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M I C R O B I O L O G Y

Coral microbiome manipulation elicits metabolic 
and genetic restructuring to mitigate heat stress 
and evade mortality
Erika P. Santoro1, Ricardo M. Borges2, Josh L. Espinoza3,4, Marcelo Freire3,5, Camila S. M. 
A. Messias1, Helena D. M. Villela1, Leandro M. Pereira1, Caren L. S. Vilela1, João G. Rosado1,6, 
Pedro M. Cardoso1, Phillipe M. Rosado1, Juliana M. Assis1, Gustavo A. S. Duarte1, 
Gabriela Perna6,7, Alexandre S. Rosado1,8, Andrew Macrae1, Christopher L. Dupont3, Karen 
E. Nelson3, Michael J. Sweet9, Christian R. Voolstra6,7, Raquel S. Peixoto1,6*

Beneficial microorganisms for corals (BMCs) ameliorate environmental stress, but whether they can prevent 
mortality and the underlying host response mechanisms remains elusive. Here, we conducted omics analyses on 
the coral Mussismilia hispida exposed to bleaching conditions in a long-term mesocosm experiment and inoculated 
with a selected BMC consortium or a saline solution placebo. All corals were affected by heat stress, but the 
observed “post-heat stress disorder” was mitigated by BMCs, signified by patterns of dimethylsulfoniopropionate 
degradation, lipid maintenance, and coral host transcriptional reprogramming of cellular restructuration, repair, 
stress protection, and immune genes, concomitant with a 40% survival rate increase and stable photosynthetic 
performance by the endosymbiotic algae. This study provides insights into the responses that underlie probiotic 
host manipulation. We demonstrate that BMCs trigger a dynamic microbiome restructuring process that insti-
gates genetic and metabolic alterations in the coral host that eventually mitigate coral bleaching and mortality.

INTRODUCTION
Coral reefs have been undergoing unprecedented mass coral bleach-
ing events in recent decades, fueled by ocean warming (1), height-
ening the need to devise effective countermeasures to mitigate 
further declines (2, 3). Increasing sea surface temperatures trigger 
the disruption of the symbiotic relationship between the coral host 
and its endosymbiotic algae of the family Symbiodiniaceae (4), result-
ing in the physical whitening of coral colonies known as “bleaching.” 
Photosynthetic products from the endosymbiont algae provide more 
than 90% of the host’s nutritional demands (5). Thus, prolonged 
periods of heat stress and bleaching lead to coral mortality (6).

Besides endosymbiotic algae, corals are associated with a suite of 
other organisms (bacteria, protists, fungi, viruses, etc.), collectively 
referred to as the coral holobiont or metaorganism (7–10). In par-
ticular, bacteria are assumed to contribute to coral holobiont biology, 
notably stress tolerance and adaptation to disparate environments 
(10–15). The importance of bacteria led to the proposal of the coral 
probiotic hypothesis (16), which states that microbes support coral 
biology through selection of the most advantageous holobiont con-
figuration in a given environment. This was later refined by the 

microbiome flexibility hypothesis to include the notion that the 
potential or propensity for microbiome change differs among host 
species (15). The proposal to use these concepts to select and 
manipulate specific microbes to aid the stress tolerance and resilience 
of the coral holobiont was dubbed “beneficial microorganisms for 
corals” (BMCs) (10). Beneficial microorganisms putatively support 
nitrogen fixation, sulfur cycling, scavenging reactive oxygen species 
(ROS), and production of antibiotics to thwart pathogens, for 
example (10, 11, 17).

The proof of concept that manipulating coral microbes improves 
coral stress tolerance was recently demonstrated in the first experi-
ments to identify the beneficial nature of a selected BMC consortium 
in ameliorating coral bleaching (18). Nevertheless, exactly “how” these 
BMCs were associated with functional changes in the host remained 
unknown. Notably, BMCs do not necessarily need to exert their effect 
on the coral host directly. Hence, the measured holobiont response 
does not need to be a perfect reflection of the BMC consortium added. 
Rather, the BMC consortium may benefit the host indirectly, by 
means of niche occupation, microbial succession, or the prevention 
of dysbiosis through pathogen deterrence (10, 11, 18). Furthermore, 
although the ability of BMCs to ameliorate coral bleaching has been 
demonstrated (18), it is unknown whether they have the capacity to 
help corals evade mortality, e.g., through the provisioning of alternate 
metabolites to compensate for the loss of Symbiodiniaceae.

Despite the diversity of the coral microbiome, which makes it 
challenging to decipher the contribution of associated microbes to 
coral holobiont biology, the dynamic nature of the coral microbi-
ome, which can often change markedly—e.g., across sites, spe-
cies, age, and under stress—further hampers the ability to conduct 
such studies in the natural environment (15, 19–21). For this rea-
son, manipulation of BMCs in controlled experimental setups, 
such as mesocosms (22–24), provides an avenue to identify im-
portant microbial players and study holobiont responses (and 
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putative underlying mechanisms), while maintaining a quasi-reef 
environment, to improve and inform the development of biotech-
nological solutions to promote coral reef resilience.

Here, we used coral mesocosms in combination with multiomics 
evaluation to assess responses and potentially decipher the mecha-
nisms that underlie the increased stress tolerance and coral mortality 
evasion, offered by the provisioning of probiotics. In a large-scale 
effort, fragments of the coral Mussismilia hispida were exposed to 
thermal stress in a 75-day mesocosm experiment and inoculated 
with either a M. hispida–tailored BMC consortium or a saline 
solution placebo. Coral health (measured via Fv/Fm rates and survi-
vorship) (25), microbial activity, and functional responses were 
assessed through a multiomics approach. Our analysis shows that 
increased stress tolerance and survivorship of coral holobionts 
exposed to a BMC consortium coincided with holobiont restructuring 
and a defined reprogramming of the coral host’s gene expression, 
targeting cellular reconstruction, immune response, and stress pro-
tection during a post-heat stress recovery period.

RESULTS
BMC consortium selection, assembly, 
and experimental setup
Bacterial strains were isolated from a visually healthy colony of 
M. hispida. The BMC consortium was assembled with bacterial 
strains exhibiting (i) at least one of the beneficial traits detailed 
below, (ii) the absence of antagonist activity against other selected 
BMCs, and (iii) no previous record of the species/strain being harm-
ful to humans or other marine life. Beneficial traits included nitrogen 
fixation (nifH), denitrification (nirK), dimethylsulfoniopropionate 
(DMSP) degradation (dmdA), ROS scavenging potential (measured 
through catalase activity), and antagonistic activity against two coral 
pathogens, Vibrio coralliilyticus strain V1 and Vibrio alginolyticus 
V2 (26, 27).

From an initial 133 obtained isolates, the assembled BMC consor-
tium was composed of the following six bacterial strains: Bacillus 
lehensis (M20) positive for nifH, nirK, and dmdA; Bacillus oshimensis 
(M24) positive for dmdA; B. lehensis (M3) positive for nifH and 
dmdA; Brachybacterium conglomeratum (M1) positive for catalase 
and nifH; Planococcus rifietoensis (CM29) with antagonistic activity 
against V1; and Salinivibrio sp. (F2) with antagonistic activity 
against V1 and V2 (table S1). The experimental BMC consortium 
consisted of lag phase–grown bacterial strains collected and re-
suspended in sterile saline solution (0.85% NaCl) at 1 × 108 cells/ml 
(for details, see fig. S1). The placebo/control consisted of a sterile 
saline solution (0.85% NaCl), hereafter referred to as the placebo 
treatment.

