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Abstract

:

Improving the availability of new sources of probiotics is essential to continue implementing alternative solutions to improve coral health; one such source is urban corals. However, little is known about urban coral’s health status and whether they can harbor bacteria exhibiting probiotic traits. Here, we explored the status of the urban coral Madracis auretenra and the presence of probiotic traits in its associated culturable bacteria. After assessing ecological attributes, we observed a similar abundance (cover %) when comparing patches of M. auretenra occurring in both an urban site and a marine protected area. The urban patch also exhibited a high abundance of vibrios in coral tissues and signs of ecosystem deterioration. However, this patch showed a “good” health index condition; so, we hypothesized the presence of beneficial bacteria. We isolated 132 bacterial strains from this healthy urban M. auretenra. These bacteria were affiliated with 11 genera, including Vibrio, Shewanella, Bacillus, Exiguobacterium, Priestia, and Niallia, among others. Screenings revealed the predominant presence of potential probiotic traits such as catalase, antiQS, and the production of siderophores activities among the bacterial isolates. We proposed a list of 24 bacterial isolates as probiotic precandidates that jointly exhibited three or more of these traits, among which the Vibrio and Bacilli strains stand out. We provide insights into the health status of this urban coral and its potential as a source of bacteria exhibiting potential probiotic traits.
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1. Introduction


Recently, the manipulation of coral-associated microbial communities has received particular attention as an intervention strategy to protect and improve coral health in response to climate change and local anthropogenic disturbances. Rapidly deteriorating environmental conditions can cause coral physiological stress and nutrient limitation, leading to coral bleaching and infectious disease outbreaks [1,2,3,4]. The application of beneficial bacteria, now referred to as coral probiotics, is a promising novel approach to compensate for these impacts [5,6,7,8]. Environmental conditions triggered either naturally or by global or local disturbances act as selective forces that reward the most advantageous phenotypes [9]. These resistant and adapted individuals harbor beneficial bacteria [10,11,12]. The number of these bacteria that naturally occur in the compartments (i.e., mucus, tissues, or skeleton) of these corals often increases, and this gives the coral a genetic potential to adapt rapidly to changes, since these bacteria evolve much more rapidly than the coral host [13,14,15]. By doing so, the probiotic bacteria provide benefits to their coral host that help buffer or exacerbate the effects of disturbance [16].



Given that coral-associated microbial communities often exhibit species-specific patterns, the first step in developing coral probiotics is sourcing corals from locally impacted environments previously exposed to stressful conditions [5,17]. The next step is isolating and selecting putative beneficial bacteria [6,17]. The identification of potentially beneficial probiotic traits is essential to selecting the most appropriate formulation consortia. Some examples of these probiotic traits include (1) the production of compounds such as detoxifying enzymes (e.g., catalases) and sun-protective pigments that might help facilitate an enhanced coral response to thermal and UV-radiation stress [18,19]; (2) the synthesis of antimicrobial and anti-quorum sensing (antiQS) compounds that inhibit or maintain controlled potential opportunistic pathogens [20,21]; and (3) the production of nutrient scavengers such as siderophores that indirectly help the coral host by increasing the availability of essential trace nutrients (metals and vitamins) that algal symbionts require to recover after bleaching events [22]. An effective probiotic must exhibit at least one of these traits [8,23]. Despite this importance, to date, few studies have been conducted to assess the potential of different corals as sources of probiotic bacteria [7,24,25,26,27].



Coral reefs in impacted urban coastlines hold immense probiotic potential. “Urban corals” have adapted to highly variable conditions (i.e., turbidity, eutrophication, pollution, and fishing) due to their robustness, stress tolerance, and relative resistance to bleaching [28,29,30,31,32,33,34,35]. This adaptation is thought to be related to flexible host–bacterial associations that provide a dynamic microbiome that allows corals to respond more rapidly to prevailing conditions [10]. This flexible microbiome and the coral host adaptative mechanisms improve the response and increase survival [31]. This makes urban corals a potential source of beneficial bacteria. Although local stressors along urban coastlines have been identified [36,37,38,39], little is known about the status of urban corals and their associated bacteria, and whether these corals harbor probiotic bacteria needs to be addressed.



In the present study, we explored the status of the urban coral patch of the species Madracis auretenra in Santa Marta, Colombia and characterized its associated culturable bacteria in search of probiotic potential. We assessed coverage, interactions, and deterioration in the benthic community, counted bacterial loads in its mucus and tissue, and compared it to a nonurban coral reef formation of the same species. Since the target coral patch lies in an urban-influenced environment and exhibits an apparent healthy status, we hypothesized that this coral harbors beneficial bacteria with probiotic potential. We taxonomically characterized culturable bacteria associated with the urban M. auretenra and screened for probiotic traits (catalase, pigments, antagonism, antiQS activity, and siderophore production).




2. Materials and Methods


2.1. Permits


Individual and framework “Permits for the Collection of Specimens of Wild Species of Biological Diversity for Non-Commercial Scientific Research Purposes” were issued for sample collection inside the Tayrona National Natural Park (PNN Tayrona) and outside the jurisdiction of National Natural Parks. Individual permit expedient PIR 007-2021 was issued through Resolution 191 of 16 December 2021. The National Environmental Licensing Authority (ANLA) of Colombia through Resolution 1715 of 30 December 2015, and the modified Instruction Normative No. 00213 of 28 January 2021 issued the framework permits.




