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Thesis abstract 

Exposure of marine life to low oxygen is accelerating worldwide as a consequence of climate 

change and localized pollution. Global coral populations have been in significant decline now since 

the 1950s, experiencing widespread fatal bleaching episodes (i.e., loss of their symbiotic algae). 

However, only recently have such events been proposed to be directly associated with an 

inadequate oxygen supply (hypoxia).  

I first examined the mechanistic basis for coral hypoxia stress response systems between two 

common reef-building Acropora species reported to have differential bleaching thresholds to heat 

stress in the field. As expected, only the less stress-tolerant species bleached under night-time 

deoxygenated conditions, corresponding to contrasting gene expression profiles indicative of 

varied effectiveness of their hypoxia-inducible factor (HIF) hypoxia response system (HRS).  

I next considered how the responses observed for adult corals applied to coral larvae, where the 

latter exhibit very different physiologies related to their predominant free-living planktonic 

(without photosynthetic algae symbionts) versus benthic stages. Despite exhibiting a consistent 

swimming phenotype compared to control samples, coral planulae demonstrated similar HIF-HRS 

expression to the adult and differential gene expression that reflected a disruption of pathways 

involved in developmental regulation, mitochondrial activity, lipid metabolism, and O2-sensitive 

epigenetic regulators.  

I then incorporated deoxygenated seawater into short-term heat assays and demonstrated that 

deoxygenation can lower the thermal limit of an Acropora coral species by as much as 0.4 oC and 

1oC based on the maximum photosystem II (PSII) photosynthetic efficiency and bleaching index 

score, respectively. I showed that even heating alone activates putative genes key to the HIF-HRS, 

which may suggest that a hypoxic state is reached in the coral tissue under heat stress, possibly as 

a result of an O2-intensive stress response.  
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Hypoxia stress associated genes I identified from model Acropora corals were then considered 

against genomic gene sets of a wider range of coral species based on the notion that a variation in 

gene copy number can result in differential gene expression with subsequent differences in the 

effectiveness of any given stress response. Therefore, I used an ortholog-based meta-analysis to 

investigate how the hypoxia gene set inventory differed amongst 24 coral species. Interestingly, 

the highest gene copy number was consistently presented by Porites lutea, which is considered to 

exhibit inherently greater stress tolerance to bleaching. As such, the unevenly expanded (or 

reduced) hypoxia genes presented here provide key genes of interest to target in examining (or 

diagnosing) coral stress thresholds. 
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1) Chapter 1. General Introduction 

1.1 Significance  

Coral reefs occupy only 0.1% of the Earth’s ocean floor yet support at least 25% of all marine 

species (Plaisance et al., 2011) and represent a global economic asset of more than $40Bn AUD 

per year through coastal protection, fisheries, and tourism (Cesar et al., 2003; Burke et al., 2011; 

Ferrario et al., 2014). Coral have evolved to live in a relatively narrow range of environmental 

conditions and thus a slight shift to suboptimum can drastically threaten coral survival  allowing 

them to act as a model organism in identifying initial changes in the environment (Kleypas et al., 

1999). Unfortunately, coral and their associated reef biota have already been in significant decline 

since the 1950s with reefs worldwide having lost an estimated 50% of living coral coverage (Eddy 

et al., 2021). Such large declines in coral have been driven by a combination of climate change, 

coastal pollution and overfishing (Hughes et al., 2003; Descombes et al., 2015; Good and Bahr, 

2021; Zhao et al., 2021). These stressors can result in the breakdown the coral-dinoflagellate 

symbiosis whereby coral lose their pigmented symbionts – a phenomenon known as coral bleaching 

– which eventually leads to mortality of the coral host (Glynn, 1984). Based on current climate 

trajectories and without active interventions to enhance the adaptive and restorative capacity of 

corals, up to 90% of total coral cover is projected to be lost by 2050 (Hughes et al., 2018; Voolstra 

et al., 2021a). For such interventions to be effective a better understanding is needed of the global 

and local environmental factors that are the most critical to the survival of the coral meta-organism, 

as such a stressor could be harnessed in selecting, strengthening, and protecting current and future 

coral. 

1.2. Suffocating Reefs 

Oxygen serves as the universal agent for fuelling metazoan life on earth (Falkowski et al., 2008). 

However, the ongoing anthropogenic global warming and eutrophication are synergistically 

lowering the oxygen (O2) availability in coastal and open ocean waters (Jackson, 2008; Keeling et 

al., 2010; Schmidtko et al., 2017; Breitburg et al., 2018). Fundamentally, the heating of ocean 
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surface waters has reduced oxygen solubility and intensified stratification of the water column (and 

the oxygen it holds; Limburg et al., 2017). The subsequent ocean deoxygenation has been 

exacerbated by coastal nutrient-loading increasing biological oxygen demand and inducing more 

frequent and wide-spread hypoxia events (Chislock, M. F., Doster, E., Zitomer, R. A. & Wilson, 

2013; Nelson and Altieri, 2019). However, only recently has the inadequate oxygen supply 

(hypoxia) within coral reef systems been reported as a key regulator of mass coral mortality (Altieri 

et al., 2017; Nelson and Altieri, 2019; Hughes et al., 2020; de Verneil et al., 2021), see Figure 1.1 

for global map of such hypoxic zones. Until now, climate change-associated coral research has 

been focussed on the interactive impact of ocean acidification and warming on reef-building corals 

and associated reef organisms (Ban et al., 2014). Global models indicate a 1.5oC increase to be 

accompanied by decreases of 0.2 pH units and 4% of dissolved oxygen concentration, which has 

not been experienced for the last 20 million years (Mora et al., 2013). These models accentuate 

how the survival prospects and management of coral reefs cannot be fully understood without an 

understanding of the changing dynamics of oxygen on reefs. 

 

Figure 1.1. Map of regions with low oxygen concentrations. 

Documented ‘dead zones’ (red points) and recently identified regions with hypoxia implicated coral 

reef mortality (yellow points). Blue gradient indicates oxygen concentrations that have been 

recorded. Map from Altieri et al., 2017. 
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Sedentary benthic organisms such as corals are particularly prone to periods of low dissolved O2 

availability (Kühl et al., 1995; Wild et al., 2010), making them potentially key models to understand 

hypoxia tolerance. Shallow water coastal corals are already subject to routine periods of extreme 

low dissolved O2 (Kühl et al., 1995; Camp et al., 2017), yet we have no knowledge of how reef- 

building corals can tolerate increasingly reduced dissolved O2 that accompanies these stressors. 

Daily metabolic transition from photosynthesis (driven by the corals’ algal symbionts) to 

respiration (driven by the coral host) results in night-time dissolved O2 concentrations as low as 

2% that of air saturation, imposing routine hypoxia (Kühl et al., 1995; DeSalvo et al., 2012; Ruiz-

Jones and Palumbi, 2015), which in turn limits metabolic energy production and calcification 

(Wijgerde et al., 2014). However, whether this apparent capacity for corals to tolerate transiently 

low dissolved O2 becomes compromised under different environmental scenarios, as seen in reef 

fish (Nilsson et al., 2010), is unexplored. Fundamentally, the process by which hypoxia operates, 

and importantly the signals and pathways associated with acclimatisation to low dissolved O2 are 

unknown for corals. Moreover, coral microbes (algal endosymbionts and bacterial communities) 

are key producers of volatile reactive O2 (Diaz et al., 2016) and reactive nitrogen (Hawkins et al., 

2014) that influence key regulatory responses to hypoxia (Figure 1.2). This would suggest 

microbial consortia could inherently underpin the complex physiological network that determines 

corals’ hypoxia sensitivity. 
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Figure 1.2. Potential molecular mechanisms for hypoxia regulation in coral. 

 a) Under prolonged hypoxia, mitochondrial reactive O2 species (ROS) and nitric oxide (NO) 

increases. Both, low dissolved O2 and high levels of ROS and NO inhibits the activity of prolyl 

hydroxylase domain enzymes (PHDs) and asparaginyl factor inhibiting hydroxylase (FIH) on 

HIFα. The stabilised HIFα, translocates to the nucleus to dimerize with HIF β. The HIF heterodimer 

recruits transcriptional co-activator p300/CBP (CREB-binding protein), and target gene promoter 

regions known as hypoxia-responsive elements (HREs). This complex initiates the transcription of 

HIF target genes involved in erythropoiesis (EPO), angiogenesis (VEGF), mitophagy (BNIP3), and 

energy metabolism (PGK-1). Selective targeting of mitochondria for degradation (mitophagy) is a 

key HIF target response whereby detrimental mitochondria ROS production can be mitigated. In 

mammals, the most characterised mitophagy pathway is mediated by PTEN-induced putative 
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kinase 1 (PINK1) and E3 ligase Parkin. PINK1 binds to depolarised mitochondrial membranes, 

recruiting Parkin. The mitochondria become a target for degradation via phagophore engulfment 

as Parkin promotes ubiquitination and interacts with adaptor molecules BNIP3 and NIX. (b) 

Phylogenetic analysis of the key HIF system genes across the reef-related metazoans studied so far. 

Black and white boxes represent presence and absence of gene, respectively. The key HIF system 

genes consist of HIFα and PHD isoforms, von Hippel–Lindau (VHL) and FIH. The non-vertebrate 

and vertebrate species studied; Tethya wilhelma (TETWI), Nematostella vectensis (NEMVE), 

Stylophora pistillata (STYPI), Strongylocentrotus purpuratus (STRPU), Branchiostoma floridae 

(BRAFL), Tetraodon nigroviridis (TETNI), and Homo sapiens (HOMSA). c. Schematic of location 

of coral holobiont microorganisms in tissue layers and their associated ROS contributions. 

1.3 Detecting and responding to hypoxia at the molecular level 

Metazoans require dynamic aerobic performance, where they continually experience changes of 

endogenous and exogenous O2 concentrations (Acker et al., 2006). Provision of sufficient O2 to 

tissues presents a major homeostatic challenge, since O2 deficiency, even when transient and 

localized, can result in irreparable cellular damage (López-barneo et al., 2015); while excessive 

aerobic activity ultimately yields detrimentally high levels of reactive O2 species (ROS) that 

degrade the integrity of essential cellular lipids, proteins, and nucleic acids (Lesser, 2006). 

Avoiding deficient and excessive O2 is therefore fundamental for redox homeostasis in cells and is 

achieved through constant and effective sensing of O2 concentrations and the balance between 

oxidants and antioxidants (Taabazuing et al., 2014).  

Response to acute hypoxia exposure relies on the deactivation of membrane ion channels by ROS 

signals, to modify existing proteins that promptly shift aerobic to anaerobic metabolic pathways 

(Viollet et al., 2009; Solaini et al., 2010). More prolonged hypoxia exposure ultimately leads to 

transcriptional-level responses and synthesis of new proteins under the control of “Hypoxia- 

inducible factor” (HIF;Figure 1.2) but can also be achieved via ROS activation (Mansfield et al., 

2005; Kaelin and Ratcliffe, 2008; Loenarz et al., 2011; Chandel and Schumacker, 2017). 
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Conservation of Hypoxia-inducible factor (HIF), Prolyl hydroxylase domain enzymes (PHDs) and 

von Hippel-Lindau (VHL) as a triad of O2-sensitive genes has radiated from the simplest animals 

like Trichoplax adhaerens to Homo sapiens suggesting a key role for adaptation to changing O2 

levels in the early Cambrian period (Figure 1; Srivastava et al., 2008; Loenarz et al., 2011). 

Isoforms of HIFα/β and PHDs are present in complex metazoans and can vary in distribution, 

function, and expression (Rytkönen et al., 2011; Kumar and Choi, 2015). In fact, the interplay of 

isoforms HIF-1α, HIF-2α, and HIF-3α likely enables more sophisticated hypoxia sensing and 

regulatory systems when operated under circadian control and during embryogenesis in complex 

metazoans (Pelster and Egg, 2018). For example, this finely tuned regulatory system has been 

shown to provide trans-generational enhanced hypoxia tolerance to offspring through an acutely 

upregulated HIF-1 pathway (Robertson et al., 2014). However, whether the hypoxia regulation 

network in early metazoans such as coral conforms to, or diversifies from, that described for other 

metazoans (Figure 1.2), remains unresolved by current studies (Zoccola et al., 2017). 

1.4 Evolutionary implications for O2 sensing in coral 

Ecological landscapes of coral reefs potentially challenge how the general models describing 

biological regulatory processes to changing O2 availability have evolved amongst biotas. More 

evolutionary advanced metazoans such as reef fish are highly mobile, and hence capable of moving 

to more favourable O2 environments (Wu, 2002). However, reef-building corals that form the reef 

substrate are subjected to more variable O2 conditions given their proximity to benthic substrates 

and the most depleted O2 environments (Ferguson et al., 2013). Deep water azooxanthellate coral 

thrive within low O2 waters of the Red Sea by employing mitochondrial hypo-metabolism and 

anaerobic glycolysis (Yum et al., 2017). Consequently, it is plausible to expect that most of the reef 

building corals living within shallow water tropical reefs also have evolved finely tuned metabolic 

networks for O2 sensing and hypoxia regulation. 
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Earliest metazoans (Porifera and Ctenophora) appear to differ from the common metazoan hypoxia 

regulation by responding to low O2 via interactions between O2-dependent enzymes and sulphides 

(Rytkönen et al., 2011; Mills et al., 2018). In doing so, Porifera can sustain their aerobic metabolism 

under extremely low O2 levels (~0.02 – 0.13 mg L-1; Mills et al., 2018). Reef-building corals 

(Cnidaria) are evolutionary close to these earliest metazoans, but whether they lay on the boundary 

of a functional HIF system of advanced metazoans versus the simpler sensing system of Porifera 

and Ctenophora is unknown. Many invertebrates appear to have only single genes of HIF and HIF-

precursors, with a few exceptions within the Cnidaria such as the benthic anemone Nematostella 

vectensis (Loenarz et al., 2011). Existence of HIFα has been proposed for several reef-building 

corals through mining transcriptomes of Acropora millepora (Levy et al., 2011), Acropora palmata 

(DeSalvo et al., 2012) and Acropora hyacinthus (Ruiz-Jones and Palumbi, 2015) under darkness. 

HIF was also recently identified from genomic sequences of Stylophora pistillata (Zoccola et al., 

2017). Whilst identification of the exact HIF isoform for S. pistillata remains unresolved, the HIFα 

has been proposed to be similar to both human HIFα-1 and -3 (Zoccola et al., 2017), which both 

operate differently in the HIF system (Kumar and Choi, 2015; Pelster and Egg, 2018). 

Importantly, HIF expression in A. hyacinthus appears upregulated during the day suggesting that 

HIF has important physiological roles in addition to acting as the master regulator of the cellular 

hypoxic response in corals (Ruiz-Jones and Palumbi, 2015). Such day-time expression, when corals 

are most photosynthetically active and hence at least risk from hypoxia, presumably reflects that 

photosynthetic O2 evolution by the micro-algal endosymbionts (Symbiodiniaceae) can be 

accompanied by production and release of HIF signalling ROS molecules (notably H2O2; Suggett 

et al., 2008), and Reactive Nitrogen Species (RNS) (notably NO; Hawkins and Davy, 2012). 

Elevated H2O2 and NO production by Symbiodiniaceae under heat stress has been proposed as the 

key endogenous triggers of mass coral bleaching (Suggett et al., 2008; Hawkins and Davy, 2012). 

Consequently, the HIF system may ultimately act as a primary cellular point of physiological 

destabilisation that leads to coral bleaching (DeSalvo et al., 2012) and can perhaps explain why 
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coral bleaching accompanies (or is exacerbated by) hypoxia events in nature (Altieri et al., 2017; 

Baird et al., 2017). This poses a major concern for the world’s coral reefs, where sensitivity to heat 

wave-induced bleaching and mortality may be further amplified as ocean deoxygenation pushes 

corals closer to their hypoxia thresholds (Altieri et al., 2017). Resolving whether corals operate 

with a structurally and functionally similar HIF system to more evolved metazoans or exhibit 

alternative regulation pathways for low O2 is a major step for a mechanistic understanding of the 

susceptibility of coral taxa to different stressors. How such pathways have been shaped may reflect 

corals’ particular reliance on both Symbiodiniaceae and bacterial associates for metabolic 

optimisation, including key roles in regulating ROS-based signalling (Suggett et al., 2017). 

1.5 Informing coral management using biomarkers: from genotypic to 
phenotypic 

Many of the current endpoints used to assess “coral health” rely on measurements that quantify 

phenotypic changes (Morgan et al., 2001). Unfortunately, detection of such phenotypic responses 

often requires measurements made on time scales of weeks, months, or years, when irreversible 

damage has usually already occurred (Hodgson, 1999; Wooldridge, 2014). Such methods of coral 

assessment also lack insight regarding the nature of the stressor or the mechanisms underlying the 

response (Downs et al., 2005). Survival of scattered reef-building coral colonies from recent mass 

bleaching events (e.g. Hughes et al., 2018) suggests that some coral species (populations) may 

possess innate physiological tolerance to environmental stress and could represent populations 

equipped to persist in the future ocean conditions (Marshall and Baird, 2000; West and Salm, 2003; 

Carilli et al., 2010; Guest et al., 2012; Bachtiar and Hadi, 2019). Identifying these 

species/populations presents an important step towards targeted management of more stress 

tolerant reefs (e.g. Anthony et al., 2017), but is not possible through phenotypic measurements 

alone.  

As molecular tools are emerging and advancing in the marine field, there has been a focal shift 

from phenotypic to genotypic measures of “coral health” assessment based on the key genetic 
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regulatory switches (Downs et al., 2005; Darling et al., 2017). In particular, transcriptomic analyses 

have increasingly been considered as a standard metric for quantifying organism stress in situ where 

the messenger ribonucleic acid (mRNA) can act as the proximate interpreter between the stressor 

and the physiological response (Evans and Hofmann, 2012) and so provide stress-specific 

biomarkers (e.g. corals, Kenkel et al., 2014). Expression at mRNA level offers advantages not 

associated with other biomarkers. For example, changes in gene transcription (i.e., up- or 

downregulation) represent the initial step in a stress response (Rosic et al., 2014), but disappear 

rapidly on removal of the stressor. In reef management, the capacity for mRNA expressions to 

detect sub-lethal stress prior to the onset of signs at the organismal level that might already indicate 

significant damage could make them much more precise and proactive compared to traditional 

monitoring techniques (Louis et al., 2017). However, before a gene expression can be applied as a 

universal biomarker, we must understand its limitations, particularly with respect to environmental 

sensitivity and how expression patterns relate to the physiological and ecological consequences of 

stress tolerance (Kenkel et al., 2014). Furthermore, knowing whether the nature of the expression 

is ‘all or nothing’ or a ‘tiered response’ will determine how effective the biomarker will be as a 

direct quantitative means in establishing thresholds for physiological functions (Evans and 

Hofmann, 2012). 

Understanding how coral regulate their biochemical processes via mRNA expression levels 

can help to reveal exactly how select coral are able to tolerate particular stresses better than 

others. From these types of analyses, we already know that the resilient coral responds to heat 

stress via finely tuned regulation of the expression level of genes involved in several molecular 

pathways (Brown et al., 2002; Weis, 2008; Bellantuono et al., 2012; Palumbi et al., 2014; Louis 

et al., 2017). To achieve such gene expression regulation, two temporally distinct molecular 

patterns have been reported and coined as ‘transcriptional-plasticity and ‘frontloading’. 

Extensive changes in gene expression level (‘plasticity’) occur according to the present change 

in the environmental condition whereas an elevation of the baseline expression of stress related 
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genes (‘frontloading’) can precondition the coral to recurring stresses (Barshis et al., 2013; 

Palumbi et al., 2014; Mayfield et al., 2016a; Hughes et al., 2017). In other words, for both of 

these gene expression strategies a greater gene copy number generally translates into a greater 

expression of the gene as demonstrated for fluorescent proteins so far in coral (Tang and Amon, 

2013; Gittins et al., 2015). Despite being generally discussed as mutually exclusive patterns, 

frontloading and gene expression plasticity most likely co-occur when a coral responds to a 

stress event as the regulation strategy of genes will greatly depend on the molecular pathways 

in which they are involved in and the energetic, physiological, and ultimately fitness cost 

associated with the gene expression (Dixon et al., 2015; Kenkel and Matz, 2016). Such gene 

expression regulation strategies are of particular interest in unlocking how corals cope with 

deoxygenation given the potential for corals to be preconditioned to routine night-time hypoxia 

stress. Furthermore, given that hypoxia sensitivity may be related to thermal-bleaching 

sensitivity as a result of shared metabolic pathways, those corals most tolerant of enhanced 

hypoxia stress may possess similar gene expression regulation patterns as those most tolerant 

to thermal stress. Elevation of constitutive gene expression levels in the resilient corals could 

reflect local adaptation (genetically fixed) or rather an acclimation process via epigenetic 

mechanisms driven by the local microenvironments created by their uniquely hosted microbial 

communities (Oliver and Palumbi, 2011; Palumbi et al., 2014; Webster and Reusch, 2017). 

Capitalising on gene expression biomarkers will enable for much-needed global, rapid assessment 

of physiological conditions in situ, providing valuable and feasible interventions for facilitating 

more targeted reef management and supporting the adaptive and recovery capacity of corals under 

the synergistic impacts of climate change – ocean warming, acidification and deoxygenation.  

1.6 Thesis Aims & Hypotheses 

How hypoxia plays a role in shaping the healthy functioning of corals, and the O2 thresholds that 

may limit corals to exist under future lower O2 reef conditions remain unknown. Fundamentally, 
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understanding the process by which hypoxia operates, and importantly the genes and pathways 

associated with acclimatisation to low dissolved O2 for corals is therefore key to support more 

accurate prediction of whether and which coral will survive in the increasingly “suffocating” ocean 

conditions. On a whole, the importance of ocean deoxygenation as an imminent threat to marine 

ecosystems and the services they provide has been flagged at the Paris Agreement (Gallo et al., 

2017) and since emerged as a key concern listed by Intergovernmental Panel on Climate Change 

(Pörtner et al., 2019), plus one of the top issues of priority for global biodiversity conservation of 

2021 (Sutherland et al., 2021). Therefore, the overall aim of this thesis is to combine physiological 

and transcriptomic analyses to (i) identify the key regulatory mechanisms in coral metabolism 

during deoxygenated conditions; and (ii) reveal potential biomarkers for coral low O2 tolerance 

which will facilitate screening of coral taxa and the identification of corals most likely to survive 

under future ocean conditions.  

Data chapters are as follows and systematically deliver my specific aims and hypothesis testing: 

Aim 1 & 2 (Chapter 2): To determine whether different coral species exhibit different hypoxia 

thresholds and if they possess a complete hypoxia-inducible factor (HIF)-mediated hypoxia 

response system. As corals are already known to exhibit intra-tissue hypoxia during the night 

hours, I subjected two Acropora species to deoxygenation stress (~2mg L-1, O2 levels termed as 

hypoxic in marine organisms) over a 12 h night-time phase to challenge their inherent hypoxia 

thresholds and sampled for RNASeq analysis. In doing so, I tested the following hypotheses: 

i. Hypoxia thresholds differ amongst coral species. 

ii. Corals possess a complete hypoxia-inducible factor (HIF)-mediated hypoxia response 

system similar to other metazoans. 

Aim 3 (Chapter 3): To determine whether different coral life stages express different 

transcriptional responses to deoxygenated conditions. As coral larvae are predominantly free-

living planktonic stages rather than benthic and are not yet in symbiosis with photosynthesising 
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algae like their corresponding adult forms, their intra-cellular O2 dynamics may differ. Therefore, 

I subjected planula larvae of same Acropora species as the adult forms to similar night-time 

deoxygenation stress. In doing so, I tested the following hypothesis: 

iii. Hypoxia thresholds are greater in the coral larvae (without algal symbionts) compared to 

their corresponding adult stage (established coral meta-organism) and therefore will not 

demonstrate the same transcriptional hypoxia stress response as adults. 

Aim 4 & 5 (Chapter 4): To assess how coral transcriptionally respond to combined 

deoxygenation and heating versus heating alone and to determine the extent at which 

deoxygenation stress impacts coral thermal thresholds. As a reduced ambient O2 supply will 

likely enhance a coral’s heat stress response it remains uncertain to what extent given the inherent 

deoxygenation already associated with heating seawater and how the photosynthesising algal 

symbionts could provide an O2 buffer against intra-tissue hypoxia. Therefore, I subjected an 

Acropora species to an acute heat assay with a 6 h deoxygenation or normoxia (control) phase 

during daylight hours. Samples were taken for RNASeq and bleaching indicators of maximum 

photosynthetic efficiency (of photosystem II) and bleaching index colour score. In doing so, I tested 

the following hypotheses: 

i. Corals exhibit similar gene regulation under combined deoxygenation and heating versus 

heating alone. 

ii. Deoxygenation reduces the heat-induced bleaching threshold of coral. 

Aim 6 (Chapter 5): To assess whether the copy number of hypoxia stress-associated genes 

differs between different coral species of varying stress tolerance. As a higher copy number can 

translate into a greater, more rapid expression of the gene in response to stress, I performed an 

ortholog-based comparative analysis with 24 different coral genomic gene sets to determine 

whether copy number variation exists in their hypoxia stress-associated gene inventories and 
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whether such variation aligns to the evolutionarily distinct Robust-Complex split or to certain 

species. In doing so, I tested the following hypothesis: 

iii. Key hypoxia-associated genes have a higher gene copy number in coral species ascribed as 

more stress-tolerant and can be used as a biomarker for stress tolerance. 
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2.1 Abstract 

Exposure of marine life to low oxygen is accelerating worldwide via climate change and localised 

pollution. Mass coral bleaching and mortality have recently occurred where reefs have experienced 

chronic low oxygen events. However, the mechanistic basis of tolerance to oxygen levels 

inadequate to sustain normal functioning (hypoxia), and whether it contributes to bleaching 

susceptibility, remains unknown. We therefore experimentally exposed colonies of Acropora 

tenuis, a common reef-building coral from the Great Barrier Reef, to deoxygenation-reoxygenation 

stress that was aligned to their natural night-day light cycle. Specifically, the treatment involved 

removing the “night-time O2 buffer” to challenge the inherent hypoxia thresholds. Transcriptomic 

RNA-seq analysis revealed that coral possess a complete and active Hypoxia-Inducible Factor 

(HIF)–mediated Hypoxia Response System (HRS) functionally similar to other metazoans. As 

expected, A. tenuis exhibited bleaching resistance and expressed a strong inducibility of HIF-target 

genes in response to deoxygenation stress. We applied this same approach in parallel to a colony 

of Acropora selago, which conversely exhibited a bleaching phenotype response. This phenotypic 

divergence of A. selago was accompanied by contrasting gene expression profiles indicative of 

varied effectiveness of their HIF-HRS. Based on our RNA-Seq data analysis, we 1) propose that 

the HIF-HRS is central for corals to manage deoxygenation stress and, 2) identify key genes of this 

system (and the wider gene network) that likely drive varied coral bleaching susceptibility. Our 

analysis suggests that heat-shock protein (hsp) 70 and 90 are important for tolerating low oxygen 

stress, and further highlights how hsp90 expression might also affect the inducibility of coral HIF-

HRS in overcoming a metabolic crisis under deoxygenation stress. We propose that differences in 

coral HIF-HRS could be central in regulating sensitivity to other climate change stressors – notably 

thermal stress - that routinely drive bleaching.  

2.2 Introduction 

Ocean warming and coastal eutrophication are driving the dissolved oxygen (O2) inventory below 

levels required to meet biological O2 demands of many cornerstone marine life forms (Jackson, 
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2008; Keeling et al., 2010; Hughes et al., 2020). Ocean deoxygenation of up to 7% globally, relative 

to current levels, is predicted by 2100 under different climate change scenarios (Keeling et al., 

2010). Such declines in dissolved O2 will in turn amplify the frequency and intensity with which 

marine life is subjected to O2 supply insufficient for normal biological functioning (hypoxia) 

(Schmidtko et al., 2017; Breitburg et al., 2018). 

Reef-building corals in shallow tropical reefs already persist under highly dynamic O2, pH, 

temperature, and nutrient regimes (Hoegh-Guldberg et al., 2007; Greenstein and Pandolfi, 2008), 

suggesting an inherently evolved capacity to thrive under routine low O2 cellular supply (Camp et 

al., 2017). Complex metabolic interplay amongst the cnidarian host and the microbial symbionts 

living within its tissues (Matthews et al., 2018; Xiang et al., 2020) and skeleton (Bernasconi et al., 

2019; Ricci et al., 2019; Pernice et al., 2020) further drive O2 fluctuations in coral tissue from 

hyperoxia during the day to hypoxia throughout the night (Kühl et al., 1995, 2008). However, recent 

natural deoxygenation events on reefs have resulted in high coral bleaching-induced mortality via 

transient hypoxia (Altieri et al., 2017), a phenomenon akin to the globally recognised mass coral 

bleaching events under transient heat waves (Hughes et al., 2018). The extent with which corals 

are at risk from future declines in background O2 saturation will rest on the extent and scope of 

their hypoxia-detection and -response systems – a process that remains at present entirely unknown 

(Hughes et al., 2020).  

Cellular detection of reduced O2 levels from ion channel modulation is highly conserved in both 

plants and animals (López-Barneo et al., 2001; Wang et al., 2017). However, the molecular 

repertoire orchestrating hypoxia response systems varies across kingdoms, whereby ethylene 

response factor (ERF-VII) and hypoxia-inducible factor (HIF) act as the master transcriptional 

regulators, respectively (Schmidt et al., 2018; Hammarlund et al., 2020). In metazoans, the 

hypoxia-inducible factor subunit alpha (HIFα) and prolyl hydrolyse domains (PHDs) form the 

primary functional axis of the hypoxia response system (Kaelin and Ratcliffe, 2008; Loenarz et al., 

2011; Rytkönen et al., 2011). HIFα is constitutively transcribed via a series of signalling events by 



45 

growth factors and kinases (receptor tyrosine kinase (RTK), phosphatidylinositol-4, 5-

bisphosphate-3-kinase (PI3K), mitogen-activated protein kinases (MAPK) and mammalian target 

of rapamycin (mTOR) (Bruick and McKnight, 2001; Glück et al., 2015).  

The fate of HIFα is primarily regulated by the cellular O2 microenvironment. HIFα degradation 

involves PHD proteins under normoxia, but as O2 availability becomes increasingly limited, PHD 

degradation capacity is disrupted and HIFα can accumulate (Kaelin and Ratcliffe, 2008). HIFα 

proteins reach their governing potential once in the nucleus, forming part of the ‘active HIF 

complex’ together with HIFα subunit, cAMP-response element binding protein (CREB/p300) and 

hypoxia-responsive elements (HREs). Heat shock protein 90 (hsp90) also directly interacts with 

HIFα acting as a protein stabiliser and induces conformational changes in its structure critical for 

coupling with HIFβ to form the ‘active HIF complex’ (Gradin et al., 1996; Hur et al., 2002; Isaacs 

et al., 2002; Katschinski et al., 2004). Cohorts of genes are then targeted for transcription by the 

‘active HIF complex’ to activate hypoxia stress-mitigating mechanisms (Dengler et al., 2014), 

mainly directed at remodelling mitochondrial activity. Metabolic reprogramming is enabled by 

HIF-regulated glycolytic enzymes (pyruvate dehydrogenase kinase (PDK) and lactate 

dehydrogenase A (LDHA), enolase (ENO1), glyceraldehyde phosphate dehydrogenase (GAPDH), 

fructose-bisphosphate aldolase (ALDO), hexokinase (HK), and phosphofructokinase (PFKL) to 

promote anaerobic respiration while demoting tricarboxylic acid cycle (TCA) activity in the 

mitochondria (Benita et al., 2009). HIF also selectively targets PTEN-induced kinase-1 

(PINK1)/Parkin-mediated mitophagy via balances of the anti-death protein B-cell lymphoma 2 

(Bcl2) and the pro-death protein Bcl2 nineteen-kilodalton interacting protein (BNIP3; Yang et al., 

2009; Zhang and Ney, 2009).  Both mechanisms provide a means to reduce levels of detrimental 

mitochondrial reactive oxygen species (ROS) and to encourage remodelling of bioenergetic 

pathways in the absence of O2 in an attempt to sustain metabolic demands (Thomas and Ashcroft, 

2019). Such a means of hypoxia management appears essential for corals attempting to alleviate 

bleaching under environmental stress; for example, host mitophagy (Dunn et al., 2012) and an up-
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regulation of glycolytic enzymes (Leggat et al., 2011) as a response to thermal stress. Similarly, 

cellular hypoxia management is generally accompanied by systems dissipating ROS (Blokhina et 

al., 2003; Lushchak and Bagnyukova, 2006). Most metazoans have procured a network of 

antioxidant enzymes to coordinate redox homeostasis by detoxifying ROS by-products of 

mitochondrial respiration, and efficient control of ROS accumulation is considered essential in 

mitigating physiological cascades that result in coral bleaching under thermal stress (Suggett and 

Smith, 2020). Furthermore, light-independent coral bleaching (DeSalvo et al., 2012; Tolleter et al., 

2013) when cells are in a hypoxic state, would suggest that regulation of an HIFα-mitochondrial 

system in corals is thus integral to their capacity to respond to stress by reducing mitochondrial 

ROS production rather than promoting ROS detoxification. Consequently, identifying the genes 

acting as ‘effectors’ in coral HRS could also help unravel the inherent molecular regulation of coral 

susceptibility to cascades of warming, acidification, and hypoxia events (Hughes et al., 2020).  

Evolutionary divergence of  ‘hypoxia effector genes’ e.g. HIF has likely been influenced by the 

extent of cellular compartmentalisation, which ultimately plays a role in O2 availability (Gabaldón 

and Pittis, 2015). Whilst HIF indeed appears present in reef-building corals based on transcriptome 

mining (Levy et al., 2011; DeSalvo et al., 2012; Ruiz-Jones and Palumbi, 2015; Zoccola et al., 

2017), it may not necessarily be functionally active to hypoxia, as evident for marine invertebrates 

such as Tigriopus californicus subjected to highly variable O2 availability (Graham and Barreto, 

2019). Consequently, it is unclear whether corals drive their hypoxia response system (HRS) via a 

functional HIF similar to other metazoans or rather conform to the ‘earliest metazoans’ (i.e., 

Porifera) that simply rely on O2-dependent enzymes and sulphides (Rytkönen et al., 2011; Mills et 

al., 2018). 

To identify the gene suite responsible for the HRS of the reef-forming coral Acropora tenuis 

(common to the Great Barrier Reef, GBR) we conducted a deoxygenation-reoxygenation stress 

experiment aligned to their natural night-day light cycle, with time series sampling for bleaching 

indicators (cell density and Chlorophyll a and c2 content) and RNA-Seq analysis. Specifically, we 
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subjected replicate genets to deoxygenated seawater at night-time – i.e. coinciding with their 

routine cycle of intra-tissue deoxygenation (Kühl et al., 1995).  Removal of their “night-time O2 

buffer” (NTOB), was intended to challenge inherent hypoxia thresholds and intensify their oxygen 

debt state. The coral species, A. tenuis, was reported in the 2016/2017 mass bleaching events on 

the GBR (Hughes et al., 2017) to exhibit  inherently greater capacity to resist heat stress-induced 

bleaching compared to the closely-related Acropora selago (Hoogenboom et al., 2017). Thus, 

following the same experimental design in parallel using clonal ramets from a bleaching-

susceptible A. selago colony, we explored whether any deviations to the HIF-driven stress 

regulation occurred compared to the more stress-resistant species, A. tenuis.  

2.3 Materials and Methods 

2.3.1 Experimental design 

Coral fragments (~4 cm in length) were collected from Acropora tenuis and A. selago colonies in 

November 2018 originating from the northern GBR (Vlasoff Reef). A replicate coral fragment of 

A. tenuis was taken from each of 5 separate neighbouring colonies (n=5 genets), whereas 5 replicate 

fragments for A. selago were taken from fragmentation of a single colony (n=5 ramets) due to 

limited colony availability. As such, our experiment was conducted within the constraints of the 

different replication, with the aim to build knowledge of the HIF-HRS from A. tenuis colonies but 

subsequently explored in the context of a different species colony with known differences in heat-

induced bleaching susceptibility. Examining intracolonial genetic variability in corals has indeed 

been shown previously to provide validation for genetic analyses on replicates from a single coral 

colony for evidence of divergent stress responses (Schweinsberg et al. 2015).  

All coral replicates were acclimated for > 1 week in a shaded main system outdoor closed-

circulation aquarium (James Cook University, Cairns; 22-40°C min-max daily air temperature 

range, average water temperature of 28°C and dissolved oxygen (DO) of ~6 mg O2 L-1 maintained 

via continuous aeration) before moving fragments to experimental incubation chambers in late 
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November 2018. Incubation conditions were then established to mimic in-situ reef conditions from 

where corals were sourced, with the exception of DO concentration. Deoxygenated treatment was 

achieved via flushing of seawater with N2 prior to additional flushing with CO2 to account for 

subsequent increase in pH as per Klein et al. (2017). Both control and treatment conditions 

consisted of diel time of day alignment, maintenance in closed vessels to drive continuous O2 

drawdown throughout the night, and subsequent re-oxygenation in open vessels under daylight 

(returning to their starting DO level of ~6 mg O2 L-1; Figure 2.1). Deoxygenation stress treatment 

was superimposed onto the ambient night-time intra-tissue hypoxia (Kühl et al., 1995), and so 

removal of the inherent ‘night-time O2 buffer’ to drive intensification of an O2 debt state. It is 

currently unknown the duration of either acute or chronic hypoxia events on reefs (Hughes et al., 

2020), and we therefore employed a relatively short exposure time (12 hours deoxygenation) 

compared to those typically used for heat stress studies (1-2 weeks; (Bellantuono et al., 2012)) 

given that our experiment was designed to initiate and capture the gene response to low O2 stress 

without the coral potentially acclimating to the stress (e.g. in the case of the more tolerant species), 

and that the sensitivity in gene regulation in response to the loss of O2 is likely to be greater for an 

organism compared to heat stress (López-Barneo et al., 2001).  

Incubation set up consisted of 10 x 4 L transparent screw-top vessels (5 for each of control and 

treatment) placed in a large water bath, with each coral species sampled on consecutive days. 

Pumps were installed in the vessels to ensure sufficient mixing and to minimise diffusive boundary 

layer thickness. To prevent build-up of waste products in the seawater over time, we utilised a large 

water volume to biomass ratio (Camp et al., 2015), with 3 coral fragments per 5 x 4L control and 

5 x 4L treatment incubation vessels. Temperature was maintained at 28˚C using 2x300W aquarium 

bar heaters. A photon scalar irradiance (PAR, 400-700 nm) of ~180 µmol photons m-2 s-1 (with 4h 

ramp) was provided by Hydra52 LEDs and measured with a calibrated underwater scalar irradiance 

sensor (LiCor LI-193) connected to a light meter (LiCor Li-250A). Dark conditions were created 

by black-out material placed over the incubation vessels throughout the 12 h night period and vessel 
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lids were sealed with parafilm. In this way, we allowed for a continued lowering of both DO and 

pH, as recommended by Klein et al. (Klein et al., 2017) to study hypoxia during night-time with 

appropriate ecological relevance (see corresponding time point pH data in Figure S 2.1). This was 

followed by a 12 h ‘recovery’ phase in the light with opened vessels to promote re-oxygenation via 

water surface agitation with the ambient air. Samples were collected from acclimation tanks for T0 

~1h prior to deoxygenation exposure, 0.5 h into (T1) and at the end (12 h, T2) of the deoxygenation 

night-time phase, and finally after 12 h exposure in the light (T3). This 12 h ‘recovery’ phase, 

where both control and treatment experienced LED light exposure and ‘normal’ DO levels was 

critical to determine the recovery capacity after exposure to the different low O2 exposures. One 

coral fragment from each vessel was removed at each time point T1-T3 (as well as from the 

acclimation system at T0) and immediately snap-frozen for subsequent molecular analysis. Further 

details of experimental design and corresponding measured O2 and pH for each incubation chamber 

across time points are provided in Figure S 2.2, and Table S 2.1-3. 

2.3.2 Chlorophyll extraction and cell density 

Coral tissue was air-picked from the skeleton using a sterile filtered airflow from a 1 mL pipette 

tip connected via a rubber hose to a bench top air pressure valve and approximately 10 mL of PBS. 

For each coral sample, Symbiodiniaceae cell density was counted three times using a Neubauer 

counting chamber as per Camp et al. (Camp et al., 2019) (Table S 2.4, 2.5). A 10 mL subsample 

was taken from each homogenate, immediately centrifuged at 6000g for 10 min (4°C) and the 

supernatant removed. The pellet containing the Symbiodiniaceae was sonicated then resuspended 

in 100% acetone for 24 h (at 4°C) in the dark to extract chlorophyll a and c2. The extracts were 

centrifuged at 10 000g for 15 min and absorbance was read at 630, 663 and 750 nm. Chlorophyll 

concentrations were determined according to the spectrometric equations for dinoflagellates 

(Jeffrey and Humphrey, 1975) (Data S3). Chlorophyll a and c2 are given as total chlorophyll (Table 

S 2.6, 2.7). All measurements were normalized to skeletal surface area, determined via the paraffin 

single wax-dipping method (Veal et al., 2010) (Table S 2.8, 9 & Figure S 2.3).  
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2.3.3 RNA isolation and sequencing 

Frozen coral fragments were immersed in RLT buffer (Qiagen) within zip-lock bags and the tissue 

was air-picked from the skeleton for a maximum of 3 minutes. Total RNA was extracted using the 

Qiagen RNeasy mini kit (Protocol S1). RNA concentrations were assessed using a NanoDrop ND-

1000, and RNA quality was evaluated through gel electrophoresis via the presence of intact 18S 

and 28S ribosomal RNA bands using an Agilent 2100 BioAnalyzer (Agilent Technologies). An 

Illumina TruSeq RNA prep kit was used to separate the mRNA from the total RNA via polyA 

selection and to generate 2x150bp long paired-end libraries for each sample with an average library 

size of 364 bp. Sequencing was performed on the Illumina HiSeq 2000 sequencer at the BioScience 

Core Lab (BCL) at the King Abdullah University of Science and Technology (KAUST). 

2.3.4 Sequence data processing and analysis 

Paired-end reads were quality-assessed using FastQC v0.11.5 (Andrews, 2010). Trimmomatic 

v0.38 (Bolger et al., 2014) was applied to trim off the Illumina adaptors and low-quality regions. 

Each read was scanned using a 4-base window and cut if the quality Phred score dropped below 15 

(SLIDINGWINDOW:4:15). Leading and trailing bases were removed if quality dropped below a 

score of 3 (LEADING:3 TRAILING:3). Trimmed reads with resulting lengths shorter than 50 bases 

were excluded (MINLEN:50). Each sample retained >90% of the paired-end read counts. Trimmed 

reads were then mapped using Bowtie2 v2.3.5.1 (Langmead and Salzberg, 2012) to the reference 

genomic gene set (n = 28188 genes) of Acropora millepora (available at: 

https://przeworskilab.com/wp-content/uploads/acropora-millepora-assembly.pdf) (Fuller et al., 

2018). Mapping files were processed with SAMtools (Li et al., 2009) for the generation of a bam 

file and alignment quality check. From the portion of mapped reads, the distribution of mapping 

quality scores (MAPQ, i.e., the probability of a correct match) and alignment scores (AS, i.e., how 

similar the sequence read is to the mapping reference) were used to assess mapping performance 

of the experimental coral species to the reference sequences (Figure S 2.4). Genes that were only 

mapped by one but not the other experimental coral species (‘structural zeros’) were removed from 

https://przeworskilab.com/wp-content/uploads/acropora-millepora-assembly.pdf
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downstream analysis (Table S 2.10). Samples with < 5 million mapped reads were not considered 

for downstream analysis. Four A. selago samples that were subsequently removed from 

downstream analysis: T1 control (x1), T2 treatment (x2), and T3 treatment (x1; Table S 2.11, 2.12). 

Read counts were then calculated via eXpress-1.5.1-linux_x86_64 for determination of differential 

gene expression (Roberts and Pachter, 2013). The batch expectation-maximization (EM) algorithm 

was applied in eXpress to resolve and quantify ambiguously mapped sequence reads. Significantly 

differentially expressed genes (DEGs; Benjamin-Hochberg, FDR, adjusted p-value < 0.05) 

between treatment and control groups for each time point and coral species were determined using 

DESeq2 in R (Love et al., 2014). PCA plots for each time point were created using DESeq2 in R. 

The Gene Ontology (GO) annotations were derived from the EggNOG annotated Acropora 

millepora genomic gene set. GO enrichment analysis was performed using topGO (Alexa and 

Rahnenführer, 2019) in R and applied to the set of differentially expressed genes. Annotation of 

the GO term for “response to hypoxia” (GO:0001666) was specifically assessed in the DEG lists. 

KEGG mapper was then used to assess presence of genes for different pathways based on the 

KEGG Ortholog (KO) annotations from EggNOG with particular focus on the HIF-1 signalling 

pathway map, KEGG map04066 (Kanehisa and Sato, 2020). FPKM expression estimates were 

generated via eXpress. Transcripts annotated to the same gene name (e.g. hsp90) were pulled 

together to represent one gene. See Table S 2.13 for KO annotations used for the genes of interest 

based on the KEGG map04066 and referenced HIF-target or stress associated genes that were used 

for FPKM analysis over time. RNA-Seq reads from A. tenuis and A. selago were also mapped to 

the SymPortal ITS2 reference sequence database (Hume et al., 2019) to assess the putative algal 

species that was associated with both coral hosts. 

Data generated from eXpress can be found at the GitHub repository available at: 

https://github.com/reefgenomics/coral_deoxygenation_RNASeq/. 

 

https://github.com/reefgenomics/coral_deoxygenation_RNASeq/
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2.3.5. Statistical analysis 

Two-way ANOVA was performed in R to statistically compare Symbiodiniaceae cell density and 

chlorophyll concentration over time between species with Tukey’s post-hoc testing upon detecting 

significance. 

2.4 Results 

2.4.1 Divergent phenotypic response to deoxygenation  

Removal of the NTOB resulted in a divergent phenotype for the bleaching-susceptible colony of 

A. selago compared to the bleaching resistant A. tenuis. Only A. selago exhibited onset of a classic 

bleaching phenotype at T3 – loss of Symbiodiniaceae cell content and chlorophyll from the host 

coral that is well described from heat stress studies (Suggett and Smith, 2020) – whereas A. tenuis 

maintained its original phenotype (Figure 2.1). Both Symbiodiniaceae cell density and chlorophyll 

concentration exhibited a significant decline from T1 to T3 for the deoxygenation treatment of A. 

selago but not A. tenuis (Figure 2.1; F2, 1 = 6.7 and 9.7, respectively p < 0.05; Table S 2.14, 2.15; 

Figure S 2.5). All control samples for both species remained unimpaired throughout the night to 

day transition (where NTOB was retained), with no deterioration of the algal symbiosis. In the 

control samples, A. tenuis hosted an overall 26% higher cell density of Symbiodiniaceae than A. 

selago throughout the diel time-series (Figure 2.1; Table S 2.16, 2.17). ITS2 mapping to the 

SymPortal ITS reference sequence database indicated these contrasting hypoxia-driven bleaching 
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responses corresponded with different Symbiodiniaceae associations for the two Acropora species, 

specifically a difference in the dominant species of Cladocopium (Figure S 2.6). 

 

Figure 2.1. Experimental conditions & physiological response to deoxygenation. (a, b) Oxygen 

concentration (mg O2 L-1) showing removal or maintained ‘night-time oxygen buffer’ (NTOB), 

light regime (daylight= white, night-time= black) and typical phenotypes over time points (T) with 

bars denoting standard error (n=5). (c) Symbiodiniaceae cell density (cells cm-2) across time points 

and conditions for both species. Dark pink/blue and light pink/blue indicates treatment and control 

conditions respectively over time points; T1: 0.5 h, T2: 12 h, T3: 24 h. Black dots indicate outliers. 

Asterisk indicates statistical significance comparing A. selago treatment T1 vs T3 (p <0.05, n=8; 

T1 vs T3 treatment). Coral replicates per condition group were n=5, except for T1 control and T3 

treatment (n=4) and T2 treatment (n=3) for A. selago (see main text).  