BMCs and placebo were applied every 3 days during a simulated 
heat stress event (maximum temperature of 30°C) and every 5 days 
for the remainder of the 75-day mesocosm experiment (Fig. 1A), 
while a control was run in parallel (26°C). We focused on four time 
points, T0 at the beginning of the experiment, T1 upon reaching 
peak temperature in the heat stress (30°C), T2 at the end of peak 
temperature heat stress (30°C for 10 days), and T3 following a 
15-day recovery period at 26°C. Microbiome changes associated with 
BMC treatment were investigated through 16S ribosomal RNA 
(rRNA) gene metabarcoding (T0, T1, T2, and T3). In addition, 
patterns and mechanisms underpinning the projected increased 
stress resilience provided by the BMC treatment were assessed 

through the evaluation of coral physiology (photosynthetic efficiency 
of Symbiodiniaceae and visual monitoring of bleaching for T0, 
T1, T2, and T3) (Fig. 1, B and C), elucidation of metabolic foot-
prints [nuclear magnetic resonance (NMR)/partial least squares- 
discriminant analysis (PLS-DA) at T0, T1, T2, and T3], and 
determination of coral transcriptome patterns at the peak of tem-
perature and the end of the experiment (T2 and T3) (see Fig. 1A 
for experimental design).

Host microbiome shift associated with BMC treatment 
during heat stress
To confirm the presence of the BMC consortium members in the 
coral microbiome, the 16S rRNA gene sequences of each of the six 
BMC members was used to query amplicon sequence variants 
(ASVs) from both BMC- and placebo-treated coral fragments. 
We identified three of the six strains throughout various time points 
of the experiment: CM29 P. rifietoensis (T1 BMC-treated), M24 
B. oshimensis (T1 and T2 BMC-treated), and M1 B. conglomeratum 
(T2 BMC-treated) (Fig. 2A).

Parallel to the confirmed microbiome incorporation of three of 
the BMC strains in T1 (CM29 and M24) and T2 (M1and M24) 
(Fig. 2A), the overall bacterial community structure of BMC-treated 
corals was significantly different from placebo-treated corals during 
the heat stress (T2) [permutational multivariate analysis of variance 
(PERMANOVA), P = 0.05] but became indiscernible during the 
recovery period (T3) (P = 0.583, stress = 0.15) (fig. S2), where BMC 
strains were also not detected. The most abundant bacterial phyla 
identified across all coral fragments were Proteobacteria, followed 
by Bacteroidetes, throughout the course of the experiment (fig. S3). 
Despite such consistency at higher taxonomic levels, we found vari-
ability over time with regard to bacterial taxa association. Although 
the relatively most abundant genera associated with corals at T0 
were consistently Ruegeria (11.9%), Tistlia (4.6%), and Candidatus 
Amoebophilus (4.2%), we only found Ruegeria species to be abun-
dant across BMC-inoculated corals (T1: 15.1%; T2: 13.4%; T3: 
17.3%), while in placebo-treated coral fragments, Paramaledivibacter 
spp. were the most prevalent (T1: 21.6%; T2: 13.8%; T3: 3.9%). In 
addition, ASVs exhibiting significant differences in abundance 
were identified in BMC-treated coral fragments under thermal 
stress compared to placebo samples (Fig.  2B). Overall, 13 ASVs 
were significantly increased [average fold change (FC)  =  22.4, 
P < 0.01] in BMC-treated samples in T1, 23 ASVs in T2 (average 
FC = 21.8, P < 0.01), and 18 ASVs in T3 (average FC = 21.7, P < 0.01) 
(Fig. 2B), indicating that BMCs affected the microbiome struc-
ture beyond the addition of selected strains. Ruegeria was the 
most prominent genus found in BMC-inoculated corals and 
was mainly enriched in T2 samples (FC = 15.3) (Fig. 2B). Despite 
the observed microbiome structural changes, overall community 
diversity of BMC- and placebo-treated corals remained similar 
throughout the course of the experiment [based on Shannon, Chao1, 
and ASV distribution indexes; analysis of variance (ANOVA), 
P = 0.8] (fig. S4).

Coral BMC treatment contributes to increased survivorship 
and recovery from bleaching after acute thermal stress
We compared photosynthetic efficiency (Fig. 1B) and coral holobiont 
survival (Fig. 1C) to assess the BMC treatment effect. Most notably, 
survivorship of corals inoculated with the BMC consortium was 
substantially higher, with 100% of fragments surviving the heat 
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stress treatment (T3) compared to only 60% of the placebo-treated 
corals (Fig.  1C). Surviving corals in the placebo-treated regime 
showed a significant decrease in the Fv/Fm average rates (65% de-
crease, from T0 to T3; P  <  0.05) at the end of the experiment 

compared to the start (Fig. 1B), while photosynthetic efficiencies of 
BMC-treated corals only decreased at the peak of temperature stress 
(T2) (P < 0.05) and thereafter returned to the initial average during 
the recovery period (T3) (P = 0.197).

Fig. 1. Long-term heat stress experiment and coral bleaching responses to placebo and BMC inoculation. (A) Experimental design and details on temperature, BMC 
inoculations, and sampling layout. (B) Means of photosynthetic efficiency Fv/Fm ratios (y axis) from coral fragments treated with BMCs or placebo under heat stress tem-
perature regimes (30°C) and control temperature regimes (26°C) during the mesocosm experiment days (x axis). (C) Heatmap based on the bleaching score attributed to 
coral fragments treated with BMCs or placebo in the heat stress experiment.
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Post-heat stress disorder and transcriptional 
reprogramming of BMC-treated coral holobionts
We were further interested in elucidating the coral host transcrip-
tomic response associated with the observed increase in coral sur-
vival after heat stress following BMC treatment. RNA sequencing 
(RNA-seq) was conducted on samples from BMC- and placebo-
treated coral fragments at the peak of heat stress (T2; n = 20 sam-
ples) and at the end of the experiment (T3; n = 15 samples) from the 
control and heat stress temperatures. Coral genes were assorted into 
orthogroups to increase confidence in their annotation and, hence, 
functional inference. We determined a total of 17,755 orthogroups 
considered for the gene expression analysis (table S2). As expected, 
we observed pronounced differences in the response to heat stress 
when comparing placebo-treated corals at 30° and 26°C at T2 (peak 
of heat stress) [differential expression of 2294 orthogroups with a 
false discovery rate (FDR) of <0.05 associated with metabolic disorders, 
apoptosis, autophagy, and response to stress] (table S2). Significant 
response differences were also observed after a period of recovery 
(T3), suggesting heat stress carry-on effects in the transcriptional 

footprint, which we termed post-heat stress disorder (PHSD) with 
some signs of recovery (2275 orthogroups with an FDR of <0.05 
associated with metabolism, cell death, and oxidative stress) (table S2).

Similar to the physiological and metabolic responses, we did not 
see significant transcriptomic differences between BMC- and placebo-
treated coral samples in T2 in the heat stress treatment, suggesting 
that both “holobiont systems” react similarly in the peak of heat 
stress, originally observed in yeast and termed environmental stress 
response (28, 29). Following this, we focused on differentially ex-
pressed orthogroups between BMC- and placebo-treated coral 
samples subsequent to the heat stress at the recovery time point (T3) 
to elucidate the transcriptomic footprint associated with BMC-
induced recovery (fig. S5). BMCs seemed to exert an overall “healing 
effect,” as evidenced by increased recovery and stress attenuation 
processes in coral gene expression. In this regard, a total of 169 or-
thogroups were differentially expressed because of BMC inoculation, 
mainly involved in apoptosis, inflammatory response, cytoskeleton, 
and membrane reorganization (see blue bars for up-regulation and 
red bars for down-regulation; Fig. 3 and fig. S5). Most of these 

Fig. 2. Effects of BMC treatment on coral bacterial community. (A) Relative abundance of BMC consortium members in coral fragments treated with BMCs or placebo 
and exposed to heat stress (T1, P = 0.028; T2, P = 0.0001; T3, P = 0.265; Kruskal-Wallis), where boxes represent the relative mean abundance and stars represent outliers. 
(B) Boxplot of fold change (FC) of ASVs with differential abundance (P = 0.01) in BMC-treated coral fragments compared with placebo-treated fragments at T1, T2, and T3. 
Bars with the same color scale belong to the same taxonomic family.
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orthogroups (142 of 169) were down-regulated in BMC-treated 
corals in comparison to their placebo-treated counterparts, suggest-
ing attenuation of the PHSD due the probiotic treatment.

