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Abstract 41 

The coral holobiont is comprised of a highly diverse microbial community that provides key 42 

services to corals such as protection against pathogens and nutrient cycling. The coral surface 43 

mucus layer (SML) microbiome is very sensitive to external changes, as it constitutes the direct 44 

interface between the coral host and the environment. Here we investigate whether the bacterial 45 

taxonomic and functional profiles in the coral SML are shaped by the local reef zone and explore 46 

their role in coral health and ecosystem functioning. The analysis was conducted using 47 

metagenomes and metagenome assemble genomes (MAGs) associated with the coral 48 

Pseudodiploria strigosa and the water column from two naturally distinct reef environments in 49 

Bermuda: inner patch reefs exposed to a fluctuating thermal regime and the more stable outer 50 

reefs. The microbial community structure in the coral SML varied according to the local 51 

environment, both at taxonomic and functional levels. The coral SML microbiome from inner 52 

reefs provides more gene functions that are involved in nutrient cycling (e.g., photosynthesis, 53 

phosphorus metabolism, sulfur assimilation) and those that are related to higher levels of 54 

microbial activity, competition, and stress response. In contrast, the coral SML microbiome from 55 

outer reefs contained genes indicative of a carbohydrate-rich mucus composition found in corals 56 

exposed to less stressful temperatures and showed high proportions of microbial gene functions 57 

that play a potential role in coral disease, such as degradation of lignin-derived compounds and 58 

sulfur oxidation. The fluctuating environment in the inner patch reefs of Bermuda could be 59 

driving a more beneficial coral SML microbiome; potentially increasing holobiont resilience to 60 

environmental changes and disease.  61 
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Introduction 81 

Reef-building corals are considered model organisms to study host-associated 82 

microbiomes under environmental changes [1, 2]. Coral colonies function as a holobiont in 83 

which the coral animal associates with endosymbiotic dinoflagellates of the family 84 

Symbiodiniaceae and a diverse community of bacteria, archaea, fungi, and viruses [3]. The coral 85 

holobiont depends on nutrient cycling (e.g., nitrogen and sulfur cycling) mediated by the 86 

associated microbiome [4–7]. The coral surface mucous layer (SML) sustains a high abundance 87 

(106–108 cells per milliliter) and diversity of these microbial partners [8–11]. Corals invest up to 88 

50 % of fixed carbon on mucus production [12, 13] for physical protection and to trap organic 89 

matter that can be consumed via heterotrophy [14, 15]. The coral mucus and associated microbial 90 

community influences nutrient fluxes into the benthos, water column, and sediment [15–20] thus 91 

shaping the ecosystem functions. The coral microbiome benefits from the high nitrogen content 92 

and organic matter in the SML [7, 17] and provides protection against coral pathogens via 93 

production of antimicrobials [21, 22]. However, coral-associated microbial communities are 94 

sensitive to environmental changes, particularly to increased temperature and nutrient 95 

concentration, which disrupt the beneficial services provided to the holobiont [23–26]. 96 

Therefore, the coral SML microbiome constitutes a direct interface between the coral host and 97 

the environment and is strongly influenced by the microbial community in the water column [27, 98 

28].  99 

The acclimatization mechanisms of the coral holobiont to changing environmental 100 

conditions are not completely understood; however, the coral microbiome is recognized as a 101 

major player. The microbial-mediated transgenerational acclimatization (MMTA) theory 102 

hypothesizes that the coral holobiont benefits from inheritable microbial taxa and/or genes 103 

acquired and/or selected in the coral microbiome when exposed to environmental changes [29]. 104 

Within the coral microbiome, there is a diversity of microbial taxa with traits that potentially 105 

improve coral fitness and resilience [30]. For example, the associated microbial community is a 106 

potential source of acquired heat-tolerance [31]. Corals develop resilience to stress factors by 107 

associating with certain microorganisms and maintaining their “health-state” microbial 108 

taxonomic composition under stress or rapidly recovering to the “health-state” microbes after 109 

disturbances [32]. Microbial functional profiles also respond to environmental gradients and can 110 

be used to identify changes in host health and ecosystem functioning [33–35]. Determining 111 

which microbial taxa and functional genes are available in the surrounding environment and how 112 

they are being selected in the coral microbiome is key to provide a foundation to theories such as 113 

MMTA applied to the coral holobiont.  114 

Coral reef microbial ecology has benefited from the advancement of shotgun 115 

metagenomics to provide an in-depth description of the microbial taxa and functional genes that 116 

play a key role in the health of reef ecosystems [24, 36–39]. Shotgun metagenomics is not 117 

restricted to marker genes such as 16S rRNA in amplicon metagenomics, which results in a more 118 

complete profile of the microbial taxa and metabolic potential of functional genes [40, 41]. 119 

However, the use of shotgun metagenomics in coral reef microbiology has traditionally focused 120 



on sequencing the microbial communities in reef water [25, 35, 37, 42–46]. Consequently, the 121 

microbial functional profile in the coral holobiont is still underexplored [47]. Here we investigate 122 

whether the microbial taxonomic and functional profiles in the coral SML are shaped by their 123 

local reef environment and explore their role in coral health and ecosystem functioning.  124 

 125 

Methods  126 

Aim of the study. We compared the metagenomes associated with the brain coral 127 

Pseudodiploria strigosa (Dana, 1846) and the water column sampled in situ from two naturally 128 

distinct reef environments in Bermuda. The reef system in Bermuda is the most northern in the 129 

Atlantic and experiences large seasonal variations in environmental conditions [48]. In addition, 130 

fine-scale variations in temperature, light, and seawater chemistry occur between the outer rim 131 

reefs at the edge of the platform and inner lagoon patch reefs [49] with the inner patch reefs 132 

historically being warmer and more thermally variable [48, 50–53]. We showed in Lima et al. 133 

2020 [54] that the coral SML microbiome from the inner patch reefs and the outer rim reefs in 134 

