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			Coral reefs are diverse and productive but sensitive ecosystems. Due to the impact of climate change, these organisms are in danger of dying out, mainly through the process of coral bleaching, which is the process by which zooxanthellae (algal endosymbionts) are expelled from their respective coral hosts, causing the coral to lose colour and become white. Coral bleaching has been linked to increases in sea surface temperatures as well as an increase in light intensity. We reviewed the different zooxanthellae taxa and their ecological traits, as well as the information available on the protective mechanisms present in zooxanthellae cells when they experience environmental stress conditions, such as temperature fluctuations, specifically concentrating on heat shock proteins and their response to antioxidant stress. The eight clades (A–H) previously recognised were reorganised into seven existing genera. Different zooxanthellae taxa exhibit different ecological traits such as their photosynthetic stress responses to light and temperature. Zooxanthellae have the ability to regulate the number and type of heat shock proteins (Hsps) they produce during a heat response. They can also regulate the host’s respective Hsps. Antioxidant responses that can prevent coral hosts from expelling the zooxanthellae, can be found both within exposed coral tissue and the zooxanthellae cells. Despite the lower likelihood of bleaching in South African coral reefs, genetic engineering presents a useful tool to understand and adapt traits within zooxanthellae genotypes to help mitigate coral bleaching in the future. 

			Significance:

			
					•	Coral bleaching is the expulsion of zooxanthellae (algal symbionts) from the respective coral host, mainly due to elevated sea surface temperatures and light intensities, but numerous other factors, such as changes concerning salinity (ocean acidification), may also cause coral bleaching, although to a much lesser extent. 

					•	A specific clade of zooxanthellae can be linked to their coral host’s susceptibility to variation in oceanic temperatures, most probably by regulating both the host’s respective heat shock proteins as well as their own. 

					•	South African reefs have not experienced coral bleaching to the same degree as elsewhere in the world, mainly due to their unique reef topography and oceanic currents. 

					•	Genetic bioengineering of zooxanthellae cells provides a plausible solution to save southern African coral reefs before it is too late. 
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			Introduction

			Coral reefs are one of the most diverse, productive and complex ecosystems on the planet, but due to global climate change, these phenomenal infrastructures are dying off, primarily through coral bleaching.1 Coral bleaching is now five times more common than it was 40 years ago, and the global proportion of corals affected by bleaching per year has risen from 8% in the 1980s to 31% in 2016.2 The western Indian Ocean has experienced bleaching events, which have been observed from 1983 up to 2016, with the most extreme event occurring during 1998. The bleaching events of 1998 and 2016 occurred as a result of abnormally high summer temperatures appearing concurrently with the El Niño Southern Oscillation. Numerous studies have been conducted on South African coral reefs since the 1998 El Niño, which had a devastating mass bleaching impact on other renowned coral reefs.3 In 2005, a warm-water anomaly that affected much of the southern Indian Ocean resulted in moderately high coral bleaching on Madagascan, Mozambican and South African reefs.4

			Coral bleaching can be described as the process by which zooxanthellae (algal symbionts) are expelled from the gastrodermal cavity (tissue) of the respective coral host. Thereafter coral whitening occurs, displaying the CaCO3 skeletal structure of the coral which causes stress to the coral and it can then die. Most coral bleaching events are due to an increase in temperature above the normal stable temperature in which the holobiont survives. Scleractinian corals are reef-building corals that live in a mutualistic symbiotic relationship with single-celled zooxanthellae, referred to as dinoflagellates, belonging to the genus Symbiodinium.5 The specific clade to which these resident Symbiodinium cells belong, can be linked to their host’s susceptibility to variation in oceanic temperatures, thus variation in thermal tolerance is observed among individual colonies and host species.6 In their study, LaJeneusse and co-workers6 used molecular, morphological, physiological, and ecological information and proposed that these clades that were previously identified are equivalent to different genera in the family Symbiodiniaceae.