2.4.2 Contrasting gene expression responses to deoxygenation exposure  

To understand the divergent phenotypic response, we evaluated gene expression using RNA-Seq. 

After exposure to only a short period (0.5 h) of night-time deoxygenation (T1), gene expression 

exhibited similarity across experimental conditions and species, with no clear clustering of samples 

(Figure 2.2.). Conversely, after 12 h of continuous night-time deoxygenation (T2), A. tenuis control 

and treatment samples clustered separately with a high number of differentially expressed genes 

(DEGs), whereas no apparent differences between A. selago samples could be observed by 



54 

clustering and there were a low number of DEGs (Figure 2.2). Finally, after 12 h re-oxygenation 

(T3), the opposing pattern was observed with separate clusters for A. selago control versus 

treatment whereas all A. tenuis samples clustered together. Notably, the bleaching resistant species, 

A. tenuis, demonstrated a large transcriptional response to deoxygenation exposure while the 

bleaching susceptible species, A. selago, only exhibited a large response after deoxygenation-

reoxygenation exposure. On average, A. tenuis ramped up a greater transcriptional response at 

earlier time points compared to A. selago, with ~18 times more DEGs in A. tenuis than in A. selago 

at T2 (6,490 vs. 373 DEGs, respectively; Table S 2.18). In contrast, A. tenuis differentially 

expressed only 2 genes by T3 while A. selago had 3,737 DEGs. It is possible that this contrasting 

extent of DEGs for the two species here may partially be influenced by comparing genets (A. tenuis) 

versus clonal ramets (A. selago) as we only observe a high number of DEGs at T2 in A. tenuis; 

however, we also observe an equally high number of DEGs expressed in the clonal ramets at T3. 

Alternately, the gene pattern found for A. selago could be explained by the similarity in response 

to low O2 by both the control and treatment samples by T2, highlighting a potentially ‘delayed’ or 

insufficient response to the deoxygenated conditions for the treatment samples. Gene ontology term 

for ‘response to hypoxia’ (GO:0001666) was annotated to only 3 DEGs when comparing control 

versus treatment at T2 for A. selago whereas there were 33 DEGs annotated when comparing 

treatment T1 versus T2, indicating a response to hypoxia at T2 but only to a similar extent as the 

control samples (Table S 2.18). 
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Figure 2.2. Broad gene expression response to deoxygenation. 

For both Acropora tenuis and selago: (a) Similarity of samples denoted by Principal components 

analysis for the different time points. Circles denote 95% confidence level of dispersion estimates. 

(b) Numbers of differentially expressed genes. FDR corrected p-adjusted value < 0.05 for the 

different time points. White bars: up-regulated genes; grey bars down-regulated genes; T1: 0.5 h, 

T2: 12 h, T3: 24 h. Number of coral replicates per condition group n=5, except for T1 control and 

T3 treatment (n=4) and T2 treatment (n=3) for A. selago (see main text). 

We used KEGG BRITE to functionally interrogate the gene expression responses of both species 

with specific attention to genes associated with hypoxia response system sensitivity (ion channels), 

metabolic reprogramming (metabolic enzymes), and genetic information processing (e.g., 

transcription factors, membrane trafficking, and DNA repair; Table S 2.19 After 0.5 h of 

deoxygenation (T1), only A. tenuis exhibited DEGs encoding for ‘signalling ion channels’ and 

expressed ~13 times more metabolic enzymes compared to A. selago (911 and 75, respectively) 

after 12 h of continuous night-time deoxygenation (T2). We observed 10-fold more differentially 

expressed genes associated with genetic information processing, including genes involved in 
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‘mRNA biogenesis’, ‘spliceosome’, ‘chromosome and associated proteins’, at T2 for A. tenuis 

compared to A. selago (Table S 2.19). Conversely, only by T3 did A. selago display its highest 

number of DEGs encoding for ion channels, metabolic enzymes, and genes involved in genetic 

information processing, suggesting a delayed response to deoxygenation and/or an increased and 

continuous requirement for transcriptional remodelling even after 12 h of reoxygenation compared 

to A. tenuis (Table S 2.19).   

2.4.3 A hypoxia response system similar to other metazoans  

We annotated the expressed coral genes using the Hypoxia-inducible factor (HIF) signalling 

pathway (KEGG map04066) and additionally referenced HIF associated genes, which revealed that 

both corals possess a complete HIF pathway from the signalling molecules to the effectors (Figure 

S 2.7). Based on this, we constructed a conceptual model of coral HRS (Figure 2.3) that was 

subsequently analysed over time to elucidate the mechanistic basis of the coral hypoxia response 

and gain insight on the HIF transcriptional response to deoxygenation exposure (Figure 2.3). 
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Figure 2.3. Coral HIF pathway and gene expression response to hypoxia. (a) Conceptual model 

of the coral hypoxia response system (for details on genes refer to the main text). (b) Gene 
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expression dynamics across time points for Acropora tenuis (left) and Acropora selago (right) for 

key genes of the HIF system: (i) HIF , (ii) hsp90AB1/B1, (iii) Oxygen-sensitive K2P potassium 

ions (TASK-like), (iv) Glycolytic enzymes (LDHA and PDK), (v) hypoxia-induced mitophagy 

(BNIP3/Bcl2+Bclxl), (vi) hsp70-driven protein quality control, (vii) lipid uptake via scavenger 

receptor (CD36), and (viii) cell cycle arrest (p27). FPKM: Fragments per kilobase of transcript per 

million mapped reads. Asterisk indicates statistical significance following FDR correction, p < 

0.05, comparing same time point control and treatment. Error bars denoting standard error with 

n=5 for each condition group, except for T1 control and T3 treatment (n=4) and T2 treatment (n=3) 

for A. selago (see main text). 

2.3.4 Divergent expression of hypoxia response system genes 

Hypoxia-inducible factor alpha subunit (HIFα) 

Gene expression of HIFα 1 h prior to night-time deoxygenation (T0) in A. tenuis was significantly 

two-fold higher than that in A. selago, indicative of a greater baseline expression (Figure 2.3; log2 

fold change (FClog2) = 1.2, FDR < 0.05; Data S1A). HIFα showed dynamic expression over time 

points for both species with a significant increase in expression from T1 to T2 (A. tenuis FClog2 = 

0.72 and A. selago FClog2 = 1.02, FDR < 0.05; Data S1A, B), suggesting a strong inducibility and 

response of this gene to hypoxia, as expected. HIFα did not exhibit significant differences between 

conditions across time points given that control samples also upregulated HIFα expression. Both 

species peaked in HIFα expression, across the experimental time points, after 12 h of night-time 

deoxygenation (T2). For A. tenuis, HIFα gene expression was greater after 0.5h night-time 

deoxygenation exposure (T1) but lower after 12 h (T2) compared to corresponding control samples, 

which could be indicative of treatment samples peaking in HIFα expression earlier in response to 

reaching cellular hypoxic stress faster. Conversely, we observed similar HIFα expression in A. 

selago between treatment and control at T1, while by T2 expression was higher under 

deoxygenation stress, suggesting a ‘delayed’ or an extended response to deoxygenation exposure 

(Figure 2.3). Under the assumption that PHD degradative activity on HIFα is inhibited under 

hypoxia, we did not focus on the gene expression of PHD’s but is reported in Figure S 2.8. 
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Heat shock protein 90 (hsp90) 

Expression of genes encoding for hsp90 (hsp90AB1 and hsp90B1), a protein identified to facilitate 

the formation of the ‘active HIF complex’(Gradin et al., 1996; Hur et al., 2002; Isaacs et al., 2002; 

Katschinski et al., 2004), followed a pattern similar to HIFα over time points only in A. tenuis with 

a significant increase from T1 to T2 in treatment samples (hsp90AB1 FClog2 = 2.69 and hsp90B1 

FClog2 = 2.02 FDR < 0.05; Data S1A).However, at T2 the expression of hsp90 had significantly 

increased under deoxygenation exposure (Figure 2.3; hsp90AB1 FClog2 = 1.08, FDR < 0.05; Data 

S1A). hsp90 expression at T2 was 2-fold higher under deoxygenation exposure in A. tenuis 

compared to A. selago, suggesting an increased ability for A. tenuis to facilitate formation of the 

‘active HIF complex’ in response to 12 h of continuous night-time deoxygenation, as well as 

manage general proteo-toxic stress. Notably, hsp90 encoding genes showed a significantly higher 

baseline expression of ~2-fold (T0) in A. tenuis compared to A. selago (hsp90AB1 FClog2 = 1.18 

and hsp90B1 FClog2 = 0.92, FDR < 0.05; Data S1A), indicative of a greater ability in A. tenuis to 

form active HIF complexes prior to the deoxygenation exposure. Also, in contrast to A. tenuis, 

hsp90 gene expression remained high or increased even after exposure to 12 h of reoxygenation 

(T3) in A. selago highlighting possible extension of hsp90-facilitated ‘active HIF complex’ 

formation by T3 in attempt to continue utilising HIF-targeted stress mitigation but also prolonged 

response to proteo-toxic stress under reoxygenation. Together these data suggest that A. selago 

harbors a lesser ability to ramp its HIF-HRS and sufficiently respond to proteo-toxic stress under 

deoxygenation-reoxygenation stress. 

HIF target genes 

Expression of genes encoding for K2P K+ ion channels (TASK-like) were consistent over time for 

both species, irrespective of experimental condition (Figure 2.3). Only A. tenuis showed a peak in 

expression after 0.5 h of deoxygenation (T1), thus indicating a greater HIF-induced sensitivity in 

response to short term deoxygenation (Shin et al., 2014; Iorio et al., 2019). Genes encoding for the 

glycolytic enzymes lactate dehydrogenase B (LDH) and pyruvate dehydrogenase kinase 4 (PDK) 
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that are key to promoting anaerobic respiration exhibited dynamic expression changes over time. 

Most notably, LDH expression was observed to increase by T1 under deoxygenation exposure only 

in A. tenuis. Furthermore, A. tenuis treatment samples appeared to plateau in LDH expression by 

T2, whereas A. selago treatment reached a peak in expression at T2 similar to A. tenuis under 

control settings. For A. tenuis, genes encoding PDK exhibited a greater expression consistently 

over all time points and conditions compared to A. selago, highlighting a higher baseline level of 

pyruvate dehydrogenase degradation, reducing the conversion of pyruvate to acetyl-coA and 

thereby lowering the influx of key acetyl groups into TCA cycle in A. tenuis (Figure 2.3). Moreover, 

PDK expression was higher in A. tenuis treatment samples than in control samples after 12 h of 

deoxygenation (T2) and exhibited a two-fold higher expression compared to A. selago T2 treatment 

samples. These expression patterns of LDH and PDK indicate an earlier and a more substantial 

shift to anaerobic respiration in A. tenuis under deoxygenation exposure.  

Hypoxia-induced mitophagy was determined as the ratio of the expression of the pro-apoptosis 

gene bnip3 (coding for the Bcl-2 nineteen kilo Dalton interacting protein) over the combined 

expression of the anti-apoptosis genes bcl2 and bclxl (coding for B-cell lymphoma 2 and B-cell 

lymphoma extra-large, respectively) (Zhang and Ney, 2009; Pernice et al., 2011). Only in A. tenuis 

samples under deoxygenation exposure did the mitophagy ratio remain high by T1. Furthermore, 

the lowest mitophagy ratio for A. tenuis was observed at T2 irrespective of condition, while for A. 

selago this occurred at T1 (Figure 2.3), suggesting A. tenuis experienced earlier hypoxia stress-

alleviation via mitophagy compared to A. selago. HIF-targeted expression of genes encoding 

hsp70, a protein quality control gene (Honjo et al., 2015), peaked at T2 in A. tenuis treatment 

samples and were differentially expressed by conditions (FClog2 = 0.75, 0.32, and 0.78, FDR < 0.05; 

Data S1A). Whereas A. selago exhibited differential expression of hsp70 encoded genes by T3 with 

treatment samples higher than control (FClog2 = 1.81, 0.35, 2.07, and 1.80, FDR < 0.05; Data S1B), 

suggesting a greater extent of proteo-toxic stress management in response to 12 h of continuous 

deoxygenation exposure in A. tenuis.  
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The scavenger receptor, CD36, uptakes lipids for cellular energy use and oxidised lipids to be 

degraded (Febbraio and Silverstein, 2009). CD36 gene expression increases by T1 only in A. tenuis, 

implying an earlier promotion of lipid uptake (Figure 2.3). Furthermore, CD36 expression peaked 

and was differentially expressed by conditions at T2 for A. tenuis only, as A. selago treatment 

samples exhibited highest CD36 expression by T3 with differential expression between conditions, 

indicating lipid uptake to continue increasing only in A. selago even after 12h of reoxygenation 

(FClog2 = 0.60 and 0.93, FDR < 0.05, respectively; Data S1A&B). Finally, the expression of the 

cell cycle arrest gene p27 peaked at T2 for both species irrespective of condition. However, at this 

time point p27 expression levels for A. selago were greater in treatment samples compared to 

control, suggesting a greater extent in arrest of cell cycling, possibly for a more ‘extreme’ means 

of cellular protection by preventing new cells from damage (Figure 2.3).  

2.3.5 Divergent hypoxia-induced stress response  

Finally, to assess processes driving bleaching of the A. selago coral replicates but not those of A. 

tenuis, we examined genes indicative of hypoxia-induced stress responses and HIF-HRS 

functioning (Figure 2.4). This section considers genes involved in regulating mitochondrial 

biogenesis (POLRMT) and complex activity (NADPH dehydrogenase), DNA repair (GADD45), 

cytoskeleton repair (Actin gamma), cell death (casp3), as well as genes coding for molecules that 

consume O2.  

POLMRT expression in A. tenuis declined at T2 irrespective of condition, implying a reduction in 

mitochondrial formation as a more ‘extreme’ means of protecting cells from ROS-derived stress 

under hypoxic conditions when mitophagy is not sufficient. In contrast, POLRMT expression 

declined at both T1 and T2 in A. selago and was notably lower for treatment samples compared to 

control over time points 1 to 3, suggesting a greater and earlier reduction in mitochondrial 

formation for A. selago compared to A. tenuis (Figure 2.4). Expression of NADPH dehydrogenase 

(coding for a key enzyme regulating the influx of NADPH-sourced electrons to the mitochondrial 

complex I) decreased from T0 to T2 in both species’ and treatment groups (Figure 2.4). This 
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indicates a reduced mitochondrial complex I activity in response to increased deoxygenation 

exposure and may reflect both the lower mass and activity of mitochondria implemented by HIF 

under hypoxia. Furthermore, genes encoding NADPH dehydrogenase were differentially expressed 

in A. tenuis between conditions at T2 (FClog2 = -0.55, -0.60, -0.41, and -0.54, FDR < 0.05; Data 

S1A). We only observed differential expression of genes encoding O2-consuming molecules 

(arachidonate lipoxygenase, monooxygenase, lactase hydrolase and polyamine oxidase) in A. 

tenuis between conditions at T2, where treatment samples showed lower expression levels than 

control (FClog2 = -1.36, -0.50, -1.36, and -1.47, FDR < 0.05, respectively; Data S1A). This indicates 

that A. tenuis might have experienced a decline in O2-consuming reactions in response to night-

time deoxygenation (Figure 2.4).  

The expression of the gene GADD45 (involved in growth arrest and DNA damage), an indicator of 

DNA repair, remained largely constant across time points between conditions for A. tenuis. By 

contrast, GADD45 expression in A. selago under deoxygenation was two-fold higher compared to 

control samples at T3, indicating an increase in DNA damage and repair after night-time 

deoxygenation and subsequent daytime reoxygenation (Figure 2.4). The actin gamma gene 

ACTGB1 (involved in cytoskeleton rebuilding) exhibited a greater expression in A. selago 

treatment compared to control settings at T2 and T3, indicating an increase in cytoskeleton repair 

in response to deoxygenation exposure but possibly also a roll-on-effect of the induced stress to T3 

(Figure 2.4).  

Finally, the casp3 gene (encoding the terminal protease for cell death) exhibited a similar 

expression pattern to actin gamma in A. selago (Figure 2.4). casp3 expression was greater under 

treatment settings at T2 and T3 compared to control, with differential expression between 

conditions at T3 (FClog2 = 0.40, FDR < 0.05; Data S1B). Furthermore, A. tenuis also differentially 

expressed casp3 between conditions at T2 with greater expression in treatment compared to control 

(FClog2 = 0.65, FDR < 0.05; Data S1A). This expression pattern of casp3 suggests that only A. 
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selago increased cell death in response to the deoxygenation and subsequent reoxygenation phases 

of the experiment, thereby reinforcing reduced ability to return to ‘normal’ state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Divergent hypoxia-induced stress response between coral species.Expression of the 

following genes associated with stress in coral for Acropora tenuis and selago in left and right 

graph in each panel respectively: (a) RNA Polymerase Mitochondrial (POLRMT), (b) NADPH 

dehydrogenase (NDUF), (c) O2-consuming molecules (arachidonate lipoxygenase; ALOX5), 

Coenzyme Q6 monooxygenase (COQ6), lactase hydrolase (LH) and polyamine oxidase (PO), (d) 

Growth Arrest and DNA Damage (GADD45), (e) actin beta/gamma (ACTBG1), and (f) terminal 

cell death protease (Casp3). FPKM: Fragments per kilobase of transcript per million mapped reads. 

Asterisk indicates statistical significance following FDR correction, p < 0.05, comparing same time 

point control and treatment. Error bars denoting standard error with n=5 for each condition group, 

except for T1 control and T3 treatment (n=4) and T2 treatment (n=3) for A. selago (see main text). 
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2.5 Discussion 

O2 availability has recently been highlighted as a critical but overlooked factor in affecting the 

susceptibility of coral to bleaching (Hughes et al., 2020; Suggett and Smith, 2020), and thus 

governing how corals will survive under climate change where reef waters are subject to parallel 

warming and deoxygenation (Altieri et al., 2017; Hughes et al., 2020). In the present study, we 

explored (i) the fundamental cellular mechanisms employed by Acropora tenuis to cope with the 

large daily oscillations in O2 availability, and (ii) whether the management of their night-time 

intracellular hypoxic state has the capacity to also support their cellular O2 requirements when 

under further deoxygenation by removal of their NTOB. We discovered that corals possess a 

complete and active HIF-mediated HRS functionally similar to other metazoans. To determine how 

this observation applies to other corals, we exposed replicate fragments from a single A. selago 

(stress-susceptible) colony to the same experimental design to specifically examine for any 

deviations to the HIF-driven stress regulation found in the more stress-resistant Acropora species, 

A. tenuis. As expected, A. selago, but not A. tenuis, exhibited a visible stress phenotype (bleaching) 

to a reduced O2 environment. These divergent bleaching phenotypes aligned to differences in 

baseline expression of HIFα prior to stress exposure, the extent of HIFα expression by the end of 

deoxygenation stress (e.g., reflecting an ability to down-regulate HIFα under low O2) and the 

expression of HIF-dependent hsp90, which we suggest affected the effectiveness of the HIF 

response. Together these findings suggest that corals can vary in their capacity to facilitate extended 

cellular metabolic reprogramming and damage control in response to stress imposed by strong 

deoxygenation.  

Only A. selago exhibited a bleaching phenotype under NTOB removal after a single night-day 

cycle (Figure 2.1). In contrast, A. tenuis maintained its original phenotype throughout the 

experiment. These observed differences aligned with underlying differences in gene expression 

(Figure 2.2 
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Figure 2.2). Only A. tenuis exhibited a clear clustering of control and treatment samples after 12 h 

of continuous deoxygenation during the night-time (T2), followed by convergence of gene 

expression profiles between control and treatment samples after 12 h of daylight re-oxygenation 

(T3), as indicated by their clustering. Such gene divergence and subsequent convergence patterns 

infer ‘transcriptome resilience’, whereby the organism can successfully ramp a gene expression 

response to meet the altered metabolic states but returns back to ‘normal’ functioning upon 

cessation of the stressor (sensu Acropora hyacinthus) (Seneca and Palumbi, 2015). 

Differences in DEGs between treatment and control at T2 for A. tenuis indicated a reduction in 

transcribed O2-consuming reactions (e.g., involving monooxygenases) and mitochondrial activity, 

while an increase in genetic information processing genes (such as retrotransposons and tandem 

repeats, i.e., armadillo repeats) highlighted the different molecular levels in which the removal of 

their NTOB could have been tolerated (Data S2A). In contrast, A. selago exhibited the largest 

response by means of DEGs at T3 inferring inferior capacity to deal with loss of their NTOB or a 

delayed response to low O2 induced stress (Figure 2.2). Furthermore, DEGs associated with cell 

stress, damage, and death (e.g., Death Domain including Ankyrin repeats) were only observed for 

A. selago when at T3, indicating the transition to a bleaching susceptible state during their 

photosynthetically active period between T2-T3 (Data S2B). This is consistent with the proposed 

bleaching trigger sequence of photo-oxidative stress reaching lethal capacity after a stress 

event(Weis, 2008; Downs et al., 2013; Cziesielski et al., 2019), in this case post-deoxygenation 

stress. So, how do these corals respond to deoxygenation stress and what attributes appear to 

regulate their different hypoxia tolerance? 

Whilst being closely-related to the most primitive metazoans, Porifera (e.g. sponges) that lack key 

HIF system components (Mills et al., 2018), corals have evolved a complete and functional HRS 

similar to other metazoans. We propose the first conceptual model for the mechanistic basis of the 

coral hypoxia response (Figure 2.3) based on the presence of genes from the mammalian HIF 

signalling pathway, but also involving HIF interactive molecules such as heat shock proteins, which 
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we explicitly considered and integrated, given high prevalence of their up-regulation in thermally-

stressed corals (Gates and Edmunds, 1999; Desalvo et al., 2010; Bellantuono et al., 2012; Kenkel 

et al., 2013). 

The conceptual model allowed us to query the expression of key genes over time, which highlighted 

several key characteristics: Firstly, a significant increase of HIFα expression with increasing 

deoxygenation exposure for both Acropora species, and for both control and treatment corals 

throughout the night. However, A. tenuis showed higher HIFα expression at T1 and lower at T2 in 

treatment samples compared to controls indicative of an earlier induction and peak in response to 

cellular hypoxia stress under 12 h of continuous deoxygenation. HIFα expression from the A. tenuis 

treatment samples exemplifies the importance of HIFα down-regulation during low O2 conditions 

as a means to prevent harmful prolonged high expression levels or simply reflecting a more 

sufficient adjustment in response to hypoxia. Furthermore, HIFα expression in A. selago was lower 

under control settings at T2 compared to A. tenuis suggesting a decreased induction of HIFα 

expression in response to cellular hypoxia stress. As well as emphasising the intracellular hypoxic 

state experienced by the coral during night-time, our results also infer that A. selago experiences 

lower night-time hypoxia stress. This could be a consequence of lower cell densities of 

Symbiodiniaceae and so less dramatic night-time deoxygenation (Figure 2.1), different populations 

of microbes (microalgae, bacteria, fungi or archaea) with alternate O2 metabolism (Ziegler et al., 

2017) or differences in host basal metabolism (Camp et al., 2017).  

Secondly, hsp90 expression increased under intensified deoxygenation stress and under continuous 

HIFα expression in both coral species. Not only did A. tenuis treatment samples show a greater 

hsp90 expression at T2 compared to A. selago, but A. selago treatment samples showed lower hsp90 

expression compared to control settings implying a lesser ability to facilitate active ‘HIF complex’ 

formation in A. selago in response to cellular hypoxia during night-time. Alternate bleaching 

phenotypes could thus be a product of hsp90 gene expression capping the transcriptional activation 

of their HIF-HRS as well as management of general proteo-toxic stress. Furthermore, this study 
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may also support the proposed function of HIF-targeted hsp70 to also regulate HIFα protein levels 

by degrading HIFα when the HIF system has sufficiently responded but reoxygenation has yet to 

have occurred (Luo et al., 2010). This can be exemplified by A. tenuis as HIFα expression may 

already have peaked before T2 and so hsp70 could also be functioning to degrade HIFα to prevent 

any unnecessary and detrimental HIFα expression and thereby acting in an internalised negative 

feedback loop in the absence of O2. We propose that A. selago achieved less active ‘HIF complexes’ 

due to relatively lower hsp90 expression and thereby expressed lower levels of HIF-targeted hsp70. 

The lower HIF-targeted gene network in A. selago may then have also delayed the need of the 

secondary function of hsp70 as part of an internalised negative feedback loop of HIFα. Overall,  

our finding of higher expression of both hsp90 and hsp70 is consistent with previous reports of 

higher expression of these genes in stress-tolerant corals (Poli et al., 2017; Franzellitti et al., 2018; 

Seveso et al., 2018). Most importantly, A. tenuis demonstrated a greater ability to up- and down-

regulate HIFα implying a more finely-tuned regulation of the HIF system, which facilitates a more 

rapid adjustment to the low oxygen environment, and a response consistent in hypoxia tolerance in 

other metazoans where HIF stress responses become suppressed during prolonged hypoxia 

exposure e.g. in high altitudes (Peng et al., 2017).  

Thirdly, A. tenuis deployed a more regulated systematic response, by which the HIF-targeted genes 

could effectively manage the deoxygenation-reoxygenation exposure compared to A. selago. HIF-

targeted K2P genes (TASK-like, encoding for two-pore domain potassium ion channels) exhibited 

a peak in expression at T1 for only A. tenuis. Potassium ions are known to act as ‘detectors’ of 

cellular O2 changes in metazoans, thus greater expression of these potassium ion channels in 

response to deoxygenation is consistent with the notion of a more sensitive HIF-HRS for A. tenuis 

(López-Barneo et al., 2001; Wang et al., 2017). The HIF-associated metabolic reprogramming and 

mitochondrial quality control were more evident in A. tenuis. A critical metabolic shift to anaerobic 

respiration in A. tenuis when faced with limited cellular O2 was indicated by an increased 

expression of LDH after 0.5 h deoxygenation exposure (T1) and increased PDK expression with 
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continued deoxygenation (T2). In contrast, LDH expression in A. selago did not show an increase 

until T2 and PDK expression remained relatively constant implying a delay and/or an absence of a 

pivotal metabolic transition in response to deoxygenation. Interestingly, an increase in 

mitochondrial ROS has also been observed to accompany hypoxia(Chandel et al., 2000) potentially 

resulting in mitochondrial degradation (Dunn et al., 2012). Furthermore, high levels of 

Symbiodiniaceae-associated ROS are widely acknowledged as a core attributing factor to bleaching 

of corals under thermal stress (Weis, 2008; Suggett and Smith, 2020). Alongside a network of 

antioxidants, a strategy to combat high ROS levels in mammalian cells is to activate mitophagy to 

directly remove the main producer of ROS, i.e., mitochondria. In agreement, hypoxia-induced 

mitophagy appeared to occur in A. tenuis at the onset of deoxygenation exposure (T1) but was then 

reduced following prolonged exposure (T2). Whilst A. selago only appeared to increase hypoxia-

induced mitophagy from T1 to T2. Corals may thus utilise mitophagy to remove unused, damaged 

or misfunctioning mitochondria under oxidative and hypoxic stress when anaerobic respiration 

(e.g., indicated via LDH expression) is not yet sufficient.  

The commonly expressed hsp gene involved in protein quality control, hsp70, is also described as 

a HIF-target gene (Honjo et al., 2015) along with the CD36 gene involved in lipid scavenging. The 

expression of both genes peaked after continued deoxygenation (T2) in A. tenuis but remained 

highly expressed by T3 in A. selago, indicative of high protein and lipid stress in response to 12 h 

deoxygenation and subsequent 12 h reoxygenation in this coral species. Importantly, only A. tenuis 

demonstrated an early increase in CD36 expression (T1). Furthermore, the gene encoding for 

hypoxia stress-induced cell cycle arrest, p27 was more highly expressed in A. selago after night-

time deoxygenation indicative of a more ‘extreme’ stress-mitigating mechanism implemented to 

manage hypoxia stress by T2 in A. selago. Our results suggest the phenotypically tolerant A. tenuis 

can employ HIF-regulated hypoxia stress “counter-measures” more quickly and more effectively, 

compared to the phenotypically susceptible A. selago. 
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Finally, the inducibility of the HIF-HRS between coral species was further reinforced by the 

observed temporal changes in expression of different coral stress genes. Most notably, only 

treatment samples for A. selago exhibited increased and sustained gene expression of the Actin 

gamma gene previously reported to be involved in coral cytoskeleton rebuilding (DeSalvo et al., 

2008), the GADD45 gene involved in DNA repair (Liew et al., 2018), and the Casp3 gene involved 

in terminal cell death (Pernice et al., 2011) in response to 12 h continuous deoxygenation and 

subsequent 12 h re-oxygenation exposure. Interestingly, A. tenuis exhibited a greater initial 

expression of Casp3 than A. selago, and such higher cell death cycling – especially under early 

stress – could potentially contribute to a more effectively stress-resistant phenotype (Ainsworth et 

al., 2011). Moreover, a mitochondrial biogenesis regulating enzyme (POLRMT) appeared to cease 

expression during T2 for both species, possibly reflecting the damaging or redundant actions of 

mitochondrial replacement given mitochondrial oxidative stress levels and  diversion of the 

respiratory pathway from the mitochondria to only the cytosol (anaerobic) in response to such a 

hypoxic environment (Scarpulla et al., 2012). Lastly, gene expressions of O2-consuming molecules 

(e.g., arachidonate lipoxygenase) were found to decrease under treatment relative to control settings 

only in A. tenuis after 12 h of continuous deoxygenation exposure indicating an additional means 

of shifting the dependency on cellular O2 in order to compensate while under hypoxia stress.  

In summary, we present the first conceptual model of coral HRS and highlight the key attributes 

found to differ in Acropora species with different bleaching phenotypes, which appear to potentiate 

or limit their success in responding to deoxygenation-driven hypoxia stress (Figure 2.5). We 

propose that the bleaching-tolerant coral had an effective HRS to lowered O2 conditions (removed 

NTOB) and reoxygenation sustained through greater baseline expression of HIFα and HIF-

dependent hsp90 to rapidly coordinate O2-detecting potassium ion channels, a metabolic shift 

reducing mitochondrial aerobic activity, efficient use of mitophagy, enhanced protein quality 

control and lipid uptake, and finely regulated cell cycle and death. However, most importantly low 

O2 tolerance could be driven by the ability to both up- and down-regulate HIFα under low O2 
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conditions (e.g., via hsp70-dependent HIFα degradation) due to the detrimental metabolic 

depression that threatens cell survival during long periods of high HIFα expression and HIF system 

activation. Therefore, there is likely a threshold expression to what is a ‘beneficial’ baseline 

expression of HIFα. Given how interlinked cellular management of hypoxia and oxidative stress 

appear to be in corals, and how the ‘Oxidative Stress Theory’ persists in current coral bleaching 

models (Downs et al., 2002; Cziesielski et al., 2019), these key attributes of the HRS may also 

point to a more fundamental metabolic basis of what drives coral susceptibility to stress-induced 

bleaching (Weis, 2008; Cziesielski et al., 2019; Suggett and Smith, 2020). However, detailed 

assessment across coral species and populations will be required to verify whether and how HIF-

HRS shape could shape variation in bleaching susceptibility. It will be particularly critical to 

ascertain how such metabolic pathways manifest across the multiple stressors (e.g. high 

temperature-low O2), which potentially co-regulate – and thus ultimately cross talk – via mutual 

effects on HIF-HRS. Identifying such ‘common switch’ repertoires to stress may in turn provide 

novel means to identify genes of interest for coral management or as target for genetic modification 

or selection (Anthony et al., 2017). Resolving how the HIF-HRS response may govern coral 

survival under RCP emission scenarios that concurrently drive widespread ocean warming and 

deoxygenation will be a critical step towards this goal.   
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Figure 2.5 Coral hypoxia response system for the bleaching tolerant versus susceptible. (a) 

Schematic of environmental factors contributing to the deoxygenation of coral reef water bodies; 

higher basal metabolic rates, ocean warming, less ocean ventilation and high eutrophication-driven 

microbial respiration. Orange arrows indicate interactive effects. Colour gradient of coral from 

darker pink to white indicates coral hypoxia tolerance variance.  (b) The key attributes of the HIF-

HRS found to differ in ‘tolerant’ and ‘susceptible’ bleaching phenotypes framed in this study in 

response to deoxygenation stress. 
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2.9 Supplementary Material 

Figures and Tables 

 

 

 

Figure S 2.1. Corresponding pH environment over time points. 

Treatment (dark blue/pink circles) and control (light blue/pink circles) of (a) Acropora tenuis and 

(b) A. selago across time points (T0-3). Black error bars represent standard error. 

 

 

 

 

 

(b) (a) 
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Figure S 2.2. Schematic of experimental incubation setup.Sampling conditions indicated for 

time points (T1-3) with short-term (0.5 h, T1) and prolonged (0.5-12 h, T2) deoxygenation stress 

in dark conditions during the night hours within a closed system followed by 12h of re-oxygenation 

(T3) in light conditions during the daytime within an open system.

Figure S 2.3. ‘Single wax dipping’ technique surface area standard measurements. Equation 
used to estimate surface area from difference in weight of wax.

y = 25.023x - 0.1513
R² = 0.9837

0

10

20

30

40

50

60

70

0 0.5 1 1.5 2 2.5 3

Su
rfa

ce
 a

re
a 

pe
r c

m
^2

Weight of wax (g)



86 

 

 
Figure S 2.4. Box plot distributions.(a) mapping quality scores (MAPQ) and (b) alignment scores 

(AS) of Acropora selago and A. tenuis reads mapped to the A. millepora reference genomic gene 

set. 

 

 

 

 

 

 

 

 

 

 

 

Figure S 2.5. Total chlorophyll a per cm2 of coral surface area over time points. Across each 

timepoint (T1-3) treatment was represented with dark blue/pink boxes and control with light 

blue/pink boxes for Acropora tenuis and A. selago, respectively. Black error bars represent standard 

error. Black dots show outliers. Asterisk indicates statistical significance (p <0.05, n=8; T1 vs T3 

treatment). 

(a) (b) 
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Figure S 2.6. Mapping of reads to Symbiodiniaceae ITS2 reference sequences.RNA-Seq reads 

from Acropora selago and A. tenuis mapped to reference sequences from SymPortal 

(symportal.org; Hume et al. 2019). (a) across Symbiodiniaceae species (denoted by respective 

Clade); (b) within the genus Cladocopium (former clade C). FPKM: Fragments per kilobase of 

transcript per million mapped reads. 

B (a) (b) 
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Figure S 2.7. KEGG Mapper results of genes mapped to ‘HIF-1 signalling pathway’. The reference was KEGG map04066. Green indicates genes 

expressed in Acropora tenuis and A. selago (based on A. millepora reference gene set annotations). 
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Figure S 2.8. Prolyl-hydroxylase domain (PHD) gene expression dynamics across time 

points.This is a key gene in the HIF system that degrades HIFα but only under normoxia and is 

shown for Acropora tenuis (left) and A. selago (right). FPKM: Fragments per kilobase of transcript 

per million mapped reads. Asterisk indicates statistical significance following FDR correction, p < 

0.05, comparing same time point control and treatment. Error bars denoting standard error with 

n=5 for each condition group, except for T1 control and T3 treatment (n=4) and T2 treatment (n=3) 

for A. selago (see main text). 
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Table S 2.1. Corresponding raw &calculated average (Av.) of O2 & pH: Acropora 

tenuis.Covers each incubation chamber per time point throughout the deoxygenation-

reoxygenation stress experiment measured on 26-27/11/2018. S.E = standard error. *Suspected 

slight gas leak to incubation chamber.  

 

 

Time 
point Chamber Sample ID 

Sample 
time 

Dissolved 
O2 (mg/L) 

Av. 
O2 S.E. pH Av. pH S.E. 

T0 tank AT-T0-C1 17:00 5.5 

5.5 0.00 

8.06 

8.06 0.000 
T0 tank AT-T0-C2 17:01 5.5 8.06 
T0 tank AT-T0-C3 17:02 5.5 8.06 
T0 tank AT-T0-C4 17:03 5.5 8.06 
T0 tank AT-T0-C5 17:04 5.5 8.06 
T1 C1 AT-T1-C1 19:55 2.25 

2.402 0.07 

8.03 

8.044 0.004 
T1 C2 AT-T1-C2 20:07 2.34 8.04 
T1 C3 AT-T1-C3 20:22 2.68 8.05 
T1 C4 AT-T1-C4 20:32 2.36 8.05 
T1 C5 AT-T1-C5 20:42 2.38 8.05 
T1 T1 AT-T1-T1 20:01 5.66 

5.592 0.10 

8.05 

8.056 0.002 
T1 T2 AT-T1-T2 20:14 5.46 8.06 
T1 T3 * AT-T1-T3 20:28 5.75 8.05 
T1 T4 AT-T1-T4 20:38 5.82 8.06 
T1 T5 * AT-T1-T5 20:52 5.27 8.06 
T2 C1 AT-T2-C1 7:12 1.95 

1.99 0.28 

7.89 

7.904 0.007 
T2 C2 AT-T2-C2 7:25 1.8 7.92 
T2 C3 AT-T2-C3 7:41 2.8 7.92 
T2 C4 AT-T2-C4 7:59 2.31 7.89 
T2 C5 AT-T2-C5 8:17 1.09 7.9 
T2 T1 AT-T2-T1 7:16 3.7 

2.734 0.67 

7.91 

7.894 0.011 
T2 T2 AT-T2-T2 7:34 4.87 7.9 
T2 T3 * AT-T2-T3 7:45 1.55 7.92 
T2 T4 AT-T2-T4 8:05 2.18 7.86 
T2 T5 AT-T2-T5 8:27 1.37 7.88 
T3 C1 AT-T3-C1 19:04 5.42 

5.526 0.04 

8.04 

8.03 0.003 
T3 C2 AT-T3-C2 19:14 5.62 8.03 
T3 C3 AT-T3-C3 19:18 5.44 8.03 
T3 C4 AT-T3-C4 19:25 5.55 8.03 
T3 C5 AT-T3-C5 19:30 5.6 8.02 
T3 T1 AT-T3-T1 19:08 6.05 

5.464 0.29 

8.03 

8.028 0.002 
T3 T2 AT-T3-T2 19:16 5.8 8.03 
T3 T3 AT-T3-T3 19:22 4.5 8.03 
T3 T4 AT-T3-T4 19:29 5.9 8.02 
T3 T5 AT-T3-T5 19:33 5.07 8.03 
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Table S 2.2. Corresponding raw & calculated average (Av.) of O2 & pH: Acropora 

selago.Covers each incubation chamber per time point throughout the deoxygenation-

reoxygenation stress experiment measured on 29-30/11/2018. S.E. = standard error. * = Suspected 

slight gas leak to incubation chamber. # = Visual major bleaching and tissue loss. 

Time 
point Chamber 

Sample 
ID 

Sample 
time 

Dissolved 
O2 (mg/L) Av. O2 S.E. pH 

Av. 
pH S.E. 

T0 tank AS-T0-C1 17:00 6.7 

6.7 0.00 

8.08 

8.08 0.00 
T0 tank AS-T0-C2 17:01 6.7 8.08 
T0 tank AS-T0-C3 17:02 6.7 8.08 
T0 tank AS-T0-C4 17:03 6.7 8.08 
T0 tank AS-T0-C5 17:04 6.7 8.08 
T1 C1 AS-T1-C1 20:00 2.51 

2.864 0.18 

8.07 

8.074 0.00 
T1 C2 AS-T1-C2 20:05 2.9 8.07 
T1 C3 AS-T1-C3 20:09 2.47 8.08 
T1 C4 AS-T1-C4 20:13 3.42 8.07 
T1 C5 AS-T1-C5 20:16 3.02 8.08 
T1 T1 AS-T1-T1 20:19 6.54 

6.45 0.04 

8.08 

8.078 0.00 
T1 T2 AS-T1-T2 20:22 6.51 8.08 
T1 T3 AS-T1-T3 20:25 6.3 8.08 
T1 T4 AS-T1-T4 20:27 6.42 8.08 
T1 T5 AS-T1-T5 20:30 6.48 8.07 
T2 C1 AS-T2-C1 7:09 0.65 

2.164 0.58 

7.89 

7.904 0.01 
T2 C2 AS-T2-C2 7:15 2.11 7.92 
T2 C3 AS-T2-C3 7:19 1.14 7.89 
T2 C4 AS-T2-C4 7:24 3.7 7.91 
T2 C5 AS-T2-C5 7:29 3.22 7.91 
T2 T1 AS-T2-T1 7:33 3.53 

3.942 0.21 

7.87 

7.892 0.01 
T2 T2 AS-T2-T2 7:36 4.54 7.91 
T2 T3 AS-T2-T3 7:39 4.06 7.89 
T2 T4 * AS-T2-T4 7:44 4.16 7.89 
T2 T5 AS-T2-T5 7:46 3.42 7.9 
T3 C1 AS-T3-C1 17:55 6.3 

6.26 0.09 

8.04 

8.038 0.00 
T3 C2 AS-T3-C2 18:07 6 8.03 
T3 C3 AS-T3-C3 17:50 6.5 8.04 
T3 C4 AS-T3-C4 18:00 6.1 8.03 
T3 C5 AS-T3-C5 18:04 6.4 8.05 
T3 T1 # AS-T3-T1 17:58 6 

6.36 0.12 

8.03 

8.041 0.00 
T3 T2 # AS-T3-T2 18:09 6.2 8.045 
T3 T3 # AS-T3-T3 18:12 6.5 8.05 
T3 T4 AS-T3-T4 18:15 6.4 8.03 
T3 T5 AS-T3-T5 18:18 6.7 8.05 
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Table S 2.3. Additional O2 and pH measurements taken during experiment.Pre- time point 1 

(T1) represents the starting stress measurements once treated water was transferred into incubation 

chambers and pre- time point 3 (T3) represents measurements once water was refreshed for the re-

oxygenation phase for Acropora tenuis and A. selago with respective dates of measurements.  

 

  Pre-T1 Pre-T3 
 26/11/2018 27/11/2018 
  19:25 (pumps on)   

Species Chamber pH 
O2 

(mg/L) Chamber pH 
O2 

(mg/L) 

A. tenuis 

T1 8.06 2.28 T1 8.03 5.1 
T2 8.06 2.32 T2 7.99 5.1 
T3 8.05 2.32 T3 8.02 5.6 
T4 8.06 2.35 T4 8.03 5.8 
T5 8.05 2.25 T5 8.01 5.11 

 AV. 8.06 2.30  AV. 8.02 5.34 
S.E. 0.00 0.02 S.E. 0.01 0.15 
C1 8.06 5.5 C1 8.02 5.4 
C2 8.05 5.5 C2 8.03 4.8 
C3 8.06 5.67 C3 8 6 
C4 8.06 5.63 C4 8.02 5.36 
C5 8.06 5.62 C5 8.03 4.83 

AV. 8.06 5.58 AV. 8.02 5.28 
S.E. 0.00 0.04 S.E. 0.01 0.22 

 29/11/2018 30/11/2018 
  19:30 (pumps on)   

A. selago 

T1 8.08 2.8 T1 8.03 5.9 
T2 8.08 2.63 T2 8.05 6.2 
T3 8.08 2.94 T3 8.04 6.5 
T4 8.08 2.55 T4 8.04 6.2 
T5 8.08 2.82 T5 8.05 6.4 

 AV. 8.08 2.748  AV. 8.04 6.24 
S.E. 0 0.07 S.E. 0 0.10 
C1 8.08 6.6 C1 8.05 5.9 
C2 8.08 6.61 C2 8.05 6.2 
C3 8.08 6.66 C3 8.05 6.2 
C4 8.08 6.57 C4 8.04 6.4 
C5 8.08 6.58 C5 8.05 6.7 

AV. 8.08 6.604 AV. 8.05 6.28 
S.E. 0 0.02 S.E. 0 0.13 
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Table S 2.4. Symbiodiniaceae cell count replicates & normalised average for Acropora tenuis. 

Normalised per ml. Sample ID represents the following: AT = A. tenuis, T0 to T3= time point 0 to 

3, T or C = treatment or control followed by 1 to 5 = replicate number. 

Sample ID Counts  
  rep1 rep2 rep3 Average per ml 
AT-T0-C1 167 187 179 178 1780000 
AT-T0-C2 108 112 110 110 1100000 
AT-T0-C3 144 154 146 148 1480000 
AT-T0-C4 172 200 172 181 1810000 
AT-T0-C5 142 126 158 142 1420000 
AT-T1-C1 92 100 144 112 1120000 
AT-T1-C2 112 84 86 94 940000 
AT-T1-C3 176 104 134 138 1380000 
AT-T1-C4 132 140 148 140 1400000 
AT-T1-C5 120 116 124 120 1200000 
AT-T1-T1 132 116 112 120 1200000 
AT-T1-T2 124 100 130 118 1180000 
AT-T1-T3 108 120 120 116 1160000 
AT-T1-T4 108 148 176 144 1440000 
AT-T1-T5 160 180 176 172 1720000 
AT-T2-C1 132 152 124 136 1360000 
AT-T2-C2 144 160 116 140 1400000 
AT-T2-C3 98 116 122 112 1120000 
AT-T2-C4 160 168 152 160 1600000 
AT-T2-C5 132 152 148 144 1440000 
AT-T2-T1 104 140 122 122 1220000 
AT-T2-T2 136 92 108 112 1120000 
AT-T2-T3 148 96 68 104 1040000 
AT-T2-T4 192 180 192 188 1880000 
AT-T2-T5 120 104 100 108 1080000 
AT-T3-C1 96 112 104 104 1040000 
AT-T3-C2 84 96 140 107 1065596 
AT-T3-C3 92 100 96 96 960000 
AT-T3-C4 136 136 124 132 1320000 
AT-T3-C5 156 152 136 148 1480000 
AT-T3-T1 124 152 102 126 1260000 
AT-T3-T2 108 104 120 111 1107170 
AT-T3-T3 92 112 96 100 1000000 
AT-T3-T4 76 96 67 80 799873 
AT-T3-T5 76 116 199 130 1303120 
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Table S 2.5. Symbiodiniaceae cell count replicates & normalised average for Acropora selago. 

Normalised per ml. Sample ID represents the following: AS = A. selago, T0 to T3= time point 0 to 

3, T or C = treatment or control followed by 1 to 5 = replicate number. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ID Counts  
  rep1 rep2 rep3 Average per ml 
AS-T0-C1 144 152 148 148 1480000 
AS-T0-C2 96 104 100 100 1000000 
AS-T0-C3 120 148 152 140 1400000 
AS-T0-C4 132 116 112 120 1200000 
AS-T0-C5 140 156 160 152 1520000 
AS-T1-C1 120 136 124 127 1265096 
AS-T1-C2 140 140 152 144 1440000 
AS-T1-C3 200 180 184 188 1880000 
AS-T1-C4 180 156 168 168 1680000 
AS-T1-C5 128 152 146 142 1420000 
AS-T1-T1 100 104 156 120 1200000 
AS-T1-T2 160 152 102 138 1381859 
AS-T1-T3 116 136 116 123 1226720 
AS-T1-T4 120 136 119 125 1250000 
AS-T1-T5 96 108 90 98 979166 
AS-T2-C1 172 169 163 168 1680000 
AS-T2-C2 128 152 176 152 1520000 
AS-T2-C3 268 216 230 238 2380000 
AS-T2-C4 164 188 140 164 1640000 
AS-T2-C5 200 224 152 192 1920000 
AS-T2-T1 115 100 98 104 1040000 
AS-T2-T2 92 100 72 88 880000 
AS-T2-T3 136 148 148 144 1440000 
AS-T2-T4 160 175 156 164 1640000 
AS-T2-T5 152 156 160 156 1560000 
AS-T3-C1 136 140 98 125 1245457 
AS-T3-C2 172 180 221 191 1909970 
AS-T3-C3 184 204 237 208 2083888 
AS-T3-C4 124 164 99 129 1290000 
AS-T3-C5 236 208 222 222 2220000 
AS-T3-T1 92 116 62 90 900000 
AS-T3-T2 135 116 76 109 1090000 
AS-T3-T3 104 100 90 98 980000 
AS-T3-T4 136 92 108 112 1120000 
AS-T3-T5 116 117 108 113 1134513 
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Table S 2.6. Estimated Chlorophyll a, c2 & total chlorophyll for Acropora tenuis. Calculated 

according to spectrometric equations for dinoflagellates80 per time point (T) for treatment and 

control. Sample ID represents the following: AT = A. tenuis, T0 to T3= time point 0 to 3, T or C = 

treatment or control followed by 1 to 5 = replicate number. 