Even after the recovery period, the remaining placebo-treated 
coral survivors were still showing signs of prolonged PHSD, as sug-
gested by the more prominent expression of proteins involved in 
response to thermal stress, when compared to BMC-treated corals. 
In addition, orthogroups involved in chromosome condensation 
(two titin homolog proteins) and DNA methylation (zinc metallo-
proteinase nas-6-like) were also down-regulated in BMC samples 
(log2 FC = −4.12, −2.34, and −2.82, respectively). Overall, the ongoing 
PHSD observed was significantly mitigated in BMC-treated corals. 
Numerous orthogroups involved in triggering apoptosis were more 
highly expressed in placebo-treated corals. Following BMC treatment, 

we observed down-regulation of seven kinases and one kinase re-
ceptor, as well as E3 ubiquitins involved in apoptosis signaling (log2 
FCs from −8.9 to −2.1; see Fig. 3). Further, mitogen-activated protein 
kinase signaling orthogroups, such as N-myc 2 proto-oncogene 
(log2 FC = −4.66) and transforming protein p54/c-ets-1-like (log2 
FC  =  −1.87) involved in kinase-signaling activation, were down-
regulated by BMC treatment. PHSD seemed to also trigger inflammatory 
and innate immune responses, not only potentially through activity 
of some kinases but also due to the increased expression of Toll-like 
receptor, leucine-rich repeat protein and domain. By comparison, these 
orthogroups were all down-regulated in BMC-treated corals, fol-
lowing heat stress (log2 FC = −2.73, −1.55, and −3.17, respectively).

In addition, various orthogroups involved in cytoskeleton orga-
nization and anchoring were higher expressed in placebo-treated 

Fig. 3. Coralhost responses to BMC treatment. Main orthogroups with significant (FDR < 0.05) differential expression between BMC- and placebo-treated corals from 
the end of the heat stress temperature experiment (T3). The respective Kyoto Encyclopedia of Genes and Genomes annotation, their FDR value, and log2 FC representing 
up-regulation (positive values and blue bars) or down-regulation (negative values and red bars) in relation to BMC samples are also shown. Orthogroups marked with 
** are conserved among Scleractinia. Orthogroups marked with * are exclusively from M. hispida
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corals at the end of the recovery period (T3) and, conversely, 
down-regulated in BMC-treated corals. Orthogroups annotated as 
echinoderm microtubule-associated protein-like (log2 FC = −1.7), 
 guanosine triphosphatase (GTPase)–activating protein (log2 
FC = −1.51), putative phosphatidylinositol 3,4,5-trisphosphate 
5-phosphatase 2B isoform X1 (log2 FC  =  −1.28), and spectrin  
chain (log2 FC = −1.82) were down-regulated in BMC samples. 
Specifically, the spectrin  chain orthogroup is a complex that is 
anchored in the cytoplasm via ankyrin proteins, which were down-
regulated in BMC-treated corals after the recovery period [ankyrin 
repeat domain-containing protein 26-like isoform X2 (log2 FC = −2.89) 
and ankyrin-3 (log2 FC = −3.25)]. In addition, orthogroups associ-
ated with the synthesis of membrane or secondary cell wall compo-
nents, such as phosphatidylinositol transfer protein (log2 FC = −1.28) 
and glucuronosyltransferase GUT1 (log2 FC  =  −3.25), were less 
expressed in BMC-treated corals, as well as cellular adhesion proteins, 
represented by the transmembrane protein 115-like (log2 FC = −2.12), 
potassium voltage-gated channel subfamily KQT member 2 (log2 
FC = −3.09), and a scribble homolog (log2 FC = −1.51) orthogroups. 
Conversely, all these orthogroups associated with the cellular re-
sponse to cope with the prolonged PHSD were more prominently 
expressed in placebo-treated corals.

On the other hand, following BMC treatment, we found up-
regulated expression of 32 orthogroups (table S2), suggesting that 
BMC treatment resulted in the induction of thermal stress protec-
tion and blockage of PHSD through increased expression of the 
proteasome assembly chaperone (log2 FC = 2.06) and cytochrome 
P450 1A1-like (log2 FC = 1.99) orthogroups. In addition, the crucial 
up-regulation of orthogroups associated with biosynthesis of estro-
gen and steroids (log2 FC = 3.0 and 2.31), critical components of cell 
membranes, was also observed in BMC-treated corals.

Significant expression differences were also observed when 
comparing corals inoculated with BMCs or placebo kept at 26°C 
17 days after the beginning of the manipulation of their microbiomes 
(T2), as represented by 2371 orthogroups with FDR < 0.05 mainly 
associated with the up-regulation of metabolic pathways (specially 
biosynthesis of fatty acids, cholesterols, and steroids) and cellular 
signaling and cycle in BMC-treated corals (table S2). However, no 
long-term BMC reprogramming took place when no thermal stress 
was applied, as represented by the lack of differential ortholog 
expression at T3 (i.e., 44 days after the beginning of the microbial 
therapy at 26°C).

Together, we found that inoculation with BMCs instigated re-
structuring of the transcriptional network and cellular homeostasis, 
up-regulating key orthogroups associated with PHSD mitigation, such 
as steroids biosynthesis and stress protection proteins, although the gener-
al pattern suggested dampening PHSD through down-regulation of 
stress-related downstream pathways, e.g., apoptosis (Fig. 3). The 
proximate cause of the transcriptional reprogramming was the 
BMC treatment that resulted in a restructured host microbiome, 
which, in turn, suggests a signal cascade from the microbes to the 
coral host, during the recovery period, corroborating the notion 
that the holobiont is the functional biological unit.

Metabolic restructuring of BMC-treated coral  
holobionts after heat stress
We obtained metabolic profiles from the thermal stress experiment 
using NMR to identify metabolic mechanisms associated with the 
microbial and genomic restructuring underpinning the increased 
thermal tolerance of BMC-treated corals. Sample complexity led to 
strong overlapping 1H resonances, challenging the elucidation of 
metabolic patterns (Fig. 4A). Nevertheless, the characterized peaks 

