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Abstract 

 

Effect of rearing temperature on the hypoxia response  
of embryonic zebrafish (Danio rerio) 

 
 

Kelly Levesque Co Advisors: 
University of Guelph 2016 Dr. Nicholas Bernier  
 Dr. Patricia Wright 

Environmental stressors, such as warm temperatures and hypoxia, can interact and 

pose a threat to aquatic species. Cross-talk between the hypoxia and heat stress cellular 

pathways can lead to enhanced cross-tolerance between these environmental stressors. In 

this study, I asked whether elevated temperatures (from 27°C to 32°C) during rearing 

would enhance the hypoxia-inducible transcription factor-1 (HIF-1) mediated 

transcriptional response to hypoxia in early stages of zebrafish development and whether 

these differences would be associated with enhanced larval tolerance and survival to 

hypoxia. I found that embryos reared at 32°C had an enhanced cellular HIF-1 response 

and that acute hypoxia activated the heat-shock response. Rearing at 32°C and/or 

embryonic hypoxia exposure had no effect on the hypoxia tolerance (Pcrit) of four day-old 

larvae and did not protect larvae against the lethal effects of a second acute hypoxia 

exposure. Overall, cross-talk at the gene expression level did not predict whole-animal 

responses when larvae were re-exposed to hypoxic conditions. 
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Introduction 

Rising atmospheric carbon dioxide levels are causing global warming (Solomon 

et al., 2009), and ocean water temperatures are expected to rise 2 – 4.5°C in the next 

decade (Hofmann and Todgham, 2010). These climate shifts will be associated with 

major declines in ocean oxygenation due to increases in stratification and eutrophication 

in the ocean interior and coasts, respectively (Diaz and Rosenberg, 2008; Keeling et al., 

2010). Similar patterns of climate change are predicted in freshwater fisheries (Ficke et 

al., 2007). The effects of low dissolved oxygen (DO), or hypoxia, and warmer 

environmental temperatures have been widely studied for their effects on the 

development, fitness and reproduction of fishes (Schreck et al., 2001; Shang and Wu, 

2004; Shang et al., 2006). However, few studies have considered the combined effects of 

hypoxia and temperature on aquatic species and they are of utmost importance as these 

concurrent stressors are likely to interact (McBryan et al., 2013; Rudd, 2014). For 

instance, rising temperatures increase aerobic metabolism in ectotherms (Pörtner and 

Knust, 2007; Schulte, 2015), and hypoxia can limit O2 availability. In addition, the 

solubility of O2 declines with increases in temperature, which can exacerbate the effect of 

warm temperatures on highly aerobic species (Garcia and Gordon, 1992). Given the 

biochemical and physical links between these two stressors, empirical research is needed 

to understand how fish will cope with rising atmospheric temperatures and increases in 

hypoxic episodes. This is especially true for teleost embryos that cannot disperse to avoid 

unfavorable conditions or to swim through the water column for aerial surface respiration 

(Chapman and McKenzie, 2009). Developmental plasticity to hypoxia or temperature are 

strategies used by organisms to cope with shifts in environmental conditions. To date, 
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few studies have investigated the potential for plasticity in fishes in response to combined 

hypoxia and temperature stressors. The goals of my MSc. thesis were to investigate the 

impact of rearing at warmer temperatures and early hypoxia exposure on the heat shock 

and hypoxia responses of embryonic zebrafish and characterize their relationship with the 

hypoxia tolerance of four day-old larvae.  

Responses to hypoxia during development 

Natal environments can influence the development of teleosts and have lifelong 

morphological, behavioural and ecological impacts (Jonsson and Jonsson, 2014). When 

environmental oxygen levels fluctuate, embryos modulate many components of their 

biology, from the molecular to the whole animal level to ensure their survival. For 

instance, teleost embryos respond to hypoxic insults by initiating a highly conserved 

cellular hypoxia response mediated by the hypoxia-inducible transcription factor-1 (HIF-

1; Benizri et al., 2008). HIF-1 is a heterodimeric protein and is comprised of an oxygen-

labile α-subunit (HIF-1α) and a β-subunit (HIF-1β), which is constitutively expressed in 

normal oxygen conditions (normoxia). The HIF-1α subunit is quickly degraded when it 

becomes hydroxylated on one of two proline residues within the oxygen-dependent 

degradation domain (ODD; Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001) 

by prolyl-hydroxylase domain (PHD)-containing enzymes (Epstein et al., 2001). 

Hydroxy-HIF-1α is then recognized by the von Hippel Lindau suppressor protein (pVHL) 

leading to ubiquitination and proteasome degradation of HIF-1α (Maxwell et al., 

1999; Ohh et al., 2000). In the absence of oxygen however, HIF-1α is stabilized and can 

translocate to the nucleus where it dimerizes with HIF-1β and form an active HIF-1 

complex. The active complex can bind to hypoxia response elements (HREs) in the 
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promoter region of hundreds of target genes (Wenger et al., 2005). Once the genes are 

transcribed and translated into proteins, target proteins increase the capacity for oxygen 

uptake and halt processes that are energetically demanding for the organism (Greer et al., 

2012). For instance, Yaqoob and Schwerte (2010) demonstrated enhanced cardiovascular 

and respiratory development in hypoxia-exposed genetically modified zebrafish larvae 

that over-expressed HIF-1 target genes, such as the angiogenesis-promoting cytokine 

vascular endothelial growth factor (VEGF), and erythropoietin (EPO), which promotes 

erythrocyte development and in turn modulates oxygen-carrying capacity. Another target 

gene of HIF-1 is the growth-suppressing hormone insulin-like growth factor-binding 

protein-1 (IGFBP-1), which halts growth and development in response to low O2 levels 

(Kajimura et al., 2005). Thus, the HIF-1 cascade is essential for mediating oxygen 

homeostasis when oxygen levels become sub-optimal. 

In recent studies, it has been determined that the HIF-1 response plays an 

important role in the developmental plasticity of embryos that are subjected to hypoxia. 

Developmental plasticity is defined as the variability in responsiveness of phenotype 

structure, physiology, and behaviour that arises during development in response to 

environmental factors (West-Eberhard, 2005). Robertson et al. (2014) utilized critical 

developmental windows to link the induction of the HIF-1 cascade with increased oxygen 

uptake abilities in subsequent life stages. Embryos that were exposed to a short four-hour 

(h) bout of hypoxia (5% dissolved oxygen; DO) at 24 and 36 hours post fertilization (hpf) 

had increased HIF-1 protein levels and HIF-1 target gene (igfbp-1, vegf-165 and epo) 

mRNA expression levels compared to control embryos or those exposed to hypoxia at 

earlier time-points of 18 hpf. Interestingly, the recruitment of the HIF-1 cellular response 
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at 36 hpf was associated with a significant increase in hypoxia tolerance in four-day-old 

larvae. In adults, the critical oxygen tension (Pcrit), or oxygen level at which the fish could 

no longer maintain routine metabolic rates, was not significantly different between 

groups. However, hypoxia exposures at 36 hpf lead to a higher proportion of males in the 

population and males were found to have greater hypoxia tolerance (lower Pcrit; 

Roberston et al., 2014). Although there is evidence that very short hypoxic episodes (4 h) 

during critical periods of embryonic development can have profound irreversible effects 

on population hypoxia tolerance in zebrafish, it is not known whether increases in 

temperature can interact with hypoxia stress during early life stages. And if so, will 

rearing at a warmer temperature be beneficial or detrimental for acclimating to O2 

challenges in subsequent life stages by priming the HIF-1 cellular response? 

Cross-talk between hypoxia and heat stress pathways leads to cross-tolerance 

Ectotherms that are exposed to new environments typically cope by shifting their 

tolerance windows via acclimation/acclimatization (Schulte, 2014). If the physiological 

mechanisms involved with improved tolerance can interact (cross-talk) and alter the 

sensitivity for a different subsequent environmental stressor, cross-tolerance to both 

stressors would be achieved (Todgham et al., 2005; Burleson and Silva, 2011). Cell 

culture studies show that cross-tolerance to heat and low oxygen levels can be initiated at 

the molecular level through cross-talk between HIF-1 and heat-sensitive heat shock 

proteins (HSPs; Gradin et al., 1996; Katschinski et al., 2002; 2004). Specifically, in renal 

carcinoma cell lines that lack functional pVHL, a strong inhibitor of HIF-1α under 

normoxia, HIF-1α is stabilized by interacting with HSP-90 and addition of an HSP-90 

inhibitor, geldanamycin (GA), reversed this effect (Isaacs et al., 2002). Addition of GA 
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also reduced HIF-1’s transcriptional activity leading to a decrease in vegf total RNA and 

reduction of the angiogenic potential of the cells. In human mammary epithelial cells 

exposed to hypoxia, HIF-1α and HSP-90 rapidly dissociate allowing HIF-1α to 

translocate to the nucleus to become an active HIF-1 complex once it dimerizes with 

HIF-1β (Minet et al., 1999; Kallio et al., 1997). Therefore, up-regulation of HSP-90 could 

help stabilize HIF-1α under normoxia in warm temperatures and serve as a protective 

mechanism for potential hypoxia insults.  

