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Abstract 28 

Global increases in coral disease prevalence have been linked to ocean warming 29 

through changes in coral-associated bacterial communities, pathogen virulence and 30 

immune system function. However, the interactive effects of temperature and 31 
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pathogens on the coral holobiont are poorly understood. Here, we assessed three 32 

compartments of the holobiont (host, Symbiodinium, bacterial community) of the 33 

coral Montipora aequituberculata challenged with the pathogen Vibrio coralliilyticus 34 

and the commensal bacterium Oceanospirillales sp. under ambient (27°C) and 35 

elevated (29.5°C and 32°C) seawater temperatures. Few visual signs of bleaching and 36 

disease development were apparent in any of the treatments, but responses were 37 

detected in the holobiont compartments. V. coralliilyticus acted synergistically and 38 

negatively impacted the photochemical efficiency of Symbiodinium at 32°C, while 39 

Oceanospirillales had no significant effect on photosynthetic efficiency. The coral, 40 

however, exhibited a minor response to the bacterial challenges, with the response 41 

towards V. coralliilyticus being significantly more pronounced, and involving the 42 

prophenoloxidase system and multiple immune system related genes. Elevated 43 

seawater temperatures did not induce shifts in the coral-associated bacterial 44 

community, but caused significant gene expression modulation in both Symbiodinium 45 

and the coral host. While Symbiodinium exhibited an anti-viral response and 46 

upregulated stress response genes, M. aequituberculata showed regulation of genes 47 

involved in stress and innate immune response processes, including immune and 48 

cytokine receptor signalling, the complement system, immune cell activation and 49 

phagocytosis, as well as molecular chaperones. These observations show that M. 50 

aequituberculata is capable of maintaining a stable bacterial community under 51 

elevated seawater temperatures, and thereby contributes to preventing disease 52 

development. 53 

Introduction 54 

The prevalence of coral disease epizootics is on the rise worldwide (Harvell et 55 

al., 2007; Sokolow, 2009), largely as a consequence of increasing anthropogenic 56 

disturbances, including ocean warming (Sokolow, 2009). The coral holobiont (sensu 57 

(Rohwer, Seguritan, Azam, & Knowlton, 2002) comprises inter-kingdom symbioses 58 

among the coral host and a range of microbial symbionts, including the 59 

endosymbiotic dinoflagellate, Symbiodinium spp., and bacteria (Bourne, Morrow, & 60 

Webster, 2016). Symbiodinium fixes carbon through photosynthesis and provides the 61 

coral host with carbon- and sulphur-based nutrients, while the coral-associated 62 

bacteria are believed to contribute to holobiont health through nitrogen fixation 63 

(Lema, Willis, & Bourne, 2012), sulphur-cycling (Raina, Tapiolas, Willis, & Bourne, 64 

2009), production of antimicrobial compounds (Kvennefors et al., 2012; Nissimov, 65 
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Rosenberg, & Munn, 2009; Shnit-Orland & Kushmaro, 2009), and the exclusion of 66 

harmful bacteria through occupation of available microbial niches (Rohwer, 67 

Seguritan, Azam, & Knowlton, 2002).  68 

Environmental disturbances can have significant impacts on the dynamic 69 

microbial communities that govern coral holobiont health. For example, elevated 70 

seawater temperatures sometimes cause shifts in coral-associated bacterial 71 

communities towards potentially more pathogenic taxa (Bourne, Iida, Uthicke, & 72 

Smith-Keune, 2008; Littman, Willis, & Bourne, 2011; Ritchie, 2006). When coupled 73 

with an increase in pathogen virulence at elevated temperatures (Sussman, Willis, 74 

Victor, & Bourne, 2008; Vidal-Dupiol et al., 2011), these altered microbiomes may 75 

enhance the probability of disease development. The higher prevalence of many coral 76 

diseases in summer when seawater temperatures are above average or during warm 77 

temperature anomalies (Bruno et al., 2007; Maynard et al., 2015; Willis, Page, & 78 

Dinsdale, 2004) is consistent with this notion. However, whether this is caused by 79 

changes in the bacterial communities, increased pathogen virulence or diminished 80 

coral host resistance has not been demonstrated for most coral diseases. The gram-81 

negative bacterium Vibrio coralliilyticus has been implicated as a causative agent of a 82 

group of coral diseases known as white syndromes, (Sussman, et al., 2008; Ushijima 83 

et al., 2014). The virulence of this bacterium is temperature-dependent (Ben-Haim, 84 

Zicherman-Keren, & Rosenberg, 2003; Kimes et al., 2012) and its virulence factors 85 

attack both the coral and Symbiodinium (Sussman et al., 2009). Such interactions 86 

among host, its microbial symbionts and the environment highlight the challenge in 87 

understanding the drivers of disease. 88 

Corals possess a range of innate immune and stress response mechanisms for 89 

defence against biotic and abiotic disturbances. Genomic studies have discovered 90 

Toll-like receptors (TLR) and their downstream signalling molecules in a number of 91 

coral species (Mi ller et al., 2007; Shinzato et al., 2011), and functional studies have 92 

revealed that this pathway is involved in both the response to wounding (van de Water 93 

et al., 2015) and bacteria (Vidal-Dupiol et al., 2014). TLR signalling is crucial for the 94 

initiation of a pro-inflammatory response, as well as the regulation and maintenance 95 

of healthy associated bacterial communities via anti-microbial peptides (AMP) in the 96 

cnidarian Hydra (Franzenburg et al., 2012; Fraune & Bosch, 2007). Whether AMPs 97 

have a similar function in corals remains to be determined, but they have been 98 
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implicated in the immune response of the coral Pocillopora damicornis to V. 99 

coralliilyticus (Vidal-Dupiol et al., 2011).  100 

Other response mechanisms present in corals include the lectin-complement 101 

system and the prophenoloxidase (proPO)-activating system. The lectin-complement 102 

system is involved in the immune response against bacteria (Brown, Bourne, & 103 

Rodriguez-Lanetty, 2013), the wounding response (van de Water, et al., 2015) and 104 

potentially in the maintenance of the coral-Symbiodinium symbiosis (Kvennefors, 105 

Leggat, Hoegh-Guldberg, Degnan, & Barnes, 2008; Kvennefors et al., 2010). The 106 

proPO-activating system is induced in response to immune elicitors (Palmer et al., 107 

2011), pathogens (Mydlarz, Holthouse, Peters, & Harvell, 2008) and injury (van de 108 

Water, et al., 2015; van de Water, Lamb, van Oppen, Willis, & Bourne, 2015). To 109 

prevent damage to coral tissues, corals primarily use antioxidant enzymes (Palmer, et 110 

al., 2011) for the neutralisation of reactive oxygen and nitrogen species, which are 111 

produced by various anti-microbial immune mechanisms, such as PO and the 112 

oxidative burst. The oxidative burst is induced following the phagocytosis of 113 

microbes or cellular debris by immune cells, which are activated upon pathogen 114 

exposure and physical damage. Such a mechanism is part of the response of Acropora 115 

cervicornis to white band disease (Libro, Kaluziak, & Vollmer, 2013).  116 

Elevated seawater temperatures affect many physiological processes in corals, 117 

including several metabolic functions, calcification, fluorescence, apoptosis, 118 

antioxidant response, and the immune system (DeSalvo, Sunagawa, Voolstra, & 119 

Medina, 2010; DeSalvo et al., 2008; Leggat et al., 2011; Rodriguez-Lanetty, Harii, & 120 

Hoegh-Guldberg, 2009; Roth & Deheyn, 2013; van de Water, et al., 2015; Voolstra et 121 

al., 2009). Corals respond to environmental stress by increasing the expression of 122 

multiple immune and stress response genes (Barshis et al., 2013; Chow, Beraud, 123 

Tang, Ferrier-Pagès, & Brown, 2012; Davies, Marchetti, Ries, & Castillo, 2016; 124 

Leggat, et al., 2011; Pinzón et al., 2015; Rodriguez-Lanetty, et al., 2009), which also 125 

play a role in the immune response to pathogens in corals (Brown, et al., 2013) and 126 

other marine invertebrates (Baruah, Ranjan, Sorgeloos, MacRae, & Bossier, 2011; 127 

Sung, Pineda, MacRae, Sorgeloos, & Bossier, 2008). Heat and light stress cause 128 

reductions in phytopigments (Strychar & Sammarco, 2012) and damage to 129 

photosystems of Symbiodinium, resulting in the generation of cell-damaging reactive 130 

oxygen species (ROS). Prolonged heat stress can cause coral bleaching, the loss of the 131 

Symbiodinium cells from coral tissues, which may ultimately result in colony 132 
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mortality (reviewed in (Weis, 2008).  Clearly, the health of corals depends on the 133 

efficient functioning of all partners within the coral holobiont.  134 

In this study, we examined the responses of three components of the holobiont 135 

of the coral Montipora aequituberculata to challenges by the coral pathogen V. 136 

coralliilyticus under elevated seawater temperatures. Specifically, it entailed an 137 

assessment of the transcriptomic response of the coral and its endosymbiont 138 

Symbiodinium, the photosynthetic capacity of Symbiodinium, as well as several well-139 

characterised host immune parameters and the composition of coral-associated 140 

bacterial assemblages.   141 

 142 

 143 

Material & Methods 144 

Experimental design 145 

Fragments of the scleractinian coral Montipora aequituberculata, sourced 146 

from 15 different colonies (Nelly Bay, Magnetic Island, Australia) in September 147 

2012, were placed in experimental aquaria (n=21 per aquarium; AIMS, Townsville) in 148 

ultra-filtered seawater and allowed to acclimate for 14 days at 27°C. The ultra-filtered 149 

seawater was generated using hollow fibre membranes with a nominal pore size of 150 

0.04 μm and absolute pore size of 0.1 μm. The 27 aquaria were randomly assigned to 151 

9 treatments, comprising all combinations of 3 temperature treatments (27°C, 29.5°C, 152 

32°C) and 2 bacterial treatments (the coral commensal Oceanospirillales S47, the 153 

putative coral pathogen Vibrio coralliilyticus strain P1) plus a control treatment 154 

without bacterial addition (Suppl. Fig. S1). V. coralliilyticus was chosen as it had 155 

previously been isolated from the lesion of a white syndrome-affected M. 156 

aequituberculata colony (Sussman, et al., 2008), and Oceanospirillales S47 was 157 

selected as this bacterium was isolated from a coral within the same taxonomic family 158 

as M. aequituberculata collected in Nelly Bay. Seawater temperatures were 159 

maintained at 27°C (ambient) or gradually increased by 0.5°C every 24 hours until 160 

target seawater temperatures were reached and further maintained until conclusion of 161 

the experiment (Day 22): 29.5°C (medium heat stress) or 32°C (high heat stress). 162 

Corals were inoculated with bacteria every 3 days to maintain bacterial challenge 163 

stress levels throughout the experiment (final concentrations: 1x105 per ml on Day 0, 164 

3, 6, 9 and 12). Higher bacterial inoculation concentrations (final concentration 1x106 165 
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per ml) were used to increase the chance of disease development on Day 15, 18 and 166 

21, because of an unexpected absence of higher disease prevalence in the V. 167 

coralliilyticus-treatments, in contrast to previous observations (Sussman, et al., 2008). 168 