Fig. 4. Metabolic restructuring due to BMC treatment and heat stress. Color-coded loading plot (A) (in which colors indicate variation intensity) and score plot with 
95% confidence ellipses showing sample clustering by PLS-DA (B) from PLS-DA of the 1H NMR dataset comparing the metabolic patterns from coral fragments treated 
with BMCs and placebo during the thermal stress experiment. Peaks from the loading plot (resonances from annotated as lipids, DMSP, and DMSO) pointing upward are 
correlated with BMC-treated samples (grouped in the positive quadrant of PC1 (in the score plot), and those pointing downward are correlated with the placebo samples 
[grouped in the negative quadrant of PC1 (Principal Components 1) in the score plot]. Boxplots are provided to access semiquantitative evaluations of the characteristic 
DMSP peak at 2.88 ppm (C) and DMSO peak at 2.58 ppm (D) across sampling time and treatment independently.
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at 2.88 parts per million (ppm) (singlet from the S-Methyl groups) 
for DMSP and at 2.58 ppm (singlet from the S-Methyl groups) for 
dimethyl sulfoxide (DMSO) were found to be separated and well 
defined, as well as correlated with different treatments (Fig. 4B). DMSP 
variation was found to be positively correlated to the BMC-treated 
corals, and DMSO variation was found to show a negative correla-
tion to the BMC-treated corals in the PLS-DA loading plot (Fig. 4B). 
To explore the correlations in more detail, comparing metabolic 
variations overtime (i.e., T1, T2, and T3), the area under the curve 
representing the direct quantitative ratio for the selected DMSP and 
DMSO peaks was integrated and represented as boxplots, which 
indicated significant decreases in the DMSP and DMSO levels 
observed at T2 and T3 in BMC-treated samples exposed to thermal 
stress (P  <  0.05; Fig.  4Cfor DMSP and Fig.  4D for DMSO). We 
therefore used both DMSP and DMSO as important proxies for the 
metabolic assessment because of their clear separation from over-
lapped profiles, as well as their importance in sulfur cycling and 
microbial structuring (i.e., role of DMSP-related chemotaxis of 
V. coralliilyticus and antimicrobial activity of DMSO). In addition, 
lipids, despite their predominant presence in every sample, were 
also positively correlated to the BMC-treated corals as indicated by 
the PLS-DA loading plot (Fig. 4B). Nevertheless, the strong over-
lapping signals (at ~5.26, ~2.74, 1.19, and 0.87 ppm), representing 
positive and negative trends of a unique compound, prevented the 
possibility of annotating specific compounds. Future efforts should 
include the analysis of broader molecular spectra by using liquid 
chromatography–mass spectrometry.

DISCUSSION
The promise of coral probiotics to increase the stress tolerance of 
corals has been very recently shown (11, 18, 30), although the effect 
that BMCs exert on the holobiont or whether BMCs can increase 
survivability of corals under stress remained elusive. Here, we show 
that the inoculation of coral fragments with a native BMC consor-
tium instigated holobiont changes at the level of the microbiome, 
host gene expression, and metabolism, which coincide with an 
increase in coral survival rates (Fig. 5). Hence, our results provide a 
first insight into the putative mechanistic underpinnings of how the 
coral (host) responds to BMC inoculation, although the detailed 
functional changes that cause the altered phenotype await further 
elucidation. Our results argue for PHSD recovery improvement of 
the metaorganism by the BMC consortium, as indicated by changes 
at the coral host, Symbiodiniaceae, and bacterial compartment level. 
From the results obtained, a number of key findings emerge that we 
discuss in the following.

We observed major changes in microbial community structure 
observed during heat stress (12, 31, 32) in conjunction with the 
dynamic microbiome restructuring following the recovery period, 
indicating that M. hispida exhibits microbiome adaptation. Thus, it 
may fit into the “microbiome conformer” type previously suggested 
(14, 15) and observed for this coral species regarding other impacts 
(33–35). Following this notion, the level of microbiome flexibility 
may be considered as a factor to identify corals with high(er) manip-
ulative potential. Corals that naturally alter their microbial com-
position and potentially uptake microbes from the environment 
are more likely to “accept” inoculants (14, 15, 36). Notably, shifts in 
metaorganism microbial composition are, potentially, rapid and 
versatile means of adaptation to environmental change (12–15).

It is important to consider that the host’s ability to take up 
microorganisms from the environment is hypothesized to increase 
when under stress, a conclusion based on the finding that many 
host microbiomes appear less ordered when stressed (14, 21, 37). 
Inoculation with high numbers of different BMC cells (i.e., a con-
sortium) may therefore ensure (and improve) uptake of at least 
some microorganisms exhibiting beneficial characteristics, which 
may, at the same time, preclude colonization by pathogens consid-
ering that “space is limited.” The use of bacterial consortia provides 
a combination of beneficial mechanisms to increase stress tolerance, 
even if not all members of the BMC successfully associate with the 
coral holobiont (18, 31, 38–40). Here, we show that the use of a 
bacterial consortium resulted in incorporation of some of the se-
lected BMCs, which were found in the microbiome of BMC-treated 
corals during the thermal stress, i.e., at T1 and T2 (see Fig. 2A). 
Notably, members of the BMC consortium were not detected after 
the 15-day period (T3; i.e., recovery). This suggests three things: first, 
a dynamic restructuring of the microbiome can happen on a rela-
tively small time scale (12, 14, 41); second, incorporation of BMCs 
might be facilitated under stress (in this experiment, during the 
peak of heat stress) because coral defense is compromised or selec-
tion for beneficial microbes is supported; and third, it is currently 
unclear how long the beneficial effect of BMCs is lasting. From our 
results, it appears that BMC members colonized coral fragments 
during stress and instigated significant changes in the coral holobiont 
but reverted to the original microbiome structure after ceasing (or 
the absence) of stress [sensu Ziegler et al. (14) who used the term 
“microbiome recovery”]. Accordingly, the duration of the presence 
of the stressor might determine the longevity of the BMC effect, 
which suggests that repeated addition of BMCs might be needed to 
ensure a long-lasting effect under natural conditions (11).

The early and detectable incorporation of some of the BMC con-
sortium members into the coral microbiome and the subsequent 
microbial restructuring were correlated with significant improve-
ments in coral recovery after thermal stress, as most convincingly 
demonstrated by mortality evasion. Heat stress–driven mortality 
and/or decrease in Fv/Fm rates observed in fragments that were not 
treated with BMCs suggest damage to the temperature-related 
photosystem II electron transport of the Symbiodiniaceae through 
chronic photoinhibition (42), which ultimately leads to a breakdown 
in symbiosis and results in loss/expelling of the Symbiodiniaceae, 
i.e., bleaching (43). Notably, bleaching is a symptomatic phenotype, 
i.e., loss of Symbiodiniaceae can occur through multiple processes, 
including host cellular apoptosis (44) or necrosis, and eventually 
death from starvation (6,  45), which was corroborated by the 
up-regulation of different kinases directly involved in triggering 
apoptosis in placebo-treated corals (46, 47). Our transcriptome 
results indicate that BMCs did not buffer the immediate heat stress 
response in M. hispida but exerted its effect during recovery, sup-
ported by the gene expression patterns and coral physiology. Most 
notably, we observed low Fv/Fm rates for both BMC and placebo 
treatments at T2 (during heat stress), but only the BMC treatment 
promoted recovery at T3, as indicated by the “return-to-normal” 
Fv/Fm rates. Our interpretation is that BMCs exert their effect 
through mitigation of the effects from what we term PHSD. The 
molecular evidence for this condition includes not only apoptosis 
activity, which may be triggering inflammatory responses, but also 
membrane and cellular reconstruction due to tissue loss caused 
by recent-past heat stress. In this regard, the remaining placebo-treated 
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surviving corals seemed to be still struggling from the effects of re-
cent heat stress, even 19 days after the end of the heat stress period, 
while all BMC-treated corals seem to have recovered.

As an analogy to posttraumatic stress disorder (48), coral PHSD 
is characterized by the contrast of the coral response and its 
attempts to recover from a heat stress event while still fading due to 
the cellular, immune, and metabolic consequences of such stress. 

The significant up-regulation of numerous kinases and receptors, as 
well as signaling molecules, by the remaining placebo-treated survi-
vor corals at T3 suggests ongoing apoptosis (47). In addition, the 
oxidative stress increased by thermal photodamage to the photo-
synthetic apparatus of Symbiodiniaceae might be further contributing 
to trigger inflammatory responses (49). Previous studies have also 
found expression of immune-related and apoptosis genes in corals 

Fig. 5. Probiotics-mediated mitigation of coral PHSD. Summary of the overall differential recovery mechanisms observed at the end of the 75-day mesocosm experi-
ment, comparing the process in BMC-treated (A) and placebo-treated (B) M. hispida fragments.
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affected by heat stress for extended periods of time (50, 51), suggest-
ing a persistent bleaching effect on the coral transcriptome of 
susceptible corals (52). We hypothesize that down-regulation of 
orthogroups involved in apoptosis and the concomitant up-regulation 
of thermal stress protection proteins, such as chaperones, promoted 
by BMC inoculation, protected corals from tissue damage and 
Symbiodiniaceae loss, with consequences for coral survival. Such 
prominent recovery promoted by coral probiotics indicates that if 
the selection of BMCs based on the hypothetical framework pro-
posed by Peixoto et al. (10, 11) already provides measurable benefit 
and survivorship improvement, more careful selection of BMCs 
could result in even larger improvements. It is worthwhile and 
interesting to also highlight that such reprogramming was also 
observed when no stress was applied (at 26°C), but only at an early 
stage. While it seems that inoculation of BMCs rapidly trigger 
change of response norms from the host, long-term BMC repro-
gramming and exerted effects are only manifested under and sub-
sequent to stress.

