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Abstract 18 

The bacterial and microalgal endosymbiont (Symbiodiniaceae spp.) communities associated with 19 

corals have important roles in their health and resilience, yet little is known about the factors 20 

driving their succession during early coral life stages. Using 16S rRNA gene and ITS2 21 

metabarcoding, we compared these communities in four Acropora coral species and their hybrids 22 

obtained from two laboratory crosses (Acropora tenuis x Acropora loripes, Acropora sarmentosa 23 

x Acropora florida) across the parental, recruit (seven months old) and juvenile (two years old) 24 

life stages. We tested whether microbiomes differed between 1) life stages, 2) hybrids and 25 

purebreds, and 3) treatment conditions (ambient/elevated temperature and pCO2). Microbial 26 

communities of early life stage corals were highly diverse, lacked host specificity and were 27 

primarily determined by treatment conditions. Over time, a winnowing process occurred, and 28 

distinct microbial communities developed between the two species pair crosses by two years of 29 

age, irrespective of hybrid or purebred status. These findings suggest that the microbial 30 

communities of corals have a period of flexibility prior to adulthood, which can be valuable to 31 

future research aimed at the manipulation of coral microbial communities.  32 

 33 
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Introduction  37 

Reef-building corals associate with diverse microbial communities including dinoflagellates 38 

(Symbiodiniaceae), prokaryotes (bacteria, archaea), fungi, and viruses (Blackall, Wilson, & van 39 

Oppen, 2015; Rosenberg, Koren, Reshef, Efrony, & Zilber-Rosenberg, 2007). Particularly 40 

important members of this consortium, which is called the coral holobiont, are the 41 

Symbiodiniaceae and bacteria. Symbiodiniaceae algae live inside the coral gastrodermal cells and 42 

provide their host with fixed organic carbon from photosynthesis; in return the algae gain 43 

protection and inorganic waste metabolites (Muscatine, 1967). Bacteria occupy the surface mucus 44 

layer, tissue, gastrovascular cavity and skeleton of corals (Bourne & Munn, 2005). While research 45 

on the functional roles of bacteria to the coral holobiont is still in its infancy, several putative 46 

functions have been suggested. These include the potential of nutrient scavenging (Knowlton & 47 

Rohwer, 2003; Zhang et al., 2015), carbon, nitrogen, sulfur and phosphorus cycling (Lesser et al., 48 

2007; Raina, Dinsdale, Willis, & Bourne, 2010; Zhang et al., 2015), as well as defence against 49 

predation and pathogens through secondary metabolites and antimicrobial compounds (Castillo, 50 

Lodeiros, Núñez, & Campos, 2001; Nissimov, Rosenberg, & Munn, 2009).  51 

 52 

Symbiodiniaceae and bacterial symbionts can be transmitted vertically (from parent to offspring) 53 

and/or horizontally (acquired from the environment) (Ceh, van Keulen, & Bourne, 2013; Quigley, 54 

Baker, Coffroth, Willis, & van Oppen, 2018). Multiple Symbiodiniaceae and bacterial taxa can 55 

co-exist within a coral host, with up to 102-103 bacterial strains and ~ 15 Symbiodiniaceae 56 

operational taxonomic units (OTUs based on 97 % ITS2 sequence similarity cut-off) found within 57 

a coral host (Blackall et al., 2015). Temporal changes and spatial differences in bacterial 58 

communities associated with adult coral colonies are thought to be driven by a variety of factors, 59 



4 

 

including temperature, pH/pCO2, coral health status, light intensity, water depth and nutrient level 60 

(Morrow, Muller, & Lesser, 2018; van Oppen & Blackall, 2019). Conversely, bacterial 61 

communities of conspecific corals may remain stable despite seasonal environmental variations 62 

(Littman, Willis, Pfeffer, & Bourne, 2009b) or exposure to different pH conditions (Meron et al., 63 

2012; Webster et al., 2016; Zhou et al., 2016). While the succession of coral-associated bacterial 64 

communities is poorly studied, community winnowing during coral development into adulthood 65 

is an emerging pattern (Epstein, Torda, Munday, & van Oppen, 2019; Lema, Bourne, & Willis, 66 

2014; Littman et al., 2009b).  67 

 68 

Symbiodiniaceae communities of corals may vary between reef sites that differ in light (Iglesias-69 

Prieto, Beltrán, LaJeunesse, Reyes-Bonilla, & Thomé, 2004) and temperature (Oliver & Palumbi, 70 

2011), However, stable communities over time and with changing temperature conditions have 71 

also been observed (McGinley et al., 2012; Pettay, Wham, Pinzón, & Lajeunesse, 2011). 72 

Symbiodiniaceae genera and strains can differ in their thermal tolerance and physiological optima, 73 

and this can affect the thermal tolerance of the coral holobiont (Boulotte et al., 2016; Stat & Gates, 74 

2011). The loss of Symbiodiniaceae (i.e., coral bleaching) as a consequence of thermal stress often 75 

results in coral mortality (Douglas, 2003; Hoegh-Guldberg, 1999). A common finding is that corals 76 

dominated by Durusdinium spp. have higher thermal tolerance compared to those dominated by 77 

Cladocopium spp. (Berkelmans & van Oppen, 2006; Stat & Gates, 2011), although the opposite 78 

has also been documented (Abrego, Ulstrup, Willis, & van Oppen, 2008). Young coral recruits 79 

generally harbour a higher diversity of Symbiodiniaceae strains, but these communities can go 80 

through a winnowing process as the corals age (Abrego, van Oppen, & Willis, 2009; Gómez-81 

Cabrera, Ortiz, Loh, Ward, & Hoegh-Guldberg, 2008; Little, van Oppen, & Willis, 2004).  82 
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 83 

The aim of this study was to investigate the composition and succession of bacterial and 84 

Symbiodiniaceae communities in hybrid and purebred Acropora corals. Hybrid Acropora corals 85 

naturally occur in the Caribbean (Fogarty, 2012; Vollmer & Palumbi, 2002) and Indo-Pacific 86 

(Willis, van Oppen, Miller, Vollmer, & Ayre, 2006), and they have been shown in some studies to 87 

have comparatively high fitness in the laboratory (Chan, Peplow, Menéndez, Hoffmann, & van 88 