Three coral fragments were sampled from each tank 24 hours following bacterial 169 

exposure. Additional details can be found in Supplementary File S1. 170 

 171 

Coral health parameters 172 

Maximum (Fv/Fm

Phenoloxidase (PO) and total potential phenoloxidase (tpPO) activities, and 176 

GFP-like protein expression were analysed for three replicates per tank according to 177 

protocols described in (van de Water, et al., 2015). In short, protein concentrations in 178 

coral tissue lysates were determined using the BIO-RAD DC protein assay (BIO-179 

RAD, USA). To quantify PO activity, the rate of dopamine hydrochloride (Sigma-180 

Aldrich, USA) oxidation by 20 μl of coral tissue lysate was determined by measuring 181 

the absorbance at 490 nm at 5-minute intervals for 45 min. For tpPO activity 182 

quantification, 0.1 mg/ml trypsin was added to allow activation of prophenoloxidase 183 

(PPO) into PO 20 min prior to dopamine hydrochloride addition. Expression of 184 

chromoprotein was analysed by measuring the absorbance at 588 nm in 20 μl of coral 185 

tissue lysate. Fluorescence spectra were analysed by measuring the emission 186 

wavelengths between 400 and 700 nm, with a 5 nm resolution, upon excitation of 187 

fluorescent proteins at 280 nm. All data were independently obtained in triplicate and 188 

standardized to total protein content and expression levels were calculated using 189 

methods previously described (van de Water, et al., 2015). Additional details can be 190 

found in Supplementary File S1. 191 

) and effective (ΔF/Fm) quantum yields of photosystem II of 173 

Symbiodinium were measured using pulse amplitude modulation (PAM) fluorometry 174 

on 3 coral fragments per experimental aquarium.  175 

Maximum and effective quantum yields, and fluorescent protein expression 192 

were analysed using linear mixed effects models. Phenoloxidase activities (PO, tpPO) 193 

and chromoprotein content were analysed using linear fixed effects models. Models 194 

were compared using analysis of variance (ANOVA). Detailed descriptions of the 195 

statistical analyses can be found in Supplementary File S1. 196 

 197 

Microbial community analyses 198 
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DNA was extracted using a modified protocol of Wayne’s DNA preparation 199 

method (Wilson et al., 2002). Identity of Symbiodinium was determined via the 200 

nuclear ribosomal DNA internal transcribed spacer 1 (rDNA ITS1) using single strand 201 

conformation polymorphism (SSCP) analysis (van Oppen, Palstra, Piquet, & Miller, 202 

2001). For bacterial community analysis, bacterial 16S rDNA amplicon libraries were 203 

generated using the 28F/519R primer set, followed by 454 pyrosequencing. 204 

Sequencing data was processed using the QIIME pipeline (Caporaso et al., 2010). 205 

Chimeric sequences were removed using UCHIME (Edgar, Haas, Clemente, Quince, 206 

& Knight, 2011), sequences of 97% similarity were clustered in operational 207 

taxonomic units (OTU) using UCLUST (Edgar, 2010) and Greengenes taxonomy 208 

(version gg_13_5) was assigned using BLAST. OTU tables were generated and alpha 209 

diversity metrics calculated. The phyloseq package (McMurdie & Holmes, 2013) was 210 

used to graphically present 1) the microbiome composition at the class level and 2) 211 

shifts in overall microbiome composition based on a principal coordinate analysis on 212 

the Bray-Curtis dissimilarity matrix. Permutational multivariate analysis of variance 213 

(PERMANOVA) and pairwise comparisons were used to test for statistical 214 

differences in overall microbiome composition between treatments and time points. 215 

The DESeq2 package (Love, Huber, & Anders, 2014) was employed on a DESeq2-216 

compatible OTU counts file generated by conversion of the phyloseq object to 217 

investigate which OTUs were differentially abundant among treatments and time 218 

points,. The complete dataset was deposited in the NCBI Sequence Read Archive 219 

(SRA) database with accession number SRP125476. Additional details on protocols 220 

and data analysis are presented in Supplementary File S1. 221 

 222 

De novo transcriptome & Tag-based RNA-Seq 223 

The procedure to generate the cDNA library for transcriptome sequencing was based 224 

on the protocol by (Meyer et al., 2009) and adapted for sequencing on Illumina 225 

platforms. Libraries were 250bp paired-end sequenced on the Illumina MiSeq. The de 226 

novo Montipora aequituberculata transcriptome was assembled using a Trinity 227 

platform protocol (Haas et al., 2013). After trimming of non-template sequences using 228 

Cutadapt (Martin, 2011) and quality filtering using the Fastx Toolkit 229 

(http://hannonlab.cshl.edu/fastx_toolkit/), transcriptome assembly was performed 230 

using an input of 3,521,179 sets of paired reads and 1,592,295 unpaired reads. 231 

Average read length was 195.7 bp (standard deviation = 68.6). The assembly included 232 
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180,971 contigs greater than 200 bp, with a total size of 123.5 Mb. Average contig 233 

length was 682 bp and N50 was 1012 bp. BlastX of the assembly against the Uniprot 234 

database (e-value cut-off of 10-20), returned 29,292 hits. Of these, 57% covered at 235 

least 40% of the length of hit sequence. Assembled contigs were annotated based on 236 

BlastX (Altschul et al., 1997) hits against the annotated proteomes of Nematostella 237 

vectensis (Putnam et al., 2007), and Acropora digitifera (Dunlap et al., 2013). The 238 

complete dataset of trimmed reads was deposited in the NCBI SRA with accession 239 

number SRP125476. The annotated transcriptome is available from 240 

https://matzlab.weebly.com/data--code.html.  241 

TagSeq cDNA libraries were prepared following a protocol described in (E. 242 

Meyer, Aglyamova, & Matz, 2011), with modifications for sequencing on Illumina 243 

HiSeq platforms and to remove PCR duplicates (Dixon et al., 2015). Libraries from 244 

40 differently bar-coded samples were multiplexed and sequenced (50bp single end) 245 

on the Illumina HiSeq 2000. The complete dataset of trimmed reads was deposited in 246 

the NCBI SRA with accession number SRP125476.  247 

The DESeq2 package (Love, et al., 2014) was used to analyse differential gene 248 

expression patterns and Wald tests were performed to identify genes uniquely 249 

differentially expressed between specific stressors. GO analysis was conducted using 250 

a rank-based methodology with adaptive clustering of GO terms (Wright, Aglyamova, 251 

Meyer, & Matz, 2015), available at https://github.com/z0on/GO_MWU. Detailed 252 

descriptions of protocols and analyses can be found in Supplementary Files S1 and 253 

S4. 254 

 255 

 256 

Results 257 

The majority of parameters analysed in this study did not show any interactive 258 

effect of temperature stress and bacterial treatment. From here on, when referring to: 259 

1) the effect of a temperature treatment, the statement is made for all treatment 260 

combinations at that temperature, regardless of bacterial treatment, and 2) the effect of 261 

a bacterial treatment, the statement is made for all treatment combinations that 262 

underwent that bacterial treatment, regardless of temperature. When both a bacterial 263 

and a temperature treatment are reported together, the result addresses that specific 264 

treatment combination. 265 

 266 
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Macroscopic assessment of coral fragment health 267 

Over the course of the experiment, most coral fragments appeared visually 268 

healthy based on the level of pigmentation and the absence of tissue lesions (Suppl. 269 

Fig. S2). Only seven fragments showed signs of disease, characterised by tissue loss 270 

and exposure of the underlying skeleton, signs that are consistent with a white 271 

syndrome, followed by secondary colonisation forming a grey-black film covering the 272 

lesion (Suppl. Fig. S3). Timing of disease development was variable, with disease 273 

found in only one V. coralliilyticus-challenged fragment at 27°C on Day 7. All other 274 

cases occurred on Day 15 (two non-challenged at 32°C, two V. coralliilyticus-275 

challenged at 29.5°C and 32°C, respectively, and two Oceanospirillales-challenged 276 

corals at 29.5°C and 32°C, respectively). Progression was relatively slow and no 277 

fragment sustained >25% mortality by the time of sampling or the end of experiment.  278 

 279 

Response of Symbiodinium to bacterial challenges and heat stress  280 

Symbiodinium C• (van Oppen, 2004) was the only Symbiodinium type detected 281 

in all fragments, as determined by SSCP profiling of the nuclear ribosomal ITS1 282 

region (Suppl. Fig. S4A). Both effective (Y(II) and maximum (Fv/Fm) quantum yield 283 

declined over time in all treatments (Suppl. Fig. S4B,D and Suppl. Fig. S4C,E). 284 

Generally, a consistent pattern was observed, comprising an initial decrease in Y(II) 285 

and Fv/Fm during the heating stage (Days 0 – 9), followed by a slight recovery and 286 

then a subsequent second period of decline. The rate of decline differed significantly 287 

among treatments (Suppl. Fig. S4B,C). For Fv/Fm, the slope of the models for all 288 

treatments at 32°C had a significantly larger negative coefficient compared to all 289 

treatments at 27°C and 29.5°C; however no statistically significant difference was 290 

detected between the treatments at 27°C and 29.5°C. Similar results were obtained for 291 

Y(II), with the exception that yields for Oceanospirillales-challenged corals at 27°C 292 

were higher than for all treatments at 29.5°C. Notably, effective quantum yield of 293 

corals exposed to V. coralliilyticus at 32°C was significantly lower than the yields of 294 

Oceanospirillales S47-challenged or unchallenged corals at 32°C. The results of 295 

statistical analyses for both effective and maximum quantum yield can be found in 296 

Supplementary File S2 – ST1. 297 

 Analyses of the de novo transcriptome of the M. aequituberculata holobiont 298 

identified 12,913 genes as Symbiodinium genes. Of these genes, 11,909 were also 299 

found in the RNA Seq dataset. Gene expression was significantly impacted by 300 
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temperature stress (ADONIS p < 0.001), but not by bacterial challenges (Fig. 1A; 301 

Suppl. File S2 - ST2). Overall, 540 genes were differentially expressed in response to 302 

elevated temperatures (Suppl. File S3), but significant overlap in the differentially 303 

expressed genes was observed between the different heat stress treatments (Fig. 304 

1B,C). In the 32°C treatments, Symbiodinium upregulated 209 genes and 305 

downregulated 257 genes compared to the 27°C treatments. Gene enrichment analysis 306 

based on the Gene Ontology annotations showed that at 32°C, mostly DNA, RNA, 307 

amino acid and nitrogen metabolic processes were affected (Fig. 1D; Suppl. File S2 – 308 

ST3). However, Symbiodinium also showed a significant differential response in the 309 

GO category ‘humoral immune response’, potentially involving a range of 310 

transmembrane receptors (Fig. 1D; Suppl. File S2 – ST3). This immune response by 311 

Symbiodinium was also found when comparing gene expression signatures of the 312 

29.5°C and 32°C treatments (Fig. 1E; Suppl. File S2 – ST3), suggesting it was elicited 313 

by a factor related to high heat stress. Analysis at the gene level showed that the 314 

expression of homologues of genes involved in anti-viral (mind-bomb, CHMP5, 315 

cdc37, ZC3HAV1, sec13) and immune responses (e.g. ADAMTSL4, CdPK2, MIF, 316 

DUSP10, calmodulin, ANXA4), as well as cell survival and heat shock/chaperone 317 

(HSP90B1, calnexin, DNAJB6, STIP1, FES1) genes were significantly modulated 318 

(Suppl. Fig. S5). In addition, the profile of 57 up- and 52 downregulated genes in the 319 