HSPs are known to be regulated by heat shock factor-1 (HSF-1), a transcription 

factor that is stabilized during cellular stress (Welch, 1993). Interestingly, HIF-1 is 

capable of binding to an HRE in the HSF-1 intron, which promotes the up-regulation of 

the transcription factor during hypoxia (Baird et al., 2006). HSF-1 can then bind to heat-

shock elements in the promoter regions of HSPs. Regulation of HSF-1 by HIF-1 was 

found to be essential for full HSP induction and protection against hypoxia (Baird et al., 

2006). Taken together, heat stress leads to the stabilization of HIF-1α by HSPs further 

promoting the up-regulation of HSF-1 thus contributing to an overall greater protection 

against subsequent stressors such as hypoxia (see Figure 1).  

Exposure to heat or hypoxia leading to cross-tolerance to subsequent stressors has 

been demonstrated in the literature using tissue and whole-animal models. For instance, 

long-term heat acclimation and heat stress in mouse fibroblasts and hearts, respectively, 

cause an up-regulation of HIF-1α protein levels and prevents hypoxia-induced apoptosis 

(Maloyan et al., 2005; Sugimoto et al., 2014). Furthermore, rats exposed to 45°C for 15 

min and whose hearts were excised and exposed to ischemia the following day were able 

to recover their contractility during reperfusion while those that were not pre-exposed did 
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not recover (Currie et al., 1988). As well, heat exposure in mice increased HIF-1α protein 

levels and was correlated with increased HSP-90 protein levels and HIF-1 binding 

(Katschinski et al., 2002). The cross-tolerance between heat and hypoxia has also been 

demonstrated in non-mammalian models, such as in Caenorhabditis elegans. Nematodes 

with a loss-of-function mutation in the hif-1 gene were capable of up-regulating hsp-72 in 

response to heat acclimation (25°C for 18 h), however this was not sufficient for 

improving heat stress tolerance compared to wild-type nematodes (Treinin et al., 2003). 

In the tidepool sculpin (Oligocottus maculosus), the combination of heat shock and 

hypoxia resulted in an enhanced expression of hsp-70 compared to fish that only received 

heat shock or hypoxic stress (Todgham et al., 2005). It was also noted that the fish that 

received the combination of stressors had 25% higher survival rates than those 

individuals that were only exposed to hypoxia (Todgham et al., 2005). Furthermore, the 

time to loss of equilibrium (LOE) in response to hypoxia of two subspecies of Atlantic 

killifish (Fundulus heteroclitus) was greatly reduced when acutely measured at 23°C 

compared to fish acclimated to 15°C (McBryan et al., 2016). However, when the fish 

were acclimated to 23°C for six weeks, the time to LOE in hypoxia was recovered 

demonstrating that warm acclimation enhanced hypoxia tolerance (McBryan et al., 2016). 

Lastly, cross-tolerance between temperature and hypoxia has been demonstrated in cold-

acclimation studies using the crucian carp (Carassius carassius), a poikilotherm. Carp 

acclimated to 26°C, 18°C and 8ºC for one month showed higher HIF-1α DNA binding 

activity with decreasing acclimation temperature in all tissues, except for liver (Rissanen 

et al., 2006). These findings were correlated with very significant increases in mRNA 

expression of hsp-70 and hsp-90. The investigators concluded that the maintenance of 
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energetic demands with cold acclimation required reorganization of metabolic processes 

and thus changes in gene expression. Cellular chaperones, such as HSPs, as well as gene 

regulation by HIF-1α, are thus important players in response to temperature and oxygen 

challenges. 

Effects of temperature and hypoxia on hatching 

Precocious hatching has been observed in hatching-competent ectotherms in 

response to predators, pathogens and water quality (Warkentin, 2007). Hatching is 

accomplished by biophysical and biochemical disruption of the chorion by the embryo 

and chorionase enzymes, respectively (Yamamoto and Yamagami, 1975; Yamagami, 

1981). Time to hatching is tightly linked to temperature in many fishes (i.e., warmer 

temperatures induced precocious hatching) due to accelerated development of embryos, 

as well as activation of chorionase enzymes (Pauly and Pullin, 1988; Davis and Behmer, 

1980). Increased respiratory demands caused by reagents such as potassium cyanide or 

by bubbling N2 or H2 gases also stimulates hatching (Trifonova, 1937; Ishida, 1944; 

Hagenmaier, 1974). On the other hand, studies have also shown that hypoxia can delay 

development leading to both delayed and precocious hatching, as well as premature death 

(Hamor and Garside, 1976). Since hatching is an important avoidance strategy under poor 

environmental conditions (Alderdice et al., 1958), a combination of stressors could 

stimulate hatching that in turn would enhance survival. 

 

 

 



	   8	  

Hypotheses and Predictions 

 
 The objective of my thesis was to test the effects of rearing zebrafish embryos at a 

warmer temperature on the cellular HIF-1 response. Furthermore, I aimed to investigate 

whether prior rearing in warm conditions would enhance the hypoxia tolerance and 

survival of four day-old larvae. Newly fertilized zebrafish embryos were reared at a 

temperature near the optimal rearing temperature for zebrafish (control, 27°C; Kimmel et 

al., 1995), and 32°C, which is within the range of temperatures that produces high 

embryo survivability (Schnurr et al., 2014; Pype et al., 2015). I hypothesized that cross-

talk between the heat- and hypoxia-stress pathways would enhance the hypoxia tolerance 

and survival in larvae previously reared under warm temperature. This hypothesis 

generates the following predictions:  

P1: Zebrafish embryos reared at a warmer temperature will have greater 

expressions of hypoxia- (hif-1a, igfbp-1, epo and vegf-165) and temperature- (hsf-1, hsp-

90 and hsp-70) sensitive genes compared to those reared at the cooler control temperature.  

P2: The induction of hypoxia- and temperature-sensitive genes will be additive in 

embryos reared at a warmer temperature and exposed to acute hypoxia. 

P3: Stimulation of the HIF-1 cascade in response to a warmer rearing temperature 

and hypoxia during development will proportionally increase larval hypoxia tolerance, as 

well as survival when re-exposed to hypoxia at 96 hpf. 
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Figure 1 Hypothetical cross-talk mechanism between the heat- and hypoxia-
responsive pathways. Temperature-induced stabilization of the hypoxia-inducible 
factor-1α (HIF-1α) by heat-shock proteins during normoxia could enhance hypoxia 
tolerance. Hypoxia-induced up-regulation of heat-shock factor-1 (HSF-1) transcription by 
HIF-1 during euthermia could enhance tolerance to high temperature. 
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Methods 

Animals 

Adult zebrafish (Danio rerio), housed at the Hagen Aqualab of the University of 

Guelph, were maintained in compliance with guidelines set by the Canadian Council for 

Animal Care and following protocols approved by the Animal Care Committee of the 

University of Guelph (protocol #1256). Fish were maintained as described by Westerfield 

(2000) at 27°C with a 14:10 h light:dark cycle and were fed a diet of Tetramin Fish 

Flakes (United Pet Group, Blacksburg, VA, USA) and newly hatched brine shrimp twice 

daily. To obtain newly fertilized embryos for experimentation, four females and two 

males were placed in divided chamber breeding-baskets in the afternoon and the barriers 

were removed at 9 a.m. the following morning. Embryos were collected from the baskets 

1 h after spawning began and were pooled from multiple breeding pairs to increase 

genetic diversity. The embryos were randomly sorted into 10 cm diameter petri dishes 

(~60 embryos/dish) containing 45 mL of embryo media (60 µg L-1 Instant Ocean Sea 

Salts, United Pet Group, Cincinnati, OH) with 0.0002 % methylene blue. The embryo 

media was replaced by fresh media daily beginning on the first day. 

Experiment 1: Determination of developmentally matched treatment group 

 Since temperature has significant effects on the rate of development of zebrafish 

embryos, a developmentally matched treatment group was required. The relative 

developmental stages of embryos reared at 27°C and sampled at 36 hpf were compared to 

those reared at 32°C and sampled at 24, 26, 30.4 and 36 hpf using a morphometric 

approach. To this end, embryos were euthanized at a given time point with an overdose 
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of MS-222 (Sigma-Aldrich Co., St. Louis, MO, USA), dechorionated with forceps and 

mounted on a slide with methylcellulose (4%) for imaging using a Nikon A1300 Camera 

and NIS Elements Software (Nikon Instruments Inc.). During development, the embryo 

length increases and angle of the head in relation to the notochord decreases linearly, 

which allows for simple embryo staging. As per Kimmel et al. (1995), embryo length (the 

longest distance between the top of the head and the tail), the head-trunk angle (angle 

formed between a line drawn through the eye and ear and through the ear and notochord) 

and the otic-vesicle length (number of additional otic vesicles that fit between the otic 

vesicle and the eye) were used to assess the relative developmental stages of the embryos 

reared at 27°C and 32ºC using Image J software (http://imagej.nih.gov/ij, NIH, USA; see 

Figure 1, Supplementary Figures for details). Based on the above measurements, the 

group of embryos reared at 32°C that were at the same relative developmental stage as 

the 36 hpf embryos reared at 27°C were considered the developmentally-matched 

treatment group. 