It is tempting to speculate that the increased host survivorship 
observed in this study is a direct consequence of the transcriptomic 
changes discussed above, which arguably will result in altered 
metabolic profiles. For instance, the observed changes in the metab-
olomic profile of corals treated with BMC supports the hypothesis 
that the selected microbes play a direct role in increasing coral stress 
tolerance as evidenced by correspondence between selected traits of 
BMC bacteria (i.e., DMSP degradation) and observed metabolic 
changes. Shifts in BMC-treated metabolomic profiles were signified 
by a decrease in the DMSP concentration and lipidic reservoir 
maintenance. This connects directly to the presence of M24 in the 
16S rDNA data: M24 was found exclusively in BMC-treated sam-
ples at T1 and T2, indicating its incorporation into the coral micro-
biome, and was selected because of its ability to degrade DMSP 
(table S1). Notably, DMSP is mostly produced by algae (Symbiodin-
iaceae), and its degradation generates antimicrobial compounds, 
helping to control pathogens (53–55). Peixoto et al. (10, 11) sug-
gested that this is a desirable BMC trait. In parallel to the DMSP 
degradation as one of the direct mechanisms provided by the BMC 
consortium to ameliorate heat stress, the BMC treatment may have 
also indirectly influenced DMSP metabolism, through the enrich-
ment of bacteria able to assimilate DMSP, such as Ruegeria (56), the 
most abundant genus found in BMC-treated coral samples during 
the course of the experiment. This genus has been previously 
observed to inhibit and control the growth or pathogenicity of 
V. coralliilyticus (57). These observed traits may have triggered the 
molecular responses observed by the host. These results highlight the 
importance of microbiome restructuring to coral resilience (12, 15) 
and the additional potential role of the M. hispida BMC consortium 
in modulating the microbial colonization and succession of in-
oculated coral fragments. This parallel colonization/succession/
enrichment of beneficial microbes has also been observed in 
other hosts, including humans, as a result of the use of pre- or pro-
biotics (58, 59).

The increasing frequency and severity of ocean warming events 
has caused coral die-offs worldwide in the last few years (1, 60–62). 
The development and better understanding of novel interventions 
to mitigate large-scale coral mortality is one of the climate priorities 
for the coming decades (63, 64). The results of this study provide 
three completely novel insights that can aid the development of 
tools to promote human-accelerated environmental adaptation of 

corals: (i) BMC treatment and heat stress are both necessary condi-
tions to trigger a long-term BMC thermal protection effect, whereas 
neither on its own is sufficient; (ii) the BMC thermal protection 
effect manifests after the heat stress and affects recovery; and (iii) 
such BMC-promoted protection mitigates coral PHSD, preventing 
mortality. Our results support the potential of microbiome restructur-
ing to aid in the environmental adaptation of the coral metaorganism 
to global change (15) and identify a suite of microbial-mediated 
host responses underlying coral survival and recovery to thermal 
bleaching provided through BMCs. This is most prominently high-
lighted by the marked increase of 40% in coral survival rates follow-
ing thermal stress and prior BMC treatment. This was accompanied 
by overall shifts in the coral microbiome that suggest a dynamic 
restructuring of the microbiome, due partially to the incorporation 
of BMC members and the relative increase of other bacteria. We 
further show that such microbiome restructuring directly affects 
the host, exerting beneficial effects and PHSD mitigation, as evi-
denced by transcriptional reprogramming (i.e., down-regulating 
apoptosis and inflammatory triggering molecules and up-regulating 
thermal stress protection proteins). In this light, our results rein-
force the promise and potential of coral probiotics as an effective 
tool to rehabilitate coral reefs, particularly because the ability to 
“recover” is what eventually makes the difference in the real world, 
i.e., not only the difference in responding to heat stress but also in 
surviving the heat stress. In this regard, our data also suggest that 
prophylactic inoculation of BMCs, a few weeks before thermal 
events, can be advantageous for corals to sustain heat stress as it 
supposedly allows them to more rapidly and readily recover from 
thermal stress.

MATERIALS AND METHODS
Ethics approval and consent to participate
Permission for sampling was obtained from the System of Autho-
rization and Information on Biodiversity. The microbial survey 
permits were obtained from CNPq (National Council for Scientific 
and Technological Development, Brazil) and SISGEN (National 
System for the Management of Genetic Heritage and Associated 
Traditional Knowledge) (number A620FE5).

Sampling procedures
M. hispida colonies were collected by SCUBA diving at the Coroa 
Vermelha reefs, Santa Cruz de Cabrália County, Bahia, Brazil. Coral 
colonies were collected at three sites along the reef: site A 
(16°20′57.99″ S; 038°58′45.00″ W), site B (16°20′39.30″ S; 
038°58′38.10″ W), and site C (16°22′02.20″ S; 039°0′15.63″ W), at 
depths between 1.5 and 10 m on 26 to 29 January 2017. Corals were 
transported in sterile plastic bags and then packed in Styrofoam 
boxes containing 800 g of ice and were sent by air cargo to Rio de 
Janeiro. Upon arrival at the research station, around 13 hours after 
sampling, coral colonies were transferred to 1500-liter tanks with 
constant sea water flow and air bubbling for a 3-day preliminary 
acclimatization period. After that, coral colonies were fragmented 
using a diamond-based band saw (Gryphon Corp., CA, USA) in ~7-cm 
fragments with at least three polyps each, sawn in the coenosarc, 
and placed in the experimental system for acclimatization and heal-
ing. About 4 days after sawing, the coral fragments showed the first 
signs of healing and were kept in acclimation conditions (26°C) 
until all fragments reached Fv/Fm rates of around 0.6.
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Isolation of bacterial strains from coral
Three previously tagged colonies (5 to 15 cm) of the thermally resistant 
coral M. hispida collected from Maraú, Bahia, Brazil (13°56′10.9″ 
S; 38°55′38.71″ W) were used as a source to isolate BMCs. Two dif-
ferent approaches were used for bacterial isolation. First, 0.5 g of 
each coral macerate was resuspended in 45 ml of sterile saline solu-
tion (0.85% NaCl) and then shaken for 16 hours. After incubation, 
triplicate subsamples (100 l) of 10−3, 10−4, and 10−5 dilutions were 
inoculated into petri dishes containing 20 ml of marine agar medium 
(Marine Agar Zobell 2216, HiMedia Laboratories, Mumbai, India), 
diluted marine agar medium (Marine Agar Medium 2× diluted 
with 2.5% NaCl and agar adjusted), 2.5% NaCl Luria-Bertani medium 
(10 g of tryptone, 5 g of yeast extract, 25 g of NaCl, and 15 g of agar 
to 1000 ml of distilled water) or marine water medium (1000 ml of 
sea water and 13 g of agar). In addition, coral fragments of ~0.5 mm 
were placed directly onto dishes with these culture media. All the 
plates were incubated at 26°C for 48 hours. A total of 133 bacterial 
colonies were isolated, based on bacterial colony morphology, with 
67 derived from macerated slurries and 52 derived from mini frag-
ments. Each different morphological colony was stored in an ultra-
freezer with a final concentration of 20% glycerol and removed 
when necessary for functional screening.