			Expulsion of zooxanthellae from the coral’s internal tissues during coral bleaching is regulated by the rate of photo-inhibition and photo-damage to the zooxanthellae’s thylakoid membranes’ integrity and fluidity.7 These regulating factors are also influenced by the respective zooxanthellae clade/genus as well as the scleractinian coral host. Both corals and zooxanthellae have many protective mechanisms against elevated temperatures and thermal stress, one of which is the induction of heat shock proteins (Hsps). According to Rosic and co-workers8, numerous Hsps exist and are responsible for different stress response behaviours in the holobiont. 

			Coral bleaching is directly linked to elevated sea surface temperatures (SSTs) as well as an increase in light intensity. Downs et al.9 suggested that elevated SSTs may result in an increased amount of reactive oxygen species (ROS) produced by the symbiont, which concurrently results in oxidative stress in both coral host and symbiont. During oxidative stress, ROS are produced in the endosymbiont’s chloroplast, further producing hydrogen peroxide (H2O2). H2O2 can thereafter diffuse into the coral’s cytoplasm and cause oxidative damage to the coral tissue. Damage is not only caused in the host’s tissue but also within the thylakoid membranes of the endosymbiont.10 Antioxidant response mechanisms are in place to prevent damage from increased levels of ROS such as antioxidant enzymes pathways including SOD (superoxide dismutase), ascorbate peroxidase and CAT (catalyse), which act together to inactivate superoxide radicals, neutralise hydrogen peroxide or inactive converted hydroxyl radicals (OH) and prevent coral hosts from expelling their vulnerable endosymbionts.11

			Genetic editing has become a useful tool in understanding and manipulating variables and systems within the biological world. Several studies have suggested that environmental bioengineering can be an important consideration for future coral reef restoration strategies.12,13 According to Levin et al.12, zooxanthellae have the potential to be genetically edited, but genetic editing poses genomic challenges which should first be understood. 

			Our aim was firstly to review the different zooxanthellae genotypes and their traits concerning environmental stress. Secondly, we reviewed the information available on the protective mechanisms present in zooxanthellae cells when they experience temperature fluctuations, specifically concentrating on heat shock proteins and the antioxidant stress response within the coral and their zooxanthellae endosymbionts. Thirdly, we investigated the possibility of applying genetic modification to enhance the stress tolerance of zooxanthellae species. 
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			Zooxanthellae genotypes

			Within the taxonomic group (genus) Symbiodinium, different Symbiodinium genotypes (Symbiodinium cells with somewhat different genetic make-ups) exhibit different traits, such as their photosynthetic stress responses to light and temperature. Therefore, genetic factors that contribute to differences in stress tolerance between these Symbiodinium genotypes can also influence the coral’s gene expression and its bleaching susceptibility.12 It is therefore very important to understand these different genotypes better. Based on their genetic and physiological diversity, the Symbiodinium genotypes were firstly divided into eight clades (different groups of zooxanthellae that all evolved from a common ancestor) and classified from A to H, whereby only six of these clades are in a mutualistic relationship with corals.14 Recently, however, the organisms within these alphabetic clades were reviewed by LaJeunesse et al.6 based on their genetic (phylogenetic), physiological, morphological, and ecological information. They further reorganised the zooxanthellae into seven existing genera within the family Symbiodiniaceae (a group of genera sharing a common attribute). This provided a more organised and systematic framework (Table 1). More genera may still be defined by other researchers. Therefore, for the rest of the review, the former clade designations will still be used.