Experiment 2: Effect of temperature and hypoxia on the cellular response of early 

zebrafish 

Newly spawned embryos were reared at either 27°C (control) or 32°C (warm 

rearing temperature). To account for relative developmental differences between these 

temperature, the hypoxia (DO=5±1%) and normoxia (DO>95%) exposures were carried 

out at either 24 hpf for the warm rearing temperature group (developmental control) or at 

36 hpf for both the control and warm rearing temperature group (time matched control) 

for 4 h (see Figure 2 for schematic of experimental protocol). The hypoxia and normoxia 

regimes were maintained by bubbling nitrogen gas and air, respectively, through ceramic 
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air-stones into 20 L tanks. The appropriate DO content was controlled by a continuous 

feedback loop using a galvanic oxygen sensor that automatically controlled the flow of 

nitrogen with the use of a solenoid valve controlled by the OxyCTRL software (Loligo 

Systems, Tjele, Denmark). The respective treatment temperatures were maintained with a 

recirculating water bath. Groups of ~40 embryos were placed into 50 mL mesh-bottom 

(100 µm) sample cups and submersed into each treatment tank. Following the 4 h 

exposure, pools of 20 embryos were immediately frozen on dry ice and stored at −80°C 

for further gene expression analysis. Embryos from a minimum of 4-6 spawning events 

were used for a total sample size (N) of 9 to 22. Sample size variability was a product of 

clutch size and the number of spawning events for a given treatment. 

Quantification of mRNA levels in zebrafish embryos 

Total mRNA was extracted from pools of 20 embryos from the six groups of 

embryos that were subjected to the various temperature and O2 regimes (Experiment 2) 

by use of QIAzol Lysis Reagent (QIAGEN, Toronto, Ontario, Canada) as per 

manufacturer’s instruction; additionally, 20 µg of glycogen (Thermo Scientific, 

Mississauga, ON, Canada) was added to each sample during nucleic acid precipitation 

and incubated overnight at −80°C to maximize RNA recovery. Total RNA was used (1 

µg/rxn) to generate cDNA as per manufacturer’s instructions using Quanta qScript 

following DNAse I treatment (Ambion, Burlington, ON, Canada). Whole embryo mRNA 

levels of hypoxia responsive genes (hif-1α, igfbp-1, epo and vegf-165) and heat 

responsive genes (hsf-1, hsp70 and hsp90) were quantified using real-time quantitative 

polymerase chain reaction (RT-qPCR) as previously described (Bernier and Craig, 2005). 

Briefly, 5 µl of 10 x diluted cDNA was mixed with 2x SYBR Green Supermix 
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(Quantabio, Beverly, MA, USA), 200 nM forward and reverse primers (Table 1) and run 

on a Biorad CFX1000 (Biorad Laboratories Inc., Mississauga, ON, Canada). The thermal 

cycles used were 1 x 50°C for 2 min, then 95°C for 5 min, followed by 40 cycles of 95°C 

for 1 sec and 59°C for 30 sec. To ensure a single product, the melt curve of each sample 

was inspected to ensure only a single peak was present. RT- and water-only negative 

controls were run on each plate and all samples were run in triplicate. Primers were 

designed using Primer3web (Untergasser et al., 2012). The minimum acceptable 

amplification efficiency of the primer sets was set to 80%. To account for differences in 

amplification efficiency, standard curves were constructed for each gene using known 

dilutions of cDNA from larval tissue. Input values for each gene were obtained by fitting 

the average threshold cycle (Ct) value to the antilog of the gene-specific standard curve 

thereby correcting for differences in primer amplification efficiency. To correct for minor 

variations in template input and transcriptional efficiency, the input values were 

normalized to the housekeeping gene ribosomal protein L13a (rpl13a). Note that the 

expression of rpl13a was significantly affected by hypoxia and temperature, therefore to 

account for differences in rpl13a between treatement groups, the level of expression of 

rpl13a within each group of samples was normalized to a randomly selected “control” 

group (normoxia at 36 hpf; 27°C) according to Billiau et al. (2001) as follows: individual 

value within a group/(mean value within a group/mean value of control group). A 

standard interquartile test was used to identify outliers. Gene expression data is then 

reported as fold change relative to the normoxic 27°C and 36 hpf control treatment mean 

value. 
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Experiment 3: Effect of rearing temperature and hypoxia on hatching, hypoxia tolerance 

and survival of larvae 

Newly spawned embryos were collected, reared and exposed as described in 

Experiment 2. Briefly, embryos reared at 27°C were exposed to normoxia or hypoxia at 

36 hpf and embryos reared at 32°C were exposed to the same two oxygen regimes at 

either 24 or 36 hpf. Groups of 60 embryos were subsequently reared in 100 mm petri 

dishes containing 45 mL of embryo media at their respective treatment temperatures 

(27°C or 32°C) until 48 hpf. At 48 hpf, embryos reared at the warm rearing temperature 

were transferred to the control temperature of 27°C (see Figure 2). Hatching was 

calculated as the percent of embryos that had hatched at a given time and was measured 

prior to and immediately after the oxygen treatments, as well as twice daily (9 a.m. and 4 

p.m.) until all embryos had hatched.  

The Pcrit and routine metabolic rates (RMR) of zebrafish larvae previously reared 

at either 27°C or 32°C and exposed to either normoxia or hypoxia as described above 

were assessed at 96 hpf. Custom flow-through gas respirometry chambers were used to 

measure Pcrit in groups of 30 larvae from each treatment. They were placed into ~2 ml 

glass chambers containing stir bars for proper mixing, which were isolated from the free-

swimming larvae by a thin mesh. Measurements were made at 27°C for all treatment 

groups. Gravity-fed distilled water was supplied at a rate that prevented oxygen levels 

from declining in the chambers during the acclimation period but that was not visibly 

disturbing the larvae. Larvae were allowed to acclimate to the chambers for 1 h prior to 
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the start of the trial when the chambers were sealed. Oxygen concentration in the 

chambers was recorded using the Witrox 4 system equipped with four fibre-optic probes 

and oxygen-sensitive, fluorescence-emitting optodes (Loligo, Vibourg, Denmark, EU). 

Oxygen measurements were made every second until the end of the experiment when the 

oxygen levels in the chambers no longer decreased (approximately 2 h). 

In addition, zebrafish larvae were re-exposed to hypoxia in order to test whether 

prior exposure to hypoxia and rearing at a warm temperature would confer greater 

survivability at 96 hpf. Groups of 25 larvae in 50 ml mesh-bottom (100 um) cups were 

submersed into tanks containing distilled water with 5% (hypoxia) or >95% DO 

(normoxia) for 4 h. The percentage of larvae that survived was quantified immediately 

after the exposure. Larvae were considered dead if their hearts had ceased beating and 

was determined by observing them through a dissecting microscope (Leica). 

RMR and Pcrit 

 Measured dissolved oxygen levels from each trial were converted from 

percentages to concentrations in mg L-1 by multiplying by 0.0797 mg L-1. Using the 

SLOPE function in Excel, the change in oxygen concentration over time was calculated 

for every 1 sec reading from a ten min sliding window. This length of time was chosen to 

reduce the amplitude of artefacts in the data. The slopes of all readings were then 

converted to an oxygen utilization rate using the following equation: 

𝑂2  𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛  
𝑚𝑜𝑙

𝑒𝑚𝑏𝑟𝑦𝑜  𝑥  ℎ𝑜𝑢𝑟
=
−𝑠𝑙𝑜𝑝𝑒   𝑚𝑔

𝐿  𝑥  𝑚𝑖𝑛
1  𝑔

1000  𝑚𝑔
60  𝑚𝑖𝑛
1  ℎ𝑜𝑢𝑟

𝑉𝑜𝑙𝑢𝑚𝑒   𝐿
𝑒𝑚𝑏𝑟𝑦𝑜𝑠   𝑛

32   𝑔𝑚𝑜𝑙
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The oxygen utilization rates were then binned in 1% intervals for partial pressures (PO2) 

of 80, 60, 40, 35, 30, 25, 20, 15, 10 and 5% DO and averaged for a given treatment. The 

oxygen utilization rates were then plotted against PO2 to calculate RMR and Pcrit. Not all 

runs began above 80% and not all groups of embryos consumed oxygen below 5% DO, 

therefore data outside of this range was excluded. 