29.5°C-32°C comparison indicated significant negative effects on photosynthesis, 320 

particularly due to impacts on the thylakoid and other chloroplast components at 32°C 321 

(Fig 1E; Suppl. File S2 – ST3). 322 

The expression profile of Symbiodinium genes in corals at 29.5°C showed 323 

expression characteristics of Symbiodinium at both 27°C and 32°C (Fig. 1A,C). The 324 

expression of 58 genes was increased while the expression of 64 genes was decreased 325 

at 29.5°C compared to 27°C treatments, and GO analysis suggested that RNA 326 

processing was significantly reduced at mild heat stress (Suppl. File  S2 – ST3). No 327 

genes were differentially expressed by Symbiodinium in response to bacterial 328 

challenges. Full details on differential gene expression analysis, including DESeq2 329 

results and gene annotations can be found in Supplementary Files 3 and 4. 330 

 331 

Gene expression response of the coral host under elevated temperatures 332 

The M. aequituberculata holobiont transcriptome contained 54,196 sequences 333 

that were identified to be of coral host origin. Through TagSeq analysis, we obtained 334 
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reads for 36,454 of these sequences. Temperature was found to be the main driver of 335 

the differential gene expression patterns observed (ADONIS p = 0.001; Fig. 2A,B; 336 

Suppl. File S2 – ST2). While only 79 genes (51 down- and 28 upregulated) were 337 

differentially expressed following a 2.5°C increase in seawater temperature to 29.5°C, 338 

the coral host differentially expressed 1062 genes (527 down- and 535 upregulated) in 339 

response to a 5.5°C temperature increase (Fig. 2C; Suppl. File S5). Further, 373 340 

DEGs (190 down- and 183 upregulated) were found between the 29.5°C and 32°C 341 

treatments (Fig. 2C; Suppl. File S5). Significant overlap in the DEGs was observed 342 

between all temperature treatments (Fig. 2C). Using differential GO category 343 

analysis, we found only limited impacts of DEGs on functional processes in the coral 344 

host: the primary cellular processes affected were vesicle-mediated transport and 345 

signalling processes (increased at elevated temperatures), and ribosome biogenesis 346 

and nucleosome assembly (decreased at elevated temperatures (Fig. 2D; Suppl. File 347 

S2 – ST3) 348 

To investigate the stress and immune responses of M. aequituberculata under 349 

elevated seawater temperatures, we assessed differential expression at the gene level 350 

(Fig 2E, Suppl. Fig. S6). At elevated temperatures, the coral expressed various 351 

molecular chaperones from the Hsp90, Hsp26/42 and DNAJ families at significantly 352 

higher levels than at 27°C. Multiple genes involved in the antioxidant response were 353 

also upregulated, including peroxiredoxin and transcription factors belonging to the 354 

Maf family. In contrast, the bicarbonate transporter SLC26 was downregulated at 355 

elevated temperatures. Numerous genes with a putative role in the coral immune 356 

response (i.e., transcripts annotated with gene names associated with immune 357 

responses in other organisms) were also differentially expressed; at 32°C, 98 genes 358 

were upregulated and 63 downregulated; at 29.5°C, 1 was down-regulated and only 359 

were 8 upregulated compared with 27°C; while at 32°C 19 genes were down-360 

regulated and 41 up-regulated compared with 29.5°C (Suppl. Fig. S6). These genes 361 

were involved in various processes of the immune response, including Toll-like 362 

receptor signalling, apoptosis, cytokine production, anti-viral responses, phagocytosis, 363 

complement system, immune cell activation, hypoxia-induced inflammation as well 364 

as in negative feedback loops that regulate the aforementioned processes (Suppl. Fig. 365 

S6; Suppl. Table S1). Details of all differentially expressed genes, including DESeq2 366 

results and gene name annotations can be found in Supplementary Files 4 and 5. 367 

 368 
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Gene expression response of the coral host to bacterial challenges 369 

Although no significant effect of the bacterial challenges (ADONIS p = 0.428) 370 

or an interactive effect of elevated temperatures and bacterial challenges (ADONIS p 371 

= 0.483) on coral gene expression patterns were observed (Suppl. File S2 – ST2), M. 372 

aequituberculata differentially expressed a number of genes following exposure to V. 373 

coralliilyticus or Oceanospirillales S47 (Fig 3; Suppl. File S5). Corals exposed to 374 

either bacterium showed a differential expression of genes involved in the circadian 375 

clock: 1) an upregulation of circadian locomotor output cycles kaput (CLOCK) and 2) 376 

a downregulation of cryptochrome (CRY). In addition, a subunit of protein 377 

phosphatase-1 (PPP1R3C/D) was downregulated, while the hairy/ enhancer of split 378 

related with YRPW motif (HEY) gene was upregulated in both Oceanospirillales and 379 

V. coralliilyticus-challenged corals. These effects were significantly more pronounced 380 

in V. coralliilyticus-challenged corals than those exposed to Oceanospirillales S47. 381 

Corals exposed to this potential coral pathogen also showed an increased expression 382 

of histamine receptors and the transporter of the phenoloxidase substrate L-DOPA 383 

SLC16A10, while the antioxidant thioredoxin was downregulated. 384 

 385 

Biochemical responses of the coral host 386 

PO activity was significantly higher in V. coralliilyticus-challenged corals 387 

compared to controls and Oceanospirillales S47-challenged corals on Day 2, and 388 

changed over time in corals exposed to V. coralliilyticus at 29.5°C and those exposed 389 

to Oceanospirillales S47 at 32°C (Suppl. Fig. S7A; Suppl. File S2 – ST4). Total 390 

potential PO activity changed over time depending on the bacterium that corals were 391 

challenged with (Suppl. Fig. S7B; Suppl. File S2 – ST4). Particularly, corals that were 392 

challenged with V. coralliilyticus at 29.5°C or 32°C, or with Oceanospirillales S47 at 393 

32°C all showed higher tpPO activity levels on Day 10 compared to Day 22. 394 

Oceanospirillales S47-challenged corals at 29.5°C, however, showed significant 395 

increases over time in tpPO activity. No patterns in GFP-like protein expression could 396 

be discerned (Suppl. Fig. S7C-G).  397 

 398 

Effect of bacterial exposure and heat stress on coral-associated bacterial 399 

communities 400 

The microbiome of M. aequituberculata was highly dominated by 401 

Alphaproteobacteria and to a lesser extent by Gammaproteobacteria, 402 
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Deltaproteobacteria, Clostridia and Flavobacteria (Fig. 4A). Shifts in the beta 403 

diversity of the microbiome were apparent between the sampling time points (all p < 404 

0.0001) (Figure 4B; Suppl. File S2 – ST5) and time was also the explanatory factor in 405 

the observed differences in alpha diversity (Suppl. File S2 - ST6/ST7). Surprisingly, 406 

however, we did not observe any effects of temperature (p = 0.3227) or bacterial 407 

challenges (p = 0.4098) on microbiome diversity, nor any interactive effects (Suppl. 408 

File S2 – ST5/ST6/ST7). Using differential abundance analysis at the OTU level, we 409 

investigated which bacteria (out of a total of 19,915 unique OTUs) were responsible 410 

for the observed temporal shifts. While some rare OTUs increased or decreased in 411 

number over time, the temporal shifts in diversity could be largely attributed to OTUs 412 

belonging to the most abundant classes (Suppl. File S6) such as members of the 413 

Rhodobacterales (families of Rhodobacteraceae and Hyphomonadaceae), Rhizobiales 414 

(family Hyphomicrobiaceae), Flavobacterales (family Flavobacteriaceae) and 415 

Planctomycetia (orders Pirellulales and Planctomycetales) as well as various 416 

Gammaproteobacteria. Main differences observed were 1) higher relative abundances 417 

of bacteria in the genera Rhodovolum and Dinoroseobacter (Rhodobacteraceae) on 418 

Days 10 and 22 compared with Day 1, and 2) higher relative abundance of 419 

Alphaproteobacteria on Day 10 due to increases in Rhodobacteraceae, BD7-3 and 420 

Rhizobiales and lower numbers of Flavobacteria and Planctomycetia OTUs. It should, 421 

however, be noted that no other particular patterns could be discerned as OTUs 422 

belonging to the same taxonomic order/family both decreased and increased in 423 

abundance between the same time points. Surprisingly, no increases in 424 

Oceanospirillales S47 or V. coralliilyticus OTU abundances were observed. All Vibrio 425 

sp. sequences observed in our data were identified as V. coralliilyticus and were only 426 

present in corals challenged with this bacterium. Overall, these results indicate that 427 

the shifts were primarily caused by restructuring of the native host-associated 428 

bacterial assemblages.  429 

 430 

 431 

Discussion 432 

This study used a holistic approach to elucidate the responses of three 433 

components of the Montipora aequituberculata holobiont (coral host, Symbiodinium 434 

and the bacterial community) to bacterial challenges and elevated seawater 435 

temperatures. The coral host exhibited 1) a transcriptomic response at high seawater 436 
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temperatures involving many differentially expressed genes homologous to genes 437 

implicated in the immune response of other organisms, and 2) a differential gene 438 

expression response following exposure to the potentially pathogenic bacterium V. 439 

coralliilyticus or the commensal bacterium Oceanospirillales S47. Symbiodinium 440 

responded at the transcriptome level to temperature stress rather than to the pathogen 441 

challenge, despite negative impacts of the coral pathogen V. coralliilyticus on the 442 

effective quantum yields of Symbiodinium when the holobiont was exposed to high 443 

temperatures. The coral-associated bacterial community did not change with 444 

temperature stress or bacterial exposures. We hypothesize that the absence of visual 445 

signs of coral disease development over the course of our 22-day study indicates that 446 

holobiont responses were sufficient to prevent any visual signs of coral disease 447 

development over the course of our 22-day study. 448 

 449 

Symbiodinium response to heat stress 450 

The algal endosymbiont Symbiodinium C• regulated a multitude of genes 451 

under elevated seawater temperatures, including various stress and immune response 452 

genes. Under experimental temperatures 2°C above long-term summer means at the 453 

study site, several heat shock proteins and antioxidants were upregulated, and the 454 

expression of genes involved in metabolism and photosynthesis were downregulated. 455 

Temperature stress is known to result in the generation of reactive oxygen species 456 

(ROS), triggering an antioxidant response by the algae to mitigate their cell-damaging 457 

effects, as well as misfolding of and damage to proteins; this likely explains the 458 

upregulation of various heat shock proteins and their co-chaperones. Our findings are 459 

in line with a previous study showing significant transcriptomic responses of cultured 460 

Symbiodinium under heat stress involving antioxidant and heat shock response genes 461 

(Gierz, Forêt, & Leggat, 2017; Levin, Voolstra, Weynberg, & van Oppen, 2017). 462 

However, other studies have found no or limited transcriptomic responses in coral-463 

associated Symbiodinium  (Barshis, Ladner, Oliver, & Palumbi, 2014; Leggat, et al., 464 

2011) or in culture (Baumgarten et al., 2013) under high temperatures (up to 36°C). 465 

Differences between our work and these previous studies may be partly due to 466 

different Symbiodinium types regulating a different set of genes, and this may 467 

contribute to differences in bleaching susceptibility among corals harbouring different 468 

