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Abstract

Background: Beginning in the last century, coral reefs have suffered the consequences of anthropogenic activities,
including oil contamination. Chemical remediation methods, such as dispersants, can cause substantial harm to
corals and reduce their resilience to stressors. To evaluate the impacts of oil contamination and find potential
alternative solutions to chemical dispersants, we conducted a mesocosm experiment with the fire coral Millepora
alcicornis, which is sensitive to environmental changes. We exposed M. alcicornis to a realistic oil-spill scenario in
which we applied an innovative multi-domain bioremediator consortium (bacteria, filamentous fungi, and yeast)
and a chemical dispersant (Corexit® 9500, one of the most widely used dispersants), to assess the effects on host
health and host-associated microbial communities.

Results: The selected multi-domain microbial consortium helped to mitigate the impacts of the oil, substantially
degrading the polycyclic aromatic and n-alkane fractions and maintaining the physiological integrity of the corals.
Exposure to Corexit 9500 negatively impacted the host physiology and altered the coral-associated microbial
community. After exposure, the abundances of certain bacterial genera such as Rugeria and Roseovarius increased,
as previously reported in stressed or diseased corals. We also identified several bioindicators of Corexit 9500 in the
microbiome. The impact of Corexit 9500 on the coral health and microbial community was far greater than oil
alone, killing corals after only 4 days of exposure in the flow-through system. In the treatments with Corexit 9500,
the action of the bioremediator consortium could not be observed directly because of the extreme toxicity of the
dispersant to M. alcicornis and its associated microbiome.
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Conclusions: Our results emphasize the importance of investigating the host-associated microbiome in order to
detect and mitigate the effects of oil contamination on corals and the potential role of microbial mitigation and
bioindicators as conservation tools. Chemical dispersants were far more damaging to corals and their associated
microbiome than oil, and should not be used close to coral reefs. This study can aid in decision-making to minimize
the negative effects of oil and dispersants on coral reefs.

Keywords: Oil bioremediation, Probiotics, Coral-associated microbiome, Coral reefs, Restoration, Chemical dispersant,
Corexit 9500, Millepora alcicornis

Introduction
Coral reefs are especially sensitive to environmental
changes [1], which is becoming apparent as reefs experi-
ence increasing mass-bleaching events worldwide [2].
Corals “bleach” when they expel the microalgae living in
their cells, without which the host cannot maintain a min-
imal energy input and will die if conditions are not stabi-
lized [3, 4]. Although climate change is presumed to be
the main reason for coral bleaching and the disappearance
of modern reefs [2, 5, 6], other factors such as poor water
quality and pollution [7–11] can also cause bleaching and
damage to coral cells.
Oil spills occur worldwide in marine environments [12–

15]. Exposure to chronic oil contamination can impair bio-
logical functions in corals, including reproduction and re-
cruitment [16]. Chemical dispersants consist of a mixture of
emulsifiers and solvents able to break oil into smaller drop-
lets [17–19]. Previous studies have reported substantial de-
clines in the health of corals in response to short-term
exposure (0–96 h) to dispersants, and more severe impacts
in response to oil-dispersant mixtures [20]. Among chemical
dispersants, Corexit® products are the most commonly used
worldwide, applied in some of the largest oil spills and
cleanup operations. Oil and dispersants may also disturb the
symbioses between corals and a diverse range of associated
microorganisms (i.e., viruses, dinoflagellates, archaea, bac-
teria, and fungi) that are essential for host homeostasis [21–
23]. Except for microalgae, symbiotic interactions between
corals and other microbial-associated groups are only begin-
ning to be revealed, but studies suggest that they play roles
in nutrient cycling [24, 2526], antibiotic production [27],
UV-damage protection [28], the production of photosynthate
in the skeleton [29], and coral tissues [30].
Marine host-associated microbes are therefore key

drivers of the structuring and functioning of ecosystems
[31], and as either single strains or microbial consortia
show potential applications as probiotics in conservation
endeavors. Neutralization of toxic compounds is an im-
portant probiotic trait, with several potential applications
for corals, as some coral-associated microbes can serve as
oil-bioremediation agents. For example, Santos et al. [32]
manipulated bacterial strains to protect corals against oil
impacts by developing an oil-degrading bacteria

consortium isolated from the coral Mussismilia harttii
[32]. The authors assessed hydrocarbon degradation
through the culture medium, with crude oil as the sole
carbon source. Based on the success of this bioremedi-
ation study, a strategy for the manipulation of coral mi-
crobes was later proposed [21] and validated [33], which
used “beneficial microorganisms for corals” (BMCs) to in-
crease overall coral fitness through specific mechanisms.
This new research field of coral probiotics opened several
possibilities for mitigating threatening impacts on corals,
including impacts from oil industry activities. Although
past BMC experiments have used only bacteria to defend
against pathogen and temperature stress [33], previous re-
search has shown that specific hydrocarbon fractions can
be more effectively degraded using a multi-domain cocul-
ture of bacteria and fungi [34]. Therefore, our main objec-
tives were to (1) develop an environmentally friendly oil-
mitigation alternative to chemical dispersants, i.e., bio-
remediation, through a multi-domain consortium (puta-
tive BMC-bioremediator consortium or pBMC-BC)
composed of filamentous fungi, yeasts, and bacteria; (2)
evaluate the effects of oil, dispersants, and pBMC-BC on
corals; (3) investigate host-associated bacteria to evaluate
their response to treatments, and identify microbial indi-
cators for each treatment, thereby increasing our know-
ledge of potential targets for further surveys.

Methods
Selection of an oil-degrading multi-domain microbial
consortium
To isolate oil-degrading microorganisms that are repre-
sentative of coral reefs at Armação dos Búzios, Rio de
Janeiro, Brazil, seawater and coral nubbins from M. alci-
cornis and Siderastrea stellata were collected at Ossos
Beach in that municipality (22° 44′ 45″ S, 41° 52′ 54″
W) in September 2014 (3 nubbins of each species of
coral) and January 2015 (3 nubbins of M. alcicornis).
The coral fragments were placed in seawater from the
sampling site and kept at 4 °C until processed in the la-
boratory 4 h later. From each species, 5-g fragments
were macerated in 45 mL of sterile saline solution
(0.85% NaCl) and then shaken with glass beads over-
night at 24 °C with constant agitation at 180 rpm.
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Bacteria were isolated from 100-μL subsamples of dilu-
tions from 10–6 to 10–3 and from seawater samples of
dilutions of 10–9 to 10–1. We inoculated 4 different
Bushnell-Haas (BH) agar media (Sigma-Aldrich, St.
Louis, Missouri, USA) in triplicate, and then supple-
mented the media with water-soluble and insoluble oil
fractions (oWSF and oWIF, respectively), each at two sa-
linities, 2.5% and 8% NaCl (details of media preparation
in Supplementary Methods). For fungi isolation, 400 mL
of water was filtered in a 0.2-μm membrane and poured
over a filter pad soaked with BH oWSF and oWIF broth
(supplemented with 0.1% glucose and 0.05% yeast ex-
tract) in Petri dishes. Aliquots (0.2 mL) of coral macer-
ate were spread on a Petri dishes containing the 4
different BH agar media with 2% malt extract, in tripli-
cate. Petri dishes were incubated at 25 °C and observed
after 3, 5, 7, 14, 21, and 28 days. A different morphotype
on agar or the filter was transferred to a new dish of BH
until single colonies developed. Fungal isolates were then
grown in BH liquid media containing oil as the only car-
bon source, to test the oil-degrading capacity of the
strains. Colonies able to grow on the selective media
were considered oil-degrading fungi and were classified
by colony morphology, color, and visual appearance after
5 days of growth. One representative of each morpho-
type was selected for identification using DNA sequen-
cing data. The isolates were stored in glycerol (80% v/v)
at − 80 °C.
Selected strains (based on different morphology) were

