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Bacterial and Symbiodiniaceae 
communities’ variation 
in corals with distinct traits 
and geographical distribution
Livia Bonetti Villela 1,2, Arthur Weiss da Silva‑Lima 1, Ana Paula Barbosa Moreira 1, 
Yuri Ricardo Andrade Aiube 1,2, Felipe de Vargas Ribeiro 3, Helena Dias Muller Villela 4, 
Marwan E. Majzoub 5, Michelle Amario 1,2, Rodrigo Leão de Moura 1, Torsten Thomas 5, 
Raquel Silva Peixoto 4 & Paulo Sergio Salomon 1*

Coral microbiomes play crucial roles in holobiont homeostasis and adaptation. The host’s ability to 
populate broad ecological niches and to cope with environmental changes seems to be related to the 
flexibility of the coral microbiome. By means of high-throughput DNA sequencing we characterized 
simultaneously both bacterial (16S rRNA) and Symbiodiniaceae (ITS2) communities of four reef-
building coral species (Mussismilia braziliensis, Mussismilia harttii, Montastraea cavernosa, and 
Favia gravida) that differ in geographic distribution and niche specificity. Samples were collected in a 
marginal reef system (Abrolhos, Brazil) in four sites of contrasting irradiance and turbidity. Biological 
filters governed by the host are important in shaping corals’ microbiome structure. More structured 
associated microbial communities by reef site tend to occur in coral species with broader geographic 
and depth ranges, especially for Symbiodiniaceae, whereas the endemic and habitat-specialist host, 
M. braziliensis, has relatively more homogenous bacterial communities with more exclusive members. 
Our findings lend credence to the hypothesis that higher microbiome flexibility renders corals more 
adaptable to diverse environments, a trend that should be investigated in more hosts and reef areas.

Corals are holobionts, a complex consortium composed of the cnidarian host and its associated microbiome1. 
The corals’ association with dinoflagellates of the family Symbiodiniaceae provides energetic support to the 
cnidarians2. Physiological characteristics of specific Symbiodiniaceae lineages3 influence holobiont’s performance, 
stability, and resilience4,5. Bacteria are concentrated in coral holobionts compared to the surrounding seawater, 
benefiting their host through mechanisms such as photosynthesis, protection against infection, nutrient cycling 
and provision. For example, some taxa are recognised as potential metabolizers of organic sulfur compounds, 
such as Alteromonas and Pseudomonas6, and as nitrogen fixers, such as Cyanobacteria7. Conversely, opportun-
istic bacteria may surpass their community neighbors and cause dysbiosis or disease when corals are stressed1,6. 
Despite the vast overall diversity, three subcommunities have been characterized in corals, one responsive to 
abiotic and biotic drivers across spatial and temporal scales, regional core phylotypes filling functional niches, 
and a host-selected, persistent core microbiome8.

Symbiodiniaceae and bacteria community structure strongly depend on the coral species4,9–13, which range 
from specialist to generalist regarding associations with their microbiome10,14. Host microbial flexibility—the 
ability to harbor different microbiomes—in generalist taxa may be influenced by many drivers. The environ-
mental factors (e.g., temperature, nutrients, latitude) can favor some taxa as thermotolerant photosymbionts15 
or copiotrophic bacteria16. The acquisition mode of Symbiodiniaceae cells14,17 demonstrated that the horizontal 
transmitter provides numerous Symbiodiniaceae taxa involved in community composition, which could influence 
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the flexibility of the community14,18. Additionally, genetic divergence within the host population19,20 positively 
correlated with the structuring of symbiotic communities. Stochastic events that disturb local host-microbiome 
associations e.g., heat waves and storms, might lead to higher variability in communities21. Besides the listed fac-
tors, biotic interactions can also affect diversity and influence adaptation to the environment22. Microorganisms 
in complex communities, such as holobionts, engage in numerous ecological interaction webs that shape the 
structure and function of these communities. These interactions might have positive (e.g., metabolic coopera-
tion), negative (e.g., predation) or no impact on the species involved, including the host23.

Shifts in microbiome structure have been argued to be an efficient adaptation mechanism in sessile corals1,24. 
A comprehensive discussion about the mechanisms and tradeoffs of microbiome structures (specific vs. flexible) 
has been conducted by Voolstra and Ziegler25. They propose that while higher microbiome flexibility should 
promote fast responses to environmental changes, it makes more unstable communities prone to opportunistic 
infections. Conversely, lower flexibility should support stable and efficient associations but reduces adaptation 
capacity. While this model is primarily based on temporal changes over the same organism, it has already been 
hypothesized that the same rationale could be applied to the heterogeneity of ecosystems14,18,26. For instance, 
coral species with wider depth ranges, so-called “depth generalists”, tend to exhibit higher symbiont zonation—
i.e. specific symbiont taxa occurring at specific depth intervals—than those with narrower depth ranges, or 
“depth-specialists”18. The number of distinct Symbiodiniaceae lineages observed in association with the corals 
was positively correlated with coral species’ geographic distribution14. Additionally, corals that obtain Sym-
biodiniaceae from the environment had more levels of symbiont community zonation18. The variability of the 
bacterial community also appears to follow these trends as depth generalist corals had more variable bacterial 
communities characteristic of each depth range26. They propose that this association of corals with different 
symbiont taxa throughout depth contributes to the host’s wider distribution18,26.

The variability of coral microbiomes as a response to environmental conditions has been addressed for both 
Symbiodiniaceae and bacteria. These components of the microbiome show specific responses to environmental 
and host differences13,15,27–30. The bacterial community is likely to have more complex dynamics than Symbio-
diniaceae as the former is much more diverse and inhabit various hosts compartments such as mucus, tissue 
and the endolytic space1 whereas the latter is restricted to the gastrodermis2. However, comparative studies 
describing both bacteria and Symbiodiniaceae diversity in more than one host species are scarce. Claar et al.29 
suggests higher variability for both communities in reefs highly impacted by human disturbances. Furthermore, 
disturbance was consistently associated with higher bacterial diversity and richness whereas no such associa-
tion was observed in Symbiodiniaceae. Another study11 reports the host species as one of the underlying factors 
influencing the structure and composition of Symbiodiniaceae communities as well as a strong driver of coral-
associated bacterial community composition.

We hereby assessed bacterial and Symbiodiniaceae communities structure in four coral host species of con-
trasting biological traits on a regional scale in the largest (46.000 km2) and more diverse reef system of the 
Southwestern Atlantic Ocean, the Abrolhos Bank, off the Brazilian coast. Corals were sampled in sites of con-
trasting environmental conditions. We address the hypothesis that widely distributed and depth-generalist hosts 
have more variable microbiomes influenced by environmental conditions than endemic and depth-specialist 
hosts. For that we explored associations among the Symbiodiniaceae and bacterial components by analyzing 
them simultaneously in a set of coral specimens. This provided a concise and robust framework for investigat-
ing bacteria-Symbiodinaceae community structure and their responses to biotic and abiotic conditions. Our 
results comprise the first broad characterization of coral-associated Symbiodiniaceae and bacterial community 
cooccurrence in turbid-zone reefs.