Functional screening for probiotic and bacterial 16S rRNA 
gene sequencing
Each morphologically different bacterial isolate was screened for 
beneficial traits for corals, as proposed by Peixoto et al. (10). Sixty-
seven morphologically distinct bacterial strains were recovered 
from macerated slurries and 52 from microfragments of the coral 
placed directly onto the agar medium. The isolates were then 
screened for beneficial traits, as previously outlined by Peixoto et al. 
(9), and tested via a proof-of-concept study (18). Antagonistic 
activity against V. coralliilyticus YB strain (DSM19607) (V1) and 
V. alginolyticus (BAA450) (V2) was tested by the agar diffusion 
method (65). First, 20 l of each bacterial strain was spot-inoculated 
onto 2.5% NaCl LB medium, placing three spots for each strain 
(representing replicates). The plates were incubated at 26°C for as 
long as necessary for the strain to grow. The strains were inactivated 
by chloroform volatilization, followed by pouring 3 ml of semisolid 
2.5% NaCl LB medium (0.7% agar) containing the Vibrio indicators 
over the inactivated spots. These plates were then incubated at 28°C 
for 16 hours, and the antagonistic activity was indicated by inhibi-
tion halos around or no detection of Vibrio growth over the colony 
spot. The same procedure was repeated for both V1 and V2 in sepa-
rate plates. Among the remaining candidates, one strain, identified as 
P. rifietoensis (CM29), was an antagonist against V. coralliilyticus YB 
(DSM19607) (V1), while another strain, identified as Salinivibrio sp. (F2), 
showed antagonistic activity against both V1 and V. alginolyticus 
(BAA450) (V2). The strains were screened for ROS scavenger 
enzyme activity, based on qualitative (production or no produc-
tion) and quantitative (bubble amount) catalase production when 
50 ml of their liquid culture was mixed with 50 l of 3% (v/v) hydro-
gen peroxide.

Nitrogen-cycling genes, as nitrogenase subunits (nifH) and 
denitrification (nirK), as well as the DMSP degradation (dmdA) gene 
were screened by polymerase chain reaction (PCR) from the genomic 
DNA samples (for additional information about primer and PCR 
cycling, see table S3). From the initial 133 isolated strains, 33 (25%) 
isolates demonstrated high catalase activity and positive results for 

the amplification (PCR) of the genes nifH (12 strains, i.e., 9%), nirK 
(5 strains, 11%), and dmdA (11 strains, 8%). Almost half of the 
isolates (49% or 65 of 133) were identified as belonging to the genus 
Vibrio and were excluded from the following steps, considering that 
they are regularly postulated to be coral pathogens (66, 67). A total 
of 38 strains positive for at least one screened trait described above 
had their nearly full-length 16S rRNA gene PCR-amplified and 
sequenced (table S3). The sequencing electropherograms were pro-
cessed using the Ribosomal Database Project II (68) to remove 
low-quality bases. Sequences of each isolate were assembled into 
contigs using Bioedit 7.0.5.3 (69). The bacterial 16S rRNA gene 
sequences were aligned with sequences from the National Center 
for Biotechnology Information (NCBI) database (70). All sequences 
were deposited in the NCBI database under an individual accession 
number, given below (see table S4). Bacteria strains identified as 
potential human or marine pathogens as well as those with antago-
nistic activity against any member of the selected BMC consortium 
(assessed by the agar diffusion method cited above) were excluded.

Probiotic preparation
A total of six bacterial strains—M20 B. lehensis (NCBI access 
number MK308622), M24 B. oshimensis (MK308624), M3 B. lehensis 
(MK308617), M1 B. conglomeratum (MK308603), CM29 P. rifietoensis 
(MK308593), and F2 Salinivibrio sp. (MK308616)—were selected to 
compose the M. hispida BMC consortium, based on the beneficial 
traits cited above and described in table S1. The probiotic consor-
tium suspension contained a total of 108 cells/ml. The cell number 
of each individual BMC strain was estimated by an optical density 
spectrophotometer [optical density at 600 nm (OD600)] [UV-1800 
spectrophotometer (Agilent Cary 60, Agilent Technologies)], 
measurements for cultures grown at 26°C in 100 ml of LB medium 
for 8, 16, 22, 30, 42, 48, and 54 hours and correlated directly with the 
number of colony-forming units (CFUs) of each strain at each time 
point. The CFUs were assessed by subsampling (100 l) each serial 
dilution of each strain at each time point, plating on LB agar medium, 
and incubating under the same conditions. The results were nor-
malized to 1 ml of medium to estimate the cell number at the sam-
pling points (fig. S1). As the probiotic consortium is composed of a 
diverse combination of bacteria, each strain was collected propor-
tionally at the peak of its growth curve to compose a consortium 
with a final concentration of 108 cells/ml. The cultures were centri-
fuged at 5000g for 2 min, and the cell pellets washed three times 
with saline solution (0.85% NaCl), followed by centrifugation and 
resuspension in 50 ml of saline solution.

Mesocosm experimental design
The experimental mesocosm used for this experiment consisted of 
two water baths (100 cm by 50 cm by 10 cm) per temperature (total 
of four water baths), where five individual aquariums (each with 
1.3 liters of capacity; 15 cm by 11 cm by 12 cm) from each treatment 
were randomly distributed in the mesocosm. Each completely indi-
vidualized aquarium was an independent true biological replica, 
with its own individual sump (8.7 liters) and circulation pump; the 
sump and aquarium assembly together contained a total of 10 liters 
of seawater. The water flow between the sump and the aquariums 
was driven by a water pump (Mini A, Sarlo Better, São Caetano do 
Sul, Brazil) at a flow rate of 250 ml min−1, providing a 10-fold recir-
culation of the experimental aquarium volume per hour. Every 
2 days, 10% of the sump water was changed and the salinity adjusted 
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to 34 practical salinity unit with deionized water if necessary. The 
aquariums were supplied with natural seawater from the Marine 
Aquarium of Rio de Janeiro research station where the experi-
ment was performed. The replicates received individual continuous 
air-bubbling circulation through air pumps (HG-370, Sunsun) con-
nected to silicone air hoses and flow controllers. The water in the 
water bath was homogenized by two aquarium pumps (SB 1000A, 
Sarlo Better) to maintain homogeneous temperatures, and there 
was no water exchange between the aquariums and the water baths. 
Thermostat controls MT-518ri (Full Gauge, Canoas, Brazil) mea-
sured and controlled the temperature of each water bath, activating 
the cooling system or heaters as needed. The water baths were 
connected to a 1000-liter freshwater reservoir at 18°C to provide 
cooling water through water pumps (Better 2000, Sarlo Better) 
when the temperature-controlled thermostat activated the corre-
sponding pump. The heating system consisted of two 100-W heaters 
(Atman, China) in the water bath. Physical-chemical parameters of 
the water, including pH, salinity, and dissolved oxygen (OD), were 
measured on the sampling days, using a multiparameter probe 
(Model HI 9,828, Hanna Instruments, Barueri, São Paulo). The 
experiments followed artificial day/night cycles (12 hours/12 hours) 
with 150 mol of photons m−2  s−1 from 06:00 to 10:00 and from 
14:00 to 18:00 hours, and 250 mol of photons m−2 s−1 from 10:00 to 
14:00 hours, modulated with light dimmers and a shade cloth. Each 
replicate individual aquarium had its own lighting system, consist-
ing of six 3W of blue-light and three 3W white-light light-emitting 
diodes (LEDs), each controlled by a potentiometer. Four coral frag-
ments (~7 cm) of M. hispida were placed randomly in each aquarium, 
and a single fragment was randomly used as a sampling unit for 
each treatment and sampling time.