Oppen, 2018; Isomura, Iwao, & Fukami, 2013; Willis et al., 2006) and in the wild (Fogarty, 2012). 89 

However, information about their bacterial and Symbiodiniaceae communities is lacking. Access 90 

to purebred and interspecific hybrid offspring from four Acropora species bred in the laboratory 91 

and exposed to ambient and elevated conditions (temperature and pCO2) for seven months, 92 

followed by a 13 month grow-out period under ambient conditions, allowed us to examine the 93 

influence of coral age, parentage and treatment conditions on the composition of the microbiome. 94 

A second aim was to examine whether the coral-associated microbial communities contributed to 95 

the differences in holobiont fitness previously reported in Chan et al. (2018). 96 

 97 

Materials and methods 98 

Experimental design and sampling  99 

Adult parental corals were collected from Trunk Reef (18°35'S, 146°80'E), central Great Barrier 100 

Reef in November 2015 and maintained in flow-through aquaria of the National Sea Simulator 101 

(SeaSim) at the Australian Institute of Marine Science (AIMS). The adults were bred to form 1) 102 

an Acropora tenuis x Acropora loripes cross, and 2) an Acropora sarmentosa x Acropora florida 103 

cross, each resulting in two purebred and two hybrid offspring groups. Details of the crossing 104 

protocols and the experimental design are in Chan et al. (2018). Coral hybridization was completed 105 
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within ten days of arrival of the parental colonies to the SeaSim. After successful fertilization was 106 

confirmed, a small branch tip of each adult parents was removed and stored in absolute ethanol 107 

(EtOH) for microbial community analyses (n = 5 for A. tenuis, n = 2 for A. loripes, n = 5 for A. 108 

sarmentosa, and n = 2 for A. florida). Eight offspring groups (four hybrid and four purebred 109 

groups) resulted from the two crosses: TT, TL, LT and LL for the A. tenuis x A. loripes cross, and 110 

SS, SF, FS and FF for the A. sarmentosa x A. florida cross. The abbreviation of the offspring 111 

groups is that the first letter represents the origin of the eggs and the second letter the origin of 112 

sperm (e.g., TL is a hybrid crossed with A. tenuis (T) eggs with A. loripes (L) sperm). During 113 

larval settlement, Symbiodiniaceae cells isolated from the parents were added at a density of 2 × 114 

106 cells mL−1 to encourage Symbiodiniaceae uptake (see Chan et al. (2018)). Recruits settled onto 115 

ceramic plugs were randomly distributed and reared under ambient conditions (27ºC and 415 ppm 116 

pCO2) or elevated conditions (ambient +1 ºC and 685 ppm pCO2) for seven months in filtered 117 

seawater (0.5 µm) (n = 12 tanks per treatment, and n = 20 plugs per offspring group per tank). The 118 

ambient conditions applied in this study are those of Davies Reef (18°35'S, 147°63'E), which is a 119 

reef proximal to Trunk Reef and from which long-term temperature records are available via an 120 

AIMS weather station. Light was provided at ~ 120 µE m-2 s-1 using Aquaillumination Hydra 121 

following the natural light/dark cycle. Fitness comparisons (e.g., survival, growth) between 122 

hybrids and purebreds are reported in Chan et al. (2018). At the end of the seven-month experiment 123 

(Jul 2016), three recruits from three randomly selected tanks of each treatment were sampled and 124 

stored in absolute ethanol (EtOH) (n = 3 per offspring group per tank per treatment, 144 samples 125 

in total). 126 

 127 
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To accommodate the higher light and feeding demand as the recruits grew, they were moved to 128 

two grow-out tanks at one year of age. Light was gradually increased to 250 µE m-2 s-1 over two 129 

weeks, and the juveniles were maintained under ambient conditions with unfiltered seawater. To 130 

assess possible changes in microbial communities between the recruit and juvenile life stages, a 131 

branch tip was sampled from two-year-old juveniles in November 2017 and stored in absolute 132 

ethanol (EtOH). A total of 33 samples were collected (Tables S1, S2). Three individuals per 133 

offspring group per treatment (previous treatment) were sampled whenever possible, however, 134 

certain offspring groups/treatment did not have three samples due to mortality (see Tables S1, S2). 135 

Three 1 L seawater samples were also collected from each rearing tank and filtered on a 0.22 µm 136 

Sterivex filter using a peristaltic pump. A total of 198 samples was collected for each of the 16S 137 

bacterial and ITS2 Symbiodiniaceae datasets (n = 14 for adult parents, n = 143 for seven-month-138 

old recruits, n = 33 for two-year-old juveniles, n = 6 for seawater, n = 1 for mock community 139 

(16S/ITS2) and n = 1 for negative controls (16S/ITS2) – see Tables S1, S2). 140 

 141 

DNA extraction, PCR amplification and library preparation  142 

Detailed protocols of DNA extraction, PCR amplification and library preparation can be found in 143 

the Supplemental Materials and Methods. Briefly, DNA was extracted from the entire recruit for 144 

the small seven-month-old samples, and from a ~20 mg fragment collected from the coral branch 145 

tip for the adult and two-year-old juvenile samples. The extraction was conducted using a salting-146 

out method with bead beating and additional enzymatic digestion steps with Lysozyme and 147 

Proteinase K. A tissue-free extraction was also conducted as a contamination control. To assess 148 

the accuracy of sequencing and bioinformatic analyses of the bacterial 16S rRNA gene samples, a 149 

reference mock community was constructed using pure cultures of seven bacteria species 150 
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previously isolated from marine invertebrates (i.e., Acinetobacter: MH744724, Bacterioplanes: 151 

MH744725, Marinobacter: MK088251, Paracoccus: MH744726, Pseudoalteromonas: 152 

MK088250, Pseudovibrio: KX198136 and Vibrio: X56578). These bacteria species were selected 153 

as they were marine in origin and their identities have been confirmed previously by sequencing. 154 

The mock community was made using equal quantities of PCR-amplified cell lysate of the pure 155 

cultures (see Supplemental Materials and Methods on how the amplicons were quantified and 156 

pooled), and. The Primers 515fB [5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGT 157 