submitted to genomic DNA extraction (Wizard Gen-
omic DNA Purification kit; Promega, San Luis Obispo,
California, USA) followed by PCR amplification with the
primers 27f and 1492r (bacteria) [35]; internal tran-
scribed spacer (ITS) 1 and ITS4 [36] (filamentous fungi);
and ITS1 and NL4 [37] (yeast). Purified PCR products
were quantified using a Qubit 2.0 Fluorometer dsDNA-
type fluorometer (Invitrogen, Carlsbad, California, USA).
Amplicons were sequenced (Macrogen, Seoul, South
Korea) with the primers 27f, 1492r, 532f, and 907r for
bacteria; ITS1 and ITS4 for filamentous fungi; and ITS1,
ITS4, NL1, and NL4 for yeast strains. Sequences were
processed with the Ribosomal Database Project II and
further assembled with the program Bioedit 7.0.5.355
(details in Supplementary Methods). Sequence similar-
ities were annotated using BLASTn and compared with
the NCBI database. All sequences were deposited in
GenBank under the accession numbers shown in Table
S1.
To evaluate the bacterial growth, we inoculated 1% of

the 5-mL culture into flasks containing 100 mL of mar-
ine broth (MB) medium (Marine Broth 2216, Himedia
Laboratories) in triplicate. The flasks were placed in an
incubator under constant agitation (150×g) at 26 °C and
aliquots of 1 mL were taken every 6 h for 48 h. From

each aliquot, two measurements were taken: (1) optical
density (OD) estimation at 600-nm wavelength, and (2)
colony-forming units (CFU) counted from serial dilu-
tions (100 μL was plated in each Petri dish and normal-
ized to a volume of 1 mL). The OD-to-CFU correlation
of each individual strain was used to calculate the num-
ber of cells, based on the OD values. Bacteria showing
low growth rates were not considered for consortium
assembly.
Paired strains were inoculated cross-wise in the middle of

dishes containing Marine Agar (MA) medium, to test for an-
tagonism. The dishes were kept at 28 °C and monitored daily
for up to 7 days for antagonistic activity (Fig. 1a).

Preparation of oil-degrading consortium
Oil-degrading strains from different taxonomic groups
that showed no antagonism against each other and that
were identified (based on the literature) as neutral or
beneficial for corals were selected to compose the
pBMC-BC consortium. To prepare the oil-degrading
consortium, selected strains were grown individually in 3
L of MB medium for bacteria; 2% malt extract, 2% agar
with 2.5% NaCl (MS) for the filamentous fungi; and MS
broth for yeast, in sterile 5-L bubble-column bioreactors
with a flow rate of 14 L 10–1 h. Liquid media with bac-
teria, yeast, or fungi were centrifuged, and the cell pellet
(or fungus propagule) was washed 3 times in sterile sa-
line solution. The pellets from each individual culture
were resuspended in saline solution and the OD was
measured to estimate the number of bacterial cells. For
fungi, the number of propagules was determined by dilu-
tion and counting in a Neubauer chamber. Calculations
were performed for each culture to reach a final concen-
tration of 107 cells mL–1 for bacteria and 104 cells mL–1

for fungi. Finally, an equal volume of each isolated cul-
ture was mixed in sterile 1-L flasks and aliquoted in 50-
mL sterile tubes that were kept at 4 °C until inoculation.
The consortium was always prepared 2 days before in-
oculation, to guarantee the viability of cells.

Experimental design
The reef-building hydrocoral M. alcicornis was selected
for experimentation. Four individual colonies were col-
lected from different sampling sites at João Fernandes
Beach, Armação dos Búzios [38] (details in Supplemen-
tary Methods). The four colonies of M. alcicornis were
fragmented into 32 nubbins, each approximately 5 cm in
length, totaling 128 nubbins. Four nubbins (replicates
per treatment) were glued onto tiles and placed in each
of 32 aquariums, where each replicate tank received a
nubbin from each one of the four different coral col-
onies. Therefore, each replicate per treatment is repre-
sented by a different coral colony. Treatment blocks and
aquariums were then randomly distributed.
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For this experiment, we used Marlim crude oil from
an oil platform (p-47) located in the Campos Basin, ap-
proximately 140 km off Armação dos Búzios. For the
dispersant treatment, we used Corexit 9500, one of the
most commonly used dispersants worldwide due to its
effectiveness in solubilizing oil. The experiment was con-
ducted at the Center for the Study of Oil Bioremediation
in Marine Environments, Armação dos Búzios (22° 45′
44.22′′ S; 41° 53′ 3.97′′ W) in the Procorais mesocosm
system. The mesocosm was designed to realistically
simulate marine environments and to assess the effects
of accidental oil spills as well as remediation, as de-
scribed by Silva et al. [38]. The treatments were applied
in 32 300-L tanks, each containing 250 L of seawater
with an air-bubble homogenization system. Then,
through gravity flow, the treatments were distributed to
32 24-L polypropylene intermediate tanks and then to
each of the 32 aquaria (1.2-L capacity) with a constant
flow. The Procorais mesocosm system is adapted to ac-
commodate eight treatments with four true replicates
each, for a total of 32 completely independent 2500-L
treatment tanks (Fig. 1b).
The experimental treatments were (1) control (sea-

water only); (2) oWSF (crude oil 1% v/v); (3) pBMC-BC;

