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Abstract 15 

Reef-building corals owe their evolutionary success to their symbiosis with unicellular algae 16 

(Symbiodiniaceae). However, increasingly frequent heat waves lead to coral mass-bleaching 17 

events and pose a serious threat to the survival of reef ecosystems. Despite significant efforts, a 18 

mechanistic understanding of coral-algal symbiosis functioning, what leads to its breakdown and 19 

what can prevent it, remains incomplete. The main obstacles are low amenability of corals to 20 

experimental handling and, owing to its obligatory nature, the difficulties of manipulating the 21 

coral-algal association. Indeed, many studies on the symbiotic partnership are conducted on other 22 

cnidarian model organisms and their results may therefore not be fully transferable to tropical reef-23 

building corals. Here, we identify the tropical stony coral species Galaxea fascicularis as a novel 24 

candidate coral model system. Individual polyps of this species can be separated, enabling highly 25 

replicated genotype studies, and are well suited to experimental investigation of the symbiosis as 26 

they can be easily and effectively rid of their algal symbionts (bleached). We show that bleached 27 

adult individuals can reestablish symbiosis with homologous and heterologous symbionts. We also 28 

report the completion of the gametogenic cycle ex-situ and the successful spawning in aquaria over 29 

multiple years. These achievements help overcome several of the major limitations to direct 30 

research on corals and highlight the potential of G. fascicularis as an important new model system 31 

for investigations of symbiosis functioning and manipulation. 32 
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Introduction 37 

Reef-building corals form obligatory endosymbiotic association with unicellular algae of the 38 

family Symbiodiniaceae. This association is key to their evolutionary success, but it is also at the 39 

heart of corals’ susceptibility to global climate change, which manifests in coral bleaching - the 40 

breakdown of the coral-algal symbiosis (Dietzel et al. 2020). Bleaching is mostly driven by marine 41 

heatwaves which are predicted to worsen, causing the loss of virtually all coral reefs by the end of 42 

this century (van Hooidonk et al. 2016).  43 

The interaction between heat stress and bleaching has been studied for more than 30 years (Gates 44 

et al. 1992; McLachlan et al. 2020), but a detailed understanding of the mechanisms underlying 45 

coral bleaching is still missing. Progress in coral symbiosis research is hampered by two main 46 

aspects. First, corals are challenging to maintain in aquarium settings as they tolerate only a narrow 47 

range of environmental conditions. Second, the obligatory nature of the coral-algal association 48 

makes it particularly challenging to physically and functionally separate the partners, an approach 49 

often necessary to unravel the mechanisms underlying symbiosis breakdown and what could 50 

prevent it (Weis et al. 2008; Voolstra 2013).  51 

Model organisms are integral for understanding fundamental biological principles and symbiotic 52 

cnidarians have successfully been used as “coral models”, advancing our understanding of coral 53 

bleaching and holobiont functioning (Weis et al. 2008). These model organisms share important 54 

traits with corals, such as being cnidarians that associate with microalgae, yet they also lack other 55 

features that normally represent obstacles to research work such as the calcium carbonate skeleton. 56 

In addition, the ability to study the animal host and its algal symbiont in isolation is more easily 57 

achieved with facultatively symbiotic organisms such as Hydra spp., Aiptasia (Exaiptasia 58 

diaphana), and Astrangia spp. (Dimond and Carrington 2007; Weis et al. 2008; Galliot 2012). 59 
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Cnidarian model organisms allow the study of basal or shared traits or phenomena at a speed that 60 

would not be possible with reef-building corals, but testing on the latter remains necessary for the 61 

understanding of coral-specific or ecologically relevant aspects. The obligatory symbiosis with 62 

Symbiodiniaceae in reef-building corals has important biological implications (Falkowski et al. 63 

1984; Hoegh-Guldberg 1999), similar to the calcification process that is deeply intertwined with 64 

coral physiology and ecology (Gattuso et al. 1999). It is therefore important to establish a “true” 65 

tropical reef-building coral model species. 66 

The richness of the scleractinian taxon offers a vast array of species to choose from in the quest 67 

for a suitable candidate coral model species. These can be evaluated for their tractability (as 68 

amenability to experimental work) considering several aspects which, as proposed by Puntin et al. 69 

(2022) should include: 1) pre-existing knowledge: baseline information of the organism’s biology 70 

is necessary to interpret and contextualize results; 2) compatibility with aquarium rearing: the 71 

possibility to maintain the organism and preferably to complete its life cycle in the lab is essential 72 

to increase its availability, reduce confounding effects such as unknown life history, improve 73 

reproducibility, and lower the pressure on threatened wild populations; 3) amenability to symbiosis 74 

manipulations is necessary to help unravel complex coral-algal functional interactions, and can be 75 

broken down into the organism’s suitability to be rendered aposymbiotic (bleached), to be 76 

maintained aposymbiotic for a certain time, and to then be re-infected with Symbiodiniaceae. 77 

We have identified the coral species Galaxea fascicularis (Linnaeus, 1767) (clade: Complexa, 78 

family: Euphyllidae) as a promising candidate coral model system. The species is relatively 79 

common across the Indo-Pacific region (Veron et al. 2016), where the phylogeny of the genus 80 

