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Abstract: In this study, the bacterial microbiota associated with apparently healthy corals of Acropora
palmata, Orbicella faveolata, and Porites porites and the surrounding seawater and sediment were evalu-
ated via the MiSeq Illumina sequencing of the V4 region of 16S rRNA at three reef sites in the Mexican
Caribbean. Bacterial assemblages associated with apparently healthy corals and sediments showed
no significant differences between sites. The colonies of A. palmata showed a dominance of families
Amoebophilaceae, Spirochaetaceae, Myxococcaceae, and Cyclobacteriaceae. Meanwhile, the colonies
of O. faveolata and P. porites revealed a high prevalence of the Rhodobacteraceae and Kiloniellaceae
families. The families Rhodobacteraceae, Cryomorphaceae, Cyanobiaceae, and Flavobacteriaceae
were predominant in seawater samples, while Pirellulaceae, Nitrosococcaceae, and Woeseiaceae
were predominant in sediments. Variations in A. palmata bacterial assemblages were correlated with
salinity, sea surface temperature, and depth. These variables, along with nitrate, phosphate, and
ammonium concentrations, were also correlated with changes in the bacterial composition of P. porites,
seawater, and sediments. However, none of the environmental variables were related to the bacterial
taxa of O. faveolata. Aerobic chemoheterotrophy and fermentation, followed by nitrate reduction
and ureolysis, were the metabolic functions with the highest occurrence in the bacterial assemblages
associated with all substrates.

Keywords: reef; 16S rRNA; bacteriome; microbial ecology; metabarcoding

1. Introduction

Coral reefs are considered among the most productive and biologically diverse ecosys-
tems [1,2]. The structural units of these ecosystems are corals [3] and metaorganisms also
referred to as holobionts [4,5]. Corals harbor a dynamic microbiota featuring a wide variety
of taxa consisting of viruses and members of the Archaea, Eukarya, and Eubacteria do-
mains [6,7]. Within this microbial assemblage are bacteria that can inhabit different niches
within the coral, i.e., the mucopolysaccharide surface layer, skeleton, and tissues [8,9].

Bacterial assemblages have a large genetic and ecological pool contributing to corals’
adaptive and evolutionary abilities [10]. These assemblages are involved in essential
functions in host physiology and health such as protection against pathogens [6,11], protein
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and nutrient supply (e.g., carbon, nitrogen, and sulfur) [7,12], and the synthesis of some
essential vitamins [13].

Some investigations have reported that the taxonomic composition of the bacterial
microbiota shows specificity towards coral genera or species, which influences their adap-
tation to environmental changes [6,14,15]. Morrow et al. [16] proposed that the diversity
of bacterial assemblages associated with corals contributes to the resistance and resilience
of these organisms to environmental changes such as thermal stress, nutrient limitations,
pH changes, and ecosystem eutrophication [12]. This bacterial diversity is also influ-
enced by geographic, seasonal, and physical factors of the coral habitats [7,17], which
highlights the importance of understanding how the surrounding environment influences
coral holobionts.

In recent decades, new-generation sequencing has deepened our knowledge of the
non-culturable members in bacterial assemblages of corals [15,18]. Using these techniques,
researchers have identified the bacterial taxa for the core microbiome of corals [19,20],
indicating species specificity that likely provides functional benefits to the holobiont [21,22].
This type of sequencing is relevant for characterizing the bacterial assemblage structures of
apparently healthy and diseased Caribbean corals [23].

Few studies, however, have characterized the bacterial microbiota associated with
coral reefs in the Mexican Caribbean. Mckew et al. [24] found that the bacterial assemblages
in the mucus of Acropora spp. and Porites spp. corals were more diverse than those found in
Indonesia. The authors also observed that the corals showed specific bacterial assemblages
different from that of the surrounding seawater. Conversely, Closek et al. [25] showed
the specific composition and diversity of bacterial taxa in Orbicella faveolata coral colonies
that were apparently healthy. Hernández-Zulueta et al. [23] reported that the bacterial
assemblages associated with apparently healthy Acropora palmata and the surrounding
seawater and sediments showed no significant differences between sampling sites (i.e., the
Mexican Caribbean vs. the Gulf of Mexico).