Materials and methods
Organisms and sampling
Four coral species of different depth and geographical ranges, Montastraea cavernosa (Linnaeus, 1766), Mussis-
milia braziliensis (Verrill, 1868), Mussismilia harttii (Verrill, 1902) and Favia gravida (Verrill, 1868), were sampled 
in the Abrolhos Bank, Brazil, in the tropical South Atlantic Ocean (SAO) (Fig. 1, Supplementary Information 
S1). Montastraea cavernosa is a broadcast spawner with asymbiotic larvae and occurs in the Caribbean and the 
tropical and subtropical SAO (Brazilian coast). This species occurs from near surface to a depth of 113 m, at 
higher abundance and having larger size in low-light environments31,32. Mussismilia braziliensis and M. harttii 
are also broadcast spawners with asymbiotic larvae but are endemic to the western SAO. The former occurs only 
from ca. 10° S to ca. 20° S, mostly in shallow (0–25 m), well-lit habitats33–35, whereas M. harttii occurs from ca. 
5° to 20° S, between 0 and 50 m depths36,37. Favia gravida is a brooder with internal fecundation that releases 
planula containing Symbiodiniaceae cells. It is also broadly distributed on both sides of the SAO (West Africa 
and Brazil) and oceanic islands32,38, ranging from ca. 19° N to 20° S. It thrives in well-lit and shallow (0–30 m) 
habitats and intertidal pools. Additionally, Mussismilia braziliensis and Montastraea cavernosa are dominant 
species in the reef tops and walls, respectively. Together, they represent most of Abrolhos’ coral cover33. Favia 
gravida, M. harttii and M. braziliensis only occur in tops, while M. cavernosa occurs at both reef tops and walls33.

Samples and environmental data were collected at four sites (50 to 170 km apart) with contrasting charac-
teristics: TIM: Timbebas, SG: Sebastião Gomes, PAB: Parcel dos Abrolhos, and ESQ: Esquecidos (Fig. 1, Sup-
plementary Information S1). The coastal reef (Timbebas, TIM, pinnacles tops at 5–8 m deep) lies within a poorly 
enforced portion of the Abrolhos National Marine Park (ANMP). It shows slightly lower turbidity than the other 
coastal reefs located southward. The coastal reef Sebastião Gomes (SG, pinnacles tops at 1–6 m deep) is closer 
to the coast and slightly shallower than TIM, subjected to higher turbidity and sedimentation from a dredging 
disposal area. The most offshore reef (Parcel dos Abrolhos, PAB, pinnacles tops at 7–12 m deep) is located near 
the Abrolhos Archipelago and within the well-enforced portion of the ANMP. The southernmost sampling site 



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:24319  | https://doi.org/10.1038/s41598-024-70121-2

www.nature.com/scientificreports/

Figure 1.   Top: Geographic distribution of the investigated coral species according to IUCN (www.​iucnr​edlist.​
org) and occurrences registered in Brazil20. Colors correspond to species in the photographic inserts (bottom 
right panel). The black square indicates the Abrolhos Bank, off Bahia (BA) and Espírito Santo (ES) states, Brazil. 
Bottom left: Location of the four sampling sites (TIM Timbebas, SG Sebastião Gomes, PAB Parcel dos Abrolhos, 
ESQ Esquecidos). Colors represent the coral species sampled at each site. Red, dashed polygons indicate 
Abrolhos National Marine Park, a no-take Protected Area. Gray lines and numbers are the depth contours. 
Bottom right insert: Coral species in this study; colors match the distributions in the upper panel. Photographs: 
Livia Villela and Felipe Ribeiro.

http://www.iucnredlist.org
http://www.iucnredlist.org
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(Esquecidos, ESQ, pinnacles tops at 15–20 m depth) is also the deepest and closest to the Doce River mouth, 
being more influenced by its plume. Five specimens of each coral species were collected by SCUBA diving at sites 
PAB, SG, TIM and ESQ. At site ESQ, only M. cavernosa and M. harttii were collected (M. braziliensis was absent 
in the region, and F. gravida was not found in the sampled pinnacle, despite being present on other pinnacles 
in the region). Samples were collected by detaching a whole coral colony or breaking off small pieces of large 
colonies with chisel and hammer. At each site, samples were collected at similar depths, with colonies being of 
similar size (ca. 5–10 cm in diameter), polyps (2 to 4) in the case of M. harttii, or a fragment of large colonies 
as M. cavernosa. Colonies were photographed in situ using a color reference palette and scale before sampling. 
Once onboard, the samples were kept in seawater inside individual plastic bags for 1–2 h and tissue was extracted 
with a pressurized air blow gun and homogenized with 15 mL of 0.22 µm filtered seawater; the final volume was 
registered and preserved in 2 mL aliquots in liquid nitrogen.

DNA extraction, amplification and sequencing
DNA was extracted from tissue homogenates of each coral specimen according to Fukami et al.39. Briefly, the coral 
tissue was lysed in a chaotropic saline buffer for 1 week, and the DNA was extracted with phenol–chloroform-
isopropanol followed by 75% ethanol rinses. The DNA concentration was adjusted to 15 ng/μL with Milli-Q 
water and purified with a ProNex® size-selective purification system following the manufacturer’s instructions.

Symbiodiniaceae communities were studied by sequencing the internal transcribed spacer II region (ITS2). 
Amplification was performed following an improved primer set (Sym_VAR_5.8SF/Sym_VAR_REV) with Illu-
mina adapter tails tested by Hume et al.40 and using Qiagen hot start High-fidelity Taq polymerase. The PCR 
program consisted of an initial denaturation at 95 °C (5 min), followed by 35 cycles of denaturation at 95 °C (30 s), 
annealing at 56 °C (30 s) and extension at 72 °C (40 s), and a final extension of 72 °C (5 min). PCR products were 
checked for size using gel electrophoresis and quantified in a NanoDrop Lite spectrophotometer. Sequencing was 
performed on an Illumina MiSeq platform with an average of 50,000 paired-end 250 bp-long reads per sample.