 

Time & 
condition Sample ID Chl. a Chl. c2 Total 

Chl. 

T0 

AT-T0-C1 3.89 1.02 4.91 
AT-T0-C2 2.53 1.1 3.63 
AT-T0-C3 2.96 1.68 4.63 
AT-T0-C4 4.21 2.24 6.45 
AT-T0-C5 3.61 -0.03 3.58 

T1                  
Control 

AT-T1-C1 1.33 0.73 2.07 
AT-T1-C2 1.36 1.38 2.74 
AT-T1-C3 2.46 0.88 3.34 
AT-T1-C4 1.76 1.31 3.08 
AT-T1-C5 2.01 2.44 4.46 

T1             
Treatment 

AT-T1-T1 1.7 1.12 2.82 
AT-T1-T2 2.75 1.22 3.97 
AT-T1-T3 2.03 0.95 2.98 
AT-T1-T4 1.79 0.8 2.59 
AT-T1-T5 1.96 1.57 3.53 

T2                  
Control 

AT-T2-C1 1.33 0.47 1.79 
AT-T2-C2 2.21 1.85 4.06 
AT-T2-C3 1.83 1.14 2.97 
AT-T2-C4 2.39 1.94 4.33 
AT-T2-C5 2.22 1.47 3.69 

T2             
Treatment 

AT-T2-T1 1.72 1.26 2.97 
AT-T2-T2 1.86 0.67 2.52 
AT-T2-T3 1.86 0.67 2.53 
AT-T2-T4 2.02 1.28 3.3 
AT-T2-T5 1.96 0.7 2.65 

T3                  
Control 

AT-T3-C1 1.27 0.65 1.92 
AT-T3-C2 0.97 0.72 1.7 
AT-T3-C3 1.84 0.99 2.83 
AT-T3-C4 2.33 1.03 3.37 
AT-T3-C5 2.46 0.97 3.43 

T3             
Treatment 

AT-T3-T1 2.23 0.96 3.19 
AT-T3-T2 0.96 0.89 1.85 
AT-T3-T3 1.19 0.64 1.83 
AT-T3-T4 1.06 1.08 2.14 
AT-T3-T5 1.7 0.95 2.65 
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Table S 2.7. Estimated Chlorophyll a, c2 and total chlorophyll for Acropora selago. Calculated 

according to spectrometric equations for dinoflagellates80 per time point (T) for treatment and 

control. Sample ID represents the following: AS = A. selago, T0 to T3= time point 0 to 3, T or C = 

treatment or control followed by 1 to 5 = replicate number. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time & 
condition Sample ID Chl. a Chl. c2 

Total 
Chl. 

T0 

AS-T0-C1 2.57 2.29 4.85 
AS-T0-C2 1.98 2.9 4.88 
AS-T0-C3 1.41 1.61 3.03 
AS-T0-C4 2.13 3.11 5.23 
AS-T0-C5 2.25 1.51 3.76 

T1                  
Control 

AS-T1-C1 1.25 1.67 2.92 
AS-T1-C2 2.28 0.81 3.09 
AS-T1-C3 2.13 1.42 3.55 
AS-T1-C4 2.06 1.01 3.08 
AS-T1-C5 2.4 0.4 2.8 

T1             
Treatment 

AS-T1-T1 1.51 0.36 1.87 
AS-T1-T2 1.65 1.31 2.96 
AS-T1-T3 1.89 0.74 2.64 
AS-T1-T4 1.15 1.06 2.21 
AS-T1-T5 0.95 1.04 1.99 

T2                  
Control 

AS-T2-C1 1.61 1.84 3.44 
AS-T2-C2 1.75 2.76 4.51 
AS-T2-C3 3.69 1.55 5.24 
AS-T2-C4 2.62 1.05 3.67 
AS-T2-C5 1.97 2.06 4.03 

T2             
Treatment 

AS-T2-T1 0.81 0.55 1.36 
AS-T2-T2 1.38 0.05 1.43 
AS-T2-T3 2.05 -0.22 1.83 
AS-T2-T4 1.89 0.43 2.32 
AS-T2-T5 0.98 0.76 1.75 

T3                  
Control 

AS-T3-C1 1.58 0.78 2.36 
AS-T3-C2 3.25 0.8 4.05 
AS-T3-C3 2.24 2.25 4.49 
AS-T3-C4 1.51 1.37 2.87 
AS-T3-C5 1.75 1.86 3.61 

T3             
Treatment 

AS-T3-T1 0.34 0.7 1.04 
AS-T3-T2 0.93 0.13 1.07 
AS-T3-T3 0.49 1.08 1.57 
AS-T3-T4 0.34 0.22 0.57 
AS-T3-T5 0.67 0.36 1.03 
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Table S 2.8. Estimated coral surface area (S.A.) for Acropora tenuis. Used ‘single wax dipping’ 

technique and S.A. calculated using the standard equation in Figure S 2.6. Sample ID representing 

the following: AT = A. tenuis, T0 to T3= time point 0 to 3, T or C = treatment or control followed 

by 1 to 5 = replicate number. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ID weight 
before 

weight 
after  

weight 
diff. 

S.A. 
(cm2) 

AT-T0-C1 1.9 2.54 0.64 15.81 
AT-T0-C2 1.17 1.66 0.49 12.19 
AT-T0-C3 2.76 3.37 0.61 15.24 
AT-T0-C4 2.52 3.16 0.64 15.81 
AT-T0-C5 3.32 3.96 0.64 15.81 
AT-T1-C1 1.51 1.92 0.41 10.09 
AT-T1-C2 0.78 1.15 0.37 9.14 
AT-T1-C3 2.84 3.36 0.52 12.76 
AT-T1-C4 1.2 1.61 0.41 10.09 
AT-T1-C5 1.79 2.22 0.43 10.66 
AT-T1-T1 1.94 2.36 0.42 10.47 
AT-T1-T2 2.46 2.96 0.5 12.38 
AT-T1-T3 2.24 2.72 0.48 11.81 
AT-T1-T4 1.24 1.68 0.45 11.04 
AT-T1-T5 2.11 2.73 0.62 15.43 
AT-T2-C1 0.58 0.91 0.33 8 
AT-T2-C2 1.63 2.14 0.51 12.57 
AT-T2-C3 0.82 1.2 0.38 9.33 
AT-T2-C4 1.88 2.46 0.58 14.47 
AT-T2-C5 3.28 3.91 0.63 15.62 
AT-T2-T1 0.97 1.36 0.39 9.52 
AT-T2-T2 1.38 1.81 0.43 10.66 
AT-T2-T3 1.74 2.19 0.45 11.04 
AT-T2-T4 2.09 2.6 0.51 12.57 
AT-T2-T5 1.73 2.15 0.42 10.28 
AT-T3-C1 1.51 1.92 0.41 10.09 
AT-T3-C2 0.88 1.22 0.34 8.38 
AT-T3-C3 1.05 1.41 0.36 8.95 
AT-T3-C4 1.29 1.78 0.49 12.19 
AT-T3-C5 2.8 3.41 0.61 15.24 
AT-T3-T1 1.87 2.37 0.5 12.38 
AT-T3-T2 0.53 0.89 0.36 8.76 
AT-T3-T3 1.43 1.84 0.41 10.09 
AT-T3-T4 0.56 0.89 0.33 8 
AT-T3-T5 1.04 1.43 0.39 9.52 
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Table S 2.9. Estimated coral surface area (S.A.) for Acropora selago. Used via ‘single wax 

dipping’ technique and S.A. calculated using the standard equation in Figure S 2.6. Sample ID 

represents the following: AS = A. selago, T0 to T3= time point 0 to 3, T or C = treatment or control 

followed by 1 to 5 = replicate number. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ID weight 
before 

weight 
after  

weight 
diff. 

S.A. 
(cm2) 

AS-T0-C1 2.6 3.28 0.68 16.76 
AS-T0-C2 4.69 5.55 0.86 21.33 
AS-T0-C3 2.37 2.92 0.55 13.71 
AS-T0-C4 2.12 2.63 0.51 12.57 
AS-T0-C5 3.08 3.77 0.69 17.14 
AS-T1-C1 2.68 3.27 0.59 14.66 
AS-T1-C2 3.34 3.99 0.65 16.19 
AS-T1-C3 4.54 5.37 0.83 20.57 
AS-T1-C4 3.39 4.1 0.71 17.71 
AS-T1-C5 3.59 4.14 0.55 13.71 
AS-T1-T1 2.31 2.8 0.49 12.19 
AS-T1-T2 3.1 3.76 0.66 16.38 
AS-T1-T3 2.34 2.87 0.53 13.14 
AS-T1-T4 1.7 2.17 0.47 11.62 
AS-T1-T5 1.47 1.86 0.39 9.71 
AS-T2-C1 2.86 3.5 0.64 15.81 
AS-T2-C2 3.27 3.92 0.65 16.19 
AS-T2-C3 6.18 7.33 1.15 28.57 
AS-T2-C4 4.2 4.94 0.74 18.28 
AS-T2-C5 5.79 6.67 0.88 21.9 
AS-T2-T1 2.46 3 0.54 13.33 
AS-T2-T2 2.08 2.57 0.49 12.19 
AS-T2-T3 4.6 5.46 0.86 21.33 
AS-T2-T4 3.56 4.31 0.75 18.66 
AS-T2-T5 2.12 2.72 0.59 14.85 
AS-T3-C1 2.77 3.36 0.59 14.66 
AS-T3-C2 5.21 6.11 0.9 22.47 
AS-T3-C3 4.74 5.65 0.91 22.66 
AS-T3-C4 3.71 4.33 0.62 15.43 
AS-T3-C5 7.8 8.72 0.92 22.86 
AS-T3-T1 2.6 3.28 0.68 16.95 
AS-T3-T2 2.26 2.84 0.58 14.47 
AS-T3-T3 3.14 3.81 0.67 16.57 
AS-T3-T4 5.2 6.07 0.87 21.71 
AS-T3-T5 2.7 3.25 0.55 13.71 
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Table S 2.10. Read mapping statistics. For Acropora tenuis and Acropora selago mapping to the 

reference genomic gene set of Acropora millepora. 

Total number of genes in A. millepora genome 28,188 
Number of genes mapped by A. selago and A. tenuis 24,645 
Number of genes mapped only by A. selago (‘structural zeros’) 601 
Number of genes mapped only by A. tenuis (‘structural zeros’) 832 
Number of unmapped genes 2,110 
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Table S 2.11. Tracking of Acropora tenuis’s read 1 count. Followed through trimming of 
sequenced reads Illumina adaptors and low-quality regions, mapping to A. millepora reference gene 
set (with a total of 28188 contigs) and filtering out samples < 5 million read counts. Sample ID 
represents the following: AT = A. tenuis, T0 to T3= time point 0 to 3, T or C = treatment or control 
followed by 1 to 5 = replicate number. 

Sample 
ID Initial Trimming Mapping Quality 

check 

  Read count Paired end 
read count 

% 
Counts 
paired 

Paired end 
reads 

mapped 

% 
Mapping 

rate 

> 5 
million 
counts 

AT-T0-C1 19,417,163 18,156,469 94 10,870,631 60 Y 
AT-T0-C2 28,514,632 26,695,713 94 15,672,373 59 Y 
AT-T0-C3 27,891,361 26,329,920 94 15,140,246 58 Y 
AT-T0-C4 26,706,199 25,309,783 95 15,035,370 59 Y 
AT-T0-C5 28,399,726 26,756,376 94 12,075,475 45 Y 
AT-T1-C1 15,903,169 14,299,411 90 7,162,542 50 Y 
AT-T1-C2 15,829,123 15,111,911 95 6,859,420 45 Y 
AT-T1-C3 62,371,675 58,753,670 94 27,354,258 47 Y 
AT-T1-C4 24,203,861 22,342,042 92 11,392,286 51 Y 
AT-T1-C5 22,626,768 21,658,408 96 12,193,526 56 Y 
AT-T1-T1 24,600,129 23,490,538 95 12,782,208 54 Y 
AT-T1-T2 30,704,274 29,365,118 96 13,249,190 45 Y 
AT-T1-T3 19,187,364 17,950,235 94 8,793,887 49 Y 
AT-T1-T4 19,503,705 18,650,453 96 8,708,839 47 Y 
AT-T1-T5 30,796,631 29,479,861 96 15,459,545 52 Y 
AT-T2-C1 24,839,007 23,876,157 96 12,711,297 53 Y 
AT-T2-C2 46,272,545 44,148,302 95 23,023,801 58 Y 
AT-T2-C3 23,668,738 22,311,769 94 12,396,290 56 Y 
AT-T2-C4 31,396,131 29,994,184 96 16,714,181 56 Y 
AT-T2-C5 19,876,247 22,161,440 93 5,628,057 31 Y 
AT-T2-T1 25,586,089 24,325,095 95 11,234,068 46 Y 
AT-T2-T2 28,203,679 27,023,218 96 13,399,785 50 Y 
AT-T2-T3 21,236,224 20,350,033 96 8,948,265 44 Y 
AT-T2-T4 23,709,290 18,256,122 92 10,862,295 49 Y 
AT-T2-T5 31,886,081 30,467,149 96 16,073,099 53 Y 
AT-T3-C1 14,167,705 13,482,553 95 6,818,321 51 Y 
AT-T3-C2 23,254,249 22,077,328 95 11,474,883 52 Y 
AT-T3-C3 28,077,559 26,737,434 95 12,201,107 50 Y 
AT-T3-C4 22,231,075 20,680,043 93 11,594,141 56 Y 
AT-T3-C5 29,518,388 27,922,987 95 16,049,557 57 Y 
AT-T3-T1 28,576,793 27,418,115 96 14,103,500 51 Y 
AT-T3-T2 29,837,112 28,412,737 95 14,848,959 52 Y 
AT-T3-T3 22,650,360 21,233,078 94 11,113,470 52 Y 
AT-T3-T4 22,408,255 20,957,751 94 9,938,718 47 Y 
AT-T3-T5 28,379,837 27,167,747 96 14,567,001 54 Y 
Av. 26,355,176 24,952,947 95 12,755,731 51 35/35 
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Table S 2.12. Tracking of Acropora selago’s read 1 count. Followed through trimming 
sequenced reads of Illumina adaptors and low-quality regions, mapping them to the A. millepora 
reference gene set (with a total of 28188 contigs) and filtering out samples < 5 million read counts. 
Sample ID represents the following: AS = A. selago, T0 to T3= time point 0 to 3, T or C = treatment 
or control followed by 1 to 5 = replicate number. 

Sample 
ID Initial Trimming Mapping Quality 

check 

  Read count Paired end 
read count 

% 
Counts 
paired 

Paired end 
reads 

mapped 

% 
Mapping 

rate 

> 5 million 
counts 

AS-T0-C1 25,497,150 24,196,298 95 13,906,303 57 Y 
AS-T0-C2 29,700,062 27,973,882 94 14,457,940 52 Y 
AS-T0-C3 31,479,626 29,773,604 95 16,147,480 54 Y 
AS-T0-C4 30,645,750 28,496,267 93 14,184,656 50 Y 
AS-T0-C5 24,339,171 23,091,454 95 12,037,464 52 Y 
AS-T1-C1 24,782,990 23,631,052 95 9,804,631 41 Y 
AS-T1-C2 4,234,571 3,647,114 86 1,161,079 32 N 
AS-T1-C3 28,408,649 26,180,852 92 13,661,079 52 Y 
AS-T1-C4 22,165,964 21,137,150 95 10,912,634 52 Y 
AS-T1-C5 21,317,057 20,181,985 95 9,978,399 49 Y 
AS-T1-T1 25,882,180 24,345,277 94 12,443,230 51 Y 
AS-T1-T2 25,537,276 24,398,173 96 12,867,213 53 Y 
AS-T1-T3 33,132,697 31,522,883 95 16,253,762 52 Y 
AS-T1-T4 20,055,459 19,198,029 96 10,608,442 55 Y 
AS-T1-T5 21,673,143 20,605,763 95 9,999,055 49 Y 
AS-T2-C1 60,854,697 57,820,390 95 29,697,810 51 Y 
AS-T2-C2 24,948,759 23,621,135 95 12,521,195 53 Y 
AS-T2-C3 27,987,619 26,468,749 95 13,922,883 53 Y 
AS-T2-C4 32,867,269 30,965,945 94 18,550,209 60 Y 
AS-T2-C5 22,379,296 21,324,369 95 11,680,915 55 Y 
AS-T2-T1 19,027,405 18,174,654 96 9,252,196 51 Y 
AS-T2-T2 19,389,456 18,295,485 94 10,244,218 56 Y 
AS-T2-T3 21,360,464 20,348,046 95 451,773 2 N 
AS-T2-T4 27,235,609 25,740,010 95 14,161,717 55 Y 
AS-T2-T5 1,711,055 1,384,462 81 566,183 41 N 
AS-T3-C1 22,261,428 21,033,834 94 11,501,075 55 Y 
AS-T3-C2 26,833,643 25,707,016 96 13,343,404 52 Y 
AS-T3-C3 30,644,397 57,820,390 95 16,241,675 56 Y 
AS-T3-C4 19,282,400 18,423,414 96 10,282,457 56 Y 
AS-T3-C5 20,721,766 19,889,262 96 10,874,140 55 Y 
AS-T3-T1 22,514,315 17,335,797 77 8,651,169 40 Y 
AS-T3-T2 28,915,423 27,461,206 95 15,219,147 55 Y 
AS-T3-T3 18,664,218 17,916,099 96 528,485 3 N 
AS-T3-T4 28,961,942 27,552,799 95 12,082,568 44 Y 
AS-T3-T5 17,229,929 16,550,057 96 8,418,441 51 Y 
Av. 24,646,938 24,063,226 94 11,617,572 48 31/35 
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Table S 2.13. List of gene names with corresponding KEGG Orthology. The following list was 

used to identify annotated genes for FPKM (fragment per kilo base per million reads) analyses. 

References of HIF target genes from wider literature that are not mentioned in the KEGG 

map04066 (refer to main text reference list). 

 

Gene name KEGG Ortholog Reference 
HIF1A K08268   
HSP90 K09487, K04079  
KCNK18/17 (K2P)  K20007, K04925 64, 65 
PDK K12077 map04066 
LDH K00016 map04066 
BCL-XL K04570 66 
BCL2 K02161 map04066 
BNIP3  K15464 32 

HSP70 K03283, K09490, K09486, K09489, 
K04043, K09491 

67, 77, 83 

p27 K06624 map04066 
CD36 K06259 68 
POLRMT K10908  

NDUF 
K11352, K18160, K03951, K18162, 
K03935, K03940, K18164, K11353, 
K03954, K03949, K03936, K03942 

 

ALOX5 K00461  
COQ6 K06126  
LH K01229  
PO K13366  
GADD45 K04402    
ACTB_G1 K05692  
Casp3 K02187  
PHD/EGLN1 K09592  
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Table S 2.14. Statistical results of two-way ANOVA & Tukey HSD for Acropora tenuis. Statistical results of two-way ANOVA & Tukey HSD for 

Acropora tenuis. Comparing time points (T) 0 to 3, condition (D = deoxygenation treatment and C = Control) and their interaction for (a) Symbiodiniaceae 

cell density, and (b) chlorophyll concentration. Shapiro-Wilk and Levene’s test statistics are reported for normality and equal variances testing. Different 

number of asterisks by the p-value indicate type of transformation used based on skewness value of data ** = Tuk. Note that the sample replicate per 

condition (treatment or control) per time point = 5. 

 

Variable 
Two- way ANOVA Tukey HSD Shapiro-Wilk Levene's 

Variable F p Comp. diff. in 
means lower c.f. upper c.f. p-adj. w p F p 

Symbio. 
density 

Time (T) F2,1 
= 0.1 0.88 

T1D-T1C -1.18E-18 -7.54E-18 5.18E-18 0.99 

0.98 0.88 
** 0.32 0.9 ** 

T2C-T1C -9.78E-20 -6.46E-18 6.26E-18 1 
T2D-T1C -4.59E-19 -6.82E-18 5.90E-18 1 
T3C-T1C -1.25E-18 -7.61E-18 5.11E-18 0.99 
T3D-T1C -7.84E-19 -7.14E-18 5.58E-18 1 

Condition 
(C) 

F2,1 
= 0.1 0.77 

T2C-T1D 1.08E-18 -5.28E-18 7.44E-18 0.99 
T2D-T1D 7.21E-19 -5.64E-18 7.08E-18 1 
T3C-T1D -6.68E-20 -6.43E-18 6.29E-18 1 
T3D-T1D 3.95E-19 -5.96E-18 6.75E-18 1 
T2D-T2C -3.61E-19 -6.72E-18 6.00E-18 1 

T:C F2,1 
= 1.6 0.85 

T3C-T2C -1.15E-18 -7.51E-18 5.21E-18 0.99 
T3D-T2C -6.87E-19 -7.05E-18 5.67E-18 1 
T3C-T2D -7.87E-19 -7.15E-18 5.57E-18 1 
T3D-T2D -3.25E-19 -6.68E-18 6.03E-18 1 
T3D-T3C 4.62E-19 -5.90E-18 6.82E-18 1 

 

 

(a) 
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Variable 
Two- way ANOVA Tukey HSD Shapiro-Wilk Levene's 

Variable F p Comp. diff. in 
means lower c.f. upper c.f. p-

adj. w p F p 

Chl. 
conc. 

Time (T) F2,1 = 
1.7 0.2 

T1D-T1C -3.65E-02 -1.32E-01 5.95E-02 0.84 

0.94 0.12 0.54 0.75 

T2C-T1C -1.86E-02 -1.15E-01 7.73E-02 0.99 
T2D-T1C -3.81E-02 -1.34E-01 5.79E-02 0.82 
T3C-T1C -5.57E-02 -1.52E-01 4.02E-02 0.49 
T3D-T1C -5.86E-02 -1.55E-01 3.73E-02 0.43 

Condition 
(C) 

F2,1 = 
1.2 0.28 

T2C-T1D 1.79E-02 -7.81E-02 1.14E-01 0.99 
T2D-T1D -1.62E-03 -9.76E-02 9.43E-02 1 
T3C-T1D -1.93E-02 -1.15E-01 7.67E-02 0.99 
T3D-T1D -2.22E-02 -1.18E-01 7.38E-02 0.98 
T2D-T2C -1.95E-02 -1.15E-01 7.64E-02 0.99 

T:C F2,1 = 
0.3 0.75 

T3C-T2C -3.71E-02 -1.33E-01 5.88E-02 0.83 
T3D-T2C -4.00E-02 -1.36E-01 5.59E-02 0.79 
T3C-T2D -1.76E-02 -1.14E-01 7.83E-02 0.99 
T3D-T2D -2.06E-02 -1.16E-01 7.54E-02 0.98 
T3D-T3C -2.91E-03 -9.88E-02 9.30E-02 1 

 

 

 

 

(b) 
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Table S 2.15. Statistical results of two-way ANOVA & Tukey HSD for Acropora selago. Comparing time points (T) 0 to 3, condition (D = 
deoxygenation treatment and C = Control) and their interaction for (a) Symbiodiniaceae cell density, and (b) chlorophyll concentration. Shapiro-Wilk 
and Levene’s test statistics are reported for normality and equal variances testing. Number of asterisks by the p-value indicate type of transformation 
used based on skewness value of data ** = Tuk. Note that the sample replicate per condition (treatment or control) per time point = 5 for all except for 
T1 control and T3 treatment =4 and T2 treatment = 3 due to removal of samples with sequenced read counts < 5 million for downstream analysis. 

 

Variable 
Two- way ANOVA Tukey HSD Shapiro-Wilk          Levene's 

Variable F p Comp. diff. in 
means lower c.f. upper c.f. p-

adj. w p F p 

Symbio. 
density 

Time (T) F2,1 = 
6.7 0.01 

T1D-T1C 6.79E+14 -2.70E+15 4.06E+15 0.99 

0.98 0.77 ** 0.24 0.94 ** 

T2C-T1C -3.26E+14 -3.70E+15 3.05E+15 1 
T2D-T1C -2.58E+15 -6.43E+15 1.27E+15 0.32 
T3C-T1C -1.11E+15 -4.49E+15 2.27E+15 0.9 
T3D-T1C -3.99E+15 -7.55E+15 -4.31E+14 0.02 

Condition 
(C) 

F2,1 = 
5.1 0.03 

T2C-T1D -1.00E+15 -4.19E+15 2.18E+15 0.92 
T2D-T1D -3.26E+15 -6.94E+15 4.21E+14 0.1 
T3C-T1D -1.79E+15 -4.97E+15 1.40E+15 0.51 
T3D-T1D -4.67E+15 -8.05E+15 -1.29E+15 0 
T2D-T2C -2.25E+15 -5.93E+15 1.43E+15 0.42 

T:C F2,1 = 
3.1 0.07 

T3C-T2C -7.83E+14 -3.97E+15 2.40E+15 0.97 
T3D-T2C -3.67E+15 -7.05E+15 -2.88E+14 0.03 
T3C-T2D 1.47E+15 -2.21E+15 5.15E+15 0.8 
T3D-T2D -1.41E+15 -5.26E+15 2.43E+15 0.85 
T3D-T3C -2.88E+15 -6.26E+15 4.95E+14 0.12 

 

 

 

(a) 
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Variable 
Two- way ANOVA Tukey HSD Shapiro-Wilk          Levene's 

Variable F p Comp. diff. in 
means lower c.f. upper c.f. p-

adj. w p F p 

Chl. conc. 

Time (T) F2,1 = 
10.8 0 

T1D-T1C -6.85E-04 -3.16E-02 3.02E-02 1 

0.93 0.09 
** 0.93 0.48 ** 

T2C-T1C 1.68E-02 -1.41E-02 4.76E-02 0.54 
T2D-T1C -3.87E-02 -7.39E-02 -3.57E-03 0.03 
T3C-T1C -6.38E-03 -3.72E-02 2.45E-02 0.99 
T3D-T1C -5.95E-02 -9.21E-02 -2.70E-02 0 

Condition 
(C) 

F2,1 = 
36.9 0 

T2C-T1D 1.74E-02 -1.17E-02 4.65E-02 0.44 
T2D-T1D -3.80E-02 -7.16E-02 -4.43E-03 0.02 
T3C-T1D -5.69E-03 -3.48E-02 2.34E-02 0.99 
T3D-T1D -5.89E-02 -8.97E-02 -2.80E-02 0 
T2D-T2C -5.55E-02 -8.91E-02 -2.19E-02 0 

T:C F2,1 = 
9.7 0 

T3C-T2C -2.31E-02 -5.22E-02 5.97E-03 0.17 
T3D-T2C -7.63E-02 -1.07E-01 -4.54E-02 0 
T3C-T2D 3.23E-02 -1.26E-03 6.59E-02 0.06 
T3D-T2D -2.08E-02 -5.60E-02 1.43E-02 0.45 
T3D-T3C -5.32E-02 -8.40E-02 -2.23E-02 0 

 

(b) 
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Table S 2.16. Symbiodiniaceae density & chlorophyll concentration for Acropora tenuis. 

Normalised by coral surface area (S.A. per cm2) for each time point (T) treatment and control. 

Chlorophyll concentration = Chl (µgml-1).  Sample ID represents the following: AT = A. tenuis, T0 

to T3= time point 0 to 3, T or C = treatment or control followed by 1 to 5 = replicate number. 

  Sample ID Total 
Chl.  S.A.  Total 

Chl./cm2 
Cell 

counts/ml 
 Cell 

counts/cm2 

T0 

AT-T0-C1 4.91 15.81 0.31 1780000 112610.48 
AT-T0-C2 3.63 12.19 0.3 1100000 90258.63 
AT-T0-C3 6.45 15.81 0.41 1480000 93631.18 
AT-T0-C4 3.58 15.81 0.23 1810000 114508.4 
AT-T0-C5 4.63 15.24 0.3 1420000 93205.21 

T1      
Control 

AT-T1-C1 2.07 10.09 0.2 1120000 110982.29 
AT-T1-C2 2.74 9.14 0.3 940000 102853.64 
AT-T1-C3 3.34 12.76 0.26 1380000 108161.49 
AT-T1-C4 3.08 10.09 0.3 1400000 138727.87 
AT-T1-C5 4.46 10.66 0.42 1200000 112536.57 

T1 
Treatment 

AT-T1-T1 2.82 10.47 0.27 1200000 114583.63 
AT-T1-T2 3.97 12.38 0.32 1180000 95332.74 
AT-T1-T3 2.98 11.81 0.25 1160000 98253.46 
AT-T1-T4 2.59 11.04 0.23 1440000 130385.18 
AT-T1-T5 3.53 15.43 0.23 1720000 111502.23 

T2      
Control 

AT-T2-C1 1.79 8 0.22 1360000 170080.79 
AT-T2-C2 3.69 12.57 0.29 1400000 111392.24 
AT-T2-C3 2.97 9.33 0.32 1120000 120046.73 
AT-T2-C4 4.33 14.47 0.3 1600000 110549.15 
AT-T2-C5 4.06 15.62 0.26 1440000 92211.93 

T2 
Treatment 

AT-T2-T1 2.97 9.52 0.31 1220000 128148.57 
AT-T2-T2 2.52 10.66 0.24 1120000 105034.14 
AT-T2-T3 2.53 11.04 0.23 1040000 94167.07 
AT-T2-T4 3.3 12.57 0.26 1880000 149583.87 
AT-T2-T5 2.65 10.28 0.26 1080000 105035.89 

T3      
Control 

AT-T3-C1 1.92 10.09 0.19 1040000 103054.99 
AT-T3-C2 1.7 8.38 0.2 1065596 127201.94 
AT-T3-C3 2.83 8.95 0.32 960000 107278.15 
AT-T3-C4 3.37 12.19 0.28 1320000 108310.36 
AT-T3-C5 3.43 15.24 0.22 1480000 97143.46 

T3 
Treatment 

AT-T3-T1 3.19 12.38 0.26 1260000 101795.97 
AT-T3-T2 1.85 8.76 0.21 1107170 126415.2 
AT-T3-T3 1.83 10.09 0.18 1000000 99091.33 
AT-T3-T4 2.14 8 0.27 799873 100031.68 
AT-T3-T5 2.65 9.52 0.28 1303120 136879.53 
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Table S 2.17. Symbiodiniaceae density & chlorophyll concentration for Acropora selago. 

Normalised by coral surface area (S.A. per cm2) for each time point (T) treatment and control. 

Chlorophyll concentration = Chl (µgml-1).  Sample ID represents the following: AS = A. selago, 

T0 to T3= time point 0 to 3, T or C = treatment or control followed by 1 to 5 = replicate number. 

Asterisks= samples with sequenced read counts < 5 million, removed from analysis. 

  Sample ID Total 
Chl.  S.A.  Total 

Chl./cm2 
Cell 

counts/ml 
 Cell 

counts/cm2 

T0 

AS-T0-C1 4.85 16.76 0.29 1480000 88309.7 
AS-T0-C2 5.23 12.57 0.42 1000000 79565.89 
AS-T0-C3 3.76 17.14 0.22 1400000 81679.33 
AS-T0-C4 4.88 21.33 0.23 1200000 56255.63 
AS-T0-C5 3.03 13.71 0.22 1520000 110858.28 

T1      
Control 

AS-T1-C1 2.92 14.66 0.2 1265096 86273.99 
AS-T1-C2* 3.09 16.19 0.19 1440000 88956.43 
AS-T1-C3 3.55 20.57 0.17 1880000 91398.79 
AS-T1-C4 3.08 17.71 0.17 1680000 94852.56 
AS-T1-C5 2.8 13.71 0.2 1420000 103564.97 

T1 
Treatment 

AS-T1-T1 1.87 12.19 0.15 1200000 98463.96 
AS-T1-T2 2.96 16.38 0.18 1381859 84371.87 
AS-T1-T3 2.64 13.14 0.2 1226720 93359.79 
AS-T1-T4 2.21 11.62 0.19 1250000 107612.97 
AS-T1-T5 1.99 9.71 0.21 979166 100833.75 

T2      
Control 

AS-T2-C1 3.44 15.81 0.22 1680000 106284.04 
AS-T2-C2 4.51 16.19 0.28 1520000 93898.45 
AS-T2-C3 5.24 28.57 0.18 2380000 83303.58 
AS-T2-C4 3.67 18.28 0.2 1640000 89699.83 
AS-T2-C5 4.03 21.9 0.18 1920000 87660.43 

T2 
Treatment 

AS-T2-T1 1.36 13.33 0.1 1040000 78018.33 
AS-T2-T2 1.43 12.19 0.12 880000 72206.91 

AS-T2-T3* 1.83 21.33 0.09 1440000 67506.75 
AS-T2-T4 2.32 18.66 0.12 1640000 87868.75 

AS-T2-T5* 1.75 14.85 0.12 1560000 105020.80 

T3      
Control 

AS-T3-C1 2.36 14.66 0.16 1245457 84934.71 
AS-T3-C2 4.05 22.47 0.18 1909970 84985.01 
AS-T3-C3 4.49 22.66 0.2 2083888 91944.23 
AS-T3-C4 2.87 15.43 0.19 1290000 83626.67 
AS-T3-C5 3.61 22.86 0.16 2220000 97133.26 

T3 
Treatment 

AS-T3-T1 1.04 16.95 0.06 900000 53098.28 
AS-T3-T2 1.07 14.47 0.07 1090000 75311.61 

AS-T3-T3* 1.57 16.57 0.09 980000 59147.67 
AS-T3-T4 0.57 21.71 0.03 1120000 51583.9 
AS-T3-T5 1.03 13.71 0.08 1134513 82743.52 
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Table S 2.18. Number of differentially expressed genes for Acropora tenuis & selago.(a) Up 

and down -regulated, and (b) annotated from EggNOG with the GO term for “response to hypoxia” 

GO:0001666 and/or with KEGG orthologs of the “HIF-1 signalling pathway” KEGG map04066. 

Differential expression based on Benjamini-Hochberg method following FDR correction (p adj. 

<0. 05). Comparisons show T = deoxygenated treatment and C = control samples across time points 

(T). n = number of sample replicas in total and * = groups with samples removed that were < 5 

million read counts.  

 

Comparison  Time 
point 

Acropora 
Species n Number 

upregulated 
Number 

downregulated 

1 - T vs C T1 A. tenuis 10 49 22 

3 - T vs C T2 A. tenuis 10 3420 3070 

5 - T vs C T3 A. tenuis 10 0 2 

1 - T vs C T1 A. selago 9 * 29 13 

3 - T vs C T2 A. selago 8 * 285 88 

5 - T vs C T3 A. selago 9 * 2172 1565 
 

Comparison  Time 
point 

Acropora 
Species 

Number annotated 
to KEGG 
map04066 

Number 
annotated to 
GO:0001666 

1 - T vs C T1 A. tenuis 1 1 

3 - T vs C T2 A. tenuis 24 63 

5 - T vs C T3 A. tenuis 0 0 

8 – T T1 vs T2 T1/T2 A. tenuis 24 60 

1 - T vs C T1 A. selago 1 1 

3 - T vs C T2 A. selago 3 3 

5 - T vs C T3 A. selago 10 37 

8 – T T1 vs T2 T1/T2 A. selago 16 33 
 

 

 

 

(a) 

(b) 
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Table S 2.19. KEGG BRITE output from KEGG Mapper Reconstruction results. Comparing 

differentially expressed genes (Benjamini-Hochberg method with FDR correction, p adj. <0. 05) 

annotated with KEGG Orthologs treatment versus control at time points (T) 1, 2 and 3 for Acropora 

tenuis and A. selago. 

Comparison 1 - Treatment vs control T1 
Acropora tenuis Acropora selago 

ko00001 KEGG Orthology (KO) (42) ko00001 KEGG Orthology (KO) (26) 
Protein families: metabolism Protein families: metabolism 
ko01000 Enzymes (16) ko01000 Enzymes (6) 
ko01001 Protein kinases (4) ko01001 Protein kinases (1) 
ko01009 Protein phosphatases and associated 
proteins (1) 

ko01009 Protein phosphatases and associated 
proteins (3) 

ko01002 Peptidases and inhibitors (3) ko01007 Amino acid related enzymes (1) 
  ko00199 Cytochrome P450 (1) 
Protein families: genetic information 
processing 

Protein families: genetic information 
processing 

ko03000 Transcription factors (2) ko03000 Transcription factors (9) 
ko03019 Messenger RNA biogenesis (1) ko03019 Messenger RNA biogenesis (1) 
ko03041 Spliceosome (1) ko03041 Spliceosome (1) 
ko03110 Chaperones and folding catalysts (1) ko04131 Membrane trafficking (1) 

ko04131 Membrane trafficking (3) ko03036 Chromosome and associated proteins 
(1) 

ko04121 Ubiquitin system (3) 

  

ko03036 Chromosome and associated proteins 
(5) 
ko03400 DNA repair and recombination 
proteins (1) 
Protein families: signalling and cellular 
processes 

Protein families: signalling and cellular 
processes 

ko02000 Transporters (3) ko02000 Transporters (2) 
ko04812 Cytoskeleton proteins (3) ko00536 Glycosaminoglycan binding proteins (1) 
ko04147 Exosome (1)   
ko04030 G protein-coupled receptors (2)   
ko04040 Ion channels (1)   
ko04091 Lectins (1)   

 

Comparison 3 - Treatment vs control T2 
Acropora tenuis Acropora selago 

ko00001 KEGG Orthology (KO) (2345) ko00001 KEGG Orthology (KO) (154) 
Protein families: metabolism Protein families: metabolism 
ko01000 Enzymes (991) ko01000 Enzymes (75) 
ko01001 Protein kinases (131) ko01001 Protein kinases (8) 
ko01009 Protein phosphatases and associated 
proteins (91) 

ko01009 Protein phosphatases and associated 
proteins (1) 

ko01002 Peptidases and inhibitors (133) ko01002 Peptidases and inhibitors (24) 
ko01003 Glycosyltransferases (55) ko01003 Glycosyltransferases (3) 
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ko01004 Lipid biosynthesis proteins (10) ko01007 Amino acid related enzymes (1) 
ko01006 Prenyltransferases (6) ko00199 Cytochrome P450 (6) 
ko01007 Amino acid related enzymes (18) 

  
ko00199 Cytochrome P450 (18) 
Protein families: genetic information 
processing 

Protein families: genetic information 
processing 

ko03000 Transcription factors (100) ko03000 Transcription factors (5) 
ko03021 Transcription machinery (54) ko03021 Transcription machinery (2) 
ko03019 Messenger RNA biogenesis (109) ko03019 Messenger RNA biogenesis (5) 
ko03041 Spliceosome (82) ko03041 Spliceosome (8) 
ko03011 Ribosome (43) ko03011 Ribosome (1) 
ko03009 Ribosome biogenesis (58) ko03009 Ribosome biogenesis (2) 
ko03016 Transfer RNA biogenesis (39) ko03016 Transfer RNA biogenesis (4) 
ko03012 Translation factors (22) ko03012 Translation factors (1) 
ko03110 Chaperones and folding catalysts (62) ko03110 Chaperones and folding catalysts (3) 
ko04131 Membrane trafficking (215) ko04131 Membrane trafficking (10) 
ko04121 Ubiquitin system (140) ko04121 Ubiquitin system (8) 
ko03051 Proteasome (18) ko03051 Proteasome (3) 
ko03032 DNA replication proteins (39) ko03032 DNA replication proteins (2) 
ko03036 Chromosome and associated proteins 
(207) 

ko03036 Chromosome and associated proteins 
(17) 

ko03400 DNA repair and recombination proteins 
(82) 

ko03400 DNA repair and recombination proteins 
(6) 

ko03029 Mitochondrial biogenesis (64) ko03029 Mitochondrial biogenesis (4) 
Protein families: signalling and cellular 
processes 

Protein families: signalling and cellular 
processes 

ko02000 Transporters (141) ko02000 Transporters (6) 
ko02044 Secretion system (7) ko04812 Cytoskeleton proteins (4) 
ko04812 Cytoskeleton proteins (69) ko04147 Exosome (15) 
ko04147 Exosome (170) ko04030 G protein-coupled receptors (3) 
ko02048 Prokaryotic defense system (2) ko04054 Pattern recognition receptors (1) 
ko04030 G protein-coupled receptors (37) ko04040 Ion channels (7) 
ko04050 Cytokine receptors (1) ko04031 GTP-binding proteins (8) 
ko04054 Pattern recognition receptors (7) ko04515 Cell adhesion molecules (2) 
ko03310 Nuclear receptors (5) ko04090 CD molecules (1) 
ko04040 Ion channels (69) ko00536 Glycosaminoglycan binding proteins (1) 
ko04031 GTP-binding proteins (35) ko04091 Lectins (1) 
ko04052 Cytokines and growth factors (12)   
ko04515 Cell adhesion molecules (16) 
ko04090 CD molecules (40) 
ko00535 Proteoglycans (16) 
ko00536 Glycosaminoglycan binding proteins 
(33) 
ko00537 Glycosylphosphatidylinositol (GPI)-
anchored proteins (15) 
ko04091 Lectins (11) 
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Comparison 5 - Treatment vs control T3 
Acropora tenuis Acropora selago 
No annotations Orthologs and modules 

  
   

  ko00001 KEGG Orthology (KO) (1458) 
  

   
  Protein families: metabolism 

  
   

  ko01000 Enzymes (595) 
  

   
  ko01001 Protein kinases (85) 

  
   

  ko01009 Protein phosphatases and associated 
proteins (54) 

  
   

  ko01002 Peptidases and inhibitors (82) 
  

   
  ko01003 Glycosyltransferases (38) 

  

   

  

ko01004 Lipid biosynthesis proteins (10) 
ko01006 Prenyltransferases (2) 
ko01007 Amino acid related enzymes (13) 
ko00199 Cytochrome P450 (9) 

  
   

  Protein families: genetic information 
processing 

  
   

  ko03000 Transcription factors (71) 
  

   
  ko03021 Transcription machinery (40) 

  
   

  ko03019 Messenger RNA biogenesis (60) 
  

   
  ko03041 Spliceosome (67) 

  
   

  ko03011 Ribosome (18) 
  

   
  ko03009 Ribosome biogenesis (49) 

  
   

  ko03016 Transfer RNA biogenesis (31) 
  

   
  ko03012 Translation factors (15) 

  
   

  ko03110 Chaperones and folding catalysts (40) 
  

   
  ko04131 Membrane trafficking (141) 

  
   

  ko04121 Ubiquitin system (93) 
  

   
  ko03051 Proteasome (15) 

  
   

  ko03032 DNA replication proteins (16) 

  
   

  ko03036 Chromosome and associated proteins 
(163) 

  
   

  ko03400 DNA repair and recombination proteins 
(42) 

  
   

  ko03029 Mitochondrial biogenesis (46) 

  
   

  Protein families: signalling and cellular 
processes 

  
   

  ko02000 Transporters (68) 
  

   
  ko02044 Secretion system (5) 

  
   

  ko04812 Cytoskeleton proteins (48) 
  

   
  ko04147 Exosome (100) 

  
   

  ko02048 Prokaryotic defense system (1) 
  

   
  ko04030 G protein-coupled receptors (30) 

  
   

  ko04054 Pattern recognition receptors (5) 
  

   
  ko03310 Nuclear receptors (4) 

  
   

  ko04040 Ion channels (52) 
  

   
  ko04031 GTP-binding proteins (22) 

  
   

  ko04052 Cytokines and growth factors (3) 
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  ko04515 Cell adhesion molecules (10) 
  

   
  ko04090 CD molecules (20) 

  
   

  ko00535 Proteoglycans (2) 

  
   

  ko00536 Glycosaminoglycan binding proteins 
(19) 

       
ko00537 Glycosylphosphatidylinositol (GPI)-
anchored proteins (3) 
ko04091 Lectins (9) 

 

Supplementary Data 

The following supplementary data files are available online at doi.org/10.1111/gcb.15436 

Data S1A DESeq2 differential gene expression between conditions at each time point for 
Acropora tenuis (based on reference Acropora millepora gene set Emapper annotations). 

Data S1B DESeq2 differential gene expression between conditions at each time point for 
Acropora selago (based on reference Acropora millepora gene set Emapper annotations). 

Data S2A EggNOG annotations for differentially expressed genes between conditions for each 
time points for Acropora tenuis (based on reference Acropora millepora gene set Emapper 
annotations). 

Data S2B EggNOG annotations for differentially expressed genes when comparing conditions at 
time points for Acropora selago (based on reference Acropora millepora gene set Emapper 
annotations). 

Data S3 Chlorophyll spectral measurements across time points (T) 0-3 and treatment and control 
for Acropora tenuis and selago. Chlorophyll a, c2 and total chlorophyll are highlighted in yellow, 
blue and green, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1111/gcb.15436


114 

Supplementary methods 

Protocol S1 Coral-amended total RNA isolation protocol based on the Qiagen mini RNeasy 
kit for animal tissue.  

Work in fume hood: 

1. Keep buffer RLT on ice prior to air blasting. 
2. Place frozen coral fragment in zip lock bag and add 600 µl of buffer RLT on top of tissue – 

work on ice. 
3. Blast off coral tissue into bag using airflow from a sterile, filter 1000 µl pipette tip connected 

via a rubber hose to a bench top air pressure valve – maximum 3 minutes.  
4. Concentrate the tissue slurry in the bottom of the bag and carefully cut one of the bottom 

edges in order to transfer contents into an Eppendorf tube. Total volume of the sample should 
be ~500 µl. Put on ice then move onto next sample. 

5. Continue with 6. below (do not freeze at this point, as it will inhibit complete lysis) 
 

Work on ice at clean lab bench (clean down with 70% ethanol and RNaseZAP): 

6. Add 1 volume (1:1 ratio of sample volume) of 70% ethanol and mix immediately by pipetting  

7. Take provided pink spin columns with collection tube and transfer up to 700 μl of the sample  

8. Centrifuge tubes for 15s at > 8,000g and discard the flow through (Note: if your sample 
volume exceeds 700 μl, you can centrifuge successive aliquots in the same spin column; discard 

previous flow through and load rest of sample in column and centrifuge and discard FT)  

9. Add 700 μl of Buffer RW1 to the spin column and centrifuge for 15s at > 8,000g to wash the 

column membrane. Discard flow through  

10. Add 500 μl of Buffer RPE to the column and centrifuge for 15s at > 8,000g to wash the 

column membrane. Discard flow through  

11. Add 500 μl of Buffer RPE to the column and centrifuge for 2 min at > 8,000g to wash the 

column membrane. Discard flow through  

12. Place the spin column in a new collection tube and open the cap, letting the membrane dry for 
1 minute  

13. Add 20 μl RNase-free water directly to the spin column and centrifuge for 1 min at > 8,000g 
to elute the RNA  

14. Repeat step 13 to have a total of 20 μl of RNA (some will not go through membrane) 

15. Check concentration and quality of extracted RNA on NanoDrop and Bio-Analyser (make an 
average (x3) if enough sample). Looking for 260:280 ratio to be 2 and high concentration ~90. 

16. Store extracted RNA at -80 ˚C. 

 

 

 

 



115 

3) Chapter 3. Coral larvae stress response system to deoxygenation. 
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3.1 Abstract  

Ocean deoxygenation events are intensifying worldwide and can rapidly drive adult corals into a 

state of metabolic crisis and bleaching-induced mortality, but whether coral larvae are driven into 

a similar metabolic crisis remains untested. We experimentally exposed apo-symbiotic coral larvae 

of Acropora selago to deoxygenation stress with subsequent reoxygenation aligned to their night-

day light cycle, and followed their gene expression using RNA-Seq. After 12 hours of 

deoxygenation stress (~2 mg O2 L-1), coral planulae demonstrated a low expression of HIF-targeted 

hypoxia response genes along with a significantly high expression of PHD2 (a promoter of HIFα 

proteasomal degradation), similar to corresponding adult samples. Despite exhibiting a consistent 

swimming phenotype compared to control samples, the differential gene expression observed in 

planulae exposed to deoxygenation-reoxygenation suggests a disruption of pathways involved in 

developmental regulation, mitochondrial activity, lipid metabolism, and O2-sensitive epigenetic 

regulators. Importantly, we found that treated larvae exhibited a disruption in the expression of 

HIF-targeted and conserved developmental regulators, e.g., Homeobox HOX, corroborating how 

changes in external oxygen levels can affect animal growth. We discuss how the observed 

deoxygenation responses may be indicative of a possible acclimation response or alternatively may 

imply negative latent impacts for coral larval success. 