GYCAGCMGCCGCGGTAA-3′] (Apprill, McNally, Parsons, & Weber, 2015) and 806rB [5′-158 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTCTAAT-3′] 159 

(Parada, Needham, & Fuhrman, 2016) with Illumina adapter sequences (underlined) (Illumina, 160 

San Diego, California, USA) added at the 5-prime ends were used to amplify the hypervariable 161 

V4 region of the bacterial 16S rRNA gene.  162 

 163 

A reference mock community was also established for Symbiodiniaceae ITS2 amplicon 164 

sequencing using equal quantities of PCR products from 10 Symbiodiniaceae cultures, 165 

representing eight sequence types. These included sequence type A (MK007295, MK007303), A2 166 

(MK007324), A3 (MK007259, MK007296), C1 (MK007304), D1a (MH229352), F1(AF427462) 167 

and F5.1(MK007305), G3(MH229354) (see Supplemental Materials and Methods for details). 168 

Symbiodiniaceae ITS2 primers itsD [5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 169 

GTGAATTGCAGAACTCCGTG-3'] and Its2rev2 [5′-GTCTCGTGGGCTCGGAGATGTGTAT 170 

AAGAGACAGCCTCCGCTTACTTATATGCTT-3′] (Pochon, Pawlowski, Zaninetti, & Rowan, 171 

2001) with Illumina adapter sequences (underlined) added at the 5-prime ends to amplify the 172 

partial 5.8S, entire ITS2 and partial 28S rDNA genes.   173 
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 174 

For both loci, triplicate 15 µL PCR reactions were set up for each sample, the mock community, 175 

tissue-free extraction control and no-template PCR control. PCR cycling conditions included an 176 

initial denaturation at 95ºC for 10 min followed by 28 cycles at 95ºC for 30 s, 55ºC for 30 s, and 177 

72ºC for 30 s; and a final extension at 72ºC for 10 min. Triplicate PCR products for each sample 178 

were pooled, purified and visualized on agarose gels. A single Indexing PCR reaction was carried 179 

out on each purified sample amplicon pool, following the Illumina Metagenome Sequencing 180 

library preparation guide. Indexing PCR products were bead purified and quantified. Sample 181 

concentrations were normalized to 25 nM, pooled in equal volumes and sent to Ramaciotti Centre 182 

for Genomics (UNSW, Sydney, Australia) for MiSeq v3 sequencing.  183 

 184 

Sequence data processing  185 

Demultiplexed FASTQ files of all samples were processed in the same run and read quality was 186 

visualized using FastQC (Andrews, 2018). Conservative quality trimming was conducted using 187 

Trimmomatic and sequence reads were joined with PandaSeq (Masella, Bartram, Truszkowski, 188 

Brown, & Neufeld, 2012). The bacterial 16S data were processed via Qiime2 (2019.4.0) with a 189 

custom pipeline. Denoising, chimera removal and the construction of amplicon sequence variants 190 

(ASVs) were conducted using Deblur (Amir et al., 2017). Taxonomic classification of the ASVs 191 

was carried out using a classifier trained on the SILVA 132 database (Glöckner et al., 2017) and 192 

with the primers used in this study.  Two samples with less than two reads were removed by Deblur 193 

during the denoising step (Tables S1, S2). Sequences that were classified as mitochondria and 194 

chloroplasts were removed. All sequences that were classified as bacteria with an ASV were 195 

retained in the dataset. The ITS2 Symbiodiniaceae data were processed via Qiime1 (v1.9.1). 196 
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Chimeras were identified and removed using Usearch61, and closed reference OTU picking was 197 

conducted at a 97% similarity cut-off based on a Symbiodiniaceae reference database (Arif et al., 198 

2014). Symbiodiniaceae OTUs are hereafter called sequence types. Raw counts of the 16S 199 

bacterial data and ITS2 Symbiodiniaceae data were outputted to R.  200 

 201 

Statistical analyses 202 

Library sizes of the samples were rarefied at a rarefaction level of 886 reads and 1719 reads for 203 

the bacterial and Symbiodiniaceae data, respectively.  Of the 198 samples, eleven were removed 204 

from the bacterial data and seven from the Symbiodiniaceae data due to low read counts (Tables 205 

S1 and S2). The samples that were removed also had difficulties in the DNA extraction and/or 206 

PCR amplification step. The 16S bacterial negative control only contained two reads from the 207 

same ASVs in the family Mycoplasmataceae, and the sequence was not considered further (i.e., 208 

the sequence was not removed from the samples). The relationship between read depths and alpha-209 

diversity was visually checked and this confirmed that alpha-diversity plateaued at around the 210 

selected rarefaction level (Figures S1, S2). Bacterial ASVs and Symbiodiniaceae sequence types 211 

with relative abundance of < 0.005% were removed following the recommendation in Bokulich et 212 

al. (2013). The subsequent statistical analyses, multivariate ordination analyses and visualization 213 

figures (i.e., alpha-diversity plot, non-metric multidimensional scaling (nMDS) plots, and 214 

Permutational Multivariate Analyses of Variance (PERMANOVA)) were conducted using the 215 

rarefied, filtered data at the ASV level for the bacterial data, and at sequence type level for the 216 

Symbiodiniaceae data (see below for exceptions).  217 

 218 
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The full dataset (including adult parents, seven-month-old recruits and two-year-old juveniles) was 219 

used to compare the bacterial and Symbiodiniaceae communities between life stages. Cross-220 

sectional analyses were then carried out individually for offspring of the A. tenuis x A. loripes and 221 

A. sarmentosa x A. florida crosses that were seven months old and two years old to investigate the 222 

effects of hybridization (hybrid vs. purebred) and treatment (ambient vs. elevated) on the 223 

microbiome within each subset. Bray-Curtis distance (Legendre & Legendre, 1998) was used to 224 

compare bacterial and Symbiodiniaceae communities between samples for the full dataset and 225 

each of the subsets. Ordination analyses using nMDS (Legendre & Legendre, 1998) based on the 226 

same distance were then conducted. Multivariate homogeneity of variances was tested using 227 

using betadisper, a multivariate analogue of Levene’s test (Anderson, Ellingsen, & McArdle, 228 