2.2. Study Area


The coastal area of Santa Marta, Colombian Caribbean (Figure 1) has a narrow continental shelf with rocky coasts [40] and includes two urban settlements, El Rodadero and the city of Santa Marta, altogether containing 546,979 inhabitants [41] (Figure 1), where the port and tourist activities predominate. This area also includes the Parque Nacional Natural (PNN) Tayrona, a protected area where tourism and fishing are restricted, located 11.7 km2 from the main urban center [42]. The climatic regime is annually bimodal (Figure 1). The dry season (December–April) is characterized by cold waters ranging from 20 °C (min) to 25 °C (max) and salinity > 36; and the rainy season (May–November) is characterized by warmer waters between 27 °C (min) and 29 °C (max) and salinity < 34 [43,44]. The high discharges from the submarine outfall, the local rivers, the overflow of sewers, and the Magdalena River and Cienega Grande de Santa Marta (CGSM) affect the quality of the coastal waters, increasing nutrients, sedimentation, algae biomass, and bacterial load [44,45,46]. This area harbors several coral reef formations (typically patchy). Live coral cover reaches ~62% inside the PNN Tayrona but is much lower (~4 to 22%) near the urban settlements [47]. Here, we describe the status of an urban coral patch of the species M. auretenra and compare it with the same species found in the PNN Tayrona protected area. The nonurban site—CHE—was located at Chengue Bay (11°19′30″ N, 74°07′41.8″ W), whereas the urban site—INC—was at the Inca Inca sector (11°12′58.4″ N, 74°14′6.3″ W).




2.3. Evaluation of Madracis auretenra Reef Patches Status


We performed microbiological (counts of heterotrophic bacteria and vibrios), ecological (cover, interactions, and health status), and environmental surveys in the patches of M. auretenra at each site during the dry season in March 2022 by scuba diving at a depth of ~4 to 9 m.



2.3.1. Sample Collection


Patches of M. auretenra were recognized according to Locke et al. [48]. This species exhibits a branching morphology with strong secondary and tertiary branches and forms plocoid colonies, where patches generally reach 2–5 m in diameter [49]. Healthy colonies were identified by having a bright yellow to golden color with no apparent deterioration (stress signs and/or disease). Specimens were confirmed taxonomically under a stereoscope (Figure 2) [48].



Three to four fragments (~5 cm) were collected manually from each of the three different healthy and diseased (stressed, i.e., bleached, paled, partially dead) colonies. Colonies were randomly picked (individual phenotypes separated by >5 m from each other) along a marked 10 m transect using sterile gloves. Samples were maintained in separated sterile packages at 4 °C during transport (approximately 1 h). At the laboratory facilities of Universidad de Bogota Jorge Tadeo Lozano, samples were processed immediately as described by Cárdenas et al. [50], with modifications. Fragments were cut into 3 cm pieces and slightly washed five times with sterile Phosphate Buffered Saline-PBS (137 mM NaCl, 2.7 mM KCl, 100 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4) with stirring to remove loosely attached bacteria and particles. To confirm sterile conditions, 0.1 mL of the water from the last wash was plated on Marine Agar (Condalab, Spain), and the absence of growth after 48 h indicated that no associated bacteria were removed. Three washed pieces were set in triplicate into flasks containing 60 mL of sterile PBS. Mucus was obtained under stirring (135 rpm × 1 h) at room temperature (28 °C). Then, fragments were macerated in mortar, and tissue slurry was recovered in 60 mL of PBS. Samples from each site, coral compartment (mucus and tissue), and health condition (healthy and diseased) were pooled, respectively, concentrated at 3000× g, and resuspended in 6 mL of sterile PBS for further analysis.




2.3.2. Counts of Total Heterotrophic Bacteria and Vibrios


We estimated the load of heterotrophic bacteria and vibrios in the mucus and tissue of healthy and diseased M. auretenra. Ten-fold dilutions were prepared from 1 mL of four independent replicates from Section 2.3.1, and 0.1 mL of dilutions of 10−3 and 10−4 were spread onto Marine Agar and Thiosulfate–Citrate–Bile–Sucrose Agar (TCBS, Oxoid, UK) plates. Colony-forming units (CFU) were enumerated, and total heterotrophic bacteria were counted from Marine Agar after five days and vibrios from TCBS agar after 24 h of incubation at 28 °C. Data were reported as CFU per mL or g of mucus or dry tissue, respectively.




2.3.3. Benthic Community and Health Status


The composition of the benthic community associated with the patches of M. auretenra was evaluated by estimating the percent cover from 60 photo quadrats (0.25 m2) shot in situ with strobe lighting (Olympus Tg-6), as proposed by Brown et al. [51]. Quadrats were alternately placed left and right along three 10 m2 transect belts every 5 m at a constant depth. Benthic community composition was determined from 10 categories, with the 4 central categories being hard coral, soft coral, macroalgae, and abiotic substrate. The hard coral category was divided into Madracis auretenra and other hard corals. Macroalgae were differentiated as fleshy, filamentous/cyanobacteria, and crustose coralline-CCA. The abiotic substrate category was defined as other nonliving substrates and consisted of sediment and coral rubble. The percentage of each benthic community category was estimated from 30 random points using Photo Quad v1.4 software [52].



The composition of the interactions in the patches of M. auretenra was estimated through the frequencies of contact recorded, as previously described by Barott et al. [53]. Three 10 m2 transects were used at a constant depth, where a 1 m belt of the transect line was examined with a 0.5 × 0.5 m gridded quadrat (25 grids). Any M. auretenra branch physically touching macroalgae, sponges, hard/soft corals, or other invertebrates was documented (area totaling 30 m2). The frequency of interaction of functional groups was determined by counting the number of grids where the contact was occurring over the total grids at each quadrat, and the data were expressed as a percentage.



We also recorded the occurrence of deterioration signs and the health status. The frequency of bleaching (bright white polyps), paleness (loss of bright yellow), overturning, partial mortality, sedimentation, and bites were estimated by the presence–absence of that condition at each quadrat, and the data were expressed as the percentage of occurrence of the deterioration sign. A customized health index was also calculated according to Cuthbert et al. [54], with modifications. The index included the average of three measurements: (i) hard coral cover, (ii) macroalgae cover, and (iii) the proportion of vibrios in coral tissue. On a scale of 5–1, the measurements were scored 5 when coral cover > 40%, macroalgae cover < 1% and the count of vibrios was 0–10 UFC g−1 (see Table S1). An average value of 5.0–4.3 indicates a very healthy status, 4.2–3.5 indicates good health, 3.4–2.7 is a regular condition, and values below 2.6 and 1.8 are bad and critical conditions, respectively.




