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Abstract 

 

Increasing temperatures with the potential for heat stress is among the future threats 

facing many mammals. Cellular mechanisms to maintain homeostasis in the face of 

heat stress likely differ across species based on naturally tolerated intracellular 

variability. In some mammals, the homeostatic set point in cells has a narrow range. 

Other species tolerate more varied intracellular conditions, including in temperature. 

Heat stress responses of cultured dermal fibroblasts from several mammals were 

compared to detect cell proliferation and cellular death (chapter 2). Cells from heat-

tolerant species (13-lined ground squirrel, dromedary camel, round-tailed ground 

squirrel, and white-tailed antelope squirrel) were compared with cells from species with 

narrow observed body temperature ranges (human, rat, and southern white rhinoceros) 

to determine whether cell stress responses were consistent with known physiological 

flexibility. Consistent with predictions from organismal phenotypes, fibroblasts of 

presumed heat tolerant mammals were able to maintain cell proliferation at 41°C over 

many days compared to fibroblasts from heat sensitive mammals. Organismal 

phenotypes were not, however, consistent with cellular death levels. The mechanisms 

in response to heat stress were investigated to detect protein abundance and heat-

stress gene expression patterns (HSF1, ERN1, PRKAA2, and CDKN1A) underlying 

resilience to heat stress versus patterns reflecting sensitivity (chapter 3). Immediate 

induction of ERN1 in the dromedary camels were identified. This study also identified 

patterns in HSF1 expression in rats, ERN1 expression in the southern white rhinoceros, 

PRKAA2 expression in the round-tailed ground squirrels, southern white rhinoceros and 

rat, and CDKN1A expression in the southern white rhinoceros over shorter scaled time 



 iv 

durations of heat exposure at 41°C. Cells from rat, antelope ground squirrel, and 13-

lined ground squirrel were analyzed via proteomics following a 6- and 24h heat 

exposure. Differentially expressed proteins provided better insight into species-specific 

response mechanisms to heat stress. 
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Chapter 1: Introduction 

Background 

Extreme desert environments 

Increasing temperatures across many habitats is one of the hallmarks of global climate 

change (Hansen et al., 2006; L. G. Thompson, 2010). Heat stress can challenge living 

organisms to sense and respond to extreme environmental conditions in an effort to 

prevent cellular damage or death. Adapted phenotypes examined across a range of 

mammalian diversity inhabiting deserts may offer insights into how organisms have 

evolved in extreme temperatures, illustrating appropriate physiological and cellular 

responses to the extreme heat that prevent stresses leading to cellular damage or death. 

In addition to extreme temperatures, deserts are among the driest environments on the 

planet, challenging life to both regulate body temperature and preserve water (Rocha et 

al., 2021). Organisms living in these harsh environments must have mechanisms to deal 

with environmental extremes, in an effort to maintain homeostasis.  Homeostasis is a self-

regulating process that works to maintain the internal conditions of an organism as it faces 

changing external conditions (Billman, 2020).  To date, multiomic, genomic, and 

transcriptomic studies on classic desert dwelling mammals, the kangaroo rat, the Bactrian 

camel, and the dromedary camel have revealed the broad strokes of their adapted 

phenotypes (Alvira-Iraizoz et al., 2021; Marra et al., 2014; Wu et al., 2014). For example, 

these species implement water preservation mechanisms in kidneys that promote survival 

in arid conditions. Dromedary camels respond to dehydration by downregulating key 

genes involved in the cholesterol biosynthesis pathway and depleting membrane 

cholesterol in the kidney (Alvira-Iraizoz et al., 2021). Alvira-Iraizoz et al., suggest that this 
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suppression of cholesterol biosynthesis may facilitate water retention in the kidney (Alvira-

Iraizoz et al., 2021). A genomic study investigating Bactrian and dromedary camel 

showed an upregulation of genes in the Bactrian kidney involved in regulating sodium 

reabsorption e.g., Na⁺/K⁺-ATPase and epithelial Na⁺ channel, during water-scarce 

conditions (Wu et al., 2014). Under conditions of experimentally induced dehydration, Wu. 

et al. (2014) also found aquaporin genes, AQP1-3, were differentially upregulated genes 

in the renal cortex and medulla of the Bactrian camel kidney. Aquaporin-4 (AQP4) is a 

key water channel in the mammalian kidney that may play a role in efficient water 

reabsorption during water-scarce conditions. Additionally, Bactrian camels lacked 

detectable AQP4 expression (Wu et al., 2014). The physiology of kangaroo rats similarly 

includes specialization in kidney function, supporting survival in arid environments. 

Kangaroo rats produce highly concentrated urine as a way to survive for extended periods 

on a dry diet and without drinking water (Marra et al., 2014). Similar to the Bactrian camel, 

kangaroo rats lack the expression of AQP4 (Huang et al., 2001; Wu et al., 2014). The 

lack of AQP4 expression may suggest a unique mechanism for water reabsorption in both 

the camel and kangaroo rat kidneys (Huang et al., 2001). 

 

Deserts also provide an interesting example in which to study different organisms’ 

capacities to both tolerate and defend against temperature extremes. Temperature is a 

key determinant of cellular reaction rates. Placental mammals in particular maintain 

controlled, warm body temperatures to optimize cellular biochemistry. Organismal 

adaptation to extreme environmental temperature is also reflected in its genomics. As 

with water conservation, several genomic studies have shown mammalian desert 
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adaptation and specialized responses to extreme environmental heat (Rocha et al., 

2021). Important adaptive responses to heat involve the (1) increased expression of heat 

shock proteins (HSPs) during the heat shock response (HSR), to protect from cellular 

cytotoxicity and to improve organismal tolerance to heat stress (Horowitz et al., 1997; 

Huang et al., 2021) (2) regulation of lipid metabolism by upregulation and activation of the 

cellular energy sensor, AMP-activated protein kinase (AMPK) (Corton et al., 1994), (3) 

and blunted endoplasmic (ER) stress via the unfolded protein response (UPR) expressing 

and activating the three ER master regulators inositol-requiring enzyme 1 (IRE1α and 

IRE1β), RNA-dependent protein kinase-like ER kinase (PERK), and transmembrane 

activating transcription factor 6 (ATF6) (Zhu et al., 2012). The three ER master regulators 

are activated to create a robust response of the UPR and reduce ER stress.  

 

Cell physiological changes occur in response to heat stress 

Previous studies have identified cell physiological changes occurring in response to 

various stresses including mild and severe heat stress.  When mammalian cells 

encounter mild heat stress, they activate stress-response genes. Depending on the 

severity of the stress (exposure time, amplitude) and the tolerance of the organism or cell, 

responses can be graded and exposure to severe heat stress can progress from 

protective/reparative actions to indications of cellular damage (Park et al., 2005).   

 

The heat shock response (HSR) maintains protein homeostasis, also known as 

proteostasis, in response to stressful conditions e.g., heat stress, that causes protein 

misfolding or denaturation and is essential for organismal survival (Anckar & Sistonen, 
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2011; Mahat et al., 2016; McMillan et al., 2002). The HSR pathway represents a cell 

protective strategy and is managed at the transcriptional level by heat shock factors 

(HSF). Vertebrates have four types of heat shock factors (HSFs) e.g., HSF1, HSF2, 

HSF3, and HSF4. HSF1 is a transcription factor responsible for maintaining proteostasis 

of the HSR and is ubiquitously expressed as an inactive monomer in most cell types and 

is negatively regulated at several levels (Anckar & Sistonen, 2011; Mahat et al., 2016). 

Upon heat stress, HSF1 trimerizes and triggers the HSR transcriptionally by binding to 

the heat shock element (HSE) in the promoter of heat shock proteins (HSPs) and 

eventually leads to an increased nuclear accumulation of HSF1 (Anckar & Sistonen, 

2011; Masser et al., 2020; Su et al., 2019; Vujanac et al., 2005). It has been demonstrated 

that an excess of HSP70 may negatively regulate HSF activation, creating a feedback 

loop (Abravaya et al., 1992). However, it has been demonstrated that HSF1-promoter 

binding does not always induce expression of a gene containing a HSE (Trinklein et al., 

2004) and that HSF1 binds to promoters of only a small fraction of heat stress-induced 

genes (Mahat et al., 2016). Following activation of HSF1, HSF1 elevates protein 

expression levels of HSPs e.g., HSP27, HSP40, and HSP70, thus preventing protein 

misfolding and maintaining proteostasis (Tabuchi et al., 2008). HSF2, HSF3, and HFS4 

may not counterbalance the physiological response that HSF1 has to heat shock (Mahat 

et al., 2016; McMillan et al., 1998), meaning HSF2-4 do not play the same specialized 

role as HSF1 has in inducing the expression of HSP genes in the HSR. Previous 

functional studies support the role of HSF1 in regulating a heat-induced transcriptional 

response, as HSF1 knockout mice do not have heat-inducible expression of HSP70, but 
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not HSF2, HSF2 knockout murine fibroblasts retain this ability (McMillan et al., 1998, 

2002).  

 

Environmental factors including heat stress (Zhu et al., 2012) that disrupt ER homeostasis 

can cause ER stress, a condition characterized by the accumulation of misfolded and 

unfolded proteins. ER stress activates a protective strategy, the Unfolded Protein 

Response (UPR), to restore ER homeostasis. Upon initiation of the UPR, the three ER 

transmembrane proteins, ERN1 (IRE1), ATF6, and PERK, sense ER stress in the lumen 

(Homma & Fujii, 2016). The three functions of UPR include an adaptive response that 

reduces ER stress and restores ER homeostasis, a feedback mechanism that turns off 

UPR signaling pathways if UPR is successful, and regulation of survival and death factors 

governing cell fate. ERN1 senses unfolded and misfolded proteins during ER stress. Of 

the two ERN1 isoforms, IREα and IREβ, IREα is expressed in all cell types and is the 

most characterized (Oslowski & Urano, 2011). Using an in vitro and in vivo approach, 

(Homma & Fujii, 2016) ERN1 was shown to downregulate expression in response to heat 

stress (43°C). Zhu et al., (2012) demonstrated that under heat shock (45°C, 30 minutes), 

ERN1 has a function in inhibiting the expression of DNA repair proteins e.g., DNA-PKcs, 

XRCC1, and HSP70.  

 

The AMP-activated protein kinase (AMPK) system detects changes in cellular energy 

status via the AMP: ATP ratio, and is highly conserved in eukaryotes (Corton et al., 1994; 

Towler & Hardie, 2007). Three highly conserved genes that encode three subunits of 

AMPK; α (isoforms: PRKAA1, PRKAA2), β (isoforms: PRKAB1, PRKAB2), and γ 
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(isoforms: PRKAG1, PRKAG2, and PRKAG3). Two isoforms exist for the α and β 

subunits, whereas three exist for the γ subunit. The α subunit is the catalytic subunit of 

AMPK and contains the kinase domain, while β and γ subunits are the non-catalytic 

subunits (Towler & Hardie, 2007). In mammalian cells, elevation of AMP activates a 

protective response to energy depletion by triggering AMPK which then phosphorylates 

and inactivates key regulatory enzymes of biosynthetic pathways. Heat shock (42°C and 

45°C, 60 minutes) in rat hepatocytes has been shown induce cellular stress responses, 

including activation and upregulation of AMPK activity, by depletion of ATP levels and 

concurrent increase in AMP (Corton et al., 1994). Liu and Brooks (2011) also 

demonstrated upregulation of AMPK activity after mild heat shock of 40°C for 1 hour using 

C2C12 myotubes. Corton et al., (1994) further demonstrated AMPK’s role in regulating 

lipid metabolism by demonstrating that AMPK phosphorylates and inactivates a key 

regulatory enzyme, HMG-CoA reductase, which is involved in synthesis of sterols and 

fatty acids under heat stress. In prolonged exposure to heat, Tang et al., (2018) showed 

an increase in PRKAA1 and PRKAA2 expression after 4 days and a decrease of PKRAA2 

expression at 8 days. Over a similar long-duration experiment, Huang et al., (2021) 

showed a decrease in AMPK expression in days 2 and 8 at 41.5°C in 3T3-L1 

preadipocytes. 

 

Cell cycle progression in eukaryotic organisms is regulated by the activation of cyclin-

dependent kinases (CDKs) which phosphorylate key regulatory proteins driving cell cycle 

progression. Cyclin binding positively regulates CDK activity, whereas CDK inhibitors 

e.g., INK4 and CIP/KIP family members, can negatively modulate CDK activity (Fuse et 



 7 

al., 1996; Gorospe et al., n.d.; LaBaer et al., 1997). INK4 family members include p15, 

p16, p18, and p19, whereas CIP/KIP family members include p21, p27, and p57 (LaBaer 

et al., 1997). Cell cycle arrest can be triggered by stressful conditions and act as a 

protective response to facilitate DNA repair prior to cell cycle progression and 

proliferation. Cyclin dependent kinase inhibitor 1A (CDKN1A/p21) binds to CDKs and can 

be activated by transcriptional regulator, p53, following exposure to heat shock (Fuse et 

al., 1996; Gorospe et al., n.d.; Kühl & Rensing, 2000; Woo et al., 2000). Given the 

ubiquitous ability of CDKN1A (LaBaer et al., 1997), it has been demonstrated that this 

inhibitor may be involved in inhibiting cell cycle progression. In the presence of heat 

shock, the regulatory mechanisms of CDK activity result in an increase in the amount of 

CDK inhibitors (Abe, T. Tamiya, Y. Ono, A. H. Salke, 2001; Fuse et al., 1996; Kühl & 

Rensing, 2000; Nitta et al., 1997; Ohnishi et al., 1996) and may increase in a temperature- 

and time- dependent manner (Woo et al., 2000). Abe et al., (2001) investigated and 

showed that the p53-p21 pathway was activated by heat stress, rather than the p27 

pathway in human glioma cells. Nitta et al., (1997) demonstrated that following heat 

exposure (43°C, 45 minutes) in normal human fibroblasts, the cell cycle arrest at G1/S 

and G2/M was p53-dependent and that a candidate factor e.g., CDKN1A, may be 

responsible for this arrest. CDKN1A may be a possible factor responsible for the inhibition 

of cell cycle arrest given the increased amount of CDKN1A following accumulation of p53, 

and duration of the increased CDKN1A level nearly coinciding with the duration of cell 

cycle arrest (Nitta et al., 1997). Ohnishi et al., (1996) have similarly demonstrated an 

increased amount of CDKN1A accompanying the accumulation of p53 following heat 

exposure (44°C, 30 minutes) in human glioblastoma cells. Although p53 contributes to 
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the amount of CDKN1A induced, it has also been demonstrated that CDKN1A induction 

by heat shock is mediated in p53-deficient cell lines (Fuse et al., 1996). Fuse et al., (1996) 

demonstrated G1 arrest in p53-deficient glioma cells following heat shock (44°C, 15 

minutes), and an increase in CDKN1A expression. Furthermore, demonstrating that p53-

independent pathways may be involved in hyperthermia-induced CDKN1A expression 

and that CKI is an early response gene (Fuse et al., 1996). The mechanism underlying 

the p53-independent induction was better elucidated by Woo et al., (2000), who 

demonstrated that the presence of heat shock element (HSE)-like sequences in the 

promoters of p21 genes in rat fibroblasts, human hepatoblastoma HepG2, and human 

adenocarcinoma HeLa cells may be responsible for hyperthermia-induced CDKN1A 

expression and might provide a better explanation of the p53-independent hyperthermia-

induced CDKN1A expression. These previous studies indicate that p53-independent and 

p53-dependent hyperthermia-induced CDKN1A expression can be responsive to heat 

stress across a broad temperature range (Furusawa et al., 2009). 

 

Past a cell’s threshold of viability, cell death occurs. Cell viability and proliferation under 

heat stress are dependent on different factors including cell type, heat exposure 

temperature, and heat exposure duration (Huang et al., 2021; Shandilya et al., 2020; 

Siddiqui et al., 2020; S. M. Thompson et al., 2014). There are different cell death markers 

that exist to help detect this outcome. A few cell death markers for apoptosis include 

cleaved caspase 3 and cytochrome c release (Green & Llambi, 2015), while a marker of 

necrosis may include the release of chromatin protein high-mobility group B1 (HMGB1) 

and cyclophilin A (CypA) (Christofferson & Yuan, 2010). When a cell’s plasma membrane 
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has ruptured, lactate dehydrogenase, a marker for cell lysis, is released from the cell and 

can be assayed in the intercellular environment (Stoddart, 2011).  

 

Research Objectives 

Understanding the cell physiological changes that occur under extreme environmental 

conditions can identify whether an animal is flexible to a changing environment and 

determine the mechanisms by which an animal is flexible. Cell-level mechanisms of 

stressor resilience in mammals tolerant to heat stress remain understudied. Specifically, 

if we can identify the responses of tolerant mammals (those that routinely permit body 

temperature lability/increases), a comparison with more sensitive species (those that 

maintain a relatively stable body temperature) may identify links between heat stress 

responses and negative cellular outcomes. This thesis investigates primary dermal 

fibroblasts from heat tolerant, compared to heat sensitive species, to determine 

differences in cellular responses that may be linked to organismal phenotype. 

 

Basis for predicting heat tolerant versus heat sensitive mammals 

Cellular mechanisms to maintain homeostasis in the face of heat stress likely differ across 

species based on naturally tolerated intracellular variability. In some mammals, 

homeostasis at the cellular level has a narrow range of desired physiological conditions 

that the organism is required to maintain. Other species tolerate more varied physiological 

and intracellular conditions, including in temperature. The basis of choosing species 

include selecting those that are distributed across the mammalian lineage, selecting 

organisms predicted to be resilient or sensitive to heat stress, and for which cells are 
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available from San Diego Frozen Zoo or locally. Mammalian species were predicted to 

be heat tolerant if they are desert dwelling and/or have the ability to fluctuate their body 

temperature of 5°C or more, based on a literature survey. Conversely, species are 

predicted to be heat sensitive if they maintain a relatively stable body temperature.  

 

Predicted heat-tolerant mammals include the 13-lined ground squirrel (Ictidomys 

tridecemlineatus), dromedary camel (Camelus dromedarius), white-tailed antelope 

squirrel (Ammospermophilus leucurus), and the round-tailed ground squirrel 

(Xerospermophilus tereticaudus). The dromedary camel inhabits the Saharan Desert and 

exhibits diurnal fluctuation in body temperature, which can range from 34°C-42°C 

(Bouâouda et al., 2014). Thirteen-lined ground squirrels inhabit North American 

grasslands and their body temperatures span from of 4-8°C during a torpor bout to 37°C 

during arousals, and when normothermic outside the hibernation season (Bouma et al., 

2010). Ground squirrels and camels both have a similar specialization to hot 

environmental temperatures, each possessing heat-activated ion channel transient 

receptor potential vanilloid 1 (TRPV1) orthologs with dramatically diminished pain 

sensitivity to high temperatures (Laursen et al., 2016). The white-tailed antelope squirrels 

are diurnally active and non-hibernating desert-dwelling mammals that can fluctuate their 

body temperature with environmental temperature. The fluctuation in body temperatures 

of antelope squirrels coincides with periods of activity, allowing their body temperature to 

increase as high as to 43.6°C while the animal is active outside its shaded burrow. 

Antelope squirrel active body temperature is 38°C and at night and during the winter, this 

species can drop their body temperature to 31-33°C (Belk & Smith, 1991). Round-tailed 
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ground squirrels are also diurnally active, desert-dwelling mammals that can fluctuate 

their body temperature over the range of 36°C-41.4°C depending on environmental 

temperatures. Round-tailed ground squirrels may use the shade or climb into shrubs and 

hibernate or estivate to avoid hot environmental temperatures (Ernest and Mares, 1987).  

 

Mammals presumed to be heat-sensitive include the southern white rhinoceros, human, 

and the Sprague-Dawley rat. While the southern white rhinoceros also inhabits the 

Savannas and are exposed to hot desert conditions, this species is closely distributed 

near water. Rhinoceros maintain a more stable diurnal body temperature, especially 

compared to the dromedary camel, perhaps by behavioral thermoregulation, using a mud 

coating to protect their skin from the heat load of the sun (Sheil & Kirkby, 2018). As a 

result, body temperatures recorded from free-ranging rhinoceros are relatively stable at 

~37°C (Hiley, 1977). In addition to Sprague Dawley rats preferring cooler ambient 

temperatures, both the rat and human are found in a variety of habitats and maintain a 

body temperature of about 37°C (Lillie et al., 1996; Protsiv et al., 2020; Refinetti, 2020). 