Galaxea is geographically well resolved (Wepfer et al. 2020b). It is also one of the more commonly 81 

used species in heat-stress experiments (McLachlan et al. 2020) and in studies on coral 82 
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calcification (e.g., Marshall and Clode 2004; Al-Horani 2005). Importantly, other community 83 

resources such as an annotated draft genome are available (Liew et al. 2016; Niu et al. 2016, 84 

http://www.gfas.reefgenomics.org/). In addition, G. fascicularis is known for its tolerance to 85 

stressors as it is “largely unaffected by bleaching” in the field (Marshall and Baird 2000) and for 86 

being easy to grow and propagate in aquaria (Pavia and Estacion 2019). Further, its morphology 87 

provides additional practical advantages with relatively big polyps, which can be easily isolated 88 

(Al-Horani 2005). This conveniently allows reduction of the complexity of the organism from 89 

colonial to individual, enables high clonal replication, and facilitates visualization (Al-Horani et 90 

al. 2003; Marshall and Clode 2004). Its association with Symbiodiniaceae is relatively well 91 

characterized (Huang et al. 2011; Wepfer et al. 2020a). Furthermore, the species’ reproductive 92 

mode and spawning patterns in the wild are well documented (Babcock et al. 1986; Harrison 1988; 93 

Keshavmurthy et al. 2012). However, its amenability to symbiosis manipulation, to experimental 94 

handling of bleached individuals, and the ability to complete gametogenic cycles and spawning in 95 

closed aquaria has not yet been described. 96 

The overarching aim of this study was to explore the potential of Galaxea fascicularis as a coral 97 

model. Specifically, we investigated: 1) the feasibility to render polyps aposymbiotic by 98 

eliminating Symbiodiniaceae (bleaching), 2) the amenability to experimental manipulation of 99 

symbiotic and aposymbiotic polyps in a simplified system, 3) the re-establishment of the symbiosis 100 

with various species of Symbiodiniaceae, and 4) the possibility to induce full gametogenic cycles 101 

ex situ, with subsequent spawning under aquarium conditions. These aspects are central to 102 

overcoming the two main obstacles to coral research work: low tractability of corals and their 103 

complex nature. 104 
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Materials and methods 105 

Coral collection and long-term aquarium rearing  106 

Colonies of Galaxea fascicularis were collected from three geographical locations: the Red Sea, 107 

Hong Kong, and the Great Barrier Reef. Red Sea colonies were collected at 9-13 m depth at the 108 

North-Eastern protected end of the reef “Al Fahal” in the central Saudi Arabian Red Sea (22.3054°, 109 

38.9655°) in March 2019, and transported to the Ocean2100 aquarium facility at Justus Liebig 110 

University Giessen (Germany) where they are part of the live collection (CITES permit 19-SA-111 

000096-PD). In the aquarium system, light was provided by white and blue fluorescent lamps with 112 

a light:dark cycle of 12:12 h at 130 -160 µmol photons m-2 s-1, which approximates light condition 113 

at the collection site (Ziegler et al. 2015). Salinity was maintained around 35 and temperature at 114 

26 °C. Colonies were fed daily with a combination of frozen copepods, Artemia, krill, and Mysis. 115 

Hong Kong colonies were collected from 5 m (max. depth) from Crescent Island (22.5308°, 116 

114.3150°) in November 2020 and transported to the University of Hong Kong, where they were 117 

fragmented and acclimated to aquarium conditions for one month. The aquarium system consisted 118 

of 6-L acrylic tanks placed within a Plant Growth Chamber (Panasonic MLR-352H-PA). Each 119 

tank held eight ~3 cm-nubbins and was fitted with a submersible pump (Atman AT301) and a 120 

small water filter (Shiruba PF120). The fragments used in symbiosis reestablishment were fed 121 

twice-weekly with a powdered blend of marine plankton (ReefRoids, Polyp Lab) followed by a 122 

partial water change. Light, salinity, and temperature conditions were consistent with those 123 

maintained in the Ocean2100 facility. 124 

For ex situ spawning, 35 colonies were collected from Arlington Reef, Great Barrier Reef, 125 

Australia (-16.7000°, 146.0500°) in September 2019, and transported to the Horniman Museum 126 

and Gardens (United Kingdom; CITES permit 585319/01). Colonies were distributed into four 127 
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coral spawning systems that replicated the natural environmental parameters (seasonal 128 

temperature, photoperiod, solar irradiance, and lunar cycle) required to stimulate reproduction. 129 

Aquarium design and coral husbandry protocol was based on the mesocosms described by Craggs 130 

et al. (2017), and the seasonal temperature profile were based on a non-sequential eight year 131 

average (1998 - 2017) from Moore Reef (-16.8667°, 146.2334°') 132 

(http://data.aims.gov.au/aimsrtds/datatool.xhtml?site=931&param=water%20temperature). 133 

Preparation of single polyps for experimentation 134 

For the menthol bleaching and thermal performance experiment, we used single polyps from three 135 