Knowledge of the bacterial microbiota of apparently healthy corals and their surround-
ing environments is relevant because it allows researchers to identify possible changes in
the structures of the microbial assemblages generated by environmental variation, which
can trigger pathologies. Therefore, this study aimed to estimate the bacterial microbiota
associated with apparently healthy corals of A. palmata, O. faveolata, and Porites porites, as
well as the surrounding seawater and sediments, in three sites of the Mexican Caribbean.
Bacterial assemblages associated with these substrates were characterized using MiSeq
Illumina sequencing of the V4 region of 16S rRNA. In addition, we evaluated the potential
relationship between the structure of the bacterial microbiota and environmental variables
and described the putative metabolic functions of the most abundant taxa.

2. Materials and Methods
2.1. Area of Study and Fieldwork

Samples were collected during October 2021 at three sites in the Mexican Caribbean
that are part of the northern sector of the Mesoamerican Reef System. (1) Chankanaab
belongs to the Cozumel Reefs National Park (20◦26′30.03′′ N, 86◦59′47.55′′ W) and presents
two-level reef development with a reef patch featuring high richness and total live coral
cover; the dominant coral genera at this site are Agaricia, Siderastrea, Porites, and Orbi-
cella [26–28]. This site experiences considerable tourism due to sport diving activities [27].
(2) Puerto Morelos (20◦52′14.29′′ N, 86◦51′3.72′′ W) corresponds to a protected natural area
called Parque Nacional Arrecifes de Puerto Morelos. Reef development in this area is minor,
discontinuous, and distributed as patches limited to shallow areas (<10 m), where the
species A. palmata, Siderastrea spp., and Pseudodiploria strigosa present high coverage [29,30].
(3) Punta Maroma (20◦42′50.96′′ N, 86◦58′38.60′′ W) (Figure 1) is an unprotected reef with
larger reef development than Puerto Morelos and a continuous, shallow (<10 m) barrier
5 km long, as well as high cover of the coral species Acropora spp., Orbicella spp., Porites
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spp., and Siderastrea spp. This area’s reef lagoon features a high proportion of sand, rubble,
algae, and seagrasses [29,31].
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Figure 1. Study area and sampling sites in Mexican Caribbean: Chankanaab, Puerto Morelos, and
Punta Maroma.

2.2. Sample Collection

At each site, three fragments (≈7 cm) of apparently healthy colonies of A. palmata, O.
faveolata, and P. porites were collected through scuba diving according to Ainsworth et al. [19]
and Bourne and Munn [32]. A minimum quantity of corals was sampled to limit the impact
on these important reef builders.

Coral tissues were separated and stored according to the method described by Hernández-
Zulueta et al. [15]. In addition, one liter of surrounding seawater was taken directly over
the coral colony, and marine sediments adjacent to the colonies were collected and placed
in sterile 50 mL plastic tubes. Seawater was filtered using Sterivex filtration units with a
0.22 µm pore size (Millipore, Billerica). All samples were preserved in anhydrous absolute
ethyl alcohol (Baker’s Reagent) and maintained at −20 ◦C until DNA extraction.

The following environmental parameters were determined in triplicate at each site:
salinity (PSU), sea surface temperature (SST), sea depth, and pH. PSU was recorded with an
ATC refractometer, SST and sea depth were measured with a ZOOP dive computer, and pH
was measured with a Ketoket potentiometer. In addition, three seawater samples (150 mL)
were collected for nutrient quantification ((nitrate (mg/L), nitrite (mg/L), ammonium
(mg/L), and phosphate (mg/L) concentrations) at each site with an HACH DR900 portable
colorimeter. The collected seawater was taken no more than 10 cm away from the substrates
(i.e., corals, seawater, and sediments) to determine the environmental variables.

2.3. Sample Pretreatment and DNA Extraction

DNA extraction from coral tissue and sediment samples was performed with a Quick-
DNA Fecal/Soil Microbe Kit (ZYMO Research) following the manufacturer’s instructions.
Seawater DNA was extracted from pre-cut filters with a MagMAX™ DNA Multi-Sample
Ultra kit (ThermoFisher Scientific, Worcester, MA, USA) on a King Fisher Duo Prime kit.
The DNA quality of each sample was evaluated on 1% agarose gel with SYBR safe staining.
The concentration and purity of bacterial DNA were determined with a spectrophotometer
(Jenway Genova Nano) at 280/260 nm. A total of 51 samples corresponding to the five sub-
strates were processed in triplicate for each sample (i.e., A. palmata, O. faveolata, P. porites,
seawater, and sediment) (n = 45) and the controls for DNA extraction methods (n = 6).
Collection tubes from all samples were frozen until DNA sequencing was performed at the
Molecular Research Laboratory (MR DNA, Shallowater, TX, USA).
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2.4. PCR Amplification of the 16S rRNA Gene

The V4 region of the 16S rRNA gene was amplified via PCR primers 515f (GT-
GCCAGCMGCCGCGGTAA) and 806r (GGACTACHVGGGTWTCTAAT) as described
by Caporaso et al. [33]. Amplification was performed using a Qiagen Kit HotStarTaq
Plus Master Mix under the following conditions: initial denaturation at 94 ◦C for 3 min
followed by 28 cycles, each set at 94 ◦C for 30 s, with 53 ◦C for 40 s and 72 ◦C for 1 min
and a final elongation step at 72 ◦C for 5 min; lastly, incubation was performed at 4 ◦C
after amplification.