3.2 Introduction  

Ocean oxygen content is declining worldwide as our climate warms and coastal pollution 

accelerates (Breitburg et al., 2018; Schmidtko, Stramma, & Visbeck, 2017). Some tropical regions, 

including the Central Pacific and the Indian Ocean, have lost up to 40% of their dissolved oxygen 

content in the last 50 years, making ocean deoxygenation the most dramatically changed 

ecologically relevant factor in the marine environment (Schmidtko et al., 2017). Until recently, the 

extent and nature of ocean oxygen loss for marine life in coral reefs had been almost entirely 

neglected (Hughes et al., 2020; Nelson & Altieri, 2019). Underreported, but intensifying, 

deoxygenation events have resulted in large scale mortality of reef biota (Altieri et al., 2017). In 
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such cases the oxygen supply for the organism drops to levels insufficient to sustain ‘normal’ 

functioning, i.e., entering a hypoxic state. Recent experiments have confirmed such mortality 

events whereby deoxygenation events rapidly drive adult corals into a state of metabolic crisis that 

manifests as bleaching-induced mortality (Alderdice et al., 2020). It remains unknown whether and 

how deoxygenation drives a metabolic crisis for coral larvae. However, it is unlikely that findings 

recently reported for adult corals (Alderdice et al., 2020) can directly transfer to coral larvae that 

exhibit very different physiologies related to their predominant free-living planktonic versus 

benthic stages. Furthermore, larvae of broadcast spawning corals are initially apo-symbiotic, i.e., 

without their photosynthetic algal symbionts (P.L. Harrison & Wallace, 1990) that normally 

contribute to diel hyperoxia-hypoxia fluctuations in coral tissues (Kühl, Revsbech, Cohen, 

Dalsgaard, & Jørgensen, 1995). 

Most corals broadcast their gametes into the water column for embryogenesis and larval 

development to take place within the pelagic zone (P.L. Harrison & Wallace, 1990; Peter L. 

Harrison, 2011; Ritson-Williams et al., 2009), where oxygen is more readily available compared 

to the benthos where adult corals reside. Planktonic coral larvae are usually competent to undergo 

benthic settlement and metamorphosis into a juvenile coral after 4–8 days of development in waters 

under normoxia (P. Harrison, 2006; Jones et al., 2009; Portune, Voolstra, Medina, & Szmant, 2010; 

Reyes-Bermudez et al., 2009; Szmant & Miller, 2006; Wilson & Harrison, 1998). Nevertheless, 

longer planktonic life stages up to several months can occur. For instance, although 20% of larvae 

of Platygyra daedalea settled after ~4 days, this species demonstrated a maximum larval 

settlement-competency period of ~100 days after spawning (Connolly & Baird, 2010; Graham, 

Baird, & Connolly, 2008; Nozawa & Harrison, 2002). Whilst the dominant larval life phase is in 

pelagic waters at oxygen saturation levels of 6-8 mg O2 L-1 (normoxia), evidence may suggest a 

capacity for sustained low O2 tolerance. Firstly, coral groups with non-feeding larvae for which 

extremely long pelagic durations have been documented (Connolly & Baird, 2010; Graham et al., 

2008; Nozawa & Harrison, 2002, 2005) exhibited a sustained hypometabolic state. More 
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specifically, a hypometabolic state sustained following the bioenergetic reprogramming at ~4 days 

post-fertilisation whereby a rapid decline in O2 consumption and lipid metabolism occurred 

(Graham, Baird, Connolly, Sewell, & Willis, 2013). Secondly, once at the benthic environment for 

settlement, coral larvae exhibit increasing O2 limitation due to the diffusive boundary layer of the 

benthic substratum where oxygen availability is lower in the absence of photosynthesis (Jørgensen 

& Revsbech, 1985). However, the molecular mechanisms involved in such metabolic adjustments 

are unresolved, and whether they equip coral larvae to withstand hypoxic conditions remain 

unknown.  

Animal cells under hypoxia typically activate an extensive cohort of genes to ensure O2 supply 

matches the metabolic, bioenergetic, and redox demands (Kaelin & Ratcliffe, 2008). In doing so, 

cells ultimately reduce their mitochondrial activity, shift to anaerobic energy production, induce 

lipid reorganisation, and secrete defence molecules such as antioxidants (Loenarz et al., 2011). 

These mechanisms are also employed by apo-symbiotic deep-sea corals that appear to live under 

very low O2 conditions of 1-2 mg O2 L-1 (Roder et al., 2013; Yum et al., 2017). Co-ordination of 

such cellular reprogramming in most metazoans is governed by the highly conserved Hypoxia-

Inducible Factor (HIF) transcription factor (Kaelin & Ratcliffe, 2008). The constitutively expressed 

HIFα subunits are directly targeted for proteasomal degradation by prolyl hydroxylases under 

normoxia, but stabilized under limiting oxygen conditions, when they translocate to the nucleus to 

form an ‘active HIF complex’ and induce expression of hypoxia-responsive genes (Rytkönen, 

Williams, Renshaw, Primmer, & Nikinmaa, 2011; Taabazuing, Hangasky, & Knapp, 2014). A 

complete HIF-associated hypoxia response system (HRS) was recently identified for adult corals 

of different Acropora species (Alderdice et al., 2020). This study also highlighted the important 

roles that heat shock protein (HSP) 90 can play in managing proteotoxic stress under hypoxic 

conditions (Jayaprakash et al., 2015), by stabilising HIFα proteins and inducing conformational 

changes to its structure critical for coupling with HIFβ to form the ‘active HIF complex’ (Gradin 

et al., 1996; Hur et al., 2002; Isaacs et al., 2002; Katschinski et al., 2004; Minet et al., 1999). 
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However, it is unknown whether coral larval stages employ this HIF gene network under hypoxia. 

Importantly, hypoxic microenvironments actually occur naturally in both the developing embryo 

and adult phases of mammals, and create specific niches that regulate cell stemness (Maltepe & 

Simon, 1998; Semenza, 2012; Simon & Keith, 2008). Consequently, the HIF gene system is also 

involved in targeting genes that function as important early development regulators for cell 

differentiation and proliferation, such as Homeobox (HOX) and Sonic Hedgehog (SHH) genes 

(Bijlsma et al., 2009; Chen et al., 2015; Cowden Dahl et al., 2005; Downes, Laham-Karam, 

Kaikkonen, & Ylä-Herttuala, 2018; Koh & Powis, 2012). Understanding hypoxic cues for key 

developmental pathways in coral larvae is therefore as important as for metabolic stress 

management in healthy larval development. 

Molecular regulatory pathways for cnidarian differentiation and morphogenesis are already of 

general interest given how cnidarians can serve as a model for early metazoan development (Ball, 

Hayward, Saint, & Miller, 2004). Components of the Brachyury, Notch and Wnt signalling 

pathways have gained the most focus so far in cnidarian developmental biology, including in coral 

(Ball et al., 2004; Marlow, Roettinger, Boekhout, & Martindale, 2012; Technau & Steele, 2011). 

Despite the signalling cross-overs between Notch/Wnt and HIF gene pathways (Gustafsson et al., 

2005), the HIF system has yet to be explored in association with coral early development 

regulation. Similarly, the Hairy Enhancer of Split (HES), a metabolic transcriptional suppressor 

and a downstream target of NOTCH and HIF (Downes et al., 2018), has so far only been discussed 

in adult corals in association with diel oscillations and light stress (Ottaviani et al., 2020; Ruiz-

Jones & Palumbi, 2015); interestingly it is also known to function as a metabolic switch during 

development in Drosophila melanogaster (Zhou et al., 2008). Notably, in multicellular organisms, 

the ability to regulate reproduction, development, and nutrient utilization coincided with the 

evolution of nuclear receptors (NRs), transcription factors that utilize lipophilic ligands to mediate 

their function (Bookout et al., 2006). In particular, the nuclear receptor, Estrogen related receptor 

(ESRRG), is known to play a role in the cross-talk between metabolic capacity and activating 
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developmental processes through the physical interaction with HIFα (Ao, Wang, Kamarajugadda, 

& Lu, 2008; Huss, Garbacz, & Xie, 2015; Kumar & Mendelson, 2011; Li et al., 2013; Tennessen, 

Baker, Lam, Evans, & Thummel, 2011; Zou et al., 2014). Some aquatic species, such as Zebrafish, 

are known to possess an HIF gene system and tolerate complete anoxia during development with 

no apparent adverse effects (Mendelsohn, Kassebaum, & Gitlin, 2008; Padilla & Roth, 2001; 

Pelster & Egg, 2018) (Mendelsohn, Kassebaum, & Gitlin, 2008; Padilla & Roth, 2001; Pelster & 

Egg, 2018), therefore raising the possibility that coral larvae development could be unaffected by 

hypoxic conditions.  

This study builds on our recent study of the gene network involved in adult coral hypoxia stress 

responses (Alderdice et al., 2020), where we used RNA-Seq to analyse the HIF gene system 

responding to deoxygenation-driven hypoxia as a pathological stress, i.e., a level of stress that 

exceed the host’s ability to cope using a physiological means. Here we assess whether an earlier 

life history stage of a coral is more vulnerable to environmental stress compared to their adult 

counterparts, by exposing apo-symbiotic planula larvae of deoxygenation-susceptible parents 

(Acropora selago), to an experimental deoxygenation-reoxygenation regime aligned to their night-

day cycle. 

3.3 Materials and Methods 

3.3.1 Coral collection and larvae culture 

Twenty gravid colonies of the reef-building coral species, Acropora selago, were collected from 

Vlasoff Reef in the northern Great Barrier Reef (GBR) on 23rd and 24th November 2018, coinciding 

with the full moon on the 23rd. Prior to collection, colonies were sampled by carefully breaking 

several branches to determine the presence of mature oocytes, as indicated by their pink colouration 

(R. L. Harrison et al., 1984). Gravid colonies were carefully transported in seawater to an aquaria 

facility for ex situ spawning and gamete collection. Colonies were maintained in a shaded outdoor 

closed-circulation aquarium (James Cook University, Cairns; 22-40°C min-max daily air 

temperature range, average water temperature of 28°C, salinity at 34 ppt and dissolved oxygen 
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(DO) of ~6 mg O2 L-1 maintained via continuous aeration) and were monitored periodically at night 

to check for settling and spawning behaviours (Babcock et al., 1986). Colonies spawned on the 

third night after the full moon between 19:30 and 20:00 on 26th November 2018. Coral egg-sperm 

bundles were skimmed off the water surface and transferred to a fertilisation container. To maintain 

healthy water quality and prevent polyspermy, seawater containing excess sperm was siphoned off 

beneath the floating eggs and new filtered seawater was slowly added (dela Cruz & Harrison, 2020; 

Willis, Babcock, Harrison, & Wallace, 1997). Subsamples of embryos and eggs were then collected 

and examined under a stereomicroscope to determine percentage fertilization. Developing embryos 

were transferred into large rearing tanks (each containing 450 L of seawater) and larvae were 

maintained in healthy conditions by daily aeration and seawater renewal under a natural light day 

cycle. Absence of algal symbionts were confirmed via microscopic counts. For this experiment 

apo-symbiotic planula larvae 8 days after fertilisation were used, see Figure 3.1 for microscope 

image of example larvae used. Of note, A. selago larvae have been reported in other studies to reach 

competence from day 4 (Suzuki & Hayashibara, 2011). Therefore, our experimental larvae were at 

a life stage that would encounter low O2 levels while searching to settle on benthic substrate that 

their adult forms inhabit. 
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Figure 3.1. Details of experimental incubation setup.(a) Sampling conditions indicated for time 

points (T1-3) with short-term (0.5 hour, T1) and prolonged (0.5-12 hours, T2) deoxygenation stress 

in dark conditions during the night hours within a closed system followed by 12 hours of re-

oxygenation (T3) in light conditions during the daytime within a closed system but with an air 

bubble introduced. (b) Microscope image of Acropora selago planula larvae used in experiment. 

(c) Oxygen concentration (mg O2 L-1) levels across experiment for treatment and control settings. 

Symbols with error bars denote means ± standard error with n = 4 for each condition group. 

3.3.2 Experimental setup  

To allow for comparison between coral larvae and adult life stages, the experimental design was 

analogous to the one used in a study with adult counterparts, as described in Alderdice et al. (2020) 

but scaled down to accommodate for the much smaller larval size (Figure 3.1). Larval incubation 

conditions were established to mimic in situ reef conditions from where corals were sourced and 

acclimated during rearing, with the exception of DO concentration shown in Figure 3.1). 

Deoxygenation was applied as previously described (Alderdice et al., 2020), and in brief consisted 

of flushing seawater with N2 down to ~ 2 mg O2 L-1 prior to additional flushing with CO2 to account 

for subsequent increase in pH as per Klein et al. (2017). Seawater in the aliquoted larvae falcon 
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tubes was drained and the prepared deoxygenated seawater was poured gently into the falcon tubes 

to the top to avoid air bubbles/spaces. For consistency, despite the lack of algal symbiont associated 

night-time intra-tissue hypoxia in the larvae, deoxygenation stress treatment was aligned to the 

night cycle to take into consideration potential circadian regulation of hypoxia genes during the 

night acquired prior to gaining symbiotic algae. The incubation set up consisted of 24 x 50mL 

transparent falcon tubes (12 for each of control and treatment) placed horizontally on a CO-Z orbital 

shaker (speed of 80 rpm) to prevent larval aggregation at the bottom of the tube and maintained in 

a temperature-controlled laboratory at 28°C. To prevent build-up of waste products in the seawater 

over time, we utilised a large water volume to biomass ratio (Camp et al., 2015), with 30-40 larvae 

per falcon tube. A photon scalar irradiance (PAR, 400-700 nm) of ~180 µmol photons m-2 s-1 was 

provided by Hydra52 LEDs on a 12:12 light cycle (with a 4h programmed ramping phase) and 

measured with a calibrated underwater scalar irradiance sensor (LiCor LI-193) connected to a light 

meter (LiCor Li-250A). Dark conditions were created by black-out plastic sheet placed over the 

incubation vessels throughout the 12-hour night period. The low oxygen night-time phase was 

followed by a ‘recovery phase’ of 12 hours in LED-lit and normoxia (~6 mg O2 L-1). Falcon tubes 

were always closed and lids were sealed with parafilm, but in the ‘recovery phase’ 5mL of water 

was poured off and air was introduced, forming a headspace for continued oxygenation of the 

seawater (see Table S 3.1, 3.2 for consistency of O2 conditions in recovery phase for both control 

and treatment chambers). 

Similar to the sampling collection for adults (Alderdice et al., 2020), larval samples were collected 

0.5 hour into (T1) and at the end (12 hours, T2) of the deoxygenation night-time phase, and finally 

after 12 hours re-exposure to light (T3). Four falcon tubes (representative of the genetically diverse 

larvae produced via crossbreeding) from both treatment and control settings were removed at each 

time point T1-T3. Coral planulae were filtered (mesh size 280µm) from the falcon tubes for each 

sampling time point with minimal water into Eppendorf tubes (500µL) and filled with Thermo 

fisher Scientific RNAlater. After 0.5 hour, the RNAlater was carefully removed and refreshed to 
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make sure there was minimal water in the sample for sufficient preservation for subsequent 

molecular analysis. Additional samples at the onset of the experiment (Time zero, “T0”) were not 

used given how the large transcriptional changes due to development over time would greatly 

influence comparative analysis with subsequent time points (Siboni, Abrego, Motti, Tebben, & 

Harder, 2014). More specifically, in this study we were most interested in the transcriptional 

changes due to the difference between hypoxia and normoxia, not in the difference between time 

points. Since there are no treatment samples for T0, if we were to compare across other timepoints 

under treatment we would not be able to disentangle differences in gene expression due to 

development as well as the experimental condition. Further, each sample (n=4) consisted of 30-40 

pooled larvae. As such, we considered the averaged gene expression of many individual larvae to 

avoid discrepant gene expression caused by ‘outlier’ larvae.  Further details of the experimental 

design and corresponding measured O2 and pH under the treatment and control settings across time 

points are provided in Figure 3.1 and Table S 3.1, 3.2. Note, the small difference in pH of ~0.5 

between treatment and control, due to adjusting seawater oxygen levels using N2 and CO2 bubbling. 

Such difference is within the natural diel cycle range of pH experienced by corals on reefs 

(Anthony, Kline, Diaz-Pulido, Dove, & Hoegh-Guldberg, 2008; Cyronak et al., 2020) and was 

hence not specifically considered. 

Coral planulae in treatment and control samples were visually assessed for individuals that 

switched from actively ‘swimming’ to an inactive state at the end of the treatment exposure (n= 4 

chambers of 30-40 larvae per condition).  We chose a rapid visual assay to measure putative larval 

behavioural changes given that 1) the bleaching-response observed in the adults after only 12 hrs 

of deoxygenation, 2) we initially predicted that larvae would be more sensitive to deoxygenation 

stress, as Fv/Fm of larvae was significantly lowered in higher temperature treatments after 12 hrs in 

contrast to the relatively consistent Fv/Fm found in the corresponding adults (Putnam, Edmunds, & 

Fan, 2010) and, 3) we needed a rapid in vivo measurement to ensure sampling for transcriptomics 

was relatively similar to the adult study. 
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3.3.3 RNA isolation and RNA-Seq 

Total RNA was extracted using the Qiagen RNeasy mini kit modified for coral larvae 

(Supplementary protocol 1). RNA-Seq was done using the same procedures as described previously 

for adult Acropora selago (Alderdice et al., 2020). NanoDrop ND-1000, and RNA quality was 

evaluated through gel electrophoresis via the presence of intact 18S and 28S ribosomal RNA bands 

using an Agilent 2100 BioAnalyzer (Agilent Technologies). An Illumina TruSeq Stranded mRNA 

Library prep kit was used to i) separate the mRNA from the total RNA via polyA selection, and ii) 

generate 2x150bp long paired-end libraries for each sample with an average library size of 364 bp. 

Sequencing was performed on the Illumina HiSeq 4000 sequencer at the BioScience Core Lab 

(BCL) at the King Abdullah University of Science and Technology (KAUST). 

3.3.4 Sequence data processing and analysis  

The pipeline for processing the sequence data was also the same as used previously for adult 

Acropora (Alderdice et al., 2020). Paired-end reads were quality-assessed using FastQC v0.11.5. 

Trimmomatic v0.38was applied to trim off the Illumina adaptors and low-quality regions. Each 

read was scanned using a 4-base window and cut if the quality Phred score dropped below 15 

(SLIDINGWINDOW:4:15). Leading and trailing bases were removed if quality dropped below a 

score of 3 (LEADING:3 TRAILING:3). Trimmed reads with resulting lengths shorter than 50 bases 

were excluded (MINLEN:50). Each sample retained >90% of the paired-end read counts. Trimmed 

reads were then mapped using Bowtie2 v2.3.5.1 to the reference genomic gene set (n = 28188 

genes) of Acropora millepora (available at: https://przeworskilab.com/wp-

content/uploads/acropora-millepora-assembly.pdf). Mapping files were processed with SAMtools 

for the generation of a bam file and alignment quality check. Read counts were then calculated via 

eXpress-1.5.1-linux_x86_64 (Roberts & Pachter, 2013) for determination of differential gene 

expression (DataS1). Samples with < 5 million mapped reads were not considered for downstream 

analysis (Table S 3.3). Significantly differentially expressed genes (DEGs; Benjamin-Hochberg, 

FDR, adjusted p-value < 0.05) between treatment and control groups for each time point were 

https://przeworskilab.com/wp-content/uploads/acropora-millepora-assembly.pdf
https://przeworskilab.com/wp-content/uploads/acropora-millepora-assembly.pdf
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determined using DESeq2 in R (Love, Huber, & Anders, 2014). Heatmaps of Fragments per 

kilobase per million reads (FPKMs) were created using DESeq2 in R. KEGG mapper was then 

used to assess presence of genes for different pathways based on the KEGG Ortholog (KO) 

annotations from EggNOG (DataS2) with particular focus on the HIF-1 signalling pathway map 

(KEGG map04066). FPKM expression estimates were generated via eXpress. Transcripts 

annotated to the same gene name (e.g., HSP90) were considered combined, and FPKM expression 

estimates for the multiple transcripts were summed per sample. More specifically, transcripts 

annotated as HSP90 or corresponding isoforms were considered collectively in our analysis, given 

that previous studies showing HSP90 interactions with HIF used non-isoform specific HSP90 

inhibitors (e.g., geldanamycin) or anti-hsp90 antibodies (Hur et al., 2002; Isaacs et al., 2002; 

Katschinski et al., 2004; J. Zhou, Schmid, Frank, & Brüne, 2004). See Table S 3.4 for KO 

annotations used for the genes of interest for FPKM analysis over time. Of Note, the presence of 

key promoter regions, e.g., HIF hypoxia responsive elements (HREs), in coral orthologs of target 

genes previously characterised in mammals still need to be confirmed to infer specific gene network 

signalling. Therefore, in this study we only describe those coral orthologs with similar dynamics 

in gene regulation. Also, as some of our results rely on EggNOG annotations some genes warrant 

further confirmation with phylogenetic analyses to corroborate correct functional inference, e.g., 

ESRRG (NR3 member; NR3B3). ESRRG was annotated based on A. millepora Emapper results 

from this study, however, in a previous study it was designated as a homolog of nuclear receptors 

(NR), NR3 (Grasso et al., 2001). In addition, a more recent study suggests cnidarians to possess a 

novel NR3 from clade E, whose ligand-binding capacities still remain to be determined (Khalturin 

et al., 2018). Data generated from eXpress can be found at the GitHub repository available at 

https://github.com/reefgenomics/coral_larvae_deoxygenation_RNASeq. 

3.4 Results  

3.4.1 Phenotype and broad pattern transcriptional response 

https://github.com/reefgenomics/coral_larvae_deoxygenation_RNASeq
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Based on a visual assessment, there were no apparent phenotypic differences with regard to coral 

planula behaviour between control and treatment samples at the end of the experiment, as all 

planulae maintained their ‘swimming’ activity (n chambers of 30-40 larvae = 4 per condition) rather 

than switching to an inactive state under oxygen-reduced conditions (Table S 3.5). To closer 

elucidate putative effects of deoxygenation-reoxygenation treatment on coral planula larvae, we 

evaluated the expression of the total 28,188 mapped genes at three time points (T1 = 0.5 hr, T2 = 

12 hrs of deoxygenation, T3 = 12 hrs of subsequent reoxygenation) using RNA-Seq. Samples were 

largely separated by condition at each time point; while T1 and T3 were clearly distinct, there was 

some overlap between hypoxia treated and control samples at T2 (Figure S 3.2). Despite the 

similarity, Gene Ontology enrichment analysis showed genes predominantly annotated with terms 

associated with glycolysis at T2 when comparing conditions highlighting a shift from aerobic to 

anaerobic respiration in response to deoxygenation stress (Table S 3.6. Total number of 

differentially expressed genes (DEGs) between conditions remained relatively low for both T1 and 

T2 (0.36% vs 1.36% DEGs out of all mapped genes, respectively: Table S 3.7). In contrast to T1 

and T2, samples subjected to deoxygenation-reoxygenation stress (T3) exhibited a large 

transcriptional difference between conditions with the number of DEGs increasing by at least 6-

fold compared to T2 (9.01% vs 1.36% DEGs out of all mapped genes, respectively: Table S 3.7). 

To further elucidate how such overall patterns relate to the HRS, we assessed expression of key 

genes of the HIF gene system involved in both early developmental processes and in mitigating 

deoxygenation stress (Table 3.1) by analysing their gene expression (i.e., FPKM) between 

conditions for each time point (T1-3). Selected genes included those that are key to the coral HIF-

HRS previously described from the Acropora selago adults (Alderdice et al., 2020). 

  



128 

Table 3.1. Gene homologs selected for analysis associated with HIF gene system. Full gene 
names were retrieved from EggNOG annotations or KEGG definitions if absent.  

Abbrev. Full name Gene ID 

HIFA/EPAS1 Hypoxia-Inducible Factor/PAS 
domain protein Amillepora27208 

PHD/EGLN1 Prolyl hydroxylase domain/Egl nine 
homolog Amillepora27205 

HSP90AB1 Heat shock protein 90  Amillepora15295 
HSP90B1 Heat shock protein 90 Amillepora17004 
ERR/ESRRG Estrogen-related receptor Amillepora14094 

KCNK17/18 
Two-Pore Potassium channel (K2P)/ 
Potassium channel subfamily K 
member 

Amillepora08546, Amillepora29632, 
Amillepora24154 

LDHB L-lactate dehydrogenase B Amillepora06787 
BCL-XL B cell lymphoma 2 extra large Amillepora02966, Amillepora16348 
BCL2 B cell lymphoma 2 Amillepora17953, Amillepora04939 

BNIP3 BCL2 adenovirus E1B 19kDa 
interacting protein 3 Amillepora06222 

GLUT4 Solute carrier facilitated glucose 
transporter 4 Amillepora19140 

p27/CDKN1B cyclin-dependent kinase inhibitor Amillepora05037 
CD36 scavenger receptor class B, member Amillepora08250 
POLRMT RNA Polymerase Mitochondrial  Amillepora00763 

NDUF NADH dehydrogenase (ubiquinone) 

Amillepora17040, Amillepora25997, 
Amillepora26610, Amillepora25738, 
Amillepora01316, Amillepora15596, 
Amillepora15599, Amillepora03045, 
Amillepora29583, Amillepora35968, 
Amillepora08911, Amillepora20899 

 

CD73 5'-nucleotidase, ecto  Amillepora19917, Amillepora19916, 
Amillepora19918 

PDK4 Pyruvate dehydrogenase kinase Amillepora11832, Amillepora11830 
HK hexokinase Amillepora03684 
PFK phosphohexokinase Amillepora20896 
PGK phosphoglycerate kinase Amillepora25280 

CD39 Ectonucleoside triphosphate 
diphosphohydrolase Amillepora04344 

Casp3 apoptosis-related cysteine peptidase 

Amillepora10135, Amillepora10141, 
Amillepora22145, Amillepora16944, 
Amillepora10138, Amillepora02123, 
Amillepora18963, Amillepora22147, 
Amillepora22143, Amillepora11061, 
Amillepora10139 

 

GAPDH glyceraldehyde3phosphate 
dehydrogenase Amillepora18960 
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ALDO fructose-bisphosphate aldolase Amillepora22643 
ENO1 enolase Amillepora33792 

HES7 Hairy and enhancer of split 7 Amillepora17919, Amillepora17928, 
Amillepora17925 

PAX6/7 Paired box Amillepora02016, Amillepora02017, 
Amillepora02019 

SHH Sonic HedgeHog Amillepora16922, Amillepora12689, 
Amillepora12705 

HOX homeobox 

Amillepora01204, Amillepora01205, 
Amillepora01206, Amillepora05682, 
Amillepora05719, Amillepora12806, 
Amillepora12809, Amillepora01207, 
Amillepora03675, Amillepora04832, 
Amillepora05592, Amillepora06229, 
Amillepora06234, Amillepora12303, 
Amillepora12422, Amillepora12423, 
Amillepora22199, Amillepora24224, 
Amillepora26577, Amillepora26578, 
Amillepora26579, Amillepora26580, 
Amillepora27446, Amillepora27447, 
Amillepora27448, Amillepora27449, 
Amillepora31667, Amillepora12237 

 

NOTCH neurogenic locus notch homolog 
protein 

Amillepora03193, Amillepora03811, 
Amillepora06476, Amillepora29162, 
Amillepora30592 

 

3.4.2 Differential gene expression under deoxygenation associated with early 
development and O2-dependent processes. 

After 12 hours of deoxygenation exposure (T2), no significant difference was apparent in HIFα 

gene expression between treatment and control samples. In contrast, PHD2 expression was 

significantly higher in treatment samples by 3-fold (Figure 3.2; FClog2 = 1.59 FDR <0.05).  Only 

HIF-target genes associated with promoting glycolysis e.g., lactate dehydrogenase (LDH) showed 

significantly greater expression in the treatment compared to control samples at T2 (Figure 3.2, c; 

LDHB FClog2 = 1.17 FDR < 0.05). However, following a subsequent 12 hrs of reoxygenation 

(T3), the larvae demonstrated a particularly large transcriptional response when comparing 

deoxygenation treatment and control samples, with a 24-fold increase in the total number of 

differentially expressed genes from T1 to T3 (Figure 3.2; Table S 3.7). Interestingly, the differences 
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in gene expression profiles at T3 corresponded with treatment samples possessing significantly 

lower expression of HIFα, HSP90, ESRRG, as well as HIF-targeted development regulators. The 

latter included Homeobox HOX genes, a family of transcription factors, that play a key role in the 

determination of the anterior-posterior axis during development (Pernice, Deutsch, Andouche, 

Boucher-Rodoni, & Bonnaud, 2006), suggesting disruption of vital early developmental processes 

when subjected to 12 hours of deoxygenated seawater (Figure 3.2; HIFα, HSP90AB1, HSP90B1, 

ESRRG, SHH, HOXA3 & PAX6 FClog2 = -0.77, -0.86, -0.30, -0.46, -2.23, -0.27 & -3.00 

respectively FDR < 0.05; DataS1). Moreover, the two important genes for signalling development 

pathways, Wnt and BMP4 also followed similar gene expression dynamics with a significantly 

lowered expression at T3 under treatment settings compared to control (Figure S 3.3; Wnt5, 

Wnt2B, Wnt4, Wnt10A, BMP4 FClog2 = -2.71, -3.60, -1.89, -6.87, -0.36 respectively FDR < 0.05), 

while the mesoderm-promoting growth factor Brachyury expressed significantly greater gene 

levels in treatment samples at T3 (Figure S 3.3; FClog2 = 0.57 respectively FDR < 0.05). 
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Figure 3.2. HIF-focused response of coral larvae to deoxygenation-reoxygenation 

exposure.(a) Fragments per kilobase per million mapped reads (FPKMs) of Hypoxia-inducible 

factor alpha (HIFα), Prolyl hydroxylase domain (PHD), and heat shock protein 90 (hsp90) over 24 

hours, sampled at 0.5, 12 and 24 hours for Acropora selago larvae under 12 hours of night-time 

low oxygen and dark conditions followed by 12 hours of oxygenated and day-light conditions. 

Yellow and white bars represent low and normal oxygen conditions. Black and white bars represent 

dark and light regimes following the night-day cycle. Error bars represent standard error. (b) 

Number of differentially expressed genes (DEG’s) up (white) and down (grey) -regulated 

comparing treatment (yellow) and control (grey) at each sampling point; at 0.5, 12 and 24 hours. 

(c) Heatmaps of FPKMs row z-score after 12 hours of low oxygen exposure (time point 2) of HIF-

targeted glycolytic enzymes and the rest of hypoxia-induced HIF targets listed in full Table S4. (d) 

FPKMs at each sampling time points when exposed to low oxygen (yellow) and normal oxygen 

(grey) levels for Estrogen related receptors (ESRRG) and HIF-targeted development regulators: 

SHH, homeobox HOX and PAX genes. Symbols with error bars denote means ± standard error 

(n=4). Asterisks represent differentially expressed genes by condition FDR <0.05, n=4. 
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To further understand the extent to which the coral larvae were affected by exposure to 

deoxygenation, we next explored the expression patterns of genes encoding for O2-associated 

receptors and genes involved in regulating mitochondrial activity, lipid metabolism and O2 -

dependent epigenetic activity.  

O2-associated receptors 

All four O2-associated membranal receptors we assessed – Aquaporins (AQP), gamma-

aminobutyric acid (GABAr)*, acetylcholine cholinergic (CHRNr) and melatonin (MLT) – 

demonstrated greater gene expression in treatment samples compared to control after 12 hours 

deoxygenation (T2; Figure 3.3) and exhibited a significantly greater expression level following 

return to normoxia for 12 hours (T3; AQP4, GABAr, CHRNr & MLT FClog2 = 0.43, 0.72, 1.30, 

1.38 respectively, FDR < 0.05; DataS1). These various receptors can function to increase oxygen 

transport (AQP4; Wang and Tajkhorshid, 2010; Zwiazek et al., 2017), signal to suppress oxygen-

fuelled respiration (GABAr; Wu et al., 2021), inhibit (CHRNr; Miao et al., 2013) and scavenge 

reactive oxygen species (MLT; Yan et al., 2018; Buttar et al., 2020), and their increased expression 

highlight the impact on both O2 availability and ROS demands in coral larvae after 12 hours of 

continuous deoxygenation exposure followed by reoxygenation. No significant difference in gene 

expression between treatment and control samples was observed for any of these receptors after 

0.5 hr of lowered oxygen exposure (T1; DataS1), suggesting that coral larvae did not appear 

affected by shorter (or initial onset) deoxygenation exposure time. Expression of genes encoding 

for task-like two-pore domain (K2P) potassium channels were previously examined in the adult 

Acropora corals and were only upregulated at T1 in the more stress-tolerant species of Acropora 

tenuis (Alderdice et al., 2020), while a relatively low gene expression was found in Acropora selago 

larvae at each  time point, with values less than half that found in the adult form (Figure S 3.3). 

 

 
 
*In this paper GABAr and CHRNr represent GABA and acetylcholine cholinergic receptors, respectively.  
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Mitochondrial activity 

Expression of the gene POLRMT, key for mitochondrial biogenesis, was lower in treatment 

samples after both 0.5 and 12 hr of deoxygenation exposure, indicating a reduced need to replace 

or generate more mitochondria (Figure 3.3). Expression of genes encoding NADH dehydrogenase 

(NDUF), a key enzyme catalysing mitochondrial complex I activity, was significantly reduced in 

treatment samples after 12 hours of deoxygenation (NDUFS7 FClog2 = -0.30 FDR < 0.05), an 

outcome also observed in adult Acropora under the same deoxygenation treatment (Alderdice et 

al., 2020). However, in the larvae, NDUF expression was also significantly lower in treatment 

versus control samples after subsequent reoxygenation for 12 hours (T3; FClog2 = -0.40 FDR < 

0.05). Reduction of NDUF expression in both cases may reflect the increase of HIF-targeted 

glycolytic enzymes expression, redirecting activity from TCA cycle to the cytosol for anaerobic 

respiration (Figure S 3.4). Hypoxia‐induced mitophagy, here determined as the ratio of the 

expression of the pro‐apoptosis gene bnip3 (coding for the Bcl‐2 nineteen‐kilodalton interacting 

protein) over the combined expression of the anti‐apoptosis genes bcl2 and bclxl (B‐cell lymphoma 

extra‐large; Zhang and Ney, 2009; Pernice et al., 2011), was relatively similar in treatment versus 

control samples at both T2 and T3 (Figure S 3.3). 

Lipid metabolism 

Lipase (LIPA) encoded gene expression was significantly higher at T2 in treatment samples 

compared to control (Figure 3.3; FClog2 = 0.57 FDR < 0.05), indicating the increased need for the 

larvae to access energy resources from fat stores under a reduced oxygen environment. 

Phosphatidylserine decarboxylase (PSD), key to membranal phospholipid synthesis, demonstrated 

a significantly higher gene expression at T3 under treatment settings compared to control (FClog2 

= 1.81 FDR < 0.05), indicating the need to enhance ‘structural lipid’ production likely as a means 

to repair degraded sites commonly experienced under oxidative stress.  
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Epigenetic activity 

The O2-sensitive epigenetic regulators Tet Methylcytosine Dioxygenase (TET2), Hairy Enhancer 

of Split (HES7), Histamine N-methyltransferase (HNMT), and Histone deacetylase (HDAC8) all 

showed a significantly lower gene expression at T3, after deoxygenation-reoxygenation exposure 

in treatment samples, as compared to control (TET2, HES7, HNMT & HDAC8, FClog2 = -0.69, -

0.76, -0.98 & -.077 FDR < 0.05) indicating reduced levels of epigenetic activity under limited O2 

supply.  
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Figure 3.3. Non-HIF focused response to deoxygenation-reoxygenation exposure. Fragments 

per kilobase per million mapped reads (FPKMs) of O2-associated receptors and O2-sensitive 

epigenetic regulators, and genes associated with mitochondrial activity and lipid metabolism (see 

list of full names in Table S 3.4) over 24 hours, sampled at 0.5, 12 and 24 hours for Acropora 

selago larvae for treatment (yellow) and control (grey) with schematic of cellular context of 
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selected genes. Symbols with error bars denote means ± standard error (n=4). Asterisks represent 

differentially expressed genes by condition FDR <0.05, n=4. 

3.5 Discussion 

Oxygen is a critical resource that governs a multitude of essential processes for coral and associated 

reef biota (Hughes et al., 2020; Jorissen & Nugues, 2020; Nelson & Altieri, 2019). Recent 

deoxygenation events on reefs have led to suggestions that hypoxia exposure is a major modulator 

of coral bleaching susceptibility (Hughes et al., 2020; Nelson & Altieri, 2019), which have been 

reinforced by experiments demonstrating how deoxygenation stress can rapidly drive adult forms 

of Acropora coral into a state of metabolic crisis that manifests as bleaching-induced mortality 

(Alderdice et al., 2020). Here, we explored how apo-symbiotic coral planula larvae of the bleaching 

stress-susceptible coral Acropora selago respond to deoxygenation, with a particular focus on genes 

inferred to be associated with the mammalian HIF network, hypoxia stress response, and O2-

dependent processes with regard to both: early developmental processes and mitigation of 

pathological effects due to limited oxygen supply.  

We observed no apparent visual differences in planulae behaviour between control and treatment 

samples, as planulae maintained their swimming activity (n =4 chambers of larvae per condition) 

rather than switching to an inactive state. This conforms to results from studies of other marine 

invertebrate larvae (from the phyla Chordata and Mollusca), where swimming behaviour was not 

affected when exposed to hypoxic O2 levels (Kaufmann & Wieser, 1992; Mann & Rainer, 1990). 

Such behaviour could infer that those larvae possess a greater level of phenotypic tolerance to 

deoxygenation exposure compared to their adult life forms, which suffered bleaching-induced 

mortality under the same experimental treatment regime (Alderdice et al., 2020). However, 

quantitative phenotypic response data indicative of development succession, such as settlement 

success or rate, are needed for unequivocal validation. Despite the seeming indifference in larval 

phenotypes as indicated by their continued swimming behaviour, larvae that were exposed to 

deoxygenated conditions exhibited a pronounced shift in their gene transcription profile. In the 
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following sections, we examine the expression of genes in coral planula larvae between treatment 

and control after 0.5 and 12 hrs of deoxygenation exposure and after 12hrs of subsequent 

reoxygenation, with particular focus on the latter two.  

Interestingly, when larvae were exposed to 12 hours of deoxygenation stress (T2) the gene 

expression of the O2-sensitive HIF subunit, HIFα, did not significantly differ between treatment 

and control conditions and exhibited much lower expression by at least 7-fold compared to those 

observed for adult corals under similar conditions (Alderdice et al., 2020). At the same time, PHD2 

that functions in promoting HIFα proteasomal degradation under normoxia (Rytkönen et al., 2011) 

was three times more in larvae under treatment conditions at T2 (Figure 3.2). Similarly, PHD2 was 

also differentially expressed in adult A. selago corals in response to 12 hours of night-time 

deoxygenation (Alderdice et al., 2020). Overexpression of PHD2 under hypoxic conditions has 

been reported to either induce HIFα proteasomal degradation during prolonged hypoxia or to 

prepare cells for rapid HIFα breakdown when reoxygenation occurs (D’Angelo, Duplan, Boyer, 

Vigne, & Frelin, 2003; Philip, Ito, Moreno-Sánchez, & Ralph, 2013). However, such a response 

was not observed in phenotypically relatively more bleaching-tolerant A. tenuis adult corals 

(Alderdice et al., 2020), indicating that PHD2 overexpression under low O2 may signal a level of 

susceptibility to deoxygenation stress whether in response to the lack of O2 or increase in ROS. 

Figure 4 summarizes the expression of key genes associated with the HIF-HRS that may determine 

coral stress tolerance for different coral life stages. Of note, both the promoter regions and gene 

network interactions of these genes are inferred and will require confirmation by chromosome-

scale coral genome assemblies, which are not yet available. 
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Figure 3.4. Key regulations of HIF gene system under low O2 across coral life stages. 

Schematic comparison of Acropora selago life history stages, i.e., pelagic mobile apo-symbiotic 

planulae and benthic immobile adults (adult data from; Alderdice et al., 2020), with respect to their 

relative parallel regulation of key HIF genes associated with early development and deoxygenation 

stress mitigation, plus the outcome of post-stress experiment. The colour gradient of coral from 

darker brown to white indicates a declining number of functional endosymbiotic algae present in 

coral as affected by bleaching.  

Among the studied HIF-target genes, only those encoding for glycolytic enzymes such as lactase 

hydrogenase (LDH) demonstrated differential expression between treatment and control samples 

at T2 (Figure 3.2). Interestingly, a similar response was found in the adult forms of A. selago at T2 

(Alderdice et al., 2020). Conversely under similar treatments, the more stress-tolerant adult species, 

A. tenuis, demonstrated a significantly greater expression of HIF-target genes such as CD36 

(promoting lipid uptake), as compared to adult A. selago. Thus, the low expression of HIF target 

genes in A. selago across both life stages indicates a lower inducibility of the HIF system in 

response to deoxygenation for this coral species (Alderdice et al., 2020).  

Hypoxic microenvironmental cues are known to regulate proliferation and differentiation 

capabilities of cells during development in mammals (Abdollahi et al., 2011). Notably, such cells 
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express the HIF gene network to signal for early developmental processes (see Figure 3.5) that 

require specific intra-tissue O2 gradients (Hubbi & Semenza, 2015). In our study, following 12 

hours of deoxygenation and reoxygenation stress, a large number of differentially expressed genes 

(DEGs) exhibited lower expression in treatment samples (Figure 3.2). Among the DEGs that were 

expressed lower in treatment samples, we found genes of interest annotated as 1) HIFα, 2) HSP90, 

a common molecular chaperone reported to stabilise HIFα proteins (Isaacs et al., 2002; Katschinski 

et al., 2004), 3) ESRRG, known to stimulate HIF-induced transcription during growth (Ao et al., 

2008), and 4) development regulators (e.g., SHH, HOX, and PAX genes) reported as HIF targets 

in mammals (Bijlsma et al., 2009; Downes et al., 2018; Sinha et al., 2019) and found to be expressed 

in coral (Hemond, Kaluziak, & Vollmer, 2014). Such low gene expression for a number of cellular 

signalling genes suggests a potential interruption to key early development processes including cell 

proliferation after experiencing a reduced oxygen environment, whether signalled by HIF or not. 

Gene expression of Wnt and BMP4 proteins involved in other highly conserved signalling 

pathways that classically stimulate early development (Ball et al., 2004) and have been previously 

reported in coral (Gutner-Hoch, Ben-Asher, Yam, Shemesh, & Levy, 2017; Hemond et al., 2014), 

were also similarly affected under treatment conditions (Figure S 3.3) emphasising the general 

disruption deoxygenation stress likely imposed on developmental processes in these larvae. 

However, the expression of Brachyury encoding for a mesoderm-promoting growth factor 

(Ramírez-Bergeron et al., 2004), responded in a contrasting manner to these developmental 

signalling pathways and was upregulated under treatment and downregulated in controls (Figure S 

3.4). Together, these patterns therefore suggest key development signals may have become de-

synchronised under deoxygenation stress, which could give rise to developmental abnormalities 

commonly reported in heat and nutrient stressed Acropora coral embryos and larvae (Harrison & 

Ward, 2001; Humanes, Noonan, Willis, Fabricius, & Negri, 2016; Negri, Marshall, & Heyward, 

2007; Portune et al., 2010). Such disturbance to the growth of the larvae may be a temporary means 

to manage and reprioritise energy resources or may point towards a negative latent effect on the 
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success of the larvae. To evaluate the suggested differences in development progression, 

quantitative phenotypic data indicative of development succession would be required as well as the 

contextual gene expression provided by time zero samples to unequivocally disentangle 

development progress from the impact of the deoxygenation treatment. 

 

 

Figure 3.5. The putative role of HIF in development of coral larvae. Schematic illustration 

based on mammal gene interactions of how the Hypoxia-inducible factor (HIF) pathway is 

coordinated under normoxia (HIF degraded), hypoxia (activates transcription of hypoxia stress-

mitigating target genes), and during early development stages in metazoans.  

To gain more insight into the impact of deoxygenation exposure on larval energy stores and 

transcriptional signalling, we examined genes encoding for O2-associated membranal receptors, 

mitochondrial activity (Alderdice et al., 2020; Lutz, Raina, Motti, Miller, & Van Oppen, 2015), 

lipid metabolising enzymes that have been previously expressed in corals, and also O2-sensitive 

epigenetic regulators. Genes encoding for the O2-associated membranal receptors Aquaporins 

(AQP), gamma-aminobutyric acid (GABAr), acetylcholine cholinergic (CHRNr) and melatonin 

(MLTr), demonstrated greater expression in treatment samples compared to control after 12 hours 

(T2) but also after 12 hours of reoxygenation (T3), highlighting how the O2-associated stress 
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signalling was still discernible, even once reoxygenated (Figure 3.3). GABAr, CHRNr and MTr 

are small, rapidly diffusible messenger molecules that play an important role in cell-cell 

communication in the neural and immune systems of animals (Iyer, Aravind, Coon, Klein, & 

Koonin, 2004) and have been previously studied in relation to coral larval settlement and growth 

cues (Hemond et al., 2014; Mohamed et al., 2020; Siboni et al., 2012; Strader, Aglyamova, & Matz, 

2018). NADH dehydrogenase (NDUF), an enzyme that regulates mitochondrial complex I activity 

and was previously linked to the host redox state in thermally stressed coral (Lutz et al., 2015), was 

significantly lower in treatment samples at T2 and T3 (Figure 3.3). This highlights the lower 

mitochondrial activity under deoxygenation-reoxygenation stress, where the shift from aerobic to 

anaerobic respiration is possibly promoted by HIF-target glycolytic enzymes to conserve O2 

supplies and reduce the mitochondrial ROS produced.  

In alignment with previous evidence of rapid declines in lipid metabolism during coral larval stages 

to extend larval longevity (Graham et al., 2013), we found that the gene expression LIPA, encoding 

for a lipase enzyme that breaks down ‘energetic lipids’ such as fats and triglycerides was 

consistently lower in control samples at each time point with the lowest value at T3. Furthermore, 

LIPA expression was significantly higher at T2 in treatment samples (Figure 3.3). While the PSD 

gene encoding for Phosphatidylserine decarboxylase, which is an important enzyme in the 

synthesis of ‘structural lipids’ such as phospholipids (Gsell et al., 2013), showed a significantly 

increased expression at T3 under treatment settings. Such apparent increases in ‘energetic’ lipid 

metabolism and ‘structural’ lipid synthesis in coral larvae under deoxygenation-reoxygenation 

stress indicate high energy demands and structural damage to cell membranes that would likely 

hinder developmental progress and competence of the larvae, as previously reported in thermal 

stress studies (Polato, Altman, & Baums, 2013). Finally, the expression of genes encoding for the 

O2-sensitive epigenetic regulators TET2 (Solary, Bernard, Tefferi, Fuks, & Vainchenker, 2013), 

HES7 (D. Zhou et al., 2008), HNMT (Waskiewicz, Molchanova, Wałajtys-Rode, & Rafałowska, 

1988) and HDAC8 (Okazaki & Maltepe, 2006) were significantly lower in treatment samples at 
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T3 compared to controls (Figure 3.3). This corroborates how O2 gradients are key in tissues of 

developing animals as cells acquire distinct O2- dependent epigenetic landscapes that determine 

their function (Burr et al., 2018). Such genes could also be used as promising biomarkers of low-

O2 stress studies of HIF transcription (Watson, Watson, Mccann, & Baugh, 2010) or genome-wide 

stress responses (Skiles et al., 2018), as we start to explore the role of epigenetics in influencing 

the capacity for different coral to adjust to climate change (Dimond & Roberts, 2016; Liew et al., 

2020; Rodriguez-Casariego et al., 2018). 

