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Abstract

:

Coral reefs are threatened by climate change, because it causes increasingly frequent and severe summer heatwaves, resulting in mass coral bleaching and mortality. Coral bleaching is believed to be driven by an excess production of reactive oxygen (ROS) and nitrogen species (RNS), yet their relative roles during thermal stress remain understudied. Here, we measured ROS and RNS net production, as well as activities of key enzymes involved in ROS scavenging (superoxide dismutase and catalase) and RNS synthesis (nitric oxide synthase) and linked these metrics to physiological measurements of cnidarian holobiont health during thermal stress. We did this for both an established cnidarian model, the sea anemone Exaiptasia diaphana, and an emerging scleractinian model, the coral Galaxea fascicularis, both from the Great Barrier Reef (GBR). Increased ROS production was observed during thermal stress in both species, but it was more apparent in G. fascicularis, which also showed higher levels of physiological stress. RNS did not change in thermally stressed G. fascicularis and decreased in E. diaphana. Our findings in combination with variable ROS levels in previous studies on GBR-sourced E. diaphana suggest G. fascicularis is a more suitable model to study the cellular mechanisms of coral bleaching.
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1. Introduction


Climate change is threatening the persistence of reef-building corals and coral reefs, because it causes both a gradual increase in sea surface temperatures (SSTs) as well as an increase in the frequency, intensity, and duration of summer heatwaves. A combination of above-normal SSTs and irradiance during heatwaves is the primary cause of mass coral bleaching [1], the loss of the algal photosymbionts (family Symbiodiniaceae) from the coral host tissues. Symbiodiniaceans provide a significant amount of photosynthetically fixed carbon to their coral host, which can account for up to 90% of the host’s carbon consumption and up to 150% of its daily respiratory requirements [2,3]. As a consequence, bleaching often leads to coral starvation and death, as well as to the degradation of coral reefs [4].



There are several hypotheses describing the cellular mechanisms underpinning coral bleaching. The oxidative stress hypothesis states that elevated irradiance and temperature cause an overproduction of toxic reactive oxygen species (ROS, Figure 1) [5,6,7]. Even under non-stress conditions, various types of ROS are continuously produced during photosynthesis in the algal symbionts, i.e., by electron transfer from photosystem II to photosystem I or by reducing state triplet oxygen [8]. Singlet oxygen (1O2) is generated in the reaction system of photosystem II [9], and superoxide (O2−) is formed at the electron acceptor site of the photosystem I via the direct reduction of oxygen [10,11] (Figure 1, step A). O2− is reduced to H2O2 by superoxide dismutase (SOD) [12,13]. Hydroxyl radicals (OH−) are formed via the Haber–Weiss reaction, which reduces H2O2 by O2− if transition metal ions are present [14]. All types of ROS produced under regular physiological conditions are promptly scavenged by the antioxidant defense system, which consists of various enzymatic and non-enzymatic mechanisms within the holobiont. Scavenging enzymes include SOD and catalase (CAT) [15,16,17,18] (Figure 1, steps A,B). For instance, SOD is abundant in corals and is expressed in both host [19,20,21,22] and symbiodiniacean [23,24] compartments. During elevated irradiance and light levels, ROS increase in the coral, mainly due to the disruption of the photosymbionts’ photosystem II and its associated D1 protein, Calvin–Benson–Bassham cycle reactions (reductive pentose phosphate cycle), and thylakoid membranes [6,25,26] (Figure 1, step A). Excess ROS may overwhelm symbiodiniacean antioxidant defense mechanisms, diffuse into the host cells, where they cause damage to macromolecules (e.g., DNA), and trigger a cellular cascade that leads to bleaching [6,7] (Figure 1). One of the most relevant ROS during bleaching is hydrogen peroxide (H2O2), as it may diffuse to host cells via aquaporins [27], may be temporally more stable than other ROS (1–3 min in mammalian cells and 10 s in Arabidopsis guard cells [28]), and might act as a signaling molecule between the algal symbionts and the coral host [11,29].



Other studies have posed that bleaching is initiated when the coral host cannot meet the CO2 demands of symbiodiniaceans, which may grow faster under elevated temperatures [30,31]. This is believed to damage Calvin–Benson cycle reactions, causing an accelerated production of ROS that may diffuse into the host cells and trigger bleaching. Another hypothesis postulates that thermal stress alters nutrient cycling between the algal symbiont and its coral host [32]. As elevated temperatures enhance host respiration and catabolism, more ammonium becomes available for symbiodiniaceans, releasing them from their nitrogen-limited state and boosting their growth. Consequently, the algal symbionts use most photosynthate for their own proliferation instead of translocating it to their coral host [33]. Higher symbiodiniacean growth triggers an imbalance in the N:P ratio, altering the composition of the thylakoid membranes [34] and resulting in an overproduction of ROS that causes bleaching. Given that all of the main bleaching hypotheses describe the overproduction of ROS, it can be assumed that ROS are major drivers of the bleaching cascade.



In addition to ROS, reactive nitrogen species (RNS), such as nitric oxide, have been proposed to play a role in coral bleaching [6,7] (Figure 1, step C). Overall, nitric oxide is known to be an essential cellular signaling molecule for microbes within the coral holobiont involved in apoptosis and immunity [5,6,35]. In contrast to most ROS, nitric oxide is able to pass membranes and to enter coral host cells due to its lipophilic nature [5]. Under elevated temperatures, increased levels of nitric oxide and/or increased activity of nitric oxide-producing enzymes (i.e., nitric oxide synthase (NOS)) have been measured in symbiodiniacean cultures [36] and in the cnidarian model, the sea anemone Exaiptasia diaphana (in both the host and symbiodiniacean compartments), and these have been correlated with bleaching, symbiodiniacean photoinhibition, and death [37,38,39]. Hawkins et al. [35,36,40,41,42] suggested that nitric oxide plays a role in inducing host apoptotic pathways in response to symbiont dysfunction during bleaching. Signaling pathways of both ROS and RNS may interact [7,37,38], but their relative contributions during bleaching remain largely unknown. One suggested interaction of both pathways is the reaction of nitric oxide with O2− that generates peroxynitrite (ONOO−), which disrupts electron transport within mitochondria [5] (Figure 1 step C). Further, nitric oxide production, measured by NOS activity, played a more prominent role under acute thermal stress in freshly isolated symbiodiniaceans from the coral Pocillopora acuta than oxidative stress based on the presence of H2O2 and OH− [43]. Further studies are required to disentangle the relative roles of ROS and RNS during coral bleaching.