2.5. Sequencing of the 16S rRNA Gene

After amplification, PCR products were analyzed on 2% agarose gel to determine
the amplification success and relative band intensity. Samples were multiplexed with
unique dual indices and pooled in equal proportions based on their molecular weight and
DNA concentrations. The pooled samples were purified with calibrated Ampure XP beads.
Then, the pooled and purified PCR product was used to prepare the Illumina DNA library.
Sequencing was performed using MR DNA (www.mrdnalab.com, Shallowater, TX, USA,
accessed on 21 April 2022) with MiSeq following the manufacturer’s instructions.

2.6. Sequence Analysis and Taxonomic Identification Using the SILVA Database

Bioinformatic analyses were performed with QIIME 2 [34]. Raw sequence data were
demultiplexed and quality filtered with the minimal quality median set to 30 using the
q2-demux plugin. Sequences were independently cleaned, filtered, trimmed, dereplicated,
merged, and had their chimeras removed using a modified Divisive Amplicon Denoising
Algorithm 2 (DADA2 v. 1.20.0) pipeline [35]. Taxonomic classifications were assigned to
amplicon sequence variants (ASVs) using the q2-feature-classifier [36] and classify–sklearn
naïve Bayes taxonomy classifier against SILVA Database reference sequences (SILVA SSU
138 16.12.2019) [37]. To pass quality control, we eliminated singletons and rarefied the
data in all sequences to a smaller sample size. Finally, the resulting ASV tables, taxonomy
table, and metadata were analyzed using Primer-7 (Primer-e, Plymouth Marine Laboratory,
Plymouth, UK) software [38,39]. All raw data were deposited in the SRA experiment
database PRJNA836615.

2.7. Data Analysis

The model used in the present study considered apparently healthy samples of A.
palmata, O. faveolata, P. porites, seawater, and sediment obtained at all sampling sites (i.e.,
Chankanaab, Puerto Morelos, and Punta Maroma).

Bacterial alpha diversity was assessed by estimating the number of ASVs (labeled as
“ASV richness” (AR) in the present study) and Shannon diversity (H’) in each sample of
the analyzed substrates (i.e., A. palmata, O. faveolata, P. porites, seawater, and sediment). The
variation in these community attributes (AR and H’) was evaluated among sampling sites
across analyzed substrates using a two-way experimental design with crossed factors:

Y = µ + SUi + SIj + SUi × SIj + εij (1)

where Y is the response variables (AR and H’), µ is the average of the variables analyzed,
SUi is the substrate factor (i.e., A. palmata, O. faveolata, P. porites, seawater, and sediment), SIj
is the sampling site factor (i.e., Chankanaab, Puerto Morelos, and Punta Maroma), and εij is
the cumulative error. The SUi × SIj term represents the interaction between the substrate
and site factors. Both factors have a fixed effect (type I model). This experimental design
was evaluated with a permutational multidimensional analysis of variance (PERMANOVA)
constructed using a Euclidean distance matrix with data previously standardized to
Z values.

Bacterial beta diversity analysis considered the variation in ASV composition and
abundance, which was assessed with a second PERMANOVA constructed using the experi-

www.mrdnalab.com
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mental design described before, a Bray–Curtis distance matrix, and square root pretreated
data. The factors that presented significant differences in the PERMANOVA global test
were subjected to post hoc tests via pairwise comparisons. The statistical significance of
the PERMANOVA global and post hoc tests was evaluated with 10,000 permutations of
residuals under a reduced model and the type III sum of squares. In addition, NMDS
ordination was used to visualize the bacterial ASV dissimilarities between the substrates
and sites. This NMDS was performed based on the same data pretreatment, the same
resemblance coefficient, and the results of the second PERMANOVA. Subsequently, the
composition of the most dominant bacterial families was plotted in stacked bar charts.