2.3.4. Physicochemical Analysis


Water samples were taken randomly at a constant depth over transect belts. About 1 L of water was collected in triplicate, stored at 4 °C for less than 24 h, and analyzed for nitrites (NO2−), nitrates (NO3−), ammonia (NH4+), phosphates (PO43−), and suspended total solids (SST) [55,56]. Analysis was performed at the LABCAM unit of the Marine and Coastal Research InstituteInvemar. The “Instituto de Hidrología, Meteorología y Estudios Ambientales-IDEAM” accredited the results under Resolution 0049 of 15 January 2021. Temperature (°C), pH, salinity, and percentage of oxygen saturation were measured in situ. At least three independent replicates were analyzed for each variable.




2.3.5. Statistical Analysis


Data were expressed as mean ± standard error (SE). All data were visualized using the R Studio package. To avoid redundancy, a correlation analysis was performed (r > 0.95, p > 0.05), and one of the variables was excluded. Transformations and resemblances of the set of data were performed before the statistical test. A Log (X + 1) transformation and the Euclidean distance were used for environmental data. The square root and fourth root transformations were used for community composition and microbiological data, and the distances were calculated using Bray–Curtis similarity. Permutational Multivariate Analysis of Variance (PERMANOVA) [57] was performed with the homonymous routines in PRIMER7 [58] to detect significant differences at a confidence level of 95%. PERMANOVA main test was performed using the site as the main factor, allowing unrestricted permutations of the raw data and accounting for type III error, where the fixed effects sum to zero with 999 random permutations. Two additional individual factors, each with two levels, were evaluated for statistical inference of the microbiological data and consisted of (i) compartment (mucus and tissue) and (ii) health condition (healthy and diseased).



A RELATE testing match was conducted with the Spearman rank correlation method to find the relationship between environmental variables and the community composition. Then, a Distance-based Multivariate Multiple Regression test (DistLM; stepwise, adjusted r2) was performed to establish the significance of the most explanatory variables [59]. A Redundancy Analysis (RDA) was conducted using a constrained ordination model to visualize the prediction of the environmental variables over the community composition. The input consisted of cover data that were first transformed using the “decostand()” function in the R package “vegan” with the Hellinger distance method [60]. Non-collinearity of variables was checked, and the most explanatory variables were simplified in the model and visualized in a plot. The significance of the RDA model was tested with the “anova.cca()” function. Differences between sites concerning the frequency of contact were analyzed through the STATGRAPHICS Centurion package 19.4.02 version, and differences were detected using a Chi2 test [61].





2.4. Characterization of Culturable Bacteria and Screening of Probiotic Traits


2.4.1. Coral-Associated Bacterial Isolation


Bacteria were isolated from healthy samples of urban M. auretenra collected at Inca Inca (Figure 1) by scuba diving at a depth of 4 to 7 m. The mean seawater temperature, pH, and salinity for the sampling location in this month were 27.7 ± 0.30 °C, 8.1 ± 0.05, and 33.4 ± 0.28, respectively. Healthy fragments were collected and processed, as previously described in Section 2.3.1. Ten-fold serial dilutions (10−1, 10−2, 10−3, and 10−4) were prepared in PBS from 1 mL of the mucus and tissue samples. Then, 0.1 mL of each dilution was spread in triplicate onto plates of Marine Agar and Tryptone Soy Agar (TSA, Oxoid) with NaCl 1% and were incubated at 28 °C for 24 h to 5 days [25,62,63]. After incubation, bacteria were picked according to the differences in colony morphology (size, margin, color, elevation, texture, and shape). The selected bacterial colonies were systematically purified until they exhibited one unique morphology and were characterized by Gram-staining. All the isolates were stored in a glycerol broth suspension (20%, v/v) at −80° C (for one year), and some copies were maintained at −20 °C (for six months).




2.4.2. Qualitative Functional Screening of Coral Probiotic Traits


Each morphologically different bacterial isolate was screened for coral probiotic traits, as proposed by Peixoto et al. [8]. The screening was focused on the need to mitigate the impacts of climate change on corals, i.e., thermal stress, UV damage, increase in pathogens and opportunists, and iron limitation. These probiotic traits included (i) antioxidant activity, (ii) pigment production, (iii) antagonistic activity, (iv) antiQS activity, and (v) siderophore production and were qualitatively described (see Table S10). For all assays, bacteria were grown in Marine Agar and Marine Broth media at 28 °C when corresponding.



Antioxidant Activity and Pigment Production


The antioxidant activity was detected by catalase test according to Rosado et al. and Reiner [25,64]. A drop (100 µL) of 3% (v/v) hydrogen peroxide (H2O2) was deposited on a microscope slide and mixed with a small amount of fresh inoculum of the test bacteria. The isolate was considered catalase-positive if bubbles appeared, and the activity was systematically classified as + low activity (25% of the surface covered with bubbles), ++ moderate activity (50% of the surface covered with bubbles), +++ high activity (75% of the surface covered with bubbles), or ++++ very high activity (100% of the surface covered with bubbles). Staphylococcus aureus Rosenbach ATCC® 25923™ was used as the positive control. Bacterial isolates exhibiting distinctive coloration (i.e., yellow, pink–red, brown, and orange) were selected and analyzed by spectrophotometry. From 100 mL of 72 h broth cultures, pigments were methanol-extracted (1:1), and the absorbance of the colored extracts was measured in triplicate every 25 nm at a range from 400 to 700 nm in a GENESYS 10 UV spectrophotometer [65]. Curves were drawn to observe potential absorbance peaks.