 The routine metabolic rate (RMR) of groups of 30 larvae was considered as the 

O2 utilization rate at a PO2 of 80%. The Pcrit of each individual run was determined using 

a non linear regression (NLR) approach as per Marshall et al. (2013). Briefly, five non 

linear regressions (see Table 1, Supplementary Materials) were fitted to the O2 

utilization versus PO2 curves and an Akaike’s information criterion (AIC) score was 

generated to determine which curve best fit the data. The best-fitting NLR was then used 

to determine the Pcrit by solving for the slope (m) of 0.065 from the derivative of the NLR 

function. When a Weibull function was the best-fitting NLR, the Maple Software 

(Waterloo Maple Inc., Waterloo, ON) was used to calculate Pcrit. 

Statistical analysis 

The morphometric analysis (embryo length, OVL and HTA) of embryos reared at 

32°C and sampled at various developmental stages were compared to embryos reared at 

27°C and sampled at 36 hpf with the use of three one-way analysis of variance 

(ANOVAs) with post-hoc Bonferroni t-test. To determine whether rearing temperature 

had a significant effect on the mRNA expression of whole embryos, as well as on the Pcrit 

and RMR of four day-old larvae, two one-way ANOVA with post-hoc Holm-Sidak tests 

were completed for each test within each of the oxygen treatments (normoxia or hypoxia). 
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To determine whether exposure to hypoxia had a significant effect on the same above 

parameters within a temperature/time-point treatment, as well as on hatching rates after 

the 4 h exposure to hypoxia, three Student’s t-test were conducted. Finally, to determine 

whether pre-exposure to hypoxia or normoxia in embryos had a significant effect of the 

survival of larvae that were re-exposed to hypoxia and normoxia at 96 hpf, a two-way 

ANOVA with post-hoc Holm-Sidak test was conducted. Results of all statistical analyses 

were considered significant when P-values were less than α of 0.05.  
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Figure 2  Experimental protocol for experimental series 2 and 3. Newly spawned 
embryos were reared at 27°C (control) or at 32°C (warm; light grey rectangle). Control 
embryos were exposed to normoxia (100% DO, white box) or hypoxia (5%, black box) 
for 4 h at 36 hpf. Similarly, warm embryos were either exposed to normoxia or hypoxia 
at 24 hpf (developmentally-matched treatment) or 36 hpf (time-matched treatment). 
Embryos were immediately sampled following the 4 h exposure for mRNA quantification 
using qRT-PCR (Experiment 2). A second set of embryos were exposed as described 
above and reared at their respective temperatures until 48 hpf at which point the warm 
embryos were transferred to 27°C. At 96 hpf, the O2 utilization of groups of 30 larvae 
from all six treatment groups was measured using closed respirometry to determine Pcrit 
(Experiment 3). Lastly, a third set of embryos were treated as described above and re-
exposed to normoxia or hypoxia for 4 h at 96 hpf and survival (presence of heart beat) of 
groups of 25 larvae was determined. 
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Table 1  Pairs of primer sequences for real-time quantitative reverse-transcriptase 
polymerase chain reaction assays. 

Gene Primer sequence (5’ to 3’) Accession 
number 

Efficiency 
(%) 

rpl13a F-ATG CTT CCA CAC AAA ACC AA 
R-CAT GCG CTT TCT CTT GTC AT NM_212784.1 100 

hif-1a F-AAG TCT GCG ACG TGG AAT  
R-CCT CGT GCA CCC GAA CA AY_326951 95 

igfbp-1 F-AGC CGT GCT TTG GGA TGA  
R-TAG AAT GCT GCC ACC CAG AA AB_181657 93 

epo 
F-CTC GCC AAT GCA CCT GTC T  
R-GCC TTT GCC CTG AAT TGT TTA T  
P-[6~FAM] TCG ACA GGG TGT CAG C 
[Tamra~Q] 

EF_426725 80 

vegf-165* F-GAA AAC CAC TGT GAG CCT TG  
R-GCA GGA TTT ACA GGT GA AF_016244 81 

hsf-1 F-ATC ACA TTA GCA CGG TCC AA 
R-GAG CTG CTG TCG TTC AAC AT NM_001313736 89 

hsp-70 F-AAG ATC ACC ATC ACC AAC GA 
R-TGC ACC ATT CTC TCG ATC TC AF_210640 88 

hsp-90aa1.1 F-CGG TTA CCC AAT TAC GCT TT 
R-TTT CTC GCC TTC CTC AAG AT NM_131328 93 

epo, erythropoietin; F, forward primer; hif-1a, hypoxia-inducible factor; igfbp-1, insulin-like 
growth factor-binding protein; hsf-1, heat-shock factor; hsp-70/-90, heat-shock protein; P, probe; 
R, reverse primer; rpl13a, ribosomal protein l13a; vegf-165, vascular endothelial growth factor; 
*sequence from Kopp et al. (2010) 
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Results 

Developmental staging 

A 5°C increase in rearing temperature resulted in a significant increase in the rate 

of development. According to the measured embryo length, embryos reared at 32°C were 

on average 0.3 mm longer at 36 hpf compared to those that were reared at 27°C and also 

sampled at 36 hpf (Figure 3A; P<0.001). Development was accelerated by 

approximately 12 h as embryos reared at 32°C and sampled at 24 hpf were the same 

lengths as those reared at the control temperature and who were sampled 12 h later. These 

results were also supported by the otic vesicle length (OVL) and head-trunk angle (HTA). 

The OVL and HTA of embryos reared at 32°C were on average 1.7 mm shorter and 

23.0°greater, respectively, at 36 hpf compared to those that were reared at 27°C and also 

sampled at 36 hpf (Figure 3B; OLV, P<0.001; Figure 3C; HTA, P<0.001), providing 

further evidence that 24 h of development at 32°C results in comparable relative 

developmental staging as embryos reared at 27°C and sampled at 36 hpf. 

Gene expression 

Rearing at 32°C caused a significant 1.5- and 2-fold increase in hif-1α mRNA 

expression in normoxia-exposed embryos for 4 h at 24 and 36 hpf, respectively, 

compared to normoxia-exposed embryos reared at the control temperature (Figure 4A; 

24 hpf and 36 hpf, P<0.001). In embryos exposed to hypoxia, rearing at 32°C caused a 

significant 2.5-fold increase in hif-1α mRNA expression at 36 hpf compared to both 

hypoxia-treated embryos reared at the control temperature and the warm temperature 

exposed at 24 hpf (P<0.001). A small but significant decrease in hif-1α gene expression 
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was observed in warm embryos (24 hpf) exposed to hypoxia relative to normoxia-

exposed embryos (P<0.001). The changes in the HIF-1 target gene expression of igfbp-1 

were similar to those of hif-1α. Specifically, embryos reared at the warm temperature and 

exposed to normoxia had a significant 1.5- and 2-fold increase in igfbp-1 expression at 24 

and 36 hpf, respectively, compared to the normoxia-exposed embryos reared at the 

control temperature (Figure 4B; 24 hpf and 36 hpf, P<0.001). In embryos exposed to 

hypoxia, rearing at 32°C caused a significant increase (2-fold) in igfbp-1 at 36 hpf 

compared to hypoxia-treated embryos reared at the control temperature and at the warm 

temperature exposed at 24 hpf (P<0.001). Hypoxia exposure significantly induced the 

expression of igfbp-1 in all treatment groups compared to normoxia treated embryos (all 

treatments, P<0.001). The HIF-1 target gene vegf-165 showed a different pattern. In 

normoxia-exposed embryos, rearing at 32°C had no effect on the mRNA levels of vegf-

165. In hypoxia-exposed embryos, a significant 2-fold increase in vegf-165 expression 

was observed in warm embryos when they were exposed later (36 hpf) compared to those 

that were exposed earlier (24 hpf; Figure 4C; P<0.001). Exposure to hypoxia also 

resulted in increased vegf-165 expression in embryos reared at 32°C and exposed at 36 

hpf relative to normoxia-exposed embryos in the same treatment groups (P<0.025). 

Rearing temperature had no effect on the expression of epo in embryos exposed to 

normoxia or hypoxia, but hypoxia caused a significant 2-fold increase in epo mRNA 

expression in all treatment groups compared to normoxia-exposed embryos (Figure 4D; 

all treatments, P<0.001). 

