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Abstract: In 2019, the largest oil spill ever recorded in tropical oceans in terms of extent occurred
in Brazil. The oil from the spill was collected directly from the environment and used in an expo-
sure experiment with the endangered reef-building coral Mussismilia harttii. The treatments of the
experiment were control (without oil), 1% oil, 2.5% oil, and direct contact of coral with oil. The
most abundant hydrocarbon in the seawater of the experiment was phenatrene, which is toxic to
corals. However, overall, the concentration of PAHs was not very high. The analysis of the maximum
photosynthetic capacity of Symbiodiniaceae dinoflagellates showed a small impact of oil on corals,
mainly on the contact treatment. However, coral microbiomes were affected in all oil treatments,
with the contact treatment showing the most pronounced impact. A greater number and abundance
of stress-indicating and potentially pathogenic bacteria were found in all oil treatments. Finally,
this highly weathered oil that had lain in the ocean for a long time was carrying potentially coral-
pathogenic bacteria within the Vibrionaceae family and was able to transmit some of these bacteria to
corals. Bacteria within Vibrionaceae are the main causes of disease in different species of corals and
other marine organisms.

Keywords: bacteria; coral reef; 16S rRNA; 2019 Brazil oil spill; petroleum

1. Introduction

Coral reefs are widely recognized for their remarkable biodiversity and high pro-
ductivity, serving as key drivers in upholding essential ecological functions within the
marine environment [1]. These important ecosystems provide numerous benefits, including
supporting a wide array of marine species, acting as natural barriers against coastal erosion,
and contributing to the health and resilience of the oceans [2]. Corals are crucial eukaryotic
organisms that form intricate relationships with a wide range of microorganisms, encom-
passing both eukaryotic and prokaryotic species. These symbiotic associations involve
Symbiodiniaceae dinoflagellates, fungi, endolithic algae, bacteria, archaea, and viruses,
collectively referred to as the coral microbiome. These microorganisms play vital roles
in maintaining the health and functioning of the coral host [3–5]. They contribute to a
wide range of beneficial functions for the coral, such as the production and translocation of
photosynthates, the supply of micronutrients, protection against pathogens, facilitation of
nitrogen fixation, and defense against UV damage [6,7]. The coral animal, in partnership
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with its associated microorganisms, forms a dynamic and interconnected system referred
to as the coral holobiont [8]. This holobiont experiences fluctuations in the composition and
abundance of its microbial members, which are influenced by various factors, including
environmental conditions and the daily requirements of the coral host [8].

Unfortunately, coral reefs are highly vulnerable to a range of anthropogenic activities,
including the adverse effects of rising sea temperatures, ocean acidification, overfishing,
and pollution, such as oil spills [9,10]. Most oil spills take place in the ocean, with an
estimated annual volume of approximately 103 tons [11]. Regrettably, the primary shipping
routes for oil transportation traverse the oceans in proximity to vital coral reef sites, and
some oil spill events in the past have occurred near coral reef areas [12]. Sadly, even in
recent times, several incidents involving oil and its byproducts have transpired within coral
reef regions, resulting in substantial coral cover losses [13].

The 2019 oil spill along the Brazilian coast was the most extensive spill recorded
in tropical oceans worldwide and possibly the worst environmental disaster in South
America. It covered a vast distance of approximately 2890 km and impacted 11 states
of Brazil. The total volume of the spill was between 5000 m3 and 12,000 m3. The spill
had a widespread impact on 57 coastal and marine protected areas (MPAs) along the
Brazilian coast, surpassing the cumulative number of MPAs affected by all previous oil
spills in Brazil’s history [14,15]. The origin of the oil spill remains unknown, making it an
enigmatic orphan event in tropical oceans. Speculations suggest that the oil could be the
result of illegal ship dumping or leakage from a historical shipwreck [15,16]. This immense
volume of oil affected 10 important Brazilian ecosystems. The most affected ecosystems
were estuarine water bodies (4929.74 km2 of area affected), followed by mangrove forests
(489.83 km2), seagrass meadows (324.77 km2), beaches (185.3 km2), tidal flats (63.64 km2),
intertidal hard bottoms such as sandstone reefs (45.95 km2), and shallow-water coral reefs
(9.69 km2) [17,18]. However, little is known about the impact of this oil on marine micro-
and macro-organisms, such as the microbiome and corals.

Changes in environmental conditions, such as contamination by oil, can lead to shifts in
the composition and diversity of the microorganisms associated with corals, a phenomenon
referred to as dysbiosis [19]. This disturbance in the microbial community can have harmful
consequences for corals as it disrupts the intricate balance and functional diversity within
the coral holobiont. Dysbiosis has been identified as a contributing factor to the heightened
vulnerability of corals to diseases [20]. Nevertheless, the impact of oil contamination on the
coral microbiome and its potential to trigger dysbiosis is not yet well comprehended.

Current knowledge regarding the effects of oil contamination on corals has identified
the following effects: tissue death [21–24]; decreased growth rates [25–28]; changes in
the Symbiodiniaceae dinoflagellates primary productivity [22,24,29,30]; excessive mucus
production [23,31–34]; decreases in settlement and development of coral larvae [35–39]; and
changes in the coral’s symbiotic microbiota [24,30]. Nonetheless, each coral reef ecosystem
around the world is unique, including differences in their microbiomes. In addition
to variations in the microbiome, differences in the physical-chemical characteristics of
the environment and the composition of the oil can alter the impacts caused by the oil,
resulting in different contamination outcomes that require investigation. Furthermore,
the understanding of the impacts of weathered oil on coral microbiomes remains limited.
Therefore, this study investigated the effects of weathered oil, resulting from the most
extensive oil spill in tropical oceans, on the microbial communities of the reef-building
coral Mussismilia harttii, an endangered and endemic species found in the Southwestern
Atlantic.

It is crucial to conduct research focusing on tropical coastal ecosystems, which have
received limited scientific attention and are relatively understudied, especially in the case
of the South Atlantic reefs in Brazil, which are considered conservation priorities because
of their higher resistance to climate change. These ecosystems play a significant role in the
overall marine environment, and understanding their response to environmental impacts,
such as oil spills, is essential for effective conservation and management strategies. By
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directing more research efforts towards these understudied areas, we can gain valuable
insights into the unique challenges and vulnerabilities faced by tropical coastal ecosystems,
thus enabling us to develop informed and targeted approaches to their preservation.

2. Materials and Methods
2.1. Experimental Design

The coral species evaluated in this study was M. harttii, a zooxanthellate scleractinian
distributed along the northeast coast of Brazil and one of the main reef-building corals
in the South Atlantic Ocean [40,41]. This species is endemic and listed as an endangered
species along the Brazilian coast [42]. The oil used in the experiment was the same as the
oil from the spill and was collected in situ before reaching the coast at Praia de Mucugê.
This oil parcel was the first to be registered in the city of Porto Seguro, in the state of Bahia.
The seawater and the corals used in the experiment were collected from the same site as the
oil. The experiment was conducted for a total of 10 days at the Coral Vivo Research Station,
Bahia, Brazil. Natural seawater from the oil collection site was used for all treatments,
which were kept under the local irradiance (400 µmol m−2 s−1) and temperature conditions
(∼=26 ◦C).