Bermuda can be modelled according to the local annual thermal profile. Here, we expand the 135 

analysis to a fine-scale taxonomic level (i.e., microbial genera and metagenome assemble 136 

genomes – MAGs) and to the functional level (i.e., SEED subsystems and pathways) in the 137 

microbial communities from the coral SML and surrounding water across these reef zones. 138 

 139 

 140 

In situ collections. We selected P. strigosa as the coral host species because it is widely 141 

distributed across the Bermuda platform. The reef zones sampled were approximately 8 km apart 142 

[54] and P. strigosa is a broadcast spawner; therefore, there is a high likelihood that gene flow 143 

between the coral hosts colonizing inner and outer reefs is maintained and that the host genetics 144 

is not structured into different populations. Indeed, studies on other species have indicated high 145 

genetic exchange among reef sites in Bermuda [55, 56].  The sampling period occurred between 146 

May 18th and May 22nd, 2017, late spring in the northern hemisphere, when environmental 147 

conditions between the two reef zones, especially temperature, are similar. The environmental 148 

gradient assessed here are based on the knowledge that these two reef zones are exposed to 149 

different regimes on a seasonal basis, with the most striking fluctuations occurring in the winter 150 

and summer months [48–50]. Therefore, we selected this period to capture a potential long-term 151 

acclimatization of the coral holobiont to their reef zones, and not their immediate response to 152 

acute temperature fluctuations. Each reef zone was replicated across three reef sites [54]. The 153 

SML of P. strigosa was collected from six colonies (diameter, 10 to 15 cm) from the inner and 154 

outer reef zones (n = 12 colonies total) using a modified two-way 50-ml syringe filled with 0.02-155 

µm-filtered seawater [54] that dislodges the microbes and recollects the microbial-mucus slurry 156 

in the backside of the syringe. We collected 200 ml of coral mucus-microbe slurry (four syringes 157 

applied to different parts of the colony’s surface) per colony to increase DNA concentration per 158 

sample. The reef water (volume = 10 L per replicate) was collected about 1 m above the coral 159 

colonies from the inner and outer reef zones (n = 12 replicates total). Coral SML and water 160 

samples were pushed through a 0.22- µm Sterivex filter (EMD Millipore) for DNA extraction. 161 



The collections were performed via SCUBA diving at a depth of 4 to 6 m. A Manta2 Series 162 

MultiprobeTM was be used to measure pH (0 -14 units), water temperature (˚C), chlorophyll 163 

concentrations (µg/L), and dissolved oxygen (% saturation and mg/L) across a 6 m depth profile 164 

at each sampling site. Our benthic survey methods were based on Atlantic and Gulf Rapid Reef 165 

Assessment (AGRRA) Program protocols [57]. The benthic cover was measured via 10-m line 166 

transects (n = 3 per site) using the point intercept method every 10 cm (100 points total). Corals 167 

were identified at species level and the other organisms categorized in the following groups: 168 

macroalgae, turf algae, crustose coralline algae, gorgonian, milleporid, sponge and other.  169 

 170 

Metagenomic analysis. Microbial DNA from the coral mucus and seawater collected on the 171 

0.22-µm Sterivex was extracted using a modified Macherey-Nagel protocol using NucleoSpin 172 

column for purification. DNA was stored at - 20°C until quantification with Qubit (Thermo 173 

Fisher Scientific) [37]. The Swift kit 2S plus (Swift Biosciences) was used for library preparation 174 

since it provides good results from small amounts of input DNA, characteristic of microbial 175 

samples collected from the surface of the host [58, 59]. All samples were sequenced by the 176 

Dinsdale lab on Illumina MiSeq at San Diego State University. The sequenced DNA was 177 

analyzed for quality control using PrinSeq [60] before annotation. The metagenomes were 178 

annotated through MG-RAST [61], using the RefSeq database for taxonomic annotations and the 179 

SEED database for functional annotations. The number of sequence hits for each microbial taxon 180 

or function is represented as the relative abundance by calculating the proportion of sequence 181 

hits for that parameter over the total number of sequences annotated for that metagenome. 182 

Metagenomes were compared using proportional abundance, which is preferred to rarefaction 183 

[62–64] 184 

 185 

Metagenome Assembled Genomes (MAGs). Metagenome Assembled Genomes (MAGs). All 186 

the metagenomes post quality control using Prinseq [60] were cross assembled using megahit 187 

[65] and spades [66]. To remove the redundancy in the assembled contigs, bbtools program [67] 188 

dedupe.sh script was to remove 15% of contigs that were exact duplicates. The resulting contigs 189 

were run through Metabat2 [68] and CONCOCT [69] binning tools to generate 38 MAGs and 190 

167 MAGs respectively. DasTool [70] was run on these bins to generate 82 non-redundant set of 191 

MAGs. CheckM [71] was run on these 82 MAGs to assess the completeness and contamination 192 

within each MAG. The MAGs were annotated through PATRIC version 3.6.9 using RAST tool 193 

kit (RASTtk) [72].  MAGs are describes following the minimum standards for MAGs [47, 73]. 194 

 195 

Statistical analysis. Statistical analyses were conducted using PRIMER v7 plus PERMANOVA, 196 

Statistical Analyses of Metagenomic profiles (STAMP) software [74], and R (R Project for 197 

Statistical Computing). Significant differences in the relative abundances of microbial genera 198 

and functions in the coral microbial communities sampled from inner and outer reefs were 199 

identified by permutational multivariate analysis of variance (PERMANOVA) using Bray-Curtis 200 

distances of normalized relative abundance obtained using a fourth-root transformation. A 201 

principal coordinate analysis was created to visualize the separation of the coral microbiome 202 



between inner and outer reefs. We also used PRIMER to calculate Pielou's evenness index (J’) 203 

and Shannon's diversity index (H’) of microbial genera. The multiple comparisons of either taxa 204 

or functions across the four groups of metagenomes (i.e., outer coral, outer water, inner coral, 205 

and inner water) were conducted in STAMP using ANOVA/Tukey-Kramer and Benjamini-206 

Hochberg FDR corrections. We used R to test parametric assumptions of normality (Shapiro-207 