2006). Differences in microbial communities between 1) life stages, 2) species pair crosses, 3) 229 

hybrid vs. purebred corals and 4) ambient vs. elevated conditions were tested with PERMANOVA 230 

(Oksanen et al., 2016), with 999 permutations and each factor evaluated separately. Pairwise 231 

comparisons were carried out with p-values corrected using the Benjamini-Hochberg method 232 

(Benjamini & Hochberg, 1995). The possibility of tank effects was tested by comparing the 233 

microbial communities of each offspring group in the three tanks within a treatment. These 234 

analyses confirmed the absence of a tank effect, hence it was not considered further in the analyses. 235 

The nMDS plots and alpha-diversity plots among samples from the six experiment tanks are shown 236 

in Figures S3-S5.  237 

 238 

Differential analyses (Love, Huber, & Anders, 2014) based on generalized linear models assuming 239 

negative binomial distributions for the raw abundance counts were used to identify bacterial taxa 240 

that were significantly different in relative abundance between the three life stages and between 241 
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treatments. For visualization, compositional plots and the results of the differential analyses are 242 

shown at the family level to highlight certain bacterial families of interest. Microbial communities 243 

of the seawater and mock community samples were visualized as compositional plots for 244 

comparisons with coral samples but were excluded from the nMDS ordination plots and statistical 245 

analyses. All the above analyses were conducted using R (3.5.0) (R Core Team, 2018)  and the 246 

packages ggplot (Wickham, 2016), phyloseq (McMurdie & Holmes, 2013), DESeq2 (Love et al., 247 

2014) and vegan (Oksanen et al., 2016).  248 

 249 

Results  250 

Coral life stages differed in their microbial communities  251 

Coral life stages differed significantly in their bacterial communities (PERMANOVA p < 0.001, 252 

Tables 1) (Figures 1, S6); pairwise comparisons indicated that the adult parents, the seven-month-253 

old recruits, and the two-year-old juveniles within the same cross were significantly different from 254 

each other (p < 0.001 for all pairs). See Table S3 for results of homogeneity of variances. Further, 255 

the parents and two-year-old juveniles of the A. tenuis x A. loripes cross differed in their bacterial 256 

communities from those of the A. sarmentosa x A. florida cross (PERMANOVA p < 0.001 for 257 

both pairs, Table 1) (Figure S7, S8). Pairwise comparisons between individual offspring groups 258 

were not conducted for the above analyses due to low sample size (n = 2) for some offspring and 259 

parental groups. The bacterial 16S mock community sample was classified accurately at the genus 260 

level and had approximately equal proportions of the seven expected taxa (Figure 1, Table S4). 261 

Alpha-diversity of seven-month-old recruits was higher than that of two-year-old juveniles and 262 

adult parents (Figure 2), with no taxa occurring at a relative abundance of more than 12% (Figure 263 

1). When combining all offspring groups of the same life stage from both crosses, a total of 1448 264 
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bacterial ASVs were found in the seven-month-old recruits, whereas a total of 744 and 277 ASVs 265 

were found in two-year-old juveniles and adult parents respectively (see Table S5 for the number 266 

of ASVs of each specific offspring group). Adult parents shared a total of 213 and 172 bacterial 267 

ASVs with seven-month-old recruits and two-year-old juveniles respectively, whereas seven-268 

month-old recruits and two-year-old juveniles shared a total of 506 bacterial ASVs (based on all 269 

offspring groups at that life stage, Figure S9). A total of 193 and 184 bacterial ASVs found in 270 

seawater samples was also present in seven-month-old recruits and two-year-old juveniles (based 271 

on all offspring groups at that life stage (Figure S9). 272 

  273 



14 

 

 274 

 275 

Figure 1. Compositional plots showing the averaged relative abundances of the bacterial taxa at 276 

the family level of parental and offspring groups at different life stages (Parent, 7M: seven months 277 

old, 2Y: two years old). Bacterial communities of seawater samples (SW) and a 16S mock 278 

communities (16S_mock) are also shown. A similar colour between families in the legend 279 

indicates that they belong to the same order. For illustration purpose, only taxa with relative 280 

abundance of > 0.2 % are display.    281 
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Table 1. Summary of results (p-values) from PERMANOVA based on Bray-Curtis dissimilarity matrices to test the differences in 282 

bacterial or Symbiodiniaceae communities between 1) life stages, 2) the A. tenuis x A. loripes (AT x AL) and the A. sarmentosa x A. 283 

florida (AS x AF) crosses, 3) hybrid vs. purebred corals, and 4) ambient vs. elevated temperature and pCO2 conditions. The analyses 284 

were conducted at ASV level and each factor was tested independently. Homogeneity of variances and R2 of each comparison are 285 

shown in Table S3.  286 

Comparison Life stage Cross No. of 

samples† 

Permanova- 

Bacteria 

No. of 

samples† 

Permanova- 

Symbiodiniaceae 

Parent vs. 7 months vs. 2 years All AT x AL n = 7, 67, 21 ≤ 0.001 *** n = 7, 65, 21 ≤ 0.001 *** 

Parent vs. 7 months vs. 2 years All AS x AF n = 7, 65, 12 ≤ 0.001 *** n = 7, 71, 12 ≤ 0.001 *** 

       

AT x AL vs. AS x AF cross Parent  N/A‡ n = 7, 7 ≤ 0.001 *** n = 7, 7 0.014 * 

AT x AL vs. AS x AF cross 7 months (ambient) N/A‡ n = 32, 33 0.098 n = 31, 36 0.571 

AT x AL vs. AS x AF cross 7 months (elevated) N/A‡ n = 35, 32 0.005 ** n = 34, 35 0.739 

AT x AL vs. AS x AF cross 2 years N/A‡ n = 21, 12 ≤ 0.001 *** n = 21, 12 ≤ 0.001 *** 

       

Hybrid vs. Purebred 7 months AT x AL n = 35, 32 0.307 n = 30, 35 0.548 

Hybrid vs. Purebred 7 months AS x AF n = 36, 29 0.358 n = 36, 35 0.068 

Hybrid vs. Purebred 2 years AT x AL n = 12, 9 0.814 n = 12, 9 0.494 

Hybrid vs. Purebred 2 years AS x AF n = 7, 5 0.957 n = 7, 5 0.496 

       