Additionally, similarities in the composition and abundance of the most dominant
bacterial families among the studied substrates were assessed with a shaded plot. In this
shade plot, we constructed dendrograms based on two clustering strategies to analyze
the similarity between substrates (Q-mode) and associated bacterial families (R-mode).
The first dendrogram used the same data pretreatment and resemblance coefficient as the
second PERMANOVA, while the second dendrogram used data standardized to relative
abundance and Whittaker’s association coefficient. In both cases, the average group linkage
method and similarity profiling procedure (SIMPROF) were used for cluster identification
based on the π test and 10,000 permutations.

Putative metabolic functions were identified with the database Functional Annotation
of Prokaryotic Taxa (FAPROTAX v.1.2.4) [40]. This database includes information from
4600 taxa and assigns a putative metabolic function to each bacterial ASV based on the
literature [40]. Putative functions not found on FAPROTAX were inferred from the literature
by searching the family name and associated metabolic functions [40]. The relations
between the bacterial families identified by the dominance analysis and their putative
functions were analyzed using another shade plot. This shade plot was constructed using
binary data on the incidence of the putative metabolic functions for each family or genus.
For this process, we constructed a Sørensen similarity matrix and used the average group
linkage method to create two dendrograms, one to associate putative functions (Q mode)
and another to associate bacterial families (R mode). Cluster identification was performed
following the SIMPROF (π) procedure, as described previously.

The relationships between the dominant bacterial families in each substrate and
the environmental variables were assessed with the BIOENV procedure using Spearman
correlation (ρ) and the best combinations of environmental variables that were statisti-
cally significant. The statistical significance of the BIOENV correlations was tested with
10,000 permutations. The BIOENV biological matrix was constructed based on the com-
position and abundance of the dominant bacterial families in each substrate, while the
environmental matrix was composed of the variables sea surface temperature (SST), depth,
pH, nitrate content (mg/L), nitrite content (mg/L), ammonium content (mg/L), and phos-
phate content (mg/L) (Table S1). The similarity and data pretreatment matrices for the
biological matrix were the same as those for the second PERMANOVA, while standard-
ization to the Z values and a Euclidean distance matrix were used for the environmental
matrix. In addition, a principal coordinate analysis (PCO) was used to visualize the overall
BIOENV results. Each PCO biplot was generated based on substrate type to analyze the
relationship between the dominant bacterial families’ composition and abundance and the
environmental variables. Biplots were built with the same data pretreatment alongside the
Bray–Curtis similarity and Euclidean distance matrices used in BIOENV. Environmental
variables were also selected from the BIOENV outputs and projected as vectors using
multiple correlation analysis. All analyses, i.e., the community metrics (AR and H’), PER-
MANOVA, NMDS, shade plots, SIMPROF, BIOENV, and PCO, were performed in the
PRIMER v7 software [38,39].

3. Results

Illumina sequencing of the V4 region of the 16S ARNr yielded 1,537,905 high-quality
sequences from the 51 samples, which included the 45 samples from five substrates (i.e.,
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A. palmata, O. faveolata, P. porites, seawater, and sediment) and six negative controls. After
removing ASVs from the negative controls, a total richness of 18,172 ASVs was obtained
on all substrates. Bacterial ASVs were grouped into 70 phyla, 168 classes, 396 orders,
675 families, and 1308 genera. The highest number of ASVs was found in the sediments
(8794), followed by O. faveolata (6649), P. porites (4252), and A. palmata (2189). The lowest
ASV number was estimated in the seawater samples (1168) (Figure S1).

PERMANOVA results for community attributes (AR and H’) showed significant differ-
ences in the interactions between substrate and site factors (Pseudo-F = 1.976,
p = 0.0412), where the substrate was the most important factor, explaining 42.6% of the total
variation (Table S2). Post hoc tests of the interactions by substrate factor showed significant
differences between most substrates within each site (Table S3). The only exception to this
rule was Chankanaab, where no differences were found between O. faveolata and seawater;
sediments, O. faveolate, and P. porites; or O. faveolata and P. porites. In Puerto Morelos, the
community attributes of O. faveolata bacteria were no different from those of the other
substrates. In addition, no differences were observed between P. porites and seawater and
P. porites and sediments. At Punta Maroma, the bacterial AR and H’ of O. faveolata did
not differ from the values in seawater, sediment, and P. porites; moreover, P. porites was no
different from the sediment (Table S3). In contrast, post hoc tests of the factor interactions
at the sampling site showed no significant differences in the substrates between the three
sites, except in seawater at Chankanaab and Punta Maroma (Table S3).