(4) oWSF + pBMC-BC; (5) Corexit 9500; (6) oWSF +
Corexit 9500; (7) pBMC-BC + Corexit 9500; and (8)
oWSF + pBMC-BC + Corexit 9500. The dispersant Cor-
exit 9500 was applied at a concentration of 0.05% v/v,
following the Brazilian standard [39]. pBMC-BC was ap-
plied twice during the experiment (on days 1 and 7 of
exposure). To inoculate the consortium, freshly grown
bacteria were washed to remove the traces of culture
medium and resuspended in sterile saline solution (2.5%
NaCl) to a concentration of 107 cells mL–1 (Fig. 1a). We
then added 250 mL of the 107 cells mL–1 solution to
each 250-L treatment tank (Fig. 1b). No new water was
added to the system during the exposure period; sea-
water flowed from the pBMC-BC treatment tanks to the
intermediate tanks, reaching the aquariums at a final
concentration of 106 cells mL–1, based on Santos et al.
[32]. A timeline of the experiment is detailed in Fig. 1c.
The experiment was conducted for a total of 28 days, in-

cluding 5 days for M. alcicornis recovery after fragmentation
with high seawater flow (4× the aquarium volume), and 10
days for acclimatization under experimental conditions (0.5×
the aquarium volume). These days were defined based on the
physical-chemical parameters of the seawater in the aquarium
and on an evaluation of the physiology of nubbins through

Fig. 1 a Steps for pBMC-BC selection and timeline of the experiment. b Procorais mesocosm structure [38]. c Timeline of the experiment
showing the collection sample times (T0, T1, and T2)
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the photosynthetic quantum yield (Fv/Fm) of the associated
photosynthetic algae, as described by Silva et al. [38].
Following the standard procedure for a rapid oil-spill

response, we applied the two remediation approaches
(Corexit 9500 and pBMC-BC) 3 h after the spill initi-
ation, to simulate a real response team arriving at the af-
fected site. The remediation products acted for 24 h on
the oil in a closed system, and after this time, we reo-
pened the system, simulating the time needed for the
treatments to reach a nearby reef. The exposure to the
treatments lasted 13 days, and pBMC-BC was reinocu-
lated on day 7 of exposure. All samples, corals and
water, were collected on days 1 (T0, the first day after
acclimatization), 4 (T1), and 13 (T2) of exposure (Fig.
1c). In each sampling time (T0, T1, and T2), we sampled
a nubbin from one of the four different colonies from
each aquarium.

Physico-chemical parameters
Salinity, pH, temperature, dissolved organic carbon (DOC),
nitrogen compounds (nitrite, nitrate, and ammonium), and
phosphate were sampled, stored, and quantified as described
by Silva et al. [38]. Polycyclic aromatic hydrocarbon (PAH)
was collected from 1 L of seawater from each replicate, in
sterile amber glass bottles with Teflon™ caps. Water samples
were stored at 4 °C, and after 24 h the hydrocarbons were
extracted and analyzed according to US Environmental Pro-
tection Agency (EPA) method 3510C [40]. PAH was de-
tected by gas chromatography/mass spectrometry, following
EPA method 8270D [41].
The maximum photosynthetic quantum yield (Fv/Fm) of

the associated photosynthetic algae was measured and related
to changes in gross morphology, to estimate impacts on the
health of the coral metaorganism. Samples were collected on
days 1 (T0), 4 (T1), 7, 9, and 13 (T2) of exposure, using a sub-
aquatic pulse and amplitude-modulated fluorometer (Diving-
PAM; Heinz Walz, Effeltrich, Germany) .
For each physico-chemical parameter, including Fv/Fm,

we developed mixed-effects models (nlme package [42];
R statistical software [43]) with time and treatment as
interactive fixed effects and aquarium identity as a ran-
dom effect. We calculated least-square means to identify
statistically significant (p < 0.05) pairwise interactions
between specific times and treatments (emmeans pack-
age [44] with post-hoc Tukey tests).

Bacterial community associated with Millepora alcicornis
Methods for 16S rRNA gene extraction, amplicon se-
quencing, and bioinformatics are detailed in Supplemen-
tary Methods. Briefly, the total DNA was extracted from
0.5 g of macerated coral nubbins from each aquarium.
To sequence the V4 variable region of the 16S rRNA
gene, single-step PCR amplification was performed with
the primers 515F and 806R [45]. The multiplexed

libraries were sequenced on the Illumina MiSeq platform
(Illumina, San Diego, California, USA).
The raw data were analyzed using Mothur version

1.39.5. The paired-end sequences were aligned, pre-
clustered, and normalized. To improve the quality of the
sequences, the chimeras were removed. Sequences were
taxonomically classified with the Ribosomal Database
Project 16S rRNA version. The sequences were grouped
into Operational Taxonomic Units (OTUs) with a dis-
similarity threshold of 3%.
Measurements of α-diversity, i.e., the Shannon and

Chao indices, were calculated using Mothur version
1.39.5 and analyzed in PAST, using the ANOVA test.
Three-way PERMANOVAs with the Bray-Curtis dissimi-
larity matrix were performed to evaluate the differences
in the structural composition (β-diversity) between treat-
ments, using oil, Corexit, and pBMC-BC as factors, with
PRIMER-e version 7.
We created a Bray-Curtis similarity matrix of microbial

OTU data, which we subjected to non-parametric multidi-
mensional scaling (NMDS) with normalized OTU abun-
dances to reduce the dimensionality of the OTU data to
two axes of primary information [46]. We projected the
abiotic parameters onto these axes to identify relationships
to microbial composition. This statistical analysis was per-
formed in the Paleontological Statistics Software (PAST)
version 3.20.
To evaluate the impacts of oWSF, Corexit, and

pBMC-BC on the relative abundance of the OTUs, we
performed a blocked indicator species analysis [47] with
the PC-ORD software version 6.0. This analysis deter-
mines an indicator value for each OTU from 0 (not indi-
cator) to 100 (strong indicator). A value of 100 occurs
when a OTU is present in high abundance in all samples
of one treatment and at the same time is absent from all
samples of the other treatment. A value equal to zero
occurs when the distribution is equal regardless of the
treatment. For this study, all OTUs with an indicator
value above 60 and p < 0.05 (Monte Carlo test).

Results
Selection of coral-associated microbial assemblage
A total of 57 bacterial isolates were obtained from cul-
ture media containing oil hydrocarbons. Isolates identi-
fied based on partial 16S rRNA gene sequencing as the
genus Vibrio or other possible opportunists for any or-
ganism were excluded, due to their potential associations
with disease and bleaching. The selected bacterial strains
showed no antagonistic activity toward each other. The
members of the bacterial consortium were identified as
Halomonas aquamarina, Pseudoalteromonas shioyasa-
kiensis, two strains of Cobetia marina, Shewanella sp.,
and Ochrobactrum anthropi.
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A total of 161 fungal (filamentous and yeast) strains
were isolated. Of these, 37 showed growth within 5 days
of incubation in both fractions (oWSF and oWIF) and
were clustered into 9 distinct morphotypes, which were
taxonomically identified and predicted to be of low risk
to corals or other organisms, based on literature reports.
The fungal strains selected for the pBMC-BC assemblage
were Geotrichum sp., Rhodotorula mucilaginosa, and
Penicillium citrinum (Table S1).