The experimental setup encompassed 12 individual 8 L seawater tanks containing
3 polyps of M. harttii. The experimental treatments applied were (i) control (seawater only);
(ii) 1% oil (80 g of oil added to seawater); (iii) 2.5% oil (200 g of oil added to seawater); and
(iv) contact (80 g of oil placed on top of the polyps). Each treatment was applied in three
replicate tanks. Before adding the oil to the tanks, it was first separated in 3 aliquots for
DNA extracting.

2.2. Photosynthetic Efficiency

The impact of weathered oil on the photosynthetic capacity of the Symbiodiniaceae
dinoflagellates associated with M. harttii was measured using pulse-amplitude-modulated
(PAM) fluorometry (Walz GmbH, Effeltrich, Germany). The stress level imposed on the
coral holobiont was determined by changes in the Fv/Fm ratio, which was obtained from
dark-adapted samples. To measure the initial fluorescence signal (Fo), the modulated
measuring light of the PAM (a weak pulsed light; <1 µmol photons m−2 s−1) was used, and
the maximal fluorescence level (Fm) was estimated using a short saturating pulse of actinic
light. The variable fluorescence (Fv) was calculated from Fm–Fo, and the maximum quan-
tum efficiency of photosystem II (PSII) photochemistry was obtained from the ratio Fv/Fm.
The diving-PAM system was configured with the following parameters: Measuring Light
Intensity (MI) = 6; Saturation Pulse Intensity (SI) = 8; Saturation Pulse Width (SW) = 0.8,
Gain (G) = 1; and Damping (D) = 1. We performed a Two-way ANOVA, followed by
Tukey’s post-hoc test, using Systat 13 (Systat Software Inc., San Jose, CA, USA) to assess
the significance of differences in the Fv/Fm ratio among treatments over time (treatments
and time as independent variables).

2.3. Detection of Petroleum Hydrocarbons

The concentration of polycyclic aromatic hydrocarbons (PAH) in the water of each tank
(control, 1%, 2.5%) was evaluated 4 and 10 days after the beginning of the experiment. PAH
analysis was carried out using a gas chromatograph coupled with a mass spectrometer
(Clarus 500—GC-MS; PerkinElmer, Waltham, MA, USA). An Elite-5MS silica capillary
column (5% phenyl, 95% methylpolysiloxane; 30 m × 0.25 mm, 0.25 µm film thickness,
PerkinElmer, Waltham, MA, USA) was used. The injector was kept at 280 ◦C in the spitless
mode. The temperature started at 40 ◦C and was raised to 60 ◦C at an increasing rate of
10 ◦C/min. It was further raised to 290 ◦C at an increasing rate of 5 ◦C/min. Temperature
was maintained at 290 ◦C for 5 min, then raised to 300 ◦C at an increasing rate of 10 ◦C/min
and kept constant for 10 min. Helium was used as the carrier gas (1.5 mL/min). The MS
operating conditions were interface 290 ◦C, ion source 200 ◦C, and electron energy 70 eV.
Compound identification was based on individual mass spectra and GC retention times in
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comparison to literature, library data, and authentic standards. Standards were injected and
analyzed under the same conditions employed for samples. Compound quantification was
done using internal standards: 1-tetradecene for AHCs and naftaleno-D8, acenaftene-D10,
fenantreno-D10, crisene-d12, and perileno-d12 for PAHs. Blanks were analyzed simulta-
neously with each batch of samples. Hydrocarbons identified and quantified included
naphthalene, 1-methyl-naphthalene, 2-methyl-naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene and benzo[a]anthracene, chry-
sene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene,
dibenz[a,h]anthracene, and benzo[ghi]perylene.

2.4. DNA Extraction and Sequencing

To assess the bacterial and archaeal communities associated with the coral M. harttii
after the oil contamination, at the end of the experiment, 1 polyp was collected from each
tank (3 tanks per treatment) and macerated in a mortar under dry conditions, using a
pestle. Total DNA was extracted from 0.5 g of the macerated tissue, using the PowerSoil®

DNA Isolation Kit (MOBIO, Qiagen—Hilden, Germany) following the manufacturer’s
instructions. DNA was quantified using a Qubit fluorometer (ThermoFisher, Waltham, MA,
USA) and subsequently stored at −80 ◦C.

High-throughput amplicon sequencing was performed with 2 × 300 nucleotides (nt)
paired-end sequencing utilizing V3 chemistry. To target specific regions of the 16S rRNA
gene in bacteria and archaea, the V4–V5 regions were amplified using the primer sets 515F
(5′-GTGYCAGCMGCCGCGGTA-3′) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′) [43].
The sequencing was carried out on the Illumina Miseq platform (Illumina, San Diego, CA,
USA) at the StarSeq GmbH company (Mainz, Germany).

2.5. Sequence Processing and Data Analysis

The raw sequence data was processed in the software QIIME2 2021.2 [44]. Using
DADA2, the quality of reads was filtered [45], and amplicon sequence variants (ASVs)
were aligned and classified against the Silva v.138 16S rRNA database [46]. Statistical
analyses were performed in the R 4.0.4 environment [47]. Diversity and differential taxa
abundance analyses were performed with the Phyloseq 1.34.0 package [48]. ASVs assigned
to eukaryote, chloroplast, or mitochondria were removed, and a total of 620,311 reads,
ranging from 27,632 to 55,896 reads per sample, were obtained. To minimize effects of
sequence depth, prior to statistical analyses, samples were randomly normalized to an equal
depth of 27,632 sequences per sample using the “rarefy_even_depth” function, leaving
4794 ASVs. To remove the individual effects between replicates, samples were merged into
the treatment groups (control, 1%, 2.5%, contact, oil) using the “merge_samples” function.
To assess structure similarity among the different treatments, Bray-Curtis distance matrices
were used to create a multidimensional scaling ordination (MDS). Diversity significance
was checked by Kruskal-Wallis and PERMANOVA tests, assuming p-values < 0.05.

Prediction for potential biomarker or probiotic bacteria was reached by differential
abundance analysis. Considering that differences in the taxa relative abundances are strictly
linked to the treatment effect over the microbial community, we performed statistical tests
to corroborate the findings. To do this, we used the mp_diff_analysis function from the
MicrobiotaProcess package [49], using Kruskal-Wallis and Wilcoxon signed rank tests with
0.05 for the alpha value. The results were then displayed on a cladogram showing the
hierarchical clustering of the samples based on the ASV differential abundances with the
highlighted clades representing the differential species. The clade colors were related to
each treatment, and the point sizes were scaled by the FRD (Kruskal-Wallis test). The final
cladogram was generated by the mp_plot_diff_cladogram function [49].