The PERMANOVA found significant variation in the bacterial ASV composition and
abundance in the interactions between the substrate and sampling site (Pseudo-F = 1.751,
p = 0.0001). The substrate factor also explained the largest total variation in the model
(30.6%) (Table S2). Post hoc tests of the interaction by substrate factor showed that, within
each site, the bacterial assemblage of seawater was different from the assemblages in other
substrates (Table S4). In Puerto Morelos, the bacterial taxa of A. palmata and sediments were
also different (Table S4). Post hoc tests of interactions by sampling site showed significant
differences only in the seawater bacterial assemblages between the three sites sampled
(Table S4). NMDS ordination showed that most analyzed substrates had a considerable
bacterial dissimilarity between themselves, particularly seawater, sediments, and A. palmata.
However, O. faveolata and P. porites featured more similar bacterial assemblages (Figure 2).
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Punta Maroma.
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The families Rhodobacteraceae, Amoebophilaceae, Cryomorphaceae, Kiloniellaceae,
Spirochaetaceae, Myxococcaceae, and Cyanobiaceae presented the highest absolute abun-
dance (Figure 3a–c; Table S5). At Chankanaab, the Amoebophilaceae family showed high
abundance in all three coral species (Figure 3a). In particular, the families Spirochaetaceae
and Cyclobacteriaceae dominated in A. palmata, while Kiloniellaceae, Nitrosopumilaceae,
and Rhodobacteraceae prevailed in O. faveolata. The coral P. porites also showed a high
abundance of Kiloniellaceae and Rhodobacteraceae (Figure 3a). In the bacterial assemblage
of Chankanaab seawater, the families Cryomorphaceae, Rhodobacteraceae, and Cyanobi-
aceae were found to be most dominant. Sediments from this site showed a high abundance
of the Pirellulaceae family (Figure 3a; Table S5).

Diversity 2023, 15, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 3. Stacked bar charts showing the composition and relative abundance of the main bacteria 

families by substrate and sampling site. The replicate codes comprise the substrate type (A is A. 

palmata; O is O. faveolata; P is P. porites; Sw is seawater; Sd is sediments) and their respective sample 

number. 

At Punta Maroma, the Rhodobacteraceae family was dominant in O. faveolata, P. 

porites, and seawater (Figure 3b). A high abundance of the Amoebophilaceae family was 

observed in A. palmata and O. faveolata. Another family that prevailed in A. palmata was 

Spirochaetaceae. In O. faveolata and P. porites, the families Kiloniellaceae and Nitrosopu-

milaceae dominated (Figure 3b). In seawater and sediments, the same families observed 

in Puerto Morelos dominated (Figure 3b; Table S5). 

In Puerto Morelos, the Kiloniellaceae family presented high levels of abundance in 

corals and sediments (Figure 3c). Likewise, the Myxococcaceae and Amoebophilaceae 

families had a high prevalence in A. palmata. The corals O. faveolata, P. porites, and seawater 

presented large quantities of the Rhodobacteraceae family. The Rhizobiaceae family was 

also abundant in P. porites. The Cryomorphaceae, Cyanobiaceae, and Flavobacteriaceae 

families were dominant in seawater samples, while Pirellulaceae, Woeseiaceae, and Ni-

trosococcaceae were dominant in sediments (Figure 3c; Table S5). 
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sample number.

At Punta Maroma, the Rhodobacteraceae family was dominant in O. faveolata, P.
porites, and seawater (Figure 3b). A high abundance of the Amoebophilaceae family was
observed in A. palmata and O. faveolata. Another family that prevailed in A. palmata was
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Spirochaetaceae. In O. faveolata and P. porites, the families Kiloniellaceae and Nitrosopumi-
laceae dominated (Figure 3b). In seawater and sediments, the same families observed in
Puerto Morelos dominated (Figure 3b; Table S5).

In Puerto Morelos, the Kiloniellaceae family presented high levels of abundance in
corals and sediments (Figure 3c). Likewise, the Myxococcaceae and Amoebophilaceae
families had a high prevalence in A. palmata. The corals O. faveolata, P. porites, and seawa-
ter presented large quantities of the Rhodobacteraceae family. The Rhizobiaceae family
was also abundant in P. porites. The Cryomorphaceae, Cyanobiaceae, and Flavobacteri-
aceae families were dominant in seawater samples, while Pirellulaceae, Woeseiaceae, and
Nitrosococcaceae were dominant in sediments (Figure 3c; Table S5).