Bacterial communities were investigated by sequencing 16S rRNA gene amplicons. The primers 341F and 
785R were used to amplify the V3–V4 regions of the 16S rRNA gene41. The reaction mixture (50 μL total volume 
per sample) consisted of Econotaq® PLUS GREEN 2X Master Mix (Lucigen) (25 μL), Ambion® nuclease-free 
water (17 μL), the primer pair 341F and 785R (1.5 μL of each; 10 μM) and DNA template (5 μL). The PCR pro-
gram consisted of an initial denaturation at 94 °C (2 min), followed by 35 cycles of denaturation at 94 °C (30 s), 
annealing at 55 °C (30 s) and extension at 72 °C (40 s), and a final extension of 72 °C (7 min). PCR products 
were quantified using gel electrophoresis. 16S rRNA gene amplicon sequencing was performed on an Illumina 
MiSeq platform with an average of 100,000 paired-end 300 bp-long reads per sample.

Sequence processing and bioinformatic analysis
The bioinformatic processing of ITS2 sequences was performed using the analytical framework implemented by 
Symportal42. Sequences with 100% identity received the known name (e.g., A4) given in the Symportal database, 
while unknown sequences received the clade/genus code (A to I) followed by 4 random digits (e.g. C1434).

The transcribed internal spacers of the rRNA gene are the most commonly used region to infer Symbio-
diniaceae diversity, allowing intragenus resolution (a.k.a. ITS2 types), but also present multiple copies with 
intragenomic variants denominated as IGVs43. One widely accepted premise is that the most frequent copy of 
the genome characterizes the sequence of ITS2 types43. Our approach consisted of capturing the most prevalent 
ITS2 sequences to minimize the probability of contaminating the final ITS2 type dataset with IGVs. We used 
each genus’s 20% most frequent ITS2 sequences to produce two pairwise correlation matrices (Pearson), one 
with 58 Cladocopium sequences and 32 Symbiodinium sequences. Correlations among ITS2 sequences were 
calculated with the package ggcorrplot in R, with sequences clustered by absolute hierarchical clustering. Only 
the most abundant sequence in each cluster (positive gamma correlation) was considered a valid ITS2 type. 
This conservative approach was a tradeoff between missing some low-frequency ITS2 types and increasing the 
chance of unveiling new abundant ones while reducing the probability of assigning intragenomic copies to the 
ITS2 type status. Statistical analyses (nMDS and PERMANOVA, see Community analysis) were performed on 
both datasets (ITS2 total sequences and types) to check for the effect of complexity reduction on community 
structure. The relative abundance of Symbiodiniaceae ITS2 types was estimated for each of the 64 coral speci-
mens separately, based on a dataset normalized by the one with the lowest number of reads (see Rarefaction 
curves). Haplotype networks were made separately for each Symbiodiniaceae genus using the pegas R package 
to reconstruct genetic relations among ITS2 types. Networks were edited to include information on indels or 
SNPs—single nucleotide polymorphisms.

Sequence data of the 16S rRNA gene were initially quality‐filtered and trimmed using Trimmomatic ver-
sion 0.3644; truncating reads if the quality dropped below 20 in a sliding window of 4 bp. USEARCH ver-
sion 11.0.66745 was used for further processing. Sequences were denoised and clustered into unique sequences 
(zero-radius operational taxonomic units; zOTUs) using the UNOISE algorithm implemented in USEARCH. 
Chimeric sequences were removed with UCHIME de novo during zOTU clustering and subsequently with a 
reference-based comparison against the genome taxonomy database (GTDB) (https://​gtdb.​ecoge​nomic.​org/). 
zOTUs were taxonomically classified using a Bayesian Last Common Ancestor algorithm (BLCA) against the 
GTDB. Nonbacterial OTUs were removed along with singleton OTUs. Finally, processed sequences were mapped 
on zOTU sequences to calculate the count distribution and counts of each zOTU in every sample. Only zOTUs 
occurring in more than two samples were considered for further statistical analysis. The classification of the core 
microbiome (refer to next section) zOTUs shared by all hosts (n = 10) was further investigated using SINA aligner 
(v1.2.12) and the taxonomies hosted by the SILVA database. A maximum-likelihood tree was built including the 
ten closest neighbors of each zOTU using FastTree46.

https://gtdb.ecogenomic.org/
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Biodiversity estimation
The number of sequences was standardized across samples to account for different sequencing depths by ran-
domly subsampling each sample to the lowest number of sequences (i.e. 19,407 and 9856 counts for bacterial and 
Symbiodiniaceae community data, respectively). Rarefaction curves based on rarefied data and Good’s coverage 
were calculated in R 3.5.347 with the vegan package48. Richness and Shannon’s index to ITS2 total sequences, ITS2 
types and zOTU were calculated. The Kruskal–Wallis rank sum test, followed by Wilcoxon’s pairwise compari-
sons, was used to evaluate differences in richness and alpha diversity among different groups. A p-value < 0.05 was 
considered significant after corrections for multiple comparisons49. The statistical comparisons of alpha-diversity 
and data dispersion by reef were restricted to reefs with all species sampled (PAB, SG and TIM) and to all reefs 
with only the two coral species sampled at all (M. harttii and M. cavernosa). The comparisons by species were 
made without ESQ site, to avoid misinterpretation of the data due to an uneven number of samples. Even so, the 
graphics demonstrated all the data together. The number of zOTUs across at least one sample from each group 
(host taxon or reef site) and the shared associations in all categories were detected and plotted as Venn diagrams. 
To infer the “core microbiome”, we used a presence in at least 80% of samples for each category.

Community analysis
Dissimilarities in the bacterial (zOTU) and Symbiodiniaceae communities (ITS2 types and ITS2 total sequences) 
were calculated with the Bray–Curtis coefficient using square-root transformed abundance and presence-absence 
datasets. Dispersion of datasets was calculated with PERMDISP using the vegan package, comparisons between 
average distances from centroid were performed with Tukey honestly significant difference (HDS) and Principal 
Coordinate Analyses (PCoA) were performed. The effects of the factors “host species taxa”, “reef site”, “inshore/
offshore reef ”, “coral genus” and “host reproductive strategy” on community structure were tested separately and 
combined using permutational analysis of variance (PERMANOVA) with the distance matrices of abundance 
data. The same matrices were plotted in nonmetric multidimensional scaling (nMDS) optimized by the function 
sammon with the mass R package50. Additionally, significant factors were pairwise compared with 9999 random 
permutations using the pairwiseAdonis package. Environmental variables (depth, turbidity, temperature, optical 
depth) were contrasted against the Bray–Curtis distance matrices, and significant ones were added to the nMDS 
plot. Distance-based redundancy analysis was used to model the relationship between community structure 
and environmental predictors. A Bray–Curtis squared rooted matrix and the environmental variables (in situ 
temperature, turbidity, irradiance, depth and optical depth) were used in these analyses.