Wilk’s test) and homoscedasticity (Bartlett’s test), and pairwise comparisons between relative 208 

abundances of gene pathways (Student’s T-test).  209 

 210 

 211 

Results 212 

Taxonomic profile 213 

The metagenomes associated with the coral SML of P. strigosa and the water column 214 

sampled from inner and outer reefs in Bermuda (n = 24) were sequenced at high coverage, 215 

ranging from 421,976 to 1,368,678 sequence counts. Bacteria accounted for approximately 99 % 216 

of the annotation (Table S1); therefore, we are only analyzing bacterial taxa and gene functions 217 

in this study. The metagenomes were assigned to four different groups (total n = 24 with 6 218 

metagenomes in each group) according to their host medium and location: inner reef corals, 219 

inner reef water, outer reef corals, and outer reef water. Microbial richness did not vary 220 

significantly between groups or samples, ranging from 581 to 587 bacterial genera identified, 221 

including 23 taxa unclassified at genus level, across all metagenomes. Evenness (J') of bacterial 222 

genera was slightly lower in inner reefs (coral: 0.72 ± 0.03, water: 0.72 ± 0.02) when compared 223 

to outer reefs (coral: 0.75 ± 0.01, water: 0.75 ± 0.01), which translated in a higher diversity index 224 

(H') in outer reef samples (coral: 4.78 ± 0.06, water: 4.80 ± 0.08) than in inner reef samples 225 

(coral: 4.56 ± 0.17, water: 4.59 ± 0.11).  226 

In contrast to diversity metrics, the microbial community structure (i.e., relative 227 

abundance of taxa) was significantly different between the four groups (PERMANOVA, Pseudo-228 

F = 10.8, p < 0.001). The metagenomes clustered according to the reef zone and were more 229 

similar to one another among the coral-associated samples than the water samples (Fig. 1A). 230 

Among the most abundant taxa (i.e., average relative abundance > 1% in a least one of the four 231 

groups), eight bacterial genera were significantly overrepresented according to their associated 232 

environment (Fig. 1B). The SML microbiome of corals from the inner reef zone had a greater 233 

relative abundance of the alphaproteobacterium Candidatus Pelagibacter, and of an unclassified 234 

genus, also belonging to the order Rickettsiales, compared to all other groups (ANOVA, Eta-235 

squared = 0.93, p < 0.001). The relative abundance of cyanobacterium Synechococcus (ANOVA, 236 

Eta-squared = 0.62, p < 0.001) was greater in the water microbiome from inner reefs compared 237 

to the microbiome from both water and coral in outer reefs (Tukey-Kramer, p < 0.01). This 238 

overrepresentation was also reflected in the coral SML microbiome from inner reefs compared to 239 

the coral SML microbiome from outer reefs (p < 0.05).  The SML microbiome of corals from 240 

outer reefs showed a greater abundance of alphaproteobacteria Candidatus Puniceispirillum 241 

(ANOVA, Eta-squared = 0.92, Tukey-Kramer, p < 0.001), Ruegeria (ANOVA, Eta-squared = 242 



0.73, p < 0.001), and Rhodospirillum (ANOVA, Eta-squared = 0.92, Tukey-Kramer, p < 0.001) 243 

compared to all groups. The coral SML microbiomes from both reef zones were enriched with 244 

gammaproteobacteria of the genus Pseudomonas (ANOVA, Eta-squared = 0.61, p<0.001) when 245 

compared to the surrounding water microbiome from their respective local environment (Tukey-246 

Kramer, p < 0.05). In contrast, Flavobacterium had a greater representation in the microbial 247 

communities from the water of both reef environments than in the microbiome associated with 248 

corals from inner and outer reefs (ANOVA, Eta-squared = 0.61, Tukey-Kramer, p < 0.01).  249 

 250 

 251 

 252 

Figure 1. Clear differences in taxonomic make-up of the microbial community were shown using 253 

a Principal Coordinate Analysis (A) based on a Bray-Curtis similarity matrix of the relative 254 

abundance of bacterial genera associated with the SML microbiome of corals (circles) and the 255 

water column (diamonds) from inner and outer reefs.  Bacterial genera (mean ± SD; average 256 

abundances > 1 %) showed significantly different proportions (B) according to multiple 257 

comparison Tukey-Kramer tests (asterisks indicate p < 0.05). 258 

 259 

Metagenome Assembled Genomes (MAGs) indicated a clear separation between the 260 

coral SML microbiome from inner and outer reefs (Fig. 2). A total of 82 bins were constructed, 261 

and we selected eight MAGs with high levels of completeness (53 < 98%) for further analysis. A 262 

hierarchical clustering tree separated the bins into two major clusters, each with four MAGs, 263 



including bacterial and archaeal taxa. The first cluster was formed by MAGs annotated as 264 

Puniceicoccaceae (Bin 16), Synechoccocus (Bin 2), Flavobacteriaceae (Bin 1), and Candidatus 265 

Pelagibacter ubique (Bin 22). The metagenomes that contributed to most to the bins in this 266 

cluster were samples from the SML of inner reef corals. The second cluster was comprised of 267 

MAGs annotated as Alphaproteobacteria (Bin 116), Euryarchaeota (Bin 159), and Pseudomonas 268 

stutzeri (Bin 8 and Bin 142). The metagenomes that contributed to each of the MAGs in this 269 

cluster were majorly samples from the SML of outer reef corals.  270 

 271 

 272 
Figure 2. Metagenome Assembled Genomes (MAGs) of eight bins generated from the twelve 273 

coral SML metagenomic samples. The heatmap shows the contribution of each metagenome to 274 

the formation of each individual bin; organized by hierarchical clustering tree using Euclidean 275 

distance and Ward linkage.  276 

 277 

Functional profile 278 

The microbial communities associated with the coral SML and water column from inner 279 

and outer reefs revealed specific functional traits. Bacterial genes classified at the broadest 280 

functional categories (SEED subsystem level 1) significantly varied across the four groups 281 