Humans sweat in response to hot conditions to aid in cooling and avoid and reduce heat 

by changing clothing attire or manipulating their microenvironment through air 

conditioning (Stolwijk, 1977). Sprague Dawley rats salivate profusely and use this to coat 

their bodies, which allows for evaporative cooling to occur (Shelton & Alberts, 2018). 

 

For clarification on what is meant by broad and narrow homeostasis, an organism that 

displays narrow homeostasis has more difficulty in responding to a stressor and exists in 

a very stable intracellular environment compared to an organism with a broad 
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homeostatic range. For instance, dromedary camels are heterotherms meaning their 

body temperatures vary with the environment. On a very hot day, camels can fluctuate 

their body temperature throughout the day from 34°C to 42°C (Bouâouda et al., 2014; 

Habte et al., 2021), whereas the rhinoceros maintain a relatively stable body temperature 

of about 37°C throughout the day (Hiley, 1977). In this case, the dromedary camel can 

be referred to as displaying broad homeostasis and rhinoceros as displaying narrow 

homeostasis. 

 

Basis of primary dermal fibroblasts 

Primary dermal fibroblasts are a skin cell type that comes into direct contact with the 

environment. The basis of using primary dermal fibroblasts for investigating the effects of 

heat stress is because skin biopsy is a minimally invasive approach that is suitable for 

many mammals, including protected species, that allow for the use of a skin cell type to 

study the genome and cellular system of an animal in a laboratory setting. This cell type 

therefore represents a model for investigating stress outcomes and mechanisms of 

stress, and organismal outcomes.  

 

Basis of 41°C experimental heat stress 

41°C is considered febrile-range hyperthermia in humans, which is a temperature 

sufficient to evoke heat shock and enhance inflammatory responses, leading to negative 

cellular outcomes and ultimately larger scale organ level disruptions. High-grade fever is 

associated with many health conditions including pneumonia, meningitis, flu, and 

COVID19. If we can identify the responses of tolerant mammals (those that routinely 
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permit body temperature lability/increases), a comparison with more sensitive species 

(including humans) may identify links between heat stress responses and negative 

cellular outcomes. Further establishing the cellular responses to a high temperature of 

41°C of these mammalian species can provide better insight into understanding the 

cellular mechanisms of stressor resilience and sensitivity of human primary dermal 

fibroblasts; thus, highlighting advantages that may be used toward aiding humans with 

health conditions with high grade-fever symptoms.  

 

Research questions and hypotheses 

Chapter 2 investigates the responses of fibroblasts from these mammals to multi-day heat 

stress in cell culture, to detect cell proliferation and cell death. Cells from species 

presumed to be heat tolerant are compared with presumed heat sensitive species to 

determine whether the stress responses in cells could be predicted based on the known 

organismal flexibility in body temperature. Chapter 2 strives to understand: Does cell 

sensitivity match organism sensitivity? It’s predicted that mammals that have labile and 

fluctuating body temperatures, mammals that have broad homeostasis, will display less 

cell death markers and have more cells proliferating in the heat. 

 

Chapter 3 investigates the mechanisms of fibroblasts from these mammals to short-term 

heat stress to detect protein abundance and heat-stress gene expression patterns that 

underlie resilience to heat stress versus patterns reflecting heat sensitivity, thus leaving 

possible signatures of managing heat stress in tolerant species. The aim for chapter 3 

strives to understand the mechanisms of resilience at the cellular level, as well as identify 
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adaptive and maladaptive responses that can be linked to maintaining cellular 

homeostasis. It’s predicted that the time course or amplitude of heat-stress gene 

expression is going to differ in tune with the body temperature fluctuations of the 

organism.  
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Chapter 2: Cell sensitivity matches organism sensitivity 

Background 

Organism sensitivity may be partly reflected by the behavioral and physiological 

responses of an organism to a stressful condition. Desert-dwelling squirrels, such as the 

white-tailed antelope squirrel and round-tailed ground squirrel, evade extremely hot 

temperatures through behavior and physiological responses  (Belk & Smith, 1991; Ernest 

and Mares, 1987). White-tailed antelope squirrels minimize water loss from pulmonary 

tissues by exhibiting fewer goblet cells in the lungs, avoiding overheating by salivating in 

great amounts, and producing highly concentrated urine (Belk & Smith, 1991). On hot 

days, round-tailed ground squirrels compensate for the physiological water requirement 

by consuming succulent foods, seeking shade from shrubs, using burrows, and 

hibernating or estivating (Ernest and Mares, 1987). It’s also suggested that round-tailed 

ground squirrels may reduce thyroid activity during the summer and may be associated 

with thermoregulation (Ernest and Mares, 1987). The thyroid hormone acts as a major 

regulator of thermogenesis and may affect susceptibility to environmental temperatures 

(Vancamp & Demeneix, 2020; Warner et al., 2013). Dromedary camels cannot shelter 

from heat behaviorally but rather rely on physiological responses to endure extremely hot 

temperatures (Rocha et al., 2021). Dromedary camels endure environmental 

temperatures exceeding 42°C and retain water in these arid environments by 

downregulating genes in the cholesterol biosynthesis pathway and exhibit depleted 

membrane cholesterol in the kidney (Alvira-Iraizoz et al., 2021). Although only plains-

dwelling (but not desert-dwelling), 13-lined ground squirrels fluctuate body temperatures 
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from normothermic conditions (37°C) to hibernation (4-8°C) (Bouma et al., 2010). During 

hot days, the body temperature of 13-lined ground squirrels increases when active 

outside of their burrow. Thirteen-lined ground squirrels will make constant trips to their 

burrows, and a decrease in body temperature is observed when in the burrow (Vispo & 

Bakken, 1993).   

 

In comparison, the southern white rhino, human, and rat maintain body temperature by a 

more restrictive self-regulation not dependent on environmental temperatures. Deviations 

from the tightly kept body temperature range may lead to hyperthermia or hypothermia 

and lead to larger-scale organ-level and cellular-level problems (Osilla et al., 2023). 

Southern white rhinos do not have sweat glands and exhibit behavioral responses 

including moving toward shaded areas and bathing in mud baths during high 

temperatures at daytime (Groves, 1972; Sheil & Kirkby, 2018). Humans behaviorally 

respond to hot environmental temperatures by avoiding or reducing heat stress by 

changing one’s clothing attire or changing their microenvironment through air 

conditioning. Human physiological responses to heat stress usually entail secretion of 

sweat in an effort to cool the body (Stolwijk, 1977). Rats respond to hot environmental 

temperatures by profusely salivating and spreading the saliva throughout the rodent’s 

body, thus allowing for evaporative cooling (Shelton & Alberts, 2018). As a result of 

behavioral and physiological processes occurring at the organismal level, mammals may 

tolerate (or avoid) changes in core body temperature under typical environmental 

conditions. 
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Exposure to heat stress that impacts the internal, intercellular environment of mammals 

may therefore occur normally, such as for animals living in desert habitats, or could 

represent a pathophysiological condition. Responses at the cellular level can elucidate 

organismal sensitivity to such a stressor. As cells lose viability, cell-death pathways are 

induced and the type of cell-death pathway that is activated and induced may vary 

depending on the stressor(s). In the scenarios of apoptotic-induced cell death and 

necrotic-induced cell death, previous studies have shown a cell recovery phenomenon 

that rescues cells from cellular death termed anastasis (H. M. Tang & Tang, 2018). Dying 

cells can exit the activated death pathway (Y.-N. Gong et al., 2017; Sun et al., 2017; H. 

L. Tang et al., 2012; H. M. Tang & Tang, 2018; Zargarian et al., 2017). Anastasis has 

been shown to occur in a great proportion of late-stage apoptotic cells of different cell 

types and has been observed from different apoptotic inducers (H. L. Tang et al., 2012). 

During necrosis-induced cell death, phosphorylation of the substrate mixed lineage 

kinase domain-like (MLKL) by receptor-interacting serine/threonine kinase 3 (RIPK3) 

causes MLKL to oligomerize and translocate to the plasma membrane and execute 

plasma membrane permeabilization. MLKL is the necrotic executor that directly facilitates 

necrotic cell death. After phosphorylated MLKL causes plasma membrane 

permeabilization, an increase of calcium enters the necrotic cells and phosphatidylserine 

externalizes from the inner to the outer leaflet of the plasma membrane. It was previously 

considered that the phosphorylation of the MLKL on the plasma membrane is the “point 

of no return” in necrosis due to this phosphorylation event causing MLKL to permeabilize 

the plasma membrane, however, it has been demonstrated that at the point of 

phosphatidylserine externalization, the inactivation of RIPK3 and MLKL can occur and 
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allow for full cellular recovery (Y. Gong et al., 2019; Sun et al., 2017; Zargarian et al., 

2017).  

 

In the scenario of plasma membrane rupture and no rapid repair of the plasma membrane 

(within ~5-6 seconds) (Klenow et al., 2021), it has been suggested that cellular anastasis 

may not occur if the cell fails to seal the hole. The collapse of the plasma membrane 

releases lactate dehydrogenase (LDH). The enzyme is stable for about 36-48 hours after 

cell death, thus allowing for quantitative cell viability analysis (Stoddart, 2011). Focusing 

on LDH and not key, activated apoptotic or necrotic machinery, which by itself, may not 

reflect the occurrence of anastasis, will provide better insight into whether plasma 

membrane rupture and cell death have occurred. By looking at the cell death marker, 

LDH, we hope to find cell sensitivity reflecting the organismal sensitivity of both presumed 

heat tolerant and heat sensitive mammals to extreme environmental temperatures. I 

hypothesize that more cells will proliferate and LDH (reflecting cell death) levels will 

be lower in organisms that naturally experience high body temperatures and/or are 

desert-dwelling, and organisms that maintain a relatively stable body temperature will 

display less cell proliferation and higher LDH levels. 

 

Methods 

Isolation and Culture of Primary Dermal Fibroblasts 

Primary dermal fibroblasts were developed from skin biopsies in all species. Fibroblasts 

from n=5 dromedary camel and n=5 southern white rhinoceros were obtained from the 
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San Diego Frozen Zoo under MTA. Fibroblasts from n=5 13-lined ground squirrel and n=4 

rats were developed under Massachusetts General Hospital IACUC #2106N000122. N=5 

antelope ground squirrel and n=3 round-tailed ground squirrel were developed at UNLV 

under IACUC #1609973. For all rodent samples, following euthanasia, the biopsy site 

was shaved of fur, then prepped with depilatory cream for several minutes. A sterile gauze 

pad was used to remove the fur and product to expose the skin. This area was sterilized 

with 70% ethanol and a biopsy (~1cm3) was collected with a sterile punch or sterile 

scissors and forceps. The biopsy was placed in a 15mL conical tube containing ice-cold 

Hanks balanced salt solution (Gibco 14170-112) with 2% penicillin-streptomycin 

(Corning; 30-001-CI).  

 

Working inside a biosafety cabinet, the biopsy was transferred to a petri-dish containing 

~5mL of DPBS and minced with a sterile razor blade. The resulting tissue slurry was 

transferred to a 15mL conical tube for digestion in 2mg/mL collagenase type II 

(Worthington cat#CLS-2) diluted 1:6 in complete media (Basal medium eagle Gibco 

21010-046 + 20% FBS + 1% P/S). The conical tube was incubated horizontally at 37oC 

for ~24h. 

 

After approximately 24 hours, the 15mL falcon tube containing the minced tissue, BME 

1X, and collagenase type II was centrifuged at 16000 rcf for 10 minutes. The supernatant 

was aspirated and 5mL DPBS added to wash the tissue pellet. This wash was repeated 

twice. After final removal of the supernatant, 1.5mL of BME 1X was added and the tissue 

suspension was plated in a T25 cm² cell culture flask. The cap of the flask was covered 
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with aluminum foil to prevent gas exchange for 24 hours, then removed. After 4 days, 2 

mL of media was added. Media was exchanged every 2 days until cells reached ~75% 

confluency. 

 

Cell Culture Maintenance 

Primary dermal fibroblasts were maintained in media optimized for each species, and 

passaged from T25 cm² cell culture flasks into T75 cm², then T175 cm² cell culture flasks 

at ~75% confluency. The southern white rhino utilized FGM2 (Fibroblast growth medium-

2 + 2% FBS + 0.1% insulin + 0.1% rhFGF-B + 0.1% GA-1000, CAT # CC-3132) medium. 

Human, rat, white-tailed antelope squirrel utilized DMEM (Dulbecco’s Modified Eagle’s 

Medium + 10% FBS + 1% P/S, REF #11965-092). 13-lined ground squirrel, and round-

tailed ground squirrel used BME 1X (Basal medium eagle + 20% FBS + 1% P/S, REF # 

21010-046), while the dromedary camel used BME 1X (Basal medium eagle + 10% FBS 

+ 1% P/S, REF # 21010-046). Cells were cultured at 37°C in a humidified atmosphere of 

5% CO2. Cell culture medium was changed every 2-3 days. 

 

Primary dermal fibroblasts were plated in T25 cm² cell culture flasks and passaged into 

T75 cm², and then T175 cm² cell culture flasks once reaching ~75% confluency. The 

southern white rhino utilized FGM2 (Fibroblast growth medium-2 + 2% FBS + 0.1% insulin 

+ 0.1% rhFGF-B + 0.1% GA-1000, CAT # CC-3132) medium. Human, rat, white-tailed 

antelope squirrel utilized DMEM (Dulbecco’s Modified Eagle’s Medium + 10% FBS + 1% 

P/S, REF #11965-092). 13-lined ground squirrel, and round-tailed ground squirrel used 

BME 1X (Basal medium eagle + 20% FBS + 1% P/S, REF # 21010-046), while the 
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dromedary camel used BME 1X (Basal medium eagle + 20% FBS + 1% P/S, REF # 

21010-046). Cells were cultured at 37°C in a humidified atmosphere of 5% CO2. Cell 

culture medium was changed every 2-3 days. 

 

Experimental heat exposure 

Fibroblasts from each species were examined for viability and proliferation over long-term 

heat stress. The white-tailed antelope squirrels were plated for 2 and 4 days at 41°C, 

whereas the round-tailed ground squirrel, 13-lined ground squirrel, dromedary camel, 

human, rat, and southern white rhino were plated for 2-8 days at 41°C. Once cells were 

grown to ~75% confluency in a T175cm2 flask, cells were plated into 96 well plates that 

would be exposed to the multi-day heat exposure to examine cell sensitivity to heat stress. 

Cell passage numbers are listed under Table 1 in the Appendix. To prevent 

overcrowding with ongoing cell division and resulting cell death, cells were plated at 

differing densities corresponding to their eventual harvest day across the experiment. 

These initial plating densities were optimized for each species prior to the start of 

experiments using a range of densities. Cells planned to be harvested on days 2 and 3 

were optimized using initial plating densities of 1.0x104/100µL, 2.0x104/100µL, 

4.0x104/100µL, 6.0x104/100µL, and 8.0x104/100µL per well. For harvests planned on 

days 4 and 5, initial plating densities of  7.5x103/100µL, 1.5x104/100µL, 3.0x104/100µL, 

4.5x104/100µL, and 6.0x104/100µL per well were evaluated. For harvests planned for 

days 6, 7 and 8, 5.0x103/100µL, 1.0x104/100µL, 2.0x104/100µL, 3.0x104/100µL, and 

4.0x104/100µL per well densities were evaluated to ensure that there was appropriate cell 

material to obtain a result for the LDH assay (see protocol below) in the center range of 



 22 

the assay’s standard curve.  Optimal cell numbers for each time point and species are 

listed in Table 2 in Appendix. Cells were plated at optimal densities into a 96-well plate 

and given 24 hours to adhere to the bottom of the wells. Cells were then subjected to 

experimental heat stress at 41°C in a humidified atmosphere with 5% CO2 over the 

experimental timecourse of 2 – 8 days. DMEM (Dulbecco’s Modified Eagle’s Medium + 

10% FBS + 1% P/S, REF #11965-092) medium was used at the start of and during each 

treatment. Cell culture medium was changed every 24 hours, aside from the day of 

collection.  

 

Crystal violet assay for cell proliferation 

Crystal violet stain was used as a proxy for cell proliferation as it stains DNA. I analyzed 

changes in crystal violet staining intensity across the experimental time course in cells 

exposed to 41°C compared to controls held at 37°C over the same time course. A crystal 

violet assay was performed on two technical replicates. 10µL of methanol and then 50µL 

crystal violet (0.5% Crystal Violet; 20% ethanol) were added to the two wells exposed to 

41°C and two control wells held at 37°C on each experimental day. Wells containing 

crystal violet were then washed twice with 100µL of MilliQ water. 200µL of 0.1% Acetic 

Acid (0.1% Acetic Acid; 50% 200 proof EtOH; 49.9% of MilliQ H2O) was added to each 

well, then transferred to a non-culture 96 well plate (1x replicate/well). Crystal violet 

staining intensity was assayed by absorbance at 585nm using a SpectraMax Plus plate 

reader. The two technical replicates from each of the control (37°C) and experiment wells 

(41°C) were averaged and then calculated as a ratio of 41°C/37°C. Ratios of ~1.0 

represent minimal to no cell death and cell proliferation occurring, a ratio of less than 1.0 
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represents more cell death than cell proliferation, and a ratio of more than 1.0 represents 

more cell proliferation than cell death. Crystal violet absorbance values and cell 

proliferation ratios are listed in Table 3 in the Appendix. 

 

Lactate dehydrogenase assay for cell viability 

Lactate dehydrogenase is an easily detectable intracellular product, and its release into 

conditioned media as a result of cell lysis can be used as a metric for cytotoxicity or cell 

viability. For this assay, plates were harvested in tandem with the crystal violet assay on 

days 2-8 at 41°C, with control plates for each day held at 37°C. Two technical replicates 

were plated for the ‘low control’ and ‘experimental samples’, and one technical replicate 

was plated for the ‘high control’ (Figure 1). The ‘low control’ technical replicates were 

plated on the plate designated for 37°C and represented the control group not affected 

by heat stress. The one ‘high control’ technical replicate was also plated on the plate  
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designated for 37°C and served as a positive control in which LDH is present; a cell lysis 

buffer was added to this well to lyse the cells and release LDH into the media. The two 

‘experimental samples’ technical replicates were plated on the plate designated for 41°C 

and represented the replicates that went under heat stress treatment. Plates were first 

gently shaken to distribute any released lactate dehydrogenase throughout the 

conditioned media, then supernatant was harvested. Each treatment plate (41°C) was 

accompanied by a control cultured at 37°C. Then, the supernatants from two technical 

replicates for each of the low control and experimental samples, from the plate in 37°C 

and 41°C, respectively, were collected and transferred into separate 0.5mL Eppendorf 

tubes and stored in -80°C until all time points for an individual were collected. 10µL of a 

cell lysis buffer (ab65393 LDH-Cytotoxicity Assay Kit II) was added to a third well 

(intended to serve as a high control) in the 37°C 96 well plate and incubated for 30 

minutes in 37°C. The high control serves to ensure the cell lysis buffer lyses the cells, 

thus causing the release of lactate dehydrogenase into the supernatant. After 30 minutes, 

the supernatant from the high control well containing the cell lysis buffer was collected 

and frozen at -80°C.  

 

Once all time points were collected, the supernatants from each time point (days 2-8) 

were thawed on ice. 10µL of each supernatant was transferred to a new non-culture 96 

well plate. In a separate well, 5µL of a LDH positive control was added to the non-culture 

96 well plate. 100µL of lactate dehydrogenase (LDH) reaction mix (1.1mL of WST 

Substrate mix with 10mL of LDH assay buffer (ab65393 LDH-Cytotoxicity Assay Kit II)) 

was added to each well, gently mixed, and incubated for 30 minutes at room temperature. 
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The reaction time was increased or decreased depending on the color development. The 

plate was read until the desired reading was observed in at least one of the cell counts 

(1.0x104/100µL, 2.0x104/100µL, etc.) for a time point: high control with OD450nm of ~2.0, 

while the low controls (supernatants collected from 37°C without cell lysis buffer) should 

be OD450nm > 0.8. The cell count meeting the desired absorbances was chosen to be 

the optimal cell count for a time point and species. The absorbance of the 96 well plates 

was measured using the SpectraMax Plus machine with the 450nm filter. Once the 

desired readings were reached, a stop solution of 10µL was added to each well to stop 

the reaction and mixed for 5 minutes, while being protected from light. The non-culture 

96 well plate was read again on wavelength 450nm. The LDH assay absorbance values 

are normalized by the crystal violet absorbance values. Then, a ratio of the normalized 

experimental sample to the normalized positive control is plotted. Normalized viability 

data is listed in Table 4 in the Appendix. A schematic of the experimental design for 

chapter 2 is provided in Figure 1. 