Ambient vs. Elevated  7 months AT x AL n = 32, 35 ≤ 0.001 *** n = 31, 34 ≤ 0.001 *** 

Ambient vs. Elevated 7 months AS x AF n = 33, 32 ≤ 0.001 *** n = 36, 35 ≤ 0.001 *** 

Once Ambient vs. Once Elevated§ 2 years AT x AL n = 15, 6 0.321 n = 15, 6 0.209 

Once Ambient vs. Once Elevated§ 2 years AS x AF n = 6, 3 0.333 n = 7, 5 0.103 
† The no. of samples refers to the final number of samples used in the analyses. The order presented here follows the order in the 287 

“Comparison” column. See Tables S1 and S2 for full details.  288 

* Indicates statistical significance. * p < 0.05, ** p < 0.01, *** p ≤ 0.001.  289 
‡ This part compares between crosses, therefore subdivision of cross is not applicable (N/A) here.  290 
§ The two-year-old juveniles were all under ambient condition. ‘Once ambient’ or ‘once elevated’ indicates whether they were 291 

previously under ambient or elevated temperature and pCO2 conditions during the first seven months of their life.292 
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 293 

 294 

Figure 2. Alpha-diversity (based on Shannon index) of the bacterial communties for offspring 295 

groups at different life stages (Parent (red), 7M: seven-month-old recruits (green), 2Y: two-year-296 

old juveniles (blue). The number of samples (n) of each offspring group is displayed in brackets. 297 

 298 

In the later life stages, stronger dominance by one or a few bacterial taxa was observed (Figures 1, 299 

3).  For both crosses, adult parents were dominated by the family Endozoicomonadaceae (Bartz et 300 

al., 2018) (25-73%) (Figure 3). Endozoicomonadaceae also occurred in moderate abundance in 301 

two-year-old juveniles (2-16%), but not in seven-month-old recruits (< 0.05%) (Figures 3). The 302 

family Oceanospirillaceae occurred only in parents and two-year-old juveniles (Figure 3). At two 303 

years of age, all offspring groups of the A. tenuis x A. loripes cross were dominated by 304 

Simkaniaceae (~50%) (Figure 3). However, dominance by a single taxon was not observed in the 305 

two-year-old juveniles of the A. sarmentosa x A. florida cross (Figure 3). Simkaniaceae also had 306 

limited abundance in parents and seven-month-old recruits (Figure 3). Conversely, the families 307 

Cyclobacteriaceae, Flavobacteriaceae, Pirellulaceae and Rhodobacteraceae were relatively 308 

abundant in all seven-month-old recruits (4-8 %) but not in parents or two-year-old juveniles (< 309 

1% in most cases) (Figure 3). Since the top 10 bacterial families that were significantly different 310 
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between seven months vs. two years and seven months vs. parents were similar, only the top 10 311 

taxa of seven months vs. two years were displayed using bubble plots (Figure 3).  312 

 313 

Figure 3. The top 10 taxa at family level that were significantly different in relative abundance 314 

between the three life stages for the A. tenuis x A. loripes and A. sarmentosa x A. florida cross 315 

(7M: seven months old, 2Y: two years old).  316 

 317 

As for the Symbiodiniaceae communities, significant differences between life stages were 318 

observed (PERMANOVA p < 0.001 for both crosses, Table 1) (Figures 4, S10). Pairwise 319 

comparisons showed that the parents, the seven-month-old recruits and the two-year-old juveniles 320 

within a cross were significantly different from each other (p < 0.001 for all pairs; see Table S3 321 

for results of homogeneity of variance). The only exception was that there was no difference 322 

between the parents and the two-year-old juveniles of the A. sarmentosa x A. florida cross (p = 323 

0.247). Between crosses, Symbiodiniaceae communities did not differ at the early life stage of 324 

seven months (Table 1, Figure 4). At the later life stages, however, Symbiodiniaceae communities 325 

of the A. tenuis x A. loripes cross were significantly different from those of the A. sarmentosa x A. 326 

florida cross (PERMANOVA parents: p = 0.014, two years old p < 0.0001, Table 1). The ITS2 327 

mock community was classified accurately at the sequence type level (Table S6). The relative 328 
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abundance of the majority of the sequence types of the mock community was close to expectation. 329 

The only exception was that sequence type A had a lower relative abundance than expected, which 330 

may be a consequence of the presence of intragenomic variants (Table S6). 331 

 332 

Figure 4. Compositional plots showing the averaged relative abundances of different 333 

Symbiodiniaceae sequence types for parent and offspring groups at different life stages. 334 

Symbiodiniaceae communities of seawater samples (SW) and an ITS mock communities 335 

(ITS_mock) are also shown.  336 

 337 

Adult parents had fewer Symbiodiniaceae sequence types (18) compared to seven-month-old 338 

recruits and two-year-old juveniles (23 for both). A change in dominant Symbiodiniaceae sequence 339 

types was also observed with age (Figure 4). At seven months of age, all recruits were dominated 340 

by sequence type Cspc (72-84%), with C33 (type 1) being the second most abundant type (10-341 

23%). Two-year-old juveniles of the A. tenuis x A. loripes cross were dominated by sequence types 342 

A1 (26-44%) and Cspc (53-66%), with low abundance of D1 (0.03-5%) (Figure 4). Juveniles of 343 

the A. sarmentosa x A. florida cross, in contrast, were dominated by sequence types C3k (9-40%) 344 
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and Cspc (29-94%), with low to moderate abundance of D1 (5-17%) (Figure 4). Sequence types 345 

C33 (type 1), A1 and D1 were absent in all but one parent (and only occurred at < 0.02% in that 346 

parent). Adult parents were dominated by sequence type C3k (15-83%) and Cspc (12-79%) (Figure 347 

4).  348 

 349 

Microbial communities were similar between hybrid and purebred Acropora corals  350 

At both seven months and two years of age, bacterial and Symbiodiniaceae communities did not 351 

differ significantly between purebred and hybrid corals within both the A. tenuis x A. loripes and 352 