3. Results

In order to assess the solubilization of PAHs in seawater, despite the prolonged
presence of the oil, PAH concentrations were measured on the fourth and 10th days of the
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experiment. On the fourth day following the addition of weathered oil to the experimental
tanks, the highest concentrations of PAHs were found for phenanthrene, fluorene, and
anthracene, being 5.8 ng L−1, 1.09 ng L−1, and 1.64 ng L−1, respectively, in the presence of
1% oil. In the presence of 2.5% oil, these compounds were found to have concentrations of
1.37 ng L−1, 6.53 ng L−1, and 0.74 ng L−1, respectively (Figure 1).
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Figure 1. Concentration of polycyclic aromatic hydrocarbons (PAHs) in the water of each treatment
(control, 1% oil, 2.5% oil), at 4 days (a) and 10 days (b) after the exposure of the endemic and
endangered coral Mussimilia harttii to oil.

After 10 days, phenanthrene, anthracene, pyrene, chrysene, benzo[a]anthracene, and
fluorene also showed high concentrations in the presence of 1% oil; they were 4.48 ng L−1,
3.79 ng L−1, 2.35 ng L−1, 1.45 ng L−1, 1.31 ng L−1, and 1.12 ng L−1, respectively. In the pres-
ence of 2.5% oil, only phenanthrene, fluorene, and anthracene had concentrations >1 ng L−1,
which were 6.32 ng L−1, 1.41 ng L−1, and 1.12 ng L−1, respectively. There were no substan-
tial differences in the concentrations of solubilized PAHs in seawater when using 1% or
2.5% oil. The seawater collected at Mucugê Beach and utilized in the experiment revealed a
low concentration of PAHs, which falls within normal limits.

Changes in the Fv/Fm ratio were employed as a metric to assess the stress level
endured by the coral holobiont. In this regard, the impact of the weathered oil on the
photosynthetic efficiency of the Symbiodiniaceae dinoflagellates associated with M. harttii
exhibited a modest yet statistically significant reduction (p < 0.05) in the Fv/Fm ratio on
days 2 and 3 in all treatments with oil (1% oil, 2.5% oil, and contact), compared with the
control treatment (Figure 2). From day 4 to day 8, all treatments demonstrated similar
Fv/Fm values. However, beginning on day 9, the Fv/Fm values in the treatment where the
oil was in direct contact with the coral started to decrease.
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Figure 2. Photochemical efficiencies (Fv/Fm) with mean ± SE of Symbiodiniaceae dinoflagellates
from the endemic and endangered coral Mussimilia harttii are shown for of the control tank (seawater
only), 1% oil, 2.5% oil, and contact with the collected oil.

Despite the Symbiodiniaceae dinoflagellates associated with M. harttii not displaying
substantial changes in photochemical efficiency across all treatments, the MDS analysis
shows some dissimilarity on the microbiome associated with the corals in the different
treatments (Figure 3). The treatment where oil was in direct contact with the coral exhibited
a smaller difference compared to the oil microbiome. This treatment, among all the ones
that received oil, exhibited the largest divergence in comparison to the control treatment. It
is also evident that in general, the oil possesses a distinct microbiota compared to corals.
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Figure 3. Multidimensional scaling (MDS) of the structure of microbial communities associated with
the endemic and endangered coral Mussismilia harttii. Treatments: Control, 1% oil, 2.5% oil, contact,
and oil.

The heatmap analysis revealed that the most abundant ASVs found in the weathered
oil from the most extensive oil spill in tropical oceans were species within the Rhodobacter-
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aceae family, Vibrio sp., Alteromonas sp. Pseudoalteromonas sp., and the Vibrionaceae family,
Thalossospira sp. and Thalassolituus sp. (Figure 4). Among these ASVs, the taxa Vibrio sp.,
Alteromonas sp., Vibrionaceae family, and Thalassospira sp. were also found in corals from
oil treatments and were not found or were found in lower abundance in corals from non-oil
treatment. It is also worth highlighting the Vibrionaceae family, which was identified only
in the oil and in the treatment where the oil came into direct contact with the corals.
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Other ASVs found in higher abundance on corals from treatments with oil compared
to those from the control treatment, without oil, were the Bacteroidales and Flavobacteriales
orders and the Eubacterium, Sediminispirochaeta, and Guggenheimella genera.

The cladogram analysis was conducted to identify the ASVs that exhibited statistically
significant differences (p < 0.05) in abundance between the control group and each individ-
ual oil treatment (1% oil, 2.5% oil, and contact). The number of taxa exhibiting a significant
increase was higher in treatments with higher oil concentrations and direct contact. Specifi-
cally, the treatments with 1% oil, 2.5% oil, and contact showed significant increases in 4, 8,
and 16 ASVs, respectively (Figure 5). Among the taxa that showed an increase in response
to the presence of oil, some are opportunistic bacteria potentially pathogenic to corals, such



Microorganisms 2023, 11, 1935 8 of 14

as Flavobacterium sp., Fusibacter sp., Sunxiuqinia sp., Cohaesibacter sp., Rhizobiaceae, the
Peptostreptococcales–Tissierellales order, and the Clostridia class.
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Figure 5. Cladogram representation of coral microbiome taxa associated with the presence or absence
of oil. Green indicates taxa enriched in control treatment (without oil), and blue indicates taxa enriched
in oil treatments. (a) Treatments evaluated were control and 1% oil; (b) Treatments evaluated were
control and 2.5% oil; (c) Treatments evaluated were control and contact. Only taxa with nominal P
less than 0.05 are labeled.
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Conversely, the taxa that experienced a significant decrease due to the presence of
oil included Pseudophaeobacter sp., the Bdellovibrionota phylum, Dadabacteriales sp., the
Rhodobacteraceae family, and the Stappiaceae phylum.

4. Discussion

The experiment conducted with the coral species M. harttii and the weathered oil
collected during the most extensive oil spill in tropical oceans revealed the PAHs that are
still able to solubilize in seawater and their impacts on the coral microbiome, as well as on
the photosynthetic efficiency of the Symbiodiniaceae dinoflagellates associated with the
coral.

The highest concentrations of the analyzed PAHs in the seawater from treatments with
oil were phenanthrene, fluorene, anthracene, pyrene, chrysene, and benzo[a]anthracene.
Phenanthrene is very toxic to corals, and Turner et al. [50] observed lethal doses after
48 h in Acropora cervicornis up to 33.8% when phenanthrene was at 656 µg L−1, and 8.3%
mortality at 454 µg L−1. Ko et al. [51] analyzed the PAHs that accumulate in coral tissue
(Acropora sp. and Montipora sp.) and noted that phenanthrene, pyrene, and fluorene were
the most observed. However, the concentration of PAHs solubilized in water from oil
treatments was relatively low when compared to another study that assessed the impact of
non-weathered oil on corals [24].

The photosynthetic efficiency of Symbiodiniaceae dinoflagellates associated with
M. harttii showed an initial drop on days 2 and 3 in all oil treatments, followed by a
subsequent drop on day 9 in the treatment where the oil was in direct contact with the
coral. Although this drop may be an indication of impact, the Fv/Fm values are still related
to a healthy coral [24,52,53]. In a study with the same coral species (M. harttii) but with
non-weathered oil, the values of Fv/Fm reached close to zero on day 10, which indicates the
death of the coral [24]. This observation highlights that highly weathered oil, as employed
in the current study, induces substantially less harm to Symbiodiniaceae dinoflagellates
compared to non-weathered oil.

