative response patterns of 

genes involved in the cellular stress response. This does not require a one-to-one relationship 

between a transcript and its product to be able to make informative comparisons between groups.  

 

1.3 Invasion Theory and Phenotypic Plasticity 

Invasive species are a global problem, causing great financial strain on the agriculture 

and fisheries sectors, degrading aquatic infrastructure, and contributing to local biodiversity loss 

(Lodge 1993; Karatayev et al. 2007; Catford et al. 2009; Engel et al. 2011; Blackburn et al. 

2011). Aided by anthropogenic landscape modification and global trade, species are capable of 

being transported or distributing themselves across previously impassable barriers into novel 

territories (Kim and Mandrak 2016). There is much interest in identifying common traits of 
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successful invasive species, and through these traits, identifying species which have the potential 

to become invasive (Zambrano et al. 2006; Hayes and Barry 2008; DeVaney et al. 2009; Onikura 

et al. 2011). Phenotypic plasticity is a feature hypothesized to be advantageous to species 

colonizing novel environments and therefore is predicted to increase in a founding population 

relative to a source population (Yeh and Price 2004; Parsons and Robinson 2006; Ghalambor et 

al. 2007; Torres-Dowdall et al. 2012; Morris et al. 2014). In the literature regarding invasive 

species, greater plasticity is commonly assumed to be among the contributing factors to their 

success (Marchetti et al. 2004; Smith 2009; Engel et al. 2011) and has been tested experimentally 

on several occasions on a variety of taxa (Sexton et al. 2002; Braby and Somero 2006; 

Lockwood et al. 2010; Engel et al. 2011; Lockwood and Somero 2011; van Kleunen et al. 2011; 

Pusack et al. 2016; Wellband and Heath 2017; Pickholtz et al. 2018).  

Fundamentally, phenotypic plasticity results from differential gene expression, which can 

be directly compared across populations using molecular tools (Schlichting and Smith 2002). 

Reaction norms of gene transcript abundance in relation to different environmental parameters 

can vary between invasive and native populations, with invasion theory predicting greater 

plasticity, and therefore greater variability, in the invasive population. Greater ARR values, 

corresponding to a steeper positive relationship between CTMax and acclimation temperature, 

would also indicate increased plasticity and would be predicted for an invasive relative to a 

native population.   

 

1.4 Sea Lamprey   

Lampreys (Petromyzontida) are one of two extant classes of jawless fishes, which 

diverged from the vertebrate lineage some 500 million years ago, and from hagfishes (Myxini), 
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the other extant class of jawless fish, ~450 million years ago (Smith et al. 2013; McCauley et al. 

2015; Evans et al. 2018). Sea lamprey (Petromyzon marinus) are an anadromous native fish of 

the North Atlantic, historically spawning in tributaries extending from Newfoundland to Florida 

in the West Atlantic, and from Norway to Spain in the East Atlantic (Dempson and Porter 1993; 

Hansen et al. 2016). Following a larval phase, which may last approximately 3-8 years, sea 

lamprey undergo a metamorphosis into a free-swimming juvenile, which travels downstream to 

the marine or lacustrine environment and parasitizes larger aquatic species for 1-2 years, and 

then returns upstream to spawn prior to dying (Applegate 1950; Beamish 1980; Hansen et al. 

2016; Evans 2017). Sea lamprey are very fecund, with egg production estimates from single 

females ranging from 44,000 from smaller-bodied landlocked populations (Manion and Hanson 

1980), to over 200,000 in the native, anadromous populations (Beamish 1980). The parasitic 

phase of the lifecycle is very notable as the mouth morphology differs greatly from that present 

in other fish, and sea lamprey are known to parasitize a wide variety of species, including 

numerous fish, shark, and whale species (Farmer et al. 1975; Beamish et al. 1979; Beamish 

1980; Johnson and Anderson 1980; Halliday 1991; Wilkie et al. 2004; Gallant et al. 2006; 

Nichols and Tscherter 2011; Silva et al. 2014). During the mid-20th century, sea lamprey 

successfully invaded Lakes Erie and the upper Laurentian Great Lakes, contributing to drastic 

declines in the fisheries of nearly all commercially-important species (Smith 1968; Morman et al. 

1980; Bence et al. 2003; Irwin et al. 2012; Hansen et al. 2016). Studies suggest that each 

parasitic sea lamprey is capable of killing 6.6-20.3 kg of prey fish, with greater prey mortality 

occurring at higher water temperatures (Bence et al. 2003; Swink 2003). In response to the 

damage done to the Great Lakes fisheries, a successful bi-national control effort has been put in 
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place by the governments of Canada and the United States of America (Heinrich et al. 2003; 

McLaughlin et al. 2003; Schleen et al. 2003; Siefkes 2017).  

 Larval sea lamprey, or ammocoetes, inhabit the substrate of their natal streams, preferring 

slow-flowing depositional zones with a soft, sand-silt substrate (Young et al. 1990; Fodale et al. 

2003; Slade et al. 2003; Dawson et al. 2015). Burrowed in the substrate, they filter feed on 

detritus, diatoms, and bacteria (Manion and McLain 1971; Sutton and Bowen 1994). The growth 

rate of ammocoetes is highly variable depending on a number of environmental factors, 

including temperature, ammocoete density, and stream productivity (Purvis 1980; Murdoch et al. 

1992; Dawson et al. 2015; Evans 2017). Ammocoetes must remain in the substrate until they 

have accumulated enough energy reserves to undergo the energetically costly process of 

metamorphosis. Due to the rearrangements which occur to the digestive system they are unable 

to feed during the metamorphic process, which can take several months; therefore, the age at 

metamorphosis is highly dependent on the rate of growth and lipid accumulation (Youson 2003). 

The relatively static distribution of ammocoetes, both geographically and temporally, make this 

life stage an ideal target for management actions (Morman et al. 1980; Dawson et al. 2015; 

Siefkes 2017).  

 Parasitic-phase sea lamprey have been recorded in a wide variety of habitats and 

conditions, ranging from freshwater to saltwater, depths up to 4099m, distances up to 815km off 

the coast, and water temperatures from -0.6 °C to 25 °C (Farmer et al. 1977; Haedrich 1977; 

Beamish 1980; Morman et al. 1980; Silva et al. 2014). The distribution of the parasitic juvenile 

life stage is highly dependent on the movements of its host, resulting in the exposure to these 

diverse environmental conditions. Once attached to prey, sea lamprey appear to prefer to remain 

attached for as long as possible; for example, under laboratory conditions sea lamprey have been 
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observed to feed on lake trout (Salvelinus namaycush) until the host is killed, up to 14.4 d, while 

in the wild a sea lamprey was observed attached to a Minke whale (Balaenoptera acutorostrata) 

for 87 consecutive days (Farmer et al. 1975; Nichols and Tscherter 2011). Therefore, juvenile 

sea lamprey may have a reduced capability to actively choose their environment, making the 

ability to tolerate a wide range of abiotic stressors important at this life stage to exploit each prey 

for as long as possible before detaching and seeking a new host. Sea lamprey ammocoetes also 

have a limited ability to choose their environmental conditions, being restricted within their natal 

stream system, and thus they also have a need to be resilient against environmental perturbations 

which may impact their homeostasis.  

Temperature plays a key role in multiple facets of sea lamprey life history. Under 

laboratory conditions, embryonic development requires stable temperatures between 15.6 °C and 

23 °C for the fish to develop into a burrowing larva (Piavis 1961; McCauley 1963; Rodríguez-

Muñoz et al. 2001). However, embryonic development has been recorded in streams with 

temperatures fluctuating from 10 °C to 18.3 °C (Manion and Hanson 1980), and 16.1-26.1 °C 

(Applegate 1950). There is also evidence that sex determination in sea lamprey is influenced by 

growth rate, which could in turn be influenced by temperature (Johnson et al. 2017). No study 

which has assessed lower thermal tolerance in sea lamprey ammocoetes was found, but they 

survive several years in stream sediment and so likely tolerate temperatures close to freezing, 

while their incipient upper lethal temperature has been estimated to be 31.4 °C in the laboratory 

(Potter and Beamish 1975), while their distribution in tributaries of the Great Lakes has 

historically been limited to those streams which have a maximum annual temperature of 31.1 °C 

(Morman et al. 1980). Ammocoete mean chronic (3 d) thermal preference has been estimated to 

be 13.6 °C (±0.17 °C) (Reynolds and Casterlin 1978), while acute preferences appear to shift 
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from 20.8 °C in the summer to 16.8 °C in the winter (Holmes and Lin 1994).  Evidence suggests 

that the initiation of metamorphosis is linked to the springtime rise in temperatures, while 

metamorphosis has an optimum temperature around 21 °C, and can proceed within the range of 

13-25 °C (Youson 2003). Post-metamorphic downstream migration has been strongly linked to 

stream temperature in the River Rhine, with the bulk of migration occurring in the spring at 

temperatures of 9 °C to 12 °C (Baer et al. 2018). Parasitic juveniles have been kept successfully 

in the laboratory at temperatures between 4 °C and 20 °C (Farmer et al. 1977), and have been 

observed at temperatures ranging from -0.6 °C to 22 °C (Beamish 1980; Morman et al. 1980), 

but upper thermal limits are unknown. Upstream spawning migrations are closely correlated with 

river temperature, beginning once stream temperatures exceed those of the lake or ocean, with 

peak migration occurring at ~15 °C (Applegate 1950; Beamish 1980; Morman et al. 1980; 

Binder et al. 2010).  Finally, spawning has been observed at temperatures from 10.0 °C to 26.1 

°C (Manion and Hanson 1980).  

As temperatures in the Great Lakes basin have increased over the past century (Austin 

and Colman 2007, 2008), and global temperatures continue to rise (Hodgkins et al. 2003; 

Hayhoe et al. 2007; IPCC 2014), it will be important to understand how species react to their 

new reality. Understanding how these warming conditions will affect sea lamprey is important 

for projecting future management requirements, as stakeholders from the Great Lakes seek to 

continue to control them while European managers are attempting to restore populations (Mateus 

et al. 2012; Cline et al. 2014). In the Great Lakes basin, warmer temperatures have been 

occurring earlier in the year, resulting in a corresponding shift in the timing of sea lamprey 

spawning migrations over the past ~40 years (McCann et al. 2018). Lake Superior has warmed 

significantly since 1980, which parallels an increase in lamprey size and feeding rate over the 
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same period (Cline et al. 2014). Knowledge of how these increasing temperatures will impact sea 

lamprey ammocoetes is important so that we can better predict whether warmer temperatures 

will encourage population growth or contraction at this life stage.  

In the only previous work examining the molecular response of sea lamprey to heat 

shock, Wood et al. (1998, 1999) found increases in HSP70 and HSP90 protein abundances in 

gill, liver, and intestine tissues following 1h of thermal shock in ammocoetes, metamorphic, and 

post-metamorphic sea lamprey. Unfortunately, the specific members of the HSP70 and HSP90 

families which were observed in this study are unknown, as they were identified by one-

dimensional gel electrophoresis. Wood et al. (1999) did demonstrate that sea lamprey require a 

relatively large increase in temperature to induce the CSR as compared to most teleosts, about 

13-16 °C above their acclimation temperatures (9 °C and 13 °C), indicating that lamprey may 

have a high resistance to thermal protein denaturation.  

A robust CSR may have also played a role in the apparent ease with which sea lamprey 

were able to colonize Lake Erie and the upper Laurentian Great Lakes following the expansion 

of the Welland canal in 1932 (Morman et al. 1980). Invasion theory predicts that successful 

invasive species will generally demonstrate greater plasticity than non-invasive species (Yeh and 

Price 2004; Parsons and Robinson 2006; Ghalambor et al. 2007). Wellband and Heath (2017) 

proposed that the differential success of two closely related species of invasive goby in the Great 

Lakes could be at least partly attributable to their abilities to alter gene expression in response to 

environmental stress. The relatively more successful round goby (Neogobius melanostomus) 

demonstrated a greater number of differentially expressed genes related to maintenance of 

homeostasis as compared to the tubenose goby (Proterorhinus semilunaris), a species with a 

restricted distribution in the Great Lakes, in response to a thermal challenge. Sea lamprey, 
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through a relatively high tolerance to abiotic factors, may then have been pre-adapted for 

successful invasion of the Great Lakes. 
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Chapter 2: Response in gene expression to an acute heat shock in an anadromous 

population of sea lamprey 

2.1 Abstract  

 How species respond to short-term thermal challenges can be used as a proxy to evaluate 

their overall thermal tolerance. RT-qPCR was used to evaluate the expression of several genes 

involved in the cellular stress response of sea lamprey (Petromyzon marinus), an invasive species 

in the Great Lakes which currently experiences temperatures up to ~30 °C in some larval-hosting 

streams. Larval sea lamprey acclimated to 5 °C, 13 °C, and 20 °C were exposed to thermal 

stresses of 26 °C and 2 °C below the acclimation-specific CTMax (~30.5 °C, 31.5 °C, 32.5 °C, 

respectively), for one and four hours. Sea lamprey rapidly upregulated an inducible transcription 

factor (JUN) 10 to 40-fold and important molecular chaperones (HSP90B1, SERPINH1A) 10 to 

100-fold. A recovery pattern was also observed in transcription factor expression following the 4 

h 26 °C exposure, where expression returned to control levels. These results indicate that 

acclimation-independent physiological thresholds may exist in larval sea lamprey, where the 

cellular stress response transitions first from typical homeostatic-maintenance to a mild stress 

response at ~26 °C, followed by another transition between 26 °C and ~30 °C to a more extreme 

cellular survival response. Due to climate change, the frequency of temperatures meeting and 

exceeding 30 °C will increase, potentially leading to a shift in sea lamprey larval distribution 

along the North American Atlantic coast.  
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2.2 Introduction   

Environmental temperature has a great influence on aquatic ectothermic species at all 

levels of biological organization, as their body temperatures closely parallel water temperature 

(Fry 1971; Hochachka and Somero 1971; Stevens and Sutterlin 1976; Somero 2010). Due to 

global climate change, marine and freshwater temperatures are expected to continue to rise in the 

future, which may pose a threat to aquatic ectotherms (IPCC 2014). Two factors which will 

dictate how species are ultimately impacted by increased temperatures are 1) species’ upper 

thermal limits, and 2) species’ capacity to adjust their thermal limits in response to thermal 

challenges (Stillman 2003; Somero 2010).  

Upper thermal tolerance estimates are commonly produced by the critical thermal 

maximum (CTMax) method, a non-lethal and fairly rapid procedure with a high degree of 

repeatability (Beitinger et al. 2000; Morgan et al. 2018). Measuring the change in CTMax over a 

range of acclimation temperatures (acclimation response ratio – ARR) can also provide an 

estimate of species’ acclimation ability (Beitinger et al. 2000; Stillman 2003; Comte and Olden 

2017). Most temperate freshwater fish previously studied have a CTMax ARR ~0.40 (range 

0.07-0.91) (Beitinger et al. 2000; Comte and Olden 2017).  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.1: 𝐴𝑅𝑅 =  
Δ𝐶𝑇𝑀𝑎𝑥

Δ𝐴𝑐𝑐𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
 

Another method of estimating species’ thermal tolerance limits and acclimation capacity 

is to investigate the response of organisms acclimated to different temperatures to various levels 

of sublethal thermal stress. The cellular stress response (CSR) is a defensive response to any 

stressor which has the potential to inflict macromolecular damage, including heat (Kültz 2005). 

The CSR can be directly measured by comparing relative gene transcript (mRNA) abundance at 
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different levels of heat shock through reverse-transcription quantitative polymerase chain 

reaction (qPCR) (Logan and Somero 2011; Logan and Buckley 2015; Komoroske et al. 2015; 

Jeffries et al. 2016, 2018). The CSR is tiered to the severity of the response, whereby a mild 

stress event will elicit a relatively mild response geared towards repairing minor macromolecular 

damage and preventing additional damage, primarily via upregulation of heat shock proteins 

(HSPs). A severe stress event producing irreversible cellular damage will elicit a severe 

response, ultimately resulting in programmed cell death (Lindquist and Craig 1988; Morimoto 

1998; Kültz 2005; Logan and Somero 2011; Jeffries et al. 2018). While the CSR acts along a 

spectrum, it is possible to define threshold levels of a stressor. In the case of thermal stress, 

specific temperatures may trigger response patterns which correspond to a mild, middling, or 

extreme response, allowing investigators to identify temperatures which, although not 

necessarily lethal, may have long-term fitness implications (Logan and Somero 2011; Jeffries et 

al. 2018). Multiple sublethal thermal thresholds were identified in the delta smelt (Hypomesus 

transpacificus) based on the pattern of gene expression involved in the CSR (Komoroske et al. 

2015; Jeffries et al. 2018). Unlike the CTMax, sublethal thresholds can identify temperatures at 

which species experience a mild stress from which they can recover relatively quickly, or 

temperatures which induce a severe response, and though not acutely lethal, may result in 

delayed recovery and ultimately reduced fitness (Jeffries et al. 2018).  

Acclimation history is hypothesized to have an impact on the temperatures required to 

initiate certain tiers of the CSR. Individuals acclimated to higher temperatures should only 

experience cellular stress at relatively higher temperatures than individuals acclimated to lower 

temperatures (Schulte et al. 2011). This can be quantified as the temperature at which certain 

suites of genes are significantly upregulated, termed the initiation temperature. In studies of the 
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heat shock response, this has traditionally been the temperature at which HSP mRNA or protein 

abundance increases (Wood et al. 1998; Buckley and Hofmann 2002; Logan and Somero 2011), 

but could also apply to genes involved in other tiers of the stress response. 

The aim of the present research was to evaluate the thermal tolerance of sea lamprey 

(Petromyzon marinus) ammocoetes, and to examine gene expression patterns from elements of 

the CSR. First, providing an estimate of the CTMax for this species at a range of acclimation 

temperatures was required, as this is a commonly used method to estimate upper lethal 

temperatures which is currently missing from the sea lamprey literature. It was expected that the 

CTMax would be slightly higher than the incipient lethal temperatures measured previously 

(Potter and Beamish 1975; Beitinger et al. 2000). Assessing CTMax at a range of acclimation 

temperatures also provided an estimate of their ARR, a measurement of acclimation capacity. 

Due to their broad thermal scope (~32 °C) and temperate habitat, it was expected that larval sea 

lamprey would demonstrate a similar acclimation capability as other temperate ectothermic fish 

species, measured as an ARR ~0.3-0.5. Second, expression patterns of selected genes from the 

CSR in response to different levels of acute heat shock via qPCR were assessed. Two acute heat 

shock temperatures, 26 °C and the acclimation-specific CTMax-2 °C, and two exposure 

durations, 1 h and 4 h, were assessed to evaluate the speed, magnitude, and tier of the stress 

response. Given their capability for withstanding environmental stressors, transcription patterns 

consistent with a robust stress response were expected, similar to those of other highly tolerant 

species. At the relatively mild stress temperature, it was predicted that HSPs would be 

upregulated, as has been previously found in this species at temperatures around 26 °C (Wood et 

al. 1999). At the more extreme temperature, it was expected that an upregulation of genes 

involved in more severe responses, including proteolytic enzymes, and transcription factors, in 
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addition to increased HSP expression would be observed. It was also expected that acclimation 

history would impact these responses – individuals acclimated to greater temperatures should 

show evidence of reduced cellular stress compared to those acclimated to lower temperatures. 

 

2.3 Materials and Methods  

2.3.1 Animal Collection and Holding  

Anadromous sea lamprey ammocoetes were collected over a 5 d period (June 12-16, 

2017) by backpack pulsed-DC electrofishing (LR-20B, Hoskin Scientific Ltd.) in tributaries of 

the Richibucto River, NB, Canada (Fig. 2.1). Animals were then transported to Wilfrid Laurier 

University, Waterloo, ON, sorted according to size, and transferred into 110 L acclimation tanks. 

Ammocoetes used in the present study were between 65 mm and 112 mm in length, with a mean 

(±SD) of 85.1 mm (±10.7 mm). The 390 anadromous ammocoetes were haphazardly distributed 

into three 110 L fiberglass aquaria, with approximately 10 cm of sand provided as a burrowing 

substrate and received a continuous flow of aerated well water (mean flow rates of 0.96 L min-1, 

2.80 L min-1, and 0.78 L min-1 in the cold, moderate, and warm tanks, respectively. Dissolved 

oxygen >75 % saturation). Ammocoetes were held under a 12 h light-12 h dark cycle and were 

fed a slurry of Baker’s yeast at a rate of 1 g animal-1 once per week. 