A. sarmentosa x A. florida crosses (Table 1) (seven months: Figures 5, 6; two years: Figures S11, 353 

S12).  354 

 355 

Figure 5. nMDS plots of the bacterial communities in hybrid vs. purebred recruits at seven months 356 

of age for the A. tenuis x A. loripes and A. sarmentosa x A. florida cross based on an analysis of 357 

Bray-Curtis dissimilarity matrices. 358 

 359 
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 360 
Figure 6. nMDS plots of the Symbiodiniaceae communities in hybrid vs. purebred recruits at seven 361 

months of age for the A. tenuis x A. loripes cross and A. sarmentosa x A. florida cross based on an 362 

analysis of Bray-Curtis dissimilarity matrices. 363 

 364 

Elevated temperature and pCO2 conditions affected microbial communities  365 

There was a significant difference in bacterial and Symbiodiniaceae communities between seven-366 

month-old recruits reared under ambient versus elevated temperature and pCO2 conditions for both 367 

the A. tenuis x A. loripes and A. sarmentosa x A. florida crosses (p < 0.001 for each comparison, 368 

Table 1) (Figures 7, S13). For example, Blattabacteriaceae occurred at 1.2-4.5% under ambient 369 

conditions, but only occurred at 0.3-1.9% under elevated conditions (Figure S14). For 370 

Symbiodiniaceae communities, sequence type C33 (type 1) occurred in moderate to high 371 

abundance in all offspring groups under ambient conditions (15- 42%), but only occurred in 2-5% 372 

under elevated conditions (Figure S15). Sequence types in the genus Durusdinium (D1, D1a, D2) 373 

ranged from 0-1.5% under ambient conditions and from 0-12% under elevated conditions (Figure 374 

S15).  Sequence type Cspc remained the most abundant type under both ambient (54- 78%) and 375 

elevated (75- 92%) conditions. At two years of age (after 17 months at ambient conditions), 376 

bacterial and Symbiodiniaceae communities of the juveniles that were under ambient and elevated 377 
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conditions during the first seven months of their life were indistinguishable from one another 378 

(Table 1, Figures S16, S17).  379 

 380 
Figure 7. nMDS plots based on an analysis of Bray-Curtis dissimilarity matrices of the 381 

Symbiodiniaceae communities of seven months old recruits reared under ambient vs. elevated 382 

temperature and pCO2 conditions.  383 

 384 

Discussion 385 

Winnowing of microbial communities  386 

DNA metabarcoding data obtained here showed that coral-associated microbial communities go 387 

through a winnowing process as the coral recruits develop into adults. At seven months of age, the 388 

bacterial communities of recruits had higher alpha-diversity than both the two-year-old juveniles 389 

and the adult parents. Winnowing of bacterial communities is known from other cnidarian species. 390 

Hydra, for instance, has highly diverse and variable bacterial communities in early life stages but 391 

diversity is drastically decreased in the adult stage (Franzenburg et al., 2013). Several previous 392 

studies on corals are also in agreement with our findings (Epstein et al., 2019; Lema et al., 2014; 393 

Littman, Willis, & Bourne, 2009a). Lema et al. (2014) found distinct bacterial communities in the 394 

larval stage, early recruit stage (one and two weeks old) and recruit/juvenile stages (three, six, 12 395 
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months old) of A. millepora. The highest number of OTUs (590 OTUs) was observed in the three 396 

months old recruits but this declined to 423 OTUs by 12 months of age (Lema et al., 2014). 397 

Similarly, Littman et al. (2009a) observed two to almost three times more bacterial OTUs in nine 398 

months old recruits of A. millepora and A. tenuis compared to adult conspecifics. In contrast, 399 

higher bacterial diversity was observed in larger (and presumably older) than in smaller (and 400 

presumably younger) colonies of the massive coral, Coelastrea aspera, (Williams, Brown, 401 

Putchim, & Sweet, 2015). However, older C. aspera colonies in that study were exposed to the air 402 

during low tide while younger colonies were not exposed, and this could have an effect on their 403 

microbiome. 404 

 405 

In addition to the change in bacterial diversity, the dominant bacterial taxa associated with corals 406 

also shifted with age. The moderate to high abundance of members in the families 407 

Endozoicomonadaceae and Simkaniaceae in the two-year-old juveniles and adult parents suggests 408 

that these families may play an important role beyond the earliest life stages. While the exact 409 

function of these bacterial taxa in the coral holobiont is unknown, certain strains of 410 

Endozoicomonas may have the potential for dimethylsulfoniopropionate (DMSP) degradation 411 

(Raina, Tapiolas, Willis, & Bourne, 2009; Shiu & Tang, 2019). A high abundance of 412 

Endozoicomonas spp. has been found in adult corals across geographical regions (Epstein et al., 413 

2019; Morrow, Moss, Chadwick, & Liles, 2012; Pollock et al., 2018). For example, this taxon 414 

accounted for > 70 % of the bacterial communities of Pocillopora damicornis from Australia (van 415 

Oppen et al., 2018) and the Red Sea (Bayer et al., 2013). In contrast, the families that were 416 

relatively abundant in the seven-month-old recruits (Cyclobacteriaceae, Flavobacteriaceae, 417 

Pirellulaceae and Rhodobacteraceae) were rare in older life stages. Similar observations have been 418 
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made in C. aspera, where Rhodobacteraceae occurred at higher abundance in younger corals, but 419 

occurred to a lesser extent or was undetected in older conspecifics from the same reef  (Williams 420 

et al., 2015). Unfortunately, little is known about the possible roles of these bacteria in holobiont 421 

functioning. The change in bacterial communities with age may be due to changing needs at 422 

different life stages and/or availability of new niches as the coral grows. The coral host may 423 

actively select for bacteria suitable for its state of development and newly available niches.  424 

 425 

It is well established that Symbiodiniaceae taxa may change in relative abundance during ontogeny 426 

of corals (Abrego et al., 2009; Gómez-Cabrera et al., 2008; Little et al., 2004).  For instance, 427 

recruits of A. tenuis gradually shifted from codominance by Cladocopium and Durusdinium spp. 428 

to dominance by Durusdinium spp. from four to 37 weeks of age (Little et al., 2004). In contrast, 429 

conspecific adults from the same reef were dominated by Cladocopium spp. (Little et al., 2004). 430 