In summary, we firstly found that swimming activity of Acropora selago planulae exposed to 

deoxygenation-reoxygenation stress did not cease. Secondly, based on our RNA-Seq analysis, gene 

expression of HIFα between treatment and control conditions after 12 hours of deoxygenation (T2) 

was consistent. In contrast, PHD2 involved in HIFα-degradation exhibited significantly higher 

gene expression in treatment samples.  Not surprisingly, with such high PHD2 levels only HIF-

target genes associated with glycolysis were differentially expressed at T2. However, other genes 

associated with an inferred function in hypoxia and O2-dependent processes were also differentially 

expressed, suggesting deoxygenation stress in the coral larvae. Interestingly, after subsequent 

reoxygenation (T3) we found that treated larvae showed a significantly lower expression of HIFα, 

HSP90, ESRRG, HIF-target genes, and genes, and classic development regulators. This may reflect 

either a temporary phase while larvae adjust to hypometabolism or may be indicative of negative 

latent developmental effects. An important next step will be to determine the presence of key 

promoter regions, e.g., HIF’s HRE, in coral orthologs of target genes previously characterised in 

mammals and to examine such protein-protein interactions and validate key signalling gene 

networks (Ryu, Mavromatis, Bayer, Voolstra, & Ravasi, 2011) under coral cellular hypoxia. 

However, this will require chromosome-scale assemblies, which are (largely) not available for coral 

genomes, although this may change in the not-too-distant future (Voolstra et al., 2021). Future work 

should include brooding coral species’ larvae that already possess symbiotic algae, larvae from 

adults with known stress tolerance, longer stress exposure times to further determine the impact of 
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ocean deoxygenation on settlement of coral planulae, and post-settlement monitoring of survival 

and growth rates, which will be important for coral larval restoration efforts. 
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3.9 Supplementary Material 

Supplementary Figures 

 

 

Figure S 3.1. pH levels over experimental time points. 

Treatment and control in black and grey boxes respectively for Acropora selago larvae. Time points 

= T1-3 and symbols with error bars denote means ± standard error, n = 4.  

T1 T2 T3 
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Figure S 3.2. Gene expression response to deoxygenation-reoxygenation stress. Similarity of 

Acropora selago larvae samples exposed to deoxygenation-reoxygenation stress denoted by 

principal components analysis for the different time points (T1= 0.5 hr deoxygenation, T2= 12 hrs 

deoxygenation and T3 12 hr of deoxygenation followed by 12 hr reoxygenation). Circles denote 

95% confidence level of dispersion estimates. Replicate number per condition group n= 4.  
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Figure S 3.3. Gene expression across time points for additional genes of interest.(i) Brachyury, 

(ii) Wnt (iii) oxygen‐sensitive K2P potassium ions (TASK‐like, KCNK), (iv) NOTCH, (v) Bone 

morphogenetic protein, BMP4 (vi) hypoxia‐induced mitophagy (BNIP3/Bcl2 + Bclxl). FPKM: 

Fragments per kilobase of transcript per million mapped reads. Navy blue and grey points represent 

treatment and control samples, respectively. Asterisk indicates statistical significance following 

FDR correction, p < .05, comparing same time point control and treatment. Symbols with error bars 

denote means ± standard error with n = 4 for each condition group. 
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Figure S 3.4. Gene expression of HIF-targeted glycolytic enzymes.Depicted is a heatmap of row 

z-score normalized FPKMs after 12 hours of deoxygenation then reoxygenation (time point 3) of 

HIF-targeted glycolytic enzymes that promote anaerobic respiration; Lactase hydrogenase B 

(LDHB), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), phosphofructokinase (PFK), 

fructose‐bisphosphate aldolase (ALDO), Phosphoglycerate kinase (PGK) and enolase (ENO1). 

Yellow and grey bar represents treatment and control samples respectively. 

  

LDHD 
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Table S 3.1. Raw & calculated averages (Av.) of O2 & pH conditions.For each incubation 

chamber (falcon tube) per time point throughout experiment measured on 03-04/12/2018. S.E = 

standard error. Sample ID details as follows: ASL = Acropora selago, T1 to T3= time point 1 to 3, 

T or C = treatment or control followed by 1 to 4 = replicate number. 

Timepoint Sample ID Sample 
time 

Dissolved 
O2 (mg L-

1) 

Av. 
O2 

S.E. pH Av. 
pH S.E. 

T1 ASL-T1-C1 20:15 6.6 

6.60 0.01 

7.99 

8.01 0.01 T1 ASL-T1-C2 20:21 6.59 7.98 
T1 ASL-T1-C3 20:27 6.62 8.02 
T1 ASL-T1-C4 20:33 6.58 8.03 
T1 ASL-T1-T1 19:56 2.24 

2.38 0.06 

7.92 

7.94 0.01 T1 ASL-T1-T2 20:00 2.31 7.95 
T1 ASL-T1-T3 20:04 2.5 7.96 
T1 ASL-T1-T4 20:10 2.47 7.93 
T2 ASL-T2-C1 07:22 6.9 

6.88 0.01 

8.01 

8.00 0.01 T2 ASL-T2-C2 07:27 6.86 8.01 
T2 ASL-T2-C3 07:32 6.89 7.98 
T2 ASL-T2-C4 07:36 6.87 7.99 
T2 ASL-T2-T1 07:05 2.2 

2.33 0.06 

7.91 

7.93 0.01 T2 ASL-T2-T2 07:09 2.5 7.93 
T2 ASL-T2-T3 07:14 2.3 7.95 
T2 ASL-T2-T4 07:18 2.3 7.93 
T3 ASL-T3-C1 19:21 6.89 

6.88 0.01 

8.02 

8.00 0.01 T3 ASL-T3-C2 19:25 6.85 8.01 
T3 ASL-T3-C3 19:30 6.89 7.97 
T3 ASL-T3-C4 19:34 6.89 7.98 
T3 ASL-T3-T1 19:00 6.8 

6.82 0.05 

8.01 

8.00 0.01 T3 ASL-T3-T2 19:06 6.7 8.01 
T3 ASL-T3-T3 19:11 6.89 7.98 
T3 ASL-T3-T4 19:15 6.9 8.01 

 

  



165 

Table S 3.2. Additional O2 & pH measurements taken during experiment. Pre- time point 1 

(T1) represents the starting stress measurements once treated water was transferred into incubation 

chambers and pre- time point 3 (T3) represents measurements once water was refreshed for the re-

oxygenation phase for and Acropora selago larvae with respective dates of measurements. 

Pre T1 03/12/2018 

Sample ID 
Dissolved 
O2 mg L-

1 

Av. 
O2 

S.E. pH Av. 
pH S.E. 

ASL-T1-C1 6.61 

6.61 0.01 

7.99 

8.01 0.01 ASL-T1-C2 6.59 7.98 
ASL-T1-C3 6.62 8.02 
ASL-T1-C4 6.61 8.03 
ASL-T1-T1 2.22 

2.36 0.06 

7.92 

7.93 0.01 ASL-T1-T2 2.3 7.95 
ASL-T1-T3 2.44 7.92 
ASL-T1-T4 2.47 7.93 

Pre T3 04/12/2018 
ASL-T3-C1 6.89 

6.87 0.01 

7.98 

8.01 0.02 ASL-T3-C2 6.85 7.98 
ASL-T3-C3 6.86 8.04 
ASL-T3-C4 6.89 8.03 
ASL-T3-T1 6.78 

6.815 0.02 

8.01 

8.00 0.01 ASL-T3-T2 6.85 8.01 
ASL-T3-T3 6.79 7.98 
ASL-T3-T4 6.84 8.01 
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Table S 3.3. Tracking of read 1 count. Mapped to Acropora millepora reference gene set (28,188 

genes). Sample ID: ASL = A. selago larvae, T1 to T3= time point 1 to 3, T or C = treatment or 

control, 1 to 4 = replicate number. 

Sample ID Initial Trimmed Mapped Quality 
Check 

  Paired end 
Read count 

Paired end 
read count 

% 
Counts 
paired 

Paired end 
reads 

mapped 

% 
Mapping 

rate 

> 5 million 
counts 

ASL-T1-T1 55636732 53032064 95 32893334 62 Y 
ASL-T2-T1 34040283 32340126 95 20733241 64 Y 
ASL-T3-T1 23239585 22112240 95 13952837 63 Y 
ASL-T1-C1 30489950 29050192 95 17659898 61 Y 
ASL-T2-C1 30972852 29140503 94 17409823 60 Y 
ASL-T3-C1 20383849 19673785 97 12439847 63 Y 
ASL-T1-T2 27245468 25844095 95 15057167 58 Y 
ASL-T2-T2 23185561 22159366 96 13378289 60 Y 
ASL-T3-T2 26253558 25011048 95 15806398 63 Y 
ASL-T1-C2 19646770 18141147 92 11174827 62 Y 
ASL-T2-C2 20151278 19105050 95 10507239 55 Y 
ASL-T3-C2 29769393 28411191 95 17891604 63 Y 
ASL-T1-T3 23830626 22730508 95 13434955 59 Y 
ASL-T2-T3 23236480 22155281 95 13904647 63 Y 
ASL-T3-T3 12588916 11720751 93 7011492 60 Y 
ASL-T1-C3 19087746 17996003 94 10255057 57 Y 
ASL-T2-C3 13894716 12924036 93 7331221 57 Y 
ASL-T3-C3 10415950 9952383 96 5909734 59 Y 
ASL-T1-T4 15653969 14541358 93 9012448 62 Y 
ASL-T2-T4 13375774 12588618 94 7243420 58 Y 
ASL-T3-T4 204263521 192251944 94 110877386 58 Y 
ASL-T1-C4 12654750 11918541 94 5197054 44 Y 
ASL-T2-C4 10511420 9786117 93 5696473 58 Y 
ASL-T3-C4 13628530 12909157 95 7564950 59 Y 

Av.  29756569 28145646 95 16764306 59 24/24 
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Table S 3.4. List of genes with corresponding KEGG Orthology. Gene annotations used to 

identify genes of interest for FPKM (fragment per kilo base per million reads)-based analyses. 

References of HIF target genes from wider literature that are not mentioned in the KEGG 

map04066 (refer to main text reference list). If EggNOG annotation is absent, KEGG definition is 

used. 

Gene name KEGG 
Ortholog EggNOG annotation Gene ID 

HIFA/EPAS1 K08268  PAS domain protein Amillepora27208 
PHD/EGLN1 K09592 Egl nine homolog Amillepora27205 
HSP90AB1 K04079 Heat shock protein Amillepora15295 
HSP90B1 K09487 Heat shock protein Amillepora17004 
ERR/ESRRG  K08554 Estrogen-related receptor Amillepora14094 
PAX6/7 K08031, 

K09381 
Paired box Amillepora02016, 

Amillepora02017, 
Amillepora02019 

SHH K11988 Sonic HedgeHog Amillepora16922, 
Amillepora12689, 
Amillepora12705 

HOX K09349, 
K09360, 
K09317, 
K09309, 
K09353, 
K09343, 
K09303, 
K09339, 
K09995, 
K08029, 
K18490, 
K09326,  

homeobox  Amillepora01204, 
Amillepora01205, 
Amillepora01206, 
Amillepora05682, 
Amillepora05719, 
Amillepora12806, 
Amillepora12809, 
Amillepora01207, 
Amillepora03675, 
Amillepora04832, 
Amillepora05592, 
Amillepora06229, 
Amillepora06234, 
Amillepora12303, 
Amillepora12422, 
Amillepora12423, 
Amillepora22199, 
Amillepora24224, 
Amillepora26577, 
Amillepora26578, 
Amillepora26579, 
Amillepora26580, 
Amillepora27446, 
Amillepora27447, 
Amillepora27448, 
Amillepora27449, 
Amillepora31667, 
Amillepora12237 
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KCNK17/18 K04925, 
K20007 

Potassium channel 
subfamily K member 
(K2P) 

Amillepora08546, 
Amillepora29632/ 
Amillepora24154 

LDHB K00016 L-lactate dehydrogenase Amillepora06787 
BCL-XL K04570 bcl2-like 1 Amillepora02966, 

Amillepora16348 
BCL2 K02161 bcl2-like 1 Amillepora17953, 

Amillepora04939 
BNIP3  K15464 BCL2 adenovirus E1B 

19kDa interacting protein 
3 Amillepora06222 

GLUT4 K07191 Solute carrier facilitated 
glucose transporter Amillepora19140 

p27 K06624 cyclin-dependent kinase 
inhibitor Amillepora05037 

CD36 K06259 scavenger receptor class 
B, member Amillepora08250 

POLRMT K10908 RNA Polymerase 
Mitochondrial  Amillepora00763 

NDUF K11352, 
K18160, 
K03951, 
K18162, 
K03935, 
K03940, 
K18164, 
K11353, 
K03954, 
K03949, 
K03936, 
K03942 

NADH dehydrogenase 
(ubiquinone) 

Amillepora17040, 
Amillepora25997, 
Amillepora26610, 
Amillepora25738, 
Amillepora01316, 
Amillepora15596, 
Amillepora15599, 
Amillepora03045, 
Amillepora29583, 
Amillepora35968, 
Amillepora08911, 
Amillepora20899 
 

CD73 K19970 5'-nucleotidase, ecto 
(CD73) 

Amillepora19917, 
Amillepora19916, 
Amillepora19918 

PDK4 K00898 Pyruvate dehydrogenase 
kinase 

Amillepora11832, 
Amillepora11830 

HK K00844 hexokinase Amillepora03684 
PFK K00850 phosphohexokinase Amillepora20896 
PGK K00927 phosphoglycerate kinase Amillepora25280 
CD39 K01509 Ectonucleoside 

triphosphate 
diphosphohydrolase Amillepora04344 

Casp3 K02187 apoptosis-related cysteine 
peptidase 

Amillepora10135, 
Amillepora10141, 
Amillepora22145, 
Amillepora16944, 
Amillepora10138, 
Amillepora02123, 
Amillepora18963, 
Amillepora22147, 
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Amillepora22143, 
Amillepora11061, 
Amillepora10139 
 

GAPDH K00134 glyceraldehyde3phosphate 
dehydrogenase Amillepora18960 

ALDO K01623 fructose-bisphosphate 
aldolase Amillepora22643 

ENO1 K01689 enolase Amillepora33792 
GABAr K04615 Gamma-aminobutyric 

acid (GABA) B receptor 
Amillepora06003, 
Amillepora06000, 
Amillepora24420, 
Amillepora24421, 
Amillepora24570, 
Amillepora30467, 
Amillepora29522, 
Amillepora29523, 
Amillepora29525, 
Amillepora04931, 
Amillepora09498, 
Amillepora09689, 
Amillepora10103, 
Amillepora07530, 
Amillepora24453, 
Amillepora24454, 
Amillepora24528, 
Amillepora24527 

CHRNr K05312, 
K04805, 
K04804 

cholinergic receptor, 
nicotinic 

Amillepora05185, 
Amillepora01486, 
Amillepora04506, 
Amillepora32135, 
Amillepora03009, 
Amillepora03013, 
Amillepora03012 

MLTr - Melatonin receptor Amillepora09435, 
Amillepora28967 

AQP K09866, 
K09884, 
K08771, 
K09871, 
K09869 

Aquaporin Amillepora22669, 
Amillepora22668, 
Amillepora22667, 
Amillepora10038, 
Amillepora10039, 
Amillepora10040, 
Amillepora12586, 
Amillepora35349 

LIPA K01052 lipase Amillepora22554 
PSD K01613 Phosphatidylserine 

decarboxylase 
Amillepora33406, 
Amillepora33407, 
Amillepora33410, 
Amillepora33430, 
Amillepora33433, 
Amillepora33434, 
Amillepora33734 
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TET2 - tet methylcytosine 
dioxygenase 

Amillepora20732 

HNMT K00546 Histamine N-
methyltransferase 

Amillepora11321, 
Amillepora11327, 
Amillepora15118 

HDAC8 K11405 Histone deacetylase Amillepora19265 
HES7 K06054 Hairy and enhancer of 

split 
Amillepora17919, 
Amillepora17928, 
Amillepora17925 

NOTCH K02599 neurogenic locus notch 
homolog protein 

Amillepora03193, 
Amillepora03811, 
Amillepora06476, 
Amillepora29162, 
Amillepora30592 

Brachyury(T) K10172 t-box transcription factor Amillepora12563 
BMP4 K04662 bone morphogenetic 

protein 
Amillepora16692 

Wnt K00182, 
K00444, 
K00182, 
K00408, 
K00312, 
K01357, 
K00444 

frizzled family of seven 
transmembrane receptors 

Amillepora10585, 
Amillepora07144, 
Amillepora08050, 
Amillepora08401, 
Amillepora24626, 
Amillepora20552, 
Amillepora20551, 
Amillepora32894, 
Amillepora32893, 
Amillepora32892, 
Amillepora27378, 
Amillepora27379, 
Amillepora27400, 
Amillepora27399, 
Amillepora27401 

 



171 

Table S 3.5. Counts of inactive Acropora selago larvae. 

Visual assessment of counts for larvae swimming vs non-swimming at time point (T) 3. 

Sample ID Total number of larvae 
in chamber 

Number of non-swimming 
larvae at T3 

ASL-T3-C1 39 0 
ASL-T3-C2 32 0 
ASL-T3-C3 40 0 
ASL-T3-C4 30 0 
ASL-T3-T1 36 0 
ASL-T3-T2 39 0 
ASL-T3-T3 35 0 
ASL-T3-T4 34 0 
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Table S 3.6. Gene Ontology (GO) enrichment. Results of T2 comparing treatment & control 

samples. Annotated terms with asterisks are associated with bioenergetics, especially anaerobic 

respiration. Ontology abbreviations: Biological Process (BP), Cellular Component (CC) and 

Molecular Function (MF). Adjusted p-value based on Benferroni method and q value based on 

Benjamini-Hochberg FDR method. 

GO.ID Term Anno. Signif. Exp. Weight 
Fisher adj.p q.value ontology 

GO:0006007 
glucose catabolic 

process* 20 9 0.57 1.40E-09 1.65E-05 1.65E-05 BP 

GO:0009792 
embryo development 

ending in birth 2032 93 58.15 7.00E-08 8.23E-04 3.68E-04 BP 

GO:0006096 glycolytic process* 20 8 0.57 9.40E-08 1.11E-03 3.68E-04 BP 

GO:0006094 gluconeogenesis* 41 10 1.17 3.80E-07 4.47E-03 1.12E-03 BP 

GO:0008340 
determination of adult 

life span 540 36 15.45 1.30E-06 1.53E-02 3.06E-03 BP 

GO:0006107 
oxaloacetate metabolic 

process* 10 5 0.29 4.10E-06 4.82E-02 8.03E-03 BP 

GO:0005811 lipid droplet* 193 23 5.33 2.70E-09 3.94E-06 3.94E-06 CC 

GO:0042470 melanosome 77 12 2.13 1.11E-06 1.62E-03 8.11E-04 CC 

GO:0051082 
unfolded protein 

binding 80 12 2.57 7.70E-06 2.29E-02 2.29E-02 MF 
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Table S 3.7. Number of differentially expressed genes.Differential expression of Acropora 

selago larvae samples based on Benjamini-Hochberg FDR correction (p adj. <0. 05). DEGs= 

differentially expressed genes. Comparisons show T = deoxygenated treatment and C = control 

samples across time points (T). n = number of samples in total for treatment (n=4) and control 

(n=4). 

Comparison Time 
point 

Sample 
numbers 

DEGs 
upregulated 

DEGs 
downregulated 

T vs C T1 8 77 24 
 T vs C T2 8 173 211 
T vs C T3 8 1099 1440 
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Supplementary Data 

The following supplementary data files are available online at doi.org/10.1111/mec.16259 

DataS1. Differentially expressed genes between pairwise comparisons of control and treatment 
for a given time point (DESeq2 results). 

DataS2. EggNOG annotations of differentially expressed genes.  

 

Supplementary methods 

Protocol S1. Amended coral larvae total RNA isolation protocol based on the Qiagen mini-
RNeasy kit for animal tissue. 

1. Pipette coral larvae into an Eppendorf tube. 
2. Briefly spin down and remove as much liquid as possible from the tube. Place tube on ice. 

3. Add 100μl of Buffer RLT to each tube  
3. Crush/homogenize larvae with pestles in Buffer RLT. Do the crushing in ice buckets. Crush 

it until no chunks are visible (i.e., yellowish/brownish goop). 
4. Add the remaining 500μl of Buffer RLT to the tube and mix by pipetting (continue with 6. 

below, do not freeze at this point). 
5. WORK on ICE at clean lab bench 
6. Add 1 volume (1:1 ratio of sample volume) of 70% ethanol and mix immediately by 

pipetting.  
7. Take provided pink spin columns with collection tube and transfer up to 700μl of the 

sample. 
8. Centrifuge tubes for 15s at > 8,000g and discard the flow through (Note: if your sample 

volume exceeds 700μl, you can centrifuge successive aliquots in the same spin column; 
discard previous flow through and load rest of sample in column and centrifuge and discard 
FT)  

9. Add 700μl of Buffer RW1 to the spin column and centrifuge for 15s at > 8,000g to wash 

the column membrane. Discard flow through  
10. Add 500μl of Buffer RPE to the column and centrifuge for 15s at > 8,000g to wash the 

column membrane. Discard flow through  
11. Add 500μl of Buffer RPE to the column and centrifuge for 2 min at > 8,000g to wash the 

column membrane. Discard flow through  
12. Work on clean lab bench 
13. Place the spin column in a new collection tube and open the cap, letting the membrane dry 

for 1 minute.  
14. Add 20μl RNase-free water directly to the spin column and centrifuge for 1 min at > 8,000g 

to elute the RNA.  
15. Repeat step 13 to have a total of 20μl of RNA (some will not go through membrane) 
16. Check concentration and quality of extracted RNA on Nanodrop and Bio-Analyzer (make 

an average (x3) if enough sample). Looking for 260:280 ratio to be 2 and high conc. ~90. 
17. Store extracted RNA at -80 ˚C.  

 

 

https://doi.org/10.1111/mec.16259
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4) Chapter 4 Coral adult response to deoxygenation and heating 
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4.1 Abstract 

Exposure to deoxygenation from climate warming and pollution is emerging as a driving factor of 

coral bleaching and mortality. However, the combined effects of heating and deoxygenation on 

bleaching susceptibility remain unknown. Here, we employed short-term thermal assays to show 

that deoxygenated seawater can lower the thermal limit of an Acropora coral by as much as 1°C or 

0.4°C based on bleaching index scores or dark-acclimated photosynthetic efficiencies, respectively. 

Using RNA-Seq, we show similar stress responses to heat with and without deoxygenated seawater, 

both activating putative key genes of the hypoxia-inducible factor response system indicative of 

cellular hypoxia. We also detect distinct deoxygenation responses, including a disruption of O2-

dependent photo-reception/-protection, redox status, and activation of an immune response prior to 

the onset of bleaching. Thus, corals are even more vulnerable to oxidative stress when faced with 

heat stress in deoxygenated waters. This highlights the need to integrate dissolved O2 

measurements into global monitoring programs of coral reefs. 

4.2 Introduction 

Oceans are deoxygenating under climate warming, to the extent that the global ocean dissolved O2 

(DO) content is predicted to decline by as much as 7% by 2100 (Keeling et al., 2010; Schmidtko 

et al., 2017). Drastic consequences are already apparent where key marine ecosystems are 

experiencing an increased frequency of insufficient O2 for normal physiological functioning, i.e. 

hypoxia, that drive swift widespread mortality (Breitburg et al., 2018) developing new – or 

expanding existing – dead zones (Justić et al., 1996; Altieri et al., 2017; Sánchez-Pérez et al., 2021). 

Indeed, exposure to deoxygenation and hypoxia is rapidly emerging as a key contributing agent of 

mass coral bleaching-induced mortality worldwide (Altieri et al., 2017; Nelson and Altieri, 2019; 

Hughes et al., 2020), with episodes now documented on Caribbean reefs in Panama (Altieri et al., 

2017, 2021; Johnson et al., 2021a) and in the Gulf of Mexico (Le Hénaff et al., 2019). Here, DO of 

tropical reef waters have reduced to ≤ 2 mg L-1 from the combined effects of coastal nutrient 

loading that amplify biological O2 demand and seasonal heating that lowers O2 solubility, to drive 
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severe deoxygenation events. Given that coral reefs are already present occupied in more than half 

of the known dead zones, there are likely many more undocumented critical deoxygenation events 

on reefs (Altieri et al., 2017), and hypoxia must be more extensively considered as a threat to coral 

survival (Nelson and Altieri, 2019; Hughes et al., 2020). Intriguingly, reef-building coral 

populations have been documented to thrive under extremely low O2 conditions in deeper water 

(Yum et al., 2017; Hebbeln et al., 2020), in hot and acidic mangrove environments (Camp et al., 

2017, 2019), and through summers in one of the warmest seas, the Persian Arabian Gulf (de Verneil 

et al., 2021). Such studies highlight the capacity of corals in particular habitats to tolerate hypoxia 

alongside other environmental conditions that would normally drive corals to bleach (Godinot et 

al., 2011; Cziesielski et al., 2019; Guillermic et al., 2021). However, in contrast to decades of effort 

to unlock the interactive role of temperature and pH on coral bleaching (Suggett and Smith, 2020; 

Klein et al., 2021; Ziegler et al., 2021), synergistic effects of temperature and deoxygenation remain 

entirely unexplored. 

Whilst reef-building corals have recently been shown to exhibit the capacity to oxy-regulate under 

both hypoxic (Hughes et al., 2022) and near anoxic (Gravinese et al., 2021) conditions, coral 

bleaching and mortality can be induced when exposed to deoxygenation (Haas et al., 2014; 

Alderdice et al., 2021; Johnson et al., 2021b). Similarly to other stressors such as heat or 

acidification (Anthony et al., 2008; Guest et al., 2012; Langdon et al., 2018; Voolstra et al., 2021), 

hypoxia-induced bleaching susceptibility appears highly variable between coral species, most 

likely due to acclimation and adaptation differences to reduced O2 availability (e.g., Alderdice et 

al., 2021, 2022a). For example, susceptibility of shallow water tropical corals to deoxygenation 

stress has been observed for Acropora yongei when exposed to 2 - 4 mg L-1 O2 for 72 hours (Haas 

et al., 2014), Acropora cervicornis under 0.5 mg L-1 O2 for 24 hours (Johnson et al., 2021b), and 

Acropora selago with 2 mg L-1 O2 for 12 hours during the night (Alderdice et al., 2021). In 

contrast, relatively high hypoxia tolerance thresholds have been observed for Orbicella faveolata 

after ~10 days under severely deoxygenated conditions (~0.5 mg L-1 O2; Johnson et al., 2021). 
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Interestingly, Acropora tenuis, ascribed as more heat stress tolerant than Acropora selago 

(Hoogenboom et al., 2017), also exhibited a greater tolerance to deoxygenation with no signs of 

bleaching when exposed to ~2 mg L-1 O2 for 12 hours (Alderdice et al., 2021). This latter study 

revealed that corals possess a complete Hypoxia-Inducible Factor-mediated Hypoxia Response 

System (HIF-HRS) – a key gene network for hypoxia stress mitigation in metazoans – and where 

found the bleaching of Acropora selago to aligned with less a lower capacity to upregulate HIF 

target genes. Such target genes are involved in key processes including shifting to anaerobic 

respiration or gluconeogenesis, a reduction in mitochondrial activity, or an increase in protein 

quality control, lipid resourcing, cell apoptosis, and antioxidant activity (Alderdice et al., 2021, 

2022c, 2022a). Interestingly, these processes have also been reported in coral under heat stress 

(DeSalvo et al., 2008; Kenkel et al., 2013; Rose et al., 2016; Bay et al., 2017; Cziesielski et al., 

2019; Wright et al., 2019; Dixon et al., 2020; Innis et al., 2021; Voolstra et al., 2021; Van Woesik 

et al., 2022) suggesting transcriptomic commonalities under these stressors (Suggett & Smith 2020) 

and suggests indicating that deoxygenation would amplify the stress responses we see under heat, 

but it remains to be explicitly tested. 

As with high light and high temperature stress for corals (Weis, 2008; Oakley et al., 2017; Suggett 

and Smith, 2020), hypoxia is also known to induce oxidative stress in metazoans by modifying 

mitochondrial activity to result in decreased ATP synthesis and increased ROS (reactive oxygen 

species) production (Chandel and Schumacker, 2017). Our recent studies have demonstrated that 

gene expression profiles of corals exposed to deoxygenation show evidence for reduced 

mitochondrial complex I activity and enhanced formation of ROS-handling molecules (Alderdice 

et al., 2021, 2022c). Importantly, enhanced ROS (and reactive nitrogen species, RNS) production 

has been indicated to be an important signal, along with low O2, to activate the HIF-HRS 

(Mansfield et al., 2005). Thus, it is entirely plausible that hypoxia may be an underlying trigger of 

oxidative cellular stress in bleaching coral.  
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Here we investigated how deoxygenation combined with heat stress impacts the coral bleaching 

thermal threshold of a key reef-building Acropora species using the Coral Bleaching Automated 

Stress System (CBASS; Voolstra et al., 2020). This system has recently been used to resolve 

differences in coral thermotolerance via short-term acute heat assays that correspond to 

physiological differences under long-term heat stress (Evensen et al., 2021; Savary et al., 2021) or 

geographically distant sites in the Red Sea (Voolstra et al., 2021; Evensen et al., 2022). We applied 

CBASS for the first time under both normoxic (6 mg L-1 O2) and lowered oxygen concentrations 

(2 mg L-1 O2) to i) mimic heat stress under deoxygenation, and ii) demonstrate how CBASS assays 

can be employed to assess the effects of different stressors in concert and in isolation. Both 

bleaching index scores and measurements of photosynthetic efficiency, i.e., maximum PSII 

quantum yield, were then used to quantify whether deoxygenation can lower the coral thermal 

threshold. We performed RNA-Seq analysis on treated coral fragments to demonstrate how 

deoxygenation stress can induce mitochondrial dysfunction, enhanced oxidative stress, and a 

reduced ability to sense, signal, and protect against photooxidative damage – contributing to overall 

coral bleaching susceptibility.  

4.3 Materials and methods 

4.3.1 Coral samples 

All coral fragments were derived from the same mother colony (a single genet) of a ‘Blue Staghorn’ 

undetermined species of Acropora (hereafter, Acropora sp.), which had been propagated in a 

mesocosm aquarium tank (at B&B Aquakultur, Konstanz, Germany) under consistent parameters 

for >10 years (Table S 4.1) to conceive a zero-footprint coral experiment. Ramets can therefore be 

considered genetically identical and appropriate for experimental examination of putative 

interactive heat and deoxygenation stress effects for this colony and hence bleaching phenotype 

(sensu Alderdice et al. 2021). The undetermined species was originally sourced off Bali, Indonesia 

in 2010, where the maximum monthly mean sea surface temperature (SST) is ~30°C. Experimental 

coral nubbins were fragmented from the mother colony in two subsequent batches (a first CBASS 
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run with and then a second run without deoxygenation; Hd and H0, respectively) a week prior to 

experimentation. A total of 28 nubbins ranging from 2-4 cm in length were used for each 

experimental CBASS run and positioned upright on ceramic plugs (Figure S 4.1). Coral nubbins 

were positioned in a rack in seawater in a polystyrene box for the short transportation from aquaria 

facilities to the University of Konstanz for experimentation (31st May 2021, heat only, H0; 4th June 

2021, heat with deoxygenation, Hd). 

4.3.2 Experimental set up 

We used the Coral Bleaching Automated Stress System (CBASS) to conduct short-term acute heat 

stress assays (as described in Voolstra et al., 2020), modified to incorporate a seawater reservoir to 

finely regulate dissolved O2 (DO) and pH that enters the CBASS (see below). The system was set 

up in a wet laboratory (University of Konstanz) near the aquarium holding tanks to minimise coral 

transport time. Briefly, the core CBASS consisted of four replicate 10L flow‐through tanks that 

allowed running four independent temperature profiles with light settings adjusted to approximate 

in situ light fields of corals in the aquaria rearing tank. Temperature profiles for each tank were 

controlled programmed by a programmable temperature controller (InkBird ITC-310T-B) 

connected to thermoelectric chillers (IceProbe T, Nova Tec) and aquarium heaters (Titanium, 

200W; Schego). Photon irradiance delivered by dimmable 165W full spectrum LED aquarium 

lights (Galaxyhydro) to match the aquaria light fields (~240 μmol photons m−2 s−1 using half blue 

and half white LED spectral range intensities), as quantified using an Apogee MQ-510 Underwater 

Quantum meter. HOBO pendant temperature loggers were positioned on the opposite side to the 

heater to provide consistent temperature recordings of each tank throughout the experiment (Figure 

S 4.2). Regulation of O2 and pH levels was through a 140L sealed seawater reservoir connected to 

CO2, compressed air, and O2 gas cylinders. Customised gas regulators were fitted to adjust the DO 

and CO2 entering the seawater through aquarium air stones. DO and pH probes (WTW Multi 3630 

IDS) were introduced into a pipe of the flowing reservoir water to constantly read O2 and pH to 

finely regulate gas contributions. The reservoir was first flushed with N2 to lower DO to < 2 mg L-
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1, where after CO2 was flushed through the deoxygenated seawater to offset changes in pH, as 

described in Alderdice et al. (2021). DO and pH in the reservoir and experimental tanks were also 

measured hourly during the 6 h heat stress phase (Figure S 4.3) using robust O2 and pH probes 

(OXROB10 and PHROB-PK8, Pyroscience) connected to a FireStingPro fibre-optic multi-meter 

(Pyroscience). We note that the starting levels of pH between each CBASS run (Hd and H0) were 

largely identical (± < 0.05). Similarly, inherent lowering of pH levels by 0.2 units under heating is 

within the natural diel range experienced by corals on reefs (Anthony et al., 2008; Cyronak et al., 

2020) as well as within the diel range in the holding aquarium; Table S 4.1. Water in the reservoir 

was pre-heated to the control/baseline temperature with aquarium heaters (Titanium, 200W; 

Schego) linked to a programmable temperature controller (InkBird ITC-310T-B). Before the start 

of the experiment, the four tanks were slowly filled with pre-heated deoxygenated seawater to avoid 

re-oxygenation until starting of the actual CBASS assay. A transparent lid was placed over 

experimental tanks to reduce the air space above the water surface and any potential air gaps were 

sealed using Sanitop-Wingenroth ‘plastic-fermit’ (Figure S 4.1). Seawater from the reservoir was 

delivered during the CBASS assays by the flow-through system at a flow rate of 25 mL min-1 to 

achieve seawater turnover (1.5 L) every hour for each experimental tank. Seawater for long-term 

aquaria rearing and in the CBASS assays had a salinity of 35 PSU and was prepared using the same 

salt (Fauna Marin, Germany).  

Out of the 4 tanks, a control tank was maintained at 30°C for the duration of the experiment to 

exhibit the maximum monthly mean (MMM) temperature of the parent colony origin (Bali, 

Indonesia; MMM approximately 28.5°C to 29.5°C pending on exact sampling location) which was 

determined from the NOAA Coral Reef Watch 5 km database (Liu et al., 2014). Here, MMM was 

used as the baseline/control temperature rather than the long-term aquarium rearing temperature of 

27°C. This is in line with the notion that corals exhibit locally adapted thermal thresholds (Jokiel 

and Coles, 1977; Glynn and D’croz, 1990; Evensen et al., 2022) and following recently established 

CBASS protocols (Voolstra et al., 2020, 2021) in which short term assays were shown to be 
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representative of longer-term experiments (Evensen et al., 2021; Savary et al., 2021) In support of 

this notion, we trialled an initial CBASS run where the baseline temperature was set to a lower 

temperature of 27°C and observed a projected ED50 temperature threshold (36.05°C) that exceeded 

highest treatment temperature (36°C) instead of the more conventional threshold of between the 

second highest and highest heat stress temperature required for prediction accuracy (Figure S 4.4). 

Our trial emphasizes how corals seem to retain their evolutionarily acquired thermal threshold, 

even under long-term aquaria rearing conditions, and further corroborating previous CBASS 

studies that use MMM as the baseline/control temperature (Voolstra et al., 2020; Evensen et al., 

2021; Evensen et al., 2022). Using the MMM temperature (30°C) as the baseline/control, we then 

applied heat treatments to the other 3 tanks accordingly at 33°C (MMM +3°C), 36°C (MMM 

+6°C), and 39°C (MMM +9°C) (sensu Voolstra et al., 2020, 2021b). All temperature treatments 

were heated over a 3 h period, held for another 3 h at target temperature, and then decreased back 

to baseline (30°C) over 1 h, where they were retained for the remainder of the 18 h experiment 

(Figure 4.1a; Figure S 4.2, S 4.3). For the combined heat and deoxygenation CBASS run, we used 

deoxygenated seawater of ~2 mg L-1 O2 during the heating ramp and heat-hold but allowed for re-

oxygenation during the overnight recovery phase. Fragments from all CBASS assays were sampled 

for RNA-Seq by flash-freezing in liquid N2 after the 6 h heat stress phase to capture the 

transcriptional response to either only heating (H0) or to heating and deoxygenation (Hd). Dark-

acclimated photosynthetic efficiencies, i.e. the maximum PSII quantum yield (Fv/Fm), were 

measured on the remaining fragments following 1 h dark acclimation at the start of the overnight 

recovery phase. As such, for both CBASS runs (H0 and Hd), a total of 7 clonal ramets were assayed 

in each temperature tank, 4 used for RNA-Seq analysis (sampled after 6 hours of the CBASS 

profiles) and the remaining 3 used for measuring dark-acclimated Fv/Fm (measured after 7 hours, 

Figure 4.1).  
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4.3.3 Coral bleaching assessment  

Measurements of the dark‐acclimated maximum photosynthetic efficiency of photosystem II 

(Fv/Fm) were used to determine ED50-based thermal tolerance limits as a proxy for coral bleaching 

(sensu Evensen et al., 2021). For all measurements, coral fragments were retained under darkness 

for at least 1 h prior to measurements using a pulse-amplitude modulated fluorometer (Mini PAM 

II; Walz). One measurement per fragment was taken to avoid PAM saturating light pulses 

putatively inducing light artefacts. Measurements were consistently taken on the mid side of the 

upright fragment to avoid the tip or base of the fragment that would have experienced different 

light exposure (e.g., Suggett et al., 2022), putatively influencing Fv/Fm values. Optimized PAM 

settings (following Hennige et al., 2008) were used as follows: Signal Gain and Damping of 2, 

Measuring Light Curve Intensity (Mi) of 5, Actinic Light Factor of 1, Saturation Intensity and 

Width of 3 and 0.8, respectively. Of note, recorded readings were taken when the minimum 

fluorescence (F0) was > 200 (instrument units) on fragments. Temperature tolerance thresholds 

were determined for both Hd and H0 as the mean temperature (across all ramets) at which Fv/Fm 

dropped to 50% of the value measured at baseline temperatures, here defined as the Effective Dose 

50 or ED50 (Evensen et al., 2021) using the DRC package in R (Ritz et al., 2015). Statistical 

differences among treatment-specific ED50s were assessed via a Welch’s unequal variances (one-

tailed) t-test with replicate-based treatment ED50s as the response variable and treatment as the 

respective factor in R. The script and data are available at 

https://github.com/reefgenomics/CBASS_hypoxia. Since all fragments were sourced from a single 

mother colony, we are testing for a significant treatment effect between ramets of a genet. Hence, 

the true biological effect size might be larger if response is measured across a larger population 

size.   

Coral fragments were photographed using an Olympus TG-6 digital camera alongside a ‘Coral 

Watch Coral Health Chart’ colour reference for visual bleaching assessments, before being flash-

frozen in liquid N2 and stored at –80℃ until further processing. Photographs were taken after the 

https://github.com/reefgenomics/CBASS_hypoxia
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6 h stress phase (T1) and also prior to the experiment at T0 using the same camera settings, working 

distance, and illumination level (all images are available at https://zenodo.org/deposit/6497221; 

Alderdice et al., 2022b). We devised a bleaching index score (BIS) based on the previously 

established ‘colour score’ (Siebeck et al., 2006) and ‘relative bleaching score’ (Morikawa and 

Palumbi, 2019). For this, colour saturation of the tissue for each coral fragment was ranked on a 6-

point scale via visual assessment to the colorimetric reference card with 6 representing maximum 

saturation and 1 representing no pigment (i.e. completely white), respectively. Bleaching was 

considered to have occurred when a decrease in colour saturation of two or more values was 

observed prior or after the stress exposure (Siebeck et al., 2006). Instances where we found 

inconsistent coloration across the fragment, two scores (one for the paler part and one for the more 

colourful part) were determined and averaged. Bleaching Index Scores (BIS) were determined by 

5 independent assessors, who did not have prior knowledge of the experiment and who scored the 

coral fragments in a randomised manner. We chose to include both Fv/Fm and BIS as BIS accounts 

for a coral holobiont compound phenotype (i.e. colour), whereas Fv/Fm relates to the 

photochemical efficiency of the algal symbiont and may not encompass host-specific effects to 

deoxygenation. Standardized thermal temperature thresholds were determined as for Fv/Fm, but 

this time ED50 scores designated the inferred temperature at which the BIS dropped to or below 

50% of the value at baseline temperatures (ED50; Evensen et al., 2021) using the DRC package in 

R (Ritz et al., 2015). Statistical differences among treatment-specific ED50s were assessed via a 

Welch’s unequal variances t-test (one-tailed) with individual treatment ED50s as the response 

variable and treatment as the factor in R. 

4.3.4 RNA isolation and sequencing 

Total RNA was extracted using the Qiagen RNeasy mini kit using the QIAcube Connect. Frozen 

coral fragments were immersed in RLT buffer (Qiagen) within zip-lock bags and tissue was air-

picked from the skeleton using airflow from a sterile, 1,000 µL pipette tip connected via a rubber 

hose to a benchtop air pressure valve for a maximum of 3 mins. A 400 µL aliquot of the resulting 
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tissue slurry was centrifuged at full speed for 3 mins and then 350 µL of the supernatant of each 

respective sample were loaded into 2 mL tubes and inserted into the QIAcube Connect to run the 

RNeasy extraction protocol. RNA concentrations were assessed using the Qubit RNA Broad-Range 

assay kit on the Qubit 4 fluorometer (Invitrogen). RNA quality was evaluated by capillary 

electrophoresis via the presence of intact 18S and 28S ribosomal RNA bands using the QIAxcel 

RNA quality control kit v2.0 on the QIAxcel Advanced system (Qiagen). Total RNA was shipped 

to the sequencing facility on dry ice. RNA from each sample was used to generate 2x150bp paired-

end libraries. Sequencing was performed on the NovaSeq 6000 sequencer at Novogene, UK. RNA-

Seq data are available under NCBI BioProject PRJNA808230 (available at 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA808230).  

4.3.5 De novo Transcriptome Assembly 

Demultiplexed reads were quality-checked using FASTQC (Andrews, 2010) before and after read 

trimming with Trimmomatic v0.38 (Bolger et al., 2014) to remove Illumina adapters, low quality 

reads, and reads shorter than 50 bp. Each sample retained > 96% of the paired end read counts 

(Table S 4.2). For an initial analysis, a de novo transcriptome was assembled using SOAPdenovo-

Trans using the default 23-kmer length (Xie et al., 2014) with reads from all samples. To gauge the 

proportion of assembled contigs across taxa of the coral holobiont (e.g., Cnidaria, Dinophyceae, 

bacteria, virus, and fungi), the transcriptome was queried against the BLASTn database. Given the 

relatively high proportion of contigs assigned to bacteria (Table S 4.3), the transcriptome was re-

assembled using only reads of non-bleached samples (i.e., excluding 36°C and 39℃ samples), 

which lowered the proportion of bacteria contigs from 16% to 5%. The transcriptome was further 

filtered to only consider contigs with a length ≥ 500 bp, comprising a total of 20,115 contigs of 

which 17,975 could be assigned to Cnidaria (Alderdice et al., 2022b). To assess the number of 

distinct cnidarian loci, we clustered the 17,975 contigs assigned to Cnidaria with a similarity 

threshold of 90% using CD-HIT-EST (Li and Godzik, 2006). This procedure returned 17,960 

transcripts, suggesting that the majority of cnidarian contigs reflects distinct genes. The assembly 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA808230


186 

comprising only non-bleached samples also had a higher scaffold N50 of 1,946 compared to 1,442 

for all samples (considering contigs ≥ 500bp (Table S 4.4). We consider the transcriptome of 20,115 

contigs the reference transcriptome on which all expression analyses are based on, accessible at 

https://zenodo.org/deposit/6497221 (Alderdice et al., 2022a); we did not remove putative non-

cnidarian loci to account for cross-mappings of RNA-Seq reads. For gene expression analyses, 

trimmed paired-end reads from all samples were mapped to the reference transcriptome using 

Bowtie 2 v2.3.5.1 (Langmead and Salzberg, 2012). Resultant mapping files were processed with 

SAMtools (Li et al., 2009) to generate bam files to quantify mapped contigs (i.e. transcripts) using 

Salmon (Patro et al., 2017). All samples had at least 5 million mapped reads for read 1 and so were 

included in the downstream analysis ( 

Table S 4.2).  

4.3.6 RNASeq Analysis 

Tximport (Soneson et al., 2015) was used to import count data from Salmon into the R environment 

for transcript-level count estimation. To visualise general patterns of gene expression, variance-

stabilising transformed counts were used for the Principal Component Analysis (PCA) plotted 

using the R package ggplot2 (Wickham, 2016). Count data was then filtered to include only 

cnidarian transcripts for differential expression analysis using the package DESeq2 (Love et al., 

2014). The number of reads assigned to Dinophyceae was insufficient to perform differential 

expression analysis. Normalization for sequencing depth was applied through the DESeq2 

dispersion function. Wald testing for significance difference of coefficients with a negative 

binomial general linear model (GLM) was applied in DESeq2. P values were corrected using 

Benjamini–Hochberg (BH) at a default false discovery rate (FDR) cut-off of 0.05 (Table S 4.5, S 

4.6). Venn diagrams of the common and unique differentially expressed (DE) transcripts between 

comparisons were created using the R package ggVennDiagram (Gao et al., 2021). The EggNOG 

v5.0 ortholog database by EMBL was used to annotate the reference transcriptome (Huerta-Cepas 

et al., 2019). To assess DE transcripts annotated to genes commonly involved in the coral heat 

https://zenodo.org/deposit/6497221
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stress response, DE transcripts were screened for annotations associated with the following 

processes: calcium homeostasis, heat shock proteins (protein homeostasis), cytoskeleton 

rearrangement, cell death, mitochondria activity suppression (or glycolysis promotion), and 

increased reactive O2 and N2 species (summarised by Cziesielski et al., 2019). Shared DE 

transcripts across conditions (determined by Venn diagrams) were screened against the list of heat 

stress associated genes of interest (see above) and the log2 fold change was visualized across 

comparisons in a heat map in the R package ggplot2. Genes also reported from coral hypoxia stress 

responses were indicated using the symbol “*” in the heat map (Alderdice et al., 2021, 2022c). 

FPKMs (i.e., fragments per kilobase per million read) were estimated using DESeq2 for genes 

known to stabilising or suppressing HIFα protein. These genes are key to activating the hypoxia 

stress-mitigating gene network and were plotted using R package ggplot2 to assess expression 

patterns across temperatures under normoxic or deoxygenated conditions. FPKM expression 

estimates were summed up for transcripts that shared the same annotation (e.g., HSP90) sensu 

Alderdice et al., (2021, 2022). Gene ontology (GO) enrichment analyses for all DE transcript lists 

were performed using the R package TopGO (Alexa and Rahnenführer, 2019) with a recommended 

weighted-Fisher P-value cut-off of < 0.001. All scripts can be accessed on GitHub at 

https://github.com/reefgenomics/CBASS_hypoxia. 