Each holding aquarium was designated as either cold, moderate, or warm, with target 

acclimation temperatures of 5 °C, 12 °C, or 19 °C, respectively. These temperatures are 

representative of a range of realistic temperatures experienced under natural conditions (Fig. 

2.2). Temperatures were achieved and maintained through a combination of either a chiller 

(Coralife) or heating rods (Eheim Jager Aquarium Thermostat Heater 100W), and the controlled 

flow of incoming water. Temperature was raised or lowered at a rate of approximately 1 °C day-
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1. The mean (±SD) temperatures of the acclimation conditions were 5.0 °C (±0.3 °C), 13.5 °C 

(±0.9 °C), and 20.3 °C (±1.5 °C). Maintaining the temperature in the warm acclimation tank was 

challenging due to fluctuations in the flow rate of the system. The acclimation period lasted a 

minimum of 16 d prior to experimentation. While both length and mass were greatest in the cold 

acclimation group (ANOVA: p=0.005, and p=0.007 respectively), no difference was detected in 

the condition factors between acclimation groups (ANOVA, p=0.7). 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.2: 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 𝐾 = 106(
𝑚𝑎𝑠𝑠 

𝑙𝑒𝑛𝑔𝑡ℎ3
) 

 

2.3.2 CTMax Procedure 

Three 2 L glass beakers were filled with ~10 cm of sand then topped to 1400 mL with 

water from the relevant acclimation tank. Long forceps were used to rake through the sediment 

in the acclimation tanks to flush out individual ammocoetes, which were collected and placed 

individually into a beaker, within a 60 L glass aquarium.  The cold, moderate, and warm 

acclimation groups had sample sizes of 15, 16, and 15, respectively. An airstone was placed into 

each beaker, a temperature probe was inserted into the sediment to record sediment temperature 

while minimizing disturbance to the burrowed ammocoete. Thirty minutes after introduction to 

the beaker, or once all ammocoetes were burrowed into the sediment (which typically occurred 

within a few minutes), 12 L of moderate water was added to the aquarium. Between three and six 

heating rods (number varied due to the wattage of individual rods), set to their maximum 

temperature were plugged in, and an aquarium pump was turned on. Beaker water and sediment 

temperature were recorded every 10 min, rising at a mean rate (±SD) of 0.16 °C min-1 (±0.03 °C 

min-1), with the rate slowing as the water temperature approached the heating bars’ maximum 
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temperatures. All sediment temperature probes were later standardized against the probe used to 

measure water temperature, and adjusted sediment temperatures are reported.  

 Temperatures were recorded for two different events; complete emergence from the 

sediment (i.e. the emergence temperature), and the CTMax. CTMax was determined by a lack of 

response to a series of three gentle tail pinches administered with a pair of forceps. At this point 

individuals were removed from the experimental beaker and mass and lengths were recorded. 

Larvae were then placed in a recovery beaker with moderate well water, an airstone, and 

polyester pillow stuffing to provide an artificial burrowing substrate and kept for observation for 

a minimum of 12 h. Recovery appeared to occur rapidly following re-introduction to the ~13 °C 

recovery beaker. Survivors were placed in another 110 L flow-through tank and not used for any 

subsequent experimentation. 

 

2.3.3 Thermal Challenge and Sampling Procedure  

Three thermal regimes were targeted; a handling control maintained as closely as possible 

to the acclimation conditions, a common stressor of 26 °C, and a common relative extreme 

stressor of 2 °C below the acclimation-specific CTMax. Actual measured exposure temperatures 

are shown in Table 2.1. Exposures lasted either 1 h or 4 h, with a typical sample size of 10 

ammocoetes (range 8-11) for each sampling period. 

Water from the relevant acclimation tank was used to fill 2 L glass beakers to 1400 mL, 

and an airstone and some polyester stuffing was provided as a burrowing substrate. In 

preliminary tests, sea lamprey ammocoetes did not react behaviourally to increasing 

temperatures when burrowed in polyester stuffing but did when allowed to burrow in a sand 
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substrate; therefore, polyester stuffing was used instead of sand in the gene expression trials. 

This reduced the likelihood of any behavioural responses which may have altered metabolic 

demands, or otherwise had an influence on gene expression patterns. Ammocoetes were 

collected from their acclimation tanks using a trawling method – dragging a wide-mouth net 

through the substrate in the acclimation tank and separating the ammocoetes from the substrate 

in the net. Ten ammocoetes were placed in each beaker, with two beakers placed inside each 60 

L glass aquarium. One beaker was designated as the 1 h exposure group, while the other 

contained the 4 h exposure group. Ammocoetes were given a 1 h habituation period to the 

beakers prior to the start of any experimental manipulation to allow them time to burrow into the 

polyester substrate and to reduce potential handling effects on their gene expression. 

Following the habituation period, the aquarium was filled with 12 L of moderate water. 

In the two thermal challenge regimes, an aquarium pump and three to five heating rods (number 

varied due to the wattage of individual rods) were plugged in. The heating rods were all set to 

their maximum temperature except one, set at the target temperature. This was done in order to 

mimic the heat ramp from the CTMax trials, but once the temperature was achieved, only one 

heating bar was required to maintain the temperature. Beaker water temperature was frequently 

monitored, and once the target was achieved adjustments were made as necessary to maintain the 

temperature as closely as possible to the target. The 1 h and 4 h exposure times began once the 

desired temperature was achieved, which generally took approximately 1 h. The handling control 

group was treated in the same manner as the others up to the end of the beaker habituation 

period. The aquarium temperature was then brought as close as possible to the acclimation 

temperature, using moderate water, ice, and room-temperature water. The handling control 

groups were given a 1 h mock warm-up period to ensure consistency across treatments. 



23 
 

Therefore, total time spent by ammocoetes in the experimental setup varied from 3 h to over 6 h. 

Three aquaria were run simultaneously, one at each thermal regime, with staggered start times to 

allow time for sampling. In this way, all six unique treatments were completed for each 

acclimation group in a single day. All thermal challenges were completed over consecutive days. 

Due to a high mortality rate in the initial warm-acclimation, 4 h CTMax-2 °C treatment (60 % 

mortality), this exposure was repeated the following day (30 % mortality), and results were 

pooled. 

Following the completion of the experimental exposure, the relevant beaker was removed 

from the water bath, and the 10 ammocoetes were placed in a lethal dose of MS-222 (1.5 g L-1, 

buffered with 3 g of NaHCO3). Following mass and length measurements, ammocoetes were 

placed on ice in preparation for dissection. Intestine and liver tissues were removed from each 

individual and placed in 0.5 mL of RNAlater (Thermo Fisher). Dissections were completed as 

rapidly as possible to reduce any potential RNA degradation. Tissue samples were kept at 4 °C 

for 24 h, and then stored at -80 °C. Tissue samples were transported from Wilfrid Laurier 

University to the University of Manitoba, Winnipeg, MB, on dry ice and stored at -80 °C upon 

arrival. Ten individuals were sampled directly from the acclimation tanks before the thermal 

challenges began, and again after all were completed. These individuals were euthanized in MS-

222 immediately and followed the same sampling technique as previously described.  

  

2.3.4 RNA Extraction and cDNA Synthesis  

Total RNA was extracted from tissue samples using the PureLink RNA Mini Kit 

(Thermo Fisher, Cat. #12183025), according to the manufacturer’s instructions with some minor 

modifications described here. The tissue sample was thawed on the bench and placed into a 
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round-bottom 2 mL homogenization tube with 0.6 mL of provided homogenization buffer and a 

sterile metal bead. Tissues were placed in a TissueLyser LT (Qiagen, Cat. #85600) set to 

maximum speed for between 2 min to 8 min, depending on the tissue type. The resulting 

homogenate was spun down for 2 min at maximum speed on a centrifuge (MicroCL 21, Thermo 

Fisher, Cat. # 75002466) to concentrate any solid pieces of tissue at the base of the tube. 

Following centrifugation, 350 µL of liquid homogenate was removed and mixed with 350 µL of 

70 % ethanol in RNase-free water. All 700 µL of this mixture was then placed in a spin column 

and spun down for 1 min at maximum speed. The flow-through was discarded, 700 µL of wash 

buffer I was added to the spin column, and the spin column was gently shaken to rinse the walls 

and lid of the column with wash buffer I. The column was then centrifuged at maximum speed 

for 1 min, and the flow-through was discarded. 500 µL of wash buffer II was then added to the 

spin column, which was again gently shaken to rinse the interior with wash buffer II and 

centrifuged for 1 min at maximum speed, and the resulting flow-through was discarded. This 

wash step was performed twice. The empty column was then spun down in the centrifuge for 2 

min at maximum speed to dry any remaining buffers from the membrane. 30 µL of ultrapure 

water heated to 60 °C was then placed onto the membrane and allowed to incubate at room 

temperature for 1 min before being spun down for 2 min at maximum speed. 

 RNA quantity and quality were assessed on a NanoDrop One (Thermo Fisher, Cat. # ND-

ONE-W), then on a 1 % agarose gel using SYBR safe (Thermo Fisher, Cat. # S33102) and an 

ultraviolet transilluminator. All RNA samples demonstrated a 260/230 absorbance ratio between 

1.24 and 2.47 (mean = 2.18), and a 260/280 absorbance ratio of 2.05 – 2.26 (mean = 2.14). 

Concerns regarding some samples’ low 260/230 absorbance ratios were allayed by outlier 

analysis on the final dataset, visually via boxplots and statistically via Dixon Tests. These 
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demonstrated that none of the samples with low 260/230 ratios were outliers in the qPCR 

analyses; therefore, they were retained in the analysis. RNA samples were stored at -80 °C.  

 Complementary DNA (cDNA) was produced using a Maxima First Strand cDNA 

Synthesis Kit for RT-qPCR with dsDNase (Thermo Fisher, Cat. #K1672), according to 

manufacturer’s instructions. An appropriate volume of sample was added to bring the total RNA 

content of each reaction to 1000 ng. A corresponding volume of ultrapure water was added to 

each reaction to bring the total volume to 8 µL, then 1 µL each of the 10x dsDNase buffer and 

the dsDNase enzyme solution was added to each well to bring the total reaction volume to 10 

µL. The 96-well plate was then covered and spun down briefly before being placed in a 

SimpliAmp Thermal Cycler (Thermo Fisher, Cat. # A24811) for a 2 min incubation at 37 °C. 

The plate was then spun down again briefly and placed on ice, then 10 µL of a master mix of two 

parts ultrapure water, two parts 5x Reaction Mix, and one-part Maxima Enzyme Mix was added 

to each reaction. This was followed by another brief centrifuge of the plate and incubation in the 

thermocycler for 10 min at 25 °C, 30 min at 50 °C, 5 min at 85 °C, and a hold at 4 °C. 280 µL of 

ultrapure water was then added to each well to dilute the cDNA to an appropriate level for use in 

subsequent qPCR. cDNA plates were stored at -20 °C. 

 

2.3.5 Primer Design  

Gene sequences for both reference genes and genes of interest were downloaded from the 

Ensembl database for sea lamprey (Zerbino et al. 2018). Annotations of some sequences used 

here were altered in more recent releases after primers were designed. Gene names for the 

sequences used have been updated to reflect the most current Ensembl release (v.95). Primers 

were designed following the protocol by(Thornton and Basu 2015; Table 2.2). Briefly, primer 
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sequences were produced for each target sequence using both Primer3Plus version 2.4.2 

(Untergasser et al. 2012) and NCBI Primer-BLAST (Ye et al. 2012) online tools, and evaluated 

for both predicted amplicon secondary structures and predicted primer self and cross structures 

using the IDT UNAFold (Owczarzy et al. 2008) and Premier Biosoft Beacon Designer (Free 

Edition) online tools. Primers were ordered from IDT (Coralville, Iowa, USA), suspended to 100 

mM in ultrapure water and stored at -20 °C. 

 

2.3.6 qPCR Protocol  

qPCR reactions were assembled using Maxima SYBR Green qPCR Master Mix (Thermo 

Fisher, Cat. # K0252). Forward and reverse primers for each target sequence were diluted into a 

single 6 µM solution, and diluted cDNA samples were thawed on ice. The background reporter 

ROX was added to the SYBR Green Master Mix at a ratio of 2.5 µL ROX per 1250 µL of SYBR 

Green Master Mix. A master mix for each gene was created with six parts SYBR Green Master 

Mix with added ROX, and one-part 6 µM forward and reverse primer solution. The master mix 

was kept on ice in the dark until ready for use. 5 µL of cDNA sample was added to each reaction 

well on a 384-well plate. Three no template control samples (ultrapure water) and three pooled 

cDNA samples were also used for each gene on each plate, to verify a lack of reagent 

contamination and for use as inter-run calibrators, respectively. A reverse transcriptase negative 

control was not used, as a double-stranded DNAse treatment was performed during cDNA 

synthesis; therefore, it was assumed that no double stranded DNA was present. The plate was 

then briefly centrifuged before each reaction received 7 µL of the appropriate master mix, 

bringing the total reaction volume to 12 µL. Following another brief centrifugation, plates were 

loaded into a QuantStudio 5 Real-Time PCR System (Thermo Fisher, Cat. # A28140). qPCR 
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plate layouts and cycling conditions were designed using the QuantStudio Design and Analysis 

Software v1.4.2 (Thermo Fisher). The following cycling parameters were used: 10 min at 95 °C, 

followed by 40 cycles of 15 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C, and finally a melt curve 

stage consisting of 15 s at 95 °C, one min at 60 °C, and a slow increase back to 95 °C at a rate of 

0.075 °C s-1 with continuous data collection. Three genes were run over two 384-well plates for 

each tissue, while JUN had all samples of a single tissue run simultaneously on the same plate. A 

haphazard subset of PCR products were examined on a 1 % agarose gel with SYBR safe to 

confirm size of amplicons matched predicted size. 

 

2.3.7 qPCR Data Analysis  

qPCR data was first inspected using the QuantStudio software to check for any run errors 

such as multiple melt curves, evaporation from any wells, contamination of the negative template 

control samples, etc. Expression of genes of interest was calculated by the 2-ΔΔCt method (Livak 

and Schmittgen 2001). Raw cycle threshold (Ct) values were then analyzed following the 

framework of normalizing to three reference genes, with some modifications to include the use 

of an inter-run calibrator (Hellemans et al. 2007). All statistical tests were performed in R v3.2.3 

(R Core Team 2018). A normalization factor (NF) for each sample was subsequently calculated 

by dividing the geometric mean of the RQs of all three reference genes for a sample by the 

geometric mean of all RQs of all reference genes for all samples on plate A. The normalized 

relative quantity (NRQ) of gene A for each sample was then calculated by dividing the RQ by 

the NF. To measure variation in the reference genes, the coefficient of variation (CV) was 

calculated for each reference gene on plate A by dividing the standard error of the mean of the 

gene A NRQs by the mean of the gene A NRQs on plate A. CV is generally below 25 % for 
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stably expressed reference genes (Hellemans et al, 2007). The CV for reference genes used in the 

present study were all <22 % (mean CV = 15.9 %).  

 Genes of interest followed a similar normalization procedure. The minimum Ct value of 

each gene from that plate was subtracted from each samples’ raw Ct value to give a minimum 

corrected ΔCt value. The resulting value was used to calculate the RQ of transcript by the 

equation 2-ΔCt. Using the sample-specific NF calculated from the reference genes, the gene of 

interest NRQ was calculated by dividing the RQ by the NF. Inter-run calibrators were then used 

to normalize results for the same gene between plates, using methods similar to the calculation of 

the NF. The geometric mean of gene A, plate A inter-run calibrator NRQs was divided by the 

geometric mean of gene A inter-run calibrator NRQs on both plates A and B to give the 

calibration factor (CF) for gene A on plate A. Calibrated normalized relative quantities (CNRQ) 

of gene A was obtained by dividing the NRQ of gene A by the CF for gene A. These were then 

log2-transformed and grouped into experimental treatments. Finally, the log2 CNRQ value for 

each sample was normalized against the mean log2 from samples taken directly from the 

moderate acclimation tank by subtracting the latter from the former, giving a ΔΔCt value. 

Statistics were run on these values after multiplying by -1, while figures were produced with the 

relative fold-change, calculated as 2-ΔΔCt. 

 Two-way type-III ANOVAs were performed for each gene target, using the three 

acclimation levels and three experimental levels as the two factors. A separate analysis was 

performed on each treatment duration, using an alpha of 0.05 for statistical significance. A priori 

contrasts were identified prior to testing the model to examine differences between acclimation 

groups within experimental treatments, and between experimental treatments within acclimation 

groups to the handling control. Due to the large number of tests (18), a Bonferroni correction was 
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applied to the p-values for the contrasts, thus an adjusted alpha of <0.0028 was used for 

statistical significance. Relative gene expression was also analyzed between samples taken 

directly from the acclimation tanks and the 1 and 4 h handling control treatments. These were 

analyzed via two-way ANOVAs for each gene as well, with 12 a priori defined contrasts 

between treatment durations within acclimation groups and between acclimation groups within 

the acclimation sampling point. Again, a Bonferroni correction was applied to p-values for the 

contrasts, thus an alpha of <0.0042 was used. Principal component analyses (PCA) were 

conducted on expression data from all genes of interest from all experimental treatments to 

examine overall trends in each tissue.  

 

2.3.8 Potomac River Temperature     

 Daily thermal data from a historically ammocoete-bearing tributary (Beamish 1980), the 

Potomac River, were compiled to examine annual thermal characteristics (Fig. 2.2). Daily mean 

water temperature data recorded by a probe 0.3m from the river substrate between 2006 and 

2017 was acquired from the United States Geological Survey’s (USGS) National Water 

Information System database. Annual thermal data was superficially examined for completeness, 

and years which appeared to be missing substantial data as well as all provisional data were 

discarded. 
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2.4 Results  

2.4.1 CTMax  

Mean CTMax (±SEM) of the cold, moderate, and warm acclimation groups were 32.5 °C 

(±0.2 °C), 33.4 °C (±0.1 °C), and 34.4 °C (±0.1 °C), respectively, corresponding to an ARR of 

0.12, while mean sediment temperatures at emergence were 31.6 °C (±0.3 °C), 33.0 °C (±0.2 

°C), and 33.5 °C (±0.2 °C), respectively (Fig. 2.3). CTMax data demonstrated a significant 

difference between acclimation groups (ANOVA; F=60.17, p<0.0001), and a priori defined 

contrasts revealed differences between the cold and moderate acclimation groups (t=-5.05, 

p<0.0001), and the moderate and warm acclimation groups (t=-6.17, p<0.0001). ANOVA of the 

emergence results also uncovered a significant difference between acclimation groups (F=17.12, 

p<0.0001), while a priori contrasts revealed significant differences between the cold and 

moderate acclimation groups (t=-4.10, p=0.0002), but no significant difference between the 

moderate and warm acclimation groups (t=-1.53, p=0.13).  

 

2.4.2 Gene Expression  

Handling controls vs acclimation samples 

Gene expression of the handling control treatments after 1 and 4 h were compared with 

samples taken directly from each acclimation tank (Appendix A: Fig. A.1, A.2). Relative to 

acclimation samples, JUN transcript expression rose significantly in the cold acclimation group 

after 4 h in both liver (t=-3.03, p=0.04) and intestine (t=-5.29, p<0.0001), and after 1 h in the 

intestine (t=-4.16, p=0.0009). An increase was also observed in JUN transcript expression in the 

intestine samples from the moderate acclimation group following a 1 h handling control (t=-4.63, 

p=0.0002). MMP2 expression in intestine decreased significantly from acclimation samples in 
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the 4 h moderate (t=3.413, p=0.01) and warm (t=3.07, p=0.04) acclimation groups, and was also 

expressed lower in the 1 h moderate acclimation group relative to the acclimation samples 

(t=3.348, p=0.01). 

 

Transcription factors 

Of the three transcription factors selected for this study, only JUN demonstrated a 

significant increase in expression following the acute heat shock treatments (Fig. 2.4 E, F; Fig. 