Red Sea colonies each showing distinct coloration (Fig. S1). Replicate clonal polyps were isolated 136 

from each colony using an electric rotary cutter, mounted on coral glue (Grotech, CoraFix 137 

SuperFast), and allowed to heal for two weeks in the Ocean2100 aquarium facility (Schubert and 138 

Wilke 2018). 139 

Menthol bleaching to remove algal symbionts 140 

An equal number of polyps from each colony were randomly assigned to the control group 141 

(maintained in a symbiotic state), and the bleached group (chemically bleached with menthol). 142 

Menthol bleaching followed a protocol modified from Wang et al. (2012) and consisted of three 143 

days of treatment in 0.38 mM menthol solution in seawater, followed by a day of rest and a fourth 144 

day of menthol treatment. Each day the polyps were incubated in menthol for 8 h under light and 145 

stirring (Fig. S2). After, the polys were rinsed and kept in clean containers with air bubbling and 146 

stirring. During menthol treatment, the treated polyps were only exposed to filtered (1.2 µm) 147 

artificial seawater (FASW) to prevent exposure to Symbiodiniaceae. Following, all polyps 148 

(including, for consistency, the symbiotic group) were maintained in FASW. 149 
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To confirm bleaching, half of the polyps from each group (bleached and symbiotic) and each 150 

colony were visually assessed with a fluorescence stereomicroscope (Leica MZ16 F) 10 days after 151 

the termination of the menthol treatment. Representative pictures were taken under natural light 152 

(brightfield, light source: 2950 K) and under UV light with GF2 filters allowing visualization of 153 

the green fluorescent proteins and chlorophyll (Fig. 1a). Following the same bleaching protocol, 154 

menthol-bleached polyps were also documented using a compound epifluorescence microscope to 155 

reach higher resolution (Leica DM 5500B, TX2 filter) (Fig. 1b). 156 

Thermal performance experimental design 157 

Symbiotic and bleached polyps were moved to the experimental tanks on the day after the last 158 

menthol exposure and allowed to recover and acclimate for 10 days. The experimental system 159 

consisted of eight 5-L glass tanks (20 cm × 30 cm) equipped with a small pump (Resun SP-500) 160 

in a temperature-controlled water bath (26 ˚C). White fluorescent lamps were used to maintain the 161 

light cycle and intensity consistent with long-term rearing conditions. Bleached and symbiotic 162 

polyps were kept in separate tanks (four per group) filled with FASW, with three to six polyps 163 

each (Fig. S3). Polyps were fed each day after the end of the dark incubation, followed by 10 % 164 

water change after 2-3 h. Each polyp was fed one small frozen adult Artemia shrimp pipetted 165 

directly on top of the oral opening. The polyps were cleaned every two to three days after the 166 

incubations to remove fouling that would interfere with respirometry measurements. 167 

To test the amenability to experimental handling of single polyps and to compare metabolic rates 168 

of bleached and symbiotic polyps, we conducted a thermal performance curve experiment. 169 

Photosynthesis and respiration of G. fascicularis polyps were measured across 12 ˚C temperature 170 

over 10 days. For this, the polyps were acclimated to a different temperature each day, in the 171 
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following order: 20, 22, 23, 24, 25, 26, 27, 28, 30 to 32 °C. The temperature of the water bath was 172 

changed overnight, and incubations took place the subsequent day at the respective temperature.  173 

Photosynthesis and respiration of symbiotic and bleached polyps 174 

We measured oxygen evolution of individual G. fascicularis polyps in light and dark incubations 175 

to calculate net photosynthesis (PN) and dark respiration (R) respectively. For these measurements 176 

four bleached and four symbiotic polyps from three colonies were used (n = 12). Every day, each 177 

polyp was placed in individual 160 mL glass incubation jars (Weck, Germany), equipped with a 178 

magnetic stirrer (~5 cm s-1). Three additional jars containing only seawater and stirring bars were 179 

used to control background biological activity. Light intensity of 230 - 280 µmol photons m-2 s-1 180 

during light incubations (ATI 80W Aquablue Special) and temperatures were maintained through 181 

thermostat-controlled water baths placed on a custom-made multiplate stirring system (Rades et 182 

al. 2022).   183 

Dissolved oxygen (DO) was measured at the start and at the end of each incubation using a 184 

handheld multiparameter probe (WTW Multi 3620 IDS set). Light incubations lasted 2 h around 185 

mid-day followed by 1.5 h of dark incubation. Net photosynthesis and respiration were calculated 186 

using the following formula (Schneider and Erez 2006): 187 

𝑃𝑁	𝑜𝑟	𝑅[𝑚𝑔𝑂+	 × 𝑐𝑚.+ × ℎ.0] 	= 	
∆𝑂+[𝑚𝑔 × 𝐿.0] 	×	𝑉6789:;<6=7[𝐿]

𝑇[ℎ] × 𝑆𝐴[𝑐𝑚+]  188 

Where ΔO2 is the difference in dissolved oxygen between the end and the start of the incubation 189 