			Table 1:	Recently redefined taxonomic designations of the well-known zooxanthellae clades into seven genera and their respective type species6 

			
				
					
					
					
				
				
					
							
							Former cladal designation

						
							
							Redefined genus

						
							
							Respective type species

						
					

					
							
							Clade A (mostly free living)

						
							
							Symbiodinium sensu stricto

						
							
							S. natans

						
					

					
							
							Clade B (mostly found in cold-water corals)

						
							
							Breviolum

						
							
							B. minutum

						
					

					
							
							Clade C (mostly symbiotic and thermally sensitive)

						
							
							Cladocopium

						
							
							C. goreaui

						
					

					
							
							Clade D (mostly symbiotic and thermally tolerant)

						
							
							Durusdinium

						
							
							D. trenchii

						
					

					
							
							Clade E

						
							
							Effrenium

						
							
							E. voratum

						
					

					
							
							Clade F (mostly free living)

						
							
							Fugacium

						
							
							F. kawagutii

						
					

					
							
							Clade G

						
							
							Gerakladium

						
							
							G. endoclionum

						
					

				
			

			

			Scleractinian corals (reef-building corals) increase their likelihood to resist thermal change by displacing their endosymbiont partners during temperature changes from a more thermal-sensitive zooxanthellae genotype to less thermal-sensitive zooxanthellae genotypes. This displacement of endosymbionts by the coral host is termed symbiont shuffling.15 Recent studies have shown that within most corals, clade C2 zooxanthellae (thermally sensitive) are displaced by clade D zooxanthellae (thermally tolerant) when subjected to elevated SSTs. The genus Cladocopium (corresponding to Clade C) as redefined by LaJeneusse et al.6 is noted to be adapted to a wide range of temperatures and light intensities. According to Jones et al.15, type C2 Symbiodinium is known to be thermally sensitive, and only actively photosynthesises at 27 °C; type C1, C13 and C15 are not able to function optimally above 33 °C. Therefore, even within a single clade, different types and strains exhibit different temperature tolerances. 

			To date, the zooxanthellae from clade D have been found to have exceptional thermal tolerance, thereby being a more thermally dominant clade.15 Corals containing clade D zooxanthellae generally inhabit warmer tropical waters, and therefore require more protection against elevated SSTs. Furthermore, members of the newly proposed genus Durusdinium (corresponding to clade D), as defined by LaJeneusse et al.6, are therefore also noted to be extremophiles, adapted to living in regions with large temperature variations. Clade D is often described as ‘greedy’ during a stress response, as these zooxanthellae retain a greater amount of their photosynthetically fixed carbon to mediate metabolic reactions within their cell structures against thermal fluctuations, thereby indirectly starving the host.15

			Clade B zooxanthellae are normally found in cold-water corals and can tolerate a decrease in SSTs.14 Clades A and F are not as commonly found within the coral species as are clades B, C and D, which might indicate that these types are more sensitive to thermal fluctuations or are specific to certain, not yet well-studied coral species.14 The genus Symbiodinium (that corresponds to clade A) is most adapted to living in high light intensities or variable light conditions.6 

			Zooxanthellae and bleaching

			According to both Downs et al.9 and Carilli et al.16, numerous protective and preventive mechanisms are in place within the zooxanthellae to decrease the effect of bleaching. These mechanisms include xanthophyll cycling, production of small heat shock proteins (sHsps), conformational change in lipid composition and the production of stress-stable enzyme complexes within the electron transport pathway (Figure 1). 
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			Figure 1:	Protective mechanisms that are induced to actively counteract heat/thermal stress within both sensitive and tolerant zooxanthellae species according to Levin et al.17

			Activated protective measures taken against induced thermal stress in thermal tolerant and thermal sensitive zooxanthellae endosymbionts, may be observed in Figure 1, as was discussed by Levin et al.17 Within a thermal tolerant zooxanthellae clade, both Hsp70 and Hsp90, as well as protein folding and unfolding chaperones such as DnaJ, and antioxidant enzymes such as Fe-SOD, are expressed and activated within the zooxanthellae cell, each within its respective organelles (chloroplast and mitochondria). With this rapid response, the zooxanthellae cells mediate thermal stress and can ensure protection against oxidative stress within their cellular compartments. Within a thermal sensitive zooxanthellae clade, these mediating responses are not as effectively activated. Thus, some Hsps are expressed and activated, but ultimately the cell still produces ROS that can cause damage to the thylakoid membrane within the chloroplast, and subsequently damage within other compartments of the cell. 