The mRNA levels of hsf-1 were not affected by rearing temperature in normoxia-

exposed embryos and hypoxia exposure only caused a significant 1.5-fold up-regulation 
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of the transcription factor in warm embryos exposed at 36 hpf compared to their 

normoxia-exposed counterparts (Figure 5A; P<0.001). In contrast to hsf-1, rearing 

temperature had a significant effect on the mRNA expression of hsp70. There was a 

significant 1.8-fold and 1.5-fold increase in hsp70 expression in embryos exposed to 

warm temperature at 24 and 36 hpf, respectively, compared to control embryos in 

normoxia (Figure 5B; 24 hpf, P<0.001; 36 hpf, P=0.009). Across hypoxia-treated 

embryos, hsp70 mRNA was significantly elevated at 36 hpf compared to the control and 

warm (24 hpf) groups. Relative to normoxia, hypoxia-exposed embryos had dramatically 

elevated hsp70 expression (13- to 54- fold increase in expression; control embryos, 

P<0.001; warm 24 hpf, P<0.001; warm 36 hpf, P<0.001). Lastly, there was a significant 

increase and decrease in hsp90 expression in embryos exposed to warm temperature at 24 

and 36 hpf, respectively, from control embryos exposed to normoxia (Figure 5C; 24 hpf, 

P<0.001; 36 hpf, P=0.015). There was a similar trend in hypoxia-exposed embryos. A 

significant increase and decrease in hsp90 expression was observed in embryos exposed 

to hypoxia at 24 and 36 hpf, respectively, from control embryos exposed to hypoxia (24 

hpf, P<0.001; 36 hpf, P=0.14). Hypoxia caused a small but significant decrease in hsp90 

mRNA expression in control embryos (P=0.031), as well as a significant 1.9-fold and 

1.8-fold increase in hsp90 mRNA expression in warm embryos exposed at 24 hpf and 36 

hpf, respectively, compared to warm normoxia-exposed embryos (24 and 36 hpf, 

P<0.001). 

Hatching 

Hatching was significantly affected by both rearing temperature and exposure to 

acute hypoxia (Figure 6). In embryos exposed to normoxia, rearing at a warm 
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temperature lead to precocious hatching in 50% of embryos by ~36 and ~24 h when they 

were exposed at 24 and 36 hpf, respectively, compared to embryos reared at the control 

temperature. As well, exposure to hypoxia induced hatching in all treatments. When 

embryos were reared at 27°C (control), ~60% of embryos hatched during the 4 h hypoxia 

exposure compared to those exposed to normoxia (P<0.001). When embryos were reared 

at 32°C, ~70% and 100% of embryos hatched during the hypoxia exposure at 24 and 36 

hpf, respectively, compared to those exposed to normoxia (P<0.001). The percentage of 

hatched embryos stabilized after the hypoxia exposure and embryos from all treatment 

groups hatched by 96 h. 

Larval Pcrit and routine metabolic rate 

 The O2 utilization of all treatment groups decreased with decreasing partial 

pressures of O2 (Figure 7A). Prior rearing at a warm temperature for 48 h and acute 

exposure to hypoxia had no affect on the Pcrit of zebrafish larvae at 96 hpf (Figure 7B). 

The routine metabolic rate (RMR) of larvae reared at 32°C for 48 h and exposed to 

normoxia at 24 hpf was significantly higher than those that were also reared at 32°C but 

that were exposed to normoxia 12 h later (Figure 7C; P=0.006). In larvae that were 

previously hypoxia-exposed, those reared at 27°C had significantly greater RMR than 

larvae that were reared at 32°C and exposed at 36 hpf (P<0.037). 

Larval survival 

 During the initial hypoxia pre-exposures at 24 and 36 hpf, there were no effects of 

hypoxia exposure on the survival of zebrafish embryos (data not shown). As expected, 

nearly all larvae survived when they were re-exposed to normoxia at 96 hpf, regardless of 
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pre-treatment. On the other hand, only ~50% of larvae that were re-exposed to hypoxia at 

96 hpf survived if they were reared at the control temperature of 27°C (Figure 8A) or 

32°C and pre-exposed to normoxia or hypoxia at 36 hpf (Figure 8C). Embryos reared at 

32°C and pre-exposed to hypoxia at 24 hpf had a significantly lower survival when they 

were re-exposed to hypoxia for 4 h compared to the two other treatment groups that were 

also pre-exposed to hypoxia (Figure 8B; P<0.001).  
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Figure 3 Developmental staging of zebrafish (Danio rerio) embryos reared at 

27°C and 32°C. Embryos were reared at 27°C and sampled at 36 hpf or reared at 32°C 

and sampled at 24, 26, 30.4 or 36 hpf for imaging and staging as per Kimmel et al. (1995). 

Embryo length (A), otic vesicle length (OVL; B) and head-trunk angle (HTA; C) were 

determined using Image J software. Data are means ± SEM (N=7-26) and were analyzed 

using a One-Way ANOVA and posthoc Tukey test. Groups that do not share a common 

letter are significantly different (P<0.05). 
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Figure 3 
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Figure 4 Expression of hypoxia sensitive genes of embryonic zebrafish (Danio 

rerio) reared at 27°C (control) or 32°C (warm) and exposed to hypoxia (5% DO) or 

normoxia (100% DO) at 24 (warm (24)) or 36 hpf (control; warm (36)) for 4 h. Gene 

expression of hif-1α (A; N=16-22) and HIF-1 target genes insulin-like growth-factor 

binding-protein-1 (igfbp-1, B; N=17-21), vascular endothelial growth-factor-165 (vegf-

165, C; N=14-18) and erythropoietin (epo, D; N=15-22) of pools of 20 embryos were 

quantified immediately following the low O2 treatment and normalized to the 

housekeeping gene rpl13a. Groups of embryos that were exposed to the same O2 

treatments were compared using a One-Way ANOVA with posthoc Tukey test and 

groups that do not share a common letter are significantly different (P<0.05). The symbol 

* indicates that the hypoxia-treated embryos are significantly different than those 

exposed to normoxia within a treatment (P<0.05). Data presented are means ± SEM. 
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Figure 4 
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Figure 5 Expression of heat sensitive genes of embryonic zebrafish (Danio 

rerio) reared at 27°C (control) or 32°C (warm) and exposed to hypoxia (5% DO) or 

normoxia (100% DO) at 24 (warm (24)) or 36 hpf (control; warm (36)) for 4 h. 

Expression of heat sensitive genes heat-shock factor-1 (hsf-1, A; N=9-18), heat-shock 

protein-70 (hsp70, B; N=14-18) and heat-shock protein-90 (hsp90, C; N=16-22) of pools 

of 20 embryos were quantified immediately following the O2 treatment and normalized to 

the housekeeping gene rpl13a. Groups of embryos that were exposed to the same O2 

treatments were compared using a One-Way ANOVA with posthoc Tukey test and 

groups that do not share a common letter are significantly different (P<0.05). The symbol 

* indicates that the hypoxia-treated embryos are significantly different than those 

exposed to normoxia within a treatment (P<0.05). Data presented are means ± SEM. 
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Figure 5 
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Figure 6 Hypoxia and rearing at 32°C induces hatching in zebrafish (Danio 

rerio) embryos. Embryos were exposed to hypoxia (5% DO; open symbols) or normoxia 

(100% DO; black symbols) at 36 hpf (A, C) or 36 hpf (B) for 4 h (shaded bars). Embryos 

were reared at 27°C (A) for the entire during of the experimental period or 32°C (B, C) 

for 48 h at which point they were returned to 27°C. The symbol * indicates that hypoxia 

exposure significantly induced hatching compared to normoxia-exposed embryos within 

a treatment group as determined by a Student’s t-tests (P<0.05). Data presented are 

means ± SEM (N=9-11). 

 

 

 

 
 
 
 
 
 



	   32	  

Figure 6 
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Figure 7 Oxygen utilization (A), critical oxygen tensions (Pcrit; B) and routine 

metabolic rate (RMR; C) of zebrafish (Danio rerio) larvae (4 dpf) previously reared 

at 27°C (control) or 32°C (warm) and exposed to acute hypoxia (Hyp; 5% DO) or 

normoxia (Norm; 100% DO) at 24 (warm (24)) or 36 hpf (control, warm (36)) for 4 

h. Data presented are means ± SEM (N=4-8) and are representative of groups of 30 larvae. 