The shade plots demonstrate that aerobic chemoheterotrophy (AeCh) (53%) and fer-
mentation (Ferm) (32%) were the metabolic functions with the highest prevalence in the
most dominant bacterial families among the five substrates studied (Figure 4a,b). The
families with the highest number of putative functions were Rhodobacteraceae and Hy-
phomicrobiaceae with six; Xanthomonadaceae with five; Sandaracinaceae, Hyphomon-
adaceae, Desulfocapsaceae, and Gemmatimonadaceae with four; and Cryomorphaceae,
Burkholderiaceae, Rhizobiaceae, Flavobacteriaceae, Vibrionaceae, Desulfosarcinaceae, Pseu-
domonadaceae, Sphingomonadaceae, and Oxalobacteraceae with three. The remaining
40 families had less than three functions (Figure 4b).
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Figure 4. Shade plots show the dominant bacterial family of the substrates and their putative
metabolic functions. (a) Dominant bacteria families of A. palmata (Ap), O. faveolata (Of), P. porites
(Pp), seawater (Sw), and sediments (Sd). (b) Relationship between the dominant bacterial family and
their putative metabolic functions. Codes: AeCh is aerobic chemoheterotrophy; Ferm is fermentation;
NiRed is nitrate reduction; DThO is dark thiosulfate oxidation; Chit is chitinolysis; Ureo is ureolysis;
IrRe is iron respiration; APSO is anoxygenic photoautotrophy S oxidizing; SuRe is sulfur respiration;
Cell is cellulolysis; DOSC is dark oxidation of sulfur compounds; Meth is methylotrophy; Xyla is
xylanolysis; HPA is human pathogens all; NiFi is nitrogen fixation; NiRe is nitrate respiration; N2Re
is nitrogen respiration; SaRe is sulfate respiration; Lign is ligninolysis; Phot is photoheterotrophy;
PlPa is plant pathogen; Pha is photoautotrophy; HyDe is hydrocarbon degradation; ReAc is reductive
acetogenesis; ArRe is arsenate respiration; ArHD is aromatic hydrocarbon degradation; NiDe is
nitrate denitrification; ANi0 is aerobic nitrite oxidation; AeAO is aerobic ammonia oxidation.

The Amoebophilaceae, Spirochaetaceae, and Myxococcaceae families were abundant
in A. palmata coral (Figure 4a). The Amoebophilaceae family performed the metabolic
function of aerobic chemoheterotrophy respiration (AeCh), Spirochaetaceae performed
fermentation (Ferm), and Myxococcoccaceae carried out xylanolysis (Xyla) (Figure 4b).
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Meanwhile, in O. faveolata and P. porites corals, the Rhodobacteraceae and Kiloniellaceae
families predominated (Figure 4a). The Rhodobacteraceae family presented the following
metabolic functions: AeCh, Ferm, cellulolysis (Cell), dark oxidation of sulfur compounds
(DOSC), ligninolysis (Lign), and photoheterotrophy (Phot). Meanwhile, the Kiloniellaceae
family carried out nitrate denitrification (NiDe). P. porites also showed a high abundance
of the Rhizobiaceae family, in which AeCh, plant pathogens (PlPa), and nitrate reduction
(NiRed) were reported (Figure 4a,b)

In seawater, the families Rhodobacteraceae, Cryomorphaceae, Cyanobiaceae, and
Flavobacteriaceae were notably dominant (Figure 4a). Cryomorphaceae presented AeCh,
NiRed, and dark thiosulfate oxidation (DThO). In addition, Cyanobiaceae performed Phot,
and Flavobacteriaceae carried out AeCh, NiRed, and Ferm. In the sediments, Pirellulaceae,
Nitrosococcaceae, and Woeseiaceae dominated. AeCh was observed in the Pirellulaceae
and Woeseiaceae families, while aerobic nitrite oxidation (ANi0) was reported in Nitroso-
coccaceae (Figure 4a,b).

The BIOENV results showed the bacterial assemblages of A. palmata to be correlated
with sea surface temperature (SST), salinity, and depth (Table S6). Combinations of these
variables were also related to the bacterial composition of P. porites, seawater, and sediments,
but only after including nitrate (NO3

−), phosphate (PO4), and ammonium (NH4) (Table S6).
pH and nitrite (NO2

−) were only related to seawater and sediments. The bacterial taxa
of O. faveolata were not correlated with any environmental variables (Table S6). The
PCO biplots also showed that the subsets of environmental variables correlated with the
dominant bacterial families differed among substrates. Salinity, depth, and SST were highly
correlated in most substrates, particularly in A. palmata and P. porites. However, NO3