			Numerous factors such as salinity, pollution, temperature, and pH, which are governed by CO2 emissions, fisheries, and tourism, may have an impact on the distribution and biodiversity of zooxanthellae and their respective coral hosts. Unfortunately, these environmental factors may also contribute to coral degradation and ultimately coral bleaching events, and may result in both coral and zooxanthellae community structure and diversity changes. According to Chauka et al.18, zooxanthellae diversity differs on account of many environmental aspects such as available light concentrations and light intensity tolerances, which may influence zooxanthellae distribution along environmental gradients due to photo-protection, acclimation, and their photosynthetic rates. In combination with symbiont shuffling, these changes are important cornerstones to understanding the adaptive capacity and nature of the entire coral holobiont and reef. Furthermore, Chauka et al.18 further state that during their sampling, different symbiont types (clades) within colonies in the same localities were also observed and obtained, which suggests intracolonic variation amongst the zooxanthellae. 
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			Photosynthetic dysfunction

			The general consensus is that mass coral bleaching is due to the dysfunction of photosynthetic processes (such as a pronounced reduction in the activity of photosystem (PS) II and linear electron transport) in the algal endosymbiont as a result of the combined action of elevated temperature and light stress.

			Takahashi et al.7 and Smith et al.19 described thermal bleaching as photo-inhibition of photosynthetic electron transport, such as the oxidation of plastoquinone by cytochrome complexes, reducing the excitation energy, and thereby suppressing the Calvin cycle and decreasing the rate at which photons are delivered to PSII within the zooxanthellae chloroplasts. Photodamage is due to the production of ROS in the thylakoid photosynthetic apparatus of the zooxanthellae, leading to oxidative stress within the holobiont (Figure 2).
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			Figure 2:	Schematic representation of the oxidative theory of coral bleaching within both the coral host and zooxanthellae endosymbiont, as described by Downs et al.9 and Weis25.

			Figure 2 demonstrates the process of oxidative coral bleaching and thermal stress response within both the zooxanthellae endosymbiont as well as its coral host. ROS are produced within the chloroplast of the zooxanthellae via several mechanisms associated with photosystem II and photosystem I catalysed electron transfer. During this reaction, hydrogen peroxide is generated within the zooxanthellae cell and accordingly diffuses from the zooxanthellae cell into the coral’s cytoplasm. Once inside the coral cytosol, the hydrogen peroxide may either be neutralised by enzymatic and non-enzymatic antioxidant pathways or be converted into a more noxious ROS, referred to as the hydroxyl radical.

			According to Gregoire et al.20, chloroplast thylakoid membranes of Symbiodinium are exceptionally sensitive to thermal stress and can be irreversibly damaged. Bound to the thylakoid membrane are chlorophyll molecules which when damaged can result in the degradation of the entire photosynthetic apparatus and the loss of important photosynthetic products. Hill et al.21 suggested that the PSII is the primary site of impact during coral bleaching and that the integrity and thermostability of the thylakoid membrane within the chloroplast of Symbiodinium is the major thermal-tolerant difference between species. The coral host may also influence the integrity and plasticity of the thylakoid membrane of Symbiodinium and therefore influence thermal acclimation and increase thermal tolerance of Symbiodinium.20,22

			Thermal acclimation (a change in the lipid and protein composition) of the zooxanthellae thylakoid membranes during thermal fluctuations, has been demonstrated in species which inhabit warmer tropical regions and exhibit greater photosynthetic tolerance to elevated SST.22 This is a strong indication that the zooxanthellae play a vital role in the survival of the coral host by exhibiting thermal tolerance independent of that of the coral host.21 
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			Function, activity, and effect of Hsps /chaperone proteins

			According to Rosic and co-workers8, Hsps are molecular chaperones that are responsible for protein folding and unfolding, aggregation, degradation and transport, thereby helping to regulate cellular reactions within a cell. Hsps are classified into families according to their molecular mass. Hsp70 and Hsp90 are two of the major cytosolic Hsps of Symbiodinium that contribute to the thermal stress response of the respective coral host. These Hsps are generally found in genotype C3 zooxanthellae.