 

Statistical analysis 

Statistical analyses were conducted in R or GraphPad Prism (version 9.5.1). A Shapiro 

Wilks test (Shapiro & Wilk, 1965) was used to ensure normal distribution of cell 

proliferation and cell viability data and datasets were considered normally distributed 

when P > 0.05. To determine whether there were differences across the 8-day time 

course at 41°C for each species, the cell proliferation data were first analyzed using 

repeated measures ANOVA (Mixed-Effects Models in S and S-PLUS, 2000). To compare 

cell proliferation between heat sensitive and heat tolerant species, data were compiled 
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(combining all days of data collection for a given species when there were no significant 

differences across the time course) and analyzed with the linear mixed-effects model 

comparing the group of heat tolerant species to the group of heat sensitive species 

(individual was included in the model as a random factor to account for repeated 

measures across the days of the experiment). The cell viability data were not normally 

distributed and could not be transformed to meet normality assumptions for parametric 

tests. I therefore used simulation (Mixed-Effects Models in S and S-PLUS, 2000) to 

generate a null distribution to test for differences in each species across the time course, 

to determine whether viability changed by day of heat exposure in any species. After 

simulation, repeated measures ANOVA and linear mixed effects model (Mixed-Effects 

Models in S and S-PLUS, 2000) were used to analyze the cell viability data. Significant 

statistical differences were considered when P ≤ 0.05. 

 

Results 

Cell proliferation 

Fibroblast proliferation, assayed at 24h intervals over 2-8 days during experimental heat 

exposure in cell culture, did not differ in any species (statistical results for repeated 

measures ANOVA is provided in Table 5 in the Appendix), therefore results across the 

experimental time course were combined to evaluate differences between species and  
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phenotypes. Due to sample size limitations, long-term heat exposures were only captured 

in the white-tailed antelope ground squirrel on days 2 and 4. After 41°C exposure for 2 

and 4 days, fibroblast proliferation in this species ranged from 0.9-1.1 (Figure 2A), 

indicating that the total cell population was generally maintained at this incubation 

temperature. Proliferation (cell DNA content at 41C relative to 37C control) in fibroblasts 

from the round-tailed ground squirrel ranged from 0.7 - 1.7 with a median ratio of 1.0 

(Figure 2B). 45% of the ratios in crystal violet staining between 41°C and 37°C were < 

1.0 in the round-tailed ground squirrel, while 55% of the samples showed ratios >1.0 

(Figure 2B), again indicating that the total cell population was generally maintained.  
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During the 2-8 day heat exposure for the 13-lined ground squirrel, ratios denoting cell 

proliferation ranged from 0.6 - 1.8 with a median ratio of 1.0 (Figure 2C). Only 37.12% of  

ratios for crystal violet intensity were < 1.0 in the 13-lined ground squirrel, whereas 

62.88% were >1.0 (Figure 2C), indicating fibroblasts resilient to heat stress in this 

species. Fibroblast proliferation in the dromedary camel cells ranged from 0.5 - 1.6 with 

a median of 1.0 (Figure 2D). 37.11% of the ratios comparing crystal violet staining 

intensity at 41°C compared to 37°C controls were < 1.0, with 62.89% > 1.0 (Figure 2D), 

also indicating the potential for resilience to heat exposure, but with limited replicates 

showing lower cell DNA content at 41°C compared to 37°C.  
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Similar analyses were conducted for fibroblasts of three species of presumed heat 

sensitive mammals (human, southern white rhinoceros and Sprague Dawley rat). 

Frequency distributions of proliferation ratios in these heat sensitive species tended to 

demonstrate different patterns compared to the presumed heat tolerant species, with a 

lower peak of the distribution indicating more variability in proliferation rates (human, rat) 

or a median for the frequency distribution <1.0 (rhino).  Cell proliferation ratios after heat 

exposure of 41°C (2-8 days) in human fibroblasts had a broad range of 0.2 - 1.8, with a 

median of 0.9 (Figure 3A).  The frequency distribution of proliferation ratios for human 
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cells was centered lower than 1.0 (median 0.9), with only 36.16% of replicates over the 

2-8 day exposure showing proliferation ratios at 41°C that exceeded those from 37°C  

controls (Figure 3A). Rat fibroblast proliferation ratios ranged from 0.4 - 1.7 and the 

median of the frequency distribution was 0.9. Replicates of heat exposed rat fibroblasts 

across the 2-8 day experiment were equally distributed around 1.0 (49.98% < 1.0 and 

50.02% > 1.0 ; Figure 3B). Compared to human and rat, southern white rhino fibroblasts 

had a reduced range of proliferation ratios at 41°C compared to 37°C controls (0.3 - 1.3). 

The median proliferation of southern white rhino cells over the 2-8 day heat exposure was 

0.8, with 84.37% of replicates exhibiting ratios < 1.0 and only 15.63% of replicates 

exhibiting ratios > 1.0 (Figure 3C).  

 

Overall, 61.46% of data points for fibroblast proliferation ratios in species presumed to be 

heat tolerant were > 1.0 (Figure 4A), whereas 67.36% of proliferation data points in 

species presumed to be heat sensitive were < 1.0 (Figure 4B). Indeed, a linear mixed-

effects analysis revealed that cell proliferation ratios were significantly higher in heat 

tolerant versus heat sensitive species during chronic heat stress (F = 7.751,28, P= 0.0095) 

(Table 7 in the Appendix).  

 

Cell viability 
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As with fibroblast proliferation, cell viability (measured via cell death/cytotoxicity via LDH 

release into the conditioned cell media) was assayed at 24h intervals over 2-8 days during  

experimental heat exposure in cell culture. This metric also did not differ in any species 

(statistical results for repeated measures ANOVA table is provided in Table 6 in the 
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Appendix), therefore results across the experimental time course were combined to 

evaluate differences between species and phenotypes. Although fibroblasts were only  

collected from white-tailed antelope squirrels on days 2 and 4 of the experiment, cells 

displayed 0% cell cytotoxicity at 41°C (Figure 5A). Round-tailed ground squirrel cells 

exhibited a maximum of 16% cytotoxicity throughout the 8-day heat exposure (41°C), with 

90% of replicates demonstrating 0% cytotoxicity (Figure 5B and Table 4 in the 
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Appendix). Cells from the 13-lined ground squirrel had a cytotoxicity maximum of 14% 

(Table 4 in the Appendix), with 0% cell death in 88.59% of replicates (Figure 5C). The  

dromedary camel cells had the highest recorded cytotoxicity of any presumed heat 

tolerant species (40%; Table 4 in the Appendix), however, 80% of cytotoxicity values 

remained at 0% (Figure 5D).  
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Cells from humans displayed the highest proportion as well as amplitude of measured 

cytotoxicity across the 8-day exposure to heat stress, with one replicate experiencing 

100% cytotoxicity (Figure 6A and Table 4 in the Appendix). Rat cells had a maximum 

of 72% cytotoxicity (Figure 6B and Table 4 in the Appendix) and southern white rhino 

cells displayed a maximum of 70% cytotoxicity with the largest frequency occurring for a 

cytotoxicity (%) of ~10% (Figure 6C and Table 4 in the Appendix). The majority of human 

and southern white rhino cells resulted in cytotoxicity (%) greater than 10% or more. 

 

The frequency distributions for cytotoxicity (%) across all presumed heat tolerant 

mammals (Figure 7A) is left-shifted compared to the frequency distribution for all 

presumed heat sensitive mammals (Figure 7B). 86.46% of replicates for heat tolerant 

mammals display minimal to no cytotoxicity (0-9%). Presumed heat sensitive mammals 

display a larger proportion of cytotoxicity (%) equal to or greater than 10% throughout the 

8 day exposure to heat stress (41°C). However, a linear mixed effects analysis resulted 

in no significant differences (F1.5 = 0.35, P = 0.57) (Table 7 in the Appendix) in cell 

viability between the two phenotypes of presumed heat tolerant versus heat sensitive 

species during chronic heat stress. 

 

Discussion 

In this evaluation of dermal fibroblasts of white-tailed antelope squirrel, round-tailed 

ground squirrel, dromedary camel, 13-lined ground squirrel, southern white rhino, human, 

and rat, lactate dehydrogenase and crystal violet assays were used to describe cell 

viability and cell proliferation, respectively, due to heat stress of 41°C. I used lactate 

dehydrogenase and crystal violet assays as a way to understand the sensitivity to 
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extreme environmental heat over a long (multi-day) duration in mammals that fluctuate or 

increase body temperatures or are desert-dwelling, versus mammals that maintain body 

temperatures. Consistent with predictions from organismal phenotypes, fibroblasts 

derived from heat tolerant mammals were better able to maintain proliferation at high 

temperature over many days compared to fibroblasts from heat sensitive mammals. 

Organismal phenotypes were not, however, consistent with measurements of cell death, 

which did not significantly differ along phenotypic lines. 

 

It was predicted that differences in cell cytotoxicity and proliferation would occur between 

phenotypes during the multi-day heat exposure reflecting organismal sensitivity to 

temperature, however, only differences in cell proliferation between phenotypes occurred. 

The ability of cell machinery from heat tolerant mammals to work well at higher heat 

thresholds could reflect an adaptive response to this stressor. Proliferation rates at 41°C were 

higher on average than in 37°C controls primary dermal fibroblasts of white-tailed 

antelope squirrel, round-tailed ground squirrel, dromedary camel, and 13-lined ground 

squirrel. It’s likely that heat sensitive species may not have had higher proliferation rates 

due to their cell machinery’s inability to work well at higher heat thresholds. In addition, 

it’s also possible that cell death may have obscured the metric for cell proliferation in heat 

sensitive species. The cytotoxicity (%) increased in primary dermal fibroblasts of both 

presumed heat tolerant and heat sensitive mammals, however, greater levels of 

cytotoxicity (%) occurred in presumed heat sensitive mammals. Singh et al., (2020) also 

reported higher cytotoxicity (LDH) (%) levels in cattle less resilient to harsh environmental 

extremes, Karan-Fries, versus more resilient cattle, Tarparkar, to heat shock at 44°C for 
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3 hours, suggesting the higher susceptibility of Karan-Fries cattle to hot environments. In 

addition, they showed a decrease in cell proliferation in both heat resistant and sensitive 

cattle, however, the heat resistant cattle remained higher than the heat sensitive cattle 

(Singh et al., 2020). Therefore, in this present study, decreased cell proliferation in 

southern white rhino, human, and rat suggests their higher sensitivity to hot environmental 

weather compared with white-tailed antelope squirrel, round-tailed ground squirrel, 

dromedary camel, and 13-lined ground squirrel. 

 

Increased levels of LDH are associated with the sensitivity of mammalian dermal 

fibroblasts to heat stress. Despite the lack of a significant difference, there are observable 

changes in viability occurring between the two phenotypes. A greater proportion of 

minimal to no cytotoxicity occurs in presumed heat tolerant mammals compared to 

presumed heat sensitive mammals. Presumed heat sensitive mammals also show a 

broader range in LDH levels in comparison to presumed heat tolerant. Significantly lower 

levels of cytotoxicity (%) in presumed heat tolerant mammals e.g., white-tailed antelope 

squirrel, round-tailed ground squirrel, dromedary camel, and 13-lined ground squirrel, 

would have suggested their higher tolerance to the hot environmental temperature (41°C) 

compared with the presumed heat sensitive mammals e.g., southern white rhino, human 

and rat. Significantly higher levels of cytotoxicity would have further strengthened the 

higher sensitivity of heat sensitive species to heat, however, given the lack of significant 

difference, the occurrence of sublethal changes occurring should not be ruled out. 
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In addition to LDH, increased levels of cell proliferation ratios greater than, equal to, or 

less than, may be associated with the sensitivity of mammalian dermal fibroblasts to heat 

stress. The higher levels of cell proliferation ratios equal to or greater than 1.0 in 

presumed heat tolerant mammals show more cell proliferation occurring and may suggest 

a higher tolerance to hot environmental temperatures of 41°C. The higher levels of cell 

proliferation ratios less than 1.0 in presumed to heat sensitive mammals show less cell 

proliferation than cell death and may suggest a lower tolerance to hot environmental 

temperatures of 41°C. Cell proliferation was found to be significantly different between 

the two phenotypes, heat tolerant versus heat sensitive, thus supporting the hypothesis 

that the cell machinery of heat-tolerant mammals work well at 41°Ccompared to heat 

tolerant mammals.  

 

Viability and cell proliferation during heat stress can vary depending on cell type, heat 

temperature and duration, time of harvest, and the state of acquired thermotolerance. 

Acquired thermotolerance is a state that enhances tolerance to a stressor e.g., heat, and 

is induced by mild heat shock followed by a recovery phase at 37°C, and provides 

protection from cellular damage by subsequent exposure to heat (Kühl & Rensing, 2000). 

Several studies have investigated the effects of heat shock and have implemented a 

recovery time (37°C) after heat exposure in their experimental design, which is a 

component that was not implemented in this study. Furthermore, it is difficult to compare 

this study's results to other studies that investigated the effects of this stressor as they 

also differ in heat temperature and duration used. As such, I was able to find only one 

study that investigated the effects of heat exposure over a multi-day time course and 



 38 

specifically focused on viability and proliferation in the dromedary camel (Saadeldin et al., 

2019). Dromedary camel fibroblast and granulosa cells exposed to chronic heat stress of 

45°C for 20 hours and then exposed to a recovery phase of 38°C for 1-4 days, have been 

shown to decrease in viability and cell proliferation throughout the 1-4 days, whereas 

camel granulosa cells increased in viability and cell proliferation (Saadeldin et al., 2019). 

There seems to be a lack of studies investigating the effects of multi-day heat exposure 

to white-tailed antelope squirrel, round-tailed ground squirrel, 13-lined ground squirrel, 

southern white rhino, human, on cell viability or proliferation. It is possible that this study 

may reflect the mammalian dermal fibroblast response to heat stress in the absence of 

acquired thermotolerance, a state that likely occurs in these previously mentioned 

studies. The lack of a recovery period after heat exposure might be a factor in why no 

differences in viability occurred. It is also possible that 24-hour collections are not the 

optimal timeframe to collect and observe viability differences.  

 

The difference in proliferation rates between phenotypes may reflect the ability of cell 

machinery to operate well in presumed heat tolerant mammals to work at higher 

thresholds of heat. This effect could be due to a Q10 effect by which the increase in 

temperature from 37°C to 41°C increases the cell proliferation rates. If cell machinery in 

heat tolerant phenotypes finds this heat temperature within the optimal threshold for 

normal physiological functioning, an increase in cell reaction rates at high temperatures 

should be measurable. Proliferation ratios < 1.0 may also indicate high cellular turnover 

if cell death outpaces high rates of cell division. 
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Insignificant changes in cell viability between the two phenotypes indicate that there may 

be no cell death. It’s possible that sublethal changes might be occurring and reflect 

maladaptive responses to environmental extremes. This could be a possible explanation 

for why the metric in cell proliferation is different between phenotypes and not viability. 

qPCR and proteomics can provide further insight into identifying adaptive and 

maladaptive responses between the two phenotypes during heat exposure.  
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Chapter 3: Mechanisms of resilience at the cellular level 

Introduction 

In addition to behavioral, physiological, and cellular responses reflecting an organism’s 

sensitivity to a stressor, genomics, and transcriptomics can further provide better insight 

into understanding an organism’s mechanistic response to stressful conditions. Previous 

genomic and transcriptomic studies have investigated traits that may be adaptations to 

life in hot environments. Heat stress triggers gene expression and genetic adaptive 

responses (Horowitz et al., 1997; Huang et al., 2021; Liu & Brooks, 2012; Zhu et al., 

2012). Measuring the expression of a gene provides insight into the stimulus in response 

to a stressor. Genome-wide expression analyses showed differentially expressed genes 

for heat shock response (Sajjanar et al., 2023; Singh et al., 2020),  cellular metabolism, 

and cell cycle between relatively heat tolerant and heat sensitive cattle fibroblasts (Singh 

et al., 2020) and peripheral blood mononuclear cells (PBMC) (Sajjanar et al., 2023) in 

response to heat stress. Differentially expressed genes for responding to endoplasmic 

reticulum stress have also been observed in PBMCs of Holstein dairy cattle (Fang et al., 

2021). Given that genes are differentially expressed in relation to the heat shock 

response, endoplasmic stress, cellular metabolism, and cell cycle, it is worth investigating 

genes e.g., HSF1, ERN1, PRKAA2, and CDKN1A, involved in these pathways to better 

understand the heat-stress induced mechanisms occurring between mammals that allow 

body fluctuations and increases and/or inhabit deserts, and mammals that maintain stable 

body temperatures.  
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Heat shock factor 1 regulates heat-shock-induced genes during the HSR and is 

upregulated in response to heat stress (Sajjanar et al., 2023; Singh et al., 2020; Tabuchi 

et al., 2008). Out of the four known heat shock factors known to exist in vertebrates, HSF1 

seems to be the most characterized and shown to act as the major regulator of the heat 

shock response (Mahat et al., 2016; McMillan et al., 1998). Previous studies have used 

HSF1 knockout mouse embryonic fibroblasts (MEFs) and have shown that HSF2 (Mahat 

et al., 2016), HSF3, and HSF4 (McMillan et al., 1998) is independently regulated from 

HSF1 and does not compensate for the loss of HSF1 for inducing upregulated expression 

of genes during the HSR. In addition, HSF2 knockout MEFs were used to show HSF2 

has no effect on the HSR (McMillan et al., 2002). Given HSF1’s specialized role in the 

HSR in comparison to HSF2-4, HSF1 expression analysis can provide insight into HSF1 

mechanisms of mammals that have the ability to fluctuate body temperatures or that 

inhabit hot environments versus mammals that don’t have this ability nor live in these 

environmental extremes, in response to heat stress. 

 

ERN1 is one of the three master regulators of the ER that are activated upon initiation of 

the UPR in response to heat stress (Homma & Fujii, 2016). Of the three UPR master 

regulators, ERN1 appears to be the most conserved branch given the ERN1 pathway is 

present in mammals, metazoans, plants, and yeast (Angelos et al., 2017; Hiramatsu et 

al., 2011; Homma & Fujii, 2016). The three master regulators are present in mammals 

and metazoans, plants exhibit functional homologs of only ERN1 and ATF6, and only the 

ERN1 pathway has been identified in yeast (Angelos et al., 2017). As of date, two ERN1 

isoforms exist including ERN1α and ERN1β. Of the two isoforms, ERN1α is the most 
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characterized and has been shown to be expressed in all cell types (Homma & Fujii, 

2016). Expression analysis on ERN1 in response to heat stress will provide better insight 

into the mechanisms of the UPR’s most conserved pathway in presumed heat tolerant 

mammals versus presumed heat sensitive mammal fibroblasts. 

 

Metabolic stress caused by heat shock can activate and upregulate AMPK activity, and 

increase the expression of its catalytic subunit (Corton et al., 1994; Liu & Brooks, 2012; 

J. Tang et al., 2018). The three genes that encode the α, β, and γ subunits of the AMPK 

are highly conserved in vertebrates and invertebrates (Hardie, 2007). The two isoforms 

of the gene that encode for the catalytic subunit (α subunit) of AMPK, PRKAA1, and 

PRKAA2, are both activated during heat stress and seem to have different tissue 

distributions (J. Tang et al., 2018; Y. Wang et al., 2016; Yang et al., 2021). AMPK 

complexes can increase activity when increased AMP levels occur. AMPK complexes 

that contain PRKAA2 isoform seem to be more sensitive to AMP than AMPK-PRKAA1 

complexes. Unlike PRKAA1, PRKAA2 seems to localize in the nucleus, thus raising the 

possibility that AMPK-PRKAA2 may have a role in regulating gene expression in 

response to cellular stresses that deplete ATP levels (Salt et al., 1998). Expression 

analysis on highly conserved PRKAA2 gene may show its sensitivity to changes in AMP: 

ATP ratios in relation to heat stress across a range of mammalian species. 