Treatment groups that do not share a common letter are significantly different as 

determined by One-Way ANOVAs and posthoc Tukey test (P<0.05).  
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Figure 7 
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Figure 8 Survival of pre-exposed (normoxia, 100% DO; hypoxia, 5% DO) 

zebrafish (Danio rerio) embryos at 24 and 36 hpf and re-exposed to normoxia or 

hypoxia at 96 hpf. Embryos were either reared at 27°C (A) or 32°C for 48 h at which 

point they were returned to 27°C and were either exposed to hypoxia (5% DO; open 

symbols) or normoxia (100% DO; black symbols) at 24 hpf (B, warm 24) or 36 hpf 

(control; C, warm 36) for 4 h. Four day-old larvae were then re-exposed to normoxia or 

hypoxia at 96 hpf for 4 h and survival (presence of heartbeat) was quantified. Data 

presented at means ± SEM (N=6-9 for normoxia treatment; N=6-15 for hypoxia 

treatment) and are representative of groups of 25 larvae. Treatment groups that do not 

share a common letter are significantly different as determined by a Two-Way ANOVA 

and posthoc Holm-Sidak test (P<0.05).  
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Discussion 

This study provides evidence for the cross-talk between the hypoxia- and the heat-

response pathways at the gene expression level in zebrafish embryos. Rearing at a higher 

temperature (+5ºC) alone induced a cellular HIF-1 response in embryos, whereas 

exposure to acute hypoxia (4 h, 5% DO) enhanced the mRNA expression of heat shock 

proteins. At the whole organism level, while both temperature and hypoxia accelerated 

hatching time, neither rearing at a warmer temperature or exposure to acute hypoxia 

during embryonic development affected the hypoxia tolerance of four day-old larvae. 

Furthermore, prior recruitment of the hypoxia- and heat-response pathways did not fully 

compensate for the detrimental effects of a subsequent hypoxia exposure. Therefore, 

rearing at a warmer temperature may not improve tolerance to a subsequent hypoxia 

challenge in developing zebrafish irrespective of prior cellular HIF-1 pathway activation. 

Developmental staging of embryos reared at a warm temperature 

Fish embryos reared under warmer conditions typically develop at a faster rate 

(Alderdice and Velsen, 1978; Pauly and Pullin, 1988). The development of zebrafish 

embryos varies linearly with temperature and embryos are typically devoid of 

developmental abnormalities when incubated between 22ºC and 32ºC (Kimmel et al., 

1995; Pype et al., 2015). For my study, I chose 32ºC as the warmer rearing temperature 

and included a developmentally-matched treatment group to control for the 

developmental differences with temperature. Embryos reared at 32ºC develop ~1.5 times 

faster than embryos reared at 27ºC (Schnurr et al., 2014), and I confirmed these 

differences by measuring the length, head-trunk angle (HTA), and otic-vesicle lengths 
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(OVL) of embryos developing at 27ºC and 32ºC. Embryos reared at 32ºC were the same 

relative developmental stage at 24 hpf as embryos developing at 27ºC and sampled at 36 

hpf. Although I cannot be assured that all aspects of embryonic development coordinately 

changed with increases in environmental temperature, the inclusion of a treatment group 

that was developmentally matched to the control treatment allowed me to investigate the 

impacts of rearing temperature on the embryonic cellular HIF-1 response more 

comprehensively.  

Elevated rearing temperature induces a HIF-1 and heat-shock response in a gene- and 

development-specific manner 

The cellular HIF-1 pathway is induced by various environmental stressors, such 

as hypoxia and/or temperature, and may lead to cross-tolerance between stressors 

(Maloyan, 2005; Ely et al., 2014). To my knowledge, mine is the first study to 

demonstrate that rearing at a warmer temperature (+5ºC) induces a cellular HIF-1 

response in zebrafish embryos. The baseline mRNA expression of hif-1α and one of its 

target genes (igfbp-1) was significantly greater in developmentally-matched embryos 

reared at 32ºC relative to control embryos at 27ºC and this induction was enhanced with 

development (time-matched embryos). These results provide support for my first 

prediction that warmer temperatures would induce the expression of hypoxia-responsive 

genes compared to embryos reared at the control temperature. The higher baseline 

expression of hypoxia-responsive genes was associated with higher mRNA levels of 

heat-shock responsive genes (hsp-70 and hsp-90 in developmentally matched embryos) 

as well. C. elegans with a hif-1 loss-of-function mutation were unable to acclimate to 

higher temeparture (from 20ºC to 25ºC for 18 h), while vhl mutants that overexpressed 
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HIF-1 had greater heat endurance than wild types (Treinin et al., 2003). Heat-acclimated 

hif-1 loss-of-function mutant nematodes also had enhanced HSP-72 protein levels, 

however this up-regulation was insufficient to improve tolerance to a 35ºC heat stress, as 

well as to hypoxic and cadmium stressors (Treinin et al., 2003). Therefore, by 

comparison my results suggest that embryos reared at a warmer temperature have greater 

protective cellular reserves (cytoprotection) due to enhancements in the HIF-1 pathway 

that may lead to cross-tolerance (Horowitz, 2014). 

Induction of the HIF-1 pathway in response to rearing at a warmer temperature 

appears to be gene-specific. Rearing temperature did not effect the gene expression of 

epo or vegf-165, genes that code for two important proteins that modulate oxygen 

carrying and delivery capacity, respectively. The magnitude and duration of the change in 

temperature may dictate the responsiveness of the cellular HIF-1 response. Studies have 

shown that long-term heat acclimation in rat hearts incubated at 34ºC (vs. 24ºC) for 30 

days leads to up-regulation of epo and vegf and subsequent protection against a low 

oxygen challenge (Maloyan et al., 2005). Furthermore, tidepool sculpins that were 

exposed to a +12ºC heat shock for 2 h had greater survival when they were subsequently 

exposed to 2 h of hypoxia (Todgham et al., 2005). The magnitude of the heat shock 

proved to be important in sculpins since a +15ºC heat shock was deleterious, while a 

+10ºC heat shock did not confer any protection against hypoxia. Therefore, a 5ºC 

increase in rearing temperature for the first 48 h of embryonic life in the current study 

may not have been sufficient to affect the transcription of epo and vegf-165, which are 

tightly regulated during embryonic development (Goldberg and Schneider, 1994; Paffet-

Lugassy et al., 2007).  
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Heat-shock genes are expressed in a unique spatial and temporal pattern under 

normal developmental conditions in zebrafish embryos and are induced during stress via 

activation by HSF-1 (Krone et al. 2003). In the current study, the mRNA expression of 

hsf-1 did not change in any normoxia-exposed embryos and this was expected since a 

repressing protein-complex, containing HSP-70 and HSP-90, regulates HSF-1 post-

transcriptionally (Isaacs et al., 2002). During stress, the repressing complex dissociates 

from HSF-1 enabling it to trimerize, be phosphorylated and migrate to the nucleus where 

it binds to heat-shock elements and activates the transcription of HSPs, such as HSP-70 

and HSP-90 (Katschinski et al., 2004; Zou et al., 2004). As the number of unfolded 

proteins decrease with increasing numbers of HSPs, free HSPs accumulates and can 

again repress HSF-1, which negatively regulates the production of HSPs (Zou et al., 

1998; Morimoto et al., 1996). In warm normoxia-exposed embryos, the mRNA 

expression levels of hsp-70 and hsp-90 were significantly higher at 24 hpf compared to 

control embryos reared at 27ºC and significantly lower at 36 hpf than the 

developmentally-matched embryos (hsp-70 and hsp-90) and the control embryos (hsp-90 

only). The lower levels in the warm 36 hpf treatment may be a reflection of the normal 

developmental expression profile due to the important roles of HSPs for protein 

homeostasis during development. For example, HSP-90 is a known safeguard for 

myogenic progenitor cells against heat stress and HSP-70 protects the brain and eye 

during development (Krone et al., 1997; Tucker et al., 2011).  

Hypoxia induces a HIF-1 and heat-shock response in embryonic zebrafish 

 Zebrafish embryos exposed to 4 h of hypoxia had a characteristic HIF-1 response. 

Embryos reared at the control temperature (27ºC) and exposed to four hours of hypoxia at 
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36 hpf had significantly elevated igfbp-1 and epo levels compared to normoxia-exposed 

embryos. In previous studies, expression of these hypoxia-induced genes in zebrafish has 

been directly linked to growth retardation and increased erythrocyte count, respectively 

(Kajimura et al., 2005; Paffet-Lugassy et al., 2005). Consequently, I expect that embryos 

in my study were also developmentally delayed and had enhanced erythoid populations, 

however this required further investigation. Though the mRNA levels of hif-1α were not 

up-regulated in response to hypoxia in my study, this was not surprising because the 

regulation of HIF-1α under hypoxic conditions is mediated at the post-transcriptional 

level as a function of oxygen concentration (Goldberg et al., 1988). Previous work by 

Robertson et al. (2014) demonstrated that embryos exposed to hypoxia for four hours 

accumulate HIF-1α protein at 24 and 36 hpf. Therefore, I assume that there was 

significant HIF-1α protein accumulation and activation of many HIF-1 targets in all 

embryos exposed to hypoxia in my study.   