To understand the contribution of either ROS or RNS during thermal coral bleaching, previous studies have made use of cnidarian models to measure some of these reactive species during thermal stress, such as in the sea anemone Exaiptasia diaphana (Actiniaria order, Aiptasiidae family; Rapp 1829) [37,44,45]. For E. diaphana from the Great Barrier Reef (GBR), recent studies demonstrated that bleaching was not accompanied by elevated levels of ROS [45,46], which did not support the oxidative stress theory of coral bleaching. Since E. diaphana has been a widely used model worldwide, we wanted to confirm these findings in GBR-sourced E. diaphana and expand upon them by studying the contribution of RNS during thermal stress. We also included an emerging scleractinian model, the coral Galaxea fascicularis (Scleractinia order, Euphylliidae family; Linnaeus, 1758) [47], to explore its suitability for studying the role of oxidative stress in coral bleaching.



Thus, this study investigated the relative roles of ROS and RNS in the thermal stress responses of the sea anemone E. diaphana [48] and the coral Galaxea fascicularis [47], both from the GBR. We measured a range of physiological traits involved in cnidarian holobiont physiological health during simulated summer heatwaves. We then compared these to the net production of ROS and RNS, as well as to activities of key enzymes in both host and symbiodiniacean components that are involved in ROS scavenging and RNS synthesis.




2. Materials and Methods


2.1. Identification of Symbiodiniacean Communities from Galaxea fascicularis Colonies


The Exaiptasia diaphana anemones used in our study are known to host Breviolum minutum [49]. We also identified the strains of symbiodiniaceans associated with Galaxea fascicularis colonies used in this study. Before the start of the experiment, two 1 cm pieces were cut off of one polyp from each coral colony and snap-frozen in liquid nitrogen. DNA of these pieces was extracted separately using previously established protocols [50], with the modification of bead beating the samples with 30 mg sterile glass beads three successive times at 20 s at 30 Hz. We included one negative control for the DNA extraction and two for the subsequent PCRs. Extracted DNA and negative controls were amplified in triplicates using symbiodiniacean ITS2 primers Sym_Var_5.8S2 (5′ GTGACCTATGAACTCAGGAGTCGAATTGCAGAACTCCGTGAACC 3′] [51]; Sym_Var_Rev [3′ CTGAGACTTGCACATCGCAGCCGGGTTCWCTTGTYTGACTTCATGC 5′) [52] according to previously established protocols [46], with the adjustment of using QIAGEN Multiplex PCR Master Mix (QIAGEN, Clayton, VIC, Australia) for the overhang PCRs. Libraries were sequenced at the Walter and Eliza Hall Institute (WEHI, The University of Melbourne) on an Illumina MiSeq V3 system with 2 × 300 bp paired-end reads. For the analysis of symbiodiniacean communities, raw sequences were submitted to SymPortal [53].




2.2. Experimental Setups and Sample Processing


Exaiptasia diaphana sea anemone genotypes AIMS2, AIMS3, and AIMS4, which originated from the Great Barrier Reef (GBR) [54], were selected from the culture collection at the University of Melbourne, Australia (n = 288 per genotype) in February 2020. Sea anemones were transferred into one well each of sterile 12-well culture plates (Corning® Costar®, CLS3512, Merck, Macquarie Park, NSW, Australia). Each of the total 72 culture plates contained four sea anemones per genotype. Culture plates were equally distributed among four experimental incubators (two incubators per temperature treatment; Model No. LE-509, Thermoline Scientific, Wetherill Park, NSW, Australia) that were equipped with white light-emitting diodes (15–20 μmol photons m−2 s−1) set to a 12 h light and 12 h dark cycle. The GBR E. diaphana is highly sensitive to light, even under ambient temperature. Though we attempted to acclimate the sea anemones over weeks to slightly higher light levels, which were previously applied to these genotypes in our laboratory (28 [46] (Supplemental Table S1) and 31.8–33.8 μmol photons m−2 s−1 [50] (Supplemental Table S1), the corals showed high mortality under light levels above 20 μmol photons m−2 s−1. These findings are congruent with another recent study from our laboratory, which consequently used the same low light intensities as in this study [45] (Supplemental Table S1). Sea anemones were kept in 5 mL reconstituted Red Sea SaltTM seawater (RSS, R11065, Red Sea, Houston, TX, USA) at a salinity of 34 ppt, which allowed us to provide the best water quality conditions while being able to maintain large numbers of individuals. A previous study from our laboratory [50] showed that E. diaphana can be grown in 5 mL culture wells with no effects on fitness and survival. RSS of each well was changed completely every two days. Sea anemones were fed every four days with freshly hatched Artemia salina (Salt Creek, Premium, GSL, Salt Lake City, UT, USA), and wells were cleaned 1–2 h after feeding by removing debris using sterile plastic pipettes and cotton buds, followed by an RSS change. Sea anemones in the ambient treatment were kept at 26 °C for all of the 40 days of the experiment (Figure 2a). In the elevated temperature treatment, sea anemones were subjected to an increase of 0.25 °C per day over 24 days (day 0–24) from 26 °C to 32 °C, followed by constant temperature conditions of 32 °C for 17 days (day 24–40). This temperature treatment was chosen because in a previous study on GBR-sourced E. diaphana, the sea anemones bleached at 31.5 °C [46] (Supplemental Table S1); note that we exposed the sea anemones for five more days of constant heat. Samples to assess photosynthesis, respiration (n = 12 sea anemones in total per temperature treatment per sampling day, 4 per genotype), net ROS and RNS production (n = 15 total, 5 per genotype), symbiodiniacean cell density, and host protein of all fragments were collected on days 0, 13, 24, 28, 32, 36, and 40 of the experiment. Activities of enzymes involved in ROS scavenging and RNS synthesis (n = 12 total, 4 per genotype) and their respective symbiodiniacean cell density and host protein were measured on the same days except for day 13. Symbiodiniacean photosynthetic efficiency (n = 60 total, 20 per genotype) was determined on days 0, 4, 8, 13, 16, 20, 24, 28, 32, 36, and 40. For assessments of symbiodiniacean cell counts, host protein content, and ROS and RNS production, sea anemones were homogenized individually in 1000 μL 0.22 μm filtered RSS (fRSS) using sterile glass homogenizers. For enzyme activity measurements of SOD and CAT, sea anemones were homogenized on ice in 1000 μL ice-cold PBS 1X. Sea anemones for NOS activity measurements were homogenized on ice in 1000 μL ice-cold 1X protease inhibitor (cOmpleteTM, Roche, Merck, Macquarie Park, NSW, Australia) in fRSS. Individual methods are detailed below.