(DOend - DOstart) corrected for the controls’ ΔO2. This is multiplied by the volume of the incubation 190 

chambers in L (Vincubation), and divided by incubation time (T) in hours and polyp surface area (SA) 191 

in cm2. 192 
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Surface area measurements 193 

Polyp surface area was measured through photogrammetry. Between 40 to 50 pictures of each 194 

polyp were taken with a phone camera two days before the beginning of the incubations. These 195 

were used to create 3D models with 3DF Zephyr Free (v.4.523), cleaned on Artec3D (Studio 11 196 

Professional v.11.2.2.16), and loaded on MeshLab (v.2016.12, Cignoni et al. 2008) for size scaling 197 

and calculation of live coral surface area. 198 

Thermal performance data analysis 199 

All analyses were conducted in the R statistical environment (v.4.1.0, R Core Team 2021) and 200 

plotted with ggplot2 (v.3.3.5, Wickham 2016). The effects of symbiotic state (‘symbiotic’ vs. 201 

‘bleached’) or colony identity on net photosynthesis (PN) and respiration (R) were analyzed using 202 

linear mixed-effect models. The effect of symbiotic state on R was tested by setting ‘symbiotic 203 

state’ as a fixed factor and ‘polyp identity’, ‘colony’, and ‘temperature’ as random factors. The 204 

effect of colony identity on PN and R was tested considering light and dark incubations separately 205 

and setting ‘colony identity’ as fixed factor and ‘polyp identity’, ‘temperature’, and ‘symbiotic 206 

state’ as random factors. The package ‘lmerTest’ (v.3.1-3, Kuznetsova et al. 2017) was used to 207 

construct the models and calculate p-values. The package ‘performance’ was used to check the 208 

residuals of fixed and random factors and to compare alternative models (v.0.7.3, Lüdecke et al. 209 

2021). Differences between colonies were tested as pairwise comparisons of estimated marginal 210 

means (Searle et al. 1980) with Bonferroni correction with the ‘emmeans’ package (v.1.6.2-1). 211 

Symbiosis reestablishment after bleaching 212 

We explored the possibility of returning polyps to the symbiotic state after menthol bleaching 213 

using three approaches. The first and simplest approach consisted of testing natural symbiont 214 

acquisition. One month after the menthol treatment, bleached polyps were placed next to symbiotic 215 
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colonies of G. fascicularis to expose them to Symbiodiniaceae naturally released from conspecifics 216 

into the water column. The second approach consisted of inoculating bleached polyps with freshly 217 

isolated Symbiodiniaceae from symbiotic G. fascicularis. For this, a donor polyp from each colony 218 

was placed upside-down inside a 1.5 mL tube and centrifuged (Heraeus Biofuge Pico, England) at 219 

8,300 g for 1 min to detach the tissue from the skeleton (Wilkinson et al. 2016). The slurry was 220 

homogenized with 600 µl of FASW, centrifuged at 3,400 g for 1 min, and the resulting pellet 221 

resuspended twice to clean the algal fraction. This Symbiodiniaceae suspension was used to 222 

inoculate two to three polyps each with Symbiodiniaceae from the same colony or from one 223 

respective other colony. For the inoculation, bleached polyps were placed in individual beakers, 224 

the Symbiodiniaceae inoculum was pipetted on the oral opening together with one Artemia shrimp, 225 

and allowed to feed for 3 h. Subsequently, inoculated polyps were transferred to the long-term 226 

rearing aquarium facility. Symbiosis reestablishment was visually assessed after one month 227 

(Fig. 3).  228 

The third approach consisted of inoculating menthol-bleached coral nubbins with cultured 229 

Symbiodiniaceae. Two species of symbionts, Cladocopium goreaui and Durusdinium trenchii 230 

were chosen for targeted reinfection of the bleached fragments, as species from both these genera 231 

are known to form stable symbiosis with G. fascicularis across the South China Sea (Tong et al. 232 

2017). Batch cultures of C. goreaui (AIMS-SCF-055, isolated from Acropora tenuis) and D. 233 

trenchii (AIMS-SCF-088, isolated from A. muricata) were obtained from the Symbiont Culture 234 

Facility at the Australian Institute of Marine Science and maintained in f/2 media (Guillard 1975) 235 

under the same conditions as the corals. A total of 16 fragments were inoculated with a 236 

concentration of 200 symbiont cells ml-1 in each 6-L aquarium. The concentration of symbionts 237 

was divided in a 90:10 ratio (180 cells ml-1 D. trenchii : 20 cells ml-1 C. goreaui). This ratio was 238 
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chosen because G. fascicularis is more commonly associated with symbionts from the genus 239 

Cladocopium under the temperature conditions of this experiment (Dong et al. 2009; Zhou et al. 240 

2017b). The symbiont aliquots were centrifuged to remove the culture media, washed once with 241 

FASW before final resuspension in 10 mL FASW. The bleached fragments were first fed with 242 

ReefRoids before being exposed to the chosen symbionts. For this, a suspension of ReefRoids in 243 

ASW was pipetted directly into the oral opening of each polyp. The same process was then 244 

immediately repeated with the suspended symbionts. Aquarium filters were turned off for 1 h to 245 

allow the corals to feed and to prevent removal of symbiont cells from the water column. 246 