2.5 E, F; Tables 2.3, 2.4). Expression of JUN increased rapidly in both tissues following 1 h of 

heat shock at the common 26 °C stressor, tiered to the acclimation history (the cold group 

demonstrated the greatest increase, followed by the moderate group, while the warm group 

displayed a negligible increase), but displayed a recovery to basal expression levels following 4 

h exposure to the 26 °C treatment. Meanwhile, no such recovery in expression is observed 

following 4 h at the extreme CTMax-2 °C stressor in liver tissue, suggesting that the JUN 

pathway is very much still a necessary component of the extreme heat stress response. A 

decrease in expression is noted in the intestine following 4 h at the extreme CTMax-2 °C 

treatment. 

Expression of HSF1 remained relatively stable after 1 h in both tissues, while a general 

trend of decreasing expression with treatment severity was observed following 4 h of heat shock 

(Fig. 2.4 C, D; Fig. 2.5 C, D; Tables 2.3, 2.4). There was also no evidence of hypoxic stress 

during any treatment, as EPAS1B expression remained unchanged throughout the exposures, 

although it should be noted that there was a clear segregation based on acclimation history, with 

the cold group generally displaying the lowest expression level, and the warm group generally 

with the greatest expression (Fig. 2.4 A, B; Fig. 2.5 A, B; Tables 2.3, 2.4). 
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Molecular chaperones 

A classic heat shock response was observed in the expression of HSP90B1, with an 

upregulation in response to increasing thermal stress (Fig. 2.6 A, B; Fig. 2.7 A, B; Tables 2.3, 

2.4). The cold-acclimated group demonstrated no change in HSP90B1 expression following the 1 

h exposures in either tissue as compared to the handling control, while the warm and moderate 

acclimation groups demonstrated significant upregulation after 1 h in the face of a relatively 

lower temperature increase (26 °C vs. 12 °C temperature increase). It should be noted, however, 

that HSP90B1 expression was greatest in the cold-acclimation group in both the handling control 

and 26 °C treatments after 1 h. After 4 h, liver tissue expression increased more in the 26 °C 

treatment than the CTMax-2 °C treatment relative to the handling control. Meanwhile in the 

intestine, following 4 h of heat shock, HSP90B1 expression increased with treatment severity. 

HSP90B1 expression in the warm acclimation group was only upregulated in the CTMax-2 °C 

treatment following 1 h exposure, and no change in expression was observed in the cold 

acclimation group (Fig. 2.6, 2.7; Tables 2.3, 2.4). Meanwhile the moderate acclimation group 

demonstrated a two and three-fold increase in response to the 26 °C treatment in intestine and 

liver tissue, respectively, and a four and 10-fold upregulation in response to the CTMax-2 °C 

treatment. Following 4 h the liver expression levels are similar across acclimation groups, with 

upregulation of 23 to 30-fold observed in the 26 °C treatment and 11 to 16-fold upregulation in 

the CTMax-2 °C treatment.  

The response of HSPA9 was muted, especially in the intestine which revealed no 

treatment effect (Fig. 2.6 C, D; Fig. 2.7 C, D; Tables 2.3, 2.4). In liver tissue following the 4h 

exposures, a peak in expression is observed in the 26 °C treatment from both the cold and 
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moderate acclimation groups, while the CTMax-2 °C treatment shows no difference with the 

handling control.  

SERPINH1A displays an acclimation-dependent response in expression to the different 

heat shock treatments (Fig. 2.6 E, F; Fig. 2.7 E, F; Tables 2.3, 2.4). Tissue samples taken directly 

from the acclimation tanks demonstrate significant differences in expression, with obvious 

upregulation in the warm acclimation group, and low expression levels in the cold group 

(Appendix A: Fig. 2). Following the 1 h treatments of heat shock the cold and moderate groups 

displayed dramatic upregulation with the treatment temperature, while SERPINH1A expression 

in the warm group rose only moderately with stress severity. Following 4 h of treatment, all 

acclimation groups have dramatically upregulated SERPINH1A expression with treatment 

severity, but the warm group still lags significantly behind the others. 

 

Proteolytic enzymes 

MMP2 expression remained steady across nearly all treatments (Figs. 2.8, 2.9; Tables 2.3, 

2.4). Significant upregulation compared to the handling control in the cold acclimation group 

occurs following 1 h at the CTMax-2 °C treatment in liver tissue. 

 

Principal components analysis  

 The PCA evaluating overall liver gene expression patterns revealed responses to 

treatment severity along both PC1 (34.3 % variance explained) and PC2 (19.2 % variance 

explained), and acclimation-specific responses along PC2 (Fig. 2.10). Handling control 

treatments were negatively correlated to PC1, while CTMax-2 °C treatments were positively 
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correlated. The cold acclimation group follows similar patterns overall as the other two but is 

shifted positively along PC2. The loading plot indicates that EPAS1B, HSPA9, and MMP2 

expression have the greatest impact along PC2, and these tended to be differentially expressed in 

the cold acclimation group relative to the others (Fig 2.10 inset).  

 The PCA performed on intestine gene expression data similarly shows a response pattern 

to treatment severity along both PC1 (32.9 % variance explained) and PC2 (25.1 % variance 

explained), but no consistent separation based on acclimation is apparent (Fig. 2.11). Again, 

handling controls are negatively correlated to PC1, and CTMax-2 °C treatments are positively 

correlated. The CTMax-2 °C 4 h treatment also shows a negative correlation with PC2 in the 

moderate and cold acclimation groups. 

 

2.5 Discussion  

 From the present investigation, three main conclusions may be inferred. First, sea 

lamprey ammocoetes can rapidly and dramatically differentially regulate important elements of 

the CSR in response to an acute thermal stressor, and in accordance with the severity of the 

stressor. Second, sea lamprey ammocoetes appear to have a limited ability to thermally acclimate 

relative to other fish species, as the mild difference in CTMax across acclimation temperatures 

and correspondingly low ARR attest. Also, differences in mRNA expression patterns in the suite 

of genes examined here across acclimation groups were predominantly observed following the 

short 1 h exposure, with few differences observed following 4 h. Finally, based on the expression 

patterns of the genes in response to the temperatures used here, physiological thresholds appear 

to exist at ~24 °C – 26 °C and between 26 °C and ~30 °C, at which the cellular processes 



35 
 

involved in the stress response initiate, and then shift to a severe stress response, respectively. 

Again, these physiological thresholds appear to be acclimation-independent. 

 

2.5.1 CTMax and Acclimation Response Ratio    

In the present study, acclimation temperature played a smaller role in thermal tolerance 

than expected, as sea lamprey demonstrated an ARR of 0.12, increasing their CTMax from 32.5 

°C to 34.4 °C over a 15.3 °C increase in acclimation temperature. This result is in contrast to 

most temperate fish species previously studied, which possess ARRs between ~0.3 and ~0.5 (Fry 

1971; Beitinger et al. 2000; Fangue et al. 2006; Logan and Somero 2010; Healy and Schulte 

2012; Zhang and Kieffer 2014; Komoroske et al. 2014; Comte and Olden 2017; Rodgers et al. 

2019; W. Bugg, pers. comm.), although exceptions do exist such as the Amargosa River pupfish 

(Cyprinodon nevadensis amargosae) with an ARR of 0.13 (Feldmeth et al. 1974). This pupfish is 

endemic to Death Valley, California, and is adapted to significant diel and annual fluctuations in 

temperature, with daily temperatures ranging from 9.5 °C – 12.8 °C in winter months to 27.0 °C 

– 42.0 °C in the summer (Shrode 1975). This species also displays one of the greatest CTMax 

values recorded among fish species at 43.3 °C (Feldmeth et al. 1974), and as Comte and Olden 

(2017) demonstrate, species which tolerate the greatest temperatures tend to have a reduced 

ability to shift their CTMax via acclimation, which may help to explain this exception.  

Previously, a low ARR has been noted on the acute preferred temperature of sea lamprey 

ammocoetes (0.19), relative to other fish species (0.41-0.84; Holmes and Lin 1994). Meanwhile, 

investigations on incipient lethal temperatures across various acclimation temperatures in sea, 

brook (Lampetra planeri), and pouched lamprey (Geotria australis) ammocoetes have all found 

limited changes in response to acclimation temperature, with ARR values of 0.08, 0.05-0.1, and 
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0.05, respectively (Potter and Beamish 1975; Macey and Potter 1978). These authors also noted 

the low influence of acclimation temperature on the incipient lethal temperature, considering that 

most other fish species studied until that time tended to have incipient lethal temperature ARRs 

around 0.33 (Fry 1971), mirroring those measured in the CTMax experiments involving 

temperate fishes. Making meaningful comparisons of this response across a variety of species 

from a wide range of thermal backgrounds is difficult; however, the fact that all lampreys appear 

unable to adjust their upper thermal limit according to their acclimation history implies that the 

ability to thermally compensate through acclimation has been reduced in the Petromyzontida. 

Alternatively, it could also be a derived trait of the jawed fishes which was subsequently lost in a 

few lineages. A review of the plasticity of upper thermal tolerance across 82 freshwater fish 

species within 27 families of jawed fishes found upper thermal tolerance to be correlated to 

thermal habitat, while ARR was uncorrelated with habitat thermal conditions but related to 

phylogeny (Comte and Olden 2017). The present study represents an outgroup for the Comte and 

Olden (2017) review, which used shortnose sturgeon (A. brevirostrum) as their outgroup. It 

would be informative to examine the ARR of representatives from other early branches of the 

chordates (lancelets, ascidians, salps, hagfish) to evaluate and compare their acclimation 

capacity.  

A previous investigation into thermal tolerance of sea lamprey larvae indicated that a 

gradual increase in temperature (daily increase of 0.3 °C – 0.5 °C) begins to elicit larval 

emergence from the sediment at 30 °C in individuals acclimated to 25 °C, while the same 

experiment demonstrated 100 % mortality by 32.3 °C (Potter and Beamish 1975). In the present 

study, sediment temperature was recorded at the moment of complete ammocoete emergence to 

quantify a behavioural response similar to an agitation temperature, as defined in McDonnell and 
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Chapman (2015). Sea lamprey ammocoetes tended to emerge from the substrate during a rapid 

increase in temperature within ~1 °C of their CTMax temperature, and franticly swim around the 

beaker presumably looking for a thermal refuge. On occasion, they would reburrow moments 

later at sediment temperatures near or over 30 °C, similar to behavioural reports from Potter and 

Beamish (1975). The limited number of acclimation temperatures evaluated here makes it 

difficult to elucidate a pattern; however, based on the data available, emergence temperature 

appears to begin to plateau with an increase in acclimation temperature. It is possible if another 

acclimation group was added at a greater temperature, 25 °C for example, that emergence 

temperature may continue the same trajectory and be comparable to that observed in the warm 

group here, continuing to diverge from the CTMax temperature.  

Interpretation of the emergence responses recorded here must be done with caution, 

however, as this behaviour was only noted during the CTMax trials when ammocoetes were 

provided with sand as a substrate – no agitation behaviour was observed in the gene expression 

exposures or preliminary CTMax trials when polyester stuffing was provided as a burrowing 

substrate, including those which reached temperatures of 32.5 °C, resulting in ammocoete 

mortality. The polyester tended to float near the surface, had constant aeration from an airstone 

underneath, and would have warmed at the same rate as the surrounding beaker water, while the 

sand substrate warmed faster than the beaker water and may have been more oxygen-limiting. 

Therefore, emergence from the sediment may have been a result of a small thermal or oxygen 

gradient between the sediment and the relatively cooler, likely oxygen-richer beaker water, rather 

than an escape response due to temperature alone. It should also be considered that in a 

streambed under natural conditions a strategy employed by ammocoetes to escape thermal stress 

could be to burrow deeper into the substrate, rather than emerging, exposing themselves to 
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potential predation and expending energy by swimming to find a thermal refuge. In that case, 

thermal and oxygen gradients would also be present, with both variables decreasing as substrate 

depth increases. Therefore, burrowing deeper may be an effective short-term strategy for 

escaping thermal stress, but would be ineffective if stressful conditions persist. Also, just as the 

CTMax method can overestimate upper thermal limits, it may have overestimated the initiation 

temperature of the agitation response. According to the present data, the response is not initiated 

until temperatures close to the CTMax, at which point escaping without fitness consequences 

may prove difficult. Therefore, this behavioural response may be a desperate “last-ditch” attempt 

to escape stressful situations, and not a routine response to stressful conditions. 

 

2.5.2 Gene Expression Response to Acute Thermal Shock      

 Of the transcription factors examined here, JUN transcripts demonstrated the most drastic 

differential regulation, increasing ~20 to 45-fold following 1 h of the extreme CTMax-2 °C 

treatment, and ~4 to 9-fold in the 26 °C treatment. This was followed by a recovery pattern after 

4 h exposed to the 26 °C treatment, while the CTMax-2 °C treatment held steady at a ~34-36-

fold upregulation. It should be noted that this gene was sensitive to handling, displaying 

significant upregulation in the handling control compared with samples taken directly from the 

acclimation tanks; therefore, the treatment effect may be overestimated here. The recovery 

pattern observed at the lesser 26 °C stressor indicates that the JUN product synthesized by the 

rapid upregulation observed at 1 h was adequate to respond to the acute thermal stress, and 

consequently by 4 h excess JUN expression was no longer necessary. This is especially 

remarkable in the cold-acclimated group, which following a 4 h exposure to a 21 °C increase in 

temperature have no further need to activate downstream pathways influenced by JUN.  
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Meanwhile, in response to the extreme stressor, JUN pathways remain crucial for the response in 

liver tissue but less so in the intestine, as expression levels decreased from 1 to 4 h. These results 

concur with previous studies on the response of JUN expression to heat shock in delta smelt and 

Chinook salmon (Oncorhynchus tshawytscha)  (Tomalty et al. 2015; Komoroske et al. 2015; 

Jeffries et al. 2016).  

Among the many downstream pathways JUN influences, it plays a role in cell cycle 

progression at the G1 to S transition and can prevent cells from undergoing apoptosis (Wisdom 

1999; Schreiber et al. 1999). Therefore, the differential JUN expression revealed in the present 

study may suggest that upon initial acute heat shock, even to a relatively minor thermal stress (26 

°C), sea lamprey alter the regulation of the cell cycle in both liver and intestine cells and prevent 

apoptosis. JUN expression returns to basal levels after 4 h at 26 °C, but the increased expression 

observed in the first hour could be a response to the heat ramp rather than the final temperature 

achieved. In the face of an extreme stressor (e.g. CTMax-2 °C), an increase in molecular 

chaperones alone may not be sufficient to cope with the thermal stress, and therefore JUN-

mediated pathways continue to be exploited following the end of the heat ramp. 

Both HSP90B1 and SERPINH1A demonstrated significant upregulation in liver and 

intestine, with the magnitude of upregulation proportional to the change in temperature. 

Acclimation history made a temporal impact on their expression, as the warm-acclimation group 

did not upregulate expression of these chaperones after 1 h at 26 °C, but upregulation was 

apparent after 4 h. These results for HSP90B1 agree with similar investigations in a wide variety 

of other fish species, including pink (O. gorbuscha), sockeye (O. nerka), Chinook, and Atlantic 

salmon (Salmo salar), zebrafish (Danio rerio), common carp (Cyprinus carpio), goldfish 

(Carassius auratus), hybrid channel (Ictalurus punctatus) and blue catfish (I. furcatus), and 
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longjaw mudsucker (Gillichthys mirabilis) (Wang et al. 2007; Logan and Somero 2011; Long et 

al. 2012; Liu et al. 2013; Jeffries et al. 2014; Tomalty et al. 2015). However, the magnitude of 

the response (i.e. the fold-change in expression) is greater in the present study relative to these 

other investigations. For example, the greatest increase in longjaw mudsucker HSP90B1 

expression occurred in the group acclimated to 19 °C following exposure to a constant heat ramp 

sampled at 39 °C and was upregulated approximately 4-fold (Logan and Somero 2011), 

compared with the approximately 30-fold upregulation presented here. The dramatic, 100-fold 

upregulation of SERPINH1A observed here has also been observed in rainbow trout (O. mykiss) 

in a similar study (Wang et al. 2016), while the lower magnitude of response has been recorded 

in similar investigations on sockeye, pink, and Chinook salmon, delta smelt (Hypomesus 

transpacificus), rainbow trout, and catfish, providing further evidence that SERPINH1A is a 

strong indicator of heat stress in fish (Jeffries et al. 2012, 2014; Liu et al. 2013; Tomalty et al. 

2015; Komoroske et al. 2015; Verleih et al. 2015; Tan et al. 2016). Upregulation of SERPINH1A, 

along with seven other specific genes, has recently been proposed as a sensitive molecular 

biomarker indicating chronic thermal stress in fish (Akbarzadeh et al. 2018), and the 

differentiation observed here in the handling control treatment suggests these same genes may be 

applicable for sea lamprey ammocoetes as well.    

An interesting point to note is that the cold acclimation group demonstrated no significant 

change in HSP90B1 expression following 1 h in either tissue in response to either stress 

treatment. It was, however, expressed in both the liver and intestine at a greater level than both 

the moderate and warm acclimation groups in the handling control and it was expressed at a 

greater level than the warm acclimation group in the 1 h 26 °C treatment. This suggests that 

HSP90B1 may be upregulated in response to chronic exposure to 5 °C in sea lamprey. In 
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Drosophila, exposure to a cold shock has been found to increase heat tolerance (Sejerkilde et al. 

2003), and a similar stress-hardening effect could be at play here. Threespine stickleback 

(Gasterosteus aculeatus) exposed for nine weeks to 8 °C demonstrate higher HSP90 protein 

abundance relative to a 20 °C treatment group (Teigen et al. 2015). A relative abundance of 

HSP90 product already present in the cold acclimation group may have buffered the response to 

an acute heat shock during the first hour, making additional HSP90B1 transcription unnecessary. 

HSF1 is kept in an inactive monomer by chaperone proteins, including HSP70 and HSP90, 

preventing HSF1 from forming its active trimer and binding the heat shock element, promoting 

transcription of other heat shock proteins (Morimoto 1998; Young et al. 2001; Li et al. 2017). 

Those HSPs preventing the formation of the active HSF1 complex disassociate with the HSF1 

monomers in the presence of denatured proteins; therefore, a relatively greater basal expression 

of HSP90B1 could suppress additional HSP90B1 expression by maintaining a greater ratio of 

HSF1 in its inactive monomer state at relatively higher temperatures. After 4 h, the buffering 

effect of the extra HSP90B1 may no longer be sufficient to respond to the stressor, and HSF1 

monomers have been released by HSP90B1 allowing the formation of the active HSF1 trimer, 

resulting in HSP90B1 transcription to be upregulated in earnest. This pattern seems to 

corroborate the results of Wood et al. (1999) that found an increase in acclimation temperature 

from 9 °C to 13 °C resulted in a lowering of the initiation temperature of HSP90 protein 

synthesis. The thermal preference of sea lamprey ammocoetes according to a choice experiment 

lies between 13.6 °C and 14.5 °C (Reynolds and Casterlin 1978), and therefore it is possible that 

at 9 °C, sea lamprey experience some mild cellular stress, causing constitutively expressed 

HSP90 to be present at a greater basal level compared to the 13 °C group, buffering the need to 

produce more HSP90 until exposure to a relatively greater heat shock.  
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A similar response is observed in SERPINH1A expression in the warm acclimation 

group. Basal expression was greatest in the warm group and expression increases only slightly in 

response to the CTMax-2 °C treatment following 1 h, while dramatic upregulation is observed in 

response to both 26 °C and CTMax-2 °C treatments after 4 h. Again, this is likely due to greater 

expression in response to the chronic 20 °C exposure, leading to a shielding of any immediate 

protein denaturation in the first hour of acute heat shock, but requires an additional increase in 

expression to cope with a prolonged exposure to the thermal stressor.  

Generally, an increase in acclimation temperature is associated with an increase in 

initiation temperature of various elements of the heat shock response (Fangue et al. 2011). 