 

Heat stress can cause an induction of CDKN1A, which may play a role in inhibiting cell 

cycle progression (Abe, T. Tamiya, Y. Ono, A. H. Salke, 2001; Fuse et al., 1996; Kühl & 

Rensing, 2000; Nitta et al., 1997; Ohnishi et al., 1996; Woo et al., 2000). Of the three 
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inhibitors within the CIP/KIP family, hyperthermia-induced expression of CDKN1A has 

often been shown to be involved in responding to heat stress rather than the p27 pathway 

(Abe, T. Tamiya, Y. Ono, A. H. Salke, 2001). To date and to the best of my knowledge, 

studies have observed p57 and INK4 family proteins playing a role in regulating cell cycle 

progression, however, the involvement of each of these inhibitors in relation to heat stress 

remains to be further characterized. (Creff & Besson, 2020; Sherr & Roberts, 1999). 

Expression analysis on the more characterized response of CDKN1A in relation to heat 

will provide a better understanding of how the cell cycle is regulated between the two 

phenotypes of presumed heat tolerant and heat sensitive mammals. 

 

Each of the four genes of interest has been observed to have a response in relation to 

heat stress. In addition, they are either highly conserved genes and/or part of a conserved 

pathway, making them good candidates for further investigating their responses in non-

model species in relation to heat stress. Using a comparative approach by investigating 

the timing and amplitude of the heat-stress-related gene expression of HSF1, ERN1, 

PRKAA2, and CDKN1A and protein abundance patterns between presumed heat tolerant 

and heat sensitive mammals may provide better insight into the mechanisms that are 

occurring, which make an animal flexible.  

 

Methods 

Samples 

Cells were obtained and proliferated as described in Chapter 2. 
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Heat exposure and examination of cell viability and cell proliferation 

Cells were plated into 6 well plates. Cell passage numbers are listed under Table 1 in the 

Appendix. The seeding density for a 6 well plate is usually around 0.3 x 106 cells. Due 

to the multiple time points and the large number of cells needed for plating, of the entire 

T175cm2 flask that was passaged, 75% of the cell stock was used for plating. For one 

biological replicate, two wells on one plate were plated. One well was to be harvested for 

protein and the other for RNA. Cells were grown in the 6-well plates until they reached 

80-90% confluency. Once cells were confluent, the DMEM Dulbecco’s Modified Eagle’s 

Medium + 10% FBS + 1% P/S, REF #11965-092) medium was used at the start of the 

heat treatment. A schematic of chapter 3’s experimental design is shown on Figure 8. 

 

Figure 8. 

Schematic of 

experimental 

design for 

chapter 3. 

 

 

Figure 9. The 

effect of heat 

stress (41°C) 

did not cause 

an immediate 

induction of 

HSF1 at 0.5 

hours.Figure 

8. Schematic 

of 

experimental 

design for 

chapter 3. 
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RNA Extraction and Quantitative PCR (qPCR) 

Cells were treated in 41°C for 0 hours, 0.5 hours, 2 hours, 4 hours, 6 hours, 12 hours, 

and 24 hours. Cells were washed in PBS twice and collected with TRIzol reagent 

(Invitrogen™ TRIzol™ Reagent, REF #15596018). 200µL of chloroform per 1mL (1:5) 

TRIzol was added, vortexed for ~20 seconds, and incubated for 3 minutes at room 

temperature. The tubes containing RNA samples were spun down for 20 minutes at 

12000xg at 4°C. The clear top layer was pipetted and transferred to a new Eppendorf 

tube. The same amount of isopropanol from the amount of the clear layer that was 

pipetted into the new Eppendorf tube, to the clear layer. The Eppendorf was inverted to 

mix, and then incubated for 10 minutes at room temperature. The tubes were spun down 

for 10 minutes at 12000xg at 4°C. The supernatant was aspirated, and the RNA pellet 

was washed with 750µL of 75% EtOH. Then the tubes were spun down for 5 minutes at 

7500xg at 4°C. EtOH was aspirated, and samples were dried on ice for about 10 minutes, 

ensuring all ethanol was removed. The RNA was dissolved in 30µL of Invitrogen™ 

nuclease-free water (not DEPC-treated) and heated for 7 minutes at 60°C. RNA 

concentration and purity were estimated by NanoDrop® ND-1000 UV-Vis 

Spectrophotometer.  Reverse transcription (RT) was performed using the Applied 

Biosystems: High Capacity cDNA Reverse Transcription Kit (with RNase Inhibitor) 

(Thermo Fisher cat #: 4374966). RT reactions consisted of 10µL of 0.5µg of total RNA in 

a 20µL total reaction volume; with the exception of a few samples that had a lower RNA 

concentration and instead consisted of 5µL of 0.25µg of total RNA in a 10µL total reaction 

volume. After running samples through the thermocycler, cDNA samples with a 20µL and 

10µL total reaction volume were diluted 1:5 by adding 80µL and 40µLof MilliQ water, 
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respectively, to freshly made samples. Quantitative PCR (qPCR) was performed using 

the CFX96 Real-Time PCR. Reactions comprised of a 10µL total volume consisting of 

3µL of cDNA, 0.4µL FWD and RVS primers, 1.2µL of MilliQ water, and 5µL of Fast 

SYBR™ Green MM (REF #4385612). Housekeeping gene 18S was used for 

normalization and the fold change of the target transcripts were calculated through the 2-

𝛥𝛥Ct method. Negative samples resulted in little (Cq of ~37/38) to no amplification in all 

assays. Thermal cycling conditions were 10 minutes at 25°C, 120 minutes at 37°C, 5 

minutes at 85°C, and then held at 4°C. Details of primers used to amplify target transcripts 

are listed under Table 8 in the Appendix.  

 

Outlier detection methods  

Technical replicates with a standard deviation of greater than 10% were excluded from 

the analysis. After normalization and calculating the fold change of target transcripts 

through the 2-𝛥𝛥Ct method, the z-score and the median absolute deviation (MAD) outlier 

detection methods were implemented to detect outliers for a given time point (excluded 

outliers are listed under Table 9 in the Appendix). Cq values of the samples that were 

detected as outliers through the MAD outlier detection method and not excluded from 

data analysis were checked to ensure that this was a true response of the biological 

replicate, and kept for this reason. 

 

qPCR statistical analysis 

Paired t-tests (GraphPad Prism Version 10.0.0.0) were used to analyze if there were 

significant changes in the immediate induction of a gene at 0- and 0.5-hours for each 
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species. Wilcoxon tests (GraphPad Prism Version 10.0.0.0) were used to analyze non-

parametric datasets and whether there were significant changes in the immediate 

induction of a gene at 0- and 0.5-hours for each species. The relationship between 

expression at the 0.5-hour time point and the two phenotypes were analyzed with a 

nested ANOVA for genes HSF1, ERN1, PRKAA2, and CDKN1A. Furthermore, one-way 

ANOVA (GraphPad Prism Version 10.0.0.0) analyzed significant differences in the mean 

expression at the 0.5-hour time point for each species. To investigate patterns across the 

24-hour time course at 41°C for each species and gene, repeated measures ANOVA 

(Mixed-Effects Models in S and S-PLUS, 2000) was performed across all time points. 

Tukey’s HSD (Mixed-Effects Models in S and S-PLUS, 2000) test was used on data sets 

with significant statistical differences of P ≤ 0.05. The linear mixed-effects model (Mixed-

Effects Models in S and S-PLUS, 2000) was used to analyze differences in a gene’s 

expression across all time points between the two phenotypes. Significant statistical 

differences were considered when P ≤ 0.05.  

 

Proteomics analysis 

Preparation of cell protein lysate 

Cells were treated in 41°C for 0 hours, 0 hours, 6 hours, and 24 hours. Cells were washed 

with cold PBS twice and homogenized with a cold cell lysis buffer consisting of RIPA 

buffer with EDTA #BP-115D, + 1% of protease inhibitor cocktail 100x (Prod #1861278 

thermofisher) + 1% of phosphatase inhibitor cocktail (Prod #TG269618 thermofisher). 

After incubation at 4°C for 10 minutes, the extract was further homogenized with a 

tuberculin syringe. Homogenized samples were placed in -80°C for at least 2 hours and 
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then vortexed after thawed. Samples were centrifuged in a microcentrifuge at 14,500rpm 

for 10 minutes at 4°C. The supernatant was then transferred to a new tube and measured 

through the BCA method (Pierce™ Bovine Serum Albumin Standard Ampules, 2 mg/mL; 

REF #23209) 

 

Protein digestion 

Protein extracts were reduced, alkylated, and digested with a trypsin/Lys-C protease 

mixture using Thermo Scientific EasyPep Mini MS Sample prep kit (Cat #A40006). 

 

Liquid chromatography and mass spectrometry 

Peptides were trapped prior to separation on a 300 um i.d. x 5 mm C18 PepMap 100 trap 

(Thermo Scientific, San Jose, CA) and separated on a 50cm uPAC C18 nano-LC column 

(PharmaFluidics, Ghent, Belgium) with a 15um tip using an UltiMate 3000 RSLCnano 

system (Thermo Scientific, San Jose, CA). 

 

Data-independent acquisition (DIA) 

Mass spectral analysis was performed using an Orbitrap Eclipse mass spectrometer 

(Thermo Scientific, San Jose, CA) using DIA. Six gas phase fractions (GPF) of the 

biological sample pool were used to generate a reference library. The GPF acquisition 

used 4 m/z precursor isolation windows in a staggered pattern (GPF1 398.4-502.5 m/z, 

GPF2 498.5-602.5 m/z, GPF3 598.5-702.6 m/z, GPF4 698.6-802.6 m/z, GPF5 798.6-

902.7 m/z, GPF6 898.7-1002.7 m/z).  Biological samples were analyzed on an identical 

gradient as the GPFs using a staggered 8 m/z window scheme over a mass range of 385-
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1015 m/z. Library generation and data analysis were performed using Spectronaut™ 

software (Biognosys, Schlieren, Switzerland). The white-tailed antelope squirrel was 

analyzed against the 13-lined ground squirrel database, 13-lined ground squirrel and rat 

were analyzed against their own database. 

 

Proteomics data analysis 

Data reports (.xsl) were generated from raw files using Spectronaut™ software and 

included the condition, file name, gene, protein accession number, and quantity. The 

white-tailed antelope squirrel retained 18,693 protein entries, the 13-lined ground squirrel 

retained 35,091 protein entries, and the rat retained 34,084 protein entries. Duplicates 

were removed and resulted in 2,076 proteins in white-tailed antelope squirrels, 3,787 

proteins in the 13-lined ground squirrel, and 3,789 proteins in the rat. Protein IDs with no 

quantity, multiple or no gene names, or are from a different organism than the one being 

analyzed, were removed from analysis and placed in a separate tab (‘filtered out’) of the 

excel sheet. Protein IDs with no gene name and that had a P*** term was searched in 

NCBI. Protein IDs with no gene name and that had a I*** term or A*** was searched in 

GenomeNet. Entries that didn’t have matching protein accession IDs with gene names 

and those that listed an unreal gene name were also set aside in the ‘filtered out’ tab. The 

mean and standard deviation of the protein quantity of each of the three time points were 

calculated among the three individuals per species.  

 

Proteomics statistical analysis 
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Protein quantity values were analyzed using one-way ANOVA and Tukey test (Mixed-

Effects Models in S and S-PLUS, 2000). Benjamini-Hochberg method was implemented 

to correct the false discovery rate. Significant statistical differences were considered when 

P ≤ 0.05. Random forests (Breiman, 2001) were run 12 times to compare 6 hr. and 24 hr. 

time points between the three species and used to compare the three time points e.g., 0 

hours, 6 hours, and 24 hours, for each of the three species. Lastly, Divisive Analysis 

Clustering (DIANA) clustering was applied to produce gene clusters (Bolker et al., 2022; 

Kuhn, 2021; Maechler et al., 2021; Peterson, 2021; Sarkar, 2008; Warnes, 2013; Warnes, 

Bolker, Bonebakker, et al., 2022; Warnes, Bolker, Lumley, et al., 2022; Warnes et al., 

2023; Wickham, 2007; Yan, 2016). 

 

Results 

Impact of heat stress on HSF1 transcripts expression 

Paired t-tests and Wilcoxon tests showed no significant change in HSF1 expression from 

0- to 0.5-hours at 41°C in any of the mammals (Figure 9; Table 10 and Table 11 in the 

Appendix). The white-tailed antelope squirrel and southern white rhinoceros were 

excluded from this paired t-test analysis because only n=2 biological replicates were 

available for this gene and time collection. Furthermore, one-way ANOVA showed no 

significant differences in the HSF1 expression mean across all mammals at 0.5 hours at  

41°C (P = 0.68) (Figure 10A and Table 12 in the Appendix). Nested ANOVA analysis 

resulted in non-significant HSF1 expression differences at 0.5 hours at 41°C for heat 

tolerant and heat sensitive phenotypes of different mammalian species (Table 13 in the 

Appendix). 
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Each of the presumed heat tolerant mammal exhibited a peak of HSF1 expression at 

different time points into the experimental heat exposure (Figure 11). The greatest 

amplitude of HSF1 gene expression in the white-tailed antelope squirrel occurred at 6 

hours at 41°C, and was 1.3-fold higher than baseline on average (Figure 11A). For the 

round-tailed ground, the greatest amplitude of HSF1 expression was at baseline level, 

which occurred after 24 hours (Figure 11B).13-lined ground squirrel exhibited a peak of 

1.5-fold increase above baseline at 2 hours (Figure 11C). The dromedary camel showed 

a 1.1-fold increase in HSF1 expression after 0.5 hours (Figure 11D). 
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Likewise, each presumed heat sensitive mammal similarly exhibited a peak in HSF1 

expression at different times (Figure 12). The rats had a peak of HSF1 expression occur 

at 24 hours (1.5-fold; Figure 12A). Southern white rhinos experienced a 0.84-fold peak 

in HSF1 expression at 6 hours (Figure 12B). Humans had the greatest peak in HSF1 

expression (2.2-fold), occurring at 0.5 hours post-heat exposure (Figure 12C). 
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Repeated measures ANOVA did not reveal any differences in HSF1 expression patterns 

across the 24-hour time course for any of the presumed heat tolerant mammals nor 

southern white rhino and human (Table 14 in the Appendix). The rat was the only species 

for which this analysis yielded a significant difference (F6,18 = 3.44, P = 0.01), with Tukey 

HSD not identifying significant differences between any time points. Linear mixed effects 

identified no significant differences (P = 0.99) in HSF1 expression across all time points 

between the two phenotypes (Figure 13; Table 15 in the Appendix).   
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Impact of heat stress on ERN1 transcripts expression 

Of the four presumed heat tolerant mammals, paired t-tests revealed a significant 

increase in ERN1 expression from 0- to 0.5 hours at 41°C in the dromedary camel (P = 

0.0002) (Figure 14C). The white-tailed antelope squirrel was excluded from this paired t-

test analysis because only n=2 biological replicates were available for this gene and time 

collection. ERN1 expression did not change over the first 30 minutes of heat exposure, 

however, in any of the round-tailed ground squirrel (Figure 14A), 13-lined ground squirrel 

(P = 0.31) (Figure 14B), human (Figure 14D), rat (Figure 14E), or southern white rhino 

(Figure 14F) (Table 10 in the Appendix). Furthermore, the one-way ANOVA results  
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showed no significant differences in the ERN1 expression mean across all mammals at 

0.5 hours at 41°C (P = 0.63) (Figure 10B and Table 16 in the Appendix). Nested ANOVA 

analysis results showed no significant ERN1 expression differences at 0.5 hours at 41°C 

for heat tolerant and heat sensitive phenotypes of different mammalian species (Table 

17 in the Appendix). 

 

 As with HSF1, each presumed heat tolerant mammal exhibited a peak of ERN1 

expression at different time points (Figure 15). The white-tailed antelope squirrels  
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generally had reduced expression of ERN1 across the experimental, with the 6 hour 

timepoint remaining at slightly below baseline levels (Figure 15A). Round-tailed ground 

squirrels had a peak at 12 hours with an average of 1.2 (Figure 15B). 13-lined ground 

squirrels had the greatest amplitude of ERN1 expression at 2 hours at 1.7-fold baseline 

levels (Figure 15C). Dromedary camels exhibited a peak at 2 hours post-exposure, with 

ERN1 levels 1.4-fold above baseline (Figure 15D). 

 

Figure 
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Presumed heat sensitive mammals also exhibited peaks in ERN1 expression at different 

timepoints (Figure 16). The rats had a peak of ERN1 expression at 2 hours (1.2-fold 

increase) (Figure 16A). Southern white rhinos generally had reduced expression of 

ERN1 across the experimental time course (Figure 16B). Of the presumed heat sensitive 

mammals, humans experienced the greatest peak at 6 hours (2.7-fold increase) (Figure 

16C). 
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ERN1 expression patterns across the 24 hour time course were analyzed by repeated 

measures ANOVA. Out of all investigated species, only the southern white rhino 

(F6,18=2.72, P = 0.04) showed significant differences in ERN1 expression (Table 18 in the 

Appendix). Despite a significant difference in ERN1 expression, the southern white rhino 

showed no significant differences between any time points. Linear mixed effects identified 

no significant differences (F1,5 = 0.4, P = 0.5) in ERN1 expression across all time points 

between the two phenotypes (Figure 17; Table 15 in the Appendix). 
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Impact of heat stress on PRKAA2 transcripts expression 

Paired T-tests results showed no significant change in PRKAA2 expression from 0- to 0.5 

hours at 41°C in any of the mammals (Figure 18) (Table 10 in the Appendix). The white-

tailed antelope squirrel and rat were excluded from this paired t-test analysis because 

only n=2 biological replicates were available for this gene and time collection. One-way 

ANOVA results showed no significant differences in PRKAA2 expression across all 

mammals at 0.5 hours at 41°C (P = 0.73) (Figure 10C; Table 19 in the Appendix).  
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Nested ANOVA results showed no significant differences in PRKAA2 expression mean 

between phenotypes at 0.5 hours at 41°C (P = 0.74) (Table 20 in the Appendix). 

 

 The white-tailed antelope squirrel generally had reduced expression of ERN1 across the 

experimental time course (Figure 19A). Round-tailed ground squirrels showed reduced 

(0.89-fold decline was the peak amplitude at 2h) in PRKAA2 expression over the 

experimental time course (Figure 19B). The 13-lined ground squirrels (Figure 19C) and 

dromedary camels (Figure 19D) had a peak at the same time point, 0.5 hours, with fold 

induction of 1.7 and 1.3, respectively.  
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The rat (Figure 20A) had its highest amplitude of PRKAA2 expression at 2H post-

exposure, which was a 1.3-fold increase for rats. On the other hand, the southern white 

rhino (Figure 20B) generally showed decreased PRKAA2 expression with heat exposure 

(0.65-fold decline was the peak amplitude at 6h). Human fibroblasts had a peak at 24 

hours (1.2-fold increase) (Figure 20C). 

 

Repeated measures ANOVA analysis revealed no significant patterns for the dromedary 

camel. 13-lined ground squirrel, white-tailed antelope nor the human (Table 21 in the  
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Appendix). However, the round-tailed ground squirrel (F1,17 = 13.8, P = 0.001) rat (F6,10 

= 6.1, P = 0.006) and the southern white rhino ((F1,16 = 11.4, P = 0.003) with Tukey HSD 

identifying no significant differences from baseline to any time points (Table 21 in the 

Appendix). Linear mixed effects identified no significant differences (P = 0.59) in 

PRKAA2 expression across time points between the two phenotypes (Figure 21; Table 

15 in the Appendix).  
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Impact of heat stress on CDKN1A transcripts expression 

Paired T-tests and Wilcoxon test results showed no significant changes in CDKN1A 

expression from 0- to 0.5 hours at 41°C in any mammalian fibroblasts (Figure 22; Table 

10 and Table 11 in the Appendix). The white-tailed antelope squirrel and rat were 

excluded from this paired t-test analysis because only n=2 biological replicates were 

available for this gene and time collection. However, there was a significant difference 

between white-tailed antelope squirrel and human (Tukey’s pairwise posthoc P = 0.03),in 

CDKN1A responses at 30 min post-exposure (one-way ANOVA F6,18 = 2.28, P = 0.08)  
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(Figure 10D; Table 22 in the Appendix). CDKN1A expression differences at 0.5 hours 

at 41°C for heat tolerant and heat sensitive phenotypes was not significant (Table 23 in 

the Appendix).  