Antagonistic and antiQS Activities


The antagonistic activity against coral pathogen Vibrio coralliilyticus was tested by the cross-streak method [66]. The test isolate was streaked across the agar plates, and V. coralliilyticus was perpendicularly streaked to the test isolate. After 24 h of incubation, the presence of halos indicated the inhibition of growth [67]. The antiQS activity was tested by the ability of the isolate to inhibit the bioluminescence of the biosensor Photobacterium sp. ICM9 (OL964654). This biosensor was isolated from the mucus of healthy M. auretenra and was selected on the basis that bioluminescence has been reported under the QS mechanism in Vibrio and Photobacterium species [68,69]. A disk diffusion assay was performed to detect antiQS activity according to Ma et al. [21], with modifications. Briefly, the biosensor was streaked continuously in three directions onto agar plates using a sterile loop [70], and sterile filter paper circles (0.5 cm diameter) were placed on the agar surface at regular intervals. The test isolates were cultured overnight in 1.5 mL of broth at a constant shaking (145 rpm), and 10 µL of cultured bacterial suspension (OD600 = 0.4–0.6) was pipetted onto the filter paper. After incubation for 24 h, the plates were visualized in complete darkness, and inhibition of bioluminescence was detected by the appearance of an obscure halo over the biosensor growth around the disk. The assay was performed in three independent replicates and the potential antiQS isolates were confirmed using biosensor Chromobacterium violaceum [21] donated from the Department of Chemistry of the National University of Colombia. Marine broth and Escherichia coli ATCC® 25922™ were used as blank and negative controls, respectively.




Siderophores Production


The ability of the isolates to produce siderophores was tested using the CAS (Chrome Azurol Sulfonate) solid assay, as described by Schwyn and Neilands [71] and modified by Pérez-Miranda et al. [72]. The medium for a liter of overlay was prepared as follows: CAS 60.5 mg, hexadecyl trimethyl ammonium bromide (HDTMA) 72.9 mg, and 1 mM FeCl3·6H2O in 10 mL of 10 mM HCl. The CAS solution and a solution of the gelling agent agarose (0.9%, w/v) were sterilized (121 °C × 15 min) separately, cooled, and mixed. About 10 mL overlays of this mixture were poured over agar plates containing the cultured test isolates. After 4 h of incubation at room temperature, a color change surrounding the bacterial colony indicated a positive result. Color changes occurred from blue to orange (siderophores of the hydroxamate type) and from blue to light yellow (carboxylate type). This assay was repeated at least three times for the sample. Pseudomonas aeruginosa ATCC® 27853™ was used as a positive control.





2.4.3. DNA Extraction and Identification via 16S rRNA Gene Sequence Analysis


Genomic DNA of all the screened bacterial isolates was extracted via Zymo Research Bacterial/Fungal DNA MicroPrep™ Kit. Overnight cultures of each isolate were prepared and centrifuged at 3000× g. The pellet was washed once with sterile PBS (to remove the culture medium) and resuspended in 0.2 mL of the buffer. The extraction was performed according to the manufacturer’s protocol. DNA samples were evaluated by electrophoresis in 0.8% agarose gels in 0.5 X TBE buffer (45 mM Tris-borate, 45 mM boric acid, 1 mM EDTA, pH 8.2) and via Nanodrop Multiskan™ Go Microplate.



The identification was carried out through 16S rRNA gene amplification and sequencing using bacterial universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) [73]. Up to 50 ng of extracted DNA was used with a master mix containing 1 X of Buffer + Mg2+, 0.5 mM of dNTPs, 0.25 µM of each primer, 2 mM of MgSO4, 0.05 u × μL−1 of Taq Polymerase, and sterile grade water. For 50 µL, the reaction was performed with an initial denaturation at 94 °C × 2 min, followed by 30 cycles of 1 min at 94 °C, 2 min at 55 °C, 2 min at 72 °C, and extension at 72 °C × 5 min. The amplified products were visualized in 2.0% gels, stored at −20 °C, and sequenced through the SANGER dideoxy platform using forward primer. Lower-quality reads were removed using Bioedit V7.2 software [74], and cleaned FASTA sequences were matched against the EzBioCloud database (http://www.ezbiocloud.net, accessed on 30 August 2022), assigning taxa at the genus level when the similarity with the hit reference was >97% and at the species level when >99% [75,76].




2.4.4. Phylogenetic Analysis


We performed a phylogenetic analysis of two datasets. One included all the isolates from this study, and the second included the 16S rRNA sequences of bacterial isolates from scleractinian corals collected from ~52 studies [77]. The sequences from the database (http://isolates.reefgenomics.org/, accessed on 30 November 2022) were filtered based on the information about the collection site (near urban and nonurban sites), compartment or source of isolation (mucus and tissue), and health status (healthy and diseased). All the filtered sequences were verified via NCBI with accession numbers, and sequences with incomplete information were excluded. From the original database, a total of 329 filtered 16S rRNA sequences were used in the analysis, and accession numbers are summarized in Table S11. Multiple sequence alignment was carried out in MUSCLE, and phylogenetic trees were obtained through MEGA X version 11.0.10 [78] with the neighbor-joining method, p-distance model, and a bootstrap value of 1000 replicates to evaluate the topologies of the trees [62]. Thermotoga maritima MSB8 (NR_102775.2) was used as the outgroup. The output files were uploaded to iTOL for tree visualization [79] and then edited using the R Studio package.




2.4.5. Data Analysis


The data were expressed in percentages. A Venn plot was used to observe the number of traits that were shared between the isolates and served as an indicator of the probiotic redundancy in the studied culturable fraction. A Principal Component Analysis (PCA) was used to show the possible association between qualitative variables based on the compartment [80]. The statistical significance of the PCA analysis was evaluated using the R package “PCAtest”.






3. Results


3.1. Environmental and Microbiological Conditions


Environmental conditions are summarized in Table 1. Both patches of M. auretenra occurred at a similar depth (4–9 m). Temperature (~26 °C), salinity (~36), and pH (8.3–8.5) were similar at both sites and corresponded to typical values of the dry season in the Colombian Caribbean. Oxygen saturation (69.90 ± 5.93%) was lower at the urban site (INC), while nitrates and ammonia were higher (21.12 ± 0.53 µg L−1 and 12.27 ± 0.57 µg L−1, respectively). No significant differences (PERMANOVA; Pseudo-F = 4.1; df = 1, 5; p > 0.05) were observed in the physicochemical variables between the two sites.