Despite the small impact on the photosynthetic capacity of symbiodiniaceans, the
weathered oil appears to influence the microbial community associated with the coral. The
microbiome of corals was altered in all treatments with oil, mainly in the treatment where
the oil was in direct contact with the coral. This alteration in the microbiome can influence
the fitness and health of the coral, potentially leading to a state of dysbiosis. Dysbiosis in
corals refers to an imbalance or disruption in the composition and function of the coral-
associated microbial community, which can negatively affect the health and resilience of
the coral host. This may increase the sensitivity of corals to future environmental changes,
including those associated with climate change [20].

Some taxa found exclusively or in higher abundance on corals from treatments with
oil have been previously reported in earlier studies associated with coral dysbiosis or
disease. Vibrionaceae, Vibrio sp., Flavobacteriales, and Bacteroidales are indicators of stress
in corals [54–56]. Bacterial species belonging to the Vibrionaceae family are prominent
causative agents of disease in corals [57]. Flavobacteriales appear to be opportunistic
pathogens of corals and have been reported in high abundance in white band disease [58].
Bacteroidales also appear to be opportunistic pathogens and have been linked to coral
bleaching [56].

Cladogram analysis revealed taxa that increased significantly due to the presence of oil.
Some are pathogens or indicators of stress in corals. Flavobacterium sp. is an opportunistic
coral pathogen and has been associated with thermal stress in various coral species [59–63].
Sunxiuqinia sp. has been linked to white plague syndrome in Porites lutea corals [64].
Cohaesibacter sp. is associated with stony coral tissue loss disease (SCTLD) and white
plague [65]. Fusibacter sp. has been associated with black band disease, white plague
disease, yellow band disease, and bleaching in various coral species from different coral
reefs [66–68]. This genus dominated diseased corals during the SCTLD outbreak, which
affected nearly half of the Caribbean coral species [69,70]. Rhizobiaceae is an oppor-
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tunistic family related to coral disease, including SCTLD [65,69,71]. Peptostreptococcales–
Tissierellales have been observed to increase in abundance in bleached coral and may
potentially contribute to tissue loss in SCTLD through the production of an alpha-toxin that
degrades coral and Symbiodiniaceae dinoflagellates cells [72,73]. Clostridia bacteria have
also been associated with SCTLD [72] and have demonstrated an increased abundance in an
experiment involving oil and the same coral species investigated in our study, M. harttii [24].
Therefore, they have the potential to serve as bioindicators for assessing the impact of oil
on M. harttii corals.

Among the bacteria that significantly decreased due to the presence of oil stands
out Pseudophaeobacter sp. and the Bdellovibrionota phylum. Pseudophaeobacter sp. is a
beneficial bacterium for corals with probiotic characteristics, such as antimicrobial activity
against the pathogen Vibrio sp., and is found in lower abundance in corals under heat
stress [74,75]. Bacteria belonging to the phylum Bdellovibrionota are known to exhibit
predatory behavior against pathogens, and certain species are capable of preying upon
Vibrio sp. [76,77]. Interestingly, in our study, Vibrio sp. was exclusively or more abundantly
present in corals exposed to oil treatments.

Furthermore, the analysis of the microbiome present in the oil collected from the
sea revealed that this highly weathered oil, which has been in the ocean for an extended
period, can harbor and transfer bacteria to corals, including potentially pathogenic ones
such as Vibrionaceae. This taxon was exclusively detected in the oil samples and in the
treatment where direct contact between the oil and the coral was established. Vibrionaceae
is a well-known pathogen for coral and other aquatic animals [57]. This raises concerns,
as the frequency and intensity of coral disease outbreaks caused by Vibrio pathogens are
on the rise [78], posing a significant threat to reef-building corals worldwide. This finding
highlights the potential role of oil spills in the dissemination of harmful microorganisms
to coral ecosystems. Nevertheless, further research is needed to elucidate the specific
interactions between the microbiome of the weathered oil and the coral host, as well as to
assess the long-term consequences of bacterial transmission on coral health and ecosystem
dynamics.

5. Conclusions

The highly weathered oil, stemming from the largest oil spill in tropical oceans, has
been demonstrated to exert an impact on the holobiont coral M. harttii, primarily through
its influence on the coral microbiome. These microbial alterations can lead to dysbiosis
in the coral-associated microbial community, increasing the corals’ vulnerability to future
environmental changes. In addition, the presence of highly weathered oil, especially
in direct contact with corals, stimulates the growth of potentially pathogenic bacteria
that can harm corals. Moreover, the oil has been observed to decrease the abundance of
potentially beneficial bacteria that play a vital role in maintaining the overall health of
corals. Additionally, the oil acts as a carrier for pathogenic bacteria that have effectively
colonized corals, potentially facilitating their dispersal and establishment within coral
communities. Despite its impact on corals, the overall effect of this weathered oil was
relatively lower when compared to non-weathered oils previously studied in coral research.
Understanding the specific mechanisms by which the oil affects the coral microbiome can
provide valuable insights into the overall impact of the oil spill on coral ecosystems and
contribute to the development of effective conservation strategies.

Author Contributions: Conceptualization, H.F.S., H.E.J. and M.M.; methodology, H.F.S., H.E.J., A.B.,
C.H.F.L., P.G.C. and P.H.F.P.; formal analysis, H.E.J., L.F. and H.F.S.; investigation, H.F.S. and H.E.J.;
resources, H.F.S. and A.B.; writing—original draft preparation, P.H.F.P., L.F. and H.F.S.; writing—
review and editing, H.F.S., P.H.F.P., M.M. and A.B.; visualization, P.H.F.P. and H.E.J.; supervision,
H.F.S.; funding acquisition, H.F.S. and A.B. All authors have read and agreed to the published version
of the manuscript.



Microorganisms 2023, 11, 1935 11 of 14

Funding: This research was funded by the Coral Vivo Project and its sponsors Petrobras (Programa
Petrobras Socioambiental).

Data Availability Statement: Data are contained within the article.

Acknowledgments: We would like to thank the Coral Vivo Project and its sponsors Petrobras
(Programa Petrobras Socioambiental) and Arraial d’Ajuda Eco Parque.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brandl, S.J.; Johansen, J.L.; Casey, J.M.; Tornabene, L.; Morais, R.A.; Burt, J.A. Extreme Environmental Conditions Reduce Coral

Reef Fish Biodiversity and Productivity. Nat. Commun. 2020, 11, 3832. [CrossRef]
2. Roelvink, F.E.; Storlazzi, C.D.; van Dongeren, A.R.; Pearson, S.G. Coral Reef Restorations Can Be Optimized to Reduce Coastal

Flooding Hazards. Front. Mar. Sci. 2021, 8, 653945. [CrossRef]
3. Peixoto, R.S.; Rosado, P.M.; Leite, D.C.d.A.; Rosado, A.S.; Bourne, D.G. Beneficial Microorganisms for Corals (BMC): Proposed

Mechanisms for Coral Health and Resilience. Front. Microbiol. 2017, 8, 341. [CrossRef] [PubMed]
4. Rohwer, F.; Seguritan, V.; Azam, F.; Knowlton, N. Diversity and Distribution of Coral-Associated Bacteria. Mar. Ecol. Prog. Ser.