(PERMANOVA, Pseudo-F = 8.49, p < 0.001). From a total of 26 broad functional categories, 12 282 

were significantly overrepresented according to their associated environment (Fig. 3). The 283 

microbiome of corals from outer reefs had a greater proportional abundance of functional genes 284 

belonging to carbohydrate metabolism and to sulfur metabolism than all other groups (ANOVA, 285 

Eta-squared = 0.74 and 0.61, p < 0.001; Tukey-Kramer, p < 0.05). In contrast, protein 286 

metabolism functional genes were significantly lower in relative abundance in the outer coral 287 

microbiome when compared to all other groups (ANOVA, Eta-squared = 0.61, p < 0.001; 288 

Tukey-Kramer, p < 0.01). Functional genes involved in metabolism of aromatic compounds were 289 

overrepresented in the water and coral microbiome of outer reefs when compared to the 290 

microbiome in the water and coral microbiome of inner reefs (ANOVA, Eta-squared = 0.84, p < 291 

0.001; Tukey-Kramer, p < 0.001).  292 



The inner coral SML microbiome was overrepresented with genes involved in 293 

phosphorus metabolism and in secondary metabolism (ANOVA, Eta-squared = 0.61 and 0.84, p 294 

< 0.001, Tukey-Kramer, p < 0.01). Functional genes within cell division and cell cycle and cell 295 

wall and capsule were in higher abundance in the water microbiome from inner reefs compared 296 

to the microbiome from water and corals from the outer reefs and in the microbiome from inner 297 

corals compared to the outer coral SML microbiome (ANOVA, Eta-squared = 0.79 and 0.72, p < 298 

0.001; Tukey-Kramer, p < 0.01). Photosynthesis functional genes were overrepresented in the 299 

water microbiome of inner reefs when compared to all other groups (ANOVA, Eta-squared = 300 

0.70, p < 0.001; Tukey-Kramer, p < 0.01).  301 

Bacterial respiration genes were overrepresented in the microbiome of corals from both 302 

reefs when compared to the microbiome in the water column from inner and outer reefs 303 

(ANOVA, Eta-squared = 0.76, p < 0.001; Tukey-Kramer, p < 0.01). Stress response genes 304 

showed higher relative abundance in the SML microbiome of inner corals than in the water 305 

microbiome of inner reefs, and similarly more of stress response genes in the microbiome of 306 

outer corals when compared to the water microbiome from both reef zones (ANOVA, Eta-307 

squared = 0.67, p < 0.001; Tukey-Kramer, p < 0.01). DNA metabolism genes were 308 

overrepresented in the microbiome from the water column in both reef zones when compared to 309 

the coral SML microbiome from inner and outer reefs (ANOVA, Eta-squared = 0.71, p < 0.001; 310 

Tukey-Kramer, p < 0.01). 311 

 312 

 313 

 314 



 315 

Figure 3. Bacterial broad functional gene categories (SEED subsystem 1) (mean ± SD; average 316 

abundances > 1%) associated with the SML microbiome of corals, and the water column from 317 

inner and outer reefs showed significantly different proportions (B) according to multiple 318 

comparison Tukey-Kramer tests (asterisks indicate p < 0.05). 319 

 320 



The nine broad functional gene categories (SEED subsystem level 1) that varied 321 

significantly according to the reef zone were analyzed at a higher level of resolution (SEED 322 

subsystem levels 2 and 3) to illustrate which specific functions could be under selection at reef-323 

zone level in the coral SML microbiome only (Fig. 4). Genes involved in central carbohydrate 324 

metabolism, one-carbon metabolism, and CO2 fixation accounted for approximately 60 % of the 325 

total carbohydrate genes both in the inner and outer coral SML metagenomes (Fig. 4A). Protein 326 

biosynthesis genes (relative abundance = 70 %) dominated the protein metabolism, followed by 327 

protein degradation genes (relative abundance = 14 %) (Fig. 4B). Gram negative cell wall 328 

components (relative abundance = 32 %) and capsular and extracellular polysaccharides (relative 329 

abundance = 26 – 27 %), were dominant among cell wall and capsule genes (Fig. 4C). Phosphate 330 

metabolism and transporters genes together were approximately 75 % of the total phosphorus 331 

metabolism, whereas genes involved in phosphorus uptake by Cyanobacteria at 12 % relative 332 

abundance (Fig. 4D). Within cell division and cell cycle, two cell division clusters/chromosome 333 

partitioning genes were higher in inner coral SML metagenomes (relative abundance = 23%) 334 

compared to outer coral SML metagenomes (relative abundance = 19 %) (Fig. 4E). In the 335 

metabolism of aromatic compounds, n-Phenylalkanoic acid degradation and anaerobic benzoate 336 

genes were more represented in inner coral metagenomes (22 % in inner and 15 % in outer, and 337 

11 % in inner and 9 % outer, respectively), while benzoate catabolism was higher in outer coral 338 

metagenomes (6 %, compared to 4 % in inner), and cathecol branch was approximately 8 % in 339 

both groups (Fig. 4F). Proteorhodopsin genes accounted for 30 % of the photosynthesis and 340 

light-harvesting complexes in outer coral metagenomes, compared to 20 % in inner coral 341 

metagenomes, while photosystem II genes were lower in outer coral metagenomes (relative 342 

abundance = 22 %) compared to the inner coral metagenomes (relative abundance = 25 %) (Fig. 343 

4G). In secondary metabolism, genes encoding auxin biosynthesis were higher in outer coral 344 

metagenomes than in the ones from inner reefs (relative abundances of 52 % and 38 %, 345 

respectively), contrasting with alkaloid biosynthesis from L-lysine genes that were more 346 

represented in inner coral metagenomes (28 % versus 10 %). Sulfur metabolism genes showed 347 

striking differences in proportions at subsystems level 3 (Fig 4I), where sulfur oxidation genes 348 

were almost three-fold more abundant in outer coral metagenomes than in inner coral 349 

metagenomes. Because of the differences in sulfur metabolism, in the next section, we will be 350 

focusing on the specificities of sulfur pathways and their associated taxa.   351 