Indicator taxa of Symbiodiniaceae and bacteria were inferred using the function IndVal.g in the R package 
indicspecies51 using ITS2 type and zOTU data, respectively. The indicator species analysis determines which taxa 
are related to specific groups. This index consists of the probability to find the taxa in the sampling that belongs to 
a group, given that the taxa is found there (specificity or positive predictive value); and the probability of finding 
the species in sampling belonging to the evaluated group (fidelity or sensitivity). The final index IndVal ranges 
from 0 to 1. Taxa with higher specificity and fidelity were close to 1, and significance was tested by bootstraps. 
For each dataset, we searched independently for indicator taxa by coral species. Comparisons of ITS2 type and 
zOTU occurrence were made within each group (specimens of a given species or site) and between specimens 
and the remaining dataset outside the group.

Network analysis of cooccurrences and mutual exclusions of bacteria and Symbiodiniaceae was performed 
to investigate microbial interactions that may be relevant in structuring the communities. Datasets were pre-
processed by retaining only bacterial zOTUs and Symbiodiniaceae ITS2 types with > 100 counts and present in > 1 
sample, resulting in a final dataset with 62 samples, 1976 bacterial zOTUs and all 12 Symbiodiniaceae ITS2 types. 
The networks were built using normalized counts from the sequencing data of zOTUs and Symbiodiniaceae ITS2 
types, with the latest version of SparCC52,53 implemented in FastSpar, with unbiased p-value estimator54. Analysis 
was made with 1000 iterations/1000 bootstraps. Associations with correlation scores >|0.5| and p values < 0.01 
were considered for interpretation. Networks were analyzed with Cytoscape version 3.8.255. General properties 
were determined with Network Analyzer56, and clustering was calculated with ClusterMaker2 (www.​rbvi.​ucsf.​
edu/​cytos​cape/​Clust​erMak​er2) using the Markov Clustering Algorithm (MCL) with the inflation value set to 2.0.

Ethics approval and consent to participate
Sampling permits: NGI Abrolhos/ICMBio 65055-8.

Results
Symbiodiniaceae and bacterial community data were obtained from 64 and 67 coral specimens, respectively, 
from 70 samples (Supplementary Information S2). A total of 537 distinct Symbiodiniaceae ITS2 sequences were 
identified after rarefaction, resulting in 12 unique ITS2 types. The rarefied bacterial 16S rRNA gene dataset 
generated 5,996,131 sequences, yielding 7114 unique zOTUs. Good’s 99.84% and 100% coverage revealed that 
most bacterial communities and ITS2 sequences were recovered, respectively (see rarefaction curves in Sup-
plementary Information S4).

Symbiodiniaceae community structure
The most diverse and abundant ITS2 types were assigned to the genus Cladocopium (N = 7), followed by Symbio-
dinium (N = 3), with lower abundance and fewer occurrences of Breviolum and Gerakladium. Five undescribed 
ITS2 types (A1392, C1372, C1396, C1434, C1506) were retrieved (Supplementary Information S3). ITS2 type 
C3 was present in all coral specimens and was mostly dominant, except in M. harttii, where C3b and C1434 
dominated. Other Cladocopium ITS2 types were detected in lower proportions (Fig. 2a). Symbiodinium was less 
diverse, with A4 being the most frequent. The unclassified ITS2 type A1392 was observed in three of the four 

http://www.rbvi.ucsf.edu/cytoscape/ClusterMaker2
http://www.rbvi.ucsf.edu/cytoscape/ClusterMaker2
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coral hosts, and type A3 appeared in low proportions, albeit consistently, in M. cavernosa from reef site PAB. 
Richness was significantly lower in F. gravida (3.9, sd:1.1) than in other hosts (5.1–5.6) (Wilcoxon’s pairwise 
comparisons), especially in sites TIM (3.4, sd:0.5) and SG (3.6, sd:0.5) (p < 0.05) (Fig. 2b, Supplementary Infor-
mation S4). Shannon’s diversity values were similar across sites and hosts.

Variability of Symbiodiniaceae beta-diversity in the relative abundance dataset was significantly lower for 
F. gravida (0.07) than for other hosts (0.28–0.33, p < 0.05—Tukey HSD). In contrast, in the occurrence dataset, 
it was higher in M. cavernosa (0.28) than in other coral species (0.13–0.18, p < 0.05—Tukey HSD) (Fig. 2c; 
Supplementary Information S5b,c). Community structure was related to coral host species (PERMANOVA; 
R2: 0.33; F.model: 9.83; p < 0.001). Reef sites (R2: 0.08; F.model: 4.2; p < 0.001) and the interaction between the 
host and each reef site (R2: 0.29; F.model: 6.81; p < 0.001) were also significant in explaining additional vari-
ance. “host reproductive strategy” (R2: 0.1; F.model: 7.1; p < 0.001) and “coral genus” (R2: 0.19; F.model: 7.3; 
p < 0.001) had significant influence on symbiont community structure when tested alone. However, they were 
not significant when analyzed together with host species. Host species, reef site and their interaction accounted 
for 70% of the variance in the data. The most different communities were those of F. gravida and Mussismilia 

Figure 2.   (a) Composition of Symbiodiniaceae communities within coral microbiomes in the Abrolhos Bank: 
the host species are discriminated at the top of the plot, and the four reef sites are indicated at the bottom. (b) 
Richness and Shannon index; letters and symbols (*) indicate significant Wilcoxon’s pairwise comparisons test 
(p < 0.05 after BH correction). Tests and boxplot size were calculated without ESQ samples however their values 
were indicated in plots by dots. (c) Nonmetric multidimensional scaling (nMDS) plots calculated according 
to Bray–Curtis distance on the square root of the relative ITS2 type abundances. The stress of each nMDS is 
indicated in the figures. Colors correspond to host species taxa (FAGR Favia gravida, MOCA Montastraea 
cavernosa, MUBR Mussismilia braziliensis, MUHA Mussismilia harttii) and symbols to reef sites (SG Sebastião 
Gomes, PAB Parcel dos Abrolhos, TIM Timbebas, ESQ Esquecidos Reef).
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species (PERMANOVA; R2: 0.47–0.32, p < 0.05) (Supplementary Information S5a). Significant differences were 
detected between M. braziliensis and M. harttii (R2: 0.24). Reef site-level differences were detected (p < 0.05) in 
the pairwise comparisons with compositional data between ESQ vs TIM (R2: 0.24), for presence/absence data to 
ESQ vs PAB (R2: 0.23), and for each host species separately (Fig. 3, Supplementary Information S6). Communities 
from M. cavernosa differed among sites (global: R2: 0.82; F.model 23.9; p < 0.001). The global PERMANOVA for 
F. gravida showed significant spatial variation (R2: 0.78; F.model 15.9; p < 0.001), but pairwise comparison did 

Figure 3.   Nonmetric multidimensional scaling (nMDS) discriminated by coral host species taxa showing 
dissimilarities within Symbiodiniaceae (left column) and Bacteria (right column) (Bray‒Curtis distance, square 
root transformed relative zOTU and ITS2 type abundances). R2, F.model values, and p significance (**p < 0.001) 
of the global PERMANOVAs are shown in each plot.
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not show differences between the two coastal reefs (TIM vs SG), and comparisons with PAB were not possible 
due to the low number of samples from this site. M. harttii also had significant between-site differences (R2: 
0.56; F.model 5.6; p < 0.001) but with lower structure than M. cavernosa and F. gravida. M. braziliensis had no 
detectable divergences between sites (R2: 0.13; F.model 0.8; p > 0.05) (Fig. 3, Supplementary Information S6). 
The nMDS and PERMANOVA with the complete ITS2 sequence dataset showed R2 and p-value similar to those 
obtained with the ITS2 type data (Supplementary Information S7).