			Rosic et al.8 conducted a study on these cytosolic Hsps and observed that Hsp70 can withstand temperature rises above 29 °C (leading to an increased Hsp70 gene expression by up to 20%), but temperatures above 35 °C decreased Hsp70 gene expression by 60%. In contrast, elevated temperatures caused a decrease in Hsp90 gene expression. This may indicate that a reduction in the expression of Hsp90 inhibits a heat shock transcription factor (that regulates the expression of the heat shock proteins) and leads to the activation of heat-inducible genes and heat acclimation. This allows both the zooxanthellae and the coral to adapt to unforeseen temperature fluctuations. Symbiotic status did not control the expression of both Hsps genes; therefore, the initial thermal stress response is within the Symbiodinium, independent of the coral host. 

			Hsp90 operates as a dimer influencing development and epigenetic changes. According to Rosic et al.8, Hsp90 is represented in four forms: two cytosolic forms – an inducible alpha form as well as a constitutive beta form – and mitochondrial and endoplasmatic reticulum homologues. Induced Hsps are also present depending on the Symbiodinium genotype. As a result, Hsps can exhibit genetic variation among individuals of a species and therefore a difference in stress tolerance. 

			Feder and Hofmann23 elaborated on the functions of different Hsps in zooxanthellae, and these are summarised in Table 2. Hsps mostly (1) interact with surrounding proteins and change their functions according to the cell’s stress response, (2) recognise and bind to non-native proteins and (3) function as oligomers. Cytoplasmic Hsp70 and mitochondrial Hsp70 are responsible for maintaining peptides in an unfolded conformation, which allows these peptides to be transported through pores situated in the mitochondrial membrane. Hsp60 and Hsp10 then assist in the folding of unfolded imported proteins within the mitochondria.23 Zooxanthellae are also able to modify and determine the amount of Hsps required for cell regulation and symbiosis.

			According to Black et al.24, the physiological and distributional differences between the clades can influence which Hsps the zooxanthellae contain and to what extent they will be expressed (thermal tolerance or sensitivity). This suggests that due to zooxanthellae’s ability to determine the amount and type of Hsps present during a heat response, the zooxanthellae can regulate both the host’s respective Hsps as well as their own. 
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			Antioxidant response

			The antioxidant and cellular stress capacities of both the zooxanthellae and the coral host also influence the rate of coral bleaching, especially on more threatened coral reefs exposed to oxidative stress due to environmental variability such as elevated SSTs, increased light intensity and mechanical damage. Oxidative stress can be defined as the imbalance in the pro-oxidant/antioxidant ratio favouring pro-oxidant and leading to oxidative damage/stress.9 During mass coral bleaching, an increased amount of ROS is produced by the symbiont which concurrently results in oxidative stress in both the coral host and the symbiont. ROS are produced in the symbiont’s chloroplast, which is associated with electron transfers between PSI and PSII, producing hydrogen peroxide. Antioxidant response mechanisms are in place to counteract increased levels of ROS, but, unfortunately, algal-generated hydrogen peroxide can diffuse from the algal symbiont into the coral cytoplasm, which, once inside, can either be neutralised by enzymatic and non-enzymatic antioxidant pathways or be converted into a more noxious ROS.9,25 This results in oxidative damage within the coral host and the coral host responds to the damage by expelling its symbiotic algal companion.9,11 

			Table 2:	Heat shock proteins and their functions necessary for cellular regulation during thermal stress of the coral host (adjusted from Hill et al.21)

			
				
					
					
				
				
					
							
							Heat shock protein

						
							
							Function

						
					

					
							
							Hsp10

						
							
							Protein folding in co-expression with Hsp60

						
					

					
							
							Hsp27

						
							
							Resistance to hydrogen peroxide, resistance to UV radiation, tolerance to hyperthermia, accelerated nuclear protein aggregation

						
					

					
							
							Crystallin

						
							
							Cellular tolerance to hyperthermia

						
					