 352 

 353 



 354 

Figure 4. Relative abundance of bacterial functional gene subsystems (SEED subsystem 2: A - C, 355 

and subsystem 3: D - I) within their respective broad functional gene category (SEED subsystem 356 

1) associated with the SML microbiome of corals from inner and outer reefs.  357 

 358 

Sulfur metabolic pathways in the coral SML microbiome 359 

Sulfur oxidation, inorganic sulfur assimilation, and organic sulfur assimilation (including 360 

dimethylsulfoniopropionate - DMSP breakdown) were the three major sulfur subsystems in all 361 

metagenomes, accounting for approximately 90 % of total sulfur metabolism genes, but the 362 

proportions of sequences related to each subsystem varied between the two reef zones. In the 363 

microbiome of outer corals, the relative abundance of sequences from each of these subsystems 364 

were evenly distributed (sulfur oxidation 33.2 ± 3.7 %; inorganic sulfur assimilation 28.3 ± 2.5 365 

%; and organic sulfur assimilation 29.8 ± 1.2 %). A similar pattern was detected in the water 366 

column of outer reefs (sulfur oxidation 28.5 ± 5.9%; inorganic sulfur assimilation 34.1 ± 4.1%; 367 

and organic sulfur assimilation 26.8 ± 1.7 %). In contrast, in the metagenomes of inner corals, 368 

sulfur oxidation is underrepresented (12.5 ± 3.4 %), when compared to inorganic sulfur 369 

assimilation (40.8 ± 6.5 %) and organic sulfur assimilation (38.3 ± 1.0 %). The metagenomes 370 

from the water column of inner reefs were also low in sulfur oxidation genes (15.7 ± 2.1%), and 371 

high in inorganic sulfur assimilation (38.5 ± 3.0 %) and organic sulfur assimilation (34.0 ± 3.1 372 

%). Within the organic sulfur assimilation cluster, DMSP breakdown was highest in the SML 373 



microbiome of corals from inner reefs (48 ± 8.4 %), followed by outer corals (33.2 ± 3.4 %), 374 

inner water (31.8 ± 7.8 %), and outer water (26.5 ± 7.6 %).  375 

The proportion of sequences within the sulfur metabolism cluster encoding the enzyme 376 

DMSP demethylase dmdA (EC. 2.1.210) was greater in the SML microbiome of corals from 377 

inner reefs (T-test, t = 5.38, p = 0.001; Fig. 5A), while those encoding the sulfur oxidation 378 

protein soxB were higher in corals from outer reefs (T-test, t = -11.56, p < 0.001; Fig. 5B).  379 

The bacterial genera that contributed to DMSP breakdown belonged to the same five taxa 380 

between inner and outer coral metagenomes, but these were represented in different proportions 381 

(Fig. 5C). Roseobacter (ANOVA, Eta-squared = 0.634, p < 0.001), Ruegeria (ANOVA, Eta-382 

squared = 0.625, p <0.001), and Dinoroseobacter (ANOVA, Eta-squared = 0.545, p < 0.001) 383 

were the main contributors to the DMSP breakdown genes in outer metagenomes, while 384 

Candidatus Pelagibacter (ANOVA, Eta-squared = 0.849, p < 0.001), and Roseovarius (ANOVA, 385 

Eta-squared = 0.353, p = 0.042) showed greater proportions in the metagenomes of inner corals. 386 

Sulfur oxidation genes were encoded by 75 genera of bacteria and the twelve most abundant taxa 387 

showed different relative abundances between inner and outer coral metagenomes (Fig. 4C). 388 

Rhodopseudomonas (ANOVA, Eta-squared = 0.869, p < 0.001) accounted for about one quarter 389 

of all the bacterial genera encoding sulfur oxidation genes in outer coral SML, while in inner 390 

corals the highest abundances were distributed more evenly across Rhodopseudomonas, 391 

Ruegeria, and Roseobacter. Azorhizobium (ANOVA, Eta-squared = 0.73, p < 0.02) was 392 

overrepresented in the sulfur oxidation genes in outer coral SML, and Chlorobium (ANOVA, 393 

Eta-squared = 0.63, p < 0.031) in the microbiome of inner corals.  394 



 395 

Figure 5. Sulfur metabolism gene pathways and respective taxa associated with the SML 396 

microbiome of P. strigosa from inner and outer reefs in Bermuda. Proportion of bacterial DMSP 397 

demethylase dmdA genes (A) and sulfur oxidation soxB genes (B) relative to the total sulfur 398 

metabolism genes, and of bacterial genera associated to DMSP breakdown (C) and to sulfur 399 

oxidation (D). 400 

 401 

Discussion  402 

The metagenomes associated with the SML of P. strigosa and water column from inner 403 

and outer reefs in Bermuda had similar taxonomic diversity and composition, corroborating that 404 

the coral SML microbiome is shaped by microbial communities in their surrounding 405 

environment [27, 28]. However, the microbial community structure in Bermuda’s reef system is 406 

simultaneously selected by the coral host versus water and the local environment (i.e., inner reefs 407 

versus outer reefs), both at taxonomic and functional levels. The coral SML microbiome of P. 408 

strigosa was dominated by taxa commonly present in seawater that are found in other coral 409 

species [75, 76] and are selectively trapped and consumed by the coral host [19, 20]. In this 410 

study, P. strigosa from each reef zone had different microbial genera filling similar niches. For 411 

example, alphaproteobacterial metabolic generalists were the most abundant genera in both reef 412 

zones, represented by SAR11 Candidatus Pelagibacter in inner corals and SAR116 Candidatus 413 