The analysis indicator taxa showed that Symbiodinium A4 was associated with M. braziliensis (IndVal index: 
0.79), Cladocopium C1396 was associated with M. cavernosa (IndVal index: 0.73), and Cladocopium types C1434 
(IndVal index: 0.84) and C3b (IndVal index: 0.71) were associated with M. harttii. No indicator taxa were detected 
in spatial patterns.

Bacterial community structure
Proteobacteria accounted for 57% of the total reads, with Vibrio, Sphingomonas, Photobacterium, and Ruegeria 
being the most dominant genera (Fig. 4a). A strain related to Sphingomonas sp. 000797515 (44% BCLA support) 
was present in all 64 samples and represented up to 11 and 3.2% of the relative and overall read abundance in 

Figure 4.   (a) Composition of bacterial communities within coral microbiomes in Abrolhos Bank: host coral 
taxa and sampling sites are indicated. Bars represent the community composition of each coral specimen; color 
bars indicate the most abundant bacterial genera and grayscale bars represent zOTUs grouped by phylum. (b) 
Boxplots of richness (top) and Shannon diversity index (bottom) of the bacterial community discriminated 
by host species taxon (left) and reef site (right). Letters indicate significant differences (Wilcoxon’s pairwise 
comparisons test, p < 0.05 after BH correction). Tests and boxplot size were calculated without ESQ samples to 
Species measures and only by MOCA and MUHA to site measures, however, their values were indicated in plots 
by dots. (c) Nonmetric multidimensional scaling (nMDS) diagram of dissimilarities within communities (Bray–
Curtis distance, square root transformed relative zOTU abundances). Colors correspond to host species (FAGR 
Favia gravida, MOCA Montastraea cavernosa, MUBR Mussismilia braziliensis, MUHA Mussismilia harttii) and 
symbols to reef sites (SG Sebastião Gomes, PAB Parcel dos Abrolhos, TIM Timbebas, ESQ Esquecidos Reef).
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single samples, respectively. Genera Sphingomonas and Ruegeria (phylum Proteobacteria), Rubritalea (Verru-
comicribiota), and placeholder taxon UBA3125 (Actinobacteriota) were common to all samples.

Average richness was significantly lower (Wilcoxon’s pairwise comparisons) in ESQ (240.0, sd: 126.3) than in 
SG and TIM (702.0, sd: 336.1 and 477.5, sd: 244.3, respectively) (Fig. 4b, Supplementary Information S4). Data 
dispersion was not significantly different between groups of species and reef sites (Supplementary Information 
S8b,c). The PERMANOVAs with abundances’ data demonstrated that reef sites (R2: 0.14; F.model: 3.52; p < 0.001) 
and host species (R2: 0.13; F.model 3.16; p < 0.001), independently, were significantly related with the bacterial 
community structure (Fig. 4c). The interaction between host species and reef sites was significant and explained 
an additional variance in the data (R2: 0.21; F.model: 3.02; p < 0.05). Host species, reef site, and their interaction 
explained 47% of the variability. The other factors, “inshore/offshore reef ”, “coral genus” and “host reproductive 
strategy”, were not significant in the model with host species and reef site. Low but significant (p < 0.05) R2 values 
were observed in all most pairwise comparisons among sites or host species, from 0.07 to 0.19 (Supplementary 
Information S8a). The divergence among reef sites for each host species (Fig. 3, Supplementary Information 
S6) was significant for all species and with a high to low effect from F. gravida (global R2: 0.52; F.model: 6.44; 
p < 0.001), M. cavernosa (global: R2:0.43; F.model: 3.52; p < 0.001), M. harttii (global R2: 0.35; F.model: 2.74; 
p < 0.001) and M. braziliensis (global R2: 0.25; F.model: 2.0; p < 0.001). Turbidity, depth, optical depth (Kd490 * 
depth), and in situ temperature were significantly correlated with bacterial community structure (R2; temperature: 
0.21, turbidity: 0.14, optical depth: 0.16, depth: 0.31) (Fig. 3c) and explained together 17.9% of the differences 
(dbRDA; p < 0.001) (Supplementary Information S9).

The indicator species among the 10% most abundant strains include the zOTU394 Photobacterium aphoticum 
(BCLA: 29.45) in F. gravida (IndVal score 0.75), and the zOTU1525 OLB17 sp003223025 (Pyrinomonadaceae) 
in M. braziliensis (IndVal score 0.72). On a reef site basis, the ESQ reef ’s main indicators were zOTU6 (BK-30 
sp002837145–BCLA: 38.51) (IndVal score 0.74). Most indicator taxa of the SG reef belonged to the Vibrionaceae 
family: zOTU31 P. aquae (BCLA: 66.42), zOTU54 Vibrio hyugaensis (BCLA: 28.67), and zOTU67 V. neptunius 
(BCLA: 54.87); and to the phylum Acidomicrobia (zOTU727 Bin76 sp002238785) with IndVal scores of 0.88, 
0.79, 0.71, and 0.71, respectively (Supplementary Information S10).

Only 9.1% of the bacterial zOTUs were shared between the four sites. However, when excluding the less 
sampled site ESQ, shared zOTUs increased to 24.1% (Supplementary Information S11a). zOTUs common to all 
host species taxa represented 21.6% of all zOTUs, 30.8% were exclusive to single sites, and 26.5% were exclusive 
to a single host. The family Pirellulaceae was the most diverse taxon shared to all hosts, while Woeiseia oceani 
(Woeseiaceae) was the most frequent. The predominant zOTUs occurring in F. gravida were members of the 
family Vibrionaceae, while Flavobacteriaceae predominated in M. harttii, and Pirellulaceae predominated in M. 
cavernosa and M. braziliensis.