2002, 243, 1–10. [CrossRef]
5. Rosenberg, E.; Koren, O.; Reshef, L.; Efrony, R.; Zilber-Rosenberg, I. The Role of Microorganisms in Coral Health, Disease and

Evolution. Nat. Rev. Microbiol. 2007, 5, 355–362. [CrossRef]
6. Fine, M.; Loya, Y. Endolithic Algae: An Alternative Source of Photoassimilates during Coral Bleaching. Proc. R. Soc. Lond. B Biol.

Sci. 2002, 269, 1205–1210. [CrossRef] [PubMed]
7. Santos, H.F.; Carmo, F.L.; Duarte, G.; Dini-Andreote, F.; Castro, C.B.; Rosado, A.S.; van Elsas, J.D.; Peixoto, R.S. Climate Change

Affects Key Nitrogen-Fixing Bacterial Populations on Coral Reefs. ISME J. 2014, 8, 2272–2279. [CrossRef] [PubMed]
8. Thompson, J.R.; Rivera, H.E.; Closek, C.J.; Medina, M. Microbes in the Coral Holobiont: Partners through Evolution, Development,

and Ecological Interactions. Front. Cell Infect. Microbiol. 2015, 4, 176. [CrossRef] [PubMed]
9. Richmond, R.H. Coral Reefs: Present Problems and Future Concerns Resulting from Anthropogenic Disturbance. Am. Zool. 1993,

33, 524–536. [CrossRef]
10. Brown, B.E.; Howard, L.S. Assessing the Effects of “Stress” on Reef Corals. In Advances in Marine Biology; Academic Press:

Cambridge, MA, USA, 1985; pp. 1–63. [CrossRef]
11. Farrington, J.W. Oil Pollution in the Marine Environment I: Inputs, Big Spills, Small Spills, and Dribbles. Environ. Sci. Policy

Sustain. Dev. 2013, 55, 3–13. [CrossRef]
12. Villela, H.D.M.; Peixoto, R.S.; Soriano, A.U.; Carmo, F.L. Microbial Bioremediation of Oil Contaminated Seawater: A Survey of

Patent Deposits and the Characterization of the Top Genera Applied. Sci. Total Environ. 2019, 666, 743–758. [CrossRef]
13. Fernandes, L.; Carmo, F.L.; de Jesus, H.E.; Soriano, A.U.; Santos, H.V. Oil Spill Incidents on Coral Reefs: Impacts and Remediation

Technologies. In Corals-Habitat Formers in the Anthropocene; IntechOpen: London, UK, 2023. [CrossRef]
14. Escobar, H. Mystery Oil Spill Threatens Marine Sanctuary in Brazil. Science 2019, 366, 672. [CrossRef]
15. Soares, M.O.; Teixeira, C.E.P.; Bezerra, L.E.A.; Rossi, S.; Tavares, T.; Cavalcante, R.M. Brazil Oil Spill Response: Time for

Coordination. Science 2020, 367, 155. [CrossRef] [PubMed]
16. Zacharias, D.C.; Gama, C.M.; Fornaro, A. Mysterious Oil Spill on Brazilian Coast: Analysis and Estimates. Mar. Pollut. Bull. 2021,

165, 112125. [CrossRef] [PubMed]
17. Magris, R.A.; Giarrizzo, T. Mysterious Oil Spill in the Atlantic Ocean Threatens Marine Biodiversity and Local People in Brazil.

Mar. Pollut. Bull. 2020, 153, 110961. [CrossRef]
18. Soares, M.O.; Teixeira, C.E.P.; Bezerra, L.E.A.; Rabelo, E.F.; Castro, I.B.; Cavalcante, R.M. The Most Extensive Oil Spill Registered

in Tropical Oceans (Brazil): The Balance Sheet of a Disaster. Environ. Sci. Pollut. Res. 2022, 29, 19869–19877. [CrossRef] [PubMed]
19. Peterson, C.H.; Rice, S.D.; Short, J.W.; Esler, D.; Bodkin, J.L.; Ballachey, B.E.; Irons, D.B. Long-Term Ecosystem Response to the

Exxon Valdez Oil Spill. Science 2003, 302, 2082–2086. [CrossRef]
20. Boilard, A.; Dubé, C.E.; Gruet, C.; Mercière, A.; Hernandez-Agreda, A.; Derome, N. Defining Coral Bleaching as a Microbial

Dysbiosis within the Coral Holobiont. Microorganisms 2020, 8, 1682. [CrossRef]
21. Reimer, A.A. Effects of Crude Oil on Corals. Mar. Pollut. Bull. 1975, 6, 39–43. [CrossRef]
22. Neff, J.M.; Anderson, J.W. Response of Marine Animals to Petroleum and Specific Petroleum Hydrocarbons; Applied Science Pub.;

Halstead Press: New York, NY, USA, 1981.
23. Wyers, S.C.; Frith, H.R.; Dodge, R.E.; Smith, S.R.; Knap, A.H.; Sleeter, T.D. Behavioural Effects of Chemically Dispersed Oil and

Subsequent Recovery in Diploria Strigosa (Dana). Mar. Ecol. 1986, 7, 23–42. [CrossRef]
24. Fragoso dos Santos, H.; Duarte, G.A.S.; Rachid, C.T.d.C.; Chaloub, R.M.; Calderon, E.N.; Marangoni, L.F.d.B.; Bianchini, A.; Nudi,

A.H.; do Carmo, F.L.; van Elsas, J.D.; et al. Impact of Oil Spills on Coral Reefs Can Be Reduced by Bioremediation Using Probiotic
Microbiota. Sci. Rep. 2015, 5, 18268. [CrossRef] [PubMed]

25. Guzmán, H.M.; Holst, I. Effects of Chronic Oil-Sediment Pollution on the Reproduction of the Caribbean Reef Coral Siderastrea
Siderea. Mar. Pollut. Bull. 1993, 26, 276–282. [CrossRef]

https://doi.org/10.1038/s41467-020-17731-2
https://doi.org/10.3389/fmars.2021.653945
https://doi.org/10.3389/fmicb.2017.00341
https://www.ncbi.nlm.nih.gov/pubmed/28326066
https://doi.org/10.3354/meps243001
https://doi.org/10.1038/nrmicro1635
https://doi.org/10.1098/rspb.2002.1983
https://www.ncbi.nlm.nih.gov/pubmed/12065035
https://doi.org/10.1038/ismej.2014.70
https://www.ncbi.nlm.nih.gov/pubmed/24830827
https://doi.org/10.3389/fcimb.2014.00176
https://www.ncbi.nlm.nih.gov/pubmed/25621279
https://doi.org/10.1093/icb/33.6.524
https://doi.org/10.1016/S0065-2881(08)60049-8
https://doi.org/10.1080/00139157.2013.843980
https://doi.org/10.1016/j.scitotenv.2019.02.153
https://doi.org/10.5772/intechopen.105354
https://doi.org/10.1126/science.366.6466.672
https://doi.org/10.1126/science.aaz9993
https://www.ncbi.nlm.nih.gov/pubmed/31919213
https://doi.org/10.1016/j.marpolbul.2021.112125
https://www.ncbi.nlm.nih.gov/pubmed/33582423
https://doi.org/10.1016/j.marpolbul.2020.110961
https://doi.org/10.1007/s11356-022-18710-4
https://www.ncbi.nlm.nih.gov/pubmed/35061174
https://doi.org/10.1126/science.1084282
https://doi.org/10.3390/microorganisms8111682
https://doi.org/10.1016/0025-326X(75)90297-0
https://doi.org/10.1111/j.1439-0485.1986.tb00146.x
https://doi.org/10.1038/srep18268
https://www.ncbi.nlm.nih.gov/pubmed/26658023
https://doi.org/10.1016/0025-326X(93)90068-U