					
							
							Hsp60

						
							
							Tolerance to hyperthermia

						
					

					
							
							Hsp70

						
							
							Cellular: tolerance to hyperthermia, recovery after translational and transcriptional inhibition after heat shock, regulation of heat-shock response, reduced protein denaturation upon elevated heat exposure, resistance to H2O2, tolerance of UV radiation, apoptosis, resistance to apoptosis 

							Tissue/organ: reduction of hyperthermic damage

							Organismal: tolerance to hyperthermia, regulation of heat-shock response

						
					

					
							
							Hsp72

						
							
							Apoptosis, protection against heat-induced nuclear protein aggregation and thermal radio-sensitisation 

						
					

					
							
							Hsp90

						
							
							Tolerance to hyperthermia, apoptosis

						
					

					
							
							Hsp101

						
							
							Tolerance to hyperthermia

						
					

					
							
							Many Hsps

						
							
							Recovery of cell proliferation and chromosome damage after heat shock, tolerance to hyperthermia

						
					

					
							
							HSF (Heat shock factor)

						
							
							Thermo-tolerance

						
					

				
			

			

			Downs et al.9 further states that antioxidant pathways such as the Asada–Halliwell pathway and xanthophyll cycling can be used to protect the coral host from oxidative damage by ROS. An individual can respond differently to each oxidative threat, depending primarily on higher or lower levels of antioxidant components within the individual species. Furthermore, specific Hsps can also protect both the coral host and its symbiont from oxidative stress through protecting glycolytic and electron-transport enzymes during photosynthesis and respiration. According to Downs et al.9, heat stress can further increase the possibility of hydrogen peroxide mediated oxidative stress by deactivating numerous hydrogen peroxide neutralising pathways. 

			According to Higuchi et al.10, antioxidant enzymes such as SOD, ascorbate peroxidase and CAT are responsible for detoxifying ROS. As a result, SOD, ascorbate peroxidase and CAT act together to inactivate superoxide radicals and hydrogen peroxide and prevent coral hosts from bleaching.11 SOD is responsible for the dismutation of superoxide into oxygen and hydrogen peroxide, and CAT for the inactivation of hydrogen peroxide into water and oxygen.10 It is important to mention that an increase in hydrogen peroxide not only induces antioxidant activity within the exposed coral tissue, but these antioxidant activities also occur within the zooxanthellae tissue in response to an increase in ROS.11 
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			Genetic modification of Symbiodinium to enhance stress tolerance

			Several studies have suggested that environmental bioengineering can be an important consideration for future coral reef restoration strategies.12,13 The up-regulation of gene expression, which may mitigate thermal stress induction of any of the physiological aspects discussed earlier, can ensure stable coral–zooxanthellae symbiosis in the future. It presents a viable alternative strategy to preserve reefs amidst climate change. 

			However, even though zooxanthellae present promising candidates for genetic engineering, these dinoflagellates possess unusual biological features that have made gene editing within its genome difficult.12 They contain one of the largest nuclear genomes (1.5–112 Gbp) known, which exceeds that of the human haploid genome size. It is permanently condensed in liquid-crystalline chromosomes. Furthermore, trans-splicing of polycistronic mRNAs occurs and plastid genomes are divided up into mini-circles. So far, the successful transformation of Symbiodinium has been validated in only two cases.26,27 In their study, Levin and co-workers12 propose a tailored genetic engineering framework for zooxanthellae that might overcome these obstacles and prevent stress-induced reactions that lead to bleaching, such as by using the CRISPR/Cas9 system. 

			Is bleaching a threat to South African coral reefs?

			According to Celliers and Schleyer3, the South African coral reefs are located in a subtropical region and are the most southern coral reefs in the western Indian Ocean, and lack any topographical features, such as gullies and pinnacles, mainly due to less wave action and wave conformation within the increased depth. Sodwana Bay as well as all other South African reefs, form part of the high-latitude, sandstone reef structure and can be referred to as marginal reefs which are often falsely regarded as small and insignificant to the ecosystem when compared to massive reefs such as those on the Australian coast.28 However, South African reefs associated with the continental margins have survived severe coral bleaching events in the past millennium that went unnoticed. 