Regarding the microbiological surveys, differences between sites (PERMANOVA; Pseudo-F = 9.7; df = 1, 28; p < 0.05) and compartments (PERMANOVA; Pseudo-F = 34.6; df = 1, 28; p < 0.05) were detected. Heterotrophic bacteria and vibrios were higher at the urban site and in coral tissue (Figure 3). The bacterial counts ranged from 105 to 107 CFU in the urban samples up to almost two orders of magnitude higher compared with the nonurban samples. Likewise, the highest value of heterotrophic bacteria was observed in healthy tissue (1.80 ± 0.46 × 107 CFU g−1), whereas the higher count of vibrios was obtained in diseased tissue (3.28 ± 1.98 × 107 CFU g−1). Although the counts of vibrios and heterotrophic bacteria were generally higher in the diseased samples, this study reported no significant differences between the counts regarding the health condition (PERMANOVA; Pseudo-F = 1.6; df = 1, 28; p > 0.05; see also Table S2).




3.2. Benthic Community and Health Status


The patches of M. auretenra were significantly different based on the percentage cover of the benthic categories (PERMANOVA; Pseudo-F = 24.17; df = 1, 119; p < 0.05). However, the cover of M. auretenra was not significantly different when comparing both sites (~72%) (PERMANOVA; Pseudo-F = 0.11; df = 1, 119; p > 0.05; Table S3). The remaining percentage (Figure 4A) was mainly attributed to other hard corals, macroalgae, sponges, soft corals, and abiotic substrate categories, although the soft coral category was only present at the CHE site (cover = 1.78 ± 0.88%). At the urban site, the cover of the macroalgae category was lower (10.94 ± 1.55%), although the CCA subcategory was significantly higher (5.22 ± 0.81%), and particularly, fleshy macroalgae were not present at the time of sampling. Sponges and abiotic substrates were significantly higher (3.11 ± 0.69% and 13.94 ± 1.90%, respectively) compared with the nonurban site. We also found that the variation in the benthic community structure across these coral patches was poorly explained by the environmental variables. The Rho value predicted 33.9% of the relationship, and only the orthophosphates variable had a significant influence over the variables of the community composition (DistLM; Pseudo-F = 4.52; df = 1, 4; p < 0.05; see also Table S4). The RDA showed that soft coral, other hard coral, filamentous/cyanobacteria, and fleshy categories at the CHE site were influenced by the pH. In contrast, at the urban site, CCA, sponges, and abiotic substrate categories were mainly predicted by nutrients (NO2−, NO3−, and PO43−) (Figure 4B). The distribution in the M. auretenra coral patches at both sites is not apparently influenced by any of the environmental variables evaluated at the moment of sampling during the dry season.



Figure 4C,D shows the frequency of contact between M. auretenra and other benthic categories and the signs of deterioration. Significant differences in the frequency of contact were detected between sites in almost all pair interactions (Table S5) and were generally higher at the nonurban site. In contrast, the contact between M. auretenra and the sponge category at the urban site (7.00 ± 1.61%) was significantly higher (Chi2; X2 = 7.54; df = 1, 1; p < 0.05). Otherwise, the frequency of signs of deterioration was higher at the urban site. In general, the frequency ranged from 8.33 to 85.00% at the urban site, whereas at the CHE site, it ranged from 3.33 to 28.33%. Overturning (fragmentation) was the most frequent sign in both sites (>80% at the urban site). The bites and the sedimentation were also higher (73.33 and 60%, respectively). The frequency of bleaching and paleness was <40% and lower at the nonurban site (6.67 and 16.67%, respectively). The Reef Health Index indicated both sites harbor patches of M. auretenra in a “good” health condition (3.67 on a scale of 1.0–5.0; see Supplementary Tables).




3.3. M. auretenra-Associated Culturable Bacteria and Phylogenetic Analysis


A total of 132 bacterial isolates were obtained from visually healthy M. auretenra from the urban site (INC). The great majority of the isolates were obtained from mucus (70.45% of the isolates) and most of them corresponded to Gram-negative rod-shaped (short, medium, large, curve, and filamentous) morphotypes (Table S10). One hundred and twenty-five of these isolates were effectively identified (16S rRNA partial gene 97–100% identity). About 5 orders, 5 families, and 11 genera were found to be associated with the culturable fraction of M. auretenra (Figure 5A, Table S10). The most abundant cultured taxon was Vibrionales (class Gammaproteobacteria), which included 93 isolates that were affiliated with Vibrio spp., 16 with Photobacterium spp., and 1 with Grimontia sp. The order Bacillales (class Bacilli) was the second most abundant taxa and included Bacillus spp. (4 isolates), Priestia spp. (2 isolates), Fictibacillus spp. (2 isolates), Niallia sp. (1 isolate), and Exiguobacterium sp. (1 isolate). Other taxa included the order Alteromonadales (class Gammaproteobacteria) represented by the genus Shewanella (three isolates), as well as the genera Nocardiopsis and Cellulosimicrobium (class Actinomycetia), represented by one isolate. The GeneBank accession numbers for these isolates are OL964632-OL964656 and OP339924-OP340023 (see Table S10).



A total of 455 16S rRNA gene sequences were used in the phylogenetic analysis, including 330 sequences from coral-culturable-associated bacteria collected from Sweet et al. [77] and 125 from the present study. Six taxa were found to represent the culturable fraction of different scleractinian corals (Figure 5A), with the predominance of classes Gammaproteobacteria, Alphaproteobacteria, Bacilli, and Actinomycetia. Most of the sequences have been recovered from the healthy coral tissues collected in nonurban sites. Most of the bacteria from diseased and healthy corals were affiliated with the class Gammaproteobacteria, and many of the isolates from the class Actinomycetia were recovered from urban sites. Close relationships within the location, condition, and coral compartment were observed. Some bacteria isolated from coral tissues were closely related to the bacteria isolated from coral mucus, and some Vibrio species isolated from the healthy M. auretenra were closely related to Vibrio species isolated from diseased corals.