Three colonies of Galaxea fascicularis were collected at Davies Reef (Great Barrier Reef, Australia, 3–5 m depth, permit no. G12/35236.1) in August 2021 and brought to the National Sea Simulator at the Australian Institute for Marine Science, Townsville, QLD, Australia. Corals were shipped to the University of Melbourne immediately, where they were kept in a recirculating system containing 120 L of RSS at 35 ppt and light intensities of 90 μmol photons m−2 s−1 (ZP3600, Zetlight, Hong Kong, SAR of China) until the start of the experiment in November 2021. Three weeks before the start of the experiment, coral colonies were cut into fragments of three polyps (n = 144 in total, 48 fragments per colony) using a diamond band saw and glued onto ceramic plugs. Four coral fragments per colony were randomly moved to one of 12 experimental tanks (n = 6 tanks per temperature treatment) containing 12 L of RSS at 35 ppt and a wave pump (301F, Aqua One, Morningside, QLD, Australia). Coral fragments could not be maintained in well plates (as was done for E. diaphana), because they showed high mortality under these culture conditions. The daily light cycle in each tank was as follows: starting at 7 am, 1.5 h at 10 μmol photons m−2 s−1 (ZP3600, Zetlight, Hong Kong, SAR of China), 2 h at 50 μmol photons m−2 s−1, 5 h at 80 μmol photons m−2 s−1, 2 h at 40 μmol photons m−2 s−1, 1.5 h at 10 μmol photons m−2 s−1, and 12 h with no light. Tanks were kept inside a temperature-controlled room, creating an ambient water temperature of 26 ± 1.1 °C. Due to differences in bleaching susceptibility between G. fascicularis and E. diaphana, the temperature profile was slightly altered for the former (Figure 2b). The elevated temperature treatment for G. fascicularis consisted of an increase of 1 °C per day over 5 days, followed by an increase on 1 day of 0.5 °C (day 0–6), and by constant temperature conditions of 31.5 °C for 22 days (day 6–28). The ambient control remained at constant 26 °C for 28 days. Temperature ramping inside of the tanks was performed using aquarium heaters (EHEIM, Deizisau, Germany), and temperatures in each tank were monitored using data loggers (Hobo UA-001-08, OneTemp). Half water changes of experimental tanks were performed every four days, and tanks were cleaned every eight days using scourers. Corals were fed with microalgae (Shellfish Diet 1800®, Reed Mariculture, Campbell, CA, USA) every eight days. Samples for determining net ROS and RNS production (n = 15 coral fragments in total per treatment per sampling day, 5 per colony), enzyme activities (n = 12 total, 4 per colony), and symbiodiniacean cell counts and coral surface area of each fragment were taken on day 0, 15, and 27. Respiration and photosynthesis rates (n = 12 total, 4 per colony), as well as symbiodiniacean cell counts and surface area, were assessed on day 0, 16, and 28. Photosynthetic efficiency of coral fragments was measured on day 0, 4, 8, 12, 15, 17, 19, 21, 23, 25, and 27. To obtain samples for measurements of symbiodiniacean cell counts, ROS and RNS production and enzyme activities, tissues of individual polyps were removed using a Waterpik and 50 mL of fRSS. Tissue homogenates were centrifuged at 3000× g for 15 min. If samples were collected for enzyme activity measurements, homogenates were kept for analysis of the host compartment. The remaining symbiodiniacean pellet was resuspended in 2000 µL fRSS and homogenized using a glass homogenizer.



Sampled coral and sea anemone homogenates were used immediately for the detection of ROS and RNS levels, as well as enzyme activities, but were stored at −20 °C for symbiodiniacean cell count measurements and protein content quantification. Coral polyps were bleached, and remaining dead skeletons were kept for surface area measurements.




2.3. Photosynthetic Performance and Respiration


Photosynthetic efficiency, measured as the maximum quantum yield (Fv/Fm) of PSII, was taken of in hospite symbiodiniaceans in Exaiptasia diaphana and Galaxea fascicularis using an imaging-PAM fluorometer (IMAG-MAX/L, Heinz Waltz GmbH, Effeltricht, Germany). For E. diaphana and G. fascicularis, measurements were taken 1–2 h after the start of the light cycle and a dark acclimation of 30 min. PAM settings for E. diaphana were: saturating pulse intensity 10, measuring light intensity 4 (frequency 1), damping 2, and gain 4 to achieve a F0 of 0.1–0.3. PAM settings for G. fascicularis were: saturating pulse intensity 10, measuring light intensity 2 (frequency 1), damping 2, and gain 2 to accomplish a F0 of 0.1–0.3 as well.