			South African and African reefs have been surprisingly less impacted from coral bleaching events than other tropical reefs such as the Great Barrier Reef, off the Australian coast, for two obvious reasons. Firstly, bleaching levels are highest at the shallowest sites, due to increased light penetration and solar irradiance as well as localised heating and ultraviolet radiation. As the minimum depth of South African coral reefs is about 8 metres, bleaching conditions are less severe than for coral reefs closer to the surface. As a result, a negative correlation is observed between depth and bleaching percentage.29 

			Secondly, seasonal upwelling also contributes to a lessening in South African coral bleaching. The upwelling developing from the Benguela Current on the west coast of South Africa is responsible for the uplifting of cooler waters during the El Niño event in 1998 and reduced coral bleaching.30 As a result, seasonal upwelling protects the coral reefs from severe bleaching by breaking the intense heat stratification within the water column and reducing the heat irradiance upon the coral reefs.31 

			Africa’s southernmost coral reef assemblages occur in the South African Maputaland reef complexes. The region is generally predicted to become wetter and warmer, and the water more acidic as a result of climate change.32 Temperature has been increasing regionally during the last century and a half. Because bleaching events have already become more frequent on the reefs of southern Africa, it is necessary to investigate how environmental stress leads to bleaching on these reefs.33

			Within temperature anomalies and bleaching events such as the El Nino in 1998, the SST (<10 m) increased by 3–5°C, resulting in mortality of between 50% and 90% of coral in the central and western Indian Ocean.34 Luckily, the occurrence of seasonal upwelling along South Africa’s continental shelf and bank moderated these increases in SST, preventing the subsequent coral bleaching within the surrounding area.28,29 Notably, depth has also played a considerable role in protecting South Africa’s most iconic and unique reefs from devastation.29 However, these factors may make South African reefs susceptible to bleaching due to small changes in SST that might go unnoticed by the rest of the world.

			Even with the advantage of depth, wave energy and seasonal upwelling, community concern should be raised, and early response and preventative measures should already be in place for possible future bleaching anomalies. Coral communities that have shown increased mortality generally grow within shallow areas with restricted water circulation and may after prolonged exposure or continuous bleaching events become more tolerant to thermal stress and increase acclimation towards increased SST in comparison with coral communities situated at increased depths.29 As a result, with recurring and continuous climate change, bleaching events, and subsequent heating of sea temperature downward into the water column, deeper distributed coral reefs may be at risk of high mortality, further resulting in ecosystem dysfunction.4 Upwelling events have also indicated lowered thermal thresholds amongst coral hosts and zooxanthellae, due to increased susceptibility of coral species to bleaching events which may occur within the future, uncontrolled and moderated by these upwellings.33

			Coral mortality further creates opportunities for coral competitors such as algae and zoanthids to occupy the space made available by coral death and degradation. Fish communities shift from equally distributed and abundant herbivorous and corallivorous species to an increasing abundance of herbivorous fish communities which has further repercussions lower down and higher up in the trophic level.35 Finally, beaches which are regulated by reefs that reduce water action will be increasingly eroded. All these effects which occur from the loss of functioning reef ecosystems have an enormous impact on the community’s socio-economic status and recoveries, such as tourism, local and provincial fisheries, and prevention of storms.36 Numerous other recovery and monitoring strategies that could be implemented to decrease effects before and after bleaching events have been reported and elaborated on.36,37

			Even with monitoring and recovery strategies available, little attention has been paid to assess future bleaching occurrences, the role coral symbiosis with the harboured zooxanthellae plays during coral bleaching, and how these endosymbionts may play a role in preventing future bleaching events. Another pressing concern is the limited amount of research on how environmental stress induces bleaching on South Africa’s high-latitude reefs and their potential resistance, adaptations, acclimations, and community diversity and change, from the perspectives of both coral species and zooxanthellae.