 

Both the white-tailed antelope squirrel (Figure 23A) and round-tailed ground squirrel 

(Figure 23B) exhibited a peak of CDKN1A expression at 12 hours at 41°C (1.1-fold and 

1.3-fold increase, respectively). The 13-lined ground squirrel (Figure 23C) and the 
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dromedary camel (Figure 23D) also exhibit a peak of CDKN1A expression at the same 

time of 0.5 hours at 41°C with fold-increases of 1.6 and 1.0, respectively.  

 

The greatest amplitude of CDKN1A gene expression in the rat was 1.35-fold from 

baseline, which occurred after 4 hours at 41°C (Figure 24A). The southern white rhino 

(Figure 24B) exhibited a peak in expression of 1.4-fold beyond baseline after 2 hours at 

41°C. Humans also exhibited a peak in CDKN1A expression at 2 hours at 41°C but had 

a much greater gene expression induction, at 9.1-fold beyond baseline (Figure 24C). 
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Repeated measures ANOVA analyzed CDKN1A expression patterns across the 24-hour 

time course and resulted in no significant patterns for any of the presumed heat tolerant 

mammals nor human and rat (Table 24 in the Appendix). However, the southern white 

rhino did exhibit significant changes in CDKN1A gene expression (F6,18 = 4.4 = P = 0.006), 

however Tukey pairwise posthoc did not identify significant differences between any time 

points. Linear mixed effects identified no significant differences (P = 0.5) in CDKN1A 

expression across all time points between the two phenotypes (Figure 25; Table 15 in 

the Appendix). 
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Proteomics of heat-stressed cells 

Significantly induced HSPs 

489 out of 3,664 detected proteins had abundances that significantly differed following 

heat stress for 6- and 24-hours in 13-lined ground squirrels, 122 of 2,002 differed in white- 

tailed antelope squirrels, and 193 out of 3,145 differed significantly in rats. While similar 

numbers of proteins altered in abundance following heat stress, many responses were 

species-specific. Significant induction of heat shock proteins such as HSP90AB1 in the 
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13-lined ground squirrel and white-tailed antelope squirrel identify mechanisms of 

homeostatic resilience, particularly in desert-dwelling species (Table 25). An increased 

protein abundance of HSP90AB1 occurs at 6- and 24-hours at 41°C in desert-dwelling 

rodents (Figure 26A and 26B).  Significant induction of HSP90B1, HSPA1L, HSPA5, and 

HSPA8 reflect a species-specific response in 13-lined ground squirrel, while significant 

induction of HSPA1A and HSPD1 reflect a species-specific response in the white-tailed 

antelope squirrel (Table 25). In 13-lined ground squirrel fibroblasts, an increase in 

abundance occurs at 6- and 24-hours at 41°C for HSP90B1 (Figure 26C), HSPA1L 

(Figure 26D), HSPA5 (Figure 26E), and HSPA8 (Figure 26F). In white-tailed antelope 

squirrel, an increase in abundance occurs at 6- and 24- hours at 41°C for HSPA1A 

(Figure 26G), whereas a decrease in abundance occurs at 6- and 24- hours at 41°C for 

HSPD1 (Figure 26H).  
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Random Forest 

After random forest was run 12 times to compare the three time points for each species, 

5 different proteins (selected variables) were identified for 13-lined ground squirrel, 2 

proteins for white-tailed antelope squirrel, and 1 protein for rat that represent biomarkers 

whose abundance is capable of defining the time points in each species (Table 26 in the 
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Appendix). While random seeding in this machine learning approach can slightly vary 

the proteins capable of separating the timepoints for each species with 0 error over  

different runs, the protein listed above were output in at least 75% of runs for each 

species, and represent likely biomarkers that separate the 0h, 6h, and 24h proteomes 

from each other (Table 27 in the Appendix). Random Forests generated importance 

values along with these selected variables that represent the relevance of each variable 

in the Random Forest model. These selected variables with a high appearance rate are 

the top 3 importances, representing their relevance in the random forest model.  

 

The five selected variables in 13-lined ground squirrels were FBXO6, AASDHPPT, GNB1, 

BCL2L1, and C18ORF25 (Figure 27A-E). FBXO6 (P = 0.00007) (Figure 27B), GNB1 (P 

= 0.001) (Figure 27D), BCL2L1 (P = 0.06) (Figure 27E), and C18ORF25 (P = 0.06) 

(Figure 27F) decreased in expression from baseline to  6- and 24 hours at 41°C, whereas 

AASDHPPT (P = 0.00002) increases in expression at 6- and 24 hours (Figure 27C). The 

baseline expression for each FBXO6 and AASDHPPT differed in magnitude; AASDHPPT 

baseline expression was greater than FBXO6. The two selected variables in white-tailed 

antelope squirrels were MSRB3 and SPTLC2 (Figure 28A-C). MSRB3 (P = 0.2) 

increased expression at 6 hours and then decreased at 24 hours at 41°C (Figure 28B). 

SPTLC2 (P = 0.003) decreased at 6- and 24 hours (Figure 28C). The baseline expression 

for MSRB3 was greater than SPTLC2. The one selected variable that frequently 

appeared, with a rate of 91.67%, was MRPL12 (Figure 29). MRPL12 (P = 0.17) increased 

at 6 hours at 41°C, and decreased expression at 24 hours. 
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Random Forests was also implemented to compare the three rodent species at each of 

the 6 h and 24 h time points. After the 75% cutoff, 2 proteins were retained as biomarkers 

separating the 3 species at 6-h post heat exposure, and 4 proteins were retained as 

biomarkers for the 24h timepoint (Table 27). The two selected proteins with a high at the 

6 hour time point between all three species was PPM1A and TRAPPC11 (Figure 30).  
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PPM1A expression increased at 6 hours in both the 13-lined ground squirrel (P = 0.5) 

(Figure 30B) and antelope ground squirrel (P = 0.3) (Figure 30C), whereas PPM1A 

expression decreased in rat (P = 0.5) (Figure 30D) at 6 hours at 41°C. The 13-lined 

ground squirrel exhibited a greater magnitude of PPM1A expression overall throughout 

each time point, followed by the rat and then the white-tailed antelope squirrel. 

TRAPPC11 expression showed an increase at 6 hours in the 13-lined ground squirrel (P 

= 0.68) (Figure 30E), while there was a decrease in expression in rat (P = 0.28) (Figure 

30F). LTA4H ,PAICS, ANXA6, and COASY were the most frequently occurring selected 

variables when comparing the 24 hour time point between the three species (Figures 31 

and 32). LTA4H (P = 0.09) (Figure 31B) and PAICS (P =0.2) (Figure 31E)  increased 

expression in 13-lined ground squirrel and decreased expression in white-tailed antelope 

squirrel (LTA4H: P =0.9, PAICS: P =0.03) (Figure 31C and Figure 31F) and rat (LTA4H: 

P = 0.2, PAICS P =0.05) (Figure 31D and 31G) at 24 hours. Overall, there was a greater 

magnitude of LTA4H expression in 13-lined ground squirrel at each time point, followed 

by rat and then the white-tailed antelope squirrel. The 13-lined ground squirrel also 

showed a greater magnitude of PAICS overall throughout each time point, followed by 

the white-tailed antelope squirrel and then the rat. Similarly, ANXA6 (P = 0.02) (Figure 

32A) and COASY (P = 0.68) (Figure 32D) increased in expression in 13-lined ground 

squirrel and decreased in expression in white-tailed antelope squirrel (ANXA6: P =0.77; 

COASY: P = 0.04) (Figure 32B and Figure 32E) and rat (ANXA6: P = 0.01; COASY: P 

= 0.08) (Figure 32C and Figure 32F). Overall, there was a greater magnitude of ANXA6 

expression in rat at each time point, followed by the white-tailed antelope squirrel and 

then the 13-lined ground squirrel. In terms of COASY, there was a greater magnitude of 
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expression in the 13-lined ground squirrel at each time point, followed by the rat and then 

the white-tailed antelope squirrel. 
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DIANA clustering 

DIANA clustering generated 2 clusters of proteins in each of 13—lined ground squirrels 

(Figure 33), white-tailed antelope squirrel (Figure 34), and rat (Figure 35). For each 

species, these clusters represent proteins that are either increasing or decreasing over 

the two time points of the heat exposure. There is not a pattern of protein abundance 

changes highlighting a peak in the 6 hours time point for any species. Although there 
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seems to be a general increase in 13-lined ground squirrel cluster 1 (Figure 33A), white-

tailed antelope squirrel cluster 2 (Figure 34B), and rat cluster 2 (Figure 35B), and a 

general decrease in 13-lined ground squirrel cluster 2 (Figure 33B), white-tailed antelope 

squirrel cluster 1 (Figure 34A), and rat cluster 1 (Figure 35A), there are no patterns in 

clustering defining phenotypes. 13-lined ground squirrel had 107 proteins in cluster 1, and 

an even a greater amount in cluster 2 (381 proteins). Cluster 1 for both the white-tailed 

antelope and rat had a greater number of proteins, 96 and 187 proteins, respectively, 

compared to the second cluster which contained 25 and 6, respectively.  
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Discussion 

In this study on dermal fibroblasts of white-tailed antelope squirrel, round-tailed ground 

squirrel, dromedary camel, 13-lined ground squirrel, southern white rhino, human, and 
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rat, qPCR and proteomics were used to describe gene expression and overall protein 

content arising from to heat stress of 41°C. Gene expression and proteomic data analysis 

were used as a way to understand underlying mechanisms at the cellular level of stressor 

resilience in mammals that are tolerant to heat stress of 41°C, especially those that 

occurred over a shorter time course (minutes to hours). 

 

HSF1, ERN1, PRKAA2, and CDKN1A expression 

During mild heat stress, mammalian cells activate response mechanisms associated with 

the induction and activation of stress-response genes. These cellular responses may 

initially be associated with cell protection, however severe or long duration heat stress 

may lead to cells experiencing negative outcomes. Gene expression induction between 

baseline and the 30min time point were first investigated to identify whether rapid changes 

in gene expression might occur and might differ between species. No immediate induction 

was identified in HSF1, PRKAA2, and CDKN1A throughout all investigated species. 

However, immediate induction of ERN1 was identified for the dromedary camel. Of the 

four investigated genes, only CDKN1A exhibited differences in gene expression mean 

between the white-tailed antelope squirrels and human at 0.5 hours at 41°C. Furthermore, 

there were insignificant differences in gene expression between two phenotypes at 0.5 

hours for HSF1, ERN1, PRKAA2, and CDKN1A. 

 

Of all investigated species, only the rat exhibited significant differences in HSF1 gene 

expression patterns across the shorter time scale of 24 hours at 41°C. Significant 

differences in ERN1 gene expression patterns across the 24 hour time course did exist 
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in the southern white rhino. The round-tailed ground squirrel, southern white rhino, and 

rat also exhibited significant PRKAA2 expression patterns. Whereas, only the southern 

white rhino exhibited significant CDKN1A expression patterns during heat exposure. 

Ultimately, there were no significant differences in gene expression between the two 

presumed phenotypes for all four investigated genes. This project identified immediate 

induction of ERN1 in the dromedary camel,. Furthermore, this project showed patterns in 

HSF1 expression in rat, ERN1 expression in the southern white rhino, PRKAA2 

expression in the round-tailed ground squirrel, southern white rhino and rat, and CDKN1A 

expression in the southern white rhino due to heat stress at 41°C. 

 

Overall, the qPCR data showed inconsistent changes across the time course and among 

species, with no clear differences between the two phenotypes. The majority of gene 

induction beyond baseline values were small (<2-fold) with the exception of human 

fibroblasts, suggesting that biological variation was the most important factor in induction 

of gene expression in this experiment. 

 

Heat shock proteins  

Although gene expression assays were highly variable and showed generally low-

amplitude changes, proteomic data revealed several hundred proteins that differed with 

heat exposure in the three rodent species. Proteomics analysis identified 7 differentially 

expressed HSPs. Significant induction of HSP90AB1 in the thirteen-lined ground squirrel 

and white-tailed antelope squirrel may suggest mechanisms of homeostatic resilience in 

desert-dwelling rodents. HSP90AB1 is known to respond to heat stress and act as a 



 81 

molecular chaperone by binding to proteins that may be unfolded or denatured (Haase & 

Fitze, 2016; Prastowo et al., 2021). Significant induction of HSP90B1, HSPA1L, HSPA5, 

and HSPA8 may reflect a species-specific response in 13-lined ground squirrel, while 

significant induction of HSPA1A and HSPD1 may reflect a species-specific response in 

the white-tailed antelope squirrel HSP90B1. Previous proteomic studies have also 

identified higher abundance of HSP90B1, HSPA5, HSPA8, HSPA1A in response to heat 

stress (Cui et al., 2016). Although HSPA1L has been shown to have no involvement in 

the HSR in mice (X. Wang et al., 2020), overexpression of HSPA1L has been shown to 

play a role in maintaining the function of proximal tubular cells, a cell type that is essential 

for maintaining renal homeostasis in diabetic kidney disease (Nakatsuka et al., 2021). 

HSPA1L may play a specialized role in relation to renal homeostasis in 13-lined ground 

squirrel. Unlike other heat-stress induced HSPs, HSPD1 is constitutively expressed and 

maintains mitochondrial function by facilitating mitochondrial protein folding in the matrix 

(Stetler et al., 2010).   

 

Cell cycle regulation 

Random forest identified genes FBXO6, MSRB3, PPM1A, LTA4H as having a high 

importance to the model and are also known to be involved in regulating cell cycle 

progression. FBXO6 was significantly downregulated in expression at 6- and 24 hours at 

41°C in the 13-lined ground squirrel. FBXO6 regulates cell cycle progression by 

interacting with spindle assembly checkpoint proteins (Xu et al., 2018). Although identified 

as a gene with high importance in the random forest model, MSRB3 did not exhibit 

significant changes in expression during heat stress in white-tailed antelope squirrels. 
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MSRB3 encodes an oxidoreductase protein in the ER and has also been shown to 

regulate cell cycle progression through the p53-CDKN1A and p27 pathways (Lee et al., 

2014). Lee et al., (2014) demonstrated this by showing MSRB3 knockout cells can inhibit 

cell proliferation through these pathways. Although PPM1A did not exhibit significant 

differences across the 6 hour time point between the three species. PPM1A is a gene 

that encodes for a PP2C family member of the serine/threonine protein phosphatases. 

PP2C’s negatively regulate cell stress response pathways and have been shown to 

dephosphorylate and inactivate AMPK and regulate the cell cycle by binding to and 

dephosphorylating CDKs (Li et al., 2022). LTA4H did not exhibit significant differences in 

expression at 24 hours between the three species. LTA4H encodes a hydrolase that 

normally generates LTB4, a compound involved in inflammation, and has also been 

shown to regulate cell cycle progression by negatively regulating p27 (Oi et al., 2017). 

 

Biosynthetic pathways 

Proteins AASDHPPT, SPTLC2, and PAICS were identified as important proteins in the 

random forest model and also exhibited significant induction under heat stress. 

AASDHPPT encodes 4'-phosphopantetheine transferase (PPTase) which performs a 

post-translational modification of phosphopantetheinylation on carrier proteins, that is 

essential to living organisms (Jung et al., 2016). PPTases have essential roles in many 

biosynthetic pathways, a couple of which include biosynthesis of fatty acids and lysine 

(Beld et al., 2014). SPTLC2 had a significant decrease in expression at the 6- and 24 

hour time points in white-tailed antelope squirrel. SPTLC2 encodes one of the two 

subunits of serine palmitoyltransferase (SPT) which catalyzes the first step in sphingolipid 



 83 

biosynthesis, which can usually occur in the ER and is suspected to have a role in 

apoptosis when upregulated (Axelrod & Kaufmann, 2015; Leipelt & Merrill, 2004). A 

possible relation to SPTLC2 and apoptosis may be an occurrence of apoptotic cells 

progressing to necrosis and permeabilization of the plasma membrane. SPTLC2 may 

play a specialized role in regulating plasma membrane permeabilization during an 

activated apoptotic state (De Schutter et al., 2022). PAICS is significantly induced at 24 

hours at 41°C in the white-tailed antelope squirrel and rat. PAICS encodes a bifunctional 

enzyme that is involved in the de novo purine biosynthesis pathway (He et al., 2022). 

Besides the fact that purines act as a building block for nucleic acids, purines can also 

provide energy and cofactors and thus, boost cell survival and proliferation (Yin et al., 

2018).  

 

Mitochondrial translation 

Although MRPL12 did not exhibit significant differences across the three time points in 

the rat, this protein was identified by Random Forests as the single biomarker necessary 

to identify the proteomes of rat fibroblasts at each experimental timepoint. Protein 

encoding MRPL12 may play a role in mitochondrial translation by interacting with the 

mitochondrial RNA polymerase (Serre et al., 2013; Z. Wang et al., 2007). Translation of 

mt-mRNA helps maintain cellular energy homeostasis by generating proteins that are 

involved in oxidative phosphorylation (Aibara et al., 2020). 

 

Summary 



 84 

This study identified immediate induction of ERN1 in the dromedary camel,. Furthermore, 

this aim showed patterns in HSF1 expression in rat, ERN1 expression in the southern 

white rhino, PRKAA2 expression in the round-tailed ground squirrel, southern white rhino 

and rat, and CDKN1A expression in the southern white rhino due to heat stress at 41°C. 

Proteomic analysis identified significantly induced and relevant proteins may reflect 

species-specific responses in the 13-lined ground squirrel, white-tailed antelope squirrel, 

and rat during heat stress. Specifically, proteomic data showed important distinctions in 

heat shock protein induction in the ground squirrels compared with the rat. This gene 

expression and proteomic data may provide better insight into species-specific response 

mechanisms to heat stress, however the differences in response mechanisms between 

the two presumed phenotypes require further investigation.
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Chapter 4 

Summary of findings 

This research examined the adapted phenotypes across a range of mammals that inhabit 

deserts to better understand how organisms respond to these extreme temperatures and 

gained a better understanding of species-specific cellular responses to this stressor and 

identified potential links that could prevent stresses that lead to negative cellular 

outcomes. During the multi-day heat exposure, there were differences in cell proliferation 

between presumed heat tolerant (white-tailed antelope squirrel, round-tailed ground 

squirrel, dromedary camel, and 13-lined ground squirrel) and presumed heat sensitive 

(southern white rhino, human, and rat) phenotypes. There was immediate induction in 

genes ERN1 in the dromedary camel. Gene expression patterns over 24h at 41°C were 

identified for HSF1 in rat, ERN1 in the southern white rhino, PRKAA2 in the round-tailed 

ground squirrel, southern white rhino, and rat, and CDKN1A in the southern white rhino. 

Proteins that were significantly induced in a proteomic study of three rodents are involved 

in the heat stress response, renal homeostasis, cell cycle progression, post-translational 

modifications, apoptosis, and biosynthetic pathways. Identifying cellular mechanisms 

provides a better understanding of species-specific responses to heat stress using a 

model of dermal fibroblasts at 41°C. These data also point to potential links between heat 

stress responses and negative cellular outcomes including decreased cell proliferation 

and cell death.  
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Limitations 

It is difficult to compare the results of this study’s approach to previous studies that have 

investigated the effects of heat shock because the effects of this stressor can vary 

depending on the cell line that is analyzed, the temperature and duration of heat 

exposure, time of harvest, and the state of acquired thermotolerance. Several studies 

have investigated the effects of heat shock and have implemented a recovery time (37°C) 

after mild heat exposure in their experimental design, which is a component that was not 

implemented in this study. Applying this recovery phase may mock temperature intervals 

of the mammal’s habitats, providing additional insights into recovery following heat stress. 

Therefore, this study may reflect the mammalian dermal fibroblast response to heat stress 

in the absence of acquired thermotolerance, a state that likely occurs in real-life settings. 

 

The cell type that was available to run these experiments was primary dermal fibroblasts. 

Susceptibility to heat stress is known to be cell dependent (Kühl & Rensing, 2000). 