Longjaw mudsucker and tidepool sculpins (Oligocottus maculosus) both demonstrate an increase 

in heat shock inducible gene initiation temperature with an increase in acclimation temperature, 

mimicking the increase observed in CTMax (Buckley and Hofmann 2002, 2004; Logan and 

Somero 2011; Fangue et al. 2011). Similar patterns have also been identified in relatively stress-

intolerant species such as the delta smelt (Komoroske et al. 2015). Previous investigations in sea 

lamprey revealed a negative interaction between acclimation temperature and initiation 

temperature of HSP70 and HSP90 in liver tissue, with initiation temperatures of 29 °C and 25 °C 

observed from 9 °C and 13 °C acclimation groups respectively (Wood et al. 1999). In the present 

study, after 1 h of exposure to 26 °C, no HSP90B1 upregulation is observed in either the cold or 

warm acclimation groups, while an increase is observed in the moderate group, in both tissues. If 

no further timepoints were examined, this would appear to align with the results from Wood et 

al. (1999), where an increase in acclimation temperature (cold vs moderate) results in a decrease 

in HSP90 induction temperature. However, following 4 h of exposure, all acclimation groups 

demonstrate a similar HSP90B1 expression pattern. SERPINH1A expression shows the opposite 
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trend, with an increase in acclimation temperature resulting in an increase in induction 

temperature after 1 h, but no difference in induction temperature between acclimation groups 

after 4h exposure. It is possible that due to the small number of treatment temperatures used, 

changes in initiation temperatures between acclimation groups were simply missed. It is also 

possible that, because the duration of the thermal stress in these other studies was shorter and 

typically included a recovery period, a similar pattern to that observed here may have resulted 

had similar methods been used here.  

Here, the response of HSPA9 was muted in the intestine and liver following 1 h 

exposures but demonstrated a peak after 4 h at 26 °C in liver tissue. This is consistent with 

results on mammalian models, which have shown HSPA9 to not be heat inducible (Kaul et al. 

2002); however, this is in direct contrast to the response of HSPA9 observed in the longjaw 

mudsucker and Chinook salmon, which both demonstrate a significant upregulation in gill tissue 

in response to a constant heat ramp (Logan and Somero 2011; Tomalty et al. 2015). While 

HSPA9 was significantly upregulated here, differences in the magnitude of upregulation 

observed here and in these other studies could be due to the tissue type examined: it is possible 

that HSPA9 is more inducible in gill tissues than in liver or intestine.  

HSF1 is also not responsive to the acute heat shock treatments. This could be because 

HSF1 product is already present at sufficient levels in the cell in an inactive form under non-

stress conditions and is converted into the active trimer by accumulation of misfolded proteins; 

therefore, no additional HSF1 transcription is required to respond to the acute heat shock.  
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2.5.3 Physiological Thresholds    

The transcriptional responses uncovered here imply the presence of two sublethal thermal 

thresholds in sea lamprey ammocoetes which are slightly altered by acclimation, one around 24-

26 °C, and another around 30 °C. The tier of CSR appears to alter around these two 

temperatures; first, around 24 °C – 26 °C, inducible heat shock proteins are upregulated after 4 h 

of exposure similarly across acclimation temperatures; and secondly, around 30 °C, large heat 

shock protein expression is decreased (relative to 26 °C), while processes influencing cell cycle 

regulation and apoptosis are dramatically upregulated. Following a 4 h exposure to the acute heat 

shock treatments, expression of nearly all genes was remarkably similar across acclimation 

groups. No differences were detected between JUN, HSP90B1, or HSPA9 expression in liver 

tissue of any acclimation groups at either 26 °C or CTMax-2 °C, and no difference existed in 

SERPINH1A expression at 26 °C. In the intestine more differences were observed, but the overall 

expression pattern was similar. Regardless of whether a sea lamprey was acclimated to 5 °C and 

experienced a 21 °C increase in temperature or whether it was acclimated to 20 °C and 

experienced a 6 °C temperature increase, 4 h of exposure prompted very similar transcriptional 

responses of the heat-inducible genes examined here. This hints at the presence of a 

physiological threshold existing around 26 °C at which point protein denaturation becomes 

problematic for sea lamprey ammocoetes despite acclimation history.  

Wood et al. (1999) found HSP70 and HSP90 production in various tissues of sea lamprey 

ammocoetes acclimated to 9 °C or 13 °C was initiated in response to a 1 h heat shock of ~24 °C 

– 25 °C followed by a 2 h recovery period. The authors interpreted this result as indicating that a 

relatively large temperature increase (11°C – 15 °C) was required to initiate a CSR. In light of 

the results presented here, I would suggest instead that this reinforces the idea of an acclimation-
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independent physiological threshold around 24 °C – 26 °C. A similar acclimation-independent 

threshold for HSP induction has been described in channel catfish, which increase HSP70 

synthesis in response to temperatures of 32.5 °C in liver tissue cultured from animals acclimated 

to 7 °C, 15 °C, and 25 °C (Koban et al. 1987). This would correspond to the onset temperature of 

the heat shock response, as outlined by Jeffries et al. (2018), indicating a mildly stressful 

condition, but one which can be recovered from with minimal long-term fitness implications. 

Meanwhile, one of the only studies examining the metabolic rate and metabolic scope of sea 

lamprey ammocoetes provides further evidence of a physiological threshold ~24 °C – 26 °C 

(Holmes and Lin 1994). Individuals acclimated to 25 °C had the lowest standard metabolic rate, 

active metabolic rate, and the lowest metabolic scope of any acclimation group tested (7 °C, 10 

°C, 15 °C, and 20 °C), in addition to the lowest swimming speed and duration (Holmes and Lin 

1994).  

Potter and Beamish (1975) calculated an ultimate incipient lethal temperature of 31.4 °C 

for sea lamprey ammocoetes, while experimental incipient lethal temperatures for ammocoetes 

acclimated to 5 °C and 25 °C was 29.5 °C and 31 °C respectively. Potter and Beamish (1975) 

also performed a preliminary experiment on sea lamprey acclimated to 25 °C to evaluate 

approximate lethal temperatures, raising tank temperature at a rate of 0.3 °C – 0.5 °C per day. 

Sea lamprey ammocoetes began to die at a temperature of 31.0 °C, and final deaths occurred at 

32.3 °C. Meanwhile McCauley (1963) was able to acclimate sea lamprey ammocoetes to 30 °C, 

but they displayed an incipient lethal temperature of 31.5 °C. During the 4 h heat shock trials 

performed here, temperatures of 32.5 °C and 31.9 °C were lethal to 60 % and 30 % of 

ammocoetes acclimated to 20 °C respectively, while exposure to 31.4 °C did not induce any 

mortality in the 13 °C acclimation group within 4 h. Meanwhile, inverse U-shaped expression 
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patterns consistent across acclimation groups were observed in liver HSP90B1 and HSPA9 

expression after 4 h, with greater expression induced in response to the 26 °C treatment relative 

to the greater thermal challenge presented by the CTMax-2 °C treatment. Combined with the 

sustained elevated JUN expression in the 4 h CTMax-2 °C treatment in all acclimation groups, 

these data point toward a shift in the emphasis of the CSR from maintenance of homeostasis to 

potentially more serious cell cycle disruptions and inhibition of apoptosis around a temperature 

of 30 °C.  

On the scale of sublethal thresholds described by Jeffries et al. (2018), this response 

pattern insinuates the presence of another acclimation-independent physiological threshold at 

~30 °C where cells transition from a damage control and prevention response predominantly 

mediated by HSPs to ensuring short-term survival and minimizing permanent damage. I would 

further suggest that the thermal safety margin for sea lamprey ammocoetes between initiation of 

this extreme tier of CSR and the lethal threshold is very narrow. As mentioned previously, 

ammocoetes acclimated to 13.5 °C had a 100 % survival rate after 4 h exposure to 31.4 °C, while 

ammocoetes acclimated to 20 °C had a 70 % survival rate when exposed to 31.9 °C for 4 h. This 

implies the presence of a hard upper acutely lethal thermal ceiling around 32 °C for sea lamprey 

ammocoetes which again, appears to be independent of acclimation history.  

 

2.5.4 Summary    

 This study demonstrated that sea lamprey are capable of mounting a rapid, dramatic 

change in gene expression in order to respond to an acute thermal stressor. Acclimation history 

has an influence on the induction temperature and severity of certain responses; however, overall 

gene expression patterns were very similar among acclimation groups. A more detailed 
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transcriptomic study would be useful in evaluating a broader range of gene families and 

functions differentially expressed during acute thermal stress. The present study provides a first 

attempt at understanding the transcript-level response to high temperatures in sea lamprey 

ammocoetes. 
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2.6 Figures and Tables  

 

Figure 2.1. Sea lamprey ammocoete collection sites on the Richibucto River in New Brunswick, 

Canada. 
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Figure 2.2. Daily mean temperature of the Potomac River, a tributary of ammocoete-producing 

streams in Maryland, USA, measured 1 ft from the river bottom. Horizontal lines indicate the 

putative thermal thresholds corresponding to the initiation of the heat shock response (26°C) and 

the initiation of the severe stress response (30°C) in sea lamprey ammocoetes. Data retrieved 

from the publicly available USGS database. Years are coloured along a gradient in chronological 

order, with 2006 in black and 2017 in red. Points indicate daily mean temperature values across 

all years, with error bars representing SEM. 
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Figure 2.3. Mean (±SEM) CTMax (circles) increases ~0.12°C per 1°C increase in acclimation 

temperature. Emergence temperature (triangles) do not rise linearly but appear to be approaching 

a plateau. Capital letters denote statistical significance as revealed by planned contrasts between 

adjacent CTmax mean values (p<0.05). Lower-case letters denote the same between emergence 

temperatures. 
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Figure 2.4. Mean (±SEM) relative fold-change in transcription factor mRNA expression in liver 

tissue from the acute heat shock experiment after both 1 (A, C, E) and 4 h (B, D, F), normalized 

to samples taken directly from the moderate acclimation tank (not shown). EPAS1B (A, B) 

expression is stratified according to acclimation history but is otherwise unaffected across both 

timepoints. HSF1 (C, D) demonstrates a slight decreasing trend with increasing treatment 

temperature after 4 h. JUN (E, F) is upregulated following 1 h but demonstrates a recovery 

pattern in the 26°C treatment following 4 h. JUN is also the most sensitive to handling, as 

demonstrated by the increased expression in the moderate handling control. Coloured letters 

indicate statistically significant differences in expression between treatments within acclimation 

groups. The data point closest to an open symbol is different from the corresponding acclimation 

group at that treatment level. 
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Figure 2.5. Mean (±SEM) relative fold-change in transcription factor mRNA expression in 

intestine from the acute heat shock experiment after both 1 (A, C, E) and 4 h (B, D, F), 

normalized to samples taken directly from the moderate acclimation tank (not shown). EPAS1B 

(A, B) expression is unaffected by either acclimation history or treatment temperature across 

both timepoints. HSF1 (C, D) demonstrates a decreasing trend with increasing treatment 

temperature after 4 h. JUN (E, F) is upregulated following 1 h but demonstrates a recovery 

pattern in the 26°C treatment following 4 h. Coloured letters indicate statistically significant 

differences in expression between treatments within acclimation groups. The data point closest to 

an open symbol is different from the corresponding acclimation group at that treatment level. 
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Figure 2.6. Mean (±SEM) relative fold-change in molecular chaperone mRNA expression in 

liver tissue from the acute heat shock experiment after both 1 (A, C, E) and 4 h (B, D, F), 

normalized to samples taken directly from the moderate acclimation tank (not shown). HSP90B1 

(A, B) expression generally rises with treatment temperature after 1 h, while it demonstrated an 

inverse U-shaped pattern after 4 h with a peak at the 26°C treatment. HSPA9 (C, D) is unaffected 

after 1 h but again demonstrated an inverse U-shaped pattern after 4 h. SERPINH1A (E, F) 

expression rises with treatment temperature rapidly. It should be noted that all genes are 

presented on the same scale except for SERPINH1A, which required a much larger scale. 

Coloured letters indicate statistically significant differences in expression between treatments 

within acclimation groups. The data point closest to an open symbol is different from the 

corresponding acclimation group at that treatment level.  
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Figure 2.7. Mean (±SEM) relative fold-change in molecular chaperone mRNA expression in 

intestine from the acute heat shock experiment after both 1 (A, C, E) and 4 h (B, D, F), 

normalized to samples taken directly from the moderate acclimation tank (not shown). HSP90B1 

(A, B) expression generally rises with treatment temperature after 1 h, while a strong increase 

with temperature is observed after 4 h. HSPA9 (C, D) is unaffected by either acclimation or 

treatment temperature after 1 and 4 h. SERPINH1A (E, F) expression rises with treatment 

temperature rapidly, and to a remarkable extent after 4 h. It should be noted that all genes are 

presented on the same scale except for SERPINH1A, which required a much larger scale. 

Coloured letters indicate statistically significant differences in expression between treatments 

within acclimation groups. The data point closest to an open symbol is different from the 

corresponding acclimation group at that treatment level. 
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Figure 2.8. Mean (±SEM) relative fold-change in MMP2 mRNA expression in liver tissue from 

the acute heat shock experiment after both 1 (A) and 4 h (B), normalized to samples taken 

directly from the moderate acclimation tank (not shown). Expression tends to increase slightly 

with treatment temperature after 1 h but no treatment effect was detected after 4 h. Coloured 

letters indicate statistically significant differences in expression between treatments within 

acclimation groups. The data point closest to an open symbol is different from the corresponding 

acclimation group at that treatment level. 

 

 

 

 

 

Figure 2.9. Mean (±SEM) relative fold-change in MMP2 mRNA expression in intestine from the 

acute heat shock experiment after both 1 (A) and 4 h (B), normalized to samples taken directly 

from the moderate acclimation tank (not shown). Expression appears unaffected by either 

acclimation history or treatment temperature after both 1 and 4 h. Coloured letters indicate 

statistically significant differences in expression between treatments within acclimation groups. 

The data point closest to an open symbol is different from the corresponding acclimation group 

at that treatment level. 
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Figure 2.10. Principal Component analysis on liver gene expression results, with the loading plot 

inset. Mean values (±SEM) for each experimental group presented, with squares for the handling 

controls, triangles for the 26°C treatment, and circles for the CTMax-2°C treatment. Cold, 

moderate, and warm acclimation groups are demarcated by blue, green, and red symbols, 

respectively. Solid lines connect observations made after 1 h, dashed lines connect the 4 h 

timepoints within each acclimation group. In the loading plot, HSPA9 and MMP2 are 

overlapped. 
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Figure 2.11. Principal component analysis on the intestine data with the loading plot inset. Mean 

values (±SEM) for each experimental group presented, with squares for the handling controls, 

triangles for the 26°C treatment, and circles for the CTMax-2°C treatment. Cold, moderate, and 

warm acclimation groups are demarcated by blue, green, and red symbols, respectively. Solid 

lines connect observations made after 1 h, dashed lines connect the 4 h timepoints within each 

acclimation group. 
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Table 2.1. Target and actual recorded temperatures in the acute heat shock treatments. Handling 

control (HC) treatments were intended to be as close as possible to the acclimation temperature. 

Each acclimation group’s specific Critical Thermal Maximum (CTMax) was used to calculate 

the severe stressor temperature. 

Acclimation 

group 

Intended Treatment Actual mean treatment 

temperature (°C)(±SD) 

Increase from acclimation 

temperature (°C) 

Cold 1 hr HC 5.4 (±1.2) 0.4 

4 hr HC 5.8 (±1.5) 0.8 

1 hr 26°C 25.8 (±0.7) 20.8 

4 hr 26°C 25.9 (±0.4) 20.9 

1 hr CTMax-2°C 31.1 (±0.4) 26.1 

4 hr CTMax-2°C 30.7 (±0.5) 25.7 

Moderate 1 hr HC 15.3 (±0.3) 2.3 

4 hr HC 15.4 (±0.4) 2.4 

1 hr 26°C 25.4 (±1.6) 12.4 

4 hr 26°C 26.1 (±0.8) 13.1 

1 hr CTMax-2°C 31.7 (±0.6) 18.7 

4 hr CTMax-2°C 31.4 (±0.4) 18.4 

Warm 1 hr HC 20.2 (±0.1) 0.2 

4 hr HC 20.0 (±0.1) 0.0 

1 hr 26°C 26.5 (±0.6) 6.5 

4 hr 26°C 26.3 (±0.5) 6.3 

1 hr CTMax-2°C 33.3 (±0.2) 13.3 

4 hr CTMax-2°C 
32.5 (±0.5) (40% survival) 

31.9 (±0.9) (70% survival) 

12.5 

11.9 
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Table 2.2. Information on genes and primers used in the present study. Accession numbers are 

available on the current Ensembl release, v.95. JUN and HSF1 are unannotated in the current 

Ensembl database but were annotated as such when the database was first accessed to design 

primers (v.90). These sequences were BLASTed in a different sea lamprey genome (SIMRbase) 

which has them annotated as JUN and HSF1. The EPAS1B sequence is annotated as such in 

Ensembl v.95 but is annotated as HIF1A in the SIMRbase genome. 

Functional 

group 

Gene Code Full gene name Accession No. Efficie

ncy 

Primer sequence 

Transcription 

factor 

JUN Jun proto-

oncogene, AP-1 

transcription factor 

subunit 

ENSPMAT 

00000004097.1 

101% F-ATG AAC TCC AGG 

ATG GAA GC 

R-GGA GAG GCT CTT 

TTT CAT TGC 

HSF1 (Predicted) Heat 

shock transcription 

factor 1 

ENSPMAT 

00000005090.1 

101% F-CAT GGG CAG GAT 

CAT AAG TG 

R-TCA TGG TGT TGA 

GTC GGT TG 

EPAS1B Endothelial PAS 

domain protein 1b 

ENSPMAT 

00000010244.1 

99.5% F-TAC GAA TGC CTT 

GCG ACA AC 

R-TGT TGA AGT GGT 

GGA CAT GC 

Molecular 

Chaperone 

HSP90B1 Heat shock protein 

90 Beta family 

member 1 

ENSPMAT 

00000001245.1 

99.5% F-TCA CGT TGG TGC 

TCA AGG AA 

R-GGT TCT TCA ACG 

GTC TCG GT 

HSPA9 Heat shock protein 

family A (hsp70) 

member 9 

ENSPMAT 

00000007246.1 

98.5% F-CCA ACC CAA ACA 

ACA CCT TC 

R-TTC TGC ACA TCG 

GAG TCA TC 

SERPINH1A Serpin peptidase 

inhibitor, clade H 

(heat shock protein 

47), member 1a 

ENSPMAT 

00000008277.1 

97% F-ATG CAT CGC ACA 

GGC TTC TA 

R-TTG AGC TGC ATC 

TCC AGC AG 

Proteolytic 

Protein 

MMP2 Matrix 

metallopeptidase 2 

ENSPMAT 

00000003005.1 

98.5% F-GCC CAA GTA CGA 

GGT GTG TA 

R-GCG CAT GTG CAT 

CTT GTT CT 

Ribosomal 

protein 

(Reference) 

RPL8 Ribosomal protein 

L8 

ENSPMAT 

00000009691.1 

100% F-GCG CTC ACA ACA 

AAC ACA AG 

R-CGT GGA TTA TGT 

CCT TGA CG 

RPL13A Ribosomal protein 

L13A 

ENSPMAT 

00000007151.1 

100% F-ATC GCC TGA AGG 

TGT TTG AC 

R-TAC TGC AAA CTT 

GCG TGT GG 

RPS6 Ribosomal protein 

s6 

ENSPMAT 

00000008266.1 

98% F-AGA TCC GCA AGC 

TCT TCA AC 

R-TTT GCC TTC CTT 

GGT GAG TG 
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Table 2.3. Summary table of planned contrasts in two-way ANOVAs for liver gene expression 

data. Bonferroni-corrected p-values presented here. Bold numbers indicate p<0.05, italics 

indicate 0.05<p<0.1. 