Using an 80% prevalence cutoff for core microbiome inference, the total number of zOTUs dropped from 7114 
to only 105 when using host species taxa and to 90 when reef sites were used as a grouping condition (Fig. 5a,b). 
Core zOTUs shared by all hosts (10 zOTUs, Fig. 5a; Supplementary Information S11b,c) were mostly from phy-
lum Proteobacteria, four belonging to the order Burkholderiales (Acidovorax_D, Achromobacter dolens, BK-30, 
and Ralstonia pickettii) and the remaining to genera Sphingomonas, Stenotrophomonas and Caulobacter. Other 
core zOTUs from all host taxa were classified as Synechococcus (Cyanobacteria) and Aeribacillus (Firmicutes). 
Six of ten zOTUs in the core microbiome shared by all hosts (Fig. 5a) were also present in all reef sites (Fig. 5b). 
Richness was much lower at site ESQ (1246 zOTUs—Fig. 5c). The host M. braziliensis and site TIM had the high-
est number of zOTUs classified as core (e.g. present in almost 80% of samples from this host/reef) (77 and 59, 
respectively) and exclusive core (50 zOTUs in M. braziliensis and 40 zOTUs in site TIM—e.g. present in almost 
80% of samples from the host/reef, and not in the others host/reefs). Also, TIM had the higher proportion of 
zOTUs present in core (1.07%) (Fig. 5b,c).

Microbial network
The network encompassed 1116 edges linking 228 nodes (5 Symbiodiniaceae ITS2 type and 223 bacterial zOTUs), 
with a clustering coefficient of 0.591, 3.4 average path length, 13.8 average number of neighbors, 0.098 density, 
and 0.525 modularity (Supplementary Information S11). The main module was composed of three intercon-
nected clusters (Fig. 6). The larger cluster I (81 zOTUs) consisted predominantly of more connected Vibrionaceae 
(mostly Vibrio and Photobacterium). The top ten hubs (i.e. strongly connected nodes) of cluster I were classified 
as V. neptunius, V. tubiashii, V. ponticus, V. maritimus, V. sinaloensis, and P. aquae (Fig. 6). Cluster II (51 zOTUs) 
was dominated by Sphingomonas, Ralstonia, Firmicutes and Burkholderiales nodes. Negative correlations indi-
cating mutual exclusions were observed among two nodes of Vibrionaceae cluster I (V. parahaemolyticus and V. 
tubiashii) and the Sphingomonas sp. 000797515 (BCLA 44%) node in cluster II, and also among V. parahaemo-
lyticus and BK-30 (Burkholderiaceae) in cluster II. There was also a negative correlation between Deinococcus 
actinoscleris from cluster II and UBA5680, a node in cluster III.

Members of the Vibrionaceae cluster (I) were found in all sites and hosts, but predominantly at SG (69%) and 
in F. gravida (67%) (Fig. 6, cluster I, bar plot). Members of cluster II were more evenly distributed among sites, 
with M. harttii and M. cavernosa hosting the higher proportion of zOTUs and representing nearly 80% of the 
total (Fig. 6, cluster II). As expected, fewer connections involving Symbiodiniaceae ITS2 types were detected, 
given their lower number compared to the number of zOTUs. Two duplets connected Symbiodiniaceae nodes, 
ITS2 types A4 and C3 showed mutual exclusion and a cooccurrence linked A1392 with C8c (Supplementary 
Information S11). The only connection with bacterial zOTUs was positive and involved the novel ITS2 type 
C1434 and four bacterial zOTUs, the Sphingomonas sp. 000797515 (BCLA 44%) hub, and the Vulcanococcus, 
Bradyrhizobium, and Marinobacter nodes in cluster II. Another highly interconnected cluster (cluster IV, Sup-
plementary Information S11), with zOTUs distributed among all coral species, was recorded in site TIM. Most 
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of the cluster’s zOTUs (20) were from families Flavobacteriaceae (7) and Rhodobacteraceae (9). Otherwise, the 
network presented smaller (2 to 9 nodes) and peripheral clusters with 1 to 5 edges (Cluster III Fig. 6; complete 
network in Supplementary Information S11). Cluster III, with zOTUs interacting mainly in M. braziliensis, 
shared remarkably few zOTUs with clusters I and II. These sparse clusters also encompassed bacterial families 
that were less represented in the main clusters, such as Pirellulaceae, Rhodobacteraceae, Sedimentocolaceae and 
Verrucomicrobiaceae (Supplementary Information S11).

Discussion
Here, by assessing the bacterial and Symbiodinaceae microbiomes of corals in four contrasting reefs in the 
Abrolhos Bank, Brazil, we observed that corals with broader geographic distributions and depth ranges tend to 
harbor microbiome communities that exhibit higher dissimilarity between sites. This feature was somehow dif-
ferent between bacteria and Symbiodiniaceae, the latter displaying a stronger gradient in the effect of sites across 
hosts. In Symbiodiniaceae, the mode of acquisition of symbionts by the coral (broadcast vs. brooding) seems to 
influence symbiont community heterogeneity on a regional scale. Among all tested factors, the microbial com-
munity’s overall structure was better explained by host species for Symbiodiniaceae and by host and reef sites 
combined for bacteria. Both factors explained as much as 70% of the Symbiodiniaceae community structure. 
In contrast, more than half of the variance in the bacterial community dissimilarity (53%) was either stochastic 
or unexplained, which is not unexpected, since the coral holobiont encompasses a huge and diverse transient 

Figure 5.   Venn diagrams of the number and percentages of bacterial zOTUs among host species (a) and reef 
sites (b) using zOTUs present in at least 80% of the samples (n = 105 zOTUs considering host species as class, 
and n = 90 zOTUs considering reef site). (c) Total number of zOTUs, prevalent (> 80%) zOTUs per host species 
and reef site, percent of prevalent zOTUs in relation to the total number of zOTUs, and number of exclusive 
zOTUs per group. Sign w/o = without.
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community compared to the more stable and selected core microbiome8, equivalent to 0.01% of the entire com-
munity in this study. On the other hand, biological interactions play significant roles in structuring microbial 
communities. Their characterization helps to decipher complex patterns in microbial profiles and detect the 
protagonist microbes of community engineering23. The microbial network revealed co-occurrences and mutual 
exclusions unevenly distributed in hosts and reefs, highlighting potentially protagonist microbes structuring 
the coral’s assemblages (3% of the overall bacteria and 42% of the photosymbionts). Furthermore, our results 
expanded the knowledge on coral symbiont diversity, as several undescribed taxa of both Symbiodiniaceae and 
Bacteria were detected. A putative relationship between host geographic distribution, host traits, and symbiotic 
microbiome characteristics is summarized in Fig. 7.