Mesocosm experiment
A total of 80 coral fragments of M. hispida were exposed to two 
temperature regimes, 30°C (heat stress temperature regime) and 
26°C (control temperature regime), and two treatments, placebo or 
BMCs. A total of four coral fragments (~7 cm) were placed ran-
domly in each aquarium, consisting of a completely independent 
replica, and each treatment used five of these aquaria. One fragment 
was randomly used as a sampling unit for each treatment and 
sampling time. All coral fragments were first maintained under the 
same conditions at 26°C for 30 days to allow them to heal and accli-
mate to the experimental conditions. For the heat stress tempera-
ture experiment, the temperature was increased, from day 0 to day 
8 by 0.5°C per day up to 30°C, which was maintained for 10 days. 
Then, the temperature was decreased to 26° by 1°C per day, fol-
lowed by 23 days of recovery. All control experiment aquariums 
were maintained at 26°C during the 75 experimental days. Sam-
pling points were before heat stress (T0), at the peak of temperature 
(T1), at the last day of high temperature (T2), and after the recovery 
period (T3). Samples from the control temperature experiment 
were also taken in parallel at the same time points. The placebo and 
BMCs were inoculated on the first day of the experiment and every 
5 days thereafter; during the 10 days at the temperature peak, in-
oculations were performed every 3 days. A detailed schematic view 
of the experimental design is shown in Fig. 1A. Inoculations were 
performed by removing the coral fragments from the aquarium and 
placing them in a sterile petri dish to inoculate 1 ml of the respective 
treatment above the fragments. After the inoculation, the fragments 
were immediately returned to their respective aquariums, and the 

individual petri dishes were rinsed into the aquarium water. Raw 
data generated in this work are available in the NCBI Sequence 
Read Archive under the BioProject accession number PRJNA649484.

Assessment of coral health and microbiome
Coral health was assessed during the experiment using different 
proxies, including visual monitoring of bleaching and algal photo-
synthetic parameters. The coral visual response was assessed by color 
score based on the tissue appearance: (i) white (>80% of colony 
white, with no visible pigmentation), (ii) pale (>10% colony affected 
by pigment loss), or (iii) fully pigmented (<10% colony with pale 
coloration). Coral mortality was scored as 0. Each replicate was 
photographed at each sampling time, with a Canon T3i digital 
camera, under the same conditions, and the color was scored on the 
basis of the photographic assessment.

The photochemical efficiency of the Symbiodiniaceae was as-
sessed using pulse amplitude–modulated (PAM) fluorometry. We 
used a submersible diving-PAM system (Walz GmbH, Effeltrich, 
Germany) fitted with a red-emitting diode (LED; peak at 650 nm). 
To avoid nonphotochemical processes of dissipation of PSII exci-
tation energy, measurements were taken after sunset, after at least 
30 min of darkness, to ensure full photochemical dissipation of the 
reaction centers. The maximum quantum yield of PSII photochem-
istry was determined as Fv/Fm. The diving PAM was configured as 
follows: measuring light intensity = 5; saturation pulse intensity = 8; 
saturation pulse width = 0.8; gain = 2; and damping = 2. The same 
coral fragment from each replicate (= 4 fragments) was used to 
measure chlorophyll fluorescence at different sampling times during 
the experiment. The statistical significance of the results was ana-
lyzed in Paleontological Statistics software (PAST3).

Assessment of coral microbiome through 16S  
rRNA gene amplicon sequencing
The coral microbiome was assessed by 16S rRNA gene amplicon 
sequencing analysis. Samples of the mucus layer, tissue, and skele-
ton of the coral were collected with sterile clippers at the sampling 
time. Samples from each sampling time point were macerated with 
a mortar and pestle under dry conditions. Total DNA was extracted 
from 0.5 g of the macerated mucus, tissue, or skeleton using the 
PowerBiofilm DNA Isolation Kit (MO BIO Laboratories Inc.), 
following the manufacturer’s instructions. The DNA concentration 
was determined using the Qubit 2.0 Fluorometer High Sensitivity 
DNA Kit (Invitrogen, USA).

To amplify the hypervariable regions V5 and V6 of the bacterial 16S 
rRNA gene, the primers 784 forward (5′-TCGTCGGCAGCGT-
CAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA-3′) 
and 1061 reverse (5′-GTCTCGTGGGCTCGGAGATGTGTATAA-
GAGACAGCRRCACGAGCTGACG AC-3′) (71) were used (Illumina 
adapter sequences underlined). Triplicate PCRs (using 1 l of input 
DNA) were performed with the QIAGEN Multiplex PCR kit, with a 
final primer concentration of 0.3 M in a final reaction volume of 
10 l. In addition to samples, null template PCRs were run (no tem-
plate DNA input) to account for putative kit contaminants. Ther-
mal cycler conditions were as follows: initial denaturation at 95°C 
for 15 min, 27 cycles of 95°C for 30 s, 55°C for 90 s, and 72°C for 30 s, 
followed by a final extension at 72°C for 10 min. Then, 5 l of each 
PCR product was run on a 1% agarose gel to confirm successful 
amplification. Triplicate PCRs for each sample were pooled and 
samples cleaned using the ExoProStar 1-Step (GE Healthcare, UK). 
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Samples were indexed using the Nextera XT Index Kit v2 (dual 
indices and Illumina sequencing adaptors added). Successful addi-
tion of indexes was confirmed by comparing the length of the initial 
PCR product to the corresponding indexed sample on a 1% agarose 
gel. Samples were cleaned and normalized using the SequalPrep 
Normalization Plate Kit (Invitrogen, Carlsbad, CA, USA). The sam-
ples were then pooled in an Eppendorf tube (4 l per sample) and 
concentrated using the CentriVap Benchtop Vacuum Concentrator 
(Labnoco, USA). The quality of the library was assessed using the 
Agilent High Sensitivity DNA Kit in the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA) and quantified using 
Qubit (Qubit dsDNA High Sensitivity Assay Kit, Invitrogen). Library 
sequencing was performed at 5 pM with 20% phiX on the Illumina 
MiSeq Illumina platform at the King Abdullah University of Science 
and Technology (KAUST) Bioscience Core Lab at 2 × 301 bp paired-
end V3 chemistry, according to the manufacturer’s specifications.

Coral microbiome data analysis
The microbiota associated with M. hispida fragments was investi-
gated by sequencing the V5 to V6 variable region of the 16S rRNA 
gene. A library of 3,501,072 good-quality reads with a mean length 
of 283.64 bp was generated. Demultiplexed raw sequences were 
imported into QIIME2 2019.4 for analysis. Sequences were merged, 
denoised, dereplicated, clustered, and trimmed using the DADA2 
(“dada2 denoise-paired”) plugin with the following parame-
ters: -p-trim-left-f 5 --p-trim-left-r 5 --p-trunc-len-f 250 --p-trunc-len-r 
250, and 4775 ASVs were obtained. The ASVs were classified taxo-
nomically using the naive Bayes machine-learning classifier (72) 
with the q2-feature-classifier parameter, using the SILVA132 (73) 
trained classifier clustered at 99% identity as the reference database. 
A rooted phylogenetic tree was created for downstream analyses, 
using the programs MAFFT2 (74) and FastTree with CAT-like rate 
approximation category through Q2-alignment and Q2-phylogeny 
plugins. The microbial QIIME2 output (qza files) were imported to 
R programming language version 3.6.0 with the function qiime2R 
and analyzed with the Phyloseq (75), parsed with the dplyr package 
(76), and the barplots, boxplots, and statistical test (Kruskal-Wallis 
and ANOVA) were generated with ggplot2 (77). The data were tested 
for differential abundance using DESeq2 (78) on a model of 
negative binomial distribution (NEB); a Wald test with parametric 
fitting of dispersions to the mean intensity was used for differ-
ential abundance estimation, using a cutoff value of P = 0.01. For 
nonmetric multidimensional scaling analyses, the data were 
log2-transformed (log x + 1), and ordination was performed with 
the Bray-Curtis distance matrix until a solution was reached (i.e., 
stress). The results were plotted with function plot_ordination 
using the samples, treatments, or environment metadata for 
features ordination. The significance of the results was evaluated 
with PERMANOVA, using 999 random permutation tests with 
pseudo F-ratios through the Adonis function of the Vegan package 
(79) in R. The community structure of the microbiome (represent-
ed by diversity and richness measures) was evaluated (from 0 to 
3000 reads) using classic ecological indexes of  diversity (observed 
ASVs, Chao1, and Shannon) on the rarefaction curve plateau using 
Phyloseq package.