Despite the multi-day heat exposure, it is possible that 41°C is non-lethal to primary 

dermal fibroblasts and has a higher threshold to heat stress. Although I expected 

differences to emerge between species at this temperature and over an 8 day time 

course, it is possible that stronger differences between species may be observed if the 

temperature challenge were greater in amplitude (>41°C) or duration. Furthermore, this 

study represents an in vitro approach that studies this cell type at a 2-dimensional level 

and does not investigate these responses with an in vivo approach and 3-dimensional 

point of view. There are increasing studies with 3D cell culture models and organoids, 

that may capture a more nuanced multi-cellular view of responses to environmental 

challenge (Berning et al., 2015). It is possible that cellular responses including ER stress 
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and UPR differ among cell types and can act differently depending on the cell type and 

ER stress inducer (Oslowski & Urano, 2011). Even within a population of 2D fibroblasts, 

it is possible that variation observed, particularly in the qPCR data, could result from 

differences between the responses of single cells within culture. An alternative approach 

such as single cell RNAseq could yield additional insights, and could reveal more detail 

about differences between species responses to heat stress. 

 

Future directions 

Previous studies have identified increased gene expression of HSF1, PRKAA2, and 

CDKN1A in response to heat stress, albeit at different durations and temperatures of heat 

exposure (Fuse et al., 1996; Nitta et al., 1997; Ohnishi et al., 1996; Sajjanar et al., 2023; 

Singh et al., 2020; Tabuchi et al., 2008; J. Tang et al., 2018); whereas, ERN1 has been 

observed to downregulate expression in response to heat stress (Homma & Fujii, 2016). 

This study differs from these previous studies based on the cell type that was used, heat 

temperature, heat exposure duration, time of RNA harvest, and/or recovery phase 

following heat exposure. The differences in mechanisms at the cellular level between the 

two phenotypes in an experimental design that includes similar time points from this study 

along with a recovery period of 37°C should be further investigated. This may provide 

clarification on whether the developed acquired thermotolerance causes significant 

differences in cell proliferation, cell viability, gene expression, and protein abundance.  

 

In an effort to maintain cellular energy homeostasis, activated AMPK is involved in 

enhancing mitochondrial biogenesis by phosphorylating components of different 
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pathways that contribute to nucleosome remodeling and reduction of methylated 

promoters, thus allowing for promoter activation of PGC-1α genes, transcription factor A 

(Tfam), and uncoupling proteins 2 and 3 (UCP2 and UCP3). PGC-1α, Tfam, and UCP2 

and UCP3 are genes that promote mitochondrial biogenesis (Marin et al., 2017). Further 

investigation of these genes and their responses to heat stress in dermal fibroblasts of 

the presumed heat tolerant and heat sensitive to better understand the different 

responses in maintaining cellular homeostasis by an AMPK-mediated pathway.  

 

The three subunits that encode AMPK contain two or more isoforms. Isoforms are a result 

of alternative splicing. There may be 12 different combinations that form the AMPK 

(Hardie, 2011). The combinations of the isoforms that form AMPK in response to heat 

stress remain to be characterized. It may be of interest to investigate how RNA splicing 

regulates these HSF1, ERN1, and PRKAA2 post-transcriptionally, between the two 

phenotypes during heat stress. 

 

Morphological changes have been observed in mammalian cells in response to heat 

stress. The collapse and aggregation of intermediate filaments near the nucleus and 

denaturation and aggregation of F-actin have been observed (Levitsky et al., 2008; Welch 

& Suhan, 1985). Future studies should investigate the morphological changes and/or 

genes essential to maintaining the cellular structure during heat stress between the 

mammals presumed to be heat tolerant versus heat sensitive.  
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Significance  

Increasing temperatures across habitats is a hallmark of global climate change and may 

cause living organisms to be challenged with responding to extreme environmental 

conditions in an effort to prevent negative cellular outcomes. Further establishment of 

the cellular responses to a high temperature of 41°C of these mammalian species can 

provide better insight into understanding the cellular mechanisms of stressor resilience 

and sensitivity of primary dermal fibroblasts of mammals sensitive to heat stress. This 

may highlight the advantages of how mammals adapt to these extreme environmental 

conditions. Furthermore, this may highlight advantages that may be used toward aiding 

humans with health conditions with high grade-fever symptoms. 
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Appendix 

Table 1. Passage number of primary dermal fibroblasts used for LDH and crystal violet 

assays, and qPCR. 

Species Biologic
al 
replicat
e 

Passage # 
plated for 
crystal 
violet and 
LDH 
assays 

Time 
point(s) 
plated 
(Days) 

Passage # 
plated for 
qPCR 

Time 
point(s) 
plated (H) 

Ictidomys 
tridecemlineatus 

OK14 23 2-8 14 
8 

0-12 
24 

Ictidomys 
tridecemlineatus 

OK22 13 2-8 10 0-24 

Ictidomys 
tridecemlineatus 

OK28 20 
22 

2-4 
5-8 

16 0-24 

Ictidomys 
tridecemlineatus 

OK29 10 
12 

4-8 
2 & 3 

7 0-24 

Ictidomys 
tridecemlineatus 

OK36 11 
12 

4-8 
2, 3 

7 
8 

0 
0.5-24 

Ceratotherium 
simum  

CSO1 19 
20 

2 & 3 
4-8 

14 0-24 

Ceratotherium 
simum  

CSO2 18 
19 
20 

3 
4, 5, 6, 8 
2 & 7 

14 0-24 

Ceratotherium 
simum  

CSO3 12 
13 

4, 5, 6, 7 
2, 3, 8 

13 0-24 

Ceratotherium 
simum  

CSO4 14 
16 

2 & 3 
4-8 

11 0-24 

Ceratotherium 
simum  

CSO5 12 
14 

2, 3, 4, 5, 6 
7 & 8 

12 0-24 
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Camelus 
dromedarius 

CDO1 12 2-8 12 
13 

12 
0-6 & 24 

Camelus 
dromedarius 

CDO2 21 2-8 17 
20 
21 

0 & 4 
0.5, 2 & 6 
12 & 2 

Camelus 
dromedarius 

CDO3 13 
 

2-8 22 
16 

0-6, 24 
12h 

Camelus 
dromedarius 

CDO4 13 2-8 17 
 

0-24 

Camelus 
dromedarius 

CDO5 15 2-8 14 0-24 

Rattus norvegicus RN2 16 2-8 9 
17 

0.5 & 24 
0, 2-12 

Rattus norvegicus RN30 17 2-8 13 0-24 

Rattus norvegicus RN32 13 2-8 7 
9 

0 
0.5-24 

Rattus norvegicus RN36 12 2-8 8 0-24 

Xerospermophilus 
tereticaudus 

XT1 12 
14 

2, 3 
4-8 

6 0-24 

Xerospermophilus 
tereticaudus 

XT2 10 
11 
12 
13 

8 
4, 5 
6, 7 
2, 3 

5 
7 
13 

0-6 
12 
24 

Xerospermophilus 
tereticaudus 

XT3 7 1-8 5 0-24 

Ammospermophil
us leucurus 

AL1 13 1, 2, 4 3 0, 6, 24 

Ammospermophil
us leucurus 

AL2 13 1, 2, 4 3 0-24 

Ammospermophil
us leucurus 

AL3 5 
7 

4 & 5 
1 & 2 

4 0-24 

Ammospermophil
us leucurus 

AL4 - - 3 0, 6, 24 
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Homo sapiens HS4057 17 1-8 14 0-24 

Homo sapiens HS3099 15 1-8 17 0-24 

Homo sapiens HS2096 7 
10 

2-5 
6-8 

6 0-24 

Homo sapiens HS3869 8 1-8 12 0-24 

Homo sapiens HS967 16 1-8 20 0-24 

 

Table 2. Optimal cell number plated for viability and proliferation assays.  

Species Time point (Days) Cell # Plated 

Ictidomys tridecemlineatus 2 
3 
4 
5 
6 
7 
8 

8x104 

6x104 

4.5x104 

6x104 

2x104 

3x104 

3x104 

Camelus dromedarius 2 
3 
4 
5 
6 
7 
8 

6x104 

4x104 

1.5x104 

6x104 

2x104 

4x104 

1x104 

Homo sapiens 2 
3 
4 
5 
6 
7 
8 

8x104 

8x104 

4.5x104 

3x104 

5x103 

2x104 

5x103 

Rattus norvegicus 2 
3 
4 
5 
6 
7 
8 

8x104 

8x104 

6x104 

6x104 

3x104 

3x104 

3x104 
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Ceratotherium simum 2 
3 
4 
5 
6 
7 
8 

8x104 

8x104 

3x104 

3x104 

7.5x103 

4x104 
3x104 

Xerospermophilus 
tereticaudus 

2 
3 
4 
5 
6 
7 
8 

6x104 

8x104 

3x104 

3x104 

5x103 

4x104 

3x104 

Ammospermophilus 
leucurus 

2 
4 

1x104 

4.5x104 

 

Table 3. Crystal violet absorbance values. 

Species Biological 
replicate 

Time 
point 
(Days) 

Average 
Crystal violet 
absorbance 
for: Low 
Control  

Average 
Crystal violet 
absorbance 
for: Test 
Sample  

Crystal 
Violet Ratio 
(41°C/37°C) 

Ictidomys 
tridecemlineatus 

OK14 2 
3 
4 
5 
6 
7 
8 

2.0534 
2.0182 
1.8675 
1.95145 
3.3475 
3.5003 
3.3566 

1.6791 
1.7561 
1.8547 
2.9966 
3.502 
2.19545 
2.85 

0.817716957 
0.870131801 
0.993145917 
1.53557611 
0.813697652 
0.627217667 
0.849073467 

Ictidomys 
tridecemlineatus 

OK22 2 
3 
4 
5 
6 
7 
8 

1.92675 
1.4641 
1.8113 
1.7924 
0.9803 
1.275 
1.2146 

1.8428 
1.5988 
1.89715 
2.0256 
1.4288 
1.8155 
1.5588 

0.95642922 
1.092001912 
1.047396897 
1.130104887 
1.457513006 
1.423921569 
1.283385477 

Ictidomys 
tridecemlineatus 

OK28 2 
3 
4 
5 
6 
7 

1.8578 
1.5517 
2.2191 
1.6179 
3.3177 
4 

1.69295 
1.64715 
1.9488 
2.15825 
4 
4 

0.911266014 
1.061513179 
0.878193862 
1.333982323 
1.20565452 
1 
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8 1.25 2.2709 1.809626265 

Ictidomys 
tridecemlineatus 

OK29 2 
3 
4 
5 
6 
7 
8 

2.52825 
2.4694 
1.22125 
1.8509 
1.3748 
1.2808 
1.34485 

2.6801 
2.49935 
1.9737 
2.4043 
1.5577 
1.33375 
1.1579 

1.060061307 
1.012128452 
1.616131013 
1.298989681 
1.133037533 
1.041341349 
0.860988214 

Ictidomys 
tridecemlineatus 

OK36 2 
3 
4 
5 
6 
7 
8 

2.3748 
2.013 
2.9185 
2.36125 
1.8317 
1.4914 
1.77025 

2.2885 
1.7686 
3.3469 
2.3454 
2.1059 
1.503 
1.3852 

0.963660098 
0.87858917 
1.146787733 
0.993287454 
1.149697003 
1.007777927 
0.782488349 

Camelus 
dromedarius 

CDO1 
 

2 
3 
4 
5 
6 
7 
8 

3.27965 
1.0844 
1.5707 
2.9459 
2.24685 
3.3545 
4.00 

2.7735 
1.5755 
1.662 
3.25355 
2.6505 
3.22235 
3.5289 

0.845669507 
1.452877167 
1.05812695 
1.10443328 
1.179651512 
0.960605157 
0.882225 

Camelus 
dromedarius 

CDO2 2 
3 
4 
5 
6 
7 
8 

1.62815 
1.4274 
3.1722 
3.05 
2.3532 
3.43555 
2.275 

1.8179 
2.3399 
3.278 
3.29515 
2.9585 
3.4107 
3.54375 

1.116543316 
1.639274205 
1.033352248 
1.080377049 
1.257224205 
0.992766806 
1.557692308 

Camelus 
dromedarius 

CDO3 2 
3 
4 
5 
6 
7 
8 

1.7538 
2.38275 
1.5321 
2.28635 
3.3212 
4 
3.74695 

1.5174 
2.7935 
1.7769 
3.2371 
3.173 
4 
4 

0.865206979 
1.172384849 
1.159780693 
1.41583747 
0.955377574 
1 
1.067534928 

Camelus 
dromedarius 

CDO4 2 
3 
4 
5 
6 
7 
8 

1.5806 
1.69345 
1.8661 
4 
2.3143 
3.2937 
3.38495 

1.6185 
2.147 
1.9769 
4 
3.1935 
3.1197 
3.10025 

1.023978236 
1.267826036 
1.059375167 
1 
1.37989889 
0.947171874 
0.915892406 

Camelus 
dromedarius 

CDO5 2 
3 
4 

2.66265 
1.50255 
1.64 

2.4442 
1.76515 
1.5495 

0.917957674 
1.174769558 
0.944817073 
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5 
6 
7 
8 

2.5912 
2.80095 
2.83665 
3.18805 

2.6422 
1.49615 
2.2697 
3.16275 

1.019682001 
0.534158054 
0.800133961 
0.992064114 

Homo sapiens HS967 2 
3 
4 
5 
6 
7 
8 

0.85195 
0.8514 
3.1231 
2.1418 
0.6623 
1.532 
0.721 

0.90945 
0.78755 
3.38235 
3.13525 
0.8683 
2.8136 
0.92155 

1.067492224 
0.925005873 
1.08301047 
1.463838827 
1.311037294 
1.836553525 
1.27815534 

Homo sapiens HS2096 2 
3 
4 
5 
6 
7 
8 

1.88425 
3.12 
3.04955 
2.7006 
1.61 
1.617 
1.27685 

1.60 
2.6621 
2.3251 
1.60 
0.7387 
1.4553 
0.6141 

0.847445933 
0.85 
0.76244036 
0.591146412 
0.460220547 
0.9 
0.480949211 

Homo sapiens HS3099 2 
3 
4 
5 
6 
7 
8 

2.416 
2.7667 
1.2701 
0.68555 
0.94505 
1.289 
2.94685 

2.2567 
2.6731 
1.2045 
0.99795 
0.72715 
1.1934 
0.8571 

0.93406457 
0.966169082 
0.948350524 
1.45569251 
0.769430189 
0.92583398 
0.290852945 

Homo sapiens HS3869 2 
3 
4 
5 
6 
7 
8 

1.73285 
2.2803 
3.13 
1.50575 
0.72065 
0.9946 
1.7225 

1.5746 
3.6573 
1.87345 
0.86565 
1.1008 
1.5105 
1.0255 

0.908676458 
1.603867912 
0.598546326 
0.574896231 
1.527509887 
1.518700985 
0.595355588 

Homo sapiens HS4057 2 
3 
4 
5 
6 
7 
8 

1.8078 
1.5837 
1.3883 
0.8377 
1.0237 
2.04695 
1.69315 

1.621 
1.6832 
1.28175 
1.2875 
0.8929 
1.1674 
1.1136 

0.896669986 
1.062827556 
0.923251459 
1.536946401 
0.872228192 
0.570311928 
0.657709004 

Rattus norvegicus RN2 2 
3 
4 
5 
6 
7 
8 

0.89305 
1.6593 
1.3812 
3.4542 
1.2243 
1.1059 
1.9496 

1.20565 
1.52745 
1.72695 
1.4962 
1.0209 
1.3241 
1.05315 

1.350036392 
0.920538781 
1.250325804 
0.433153842 
0.833864249 
1.197305362 
0.540187731 
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Rattus norvegicus RN30 2 
3 
4 
5 
6 
7 
8 

1.5289 
1.65665 
2.309 
3.27435 
1.8151 
1.3415 
1.7389 

2.48275 
0.8821 
4 
2.6245 
1.8362 
2.15225 
2.2976 

1.623879914 
0.532460085 
1.732351667 
0.801533129 
1.011624704 
1.60436079 
1.321295072 

Rattus norvegicus RN32 2 
3 
4 
5 
6 
7 
8 

1.4699 
2.18655 
1.5732 
1.3104 
1.43015 
2.7935 
1.5858 

1.79625 
1.55 
1.33075 
1.0827 
1.3484 
1.2392 
1.25545 

1.222021906 
0.708879285 
0.845887363 
0.826236264 
0.942838164 
0.443601217 
0.791682432 

Rattus norvegicus RN36 2 
3 
4 
5 
6 
7 
8 

1.9792 
2.2861 
2.2124 
2.0879 
1.67945 
1.33225 
2.072 

2.3673 
2.55995 
1.9313 
2.12565 
1.103 
1.54835 
2.3065 

1.196089329 
1.119789161 
0.87294341 
1.018080368 
0.656762631 
1.162206793 
1.113175676 

Ceratotherium 
simum  

CSO1 2 
3 
4 
5 
6 
7 
8 

1.9506 
3.26315 
2.3881 
3.4189 
2.88525 
3.5314 
3.5360 

2.14695 
2.6621 
3.2007 
2.9613 
1.9589 
3.1083 
2.8097 

1.100661335 
0.815806812 
1.340270508 
0.866155781 
0.678935967 
0.88018916 
0.794587181 

Ceratotherium 
simum  

CSO2 2 
3 
4 
5 
6 
7 
8 

3.181 
3.1913 
2.26885 
2.0851 
3.47715 
2.9222 
3.2994 

2.8419 
2.6293 
2.017 
1.7768 
2.3678 
2.15525 
2.2366 

0.893398302 
0.823896218 
0.888996628 
0.852141384 
0.680959982 
0.737543632 
0.677880827 

Ceratotherium 
simum  

CSO3 2 
3 
4 
5 
6 
7 
8 

1.9837 
2.8358 
2.4623 
2.55175 
3.0435 
4 
3.491 

1.7147 
2.2819 
1.90495 
2.2769 
2.95135 
3.2074 
2.14575 

0.864394818 
0.804675929 
0.773646591 
0.892289605 
0.969722359 
0.80185 
0.614651962 

Ceratotherium 
simum  

CSO4 2 
3 
4 
5 

4 
2.2825 
0.6895 
1.3229 

2.6198 
2.47965 
1.2219 
1.8177 

0.65495 
1.086374589 
1.772153735 
1.374026759 



 97 

6 
7 
8 

1.31625 
2.10225 
2.1821 

0.91265 
1.5168 
1.5227 

0.69337132 
0.721512665 
0.697814032 

Ceratotherium 
simum  

CSO5 2 
3 
4 
5 
6 
7 
8 

4 
4 
0.7227 
3.523 
1.0087 
2.5135 
2.6925 

4 
1.53385 
2.49465 
2.49215 
2.1336 
1.9933 
1.7215 

1 
0.3834625 
3.45184724 
0.707394266 
2.115197779 
0.793037597 
0.639368617 

Xerospermophilus 
tereticaudus 

XT1 2 
3 
4 
5 
6 
7 
8 

2.0536 
2.7771 
0.7852 
1.1943 
0.8087 
2.0793 
1.7927 

1.76 
2.0588 
1.3419 
1.19375 
1.2027 
2.2275 
1.9676 

0.85600896 
0.741348889 
1.70899134 
0.999539479 
1.487201682 
1.071273986 
1.097562336 

Xerospermophilus 
tereticaudus 

XT2 2 
3 
4 
5 
6 
7 
8 

1.75135 
2.5251 
1.39525 
1.5529 
0.99835 
 
1.61235 

2.36815 
1.9256 
1.5391 
1.6192 
0.81795 
 
1.5269 

1.352185457 
0.76258366 
1.103099803 
1.042694314 
0.819301848 
 
0.947002822 

Xerospermophilus 
tereticaudus 

XT3 2 
3 
4 
5 
6 
7 
8 

1.7688 
2.2385 
1.1968 
1.5748 
0.94805 
1.76225 
1.87255 

1.7499 
2.1847 
1.5724 
1.74685 
1.118 
2.0601 
1.68795 

0.98931479 
0.975966049 
1.313836898 
1.109251969 
1.179262697 
1.169016882 
0.901417853 

Ammospermophilus 
leucurus 

AL1 2 
4 

0.9597 
1.1156 

1.04955 
1.28065 

1.093623007 
1.147947293 

Ammospermophilus 
leucurus 

AL2 2 
4 

1.0166 
1.3541 

1.0191 
1.3306 

1.002459178 
0.982645299 

Ammospermophilus 
leucurus 

AL3 2 
4 

0.93335 
1.6884 

0.8551 
1.8121 

0.916162211 
1.073264629 

 

Table 4. Normalized viability data. 