Symbiodinium types. However, significant transcriptomic responses to heat stress in 469 
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Symbiodinium may also be observed primarily when phenotypic effects are present, as 470 

found here and previously (Gierz, et al., 2017; Levin, et al., 2017). In addition, we 471 

may have observed an immune response by Symbiodinium under heat stress, which 472 

may in part be related to the general cellular stress response (CSR; described in more 473 

detail below). However, Symbiodinium also exhibited an anti-viral response, 474 

suggesting that these algae experienced a virus infection when seawater temperatures 475 

were elevated, which may in part be responsible for the observed reduction in 476 

photochemical efficiency. This finding is consistent with recent studies linking 477 

viruses to the thermal sensitivity of Symbiodinium and bleaching (Correa et al., 2016; 478 

Levin, et al., 2017). Overall, Symbiodinium appeared to have experienced a viral 479 

infection that may have impacted its photochemical efficiency under heat stress, 480 

causing cellular stress and resulting in corresponding immune and stress responses.  481 

 Symbiodinium C• did not show a transcriptomic response to bacterial 482 

challenges, despite a significant drop in  its photochemical efficiency in the V. 483 

coralliilyticus exposure treatment  at 32°C, but not at 29.5°C. The virulence of V. 484 

coralliilyticus increases at elevated seawater temperatures (Ben-Haim, et al., 2003; 485 

Kimes, et al., 2012), which is possibly driven by prophages (Weynberg, Voolstra, 486 

Neave, Buerger, & van Oppen, 2015) and results in the secretion of a zinc 487 

metalloprotease virulence factor that damages the photosystem II of the dinoflagellate 488 

(Sussman, et al., 2009). Our results indicate that V. coralliilyticus P1 was virulent 489 

towards the M. aequituberculata holobiont at temperatures where photochemical 490 

efficiency of Symbiodinium was also reduced due to significant heat stress. Taken 491 

together, the effect of heat stress on Symbiodinium (photo)physiology may have been 492 

synergistically exacerbated by heat stress-induced V. coralliilyticus pathogenicity and 493 

viral infections. 494 

 495 

Coral-associated bacterial community 496 

Elevated seawater temperatures have previously been shown to cause shifts in 497 

bacterial assemblages towards pathogenic species (Bourne, et al., 2008; Littman, et 498 

al., 2011; Ritchie, 2006), potentially resulting in increased disease prevalence. 499 

Surprisingly, temperature did not cause any shifts in the bacterial community 500 

associated with M. aequituberculata. Even the repeated addition of large cell numbers 501 

of Oceanospirillales S47 and V. coralliilyticus did not result in measurable changes in 502 

the bacterial assemblages towards these species (although V. coralliilyticus was 503 
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detected only in those challenged fragments). All shifts observed in our study 504 

occurred over time and appeared to be the result of an alteration in the native bacterial 505 

community as a whole and not due to changes in the abundance of a small number of 506 

species or families. The Montipora genus, unlike other reef-building corals, produces 507 

a wide range of active compounds with antimicrobial properties, including montiporic 508 

acids A, B, C and D which can inhibit the growth of a range of marine pathogens 509 

including Serratia marcescens and Vibrio harveyi (Fusetani, Toyoda, Asai, 510 

Matsunaga, & Maruyama, 1996; Kodani, Sato, Higuchi, Casareto, & Suzuki, 2013; 511 

Marquis, Baird, de Nys, Holmström, & Koziumi, 2005; Sato, Casareto, Suzuki, & 512 

Kodani, 2013). These molecules potentially act as a selective filter on the associated 513 

bacterial communities and might have prevented shifts towards Vibrio- or 514 

Oceanospirillales-dominated communities and temperature-induced changes.  515 

 516 

Stress and immune responses by M. aequituberculata under elevated seawater 517 

temperatures 518 

The coral host showed major stress and immune responses under elevated 519 

seawater temperatures, particularly at 32°C, involving several major innate immune 520 

response mechanisms (Table S1). We hypothesize that the immune response was 521 

initiated by the upregulated TLR signalling pathway (Figure 5(I)), which, in turn, was 522 

responsible for the production of pro-inflammatory cytokines (Figure 5(III)). Immune 523 

cells are activated through cytokine receptor signalling (Figure 5(IV)) and migrate 524 

towards the site of infection along a chemotactic gradient of cytokines (Figure 5(III)) . 525 

In addition, the lectin-complement system may have been induced to tag invading 526 

microbes for phagocytosis (Figure 5(VI )). Using their ficolin/lectin receptors and 527 

scavenger receptors (Figure 5(VII)), immune cells phagocytose (Figure 5(VIII) ) and 528 

subsequently eliminate the microbes (Figure 5(X)). There were also indications of an 529 

anti-viral response by M. aequituberculata under heat stress (Figure 5(XI). In 530 

addition, we found evidence of negative feedback mechanisms regulating the coral 531 

immune response. The exact causative agent eliciting the major immune response in 532 

this coral at 32°C, however, remains to be identified.  533 

Under stressful conditions, organisms exhibit a cellular stress response (CSR), 534 

which is conserved throughout the taxonomic kingdoms and induced regardless of the 535 

nature of the stress. Overall, the CSR can be subdivided into 1) the unfolded protein 536 

response (UPR), 2) DNA damage response (DDR), 3) heat shock response (HSR) and 537 
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4) oxidative stress/redox regulation (Kultz, 2005), and generally coincides with 538 

increased energy metabolism, but reduced RNA metabolism and ribosome biogenesis 539 

(Gasch et al., 2000). A meta-analysis of studies investigating the environmental stress 540 

response of oysters under various stress conditions also identified a group of 541 

consistently modulated stress genes involved in immunity (lectins, MAMP-binding 542 

proteins, AMPs and complement system), cell signalling and the cytoskeleton 543 

(Anderson et al., 2015). In our study, we observed that numerous genes involved in 544 

the CSR were indeed differentially expressed and that ribosome biogenesis was also 545 

negatively impacted, indicating that the CSR was activated in M. aequituberculata 546 

under heat stress conditions. Besides, the differential expression of lectins and 547 

components of the complement system and the cytoskeleton, suggests that the 548 

environmental stress response in corals and oysters may be similar. Concerning the 549 

CSR, our results are also consistent with previous studies investigating the coral 550 

response to elevated seawater temperatures, showing heat shock, unfolded protein and 551 

oxidative stress responses as well as decreased ribosome biogenesis (Bay & Palumbi, 552 

2014; Bay & Palumbi, 2015; Bellantuono, Granados-Cifuentes, Miller, Hoegh-553 

Guldberg, & Rodriguez-Lanetty, 2012; Maor-Landaw et al., 2014; Maor-Landaw & 554 

Levy, 2016; Meyer, et al., 2011; Rodriguez-Lanetty, et al., 2009; Vidal-Dupiol, et al., 555 

2014; Voolstra, et al., 2009). 556 

In parallel to the conserved stress responses, organisms exhibit responses 557 

specific to the stress encountered. Here, we showed that M. aequituberculata 558 

exhibited a major immune response under elevated seawater temperature, 559 

upregulating a large number of genes that are putatively involved in various immune 560 

defence pathways (Table S1), while downregulating negative regulators of the 561 

immune response. In fact, immune genes represented nearly 18% of the differential 562 

transcriptome. The potential stimulatory cross talk between the CSR and the immune 563 

system in case of infection and inflammation (Muralidharan & Mandrekar, 2013), 564 

could have been implicated in boosting the immune response observed and a 565 

causative agent of microbial origin is therefore most probable. 566 

Although the major immune response observed may have prevented a shift in 567 

the coral-associated bacterial community and the establishment of known coral 568 

pathogens under heat stress conditions, it cannot be excluded that some of the immune 569 

responses observed were elicited by non-bacterial microbes. Interestingly, we found 570 

upregulation of numerous genes involved in anti-viral responses, including detection, 571 
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signalling and effector molecules (see Table S1 for gene functions). In fact, the toll-572 

like receptor TLR4 is known to recognize viruses, initiating the immune response via 573 

signal transduction pathways, and TNFR signalling has also been linked to anti-viral 574 

responses. Their simultaneous signalling could result in the activation of IRF1, a key 575 

regulator of the anti-viral response, and reinforcement of pro-inflammatory cytokine 576 

signalling. Increased expression of various MAMP-binding proteins that may target 577 

viruses, including scavenger receptors (e.g. DMBT1, DSCAM), ficolins and lectins, 578 

indicate involvement of the complement system and phagocytosis. Using their PtdSer-579 

specific receptors activated immune cells, may have cleared the apoptotic cells. 580 

Although speculative, our results provide indications for active virus infections in M. 581 

aequituberculata under heat stress conditions. This is in accordance with recent 582 

transcriptomic studies that found increased numbers of potential viral transcripts in 583 

stressed and diseased corals. It is therefore crucial to further assess the roles viruses 584 

play in coral holobiont health and their implications in disease development. Which 585 

viruses may have been involved in this study, is currently under investigation. 586 

In contrast to our study, downregulation of putative immune and apoptosis 587 

genes under heat stress (Rodriguez-Lanetty, et al., 2009; Vidal-Dupiol, et al., 2014) or 588 

in bleached corals (Pinzón, et al., 2015) has been previously reported. Suppression of 589 

the immune system and apoptosis could lead to a reduced capacity to respond to 590 

pathogens, which may result in increased disease incidence (Ainsworth, Kvennefors, 591 

Blackall, Fine, & Hoegh-Guldberg, 2007; Libro, et al., 2013). The significant immune 592 

response combined with the lack of disease development under heat stress conditions 593 

observed here, shows that M. aequituberculata is relatively tolerant to elevated 594 

temperatures and able to resist changes in its bacterial community. The population 595 

where we sourced our coral fragments from experiences relatively high seawater 596 

temperatures in summer (average 30.5C), and as such this thermal history may have 597 

provided these corals with increased stress resistance through both local adaptation 598 

and acclimatisation (Barshis, et al., 2013; Bellantuono, et al., 2012).  599 

 600 

Host response to bacteria and bacterial community regulation in corals  601 

By challenging M. aequituberculata with both a potentially pathogenic and a 602 

commensal bacterium, we were able to reveal a general mechanism employed by 603 

corals to regulate their bacterial community. First, we identified two genes involved in 604 

the circadian cycle (cryptochrome and CLOCK), which may be at the basis of this 605 
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microbiome regulatory process. These genes may play a role in the coral immune 606 

response; a function only recently described in mice and humans (Curtis, Bellet, 607 

Sassone-Corsi, & O’Neill, 2014; Narasimamurthy et al., 2012). Cryptochrome, a 608 

repressor of expression of the CLOCK gene, was downregulated in response to 609 

bacterial challenges, which was likely linked to the upregulation of CLOCK. Reduced 610 

levels of cryptochrome have previously been linked to increased expression of pro-611 

inflammatory cytokines and inducible nitric oxide synthase, which plays a role in the 612 

anti-microbial oxidative burst following phagocytosis or encapsulation (Curtis, et al., 613 

2014), and was recently reported in pathogen-challenged corals (Wright et al., 2017). 614 

In addition, CLOCK represses the anti-inflammatory function of the glucocorticoid 615 

receptor, enhances the activity of NF-κB and positively regulates the expression of 616 

Toll-like receptors (e.g. TLR9) and their downstream transcription factors (FOS and 617 

JUN) (Curtis, et al., 2014), (Scheiermann, Kunisaki, & Frenette, 2013). To orchestrate 618 

a proper immune response, TLR signalling is tightly regulated via the interferon-γ and 619 