Similarly, adults of Acropora longicyathus showed dominance by Cladocopium spp., while 10-431 

day and three-month-old conspecific recruits were dominated by Symbiodinium spp., or a mix of 432 

Symbiodinium, Cladocopium and Durusdinium spp. (Gómez-Cabrera et al., 2008).  Possible 433 

explanations for the change in dominant Symbiodiniaceae taxa with age include the change in 434 

growth form (Abrego et al., 2009) and coral pigmentation (Gómez-Cabrera et al., 2008).  In the 435 

present study, vertical growth was absent in the seven-month-old recruits while the two-year-old 436 

juveniles had simple vertical growth and adult parents showed complex 3D structures. Vertical 437 

growth may alter light and other environmental conditions inside the host tissues, favoring certain 438 

types of Symbiodiniaceae (Abrego et al., 2009). In addition, the increase in tissue thickness and 439 

pigmentation with age may modify the irradiance level that the algae experience (Salih, Larkum, 440 

Cox, Kühl, & Hoegh-Guldberg, 2000). It is also possible that the coral host actively selects 441 
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Symbiodiniaceae taxa to maximize their effectiveness to suit ontogenetic changes in physiological 442 

needs (Little et al., 2004), resulting in the succession pattern observed in this study.    443 

 444 

One potential limitation of this study on the interpretation of microbial community winnowing 445 

with age is that there were temporal changes in the environment. The adult parental colonies were 446 

collected from the field and sampled for microbiome analyses after ~10 days in aquaria containing 447 

a diversity of reef organisms, whereas the seven-month-old recruits were maintained in filtered 448 

seawater (0.5 µm) and the two-year-old juveniles were reared in unfiltered seawater from the age 449 

of one year onwards. The change from filtered to unfiltered seawater was necessary due to the 450 

increasing feeding demand as the coral grew. Since coral microbial communities can be sensitive 451 

to their environments, the different conditions experienced by corals at the three different life 452 

stages may confound the effect of age. Adult colonies from the field are expected to be exposed to 453 

a diverse range of microbes in the field, whereas the seven-month-old recruits are likely to have 454 

the least diverse microbial community as they were reared in filtered seawater.  For example, ~824 455 

bacterial ASVs were found in seawater samples collected from field (Heron Island, Australia) 456 

(Epstein et al., 2019), while only ~220 to 440 ASVs were found in filtered seawater samples from 457 

the SeaSim (K. Damjanovic, personal communication, Jun 24, 2019). This is opposite to the 458 

diversity pattern observed in this study, suggesting that factors other than the environment (e.g., 459 

life stage) were likely drivers of the observed pattern. 460 

 461 

Distinct microbiome succession patterns between species pair crosses 462 

The succession patterns of bacterial and Symbiodiniaceae communities differed between the two 463 

species pair crosses. While offspring groups of the A. tenuis x A. loripes cross showed strong 464 
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dominance of one bacterial taxon by two years of age, offspring groups of the A. sarmentosa x A. 465 

florida cross at the same age did not. Similarly, the rate of change to adult-like Symbiodiniaceae 466 

communities also differed between the two species pair crosses. The A. sarmentosa x A. florida 467 

cross established parent-like Symbiodiniaceae communities by two years of age. All offspring 468 

groups of this cross were dominated by sequence types of the genera Cladocopium and 469 

Diusdurnum while all offspring groups of the A. tenuis x A. loripes cross were dominated by 470 

Cladocopium and Symbiodinium. Since all juveniles were under the same treatment conditions and 471 

randomly distributed in the same tanks, the observed differences in microbial communities 472 

between the crosses indicate coral host specificity. The dominance of Symbiodinium spp., as 473 

observed in all offspring groups of the A. tenuis x A. loripes cross at two years of age, is unusual 474 

in adult populations (Abrego et al., 2009; Gómez-Cabrera et al., 2008; Little et al., 2004). 475 

Symbiodinium is the only Symbiodiniaceae genus known to synthesize mycosporine-like amino 476 

acids, a compound that may act as a shield against ultraviolet radiation (Banaszak, LaJeunesse, & 477 

Trench, 2000). Members of Symbiodinium are more commonly found in shallow water corals 478 

(Baker, 2003; LaJeunesse, 2001) and are tolerant to high irradiance (Rowan, 1998). The 479 

dominance of Symbiodinium in these offspring groups may be a response to the increased light 480 

levels (from 120 to 250 µE m-2 s-1) from the age of one year.       481 

 482 

The bacterial communities harboured by adult corals have been showed to be species-specific in 483 

several studies (Bourne & Munn, 2005; Frias-Lopez, Zerkle, Bonheyo, & Fouke, 2002; Rohwer, 484 

Breitbart, Jara, Azam, & Knowlton, 2001), although it is unknown at what age this specificity 485 

develops. For Symbiodiniaceae communities, it is known that the onset of a species-specific 486 

pattern can vary between Acropora species (Abrego et al., 2009); A. tenuis harboured similar 487 
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Symbiodiniaceae communities to that of the conspecific adults by ~3.5 year of age, but A. 488 

millepora from the same locations did not (Abrego et al., 2009). The present study showed that 489 

the onset of a species-specific pattern in bacterial and Symbiodiniaceae communities occurred in 490 

multiple Acropora species by two years of age. Interestingly, the difference in the extent and taxa 491 

of specialization in bacterial and Symbiodiniaceae communities occurred only between the two 492 

crosses. Within a cross, the hybrid and purebred offspring groups had similar microbial 493 

communities, suggesting that hybrid and purebred corals underwent a similar succession and 494 

winnowing process as they grew.  495 

 496 

Parental species within a cross shared similar bacterial communities  497 

Bacterial communities of the adult parents A. tenuis and A. loripes differed from those of A. 498 

sarmentosa and A. florida. Species-specific bacterial communities are commonly observed in adult 499 

corals (van Oppen & Blackall, 2019). However, Littman et al. (2009b) found closely related 500 