4.3.7 DNA extractions and Symbiodiniaceae ITS2 amplification 

Total DNA was extracted from all baseline/control samples (n = 8) using the DNeasy blood & 

tissue kit with the QIAcube Connect. For each sample, a 180 μL aliquot of the remaining coral 

tissue slurry in RLT buffer (see above) was incubated at 56°C for 1 hour with 20 μL proteinase K. 

Samples were then loaded into the QIAcube Connect to run the DNeasy blood & tissue protocol. 

DNA concentrations were assessed using a NanoDrop 2000c spectrophotometer. Amplification of 

the ITS2 region for each sample was achieved using the Qiagen Multiplex PCR kit, with 10–50 ng 

of DNA, and the primers SYM_VAR_5.8S2 [5’-GAATTGCAGAACTCCGTGAACC-3’] and 

SYM_VAR_REV [5’-CGGGTTCWCTTGTYTGACTTCATGC-3’] (Hume et al., 2013, 2015, 

https://github.com/reefgenomics/CBASS_hypoxia
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2018) with unique 8-mer barcodes at the respective 5’ ends of each primer at a final primer 

concentration of 0.5 μM in a reaction volume of 10 μL. Thermal cycler conditions for ITS2 PCR 

amplifications consisted of an initial denaturation at 95°C for 15 mins, 35 cycles of 95°C for 30 s, 

56°C for 90 s, and 72°C for 30 s, followed by a final extension step of 72°C at 10 mins. To confirm 

successful amplification, 1 µL of each PCR product were run on a 1% agarose gel. Samples were 

cleaned using ExoProStar 1‐step (GE Healthcare) and normalized using the SequalPrep 

Normalization Plate Kit (ThermoFisherScientific). Barcoded samples were then pooled into a 

single 1.5 mL Eppendorf tube (17 μL per sample) and concentrated using a SpeedVac 

(Concentrator plus, Eppendorf). Quantification was done using Qubit (Qubit dsDNA High 

Sensitivity Assay Kit, Invitrogen). Samples were sequenced at 2 x 250bp on the NovaSeq 6000 

platform at the Novogene Sequencing Centre (Cambridge, England). 

4.3.8 ITS2-based Symbiodinaceae profiling 

ITS2 sequences were submitted to SymPortal for quality control and ITS2 type profile analysis 

(https://symportal.org) as described in (Hume et al., 2019). In brief, Symbiodiniaceae genera were 

identified through BLAST querying a database containing representatives of each Symbiodiniaceae 

genus and subgeneric ITS2 type profiles were designated by SymPortal based on the presence and 

abundance of the ITS2 sequences across samples and within the SymPortal database. These profiles 

were characterized by unique combinations of defining intragenomic variants (DIVs). Output data 

from SymPortal was then plotted in R. SymPortal output files are available at 

https://zenodo.org/deposit/6497221 (Alderdice et al., 2022b). 

4.4 Results 

4.4.1 Deoxygenation lowers thermal thresholds of coral bleaching 

To assess the effect of deoxygenation on coral bleaching, we ran short-term heat stress assays using 

the CBASS under normoxic (6 mg L-1 O2) and deoxygenated (2 mg L-1 O2) conditions. We 

subsequently determined the effective dose 50 (ED50) thermal threshold to obtain a standardised 

https://zenodo.org/deposit/6497221
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measure of coral thermal tolerance based on either BIS (termed ED50BIS) or measured 

photosynthetic efficiencies (termed ED50Fv/Fm; Evensen et al., 2021). Based on BIS, coral 

fragments exhibited a greater extent of paling at lower temperatures when exposed to combined 

heat and deoxygenated conditions (Hd) compared to heating alone (H0), whereby ED50BIS was 

1.09°C lower under heat and deoxygenation compared to heat alone (ED50BIS H0 = 37.11°C ± 0.1 

versus Hd =36.02°C ± 0.39 [mean ± SE], respectively; Figure S 4.5). This difference was 

significant despite the small sample size and constraints of short-term assays to manifest treatment 

differences (t = 2.41, df = 4.9, P-value = 0.03). Similarly, ED50 Fv/Fm thresholds were lower for Hd 

(35.73°C ± 0.15, [mean ± SE]) compared to H0 (36.12°C ± 0.18) but only by 0.4°C (t = 1.12, df = 

3.98, P-value = 0.16). Notably, ED50 thermal thresholds for this Acropora species were ~6-7°C 

above the maximum monthly mean (MMM) temperature of the site of origin (Bali, Indonesia: 

~30°C). It is important to highlight that these ED50s are not an indicator of in situ thermal 

thresholds, but rather a diagnostic proxy of thermal limits based on 18-hour thermal profiles. ITS2-

based Symbiodiniaceae profiling using the SymPortal analytical framework (Hume et al., 2019) 

confirmed uniform symbiont algal assemblage across samples, with samples associated with two 

genera - Cladocopium (C21), which comprised the majority of sequences, and Symbiodinium (A1; 

Figure S 4.6).  

To explore for any consistencies or differences between normoxic and deoxygenated heat stress, 

we evaluated the expression profiles of 20,115 assembled transcripts using RNA-Seq. Principal 

component analysis revealed that samples were largely separated by the heat stress temperature, 

with PC1 explaining 74% of the variation (Figure 4.1d). In addition, we found sub-clustering of 

samples at 30°C and 33°C versus 36°C and 39°C (Figure 1 c, d). Further, samples at 39°C under 

deoxygenated heat stress conditions were most distinct and separated from 39°C heat stress samples 

suggesting that deoxygenation exerts a more pronounced effect under high heat stress. Lastly, heat 

and deoxygenation samples exhibited greater dispersion of samples, i.e. a higher variance, was 
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consistently demonstrated by as compared to the heat and deoxygenation samples compared to heat 

only treatment across all temperatures. 

 

Figure 4.1. Deoxygenation lowers coral thermal thresholds for bleaching. Deoxygenation 

lowers the thermal threshold for coral bleaching. (a) short-term thermal stress assay profiles with 

respective 3h heat-hold temperatures at 30°C (control/baseline), 33°C, 36°C and 39°C under 

normoxic (H0) and deoxygenation (Hd) conditions. For Hd, the deoxygenation condition was 

applied for a total of 6 h (during daylight hours). Sampling for RNA-Seq analysis was taken after 

6 h, specifically at the end of the heat hold as indicated by T1. Measurements of maximum 

photosynthetic efficiency of PSII (Fv/Fm) of the additional fragments were taken following 1 h in 

the dark. (b) Representative photographs of coral fragments from time point T0 and T1 under H0 

and Hd. (c) Maximum photosynthetic efficiency of PSII (Fv/Fm) in relation to temperature for H0 
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vs. Hd (n = 3 for each) and determined ED50 thermal tolerance thresholds as a proxy for coral 

bleaching susceptibility (sensu Evensen et al., 2021). Solid lines reflect the log-logistic model with 

95% confidence intervals represented by the shaded areas. (d) Principal Component Analysis 

(PCA) of 20,115 transcripts comparing all H0 and Hd across all heat stress temperatures.  (n= 4 for 

each). The x- and y-axes indicate the percent of the variance explained by the first and second 

principal component, respectively.  

4.4.2 Corals exhibit a similar response to heat stress with and without deoxygenation.  

To elucidate how the heat stress response of corals exposed to heat (H0) compares to heat and 

deoxygenation (Hd), we assessed differential expression between each heating temperature (33°C, 

36°C, 39°C) and the baseline temperature of 30°C for the normoxic and deoxygenated CBASS 

runs. Most differentially expressed (DE) transcripts (FDR < 0.05) were commonly expressed 

between H0 and Hd at all heating temperatures with 62%, 80%, and 74% being shared at 33°C, 

36°C and 39°C, respectively (Figure 4.2a). Both the common and total number of DE transcripts 

highlighted similar magnitudes of expression response for H0 and Hd, reflecting the PCA of sample 

expression profiles clustering predominantly by temperature irrespective of oxygen levels (Figure 

4.1d). 

Among the commonly expressed EggNOG-annotated transcripts, many were involved in processes 

typically associated with coral heat stress responses including calcium homeostasis, heat shock 

proteins (protein homeostasis), cytoskeleton rearrangement, cell death, mitochondrial activity 

suppression, and increased RNS and ROS (Cziesielski et al., 2019). Of these, we found similar log2 

fold changes for H0 and Hd at each heating temperature; for example, heat shock protein 70 

(HSPA4L) exhibited greater log2 fold changes with higher temperatures (Figure 4.2). We note that 

approximately half of the examined genes typically expressed under heat stress are shown to be 

activated under deoxygenation stress alone for other species of Acropora (Alderdice et al., 2021, 

2022c). This includes the HIF-target genes pyruvate dehydrogenase kinase (PDK2) that promotes 

anaerobic respiration via the glucose to lactate pathway as well as heme oxygenase (HMOX1) that 
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assists antioxidant activities (indicated by asterisks in Figure 4.2b). Further, fragments per kilobase 

per million read (FPKM)-based expression estimates showed that the O2-sensitive hypoxia-

inducible factor subunit (HIFα) and genes which either suppress (prolyl hydroxylase domain 2/4, 

EGLN1/P4HTM; HIFα inhibitor, HIFAN) or stabilise (heat shock protein 90; HSP90B1) HIFα 

proteins all followed similar expression under H0 and Hd conditions, except for P4HTM, which 

was significantly higher in Hd than H0 at 33°C (log2 fold change (FClog2) = 1.66, FDR <0.05). 

Although not significantly differentially expressed, the other two suppressors, EGLN1 and HIFAN, 

exhibited greater expression under Hd at 33 and 36°C. Notably, compared to baseline, EGLN1 

expression was significantly higher for both 33°C and 36°C under normoxic or deoxygenated 

conditions (33°C vs 30°C for Hd FClog2= 1.03, for H0 FClog2= 1.10; 36°C vs 30°C for Hd 

FClog2= 1.71, for H0 FClog2= 1.83, FDR< 0.05).). 
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Figure 4.2. Corals exhibit a similar response to heat stress with and without deoxygenation. 

(a) Number (and percentage) of differentially expressed (DE) transcripts at FDR < 0.05 that were 

common or unique between normoxic (H0) and deoxygenated (Hd) conditions when comparing 

heating temperatures (33°C, 36°C, 39°C) to the baseline (30°C). (b) Log2-fold change (log2fc) 

differences in gene expression of common heat stress genes under normoxic and deoxygenated heat 

stress. Considered are DE transcripts associated with calcium signalling, heat shock proteins, 

mitochondria, cytoskeletal restructuring, necrosis, glycolysis promotion, and ROS mitigation. 

Colour gradient indicates log2-fold change, where green and yellow represent a positive and 

negative fold change, respectively. White space indicates no DE. Asterisks indicate those 

transcripts also reported under deoxygenation stress in coral (as per Alderdice et al., 2021, 2022). 

(c) Expression dynamic across temperatures for both conditions (Hd and H0) for hypoxia-inducible 

factor alpha subunit (HIFα), prolyl hydroxylase domain 2/4 (EGLN1/P4HTM), HIFα inhibitor 
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(HIFAN) and heat shock protein 90 (HSP90B1). Expression estimates are based on fragments per 

kilobase of transcript per million mapped reads (FPKM). Error bars denote standard error with n=4 

for each condition. 

4.4.3 Deoxygenation-specific stress responses may influence bleaching susceptibility 

To understand how deoxygenation affects the coral heat stress response, we directly compared gene 

expression under normoxia (H0) and deoxygenation (Hd) at each temperature. Interestingly, the 

difference was greatest at 33°C - with a total of 2271 DE transcripts – and became reduced with 

increasing temperature (Figure 4.3). PCA plots of temperature-specific comparisons exhibited clear 

clustering of normoxia (H0) and deoxygenation (Hd) samples, with the Hd samples exhibiting a 

larger variance on average (Figure S 4.7). Examination of DE transcripts via gene ontology (GO) 

enrichment analysis revealed somewhat categorial expression patterns across temperatures (Figure 

3). By means of the DE transcripts, samples at baseline temperature (30°C) demonstrated a change 

in photosensitivity and an immune response, whereas samples under +3°C were mostly 

characterised by immune and stress signalling responses under deoxygenation, with little GO 

enrichment at higher temperatures (Figure 4.3).  
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Figure 4.3. Deoxygenation-specific stress responses may influence coral bleaching 

susceptibility. (a) Number of differentially expressed transcripts that were up- (white) and down- 

(grey) regulated. At each temperature (30, 33, 36 and 39°C) deoxygenation and normoxic 

conditions are compared after 6 hours of the thermal profile (time point 1, Figure 4.1a). (b) Heat 

map of Gene Ontology (GO) enriched terms of differentially expressed transcripts (P-value < 

0.001). Comparisons (top panel) include treatment versus control within temperatures (30, 33, 36 
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and 39°C). Hd = deoxygenation; H0 = normoxia. Categories (left) manually curated for the GO 

terms (right). The colour gradient indicates P-values, where darker turquoise is indicative of greater 

significance. White space indicates no GO enrichment. 

Deoxygenation samples expressed transcripts annotated in association with a response to light 

(retinol dehydrogenase activity; GO:0004745), iron binding (ferric iron binding; GO:0008199), 

protein synthesis (isoleucine-tRNA ligase activity; GO:0004822), and immunity (innate immune 

response; GO:0002758). Examples of gene regulation included retinol dehydrogenase (RDH5 

FClog2= -1.19, FDR<0.05), which is involved in photoreceptive reactions, and the iron-binding 

procollagen-lysine 2-oxoglutarate 5-dioxygenase 1 (PLOD1 FClog2= -1.05, FDR<0.05) were both 

downregulated, whereas isoleucyl-tRNA aminoacylation (IARS FClog2= 0.58, FDR<0.05) and 

nuclear factor NF-kappaB (NFKB1 FClog2= 0.37, FDR<0.05) involved in protein synthesis and 

innate immunity signalling, respectively, were significantly upregulated. Of note, there were also 

significantly upregulated transcripts annotated to proteins associated with ROS-handling such as 

sulfite oxidase, peroxisomal biogenesis factor 11 beta, peroxidase, d-amino acid oxidase, and 

glutathione peroxidase (FClog2 = 0.74, 0.68, 0.5, 3.66, and 0.58 respectively, FDR < 0.05). Under 

+3°C heating (33°C), deoxygenated samples were mostly enriched with GO terms associated with 

immune responses (e.g., immunoglobulin mediated; GO:0016064) or stress signalling (e.g. MAP 

kinase activity; GO:0004708), while others included cell death (regulation of tumour necrosis 

factor; GO:0010803), cytoskeletal restructuring (actin cytoskeleton reorganization; GO:0031532), 

energy regulation (positive regulation of insulin secretion; GO:0032024), ROS activity (positive 

regulation of NO synthase; GO:0051770) and a response to light (melanosome; GO:0042470).  

We note, that the phototransduction pigment, rhodopsin, was significantly downregulated at both 

30°C and 33°C under Hd (RHO FClog2= -0.63 and -1.42, FDR <0.05, respectively). Further, at 

30°C the associated photoreceptive retinal pigment epithelial-specific 65kDa protein was also 

downregulated (RPE65 FClog2= -0.79, FDR <0.05). In contrast, the photoprotective pigment, 

green fluorescent protein, was upregulated in transcript expression at 33°C (GFP FClog2= 0.82, 
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FDR <0.05), but downregulated compared to baseline temperature irrespective of oxygen 

conditions (Hd, H0 GFP FClog2= -0.93, -1.73, respectively, FDR <0.05). Furthermore, another 

photo-protective pigment, melanin, the GO term for melanosome was enriched under which genes 

involved in transport were upregulated at 33°C (e.g., MYO5V FClog2= 0.30, FDR <0.05).  In 

corroboration with the reduced number of DE transcripts at 36°C there were few GO enriched terms 

except for those associated with an immune response (haemocyte proliferation; GO:0035172), 

stress signalling (phosphatidic acid binding; GO:0070300), and energy regulation (AMP binding; 

GO:0016208). At 39°C, there was no GO enrichment of DE transcripts found. Taken together, 

these results highlight deoxygenation-specific responses to photo-reception, photo-protection, 

redox imbalance, and immunity. 

4.5 Discussion 
 

Coral bleaching is a highly networked biological process, which reflects the outcome of multi-level 

and -scale stress exposures (Suggett and Smith, 2020; Van Woesik et al., 2022). However, how a 

coral heat stress response is affected by O2 availability is not well understood, despite reefs 

becoming increasingly subject to deoxygenation under ocean warming – including water column 

stratification – and elevated biological O2 demands (Keeling et al., 2010; Schmidtko et al., 2017; 

Nelson and Altieri, 2019). The Coral Bleaching Automated Stress System (CBASS) is a 

standardised system (Voolstra et al., 2020), that allows for explicit testing of how individual and/or 

combined environmental factors affect thermal stress tolerance (i.e. bleaching) by assessing coral 

functioning under heat stress alone and in combination with an additional stressor, in this case 

deoxygenation. In line with recent CBASS studies (Voolstra et al., 2020, 2021b; Cunning et al., 

2021; Evensen et al., 2021; Savary et al., 2021), we extended the application of this approach to 

detect subtle yet important differences in thermal sensitivity under differing O2 levels. Specifically, 

we found deoxygenation to lower the thermal bleaching threshold in Acropora coral by 1°C and 

0.4°C according to both bleaching index score and photosynthetic efficiency ED50 thermal 

threshold modelling, respectively. Such difference is remarkable in the context of the constraints 
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of a short-acute thermal diagnostic assay based on 18-hour thermal profiles suggesting that 

physiological impacts from altered O2 availability can manifest rather rapidly under heat stress. 

Whilst hypoxia stress-induced genes key to the HIF-HRS are differentially expressed under heat 

stress alone, a distinct deoxygenation response is also clearly evident. 

4.5.1 Deoxygenation lowers thermal thresholds for bleaching  

Previous studies have demonstrated that deoxygenation alone can drive coral bleaching and 

subsequent mortality (Alderdice et al., 2021; Johnson et al., 2021b), suggesting that accelerating 

ocean deoxygenation under climate change and eutrophication could drastically affect the ability 

of corals – as aerobic metazoans – to respond to heat stress (Hughes et al., 2020; Suggett and Smith, 

2020; Alderdice et al., 2021; Gravinese et al., 2021). Based on established coral bleaching proxies 

of BIS (Siebeck et al., 2006; Morikawa and Palumbi, 2019) and Fv/Fm (e.g., Warner et al., 1996), 

the Effective Dose 50 (ED50; Voolstra et al., 2020; Evensen et al., 2021) metric indeed affirms that 

deoxygenation lowers thermal thresholds for the species of Acropora examined here. Under 36°C 

heating stress and deoxygenation, coral samples (Hd) exhibited greater visual paling with a lower 

BIS and a reduction in the ED50BIS and ED50Fv/Fm by 1°C and 0.4°C, respectively, compared to 

normoxic conditions (Figure 4.1, Figure S 4.4). With current climate models predicting at least a 

+1.5°C warming (Schleussner et al., 2016; Forster et al., 2020), the lowering of the coral thermal 

threshold by a whole 1°C (ED50BIS) under deoxygenation is a drastic result that warrants careful 

consideration in projecting the future survival of coral reefs. 

It is important to note that the ED50Fv/Fm (in contrast to the ED50BIS) was not significantly different 

between O2 treatments, which might be partially attributed to the low replicate number and the 

inherent constraints of short-term assays, where any measured response variable has to exhibit 

differences within 6 hrs. However, significance levels were much lower for ED50 Fv/Fm compared 

to ED50BIS, likely also reflecting that BIS accounts for a coral holobiont compound phenotype (i.e. 

colour), whereas Fv/Fm relates to the photochemical efficiency of the algal symbiont and may not 
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encompass host-specific effects to deoxygenation. Whilst temperature was the driver of the 

transcriptional response, we found a subtle yet equally important difference in response to 

environmental O2 levels that needs to be accounted for when researching factors determining coral 

bleaching susceptibility (Figure 4.1d). However, more experiments will be needed to ensure that 

our observations on the impact of deoxygenation on coral stress thermal thresholds are robustly 

drawn out. In particular, whether the observed relative minor difference in ED50 may be related to 

a relatively “mild”, i.e., sublethal rather than lethal, deoxygenation stress of 2 mg L-1 O2. Here, 

dose response experiments of both O2 and heat need to consider recent evidence for variable ‘oxy-

regulation’ capacity amongst coral species that inherently determines the poise between sublethal 

and lethal physiological responses to reduced O2 availability (Hughes et al., 2022).  

Under heating, the projected ED50Fv/Fm thermal threshold values for our Acropora sp. were about 

6°C higher than the MMM temperature of the source of origin (ED50H0=36.12°C, MMM ~ 30°C). 

This is similar to previous observations for Acropora cervicornis (Florida; ED50Fv/Fm = 35.88°C, 

MMM= 30°C; Cunning et al., 2021), but lower than for Stylophora pistillata from the Central Red 

Sea (ED50Fv/Fm = 38.27°C, MMM= 30.75°C; Voolstra et al., 2021b), considered to be among the 

most thermally resilient corals (Fine et al., 2013). Our results therefore add to the growing evidence 

that CBASS can resolve differences in thermal susceptibility across different taxa (Voolstra et al., 

2020, 2021; Evensen et al., 2022) or environments (Evensen et al., 2021; Voolstra et al., 2021; 

Voolstra et al 2020). 

4.5.2 Corals exhibit a similar response to heat stress with and without deoxygenation.  

In agreement with the overall expression patterns (Figure 4.1d), a large percentage (62-80%) of 

differentially expressed genes was consistently observed under normoxic and deoxygenated heat 

stress (Figure 4.2). Such similar magnitudes of expression difference likely highlight how the 

response to heating is associated with the response to hypoxia stress (DeSalvo et al., 2008; Kenkel 

et al., 2013; Innis et al., 2021). Notably, a common gene repertoire of stress response genes was 
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previously proposed, where corals subjected to deoxygenation alone expressed genes typical of 

heat stress, such as different heat shock proteins and those involved in altering mitochondrial 

activity, lipid uptake, immunity, structural reorganisation, ROS-handling proteins, and cell 

apoptosis (Cziesielski et al., 2019; Alderdice et al., 2021, 2022c). In line with this, we found the 

key hypoxia-induced transcriptional factor, HIFα, and its suppressor, EGLN1/PHD2, to be 

expressed under normoxic heat stress at lower temperatures (30°C and 33°C), which followed a 

similar expression pattern under deoxygenation heat stress. Consistent with our previous studies of 

deoxygenation stress alone (Alderdice et al., 2021, 2022c), Acropora sp. exhibited an increased 

expression of EGLN1 (PHD2) with increasing temperature, supporting the notion that 

overexpression of EGLN1/PHD2 could signal for greater susceptibility to hypoxia or heat stress-

induced bleaching. By comparison, an increased PHD expression under prolonged hypoxia stress 

is known to reactivate proteasomal degradation of HIFα by using intracellular O2 that is no longer 

being consumed in mitochondrial aerobic respiration (Ginouvès et al., 2008). Thus, the ability of 

HIFα and PHD2 to register cellular hypoxia is desensitised, acting as a negative feedback 

mechanism of the HIF-HRS to protect cells against excessive cell death in an attempt to adjust to 

the hypoxic state (Hagen et al., 2003; Ginouvès et al., 2008). As such, previous heat stress studies 

have likely also inherently reported a conflation of response to deoxygenation, where corals shifted 

into a highly O2-demanding stress response outweighed by the O2 supply. Tolerance to hypoxia 

stress in corals may thus ultimately both contribute and correspond to tolerance to heat stress, an 

outcome recently suggested where corals commonly ascribed to have greater heat stress tolerance 

(e.g., Porites lutea) possess a greater gene copy number of hypoxia stress-associated genes 

(Alderdice et al., 2022a). Coral samples from our analysis were associated with a Symbiodiniacae 

commonly found in species of Acropora (Cladocopium-dominated; C21), although the relevance 

of this is currently unknown. A key aspect still missing is the contribution of other holobiont 

members to deoxygenation. For instance, associated microbes may be a key determining factor in 

either consuming high rates large amounts of O2 or demonstrating an ability to shifting to a 
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community in favour of anaerobes, both of which could alter the overall O2 budget of the coral 

holobiont (Pernice et al., 2020; Pogoreutz et al., 2022). Further, high microbial O2 consumption 

associated with excessive algae production on coral reefs can lead to deoxygenation of the reef and 

consequential changes in the microbial and benthic communities (Silveira et al., 2019; Johnson et 

al., 2021a). 

4.5.3 Deoxygenation induces coral vulnerability to light- and heat-stress. 

Assessing differential expression of the coral host under normoxic and deoxygenation conditions 

at the baseline temperature enabled identification of deoxygenation-induced stress processes that 

could otherwise be disguised under heating. Under deoxygenation (2 mg L-1 O2) and prior to the 

visible onset of bleaching, several genes involved in photoreception, such as rhodopsin, retinal 

pigment (RPE65), and retinol dehydrogenase, were downregulated. Rhodopsin downregulation has 

been observed for corals exposed to only deoxygenation (Alderdice et al., 2021) or heating 

(DeSalvo et al., 2008), but how this potentially feeds into an altered capacity to sense and respond 

to light stimuli is currently unconsidered. In other animals, photoreceptors including rhodopsin, are 

known to be sensitive to hypoxia as photoreceptor metabolism involves high levels of O2 

consumption (Linsenmeier, 1990). Consequently, rhodopsin activity and regeneration can be 

hindered by oxidative stress under hypoxia (Kurihara et al., 2016), and hence stress that was evident 

in our deoxygenation treatment at baseline via significant upregulation of numerous antioxidants 

(e.g., sulfite oxidase and glutathione peroxidase) and pro-oxidants, such as d-amino acid oxidase, 

which generates hydrogen peroxide (Matlashov et al., 2014). Consequently, it is plausible to 

hypothesise that an inability to trigger photoprotective mechanisms under high irradiance levels 

and limited O2 supply may be key in driving metabolic bleaching cascades. Specifically,  

irrespective of whether triggered by reduced external O2 availability or by an enhanced intra-tissue 

hypoxic state from high O2 demands under heat stress, lack of photoprotection would presumably 

initiate or amplify ‘optical feedback loops’ (e.g., loss of light capture by Symbiodiniacae) that 

exacerbate coral bleaching (Wangpraseurt et al., 2017; Bollati et al., 2020). Evidence of oxidative 
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stress under deoxygenation as observed here, even before the onset of visual bleaching, is consistent 

with the oxidative stress theory of coral bleaching (Downs et al., 2002; Weis, 2008; Cziesielski et 

al., 2019), although oxidative stress itself might be the consequence of further upstream dysbiotic 

events (Suggett and Smith, 2020; Rädecker et al., 2021). Regardless of ROS being cause or 

consequence, it highlights how hypoxia stress may be an overlooked but fundamental stressor to 

heat-induced coral bleaching (summarised in Figure 4.4). 

 

Figure 4.4. Incorporating hypoxia stress into the coral bleaching response. ROS accumulation 

is commonly observed in heat stressed corals, although it is unclear whether it is the actual trigger 

or downstream of further upstream events that initiate symbiotic breakdown (Suggett and Smith, 

2020; Rädecker et al., 2021).  Despite such uncertainties, hypoxia stress during heating may play a 

pivotal role in determining coral bleaching susceptibility. Specifically, hypoxia and heat-driven 

excessive oxidative stress could hamper signalling of the Hypoxia-inducible Factor (HIF) hypoxia 

response system (HRS), enhance photodamage, and leave the coral immune-compromised. 

Increasing deoxygenation may thus increase coral bleaching susceptibility. 

4.5.4 Summary 

We employed the Coral Bleaching Automated Stress System (CBASS) to show that deoxygenation 

can lower thermal stress thresholds of corals. Subsequent RNA-Seq analysis suggests a high degree 

of consistency in the coral stress response to heating with and without deoxygenation and key 

hypoxia-induced genes were differentially expressed under heating alone. This highlights the 
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inherent link in the response to heat stress and hypoxia at the molecular level. At the same time, 

we observed a specific gene expression response associated with deoxygenation that corroborates 

how heat stress is further exacerbated under low O2 levels, such as limiting processes involved in 

photoprotective mechanisms. Thus, our results suggest that coral with a high tolerance to low O2 

are likely more tolerant to heat stress. This study supports hypoxia as an overlooked factor in coral 

bleaching and further flags the need to establish routine O2 monitoring on coral reefs. 
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4.9 Supplementary Material 

Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S 4.1. Images of the experimental setup.  

Shown are coral fragments positioned upright onto ceramic plugs (top image) and the transparent 
lid used for sealing the CBASS tanks from exchange with ambient air (bottom image). 
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Figure S 4.2. Thermal profiles of CBASS runs.  

HOBO logger data for each experimental tank of CBASS from noon until 7am for both runs of heat 

only on 31/05/2021 (top graph) and heat with deoxygenated conditions on 04/06/2021 (bottom 

graph). Blue, yellow, orange and red lines represent temperature data from tanks reaching 30, 33, 

36, and 39°C, respectively.  
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Figure S 4.3. Hourly measurements of temperature (°C), dissolved oxygen (DO) & pH (PSU). 

Firesting fibre-optic measurements using robust probes for each parameter throughout the 6 h stress 

phase for both CBASS runs heat only on 31/05/2021 and heat with deoxygenation on 04/06/2021. 

Blue, yellow, orange and red dot points represent temperature data from tanks reaching 30, 33, 36, 

and 39°C, respectively.  
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Figure S 4.4. ED50-based on photosynthetic efficiency (Fv/Fm) over lower temperature range.  

The temperature point at which the Fv/Fm reduced by 50%, referred to the effective dose 50, ED50 

of corals (sensu Evensen et al., 2021). Sample replicates n= 3 for this trial run with a baseline of 

27°C to assess the required temperature range to best model the ED50. Solid line curve reflects the 

mean three parameter log-logistic model. H0= Heat only and T1= time point 1.  

 

 

 

 

 

 

 

 

 

 

 

Figure S 4.5. ED50 thermal threshold based on Bleaching Index Score (BIS). 

The temperature point at which BIS reduced by 50%, referred to the effective dose 50, ED50 of 

corals (sensu Evensen et al., 2021). Solid lines in each curve reflect the mean three parameter log-

logistic model with 95% confidence intervals represented by the shaded areas. Hd= heat and 

deoxygenated conditions, H0= heat only indicated in dark and light purple respectively. n= 4 per 

heating tank. 
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Figure S 4.6. Symbiodiniaceae assemblage of experimental corals. Depicted are relative 

abundances of post-QC ITS2 sequences (lower panel) and predicted ITS2 type profiles (upper 

panel) processed by SymPortal for each coral sample at baseline temperature (30°C) from 

both heat only (H0) and heat & deoxygenation (Hd), n=4 per treatment.  
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Figure S 4.7. Transcriptome clustering in response to normoxic/deoxygenation heat stress. 

Similarity of Acropora spp. samples denoted by principal components analysis at four different 

temperatures (30, 33, 36 and, 39°C). Dark and light purple represents deoxygenated and normoxic 

samples respectively. Circles denote 95% confidence level of dispersion estimates. Number of 

replicates per condition group n= 4.  

 

Supplementary Tables 

 

Table S 4.1. Aquarium holding tank parameters. Recorded on 18/05/2021 and based on 10+ 

years of stable conditions.  

Parameters Range 
Dissolved oxygen  ~6-7mg/L 
Salinity  35 PSU 
pH daily range 7.7-8.2 
Temperature  27°C (colder months =26.5°C) 
Light intensity range 95-240 µmol photons m−2 s−1  
Light spectrum White & blue 

 

 

36°C 

33°C 

39°C 

30°C 

Treatment 
Control 
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Table S 4.2. Read 1 count of different stages of the analysis pipeline. 

These stages included trimming sequenced reads of Illumina adaptors and low-quality regions, 

mapping them to the de novo transcriptome assembly of the Acropora sp. (with a total of 20115 

contigs) and filtering out samples < 5 million read counts. Sample ID represents the following: H0 

= heat only (control), HH= heat and hypoxia (treatment), T1= time point 1, 30, 33, 36, 39 = 

temperatures of heat assay, and 1-4 = replicate number. 

Sample ID 

Initial Trimming Mapping ≥ 500bp Quality 
Check 

Read 
count 

Paired 
end read 

count 

% 
Counts  

Paired end 
reads 

mapped 

% 
Mapping 

rate 

≥ 5 million 
counts 

H0_T1_30_1 31429339 30464881 97 8510789 28 y 
H0_T1_30_2 32238151 31167654 97 8264998 27 y 
H0_T1_30_3 36506778 35219011 96 8819356 25 y 
H0_T1_30_4 30612235 29567727 97 7102331 24 y 
H0_T1_33_1 32145998 30958834 96 9052783 29 y 
H0_T1_33_2 29420253 28405849 97 8404714 30 y 
H0_T1_33_3 33421263 32271878 97 9794984 30 y 
H0_T1_33_4 32641996 31619512 97 9056917 29 y 
H0_T1_36_1 30269192 29290194 97 7466870 25 y 
H0_T1_36_2 32553871 31509750 97 8210718 26 y 
H0_T1_36_3 32448850 31461896 97 7560286 24 y 
H0_T1_36_4 31213926 30276231 97 7930491 26 y 
H0_T1_39_1 34280899 33089353 97 9083330 27 y 
H0_T1_39_2 31649570 30599193 97 8322156 27 y 
H0_T1_39_3 31163076 30183090 97 7907971 26 y 
H0_T1_39_4 34728077 33669153 97 8942517 27 y 
HH_T1_30_1 31344500 30280411 97 8549636 28 y 
HH_T1_30_2 31782681 30724004 97 8820920 29 y 
HH_T1_30_3 31607218 30533262 97 7558163 25 y 
HH_T1_30_4 32836621 31761101 97 8725054 27 y 
HH_T1_33_1 32141993 31022137 97 9797996 32 y 
HH_T1_33_2 33817095 32661920 97 11486096 35 y 
HH_T1_33_3 32908694 31822584 97 10350363 33 y 
HH_T1_33_4 33312555 32144454 96 10345889 32 y 
HH_T1_36_1 31863811 30752335 97 8388277 27 y 
HH_T1_36_2 31135202 30329344 97 8160821 27 y 
HH_T1_36_3 33050565 31954907 97 8687879 27 y 
HH_T1_36_4 30672997 29621039 97 9444586 32 y 
HH_T1_39_1 31566009 30418097 96 7099524 23 y 
HH_T1_39_2 31871308 30707770 96 7557541 25 y 
HH_T1_39_3 31108401 29931191 96 5378213 18 y 
HH_T1_39_4 30272993 29133359 96 7770008 27 y 

Av. 32125504 31048504 97 8517256 27 32/32 
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Table S 4.3. Number of unique contigs per taxa group in de novo transcriptome assemblies. 

Coral holobiont taxa contributions of total contigs in percentage (%) based on blast query results 

of the transcriptome assemblies when using all samples or only non-bleached samples (those at 

temperature 30°C and 33°C for both CBASS runs of heat only and heat with deoxygenation). Coral 

holobiont taxa groups of cnidaria, Dinophyceae, bacteria, fungi, virus and then other taxa were also 

considered. Number of contigs were also subset based on contig length. For this study the de novo 

transcriptome assembly used included non-bleached samples ≥ 500 bp from all taxa groups. 

 

ALL 
samples 

Taxa group 
≥0bp 

% 
Taxa ≥500bp 

% 
Taxa 

% 
Removed 

Cnidaria 101367 36 10861 69 89 
Dinophyceae 1090 0.38 170 1.08 84 
Bacteria 46802 16 1120 7 98 
Fungi 7010 2 263 2 96 
Virus 160 0.06 4 0.03 98 

sum 156429 55 12418 79  
other taxa 128774 45 3264 21  

Total contigs 285203 100 15682 100 95 
       

non-
bleached 
samples 

Taxa group 
≥0bp 

% 
Taxa ≥500bp 

% 
Taxa 

% 
Removed 

Cnidaria 86210 74 17975 89 79 
Dinophyceae 974 0.83 441 2.19 55 
Bacteria 6362 5 284 1 96 
Fungi 2639 2 230 1 91 
Virus 47 0.04 6 0.03 87 

sum 96232 82 18921 94  
other taxa 20837 18 1194 6  

Total contigs 117069 100 20115 100 83 
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Table S 4.4. De novo transcriptome assembly statistics. Statistics for just non-bleached samples 

(Non-B) and all samples considering scaffolds and contigs based on SOAPdenovo-Trans statistic 

report and QUAST results. Scaff. = scaffolds.   

 

  
Total 
scaff. 
≥0bp 

Total 
scaff. 

≥500bp 

% Scaff. 
≥500bp 

GC 
% 

Median 
scaff. 
length 

Av 
scaff. 
length 

Total 
bases 

N50 
≥100bp 

N50 
≥500bp 

ALL 2096835 230724 11 48 209 321 674 M 368 1442 
Non-B 844774 139488 17 45 183 413 349 M 854 1946 

 

  

Total 
contigs 
≥0bp 

Total 
contigs 
≥500bp 

% contigs 
≥500bp 

GC 
% 

Median 
contig 
length 

Av 
contig 
length 

Total 
bases 

N50 
≥100bp 

N50 
≥500bp 

ALL 2508117 182540 7 45 252 158 634 M 390 1946 
Non-B 1018615 121034 12 45 302 171 308 M 390 1946 

 

 

Table S 4.5. Number of differentially expressed transcripts between different temperatures. 

Differential expression based on Benjamini-Hochberg FDR correction (p adj. <0. 05). Comparisons 

show Hd = deoxygenated treatment and H0 = control samples for each temperature (33, 36, 39°C) 

versus control of 30°C (baseline temperature). n = number of samples in total for treatment (n=4) 

and control (n=4). Number of annotated differentially expressed transcripts based on 6556 

annotations from EggNOG Orthology. 

 

 

 

 

 

 

 

 

 

 

 

Comparison Total n Total 
Upreg. 

 Total 
Downreg. 

Annotated 
Upreg. 

Annotated 
Downreg. 

33H0 vs 30H0 8 4408 4396 1655 2199 
33Hd vs 30Hd 8 3841 3831 1333 1910 
36H0 vs 30H0 8 5638 6715 2047 2980 
36Hd vs 30Hd 8 5341 6322 2777 1956 
39H0 vs 30H0 8 4995 5807 1768 2676 
39Hd vs 30Hd 8 4562 5726 1551 2632 
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Table S 4.6. Number of differentially expressed transcripts at each temperature. 

Differential expression based on Benjamini-Hochberg FDR correction (p adj. <0. 05). Pairwise 

comparisons between normoxia (H0) and deoxygenation (Hd) at each temperature show (temp.; 

°C). n = number of samples in total for treatment (n=4) and control (n=4). Number of annotated 

differentially expressed transcripts based on 6556 annotations from EggNOG Orthology. 

 

Comparison Temp. 
(°C) 

Total 
n 

Total 
Upreg. 

 Total 
Downreg. 

Annotated 
Upreg.  

Annotated 
Downreg.  

Hd vs H0 30 8 382 491 152 209 
 Hd vs H0 33 8 1134 1137 399 594 
Hd vs H0 36 8 187 356 81 154 
Hd vs H0 39 8 130 73 52 31 
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5) Chapter 5 Copy number variation in corals of hypoxia-associated genes.  

 

 

 

Article title: Disparate inventories of hypoxia gene sets across corals align 

with inferred environmental resilience. 
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5.1 Abstract 

Aquatic deoxygenation has been flagged as an overlooked but key factor contributing to mass 

bleaching-induced coral mortality. During deoxygenation events triggered by coastal nutrient 

pollution and ocean warming, oxygen supplies lower to concentrations that can elicit an aerobic 

metabolic crisis i.e., hypoxia. Surprisingly little is known of the fundamental hypoxia gene set 

inventory that corals possess to respond to lowered oxygen (e.g., deoxygenation). For instance, it 

is unclear whether gene copy number differences exist across species that potentially affect the 

effectiveness of a measured transcriptomic stress response. Therefore, in this study, we conducted 

an ortholog-based meta-analysis to investigate how hypoxia gene inventories differ amongst coral 

species to assess putative copy number variations (CNVs). We specifically elucidated CNVs for a 

compiled list of 32 hypoxia genes across 24 protein sets from species with a sequenced genome 

spanning corals from the robust and complex clade. We found approximately a third of the 

investigated genes exhibited copy number differences, and these differences were species-specific 

rather than attributable to the robust-complex split. Interestingly, we consistently found the highest 

gene expansion present in Porites lutea, which is considered to exhibit inherently greater stress 

tolerance to bleaching. Consequently, our analysis suggests that hypoxia stress gene expansion may 

coincide with increased stress tolerance. As such, the unevenly expanded (or reduced) hypoxia 

genes presented here provide key genes of interest to target in examining (or diagnosing) coral 

stress responses. Important next steps will involve determining to what extent such gene copy 

differences align with certain coral traits.  

5.2 Introduction 

Aquatic deoxygenation is one of the most pressing and intensifying concerns worldwide, driving 

mass mortality to both marine (Diaz and Rosenberg, 2008; Schmidtko et al., 2017; Breitburg et al., 

2018) and freshwater biota (Pollock et al., 2007). Since 1960, more than 400 coastal ‘dead zones’ 

have formed, where nutrient-overloaded waters are deprived of oxygen (O2) exposing aquatic 

organisms to reduced concentrations – typically < 2mg O2 L-1 – that elicit aerobic metabolic crisis, 
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i.e., hypoxia (Diaz and Rosenberg, 2008; Altieri et al., 2017). Hypoxic regions are considered to 

be particularly underreported by an order of magnitude for tropical compared to temperate regions 

(Diaz and Rosenberg, 2008). Where dead zones have been reported in tropical regions to date, over 

half have been associated with coral reefs (Altieri et al., 2017; Nelson and Altieri, 2019; Hughes et 

al., 2020). Recent observations have indeed recorded deoxygenation events on shallow reefs off 

the Caribbean coast of Panama, whereby both chronic and acute hypoxic episodes have resulted in 

mass coral bleaching-induced mortality (Altieri et al., 2017; Johnson et al., 2021a). As such, the 

significance and contribution of hypoxia as a driving factor of coral bleaching in tropical reef 

systems has likely been overlooked (Hughes et al., 2020; Suggett and Smith, 2020; Johnson et al., 

2021a). 

Of all tropical reef biota, sedentary calcifiers – such as hard corals – have been proposed to suffer 

the most under hypoxia (Hughes et al., 2020); for example a lethal threshold of only 4 mg O2 L-1 

has been shown to drive a key reef-building coral species to mortality within 12 hours (Acropora 

yongei; Haas et al., 2014). However, corals have recently demonstrated the ability to oxy-regulate 

rather than -conform, showing a large variation in the total positive regulation between species 

(e.g., 0.41 and 2.42 in Pocillopora damicornis and Porites acuta, respectively; Hughes et al., in 

review). Other recent studies have also demonstrated that hypoxia responses appear to vary 

substantially amongst coral taxa. Notably, two evolutionarily distinct Caribbean coral species, 

Acropora cervicornis and Orbicella faveolata, exhibited stark differences in susceptibility to severe 

deoxygenation (~0.5 mg L-1) where Acropora cervicornis suffered tissue loss and mortality within 

a day of exposure whereas O. faveolata remained unaffected after ~10 days (Johnson et al., 2021b). 

Also, two different Indo-Pacific Acropora species, Acropora tenuis and Acropora selago 

demonstrated contrasting bleaching phenotypes to deoxygenation (~2mg O2 L-1) where only A. 

selago bleached after 12 hours exposure (Alderdice et al., 2021). Further, deep-sea corals in the 

Red Sea live at remarkably low O2 levels of ~2 mg L-1 (Roder et al., 2013) with putative distinct 

adaptations, such as mitochondrial hypometabolism, anaerobic glycolysis, and microbiome 
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restructuring (Röthig et al., 2017a, 2017b; Yum et al., 2017), and show broad capacity for 

acclimation to high and low oxygen levels (Roik et al., 2015). All studies raise the question whether 

some coral species have an inherently greater capacity to withstand lower dissolved oxygen (DO) 

levels predicted for future reefs. Alderdice et al. (2020) demonstrated that differences in stress 

susceptibility to deoxygenation involved a varied ability to upregulate an array of hypoxia response 

genes that are transcriptionally controlled by the Hypoxia-inducible Factor (HIF; consisting of α 

and β subunits). More specifically, HIF transcription is known to be activated under limited O2 

when the proteasomal degradation capacity of prolyl hydroxylase domain proteins (PHD) ceases, 

allowing HIFα proteins to accumulate (Kaelin and Ratcliffe, 2008). The cohort of HIF target genes 

function to reprogram bioenergetics pathways for anaerobic respiration (e.g., lactate dehydrogenase 

and pyruvate dehydrogenase kinase) and lipid resourcing (e.g., scavenger receptor, CD36), manage 

proteome homeostasis (e.g., heat shock protein 70), and finely regulate cell cycling and apoptosis 

(e.g., BCL2 Interacting Protein 3, BNIP3; Alderdice et al., 2020).  

Looking beyond the HIF gene network, a recent study that exposed Acropora selago larvae to 12 

hours of deoxygenation (~2mg O2 L-1), reported a significantly greater expression of HIF and non-

HIF targeted hypoxia stress genes compared to control samples (Alderdice et al., 2022b). The non-

HIF targeted genes included melatonin receptors (Yan et al., 2018; Buttar et al., 2020) and universal 

stress proteins (USP; Chi et al., 2019) that can function to alleviate cellular stress associated with 

a disruption in reactive oxygen species (ROS) homeostasis, another known consequence of hypoxia 

stress in model organisms (Blokhina et al., 2003; Solaini et al., 2010). In corals, excessive ROS 

levels have mostly been associated with damage to both photosynthetic and mitochondrial 

membranes and widely implicated to induce symbiosis dysfunction and coral bleaching (Lesser, 

2006; Weis, 2008; Suggett and Smith, 2020; Rädecker et al., 2021). However, the contribution of 

hypoxia stress on such elevated ROS levels and subsequent susceptibility to coral bleaching 

remains to be determined. Despite HIF targeting lactate dehydrogenase (LDH), opine 

dehydrogenases (OpDH) have not yet been defined as targets of HIF. Interestingly, opine 
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dehydrogenases are found to be the preferred glycolytic enzymes for anaerobic respiration in 

marine invertebrates given that the glucose-opine pathway does not change the intracellular pH to 

the same extent as the glucose-lactate pathway, therefore allowing for sustained energy production 

(Harcet et al., 2013). Montipora capitata & Acropora yongei have been previously identified to 

have greater activity levels of different OpDH’s compared to that of LDH under nighttime hypoxia 

(Richmond & Murphy 2016; Linsmayer et al 2020). Together, these findings provide motivation 

to extend the search for key coral hypoxia stress genes to consider those besides the ‘classic’ HIF 

gene network. 