 Defined Contrasts P-values 

HSF1 EPAS1B JUN HSP90B1 HSPA9 SERPINH1A MMP2 

1 hr 

exposure 

Warm 25°C vs HC 1.0 1.0 1.0 0.130214 1.0 8.63e-1 1.0 

25°C vs Ctmax-2°C 1.0 1.0 <2e-16 4.57e-5 9.68e-1 9.25e-1 1.0 

CTMax-2°C vs HC  1.0 1.0 <2e-16 3.36e-10 1.0 2.67e-3 1.0 

Moderate 25°C vs HC 1.0 1.0 3.16e-2 6.46e-3 1.0 9.53e-11 1.0 

25°C vs Ctmax-2°C 1.0 1.0 9.59e-

14 

1.51e-4 1.0 1.17e-9 1.0 

CTMax-2°C vs HC 1.0 1.0 <2e-16 1.69e-11 1.0 <2e-16 1.72e-1 

Cold 25°C vs HC 3.95e-1 1.0 1.99e-7 4.94e-1 1.0 <2e-16 4.87e-1 

25°C vs Ctmax-2°C 1.0 1.79e-1 6.41e-4 1.0 1.0 3.84e-10 1.0 

CTMax-2°C vs HC 8.68e-1 1.0 <2e-16 8.02e-1 1.0 <2e-16 4.73e-2 

Handling 

Control 

Warm vs Moderate 1.0 4.78e-2 1.0 1.0 1.0 1.84e-6 1.0 

Moderate vs Cold 1.17e-3 8.47e-1 1.0 2.82e-2 2.58e-1 4.12e-6 1.0 

Warm vs Cold 2.45e-2 3.78e-5 1.01e-1 7.66e-3 6.07e-2 <2e-16 1.0 

26°C Warm vs Moderate 1.0 5.13e-1 1.0 1.0 1.0 1.0 1.0 

Moderate vs Cold 3.80e-1 1.0 7.20e-1 1.0 1.0 1.0 1.0 

Warm vs Cold 1.0 5.38e-3 2.79e-2 4.60e-2 1.0 1.0 1.0 

CTMax-

2°C 

Warm vs Moderate 3.80e-1 3.14e-1 1.0 1.0 1.0 2.21e-6 1.0 

Moderate vs Cold 5.52e-2 1.17e-3 1.22e-1 3.80e-2 1.04e-1 1.0 1.0 

Warm vs Cold 1.0 6.35e-8 1.91e-2 6.85e-1 5.21e-3 2.11e-5 1.0 

4 hr 

exposure 

Warm 25°C vs HC 1.0 1.0 2.48e-1 1.89e-12 2.38e-1 5.52e-13 1.0 

25°C vs Ctmax-2°C 1.0 1.0 8.11e-9 2.75e-1 7.45e-2 1.06e-1 1.0 

CTMax-2°C vs HC  1.02e-1 1.0 3.20e-

14 

5.75e-8 1.0 <2e-16 1.0 

Moderate 25°C vs HC 3.29e-4 5.37e-1 6.50e-1 <2e-16 3.30e-3 <2e-16 1.0 

25°C vs Ctmax-2°C 1.0 1.0 4.08e-

13 

1.15e-1 5.43e-1 6.30e-3 1.0 

CTMax-2°C vs HC 1.20e-

05 

1.0 <2e-16 <2e-16 1.0 <2e-16 1.0 

Cold 25°C vs HC 5.57e-

06 

1.0 8.64e-1 5.80e-11 1.57e-1 <2e-16 1.0 

25°C vs Ctmax-2°C 1.21e-1 1.0 3.36e-

13 

4.97e-3 1.87e-5 1.74e-4 1.0 

CTMax-2°C vs HC 2.08e-1 1.0 2e-16 1.87e-3 1.17e-1 <2e-16 1.0 

Handling 

Control 

Warm vs Moderate 1.0 8.34e-1 1.0 4.80e-5 1.0 2.74e-2 1.0 

Moderate vs Cold 1.0 6.80e-3 1.0 8.93e-9 3.74e-2 8.16e-8 4.73e-1 

Warm vs Cold 1.0 2.44e-6 1.0 1.0 5.78e-2 2.40e-14 1.0 

26°C Warm vs Moderate 6.90e-2 1.0 1.0 1.0 1.0 1.06e-1 1.0 

Moderate vs Cold 1.0 3.35e-8 1.0 1.0 1.0 1.0 1.0 

Warm vs Cold 6.40e-1 1.19e-7 9.57e-1 1.0 8.36e-2 6.57e-2 1.0 

CTMax-

2°C 

Warm vs Moderate 1.60e-1 1.0 1.0 1.0 8.70e-1 6.34e-3 1.0 

Moderate vs Cold 5.10e-4 2.01e-9 1.0 1.0 1.0 1.0 5.61e-2 

Warm vs Cold 1.0 3.28e-9 1.0 1.0 1.0 9.19e-5 4.17e-2 
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Table 2.4. Summary table of planned contrasts in two-way ANOVAs on intestine gene 

expression data. Bonferroni-corrected p-values presented here. Bold numbers indicate p<0.05, 

italics indicate 0.05<p<0.1. 

 Defined Contrasts P-values 

HSF1 EPAS1B JUN HSP90B1 HSPA9 SERPINH1A MMP2 

1 hr 

exposure 

Warm 25°C vs HC 1.0 1.0 1.81e-1 1.0 1.0 1.0 3.11e-1 

25°C vs Ctmax-2°C 1.0 1.0 <2e-16 4.11e-2 1.0 2.25e-2 1.0 

CTMax-2°C vs HC  3.56e-1 1.0 <2e-16 9.77e-3 4.60e-1 1.01e-3 1.0 

Moderate 25°C vs HC 8.51e-1 2.58e-1 4.82e-6 2.14e-2 1.0 3.72e-8 1.0 

25°C vs Ctmax-2°C 3.48e-1 1.0 6.91e-9 3.10e-3 1.0 3.98e-7 1.0 

CTMax-2°C vs HC 1.0 1.0 <2e-16 3.46e-9 1.0 <2e-16 1.0 

Cold 25°C vs HC 7.09e-1 1.0 7.57e-

12 

1.0 1.0 3.04e-13 1.0 

25°C vs Ctmax-2°C 1.0 1.0 2.50e-3 1.0 1.0 6.31e-5 1.0 

CTMax-2°C vs HC 2.88e-3 1.0 <2e-16 1.0 1.0 <2e-16 1.0 

Handling 

Control 

Warm vs Moderate 1.0 1.0 1.0 1.0 1.0 3.93e-3 3.79e-1 

Moderate vs Cold 1.37e-2 1.0 1.0 8.70e-3 1.46e-1 8.24e-2 1.0 

Warm vs Cold 1.0 5.60e-2 1.0 1.52e-3 1.72e-1 3.31e-8 1.0 

26°C Warm vs Moderate 1.0 1.0 7.25e-4 1.82e-2 1.0 9.19e-1 1.0 

Moderate vs Cold 1.0 2.18e-1 5.64e-1 1.0 1.0 1.0 1.0 

Warm vs Cold 1.0 1.0 2.91e-7 2.01e-4 6.19e-1 6.60e-1 3.63e-1 

CTMax-

2°C 

Warm vs Moderate 1.0 1.0 1.0 1.23e-3 2.49e-2 1.08e-4 1.0 

Moderate vs Cold 1.0 1.26e-1 1.0 1.0 1.0 1.0 1.0 

Warm vs Cold 1.0 3.66e-2 1.0 4.35e-1 6.79e-4 1.25e-3 1.0 

4 hr 

exposure 

Warm 25°C vs HC 1.0 1.0 5.10e-1 2.97e-4 1.0 3.07e-4 1.0 

25°C vs Ctmax-2°C 5.28e-1 7.01e-1 3.43e-5 7.90e-1 1.0 1.60e-9 1.0 

CTMax-2°C vs HC  7.18e-2 1.0 2.35e-9 6.24e-8 1.0 <2e-16 1.0 

Moderate 25°C vs HC 1.0 1.0 6.26e-1 7.80e-8 9.56e-1 <2e-16 1.0 

25°C vs Ctmax-2°C 8.91e-7 1.0 1.0 3.35e-1 1.0 2.53e-6 6.54e-2 

CTMax-2°C vs HC 2.24e-7 1.0 2.75e-2 1.57e-12 1.0 <2e-16 3.30e-1 

Cold 25°C vs HC 8.88e-3 1.0 1.0 3.36e-1 1.0 <2e-16 1.0 

25°C vs Ctmax-2°C 6.08e-1 1.0 2.02e-2 8.51e-5 1.0 6.58e-11 1.0 

CTMax-2°C vs HC 2.95e-6 1.0 3.25e-3 2.56e-9 1.0 <2e-16 5.99e-2 

Handling 

Control 

Warm vs Moderate 1.0 1.0 1.0 1.0 1.0 2.87e-2 1.0 

Moderate vs Cold 1.0 1.0 7.02e-1 3.56e-2 1.23e-1 3.04e-2 2.39e-2 

Warm vs Cold 1.0 1.0 6.32e-1 4.21e-2 6.77e-1 7.33e-8 2.46e-3 

26°C Warm vs Moderate 1.0 1.0 1.0 1.0 1.0 2.94e-2 1.0 

Moderate vs Cold 8.87-1 1.0 1.0 1.0 1.0 1.0 1.0 

Warm vs Cold 2.57e-1 1.0 1.0 1.0 1.0 1.25e-1 2.52e-1 

CTMax-

2°C 

Warm vs Moderate 5.47e-4 1.65e-2 2.15e-3 4.36e-1 1.0 1.0 1.22e-1 

Moderate vs Cold 1.0 1.0 1.78e-1 1.0 1.0 7.53e-1 2.31e-1 

Warm vs Cold 3.06e-1 7.61e-2 1.0 6.50e-3 1.0 9.81e-3 1.0 
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Chapter 3: Thermal tolerance in a New Brunswick anadromous population and a 

landlocked population of sea lamprey 

3.1 Abstract  

 Invasion theory predicts that invasive populations often display increased tolerance to a 

range of environmental stressors. Sea lamprey (Petromyzon marinus), an anadromous fish 

species native to the North Atlantic Ocean, successfully invaded the Laurentian Great Lakes of 

North America in the early-mid-20th century, to the detriment of local fish populations. A 

successful, binational control program between the US and Canada has been in place since the 

1950s to control sea lamprey populations, primarily utilizing the lampricide 3-trifluoromethyl-4-

nitrophenol (TFM). In the present study, New Brunswick and landlocked populations of sea 

lamprey ammocoetes were evaluated for their upper thermal tolerance using a critical thermal 

maximum (CTMax) methodology, at a range of ecologically-relevant acclimation temperatures. 

Responses to acclimation conditions were also examined for both populations through 

examination of mRNA expression of eight target genes, seven of which are involved in the 

cellular stress response (EPAS1B, HSF1, JUN, HSPA9, HSP90B1, SERPINH1A, MMP2), and 

UGT, a gene encoding an enzyme involved in detoxifying the lampricide TFM. The landlocked 

population demonstrated a consistently greater CTMax than the New Brunswick population, 

~0.8 °C greater at any given acclimation temperature. The landlocked population also 

demonstrated increased plasticity in JUN, HSP90B1, and HSPA9 in response to the different 

temperature treatments. Expression of UGT in the liver of the landlocked population was also 

differentially expressed under moderate conditions relative to the New Brunswick population, 

which may influence how the landlocked population processes the lampricide TFM. 
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3.2 Introduction   

 Invasive populations are hypothesized to demonstrate greater phenotypic plasticity in 

relation to both native heterospecifics and source population conspecifics (Yeh and Price 2004; 

Parsons and Robinson 2006; Ghalambor et al. 2007; Torres-Dowdall et al. 2012; Lande 2015). 

Plasticity in temperature tolerance and expression of cellular stress proteins have been 

specifically suggested to be beneficial to invasive species success (Henkel et al. 2009; Zerebecki 

and Sorte 2011; Hill et al. 2013; Bates et al. 2013).  

Estimates of upper thermal tolerance are commonly produced by the critical thermal 

maximum (CTMax) method, a dynamic measurement where individuals are placed in a container 

at their acclimation temperature and exposed to a constant temperature increase (typically ~0.3 

°C min-1) until a repeatable, sublethal event is observed, at which point they are rescued, returned 

to their acclimation temperature, and monitored for survival (Beitinger et al. 2000). Measuring 

the change in CTMax over a range of acclimation temperatures (acclimation response ratio – 

ARR) can provide an estimate of species’ acclimation ability, a reaction norm which can 

quantify phenotypic plasticity (Beitinger et al. 2000; Stillman 2003; Comte and Olden 2017). 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.1: 𝐴𝑅𝑅 =
Δ𝐶𝑇𝑀𝑎𝑥

Δ𝐴𝑐𝑐𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
 

Investigating traits between invasive vs native populations of a single species can provide 

clues as to how species may adapt to changing environments (Moran and Alexander 2014). Only 

one study was found which compared thermal tolerance between invasive and native populations 

of a single species. Rooke et al. (2017) examined thermal physiology, including CTMax, 

between a native pumpkinseed (Lepomis gibbosus) population in Canada with an invasive 

population in Spain. In contrast to expected results, negligible differences in CTMax were found 
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between populations at a range of acclimation temperatures, despite the invasive, Spanish 

population, living in a generally warmer climate than the native Canadian population.  

Other studies have compared thermal tolerance between invasive and native species in 

the same habitat (Carveth et al. 2006; Henkel et al. 2009; Zerebecki and Sorte 2011; Bates et al. 

2013). These studies have provided evidence that invasive species generally demonstrate greater 

thermal tolerance, or a greater upper thermal limit than non-invasive species. For example, 

CTMax was assessed in 18 fish species from Arizona, and four of the six species with the 

greatest CTMax  were invasive (Carveth et al. 2006). The delta smelt (Hypomesus 

transpacificus), a native fish to the San Francisco Estuary, was also recently shown to have a 

significantly lower CTMax than both Mississippi silversides (Menidia beryllina) and largemouth 

bass (Micropterus salmoides), which both have successful invasive populations in the system 

(Davis et al. 2019). Extensive work has been performed on the blue mussel, Mytilus 

galloprovincialis, a native of the Mediterranean Sea which has invaded the Pacific coast of North 

America, with multiple studies demonstrating its increased capacity to withstand higher 

temperatures (Braby and Somero 2006; Schneider 2008; Lockwood and Somero 2011), salinities 

(Braby and Somero 2006), and air exposure (Schneider 2008) relative to native heterospecifics. 

A transcriptomic study revealed minor differences in the transcriptional response to an acute 

thermal shock between this invasive species and a closely related native, M. trossulus, which it is 

displacing on the California coast (Lockwood et al. 2010). These authors credit four genes that 

demonstrated differential regulation between species – three oxidative stress genes and HSP24 – 

for the higher heat tolerance observed in the invader compared to its native relative.  

Studies have also examined differences in thermal tolerance within a species across its 

geographic range (Hart 1952; McCauley 1958; Matthews 1986; Gaston and Spicer 1998; Fangue 
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et al. 2006; Pereira et al. 2017; Dammark et al. 2018; Chen et al. 2018). These have returned 

mixed results, with some species demonstrating physiological differentiation between 

geographically separated populations, while others do not. For instance, no variation in CTMax 

was found in red shiner (Notropis lutrensis) across ~10° of latitude in the United States 

(Matthews 1986), while two populations of arctic charr (Salvelinus alpinus), separated by ~8° 

latitude showed a roughly 0.5 °C difference in upper lethal temperature at two different 

acclimation temperatures (McCauley 1958). Results from these types of experimentation are 

dependent on a variety of external factors, including microenvironment conditions, the length of 

time the population has been established in each area, the level of genetic drift between 

populations, and possible transgenerational and developmental plasticity effects. Regardless, 

these projects can illustrate intraspecific variation, as well as species-specific capacity to 

withstand environmental change through local adaptation (Moran and Alexander 2014). Fangue 

et al. (2016) examined both CTMax and gene expression profiles of five heat shock proteins in 

response to an acute heat stress in geographically disparate populations of the common killifish 

(Fundulus heteroclitus). They found that the southern population, which inhabits a generally 

warmer environment than the northern population against which they were compared, had a 

consistently greater CTMax (Fangue et al. 2006).  

An increase in transcriptional plasticity was demonstrated in derived freshwater 

threespine stickleback (Gasterosteus aculeatus) when compared with nearby marine populations 

in response to a chronic thermal challenge (Morris et al. 2014). This lends support to the 

hypothesis that populations evolve an increase in plasticity in response to colonization of novel 

environments. A similar result was demonstrated in a pair of invasive gobies in the Great Lakes, 

with the more widespread round goby (Neogobius melanostomus) demonstrating greater 
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transcriptional plasticity than the relatively more restricted, less successful tubenose goby 

(Proterorhinus semilunaris; Wellband and Heath 2017).  

  Sea lamprey (Petromyzon marinus) are a classic example of an invasive species (sensu 

Valéry et al. 2008). Native to tributaries on both coasts of the North Atlantic Ocean, they were 

first reported in Lake Erie in 1921 following renovations of the Welland Canal, which allowed 

them to bypass the significant physical barrier of Niagara Falls (Aron and Smith 1971). Sea 

lamprey were then free to colonize Lakes Huron, Michigan, and Superior, with initial 

observations recorded in 1937, 1936, and 1938, respectively, and were abundant in all of the 

Great Lakes by the 1950s to the detriment of local fish species and fisheries (Applegate 1950; 

Smith 1968; Lawrie 1970; Smith and Tibbles 1980). There is some debate surrounding the origin 

of sea lamprey in Lakes Ontario, Champlain, and the Finger Lakes of New York, with some 

authors suggesting sea lamprey invaded these lakes via the Erie and Champlain Canals (Aron 

and Smith 1971; Eshenroder 2009, 2014), while evidence from mitochondrial haplotype and 

nuclear microsatellite analyses suggest colonization occurred following glacial retreat ~12,500 

years ago (Wigley 1959; Daniels 2001; Waldman et al. 2004, 2006, 2009; Bryan et al. 2005; 

D’Aloia et al. 2015).  

  Bryan et al. (2005) demonstrated that colonization of the upper Great Lakes by sea 

lamprey came about by a series of population bottlenecks. Genetic bottlenecks are common in 

invasive populations, but somewhat counterintuitively may be beneficial, as it can purge 

deleterious alleles responsible for inbreeding depression, and may increase additive genetic 

variation (Lindholm et al. 2005; Dlugosch and Parker 2008; Facon et al. 2011; Hodgins et al. 

2018). The authors speculate that a small number of pioneering sea lamprey were able to 

continuously invade novel territories, resulting in a founder effect which produced the 
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bottlenecked population structure observed today. These founder effects may have arisen 

because some individuals were better able to tolerate the newly invaded environment, either 

through novel mutations, or through existing genetic variation. However, it could also be due to 

distribution patterns of juveniles and migrating adults, population size and density, or other 

considerations not having to do with environmental tolerance. Due to the relatively short time 

scale required for colonization of the entire Great Lakes basin, it is possible that a small number 

of the most pre-adapted individuals became the source population for the next lake in the 

invasion sequence (Bryan et al., 2005). With their high fecundity rates, the successful 

reproduction of a small number of individuals could have led to a relatively large population in 

only a few generations.  

Since the 1950s, an international coalition between the United States and Canada has 

been implementing control measures to attempt to reduce sea lamprey populations in the Great 

Lakes. The most successful control method used to date has been the application of 3-

trifluoromethyl-4-nitrophenol (TFM) to ammocoete-hosting streams (Smith and Tibbles 1980; 

Birceanu et al. 2009, 2011), a pesticide lethal to all lamprey species at concentrations which 

normally have little impact on other fish species (although, see Boogaard et al. 2003; 

McLaughlin et al. 2003; Birceanu et al. 2014; Sakamoto et al. 2016; Birceanu and Wilkie 2018). 

The lethal effect of TFM stems from its ability to uncouple mitochondrial oxidative 

phosphorylation after accumulating to appropriate concentrations in body tissues, interfering 

with ATP production (Birceanu et al. 2011). Once existing ATP has been depleted, anaerobic 

pathways are exploited to produce more ATP, leading to sharp declines in glycogen stores and 

increases in lactate, with death following once neural activity can no longer be energetically 

supported (Birceanu et al. 2009). Metabolic rate has been demonstrated to have a positive 
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relationship with TFM uptake (Tessier et al. 2018), and so temperature may also affect TFM 

uptake indirectly, as greater temperatures lead to higher metabolic rates (Holmes and Lin 1994). 

There exists a concern regarding the potential for sea lamprey to develop a resistance to TFM 

(Dunlop et al. 2018). TFM is processed in the liver by uridine 5’-diphospho-

glucuronosyltransferase (UGT), an enzyme which is quite active in bony fish, but expressed at 

low levels with a low affinity for TFM in lampreys (Kane et al. 1994). 