			The world’s carbon footprint is increasing annually, and it can be viewed by recent research monitoring temperature fluctuations and increases on the 2 Mile reef in Sodwana Bay during the years 2007, 2008, 2011, 2012 and 2013. Resistance against coral bleaching of coral communities decreased, therefore resulting in coral bleaching across the entire slope.38 Increased percentage bleaching of 37.4 %, 17.4%, 23.8%, 33.6% and 38.8%, respectively, per these annual readings indicate decreased thermal thresholds and possible acclimation.38 As a result, even if South Africa has deeper coral reefs, less wave destruction and less production of carbon products, future bleaching anomalies might be of too much risk to ignore in the present.

			Sebastian et al.33 investigated the bleaching response of corals as well as their Symbiodinium community in southern Mozambique and observed that the most dominant scleractinian coral species were Stylophora pistillata, Montipora, Acropora, Pocillopora spp., Porites, Favites and Favia. During their study, Stylophora pistillata and Montipora were the most susceptible to elevated temperatures. The Symbiodinium harboured by the scleractinian corals belonged mostly to clade C, of which two atypical C subclades were present in Stylophora pistillata and Pocillopora, which were more abundant in shallower sites. Clade D symbionts were also present but in lower amounts. Pocillopora harboured the most clade D symbionts in comparison to the other coral species. Neither Symbiodinium clade A nor B were detected in any of the abovementioned coral colonies. Because clade C is the more thermally sensitive symbiont, South African corals are therefore vulnerable to elevated SSTs, should they occur in the future. 
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			Future research perspectives

			Future research perspectives include extending research on the use of CRISPR/Cas9-based genome editing of zooxanthellae, fuelling the genetic modification within the zooxanthellae’s complex genomes.39 Gene drives can further be established to create reproducible inheritance systems of edited genetic material, thereby enhancing passage of a selected genotype to the offspring, both through sexual and asexual reproduction pathways, to spread the desired altered gene throughout the coral population.39 Such studies and genomic procedures may also be considered to enhance the genomic stress responses of the coral itself. Physiological intervention may also be included in coral bleaching research needs, such as experimental research on pre-exposure to increase acclimation rate, adaptation opportunities, epigenetic modifications, and symbiont shuffling to enhance the stress tolerance of the coral host.35 Genetic bioengineering and reproductive interventions, therefore, provide a plausible solution to increase genetic diversity within populations, increase acclimation and adaptation rates to a changing environment and permit the selection of traits that may improve coral resilience, persistence, and restoration strategies within future climate change.35 

			Conclusion

			Coral reefs are vital to marine ecosystems and nutrient cycles but are unfortunately being increasingly damaged, mainly as a result of global warming. Elevated SST has led to coral bleaching, which is the disablement of the coral–algae symbiosis primarily due to photosynthetic dysfunction. There are, however, numerous protective measures to ensure that the coral tissue and the photosynthetic apparatus of the zooxanthellae are preserved and kept in a stable physiological condition during elevated temperatures. One of these measures is through Hsps, which play a vital role in the refolding of heat-stressed unfolded proteins, protecting stress-damaged proteins, transporting of transcribed proteins and inserting those proteins into organelles within both the zooxanthellae and the coral host. Antioxidant enzymes released by both symbionts and coral hosts also prevent coral bleaching through mitigating oxidative stress. Heterogeneous zooxanthellae genotypes can influence bleaching susceptibility towards thermal resilience upon temperature fluctuations due to their physiological and genetic diversity. As a result, coral bleaching is dependent on the Hsps expressed and the heterogeneous zooxanthellae genotypes present within the holobiont. South African reefs may have the ability to act as a refugee area for damaged coral reefs, but should still be actively monitored and researched to better predict future coral beaching occurrences and the effects they may have on the entire marine ecosystem. Genetic bioengineering within zooxanthellae endosymbionts has been suggested to be the turning point in coral bleaching, but numerous strategies are still to be explored in which this could be done successfully.
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