Measurements of oxygen (O2) production and utilization were taken during light and dark incubations of corals and sea anemones to determine net photosynthesis and respiration rates, respectively. Individual sea anemones and coral fragments were put into customized 15 mL and 30 mL transparent plastic vials filled with RSS at 34 and 35 ppt, respectively. Vials were transferred into a temperature-controlled incubator (Model No. LE-509, Thermoline Scientific, Wetherill Park, NSW, Australia) fitted with white light-emitting diodes (20 μmol photons m−2 s−1) for sea anemones or an aquarium light for coral fragments (ZA2441, Zetlight, Hong Kong SAR; 80 μmol photons m−2 s−1). Temperatures inside the incubator reflected respective treatment temperatures of specimens, and RSS for filling up the vials was preheated to treatment temperatures. Vials were placed on magnetic stirrer spots inside of the incubator to enable constant mixing of water. Sea anemones and corals were kept in the dark for 30 min inside the incubator for acclimation and temperatures to stabilize. O2 concentrations inside of the vials were subsequently measured every 2 s for 1 h in the darkness, followed by 1 h in light conditions (see above). O2 was measured using FireSting O2 optical oxygen sensors (PyroScience, Aachen, Germany) connected to each vial. Two RSS controls were included in a run of six specimens each.



To estimate O2 fluxes, we fitted linear regressions for each specimen per dark and light incubation using the function lm in R 1.4.17 [55]. We corrected O2 fluxes for RSS controls and normalized them to sea anemone host protein or coral surface area (see below). Gross photosynthesis was estimated as the sum of net photosynthesis and respiration rates.




2.4. Symbiodiniacean Cell Density, Sea Anemone Host Protein, and Coral Surface Area


Stored homogenates of Exaiptasia diaphana were thawed and centrifuged at 2300× g for 5 min to pellet symbiodiniaceans. The supernatant was saved for host protein analysis. Pelleted symbiodiniaceans were resuspended in 1 mL fRSS, centrifuged, and resuspended in 1 mL fRSS again. Further measurements of symbiodiniacean cell counts and protein contents were conducted as previously described [45], using, respectively, an automated cell counter (Countess II FL, Thermo Fisher Scientific, Scoresby, VIC, Australia) and a Bradford assay. Symbiodiniacean cell counts were normalized to host protein contents.



Preserved homogenates of Galaxea fascicularis were centrifuged at 2300 × g, discarding the supernatant, and resuspended in 2 mL fRSS. After performing this twice, 300 µL of the resuspended symbiodiniacean pellet was filtered through a 40 µm cell strainer (pluriSelect, Leipzig, Germany) and vortexed, followed by measurements with a CytoFLEX LX flow cytometer (Beckman Coulter, Brea, CA, USA). Singlet symbiodiniacean cells were gated and counted as described in 2.5. We estimated symbiodiniacean cell counts from G. fascicularis samples using a flow cytometer instead of an automated cell counter as for E. diaphana, as G. fascicularis tissues exhibited high autofluorescence. Thus, higher auto fluorescent content was counted as symbiodiniacean cells by the automated cell counter, whereas flow cytometry could discriminate between coral autofluorescence and fluorescence by symbiodiniaceans.



Coral surface area was estimated using 3D computer modeling [56]. Here, we took ~90 photos of each bleached coral fragment from nine horizontal and five vertical angles and two different distances. Fragments were placed on a stand with six attached markers (provided by Agisoft Metashape Professional 1.8) and a blue background. The photos were used to create 3D models of each fragment and to estimate its surface area after closing holes of the created model in Agisoft Metashape Professional 1.8.




2.5. ROS and RNS Quantification in Freshly Isolated Symbionidiaceae by Flow Cytometry


Net production of either ROS or RNS is defined here as the difference between the amount produced and the amount neutralized within the coral or sea anemone holobiont. Net ROS levels were quantified with CellROX® Orange (Thermo Fisher Scientific, Scoresby, VIC, Australia), as previously described [45]. CellROX® Orange is widely used to detect general ROS but has been found to be more sensitive to H2O2 than O2− [57]. A volume of 3 µL of CellROX® Orange (stock at 500 µM in dimethyl sulfoxide (DMSO); final concentration 5 µM) was added to 300 µL of either sea anemone or coral homogenate. Samples were incubated at sample experimental light levels and temperatures for 90 min and processed within 60 min to maximize dye stability. Net RNS levels were quantified with DAF-FM DA (4-Amino-5-Methylamino-2′,7′-Difluorofluorescein Diacetate) (Thermo Fisher Scientific, Scoresby, VIC, Australia), which detects nitric oxide [36,37,39]. A volume of 15 µL of DAF-FM DA (stock at 500 µM in DMSO; final concentration 15 µM) was added to 300 µL of either sea anemone or coral homogenate. Samples were incubated in the dark for 30 min at sample experimental temperatures. Samples were then washed by centrifugating at 2300× g, discarding the supernatant, and resuspending in 1 mL fRSS (Exaiptasia diaphana) or 2 mL fRSS (Galaxea fascicularis). This was performed twice, and 300 µL fRSS of the final samples were taken. As a control, 3 µL of DMSO was added to the remaining 300 µL of either sea anemone or coral homogenate, which were incubated at sample experimental light levels and temperatures for 90 min.



Samples were filtered through a 40 µm cell strainer (pluriSelect, Leipzig, Germany) and vortexed before processing with a CytoFLEX LX flow cytometer (Beckman Coulter, Brea, CA, USA) at a speed of 20 µL/min. The same gating procedure was followed for both sea anemone and coral samples (Supplemental Figure S1). Autofluorescent events strongly excited by the 405 nm laser at emissions 450 ± 22.5 nm and 763 ± 21.5 nm were gated to separate symbiodiniaceans from host debris and bacteria. An FSC-A/SSC-A plot was then used to select homogenous cells, and singlets were gated on an FSC-H/FSC-A plot. For each sample, the CellROX® Orange signal was quantified as the median signal of stained minus unstained cells on single cells gated on previous plots with the 561 nm laser (emission 585 ± 21 nm). The DAF-FM DA signal (RNS dye) was quantified as the median signal of stained minus unstained cells on single cells gated on previous plots with the 488 nm laser (emission 525 ± 20 nm). At least 10,000 symbiodiniacean singlets per sample were processed, except in samples in which symbiodiniacean density was low because of advanced bleaching.