Notch signalling pathways (Hu et al., 2008). Notch signalling is crucial in the 620 

development of immune cells (Radtke, Fasnacht, & MacDonald, 2010; Yuan, Kousis, 621 

Suliman, Visan, & Guidos, 2010). Our results showed an increased expression of the 622 

Notch target gene HEY, which selectively regulates expression of several interleukin 623 

cytokines (Hu, et al., 2008), in response to both bacterial challenges. Immune 624 

signalling was further regulated through the downregulation of protein phosphatase-1 625 

(PP1). This protein inhibits the Erk2, MAPK p38 and NF-κB pathways (Jin, Yan, Ma, 626 

Cao, & He, 2011; Nika et al., 2004; Saxena, Williams, Tasken, & Mustelin, 1999), 627 

which play major roles in the TLR-mediated immune response, and reduced PP1 628 

expression may therefore result in higher activity of these pathways, leading to 629 

increased immune function. Previous studies have also identified genes involved in 630 

the TLR pathway to be upregulated following pathogen challenges of corals (Vidal-631 

Dupiol, et al., 2014). Taken together, the general mechanism to regulate the 632 

microbiome appears to primarily involve TLR-dependent immune system regulation. 633 

As TLRs are essential for anti-microbial peptide expression and maintenance of a 634 

stable microbiome in Hydra (Franzenburg, et al., 2012), our results provide novel 635 

insights into the potential mechanisms underlying the regulation of coral-associated 636 

microbial communities. 637 

Several immune system-related genes were also specifically upregulated in 638 

response to exposure to V. coralliilyticus, suggesting the coral did recognise this 639 
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potential pathogen as a significant threat. Homologues of histamine receptors, which 640 

are known to regulate immuno-stimulatory cytokine production (O’Mahony, Akdis, & 641 

Akdis, 2011) as well as a member of the solute carrier family 16 (SLC16A10) were 642 

upregulated. Increased expression of histamine receptors was recently also found in 643 

coral tissues affected by white syndrome, the disease caused by V. coralliilyticus 644 

(Wright, et al., 2017), indicating that this might be a specific response to this 645 

pathogen. As SLC16A10 transports the PO substrate L-DOPA (Kim et al., 2002), this 646 

suggests involvement of the melanisation cascade in the anti-V. coralliilyticus 647 

response. Indeed, the amount of active PO was generally higher in V. coralliilyticus-648 

challenged corals thus requiring more substrate to be available to fulfil its immune 649 

function. Overall, these results corroborate a recent study showing a primary role for 650 

the melanisation cascade in the response of Pocillopora damicornis against V. 651 

coralliilyticus (Vidal-Dupiol, et al., 2014). Similarly, the disease-resistant coral 652 

Porites astreoides also exhibits a PO-based immune response when exposed to 653 

PAMPs (Palmer, et al., 2011). Overall, our results provide insights into the 654 

mechanistic basis of microbiome regulation in corals that facilitate maintenance of a 655 

healthy bacterial community, and the specific immune response mechanisms against 656 

bacterial pathogens. 657 

 658 

Resistance to coral pathogens? 659 

The general lack of disease development in our study was surprising. The V. 660 

coralliilyticus P1 strain had been isolated from colonies of M. aequituberculata 661 

exhibiting white syndrome signs and used to successfully re-infect healthy colonies of 662 

M. aequituberculata with the isolated strain, thereby fulfilling Koch’s postulates and 663 

identifying this bacterium as the causative agent of this disease (Sussman, et al., 664 

2008). To make sure that culturing would not affect properties of V. coralliilyticus, we 665 

conducted our study using the primary isolate of this strain and sourced our corals 666 

from the same population. Despite these precautions, we were unable to cause disease 667 

in healthy corals and therefore hypothesise that this M. aequituberculata population 668 

has developed some degree of resistance to this coral pathogen. Similarly, Vibrio 669 

shilonii used to be implicated in bleaching in the coral Oculina patagonica 670 

(Kushmaro, Loya, Fine, & Rosenberg, 1996; Kushmaro, Rosenberg, Fine, & Loya, 671 

1997); however, following several outbreaks, infection by this pathogen has not been 672 

observed in the field and cannot be re-established experimentally (Reshef, Koren, 673 
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Loya, Zilber-Rosenberg, & Rosenberg, 2006). Serratia marcescens has also been 674 

reported to be incapable of infecting Acropora palmata, despite being associated with 675 

white pox in this species a decade earlier (Joyner et al., 2015). While the exact 676 

mechanisms of resistance to pathogens is unknown, it could be the result of the 677 

selective elimination of disease-sensitive corals from the population, holobiont 678 

adaptation or potentially immunological memory. In addition, the coral probiotic 679 

hypothesis (Reshef, et al., 2006) may also be applicable to the disease resistance 680 

observed in our and other studies, posing that adjustments in the microbiome towards 681 

bacteria capable of warding off pathogens may prevent infection and disease. Taken 682 

together, if coral populations are indeed capable of developing resistance to diseases 683 

over relatively short time frames, it could be very promising for the future of coral 684 

reefs.  685 

 686 

In summary, we assessed three components of the holobiont of the coral 687 

Montipora aequituberculata exposed to elevated seawater temperatures and a 688 

potentially pathogenic or commensal bacterium. We found that, regardless of heat 689 

stress, the coral was capable of orchestrating an immune response towards the 690 

pathogenic bacterium and maintain a stable bacterial community, and identified 691 

potential conserved bacterial-response mechanisms used by corals. As we did not 692 

observe any significant impact on the coral-associated bacterial communities under 693 

elevated seawater temperatures either, the immune responses exhibited by both the 694 

coral host and Symbiodinium under these conditions were likely directed against both 695 

heat stress and a microbe of non-bacterial origin. Anti-viral responses in both the 696 

coral and Symbiodinium, suggest that viral infections may affect holobiont health 697 

during climatic stress events. Overall, however, the responses exhibited by the 698 

holobiont were sufficient to prevent the development of visual signs of disease and 699 

tissue loss. 700 

 701 

Acknowledgements 702 

The authors would like to thank Naohisa Wada for field assistance, Galina 703 

Aglyamova for laboratory assistance and Rhondda Jones for advice on statistical 704 

analyses. Mikhail Matz is gratefully thanked for his logistical support and advice, and 705 

for the fruitful discussions to improve this manuscript. We thank the National Sea 706 

Simulator staff at AIMS for logistical support. We acknowledge the Australian Coral 707 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Reef Society, the Australian Research Council Centre of Excellence for Coral Reef 708 

Studies, James Cook University, the Australian Institute of Marine Science and 709 

AIMS@JCU for funding this study. 710 

References 711 

 712 

Ainsworth, T. D., Kvennefors, E. C., Blackall, L. L., Fine, M., & Hoegh-Guldberg, O. 713 

(2007). Disease and cell death in white syndrome of Acroporid corals on the 714 

Great Barrier Reef. Marine Biology, 151(1), 19-29. doi: 10.1007/s00227-006-715 

0449-3 716 

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., & 717 

Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new generation of 718 

protein database search programs. Nucleic acids research, 25(17), 3389-3402 719 

Anderson, K., Taylor, D. A., Thompson, E. L., Melwani, A. R., Nair, S. V., & Raftos, 720 

D. A. (2015). Meta-Analysis of Studies Using Suppression Subtractive 721 

Hybridization and Microarrays to Investigate the Effects of Environmental 722 

Stress on Gene Transcription in Oysters. Plos One, 10(3), e0118839. doi: 723 

10.1371/journal.pone.0118839 724 

Barshis, D. J., Ladner, J. T., Oliver, T. A., & Palumbi, S. R. (2014). Lineage-Specific 725 

Transcriptional Profiles of Symbiodinium spp. Unaltered by Heat Stress in a 726 

Coral Host. Molecular Biology and Evolution. doi: 10.1093/molbev/msu107 727 

Barshis, D. J., Ladner, J. T., Oliver, T. A., Seneca, F. O., Traylor-Knowles, N., & 728 

Palumbi, S. R. (2013). Genomic basis for coral resilience to climate change. 729 

Proceedings of the National Academy of Sciences, 110(4), 1387-1392. doi: 730 

10.1073/pnas.1210224110 731 

Baruah, K., Ranjan, J., Sorgeloos, P., MacRae, T. H., & Bossier, P. (2011). Priming 732 

the prophenoloxidase system of Artemia franciscana by heat shock proteins 733 

protects against Vibrio campbellii challenge. Fish & Shellfish Immunology, 734 

31(1), 134-141. doi: http://dx.doi.org/10.1016/j.fsi.2011.04.008 735 

Baumgarten, S., Bayer, T., Aranda, M., Liew, Y. J., Carr, A., Micklem, G., & 736 

Voolstra, C. R. (2013). Integrating microRNA and mRNA expression 737 

profiling in Symbiodinium microadriaticum, a dinoflagellate symbiont of reef-738 

building corals. BMC genomics, 14(1), 704.   739 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Bay, R. A., & Palumbi, S. R. (2014). Multilocus Adaptation Associated with Heat 740 

Resistance in Reef-Building Corals. Current Biology, 24(24), 2952-2956. doi: 741 

10.1016/j.cub.2014.10.044 742 

Bay, R. A., & Palumbi, S. R. (2015). Rapid Acclimation Ability Mediated by 743 

Transcriptome Changes in Reef-Building Corals. Genome biology and 744 

evolution, 7(6), 1602-1612. doi: 10.1093/gbe/evv085 745 

Bellantuono, A. J., Granados-Cifuentes, C., Miller, D. J., Hoegh-Guldberg, O., & 746 

Rodriguez-Lanetty, M. (2012). Coral Thermal Tolerance: Tuning Gene 747 

Expression to Resist Thermal Stress. Plos One, 7(11), e50685. doi: 748 

10.1371/journal.pone.0050685 749 

Ben-Haim, Y., Zicherman-Keren, M., & Rosenberg, E. (2003). Temperature-750 

regulated bleaching and lysis of the coral Pocillopora damicornis by the novel 751 

pathogen Vibrio coralliilyticus. Applied and Environmental Microbiology, 752 

69(7), 4236-4242.   753 

Bourne, D., Iida, Y., Uthicke, S., & Smith-Keune, C. (2008). Changes in coral-754 

associated microbial communities during a bleaching event. The ISME 755 

journal, 2(4), 350-363. doi: 10.1038/ismej.2007.112 756 

Bourne, D. G., Morrow, K. M., & Webster, N. S. (2016). Insights into the coral 757 

microbiome: underpinning the health and resilience of reef ecosystems. 758 

Annual review of microbiology, 70, 317-340.   759 

Brown, T., Bourne, D., & Rodriguez-Lanetty, M. (2013). Transcriptional activation of 760 

c3 and hsp70 as part of the immune response of Acropora millepora to 761 

bacterial challenges. Plos One, 8(7), e67246. doi: 762 

10.1371/journal.pone.0067246 763 

Bruno, J. F., Selig, E. R., Casey, K. S., Page, C. A., Willis, B. L., Harvell, C. D., . . . 764 

Melendy, A. M. (2007). Thermal Stress and Coral Cover as Drivers of Coral 765 

Disease Outbreaks. PLoS Biol, 5(6), e124. doi: 10.1371/journal.pbio.0050124 766 

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 767 

Costello, E. K., . . . Knight, R. (2010). QIIME allows analysis of high-768 

throughput community sequencing data. Nature Methods, 7(5), 335-336. doi: 769 

10.1038/nmeth.f.303 770 

Chow, A. M., Beraud, E., Tang, D. W. F., Ferrier-Pagès, C., & Brown, I. R. (2012). 771 