Puniceispirillum in outer corals. Among phototrophs, cyanobacterium Synechococcus was a 414 



signature genus in inner corals and Rhodospirillum in outer corals. At the microbial metabolism 415 

level, the microbiome is providing key functions for coral holobiont health and ecosystem 416 

functioning; specific to each reef zone (Fig. 6).  417 

 418 

 419 
Figure 6. The functional metabolism of bacteria associated with the coral SML microbiome of P. 420 

strigosa varied across reef zones in Bermuda. In inner reefs, corals are exposed to a more 421 

fluctuating environment and their SML microbiome functional profile indicates that it provides 422 

more services related to nutrient cycling (e.g., carbon, phosphorus, sulfur), stress tolerance, and 423 

disease protection. In outer reefs, corals are exposed to a more stable environment and their SML 424 

microbiome is characterized by functional genes related to a mucus composition with a high 425 

carbohydrate to protein ratio (indicating low exposure to thermal stress), and involved in nutrient 426 

acquisition (i.e., taurine fermentation followed by thiosulfate oxidation) and coral disease (e.g., 427 

yellow-band and black-band diseases).  428 

 429 

The coral SML microbiome from a fluctuating environment provides more services related to 430 

nutrient cycling, stress tolerance, and disease protection  431 

The coral and water microbiomes from inner reefs reflect a highly productive and 432 

fluctuating system when compared to outer reefs. The overrepresentation of photosynthetic 433 

bacteria in the water column and the coral SML of inner reefs mirrored the elevated abundance 434 

of functional genes related to photosynthesis and phosphorus metabolism. Synechococcus is a 435 

main primary producer in the picoplankton, reaching the highest concentrations off Bermuda 436 

during the spring bloom [77]; the same season as this study. Synechococcus was highly abundant 437 

in the metagenomes and MAGs from inner reef corals and, therefore, could be the main 438 

contributor to photosynthesis and phosphorus metabolism genes. Phosphorus metabolism was 439 



mostly comprised of genes involved in phosphate metabolism and phosphorus uptake by 440 

Cyanobacteria (e.g., Synechococcus). The coral SML is rich in phosphate when compared to the 441 

water column [17]; contributing to primary productivity in benthic and pelagic reef ecosystems 442 

[78]. The coral SML efficiently traps Synechococcus from the pelagic picoplankton, which 443 

contributes to the flux of particulate organic matter (POM) from the water column to benthos 444 

[18]. Corals selectively remove Synechococcus and other pelagic microbes via feeding, and 445 

promote the growth of diverse picoplankton, shaping the microbial community in the 446 

surrounding reef water [19, 20]. Heat-stressed corals preferentially fed on Synechococcus to 447 

access the high nitrogen content in their cells and to compensate for the loss of nitrogen from 448 

algal endosymbiont Symbiodiniaceae during recovery from bleaching [79]. The inner lagoon 449 

patch reefs in Bermuda are exposed to greater environmental fluctuations, particularly changes in 450 

temperature [48–50, 54]. Therefore, the high abundance of Synechococcus in the water column 451 

and in the SML of P. strigosa could be contributing to the energy transfer from pelagic to 452 

benthic trophic levels, and to the coral thermal tolerance in the inner lagoon reefs of Bermuda. 453 

Microbial activity, growth, and competition are higher in the inner reefs than in the outer 454 

reefs in Bermuda, as suggested by the functional profiles from the coral SML and water column. 455 

Functional genes related to cell division and cell cycle, such as those encoding two cell division 456 

and chromosome partitioning, are in greater abundance in inner coral metagenomes. In addition, 457 

there is a high relative abundance of cell wall and capsule functional genes, including those 458 

encoding capsular and extracellular polysaccharides in the microbial communities of inner reefs. 459 

Microbial extracellular polymeric substances (EPS) play a crucial role in marine environments; 460 

increasing dissolved organic carbon (DOC) levels, binding and removing heavy metals from the 461 

water column, and influencing oxygen levels [80]. Microbial growth rates in the coral SML are 462 

higher under elevated DOC levels [81]; therefore, the abundance of genes related to EPS 463 

suggests an increased microbial activity in the SML of corals from inner reefs. DOC levels are 464 

also associated with larger quantities of exudates released by benthic macroalgae in coral reefs 465 

[82]. Even though both reef zones showed similar coral cover; turf and macroalgae were more 466 

abundant in inner reefs (Figure S1), indicating that the DOC levels induced by macroalgae 467 

exudates could be higher in this reef zone in Bermuda. The microbial communities associated 468 

with inner corals are enriched with genes belonging to secondary metabolism, including a high 469 

relative abundance of genes encoding alkaloid biosynthesis from L-lysine. Cyanobacteria are 470 

key producers of marine alkaloids [83], which could be contributing to the high levels of these 471 

functional genes in coral metagenomes from inner reefs. Alkaloids function as antimicrobials 472 

[84, 85]; therefore, the overrepresentation of alkaloid biosynthesis genes indicates greater 473 

microbe-microbe competition in the coral SML microbiome from inner reefs. Microbial 474 

competition and production of antimicrobial compounds offer protection against opportunistic 475 

pathogens to the coral host [85–88] and thus promoting a more beneficial SML microbiome on 476 

P. strigosa colonies inhabiting inner reefs compared to outer reefs.   477 

Dimethylsulfoniopropionate (DMSP) breakdown genes (e.g., dmdA) belong to the 478 

organic sulfur assimilation subsystem and were more abundant in the SML microbiome of inner 479 



corals across all metagenomes. DMSP is a valuable component in marine environments, with 480 

high turnover rates, and is an important link between primary production and bacterial activity 481 

[89]. Pelagibacter ubique, for example, exclusively assimilates sulfur from organic sources such 482 

as DMSP [90], and was a key taxon associated with DMSP breakdown in inner reefs. The coral 483 

metagenomes had greater proportions of Pelagibacter than the water metagenomes suggesting 484 

the coral SML is providing a DMSP-rich environment for bacterial growth. DMSP is considered 485 

an antioxidant [91, 92], and increased levels of this compound have been associated with stress 486 

response in the coral holobiont [32, 93, 94]. DMSP that reaches the coral SML is produced by 487 

the coral-algal symbiont [95] and the coral animal, especially under thermal stress [4, 96]. 488 