The response to hypoxia in control embryos was also accompanied by a heat-

shock response. Among other common HSPs, HSP-70 is responsible for folding new 

proteins and is induced during cellular stress, including hypoxia (Lele et al., 1997; Ton et 

al., 2003).  After four hours of 5% DO, control embryos reared at 27ºC had a 10-fold up-

regulation of hsp-70 and a slight down-regulation of hsp-90. These findings are 

consistent with data on rainbow trout embryos where exposure to 15% O2 saturation for 

90 min or 24 h resulted in 15- and 170-fold up-regulation, respectively, of hsp-70 mRNA 

expression relative to control embryos (Fuzzen et al., 2011). On the other hand, HSP-90 

is involved in cellular signalling transduction networks; it binds to signal transduction 

proteins, including HSF-1 and HIF-1α, in a multi-protein chaperone complex (Picard, 
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2002). In mammalian cell-cultures, it has been shown that HSP-90 interacts with HIF-1α 

in normoxia but dissociates in hypoxia allowing HIF-1α to translocate to the nucleus and 

dimerize with HIF-1β (Minet et al., 1999). It is possible, therefore, that a decrease in hsp-

90 mRNA expression at the control temperature during hypoxia in my study may be as a 

result of negative feedback from free HSP-90 but this requires further investigation. 

Cross-talk between the HIF-1 and heat-shock response is evident in developmentally 

progressed embryos but not developmentally matched embryos 

 Contrary to our second prediction, rearing at a warmer temperature did not lead to 

an additive response in the expression of hypoxia- and heat-responsive (acute hypoxia 

(24 hpf, 32ºC versus 24 hpf, 27ºC; Figure 4). Therefore, rearing at 32ºC did not 

precondition developmentally-matched embryos to acute hypoxia. It has been shown that 

heat shock (37ºC for 90 min) of 34 hpf zebrafish embryos, as well as exposure to hypoxia 

for 100 min at 48 hpf and reperfusion for 24 h, resulted in increased protein expression of 

hsp-70, however the combination of treatments did not induce greater protein expression 

beyond the levels produced by the individuals stressors (Tucker et al., 2011). In the 

current study, hsp-90 was the only gene that was significantly up-regulated in 

developmentally-matched warm embryos with hypoxia exposure and this change was 

associated with a decrease in hif-1α mRNA levels from normoxia-exposed warm 

embryos. It is possible that an HSP-90-induced stabilization of HIF-1α due to the hypoxia 

exposure resulted in a reduction in hif-1α mRNA transcription in the developmentally-

matched treatment group. In time-matched (36 hpf) warm embryos, however, hypoxia 

exposure led to a significant increase in the levels of hif-1α, igfbp-1, hsf-1, and hsp-70 

mRNA beyond the hypoxia-induced levels of control and developmentally-matched (24 
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hpf) warm embryos. These results suggest that the HIF-1 response of embryos to hypoxia 

reared at a warmer temperature increased with 12 h of development and may 

precondition embryos to subsequent stressors. These results further underline earlier 

work showing that the HIF-1 cellular response in zebrafish embryos is strongly 

dependent on development time (Robertson et al., 2014). 

The expression of hsf-1 was not affected by rearing temperature in embryos 

exposed to normoxia but was induced in warm hypoxia-exposed embryos at 36 hpf. This 

may reflect the fact that the combined effect of warm rearing temperature and hypoxia is 

only fully manifested during late development in zebrafish embryos. Moreover, the 

expression of hif-1α was also highest in the warm embryos exposed to hypoxia at 36 hpf 

relative to other treatments and provides support for the idea that HSF-1 expression is 

stimulated by HIF-1α (Kassahn et al., 2009). Studies investigating the effects of elevated 

rearing temperature on the expression of key genes in the heat shock pathway in early 

development are scarce as most focus on the effects of acute heat shock (typically 37ºC in 

zebrafish embryos). Several studies show that acute heat shock in zebrafish embryos 

(37ºC) induces the expression of hsf-1, as well as hsp-70 and hsp-90, in a tissue- and 

temperature-dependent manner (Lele et al., 1997; Krone et al., 1997; Råbergh et al., 

2000).  

Warm rearing temperatures and hypoxia induces precocious hatching 

 Environmental conditions have significant effects on embryo hatching 

(Yamagami, 1988; Kimmel et al., 1995). In my study, under normoxic conditions, the 

timing of 50% hatch was 24 h earlier in the embryos reared at a warmer temperature than 
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in the control temperature (Fig. 5A and C). Furthermore, hypoxia induced hatching in all 

three treatment groups, however the percent of hatched embryos increased with rearing 

temperature as well as with time. In order to hatch successfully, an embryo must release 

digestive enzymes (chorionase) from mature hatching gland cells immediately prior to 

hatching in order to soften the thick inner layer of the chorion (Yamamoto and 

Yamagami, 1975). This process decreases the force required for the embryo to escape its 

physical barrier (Kim et al., 2006). In medaka, hatching enzymes can digest the inner 

chorion membrane in less than one hour depending on temperature (Yamamoto and 

Yamagami, 1975). Moreover, an increase in respiratory activity caused by stress, low O2 

concentration, or warm temperatures for example, has been shown to stimulate hatching 

(Yamagami, 1970; Trifonova, 1937; Hagenmaier, 1972). Therefore, it is likely that the 

hatching-competence of embryos in my study was enhanced by a warmer rearing 

temperature and exposure to acute hypoxia initiated the hatching process, which was 

more successful in older embryos (36 hpf versus 24 hpf at 32ºC).   

Prior rearing at a warmer temperature or exposure to acute hypoxia does not increase 

hypoxia tolerance or survival in four day-old larvae 

In the current study, the Pcrit of four day-old larvae previously reared at a warmer 

temperature for 48 h and/or exposed to acute hypoxia were not significantly different 

between any treatment groups. These results refute our third prediction that stimulation of 

the HIF-1 cascade in early development would proportionally increase larval hypoxia 

tolerance at 96 hpf. Previously, Robertson et al. (2014) showed that four day-old 

zebrafish larvae had enhanced hypoxia tolerance if they had been previously exposed to 

acute hypoxia as embryos (36 hpf). Furthermore, heat shock preconditioning (37ºC for 90 
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min) of 34 hpf zebrafish embryos protected against the lethal effects of hypoxia (100 min 

at 48 hpf) and re-oxygenation (reperfusion; 24 h) and significantly prevented cell death in 

the eye and brain of embryos (Tucker et al., 2011). Differences in the genetic background 

of the adults used for breeding may be responsible for the discrepancies between studies 

(Burggren, 2014). For example, the hypoxia tolerance of zebrafish larvae whose parents 

were exposed to hypoxia for 2-4 weeks was significantly increased by ~24-30% and 

these differences were attributed to the epigenetic contributions of the parents to their 

offspring (Ho and Burggren, 2012). Furthermore, research has shown that the effects of 

preconditioning leading to cross-tolerance may be linked to the developmental 

progression of the organism. For instance, the effects of swim training on the capillarity, 

vascularization index (intersegmental vessel complexity and dorsal and ventral caudal 

vein thickness) and hematocrit of zebrafish were not apparent when fish were trained 

between 9 and 15 days post fertilization (dpf) but became apparent when they were 

trained between 21 and 32 dpf compared to control larvae (Pelster et al., 2003). Similarly, 

in ‘genetically-hypoxic’ zebrafish larvae that lack the von Hippel-Lindau suppressor 

protein (vhl-/- mutants), the vascularization index was significantly different between 5 

and 8 dpf relative to wild-type zebrafish, but not earlier (Yaqoob and Schwerte, 2010). 

Therefore, during the earliest stages of development (e.g., 24 hpf), a greater reliance on 

halting development and reducing overall metabolic demands through the up-regulation 

of igfbp-1, as seen in this study, may be a key strategy for early embryos developing in 

warmer temperatures when hypoxia/anoxia tolerance is still high (Roberston et al., 2014). 

Later in development (36 hpf), hypoxia and warming enhanced vegf expression but not at 
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24 hpf and at neither timepoint was epo induced. Thus, the full HIF-1 response leading to 

physiological changes may not be inducible until later in development.  

The hypoxia- and heat-responsive cellular pathways recruited during acute 

hypoxia and warm temperature exposures in this study did not compensate for the 

detrimental effects of subsequent hypoxic challenges. Warm embryos that were pre-

exposed to hypoxia at 36 hpf, mounted a HIF-1 and heat-shock response, but this did not 

translate to greater survival when re-exposed for four hours of hypoxia at 96 hpf 

compared to control embryos. Warm embryos were at 32ºC for the first 48 h post-

fertilization, which is half of the total time prior to the survival trial conducted at 96 hpf. 