Hsp60 protein pattern in coral is altered by environmental changes in light and 772 

temperature. Comparative Biochemistry and Physiology Part A: Molecular & 773 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Integrative Physiology, 161(3), 349-353. doi: 774 

http://dx.doi.org/10.1016/j.cbpa.2011.12.004 775 

Correa, A. M. S., Ainsworth, T. D., Rosales, S. M., Thurber, A. R., Butler, C. R., & 776 

Vega Thurber, R. L. (2016). Viral Outbreak in Corals Associated with an In 777 

Situ Bleaching Event: Atypical Herpes-Like Viruses and a New Megavirus 778 

Infecting Symbiodinium. Frontiers in microbiology, 7, 127. doi: 779 

10.3389/fmicb.2016.00127 780 

Curtis, Anne M., Bellet, Marina M., Sassone-Corsi, P., & O’Neill, Luke A. J. (2014). 781 

Circadian Clock Proteins and Immunity. Immunity, 40(2), 178-186. doi: 782 

10.1016/j.immuni.2014.02.002 783 

Davies, S. W., Marchetti, A., Ries, J. B., & Castillo, K. D. (2016). Thermal and pCO2 784 

Stress Elicit Divergent Transcriptomic Responses in a Resilient Coral. 785 

Frontiers in Marine Science, 3(112). doi: 10.3389/fmars.2016.00112 786 

DeSalvo, M. K., Sunagawa, S., Voolstra, C. R., & Medina, M. (2010). Transcriptomic 787 

responses to heat stress and bleaching in the elkhorn coral Acropora palmata. 788 

Marine Ecology Progress Series, 402, 97-113. doi: 10.3354/meps08372 789 

DeSalvo, M. K., Voolstra, C. R., Sunagawa, S., Schwarz, J. A., Stillman, J. H., 790 

Coffroth, M. A., . . . Medina, M. (2008). Differential gene expression during 791 

thermal stress and bleaching in the Caribbean coral Montastraea faveolata. 792 

Molecular ecology, 17(17), 3952-3971. doi: 10.1111/j.1365-793 

294X.2008.03879.x 794 

Dixon, G. B., Davies, S. W., Aglyamova, G. A., Meyer, E., Bay, L. K., & Matz, M. 795 

V. (2015). Genomic determinants of coral heat tolerance across latitudes. 796 

Science, 348(6242), 1460-1462. doi: 10.1126/science.1261224 797 

Dunlap, W. C., Starcevic, A., Baranasic, D., Diminic, J., Zucko, J., Gacesa, R., . . . 798 

Long, P. F. (2013). KEGG orthology-based annotation of the predicted 799 

proteome of Acropora digitifera: ZoophyteBase - an open access and 800 

searchable database of a coral genome. BMC genomics, 14, 509. doi: 801 

10.1186/1471-2164-14-509 802 

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. 803 

Bioinformatics, 26(19), 2460-2461. doi: 10.1093/bioinformatics/btq461 804 

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., & Knight, R. (2011). UCHIME 805 

improves sensitivity and speed of chimera detection. Bioinformatics, 27(16), 806 

2194-2200. doi: 10.1093/bioinformatics/btr381 807 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Franzenburg, S., Fraune, S., Kunzel, S., Baines, J. F., Domazet-Loso, T., & Bosch, T. 808 

C. (2012). MyD88-deficient Hydra reveal an ancient function of TLR 809 

signaling in sensing bacterial colonizers. Proceedings of the National 810 

Academy of Sciences of the United States of America, 109(47), 19374-19379. 811 

doi: 10.1073/pnas.1213110109 812 

Fraune, S., & Bosch, T. C. G. (2007). Long-term maintenance of species-specific 813 

bacterial microbiota in the basal metazoan Hydra. Proceedings of the National 814 

Academy of Sciences of the United States of America, 104(32), 13146-13151. 815 

doi: 10.1073/pnas.0703375104 816 

Fusetani, N., Toyoda, T., Asai, N., Matsunaga, S., & Maruyama, T. (1996). 817 

Montiporic acids A and B, cytotoxic and antimicrobial polyacetylene 818 

carboxylic acids from eggs of the scleractinian coral Montipora digitata. 819 

Journal of natural products, 59(8), 796-797. doi: 10.1021/np9604036 820 

Gasch, A. P., Spellman, P. T., Kao, C. M., Carmel-Harel, O., Eisen, M. B., Storz, G., . 821 

. . Brown, P. O. (2000). Genomic expression programs in the response of yeast 822 

cells to environmental changes. Molecular Biology of the Cell, 11(12), 4241-823 

4257.   824 

Gierz, S. L., Forêt, S., & Leggat, W. (2017). Transcriptomic Analysis of Thermally 825 

Stressed Symbiodinium Reveals Differential Expression of Stress and 826 

Metabolism Genes. Frontiers in Plant Science, 8, 271. doi: 827 

10.3389/fpls.2017.00271 828 

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J., . . 829 

. Lieber, M. (2013). De novo transcript sequence reconstruction from RNA-830 

seq using the Trinity platform for reference generation and analysis. Nature 831 

Protocols, 8(8), 1494-1512.   832 

Harvell, C. D., E. Jordan-Dahlgren, E., Merkel, S., Rosenberg, E., Raymundo, L., 833 

Smith, G., . . . Willis, B. L. (2007). Coral disease, environmental drivers, and 834 

the balance between coral and microbial associates. Oceanography, 20(1), 24. 835 

doi: 10.5670/oceanog.2007.91 836 

Hu, X., Chung, A. Y., Wu, I., Foldi, J., Chen, J., Ji, J. D., . . . Ivashkiv, L. B. (2008). 837 

Integrated Regulation of Toll-like Receptor Responses by Notch and 838 

Interferon-γ Pathways. Immunity, 29(5), 691-703. doi: 839 

10.1016/j.immuni.2008.08.016 840 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Jin, H., Yan, Z., Ma, Y., Cao, Y., & He, B. (2011). A Herpesvirus Virulence Factor 841 

Inhibits Dendritic Cell Maturation through Protein Phosphatase 1 and IκB 842 

Kinase. Journal of Virology, 85(7), 3397-3407. doi: 10.1128/jvi.02373-10 843 

Joyner, J. L., Sutherland, K. P., Kemp, D. W., Berry, B., Griffin, A., Porter, J. W., . . . 844 

Lipp, E. K. (2015). Systematic Analysis of White Pox Disease in Acropora 845 

palmata of the Florida Keys and Role of Serratia marcescens. Applied and 846 

Environmental Microbiology, 81(13), 4451-4457. doi: 10.1128/aem.00116-15 847 

Kim, D. K., Kanai, Y., Matsuo, H., Kim, J. Y., Chairoungdua, A., Kobayashi, Y., . . . 848 

Endou, H. (2002). The human T-type amino acid transporter-1: 849 

characterization, gene organization, and chromosomal location. Genomics, 850 

79(1), 95-103.  851 

Kimes, N. E., Grim, C. J., Johnson, W. R., Hasan, N. A., Tall, B. D., Kothary, M. H., . 852 

. . Morris, P. J. (2012). Temperature regulation of virulence factors in the 853 

pathogen Vibrio coralliilyticus. Isme Journal, 6(4), 835-846. doi: 854 

10.1038/ismej.2011.154 855 

Kodani, S., Sato, K., Higuchi, T., Casareto, B. E., & Suzuki, Y. (2013). Montiporic 856 

acid D, a new polyacetylene carboxylic acid from scleractinian coral 857 

Montipora digitata. Natural Product Research, 27(20), 1859-1862. doi: 858 

10.1080/14786419.2013.768992 859 

Kultz, D. (2005). Molecular and evolutionary basis of the cellular stress response. 860 

Annu Rev Physiol, 67, 225-257. doi: 861 

10.1146/annurev.physiol.67.040403.103635 862 

Kushmaro, A., Loya, Y., Fine, M., & Rosenberg, E. (1996). Bacterial infection and 863 

coral bleaching. Nature, 380(6573), 396.   864 

Kushmaro, A., Rosenberg, E., Fine, M., & Loya, Y. (1997). Bleaching of the coral 865 

Oculina patagonica by Vibrio AK-1. Marine Ecology Progress Series, 159-866 

165.   867 

Kvennefors, E. C., Sampayo, E., Kerr, C., Vieira, G., Roff, G., & Barnes, A. C. 868 

(2012). Regulation of bacterial communities through antimicrobial activity by 869 

the coral holobiont. Microbial ecology, 63(3), 605-618. doi: 10.1007/s00248-870 

011-9946-0 871 

Kvennefors, E. C. E., Leggat, W., Hoegh-Guldberg, O., Degnan, B. M., & Barnes, A. 872 

C. (2008). An ancient and variable mannose-binding lectin from the coral 873 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Acropora millepora binds both pathogens and symbionts. Developmental and 874 

Comparative Immunology, 32(12), 1582-1592. doi: 10.1016/j.dci.2008.05.010 875 

Kvennefors, E. C. E., Leggat, W., Kerr, C. C., Ainsworth, T. D., Hoegh-Guldberg, O., 876 

& Barnes, A. C. (2010). Analysis of evolutionarily conserved innate immune 877 

components in coral links immunity and symbiosis. Developmental and 878 

Comparative Immunology, 34(11), 1219-1229. doi: 10.1016/j.dci.2010.06.016 879 

Leggat, W., Seneca, F., Wasmund, K., Ukani, L., Yellowlees, D., & Ainsworth, T. D. 880 

(2011). Differential Responses of the Coral Host and Their Algal Symbiont to 881 

Thermal Stress. Plos One, 6(10), e26687. doi: 10.1371/journal.pone.0026687 882 

Lema, K. A., Willis, B. L., & Bourne, D. G. (2012). Corals Form Characteristic 883 

Associations with Symbiotic Nitrogen-Fixing Bacteria. Applied and 884 

Environmental Microbiology, 78(9), 3136-3144. doi: 10.1128/Aem.07800-11 885 

Levin, R. A., Voolstra, C. R., Weynberg, K. D., & van Oppen, M. J. H. (2017). 886 

Evidence for a role of viruses in the thermal sensitivity of coral 887 

photosymbionts. The ISME journal, 11(3), 808-812. doi: 888 

10.1038/ismej.2016.154 889 

Libro, S., Kaluziak, S. T., & Vollmer, S. V. (2013). RNA-seq Profiles of Immune 890 

Related Genes in the Staghorn Coral Acropora cervicornis Infected with 891 

White Band Disease. Plos One, 8(11), e81821. doi: 892 

10.1371/journal.pone.0081821 893 

Littman, R., Willis, B. L., & Bourne, D. G. (2011). Metagenomic analysis of the coral 894 

holobiont during a natural bleaching event on the Great Barrier Reef. 895 

Environmental microbiology reports, 3(6), 651-660. doi: 10.1111/j.1758-896 

2229.2010.00234.x 897 

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change 898 

and dispersion for RNA-seq data with DESeq2. Genome Biol, 15(12), 550. 899 

doi: 10.1186/s13059-014-0550-8 900 

Maor-Landaw, K., Karako-Lampert, S., Ben-Asher, H. W., Goffredo, S., Falini, G., 901 

Dubinsky, Z., & Levy, O. (2014). Gene expression profiles during short-term 902 

heat stress in the red sea coral Stylophora pistillata. Global Change Biology. 903 