Prior to RNS quantification and to confirm the flow cytometry results, 200 µL of DAF-FM-DA-stained and unstained samples used for flow cytometry were pipetted onto poly-L-lysine (0.1% w/v in Milli-Q water)-coated 8-well coverslip-bottom well slides (ibidi, Gräfelfing, Germany). DAF-FM DA signal in symbiodiniacean cells was then visualized with an inverted confocal laser scanning microscope (Nikon A1R, Nikon, Melville, NY, USA) by excitation at 488 nm (emission 497–557 nm), and symbiodiniacean cells were visualized through their chlorophyll fluorescence by excitation at 488 nm (excitation 600–710 nm; Supplemental Figure S2). Images were processed with ImageJ. CellROX® signal was previously observed to stain the symbiodiniacean cell wall and symbiosome lumen [45], and no further observations were performed in this study.




2.6. Enzyme Activities Involved in ROS Scavenging and RNS Synthesis


A volume of 500 µL of freshly collected homogenates of Exaiptasia diaphana and Galaxea fascicularis in PBS (for SOD and CAT measurements) or in 1X protease inhibitor in fRSS (NOS measuremens) were centrifuged at 5000× g for 10 min at 4 °C to pellet symbiodiniaceans. Supernatants were collected for enzyme analysis of the host compartment and kept on ice. Pelleted symbiodiniaceans were resuspended in 500 µL ice-cold PBS or 1X protease inhibitor in fRSS. For normalization of enzyme activities, aliquots of each symbiodiniacean and host compartment were stored in −20 °C for subsequent symbiodiniacean cell counts (E. diaphana and G. fascicularis) and host protein analysis (E. diaphana), as described in 2.4.



To detect SOD total activities (i.e., Cu/Zn, Mn, and Fe SOD), we used a colorimetric determination kit (EIASODC, Thermo Fisher Scientific, Scoresby, VIC, Australia). Before conducting the assay according to the manufacturer’s protocol, 100 µL of each symbiodiniacean and host homogenate was diluted with 100 µL of the provided assay buffer to obtain values within the range of the supplied SOD standards. Absorbance was measured at 450 nm (CLARIOstar PLUS plate reader, BMG Labtech, Mornington, VIC, Australia) at room temperature against SOD standards. Values are expressed in the standard cytochrome c SOD unit (U mL−1).



CAT activities were assessed similarly as previously described [58]. Here, we added 20 µL of either symbiodiniacean or host compartment of each sea anemone or scleractinian homogenate to wells of a 96-well plate, and 30 μL of PBS and 50 μL of 50 mM H2O2 were added to each well. Blanks containing 20 µL PBS instead of samples were included. We measured the absorbance at 240 nm immediately and after 10 min (CLARIOstar PLUS plate reader, BMG Labtech, Mornington, VIC, Australia). CAT activity is expressed here as mM H2O2 scavenged (initial absorbance–final absorbance) per minute.



NOS activities were measured using a colorimetric assay kit (ab211083, abcam, Melbourne, VIC, Australia), following the manufacturer’s protocol and using 60 μL of sample to achieve values within the given NOS standards. Absorbance was measured at 540 nm against standards, and values are expressed in NOS specific activity (mU mL−1).



SOD, CAT, and NOS activities of symbiodiniacean compartments were normalized to symbiodiniacean cell counts per mL, and host compartments were normalized to host protein (E. diaphana) or surface area (G. fascicularis).




2.7. Data Analysis


All datasets were analyzed using R v1.4.17 [55]. We merged all collected data from each sea anemone genotype or coral colony per temperature treatments, which increased replication by a factor of three. After testing for normal distribution using a Shapiro–Wilk test, measured parameters were analyzed using generalized linear mixed effect models (glm function, GLM) by incorporating the temperature treatment as well as the sampling time point as fixed factors. Pairwise comparisons based on created GLMs were conducted via Tukey HSD post hoc tests, by applying the function lsmeans in R. Results of each measured parameter per temperature treatment and cnidarian holobiont were plotted in R using the package “ggplot2” v3.3.5 [59].





3. Results


3.1. Bleaching Metrics of Exaiptasia diaphana and Galaxea fascicularis


Maximum quantum yield (Fv/Fm) in Exaiptasia diaphana differed significantly between values of control versus heat-exposed individuals on day 4 (Tukey’s post hoc pairwise comparisons based on generalized linear models (GLM), p < 0.0001, Figure 3a), day 14 (GLM, Tukey’s post hoc test, p = 0.0039), and days 20, 24, 28, 32, 37, and 40 (GLM, Tukey’s post hoc test, p < 0.0001 for all listed timepoints). However, Fv/Fm values in heat-stressed E. diaphana did not differ significantly between the first and last day of the experiment (day 0 versus 40, GLM, Tukey’s post hoc test, p = 0.93, Figure 3a). Furthermore, symbiodiniacean densities in heat-treated E. diaphana did not decrease significantly over time (day 0 versus 40, GLM, Tukey’s post hoc test, p = 0.97, Figure 3c) and were only significantly different from control sea anemones on day 24 (GLM, Tukey’s post hoc test, p = 0.0180; Figure 3c). In Galaxea fascicularis, a significant decrease in maximum quantum yield of symbiodiniaceans in the elevated treatment between the end and start of the study (day 0 versus 27, GLM, Tukey’s post hoc test, p < 0.0001, Figure 3b) was observed. Although yields also decreased in the control corals over time, at most time points, Fv/Fm values were significantly higher in the control compared with heat-exposed corals (GLM, Tukey’s post hoc test, days 8, 12, 15, 19: p < 0.0001, day 23: p = 0.0046, day 27: p = 0.0021, Figure 3b). Additionally, G. fascicularis exhibited a significant difference in symbiodiniacean densities between elevated and control treatments on the last day of the experiment (reduced by 0.45-fold, day 27, GLM, Tukey’s post hoc test, p = 0.002, Figure 3d), as well as a significant decrease in symbiodiniacean densities in the elevated treatment between the first and last day of the experiment (reduced by 0.47-fold, day 0 versus 27, GLM, Tukey’s post hoc test, p = 0.041). Respiration and gross photosynthesis rates did not differ significantly between temperature treatments across time in either holobionts (Figure 3e–h), but variability within and between sea anemone genotypes and coral colonies was very high, and larger sample sizes may have been required to detect possible differences (Supplemental Figures S5 and S6). The three colonies of G. fascicularis were exclusively associated with Durusdinium trenchii (ITS2 profile D1-D4-D4c-D1ev-D10, Supplemental Table S2).