Exposure to different treatments alters coral physiology
and pBMC-BC protects M. alcicornis against oil impacts
The M. alcicornis holobiont was investigated using the
maximum photosynthetic capacity of the associated Sym-
biodiniaceae (Fv/Fm) and the changes in gross morph-
ology. At day 4 of exposure (T1), corals exposed to
dispersants showed visually perceptible physiological im-
pacts. At T2, coral fragments in treatments containing
Corexit 9500 were dead, and some fragments exposed to
oWSF were paler than those not exposed to this chemical
dispersant (Fig. 2a; Fig. S1A and S1B). The Fv/Fm data cor-
roborated these gross morphological observations.
For corals not exposed to Corexit 9500 (including con-

trols), the least-square means of Fv/Fm values ranged
from 0.55 to 0.63 ± 0.03 (mean ± standard error) among
all treatments (Fig. 2b) throughout the experiment, still
in the healthy range of > 0.5. The exception was the
oWSF treatment without pBMC-BC, which at T2 had a
mean value of Fv/Fm that was 30% lower (below the
healthy range of > 0.5) than those from the other non-
Corexit 9500 treatments. In addition, from T0 to T2, the
Fv/Fm in oWSF samples decreased significantly (p =
0.01), while the remaining treatments without dispers-
ant, including oWSF + pBMC-BC, did not show signifi-
cant decreases.

Treatments with exposure to Corexit 9500, i.e., oWSF
+ Corexit 9500, pBMC-BC + Corexit 9500, and oWSF +
pBMC-BC + Corexit 9500, showed Fv/Fm values lower
than the control (p < 0.0001) throughout the experi-
ment. By T2, 88–97% of the photosynthetic efficiency
was lost in the dispersant treatments relative to the con-
trol (p < 0.0001). Considering the treatments with Cor-
exit 9500 as one group and the treatments without
Corexit 9500 as a second group, the former had mean
values of Fv/Fm lower than the latter at each sampling
time: 12% at T0, 87% at T1, and 92% at T2. In agreement
with the Fv/Fm results, gross morphological changes
were observed in the dispersant treatments (Fig. 2a; Fig.
S1B). At T1, corals exposed to dispersant were bleached,
and by T2 many showed tissue-sloughing necrosis. Coral
fragments exposed to oWSF were visually pale and nega-
tively affected compared to the other non-dispersant
treatments, but showed less visually perceptible stress,
based on coral morphology and bleaching, than frag-
ments exposed to the dispersant (Fig. S1A).

Exposure to different treatments altered local physico-
chemical conditions
Throughout the experiment, the temperature remained at 24
°C in the aquariums across all treatments. The pH differed
between treatments, with Corexit 9500 treatments having
lower pH levels than treatments without Corexit 9500 (p <
0.001; Supplementary Information SI). DOC concentrations
increased across all treatments, with DOC concentrations
significantly higher (p < 0.0001) at T1 and T2 than at T0

(Supplementary Information SI). Differences in salinity levels
were significant over time (p < 0.0001), showing an increase
by T2. Ammonium and nitrate levels decreased at T2 in both
treatments (p < 0.0001 and p = 0.0024, Supplementary
Information SI). Phosphate concentrations were higher at T2

Fig. 2 a Morphological changes assessed by photodocumentation in Millepora alcicornis fragments exposed to the treatments at T0, T1, and T2. b
Photosynthetic efficiency measured by Fv/Fm on five different days of the experiment, including T0, T1, and T2
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than at T0 in all treatments over time (p < 0.001) (Table 1;
Supplementary Information SI).
Levels of PAHs increased significantly in the treat-

ments with oil and dispersants (both oWSF + Corexit
9500 and oWSF + pBMC-BC +Corexit 9500). In the
treatments with oil but without dispersant (oWSF and
oWSF + pBMC-BC), PAH levels at T2 were significantly
lower in the treatments containing pBMC-BC than with
oil only (p = 0.032) at T2, indicating the degradation effi-
ciency of the consortium (see Supplementary Informa-
tion SI). N-alkane levels were detectable only in oWSF +
Corexit 9500 and oWSF + pBMC-BC + Corexit 9500.
The concentration of n-alkane in both treatments in-
creased at T2 compared to T0 (p = 0.013; Supplementary
Information SI). However, at time T2, n-alkanes in the
treatments with pBMC-BC inoculation were 38% lower
than in the treatment containing dispersant and oil only.
The repeated-measure ANOVA results and post-hoc
comparisons of the physico-chemical conditions are
shown in Table 1, and a summary of oil hydrocarbon
that could be quantified is shown in Fig. 3.

Exposure to different treatments alters coral microbiome
The 16S amplicon analysis assessed a total of 397,454 se-
quences that clustered into 5986 OTUs (within the 3%
dissimilarity threshold). The rarefaction curve approached
an asymptote (Fig. S2), with most samples showing cover-
age values between 96.75 and 98.75%, which indicates a
satisfactory sampling effort for this community (Fig. S3).
However, part of the rare biosphere would be better com-
prehended with a greater sequencing depth.
Species diversity, represented by the Shannon index, did

not differ significantly among the treatments over time
(Fig. S4). The Chao index showed decreased richness from
T0 to T1 in all treatments, except in the Corexit 9500
treatment, which increased (Fig. S5). However, the Chao
index was lower in oWSF than in oWSF + pBMC-BC. β-
diversity analyses indicated that Corexit 9500 had a signifi-
cant effect (three-way PERMANOVA, p < 0.05) on the
structure of the bacterial community. In addition, micro-
bial communities exposed to the dispersant were signifi-
cantly different (three-way PERMANOVA, p < 0.05)
between T0 and T1 and between T0 and T2 (pairwise
three-way PERMANOVA, p < 0.001) (Tables S2 and S3).
The impact of the chemical dispersant on the commu-

nity structure was also corroborated by the NMDS ana-
lysis, which showed that two distinct bacterial
community clusters formed over time: one in the treat-
ments with dispersant and another in the treatments
without dispersant (Fig. 4). The bacterial community
profile was also analyzed, based on the relative abun-
dances in each treatment over time. We identified 17
bacterial phyla and 27 classes associated with the M.
alcicornis samples. At the genus level, all treatments had

a similar bacterial community. Beginning with T1, these
profiles changed between the treatments with and with-
out Corexit 9500. Endozoicomonas sp. and Thalassospira
sp. were present in the treatments without Corexit,
whereas unclassified Rhodobacteraceae and unclassified
Clostridiales, Desulfovibrio sp., Roseovarius sp., and Shi-
mia sp. were present in the treatments with Corexit and
increased in relative abundance over time (Fig. 5).
The phylum Proteobacteria dominated in all treatments

(Fig. S6). Classes Alpha- and Gammaproteobacteria domi-
nated in all treatments at T0, but Gammaproteobacteria
became more abundant than Alphaproteobacteria in the
treatments without Corexit, varying between 23–46% and
15–21% over time, respectively (Fig. S7). We cannot con-
firm that pBMC-BC isolates were present at the order
level, but it is possible to infer that the pBMC-BC was rep-
resented at this level through the presence of Oceanospir-
illales, Alteromonadales, and Rhizobiales. These orders
maintained their relative abundances in the treatments
with pBMC-BC and decreased in abundance in the treat-
ments with dispersant over time (Fig. S8).
Analysis of indicator species showed that some OTUs

were associated with pBMC-BC, oWSF, or Corexit, with
95 significant OTUs identified (p < 0.05) (Fig. 6). Among
the three factors, the largest number of potential indica-
tor bacteria was found in the dispersant samples.