Cladocopium (mainly C3) and Symbiodinium (mainly A4) occur at high frequencies in western SAO 
corals57–59, which is in line with their dominance in our samples. The occurrence and abundance of C3 (abundant 
in all hosts and sites) and A4 (undetectable in ESQ) and their pattern in the network suggests an antagonistic 
interaction between them. The undescribed ITS2 type C1434 was well distributed across hosts and particularly 
dominant in M. harttii at the ESQ site, which likely consists of a more suitable niche for this strain. Interestingly, 
this was the only ITS2 type positively correlated with bacteria in the network. The ITS type A3, associated with M. 
cavernosa, is a new occurrence for the region. The ITS2 type-based approach employed here agreed with results 
using the entire ITS2 sequence dataset. However, reducing the noise of intragenomic diversity by using the ITS2 
type was critical to describe the most abundant taxonomic units, especially in a less-studied reef.

Host species significantly influenced the Symbiodiniaceae communities, and such associations seem to be 
driven by symbiont acquisition and the co-evolution between cnidarians and microalgae, along with the unique 
biochemical properties of cnidarian tissues60. Even so, the observed divergences in community composition were 
primarily due to the abundance of shared ITS2 types and not exclusive associations. While generalist symbionts 
may not render universal bleaching resistance to their hosts61, these redundant links could promote robustness62 
by shifting through various potential symbionts to buffer oxidative stress during environmental disturbances63.

While pairwise comparisons among reef sites did not reveal significant differences, community variability 
(i.e. data dispersion) did differ. F. gravida, a brooder species that vertically transmits Symbiodiniaceae, displayed 
relatively low microbiome richness and beta diversity. A high community homogeneity is expected among 

Figure 6.   Main microbial network module with three clusters (I, II, and III). Nodes are bacterial zOTUs 
(color-coded circles with area proportional to relative abundance) and one Symbiodiniaceae ITS2 type (octamer 
with proportional area). Lines linking the nodes (edges) represent positive (gray) or negative (red) correlations 
(FastSpar coefficient ≥ |0.5|, p-corrected value < 0.01). Edge thickness is proportional to the strength of the 
correlation between nodes, and thicker lines surrounding nodes indicate the network’s hubs. Bar plots represent 
the proportion of bacterial zOTUs within each cluster, grouped by host species (FAGR Favia gravida, MOCA 
Montastraea cavernosa, MUBR Mussismilia braziliensis, MUHA Mussismilia harttii) and reef site (SG Sebastião 
Gomes, PAB Parcel dos Abrolhos, TIM Timbebas, ESQ Esquecidos Reef). The entire network is presented in 
Supplementary Information S11.



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:24319  | https://doi.org/10.1038/s41598-024-70121-2

www.nature.com/scientificreports/

spatially close coral colonies due to local recruitment17. It may be further amplified by well-adapted F. gravida 
Symbiodiniaceae strains established in parental colonies, transmitted during the planula phase. Despite that, this 
F. gravida is a generalist species with a broad amphi-Atlantic distribution59, and such traits appear to agree with 
the capacity to colonize contrasting environments such as coastal turbid reefs and oceanic islands.

The Brazilian endemic corals M. harttii and M. braziliensis presented lower and no significant dissimilari-
ties of Symbiodiniaceae community among reef sites, respectively. The divergences in M. harttii are especially 
between the most distinct and distant site, ESQ, and the other reefs. Conversely to the other coral hosts studied 
herein, M. cavernosa exhibited the highest effect of reef site in variability of Symbiodiniaceae communities, which 
indicates more flexibility of the symbiotic community in response to environmental variation. This flexibility 
could be related to M. cavernosa wide geographical and bathymetric distribution along SAO and Caribbean 
environments31,62,64.

Proteobacteria (mostly Gammaproteobacteria and Alphaproteobacteria), Firmicutes, Actinobacteria and 
Bacteroidetes are usually associated with corals65. In the Abrolhos’ bacteriomes, Proteobacteria (currently Pseu-
domonadota) was the most abundant group, followed by Planctomycetota (mostly Pirellulaceae), Bacteroidota 
(includes former Bacteroidetes), Verrucomicrobiota and Actinobacteriota. Pirellulaceae and Woeseia, taxa that 
stood out in the coral’s common associations, have been reported in marine sediments66 and also associated with 
corals67. The high prevalence of sediment-characteristic taxa may stem from the high turbidity of the Abrolhos 
reefs68 (see Supplementary Information S1).

A proportionally small core microbiome agrees with the current understanding that coral’s harbor few con-
served taxa8. Among bacteria present in all sites and hosts, we found taxa that are either common in coral micro-
biomes or less frequently reported but have the potential to structure these bacterial communities. For instance, 
Sphingomonas and Ralstonia occur intracellularly in Symbiodiniaceae69 and were the two most abundant and 
prevalent taxa in our coral microbiomes, closely relate to Sphingomonas sp. 000797515 and Ralstonia pickettii. 
Other taxa present in the core microbiome of all coral hosts included strains of Synechococcus, Burkholderiaceae, 
Acidovorax, Achromobacter, Stenotrophomonas and Aerobacillus. Ingestion of Synechococcus and other cyano-
bacteria cells by coral hosts contributes significantly to coral nutrition70. Synechococcus-like cyanobacteria have 
been extensively reported in association with coral tissues, where they play an essential role in nitrogen sourcing7. 
Aeribacillus pallidus is reported here for the first time in association with corals. This bacterium produces anti-
microbial peptides71 and may play a role in the homeostasis of corals (e.g., by acting as a probiotic and shaping 
the host microbiome). It is worth to note that all core bacteria integrated the microbial network suggesting that 
these taxa indeed contribute to structure the communities of the hosts. Another noteworthy aspect was the 
scarcity of Endozoicomonas herein, which is in line with previous reports for Brazilian corals72–75. This contrasts 

Figure 7.   Summary of the main characteristics of the four coral species investigated in this study regarding 
their percentage of potentially pathogenic Vibrio taxa and microbial profiles. Bleaching susceptibility is based on 
Teixeira et al.77. Microbiome structure refers to the composition of the community, considering occurrence and 
relative abundance of taxa. Values in purple gradient refer to R2 values of global PERMANOVA analysis by host 
(Fig. 5) to Symbiodiniaceae and Bacteria, respectively.



13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:24319  | https://doi.org/10.1038/s41598-024-70121-2

www.nature.com/scientificreports/

with Endozoicomonas ubiquity in the Indo-Pacific and Caribbean, where it is an indicator of coral health65. It 
is possible that an alternative taxa—e.g. Sphingomonas for its abundance and ubiquity in the samples76—play 
analogous roles in the Abrolhos Bank.

The richness of the bacterial core and beta diversity patterns revealed contrasts between the specialist host 
M. braziliensis and the other coral species. M. braziliensis, with higher diversity and a higher percentage of core 
associations among all host species, is restricted to well-lit environments on pinnacles’ tops34 and might have 
developed a specialized microbiome. Specialist corals rely on stable microbial communities to cope with stress-
ful environmental changes, avoiding reorganizing well-established symbioses12,25. Nevertheless, low flexibility 
does not necessarily reflect high vulnerability to environmental changes61. M. braziliensis showed a relatively 
low bleaching index (BI) during thermal anomalies in 201677 and 201978 although the much stronger event of 
2019 was followed by higher mortality for this species than the 2016 one78,79.