3.2. Net ROS and RNS Production during Thermal Stress in Exaiptasia diaphana and Galaxea fascicularis


In both holobionts, net ROS production increased during thermal stress and was higher in heat-exposed than control samples at the last two sampling time points (GLM, Tukey’s post hoc test, Exaiptasia diaphana day 36: p = 0.008, day 40: p = 0.007; Galaxea fascicularis day 15: p = 0.0140, day 27: p= 0.0024, Figure 4a,b). However, net ROS production in elevated temperature treatments between the start and end of the experiments was only significantly different in G. fascicularis (day 0 versus 27, GLM, Tukey’s post hoc test, p = 0.0001, Figure 4b). The significant difference in net ROS between elevated and ambient temperatures in E. diaphana at days 36 and 40 might have only emerged because of a decrease in net ROS under ambient temperatures towards the end of the experiment (Figure 4a). The observed increase in net ROS in E. diaphana is less biologically relevant, as large variations between genotypes were observed (Supplemental Figure S7a). In comparison, the observed significant increase in net ROS in the elevated temperature treatment was consistent across the three colonies of G. fascicularis (Supplemental Figure S7b).



Net RNS production did not change in heat-treated holobionts during the temperature ramping up (Figure 4c,d). A statistically significant decrease in net RNS in the elevated treatment was observed for E. diaphana on the last two sampling time points of the experiment (GLM, Tukey’s post hoc test, day 37: p = 0.015, day 40: p = 0.001, Figure 4c).




3.3. Activities of ROS-Scavenging and RNS-Synthesizing Enzymes during Thermal Stress in Exaiptasia diaphana and Galaxea fascicularis


Antioxidant enzyme activities did not show statistically significant results between control and heat-exposed samples of any holobionts (Figure 5), except for a significant increase in CAT activity of the symbiodiniacean compartment from heat-stressed Exaiptasia diaphana on day 32 (GLM, Tukey’s post hoc test, p = 0.027, Figure 5f). The lack of statistical significance in the remaining response variables might stem from high variability between and within sea anemone genotypes and coral colonies, respectively (Supplemental Figures S8 and S9).



Activities of the RNS-synthesizing enzyme NOS in both compartments of E. diaphana and Galaxea fascicularis remained similar between ambient and elevated treatments throughout the experiment (Figure 5i–l).





4. Discussion


To study the relative roles of ROS and RNS in the cnidarian heat-stress response, we compared the relative production of ROS and RNS in symbiodiniacean cells and activities of key enzymes involved in their synthesis or degradation in host and symbiodiniacean compartments of Exaiptasia diaphana and Galaxea fascicularis. Our results suggest that these oxygen radicals play a greater role in the heat stress response compared to the nitrogen radicals, especially in G. fascicularis.



4.1. GBR-Sourced Exaiptasia diaphana Is Not a Suitable Model to Study Coral Bleaching


Differences in bleaching metrics between elevated and ambient treatments indicated thermal bleaching occurred in Galaxea fascicularis but not in Exaiptasia diaphana. Exaiptasia diaphana has been an important model in the coral field for studying the establishment and maintenance of the cnidarian-symbiodiniacean symbiosis. However, there seem to be distinct differences in the breakdown of this symbiosis between G. fascicularis and E. diaphana [54], which may be due to a number of factors, including the holobionts harboring different communities of symbiodiniaceans (Durusdinium trenchii in G. fascicularis and Breviolum minutum in E. diaphana [49]).



Unexpectedly, the bleaching metrics of E. diaphana observed here differ from those observed in other studies from our laboratory that used the same GBR-sourced genotypes [45,46,50] (Supplemental Table S1). Specifically, one study that applied similar elevated temperatures and duration of heat exposure and used the same three E. diaphana genotypes showed significant loss of symbiodiniacean cells [46] (Supplemental Table S1), although not in all genotypes. It is possible that these inconsistent results reflect the facultative nature of the symbiodiniacean-E. diaphana symbiosis [60,61]. Additionally, other laboratories using E. diaphana from different geographic locations have been able to expose them to higher light intensities, such as 40 [62], 70 [44], or 95 [63] photons m−2 s−1. The lower light levels we were limited to using in the present E. diaphana experiment (15–20 photons m−2 s−1) may contribute to the observed differences in bleaching severity between the two holobionts, and the high light sensitivity makes GBR E. diaphana an inappropriate model to study coral bleaching. GBR-sourced E. diaphana remains a suitable model to study other aspects of the cnidarian-symbiodiniacean symbiosis [45], but we recommend using the emerging model, G. fascicularis, as a model for coral bleaching. This species is hardy, can be easily fragmented [43], and can be maintained in basic aquarium facilities.




4.2. The Oxidative Stress Response during Thermal Stress Was More Marked in Galaxea fascicularis than in Exaiptasia diaphana and Aligned with the Extent of Physiological Stress


The measurements of net ROS and RNS and relevant enzymes suggest that ROS production may play a role in thermal stress response in both Exaiptasia diaphana and Galaxea fascicularis (Figure 6).



Even though no bleaching was observed in E. diaphana, we still observed moderately higher levels of ROS and increased activity of an antioxidant enzyme, indicative of oxidative stress. The thermal stress response in E. diaphana (day 32) was characterized by significantly higher CAT activities in symbiodiniacean cells (day 32, Figure 6a). This suggests that H2O2 concentrations may have increased in the symbionts, as indicated by increases in CAT activity (CAT scavenges H2O2). Subsequently, net ROS in symbiodiniacean cells from E. diaphana increased moderately at elevated temperatures compared to the control in the last days of the experiment (day 36 and 40). This increase in ROS was moderate, because the difference in ROS between elevated and ambient temperatures was also driven by a decrease in the ambient treatment. Our results partially resemble previously described oxidative stress cascades in corals, i.e., the increase in CAT activities at the beginning of thermal stress [5,7]. However, it remains unclear to what extent ROS played a role during thermal stress in GBR E. diaphana, since E. diaphana only displayed a moderate heat stress response in this study (which, as mentioned earlier, may have been due to the low light levels required). Nonetheless, a recent study that applied the same light levels observed significant signs of thermal bleaching in GBR E. diaphana but demonstrated no increases in ROS, postulating no evidence for the oxidative stress theory of bleaching in these GBR sea anemones [45].