Bacteria subsequently use this compound as a sulfur and carbon source, relying on 489 

the dmdA gene to encode DMSP methyltransferase to incorporate sulfur to amino acids (e.g., 490 

methionine) [90, 97]. Sulfur as a product of DMSP breakdown can also be used by bacteria to 491 

form sulfur-based antimicrobial compounds such as tropodithietic acid (TDA), which protects 492 

the coral host by inhibiting the growth of pathogens [26]. Therefore, DMSP breakdown is 493 

considered one of the main beneficial services provided by the coral microbiome to the 494 

holobiont, because it is linked both to disease protection and nutrient cycling [30]. The sulfur 495 

metabolism of the microbiome of inner corals, which prioritizes sulfur assimilation and DMSP 496 

breakdown, is another indicator that the coral holobiont from inner reefs is responding to a more 497 

fluctuating thermal environment and potentially associating with a more beneficial microbiome.  498 

 499 

The coral SML microbiome from a stable environment indicates less exposure to stress, but is 500 

potentially under nutrient limitation and more prone to coral disease 501 

The microbial functional profile in outer reefs was characterized by a carbohydrate-502 

dominated metabolism, and a reduction in protein metabolism genes and is indicative of the 503 

variation of the SML composition between corals from the two reef zones. Corals secrete a 504 

polysaccharide protein lipid complex that is colonized by an abundant microbial community 505 

[14]. The proportions of carbohydrates, proteins, and lipids in the coral mucus vary according to 506 

factors such as coral species [98–100], stress [101] and reef environments [100]. The coral SML 507 

microbiome is strongly shaped by the mucus composition [102]; therefore, the high relative 508 

abundance of microbial genes involved in carbohydrate metabolism and the loss of protein 509 

metabolism genes is consistent with corals from outer reefs producing mucus with a higher 510 

carbohydrate to protein ratio. Heat-stressed corals had an increase in protein content, and higher 511 

microbial activity, compared to healthy corals under mild temperature conditions [103]. Corals 512 

from the outer reefs in Bermuda are less exposed to thermal fluctuations [49, 50, 104] and the 513 

microbial community structure from their mucus can be modelled according to their local 514 

thermal environment [54]. The reduction in protein metabolism genes and overrepresentation of 515 

carbohydrate metabolism genes suggest that the mucus composition of corals from outer reefs is 516 

characteristic of corals under low exposure to thermal stress.  517 

Metabolism of aromatic compounds was a signature function both in the coral and water 518 

microbiomes from outer reefs. The gene encoding the enzyme muconate cycloisomerase (EC 519 



5.5.1.1) is part of the catechol branch of beta-ketoadipate pathway and was found at lower 520 

relative abundance in the SML microbiome of inner corals (1 %), than in outer corals (8%). The 521 

beta-ketoadipate pathway is commonly present in soil microbes, involved in the degradation 522 

lignin-derived aromatics such as cathecol to citric acid cycle intermediates [105], although lignin 523 

degradation genes are found in many marine bacterial strains of 524 

Pseudoalteromonas, Marinomonas, Thalassospira, among others [106]. The sources of lignin 525 

that is being degraded by the microbiome of outer reefs is unresolved, as this compound is 526 

characteristic of vascular land plants, but lignin has recently been described to be within the cells 527 

of one marine macroalga species, Calliarthron cheilosporioides [107]. Interestingly, an increased 528 

relative abundance of genes responsible for lignin degradation in the coral mucus microbiome 529 

was associated to yellow-band disease and attributed to lysing of the coral tissue [108]. 530 

Therefore, the role of lignin degradation in the coral microbiome could be related to coral health 531 

and needs to be further investigated.   532 

Outer reef corals showed a higher abundance of total sulfur metabolism genes in their 533 

SML microbiome when compared to the microbiome of inner corals. An increase in the relative 534 

abundance of sulfur metabolism genes in the coral microbiome has been associated with low pH, 535 

thermal stress [25], and bleaching [109]. However, the colonies were visually healthy, and the 536 

environmental conditions were mild during sampling collection (Table S2). The microbiomes of 537 

outer and inner corals adopted different sulfur metabolism strategies according to their local 538 

environment. Sulfur oxidation was overrepresented in the outer water and coral metagenomes, in 539 

comparison to metagenomes from inner reefs, which invested more in inorganic and organic 540 

sulfur assimilation. Sulfur oxidation in the coral microbiome is much less understood than sulfur 541 

assimilation and is usually studied in the context of black-band disease (BBD). BBD is one of 542 

the most virulent and widespread of all coral diseases and develops as a polymicrobial 543 

consortium dominated by cyanobacteria, sulfur- reducing and sulfur-oxidizing bacteria (SRB and 544 

SOB, respectively) that change in relative abundance across stages of infection [110, 111]. The 545 

disease manifests as a dark microbial mat between living tissue and exposed skeleton resulting 546 

from tissue necrosis with fast progression rates [112]. BBD prevalence in P. strigosa colonies 547 

from outer reefs was the highest across Bermuda reef zones and among other coral host species, 548 

despite the pristine water quality and marine protected area status [113]. Sulfur oxidation genes 549 

from Rhodobacteraceae were proportionally higher in outer coral metagenomes and were 550 

identified in BBD lesions [114]. However, SOB do not seem to be directly linked to BBD 551 

pathogenicity, but likely function as secondary colonizers [114]. The high sulfide concentrations 552 

created by SRB and loss of oxidizers within the BBD mat are linked to coral tissue degeneration 553 

[115, 116]. Sulfur oxidation in outer reef corals could be part of a healthy coral microbiome 554 

metabolism; related to amino acid degradation as a sulfur source to bacteria. The soxB gene 555 

pathway is part of the Sox enzyme complex that allows a phylogenetically diverse group of SOB 556 

to convert thiosulfate to sulfate [117] and was significantly more abundant in the outer coral 557 