The sequence of invasion, from Lake Ontario to Lake Erie, then on to the upper Great 

Lakes, implies that a high degree of plasticity of thermal tolerance may have been required in the 

founding population. Lake Erie is the shallowest and warmest of the five Great Lakes and was 

subject to severe environmental degradation due to anthropogenic modification of the 

surrounding landscape (Sullivan et al. 2003; Sgro and Reavie 2018). Colonization of Lake Erie 

likely represented the greatest filter for the invasion front, which could help to explain the 15-

year lag between the first sea lamprey observations from Lake Erie to the other upper Great 

Lakes. Fifteen years represents approximately two to three generations, during which time sea 

lamprey may have responded to the challenging environment by a heritable increase in tolerance 

to a number of environmental parameters, including temperature (Levis and Pfennig 2016). 

 In the present study, upper thermal limits and expression profiles of genes involved in the 

cellular stress response (CSR) and TFM detoxification between a native, Atlantic population of 

sea lamprey from New Brunswick, Canada, and a landlocked population from a Lake Huron 

stream were compared. If the landlocked sea lamprey population has greater plasticity in thermal 

tolerance, as invasion theory would predict, then their acclimation history would have a greater 

impact on their CTMax compared with a New Brunswick anadromous population, resulting in a 

higher ARR. It was also expected that a greater upper thermal limit overall would be observed in 
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the landlocked population, as estimated by CTMax. Further, it was expected that increased 

transcriptional plasticity would be observed, resulting in differential regulation of elements of the 

cellular stress response in the landlocked population, such as higher initiation temperatures, or 

greater variation in expression levels of molecular chaperones across chronic temperature 

treatments. Initiation temperature refers to the temperature at which a significant change in 

protein or mRNA transcript level is detected. UGT expression between populations was also 

examined to test whether the landlocked population may be responding to lampricide treatments 

by upregulating basal UGT expression, especially at higher temperatures when TFM uptake is 

expected to be higher.   

 

3.3 Materials and Methods  

 Many of the methods are similar to those in Chapter Two. To minimize repetition, only 

methods unique to this chapter are presented and the reader can refer to Chapter Two for 

commonalities. 

 

3.3.1 Animal Collection and Holding 

Anadromous sea lamprey ammocoetes used were the same as described in Chapter Two. 

Landlocked sea lamprey ammocoetes were collected by United States Fish and Wildlife Service 

(USFWS) personnel using backpack pulsed-DC electrofishing from the Chippewa River, MI in 

April 2018 (Fig. 3.1). The Chippewa is a tributary of the Saginaw River, which empties into 

Lake Huron. Ammocoetes were held in 200 L tanks at the Hammond Bay Biological Station 

(Millersburg, MI) supplied with Lake Huron water, with 5 cm of sand provided as a burrowing 
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substrate. Ammocoetes were fed a slurry of brewer’s yeast once per week. Animals were shipped 

to Wilfrid Laurier University in early June 2019, and 50 ammocoetes were housed in each of 

three 110 L aquaria, with approximately 10 cm of sand provided as a burrowing substrate and 

received a continuous flow of aerated well water (flow rate of 0.5 L min-1 – 2.0 L min-1). 

Ammocoetes were held under a 12 h:12 h light-dark cycle and were fed a slurry of baker’s yeast 

at a rate of 1 g animal-1 once per week. Landlocked ammocoetes measured 57 mm – 106 mm in 

length, with a mean (±SD) of 78.0 mm (±13.0 mm).  

Each holding aquarium was designated as either cold, moderate, or warm, with target 

acclimation temperatures of 5 °C, 12 °C, or 19 °C, respectively. Temperatures were achieved and 

maintained through a combination of either a chiller (Coralife) or heating rods (Eheim Jager 

Aquarium Thermostat Heater 100 W), and the controlled flow of incoming water. Temperature 

was raised or lowered at a rate of approximately 1 °C day-1. Actual acclimation temperatures 

(±SD) for the New Brunswick individuals in 2017 were 5.0 °C (±0.3 °C), 13.5 °C (±0.9 °C), and 

20.3 °C (±1.5 °C), while the landlocked individuals were acclimated to 5.0 °C (±0.4 °C), 14.8 °C 

(±0.5 °C), and 21.0 °C (±1.9 °C). A two-way ANOVA revealed differences in acclimation 

temperatures between both acclimation groups (F=2581.88, p<0.0001), and populations 

(F=14.42, p=0.0002). A priori defined contrasts within acclimation groups across populations 

revealed the only difference between populations was in the moderate acclimation group (t=4.71, 

p<0.0001). Maintaining the temperature in the warm acclimation tank was challenging due to 

fluctuations in the flow rate of the system. The warm acclimation tank for the landlocked 

population had to be euthanized and restarted with fresh animals after flow to the tank ceased 

overnight, and the temperature rose to 29.1 °C one week into the acclimation period. The 

acclimation period lasted a minimum of 16 d prior to experimentation in all cases. 



71 
 

 

3.3.2 Stream Temperature 

Daily thermal data from known ammocoete-bearing tributaries along the Northeast Coast 

of the United States (from Maine to Delaware) and downstream of the collection site for the 

landlocked population, from the Saginaw River, were collected to evaluate whether they are 

comparable (Fig. 3.2). Daily mean water temperature data for coastal tributaries confirmed to 

house sea lamprey ammocoetes (Beamish 1980) were mined from the United States Geological 

Survey’s (USGS) National Water Information System database. All sites found were included 

for visual representation. Annual thermal data was superficially examined for completeness, and 

years which appeared to be missing substantial data and all provisional data were discarded. 

Each site contributed between four and 44 years’ worth of daily data (Table 3.1). Statistical 

analysis was not deemed to be appropriate or necessary on these data as a variety of uncontrolled 

factors exist between sites (depth of thermal probe, elevation, shade cover, proximity to 

infrastructure, instrument calibration, etc.) and because the New Brunswick population was not 

collected from any of the locations with temperature data. Temperature data for the Richibucto 

River is available from the New Brunswick Surface Water Quality Data Portal; however, it is 

extremely limited, with a total of 54 observations recorded over 16 years. These data were 

plotted with the Saginaw River data to provide a direct comparison in thermal characteristics 

experienced by the New Brunswick and landlocked populations used here (Fig. 3.2).  Annual 

stream thermal characteristics appear to be very similar between both areas. 
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3.3.3 CTMax Procedure  

Three 2 L glass beakers were filled with ~10 cm of sand and then topped to 1400 mL 

with water from the relevant acclimation tank. Long forceps were used to rake through the 

sediment in the acclimation tanks to flush out individual ammocoetes, which were collected and 

placed in their own beaker, within a 60 L glass aquarium. The New Brunswick cold, moderate, 

and warm acclimation groups had a sample size of n=15, 16, and 15, respectively, while the 

landlocked groups had n=14, 15, and 19, respectively. New Brunswick ammocoetes acclimated 

to moderate conditions (n=16) were also tested in the summer of 2018 to verify whether any 

observed differences in CTMax were due to the new heating rods used in 2018, or any potential 

temporal variation due to the approximately year-long gap between testing populations. An 

airstone was placed into each beaker, a temperature probe was inserted into the sediment and 

kept in place to get accurate sediment temperature readings while minimizing disturbance to the 

burrowed ammocoete. Half-an-hour after introduction to the beaker, or once all ammocoetes 

were burrowed into the sediment, 12 L of moderate water was added to the aquarium. Between 

one and six heating rods (number varied due to the wattage of individual rods: Eheim Jager 

Aquarium Thermostat Heater, 100 W; Finnex Deluxe Titanium Tube Heater, 300 W), set to their 

maximum temperature were plugged in, and an aquarium pump was turned on. Beaker water and 

sediment temperature were recorded every 10 minutes, rising at a mean (±SD) rate of 0.17 °C 

min-1 (±0.02 °C min-1). 

Different heating rods were used on the different populations, leading to a concern that 

any apparent differences in CTMax could be an artifact of different rates of heating (Appendix 

A: Table A.1). There is evidence in other species that different rates of temperature increase does 

not have an impact on the CTMax estimate (Zhang et al. 2017); however, differences in heating 
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rates were tested between populations within acclimation groups to check for statistical evidence 

of divergence in the heating rates. Since the rate of temperature increase fell as the water 

temperature approached the upper maximum of the heating bars, both time and temperature 

variables were normalized via log transformations to increase their linearity. The mean slope of 

regressions performed separately for each CTMax trial were not found to be significantly 

different across populations within any acclimation group (cold: t=1.60, p=0.13; moderate: 

t=0.23, p=0.82; warm: t=-1.01, p=0.32; Appendix A: Fig. A.3, Table A.2). An additional CTMax 

experiment was run on a group of New Brunswick ammocoetes acclimated to moderate 

conditions in 2018, collected from the same streams as the 2017 New Brunswick ammocoetes. 

This test was run to verify whether inter-annual, and therefore inter-populational, comparisons 

would be valid. CTMax procedure followed that outlined in Chapter Two.  

 Attempts were made to use animals of roughly the same size in each case, but 

unfortunately differences in the sizes were discovered (Appendix A: Table A.3, Fig. A.4). A 

two-way ANOVA on Condition Factors (Henson et al. 2003) uncovered a significant difference 

between acclimation groups, but subsequent a priori defined contrasts were unable to uncover 

the source of variation (Appendix A: Tables A.4, A.5). 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.2: 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 𝐾 = 106(
𝑚𝑎𝑠𝑠 

𝑙𝑒𝑛𝑔𝑡ℎ3
) 

 Two-way ANOVAs on both length and weight uncovered further differences, and 

subsequent contrasts confirmed that the landlocked warm acclimation group had the smallest 

mean lengths and weights (Appendix A: Tables A.4, A.6, A.7). This was likely because the 

warm landlocked acclimation group had to be euthanized after flow ceased to this tank and had 

to be restarted with ammocoetes which were left over from the initial shipment from the 
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USFWS. These leftover individuals would have not been selected initially due to their being 

outside the ideal size range. Linear regressions were performed to verify whether any 

relationship existed between CTMax and condition factor, weight, or length. A weak positive 

relationship was found between CTMax and condition factor when all data was pooled (adj 

R2=0.07, F=8.40, p=0.005; Appendix A: Fig. A.5), meanwhile the only group which 

demonstrated a significant relationship was the New Brunswick warm acclimation group (adj 

R2=0.33, F=7.40, p=0.02; Appendix A: Fig. A.6); all others were not statistically significant. A 

weak negative relationship was indicated between CTMax and length when all data was pooled 

(adj R2<0.01, F=4.75, p=0.03; Appendix A: Fig. A.7). When analyzed individually, only the 

New Brunswick warm acclimation group had a significant negative relationship with CTMax 

(adj R2=0.34, F=7.75, p=0.017), while a significant positive relationship was also detected in the 

landlocked moderate group (adj R2=0.22, F=5.03, p=0.04; Appendix A: Fig. A.8). No 

relationship was detected between mass and CTMax when all data was pooled or when each 

acclimation group was analyzed separately (Appendix A: Figs. A.9, A.10). Taken together, the 

slight differences observed in animal size between groups likely had minimal impact on any 

subsequent measurements. 

 Due to differences in the acclimation temperatures of the two populations, CTMax data 

comparisons between populations were made using an ANCOVA, with mean acclimation 

temperature as the covariate. 

 

3.3.4 Tissue Sampling Procedure  

Ten individuals were sampled directly from the acclimation tanks following the CTMax 

trials. Sampling procedure followed that outlined in Chapter Two.  
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3.3.5 RNA Extraction and cDNA Synthesis  

RNA extractions and cDNA synthesis followed the procedures outlined in Chapter Two. 

All landlocked RNA samples demonstrated a 260/230 absorbance ratio between 1.44 and 2.44 

(mean = 2.15), and a 260/280 absorbance ratio between 2.0 and 2.26 (mean = 2.12). Concerns 

regarding some samples’ low 260/230 absorbance ratios were allayed by outlier analysis on the 

final dataset, visually via boxplots and statistically via Dixon Tests. These demonstrated that 

none of the samples with low 260/230 ratios were outliers; therefore, they were retained in the 

analysis. 

 

3.3.6 Primer Design  

Primers used here were the same as in Chapter Two except for UGT, which was designed 

using the framework described in Chapter Two (Table 3.2). 

 

3.3.7 qPCR Protocol and Data Analysis  

The qPCR protocol and data analysis were performed as per Chapter Two. To measure 

variation in the reference genes, the coefficient of variation (CV) was calculated for each 

reference gene on plate A by dividing the standard error of the mean of the gene A normalized 

relative quantities (NRQs) by the mean of the gene A NRQs on plate A. CV is generally below 

25 % for stably expressed reference genes (Hellemans et al. 2007). The CV for reference genes 

used in the present study were all <29.5 % (mean CV = 19.7 %). Statistics were run on the log-

base-two NRQ values, while figures were produced with the NRQ values. 
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 Two-way type-III ANOVAs were performed for each gene target, using the three 

treatment levels and two populations as the two factors. A separate analysis was performed on 

each tissue. A priori contrasts were identified prior to testing the model to examine differences 

between treatments within populations, and between populations within treatments. Due to the 

large number of tests (9), a Bonferroni correction was applied when testing for significance in 

the contrasts.  

 

3.4 Results  

3.4.1 CTMax  

Mean CTMax (±SEM) of the New Brunswick sea lamprey population acclimated to cold, 

moderate, and warm conditions were 32.5 °C (±0.2 °C), 33.4 °C (±0.1 °C), and 34.5 °C (±0.1 

°C) respectively, while the landlocked populations had mean CTMax values of 33.3 °C (±0.1 

°C), 34.4 °C (±0.2 °C), and 35.2 °C (±0.1 °C), respectively (n = 14-19; Fig. 3.3; Table 3.3). 

There were statistically significant differences in CTMax temperatures between acclimation 

temperatures within each population (p<0.001 in all contrasts), while differences were also 

observed between populations within each acclimation group (p<0.003 in all contrasts). Because 

acclimation temperatures differed within the moderate acclimation groups between populations, 

an ANCOVA was employed to examine potential differences between populations. Linear 

models were fit to both the New Brunswick (y = 0.1243x + 31.85) and landlocked populations (y 

= 0.1196x + 32.67), and the model slopes and intercepts were sequentially compared through 

ANOVA, revealing no difference in slopes between populations (F=0.07, p=0.79), but a 

significant difference in intercept (F=48.55, p<0.001).  
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An additional CTMax trial was performed on New Brunswick individuals (n=16) 

acclimated to moderate temperatures using identical methods to those used for the landlocked 

population to evaluate whether this method led to an increased CTMax estimate, regardless of 

the lack of evidence that the heating rate differed (Fig. 3.3). This group had a mean CTMax 

(±SEM) of 33.9 °C (±0.1 °C), 0.21 °C greater than the CTMax estimate for their mean 

acclimation temperature generated by the original New Brunswick linear model, but 0.55 °C 

lower than the predicted value from the landlocked model. A two-tailed t-test revealed a 

significant difference between the landlocked moderate and 2018 New Brunswick moderate 

acclimation groups (t=2.69, p=0.015). 

 

3.4.2 Gene Expression  

Transcription factors 

 HSF1 expression was not found to be differentially expressed between the two 

populations across temperature treatments in either tissue (Table 3.4; Fig. 3.4 B, C). A greater 

expression level was observed in the cold compared to the moderate treatment in the intestines 

from the New Brunswick population (t=-3.15, p=0.024). 

 EPAS1B expression demonstrated similar trends between the two populations overall, but 

expression was higher in the New Brunswick population in response to the warm treatment in 

liver tissue (t=-3.62, p=0.006; Fig. 3.4 A, B). Expression generally increased with treatment 

temperature. In all cases the warm treatment had a greater EPAS1B expression than the cold 

treatment (New Brunswick t=-6.28, p<0.0001; Landlocked t=-2.89, p=0.05). The moderate 

treatment demonstrated opposite reactions in the two tissues; in the intestine, expression levels 



78 
 

matched those of the cold treatment; in the liver, expression levels matched those of the warm 

treatment. 

 JUN expression demonstrated different trends between populations. In the New 

Brunswick population there was no change in JUN expression between any treatment 

temperature in either tissue. JUN expression in the landlocked population increased with 

treatment temperature significantly between the cold and moderate treatments in both tissues 

(intestine: t=3.94, p=0.002; liver: t=3.30, p=0.015; Fig. 3.4 E, F). In intestine, a difference in 

expression level between populations was noted in the cold treatment, with lower expression in 

the landlocked population (t=-5.39, p<0.0001), while expression levels were nearly identical in 

the warm treatment. No differences between populations were observed in the liver samples. 

Heat shock proteins 

 HSP90B1 expression followed the same general patterns in response to treatment 

between both tissues and populations, exhibiting a U- or L-shaped pattern with the lowest 

expression in the moderate treatment (Fig. 3.5A, B). Intestine samples demonstrated greater 

expression in the cold treatment compared with the moderate temperature in both populations 

(New Brunswick: t=-4.51, p=0.0003; landlocked: t=4.89, p<0.0001), while no difference was 

detected between the moderate and warm treatments. Liver samples did not show significant 

differences in HSP90B1 expression among different treatments in the New Brunswick 

population, while the U-shape is very distinct in the landlocked population, with significant 

differences between each treatment (all t<-3.73, p<0.0042). Population differences in expression 

were also detected in the liver samples in the warm treatment, as the landlocked population had a 

greater expression level (t=4.91, p<0.0001). 
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 HSPA9 expression patterns differed between tissues and populations (Fig. 3.5 C, D). 

Intestine samples were nearly indistinguishable between populations, with greatest expression in 

the cold treatment as compared to the moderate (New Brunswick: t=-4.46, p=0.0003; landlocked: 

t=-6.63, p<0.0001) and warm treatments (New Brunswick: t=3.64, p=0.006; landlocked: t=5.48, 

p<0.0001). No changes in HSPA9 expression were noted in the New Brunswick liver tissue with 

respect to treatment temperature, while a U-shape was evident in the landlocked samples, with 

the moderate treatment demonstrating the lowest expression with respect to both the cold (t=-

5.05, p<0.0001) and warm (t=-4.67, p=0.0002) treatments. Landlocked moderate liver HSPA9 

expression was significantly lower than the New Brunswick moderate group (t=-4.00, p=0.0017). 

 SERPINH1A expression patterns were again consistent between treatments and 

population in the intestine, rising with temperature (Fig. 3.5 E, F). The warm treatment displayed 

significantly greater expression than the moderate treatment in the intestine (New Brunswick: t=-

5.95, p<0.0001; landlocked: t=-3.21, p=0.02), while no statistical difference was detected 

between cold and moderate treatments. SERPINH1A expression patterns in the liver were also 

consistent between populations, rising with temperature. A difference was apparent in the 

activation temperature, however, as the New Brunswick population significantly upregulated 

SERPINH1A with each increase in treatment temperature (all t>6.36 or t<-3.46, all p<0.0094), 

while the landlocked population significantly upregulated SERPINH1A only in response to the 

warm treatment (all t<-7.13, p<0.0001). 

Proteolytic enzyme – MMP2      

 MMP2 varied relatively little across treatment groups, with no changes detected in New 

Brunswick intestine tissue or landlocked liver tissue (Fig. 3.6 A, B). A decrease in expression 

was observed in the intestine of warm landlocked individuals, relative to moderate (t= 4.18, 
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p=0.001) and cold (t=3.77, p=0.004) treatments. In New Brunswick liver tissue, the cold 

treatment demonstrated borderline significantly greater expression than moderate (t=-2.89, 

p=0.05). 

Detoxifying enzyme – UGT        

 UGT expression remained unchanged across treatments in the landlocked population in 

both tissues (Fig. 3.6 C, D). The New Brunswick intestine showed an increase in expression with 

temperature as the warm treatment expressed UGT at a greater rate than the cold treatment (t =-

4.16, p=0.001). Similarly, the warm treatment had greater expression in the liver than the 

moderate treatment in the New Brunswick population (t=-4.73, p=0.0001). The landlocked 

population demonstrated elevated expression relative to the New Brunswick population in the 

moderate liver samples (t=3.76, p=0.004).  

Principal components analysis  

 The PCAs performed separately on liver and intestine tissues for all genes of interest both 

demonstrate that PC1 contains variation predominately from the response to treatment 

temperature, and to a lesser extent population differences (liver PC1 explains 27.04 % variance; 

intestine PC1 explains 34.05 % variance; Figs. 3.7, 3.8). PC2 reveals further variation in 

response to treatment temperature as well as population differences within treatments (liver PC2 

19.6 % variance explained; intestine PC2 explains 23.72 % variance).  