Discussion
Water pollution is one of the three main causes of reef
loss globally [23]. Local management to minimize
stressors can increase the ability of corals to cope with
global impacts by reducing the synergistic effects caused
by several stressors [48, 49]. To this end, the United Na-
tions recently emphasized the need to reduce marine
pollution and protect and restore coral ecosystems in
the “Global Goals for Sustainable Development” [50].
Recently, a committee of the National Academies of Sci-
ences, Engineering, and Medicine reviewed possible local
and global interventions to increase the resilience of
coral reefs [51]. Among these interventions, the ma-
nipulation of beneficial microorganisms [21] and the
development of pollution remediation approaches were
listed as possible strategies to help coral persistence.
Bioremediation methods have advantages compared

with other oil cleanup techniques, which include sustain-
ability, lower costs, and applicability across different eco-
systems with minimal impacts [32, 52, 53]. The use of
oil-degrading bacteria to remediate oil contamination
may have benefits in addition to the degradation of com-
pounds. For instance, Santos et al. [32] successfully min-
imized the toxicity of oil to the coral Mussismilia harttii
with a bacterial probiotic consortium. Probiotics were
initially defined as live microbes that can benefit human
health [54]. This definition was later extended to include
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Table 1 Repeated measure ANOVA results and post-hoc means
of the physicochemical conditions to all treatments throughout
time

Parameters F
value

p
value

Post-Hoc (Mean ± SE)

pH Time 2.03 0.14

Treatments 32.02 <
0.0001

Time:
Treatments

0.58 0.86

Post-hoc
comparison

Corexit 9500 ( 8.05 ± 0.04)

oWSF + Corexit 9500 (7.99
± 0.04)

oWSF + pBMC-BC + Corexit
9500 (8.06 ± 0.04)

oWSF (8.34 ± 0.04)

pBMC-BC (8.54 ± 0.04)

oWSF + pBMC-BC (8.61 ±
0.04)

Control (8.47 ± 0.04)

DOC Time 11.24 <
0.001

Treatments 1.51 0.21

Time:
Treatments

1.22 0.29

Post-hoc
comparison

T0 (3.24 μg/mL ± 0.26)

T1 (4.44 mg/mL ± 0.26)

T2 (4.53 μg/mL ± 0.26)

Salinity Time 78.9 <
0.0001

Treatments 2.8 0.03

Time:
Treatments

1.6 0.11

Post-hoc
comparison

T0 (36.22 mg/L ± 0.07)

T1 (36.17 mg/L ± 0.07)

T2 (37.25 mg/L ± 0.07)

Control (36.70 mg/L ± 0.12)

oWSF (36.42 mg/L ± 0.12)

pBMC-BC (36.74 mg/L ±
0.12)

Corexit 9500 (36.60 mg/L ±
0.12)

oWSF + pBMC-BC (36.20
mg/L ± 0.14)

oWSF + Corexit 9500 (36.38
mg/L ± 0.12)

pBMC-BC + Corexit 9500
(36.85 mg/L ± 0.12)

oWSF + pBMC-BC + Corexit
9500 (36.47 mg/L ± 0.12)

Table 1 Repeated measure ANOVA results and post-hoc means
of the physicochemical conditions to all treatments throughout
time (Continued)

Parameters F
value

p
value

Post-Hoc (Mean ± SE)

Ammonium Time 14.86 <
0.0001

Treatments 1.33 0.28

Time:
Treatments

1.07 0.41

Post-hoc
comparison

T0 (28.10 μg/L ± 19.22)

T1 (160.09 μg/L ± 19.22)

T2 (99.83 μg/L ± 19.22)

Nitrate Time 6.88 0.002

Treatments 0.35 0.92

Time:
Treatments

0.72 0.74

Post-hoc
comparison

T0 (6.56 μg/L ± 10.76)

T1 (58.11 μg/L ± 10.76)

T2 (34.65 μg/L ± 10.76)

Phosphate Time 20.21 <
0.0001

Treatments 5.59 <
0.001

Time:
Treatments

3.37 <
0.001

Post-hoc
comparison

Control in T0 (18.65 μg/L ±
23.19), T1 (61.80 μg/L ±
23.19) and T2 (33.82 μg/L ±
23.19)

oWSF in T0 (13.96 μg/L ±
23.19), T1 (25.24 μg/L ±
23.19) and T2 (17.26 μg/L ±
23.19)

pBMC-BC in T0 (5.97 μg/L ±
23.19), T1 (51.55 μg/L ±
23.19) and T2 (70.67 μg/L ±
23.19)

Corexit 9500 in T0 (3.22 μg/
L ± 23.19), T1 (234.27 μg/L
± 23.19) and T2 (136.47 μg/
L ± 23.19)

oWSF + pBMC-BC in T0
(6.76 μg/L ± 23.19), T1
(56.20 μg/L ± 23.19) and T2
(97.50 μg/L ± 23.19)

oWSF + Corexit 9500 in T0
(0 μg/L ± 23.19), T1 (83.35
μg/L ± 23.19) and T2 (53.00
μg/L ± 23.19)

pBMC-BC + Corexit 9500 in
T0 (3.22 μg/L ± 23.19), T1
(3.77 μg/L ± 23.19) and T2
(109.82 μg/L ± 23.19)

oWSF + pBMC-BC + Corexit
9500 in T0 (3.77 μg/L ±
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any host system, including corals [55]. One of the bene-
fits provided by microbial probiotics is neutralization of
toxic compounds [56, 57], protecting the hosts against
their harmful effects. Therefore, the use of coral-
associated microbes to mitigate oil contamination and
its consequent impact on coral health can be considered
a probiotic approach. However, uptake of a specific inoc-
ulated oil-degrading strain by corals is not crucial for de-
fining it as a probiotic, since oil is often degraded in the
surrounding water. Our results showed that, although
the pBMC-BC consortium members could not be de-
tected in the coral-microbiome assays, inoculation of the
consortium was able to mitigate the negative physio-
logical effects observed from the application of oWSF, as
indicated by our indirect proxy (Fv/Fm rates) and visible
physiological responses (death and bleaching).
The use of coral-associated microbial consortia has

proven to benefit coral health in the presence of oil [32],
marine pathogens, and increased temperatures [33].
The application of the multi-domain consortium re-
sulted in degradation of n-alkanes and significant de-
crease of PAH hydrocarbon fractions. A specific strain
of microorganism is usually unable to degrade several
different hydrocarbon fractions of oil; rather, hydrocar-
bon degradation is more efficient when there is a set of
microorganisms that degrade certain components [58].