Microorganisms 2023, 11, 1935 12 of 14

26. Guzmán, H.M.; Jackson, J.B.C.; Weil, E. Short-Term Ecological Consequences of a Major Oil Spill on Panamanian Subtidal Reef
Corals. Coral Reefs 1991, 10, 1–12. [CrossRef]

27. Prouty, N.G.; Fisher, C.R.; Demopoulos, A.W.J.; Druffel, E.R.M. Growth Rates and Ages of Deep-Sea Corals Impacted by the
Deepwater Horizon Oil Spill. Deep. Sea Res. Part II Top. Stud. Oceanogr. 2016, 129, 196–212. [CrossRef]

28. Xu, S.; Yu, K.; Wang, Y.; Liu, T.; Jiang, W.; Wang, S.; Chu, M. Oil Spill Recorded by Skeletal ∆13C of Porites Corals in Weizhou
Island, Beibu Gulf, Northern South China Sea. Estuar. Coast. Shelf Sci. 2018, 207, 338–344. [CrossRef]

29. Cook, C.B.; Knap, A.H. Effects of Crude Oil and Chemical Dispersant on Photosynthesis in the Brain Coral Diploria Strigosa. Mar.
Biol. 1983, 78, 21–27. [CrossRef]

30. Silva, D.P.; Villela, H.D.M.; Santos, H.F.; Duarte, G.A.S.; Ribeiro, J.R.; Ghizelini, A.M.; Vilela, C.L.S.; Rosado, P.M.; Fazolato, C.S.;
Santoro, E.P.; et al. Multi-Domain Probiotic Consortium as an Alternative to Chemical Remediation of Oil Spills at Coral Reefs
and Adjacent Sites. Microbiome 2021, 9, 118. [CrossRef]

31. Peters, E.C.; Meyers, P.A.; Yevich, P.P.; Blake, N.J. Bioaccumulation and Histopathological Effects of Oil on a Stony Coral. Mar.
Pollut. Bull. 1981, 12, 333–339. [CrossRef]

32. White, H.K.; Hsing, P.-Y.; Cho, W.; Shank, T.M.; Cordes, E.E.; Quattrini, A.M.; Nelson, R.K.; Camilli, R.; Demopoulos, A.W.J.;
German, C.R.; et al. Impact of the Deepwater Horizon Oil Spill on a Deep-Water Coral Community in the Gulf of Mexico. Proc.
Natl. Acad. Sci. USA 2012, 109, 20303–20308. [CrossRef]

33. Buskey, E.J.; White, H.K.; Esbaugh, A.J. Impact of Oil Spills on Marine Life in the Gulf of Mexico: EFFECTS ON PLANKTON,
NEKTON, AND DEEP-SEA BENTHOS. Oceanography 2016, 29, 174–181. [CrossRef]

34. Santos, H.F.; Santos, L.F.; Jesus, H.E.; Lacerda, C.H.; Mies, M. The South Atlantic Coral Mussismilia harttii Actively and Quickly
Removes Heavy Crude Oil from Its Surface. Bull. Mar. Sci. 2020, 96, 803–804. [CrossRef]

35. Rinkevich, B.; Loya, Y. Laboratory Experiments on the Effects of Crude Oil on the Red Sea Coral Stylophora Pistillata. Mar. Pollut.
Bull. 1979, 10, 328–330. [CrossRef]

36. Kushmaro, A.; Henning, G.; Hofmann, D.K.; Benayahu, Y. Metamorphosis of Heteroxenia Fuscescens Planulae (Cnidaria:
Octocorallia) Is Inhibited by Crude Oil: A Novel Short Term Toxicity Bioassay. Mar. Environ. Res. 1997, 43, 295–302. [CrossRef]

37. Negri, A.P.; Heyward, A.J. Inhibition of Fertilization and Larval Metamorphosis of the Coral Acropora Millepora (Ehrenberg,
1834) by Petroleum Products. Mar. Pollut. Bull. 2000, 41, 420–427. [CrossRef]

38. Goodbody-Gringley, G.; Wetzel, D.L.; Gillon, D.; Pulster, E.; Miller, A.; Ritchie, K.B. Toxicity of Deepwater Horizon Source Oil
and the Chemical Dispersant, Corexit® 9500, to Coral Larvae. PLoS ONE 2013, 8, e45574. [CrossRef]

39. Epstein, N.; Bak, R.P.M.; Rinkevich, B. Toxicity of Third Generation Dispersants and Dispersed Egyptian Crude Oil on Red Sea
Coral Larvae. Mar. Pollut. Bull. 2000, 40, 497–503. [CrossRef]

40. Laborel, J. Les Peuplements de Madréporaires Des Côtes Tropicales Du Brésil; U. of d’Abidjan: Abidjan, Ivory Coast, 1970.
41. Mazzei, E.F.; Bertoncini, A.A.; Pinheiro, H.T.; Machado, L.F.; Vilar, C.C.; Guabiroba, H.C.; Costa, T.J.F.; Bueno, L.S.; Santos, L.N.;

Francini-Filho, R.B.; et al. Newly Discovered Reefs in the Southern Abrolhos Bank, Brazil: Anthropogenic Impacts and Urgent
Conservation Needs. Mar. Pollut. Bull. 2017, 114, 123–133. [CrossRef] [PubMed]

42. Instituto Chico Mendes de Conservação da Biodiversidade (ICMBio). Livro Vermelho Da Fauna Brasileira Ameaçada de Extinção;
ICMBio: Brasília, Brazil, 2018; Volume VII.

43. Li, X.; Rui, J.; Mao, Y.; Yannarell, A.; Mackie, R. Dynamics of the Bacterial Community Structure in the Rhizosphere of a Maize
Cultivar. Soil Biol. Biochem. 2014, 68, 392–401. [CrossRef]

44. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, Interactive, Scalable and Extensible Microbiome Data Science Using QIIME 2. Nat. Biotechnol.
2019, 37, 852–857. [CrossRef]

45. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference
from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. [CrossRef]

46. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA Ribosomal RNA Gene
Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 2012, 41, D590–D596. [CrossRef]

47. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2016; Available online: https://www.R-project.org/ (accessed on 2 February 2023).

48. McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

49. Xu, S.; Zhan, L.; Tang, W.; Wang, Q.; Dai, Z.; Zhou, L.; Feng, T.; Chen, M.; Wu, T.; Hu, E.; et al. MicrobiotaProcess: A
Comprehensive R Package for Deep Mining Microbiome. Innovation 2023, 4, 100388. [CrossRef]

50. Turner, N.R.; Parkerton, T.F.; Renegar, D.A. Toxicity of Two Representative Petroleum Hydrocarbons, Toluene and Phenanthrene,
to Five Atlantic Coral Species. Mar. Pollut. Bull. 2021, 169, 112560. [CrossRef] [PubMed]

51. Ko, F.C.; Chang, C.W.; Cheng, J.O. Comparative Study of Polycyclic Aromatic Hydrocarbons in Coral Tissues and the Ambient
Sediments from Kenting National Park, Taiwan. Environ. Pollut. 2014, 185, 35–43. [CrossRef] [PubMed]

52. da Silva Fonseca, J.; de Barros Marangoni, L.F.; Marques, J.A.; Bianchini, A. Effects of Increasing Temperature Alone and Combined
with Copper Exposure on Biochemical and Physiological Parameters in the Zooxanthellate Scleractinian Coral Mussismilia
Harttii. Aquat. Toxicol. 2017, 190, 121–132. [CrossRef]

https://doi.org/10.1007/BF00301900
https://doi.org/10.1016/j.dsr2.2014.10.021
https://doi.org/10.1016/j.ecss.2018.04.031
https://doi.org/10.1007/BF00392967
https://doi.org/10.1186/s40168-021-01041-w
https://doi.org/10.1016/0025-326X(81)90106-5
https://doi.org/10.1073/pnas.1118029109
https://doi.org/10.5670/oceanog.2016.81
https://doi.org/10.5343/bms.2020.0017
https://doi.org/10.1016/0025-326X(79)90402-8
https://doi.org/10.1016/S0141-1136(96)00092-X
https://doi.org/10.1016/S0025-326X(00)00139-9
https://doi.org/10.1371/journal.pone.0045574
https://doi.org/10.1016/S0025-326X(99)00232-5
https://doi.org/10.1016/j.marpolbul.2016.08.059
https://www.ncbi.nlm.nih.gov/pubmed/27641110
https://doi.org/10.1016/j.soilbio.2013.10.017
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0061217
https://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1016/j.xinn.2023.100388
https://doi.org/10.1016/j.marpolbul.2021.112560
https://www.ncbi.nlm.nih.gov/pubmed/34091251
https://doi.org/10.1016/j.envpol.2013.10.025
https://www.ncbi.nlm.nih.gov/pubmed/24212232
https://doi.org/10.1016/j.aquatox.2017.07.002


Microorganisms 2023, 11, 1935 13 of 14

53. Marangoni, L.F.B.; Pinto, M.M.d.A.N.; Marques, J.A.; Bianchini, A. Copper Exposure and Seawater Acidification Interaction:
Antagonistic Effects on Biomarkers in the Zooxanthellate Scleractinian Coral Mussismilia Harttii. Aquat. Toxicol. 2019, 206,
123–133. [CrossRef]

54. McDevitt-Irwin, J.M.; Baum, J.K.; Garren, M.; Vega Thurber, R.L. Responses of Coral-Associated Bacterial Communities to Local
and Global Stressors. Front. Mar. Sci. 2017, 4. [CrossRef]

55. Pootakham, W.; Mhuantong, W.; Yoocha, T.; Putchim, L.; Jomchai, N.; Sonthirod, C.; Naktang, C.; Kongkachana, W.; Tangphat-
sornruang, S. Heat-induced Shift in Coral Microbiome Reveals Several Members of the Rhodobacteraceae Family as Indicator
Species for Thermal Stress in Porites lutea. Microbiologyopen 2019, 8, e935. [CrossRef]

56. Sun, F.; Yang, H.; Zhang, X.; Tan, F.; Shi, Q. Response Characteristics of Bacterial Communities in Multiple Coral Genera at the
Early Stages of Coral Bleaching during El Niño. Ecol. Indic. 2022, 144, 109569. [CrossRef]

57. Hofer, U. Coral versus Vibrio. Nat. Rev. Microbiol. 2021, 19, 481. [CrossRef] [PubMed]
58. Gignoux-Wolfsohn, S.A.; Vollmer, S.V. Identification of Candidate Coral Pathogens on White Band Disease-Infected Staghorn

Coral. PLoS ONE 2015, 10, e0134416. [CrossRef] [PubMed]
59. Garcia, G.D.; Gregoracci, G.B.; de O. Santos, E.; Meirelles, P.M.; Silva, G.G.Z.; Edwards, R.; Sawabe, T.; Gotoh, K.; Nakamura, S.;

Iida, T.; et al. Metagenomic Analysis of Healthy and White Plague-Affected Mussismilia Braziliensis Corals. Microb. Ecol. 2013,
65, 1076–1086. [CrossRef] [PubMed]

60. Certner, R.H.; Vollmer, S.V. Evidence for Autoinduction and Quorum Sensing in White Band Disease-Causing Microbes on
Acropora Cervicornis. Sci. Rep. 2015, 5, 11134. [CrossRef]

61. Lee, S.T.M.; Davy, S.K.; Tang, S.-L.; Fan, T.-Y.; Kench, P.S. Successive Shifts in the Microbial Community of the Surface Mucus
Layer and Tissues of the Coral Acropora muricata under Thermal Stress. FEMS Microbiol. Ecol. 2015, 91, fiv142. [CrossRef]

62. Glasl, B.; Bourne, D.G.; Frade, P.R.; Thomas, T.; Schaffelke, B.; Webster, N.S. Microbial Indicators of Environmental Perturbations
in Coral Reef Ecosystems. Microbiome 2019, 7, 94. [CrossRef]

63. Sun, H.; Xie, Z.; Yang, X.; Yang, B.; Liao, B.; Yin, J.; Xiao, B. New Insights into Microbial and Metabolite Signatures of Coral
Bleaching. Sci. Total Environ. 2023, 892, 164258. [CrossRef]

64. Krishnaswamy, V.G.; Mani, K.; Senthil Kumar, P.; Rangasamy, G.; Sridharan, R.; Rethnaraj, C.; Amirtha Ganesh, S.S.; Kalidas, S.;
Palanisamy, V.; Chellama, N.J.; et al. Prevalence of Differential Microbiome in Healthy, Diseased and Nipped Colonies of Corals,
Porites lutea in the Gulf of Kachchh, North-West Coast of India. Environ. Res. 2023, 216, 114622. [CrossRef]

65. Becker, C.C.; Brandt, M.; Miller, C.A.; Apprill, A. Microbial Bioindicators of Stony Coral Tissue Loss Disease Identified in Corals
and Overlying Waters Using a Rapid Field-based Sequencing Approach. Environ. Microbiol. 2022, 24, 1166–1182. [CrossRef]
[PubMed]