 In the liver PCA, the cold treatment group of both populations are indistinguishable, 

negatively related to PC1, and positively related to PC2. The pattern then clearly changes 

between populations as the treatment temperature increases. The landlocked population 

demonstrates a U-shaped pattern, with the moderate treatment negatively related to both PCs, 

and the warm treatment positively related to both. Contrarily, the moderate treatment in the New 
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Brunswick anadromous population is centered on both PCs, and the warm treatment is positively 

related to PC1 and central on PC2. The intestine PCA is largely similar but appears to be tilted 

about 45° compared to the liver PCA. The temperature treatments follow a J-shaped pattern, with 

the cold treatment group negatively related to PC1 and in the middle of PC2, the moderate 

treatment group positively related to PC1 and negatively related to PC2, and the warm group 

positively related to both PCs. Population differences are evident in the cold group, with the 

landlocked population more negatively related to PC1, and the warm group, with the New 

Brunswick anadromous population being more positively related to PC2. 

 

3.5 Discussion  

 Overall results were compatible with most of the predictions. The landlocked population 

demonstrated a greater upper thermal tolerance than the New Brunswick population, although 

the prediction that the slope of the acclimation-CTMax temperature relationship (ARR) would 

differ was not supported. Greater phenotypic plasticity was confirmed in the gene expression 

patterns of the landlocked population, with greater flexibility in JUN, HSP90B1, and HSPA9 

expression. In the liver, expression of UGT in the landlocked population was greater under 

moderate conditions than the New Brunswick population. 

 

3.5.1 CTMax     

The CTMax trials demonstrated a linear pattern, with each population’s ARR = 0.12, 

while the landlocked population’s CTMax values were consistently shifted ~0.8 °C higher. The 

repeated CTMax result from an moderate-acclimated New Brunswick group in 2018, performed 
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on animals collected from the same stream as the New Brunswick population tested in 2017, 

verified the presence of population-level differences and dispelled concerns over comparing the 

interannual CTMax results. This greater thermal tolerance observed in the landlocked population 

corresponds to predictions made with current invasion theory, i.e. that invasive populations will 

generally demonstrate increased tolerance to environmental stressors (Zerebecki and Sorte 2011; 

Hill et al. 2013; Bates et al. 2013). Interestingly, no difference existed between populations’ 

ARR, implying that the landlocked population has not developed greater plasticity in their upper 

thermal tolerance. This finding was surprising as populations colonizing novel habitats are 

hypothesized to demonstrate greater plasticity relative to con- and hetero-specifics (Yeh and 

Price 2004; Scoville and Pfrender 2010; Davidson et al. 2011; Lande 2015). Petromyzontiformes 

in general appear to have a reduced capacity to adjust their upper thermal tolerance through 

acclimation (Chapter Two), and therefore this trait may not be ideal for detecting potential 

changes in plasticity in this species. It is possible that the genetic underpinnings which allow for 

flexibility of the ARR have been lost from this lineage, and therefore there was no opportunity to 

modify the ARR in the landlocked population. 

In one of the only other studies comparing thermal tolerance between invasive and native 

populations within a species, no difference was found in CTMax at a range of acclimation 

temperatures between a native pumpkinseed population from Canada and an invasive population 

sourced from Spain, despite the invasive population being subjected to a generally warmer 

climate (Rooke et al. 2017). This discrepancy could stem from several sources. First, the Spanish 

climate from which the invasive pumpkinseed population was obtained in the Rooke et al. (2017) 

study experiences a narrower range of annual temperatures than the native population used. 

Decreased annual temperature fluctuations have been demonstrated to be linked to decreased 
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upper thermal tolerance in fish (Feminella and Matthews 1984; Strange et al. 2002). Second, the 

experiments were performed on F1 and/or F2 generations reared under common conditions over 

several years which were started from ~20 individuals per population. This would have allowed 

for founder effects or even some selection to have occurred and would have weakened any 

transgenerational factors or developmental plasticity which could be operating within the wild 

population in the invasive range.  

Previously, rapid evolution of thermal tolerance has been demonstrated in founding 

populations of threespine stickleback. Within three generations of being introduced to a small, 

artificial freshwater pond, marine-sourced sticklebacks demonstrated a 2.5 °C decrease in their 

critical thermal minimum, to a temperature comparable to that observed in natural freshwater 

populations (Barrett et al. 2011). Due to the remarkable fecundity of sea lamprey (44,000-

200,000 eggs per female: Beamish 1980; Manion and Hanson 1980), a similarly rapid 

adaptational response, albeit likely smaller in magnitude, may have occurred early in their 

invasion of the Great Lakes. In a similar study, Fangue et al. (2006) reported that common 

killifish from a southern population have a CTMax ~1.5 °C higher at a range of acclimation 

temperatures, compared to a population from the northern edge of their distribution. This trend 

held true for multiple northern and southern populations tested. This is a greater difference than 

the ~0.8 °C difference observed in sea lamprey, potentially due to the greater divergence in 

thermal conditions between these two killifish populations, the greater length of time these 

killifish populations have been reproductively isolated from each other, as well as this species’ 

extreme plasticity.  
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3.5.2 Gene Expression   

Overall, few differences in transcription factor expression patterns were noticed between 

populations. EPAS1B (hypoxia-inducible factor 2 [in a new version of the sea lamprey genome 

this sequence is annotated as hypoxia-inducible factor 1; Smith et al. 2018]) expression followed 

similar patterns between populations, with expression generally increasing with temperature. 

This could be due to the positive effect temperature has on sea lamprey metabolic rates (Holmes 

and Lin 1994). The warmest group would have the greatest metabolic rate and therefore the 

greatest oxygen demand, while at the same time, water tends to hold less dissolved oxygen as 

temperatures increase, creating a scenario where the warm individuals could be under slightly 

greater oxygen stress than the cold and moderate treatment individuals. By no means were they 

under hypoxic conditions, but a slight oxygen limitation in the warm relative to the cold 

treatment is not unexpected. While only statistically significant in the liver in warm treatment 

samples, the landlocked population tended to have lower expression in all treatments. This could 

indicate a greater tolerance to oxygen limitation, as EPAS1B is not being induced as much 

relative to the New Brunswick population.  

 An interesting population difference is clear in the expression patterns of JUN in 

response to the different temperature treatments. The New Brunswick population had a stable, 

constant level of expression regardless of the different treatment temperatures, while the 

landlocked population showed an increase in JUN expression with temperature. This suggests 

increased transcriptional plasticity in the landlocked population, as they reduce the expression of 

JUN at low temperatures, and increase it as required at greater temperatures. The differences 

observed in JUN expression between populations must be interpreted with caution however, as 

JUN expression in sea lamprey was previously demonstrated to be sensitive to handling 
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(Appendix A: Fig.1). This makes JUN a good candidate for assessing acute stress in sea lamprey 

ammocoetes on the order of minutes to hours but may be less reliable for determining chronic 

responses. 

Few differences were noted in heat shock protein expression between populations in the 

intestine, as expression levels and patterns were closely matched. Alternatively, liver tissue 

demonstrated interesting differences between populations. HSP90B1 and HSPA9 both remained 

unchanged across treatments in the New Brunswick population, while both demonstrated 

downregulation in the landlocked population in response to a moderate temperature. Sea lamprey 

ammocoetes have demonstrated a temperature preference of 13.6 °C (±0.17 °C), and therefore 

may experience the least homeostatic disturbance at this temperature (Reynolds and Casterlin 

1978), while some protein denaturation may be occurring under the cold and warm treatments 

which requires relatively greater expression of these heat shock proteins. While the expression of 

SERPINH1A did not differ significantly between populations, differences in the trends are 

apparent. A lower initiation temperature appears to be present in the New Brunswick population, 

which elevated liver SERPINH1A expression in the moderate treatment, while the landlocked 

population only elevated expression in the warm treatment. A forking of the trend is also present 

in the intestine, as expression in the cold and moderate treatments nearly overlap in both 

populations, while a spike occurs in the New Brunswick population relative to the landlocked in 

the warm treatment, with nearly double the SERPINH1A expression.  

Zerebecki and Sorte (2011) found that an invasive tunicate species from the California 

coast demonstrated greater thermal tolerance and greater HSP70 protein expression in response 

to a heat shock compared with a native tunicate. These authors speculate that the increased 

responsiveness of HSP70 could be directly linked to the increased thermal tolerance observed. 
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Increased basal levels of HSC70 and HSP70 proteins have also been implicated in increased 

thermal tolerance in livebearer (Poeciliopsis) fish (Dilorio et al. 1996). Fangue et al. (2006) were 

able to demonstrate differences in gene expression between two populations of common killifish, 

a northern and more thermally-tolerant southern population. The normally constitutively 

expressed HSC70 gene expression increased in response to heat shock in the southern, but not 

northern population. Unfortunately, here, the full heat shock experiment which had previously 

been completed on the New Brunswick population (Chapter Two) was not repeated on the 

landlocked population. Comparisons in gene expression patterns were only made in response to 

the different acclimation conditions and are more reflective of basal expression levels. Fangue et 

al. (2006) showed no differences in gene expression between samples taken directly from their 

acclimation tanks in any gene except HSP90β, which had greater expression in the more 

thermally tolerant southern population. They used a single acclimation temperature for their gene 

expression experiment, 20 °C, a comfortable temperature for both populations. Around this 

acclimation temperature, the present study also found greater HSP90B1 expression in the more 

thermally tolerant landlocked sea lamprey ammocoetes. In both species, 20 °C is expected to be 

a non-stressful temperature; therefore, increased expression of HSP90B1 in the more thermally 

tolerant population could indicate their greater capacity to withstand additional temperature 

increases relative to the less thermally tolerant population.  

Increased activation temperature of HSPs has been associated with greater thermal 

tolerance in other species subjected to an acute thermal stressor (Buckley and Hofmann 2002, 

2004; Logan and Somero 2011; Fangue et al. 2011; Komoroske et al. 2015). Here, opposite 

initiation patterns emerged for SERPINH1A and HSP90B1 in response to chronic temperature 

treatments, both of which were previously demonstrated to be inducible in response to an acute 
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heat shock (Chapter Two). The landlocked population had a higher initiation temperature relative 

to the New Brunswick anadromous population for SEPRINH1A, and a lower initiation 

temperature for HSP90B1. Therefore, drawing conclusions linking initiation temperature in these 

two genes to overall thermal tolerance is difficult and may not be appropriate based on the 

limited data here.         

 The difference between the response of UGT expression between populations is 

especially interesting, although difficult to interpret. This is a key enzyme in the detoxification of 

the lampricide, TFM, employed as a piscicide in the Great Lakes to control sea lamprey 

ammocoete populations (Kane et al. 1994). In the present study, UGT expression was unchanged 

by treatment temperatures in the landlocked individuals but was expressed at greater levels 

relative to the New Brunswick population in the liver under moderate (~13 °C) conditions. A 

recent investigation showed that the uptake rate of TFM in sea lamprey ammocoetes increases 

with increased metabolic rate, as measured by oxygen consumption (Tessier et al. 2018). Since 

this ectotherm’s metabolic rate is directly controlled by environmental temperature, warmer 

temperatures should increase the efficacy of TFM. Increased respiration and heart rates at higher 

temperatures would increase the rate of TFM uptake and accumulation in body tissues, and the 

greater metabolic demand would result in faster depletion of ATP reserves. The Great Lakes 

Fishery Commission (GLFC) takes full advantage of ice-free conditions, applying TFM to Great 

Lakes tributaries from April through October (GLFC SOP Appendix H, 2018). The fact that 

UGT is expressed at significantly greater levels in the landlocked population under moderate 

conditions (~13 °C – 14 °C) suggests a selective pressure may be at work; however, given the 

evidence, it is unlikely that TFM is the culprit behind selection. If adaptation to TFM were 

responsible, one would expect to see elevated UGT expression across all temperature treatments 
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relative to the New Brunswick population. UGT is involved in the breakdown of various 

phenolic compounds, which can come from a variety of natural or artificial sources, including 

pharmacological drugs, other pesticides, and by-products of petroleum industries (Kane et al. 

1994). Therefore, this increased UGT expression could be a result of the population bottlenecks 

and subsequent variation fixes in the landlocked population as it expanded through the relatively 

polluted Great Lakes system. This expression pattern may have originated in the original Lake 

Erie founder population, which would have encountered a polluted lake and tributaries in the 

early days of the invasion (Sullivan et al. 2003). 

 A drawback of the present study design, however, lies in the fact that no age or sex 

verification could be performed on the larval sea lamprey. The anadromous juveniles and adults 

can grow larger than their landlocked kin, but recently metamorphosed juveniles appear to be of 

a similar size between both populations (Hansen et al. 2016). Animals used were also too small 

to rapidly sex individuals as they were sampled; therefore, it is unknown whether the ratios of 

males to females may have differed between populations or treatment groups. In some species 

age has been shown to be negatively correlated with temperature tolerance (Bowler and 

Terblanche 2008), while sex has been demonstrated to have an impact on expression of heat 

shock protein genes (Dammark et al. 2018) and thermal tolerance (Jeffries et al. 2012), while 

both age and sex have an impact in others (Winne and Keck 2005).  Controlling for age and 

development stage was attempted by using the same approximate size range for both 

populations.   
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3.5.3 Summary 

 In conclusion, an invasive, landlocked population of sea lamprey ammocoetes had a 

consistently higher CTMax than a New Brunswick anadromous population at a range of 

acclimation temperatures. They also demonstrate increased plasticity in JUN, HSP90B1, and 

HSPA9 in response to different chronic treatments at a range of ecologically-relevant 

temperatures. Expression of UGT in the liver of the landlocked population was also differentially 

expressed under moderate conditions relative to the New Brunswick population, which may 

influence how the landlocked population processes the lampricide TFM. 

  



90 
 

3.6 Figures and Tables  

 

Figure 3.1. Sea lamprey ammocoete collection sites (Yellow) and USGS water temperature 

monitoring sites (red). Ammocoetes from the native population were collected from tributaries of 

the Richibucto River, New Brunswick in 2017, while the landlocked population were collected 

from the Chippewa River, Michigan, in 2018. 
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Figure 3.2. Mean (±SEM) daily temperature for tributaries of ammocoete-bearing streams of the 

Atlantic Coast from Maine to Delaware, and the tributary of the source stream of the landlocked 

population used in the present study, the Saginaw River (black). Horizontal lines were drawn at 

26°C and 30°C to denote putative temperature thresholds proposed in Chapter Two for initiation 

of a mild heat shock response and initiation of a severe heat shock response. Annual thermal 

regimes in these areas are highly comparable overall. Data was retrieved from publicly available 

USGS records and from the Province of New Brunswick’s water quality database.  
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Figure 3.3. Mean CTMax (± SEM) values of sea lamprey acclimated to cold, moderate, and 

warm temperatures from landlocked (squares, large dashed line) populations are greater than 

those from New Brunswick (triangles, small dashed line) populations. Regression lines 

demonstrate a parallel trend for the effect of acclimation on CTMax, while the intercept for the 

landlocked population is significantly greater. Capital letters denote significant differences 

between acclimation temperatures in the landlocked population, while small letters show the 

same for the New Brunswick population. Due to a small difference in CTMax protocols used 

between years, an additional moderate New Brunswick group was tested following the methods 

used for the landlocked population in the summer of 2018 (circle). This CTMax estimate falls 

very close to the predicted value for the New Brunswick population. 
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Figure 3.4. Mean (±SEM) transcription factor expression relative to the three control genes 

(normalized relative quantity – NRQ) from the liver (A, C, E) and intestine (B, D, F) tissues 

from both the New Brunswick anadromous (black circles) and landlocked (blue triangles) 

populations. Capital letters denote statistically significant differences within populations across 

treatments, corresponding to the colour of the population. Asterisk denotes statistically 

significant differences between populations within a treatment. Note the different scale used for 

the liver JUN data (E). 
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Figure 3.5. Mean (±SEM) molecular chaperone expression relative to the three control genes 

from the liver (A, C, E) and intestine (B, D, F) tissues from both the New Brunswick 

anadromous (black circles) and landlocked (blue triangles) populations. Capital letters denote 

statistically significant differences within populations across treatments, corresponding to the 

colour of the population. Asterisk denotes statistically significant differences between 

populations within a treatment. Note the different scale used for the SERPINH1A liver data (E). 
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Figure 3.6. Mean (±SEM) MMP2 and UGT expression relative to the three control genes from 

the liver (A, C) and intestine (B, D) tissues from both the New Brunswick anadromous (black 

circles) and landlocked (blue triangles) populations. Capital letters denote statistically significant 

differences within populations across treatments, corresponding to the colour of the population. 

Asterisk denotes statistically significant differences between populations within a treatment.  
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Figure 3.7. Principal components analysis on intestine gene expression results, with the 

corresponding biplot inset. Mean values (±SEM) for each experimental group presented, with 

triangles for the landlocked population and circles for the New Brunswick anadromous 

population. Cold, moderate and warm treatments are presented in blue, green, and red, 

respectively. 
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Figure 3.8. Principal components analysis on liver gene expression results, with the associated 

biplot inset. Mean values (±SEM) for each experimental group presented, with triangles for the 

landlocked population and circles for the New Brunswick anadromous population. Cold, 

moderate and warm treatments are presented in blue, green, and red, respectively. 
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Table 3.1. USGS and Province of New Brunswick water quality monitoring site information for 

sites used to gather tributary temperature data. A total of 54 observations were available for the 

Richibucto River, an average of 3.4 observations per year. 

 Site ID River Latitude Longitude 
Duration of Record (# 

years used) 

Atlantic 

(USGS) 

1021050 St. Croix River 45°10'12" 67°17'48" 1972-2017 (44) 

1038000 Sheepscot River 44°13'22" 69°35'38" 1974-76, 2004-15 (11) 

1073319 Lamprey River 43°02'29" 71°12'06" 2008-2017 (8) 

1193500 Salmon River 41°33'08" 72°26'59" 1975-1992 (16) 

1196500 Quinnipiac River 41°27'00.95" 72°50'28.59" 2014-2017 (4) 

1372058 Hudson River 41°39'03" 73°56'42" 1992-2017 (26) 

1400500 Raritan River 40°33'20" 74°34'58" 2008-2017 (10) 

1408000 Manasquan River 40°09'41" 74°09'17" 1969-74, 2015-2017 (9) 

1427510 Delaware River 41°45'24.3" 75°03'26.7" 1975-2017 (37) 

1480065 Christina River 39°42'38.3" 75°36'31.4" 2006-2017 (12) 

Huron 04157005 Saginaw River 43°25'19" 83°57'07" 2012-2016 (5) 

Atlantic 

(NB) 
Richibucto River above Smiths 
Corner Bridge (New Brunswick) 

46.51 -65.163 2003-2018 (16) 
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Table 3.2. Information on genes and primers used in the present study. Accession numbers are 

available on the current Ensembl release, v.95. JUN and HSF1 are unannotated in the current 

Ensembl database but were annotated as such when the database was first accessed to design 

primers (v.90). These sequences were BLASTed in a different sea lamprey genome (SIMRbase) 

which has them annotated as JUN and HSF1. The EPAS1B sequence is annotated as such in 

Ensembl v.95, but is annotated as HIF1A in the SIMRbase genome. 