Table 1 Repeated measure ANOVA results and post-hoc means
of the physicochemical conditions to all treatments throughout
time (Continued)

Parameters F
value

p
value

Post-Hoc (Mean ± SE)

23.19), T1 (78.75 μg/L ±
23.19) and T2 (34.20 μg/L ±
23.19)

PAH Time 7.86 0.001

Treatments 20.86 <
0.0001

Time:
Treatments

3.31 0.001

Post-hoc
comparison

Control in T0 (1.63 μg/L ±
467.05), T1 (0.48 μg/L ±
467.05) and T2 (0.58 μg/L ±
467.05)

oWSF in T0 (4.36 μg/L ±
467.05), T1 (0.61 μg/L ±
467.05) and T2 (1.26 μg/L ±
467.05)

pBMC-BC in T0 (0.08 μg/L ±
467.05), T1 (0.06 μg/L ±
467.05) and T2 (0.10 μg/L ±
467.05)

Corexit 9500 in T0 (17.72
μg/L ± 467.05), T1 (5.99 μg/
L ± 467.05) and T2 (4.99
μg/L ± 467.05)

oWSF + pBMC-BC in T0
(3.39 μg/L ± 539.30), T1
(0.03 μg/L ± 539.30) and T2
(0.14 μg/L ± 539.30)

oWSF + Corexit 9500 in T0
(803.19 μg/L ± 467.05), T1
(4665.46 μg/L ± 467.05)
and T2 (2711.75 μg/L ±
467.05)

pBMC-BC + Corexit 9500 in
T0 (8.60 μg/L ± 467.05), T1
(9.39 μg/L ± 467.05) and T2
(3.94 μg/L ± 467.05)

oWSF + pBMC-BC + Corexit
9500 in T0 (1162.94 μg/L ±
467.05), T1 (4559.76 μg/L ±
467.05) and T2 (2165.55 μg/
L ± 467.05)

N-alkanes Time 4.84 0.013

Treatments 9.98 <
0.0001

Time:
Treatments

2.21 0.022

Post-hoc
comparison

Control in T0 (1.63 μg/L ±
467.05), T1 (0.48 μg/L ±
467.05) and T2 (0.58 μg/L ±
467.05)

oWSF in T0 (4.36 μg/L ±
467.05), T1 (0.61 μg/L ±
467.05) and T2 (1.26 μg/L ±
467.05)

Table 1 Repeated measure ANOVA results and post-hoc means
of the physicochemical conditions to all treatments throughout
time (Continued)
Parameters F

value
p
value

Post-Hoc (Mean ± SE)

pBMC-BC in T0 (0.08 μg/L ±
467.05), T1 (0.06 μg/L ±
467.05) and T2 (0.10 μg/L ±
467.05)

Corexit 9500 in T0 (17.72
μg/L ± 467.05), T1 (5.99 μg/
L ± 467.05) and T2 (4.99
μg/L ± 467.05)

oWSF + pBMC-BC in T0
(3.39 μg/L ± 539.30), T1
(0.03 μg/L ± 539.30) and T2
(0.14 μg/L ± 539.30)

oWSF + Corexit 9500 in T0
(803.19 μg/L ± 467.05), T1
(4665.46 μg/L ± 467.05)
and T2 (2711.75 μg/L ±
467.05)

pBMC-BC + Corexit 9500 in
T0 (8.60 μg/L ± 467.05), T1
(9.39 μg/L ± 467.05) and T2
(3.94 μg/L ± 467.05)

oWSF + pBMC-BC + Corexit
9500 in T0 (1162.94 μg/L ±
467.05), T1 (4559.76 μg/L ±
467.05) and T2 (2165.55 μg/
L ± 467.05)
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This study provides evidence that a multi-domain con-
sortium isolated from the coral microbiome was efficient
in degrading different oil fractions. Furthermore, the de-
tected oil degradation was associated with improved dir-
ect and indirect coral health metrics at the last sampling
time of the experiment, compared to samples without
the pBMC-BC inoculation.
The corals were, however, severely affected by Corexit

9500, in spite of the application of the beneficial consor-
tium or the concomitant exposure to oil. Measurements
of Fv/Fm revealed a separation into two main groups,
those containing the dispersant and those without it.
This information, together with photodocumentation of
dead, bleached, or damaged tissue in the presence of
Corexit 9500, showed that the dispersant damaged the
animals shortly after application in the experimental
conditions (Fig. 2a, b).
In addition, this study demonstrated that exposure to

Corexit 9500 caused a significant change in the associ-
ated bacteria community of calcifying cnidarians, which
occurred in parallel with a negative impact on the host
physiology. This new information on the effect of Cor-
exit on the associated bacterial community of a marine
calcifying organism adds to the list of known harmful ef-
fects of chemical dispersants on the physiology of several
species from different ecosystems [20, 59, 60]. In corals,
the damage ranges from obvious effects such as bleach-
ing and tissue necrosis [20, 61] to more subtle conse-
quences such as inhibition of fertilization and larval
metamorphosis [62], both of which affect species per-
petuation. Here, we observed these effects in a realistic,
open-system experiment, and also revealed one more
“invisible” impact that directly affects coral health: the
effect of Corexit 9500 on the associated microbiome.
Over 200 microbial genera have been reported as able

to facultatively degrade petroleum hydrocarbons [63].
Among these, the genera Roseovarius and Erythrobacter
increased in abundance in the presence of dispersant.
However, the presence of the dispersant also reduced
the abundance of some other oil-degrading bacteria,
such as Thalossospira and Hyphomonas [64–66] (Fig. 5).
This last genus, Hyphomonas, was also found to be a

potential bioindicator of the presence of oil (Fig. 6). Dif-
ferent oil-degrading bacteria occurred in both the pres-
ence and absence of Corexit 9500, making it unclear
whether the dispersant is affecting the capacity of the
microbial population to remediate oil under the tested
circumstances. In previous studies, chemical dispersants
not only proved ineffective in promoting oil degradation
but also retarded biodegradation [67].
Microorganisms have been used as bioindicators of

different pollutants in marine ecosystems [32, 68]. The
presence of dispersants also increased the number of
bacteria that were found to be related to diseased and