Mammalian studies have shown that the up-regulation of HSP70 and HSP90 in response 

to warming correlates with the acquired thermal tolerance of the organism (Horowitz et 

al., 1985). Furthermore, when cell cultures were subjected to a sub-lethal stress (43ºC for 

30 min), elevated levels of HSP70, HSP90 and HSP60 were associated with increased 

survival at 24 h against a subsequent lethal heat stress (47ºC for 2 h). Cells also had 

higher survival when they were transfected with a plasmid containing human HSP-70 and 

HSP-90 (Heads et al., 1995). It is possible that zebrafish larvae lost their cytoprotective 

memory when returned to 27ºC for 48 h and were unprotected against re-exposure to 

hypoxia (Horowitz, 2014). Furthermore, Ton et al. (2003) studied the gene expression 

changes of 24 hpf zebrafish embryos exposed to 5% DO for 24 h and found that, in 

general, hypoxia exposure during this period primarily shut down growth and protein 

synthesis and stimulated anaerobic metabolism. Therefore, warm embryos that were pre-

exposed to hypoxia at 24 hpf may have had increased capabilities of shutting down 

protein sysnthesis thereby preventing future cytoprotective effects. Recent results from 
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microarray analysis studies also show that capacity for pre-acclimation to increase 

hypoxia tolerance is greater in older zebrafish larvae (Long et al., 2015). Overall, it 

appears that the strategy to survive environmental stressors changes during early 

development.  

It is well known that the metabolic rates of ectotherms increase with warmer 

temperatures, including zebrafish embryos and larvae (Barrionuevo and Burggren, 1999). 

In contrast, adverse conditions, such as hypoxia, can lead to developmental delays due to 

reduced metabolic rates (Kajimura et al., 2005). Among larvae that were previously 

exposed to normoxia, the RMR of larvae that were reared at 32ºC, and exposed at 24 hpf, 

was the highest. These larvae also had significantly greater survival than their hypoxia-

exposed counterparts. Furthermore, larvae that were previously reared at 32ºC and 

exposed to hypoxia at 36 hpf had significantly lower RMR than hypoxia-exposed larvae 

reared at 27ºC since fertilization. During re-oxygenation after hypoxia, many organisms 

are known to show compensatory growth (Ozanne and Hales, 2004; Fielenbach and 

Antebi, 2008). The downstream effects of insulin growth factor-1 (IGF-1) signalling are 

essential for this ‘catch-up’ phenomenon (Kamei et al., 2010). The treatment groups with 

the greatest igfbp-1 mRNA abundance could have expressed elevated IGFBP-1 protein 

levels, impeding the ‘catch up’ process and leading to decreased RMR. However, further 

studies are necessary to determine the relationship between growth rate and metabolic 

rate throughout various lifestages.  
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Perspectives and future directions 

The results from multi-stressor studies are difficult to interpret, however these 

types of studies are necessary due to the common synergistic and antagonistic effects of 

combined stressors in a warming world (Crain et al., 2008). My study focused 

specifically on the effect of rearing temperature and acute hypoxia on a subset of HIF-1 

targets, as well as heat-shock proteins, during the development of zebrafish embryos. 

Many more pathways are affected by changes in oxygen levels and temperature. For 

example, Ton et al. (2003) identified 143 differentially expressed genes in response to 24 

h of hypoxia in zebrafish embryos. The majority of the genes were supressed due to 

hypoxia and were associated with contractile, structural and metabolic processes. On the 

other hand, a total of 2,680 genes were regulated by temperature when zebrafish embryos 

were exposed to either 16ºC or 34ºC for periods of 2 or 48 h beginning at 96 hpf (Long et 

al., 2012). It would be essential to quantify a larger array of HIF-1α and HSF-1 activated 

or repressed genes, as well as their associated changes in protein levels, to gain a greater 

perspective of the potential cross-tolerance to combined stressors. Furthermore, 

determining whether changes in gene and protein expression lead to physiological 

changes at the whole organism level in early embryos would be key to determine whether 

early environments increase short-term hypoxia tolerance in zebrafish. Quantifying 

growth rates, hematocrit and vascularization before and after the hypoxia trials, as well as 

throughout the warming period, could elucidate when and how embryos become 

responsive to hypoxia.  

Another possible research avenue would be to investigate the link between the 

cellular HIF-1 response and the incidence of precocious hatching. Studies show that 
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hatching in response to low environmental oxygen depends on the severity and duration 

of the exposure. Wilson et al. (2016) report that rearing in ~25% DO from fertilization 

significantly delays the overall hatching rate by 50% between 48 and 120 hpf in zebrafish 

embryos. Similarly, goby embryos that were incubated at 35% DO from fertilization 

hatched one day later than controls (Jones and Reynolds, 1998). Interestingly, a hypoxia-

induced HIF-1 response is only observable when O2-levels drop below a certain threshold 

(<20% DO; Jewell et al., 2001), which could be linked with precocious hatching as 

observed in this study. Allelic isoenzymes of lactate dehydrogenase (LDH), a HIF-1 

target, have previously been linked to differences in hatching rates (DiMichele and 

Powers, 1984) and could be a candidate for future research into hypoxia-induced 

precocious hatching. 

Finally, in order to determine whether stimulation of the HIF-1 pathway in 

response to warmer rearing temperature is due to a direct temperature effect or from an 

indirect hypoxia effect, future work could focus on dechorionating embryos to remove 

any boundary layers of hypoxic water. The O2 concentration surrounding an encapsulated 

embryo decreases owing to the O2 consumption of the organism thereby creating a 

significant O2 gradient (Pinder and Feder, 1990). This boundary layer is significantly 

affected by the O2 supply from the environment, as well as the O2 demand (Ciuhandu et 

al., 2007; Miller et al., 2008). Warmer temperatures, which are known to increase 

metabolic rates could be causing indirect hypoxia within the chorion and exacerbate the 

boundary layer. Therefore, by dechorionating embryos, each stressor could be studied in 

isolation. 
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Conclusions 

My findings suggest that in the face of climate change, teleost embryos may 

respond to warming by hatching precociously as well as having greater expression of 

cytoprotective genes, such as hif-1α and hsp-70. Prior rearing at a warmer temperature 

and exposure to acute hypoxia had no effect on the hypoxia tolerance of four day-old 

larvae providing no support for the hypothesis of cross-tolerance between temperature 

and hypoxia in embryonic zebrafish. The up-regulation of cytoprotective genes in 

embryos pre-exposed to hypoxia at 36 hpf was sufficient to counter any potential cellular 

and metabolic disturbances associated with a detrimental re-exposure to hypoxia at 96 

hpf, but not when warm embryos were pre-exposed at 24 hpf leading to decreased 

survival. Therefore, strategies for tolerating poor environmental conditions likely change 

drastically during early development and hypoxia tolerance presumably is linked to the 

magnitude of the challenge and the ability of the cellular response to counter it. 
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Supplementary Materials 
 

 
 
Figure 1  Graphic representation of the heat-trunk angle (HTA; A) and otic 
vesicle length (OVL; B) of embryonic zebrafish. The HTA is the angle formed by lines 
traced from the centre of the eye and otic vesicle and from the centre of the otic vesicle 
and notochord parallel to the mid-trunk region. The HTA increases with development as 
the embryo straightens during the first few days of development. The OVL is the number 
of additional otic vesicles (OV) that can fit between the eye and otic vesicle. The OVL 
decreases from 5 to <5 with development. 
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Table 1  Functions (and their derivatives) fit to relationships between partial 
pressure of oxygen (Pcrit) and oxygen consumption (VO2), where a, b and c are 
constants to be estimated. 
 
 

Function Derivative Critical oxygen 
partial pressure 

Michaelis-
Menton 

𝑉!! =   
𝑎𝑃!!
𝑏 + 𝑃!!

 
𝑑𝑉!!
𝑑𝑃!!

=
𝑎𝑏

𝑃!! + 𝑏
! 𝑃!"#$ =

𝑎𝑏
𝑚
− 𝑏 

Power 𝑉!! = 𝑎𝑃!!
!  

𝑑𝑉!!
𝑑𝑃!!

= 𝑎𝑏𝑃!!
!!! 𝑃!"#$ =

𝑚
𝑎𝑏

!
!!! 

Hyperbola 𝑉!! =
𝑎𝑃!!
𝑏 + 𝑃!!

+ 𝑐 
𝑑𝑉!!
𝑑𝑃!!

= 𝑎𝑏𝑃!!
!!! 𝑃!"#$ =

𝑎𝑏
𝑚
− 𝑏 

Weibull 𝑉!! = 𝑎 1 − 𝑒!
!!!
!

!

 
𝑑𝑉!!
𝑑𝑃!!

= 𝑎
𝑐
𝑏

𝑃!!
𝑏

!!!

𝑒!
!!!
!

!

 See note 

Weibull with 
intercept 𝑉!! = 𝑎 1 − 𝑒!

!!!
!

!

+ 𝑑 
𝑑𝑉!!
𝑑𝑃!!

= 𝑎
𝑐
𝑏

𝑃!!
𝑏

!!!

𝑒!
!!!
!

!

 See note 

Note: Because there is no unique Pcrit for any given value of m in the Weibull functions, Pcrit is estimated 
numerically for these functions by finding the value of PO2 closest to the highest value in the data set where 
the calculated derivative is equal to m. Adapted from Marshall et al. 2013. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