Functional 

group 

Gene Code Full gene name Accession No. Efficie

ncy 

Primer sequence 

Transcription 

factor 

JUN Jun proto-

oncogene, AP-1 

transcription factor 

subunit 

ENSPMAT 

00000004097.1 

2.02 

101% 

F-ATG AAC TCC AGG 

ATG GAA GC 

R-GGA GAG GCT CTT 

TTT CAT TGC 

HSF1 (Predicted) Heat 

shock transcription 

factor 1 

ENSPMAT 

00000005090.1 

2.02 

101% 

F-CAT GGG CAG GAT 

CAT AAG TG 

R-TCA TGG TGT TGA 

GTC GGT TG 

EPAS1B Endothelial PAS 

domain protein 1b 

ENSPMAT 

00000000148.1 

1.99 

99.5% 

F-TAC GAA TGC CTT 

GCG ACA AC 

R-TGT TGA AGT GGT 

GGA CAT GC 

Molecular 

Chaperone 

HSP90B1 Heat shock protein 

90 Beta family 

member 1 

ENSPMAT 

00000001245.1 

1.99 

99.5% 

F-TCA CGT TGG TGC 

TCA AGG AA 

R-GGT TCT TCA ACG 

GTC TCG GT 

HSPA9 Heat shock protein 

family A (hsp70) 

member 9 

ENSPMAT 

00000007246.1 

1.97 

98.5% 

F-CCA ACC CAA ACA 

ACA CCT TC 

R-TTC TGC ACA TCG 

GAG TCA TC 

SERPINH1A Serpin peptidase 

inhibitor, clade H 

(heat shock protein 

47), member 1a 

ENSPMAT 

00000008277.1 

1.94 

97% 

F-ATG CAT CGC ACA 

GGC TTC TA 

R-TTG AGC TGC ATC 

TCC AGC AG 

Proteolytic 

Protein 

MMP2 Matrix 

metallopeptidase 2 

ENSPMAT 

00000003005.1 

1.97 

98.5% 

F-GCC CAA GTA CGA 

GGT GTG TA 

R-GCG CAT GTG CAT 

CTT GTT CT 

Ribosomal 

protein 

(Reference) 

RPL8 Ribosomal protein 

L8 

ENSPMAT 

00000009691.1 

2.0 

100% 

F-GCG CTC ACA ACA 

AAC ACA AG 

R-CGT GGA TTA TGT 

CCT TGA CG 

RPL13A Ribosomal protein 

L13A 

ENSPMAT 

00000007151.1 

2.0 

100% 

F-ATC GCC TGA AGG 

TGT TTG AC 

R-TAC TGC AAA CTT 

GCG TGT GG 

RPS6 Ribosomal protein 

s6 

ENSPMAT 

00000008266.1 

1.96 

98% 

F-AGA TCC GCA AGC 

TCT TCA AC 

R-TTT GCC TTC CTT 

GGT GAG TG 
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Table 3.3. Acclimation and CTMax temperatures for the New Brunswick anadromous and 

landlocked sea lamprey populations, and regression coefficients for the linear models of the 

relationship between the two for each population (CTMax = α + β*Acclimation). 

 

  

Treatment 
Acclimation Temperatures 

°C (±sd) 
CTMax °C (±SE) Regression coefficients (±SE) 

 
New 

Brunswick 
Landlocked 

New 
Brunswick 

Landlocked  
New 

Brunswick 
Landlocked 

Cold 5.0 (± 0.3) 5.0 (± 0.4) 32.5 (± 0.2) 33.3 (± 0.1) β 
0.1243 

(±0.01) 

0.1196 

(±0.01) 

Moderate 13.5 (± 0.9) 14.8 (± 0.5) 33.4 (± 0.1) 34.4 (± 0.2) α 
31.845 

(±0.16) 

32.674 

(±0.20) 

Warm 20.3 (± 1.5) 21.0 (± 1.9) 34.5 (± 0.1) 35.2 (± 0.1) 
Adj. 

R2 
0.7309 0.6442 



102 
 

Table 3.4. Summary table of planned contrasts in two-way ANOVAs on liver and intestine gene 

expression data. Bonferroni-corrected p-values presented here. Bold numbers indicate p<0.05, 

italics indicate 0.05<p<0.1. 

 Defined Contrasts P-values 

HSF1 EPAS1B JUN HSP90B

1 

HSPA9 SERPIN

H1A 

MMP2 UGT 

Liver LL 

vs 

NB 

Warm 1.0 5.87e-3 1.0 8.07e-5 1.0 1.0 1.0 1.0 

Moderate 1.0 6.56e-1 1.0 1.01e-1 1.72e-3 1.36e-1 2.21e-1 3.73e-3 

Cold 5.98e-1 1.0 1.0 2.68e-1 1.0 8.94e-2 1.0 1.0 

NB Cold v 

Moderate 

1.0 2.55e-4 1.0 2.68e-1 1.0 4.01e-7 4.96e-2 4.25e-1 

Moderate 

v Warm 

1.0 8.41e-1 1.0 1.0 1.0 9.34e-3 1.0 1.48e-4 

Cold v 

Warm 

1.0 5.41e-7 1.01e-1 1.0 1.0 1.13e-12 4.73e-1 8.29e-2 

LL Cold v 

Moderate 

3.12e-1 3.98e-2 1.54e-2 4.11e-3 4.76e-5 1.0 1.0 9.68e-1 

Moderate 

v Warm 

1.0 1.0 1.0 3.49e-10 1.82e-4 2.20e-8 1.0 1.0 

Cold v 

Warm 

9.86e-1 5.00e-2 8.04e-5 3.09e-4 1.0 2.72e-10 1.0 9.32e-1 

Int. LL 

vs 

NB 

Warm 1.0 1.09e-1 1.0 1.0 1.0 4.93e-1 2.31e-1 1.0 

Moderate 1.0 1.0 2.87e-1 1.0 1.0 1.0 1.0 1.0 

Cold 1.0 4.79e-1 1.44e-5 1.0 1.55e-1 1.0 1.0 2.43e-1 

NB Cold v 

Moderate 

2.40e-

2 

1.0 1.0 3.19e-4 3.77e-4 8.78e-1 1.0 1.0 

Moderate 

v Warm 

1.0 5.80e-4 1.0 7.05e-1 1.0 1.83e-6 1.0 1.19e-1 

Cold v 

Warm 

1.0 7.07e-4 9.83e-1 8.00e-2 5.54e-3 3.41e-9 1.91e-1 1.02e-3 

LL Cold v 

Moderate 

1.46e-1 1.0 2.14e-3 1.2e-7 1.49e-7 1.66e-1 1.0 1.0 

Moderate 

v Warm 

1.0 1.49e-1 6.38e-2 7.02e-1 1.0 1.99e-2 9.78e-4 7.62e-1 

Cold v 

Warm 

5.23e-1 5.26e-3 9.95e-8 8.56e-5 1.04e-5 5.69e-6 3.67e-3 9.39e-1 
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Chapter 4: General Discussion 

To the best of my knowledge, this study was the first to evaluate CTMax for sea lamprey 

at any life stage. The CTMax of some species align well with thermal limits observed under 

natural conditions (Jeffries et al. 2018). In the case of sea lamprey ammocoetes, however, this 

does not hold true. Previous investigations on their upper thermal limit using incipient lethal 

temperature predicted that a temperature of 31.4 °C would kill 50 % of a sea lamprey population 

within two weeks (Potter and Beamish 1975). Based on the present results, exposure to 32.5 °C 

for four hours is lethal to 60 % of a population acclimated to 20 °C, while four hours at 31.9 °C 

is lethal to 30 % of the same population, insinuating the presence of a concrete thermal ceiling 

around 32 °C which is lethal to sea lamprey ammocoetes on the order of hours. This further 

suggests that the CTMax method, while a useful tool to estimate acutely lethal temperatures in a 

population, may have limited applicability in sea lamprey ammocoete management because it 

overshoots lethal temperatures by a few degrees at this life stage, as has been previously reported 

for other species (Beitinger et al. 2000). The CTMax is a useful method to rapidly estimate 

relative acutely lethal temperatures, and to compare thermal tolerance between species or 

populations, but from a population management perspective however, it is best viewed as one of 

many tools that can be used to estimate thermal limits, and it is most useful when used with other 

parameters including thermal distribution in the wild, behavioural temperature preference and 

agitation experiments, and physiological indicators of sublethal thresholds (Jeffries et al. 2018). 

It is possible that the endpoint selected, lack of response to a physical stimulus, was not 

appropriate for estimating the CTMax, but there were few other repeatable alternatives. During 

the preliminary CTMax trial runs it was observed that after emergence from the sediment, while 

the ammocoetes were rapidly swimming around the beaker, they would occasionally perform a 
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so-called ‘loop-de-loop’, swimming in a tight vertical circle in an uncoordinated manner. 

Consideration was given to recording the onset temperature of this behaviour, but unfortunately 

it was not consistently exhibited, and with multiple individuals being run simultaneously the 

likelihood of missing the onset of this behaviour would have been too high without recording 

video of the trials. 

In Chapter Two, the existence of two physiological thresholds which exist around 24 °C 

– 26 °C and ~30 °C were proposed, and evidence of an apparently hard upper acutely lethal 

temperature around 32 °C was found. The threshold ~24 °C – 26 °C corresponds to the initiation 

temperature of heat shock protein expression, as previously described by Wood et al. (1999) and 

reinforced with the present data, as well as a decline in metabolic rates (Holmes and Lin 1994). 

The first proposed threshold represents the temperature where inducible elements of the cellular 

stress response are initiated to maintain cellular homeostasis. The second threshold corresponds 

to the point at which the cellular stress response shifts away from a homeostasis maintenance, or 

‘routine’ stress response, and towards a severe stress response, or a survival response. This is 

supported in the present data by the relative decrease in expression of some molecular 

chaperones in the CTMax-2 °C compared with the 26 °C treatments, combined with the 

sustained high expression of the immediate early gene JUN. While the low resolution of the 

present study somewhat restricts the ability to accurately estimate the threshold temperature, the 

threshold is more likely closer to 30 °C than to 26 °C given that mean escape response 

temperatures for all acclimation groups were above 30 °C, with the lowest response initiated at 

28.2 °C. This upper, sublethal threshold also agrees with the highest temperature to which sea 

lamprey ammocoetes have been acclimated (30 °C: McCauley 1963) and is very close to both 

chronic (31.4 °C) and acute upper thermal limits (~32 °C). 
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The landlocked sea lamprey ammocoete population demonstrated a higher upper thermal 

tolerance than the New Brunswick anadromous population, as measured by CTMax, but no 

change in thermal tolerance plasticity, as the relationship between acclimation temperature and 

CTMax remained constant at 0.12. Along with low acclimation response ratios to incipient lethal 

temperatures in sea lamprey, brook lamprey, and pouched lamprey (Potter and Beamish 1975; 

Macey and Potter 1978), this suggests that a low thermal acclimation capacity may be common 

in Petromyzontiformes. While invasion theory predicts an increase in phenotypic plasticity, the 

relationship between acclimation temperature and CTMax appears inflexible in sea lamprey, and 

therefore the genetic raw material may have been inadequate to increase plasticity of this trait. 

Meanwhile, transcriptional plasticity, itself a measurement of phenotypic plasticity, does appear 

to have increased in the landlocked population, as demonstrated by the differential expression of 

HSP90B1, HSPA9, JUN, UGT, and the different expression pattern of SERPINH1A. 

Previously, sessile organisms have been found to possess a reduced ability to adjust their 

heat stress response induction temperature compared with mobile species, as it is thought that a 

broad thermal tolerance is achieved at the cost of reduced acclimation capability (Barua and 

Heckathorn 2004). Sea lamprey ammocoetes are not strictly sessile, as they can move through 

stream substrate and can swim surprisingly well, yet in this respect they act as a sessile species 

displaying an ability to tolerate a wide range of temperatures, but do not appear to shift induction 

temperatures through thermal acclimation. Once they have metamorphosed into free-swimming 

parasitic juveniles, sea lamprey are likely to experience much more rapid temperature 

fluctuations, and need to be able to respond appropriately. Sea lamprey are known to feed on a 

huge variety of sea life, including fish, baleen whales (Beamish, 1980; Nichols and Hamilton, 

2004; Nichols and Tscherter, 2011), and sharks (Wilkie et al., 2004; Gallant et al., 2006). Some 



106 
 

of these prey species, especially in the case of baleen whales, basking sharks, and Greenland 

sharks, dive to significant depths before returning to the surface, resulting in dramatic, rapid 

temperature fluctuations (Herdendorf and Berra, 1995; Gore et al., 2008). Indeed, a juvenile sea 

lamprey was caught by trawlers at a depth of 4099 m, approximately 400 km off the coast of 

New England (Haedrich, 1977). If this sea lamprey was caught at this depth, instead of at an 

intermediate depth while raising the net, this individual would have to be coping with multiple 

stressors, including barometric and cold stress. Investigations in Saccharomyces cerevisiae and 

Escherichia coli have demonstrated overlap between the heat shock response and the response to 

hydrostatic pressure and have also demonstrated that exposure to heat shock increases survival to 

high pressure (Iwahashi et al., 1991; Bartlett et al., 1995; Aertsen et al., 2004). The ability to 

mount a robust CSR to a variety of potential stressors is therefore important during the parasitic 

juvenile phase as well as the more sedentary larval phase, and the ability to mount a strong CSR 

is likely conserved throughout the sea lamprey lifecycle. 

 

4.1 Potential Ecological Consequences        

Nursery streams for sea lamprey ammocoetes regularly reach temperatures of 26 °C in 

their native habitat, and temperatures approaching the incipient lethal temperature of 31.4 °C 

(Potter and Beamish 1975) have been recorded in downstream tributaries of natal streams. For 

example, the Potomac River is fed by several historically ammocoete-producing streams 

(Beamish 1980). Between 2007 and 2016, the highest average daily water temperature recorded 

30.5 cm from the riverbed in the Potomac River just West of Washington D.C. was 32.8 °C, 

while it has spent an average of 79.5 d (range 61 d – 94 d), and 10.6 d (range 0 d – 24 d) 

annually at or above an average temperature of 26 °C and 30 °C, respectively. As presented in 
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Chapter Two, sea lamprey ammocoetes initiate the CSR near these temperatures. With global 

temperatures expected to continue to rise, the occurrence of these temperatures in historical sea 

lamprey spawning streams is likely to continue to increase (IPCC 2014). 

If the substrate in sea lamprey ammocoete-hosting streams reach temperatures at or above 

the proposed physiological threshold ~24 °C – 26 °C, cellular resources will need to be 

redirected from normal metabolism and growth processes into synthesizing molecular 

chaperones to protect against macromolecular damage. As more time is spent at these 

temperatures, impacts on development could occur, resulting in altered growth rates, delayed 

metamorphosis, extended generation times, and ultimately loss of certain streams as larval 

habitat. On the other hand, these negative effects could potentially be offset by a longer growing 

season. However, if river and substrate temperatures begin to regularly cross the ~30 °C 

threshold during summer months, eliciting an increase in the tier of CSR from a routine stress 

response to a survival response, sea lamprey ammocoete fitness could be compromised.  

Meanwhile, the temperature at which escape responses were initiated during the CTMax 

trials (lowest temperature: 28.2 °C – cold acclimation group; 31.1 °C – warm acclimation group) 

or those reported previously (Potter and Beamish 1975), were very close to the proposed severe 

threshold temperature ~30 °C. While the escape behaviour described here may not be observed 

under natural conditions, where heating rates would likely be lower, and the option to burrow 

into deeper, cooler substrate exists (although deeper substrate becomes more hypoxic: Williams 

and Hynes 1974; Strommer and Smock 1989; Atkinson et al. 2008), it represents a proxy for the 

initiation temperature of an agitation response. Behavioural avoidance responses to increased 

temperature may therefore be limited to conditions very close to sea lamprey ammocoetes’ 
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ultimate thermal limits, making a robust cellular stress response important to avoid permanent or 

lingering damage resulting from thermal stress events.  

Together, this could result in changes to future sea lamprey distribution as they begin to 

avoid streams which become too warm to successfully produce ammocoetes and shift into cooler 

streams, which will likely manifest in an abandonment of streams along their southern range, and 

an expansion northward (Sunday et al. 2012, 2015). I would therefore predict that the New 

Brunswick population will not be negatively impacted by rising temperatures, as they are not 

restricted from expanding northwards. On the other hand, the landlocked population may be at 

greater risk of population declines. While they have a modestly higher upper thermal tolerance 

compared to New Brunswick sea lamprey ammocoetes (~0.8 °C), the landlocked population has 

a greatly reduced capacity to expand their range. Currently sea lamprey ammocoetes have only 

been detected in ~8 % of tributaries of the Great Lakes Basin, but there is no evidence that 

temperature is the limiting factor restricting their use of the other 92 %. Therefore, if future 

warming makes streams in the southern Great Lakes unsuitable for rearing ammocoetes, then the 

density of currently infested streams in the northern Great Lakes should increase. As the sea 

lamprey population becomes more concentrated, resource managers will be able to target fewer 

streams for control efforts, with greater overall impact on the population.  

 

4.2 Future Directions 

The main drawback of the present study is the limited number of genes examined. 

Ideally, a full transcriptomic study could be performed, or at least a wider swath of genes 

involved in more processes could have been examined, which may help elucidate what processes 

are being differentially regulated in response to the varying levels of thermal stress. Here, three 
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transcription factors, three molecular chaperones, and one proteolytic enzyme were selected, of 

which about half demonstrated a transcriptional response to experimental treatments. It would be 

beneficial to test additional genes involved in the cell cycle (e.g. CDKNs), apoptosis (e.g. 

CASPS), more proteolytic enzymes (e.g. UBQs), and transcription factors involved in different 

response pathways. Another aspect that was not examined here was the pattern of gene 

expression following recovery from thermal stress. Recovery patterns would be useful to more 

clearly define sublethal thresholds where recovery is either delayed or impossible, ultimately 

leading to fitness consequences (Jeffries et al., 2018). The physiological thresholds proposed 

here indicate transitions in the tier of cellular stress response, but it is unknown if once the 

thermal stressor is lifted how soon, or if, cellular processes will return to normal. 

In order to make a more robust comparison between the New Brunswick and landlocked 

populations, the acute heat shock experiment should be performed on the landlocked population. 

This would allow for more inferences into differences in thermal tolerance between populations, 

including whether the initiation temperature of genes is shifted, whether expression patterns 

indicative of stressor threshold levels are shifted, and whether one population is capable of 

mounting a stronger response than the other. These could help determine the source of the 

increased thermotolerance observed in the landlocked population. In the best case, a full 

transcriptomic study could be performed on both populations. In addition to the interesting 

results this would generate in terms of differential gene expression, it would also allow inference 

into population structuring between the populations and could potentially allow a glimpse into 

whether the landlocked sea lamprey population has undergone any rapid adaptation within the 

Great Lakes. 
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Future research on the thermal tolerance of sea lamprey ammocoetes should include more 

thermal stress temperatures. The present study used only two heat stress temperatures, limiting 

the ability to pinpoint threshold temperatures. Combining this data with that previously 

published by Wood et al. (1999), provides a more accurate estimate of the initiation temperature 

for the heat shock response; however, the transition from routine stress response to a severe 

cellular survival response cannot be accurately stated. A future study performing heat shocks at 

smaller temperature intervals from 24 °C to 31 °C on ammocoetes acclimated to different 

temperatures could verify the impact, or lack thereof, that acclimation history has on initiation 

temperature of the heat shock response, or transition temperatures from different tiers of a CSR.  

Another interesting angle which could be explored is a more fine-scale evaluation of 

thermal tolerance in different sea lamprey populations. Based on the differences observed 

between the landlocked and New Brunswick population in the present study, I suspect there 

would be a difference in thermal tolerance across the range of sea lamprey. Comparing 

populations from Georgia or the Carolinas to those from Delaware or New Jersey, to 

Newfoundland could paint a picture of adaptive capacity in native sea lamprey. Further, 

quantifying thermal tolerance of populations from Lakes Ontario and Erie could provide hints as 

to whether Lake Erie, the warmest of the Great Lakes, acted as a strong filter to invasion, which 

had to be overcome prior to colonization of the rest of the Great Lakes. 

 

4.3 Summary        

 In conclusion, this study demonstrated that sea lamprey are capable of mounting a rapid, 

dramatic change in gene expression in order to respond to an acute thermal stressor. Acclimation 

history has an influence on the induction temperature and severity of certain responses; however, 
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overall gene expression patterns are similar. Evidence for sublethal thresholds around 24 °C – 

26°C and 30 °C were uncovered in the gene expression patterns of New Brunswick sea lamprey 

ammocoetes, which appeared to be independent of acclimation history. The invasive, landlocked 

population of sea lamprey ammocoetes demonstrated a consistently higher CTMax than a New 

Brunswick anadromous population at a range of acclimation temperatures. The landlocked 

population also demonstrated increased plasticity in JUN, HSP90B1, and HSPA9 in response to 

different chronic treatments at a range of ecologically-relevant temperatures. Expression of UGT 

in the liver of the landlocked population was also differentially expressed under moderate 

conditions relative to the New Brunswick population, which may influence how the landlocked 

population processes the lampricide TFM. 
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