3.4. Probiotic Potential of M. auretenra-Associated Bacteria


All the isolates were screened for potential probiotic traits (Figure 5B, Table S10). A total of 98 isolates (74%) showed detectable high catalase production activity, 71 isolates (54%) were positive for siderophores production, and 70 isolates (53%) inhibited the bioluminescent activity of Photobacterium sp. ICM9, and were confirmed by the inhibition of violacein production in C. violaceum. Only 15 isolates (11%) produced pigments, and 3 (2%) had preliminary antagonistic activity against the coral pathogen V. coralliilyticus. Figure 6A,B represents the antiQS activity and siderophore production of isolate ICT17 as examples of these results. The PCA indicated that the first three axes explained 70% of the variation in activities when comparing coral compartments (Figure 6C), and PC1 was significant (p < 0.005) and accounted for 34.8% of the total variation. This analysis showed a grouping of the data where catalase, antiQS, and pigment production activities are positively related and formed PC1. Here, we proposed probiotic precandidates based on the presence of three or more of the screened probiotic traits. In addition, other features such as rapid growth and nonrelation with pathogenic/opportunistic bacteria to corals (based on phylogenetics) were also considered. Initially, 32 isolates filled the first condition (Figure 5B, Table S10); most of them (69%) were affiliated with Vibrio spp. The isolates that showed a close relationship with pathogenic/opportunistic vibrios (Figure 5A, Table S10) were excluded considering their role in coral diseases [81]. Nocardiopsis sp. PCNM4 was also excluded due to slow growth. Thus, we propose a total of 24 bacterial strains as coral probiotic precandidates (Table 2), most of which were isolated from healthy M. auretenra mucus.





4. Discussion


4.1. Status of Urban Madracis auretenra Coral and Culturable Bacteria


Most coral losses have been ascribed to local habitat destruction, algae overgrowth, pollution, and sedimentation [5]. The urban-influenced M. auretenra patch occurring at Inca Inca, Santa Marta, Colombia is exposed to locally stressful conditions, mainly related to high microbial loads, eutrophication, and algal overgrowth relative to the coral patch of the same species found in the PNN Tayrona. Although nutrients and SST did not significantly differ between sites, and their influence over the benthic categories was weak, higher NO2−, NO3−, and PO43− values seem to predict the shape of the benthic community in the urban site [82,83,84,85]. On the contrary, counts of heterotrophic bacteria and vibrios varied between sites. Urban-influenced coastal environments are exposed to water pollution that introduces allochthonous microorganisms into the marine environment [86,87], and these microorganisms can become opportunistic pathogens to several marine organisms [88,89,90], including corals [91]. The Santa Marta coastal area is an example of this phenomenon, as increases in bacterial loads in seawater surrounding the main discharge sources have been previously documented [92,93,94]. These results suggest that this coral formation dominated by M. auretenra might be experiencing a continuous input of bacterial loads, possibly attributed to anthropogenic activities [95,96].



The high frequency of signs of deterioration such as overturning and sedimentation (Figure 4) might be also associated with anthropogenic activities, since tourism, boat traffic, and coastal development are common on these urban coasts [29,97]. The combination of these stressors promotes increases in the diversity and abundance of microbial groups such as the Vibrionales, often involved in diseases [10,36,38,98,99]. Despite the presence of these local stressors, the urban coral patch exhibits a significantly similar cover and a “good” health index condition compared with the protected M. auretenra occurring at the PNN Tayrona. Considering these findings, we suggest that this coral may be experiencing a site-specific acclimatization/resistance [10,11,12,100]. This could explain why other benthic categories had lower coverage in the urban site, as well as the lack of differences in microbial loads when comparing healthy and diseased corals. These observations are a snapshot of one-time points, and further surveys and monitoring are needed to assess the role of the different factors shaping the benthic distribution of these M. auretenra patches at these sites.



Regarding the M. auretenra-associated cultured bacteria, most isolated strains were Gram-negative bacteria. This is in agreement with other coral–bacteria studies, where Gram-negative bacteria dominate the culturable fraction [101,102,103,104,105]. These bacteria were affiliated with common bacterial groups in coral holobionts, such as Actinomycetota, Bacillota, and Pseudomonadota [16,62,102,106,107,108,109]. We accomplished isolating 11 genera using MA and TSA 1% NaCl, where Vibrio and Photobacterium represented about 74% of the total isolates, compared with other studies which obtained between 9% and 26% bacterial genera [108] and a lower proportion of Vibrio in healthy corals [6,25,50,62,77,110]. As Vibrio species are fast-growing bacteria, it is reasonable that the majority of the isolated strains were affiliated with this genus, as vibrios regularly tend to grow over many other marine bacteria, such as bacteria belonging to Flavobacteriaceae and Oceanospirillaceae [25]. The focus of this study was to culture M. auretenra-associated bacteria (obligate and nonobligate) for probiotic screening; we found MA and TSA 1% NaCl media suitable for this purpose, since these media allow the isolation of different heterotrophic bacterial species, as documented in Sweet et al. [77]. Our results are the first insight into the culturable fraction associated with M. auretenra in the Colombian Caribbean, and preliminary information suggests the existence of a signature in coral-culturable bacteria also observed in microbiome studies [10,107,108,109,111]. We hypothesize the predominance of specific bacterial groups in urban-influenced environments, and we do not dismiss the possibility of Vibrio being proof of this, since the evidence found here showed that vibrio load was significantly higher in urban coral healthy samples, even when other findings suggest this genus is presented at low densities in healthy corals [112,113,114]. Vibrio has been detected as a representative part of the microbial community of other coral species occurring in urban-influenced environments in the Colombian Caribbean [11,50]; however, its dynamics and roles are still subject to future research. This study also reports the presence of Priestia and Niallia genera associated with a scleractinian coral for the first time.