66. Roder, C.; Arif, C.; Bayer, T.; Aranda, M.; Daniels, C.; Shibl, A.; Chavanich, S.; Voolstra, C.R. Bacterial Profiling of White Plague
Disease in a Comparative Coral Species Framework. ISME J. 2014, 8, 31–39. [CrossRef]

67. Arotsker, L.; Kramarsky-Winter, E.; Ben-Dov, E.; Siboni, N.; Kushmaro, A. Changes in the Bacterial Community Associated with
Black Band Disease in a Red Sea Coral, Favia Sp., in Relation to Disease Phases. Dis. Aquat. Organ. 2015, 116, 47–58. [CrossRef]
[PubMed]

68. Mhuantong, W.; Nuryadi, H.; Trianto, A.; Sabdono, A.; Tangphatsornruang, S.; Eurwilaichitr, L.; Kanokratana, P.; Champreda, V.
Comparative Analysis of Bacterial Communities Associated with Healthy and Diseased Corals in the Indonesian Sea. PeerJ 2019,
7, e8137. [CrossRef] [PubMed]

69. Meyer, J.L.; Castellanos-Gell, J.; Aeby, G.S.; Häse, C.C.; Ushijima, B.; Paul, V.J. Microbial Community Shifts Associated With
the Ongoing Stony Coral Tissue Loss Disease Outbreak on the Florida Reef Tract. Front. Microbiol. 2019, 10, 2244. [CrossRef]
[PubMed]

70. Huntley, N.; Brandt, M.E.; Becker, C.C.; Miller, C.A.; Meiling, S.S.; Correa, A.M.S.; Holstein, D.M.; Muller, E.M.; Mydlarz, L.D.;
Smith, T.B.; et al. Experimental Transmission of Stony Coral Tissue Loss Disease Results in Differential Microbial Responses
within Coral Mucus and Tissue. ISME Commun. 2022, 2, 46. [CrossRef]

71. Rosales, S.M.; Clark, A.S.; Huebner, L.K.; Ruzicka, R.R.; Muller, E.M. Rhodobacterales and Rhizobiales Are Associated with Stony
Coral Tissue Loss Disease and Its Suspected Sources of Transmission. Front. Microbiol. 2020, 11, 681. [CrossRef]

72. Rosales, S.M.; Huebner, L.K.; Evans, J.S.; Apprill, A.; Baker, A.C.; Becker, C.C.; Bellantuono, A.J.; Brandt, M.E.; Clark, A.S.; del
Campo, J.; et al. A Meta-Analysis of the Stony Coral Tissue Loss Disease Microbiome Finds Key Bacteria in Unaffected and Lesion
Tissue in Diseased Colonies. ISME Commun. 2023, 3, 19. [CrossRef]

73. Xu, M.; Cheng, K.; Xiao, B.; Tong, M.; Cai, Z.; Jong, M.-C.; Chen, G.; Zhou, J. Bacterial Communities Vary from Different
Scleractinian Coral Species and between Bleached and Non-Bleached Corals. Microbiol. Spectr. 2023, 11, e0491022. [CrossRef]
[PubMed]

74. Grotkjær, T.; Bentzon-Tilia, M.; D’Alvise, P.; Dourala, N.; Nielsen, K.F.; Gram, L. Isolation of TDA-Producing Phaeobacter Strains
from Sea Bass Larval Rearing Units and Their Probiotic Effect against Pathogenic Vibrio Spp. in Artemia Cultures. Syst. Appl.
Microbiol. 2016, 39, 180–188. [CrossRef]

75. Liang, J.; Luo, W.; Yu, K.; Xu, Y.; Chen, J.; Deng, C.; Ge, R.; Su, H.; Huang, W.; Wang, G. Multi-Omics Revealing the Response
Patterns of Symbiotic Microorganisms and Host Metabolism in Scleractinian Coral Pavona Minuta to Temperature Stresses.
Metabolites 2021, 12, 18. [CrossRef]

https://doi.org/10.1016/j.aquatox.2018.11.005
https://doi.org/10.3389/fmars.2017.00262
https://doi.org/10.1002/mbo3.935
https://doi.org/10.1016/j.ecolind.2022.109569
https://doi.org/10.1038/s41579-021-00592-x
https://www.ncbi.nlm.nih.gov/pubmed/34083797
https://doi.org/10.1371/journal.pone.0134416
https://www.ncbi.nlm.nih.gov/pubmed/26241853
https://doi.org/10.1007/s00248-012-0161-4
https://www.ncbi.nlm.nih.gov/pubmed/23314124
https://doi.org/10.1038/srep11134
https://doi.org/10.1093/femsec/fiv142
https://doi.org/10.1186/s40168-019-0705-7
https://doi.org/10.1016/j.scitotenv.2023.164258
https://doi.org/10.1016/j.envres.2022.114622
https://doi.org/10.1111/1462-2920.15718
https://www.ncbi.nlm.nih.gov/pubmed/34431191
https://doi.org/10.1038/ismej.2013.127
https://doi.org/10.3354/dao02911
https://www.ncbi.nlm.nih.gov/pubmed/26378407
https://doi.org/10.7717/peerj.8137
https://www.ncbi.nlm.nih.gov/pubmed/31875145
https://doi.org/10.3389/fmicb.2019.02244
https://www.ncbi.nlm.nih.gov/pubmed/31608047
https://doi.org/10.1038/s43705-022-00126-3
https://doi.org/10.3389/fmicb.2020.00681
https://doi.org/10.1038/s43705-023-00220-0
https://doi.org/10.1128/spectrum.04910-22
https://www.ncbi.nlm.nih.gov/pubmed/37191552
https://doi.org/10.1016/j.syapm.2016.01.005
https://doi.org/10.3390/metabo12010018


Microorganisms 2023, 11, 1935 14 of 14

76. Varon, M. Selection of Predation-Resistant Bacteria in Continuous Culture. Nature 1979, 277, 386–388. [CrossRef]
77. Williams, H.N.; Lymperopoulou, D.S.; Athar, R.; Chauhan, A.; Dickerson, T.L.; Chen, H.; Laws, E.; Berhane, T.-K.; Flowers, A.R.;

Bradley, N.; et al. Halobacteriovorax, an Underestimated Predator on Bacteria: Potential Impact Relative to Viruses on Bacterial
Mortality. ISME J. 2016, 10, 491–499. [CrossRef] [PubMed]

78. Rubio-Portillo, E.; Martin-Cuadrado, A.B.; Caraballo-Rodríguez, A.M.; Rohwer, F.; Dorrestein, P.C.; Antón, J. Virulence as a Side
Effect of Interspecies Interaction in Vibrio Coral Pathogens. mBio 2020, 11. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/277386a0
https://doi.org/10.1038/ismej.2015.129
https://www.ncbi.nlm.nih.gov/pubmed/26251870
https://doi.org/10.1128/mBio.00201-20
https://www.ncbi.nlm.nih.gov/pubmed/32694137

	Introduction 
	Materials and Methods 
	Experimental Design 
	Photosynthetic Efficiency 
	Detection of Petroleum Hydrocarbons 
	DNA Extraction and Sequencing 
	Sequence Processing and Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