stressed corals. For instance, the genus Ruegeria, previ-
ously reported as associated with diseased [69] and
stressed [70] corals, increased in the treatments contain-
ing dispersants. Additionally, members of the genus
Roseovarius, which are also associated with diseased
[71–73] and stressed [70] corals, increased in the pres-
ence of dispersant over time (Figs. 5, 6 and S7). Other
bioindicators of dispersants include Shimia, Thalasso-
bius, Erythrobacter, and Desulfovibrio, all found to be re-
lated to diseased and stressed corals [70, 72, 74–76].
Taken together, these results suggest that disruption of
the beneficial interactions of the associated microbial
community could weaken the host, through an increase
of commensal and opportunistic microbes, or as an im-
mediate consequence of exposure to the dispersant.
At the family level, an OTU closely related to a mem-

ber of Flavobacteriaceae was one of the dispersant bioin-
dicators. Our data agree with the findings of McFarlin
et al. [77], which showed that the family Flavobacteria-
ceae was enriched in the presence of Corexit, and there-
fore an indicator of Corexit [77]. Members of this family
include well-known opportunistic and pathogenic spe-
cies [78, 79] and are often overabundant in corals
exposed to several stress factors [80, 81]. Through our
results and reports in the literature, we can predict that
Flavobacteriaceae may have been one of the groups of
microorganisms involved in the initial process of dysbio-
sis leading to the death of the coral.
Although not classified as bioindicators, Vibrio OTUs

increased in relative abundance in the presence of Cor-
exit 9500 over time, which can be explained by the abil-
ity of some Vibrio species to metabolize dispersants [82].
Additionally, several species of Vibrio are pathogenic
and opportunistic bacteria with many different groups of
hosts, attacking humans, plants, and corals, among
others [83]. They have many lysogenic islands that can
be transferred horizontally intra- and inter-specifically
[84, 85], and their virulence can increase in stress condi-
tions, such as a temperature increase [86]. In corals, Vib-
rio species are associated with several diseases [87–89].
We also observed an increase in members of the genus
Vibrio after the exposure to Corexit 9500; these were the
most abundant isolates in the presence of the dispers-
ant [90]. These results suggest that chemical dispersants
may affect coral health not only through their toxicity
itself, but may also increase the abundance of opportun-
istic or pathogenic bacteria (i.e., members of the genus
Vibrio), which may cause dysbiosis and disease.

Despite the fact that most of the bioindicators of Cor-
exit 9500 have been described as opportunistic patho-
gens, one dispersant bioindicator, a member of the
genus Labrenzia, has been previously reported as show-
ing potential beneficial characteristics for corals by pro-
ducing antimicrobial compounds [91]. The genome
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analysis of a Labrenzia strain associated with coral re-
vealed 4 halo acid dehalogenase-encoding genes and one
haloalkane dehalogenase-encoding gene, which can be
used to degrade a broad range of aromatic halogens,
haloalcohols, and halo acids [92]. Identification of mem-
bers of this genus as dispersant bioindicators may be
useful in further development of BMCs specifically se-
lected to protect corals against Corexit 9500. Species of

this genus are both potential BMCs and oil degraders,
which makes them candidates for future experiments on
cleanup of petroleum contamination close to coral reefs.
On the other hand, bacteria previously correlated with

healthy corals were also found to be bioindicators of the
absence of dispersants, meaning that they were severely
affected by the presence of Corexit 9500. Examples are
a member of the genus Thalassospira, previously

Fig. 3 Quantification of PAH and n-alkanes in samples where they were detectable, at T0, T1, and T2. In all treatments not shown (including the
control treatment), PAH and n-alkanes were undetectable
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correlated with healthy coral hosts [93], and potentially
involved with the phosphorus cycle [94], Parvularcula,
also associated with healthy corals [95], as well as the
genus Inquilinus, reported as important for heat toler-
ance in corals [96]. The well-known coral symbiont

Endozoicomonas was also negatively affected by the pres-
ence of chemical dispersants. Members of this genus
have been frequently associated with healthy corals [97–
99] , and the different strain genomes revealed func-
tional adaptation and plasticity [100], suggesting that the

Fig. 4 Non-metric multidimensional scaling (nMDS) ordination of the Millepora alcicornis bacterial community composition in the different treatments
over time, using the Bray-Curtis similarity coefficient based on OTU distribution. The angles and lengths of radiating blue lines indicate the direction
and strength of the relationships between the abiotic variables and the ordination scores
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relationship between this bacterial genus and the host is
important to the adaptation and survival of the
holobiont.
This study addressed the impact of oil and Corexit

9500 on the coral physiology and microbiome, as well as
the development of a bioremediation strategy that avoids
the use of chemical dispersants in reef areas. As ex-
pected, the presence of Corexit 9500 impacted both the
physiology and microbiome of the host shortly after ap-
plication. In contrast, even though exposure to oil also
impacted the coral health and physiology, it did not

significantly change the microbiome structure. This re-
sult suggests that the natural microbiome of corals may
be resilient to oil contamination up to a certain level,
even when physiological parameters on the host side are
affected. Previous research has shown that some resident
coral-associated bacteria have the ability to degrade oil
using it as a carbon source [101]. When confronted with
an oil spill, oil-degrading bacteria can increase in abun-
dance, as seen in deep-sea coral reefs impacted by the
Deepwater Horizon oil spill [102]. The association with
oil-degrading bacteria may be exploited as an important

Fig. 5 Taxonomic comparison of the bacterial genera based on the DNA sequences obtained from the partial sequence of the 16S subunit of
ribosomal RNA in all treatments over time. Note: the pBMC-BC + Corexit9500 sample in T1 is missing, due to the low-quality sequences
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Fig. 6 Bubble graph of relative abundances of indicator OTUs in each treatment. The percentage of relative abundance is shown below the
graph for all indicator OTUs. Bubbles shown for statistically significant OTUs (p < 0.05) and with indicator value > 60

Silva et al. Microbiome           (2021) 9:118 Page 14 of 19



adaptation tool for the coral holobiont in areas experien-
cing oil spills, as it may increase the survivability of ex-
posed corals [103]. Thus, administration of the multi-
domain pBMC-MC consortium may further contribute
to this adaptive response by increasing the abundance of
oil-degrading bacteria in the holobiont. Indeed, the
multi-domain pBMC-BC consortium was able to protect
the corals from the negative effects of oil exposure, by
increasing oil degradation and consequently improving
host health, as measured by the Fv/Fm indirect health
proxy and morphological traits. These results support
the hypothesis that the bioremediation consortium could
assist not only in degrading the oil in the water but also
in maintaining the resilience of the natural coral micro-
biome against occasional oil spills. Thus, application of a
multi-domain biodegrading consortium as an oil-spill re-
sponse technique could be a useful alternative to disper-
sants, since it could provide two advantages: (1) filling
the niche with probiotics that can prevent pathogenic
organisms from colonizing coral reefs, and (2) helping to
reduce hydrocarbon concentrations and their potential
impacts on corals. As our data showed, physiological im-
provements to coral health can be achieved via a multi-
domain consortium without causing major changes to
the coral microbiome. It may be that the chosen micro-
bial consortia consisted of microbes that are part of the
rare biosphere which can perform critical functions,
such as degrading oil without having high relative abun-
dances, which has also been shown to occur in coastal
seawater samples [104, 105]. Inoculation of probiotics
can also contribute to the establishment and succession
of other beneficial microbes, as demonstrated through
the use of pre- and probiotics in humans [106, 107]. As
the field of environmental probiotic research continues
to grow, these rare taxa may be key in understanding
how best to implement coral probiotics in the field with-
out causing long-term changes to reef microbial
communities.
Another possible reason for the low abundance of