4.2. Presence of Potential Probiotic Traits in M. auretenra-Associated Bacteria


As bacteria are primed to cope with changes in environmental conditions and, by association, so is their coral host, the combination of probiotic traits (Figure 6C and Figure S1) might constitute an intrinsic holobiont defense mechanism [25,115,116]. Since corals are more susceptible to disease when antioxidant activity is low [117], QS signals increase [118], and nutrient starvation occurs [22], enriching corals with bacteria exhibiting combined traits such as “catalase–pigments–antiQS–siderophores” could help the coral to boost health status and fitness. This study provides insight into the functional redundancy capacity of cultured bacteria of urban M. auretenra, as critical criteria for selecting potential probiotics candidates for corals to aim for a synergistic effect. We summarized in Table 3 different studies that have obtained probiotic bacteria (mainly consortia) from several coral species models exhibiting different beneficial traits, and we included the present work. Our work also constitutes the first evaluation of an urban coral as a source of culturable bacteria that jointly exhibit climate-change-mitigation-related beneficial traits.



Here, a broad taxonomic span of taxa constitutes an optimal antioxidant defense. Although the Reactive Oxygen Species (ROS) are an inevitable byproduct of homeostatic biological processes [119,120], ROS excess in coral tissues is attributed to the increase in temperature and UV radiation and is the major cause of thermal bleaching [121]. Because bacteria synthesize enzymatic antioxidants, such as catalase, to neutralize and detoxify free ROS [122], increasing the concentration of this enzyme in coral tissues through the application of catalase-positive bacteria could attenuate the impact of oxidative stress when the water warms (Table 3). In this study, the bacterial isolates Vibrio, Shewanella, Exiguobacterium, Priestia, Fictibacillus, and Bacillus, obtained from healthy urban coral, unveil potential as antioxidant candidates. Additionally, some of the isolates exhibited pigment production, which peaks at 400–500 nm, suggesting most are carotenoid-like pigments (see Figure S2) [123,124,125]. Carotenoids can act as a photoprotector, antioxidant, antibiotic, and cytotoxic [115,126,127]. The accumulation of carotenoids has been found as a propitious scenario to counteract the harmful effect of ROS [128], as well as acting as a “sunscreen” to counteract the effect of harmful high UV-radiation exposure [65,129,130].



In the same scenario of climate change, acidification is expected to cause a reduction in bioavailable iron in the environment, making our findings of ubiquitous siderophore production a promising mechanism to exploit to indirectly help corals [25,131,132,133]. Siderophore-producing bacteria could help maintain iron availability, a micronutrient necessary for the growth and multiplication of algal symbionts [134]. Although catecholates are the strongest chelating siderophores [135], here, we report the isolation of hydroxamate- and carboxylate-type siderophores-producing bacteria (see Table S10). Additionally, here, antiQS activity was well represented in cultured bacteria compared with other studies that report from 15% (200 tested isolates against Chromobacterium violaceum) to 24% (120 tested isolates against bioluminescent mutant Escherichia coli) positive isolates obtained from scleractinian corals [21,136,137]. Since we found low antagonism, antiQS activity might act as a competition-related control mechanism that allows the coexistence of the bacterial members in the coral compartments [106]. Destabilized QS communication plays a key role in stressed corals [138], leading to disease outbreaks [118,139,140,141]. However, some studies have shown that the addition of quorum-sensing inhibitors (QSIs) arrests the development of disease in Acropora cervicornis [141,142]. Despite their applicability potential, QSIs have not been widely explored as a probiotic trait tool (Table 3), even when they are by far one of the most important traits in selecting probiotic candidates [143].





 





Table 3. Summary of studies that aimed at isolating and characterizing probiotic coral-associated bacteria.
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	Probiotic Candidates (Genera)
	Source of Isolation
	Compartment and Condition
	Location
	Exhibited Probiotic Trait(s)
	Tested Efficacy
	References





	Vibrio and Pseudoalteromonas
	Various scleractinian corals
	Healthy mucus
	Gulf of Eilat, Israel
	Anti-QS activity (Quorum sensing disruption of different biosensors)
	No
	[136]



	Bacillus, Acinetobacter, Paracoccus, Pseudomonas, Vibrio, and Psychrobacter
	Mussismilia harttii
	Healthy tissue
	Natural Park, Recife de Fora, Porto Seguro, Bahia, Brazil
	Degradation of pollutants (oils)
	Yes
	[24]



	Cobetia, Halomonas, and Pseudoalteromonas
	Aquaria-maintained Pocillopora damicornis
	Healthy tissue and surrounding water
	Rio de Janeiro, Brazil
	Catalase, antagonism against V. coralliilyticus and nifH and nirK
	Yes
	[25]



	Bacillus, Pseudomonas, Photobacterium, Acinetobacter, Vibrio, and Enterobacter
	Exposed low-tide Porites spp., and Turbinaria
	Healthy and diseased mucus
	Poshitra Natural Park, GoK, Jamnagar, Gujarat, India
	Siderophore production
	No
	[22]



	Shewanella, Cobetia, Halomonas, and Pseudoalteromonas
	Oil-influenced Siderastrea stellata
	Healthy tissue
	Armação dos Búzios, Rio de Janeiro, Brazil
	Degradation of pollutants (oils)
	Yes
	[7]



	Bacillus, Planococcus, Salinivibrio, and Brachybacterium
	Thermally resistant Mussismilia hispida
	Healthy tissue
	Maraú, Bahia, Brazil
	Catalase, antagonism against V. coralliilyticus and V. alginolyticus, and nifH and nirK
	Yes
	[26]



	Yangia, Roseobacter, Phytobacter, and Salinicola
	Various scleractinian corals
	Healthy tissue
	Gaven Reef, Fiery Cross Reef, Johnson South Reef, South China Sea
	Nitrogen-cycling genes nifH
	Yes
	[27]



	Vibrio, Shewanella, Exiguobacterium, Bacillus, Fictibacillus, and Priestia
	Urban Madracis auretenra
	Healthy mucus and tissue
	Inca Inca, Santa Marta, Colombia
	Catalase, pigment, antagonism and anti-QS, and siderophore production
	Not yet
	Present study