Maor-Landaw, K., & Levy, O. (2016). Gene expression profiles during short-term 904 

heat stress; branching vs. massive Scleractinian corals of the Red Sea. PeerJ, 905 

4, e1814. doi: 10.7717/peerj.1814 906 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Marquis, C. P., Baird, A. H., de Nys, R., Holmström, C., & Koziumi, N. (2005). An 907 

evaluation of the antimicrobial properties of the eggs of 11 species of 908 

scleractinian corals. Coral Reefs, 24(2), 248-253. doi: 10.1007/s00338-005-909 

0473-7 910 

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 911 

sequencing reads. EMBnet.journal, 17(1). pp. 10-12 doi: 10.14806/ej.17.1.200 912 

Maynard, J., van Hooidonk, R., Eakin, C. M., Puotinen, M., Garren, M., Williams, G., 913 

. . . Harvell, C. D. (2015). Projections of climate conditions that increase coral 914 

disease susceptibility and pathogen abundance and virulence. Nature Clim. 915 

Change, 5(7), 688-694. doi: 10.1038/nclimate2625 916 

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible 917 

Interactive Analysis and Graphics of Microbiome Census Data. Plos One, 918 

8(4), e61217. doi: 10.1371/journal.pone.0061217 919 

Meyer, E., Aglyamova, G. V., & Matz, M. V. (2011). Profiling gene expression 920 

responses of coral larvae (Acropora millepora) to elevated temperature and 921 

settlement inducers using a novel RNA-Seq procedure. Molecular ecology, 922 

20(17), 3599-3616. doi: 10.1111/j.1365-294X.2011.05205.x 923 

Meyer, E., Davies, S., Wang, S., Willis, B. L., Abrego, D., Juenger, T. E., & Matz, M. 924 

V. (2009). Genetic variation in responses to a settlement cue and elevated 925 

temperature in the reef-building coral Acropora millepora. Marine Ecology 926 

Progress Series, 392, 81-92.   927 

Miller, D. J., Hemmrich, G., Ball, E. E., Hayward, D. C., Khalturin, K., Funayama, 928 

N., . . . Bosch, T. C. G. (2007). The innate immune repertoire in Cnidaria - 929 

ancestral complexity and stochastic gene loss. Genome Biology, 8(4). doi: 930 

10.1186/gb-2007-8-4-r59 931 

Muralidharan, S., & Mandrekar, P. (2013). Cellular stress response and innate 932 

immune signaling: integrating pathways in host defense and inflammation. 933 

Journal of Leukocyte Biology, 94(6), 1167-1184. doi: 10.1189/jlb.0313153 934 

Mydlarz, L. D., Holthouse, S. F., Peters, E. C., & Harvell, C. D. (2008). Cellular 935 

Responses in Sea Fan Corals: Granular Amoebocytes React to Pathogen and 936 

Climate Stressors. Plos One, 3(3). doi: 10.1371/Journal.Pone.0001811 937 

Narasimamurthy, R., Hatori, M., Nayak, S. K., Liu, F., Panda, S., & Verma, I. M. 938 

(2012). Circadian clock protein cryptochrome regulates the expression of 939 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

proinflammatory cytokines. Proceedings of the National Academy of Sciences, 940 

109(31), 12662-12667.   941 

Nika, K., Hyunh, H., Williams, S., Paul, S., Bottini, N., Taskén, K., . . . Mustelin, T. 942 

(2004). Haematopoietic protein tyrosine phosphatase (HePTP) 943 

phosphorylation by cAMP-dependent protein kinase in T-cells: dynamics and 944 

subcellular location. Biochem. J., 378(2), 335-342. doi: 10.1042/bj20031244 945 

Nissimov, J., Rosenberg, E., & Munn, C. B. (2009). Antimicrobial properties of 946 

resident coral mucus bacteria of Oculina patagonica. FEMS microbiology 947 

letters, 292(2), 210-215.   948 

O’Mahony, L., Akdis, M., & Akdis, C. A. (2011). Regulation of the immune response 949 

and inflammation by histamine and histamine receptors. Journal of Allergy 950 

and Clinical Immunology, 128(6), 1153-1162.   951 

Palmer, C. V., McGinty, E. S., Cummings, D. J., Smith, S. M., Bartels, E., & 952 

Mydlarz, L. D. (2011). Patterns of coral ecological immunology: variation in 953 

the responses of Caribbean corals to elevated temperature and a pathogen 954 

elicitor. Journal of Experimental Biology, 214(24), 4240-4249. doi: 955 

10.1242/Jeb.061267 956 

Pinzón, J. H., Kamel, B., Burge, C. A., Harvell, C. D., Medina, M., Weil, E., & 957 

Mydlarz, L. D. (2015). Whole transcriptome analysis reveals changes in 958 

expression of immune-related genes during and after bleaching in a reef-959 

building coral. Royal Society Open Science, 2(4). doi: 10.1098/rsos.140214 960 

Putnam, N. H., Srivastava, M., Hellsten, U., Dirks, B., Chapman, J., Salamov, A., . . . 961 

Rokhsar, D. S. (2007). Sea Anemone Genome Reveals Ancestral Eumetazoan 962 

Gene Repertoire and Genomic Organization. Science, 317(5834), 86-94. doi: 963 

10.1126/science.1139158 964 

Radtke, F., Fasnacht, N., & MacDonald, H. R. (2010). Notch Signaling in the Immune 965 

System. Immunity, 32(1), 14-27. doi: 10.1016/j.immuni.2010.01.004 966 

Raina, J. B., Tapiolas, D., Willis, B. L., & Bourne, D. G. (2009). Coral-Associated 967 

Bacteria and Their Role in the Biogeochemical Cycling of Sulfur. Applied and 968 

Environmental Microbiology, 75(11), 3492-3501. doi: 10.1128/Aem.02567-08 969 

Reshef, L., Koren, O., Loya, Y., Zilber-Rosenberg, I., & Rosenberg, E. (2006). The 970 

Coral Probiotic Hypothesis. Environmental Microbiology, 8(12), 2068-2073. 971 

doi: 10.1111/j.1462-2920.2006.01148.x 972 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Ritchie, K. B. (2006). Regulation of microbial populations by coral surface mucus and 973 

mucus-associated bacteria. Marine Ecology Progress Series, 322, 1-14. doi: 974 

Doi 10.3354/Meps322001 975 

Rodriguez-Lanetty, M., Harii, S., & Hoegh-Guldberg, O. V. E. (2009). Early 976 

molecular responses of coral larvae to hyperthermal stress. Molecular ecology, 977 

18(24), 5101-5114. doi: 10.1111/j.1365-294X.2009.04419.x 978 

Rohwer, F., Seguritan, V., Azam, F., & Knowlton, N. (2002). Diversity and 979 

distribution of coral-associated bacteria. Marine Ecology Progress Series, 243, 980 

1-10. doi: 10.3354/Meps243001 981 

Roth, M. S., & Deheyn, D. D. (2013). Effects of cold stress and heat stress on coral 982 

fluorescence in reef-building corals. Scientific Reports, 3. doi: 983 

10.1038/srep01421 984 

Sato, K., Casareto, B. E., Suzuki, Y., & Kodani, S. (2013). Antibacterial activity of 985 

scleractinian corals in Okinawa, Japan. Galaxea, Journal of Coral Reef 986 

Studies, 15(2), 19-26. doi: 10.3755/galaxea.15.19 987 

Saxena, M., Williams, S., Tasken, K., & Mustelin, T. (1999). Crosstalk between 988 

cAMP-dependent kinase and MAP kinase through a protein tyrosine 989 

phosphatase. Nature cell biology, 1(5), 305-311. doi: 10.1038/13024 990 

Scheiermann, C., Kunisaki, Y., & Frenette, P. S. (2013). Circadian control of the 991 

immune system. Nature reviews. Immunology, 13(3), 190-198. doi: 992 

10.1038/nri3386 993 

Shinzato, C., Shoguchi, E., Kawashima, T., Hamada, M., Hisata, K., Tanaka, M., . . . 994 

Satoh, N. (2011). Using the Acropora digitifera genome to understand coral 995 

responses to environmental change. Nature, 476(7360), 320-323. doi: 996 

10.1038/nature10249 997 

Shnit-Orland, M., & Kushmaro, A. (2009). Coral mucus-associated bacteria: a 998 

possible first line of defense. FEMS microbiology ecology, 67(3), 371-380. 999 

doi: 10.1111/j.1574-6941.2008.00644.x 1000 

Sokolow, S. (2009). Effects of a changing climate on the dynamics of coral infectious 1001 

disease: a review of the evidence. Diseases of Aquatic Organisms, 87(1-2), 5-1002 

18. doi: 10.3354/dao02099 1003 

Strychar, K. B., & Sammarco, P. W. (2012). Effects of Heat Stress on Phytopigments 1004 

of Zooxanthellae (Symbiodinium spp.) Symbiotic with the Corals Acropora 1005 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

hyacinthus, Porites solida, and Favites complanata. International Journal of 1006 

Biology, 4(1), 3-19. doi: 10.5539/ijb.v4n1p3  1007 

Sung, Y., Pineda, C., MacRae, T., Sorgeloos, P., & Bossier, P. (2008). Exposure of 1008 

gnotobiotic Artemia franciscana larvae to abiotic stress promotes heat shock 1009 

protein 70 synthesis and enhances resistance to pathogenic Vibrio campbellii. 1010 

Cell Stress and Chaperones, 13(1), 59-66. doi: 10.1007/s12192-008-0011-y 1011 

Sussman, M., Mieog, J. C., Doyle, J., Victor, S., Willis, B. L., & Bourne, D. G. 1012 

(2009). Vibrio Zinc-Metalloprotease Causes Photoinactivation of Coral 1013 

Endosymbionts and Coral Tissue Lesions. Plos One, 4(2), e4511. doi: 1014 

10.1371/journal.pone.0004511 1015 

Sussman, M., Willis, B. L., Victor, S., & Bourne, D. G. (2008). Coral Pathogens 1016 

Identified for White Syndrome (WS) Epizootics in the Indo-Pacific. Plos One, 1017 

3(6), e2393. doi: 10.1371/journal.pone.0002393 1018 

Ushijima, B., Videau, P., Burger, A., Shore-Maggio, A., Runyon, C. M., Sudek, M., . 1019 

. . Callahan, S. M. (2014). Vibrio coralliilyticus strain OCN008 is an 1020 

etiological agent of acute Montipora white syndrome. Applied and 1021 

Environmental Microbiology. doi: 10.1128/aem.03463-13 1022 

van de Water, J. A. J. M., Ainsworth, T. D., Leggat, W., Bourne, D. G., Willis, B. L., 1023 

& van Oppen, M. J. H. (2015). The coral immune response facilitates 1024 

protection against microbes during tissue regeneration. Molecular ecology, 1025 

24(13), 3390-3404. doi: 10.1111/mec.13257 1026 

van de Water, J. A. J. M., Lamb, J. B., van Oppen, M. J. H., Willis, B. L., & Bourne, 1027 

D. G. (2015). Comparative immune responses of corals to stressors associated 1028 

with offshore reef-based tourist platforms. Conservation Physiology, 3(1). doi: 1029 

10.1093/conphys/cov032 1030 

van Oppen, M. J. H. (2004). Mode of zooxanthella transmission does not affect 1031 

zooxanthella diversity in acroporid corals. Marine Biology, 144(1), 1-7. doi: 1032 