Taken together, the large discrepancies in tolerance to deoxygenation therefore reinforces the need 

to understand the corresponding molecular responses and extend analyses to a greater range of 

coral species to better understand putative mechanisms underlying the phenotypic variation 

observed in the field. Whilst hypoxic events can occur naturally during seasonal heating when the 

water column stratifies and the solubility of O2 in water decreases, climate-induced ocean warming 

– coupled to eutrophication – is accelerating the frequency and intensity of acute ocean 

deoxygenation events (Keeling et al., 2010; Schmidtko et al., 2017; Breitburg et al., 2018). Despite 

the wealth of evidence that ocean acidification and warming can induce coral bleaching (reviewed 

in Albright, 2018; Cziesielski et al., 2019; Suggett and Smith, 2020), the effect ocean 

deoxygenation has, either in isolation (Alderdice et al., 2021) or in combination with warming and 

acidification, on bleaching thresholds remains unclear (Ziegler et al., 2021). Intriguingly, studies 

on both heat stress (DeSalvo et al., 2008; Kenkel et al., 2013; Innis et al., 2021) and acidification 

stress (Kaniewska et al., 2012; Griffiths et al., 2019) consistently report a reduced oxidative 

metabolism, an impaired acid-base homeostasis, and an altered lipid content that are common 

hypoxia responses – a process that is also evident in our recent observations of corals that bleach 

under deoxygenation (Alderdice et al., 2021). Therefore, it is plausible that a common gene 

repertoire exists that assists more stress-tolerant corals in sustaining a depressed metabolism under 

these – and ultimately other – environmental stressors. 
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Copy number variation (CNV) recently emerged as an important genetic mechanism for phenotypic 

heterogeneity, outperforming single nucleotide polymorphisms in characterising population 

structure of non-model species (Dorant et al., 2020). Such structural variants (insertions/deletions) 

that create CNV can influence distinct expression levels of stress-response proteins through gene-

dosage effect, and in turn, may impact the genetic adaptive capacity between different coral to cope 

with local environmental stressors (Barshis et al. 2013). For example, Acroporids with a greater 

gene copy number of pigments from the green fluorescent protein (GFP) family, that can provide 

photoprotective properties under light stress, demonstrated an increased dynamic range over which 

the corals modulated their transcript levels in response to the light environment (Gittins et al., 

2015). Under heat stress, individuals of Pocillopora verrucosa from shallow reefs possess greater 

basal heat shock 70kda (hsp70) gene expression compared to deeper sites and appear able to 

transcriptionally upregulate hsp70 more rapidly in response to experimental heating – alluding to 

the potential presence of CNVs for key heat stress genes that are due to environmental selection 

(Poli et al., 2017). However, at present it remains unknown whether CNV can be observed for key 

hypoxia stress response genes.  

Here we investigate how the hypoxia gene set inventory – many genes of which were recently 

identified through RNA-Seq analyses of adult and larval Acropora samples exposed to low O2 

stress (Alderdice et al. 2020; Alderdice et al., 2022) - differ amongst coral species at large. We 

specifically characterised CNV for a compiled list of 32 putative hypoxia homologs across the 

fraction of protein-coding genes from 24 coral genomes, consisting of species that span the robust-

complex clades. Orthologous genes were predicted by OrthoFinder and assigned to categories 

according to their evolutionary relationship e.g., one-to-one and many-to-one copy number ratios 

of genes descended from a single ancestral gene (Voolstra et al., 2017). We were specifically 

interested in the presence of unequal gene expansion patterns across coral species and to what 

extent the distribution of such expansions could align to ascribed differences in coral bleaching 

susceptibility. 
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5.3 Methods 

5.3.1 Coral genomes  

A list of all sequenced coral genomes with protein-coding (i.e., genomic) gene sets available, 

up until June 2021 (at the time of analysis), was compiled using the following repositories: 

reefgenomics.org (Liew et al., 2016), NCBI (www.ncbi.nlm.nih.gov/), and 

marinegenomics.oist.jp (Table 5.1). Genomes were selected based on their availability, level 

of genome assembly, level of protein annotation, and taxonomic relatedness. While gene copies 

can be compared between genomes when present, it is difficult to make unequivocal statements 

when genes or gene sets are missing, as their absence may be either genuinely biological or 

methodological in nature. For our analysis, we therefore considered genomic gene sets where 

the number of predicted genes was ~30,000 to minimise artifacts arising from discrepant 

genome and gene assemblies (Table 5.1). Although Acropora echinata deviated from these 

criteria by having more genes (43886 of genes), this species was from a large comparative 

genomic study of 16 Acropora coral genomes (Shinzato et al., 2021), for which we assumed 

consistency in methodology used to assemble the genome and predict the genes (information 

on sequencing platform, genome assembly, and gene annotation methods used for each gene 

set is available in Table S 5.1). Additionally, to test whether missing genes of interest (GOIs) 

could be caused by a gene set calling artefact (i.e., the sequences existed in the assembled 

genome but were not included in the gene set), we searched for the nucleic sequences of certain 

missing proteins. We conducted such searches when the GOI was: 1) known to be highly 

conserved among metazoans and therefore its absence was unexpected and, 2) missing in only 

1 species. In the single case that we tested, the missing gene was not found in the assembled 

genome, which gave us a higher confidence in the completeness of the gene sets and resultant 

orthogroups (although we realise that genes could still be missing due to absence in the original 

assembly).  
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Table 5.1. Coral genomic gene sets used for Orthofinder analysis. Taxonomy, total genome 

assembly size (million base pairs; Mb), number of predicted genes, reference, & gene model data 

link. C = complex & R = Robust clade. Sub. = suborder, Fam. =Family, Acr. =Acroporidae, Por. = 

Poritidae, Poc. = Pocilloporidae, Fav. = Faviidae.  

Taxonomy Genomic gene sets 

Sub Fam. Species (abbreviation) Size Genes Reference Gene model data link access 

C Acr. Acropora tenuis (aten) 403 23118 (Shinzato et al., 2021)  http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora yongei (ayon) 438 23500 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora gemmifera (agem) 401 22247 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora florida (aflo) 442 23857 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora awi (aawi) 429 22653 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora intermedia (aint) 417 23343 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora acuminata (aacu) 395 22306 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora nasta (anas) 416 23319 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. 
Acropora microphthalmia 
(amic) 384 22618 (Shinzato et al., 2021) http://yurai.aori.u-

tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora echinata (aech) 401 43886 (Shinzato et al., 2021)  http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora muricata (amur) 421 23646 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora selago (asel) 393 23115 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora hyacinthus (ahya) 447 23147 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora cytherea (acyt) 426 23363 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. 
Astreopora myriophthalma 
(astr) 373 28711 (Shinzato et al., 2021) http://yurai.aori.u-

tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Montipora cactus (mcac) 653 21983 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. 
Montipora efflorescens 
(meff) 643 21369 (Shinzato et al., 2021) http://yurai.aori.u-

tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora digitifera (adig) 416 22326 (Shinzato et al., 2021) http://yurai.aori.u-
tokyo.ac.jp/orthoscope/Acropora.html  

C Acr. Acropora millepora (amil) 420 28188 (Fuller et al., 2020) Request data from Zach Fuller 

C Por. Porites lutea (plut) 552 31126 (Robbins et al., 2019) http://reefgenomics.org/ 

R Poc. 
Pocillopora damicornis 
(pdam) 234 26077 (Cunning et al., 2018) http://reefgenomics.org/ 

R Poc. 
Pocillopora verrucosa 
(pver) 380 27439 

(Buitrago-López et al., 
2020) http://reefgenomics.org/ 

R Poc. Stylophora pistillata (spis) 434 25769 (Voolstra et al., 2017) http://reefgenomics.org/ 

R Fav. 
Montastraea cavernosa 
(mcav) 448 30360 (Rippe et al., 2021) 

https://www.dropbox.com/s/yfqefzntt
896xfz/Mcavernosa_genome.tgz 
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5.3.2. Hypoxia gene repertoire  

A list of candidate GOIs was built based on genes that were 1) previously implicated in hypoxia 

stress response in association with both HIF and non-HIF pathways and 2) reported in coral 

stress response studies. Genes associated with coral general stress at large were also included 

to examine whether or not the suspected commonality of their gene function to different 

stressors would result in copy number differences consistent with expansions of hypoxia-stress 

response genes or aligned to coral species considered as more stress-tolerant e.g., Porites lutea 

(Voolstra et al., 2015; Robbins et al., 2019). The complete list of genes is available in Table 

5.2 with corresponding source references. These criteria resulted in a total of 32 GOI (Table 

5.2, Table S 5.2), which is by no means comprehensive but enabled us to examine whether and 

how different coral species differ at large in their hypoxia gene complement. 

Table 5.2. Genes of interest associated with hypoxia stress. Corresponding full gene names and 

putative function summarised from Gene cards, NCBI entrez or UniProt function descriptions. See 

Table S 5.2 for more details on the GOI. 

Gene abbrev Gene full name Putative function 
i. HIF subunits   

HIFA/EPAS1 Hypoxia inducible factor alpha Alpha subunit of transcription factor 
hypoxia-inducible factor-1 (HIF-1). 

HIFB/ARNT Hypoxia inducible factor beta/ aryl 
hydrocarbon receptor nuclear translocator 

Beta subunit of transcription factor 
HIF-1, also involved in xenobiotic 
metabolism. 

ii. HIF suppressors   

PHD2/EGLN1 HIF Prolyl hydroxylase domain/ Egl nine 
homolog 1 

Catalyses post-translational 
proteasomal degradation of HIF alpha. 

HIFAN/FIH Factor inhibiting HIF Hydroxylates HIF-1 alpha to repress 
transcription.  

iii. HIF targets   

LDHD/B lactate dehydrogenase 
Catalyses interconversion of pyruvate 
& lactate with concomitant 
interconversion of NADH and NAD+. 

CA9 carbonic anhydrase 9 Zinc metalloenzymes catalyse 
reversible hydration of carbon dioxide. 

CD36 cluster of differentiation 36 
Binds to collagen, thrombospondin, 
anionic phospholipids & oxidized low-
density lipoproteins. 

PDK4 Pyruvate dehydrogenase kinase 
Inhibits pyruvate dehydrogenase 
complex via phosphorylation: glucose 
metabolism. 

HIGD1A Hypoxia-inducible gene domain 1 
Subunit of cytochrome c oxidase, 
terminal component of mitochondrial 
respiratory chain. 
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KCNK18/17 (K2P) Two-pore domain potassium channels Activates outward rectifier K+ currents 
to maintain action potential. 

HMOX1 Heme oxygenase Cleaves heme to form biliverdin for 
cytoprotective effects. 

BNIP3 BCL2 adenovirus interacting protein 3 Apoptosis-inducing protein that can 
overcome BCL2 suppression. 

PEPCK/PCK1 Phosphoenolpyruvate carboxykinase Catalyses phosphoenolpyruvate from 
oxaloacetate: gluconeogenesis. 

NOS nitric-oxide (NO) synthase Synthesises NO to promote O2 
delivery. 

P4HTM/EGLN4 Prolyl 4-Hydroxylase, Transmembrane Degradation of HIFα under normoxia. 
iv. Non-HIF targets 

HSP90B1/AB1 heat shock protein 90 Molecular chaperone of proteins. 

HEBP2 heme binding protein Induce collapse of mitochondrial 
membrane potential prior to cell death. 

HYOU1 Hypoxia upregulated protein Heat shock protein 70 family, 
triggered by hypoxia. 

MTNR melatonin receptor Receptor for melatonin, an antioxidant. 

USP universal stress protein Resistance to DNA-damaging agents 
(e.g., ROS) from environmental stress. 

MDH1 Malate dehydrogenase Reversible oxidation of malate to 
oxaloacetate. 

ODH Octopine dehydrogenase Reversible oxidation of opine to 
pyruvate.  

ERR/ESRRG Estrogen-related receptor 
Orphan receptors, act as transcription 
activator in the absence of bound 
ligand.  

TET2 Tet methylcytosine dioxygenase 2 DNA methylation dependent on O2. 

GABR A/B gamma-aminobutyric acid receptor Forms functional inhibitory 
GABAergic synapses. 

SDHB Succinate dehydrogenase B Complex II of the respiratory chain. 
HES7 Hairy enhancer of split Transcriptional suppressor. 

v. ‘General’ stress   

HMCN1 Hemicentin Forms adhesive epithelial cell 
junctions. 

SACS Spastic ataxia of Charlevoix-Saguenay 
(Sacsin) 

Co-chaperone of Hsp70. 

 

5.3.3 Orthology analysis  

Orthofinder v2.5.2, was used to predict orthogroups from the 24 sets of protein sequences 

derived from 24 coral genomes (Table 5.1, see Data Availability section). An orthogroup is 

defined as the set of genes from multiple species descended from a single gene from the last 

common ancestor (LCA) of that set of species (Emms and Kelly, 2019). Of note, multiple 

proteins in a single species may be assigned to the same orthogroup due to gene duplication of 

a given gene after a speciation event. As such, for any given orthogroup, for a given pair of 

species, one-to-one (one gene per species), one-to-many (one gene in one species, multiple in 
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the other), and many-to-many (multiple genes in both species) categorizations are possible 

(Voolstra et al., 2017). Accordingly, the multiple proteins in a single species assigned to the 

same orthogroup are paralogs of each other, but orthologs of the proteins in the other species. 

Single copy orthologs (i.e., those exhibiting one-to-one relationships across all species) can aid 

assessing completeness of sequenced genomes but in this study, one-to-many and many-to-

many relationships, are of most interest as they represent expanding genomic gene content that 

can reveal important functional differences. 

OrthoFinder (Emms and Kelly, 2019) was run under default settings within a Nextflow pipeline 

using the Docker file davidemms/orthofinder:2.5.4 with the Docker engine. The Nextflow file 

and associated documentation on its execution are available at the associated GitHub repository 

(https://github.com/didillysquat/alderdice_2021). For each gene locus, only the longest coding 

sequence (CDS) was kept, excluding possible splice variants (isoforms), while retaining our 

ability to determine whether genes were orthologs or paralogs. Consequential to the coral 

genomic gene sets available, we included a large number of species from the same genus (i.e., 

Acropora), which in turn could affect the number of orthogroups assigned to the different 

relationship categories, i.e., lead to an artificially low number of many-to-many (MM) and 

many-to-one (MO) orthogroups. We tested for such bias by performing OrthoFinder analyses 

that each contained only one species per genera (Acropora, Astreopora, Montastraea, 

Montipora, Pocillopora, Stylophora, and Porites) for three different Acropora species (A. 

acuminata, A. cytherea, A. digitifera). Orthogroups relating to each GOI were identified by 

searching for the A. millepora representative of each of the GOI based on their KEGG and 

EggNOG annotations previously generated by EggNOG Orthology mapper, given that 

previous studies of such GOI in coral were based on gene annotations from this species 

(Alderdice et al., 2021; Alderdice et al., 2022). However, for some GOI this method of 

identification was not possible e.g., melatonin receptors (MTNR) which could have been due 

https://github.com/didillysquat/alderdice_2021
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to the GOI not having a representative in A. millepora either for genuine biological reason or 

an assembly artefact. Further, we found that in 12 cases there were multiple orthogroups that 

had the same gene name (Table S 5.3). EggNOG mapper results of Montastraea cavernosa, 

another species considered in our analysis, was also available and so we used this additional 

EggNOG annotation resource in the same way to try to identify missing GOIs or further 

orthogroups with the same gene name (Table S 5.3). The relationship between these two coral 

species is phylogenetically characterised by a deep evolutionary divergence into the robust-

complex clades, respectively, and so can possess significant genomic differences in the 

distribution and number of certain proteins (Ying et al., 2018). Therefore, by incorporating 

both species as described above, there was a greater likelihood in identifying representative 

orthogroups of the GOI for all the considered coral species.  

As mentioned above, in 12 cases, we identified multiple orthogroups that were annotated with 

the same gene name. To validate and better understand their placement in distinct orthogroups 

(i.e., whether this grouping may represent paralogs, or genetically distant orthologs), we 

performed inter-group alignments of representative sequences from these orthogroups using 

MAFFT (Katoh et al., 2018; option ‘—auto’). The results demonstrated a considerable 

dissimilarity between the sequences and so we considered such groupings valid (Data S1). 

However, given that we had insufficient information to determine these orthogroups to be 

paralogous or distantly orthologous, we considered these inter-group genes as distant homologs 

(Katoh et al., 2018). When investigating these genes for copy number expansions we searched 

across all identified orthogroups related to the gene name.  

The gene names assigned to the orthogroups are based on EggNOG annotations predominantly 

from model organisms. Thus, the identical naming of certain orthogroups despite being 

genetically distinct likely represents an artefactual similarity and such groups warrant further 

revision with phylogenetic analyses to confirm functional inference for coral orthologs. 
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Overall, GOI were focussed upon that demonstrated expansion of gene families, in particular 

uneven expansion distributed across species. Of note, gene expansions from certain species 

may also be a result of a reduction in other species. A heatmap table was created using the R 

package ‘ztable’ to view the copy number variation of GOI more easily across all species. Of 

note, GOI in which multiple orthogroups were annotated to the same gene name, the 

orthogroup with the greatest variance across coral species was selected for the heatmap table. 

For each GOI we were interested to see whether identified CNVs correlated with either the 

robust-complex split, or whether these CNVs were specific to a particular species. To do this, 

we extracted the gene trees for those GOI that demonstrated significant CNVs for visual 

examination. The gene trees were annotated using the R package ‘ggtree’. 

5.4 Results  

5.4.1 Overall gene distribution 

Orthogroups were predicted at the protein level for a total of 24 coral genomic gene sets that 

consisted of ~25,300 ± 4,700 protein-encoding genes per genome on average (Table 5.1). 

OrthoFinder assigned 97.3% of the total number of genes (564,602 out of 589,304) into 24,643 

orthogroups, leaving only 2.7% of the genes unassigned (15,702). Of the 24,643 orthogroups, 

5,125 contained representatives from all 24 species of which only 879 were single copy 

orthogroups (i.e., only 1 protein present in all species considered) and 4,246 contained at least 

one instance of many-to-one or many-to-many relationships (i.e., sets of proteins with a 

paralogous relation to each other belonging to a single orthogroup and multiple species). When 

considering the 24,643 orthogroups, those that assigned to an expanded gene set category 

(many-to-many or many-to-one) were on average consistently lower in Acropora species 

compared to all other genera examined. To assess whether this finding is potentially biased by 

the large number of Acropora species in the analysis, we conducted three additional 

OrthoFinder analyses where we consistently considered one species per coral genus (Acropora, 
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Astreopora, Montastraea, Montipora, Pocillopora, Stylophora, and Porites) for three different 

Acropora species (A. acuminata, A. cytherea, A. digitifera). These additional analyses showed 

that the number of many-to-many orthogroups for the Acropora species was no longer 

significantly lower in comparison to the other genera (Data S2). However, Porites lutea and 

Montastraea cavernosa still exhibited higher many-to-many and many-to-one orthogroups 

compared to all other genera. Lastly, 1.1% of genes (6,387) were assigned to species-specific 

orthogroups, with the smallest and largest proportion of these genes assigned to species of 

Acropora and Porites lutea. respectively (11 and 429; 1% and 31%; Figure 5.1). Thus, the 

majority of orthogroups exhibited a large disparity in terms of CNV. 

 

 

Figure 5.1. Classification of genomic protein sets.(a) Average frequency of genes assigned to 

many-to-many (grey bars) or many-to-one (white bars) orthogroups across the coral genera 

examined (sensu Voolstra et al., 2017). Note that most genera groups consisted of one species 

except for Montipora (2) and Pocillopora (2) species and Acropora (16) species. Error bars denote 

standard error. Asterisk indicates Fisher’s exact test significance of p-value < 0.0001 when 

comparing average frequency of expanded gene categories in Acropora versus all other species 

combined. (b) Average proportions (in percentage) of species-specific orthogroups within each 

genus.  

 

 

(a) (b) 
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5.4.2 Genes associated with hypoxia stress exhibit copy number variation.  

Of the 24,643 orthologs considered, we were most interested in a set of 32 hypoxia-related genes 

(Table 5.2, Table S 5.2) and in particular copy number differences in these genes that may explain 

differences in hypoxic stress susceptibility. We examined their CNV from the predicted gene 

inventory of 24 coral genomes and explored whether expanded gene families correlated to the 

robust-complex split or certain species. 

For 20 out of the 32 GOI, there were no or minimal predicted gene expansions (i.e., there were at 

most 1 or 2 copies of each protein per species per orthogroup). Although only 1 of these proteins, 

the heat shock protein 90kDA alpha class B, hsp90AB1, had a representative for every species. The 

remaining 12 GOIs exhibited uneven expansion in a subset of the species, falling into the many-to-

one or many-to-many orthogroups, and warranted further examination to assess whether the 

expanded groups correlated to the robust-complex split or certain species.  

Of these 12 unevenly expanded genes, most may be categorised into 3 groups according to their 

role within the mammalian-based HIF gene network following recent studies (Alderdice et al., 

2021, 2022b): i) HIF transcription factor subunits, ii) HIF suppressors, and iii. HIF target genes. 

We use an additional two categories to classify the remaining genes: iv) Non-HIF targets, which 

consist of genes associated with hypoxia stress that are not considered to be transcriptionally 

regulated by HIF in model organisms and, v) ‘General’ stress response, which comprise of a few 

exemplar genes that have been repeatedly reported in coral studies associated with a ‘general’ stress 

response to bleaching (Hemond et al., 2014; Cunning et al., 2018). In the following sections we 

assess the gene trees of the GOI categorised into one of these 5 categories to determine whether 

gene expansion aligned to the robust-complex evolutionary split or certain species. 

i. HIF subunits (HIFα and HIFβ) 

The O2-sensitive alpha subunit of the hypoxia-inducible factor (HIFα) exhibited duplication in 

Montipora efflorescens, Acropora nasta, A. echinata and two duplication events in A. florida 
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(Figure 5.2) in the respective orthogroup. Interestingly, the robust-clade species, Montastraea 

cavernosa, lacked a representative protein in this orthogroup (confirmed by the absence of a match 

for the A. millepora HIFα sequence in its genomic gene set and assembled genome sequence; see 

methods) suggesting a putative loss of the highly conserved metazoan HIFα gene. HIFβ 

demonstrated uneven expansion in gene copies with P. lutea, M. cavernosa and A. muricata 

exhibiting independent duplication events. While HIFα demonstrated a clear clustering by the 

robust-complex split the stable subunit HIFβ, by contrast, showed mixed robust-complex clustering 

(Figure S 5.2).  

ii. HIF suppressors 

As opposed to the HIF subunits, Prolyl Hydroxylase Domain 2 (PHD2; also known as EGLN1 

or HIF-P4H-2), Prolyl 4 Hydroxylase Transmembrane (P4HTM; also known as EGLN4 or 

PHD4) and Factor Inhibiting HIF (FIH), which facilitate proteasomal degradation of HIFα 

when O2 is limited, remained consistent in their copy number presenting a single gene copy 

across nearly all species and clearly clustered by the robust-complex split (Figure 5.2, Figure 

S 5.2). 

iii. HIF targets  

Carbonic anhydrase 9 (CA9), a zinc metalloenzyme that functions in stabilising the intracellular 

accumulation of acidic metabolic products (e.g., lactic acid) under hypoxia stress, consistently 

presents 2 gene copies across species (Figure 5.2). However, P. lutea, M. efflorescens and M. 

cavernosa each exhibit independent duplication events with P. lutea possessing the greatest number 

of CA9 gene copies at three times of that found in most corals examined (Figure 5.3).  Nitric-oxide 

synthase (NOS), increases the production of NO, a reactive nitrogen species (RNS), that can 

promote O2 delivery to cells and also signal to prevent HIFα proteasomal degradation during 

hypoxia (Poyton and Hendrickson, 2015). Within our analysis, NOS ranged from a single copy up 

to 6 across species, with greater copy numbers found in coral species of the Acroporidae family.  
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iv. Non-HIF targets  

Melatonin receptors (MTNR) and universal stress proteins (USP) are known to signal for, and 

facilitate, ROS scavenging to alleviate oxidative stress in mammals (Yan et al., 2018; Chi et 

al., 2019; Buttar et al., 2020). Genes assigned to one of the MTNR homolog orthogroups 

demonstrated one of the greatest variances in distribution of gene copies across species with 

the lowest counts between 1-3 found almost exclusively in Acropora species while the highest 

counts were presented by P. damicornis and P. lutea, which independently expanded up to 21 

and 30 gene copies, respectively (Figure 5.2, 5.3). Whilst the USP orthogroups showed gene 

counts to vary randomly across species and the robust-complex split, P. lutea exhibited the 

greatest number of gene copies (Table S 5.4). In one of the orthogroups, P. lutea demonstrated 

species-specific duplications, leading to an additional 4 copies of USP (Figure 5.3) in 

comparison to the gene complement of the other species in the orthogroup.  

Genes encoding for gamma-aminobutyric acid receptor (GABR), receptors that help to restore 

membrane potential from ROS-induced disruptions and signals to promote the ‘GABA shunt’ 

that can suppress aerobic respiration during hypoxia (Wu et al., 2021), exhibited unequal 

distribution with only 3 gene copies in M. cactus and up to 4 times that in A. millepora, M. 

cavernosa and P. lutea. Gene trees showed species-specific clusters of expanded genes in the 

latter two species (Figure S 5.3). Genes assigned to the orthogroup annotated as octopine 

dehydrogenase (ODH), that provide an alternative, more pH-stable anaerobic pathway to 

glycolysis, had the third greatest variance of all GOI across species. Interestingly, this variance 

was driven by an independent expansion in P. lutea where gene copy number was at least 

double that found in the other species (Figure 5.2, 5.3).  

v. ‘General’ stress response 
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Both Hemicentin (HMCN1), which functions in promoting extracellular adhesion during stress, 

and sacsin (SACS), which acts as a heat shock protein co-chaperone, showed expansions of 

proteins within their corresponding orthogroups. However, these expansions did not appear to 

exclusively align to those of hypoxia stress associated GOIs or coral species considered more 

stress-tolerant e.g., P. lutea (Figure 5.2). Notably, HMCN1 demonstrated the greatest copy 

number variation across species out of all the GOIs with a range of 8 copies in M. cactus all 

the way up to 55 copies in A. millepora (Figure 5.2). 
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Figure 5.2. Gene count heatmap table for genes of interest (GOI).Spanning across 24 coral 

genomic gene sets, ordered by descending variance and showing corresponding orthogroups that 

Orthofinder assigned each gene. For genes that had multiple orthogroups the table details only the 

orthogroup with the highest variance (see Table S5.4-6 for others). Coral species are grouped 

according to taxonomy, with R and C indicating Robust and Complex clades, respectively. Yellow 

stars flag those coral species that have been reported as relatively more stress-tolerant. Colour 

gradient with dark to light blue representing greatest value down to zero. Refer to Table 5.1 for the 

corresponding full species names.
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Figure 5.3. Rooted phylogenetic gene trees of highly disparate 

gene copy number. Spanning across 24 coral species showing the 
species-specific expansions of hypoxia-associated genes that 
exhibited highly disparate copy number variation: (a) Carbonic 
anhydrase 9, CA9; (b) Universal stress protein, USP; (c) Melatonin 
receptor, MTNR; (d) Octopine dehydrogenase, ODH. Species-
specific expansion of > 2 genes in a cluster for each gene family is 
indicated by the following highlighted boxes: Plut = Porites lutea in 
turquoise, Pdam = Pocillopora damicornis in purple, and Mcav = 
Montastrea cavernosa in orange. 
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5.4.3. Genes assigned to multiple orthogroups exhibit large copy number differences.  

Out of the 12 cases of which multiple orthogroups were annotated with the same gene name, 

SACS, MTNR, and GABR showed a large degree of unequal expansion across the 24 coral 

species (Table S 5.5, S 5.6, S 5.7, respectively). Interestingly, more than half of the SACS 

orthogroups were only present in a few coral species, with few of the represented coral species 

found in common between the orthogroups. For example, orthogroups OG0023363, 

OG0022987, and OG0021814 contained a single gene copy in 3 different coral species (Table 

S 5). Within the GOI, the number of orthogroups associated with a given gene name varied 

considerably, with GABR assigned to the greatest number of different orthogroups at 48 (Table 

S 5.3, 5.7).  

In summary, a high level of disparity existed in the overall proportions of expanding genes 

(many-to-one or many-to-many) across the 24 different coral genomes. Despite most coral 

species possessing at least one gene copy of key hypoxia response genes, approximately a third 

of the GOI exhibited uneven expansions. In particular, P. lutea demonstrated the greatest 

number of species-specific orthogroups out of all considered coral species and consistently 

demonstrated a greater number of gene copies for the majority of highly disparate GOIs, 

including CA9, MTNR, USP and ODH. 

 

 

 

 

 

 

 

 



248 
 

5.5 Discussion 

Despite the growing evidence implicating hypoxia as a key factor contributing to mass coral 

mortality (Altieri et al., 2017, 2021; Suggett and Smith, 2020; Johnson et al., 2021a), 

surprisingly little is known of the responsive gene set inventory corals possess to respond to 

hypoxic events. Within gene inventories, variation in gene copy number affect gene expression 

levels with subsequent differences in the effectiveness of any given stress response (Gittins et 

al., 2015; Żmieńko et al., 2014). Ultimately, such genomic structural variants can contribute to 

the acclimation of marine invertebrates to local environmental conditions (Dorant et al., 2020). 

Therefore, analysing copy number differences amongst corals could provide insights into how 

some populations (Barshis et al., 2013; Palumbi et al., 2014; Voolstra et al., 2020, 2021b) or 

individual coral genotypes (Palumbi et al., 2014; Dixon et al., 2015) with enhanced bleaching 

resilience exist. Here we consider the extent to which the coral hypoxia stress gene repertoire 

is variable across species by examining CNV from the protein-coding genes of 24 coral 

genomes. We followed an ortholog-based approach where proteins were assigned into different 

categories according to their evolutionary relationship, such as one-to-one and many-to-one 

ortholog pairwise comparisons. Our meta-analysis of 24 coral genomes comprising of species 

from both the complex and robust clades complements previous approaches (Voolstra et al., 

2017; Cunning et al., 2018; Ying et al., 2018; Shinzato et al., 2021). Our analysis further 

demonstrated comparable numbers of orthogroups that are present in all examined species, i.e. 

putative coral ‘core’ proteome members, whether the comparison is with only 2 species (6302 

OGs; Voolstra et al., 2017) or the 24 coral species in our study (5125 OGs). Among the 5,125 

orthogroups identified here, we found 879 assigned as single copy, similar to reports of 

comparisons between 18 Acropora sp. gene sets from only the Complex clade (818OGs; 

Shinzato et al., 2021), which can be considered ‘core’ coral genes that have more likely retained 

their function across species. 
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5.5.1 Differences in protein inventories between species at large. 

Evidence for high levels of genomic variation was also observed. Firstly, there was variation in 

the total number of genes that were expanded. For example, the number of many-to-many 

orthogroups was consistently and significantly higher in P. lutea compared to all other 

genera/species, while a higher number of many-to-one orthogroups was consistently found in 

A. myriophthalma, M. cavernosa and P. lutea (Figure 5.1A, Figure S 5.1, Data S2). In general, 

the greatest contrast was found between those species that occupy massive (A. myriophthalma, 

P. lutea and M. cavernosa) and branching growth forms (remaining species; Figure 5.1A). 

Interestingly, species exhibiting massive growth forms have previously been reported to have 

higher bleaching resilience (Marshall and Baird, 2000; Pratchett et al., 2013; Sutthacheep et 

al., 2013). Secondly, the massive growth form species from the complex clade, P. lutea, 

possessed the highest number of genes in species-specific orthogroups compared to all other 

species examined. This outcome is consistent with Cunning et al. (2018), examining the 

genomic gene sets across four scleractinians, where another ‘massive’ coral, Orbicella 

faveolata, demonstrated approximately twice the number of species-specific gene families 

compared to those of the branching corals P. damicornis, S. pistillata, and A. digitifera. 

Together, these results indicate disparities in gene copy number in line with, but not limited to, 

growth form. Furthermore, higher gene copies of different heat shock proteins have been 

observed in coral species reported to have greater bleaching resilience under thermal stress 

(Poli et al., 2017; Ying et al., 2018). In these cases, sample site depth (Poli et al., 2017) and 

different species coral morphology (Ying et al., 2018), e.g., massive or solidary versus 

branching growth forms, have similarly been considered possible factors aligning with gene 

copy variation. Therefore, the possibility that a higher gene copy number of key genes could 

be recognisably aligned with specific coral traits, warrants further investigation. 
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5.5.2 Orthogroups of hypoxia-associated genes exhibiting stark differences between 
species. 

We examined copy number differences of 32 hypoxia-associated genes that were compiled 

based on those 1) previously implicated in the hypoxia response of corals (Acropora sp., see 

Alderdice et al., 2020), 2) reported as being implicated in coral stress responses such as heat 

or, 3) associated with hypoxia in other model organisms, e.g. mammals (Table S 5.2). The set 

of genes activated under varying hypoxia levels can cover a diverse range of critical cellular 

processes including glycolytic metabolism, decelerated cell proliferation, ROS management, 

and energy-saving alterations in catabolic processes (Semenza, 2012; Yum et al., 2017). Such 

processes are also important in the stability of a coral’s symbiosis and ultimate survival of the 

host (Rädecker et al., 2021) and therefore, expansion of these gene families could be indicative 

of bleaching resilience differences amongst coral taxa. 

Amongst our genes of interest (GOIs), we found those that exhibited little copy number 

variation mostly grouped according to the robust-complex split (for examples see Figure S 5.2), 

while approximately a third of the GOIs demonstrated uneven expansion across species (Figure 

5.2, 5.3). We particularly focused on those which demonstrated independent expansions of > 2 

gene copies. Interestingly, for the majority of these genes the highest copy number was 

consistently found in P. lutea – a species classified as ‘massive’ in growth form and commonly 

reported to demonstrate relatively greater stress tolerance to bleaching (see Figure 5.4; 

Marshall and Baird, 2000; Pratchett et al., 2013). Such genes included the HIF-targeted 

carbonic anhydrase (CA9) which counteracts the accumulation of acidic metabolites to avoid 

acidosis during anaerobic-dominated respiration (Swietach et al., 2010; Parks et al., 2011; 

Zoccola et al., 2016; Osinga et al., 2017). Both P. lutea and M. cavernosa exhibited the greatest 

independent expansion of CA9 (Figure 5.2, 5.3i). Interestingly, carbonic anhydrases have also 

been associated with assisting acid-base balance during coral calcification (Moya et al., 2008; 
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Bertucci et al., 2013; Goff et al., 2016) and studies have shown a greater reliance on CA activity 

for coral calcification rates during dark conditions (Goreau, 1960) when photosynthesis ceases 

and coral tissues become hypoxic (Kühl et al., 1995). Therefore, possessing higher CA9 gene 

copies may enhance a coral’s ability to buffer their intracellular pH and ion exchange, 

facilitating night-time calcification rates and better yet, surviving longer hypoxic events.  

Two non-HIF targeted GOIs also with the greatest gene expansion in P. lutea, MTNR and USP, 

function in mammals and plants to alleviate cellular stress associated with a disruption in ROS 

(Yan et al., 2018; Chi et al., 2019; Buttar et al., 2020). ROS-handling responses are of particular 

interest for understanding coral stress tolerance as such oxidative defense strategies become 

overwhelmed during coral bleaching (Weis, 2008; Rädecker et al., 2021). Interestingly, genes 

assigned to one of the multiple MTNR orthogroups demonstrated one of the highest CNV across 

species, ranging from the lowest counts almost exclusively in Acropora species to the highest 

counts in P. lutea, which independently harboured up to 30 gene copies (Figure 5.2, 5.3C). 

Such an outcome could suggest Acropora species examined here have an inherently lower 

capacity to signal and facilitate such ROS scavenging. As for the USP orthogroups, P. lutea 

solely exhibited gene expansion of the USP gene family by 4 copies in on the orthogroups 

(Figure 5.3B). So far both genes have not been extensively studied in corals. Although, 

melatonin receptors have been shown to increase during the night in Acropora species in 

association with the circadian rhythm (Hemond et al., 2014), as per their commonly described 

function in other invertebrates (Vivien-Roels and Pévet, 1993). However, prolonged hypoxia 

can also alter circadian activities as the circadian clock is dependent on changes in metabolic 

rate (Mortola, 2004; Tjong et al., 2006) and therefore melatonin receptor activity in coral is 

likely not only be bound to the night cycle but also stimulated by a shift to hypometabolism 

during hypoxia stress. To date, coral USPs have been reported to be expressed under heat stress 
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(Bellantuono et al., 2012), and while we focus on their potential ROS scavenging role, they 

may also conduct in parallel more diverse roles in resistance to hypoxia stress. 

Another non-HIF targeted GOI includes octopine dehydrogenase (ODH), an opine 

dehydrogenase in the glucose-opine anaerobic pathway, which exhibited an independent 

expansion in P. lutea where gene copy number was at least double that found in the other 

species (Figure 5.2). Opine dehydrogenase (OpDH) rather than lactate dehydrogenase (LDH) 

activity, often predominates sessile organisms as it generates an end-product with much weaker 

acidity and so maintains more stable levels of intracellular pH under prolonged low O2 

(Zammit, 1978). As previously mentioned, corals have been identified to have greater activity 

levels of different OpDH’s compared to that of LDH under nighttime hypoxia (Richmond & 

Murphy 2016; Linsmayer et al 2020) and so may be a key hypometabolic pathway in coral 

during non-routine hypoxia stress. Though the types of dominant OpDH may differ between 

coral species (e.g., alanopine, octopine or strombine), our analysis suggests that a higher gene 

copy number of OpDH may facilitate more stress-tolerant coral to reduce the acidic products 

of anaerobic respiration and create more favourable conditions for managing prolonged 

hypoxia. Characterising the nature of these enzymes and determining whether OpDH’s are part 

of the HIF target gene network, or another, will be important next steps for understanding the 

extent of capacity for corals to sustain a continuous flux of ATP during low O2. 
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Figure 5.4. Hypoxia stress gene set expansion may coincide with increased coral stress 

tolerance and bleaching resilience.Schematic illustration of hypoxia-stress associated genes with 

> 2 independent expansion: melatonin receptors (MTNR), universal stress protein (USP), octopine 

dehydrogenase (ODH) and carbonic anhydrase 9 (CA9). Genes with expansion represented by a 

thick blue outline of shape rather than black were found in Porites lutea, a species ascribed as more 

stress tolerant, in contrast to Acropora species.  
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5.5.3 Summary 

Our study corroborates recent comparative ortholog analyses that support the notion of a coral 

core proteome on the one hand and high levels of disparity between coral genomes, even for 

species within the same genus, on the other hand. In examining the genomic protein inventories 

of 24 coral species, we found that most species possess copies for key hypoxia response genes. 

However, approximately a third of the orthologs demonstrated significant gene copy number 

differences across species. Notably, such differences did not map onto differences between 

robust and complex clade corals. Rather, coral species seemed to exhibit species-specific 

patterns. However, more sequenced genomes are necessary to provide better insight at which 

phylogenetic level such effects are pre-dominantly apparent, respectively evolutionary emerge. 

Interestingly, the consistently highest number of gene expansions were found in P. lutea, a 

coral species that exhibits a massive growth form and is commonly ascribed to exhibit greater 

stress tolerance. Our analyses suggest that possessing expanded copy numbers of hypoxia stress 

genes may be associated with increased stress tolerance, in particular hypoxia. As such, the 

unevenly expanded hypoxia genes presented here provide genes of interest to target in 

examining or diagnosing coral (thermal) stress thresholds. Ideally, such studies will examine 

the transcriptional response and corresponding gene copy inventory to elucidate a link between 

greater gene copy number and greater ability to respond to stress by upregulation of gene 

expression. 
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5.7 Data Availability 

Access to the protein sequence files of each gene set used in the analysis are provided in Table 

1. The scripts used to run OrthoFinder and process the outputs can be found at the GitHub 

repository available at: https://github.com/didillysquat/alderdice_2021. The OrthoFinder 

output files are found at Zenodo repository available at: https://zenodo.org/record/6396671. 
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5.9 Supplementary Materials 

Figures  

 

 

Figure S 5.1. Classification of genomic protein sets for 3 additional OrthoFinder analyses. 
Average gene counts assigned to many-to-many (grey bars) or many-to-one (white bars) 
orthogroups across those coral genera with only one species per genus. Note that most genera 
consisted of one species except for Montipora (n = 2), Pocillopora (n = 2), and Acropora (n = 
16). For the additional analyses, Pocillopora verrucosa and Montipora cactus were consistently 
used as the genus representative, while for the Acropora genus A. cuminata, A. cytherea, and 
A. digitifera were examined separately. Error bars denote standard errors. 

 

 

 

 

A. cuminata A. cytherea A. digitifera 
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many-to-many 

many-to-many 
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Figure S 5.2. Rooted phylogenetic gene trees. 

Spanning 24 coral species and showing 
hypoxia-associated genes that exhibited copy 
number variation across the major evolutionary 
clades of Robust (R) and Complex (C): (a) 
HIFα; (b) P4HTM; (c) HIFβ; (d) PHD2; (e) 
FIH. Species-specific expansion for each gene 
family is indicated by a light grey highlighted 
box. Clades are indicated by red or blue line bar. 

a) HIFα 
b) P4HTM c) HIFβ 

d) PHD2 e) FIH 
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Figure S 5.3. Rooted phylogenetic gene tree of GABA receptors (GABR).Spanning 24 coral 

species (as specified in main text) and showing the species-specific expansions for genes > 2 

copies from each gene family which is indicated by the following highlighted boxes: Plut = 

Porites lutea in blue and Mcav = Montastraea cavernosa in orange. 
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Table S 5.1. Overview of sequencing platform and assembly and annotations methods 

used to process coral genomes considered in this study.  Note that all sequencing used 

paired-end reads. * All Acropora species except for Acropora millepora and A. digitifera were 

processed with the same methods. 

 

 

  

Species Sequencing 
platform Assembly method Annotation method 

All Acropora* and 
Montipora 

Illumina HiSeq 
(short) 

Platanus genome 
assembler ver. 
1.2.440 

BLAST 

Acropora millepora PacBio (long), 10X 
Genomics barcodes 
(linked) & Illumina 
HiSeq (short) 

Canu & FALCON MAKER-P 
v.2.31.10  

Acropora digitifera PacBio (long) FALCON unzip BLAST 

Pocillopora 
damicornis 

Illumina HiSeq 
(short) 

HighRise 
(HiRiSE) 

MAKER 

Pocillopora verrucosa Illumina HiSeq 
(short) 

DISCOVAR de 
novo 

BLAST 

Stylophora pistillata Illumina HiSeq 
(short) 

ALLPATHS-LG 
release 48961 
haplodify mode 

BLAST 

Montastraea 
cavernosa 

PacBio (long) & 
10X Genomics 
(linked) 

TopHat (v2.1.1) & 
Cufflinks (v2.2.1) 

MAKER-P v2.31.9 

Porites lutea Illumina HiSeq 
(short) 

ALLPATHS-LG 
v.52188 in 
haplodify mode 

MAKER2 
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Table S 5.2. Additional details for genes of interest associated with hypoxia stress. Orthogroups for all GOI assigned by Orthofinder and the 

corresponding gene names, KEGG Orthology and EggNOG Emapper results based on Acropora millepora and Montastrea cavernosa genomic gene set 

annotations (Fuller et al., 2018; Rippe et al., 2021). References noted for genes already mentioned in coral research and/or references for gene regulation 

under hypoxia whether a HIF target or not. Asterisk indicates KEGG annotations found in the HIF-1 signalling pathway; KEGG map04066. Double 

asterisks indicate those genes that have multiple orthogroups annotated based on EggNOG gene annotation. Orthogroups with the greatest variance 

across the 24 coral genomic gene sets are presented, see Table S 5.3 for any additional orthogroups. 
Gene name Orthogroup Gene IDs KEGG Orthology EggNOG annotation Published in coral /other studies 
HIF subunits 

 

HIFA/EPAS1 OG0004773 Amillepora27208, N/A  K08268* PAS domain protein (Zoccola et al., 2017; Alderdice et al., 
2021, 2022b) 

HIFB/ARNT OG0001310** Amillepora00726, 
Mcavernosa01391 

K09097* ATP dependent RNA helicase (Zoccola et al., 2017; Alderdice et al., 
2021) 

HIF suppressors 
 

PHD/EGL-9 OG0011958 Amillepora27205, 
Mcavernosa18843 

K09592* Egl nine homolog (Zoccola et al., 2017; Alderdice et al., 
2021, 2022b; Traylor-Knowles et al., 
2021) 

HIFAN/FIH OG0006877 Amillepora04811, 
Mcavernosa15996 

K18055* Heat shock 27kDa (Zoccola et al., 2017) 

HIF targets 
 

LDHD/B OG0007924, 
OG0009539 

Amillepora09028, 
Mcavernosa23645/ 
Amillepora06787, 
Mcavernosa13833 

K00102, K00016* L-lactate dehydrogenase (Murphy and Richmond, 2016; 
Linsmayer et al., 2020; Alderdice et 
al., 2021) 

CA9 OG0001506 Amillepora22180, 
Mcavernosa16286 

K01672 Carbonic Anhydrase IX (Moya et al., 2008; Bertucci et al., 
2011; Goff et al., 2016) / (van den 
Beucken et al., 2009) 

CD36 OG0001765** Amillepora08250, 
Mcavernosa26849 

K06259 scavenger receptor class B, member (Neubauer et al., 2016; Alderdice et 
al., 2021) / (Mwaikambo et al., 2009) 

PDK4 OG0003902 Amillepora11830, 
Mcavernosa14626 

K12077* Pyruvate dehydrogenase kinase (Rosenberg et al., 2019; Alderdice et 
al., 2021) 

KCNK18/17 
(K2P) 

OG0007145, 
OG0013968 

Amillepora24154, 
Mcavernosa24641/ 
Amillepora08546, N/A 

K20007, K04925 Potassium channel subfamily K 
member 

(Alderdice et al., 2021) / (Shin et al., 
2014; Iorio et al., 
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2019)https://onlinelibrary.wiley.c
om/doi/full/10.1111/gcb.15436 

HMOX1 OG0007396 Amillepora10985, 
Mcavernosa14190 

K00510* Heme oxygenase (Fang et al., 1997; Rougée et al., 
2006) 

BNIP3 OG0014194 Amillepora06222, N/A K15464 BCL2 adenovirus E1B 19kDa 
interacting protein 3 

(Alderdice et al., 2021) / (Zhang et al., 
2008; Semenza, 2011) 

PEPCK/PCK1 OG0001724 Amillepora10499, 
Mcavernosa15702 

K01596 phosphoenolpyruvate carboxykinase (Gust et al., 2014; Kenkel et al., 2014; 
Lee et al., 2018; Spacht et al., 2018) / 
(Owczarek et al., 2020) 

NOS1/2/3 OG0000886 Amillepora22271, 
Mcavernosa08397 

K13240, K13241*, 
K13242* 

Produces nitric oxide (Safavi-Hemami et al., 2010; Meyer 
et al., 2011; Hawkins and Davy, 2012; 
Hawkins et al., 2014; Moroz et al., 
2020)  

P4HTM/EGLN4 OG0006381 Amillepora18821, 
Mcavernosa24799 

K06711 Prolyl 4-hydroxylase (Alderdice et al., 2021) 

Non-HIF target 
 

HSP90B1/AB1 OG0009920, 
OG0009694 

Amillepora17004, 
Mcavernosa03557/Amill
epora15295, 
Mcavernosa01595 

K09487, K04079 Heat shock protein (Meyer et al., 2011; Nakamura et al., 
2012; Bhattacharya et al., 2016; 
Alderdice et al., 2021) / (Gradin et al., 
1996; Hur et al., 2002; Isaacs et al., 
2002; Katschinski et al., 2004) 

HEBP OG0001949*,  Amillepora01102, 
Mcavernosa02815,  

N/A Heme binding protein 2 (Levy et al., 2011; Bellantuono et al., 
2012) 

HYOU1 OG0005106 Amillepora30743, 
Mcavernosa28365 

K09486 Hypoxia up regulated (Maor-Landaw et al., 2014)  

MTNR OG0000293* N/A /Mcavernosa20066 N/A Melatonin receptor (Hemond et al., 2014; Alderdice et al., 
2022b) / (Tjong et al., 2006; Tao et 
al., 2021) 

USP OG0001271* Amillepora11215, 
Mcavernosa20143 

N/A Universal stress protein  (Voolstra et al., 2009; Bellantuono et 
al., 2012; Libro et al., 2013; Chi et al., 
2019) / (Chi et al., 2019) 

MDH1  OG0004379** Amillepora16760, 
Mcavernosa16765 

K00025 Malate dehydrogenase (Wang et al., 2019; Linsmayer et al., 
2020) / (Han et al., 2017) 

ODH OG0000893 Amillepora15103, N/A N/A NAD/NADP octopine/nopaline 
dehydrogenase, alpha-helical domain 

(Murphy and Richmond, 2016; 
Linsmayer et al., 2020) / (Han et al., 
2017) 

https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.15436
https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.15436
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SDHB OG0009840 Amillepora18889, 
Mcavernosa05890 

K00235 succinate dehydrogenase (Sun et al., 2020) / (Lukyanova and 
Kirova, 2015) 

HIGD1A OG0010860 Amillepora12559, N/A N/A HIG1 hypoxia inducible domain 
family, member 

(Alderdice et al., 2021) /(Strogolova 
et al., 2012) 

ERR/ESRRG OG0010191** Amillepora14094, N/A K08554 Estrogen-related receptor (Alderdice et al., 2021) / (Ao et al., 
2008)  

TET2 OG0006893 Amillepora20732, 
Mcavernosa20746 

N/A tet methylcytosine dioxygenase (Alderdice et al., 2022b) / (Solary et 
al., 2013) 

GABR A/B OG0000211** Amillepora17060, 
Mcavernosa03259 

K04615 Gamma-aminobutyric acid (GABA) 
A/B receptor 

(Glazier et al., 2020; Alderdice et al., 
2022b)  / (Hossein-Javaheri and Buck, 
2021; Wu et al., 2021) 

HES7 OG0001918** Amillepora17928, 
Mcavernosa26546 

K09087 Hairy and enhancer of split (Ruiz-Jones and Palumbi, 2015; 
Ottaviani et al., 2020; Alderdice et al., 
2022b)(Ruiz-Jones and Palumbi, 
2015; Ottaviani et al., 2020) / (Zhou 
et al., 2008) 

General stress 
 

HMCN1 OG0000022**,  Amillepora07044, 
Mcavernosa23890 

K17341 Hemicentin 1 (Hemond et al., 2014; Mass et al., 
2016; Yuan et al., 2018; Yuyama and 
Higuchi, 2019) 

SACS OG0002043** Amillepora11971, 
Mcavernosa19134 

K17592 Spastic ataxia of Charlevoix-
Saguenay (Sacsin) 

(Hemond et al., 2014; Cunning et al., 
2018; Mayfield et al., 2018; Fuller et 
al., 2020) 
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Table S 5.3. GOIs annotated to multiple orthogroups. 