− was
highly correlated with P. porites and sediments, as was NO2

− in seawater. These nutrients
were mainly correlated with the Chankanaab site, while salinity and SST were correlated
with Puerto Morelos (Figure 5).Diversity 2023, 15, x FOR PEER REVIEW 11 of 17 
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Figure 5. PCO biplots represent the relationship of dominant bacterial ASVs with different environ-
mental variables by each studied substrate type across sampling sites. These biplots represent the
BIOENV procedure’s main results, and environmental variables are represented as vectors within a
Pearson correlation circle. Codes: SST is sea surface temperature; SAL is salinity; NO2 is nitrite; NO3

is nitrate; NH4 is ammonium; PO4 is phosphate; pH is the potential of hydrogen. Note: The PCO
biplot for O. faveolata was not performed because the BIOENV procedure did not find a significant
correlation with environmental variables.
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4. Discussion

In this study, the structures of bacterial assemblages associated with apparently healthy
corals and sediments did not present spatial variation, but the seawater did show differ-
ences between sampling sites. Previous studies have reported that corals of the same
species but from different sites present similar bacterial assemblages [4,14,15], suggesting
that microbiota specificity ensures the holobiont’s health, functionality, adaptability, and
resilience to environmental changes [6,12]. The similarities between the coral and sediment
microbiota suggest that such sediments are bacterial sources for holobionts. Some studies
have proposed that sediments act as bacterial reservoirs in coral reefs [14,41]. Likewise,
the bacterial assemblage in the sediments can be influenced by the coral mucus falling
from the corals [42]. Some studies affirm that the corals may influence the surrounding
sediments (in terms of granulometry, microbiome, meiobenthos composition, and organic
matter) [43,44]. We suggest that sediment samplings at increasing distances from the coral
would be necessary in the future to verify the hypothesis that sediments are the source
of the coral microbiome. However, the lack of differentiation between most substrates is
striking since it was previously reported that the absence of differences between substrates
in coral reefs could indicate environmental disturbances [15]. Nonetheless, no signs of
disturbance were observed in the sampling sites, and the measured physicochemical vari-
ables corresponded to those of oligotrophic marine ecosystems. In contrast, seawater’s
bacterial assemblages differed from those observed in corals. These results agree with
those reported by Hernández-Zulueta et al. [23], de Voogd et al. [45], Zhang et al. [46], and
Cleary et al. [47]. Therefore, these data confirm that corals correspond to different bacterial
microbiota compared to the surrounding seawater. The family with the highest relative
bacterial abundance in O. faveolata, P. porites corals, and the surrounding seawater was
the Rhodobacteraceae family. Members of this family have been widely associated with
tropical corals [48,49], suggesting that they establish mutualistic relationships with these
organisms. However, these bacteria have been associated with poor reef health because
they increase their abundance when corals are diseased and stressed [50–52]. Likewise, it
was previously reported that several members of this family, such as P. lutea, are indicators
of thermal stress [53].

The Rhizobiaceae family also presented a high abundance in the coral P. porites. Some
members of this family are involved in the biological processes of nitrogen fixation and
some plant diseases [54]. The high abundance of this family was also linked to diseased
corals [55]. Conversely, the family Cryomorphaceae showed a high abundance in seawater
samples. The dominance of this family, which belongs to the order Bacteroidetes, is
consistent in coral reefs [56]. Moreover, microorganisms of this order have been used to
induce microbialization in coral reefs [57].

The Amoebophilaceae family is highly abundant in A. palmata and O. faveolata corals.
The genus Candidatus amoebophilus was reported to dominate the microbiome of Caribbean
corals and is specifically associated with coral tissue, featuring a relative abundance of
up to 70% among bacterial sequences [48,58]. However, the role of this microorganism in
coral-associated bacterial assemblages is currently unknown.

A. palmata was strongly dominated by sequences related to the families Myxococcaceae
and Spirochaetaceae. Some members of the Myxococcaceae family produce secondary
metabolites that act as antimicrobials, antiparasitics, antivirals, cytotoxins, and anticoagu-
lants [59]. Although the presence of this family has not been previously reported in corals,
Myxococcaceae species could participate in holobiont defense. Moreover, members of
the Spirochaetaceae family are characterized as free-living nonpathogenic anaerobic mi-
croorganisms capable of fixing and degrading organic carbon [60]. For example, the genus
Spirochaeta is involved in nitrogen fixation [61]. Therefore, this family may be relevant for
apparently healthy A. palmata corals by favoring carbon degradation and nitrogen fixation.