Gene expression analysis
The coral host gene expression response from T2 and T3 samples 
were explored to elucidate patterns and genes associated with the 

physiological differences observed between the BMC and placebo 
treatments. Total RNA was extracted from both the BMC and pla-
cebo treatment samples from the heat stress temperature (30°C) 
and control temperature (26°C) experiment for sequence analysis, 
from T0 (five representative replicas), T2 (20 samples, five replicas 
of each treatment and temperature), and T3 (15 samples, five and 
three replicas from BMC- and placebo-treated corals of heat stress 
temperature; four and three replicas from BMC- and placebo-treated 
corals of control temperature; some of the samples from control 
temperature had not enough material for RNA extraction). RNA-seq 
was performed using the Illumina HiSeq 6000 platform (Illumina 
Inc., San Diego, CA, USA). Sequence reads were quality-controlled 
using KneadData v0.7.4 with the GRCh38.p13 human genome as a 
reference for potential decontamination, yielding between 14,372,271 
and 74,483,759 paired-end reads at 2 × 150 bp per sample after 
quality trimming and filtering. De novo transcriptomes were co-
assembled using rnaSPAdes v3.13.1 (80), producing 520,555 representa-
tive transcripts from 496,603 putative genes; genes were estimated 
by rnaSPAdes.

We used TransDecoder v5.5.0 (81) for gene modeling in a 
multistep process to minimize false positives. In particular, we used the 
following procedure: (i) TransDecoder.LongOrfs, with transcript-
to-gene mappings assigned by rnaSPAdes, to generate putative open 
reading frames (ORFs); (ii) hmmscan (hmmer v3.3.1 suite) (82) to 
identify protein domains using the PFAM v33.1 and TIGRFAM v15.0 
databases; (iii) Diamond v0.9.30.131 (83) blastp against all Scleractinia 
(stony corals) proteomes available in NCBI (GCA_002571385.1, 
GCF_002042975.1, GCA_003704095.1, GCF_004143615.1, 
GCF_002571385.1, GCF_003704095.1, and GCF_000222465.1); 
and (iv) TransDecoder.Predict with the putative ORFs from (i), the 
protein domains from (ii), and the alignments from (iii) using 
the --single_best_only argument. This procedure generated a single 
ORF per transcript to yield 130,183 ORFs from 114,118 genes.

High-quality genes were annotated by using Diamond’s blastp 
against NCBI’s nr database (v2020.04.01), and taxonomic lineages 
were extrapolated from NCBItaxid using the get_taxonomy_lineage_
from_identifier function from soothsayer v2020.08.24 (https://
github.com/jolespin/soothsayer) with ete3 backend (84). PhyloDB 
v1.076 was used for additional annotations such as Kyoto Encyclo-
pedia of Genes and Genomes ortholog assignments.

Orthogroups were identified using OrthoFinder v2.4.0 (85) with 
the high-quality proteins generated from our TransDecoder proce-
dure and all of the Scleractinia proteomes listed previously. Anno-
tations for orthogroups were assigned by using the most common 
organism-agnostic annotation within the grouping.

We assessed differential expression through a comparative ge-
nomics perspective for increased ecological interpretability. We 
aggregated the counts for each orthogroup to generate an or-
thogroup expression table with 27,140 orthogroup features. We 
filtered the expression table to include only orthogroups that were 
in at least 95% of the samples to yield a filtered count table with 
17,755 orthogroup features.

For differential expression analysis, we used the 17,755 or-
thogroup set with the glmFIT and glmLRT models from edgeR 
v3.28.0 (86) and visualized the distributions and differentially ex-
pressed groups (DEGs) using plot_volcano from the soothsayer 
Python package (https://github.com/jolespin/soothsayer) (fig. S6). 
To build our design matrix for the generalized linear models, we use 
a global categorical approach where we used each (time point, 

https://github.com/jolespin/soothsayer
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treatment, and temperature) grouping as a category and built a 
binary matrix. We estimated dispersion using the global dataset 
(not including T0 samples as they were not applicable) using 
estimateGLMCommonDisp and estimateGLMTagwiseDisp. This 
model structure allowed us to address variance between conditions 
while also providing a means to do time-specific contrasts.

Each condition had at least three biological replicates. The 
conditions investigated were the following using a threshold of 
FDR < 0.05: (i) placebo (26°C) versus placebo (30°C) (T2: 2294 DEGs; 
T3: 2795 DEGs); (ii) BMC (26°C) versus BMC (30°C) (T2: 35 DEGs; 
T3: 1426 DEGs); (iii) placebo (30°C) versus BMC (30°C) (T2: 
0 DEGs; T3: 169 DEGs); and (iv) placebo (26°C) versus BMC (26°C) 
(T2: 2371 DEGs; T3: 0 DEGs) (table S2). As only minor differ-
ences were seen between BMC 30°C and placebo 30°C in T2, we 
focused on T3 transcriptome responses. For this, a graphic showing 
the DEGs with significant difference (FDR P < 0.05) between the 
condition BMC 30°C and placebo 30°C at T3 highlighted in the dis-
cussion was generated using the log2 FC and presented in Fig.  3, 
highlighting the mechanisms that might be involved in coral survi-
vorship given by BMC treatment. The log2 FC and FDR values for 
each orthogroups and condition investigated (described in the 
paragraph above) can be found on table S2.

Metabolomic analysis
Fragments from each coral sample produced (300.00 mg) were 
homogenized with 80% methanol (1.50 ml) using zirconia bids and 
sonicated for 8 min at room temperature. The extraction mixtures 
were centrifuged at 10,000g for 10 min at 4°C, and the supernatants 
were concentrated to dryness under vacuum. This procedure was 
repeated three times for maximum recovery. The residues were 
resuspended in methanol-d4 (200.00 ml) for NMR data acquisition, 
using 3-mm tubes and a 600-MHz Bruker Avance III equipped with 
a 5-mm TCI H-C/N-D cryoprobe and a SampleJet autosampler cooled 
samples to 6°C while waiting in the queue. The one-dimensional 
(1D) spectra (noesypr1D) experiment was used to assess the metabo-
lomic profile of the dataset, and 2D experiments heteronuclear 
single-quantum coherence and heteronuclear multiple-bond cor-
relation (hsqcedetgpsisp2.2 and hmbcetgpl3nd, respectively) were 
used to confirm the identity of key compounds. Quality control 
samples were included, and they have shown to be according to the 
expected. The spectra were processed using NMRPipe and imported 
into MATLAB for normalization, scaling, and multivariate analysis, 
using an in-house toolbox [developed in the Edison laboratory 
(70)]. The PLS-DA analysis was done using the 1D NMR spectra in 
full resolution, and the boxplot was constructed using the area under the 
curve of the peaks related to DMSP (2.88 ppm) and DMSO (2.58 ppm). 
The statistical difference of DMSP and DMSO between sampling times 
and treatments was assessed with an independent samples t test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/33/eabg3088/DC1
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