Annotations are based on EggNOG from Acropora millepora and Montastraea cavernosa genes.  
Gene Orthogroups Total 
HIFB/ARNT OG0001310, OG0001688, OG0002804, OG0002821, OG0003173, OG0003354, 

OG0003813, OG0004022, OG0005063, OG0006589, OG0010623, OG0010946, 
OG0011338, OG0011422, OG0012840, OG0021463 

16 

CD36 OG0001765, OG0008589, OG0019912 3 
HEBP OG0001949, OG0002654, OG0003399, OG0010691 4 
MTNR OG0000293, OG0000557, OG0000977, OG0001391, OG0002297, OG0002360, 

OG0002440, OG0003650, OG0004281, OG0004869, OG0006178, OG0008757, 
OG0011413, OG0012842, OG0017389, OG0018019 

16 

USP OG0001271, OG0001720, OG0005346, OG0009467, OG0010120, OG0010211, 
OG0010630, OG0011784, OG0012277, OG0012763, OG0013655 

11 

MDH1 OG0004379, OG0011788 2 
ERR/ESRRG OG0009676, OG0010191 2 
GABR OG0000211, OG0000563, OG0000780, OG0000829, OG0001112, OG0001215, 

OG0001228, OG0001999, OG0002095, OG0002205, OG0002435, OG0002971, 
OG0003458, OG0003586, OG0003632, OG0003694, OG0003802, OG0003911, 
OG0004230, OG0004272, OG0004607, OG0005507, OG0005579, OG0005884, 
OG0006903, OG0007308, OG0007630, OG0008067, OG0009365, OG0009656, 
OG0010144, OG0010753, OG0010861, OG0010994, OG0011400, OG0011709, 
OG0012492, OG0013070, OG0013235, OG0013677, OG0015419, OG0015645, 
OG0016854, OG0016888, OG0019050, OG0030596, OG0031011, OG0032750 

48 

HES7 OG0001918, OG0009357, OG0011839 3 
HCMN1 OG0000022, OG0003112, OG0006441, OG0011836, OG0016865 5 
SACS OG0000209, OG0002043, OG0005657, OG0017779, OG0019789, OG0019796, 

OG0021814, OG0022987, OG0023363 
9 

 

Table S 5.4. Gene count heatmap table for Universal Stress Protein (USP). Spanning across 24 

coral genomic gene sets and ordered by descending variance. Corresponding orthogroups assigned 

by Orthofinder annotated to USP based on EggNOG annotations of A. millepora and M. cavernosa. 

Colour gradient with dark blue to white representing greatest value down to zero. Refer to Table 

5.1 for the corresponding full species names. 
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Table S 5.5. Gene count heatmap table for Sacsin (SACS).Spanning across 24 coral genomic 

gene sets and ordered by descending variance. Corresponding orthogroups assigned by Orthofinder 

annotated to SACS based on EggNOG annotations of A. millepora and M. cavernosa.. Colour 

gradient with dark blue to white representing greatest value down to zero. Refer to Table 6.1 for 

the corresponding full species names. 

 

Table S 5.6. Gene count heatmap table for Melatonin receptors (MTNR). 

Spanning across 24 coral genomic protein sets and ordered by decreasing variance. Corresponding 

orthogroups assigned by Orthofinder annotated to MTNR based on EggNOG annotations of A. 

millepora and M. cavernosa. Colour gradient with dark blue to white representing greatest value 

down to zero.  
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Table S 5.7. Gene count heatmap table for GABA receptor (GABR). 

Spanning across 24 coral genomic gene sets and ordered by descending variance. Corresponding 

orthogroups assigned by Orthofinder annotated to GABR based on EggNOG annotations of A. 

millepora and M. cavernosa. Colour gradient with dark blue to white representing greatest value 

down to zero. 
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Supplementary Data 

The following supplementary data files can be found at the GitHub link 
https://github.com/didillysquat/alderdice_2021. 

Data S1 MAFFT alignments. 
Data S2 Orthofinder statistical results. 
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6) Chapter 6 General Discussion 

The loss of oxygen from the oceans is increasing at an alarming rate as a consequence of global 

warming and localised pollution (Schmidtko et al., 2017; Breitburg et al., 2018). Such ocean 

deoxygenation has reached the attention of the United Nations and was showcased as one of the 

strategies for the Ocean Decade – the Global Ocean Oxygen Decade (UNESCO-IOC, 2021) – 

highlighting how this area of research is a critical and global pursuit. Coral reefs are of particular 

interest given that they are very sensitive to any changes outside of their narrow range of 

environmental conditions and that coral bleaching-induced mass mortality has recently been 

observed to be directly associated with extremely low O2 exposure on reefs (Altieri et al., 2017; 

Nelson and Altieri, 2019; Kealoha et al., 2020; Johnson et al., 2021a). However, little was known 

about the coral molecular response to deoxygenation and how coral manage an insufficient O2 

supply i.e., hypoxia. This thesis therefore aimed to determine (i) if coral possess a complete 

hypoxia-inducible factor (HIF)-mediated hypoxia response system common to other metazoans, 

(ii) whether different coral species exhibit different hypoxia thresholds, (iii) whether different coral 

life stages respond differently to deoxygenated conditions, (iv) how coral transcriptionally respond 

to combined deoxygenation and heating versus heating alone, (v) the extent at which deoxygenation 

stress impacts coral thermal thresholds, and (vi) whether the copy number of hypoxia stress-

associated genes differs between different coral species with varied inferred stress tolerance.  

Within this final chapter, I synthesise the results presented throughout this thesis to further discuss 

the importance of these findings towards understanding potential biomarkers and signatures of low 

O2 (and ultimately general) stress tolerance or susceptibility and developing these to resolve the 

coral species or populations that exhibit greater stress tolerance – a critical step for optimising reef 

management strategies to target and predict stress resilience. 
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6.1 How do corals respond to deoxygenation & how does it influence bleaching 
susceptibility? 

Despite deoxygenation being recently identified as a critical factor of mass coral bleaching and 

mortality (Altieri et al., 2017; Kealoha et al., 2020),  the mechanistic basis of how coral respond to 

a low O2 supply or hypoxia, and to what extent it contributes to bleaching susceptibility versus 

tolerance has until now remained unknown. Throughout this thesis, I resolved for the first time 

regulation of a core metazoan hypoxia stress response gene network across different reef-building 

species of Acropora coral at adult and planula larvae stages under deoxygenated conditions 

(Chapter 2, 3 & 4) and in turn the presence of such orthologs within a large range of coral genera 

including Montipora, Porites, Pocillopora, Stylophora, and Montastrea that span across the 

evolutionary distinct robust-complex split for scleractinians (Chapter 5). Here, I systemically 

analyse the importance of certain genes within the hypoxia response system which may signal for 

susceptibility or tolerance to hypoxia stress. 

Firstly, through RNASeq I revealed Acropora coral species to possess a complete and active 

Hypoxia-Inducible Factor (HIF)–mediated Hypoxia Response System (HRS) functionally similar 

to other metazoans upon exposure to O2 levels classically termed as hypoxic in marine ecosystems, 

~2mg O2 L-1 (Aim 1; Chapter 2; Alderdice et al., 2020). In brief, such a gene network is well-

recognised in model organisms to be governed by the inhibition of the O2-dependent proteasomal 

degradation of HIF alpha subunit (HIFα) by prolyl hydroxylases (PHD) under intratissue hypoxia 

allowing HIFα proteins to accumulate and form the transcriptional HIF complex (Kaelin and 

Ratcliffe, 2008). This complex can then go on to activate a cohort of genes involved in processes 

for hypoxia-stress mitigation such as a shift to anaerobic respiration, enhanced protein quality 

control, cell apoptosis, lipid uptake and antioxidant activity. Indeed, I found HIFα and HIF-target 

genes to upregulate under deoxygenated conditions in Acropora corals (Chapter 2). 

Secondly, by exposing these key Acropora coral species, tenuis and selago to deoxygenated 

conditions (~2mg O2 L-1) in the dark during night hours when coral already experience routine 
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intra-tissue hypoxia (where Symbiodiniacae cease to generate a photosynthetic O2 supply; Kühl et 

al., 1995),  I aimed to remove their ‘night-time O2 buffer’ to challenge their inherent low O2 stress 

thresholds. Indeed, different thresholds to deoxygenation were observed between Acropora tenuis 

and selago whereby, only A. selago bleached (Aim 2; Chapter 2). Interestingly, the difference in 

bleaching phenotypes aligned to a varied ability to upregulate HIFα and HIF-target genes. Evidence 

indicated that a lesser ability to upregulate HIF-target genes in the bleaching phenotype could have 

been limited by a low expression of HSP90, which is known to stabilise HIFα proteins and induce 

conformational changes to HIFα structure required for forming the HIF complex (Gradin et al., 

1996; Minet et al., 1999; Hur et al., 2002; Isaacs et al., 2002; Katschinski et al., 2004). In support 

of this notion, the non-bleaching phenotype exhibited significantly higher HSP90 under 

deoxygenated conditions compared to the bleached phenotype, plus expressed greater levels of 

HIF-target genes. 

Thirdly, I identified a similar gene expression pattern of low HSP90 and also HIFα in the apo-

symbiotic larvae corresponding to the same species as the adult bleaching phenotype, Acropora 

selago, when exposed to similar deoxygenated conditions and which also showed signs of stress 

(Aim 3; Chapter 3). However, this study also highlighted another explanation for a limited HIF 

transcriptional response involving post translational hydroxylation of the HIFα protein by PHD for 

degradation, even under intratissue hypoxia as indicated by increased HIFα expression (Figure 6.1). 

As such, this enzyme is known to become overexpressed under prolonged hypoxia when enhanced 

ROS/RNS inhibits mitochondrial aerobic respiration and redistributes O2 toward non-respiratory 

O2-dependent enzymes such as PHD, desensitising their ability to register cellular hypoxia (Hagen 

et al., 2003; Ginouvès et al., 2008). Overexpression of PHD was evident in both adult and larval 

studies through a significant upregulation of PHD under deoxygenated conditions compared to 

normoxia. However, this was absent in the non-bleaching adult phenotype of Acropora tenuis as 

PHD expression levels was similarly low irrespective of the O2 conditions (Chapter 2 & 3). Such 

consistency across life stages in a coral species ascribed to be more stress susceptible (to heat; 
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Hoogenboom et al., 2017 or deoxygenation; Alderdice et al., 2020) suggests that such PHD 

overexpression and low expression of HSP90 may be indicators of hypoxia stress susceptibility.  

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Schematic of updated coral HIF-mediated hypoxia response gene network. 

Under severe or prolonged hypoxia stress there is a shift in expression where PHD becomes 

overexpressed and reactivates proteasomal degradation of HIFα and therefore impacts the ability 

to upregulate HIF target genes. Lower heat shock protein kda 90 (hsp90) expression reduces the 

ability for existing HIFα proteins to bind and form the HIF complex.  This is an updated schematic 

from Alderdice et al., (2021) which includes all HIF-HRS genes identified across all research 

chapters. 

 

Fourthly, similar expression patterns were also observed in different Acropora coral under only 6 

h of deoxygenated conditions but in combination with heating and during daylight. Whereby +3°C 

of heating induced a relatively high expression of HIFα, HSP90 and PHD (a.k.a. EGLN1 or 

P4THM) but then at +6°C heating the expression receded to only high levels of PHD (Aim 4; 

Chapter 4). Such a difference where there is a high PHD: HSP90 ratio and a low HIFα expression 
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level under increased stress supports the notion that overexpressing PHD may indicate 

susceptibility to hypoxia stress. However, this was an undetermined Acropora species therefore, to 

validate such gene expression patterns in association with relatively low O2 stress susceptibility, a 

wider range of coral species with known stress-tolerance will need to be tested. As a first step 

towards this goal, I have validated the presence of most genes from this key HIF-HRS across a 

large range of coral genera via an ortholog-based approach based on their genomic gene sets 

(mentioned above; Aim 6; Chapter 5). Through this study I also found hypoxia stress genes, 

whether associated with the HIF-HRS or not, to have a higher copy number in coral species ascribed 

as generally more stress-tolerant e.g., Porites lutea, (Marshall and Baird, 2000; Pratchett et al., 

2013). For example, P. lutea consistently exhibited a greater copy number of genes annotated to 

the Intracellular pH-regulating carbonic anhydrase 9 (an HIF-target), ROS-scavenging proteins 

melatonin receptors or universal stress protein and opine dehydrogenase (an anaerobic enzyme, 

ODH). Intriguingly, ODH is known to generate a less acidic by-product of anaerobic respiration 

(glucose to opine, rather than to lactate) in invertebrates allowing a reduced disruption to their 

cellular acid-base homeostasis and a greater capacity to sustain themselves in a low O2 environment 

(Harcet et al., 2013). So far in corals, different types of ODH with varying metabolic activity have 

been detected under deoxygenated conditions across coral species (Murphy and Richmond, 2016), 

and raises the question whether this pathway may contribute to variable bleaching susceptibility. 

From these results, I demonstrate the promise in using both mRNA expression patterns and the 

copy number variation of certain genes for coral stress tolerance or susceptibility, and in doing so 

identified new candidate genes to investigate in relation to low O2 or general stress tolerance (Table 

6.1).  

In addition to the PHD governing the HIF hypoxia-dependent stress response,  the estrogen-related 

receptor (ESRRG) is known to stimulate HIF-induced transcription but during growth to co-

ordinate transcription of early development regulators including Sonic Hedgehog, Homeobox and 

Paired box genes (Cowden Dahl et al., 2005; Bijlsma et al., 2009; Koh and Powis, 2012; Chen et 
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al., 2015; Downes et al., 2018). In corroboration, I found developing Acropora selago larvae to 

upregulate such development regulators and ESRRG in parallel with HIFα and hsp90 and a low 

expression of PHD under normoxic conditions (Aim 3; Chapter 3). However, deoxygenation-

treated larvae exhibited a low expression of HIFα and HSP90 while PHD expression was 

significantly higher compared to normoxia. Despite the larvae maintaining a similar ‘swimming’ 

phenotype to normoxia, as previously mentioned  treatment larvae demonstrated signs of stress 

whereby, they did not upregulate the HIF-targeted developmental regulators as found under 

normoxia, corroborating with how changes in external oxygen levels can affect animal 

development (Burr et al., 2018; Alderdice et al., 2022b). 

Such expression patterns highlight the involvement of the HIF-HRS in critical life processes of 

both fundamental metabolic stress management and early development. As early life stages of coral 

are known to have notoriously high mortality rates (Graham et al., 2008) and O2 levels become 

limited on reef surfaces within the diffusive boundary layer which larvae will often encounter when 

trying to settle (Jørgensen and Revsbech, 1985) — larvae are likely to be vulnerable to rapid 

changes in O2 availability. Recent evidence also indicates coral larvae to avoid substratum 

exploration and settlement where there is a low O2 supply suggesting that deoxygenated conditions 

could negatively influence their settlement and development (Jorissen and Nugues, 2021). Thus, 

current efforts to enhance larval rearing practices (Pollock et al., 2017) could still struggle unless 

the dynamics of O2 microenvironments that the larvae would experience is better understood. 

Ultimately, this demonstrates the value of determining the environmental conditions at scales 

relevant to the different life stages, which is currently not considered beyond temperature and light 

(Putnam et al., 2010; Sakai et al., 2020).  
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Table 6.1. List of genes compiled from all chapters associated with HIF-HRS. 

These genes included both HIF-targets for stress mitigation and development or non-HIF target 

hypoxia stress genes which show promise for further investigation in associated to deoxygenation 

or hypoxia stress. Corresponding full gene names and putative function summarised from Gene 

cards, NCBI entrez or UniProt function descriptions.  

 

Gene abbrev Gene full name Putative function 
i. HIF subunits   

HIFA/EPAS1 Hypoxia inducible factor alpha 
Alpha subunit of transcription 
factor hypoxia-inducible factor-1 
(HIF-1). 

HIFB/ARNT 
Hypoxia inducible factor beta/ 

aryl hydrocarbon receptor nuclear 
translocator 

Beta subunit of transcription 
factor HIF-1, also involved in 
xenobiotic metabolism. 

ii. HIFα stabilisers   

HSP90B1/AB1 heat shock protein 90 kda 

Molecular chaperone of proteins, 
also induces conformational 
changes to HIFα for HIF complex 

to form. 

ERR/ESRRG Estrogen-related receptor 
Orphan receptors, act as 
transcription activator in the 
absence of bound ligand.  

ii. HIFα suppressors   

PHD2/EGLN1 
HIF Prolyl hydroxylase domain/ 

Egl nine homolog 1 

Catalyses post-translational 
proteasomal degradation of HIF 
alpha. 

P4HTM/EGLN4 Prolyl 4-Hydroxylase, 
Transmembrane 

Degradation of HIFα under 

normoxia. 

HIFAN/FIH Factor inhibiting HIF 
Hydroxylates HIF-1 alpha to 
repress transcription.  

iii. HIF targets   

LDHD/B lactate dehydrogenase 

Catalyses interconversion of 
pyruvate & lactate with 
concomitant interconversion of 
NADH and NAD+. 

ENO1 Enolase 1 
Catalyses conversion of 
phosphoglycerate to 
phosphoenolpyruvate; glycolysis. 

PFKL Phosphofructokinase 
Catalyses D-fructose 6-phosphate 
to D-fructose 1,6-bisphosphate; 
glycolysis. 
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HK Hexokinase 
Phosphorylates glucose to 
produce glucose-6-phosphate; 
glycolysis. 

GAPDH 
Glyceraldehyde-3-phosphate 

dehydrogenase 

Catalyses glyceraldehyde 3-
phosphate to glycerate-1, 3-
biphosphate; glycolysis. 

ALDOA Aldolase 
Catalyses fructose-1,6-
bisphosphate to glyceraldehyde 3-
phosphate; glycolysis. 

CA9 carbonic anhydrase 9 
Zinc metalloenzymes catalyse 
reversible hydration of carbon 
dioxide. 

CD36 cluster of differentiation 36 

Binds to collagen, 
thrombospondin, anionic 
phospholipids & oxidized low-
density lipoproteins. 

PDK4 Pyruvate dehydrogenase kinase 
Inhibits pyruvate dehydrogenase 
complex via phosphorylation: 
glucose metabolism. 

HIGD1A Hypoxia-inducible gene domain 1 
Subunit of cytochrome c oxidase, 
terminal component of 
mitochondrial respiratory chain. 

KCNK18/17 (K2P) 
Two-pore domain potassium 

channels 

Activates outward rectifier K+ 
currents to maintain action 
potential. 

HMOX1 Heme oxygenase 
Cleaves heme to form biliverdin 
for cytoprotective effects. 

BCL2 B-cell lymphoma 2 Anti-apoptosis regulation. 

BNIP3 
BCL2 adenovirus interacting 

protein 3 
Apoptosis-inducing protein that 
can overcome BCL2 suppression. 

PEPCK/PCK1 Phosphoenolpyruvate 
carboxykinase 

Catalyses phosphoenolpyruvate 
from oxaloacetate: 
gluconeogenesis. 

NOS nitric-oxide (NO) synthase 
Synthesises NO to promote O2 
delivery. 

P27/CDKN1B 
cyclin-dependent kinase inhibitor 

1B 
Inhibits cell cycle progression. 

HSP70 Heat shock protein 70 kda Molecular chaperone of proteins. 

PAX6/7 Paired box 
Role in pattern formation during 
embryogenesis. 

SHH Sonic Hedgehog 
Regulates morphogenesis of 
tissues and controls stem cell 
proliferation. 

HOX Homeobox 
Regulates early development 
processes. 
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iv. Non-HIF targets 

HEBP2 heme binding protein 
Induce collapse of mitochondrial 
membrane potential prior to cell 
death. 

HYOU1 Hypoxia upregulated protein Heat shock protein 70 family, 
triggered by hypoxia. 

MTNR melatonin receptor Receptor for melatonin, an 
antioxidant. 

USP universal stress protein 
Resistance to DNA-damaging 
agents (e.g., ROS) from 
environmental stress. 

MDH1 Malate dehydrogenase Reversible oxidation of malate to 
oxaloacetate. 

ODH Octopine dehydrogenase 
Reversible oxidation of opine to 
pyruvate.  

TET2 Tet methylcytosine dioxygenase 2 
DNA methylation dependent on 
O2. 

GABR A/B 
gamma-aminobutyric acid 

receptor 
Forms functional inhibitory 
GABAergic synapses. 

SDHB Succinate dehydrogenase B Complex II of the respiratory 
chain. 

HES7 Hairy enhancer of split Transcriptional suppressor. 

ALOX5 Arachidonate 5-Lipoxygenase 
Dioxygenase that catalyses 
peroxidation of polyunsaturated 
fatty acids. 

AQP Aquaporin 
Water channels for water and 
gases. 

 

6.2 Hypoxia as an overlooked fundamental stressor to coral under heating 

Short-term heat stress assays – commonly used to examine thermal thresholds – have recently 

demonstrated the ability to resolve fine-scale differences in coral thermotolerance (Voolstra et al., 

2020). Through such heat assays, I demonstrated for the first time how a typical coral heat response 

also includes a typical hypoxia-induced stress response in Acropora coral (Aim 4; Chapter 4). 

Again via RNASeq analysis, I revealed that under heating genes involved in glycolysis, antioxidant 

and mitochondrial activity, protein quality control and cell necrosis exhibited similar expression 

patterns to that found under deoxygenated conditions (Chapter 2; (Alderdice et al., 2021). Further, 

the HIFα, HSP90 and PHD expression followed a similar pattern to the heating with deoxygenated 
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conditions, whereby at +6°C heating when corals visibly bleached, PHD demonstrated high 

expression levels while both HSP90 and HIFα were low. Once again, reinforcing a consistent 

expression dynamic where PHD becomes overexpressed and HSP90 expression is low could dictate 

the ability for coral to regulate the HIF-HRS effectively and leave them vulnerable to hypoxia stress 

(Figure 6.2). This is not surprising given that it is a natural phenomenon for water to deoxygenate 

upon heating as we are witnessing in the oceans under global warming (Schmidtko et al., 2017), 

thereby stress response processes associated with hypoxia stress would already be activated under 

heating. However, a transcriptional hypoxia stress response was observed under heating despite no 

notable natural deoxygenation under 6 h heating until higher temperatures of 36 °C (+6°C; Chapter 

4). Of note, longer term heating at less severe temperatures would more likely demonstrate 

consequential deoxygenation. But either way, the hypoxia stress gene response was activated under 

+3°C heating likely due to heat-induced O2-intensive stress response driving the coral into an 

intratissue hypoxic state. In support, PHD/EGL-9 has also been differentially upregulated in corals 

bleaching under sedimentation (Bollati et al., 2021), darkness (Tolleter et al., 2013), nutrient stress 

(Tong et al., 2020), lower flow rates (Drake et al., 2021) and heat stress (Li et al., 2021), plus in 

diseased coral colonies (Wright et al., 2015; Traylor-Knowles et al., 2021). All cases in which 

severe or prolonged hypoxia is also likely to occur in coral tissues as a direct consequence of the 

initial stressor. Therefore, it is plausible that the reactivation of PHD degradative activity of HIFα 

and so the failure to transcriptionally response to severe low O2 stress via the HIF-HRS could 

represent a crucial point in determining coral bleaching (summarised in Figure 6.3). These results 

also highlight the importance of identifying the general stress responses found under different 

stressors in order to determine underlying mechanisms or stress-specific processes that would be 

key for developing more “universal” biomarkers of bleaching susceptibility (Suggett and Smith, 

2020) and so avoids the trap of reef restoration (or other proactive reef management activity) 

selecting coral for resilience to some – but not other - stressors.   
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Figure 6.2. Key HIF-HRS gene expression signature aligning to coral bleaching 

susceptibility.High Prolyl hydroxylase (PHD) and low heat shock protein 90 (Hsp90) expression 

resulted in a lower ability to upregulate HIF target genes and aligned to bleaching susceptibility 

corroborating with an overexpression and reactivation of PHD under prolonged or severe hypoxia 

stress as a consequence of increased oxidative stress. Turquoise and orange outlines indicate high 

and low expression respectively. Gene expression in fragment per kilobase per million reads 

(FPKMs) is presented for Nucleoredoxin (NXN) which signals for excessive oxidative stress 

(Kneeshaw et al., 2017), PHD, Hsp90, and HIF-target gene for a lipid scavenger (CD36; 

Mwaikambo et al., 2009) to highlight the gene signatures between different bleaching phenotypes 

under nighttime deoxygenation but also when corals bleaching under +6C heating with or without 
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deoxygenated conditions. Shades of blue and brown points indicate bleached and non-bleached 

phenotypes. 

Interestingly, I was also able to detect changes in the regulation of O2-dependent processes beyond 

central metabolism that are likely key for ‘healthy’ coral functioning when subjected to 

deoxygenated conditions (Chapter 4). As such, I found the expression of the photoreceptor, 

rhodopsin, and associated proteins (e.g., retinol dehydrogenase) to downregulate at baseline 

temperature under deoxygenation. Similar downregulation of rhodopsin was observed in the coral 

subjected to only deoxygenated conditions (Chapter 2; Alderdice et al., 2021) or heating (DeSalvo 

et al., 2008). Despite the O2-intensive functioning of rhodopsin, deoxygenation has not yet been 

considered to as a limiting factor for a coral’s ability to sense and signal light levels. Additionally, 

I found GFP-like proteins to downregulate under heating at 33 & 36°C irrespective of the O2 

condition compared to baseline temperature. This is consistent with previous work demonstrating 

a downregulation of GFP proteins in corals that bleach under heating (Dove et al., 2006; DeSalvo 

et al., 2008; Smith-Keune and Dove, 2008; Avila-Magaña et al., 2021) corroborating with the 

notion that stress such as heat can make corals more susceptible to light stress by reducing their 

ability to protect against photodamage (Bollati et al., 2020). My results demonstrate the need to 

better understand how coral photoprotective mechanisms are regulated under lowered O2 supply 

and during bleaching. 

Hypoxia stress in animals is also typically accompanied by oxidative stress as the mitochondria 

activity is modified (Chandel and Schumacker, 2017), and such a disruption to the redox balance 

was evident in the coral with the upregulation of antioxidants and prooxidants at baseline 

temperature under deoxygenated conditions. This stress response is focal to the ‘Oxidative theory 

of Coral Bleaching’ which is currently the most accepted mechanistic basis for bleaching whereby 

oxidative stress initiates a series of immune responses that culminate in algal symbiont loss from 

the host (Weis, 2008; Oakley et al., 2017). Oxidative stress in coral is commonly found under heat 

stress (Cziesielski et al., 2019) yet in my thesis I also observed oxidative stress under low O2 
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conditions (Chapter 2 & 4). These results highlight another plausible origin of redox disruption 

that leads to the breakdown of the host-algal symbiosis, which may also indicate a more 

fundamental driver of oxidative stress during heating (Figure 6.3). Plus, the insufficiency of 

anaerobic respiration during low O2 availability will ultimately limit the rate of energy production 

and nutrient cycling e.g. amino acid turnover (Wale and Gardner, 2012), processes in which have 

been recently indicated to be a pivotal point for determining whether a corals fate reaches 

bleaching-induced mortality (Rädecker et al., 2021). Accordingly, the coral could fail to support 

the rapid metabolic demands of the stress response. Furthermore, as corals are known to suffer 

from intratissue hypoxia during night hours as symbiont photosynthesis ceases (Kühl et al., 1995), 

it has been proposed that hypoxia could also be the driving stressor of bleaching during darkness 

(Tolleter et al., 2013; Ruiz-Jones and Palumbi, 2015).  

 

Figure 6.3. Hypoxia stress is a fundamental stressor under multiple different stressors. 

Stressors including sedimentation, heating, deoxygenation, darkness, nutrient stress and disease 

which are all likely to trigger hypoxia stress in coral tissues due to the energy-intensive stress 

response have also been reported in previous studies to induce a significant upregulation of HIF-

Prolyl hydroxylase (PHD) when corals have bleached, see Table S 6.1 for corresponding references 

for each stress. 
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6.3 Deoxygenation lowers thermal thresholds for corals 

As hypothesised, I observed that the thermal bleaching threshold of species of Acropora was 

lowered by as much as 0.4 (or 1.1°C) based on the ED50 of photosynthetic efficiency (or Bleaching 

index score), when in a deoxygenated environment (decreased from ~6 to ~2mg O2 L-1; Aim 5; 

Chapter 4). Such a decline in thermal threshold is significant since that 1) corals can bleach under 

just +1°C above their monthly maximum mean (MMM) temperature (Glynn and D’croz, 1990; 

Jokiel and Coles, 1990) and 2) the projected global climate warming is at a magnitude of +1.5°C 

which is predicted to result in catastrophic effects on marine ecosystems  (Allen et al., 2018). 

Deoxygenation will therefore likely accelerate coral bleaching and mortality rates, and in turn, 

emphasises the urgent need to establish global oxygen monitoring programs in reef regions; for 

example, building on the efforts of the Global Ocean Oxygen Database and ATlas (Grégoire et al., 

2021). By demonstrating the role of O2 in regulating the bleaching outcomes of coral, I also 

highlight the importance of ensuring O2 levels are monitored in future coral stress experiments 

given that past experiments may not have retained high enough O2 levels based on their 

experimental set up for example in closed systems (Dellisanti et al., 2021) or under low or no flow 

rate (Nakamura et al., 2003; Page et al., 2019), both factors which would influence the rate or extent 

of gas exchange across coral tissues. The degree in which such low O2 stress would impact coral 

would also be dictated by the sub(lethal) thresholds at which hypoxia kicks in, which for any given 

species is also highly variable (Alderdice et al., 2021; Johnson et al., 2021b), therefore elucidating 

the O2 thresholds of corals (Chapter 2) is equally as important as determining the thermal 

thresholds of corals. As such, it would be worthwhile integrating O2 measurements into 

standardised approaches of coral stress studies e.g. CBASS (Voolstra et al., 2020) and in doing so 

increasing the comparability among coral stress experiments (Grottoli et al., 2021). 
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My results further highlight how the effects of one environmental stressor can exacerbate 

susceptibility of corals to others, and in particular where metabolism is networked by common 

nodes  (Suggett and Smith, 2020; section 6.1.). This is well-reflected by the upregulation of genes 

involved in activating an immune response under deoxygenated conditions at baseline temperature 

followed by a large increase in different immune genes when combined with heating of +3°C, 

emphasising how deoxygenation leaves corals immune compromised to other stressors such as heat 

stress (Chapter 4). This highlights the importance of analysing environmental stressors in concert 

as coral can experience in natural settings and as such indicates the need to assess combined 

heating, deoxygenation, and acidification (Lunden et al., 2014; Camp et al., 2017; Lucey et al., 

2020). Moreover, my research supports the high impact in implementing local water quality 

management strategies on reefs to help facilitate coral bleaching recovery rates (Carilli et al., 2009; 

D’Angelo and Wiedenmann, 2014; Pendleton et al., 2016), for example by reducing coastal run off 

that drives coastal eutrophication and subsequent exposure to lethal hypoxic conditions on reefs 

(Altieri et al., 2017; Kealoha et al., 2020). Areas with such local management of water quality have 

already demonstrated the effectiveness in reducing the frequency of hypoxic events in 55 different 

coastal dead zones (Diaz and Rosenberg, 2008; Altieri et al., 2017) which reinforces the need to 

identify hypoxia-vulnerable regions and to put such local strategies into practice. 

6.4 Future Directions & Concluding Remarks 

Throughout this thesis, I have detected a range of hypoxia stress genes associated with HIF-HRS 

or beyond this gene network in different coral (Chapter 2, 3, 4 & 5). I consistently observed an 

overexpression of PHD and low HSP90 expression to align with bleaching corals whether exposed 

to a deoxygenated environment (Chapter 2), heating or heating-and-deoxygenation (Chapter 4). 

Such consistency suggests that these expression dynamics may determine the ability for a coral to 

regulate HIF-HRS effectively under low O2 stress, which clearly represents a key area for more 

detailed investigation in future by implementing more targeted gene expression analysis on a larger 

range of coral species and with the inclusion of corals that are dispersed across dynamic O2 regimes 
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in nature (e.g. corals in mangrove lagoons and deeper water; Yum et al., 2017; Camp et al., 2018; 

Hebbeln et al., 2020). In addition, it will be important to elucidate whether an increasing level of 

cellular ROS/RNS can ultimately dictate PHD expression dynamics and how this corresponds to 

coral bleaching susceptibility and its extent. Furthermore, as the activation of this gene network is 

dependent on post-translation modification of HIFα by PHD, there would be great value in 

combining transcriptomic and proteomic platforms (e.g., Mayfield et al., 2016) to better understand 

the response of this gene network in bleaching corals. Indeed, assessing the extent with which coral 

rely on the HIF-HRS under deoxygenated conditions by knocking out the HIFα effector gene in 

coral of known difference in stress tolerance may highlight other key gene networks for managing 

low O2 stress for example, the glucose-opine (rather than -lactate) anaerobic pathway in more 

stress-tolerant corals (Chapter 5). However, there is also the possibility that there may be other 

coral-specific gene networks not yet annotated that are dedicated to supporting coral under 

extremely low O2 levels. To improve the search for key biomarkers of (hypoxia) stress tolerance in 

corals, future studies must attempt to functionally annotate the many coral-specific genes currently 

unaccounted for in the coral bleaching stress response, referred to as ‘dark’ genes (Cleves et al., 

2020); for example, assessing their co-expression with known gene pathways to provide targets for 

reverse genetic analysis (Cleves et al., 2020). Demonstrating the use of gene copy number as a 

biomarker of low O2 stress tolerance (Chapter 5) whereby genes of interest possess highly 

disparate inventories across species with known differences in stress tolerance, highlights an 

effective means of identifying important ‘dark’ genes to functionally annotate. 

In my thesis, I have focused on the coral host response (Chapter 2, 3, 4) though a major gap in this 

research is how the other holobiont members such as the Symbiodinaceae or associated microbes 

will contribute to determining the rate at which a coral reaches lethal intratissue hypoxic levels. To 

date, different symbiotic algae have demonstrated variable tolerance to heat stress (Jones and 

Berkelmans, 2010; Manzello et al., 2019; Buerger et al., 2020) but how this tolerance translates 

under low O2 conditions remains to be determined, with only one study to date examining the 
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impact of lowered oxygen levels on the photosynthetic efficiency of Pocillopora damicornis 

symbiotic algae (Ulstrup et al., 2005). While for the microbes, community diversity is known to 

vary between coral taxa with different heat tolerance (Gardner et al., 2019) and different coral 

species have demonstrated varying abilities to adjust their microbial composition under heating 

(Ziegler et al., 2017; Maher et al., 2020; Santoro et al., 2021) which may be important in terms of 

making a shift to favour anaerobes. However, in response to a deoxygenation event microbial 

communities have only been sampled so far from benthic water (below 0.5m) on reefs rather than 

from the coral itself (Johnson et al., 2021a) and in surrounding water where there is high coral-turf 

algae interactions (Barott et al., 2012). Such samples did indeed demonstrate a rapid shift in 

community composition suggesting that a shift in coral associated microbes may also be likely 

scenario. Evidence also supports the key role of microbial activity on reefs experiencing coastal 

nutrient overloading whereby they not only draw down available O2 levels but also contribute to 

the decomposition of coral tissue and their subsequent death (Barott and Rohwer, 2012; Weber et 

al., 2012; Haas et al., 2016). Ultimately, resolving how coral associated microbes support the 

regulation of coral performance and/or tolerance under low O2 is a key gap in knowledge that would 

be important for coral restoration strategies involving the manipulation of coral microbes whereby 

corals are inoculated with selected beneficial microbes to facilitate bleaching recovery (Assis et al., 

2020; Santoro et al., 2021). Moreover, it has been difficult to define what level of O2 represents the 

hypoxia threshold in coral given that 1) there is a large variance across marine invertebrates 

(Vaquer-Sunyer and Duarte, 2008), and 2) as coral have an O2 producing agent (symbiont algae) 

inside of them which further complicates the O2 dynamics (Kühl et al., 1995). Therefore, future 

efforts are required to determine sublethal versus lethal low O2 level for corals. 

Finally, I also demonstrated the ability for the Coral Bleaching Automated Stress System (CBASS) 

to resolve fine scale yet significant differences in coral thermal thresholds throughout monitoring 

and co-manipulation of O2 environments. Such work not only emphasises the need – but also 

demonstrates the capacity – for high throughput stress assay systems to transition to examine the 
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interactive effects of covarying environmental stressors such as heat, deoxygenation, and 

acidification to determine the future fate of corals more accurately. Better yet, to conduct a series 

of CBASS on a larger range of coral species from different regions around the world which may 

already be preconditioned to extremes of one or more factor to gain a more complete picture of 

how stress tolerance varies and to provide a structure to identify potential hotspots of tolerant coral 

that will survive in future ocean conditions. Ideally, rapid stress testing such as CBASS will help 

to develop a more targeted stress testing that could be analogous to very rapid COVID antigen tests 

where we would test for certain signatures found in the coral host, algal symbiont and/or associated 

microbes. See Figure 6.4 for schematic summary of the main future avenues I would like to explore 

based on my thesis results. 

 

Figure 6.4. Summary schematic of main future avenues to next investigate. 

a) Targeted approach: investigate whether high prolyl hydroxylase (PHD) and low heat shock 

protein 90 (hsp90) would be a consistent gene signature of the Hypoxia-inducible Factor hypoxia 

response system to different stressors in different coral species; b) Exploring the unexplored: 

determine the functional annotations of coral-specific genes that co-express with known low O2 

stress pathways; c) Holobiont approach; assess how coral associated dinoflagellates and microbes 

influence the rate at which the host reaches a lethal hypoxic intratissue state; d) Rapid stress tests: 

apply low O2 stress assays via the Coral Bleaching Automated Stress System (CBASS) at a global 

scale and with a greater range of coral taxa to identify their hypoxic thresholds.  
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Concluding Remarks 

Although deoxygenation has already been documented to drive coral bleaching and mortality, the 

work presented in my thesis showcases key hypoxia stress response gene networks, which appear 

to be important in determining coral bleaching susceptibility. I raise awareness to different genes 

of interest in terms of biomarkers based on mRNA (gene regulation) or DNA (gene inventory) that 

could indicate tolerance or susceptibility to low O2 stress, proposed as one of the most fundamental 

stressors threatening coral survival. In line with the current ‘Oxidative stress bleaching theory’, 

coral stress responses to deoxygenation and/or heating demonstrated here highlight how hypoxia 

stress may be an underlying initiator of oxidative stress and subsequent immune responses leading 

to the coral bleaching. As coral reefs continue to face intensified deoxygenation exposure, 

understanding to what extent global reefs are experiencing low O2 levels and determining what 

level constitutes as hypoxic to specific corals is critical. Only then can we hope to successfully 

manage and protect these fragile and valuable ecosystems. 
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6.6 Supplementary Materials 

Table S 6.1. Corresponding references for Figure 6.3. Reference list for the corresponding 

stressor where PHD (also known as Egl-9, EGLN1 or P4HTM) was upregulated in adult coral 

under different stressors and in which the corals were reported to bleach. 

Type of Stressor Reference Main text (M) or 
Supplementary (S) 

Deoxygenation (Alderdice et al., 2021) S 
Heat and Deoxygenation Alderdice et al. 2022 (in preparation) M 
Heat  (Li et al., 2021) & Alderdice et al. 2022 (in 

preparation) 
S, M 

Sedimentation (Bollati et al., 2021) M 
Darkness (Ruiz-Jones and Palumbi, 2015) M 
Nutrient imbalance (Tong et al., 2020) S 
Low flow (Drake et al., 2021) S 
Disease (Wright et al., 2015; Traylor-Knowles et 

al., 2021) 
M, S 

 

References 

Alderdice, R., Suggett, D. J., Cárdenas, A., Hughes, D. J., Kühl, M., Pernice, M., et al. (2021). 

Divergent expression of hypoxia response systems under deoxygenation in reef‐forming 

corals aligns with bleaching susceptibility. Glob. Chang. Biol., gcb.15436. 

doi:10.1111/gcb.15436. 

Bollati, E., Rosenberg, Y., Simon-Blecher, N., Tamir, R., Levy, O., and Huang, D. (2021). 

Untangling the molecular basis of coral response to sedimentation. Mol. Ecol. 

doi:10.1111/mec.16263. 

Drake, J. L., Malik, A., Popovits, Y., Yosef, O., Shemesh, E., Stolarski, J., et al. (2021). 

Physiological and Transcriptomic Variability Indicative of Differences in Key Functions 

Within a Single Coral Colony. Front. Mar. Sci. 0, 768. doi:10.3389/FMARS.2021.685876. 

Li, J., Long, L., Zou, Y., and Zhang, S. (2021). Microbial community and transcriptional 



306 
 

responses to increased temperatures in coral Pocillopora damicornis holobiont. Environ. 

Microbiol. 23, 826–843. doi:10.1111/1462-2920.15168. 

Ruiz-Jones, L. J., and Palumbi, S. R. (2015). Transcriptome-wide changes in coral gene 

expression at noon and midnight under field conditions. Biol. Bull. 228, 227–241. 

doi:10.1086/BBLv228n3p227. 

Tong, H., Zhou, G., Zhang, F., Sun, J., Kong, H., Zhang, W., et al. (2020). Nutrient gradients 

simulate different adjustments of coral-algal symbiosis. doi:10.21203/RS.3.RS-17147/V1. 

Traylor-Knowles, N., Connelly, M. T., Young, B. D., Eaton, K., Muller, E. M., Paul, V. J., et al. 

(2021). Gene Expression Response to Stony Coral Tissue Loss Disease Transmission in M. 

cavernosa and O. faveolata From Florida. Front. Mar. Sci. 8, 791. 

doi:10.3389/FMARS.2021.681563. 

Wright, R. M., Aglyamova, G. V., Meyer, E., and Matz, M. V. (2015). Gene expression 

associated with white syndromes in a reef building coral, Acropora hyacinthus. BMC 

Genomics 16, 1–12. doi:10.1186/S12864-015-1540-2/COMMENTS. 

 


	Title Page
	Certificate of Original Authorship
	Thesis Abstract
	Thesis Acknowledgements
	Thesis Structure
	List of Tables
	List of Figures
	List of Supplementary Tables
	List of Supplementary Figures
	Table of Contents
	Chapter 1. General Introduction
	1.1 Significance
	1.2. Suffocating Reefs
	1.3 Detecting and responding to hypoxia at the molecular level
	1.4 Evolutionary implications for O2 sensing in coral
	1.5 Informing coral management using biomarkers: from genotypic to phenotypic
	1.6 Thesis Aims & Hypotheses
	1.7 References

	Chapter 2. Coral adult stress response system to deoxygenation
	2.1 Abstract
	2.2 Introduction
	2.3 Materials and Methods
	2.3.1 Experimental design
	2.3.2 Chlorophyll extraction and cell density
	2.3.3 RNA isolation and sequencing
	2.3.4 Sequence data processing and analysis
	2.3.5. Statistical analysis

	2.4 Results
	2.4.1 Divergent phenotypic response to deoxygenation
	2.4.2 Contrasting gene expression responses to deoxygenation exposure
	2.4.3 A hypoxia response system similar to other metazoans
	2.3.4 Divergent expression of hypoxia response system genes
	2.3.5 Divergent hypoxia-induced stress response

	2.5 Discussion
	2.6 Acknowledgements
	2.7 Data Availability
	2.8 References
	2.9 Supplementary Material

	Chapter 3. Coral larvae stress response system to deoxygenation
	3.1 Abstract
	3.2 Introduction
	3.3 Materials and Methods
	3.3.1 Coral collection and larvae culture
	3.3.2 Experimental setup
	3.3.3 RNA isolation and RNA-Seq
	3.3.4 Sequence data processing and analysis

	3.4 Results
	3.4.1 Phenotype and broad pattern transcriptional response
	3.4.2 Differential gene expression under deoxygenation associated with early development and O2-dependent processes.

	3.5 Discussion
	3.6 Acknowledgements
	3.7 Data Availability
	3.8 References
	3.9 Supplementary Material

	Chapter 4 Coral adult response to deoxygenation and heating
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and methods
	4.3.1 Coral samples
	4.3.2 Experimental set up
	4.3.3 Coral bleaching assessment
	4.3.4 RNA isolation and sequencing
	4.3.5 De novo Transcriptome Assembly
	4.3.6 RNASeq Analysis
	4.3.7 DNA extractions and Symbiodiniaceae ITS2 amplification
	4.3.8 ITS2-based Symbiodinaceae profiling

	4.4 Results
	4.4.1 Deoxygenation lowers thermal thresholds of coral bleaching
	4.4.2 Corals exhibit a similar response to heat stress with and without deoxygenation.
	4.4.3 Deoxygenation-specific stress responses may influence bleaching susceptibility

	4.5 Discussion
	4.5.1 Deoxygenation lowers thermal thresholds for bleaching
	4.5.2 Corals exhibit a similar response to heat stress with and without deoxygenation.
	4.5.3 Deoxygenation induces coral vulnerability to light- and heat-stress.
	4.5.4 Summary

	4.6 Acknowledgements
	4.7 Data Availability
	4.8 References
	4.9 Supplementary Material

	Chapter 5 Copy number variation in corals of hypoxia-associated genes
	5.1 Abstract
	5.2 Introduction
	5.3 Methods
	5.3.1 Coral genomes
	5.3.2. Hypoxia gene repertoire
	5.3.3 Orthology analysis

	5.4 Results
	5.4.1 Overall gene distribution
	5.4.2 Genes associated with hypoxia stress exhibit copy number variation.
	5.4.3. Genes assigned to multiple orthogroups exhibit large copy number differences.

	5.5 Discussion
	5.5.1 Differences in protein inventories between species at large.
	5.5.2 Orthogroups of hypoxia-associated genes exhibiting stark differences between species.
	5.5.3 Summary

	5.6 Acknowledgments
	5.7 Data Availability
	5.8 References
	5.9 Supplementary Materials

	Chapter 6 General Discussion
	6.1 How do corals respond to deoxygenation & how does it influence bleaching susceptibility?
	6.2 Hypoxia as an overlooked fundamental stressor to coral under heating
	6.3 Deoxygenation lowers thermal thresholds for corals
	6.4 Future Directions & Concluding Remarks
	6.5 References
	6.6 Supplementary Materials