In G. fascicularis, both physiological measures of stress and the cascade of antioxidant responses were more marked than in E. diaphana. We measured significant increases of net ROS not only between elevated and ambient temperatures at both later time points (day 15 and 27), but also between the start and end of the experiment. This is consistent with the significant physiological signs of bleaching observed in G. fascicularis. At the beginning of the thermal stress experiment in G. fascicularis (day 15, Figure 6b), net ROS in symbiodiniacean cells already increased significantly in elevated compared to ambient treatments. By the time symbiodiniacean cell densities had declined significantly in heat-stressed G. fascicularis (day 27), net ROS production in symbiodiniacean cells had increased even further. The lack of differences in the activities of CAT and SOD between treatments throughout the sampling time points suggests that enzymes were already overwhelmed by the high ROS levels on day 15 and may have been inactivated. Indeed, increased concentrations of O2− (from 1 nM) inactivate enzymes [64], and high concentrations of H2O2 (0.01 to 2 M) reversibly inhibit and irreversibly inactivate mammalian CAT [65]. The ROS levels by which CAT and SOD are inactivated in corals remain to be investigated and may depend on a range of factors, such as the degree of adaptation of the holobiont to thermal stress or the taxonomic identity of the symbiodiniacean and/or coral host species. For corals, O2− production rates have only been reported once [66], and H2O2 has been reported twice [67,68]. Thus, the levels of H2O2 and O2− during bleaching in most coral species are currently unknown, as are the levels that might cause inactivation of antioxidant enzymes. In contrast, a previous study has shown significant trends of increased CAT and SOD activities in G. fascicularis host cells and symbiodiniaceans under thermal stress, although net ROS production was not quantified [69]. Since G. fascicularis was only exposed to 31 °C for up to 5 days in the previous study [69], it remains unclear whether the longer duration of thermal stress (9 days at constant 31.5 °C on day 15) and the significantly increased levels of ROS measured at day 15 in this study might have contributed to SOD and CAT having already reached a state of overburdening. Measuring antioxidant enzyme activities and ROS production at an earlier timepoint after temperatures reached 31.5 °C may have unraveled this question. Despite these differences, enhanced ROS production during thermal stress in G. fascicularis is consistent with the oxidative stress hypothesis of coral bleaching [5,6,7].




4.3. Ambiguous Role of RNS in the Thermal Stress Response of Exaiptasia diaphana and Galaxea fascicularis


The role of RNS during thermal stress was much more ambiguous than the role of ROS in both holobionts (Figure 6). Net RNS in symbiodiniacean cells was never significantly higher at elevated compared to ambient temperatures. In fact, net RNS production significantly decreased in heat-stressed Exaiptasia diaphana. These findings contrast with previous studies showing significant increases in RNS, measured with the same fluorescent probe, during thermal stress of E. diaphana from Florida (United States) [37]. The observed differences may be due to the sample’s genetic identity, different light levels used, or the different symbiodiniacean communities harbored. However, a recent study also found a significant decrease in RNS of thermally stressed symbiodiniaceans (Breviolum minutum) [70]. A possible scenario for not being able to detect an increase but a decrease in RNS in this study could be that it may have instantly reacted with OH− to form ONOO−. The formation of ONOO− from NO has been described to be part of the bleaching cascade when increased OH− becomes available during thermal stress, but we did not measure this in our model system. ONOO− has been found to increase in symbiodiniaceans from Aiptasia pulchella under heat stress [40]. Alternatively, downregulation of RNS production may be a strategy to survive short-term heat exposure, as previously hypothesized [43]. Future studies comparing RNS responses to acute thermal stress between cnidarian holobionts that differ in thermal tolerance could shed more light on this theory.



Our findings for Galaxea fascicularis suggest a lesser role of RNS in its thermal stress response compared to ROS. This is a novel observation for G. fascicularis and differs from recent findings in the coral Pocillopora acuta. Though freshly isolated symbiodiniaceans from thermally stressed G. fascicularis showed no increases in RNS but strong increases in ROS production, freshly isolated symbiodiniaceans from thermally stressed P. acuta showed higher RNS and minimal ROS production with increasing temperatures [43]. Interestingly, the study found that the pronounced increase in RNS in P. acuta was only linked to larger increases in temperature (~+2 °C), and a stronger role of ROS and more extreme physiological stress responses were detected at moderate thermal stress (~+0.5 °C) [43]. Since thermal thresholds of G. fascicularis from the GBR have not been studied before, further studies measuring ROS and RNS production in G. fascicularis exposed to different temperature regimes may unravel whether the relative roles of ROS and RNS vary with the degree of thermal stress.





5. Conclusions


There is serious concern that long-lived corals may not be able to naturally adapt fast enough to rising ocean temperatures, with a recent model predicting that environmental conditions will become unsuitable for coral reefs by 2035 [71]. Though it is necessary to counteract the root causes of climate change, a new field of research has emerged that aims to accelerate coral adaptation to climate change [72]. The concept of assisted evolution in corals includes intra- and inter-specific hybridization of the coral host [73], selective breeding within populations, preconditioning, and manipulation of coral-associated symbionts such as symbiodiniaceans [74,75] and bacteria [46,76,77,78,79]. To develop successful bleaching mitigation methods, it is critical to understand the proximate cellular mechanisms that drive coral bleaching, particularly those of coral models.