The deeper ESQ site in the south, the closest to the Doce River mouth—and under the influence of its plume—
showed the lowest richness than all the other sites (considering only M. harttii and M. cavernosa). The stressful 
conditions in this site could act as a selective pressure leading to the predominance of resistant and function-
ally important bacterial taxa while maintaining low levels of transient ones. ESQ has variable light conditions 
(Supplementary Information S1a) influenced by oscillations of the nearby river plume and, recently, has been 
impacted by iron ore tailings80 which could also have impacted the microbiome richness.

Considering all four host species studied, reef site and host species had equivalent influence on bacterial com-
munity structure whereas for the Symbiodiniaceae community hosts were more important than sites. Noteworthy, 
a gradient of Symbiodiniaceae community structure was seen from widely distributed corals (higher structure) 
to endemic and specialist hosts (lower structure). Such gradient was also observed in bacterial communities 
although less pronounced. The much higher taxonomic and functional diversity of bacteria compared to Sym-
biodiniaceae in association with corals as well as their overspread distribution in coral compartments (mucus 
and tissues) as opposed to the microalgae (exclusive to the gastrodermis) could explain such weaker gradient in 
bacteria. The mucus is a more dynamic matrix than the coral tissue, harbors distinct, more variable microbial 
communities, and may also trap water-borne bacteria on its surface81,82. Differences in the ratio of mucus to tis-
sue among the coral species and across sites for the same species might have influenced the proportion of stable 
vs. variable bacterial communities.

Depth-generalist corals have more flexible bacteria and Symbiodiniaceae communities than specialist 
corals18,26. An alternative, not mutually exclusive, explanation for the greater flexibility of the microbial com-
munity in response to the environment is that the host population could be spatially structured with a high degree 
of locally adapted genes, which could be associated with distinct communities19,20. However, as our sampling was 
conducted across a much smaller area than the aforementioned studies (160 km vs > 7000 km), it is possible that 
the host genetic variation effect would be less pronounced. Further studies on Abrolhos corals’ genetic diversity 
are needed to test this hypothesis. Moreover, the coral’s capacity to inhabit variable environments is probably 
operated by several mechanisms, such as host epigenetic controls83 and phylotypes’ diversity19,84, and functional 
associations with specific bacterial taxa85. However, bacteria that participate intrinsically in this broad adaptation 
or benefit sporadically from these corals remain more difficult to determine.

The remaining unexplained variance in the microbial community suggests the influence of stochasticity in 
community assembly and the influence of interactions within the microbiome. Positive correlations in the well-
structured microbial network indicate cooperative interactions while negatively correlated nodes suggest com-
petition for space and resources6,86. Vibrionaceae (mainly Vibrio and Photobacterium) accounted for 49% of the 
nodes in the main module and was the most abundant family in all F. gravida samples from SG and most samples 
from TIM. These bacteria are commonly found free-living in coastal waters87,88 and along the Brazilian coast88, 
where they are widely associated with benthic organisms89. Vibrio includes species with pathogenic potential, 
efficient quorum-sensing signaling, and a set of mechanisms for efficient infection, competition and resistance90. 
These copiotrophic strategists might be associated with nitrogen cycling89. Many Vibrio species were associated 
with dysbiosis and coral bleaching/disease, including white plague in Mussismilia sp. from Abrolhos90,91. The 
high proportions of vibrios observed in F. gravida could be related to an opportunistic shift in the community. 
Abnormally high temperatures and low turbidity, with consequently higher irradiance at the bottom in the winter 
preceding our sampling (Supplementary Information 1b) may have had a cumulative effect on corals. Later, in 
the austral summer of 2018–2019, the region experienced the most severe thermal anomaly ever registered79. 
Noteworthy, F. gravida and M. harttii presented the highest bleaching indexes among Abrolhos reef corals during 
the 2016 thermal anomaly77, which could have been linked to a potential susceptibility to opportunistic vibrios. 
It has been speculated that hosts harboring flexible microbiomes are more susceptible to opportunistic infections 
due to unstable associations, especially during transition phases25, an hypothesis that needs more investigation.

The high prevalence and abundance of vibrios in SG corals could also be associated with this site’s high tur-
bidity and sediment deposition from a nearby dredging disposal area88. Relatively high coverage of macroalgae 
and steadily increasing zoanthid (Palythoa) covers, indicators of anthropogenic impacts, were also reported for 
this reef33. Additionally, high numbers of vibrios have been recorded in the water column of Abrolhos reefs, 
mainly in SG and TIM88. Our results indicate an association between environmental factors and host species’ 
permeability as the main drivers of high Vibrio abundance. Whether the massive abundance of vibrios, especially 
in F. gravida from SG, was episodic or if it will culminate in a persistent pathobiome is unclear and requires 
further investigation.

The antagonic cluster to the Vibrionaceae (cluster II) was much more diverse in terms of families than the 
Vibrionaceae cluster itself (cluster I), markedly in M. harttii and M. cavernosa. Some abundant taxa in cluster II, 
classified as Sphingomonas and Ralstonia, have been previously observed inside Symbiodiniaceae cells69. Nega-
tive interactions, despite being harder to detect, stabilize networks86, meaning clusters I and II stability is largely 
supported by the antagonism of Vibrio and Sphingomonas.
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Conclusions
Our coupled analyses of bacterial and Symbiodiniaceae communities in four coral species from the SAO’s larg-
est and richest coral reef system allowed the exploration of novel multi-taxa associations and interactions. Also, 
they contributed to revealing novel components of the diversity of microbial communities associated with corals 
as several novel taxa.

Biological filters governed mainly by the host are essential drivers shaping corals’ microbiome structure. The 
higher degree of community structure by reef in symbiotic associations appears to be linked with coral species 
with broader geographic and depth ranges, a feature more prominent in Symbiodiniaceae but also observed to 
a lesser degree in bacteria. In contrast, endemic and habitat-specialist host, M. braziliensis, seem to has more 
homogenous bacterial communities with more exclusive members. This lends credence to the hypothesis that 
higher microbiome flexibility renders corals more adaptable to diverse environments, a trend that should be 
investigated in more hosts and reef areas.

Data availability
The datasets generated and analysed during the current study are available in the NCBI repository. Data was 
deposited as Sequence Read Archive (SRA) data with BioProject number PRJNA1012704. https://​www.​ncbi.​
nlm.​nih.​gov/​biopr​oject/​PRJNA​10127​04.
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