SML microbiome. Thiosulfate can be a fermentation product of taurine [118]. Taurine 558 

dioxygenases were present in MAGs associated with the coral microbiome, suggesting the 559 



microbes are using this amino acid as a nutrient source [47], especially in more oligotrophic 560 

waters such as in the outer reefs of Bermuda. The role of sulfur metabolism in coral health and 561 

disease susceptibility needs to be further studied, and the Bermuda reefs provide a natural 562 

laboratory system for coral microbiome research.  563 

 564 

The coral SML microbiome has distinct features from the water column microbiome independent 565 

of local reef zone 566 

The coral SML microbiome of P. strigosa from inner and outer reefs shared some 567 

taxonomic and functional features, despite the strong effect caused by the local reef zone. 568 

Pseudomonas was the only genus that was overrepresented in the coral SML from both reef 569 

zones in comparison to their local water microbiome. Pseudomonas stutzeri is a strong candidate 570 

to be filling that niche in corals, as it was identified by our MAGs particularly in outer reef 571 

samples. Marine strains of P. stutzeri have been isolated from the water column and sediment, 572 

and their major ecological roles are related to denitrification and sulfur oxidation [119]. P. 573 

stutzeri could be playing an important nutrient cycling role in the coral SML and this relationship 574 

requires further investigation. At functional level, the coral SML microbiome showed greater 575 

proportions of respiration and stress response genes, independent of their local reef zone. The 576 

coral microbiome was dominated by heterotrophs that take advantage of the rich carbon sources 577 

in the mucus, therefore, increasing microbial respiration, i.e., oxygen consumption, when 578 

compared to the free-living, photosynthetic, and oxygen-producing microbial community in the 579 

surrounding water [25, 37]. A greater abundance of stress response is indicative that the coral 580 

holobiont is selecting those genes, which could be a source of resilience according to the 581 

hologenome theory of evolution, if these microbial genes can be vertically transmitted [120]. 582 

This is a key piece of evidence for the MMTA theory to be applied and corroborated since it 583 

assumes that the coral holobiont benefits from inheritable microbial taxa and/or genes acquired 584 

and/or selected in the coral microbiome when exposed to environmental changes [29]. Future 585 

research should investigate whether the coral holobiont is selecting microbial genes differently in 586 

response to environmental stress and whether they are passed on through generations.  587 

 588 

Conclusion 589 

Coral health has sharply decreased in the last two decades as coral bleaching and disease 590 

outbreaks have become more frequent worldwide, particularly correlated to rising seawater 591 

temperature [121–124]. Conservation efforts to improve coral health by promoting or 592 

maintaining a beneficial microbiome (e.g., development of probiotics) depend on a detailed 593 

understanding of the dynamics of microbial taxa and functional profiles [36, 125, 126].  594 

Our results showed that specific coral-microbial gene functions and taxa that are being 595 

selected according to the local environment, in response to primary productivity, stress, and 596 

nutrient cycles, particularly the sulfur cycle. The fluctuating environment in the inner patch reefs 597 

of Bermuda could be driving a more beneficial coral SML microbiome via local long-term 598 

acclimatization; potentially increasing holobiont resistance to thermal stress and disease. This 599 



reef zone could be a source of a coral holobiont that is more resilient to environmental changes 600 

in comparison to outer reefs. Coral restoration programs, especially when using transplantation 601 

of coral colonies across different areas of the reef, should design strategies that consider the 602 

trade-offs involving coral microbiome acclimatization at reef scale.  603 
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Supplemental Material  640 

 641 

Table S1. Metagenomic sequences coverage and annotation hits through MG-RAST (as of April 642 

8th, 2021).  643 

 644 

 645 

Table S2. Environmental parameters (mean ± SD) in the water column (4-5m depth) of inner and 646 

outer reefs of Bermuda. 647 

Reef Zone 

Temperature 

(˚C) pH 

Chlorophyll-a 

concentration 

(µg/L) 

Dissolved 

Oxygen 

(mg/L) 

Dissolved 

Oxygen 

Saturation (%) 

Inner Reefs 23.83 ± 0.21 8.27 ± 0.03 1.79 ± 0.23 7.22 ± 0.04 106.53 ± 0.53 

Outer Reefs 23.15 ± 0.33 8.27 ± 0.03 1.32 ± 0.06 7.30 ± 0.34 106.53 ± 5.44 

Metagenome name Sample ID Total number of 

sequences 

Bacterial genera 

sequence hits  

Inner_Reef_1_AA  mgs602127 932,522 409,892 

Inner_Reef_1_LL  mgs602130 1,264,982 539,254 

Inner_Reef_1_water_1 mgs602169 860,221 522,241 

Inner_Reef_1_water_2 mgs602172 780,980 556,559 

Inner_Reef_2_AA mgs602133 1,115,369  473,425 

Inner_Reef_2_water_1 mgs602175 897,812 594,281 

Inner_Reef_2_water_2  mgs602178 968,692 746,806 

Inner_Reef_3_AA2  mgs602145 626,624  262,136 

Inner_Reef_3_LL1  mgs602142 898,828 354,127 

Inner_Reef_3_LL2  mgs602148 870,627 343,187 

Inner_Reef_3_water_1  mgs602181 642,681 478,392 

Inner_Reef_3_water_2  mgs602184 752,643 584,613 

Outer_Reef_1_AA  mgs602151 921,996 341,979 

Outer_Reef_1_LL  mgs602154 864,577 609,245 

Outer_Reef_1_water_1 mgs602187 985,985 610,602 

Outer_Reef_1_water_2 mgs602190 1,221,790 705,749 

Outer_Reef_2_AA mgs602157 858,085 548,099 

Outer_Reef_2_LL mgs602160 1,368,678  906,029 

Outer_Reef_2_water_1  mgs602193 1,025,086 759,119 

Outer_Reef_2_water_2 mgs602196 526,746  455,237 

Outer_Reef_3_AA  mgs602163 646,510  287,792 

Outer_Reef_3_LL mgs602166 684,623 486,791 

Outer_Reef_3_water_1  mgs602199 421,976 250,062 

Outer_Reef_3_water_2 mgs602202 657,501 424,819 



 648 
Figure S1. Benthic coverage (mean ± SD) of inner and outer reefs of Bermuda. 649 

 650 
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