10.1007/s00227-003-1187-4 1033 

van Oppen, M. J. H., Palstra, F. P., Piquet, A. M.-T., & Miller, D. J. (2001). Patterns 1034 

of coral–dinoflagellate associations in Acropora: significance of local 1035 

availability and physiology of Symbiodinium strains and host–symbiont 1036 

selectivity. Proceedings of the Royal Society of London. Series B: Biological 1037 

Sciences, 268(1478), 1759-1767.   1038 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Vidal-Dupiol, J., Dheilly, N. M., Rondon, R., Grunau, C., Cosseau, C., Smith, K. M., . 1039 

. . Mitta, G. (2014). Thermal Stress Triggers Broad Pocillopora damicornis 1040 

Transcriptomic Remodeling, while Vibrio coralliilyticus Infection Induces a 1041 

More Targeted Immuno-Suppression Response. Plos One, 9(9), e107672. doi: 1042 

10.1371/journal.pone.0107672 1043 

Vidal-Dupiol, J., Ladriere, O., Destoumieux-Garzon, D., Sautiere, P. E., 1044 

Meistertzheim, A. L., Tambutte, E., . . . Mitta, G. (2011). Innate Immune 1045 

Responses of a Scleractinian Coral to Vibriosis. Journal of Biological 1046 

Chemistry, 286(25), 22688-22698. doi: 10.1074/jbc.M110.216358 1047 

Vidal-Dupiol, J., Ladriere, O., Meistertzheim, A. L., Foure, L., Adjeroud, M., & 1048 

Mitta, G. (2011). Physiological responses of the scleractinian coral Pocillopora 1049 

damicornis to bacterial stress from Vibrio coralliilyticus. Journal of 1050 

Experimental Biology, 214(9), 1533-1545. doi: Doi 10.1242/Jeb.053165 1051 

Voolstra, C. R., Schnetzer, J., Peshkin, L., Randall, C., Szmant, A., & Medina, M. 1052 

(2009). Effects of temperature on gene expression in embryos of the coral 1053 

Montastraea faveolata. BMC genomics, 10(1), 1-9. doi: 10.1186/1471-2164-1054 

10-627 1055 

Weis, V. M. (2008). Cellular mechanisms of Cnidarian bleaching: stress causes the 1056 

collapse of symbiosis. Journal of Experimental Biology, 211(19), 3059-3066. 1057 

doi: 10.1242/jeb.009597 1058 

Weynberg, K. D., Voolstra, C. R., Neave, M. J., Buerger, P., & van Oppen, M. J. H. 1059 

(2015). From cholera to corals: Viruses as drivers of virulence in a major coral 1060 

bacterial pathogen. [Article].  5, 17889. doi: 10.1038/srep17889 1061 

Willis, B. L., Page, C. A., & Dinsdale, E. A. (2004). Coral Disease on the Great 1062 

Barrier Reef. In E. Rosenberg & Y. Loya (Eds.), Coral Health and Disease 1063 

(pp. 69-104): Springer Berlin Heidelberg. 1064 

Wilson, K., Li, Y., Whan, V., Lehnert, S., Byrne, K., Moore, S., . . . Ballment, E. 1065 

(2002). Genetic mapping of the black tiger shrimp Penaeus monodon with 1066 

amplified fragment length polymorphism. Aquaculture, 204(3), 297-309.   1067 

Wright, R. M., Aglyamova, G. V., Meyer, E., & Matz, M. V. (2015). Gene expression 1068 

associated with white syndromes in a reef building coral, Acropora 1069 

hyacinthus. BMC genomics, 16, 371. doi: 10.1186/s12864-015-1540-2 1070 

Wright, R. M., Kenkel, C. D., Dunn, C. E., Shilling, E. N., Bay, L. K., & Matz, M. V. 1071 

(2017). Intraspecific differences in molecular stress responses and coral 1072 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

pathobiome contribute to mortality under bacterial challenge in Acropora 1073 

millepora. Scientific reports, 7(1), 2609. doi: 10.1038/s41598-017-02685-1 1074 

Yuan, J. S., Kousis, P. C., Suliman, S., Visan, I., & Guidos, C. J. (2010). Functions of 1075 

Notch Signaling in the Immune System: Consensus and Controversies. Annual 1076 

review of immunology, 28(1), 343-365. doi: 1077 

10.1146/annurev.immunol.021908.132719 1078 

  1079 

 1080 

  1081 

Data Accessibility 1082 

All sequencing data (16S rRNA gene amplicon, TagSeq and Transcriptome) has been 1083 

made available through the NCBI Sequence Read Archive under BioProject number 1084 

PRJNA419467 and SRA Accession number SRP125476. 1085 

Montipora aequituberculata transcriptome – assembled and annotated: 1086 

http://matzlab.weebly.com/data--code.html  1087 

 1088 

Author Contributions 1089 

J.vd.W., B.W., D.G.B. and M.v.O. designed the experiment. J.vd.W and M.C.D.M. 1090 

conducted the experiment. J.vd.W and M.C.D.M. analysed the samples and data. G.D. 1091 

developed the transcriptome. J.B.R. isolated and characterised the Oceanospirillales 1092 

S47 strain. All authors contributed to the writing of the manuscript. 1093 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

http://matzlab.weebly.com/data--code.html�


This article is protected by copyright. All rights reserved 

Supporting Information 1094 

Suppl. Figure S1 – Experimental Design 1095 

Suppl. Figure S2 – Photo Timeline Coral Fragments 1096 

Suppl. Figure S3 – Diseased Coral Fragment 1097 

Suppl. Figure S4 – Symbiodinium Genotyping and Photochemical Efficiency 1098 

Suppl. Figure S5 – Heatmap DEGs Symbiodinium at elevated temperatures 1099 

Suppl. Figure S6 – Heatmap DEGs M. aequituberculata at elevated temperatures 1100 

Suppl. Figure S7 – Biochemical Parameters (Phenoloxidase Activity and GFP-like 1101 

Proteins) 1102 

Suppl. File S1 – Material & Methods (detailed) 1103 

Suppl. File S2 – Tables Statistical Analysis and Primer Sequences 1104 

Suppl. File S3 – DEGs Symbiodinium (DESeq2 Results) 1105 

Suppl. File S4 – Scripts and Input Data 1106 

Suppl. File S5 – DEGs M. aequituberculata (DESeq2 Results) 1107 

Suppl. File S6 – Differentially Abundant OTUs (DESeq2 Results) 1108 

Suppl. Table S1 – Putative Functions of Immune & Stress Response Genes 1109 

Figure Legends 1110 

 1111 

Figure 1 – Impact of elevated seawater temperatures and bacterial challenges on 1112 

Symbiodinium. (A) Principal Coordinate Analysis plot representing the differences in 1113 

the overall gene expression patterns in Symbiodinium endosymbionts following 1114 

exposure to elevated seawater temperatures and bacterial challenges. (B) Venn 1115 

diagram depicting the number of differentially expressed genes between the three 1116 

temperature treatment comparisons. (C) Global profile of the differentially expressed 1117 

genes in Symbiodinium at 32°C. (D-E) Gene ontology biological processes categories 1118 

significantly enriched with genes either positively (red) or negatively (blue) 1119 

responding to elevated temperatures at (D) 32°C and (E) 29°C. The dendrogram 1120 

depicts the sharing of genes between GO categories, and font type indicates the 1121 

multiplicity-corrected p-value.  1122 

 1123 

Figure 2 – Impact of elevated seawater temperatures and bacterial challenges on the 1124 

coral host Montipora aequituberculata. (A) Principal Coordinate Analysis plot 1125 

representing the differences in the overall gene expression patterns in M. 1126 

aequituberculata following exposure to elevated seawater temperatures and bacterial 1127 
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challenges. (B) Venn diagram depicting the number of differentially expressed genes 1128 

between the three temperature treatment comparisons. (C) Global profile of the 1129 

differentially expressed genes in M. aequituberculata at 32°C. (D) Gene ontology 1130 

biological processes categories significantly enriched with genes either positively 1131 

(red) or negatively (blue) responding to elevated temperatures at 32°C. Font type 1132 

indicates the multiplicity-corrected p-value. The dendrogram depicts the sharing of 1133 

genes between GO categories, and font type indicates the multiplicity-corrected p-1134 

value.  1135 

 1136 

Figure 3 – Transcriptomic response of the coral host Montipora aequituberculata to 1137 

bacterial challenges. Heatmap of the expression profile of the 10 annotated 1138 

differentially expressed genes following bacterial challenges with Oceanospirillales 1139 

S47 or Vibrio coralliilyticus. 1140 

 1141 

Figure 4 – Composition of coral-associated bacterial communities and the impacts of 1142 

heat stress and bacterial challenges on the microbiome. (A) Relative contributions of 1143 

the most abundant bacterial taxonomic classes (>0.1%) to the bacterial communities 1144 

of M. aequituberculata under experimental treatments over time. (B) Principal 1145 

coordinate analysis of beta diversity based on Bray-Curtis dissimilarity matrices, 1146 

showing changes in the coral microbiome over time. 1147 

 1148 

Figure 5 – Overview of the putative innate immune responses by Montipora 1149 

aequituberculata under heat stress. (I) MAMP-activated Toll-like and NOD-like 1150 

receptors as well as TNFα-activated tumor necrosis factor (TNF) receptors induce 1151 

various signal transduction pathways via TRAFs, including NF-κB and MAPK (e.g. 1152 

JNK and MAPK p38) pathways, resulting in transcription of immune genes (II). In 1153 

addition, apoptosis may be induced via a caspase-mediated pathway. Products of 1154 

transcribed immune genes may have intracellular functions or are exocytosed (III). 1155 

Exocytosed cytokines have immunomodulatory functions, regulating immune gene 1156 

expression and providing a chemotactic gradient for immune cell recruitment via 1157 

cytokine receptor signalling (IV). In addition, activated phenoloxidase (PO) forms a 1158 

microbe-immobilising barrier of melanin and produces cytotoxic compounds (V). The 1159 

lectin-complement system (VI) is initiated by binding of a lectin to MAMPs and 1160 

results in the proteolytic cleavage of C3 into C3b, which is deposited onto the 1161 
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microbe. Via C3-specific receptors, C3b may induce phagocytosis of the microbe 1162 

(VIII). Similarly, scavenger receptors may bind to microbes and induce phagocytosis 1163 

(VII). Maturation of the phagosome leads to the formation of a microbicidal 1164 

phagolysosome (IX). Destructive reactive radicals are neutralised by antioxidants to 1165 

prevent host damage (X). Potential viral infections may be repressed by RNA 1166 

interference against viral mRNA transcripts and direct inhibition of the virus 1167 

productive cycle through DNA modification and inhibition of viral proteins (XI). 1168 

Abbreviations: MAMP, microbe-associated molecular pattern; TLR, Toll-li ke 1169 

receptor; NLR, nucleotide-binding oligomerisation domain (NOD-like) receptor; 1170 

TNFR, tumor necrosis factor receptor; TRAF, TNF receptor-associated factor; 1171 

MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; NF-κB, 1172 

nuclear factor kappa B; proPO, pro-phenoloxidase; C3, complement C3; NO, nitric 1173 

oxide; NOS, nitric oxide synthase; NOX, NADPH oxidase; AMP, anti-microbial 1174 

peptide.  1175 
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