Fragments were inoculated twice a week for 6 weeks, until symbiosis reestablishment was visually 247 

confirmed. Symbiodiniaceae populations in hospite were then characterized with fluorescent in-248 

situ hybridization (FISH) and flow cytometry (McIlroy et al. 2020). 249 

Fluorescent In-Situ Hybridisation (FISH) 250 

After 6 weeks of inoculation, a single polyp was removed from each fragment with a chisel. Tissue 251 

was removed from the skeleton with an airbrush containing deionized water. The resulting slurry 252 

was homogenized using a 20-µl pipette tip. 1.5 mL of homogenate was transferred to a 2-mL 253 

Eppendorf tube and centrifuged at 500 rpm for seven minutes, after which the supernatant was 254 

discarded. The remaining pellet was washed once before being preserved in 5X SET buffer and 255 

stored at -80 °C for further analysis.  256 

Samples were prepared following an adapted protocol from McIlroy et al. (2020). Briefly, after 257 

washing with 5X SET in IGEPAL at 0.4 and 0.1 % vol/vol samples were split equally between 258 

three 1.5-mL black Eppendorf tubes. Each sample had one tube treated with a SymC probe, one 259 

tube with a SymD probe and one without any probe as a control. Both SymC and SymD probes 260 

were designed to have genus-level specificity for Cladocopium and Durusdinium, respectively. 261 
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After overnight hybridization at 45 °C (5X SET, 0.1 % vol/vol IGE- PAL, 10 % vol/vol formamide 262 

and 100 pmol of the relevant probe), samples were washed once in warm 1X SET, vortexed and 263 

resuspended in 500 µl of 1X SET for same-day cytometric analysis on a BD FACSAria Fusion 264 

flow cytometer (BD Biosciences, CA). FlowJo™ Software (v.10.8.1, BD Life Sciences) was used 265 

to determine the percentage of probe-positive cells (either Cladocopium or Durusdinium), to 266 

identify a) the presence and b) the relative abundance of each algal genus within the sample. 267 

Completing gametogenic cycles and ex-situ spawning 268 

Galaxea fascicularis in the GBR spawns between October and December, 0.05-200 minutes after 269 

sunset (MAS) and 1 – 8 nights after full moon (NAFM) (Babcock et al. 1986; Baird et al. 2021). 270 

To determine if the ex situ reproductive pattern remained in synchrony with the wild we followed 271 

our colonies over three consecutive reproductive seasons (2019 – 2021). 272 

To ascertain gamete development in each colony, two months prior to predicted spawning, and 273 

two to four days prior to the full moon, whole polyps were removed from each colony and 274 

longitudinal sections imaged (Canon 5d MKIII, Fig. 4a,d). Based on the stage of gamete 275 

development in these sections ex situ spawning activity was predicted. 276 

To record spawning observations each year, colonies were observed with red head torches during 277 

the predicted spawning months. Observations commenced two NAFM and 30 mins prior to the 278 

predicted spawning time, during which time the broodstock aquariums were isolated from the 279 

filtration system. In addition, all internal water pumps were also turned off leaving the aquariums’ 280 

water static. Observations continued over multiple consecutive nights until all colonies that had 281 

developed gametes, during that reproductive season, spawned. Spawning date and time of each 282 

colony was recorded, with onset of spawning being denoted as the time of first gamete release. 283 
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Following release, gametes were pooled to allow fertilization to occur, and subsequent embryos 284 

were reared and larvae settled following the method described by Craggs et al. (2019). 285 

Results 286 

Production of single polyps and long-term rearing of bleached polyps  287 

We produced clonal replicates of G. fascicularis colonies from the Red Sea and Hong Kong and 288 

bleached them with menthol. All polyps (n = 24, including additional polyps not used in this 289 

experiment) and all coral fragments (n = 16) survived the menthol treatment and appeared visually 290 

completely white. Visual inspection under a fluorescent stereomicroscope revealed no detectable 291 

algal cells in the bleached polyps (Red Sea colonies, Fig. 1a), but inspection at higher 292 

magnification (compound fluorescent microscope, ×400) revealed the presence of few scattered 293 

algal cells, limited to the base of the tentacles (Fig. 1b). 294 

All polyps that were employed in the thermal performance experiment (n = 12) remained visually 295 

completely bleached and viable throughout the 10 days of temperature treatment, with the 296 

exception of two polyps that appeared dead on the 7th and 8th day of incubation, respectively. These 297 

polyps showed atrophic and unresponsive tentacles, and overall thinning of the soft tissue until it 298 

was not recognizable. Overall, we successfully maintained the bleached polyps for three weeks 299 

from the termination of the menthol treatment. 300 
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301 

Fig. 1 Microscopic comparison between symbiotic and menthol-bleached polyps. 302 

Representative stereo and compound micrographs in bright field and UV light, with filters for 303 

chlorophyll (red) and coral tissue (green) autofluorescence. a Symbiodiniaceae cells are abundant 304 

in symbiotic polyps while not detectable in bleached polyps. b At higher magnifications, few algal 305 

cells are still detectable in bleached polyps only at the base of the tentacles (arrows) 306 