The family Cyanobiaceae presented a high abundance in the seawater samples. Mem-
bers of this family (e.g., Synechococcus) are also considered key organisms for nitrogen
fixation in coral reef ecosystems [62]. The Pirellula and Nitrosococcaceae families were
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found to be prominent in sediments, and bacteria of the Pirellula family presented a wide
range of physiological strategies, as some bacterial isolates are oligotrophic heterotrophic
(micro) aerobic, and others are facultative fermenters or facultative NO3

− reducers [63].
Conversely, members of the Nitrosococcaceae family from marine sediments are recog-
nized as nitrifying bacteria because of their potential for ammonia oxidation in the nitrogen
cycle [64]. Therefore, the presence of these families in marine sediments is relevant to the
carbon and nitrogen cycles that develop in the reef ecosystem.

Analysis of putative metabolic functions of the most dominant bacteria showed many
sequences assigned to aerobic chemoheterotrophy and fermentation. Aerobic chemo-
heterotrophy is performed by most microorganisms and is, therefore, classified as a broad
ecosystemic function [65]. Ostria-Hernández et al. [22] reported that this metabolic func-
tion displayed the highest occurrence in the bacterial core microbiomes of corals from
the Mexican Central Pacific. Aerobic chemoheterotrophy and fermentation are related
to obtaining energy from the degradation of organic compounds. For example, some
chemoheterotrophic bacteria can degrade dimethylsulfoniopropionate, a key compound
in the marine sulfur cycle produced in large quantities in coral reefs [66]. Furthermore,
bacterial fermentation allows corals to obtain energy from the degradation of amino acids
in oligotrophic environments [67].

The bacterial assemblages of corals A. palmata and P. porites, seawater, and sediments
were correlated with different environmental variables. The sea surface temperature (SST),
for example, was correlated with the bacterial microbiota of A. palmata, P. porites, and
sediments. An increase in this variable was reported to induce important changes in
the structure and functionality of the bacterial assemblage [68] and in the occurrence of
coral diseases generated by opportunistic pathogens [69]. Other environmental variables
contributing to the variation in bacterial assemblages among substrates were salinity and
concentrations of nitrite, nitrate, ammonium, and phosphate. Lee et al. [70] observed that
salinity (SAL) and ammonium contribute to the composition of the bacterial microbiota
of Red Sea corals. Furthermore, Hernández-Zulueta et al. [15] found that ammonium is
one of the most significant environmental variables correlated with variation in bacterial
OTU composition in coral tissues, seawater, and sediments from the Mexican Pacific. Our
results are consistent with previous research indicating that marine environmental chemical
components (i.e., the concentrations of nitrite, nitrate, ammonium, and phosphate) regulate
the microbiota composition of corals and their surrounding habitats [71,72].

5. Conclusions

This study provides a foundation for monitoring the structure of coral bacterial assem-
blages in the Mexican Caribbean. Our results show that the coral’s bacterial microbiota
possess spatial stability, supporting the concept of coral–bacteria specificity. Furthermore,
we found that the composition and abundance of the bacterial taxa of A. palmata and P.
porites, seawater, and sediments were correlated with variables such as SAL, SST, nitrites,
nitrates, ammonium, and phosphates. In terms of metabolic pathways, the most abundant
bacterial families performed aerobic chemoheterotrophy and fermentation, which are vital
functions for coral nutrition. This study could contribute to generating a baseline for micro-
bial ecology in coral reefs in the Mexican Caribbean because a high incidence of diseases
that affect the health of this ecosystem was reported in this region [23,25,52,73]. Further
research on bacterial assemblages associated with coral ecosystems should be conducted
to promote the maintenance, conservation, and restoration of this marine system in the
Mexican Caribbean.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d15090964/s1, Table S1: Average environmental variables at three
sampling sites of the Mexican Caribbean; Figure S1: Venn’s diagram showing number of amplicon
sequence variants (ASVs) in each substrate; Table S2: Results of the two-way crossed PERMANOVA
with replication of the community attributes (ASV richness [AR], Shannon diversity [H’, nats]), and
the bacterial ASV composition and abundance among substrates and sampling sites; Table S3: Results
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of the Post hoc tests of the two-way crossed PERMANOVA of the community attributes (ASV richness
[AR] and Shannon diversity [H’, nats]) of the interaction Substrate x Site, considering the substrate
within and among sites; Table S4: Results of the Post hoc tests of the two-way crossed PERMANOVA
of the bacterial ASV composition and abundance of the interaction Substrate x Site, considering the
substrate within and among sites; Table S5: Dominant bacteria families of each substrate within each
site; Table S6: BIO-ENV outputs with the best subsets of environmental variables correlated with the
bacterial assemblage per substrate.
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