Species Biologica
l 
replicate 

Time 
point 
(Days
) 

Normalize
d Low 
Control 

Normalize
d High 
Control 

Normalize
d Test 
Sample 

Cytotoxicit
y (%) 
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LDH 
Value 

LDH 
Value 

LDH 
Value 

Ictidomys 
tridecemlineat
us 

OK14 2 
3 
4 
5 
6 
7 
8 

0.4641 
0.3545 
0.3631 
0.4009 
0.1687 
0.2519 
0.2228 

1.3832 
1.3254 
1.5217 
1.5067 
0.6228 
0.8004 
0.6564 

0.5671 
0.3159 
0.2648 
0.2184 
0.3288 
0.3109 
0.2592 

11.22 
0 
0 
0 
0 
10.76 
8.41 

Ictidomys 
tridecemlineat
us 

OK22 2 
3 
4 
5 
6 
7 
8 

0.4793 
0.5733 
0.4395 
0.3803 
0.7542 
0.5989 
0.6398 

1.4746 
1.9643 
1.6289 
1.6409 
2.8393 
2.2620 
1.8147 

0.4811 
0.5366 
0.4533 
0.3436 
0.5046 
0.4481 
0.4482 

0.17 
0 
1.16 
0 
0 
0 
0 

Ictidomys 
tridecemlineat
us 

OK28 2 
3 
4 
5 
6 
7 
8 

0.5502 
0.6078 
0.4109 
0.5389 
0.2205 
0.185225 
0.6063 

1.5293 
1.4989 
1.2808 
1.8173 
0.8390 
0.70065 
1.7561 

0.5880 
0.5628 
0.5257 
0.4430 
0.1710 
0.171912
5 
0.3117 

3.86 
0 
13.19 
0 
0 
0 
0 

Ictidomys 
tridecemlineat
us 

OK29 2 
3 
4 
5 
6 
7 
8 

0.2716 
0.2944 
0.6736 
0.4444 
0.6010 
0.6266 
0.5169 

1.2100 
1.2257 
2.4158 
1.5940 
1.7072 
2.2516 
2.1342 

0.2725 
0.2810 
0.3980 
0.3267 
0.4417 
0.5663 
0.5435 

0.09 
0 
0 
0 
0 
0 
0 

Ictidomys 
tridecemlineat
us 

OK36 2 
3 
4 
5 
6 
7 
8 

0.3916 
0.3958 
0.2832 
0.3433 
0.3995 
0.5146 
0.4299 

1.1961 
1.4283 
1.0107 
1.2452 
1.5191 
1.9333 
1.2446 

0.4257 
0.4558 
0.2584 
0.3629 
0.3555 
0.4847 
0.5453 

4.23 
5.81 
0 
2.17 
0 
0 
14.17 

Camelus 
dromedarius 

CDO1 
 

2 
3 
4 
5 
6 
7 

0.3653 
0.8391 
0.6039 
0.3072 
0.3930 
0.3020 

1.0462 
2.0195 
1.8827 
0.9569 
1.5163 
0.9234 

0.4060 
0.5323 
0.5630 
0.2694 
0.3543 
0.3627 

5.97 
0 
0 
0 
0 
9.78 
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8 0.2109 0.4954 0.3031 32.4 

Camelus 
dromedarius 

CDO2 2 
3 
4 
5 
6 
7 
8 

0.1361 
0.7015 
0.2418 
0.2850 
0.3452 
0.2101 
0.5964 

1.7838 
2.1911 
0.6806 
1.1018 
1.4474 
0.9843 
1.4226 

0.1182 
0.3210 
0.1448 
0.2141 
0.1672 
0.2488 
0.1650 

0 
0 
0 
0 
0 
5.01 
0 

Camelus 
dromedarius 

CDO3 2 
3 
4 
5 
6 
7 
8 

0.5165 
0.3261 
0.5073 
0.4067 
0.2678 
0.2527 
0.2831 

1.7727 
1.3458 
1.4243 
1.1456 
1.0315 
0.5522 
0.7106 

0.6515 
0.3068 
0.4481 
0.2465 
0.3222 
0.2131 
0.2837 

10.75 
0 
0 
0 
7.13 
0 
0.15 

Camelus 
dromedarius 

CDO4 2 
3 
4 
5 
6 
7 
8 

0.6778 
0.4682 
0.5097 
0.2249 
0.4308 
0.3044 
0.2660 

1.9551 
1.8822 
1.6875 
0.7838 
1.3572 
1.0271 
0.8574 

0.6462 
0.4205 
0.4638 
0.2476 
0.3155 
0.3854 
0.4028 

0 
0 
0 
4.06 
0 
11.21 
23.13 

Camelus 
dromedarius 

CDO5 2 
3 
4 
5 
6 
7 
8 

0.3077 
0.5279 
0.4503 
0.2996 
0.3242 
0.3911 
0.2335 

1.1570 
1.4196 
1.7309 
0.9171 
1.2163 
1.0557 
0.6216 

0.3808 
0.4574 
0.5153 
0.4021 
0.6901 
0.5383 
0.2035 

8.61 
0 
5.08 
16.61 
41.01 
22.15 
0 

Homo sapiens HS967 2 
3 
4 
5 
6 
7 
8 

0.8913 
0.9041 
0.2290 
0.3841 
1.1067 
0.5488 
0.9614 

3.2348 
2.8548 
0.9462 
1.3791 
4.1495 
1.7837 
2.7151 

0.9318 
1.0976 
0.4276 
0.3573 
1.0129 
0.4202 
1.0352 

1.73 
9.92 
27.69 
0 
0 
0 
4.21 
 

Homo sapiens HS2096 2 
3 
4 
5 
6 
7 
8 

0.1265 
0.2088 
0.2223 
0.3041 
0.5101 
0.5712 
0.7211 

1.2229 
0.6258 
1.0600 
1.0937 
2.1796 
1.9681 
2.4829 

0.3754 
0.3217 
0.2302 
0.5581 
1.2864 
0.7935 
2.1190 

22.7 
27.07 
19.64 
32.16 
46.5 
15.92 
79.34 

Homo sapiens HS3099 2 
3 

0.3561 
0.3391 

1.2029 
1.0731 

0.6499 
0.5048 

34.7 
22.58 
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4 
5 
6 
7 
8 

0.5281 
0.9328 
0.6638 
0.4453 
0.2317 

2.3269 
3.7646 
2.1423 
2.2248 
0.6643 

0.6770 
0.8098 
0.9219 
0.5493 
0.7095 

8.27 
0 
17.45 
5.85 
100 

Homo sapiens HS3869 2 
3 
4 
5 
6 
7 
8 

0.5393 
0.4546 
0.2851 
0.5747 
1.0547 
0.7721 
0.3479 

1.6446 
1.2452 
0.8999 
1.8888 
3.8135 
2.7474 
1.5702 

0.9738 
0.3599 
0.5493 
0.9493 
0.8712 
0.5182 
0.8689 

39.31 
0 
42.98 
28.51 
0 
0 
42.63 

Homo sapiens HS4057 2 
3 
4 
5 
6 
7 
8 

0.3965 
0.5093 
0.4848 
0.7347 
0.6458 
0.3193 
0.3771 

1.3980 
1.5348 
1.7423 
2.1084 
2.0071 
1.0883 
1.1562 

0.6633 
0.6027 
0.6253 
0.5929 
0.7584 
0.6145 
0.6250 

26.63 
9.11 
11.17 
0 
8.27 
39.39 
31.82 

Rattus 
norvegicus 

RN2 2 
3 
4 
5 
6 
7 
8 

1.0924 
0.4147 
0.5348 
0.1659 
0.6927 
0.6244 
0.4163 

3.4356 
1.7519 
1.5204 
0.8151 
2.3609 
2.6215 
1.4825 

0.7253 
0.4574 
0.3049 
0.2914 
1.5737 
0.5246 
0.5845 

0 
3.19 
0 
19.34 
52.81 
0 
15.78 

Rattus 
norvegicus 

RN30 2 
3 
4 
5 
6 
7 
8 

0.4996 
0.3873 
0.3300 
0.2088 
0.4631 
0.5654 
0.4565 

1.5531 
2.3846 
0.9097 
0.6635 
1.6416 
2.1771 
1.6622 

0.3448 
1.1404 
0.1911 
0.2494 
0.4564 
0.3918 
0.3651 

0 
37.7 
0 
8.92 
0 
0 
0 

Rattus 
norvegicus 

RN32 2 
3 
4 
5 
6 
7 
8 

0.6602 
0.3905 
0.4891 
0.6235 
0.5626 
0.2783 
0.5107 

2.0873 
1.3297 
1.3338 
2.1483 
1.4643 
1.0015 
1.3304 

0.5336 
0.4833 
0.6417 
0.7290 
0.6362 
0.6653 
0.6183 

0 
9.88 
18.06 
6.92 
8.16 
53.51 
13.13 

Rattus 
norvegicus 

RN36 2 
3 
4 
5 
6 

0.3850 
0.3547 
0.1222 
0.4076 
0.4288 

1.1999 
1.0332 
0.3655 
1.3486 
1.2473 

0.2997 
0.2909 
0.2991 
0.3995 
0.6088 

0 
0 
72.72 
0 
21.99 
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7 
8 

0.5506 
0.3775 

2.1924 
0.1618 

0.4482 
0.3357 

0 
19.39 

Ceratotherium 
simum  

CSO1 2 
3 
4 
5 
6 
7 
8 

0.4687 
0.2232 
0.2841 
0.2003 
0.2660 
0.1928 
0.2199 

1.8241 
0.7315 
1.1271 
0.7341 
0.8643 
0.8826 
0.8814 

0.3274 
0.3019 
0.2046 
0.2239 
0.3493 
0.2402 
0.2440 

0 
15.48 
0 
4.43 
13.93 
6.88 
3.64 

Ceratotherium 
simum  

CSO2 2 
3 
4 
5 
6 
7 
8 

0.2396 
0.2419 
0.2821 
0.3069 
0.2474 
0.2572 
0.2289 

0.9157 
0.7683 
1.1865 
1.2039 
0.7825 
1.0667 
0.9447 

0.2699 
0.3303 
0.3417 
0.3589 
0.3054 
0.3556 
0.3131 

4.47 
16.8 
6.59 
5.8 
10.84 
12.15 
11.75 

Ceratotherium 
simum  

CSO3 2 
3 
4 
5 
6 
7 
8 

0.3600 
0.2262 
0.3147 
0.3211 
0.2547 
0.1931 
0.2212 

1.2036 
0.5815 
1.0929 
0.9836 
0.8938 
0.7791 
0.8929 

0.4040 
0.3343 
0.3533 
0.3273 
0.2947 
0.2308 
0.3521 

5.22 
30.42 
4.96 
0.94 
6.25 
6.45 
19.48 

Ceratotherium 
simum  

CSO4 2 
3 
4 
5 
6 
7 
8 

0.1927 
0.3162 
0.7566 
0.5173 
0.5466 
0.3422 
0.3481 

0.7283 
1.0457 
3.9046 
1.8977 
2.0673 
1.4829 
1.4286 

0.3366 
0.3352 
0.4492 
0.3496 
0.7949 
0.4783 
0.4694 

26.88 
2.61 
0 
0 
16.33 
11.93 
11.23 

Ceratotherium 
simum  

CSO5 2 
3 
4 
5 
6 
7 
8 

0.2030 
0.2143 
1.1934 
0.2247 
0.7917 
0.2553 
0.2362 

0.5968 
0.6128 
3.7240 
0.7123 
2.6967 
1.2399 
1.1575 

0.2039 
0.4967 
0.2588 
0.2760 
0.2789 
0.3326 
0.3332 

0.21 
70.87 
0 
10.51 
0 
7.85 
10.52 

Xerospermoph
ilus 
tereticaudus 

XT1 2 
3 
4 
5 
6 
7 
8 

0.4143 
0.3312 
0.8264 
0.6310 
0.9858 
0.3268 
0.4101 

1.3498 
1.0032 
3.7283 
2.4255 
2.6475 
1.0965 
1.2199 

0.4269 
0.3814 
0.4072 
0.5399 
0.5040 
0.2233 
0.3111 

1.35 
7.46 
0 
0 
0 
0 
0 
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Xerospermoph
ilus 
tereticaudus 

XT2 2 
3 
4 
5 
6 
7 
8 

0.5695 
0.3985 
0.5246 
0.5042 
0.7027 
- 
0.4335 

1.5819 
1.1027 
2.0970 
1.8643 
2.1436 
- 
1.3552 

0.4260 
0.5151 
0.4647 
0.5080 
0.7925 
- 
0.4674 

0 
16.55 
0 
0.28 
6.23 
- 
3.67 

Xerospermoph
ilus 
tereticaudus 

XT3 2 
3 
4 
5 
6 
7 
8 

0.5171 
0.4105 
0.5062 
0.4418 
0.7577 
0.4123 
0.3844 

1.6605 
1.3215 
2.4457 
1.8392 
2.2587 
1.2940 
1.1675 

0.5339 
0.4363 
0.4033 
0.4221 
0.5866 
0.3538 
0.4679 

1.47 
2.84 
0 
0 
0 
0 
10.66 

Ammospermo
philus leucurus 

AL1 2 
4 

0.7496 
0.7133 

2.0659 
2.6948 

0.5990 
0.5954 

0 
0 

Ammospermo
philus leucurus 

AL2 2 
4 

0.8293 
0.6276 

1.9502 
2.2201 

0.6841 
0.5925 

0 
0 

Ammospermo
philus leucurus 

AL3 2 
4 

0.8253 
0.3536 

2.0712 
1.3410 

0.6396 
0.2664 

0 
0 

 

Table 5. Repeated measures ANOVA table for cell proliferation data. 

Parameter (cell 
proliferation) 

Species Transformatio
n or 
simulation 

df1 df2 F P 

Min.: 0.6272 
1st Qu.: 0.9338 
Median: 1.0462 
Mean: 1.0936 
3rd Qu.: 1.1777 
Max.: 1.8096 

Ictidomys 
tridecemlineatus 

No 1 29 1.309
9 

0.2618 

Min.: 0.9162 
1st Qu.: 0.9876 
Median: 1.0379 
Mean: 1.0360 
3rd Qu.: 1.0885 
Max.: 1.1479 

Ammospermophilu
s leucurus 

No 1 2 1.550
5 

0.3392 

Min.: 0.5342 
1st Qu.: 0.9513 
Median: 1.0334 
Mean: 1.0793 
3rd Qu.: 1.1736 
Max.: 1.6393 

Camelus 
dromedarius 

No 1 29 0.678
0 

0.417 
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Min.: 0.2909 
1st Qu.: 0.7101 
Median: 0.9233 
Mean: 0.9714 
3rd Qu.: 1.1806 
Max.: 1.8366 

Homo sapiens No 1 29 0.457
3 

0.5043 

Min.: 0.4332 
1st Qu.: 0.7991 
Median: 1.0149 
Mean: 1.0181 
3rd Qu.: 1.2291 
Max.:1.7324 

Rattus norvegicus No 1 23 1.557
1 

0.2246 

Min.: 0.3835 
1st Qu.: 0.7026 
Median: 0.8158 
Mean: 0.9669 
3rd Qu.: 0.9316 
Max.: 3.4518 

Ceratotherium 
simum 

No 1 29 0.970
2 

0.3328 

Min.: 0.7413 
1st Qu.: 0.9356 
Median: 1.0570 
Mean: 1.0813 
3rd Qu.: 1.1716 
Max.: 1.7090 

Xerospermophilus 
tereticaudus 

No 1 16 0.016
8 

0.8985 

 

Table 6. Repeated measures ANOVA table for cell viability data. 

Parameter (cell 
viability) 

Species Transformatio
n or 
simulation 

df1 df2 F P 

Min.: -7.1847 
1st Qu.: 0.1357 
Median: 1.8879 
Mean: 2.4907 
3rd Qu.: 5.1963 
Max.: 11.8058 

Ictidomys 
tridecemlineatus 

Simulate 1 29 0.858
2 

0.3619 

Min.: -  
1st Qu.: - 
Median: - 
Mean: - 
3rd Qu.: - 
Max.: - 

Ammospermophilu
s leucurus 

Overfitted 
model – due to 
the presence 
all values being 
0. 

- - - - 

Min.: -10.972 
1st Qu.: 1.125 

Camelus 
dromedarius 

Simulate 1 29 3.318
5 

0.0788 
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Median: 7.835 
Mean: 7.963 
3rd Qu.: 13.924 
Max.: 26.322 

Min.: -39.17 
1st Qu.: 6.70 
Median: 17.10 
Mean: 17.42 
3rd Qu.: 33.48 
Max.: 54.18 

Homo sapiens Simulate 1 29 2.578
4 

0.1192 

Min.: -26.392 
1st Qu.: -2.557 
Median: 6.333 
Mean: 6.133 
3rd Qu.: 15.281 
Max.: 34.054 

Rattus norvegicus Simulate 1 23 0.027
5 

0.8696 

Min.: -22.027 
1st Qu.: 4.549 
Median: 13.705 
Mean: 12.444 
3rd Qu.: 21.472 
Max.: 38.930 

Ceratotherium 
simum 

Simulate 1 26 0.595
9 

0.4471 

Min.: -7.355 
1st Qu.: -2.077 
Median: 1.674 
Mean: 1.640 
3rd Qu.: 4.789 
Max.: 9.582 

Xerospermophilus 
tereticaudus 

Simulate 1 14 0.008
3 

0.9287 

 

Table 7. Linear mixed effects analysis on cell proliferation and cell viability data. 

Data set  Parameter  Transformation 
or simulation 

df1 df2 F P 

Cell 
Proliferation 
 

Min.: 0.2909 
1st Qu.: 0.8398 
Median: 0.9921 
Mean: 1.0099 
3rd Qu.: 1.1547 
Max.: 1.8366 

No 1 28 7.7507 0.0095 

Cell viability 
 

Min.: -34.722 
1st Qu.: -1.277 
Median: 10.268 
Mean: 8.935 
3rd Qu.: 20.106 

Simulate 1 5 0.3518 0.5789 
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Max.: 44.082 

 

Table 8. SYBR Green primers developed for qPCR gene expression assays. 