Amenability to experimental manipulation and broad thermal tolerance 307 

Symbiotic (untreated) polyps had positive net photosynthesis across all temperatures from 21 to 308 

32 °C (Fig. 2). Net photosynthesis peaked at 23 °C (mean 13.05 µg O2 cm-2 h-1) and reached the 309 

minimum at 32 °C (mean 3.26 µg O2 cm-2 h-1). In contrast, respiration overall increased with 310 

temperature with minimum values at 21 °C (mean 5.77 µg O2 cm-2 h-1) and maximum at 32 °C 311 

(mean 25.70 µg O2 cm-2 h-1; Fig. 2). Bleached polyps, as expected by their lack of photosymbionts, 312 

exhibited a net oxygen depletion. Similar to symbiotic polyps, respiration in bleached polyps 313 

increased with temperature, both in light and dark incubations (Fig. 2). Overall, respiration in 314 

symbiotic polyps was higher than in bleached polyps (Plmer < 0.001). 315 
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While net photosynthesis was similar between colonies (Plmer > 0.05), respiration was significantly 316 

higher in one colony (Plmer < 0.001) compared to the other two (RS2-RS1: PBonf < 0.01; RS2-RS3: 317 

PBonf < 0.001; RS1-RS3: PBonf > 0.05; Fig. S4).  318 

319 

Fig. 2 Net photosynthesis and respiration rate of symbiotic states in Galaxea fascicularis. 320 

Symbiotic (brown symbols) and Bleached (white symbols) polyps in light and dark incubations. 321 

Noise added (jittering) for ease of visualization, means per group depicted as diamonds. n = 12 322 

Symbiosis re-establishment after bleaching 323 

Natural symbiont uptake by placing menthol-bleached polyps next to symbiotic colonies resulted 324 

in the re-establishment of the coral algal symbiosis. In the long-term, these polyps grew into small 325 

colonies that were visually indistinguishable from untreated corals (Fig. S5a). The degree and 326 

speed of repopulation differed between polyps from different colonies. One month after natural 327 

uptake, polyps from one colony appeared fully symbiotic while polyps from another colony were 328 

only intermediately populated (Fig. 3a). 329 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2022. ; https://doi.org/10.1101/2022.06.02.494472doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.02.494472
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

Inoculation with freshly isolated Symbiodiniaceae was followed by symbiont repopulation in three 330 

out of seven bleached polyps. These belonged to the same colony and repopulation was 331 

independent of the source inoculum (i.e. symbionts isolated from the same or from a different 332 

colony). Similar to the successfully repopulated polyps from natural uptake, successfully 333 

inoculated polyps grew into small colonies visually indistinguishable from untreated corals one 334 

year later (Fig. S5b). 335 

Inoculation with cultured symbionts resulted in successful symbiosis re-establishment for 100 % 336 

of the samples (n = 16), which were macroscopically visibly symbiotic. Of these, nine samples 337 

were successfully FISH hybridized, with the genus-specific probes identifying the presence of both 338 

target genera in each sample (Fig. 3b). Individual variation in the relative ratio of each genus was 339 

evident among the fragments, with Durusdinium contributing to 4 – 63 % of cells and 340 

Cladocopium to 37 – 82 % (Fig. 3b). A small, but significant proportion of symbionts remained 341 

unlabeled in some samples. These may represent additional symbiont genera or be the result of 342 

variable probe efficiency. 343 
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344 

Fig. 3 Symbiosis reestablishment of menthol-bleached polyps following inoculation with 345 

Symbiodiniaceae. a Representative stereomicrographs of untreated (‘Symbiotic’) polyp and fully 346 

aposymbiotic (‘Bleached’) polyp 10 days after menthol treatment. One month after inoculation 347 

with freshly isolated Symbiodiniaceae, polyps originating from different colonies show different 348 

degrees of repopulation. UV light visualizes chlorophyll (red) and host tissue (green) fluorescence. 349 

Bright field: natural light (2950 K); UV light + GF2 filter; (Leica, MZ16 F). Scale bar = 2 mm. b 350 

Relative abundance (%) of Cladocopium (gray), Durusdinium (black), and unlabeled cells (white) 351 

following menthol bleaching and inoculation with cultured algae of these genera. The presence of 352 

both genera is confirmed, with individual variation in relative ratios across fragments (n = 9).  353 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2022. ; https://doi.org/10.1101/2022.06.02.494472doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.02.494472
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

Ex-situ spawning 354 

Spawning was observed each year over the three-year observation period for all 35 colonies. 355 

Annual fecundity, as a percentage of colonies completing a full gametogenic cycle, was 43.97 % 356 

(3.02 sd) (2019: 40.48 %, 2020 and 2021: 45.71 %) during these three spawning cycles.   357 

Spawning occurred in synchrony with wild predictions, with gametes being released in November 358 

and December each year, between 0.26 - 259 MAS and 5 - 9 NAFM (Fig. 4b-c & e-f). Following 359 

embryo rearing, Symbiodiniaceae were observed within primary polyps 14 days post settlement 360 