the consortium members is that, although the mem-
bers do not increase in abundance in the holobiont
tissue, they may have increased in abundance in the
surrounding water. However, this hypothesis is merely
speculative. Further studies should also include the
characterization of microbial abundance in the sur-
rounding water using metagenomics and metatran-
scriptomics approaches, along with more-detailed
analysis and quantification of hydrocarbons. Through
these approaches, we can address yet-unanswered
questions, allowing us to better understand the mo-
lecular mechanisms and ecological principles under-
pinning the beneficial effects of these microbial
consortia on the holobiont. In view of the correlation
between inoculation and improved coral health, in the

future we will refer to them as BMC-BCs and not
pBMC-BC.
Currently, there are no known negative effects of read-

ministering native beneficial bacteria back into a coral
reef system to combat stress conditions. Nevertheless,
many things remain to be learned about environmental
probiotics and their application in natural systems. For
instance, various obstacles must be overcome to make
BMCs applicable and effective at large scale. Among
these are consortium large-scale production and
optimization; bioproduct maintenance during storage;
delivery alternatives compatible with the actual condi-
tions of offshore application; and logistical concerns,
some of them extensively discussed by Peixoto and col-
leagues [49]. These challenges will be further addressed
based on the results of ongoing studies. Ideally, before
applying these developed technologies in the field, long-
term experiments using realistic mesocosm systems,
such as the present one, would be used to test their effi-
ciency and map any potential risks. However, as time is
increasingly short, urgent interventions must be put into
practice, and the use of Beneficial Microorganisms for
Corals (BMCs) is considered an extremely promising
alternative.
The persistence of coral reefs depends on many

changes that are needed in the near future. The scientific
community and environmental organizations must try to
minimize the local and global impacts that affect reef
survival. Coral reefs in the South Atlantic, considered
major reef refuges [108], are currently experiencing un-
precedented impacts, resulting in mass die-offs in this
area [109]. A recent mass-mortality event affected about
90% of the fire coral M. alcicornis at one site [109]. In-
vestigation of the M. alcicornis microbiome and selec-
tion of probiotics that can help to mitigate the effects of
oil spills and other stressors can contribute to the pro-
tection of this important, and now potentially threat-
ened, reef builder in the South Atlantic. This study
examined the response of the coral microbiome to ex-
posure to a chemical dispersant, furthering the under-
standing of ecological interactions—such as symbiosis
and pathogenicity—between the host and its associated
microbes under adverse stress conditions. Innovative ac-
tions in environmentally friendly strategies to mitigate
marine oil pollution without causing side effects are in-
sufficient [15] but are still needed. Our results and other
studies in this field can contribute immensely to inform
local actions to protect coral reefs in the Anthropocene,
such as the mass die-offs caused by global change.

Conclusions
Our study concluded that the chemical dispersant Cor-
exit 9500 was far more toxic to M. alcicornis than the oil
itself, in a flow-through experiment simulating realistic
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conditions. This study can help companies and govern-
mental agencies in their decision-making about the use
of chemical or biological remediation, since we showed
that BMC-BC minimizes the negative oil effects without
being toxic to the coral.
This is also the first study to explore the effects of

Corexit 9500 on the microbiome of calcifying cnidarians.
Our results showed that Corexit 9500 caused a signifi-
cant shift in the bacterial community associated with the
hydrocoral M. alcicornis.
In addition, this study is a proof-of-concept that

multi-domain BMC-BCs consortia can be used to miti-
gate the impacts of oil on coral reefs and adjacent areas.
The results emphasize the importance of investigating
the host-associated microbiome to protect corals from
anthropogenic impacts, as well as the possibility of using
beneficial microbes as a tool for conservation purposes.

Abbreviations
BMC: Beneficial microorganisms for corals; pBMC-BC: Putative BMC-
bioremediator consortium; BMC-BC: BMC-bioremediator consortium;
oWSF: Water-soluble fraction; oWIF: Water-insoluble fraction; BH: Bushnell-
Haas; OD: Optical density; CFU: Colony-forming units; MA: Marine agar;
MB: Marine broth; DOC: Dissolved organic carbon; PAH: Polycyclic aromatic
hydrocarbon; OTU: Operative taxonomic unit; NMDS: Non-parametric
multidimensional scaling

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40168-021-01041-w.

Additional file 1. Statistical analyses of all parameters, performed using
R software.

Additional file 2: Figure S1. Photographs of all replicates for each
treatment at T0, T1 and T2 on Coral Watch Health Card. A) Treatments
without Corexit 9500; B) Treatments with Corexit 9500.

Additional file 3: Figure S2. Rarefaction curve representing the α-
diversity analysis of the bacterial community, based on the partial se-
quences of 16S subunits of ribosomal RNA in all treatments over time.

Additional file 4: Figure S3. Boxplot showing the percentage of
sequences coverage value from the bacterial community in all
treatments.

Additional file 5: Figure S4. Estimation of OTU richness through the
Shannon diversity index, in all treatments over the experimental period.

Additional file 6: Figure S5. Estimation of OTU richness through the
Chao diversity index, in all treatments over the experimental period.

Additional file 7: Figure S6. Taxonomic comparison of bacterial phyla,
based on the DNA sequences obtained from the partial sequence of the
16S subunit of ribosomal RNA in all treatments over time. Note: the
pBMC-BC+Corexit9500 sample in T1 is missing, due to the loss of low-
quality sequences.

Additional file 8: Figure S7. Taxonomic comparison of bacterial
classes, based on the DNA sequences obtained from the partial sequence
of the 16S subunit of ribosomal RNA in all treatments over time. Note:
the pBMC-BC+Corexit9500 sample in T1 is missing, due to the loss of
low-quality sequences.

Additional file 9: Figure S8. Taxonomic comparison of bacterial orders,
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BC+Corexit9500 sample in T1 is missing, due to the loss of low-quality
sequences.

Additional file 10: Table S1. Details of the conditions and sources
used to isolate consortium members, as well as the NCBI deposit
identification numbers.

Additional file 11: Table S2. Results of the three-way PERMANOVA test
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diversity analyses, comparing all time periods of the experiment.
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