Acropora species from the same reef shared similar bacterial communities, yet these communities 501 

were distinct from conspecifics from a different reef. Given that A. sarmentosa and A. florida are 502 

closely related species (Fukami, Omori, & Hatta, 2000; Márquez, van Oppen, Willis, Reyes, & 503 

Miller, 2002) and they were collected from the same reef, it is not surprising that they harboured 504 

similar bacterial communities. However, A. tenuis and A. loripes are phylogenetically divergent 505 

and fall within different clades (van Oppen, 2001; Fukami et al., 2000; Márquez et al., 2002). It is 506 

unclear why A. tenuis and A. loripes in this study shared similar bacterial communities (that were 507 

distinct from A. sarmentosa and A. florida), and whether the similar bacterial communities 508 

between the two species pair crosses contributed to their successful hybridization (Brucker & 509 

Bordenstein, 2012). For future coral hybridization studies, investigating the bacterial communities 510 
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of parental species from successful and unsuccessful crosses will provide valuable insights into 511 

this question 512 

 513 

Hybridization did not affect microbe association 514 

Bacterial and Symbiodiniaceae communities were the same in hybrid and purebred Acropora 515 

offspring within each cross, indicating that parentage plays a minor role in shaping these 516 

communities at the early coral life stages.  At seven months of age, hybrids showed ~16-34% 517 

higher survival than purebred A. tenuis in the A. tenuis x A. loripes cross, and ~14-22% higher 518 

survival than both purebred offspring groups in the A. sarmentosa x A. florida cross (Chan et al., 519 

2018). Our findings suggest these early life stage fitness differences are unlikely due to the 520 

microbial communities, unless the same communities expressed different genes in hybrid and 521 

purebred corals (which was not tested).  522 

 523 

Environmental condition was a primary driver of microbial communities in early life stage 524 

corals  525 

Treatment conditions had a major impact on the bacterial and Symbiodiniaceae communities 526 

harboured by early life stage recruits. However, our results cannot resolve whether the change in 527 

microbial communities was a passive response to treatment conditions or a consequence of active 528 

selection by the coral host (Webster et al., 2016). Changes in bacterial communities have 529 

previously been observed when adult conspecific corals were exposed to different temperatures 530 

(Bourne, Iida, Uthicke, & Smith-Keune, 2007; Lins-de-Barros et al., 2013; Santos et al., 2014; 531 

Webster et al., 2016) and/or pH/pCO2 (Meron et al., 2011; Morrow et al., 2015; Webster et al., 532 

2013) treatments. Conversely, bacterial communities of adult conspecific corals were unaffected 533 
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by changing temperature or pH/pCO2 conditions is other studies (Littman et al., 2009b; Meron et 534 

al., 2012; Webster et al., 2016; Zhou et al., 2016). This discrepancy might be due to differences in 535 

study durations, the extent of the stress, the origin, species and age of the corals studied. For adult 536 

A. millepora, abundance of Endozoicomonas spp. declined significantly when subjected to low pH 537 

conditions (Morrow et al., 2015; Webster et al., 2016), while Chlorobi spp. increased when 538 

exposed to elevated temperatures (Webster et al., 2016). However, Endozoicomonas and Chlorobi 539 

spp. were either absent or barely present in the seven-month-old recruits of this study. Bacterial 540 

families that were suppressed under elevated conditions in this study (e.g., Blattabacteriaceae) 541 

have not been previously reported from corals, perhaps due to the comparatively small number of 542 

studies on microbiomes from early life stage corals. An additional consideration is that the 543 

bacterial communities can differ between corals that were raised in filtered seawater in the 544 

laboratory (the present study) and those that were raised in the field (the other studies) (Lema et 545 

al., 2014).  546 

    547 

For the Symbiodiniaceae communities, the increase in occurrence and abundance of Durusdinium 548 

spp. in recruits under elevated temperature and pCO2 conditions can be a mechanism of 549 

acclimatization under these challenging conditions (Quigley et al., 2018; Stat & Gates, 2011). 550 

While members of Durusdinium generally account for < 1% of a corals’ Symbiodiniaceae 551 

community (Boulotte et al., 2016), they tend to occur in higher abundance in corals experiencing 552 

environmental stress. Examples include corals from the Persian Gulf where seawater temperatures 553 

typically exceeded 33ºC (Baker, Starger, McClanahan, & Glynn, 2004; Mostafavi, Fatemi, 554 

Shahhosseiny, Hoegh-Guldberg, & Loh, 2007), corals from the back-reef environments in 555 

American Samoa (Oliver & Palumbi, 2009) and from the lagoonal environment in Palau where 556 
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diurnal variations in temperature and pH were extreme (Fabricius, Mieog, Colin, Idip, & van 557 

Oppen, 2004); as well as corals recovered from a bleaching event (Bay, Doyle, Logan, & 558 

Berkelmans, 2016; Boulotte et al., 2016).   559 

 560 

Summary and recommendations to future studies 561 

The lack of host specificity and the occurrence of a strong treatment effect on microbial 562 

communities of the seven-month-old recruits suggest environmental factors play a more important 563 

role than host factors at the early life stage. The importance of host factors increased over time, 564 

resulting in unique microbial communities between the two species pair crosses by two years of 565 

age. This in combination with the highly diverse bacterial communities in early life stages suggest 566 

a period of flexibility before adult assemblages are established in corals. In contrast to corals that 567 

have comparatively long generation times, microbes are capable of more rapid changes and their 568 

roles in assisting host climate change adaptation and acclimatization within the host’s reproductive 569 

lifetime are increasingly being recognized (Rosenberg et al., 2007; Theis et al., 2016; van Oppen 570 

et al., 2017; van Oppen, Oliver, Putnam, & Gates, 2015). The manipulation of microbial 571 

communities in corals via inoculation with resilient microbial strains may serve as a tool to 572 

increase coral stress tolerance (Damjanovic, Blackall, Webster, & van Oppen, 2017; Rosado et al., 573 

2019; van Oppen et al., 2017). Our findings point toward early recruits as the life stages where 574 

such interventions may be most successful, and testing this is an important new avenue of research.  575 
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