(Fig. 4g). Polyps were fully developed 40 days post settlement (Fig. 4h) and grew into small 361 

colonies within the first six months (Fig. 4i). 362 
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 363 

Fig. 4 Galaxea fascicularis spawning ex situ. Representative images of gamete development and 364 

spawning in female and male colonies. a Longitudinal section of female polyp with pinkish-red 365 

pigmented oocytes. b Female colony releasing oocyte bundle ex situ. c Close-up of female bundle 366 

post release. d Longitudinal section of male polyp with white oocytes. e Male colony releasing 367 

oocytes/sperm bundle ex situ. f Close-up of male gamete bundles post release undergoing 368 

disassociation. g Newly settled G. fascicularis primary polyps showing initial Symbiodiniaceae 369 

(arrow) uptake 14 days post settlement. h Primary polyp 40 days post settlement. i Multiple 370 

colonies six months post settlement. Scale bar: a-h = 1 mm, i = 1 cm 371 
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Discussion 372 

Here, we explored the potential of G. fascicularis as a novel coral model by assessing its 373 

amenability to aquarium rearing, experimental handling, and symbiosis manipulation. 374 

Successful bleaching with menthol 375 

We showed that G. fascicularis can be readily and reliably rendered aposymbiotic through menthol 376 

bleaching, similar to other cnidarian model systems (e.g., Matthews et al. 2015; Röthig et al. 2021). 377 

We lowered the menthol concentration in the protocol developed by Wang et al. (2012) to further 378 

limit stress on the host, and indeed all coral polyps survived this bleaching procedure on three 379 

independently replicated occasions. Overall, menthol treatment was very effective, with only a 380 

few algal cells remaining at the base of the tentacles. From a photophysiological perspective, these 381 

scant remnants can be considered negligible, as illustrated by the light and dark oxygen production 382 

data. Furthermore, bleached polyps remained aposymbiotic for weeks and we therefore considered 383 

this bleaching protocol suitable for experimental investigation of aposymbiotic G. fascicularis in 384 

physiological studies and symbiosis manipulation. However, as menthol has photo-inhibitory 385 

(Wang et al. 2012; Clowez et al. 2021) and antimicrobial properties (İşcan et al. 2002), further 386 

studies should investigate the effects of menthol bleaching on the remaining microbiome. 387 

Tractability of symbiotic and aposymbiotic G. fascicularis 388 

Tractability, as amenability to experimental work and laboratory conditions, is one of the most 389 

important requirements for model organisms. The G. fascicularis polyps and fragments could be 390 

maintained for three and ten weeks respectively in simple systems consisting of small independent 391 

tanks (5-6 L) with regular feeding and basic water quality care. These time frames match the 392 

requirements for most experimental designs and we believe could be further extended. Indeed, 393 

symbiotic individuals looked healthy and responsive throughout the whole period, testifying to a 394 
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comparatively hardy coral with only low demands on rearing conditions. Additionally, the positive 395 

net photosynthetic rate across a large temperature range confirmed the broad thermal tolerance of 396 

this species (Al-Horani 2005; McIlroy et al. 2019), which was retained in the simplified single 397 

polyp application. 398 

Moreover, bleached polyps could be maintained in the simple experimental system for three weeks 399 

even with the additional stress of the thermal experiment. However, they showed signs of 400 

deteriorating condition over time indicating that not all nutritional needs were met. Thus one 401 

priority is to develop bespoke feed for long-term rearing of bleached coral polyps (Wang et al. 402 

2012). 403 

Thermal performance of symbiotic and aposymbiotic G. fascicularis 404 

Studies that compare symbiotic and aposymbiotic coral holobionts are particularly informative for 405 

understanding coral response to climate change, and therefore we investigated the comparability 406 

between symbiotic and aposymbiotic G. fascicularis polyps. As expected, these differed in their 407 

photosynthetic rates, where the latter were net oxygen consumers even under illumination. Overall, 408 

symbiotic polyps had higher respiration rates than aposymbiotic polyps, which could be ascribed 409 

to the additional metabolic burden of the associated Symbiodiniaceae, as well as a greater 410 

metabolic capacity derived from the availability of photosynthates (Muscatine et al. 1981; Al-411 

Horani et al. 2003). For all polyps, respiration rates overall increased with temperature in line with 412 

optimum thermal performance of corals and macroalgae from the central Red Sea (27-33 ˚C) 413 

(Anton et al. 2020). 414 

Interestingly, we observed intraspecific variability in physiological performance. One colony had 415 

significantly higher respiration rates than the others (Fig. S4). This manifested exclusively under 416 

dark conditions and was therefore more likely linked to host rather than symbiont identity. This 417 
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variability warrants further investigations to better characterize host genotypes, as in the long term 418 

it will be necessary to establish representative host clonal lines. 419 

Symbiosis reestablishment in adult corals 420 

We showed that bleached G. fascicularis polyps successfully reestablished symbiosis with 421 