Gene Species that 
utilized this 
primer 

Primer 
Name 

Primer Sequence (5’ - 3’) Working 
primer 
concentratio
n 

CDKN1
A 

Ceratotherium 
simum  

CS-
Cdkn1a-
03-FWD 

CCACCCAGGGATGCTCAG 100µM 

CDKN1
A 

Ceratotherium 
simum  

CS-
Cdkn1a-
03-RVS 

ACAGGTAGATCTTGGGCA
GG 

100µM 

CDKN1
A 

Camelus 
dromedarius 

CD-
Cdkn1a-
01-FWD 

TGTGGGTGAGGAGCAGAT
TT 

100µM 

CDKN1
A 

Camelus 
dromedarius 

CD-
Cdkn1a-
01-RVS 

CTCACAACTCCCAGGTCC
AT 

100µM 

CDKN1
A 

Ictidomys 
tridecemlineatu
s, 
Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus, 
Rattus 
norvegicus 

IT-
Cdkn1a-
01-FWD 

CAGCTGAACAAGGAGATG
GC 

100µM 

CDKN1
A 

Ictidomys 
tridecemlineatu
s, 
Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus, 
Rattus 

IT-
Cdkn1a-
01-RVS 

CAGGCCAGGATGTAACAG
GA 

100µM 
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norvegicus 

CDKN1
A 

Homo sapiens HS-
Cdkn1a-
02-FWD 

GGGCTGGGAGTAGTTGTC
TT 

100µM 

CDKN1
A 

Homo sapiens HS-
Cdkn1a-
02-RVS 

ATTGTGGGAGGAGCTGTG
AA 

100µM 

ERN1 Ceratotherium 
simum, 
Camelus 
dromedarius  

CD-Ern1-
03-FWD 

AGCTCCAGTTCTTCCAGG
AC 

100µM 

ERN1 Ceratotherium 
simum, 
Camelus 
dromedarius  

CD-Ern1-
03-RVS 

CCCGGTAGTGGTGCTTCT
TA 

100µM 

ERN1 Ictidomys 
tridecemlineatu
s, 
Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus, 
Rattus 
norvegicus 

IT-Ern1-
01-FWD 

GCGACAGTTAGAAAGAGG
CG 

100µM 

ERN1 Ictidomys 
tridecemlineatu
s, 
Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus, 
Rattus 
norvegicus 

IT-Ern1-
01-RVS 

CTCCCGGTAGTGGTGTTT
CT 

100µM 

ERN1 Homo sapiens HS-Ern1-
02-FWD 

AGATGCACCAAGTACAGC
CT 

100µM 

ERN1 Homo sapiens HS-Ern1-
02-RVS 

CCTAATGCCACACCTCATG
C 

100µM 
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HSF1 Ceratotherium 
simum  

CS-Hsf1-
01-FWD 

AAGATTCGCCAGGACAGT
GT 

10µM 

HSF1 Ceratotherium 
simum  

CS-Hsf1-
01-RVS 

TGTTGACGACTTTCTGCTG
C 

10µM 

HSF1 Camelus 
dromedarius 

CD-Hsf1-
01-FWD 

TGAAGATTCGCCAGGACA
GT 

100µM 

HSF1 Camelus 
dromedarius 

CD-Hsf1-
01-RVS 

GGATGAGCTTGTTGACGA
CC 

100µM 

HSF1 Ictidomys 
tridecemlineatu
s, 
Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus 

IT-Hsf1-
02-FWD 

AAGTGACCAGCGTATCCA
CA 

100µM 

HSF1 Ictidomys 
tridecemlineatu
s, 
Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus 

IT-Hsf1-
02-RVS 

TGTTGACGACTTTCTGCTG
C 

100µM 

HSF1 Rattus 
norvegicus 

RN-Hsf1-
03-FWD 

GATGTGCAGCTGATGAAG
GG 

100µM 

HSF1 Rattus 
norvegicus 

RN-Hsf1-
03-RVS 

CTGCACCAGTGAGATCAG
GA 

100µM 

HSF1 Homo sapiens HS-Hsf1-
01-FWD 

CCCAGCAACAGAAAGTCG
TC 

100µM 

HSF1 Homo sapiens HS-Hsf1-
01-RVS 

GGAGAACTGCCGGCTATA
CT 

100µM 

PRKAA2 Ceratotherium 
simum  

CS-
Prkaa2-
01-FWD 

TCTACCTCGCCTCTAGTCC
C 

100µM 

PRKAA2 Ceratotherium 
simum  

CS-
Prkaa2-

TCGGATTCCAAGATGCCA
CT 

100µM 
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01-RVS 

PRKAA2 Camelus 
dromedarius 

CD-
Prkaa2-
01-FWD 

GGTCACAGTTTTGGCTCCT
G 

100µM 

PRKAA2 Camelus 
dromedarius 

CD-
Prkaa2-
01-RVS 

CCCTCTCCCTGCCTATTAG
C 

100µM 

PRKAA2 Ictidomys 
tridecemlineatu
s 

IT-
Prkaa2-
06-FWD 

ACACAGACCAAGATCCAG
CT 

100µM 

PRKAA2 Ictidomys 
tridecemlineatu
s 

IT-
Prkaa2-
06-RVS 

GGGAGATCATCAACGGGC
TA 

100µM 

PRKAA2 Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus 

IT-
Prkaa2-
01-FWD 

CTGTCGGCGGTGGATTAT
TG 

10µM 

PRKAA2 Xerospermophil
us 
tereticaudus, 
Ammospermop
hilus leucurus 

IT-
Prkaa2-
01-RVS 

AGATGACTTCAGGTGCTG
CA 

10µM 

PRKAA2 Rattus 
norvegicus 

RN-
Prkaa2-
04-FWD 

GGTCATCTCAGGAAGGCT
GT 

10µM 

PRKAA2 Rattus 
norvegicus 

RN-
Prkaa2-
04-RVS 

GCAGAGTGGCAATAGAAC
GG 

10µM 

PRKAA2 Homo sapiens HS-
Prkaa2-
05-FWD 

GAAGACACGGGAGAAGAG
CT 

10µM 

PRKAA2 Homo sapiens HS-
Prkaa2-
05-RVS 

GAGGGGAAGAGTAGCATG
CA 

10µM 

 

Table 9. Outliers excluded from qPCR analysis. 
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Species Biological replicate Time point (H) Gene(s) 

Ictidomys tridecemlineatus OK14 24 CDKN1A, 
ERN1 

Ceratotherium simum  CSO2 2 HSF1 

Rattus norvegicus RN36 24 PRKAA2 

Rattus norvegicus RN32 0-24 PRKAA2 

Rattus norvegicus RN2 0.5 HSF1, 
ERN1, 
CDKN1A, 
PRKAA2 

Homo sapiens HS2096 2 HSF1, 
ERN1, 
CDKN1A, 
PRKAA2 

 

Table 10. T-test results comparing relative fold change of expression between 0- and 

0.5 hours. 

Species Gene Transform Mean of 
Difference 

SD of 
Difference 

t Df p 

Ictidomys 
tridecemline
atus 

HSF1 
ERN1 
PRKAA2 

Log 
Log 
Log 

-0.008 
0.08 
0.14 

0.31 
0.16 
0.45 

0.0
6 
0.7 

4 
4 
4 

0.95 
0.31 
0.50 

Camelus 
dromedariu
s 

ERN1 
CDKN1A 
PRKAA2 

Log 
Log 
Log 

0.15 
0.03 
0.11 

0.02 
0.09 
0.22 

13 
0.7 
1.1 

4 
4 
4 

0.0002 
0.49 
0.32 

Ceratotheri
um simum 

HSF1 
ERN1 
CDKN1A 
PRKAA2 

Log 
Log 
Log 
Log 

0.09 
0.09 
0.02 
0.10 

0.11 
0.42 
0.28 
0.31 

1.1 
0.3 
0.1
0.5 

1 
2 
2 
2 

0.44 
0.74 
0.90 
0.61 

Xerospermo
philus 
tereticaudus 

HSF1 
ERN1 
CDKN1A 
PRKAA2 

Log 
Log 
Log 
Log 

0.001 
-0.04 
0.02 
-0.10 

0.11 
0.16 
0.08 
0.12 

0.0 
0.4 
0.5 
1.4 

2 
2 
2 
2 

0.98 
0.69 
0.62 
0.27 

Homo 
sapiens 

HSF1 
ERN1 
CDKN1A 
PRKAA2 

Log 
Log 
Log 
Log 

-0.02 
-0.20 
0.56 
-0.10 

0.70 
0.57 
0.49 
0.66 

0.0 
0.7 
2.3 
0.3 

3 
3 
3 
3 

0.95 
0.53 
0.10 
0.77 

Rattus 
norvegicus 

HSF1 
ERN1 

Log 
Log 

0.07 
-0.11 

0.14 
0.16 

0.9 
1.2 

2 
2 

0.45 
0.35 
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Table 11. Wilcoxon test results comparing relative fold change of expression between 0- 

and 0.5 hours. 

Species Gene Transformed p 

Ictidomys tridecemlineatus CDKN1A Log 0.79 

Camelus dromedarius HSF1 Log 0.81 

Rattus norvegicus CDKN1A Log 0.5 

 

Table 12. One-way ANOVA test results comparing the mean expression at 0.5 hours at 

41°C for HSF1. 

 Transformed Sum of 
Squares 

Df Mean square F P 

Treatment 
(between 
columns) 

Log 0.51 6 0.08 0.65 0.68 

Residual 
(within 
columns) 

Log 2.24 17 0.13 - - 

Total - 2.75 23 - - - 

 

Table 13. Three-level nested ANOVA analyzing HSF1 expression differences at 0.5 

hours at 41°C for heat tolerant and heat sensitive phenotypes of different species. 

 Transformed 
or Simulated 

Sum of 
Squares 

Df Mean 
Square 

F P 

Phenotype Log 0.25 1 0.25 0.41 0.52 

Residuals Log 14.43 23 0.62   

 

Table 14. Repeated measures ANOVA results for HSF1 gene expression patterns. 

Parameter  Species Transformatio
n or 
simulation 

df1 df2 F P 

Min.: -1.81 
1st Qu.: -0.65 
Median: 0.06 

Ictidomys 
tridecemlineatus 

Log 6 24 1.78 0.14 
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Mean: - 
3rd Qu.: 0.52 
Max.: 1.60 

Min.: -1.42 
1st Qu.: -0.53 
Median: -0.01 
Mean: - 
3rd Qu.: 0.50 
Max.: 1.46 

Ammospermophilu
s leucurus 

Log 6 10 0.2 0.95 

Min.: -1.42 
1st Qu.: -0.53 
Median: -0.01 
Mean: - 
3rd Qu.: 0.50 
Max.: 1.46 

Camelus 
dromedarius 

Log 6 10 0.23 0.95 

Min.: -1.90 
1st Qu.: -0.67 
Median: 0.01 
Mean: - 
3rd Qu.: 0.72 
Max.: 1.43 

Homo sapiens Log 6 22 0.68 0.66 

Min.: -1.38 
1st Qu.: -0.65 
Median: -0.01 
Mean: - 
3rd Qu.: 0.54 
Max.: 1.57 

Rattus norvegicus Log 6 18 3.44 0.01 

Min.: -2.41 
1st Qu.: -1.15 
Median: -0.78 
Mean: -0.75 
3rd Qu.: -0.24 
Max.: 0.70 

Ceratotherium 
simum 

Log and 
Simulate 

1 21 0.13 0.71 

Min.: -0.65 
1st Qu.: -0.32 
Median: -0.10 
Mean: -0.10 
3rd Qu.: 0.31 
Max.: 0.48 

Xerospermophilus 
tereticaudus 

Log and 
Simulate 

1 17 0.41 0.52 

 

Table 15. Linear mixed effects analysis on HSF1, ERN1, PRKAA2, and CDKN1A gene 

expression. 
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Gene  Parameter  Transformation or 
simulation 

df1 df2 F P 

HSF1 
 

Min.: 0.65 
1st Qu.: -0.32 
Median: -0.10 
Mean: -0.10 
3rd Qu.: 0.13 
Max.: 0.48 

Log 1 5 0.0 0.99 

ERN1 Min.: -2.0 
1st Qu.: -0.62 
Mean: -0.16 
Median: -0.11 
3rd Qu.: 0.40 
Max.: 2.57 

Log and Simulated 1 5 0.4 0.53 

PRKAA2 Min.: - 
1st Qu.: - 
Median: - 
Mean: - 
3rd Qu.: - 
Max.: - 

Log 1 5 0.32 0.59 

CDKN1A Min.: -2.0 
1st Qu.: -0.64 
Median: -0.18 
Mean: -0.13 
3rd Qu.: -.38 
Max.: 2.58 

Log 1 5 0.4 0.53 

 

Table 16. One-way ANOVA test results comparing the mean expression at 0.5 hours at 

41°C for ERN1. 

 Transformed Sum of 
Squares 

Df Mean square F P 

Treatment 
(between 
columns) 

Log 0.61 6 0.10 0.71 0.63 

Residual 
(within 
columns) 

Log 2.56 18 0.14 - - 

Total - 3.17 24 - - - 
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Table 17. Three-level nested ANOVA analyzing ERN1 expression differences at 0.5 

hours at 41°C for heat tolerant and heat sensitive phenotypes of different species. 

 Transformed 
or Simulated 

Sum of 
Squares 

Df Mean 
Square 

F P 

Phenotype - 2.13 1 2.13 3.3 0.08 

Residuals - 14.70 23 0.63   

 

Table 18. Repeated measures ANOVA results for ERN1 gene expression patterns. 

Parameter  Species Transformatio
n or 
simulation 

df1 df2 F P 

Min.: -1.48 
1st Qu.: -0.58 
Median: -0.10 
Mean: - 
3rd Qu.: 0.73 
Max.: 1.65 

Ictidomys 
tridecemlineatus 

Log  6 23 2.2 0.07 

Min.: -0.96 
1st Qu.: -0.62 
Median: -0.01 
Mean: - 
3rd Qu.: 0.65 
Max.: 1.40 

Ammospermophilu
s leucurus 

Log 6 10 0.09 0.99 

Min.: -2.5 
1st Qu.: -0.30 
Median: 0.12 
Mean: - 
3rd Qu.: 0.44 
Max.: 1.93 

Camelus 
dromedarius 

Log 6 23 2.2 0.07 

Min.: -1.96 
1st Qu.: -0.455 
Median: -0.09 
Mean: - 
3rd Qu.: 0.62 
Max.: 1.63 

Homo sapiens Log 6 22 2.3 0.06 

Min.: -1.53 
1st Qu.: -0.49 
Median: -0.08 
Mean: - 
3rd Qu.: 0.43 
Max.: 1.89 

Rattus norvegicus Log 6 17 1.63 0.19 
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Min.: -1.9 
1st Qu.: -0.62 
Median: -0.10 
Mean: - 
3rd Qu.: 0.43 
Max.: 1.47 

Ceratotherium 
simum 

Log 6 18 2.72 0.04 

Min.: -1.90 
1st Qu.: -0.62 
Median: -0.10 
Mean: - 
3rd Qu.: 0.43 
Max.: 1.47 

Xerospermophilus 
tereticaudus 

Log 1 17 0.20 0.65 

 

Table 19. One-way ANOVA test results comparing the mean expression at 0.5 hours at 

41°C for PRKAA2. 

 Transformed Sum of 
Squares 

Df Mean square F P 

Treatment 
(between 
columns) 

Log 0.61 6 0.10 0.71 0.63 

Residual 
(within 
columns) 

Log 2.56 18 0.14 - - 

Total - 3.17 24 - - - 

 

Table 20. Nested ANOVA analyzing PRKAA2 expression differences at 0.5 hours at 

41°C for heat tolerant and heat sensitive phenotypes of different species. 

 Transformed 
or Simulated 

Sum of 
Squares 

Df Mean 
Square 

F P 

Phenotype - 0.12 1 0.12 0.10 0.74 

Residuals - 25.31 22 1.15   

 

Table 21. Repeated measures ANOVA results for PRKAA2 gene expression patterns. 

Parameter  Species Transformatio
n or 
simulation 

df1 df2 F P 
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Min.: -1.24 
1st Qu.: 0.25 
Median: 1.09 
Mean: 1.10 
3rd Qu.: 1.84 
Max.: 3.38 

Ictidomys 
tridecemlineatus 

Log and 
simulated 

6 24 1.85 0.13 

Min.: -0.94 
1st Qu.: -0.60 
Median: -0.10 
Mean: - 
3rd Qu.: 0.35 
Max.: 1.90 

Ammospermophilu
s leucurus 

Log 6 10 0.56 0.74 

Min.: -0.13 
1st Qu.: -0.72 
Median: 1.17 
Mean: 1.14 
3rd Qu.: 1.38 
Max.: 2.59 

Camelus 
dromedarius 

Log and 
Simulated 

6 23 0.72 0.85 

Min.: -1.65 
1st Qu.: -0.55 
Median: -0.03 
Mean: - 
3rd Qu.: 0.39 
Max.: 1.79 

Homo sapiens Log 6 22 0.80 0.57 

Min.: -1.80 
1st Qu.: -0.71 
Median: 0.09 
Mean: - 
3rd Qu.: 2.30 
Max.: 1.76 

Rattus norvegicus Log 1 16 11.41 0.003 

Min.: -2.23 
1st Qu.: -0.35 
Median: -0.05 
Mean: - 
3rd Qu.: 0.46 
Max.: 1.49 

Ceratotherium 
simum 

Log 6 17 3.74 0.01 

Min.: -2.23 
1st Qu.: -0.35 
Median: -0.05 
Mean: - 
3rd Qu.: 0.46 
Max.: 1.49 

Xerospermophilus 
tereticaudus 

Log 1 17 13.83 0.001 
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Table 22. One-way ANOVA test results comparing the mean expression at 0.5 hours at 

41°C for CDKN1A. 

Gene Transformed Sum of 
Squares 

Df Mean square F P 

Treatment 
(between 
columns) 

Log 1.156 6 0.192 2.28 0.08 

Residual 
(within 
columns) 

Log 1.520 18 0.084 - - 

Total - 2.675 24 - - - 

 

Table 23. Nested ANOVA analyzing CDKN1A expression differences at 0.5 hours at 

41°C for heat tolerant and heat sensitive phenotypes of different species. 

Gene Transformed Sum of Squares Df Mean 
square 

F P 

Phenotype Log and 
simulated 

51.32 1 51.31 3.21 0.08 

Residuals Log and 
simulated 

366.79 23 15.94 - - 

 

Table 24. Repeated measures ANOVA results for CDKN1A gene expression patterns. 

Parameter  Species Transformatio
n or 
simulation 

df1 df2 F P 

Min.: -1.6 
1st Qu.: -0.60 
Median: -0.03 
Mean: - 
3rd Qu.: 0.69 
Max.: 1.35 

Ictidomys 
tridecemlineatus 

Log 6 23 1.83 0.13 

Min.: -1.25 
1st Qu.: -0.35 
Median: -0.03 
Mean: - 
3rd Qu.: 0.50 
Max.: 1.29 

Ammospermophilu
s leucurus 

Log 6 10 0.62 0.70 
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Min.: --2.84 
1st Qu.: -0.35 
Median: 0.01 
Mean: - 
3rd Qu.: 0.38 
Max.: 1.35 

Camelus 
dromedarius 

Log 6 23 2.15 0.08 

Min.: -1.49 
1st Qu.: -0.51 
Median: -0.008 
Mean: - 
3rd Qu.: 0.42 
Max.: 1.98 

Homo sapiens Log 6 22 1.74 0.15 

Min.: -1.32 
1st Qu.: -0.61 
Median: -0.10 
Mean: - 
3rd Qu.: 0.52 
Max.: 1.93 

Rattus norvegicus - 6 17 0.93 0.49 

Min.: -1.59 
1st Qu.: -0.45 
Median: 0.04 
Mean: - 
3rd Qu.: 0.62 
Max.: 1.83 

Ceratotherium 
simum 

Log 6 18 4.46 0.60 

Min.: -1.41 
1st Qu.: -0.22 
Median: 0.02 
Mean: 0.02 
3rd Qu.: 0.29 
Max.: 0.70 

Xerospermophilus 
tereticaudus 

Log and 
simulated 

1 17 0.41 0.52 

 

Table 25. Significant induction of HSPs demonstrating desert-dwelling and species-

specific mechanisms. 

Protein Mammal P-value 

HSP90AB1 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

0.001 
0.03 
 
No induction identified 

HSP90B1 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

0.006 
0.067 
 
0.896 
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HSPA1A 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

0.148 
0.005 
 
0.356 

HSPA1L 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

0.041 
No induction identified 
 
No induction identified 

HSPA5 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

0.001 
0.813 
 
0.302 

HSPA8 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

0.015 
0.298 
 
No induction identified 

HSPD1 13-lined ground squirrel 
White-tailed antelope 
squirrel 
Rat 

No induction identified 
0.018 
 
0.941 

 

Table 26. Selected variables generated by Random Forest. 

Comparison Protein (Selected 
Variable) 

# of Appearances 

By species: 13-lined 
ground squirrel 

FBXO6 
GNB1 
LMF1 
SELENOO 
TM4SF1 
BCL2L1 
INT55 
AASDHPPT 
BSDC1 
IGF2R 
LRRC58 
RABGEF1 
C18ORF25 
WDR61 
KIAA1191 

5 
3 
1 
1 
1 
4 
2 
3 
1 
1 
1 
2 
5 
1 
1 

By species: Rat PPP3CA 
MRPL12 
SRSF9 
STX5 

1 
11 
7 
3 
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TARS2 4 

By species: White-tailed 
antelope squirrel 

MFSD10 
PSMB4 
RNMT 
MSRB3 
SPTLC2 
LAMTOR3 

2 
4 
3 
9 
8 
3 

By time: 6 hours COPS6 
CCT6A 
PPM1A 
TRAPPC11 
GSTP1 
RHOT1 
MFN1 
LNPK 

3 
1 
5 
7 
1 
2 
2 
1 

By time: 24 hours ANXA6 
LTA4H 
COASY 
CACYBP 
TMP1 
HADHA 
SEPTIN11 
TTLL12 
PAICS 

3 
5 
4 
1 
1 
2 
1 
2 
5 

 

Table 27. Selected variables with 75% or higher appearance rate. 

Comparison Protein (Selected 
Variable) 

# of Appearances (out of 
the 12 runs) 

By species: 13-lined 
ground squirrel 

FBXO6 
GNB1 
BCL2L1 
AASDHPPT 
C18ORF25 

5 
3 
4 
3 
5 

By species: White-tailed 
antelope squirrel 

MSRB3 
SPTLC2 

9 
8 

By species: Rat MRPL12 11 

By time: 6hr PPM1A 
TRAPPC11 

5 
7 

By time: 24hr ANXA6 
LTA4H 
COASY 
PAICS 

3 
5 
4 
5 
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