Our findings indicate that Galaxea fascicularis represents a suitable model to study the role of ROS in thermally induced coral bleaching. This is important, as many approaches for the mitigation of coral bleaching aim to enhance ROS scavenging within cnidarian holobionts by assisted evolution approaches, particularly via bacterial microbiome manipulation [46,78,79,80]. When developing such ROS-scavenging approaches, it is crucial that the role of ROS is well understood in the model used. Bleaching responses and ROS production in thermally stressed G. fascicularis, compared to E. diaphana, both from the GBR, were more similar to patterns observed in other coral species. As corals of the genus Galaxea from the GBR have shown to associate with symbiodiniaceans of the genera Cladocopium and/or Durusdinium [81,82], and this study tested G. fascicularis colonies harboring Durusdinium only, it remains to be investigated if and how thermal stress responses are affected by the composition of the associated symbiodiniacean communities. Galaxea fascicularis is found in a wide range of reef habitats worldwide and is a dominant species on some inshore fringing reefs [83]. Galaxea fascicularis is already an emerging model in the coral field [47], due to the ease by which coral colonies can be fragmented, its ability to thrive in simplified aquarium systems, and the potential to induce the loss of symbiodiniaceans from its tissues by menthol bleaching [47]. This study provides the first detailed insight into ROS and RNS production and scavenging during thermal stress in G. fascicularis, which will help establish G. fascicularis as a coral model.
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Figure 1. Main mechanisms hypothesized to be involved in the coral bleaching cascade. Step A: Generation of various reactive oxygen species (ROS) in response to damage to the symbiodiniacean photosynthetic machinery due to thermal and light stress. Formation of superoxide (O2−) from photosynthetic O2 due to the inhibition of the electron transfer from PSII to PSI (Mehler reaction). Transformation of O2− to hydrogen peroxide (H2O2) by superoxide dismutase (SOD) and further to O2 by catalase (CAT). H2O2 may be released to the host cells via aquaporins. Formation of hydroxyl radicals (OH−) from O2− if transition metal ions (Fe2+) are present (Haber–Weiss reaction). Step B: Generation of singlet oxygen (1O2) from photosynthetic O2 and 1O2-sensitizing metabolites, previously released by the algal symbiont. Step C: Formation of peroxynitrite (ONOO−) from nitric oxide (NO) and OH− disrupts electron transport within mitochondria. Step D: Acceleration of ROS production within mitochondria due to increased respiration and inhibition of the electron transport. Step E: Calcium (Ca2+) release from the endoplasmic reticulum to the mitochondria and subsequent release of cytochrome c (Cyt c) from mitochondria. Step F: Further ROS production in the endoplasmic reticulum as a consequence of enhanced protein repair and re-folding. Step G: Increased ROS, NO, or mitochondrial uptake of Ca2+ impedes the mitochondrial B-cell lymphoma 2 protein (BCL2) to prevent the release of Cyt c. Host cell apoptosis in response to Cyt c binding to the apoptosome and inducing caspase activity. Figure adapted with permission from Oakley and Davy [5]; published by Springer Nature, 2018. Created with BioRender.com (accessed on 23 April 2023). 
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Figure 2. Temperature profiles and sampling schedule of experiments examining the role of ROS and RNS during bleaching in (a) Exaiptasia diaphana and (b) Galaxea fascicularis. Experiments were conducted separately for E. diaphana and G. fascicularis with three genotypes or colonies, respectively, and 36-well plates or 6 tanks per treatment, respectively. Circles represent measurement and sampling timepoints. Parentheses indicate the measurements that were taken with the same specimen. Replicate numbers are given per genotype or colony per temperature treatment on each sampling time point. In E. diaphana, each replicate was a single sea anemone, and in G. fascicularis, each replicate was a fragment of three polyps. 
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Figure 3. Bleaching metrics of Exaiptasia diaphana and Galaxea fascicularis, each comprising (a,b) maximum quantum yield of symbiodiniaceans (Fv/Fm) (n = 60 per treatment), (c,d) symbiodiniacean density (n = 15), (e,f) holobiont respiration rates (n = 12), and (g,h) gross photosynthesis rates (n = 12). Bars depict standard deviation. Data shown for day 0 for both temperature treatments correspond to the same replicates. Asterisks display statistical significance according to Tukey’s HSD post hoc pairwise comparisons based on generalized linear models (p-value < 0.001 = ***, <0.01 = **, <0.05 = *). 
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Figure 4. Net ROS production of (a) Exaiptasia diaphana and (b) Galaxea fascicularis and net RNS production of (c) E. diaphana and (d) G. fascicularis. Net ROS was measured as signal intensity of CellROX-stained symbiodiniacean cells. Net RNS was measured as signal intensity of DAF-FM DA-stained symbiodiniacean cells. Signal intensities were normalized by subtracting the median signal of unstained cells to control for autofluorescence. Bars depict standard deviation. N = 15 per temperature treatment. Data shown for day 0 for both temperature treatments correspond to the same replicates. Asterisks display statistical significance according to Tukey’s HSD post hoc pairwise comparisons based on generalized linear models (p-value < 0.001 = ***, <0.01 = **, <0.05 = *). 
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Figure 5. Activities of SOD in (a) host and (b) symbiodiniacean compartments of Exaiptasia diaphana, and in (c) host and (d) symbiodiniacean compartments of Galaxea fascicularis. Activities of CAT in (e) host and (f) symbiodiniacean compartments of E. diaphana, and in (g) host and (h) symbiodiniacean compartments of G. fascicularis. Activities of NOS in (i) host and (j) symbiodiniacean compartments of E. diaphana, and in (k) host and (l) symbiodiniacean compartments of G. fascicularis. Bars depict standard deviation. N = 12 per temperature treatment. Data shown for day 0 for both temperature treatments correspond to the same replicates. Asterisks display statistical significance according to Tukey’s HSD post hoc pairwise comparisons based on generalized linear models (p-value < 0.05 = *). 
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Figure 6. Heatmap showing relative changes in measured parameters in the elevated compared to the ambient temperature treatments over the course of the experiments on (a) Exaiptasia diaphana and (b) Galaxea fascicularis. Asterisks display statistical significance according to Tukey’s HSD post hoc pairwise comparisons based on generalized linear models (p-value < 0.001 = ***, <0.01 = **, <0.05 = *). Graphs below each heatmap show the temperature profile of the elevated treatment for each experiment. 
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