Symbiodiniaceae using qualitative and quantitative approaches. The simpler approaches included 422 

exposure to symbionts through the water medium (by proximity with symbiotic colonies), and a 423 

one-time raw inoculum of Symbiodiniaceae. In the short-term, bleached hosts retained the ability 424 

to feed, which facilitates symbiont uptake (Fitt and Trench 1983) and likely contributes to 425 

symbiosis re-establishment. In the long-term, these polyps continued to grow into small colonies 426 

and became visually indistinguishable from the untreated controls. Therefore, these trials allowed 427 

us to qualitatively demonstrate that symbiosis reestablishment of aposymbiotic adults after 428 

menthol treatment is possible.  429 

Further, the quantitative approach also demonstrated that it is possible to reestablish symbiosis in 430 

adult G. fascicularis with cultured Symbiodiniaceae. Remarkably, these were likely heterologous  431 

strains (different from the natively associated ones) as they were initially isolated from Acropora 432 

spp. from the GBR (Australia) and inoculated to G. fascicularis from Hong Kong. The 433 

experimental repopulation of adult corals with cultured heterologous symbionts has only recently 434 

been demonstrated (Scharfenstein et al. 2022), and it is particularly relevant in the context of 435 

symbiosis manipulations to enhance heat tolerance in reef-building corals (van Oppen et al. 2015). 436 

Further assessments of Symbiodiniaceae identity from algal cultures, symbiotic corals, and 437 

inoculated corals are however necessary to confirm that this heterologous symbiosis 438 

reestablishment occurred in our experiment. 439 
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Nevertheless, our targeted inoculation highlighted other interesting prospects for symbiosis 440 

manipulations. The high thermal tolerance of G. fascicularis (Marshall and Baird 2000) has been 441 

hypothesized to be linked to its flexible host-algal association, where Cladocopium, Durusdinium, 442 

and their simultaneous co-occurrence have been documented, and with an equatorial-ward shift 443 

from Cladocopium dominance to Durusdinium dominance (Huang et al. 2011, and references 444 

therein). At Hong Kong’s latitude, and at our rearing temperature, G. fascicularis is expected to 445 

be exclusively associated with Cladocopium (Huang et al. 2011; Zhou et al. 2017a), yet the 446 

targeted inoculation produced mixed-genus associations. This shows that targeted inoculation can 447 

successfully shift Symbiodiniaceae community composition towards a higher proportion of heat 448 

tolerant strains (Silverstein et al. 2015) without thermal treatment. Although the longevity of these 449 

partnerships is still unclear, these are promising results for future development of in hospite studies 450 

on the role of temperature on inter-partner symbiosis dynamics. 451 

Ex situ spawning 452 

Galaxea fascicularis is a good model species candidate for sexual reproductive work due its high 453 

survivorship in aquarium conditions. As demonstrated herein, a combination of seasonal 454 

programming and husbandry enabled the species to complete a full gametogenic cycle ex situ over 455 

multiple years, which closely mimics that observed in the wild (Babcock et al. 1986; Baird et al. 456 

2021). Furthermore, we showed in vitro fertilization, embryological development, and ex situ 457 

larval settlement resulting in spat of known ages. As the age at which the species reaches sexual 458 

maturity is currently unknown, future studies should focus on this aspect, which is also important 459 

for producing an F2 generation and for closing the species life cycle ex situ (Craggs et al. 2020). 460 

Access to a F2 generation of known parental lineage will provide a platform to conduct 461 

experiments in areas such as mapping quantitative trait loci (Zhang 2012) or phenotypic traits such 462 
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as growth, disease resistance, or thermal tolerance (van Oppen et al. 2015). It also opens 463 

possibilities for studies on heritability in symbiont selection, and for rearing of axenic or 464 

gnotobiotic coral lineages, paralleling procedures established for Hydra (Fraune et al. 2015). 465 

Conclusions 466 

The study of coral-algal symbiosis has been constrained by the difficulties of maintaining corals 467 

ex situ and of manipulating the coral-algal association to unravel symbiosis functioning. Here, we 468 

showed that adopting G. fascicularis as a model system can alleviate these limitations. Its 469 

demonstrated compatibility to rearing in simplified systems and experimental applications, 470 

together with the repeated spawning in aquaria, confirm the high tractability of this coral species. 471 

Further, the possibility to readily obtain aposymbiotic individuals suitable for detailed study and 472 

symbiosis re-establishment set the stage for exciting future developments in coral symbiosis 473 

research which is necessary to understand corals’ potential to cope with changing oceans. 474 

Besides these strengths, our study also highlights areas worth future efforts on the path to  475 

developing the G. fascicularis model system further. These include: i) better characterization of 476 

the effect of menthol on the rest of the coral microbiome (e.g., bacteria); ii) development of custom 477 

feed for long-term maintenance of bleached individuals; iii) assessment of long-term persistence 478 

of heterologous Symbiodiniaceae, and testing of a variety of symbiont strains to understand the 479 

breadth of symbiont diversity that can be accommodated by the G. fascicularis host; iv) further 480 

characterization of host colonies and genotypes with the aim of establishing clonal lines, mirroring 481 

for example the development of the Aiptasia model; and v) development of collaborative platforms 482 

and open-access community resources around this emerging model system to accelerate research 483 

and discovery. 484 
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