After observing the presence of these probiotic traits, we highlight that healthy mucus is a potential source of beneficial bacteria, in agreement with the fact that it is considered the first line of defense and protection of the coral host [144]. Despite Bacillus species being widely tested as probiotics for a broad range of animals [145,146] and Shewanella spp being used to degrade different pollutants, we propose genera Fictibacillus, Exiguobacterium, and Priestia (all Bacilli) as promising novel candidates to be tested in future probiotic-based assays in coral hosts (Table 3). Although Vibrio has been considered commensal, opportunistic, and pathogenic [21,81,116,143], some species have been used as beneficial bacteria for corals (Table 3). The probiotic potential of Vibrio species has not yet been demonstrated, because they are generally excluded due to their pathogenic behavior [7,26]; however, due to these vibrios being isolated from healthy M. auretenra, our findings suggest that some of these may exhibit probiotic traits such as catalase, antiQS, or the production of siderophores activities. We hypothesize that as some Vibrio switch from commensal to opportunistic–pathogenic behavior, others might switch to a beneficial state when control mechanisms (i.e., antiQS activity) are present. This is supported by the fact that Vibrio species play essential roles in coral hosts, as some are nitrogen fixers in mucus and dominate the culturable nitrogen-fixing bacteria of some corals [147,148], and others have exhibited antimicrobial and antiQS activity against other vibrios. This all suggests some vibrios play a role in coral defense [91,136,137]; however, this hypothesis requires further testing and study.





5. Conclusions


We assessed the probiotic potential of culturable bacteria associated with an urban coral in the search for candidates that exhibit traits that may contribute to mitigating the impacts on corals under local anthropogenic disturbances and global climate change. We proposed a list of a variety of taxa that exhibit different probiotic traits, and we highlighted the inclusion of possible beneficial vibrios. We also aimed to identify possible local stressors in urban-influenced environments that may be shaping the structure of benthic communities and their associated bacteria. Coral probiotics are a promising intervention strategy to protect and improve coral health. Further studies are required to target diverse coral species as new potential sources of bacteria exhibiting probiotic traits. A big challenge is to validate the efficacy and feasibility of a probiotic treatment strategy, especially in the Caribbean countries, where there is an urgent need to prioritize the search for solutions to the outbreak of infectious diseases and the rapid loss of coral cover.
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Figure 1. Map of the study area on the coast of Santa Marta, Colombian Caribbean. Site CHE is located at Chengue Bay inside the PNN Tayrona (11°19′30″ N, 74°07′41.8″ W). Site INC is located at the Inca Inca sector (11°12′58.4″ N, 74°14′6.3″ W) between the two urban settlements of Santa Marta City and El Rodadero. The figure also shows the population increases over the last 35 years (left bottom) and the coral patches of Madracis auretenra in each site (right). SST: sea surface temperature, Inhab: inhabitants. 
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Figure 2. (A) Madracis auretenra in its natural habitat. (B) Normal branching morphology, strong secondary and short tertiary branches, and dead basal branch portions. (C) Corallite distribution in one branch with differing columella morphology. (D) Round to slightly oval corallites of 1–2 mm in diameter, boundary spines between corallites, and massive and styliform columella. Scale bars = 1 cm, 1 mm, and 1 mm, respectively. 
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Figure 3. Count of total heterotrophic bacteria and vibrios in healthy and diseased mucus and tissue of Madracis auretenra. Data are expressed as mean ± SE of CFU per mL of mucus or g of tissue. CFU: colony-forming units. CHE: nonurban site—Chengue. INC: urban site—Inca Inca. 
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Figure 4. Biological assessment of the Madracis auretenra patches: (A) The mean composition of the benthic categories (percentage ± SE). (B) Ordination of the benthic community associated with M. auretenra patches and physicochemical variables based on the Redundancy Analysis (RDA) (eigenvalue RDA1 = 0.06865, eigenvalue RDA2 = 0.01504; orthophosphate R2 = 0.50, p = 0.05; nitrite R2 = 0.61, p = 0.16; pH R2 = 0.86, p = 0.05; nitrate R2 = 0.97, p = 0.86). (C) The mean frequency of contact between M. auretenra and other benthic categories (percentage ± SE). (D) Frequency of the signs of deterioration (%). Bars with asterisk indicate significance (p < 0.05). CCA: Crustose Coralline algae. CHE: Chengue. Fil/Cyan: filamentous/cyanobacteria. Fle: fleshy. HCoral: other hard coral. INC: Inca Inca. Maur: M. auretenra. SCoral: soft coral. Spon: sponge. OInvert: other invertebrate. 






Figure 4. Biological assessment of the Madracis auretenra patches: (A) The mean composition of the benthic categories (percentage ± SE). (B) Ordination of the benthic community associated with M. auretenra patches and physicochemical variables based on the Redundancy Analysis (RDA) (eigenvalue RDA1 = 0.06865, eigenvalue RDA2 = 0.01504; orthophosphate R2 = 0.50, p = 0.05; nitrite R2 = 0.61, p = 0.16; pH R2 = 0.86, p = 0.05; nitrate R2 = 0.97, p = 0.86). (C) The mean frequency of contact between M. auretenra and other benthic categories (percentage ± SE). (D) Frequency of the signs of deterioration (%). Bars with asterisk indicate significance (p < 0.05). CCA: Crustose Coralline algae. CHE: Chengue. Fil/Cyan: filamentous/cyanobacteria. Fle: fleshy. HCoral: other hard coral. INC: Inca Inca. Maur: M. auretenra. SCoral: soft coral. Spon: sponge. OInvert: other invertebrate.



[image: Jmse 11 02006 g004]







[image: Jmse 11 02006 g005a][image: Jmse 11 02006 g005b] 





Figure 5. Phylogenetic trees: (A) Representation of 445 isolated coral-associated bacteria based on 16S rRNA gene sequences. A total of 125 sequences from the present study and 330 filtered sequences from the database http://isolates.reefgenomics.org/ (accessed on 30 November 2022) were used in the analysis. Strains were affiliated with 20 orders and 6 classes. The accession number is color-coded according to classes and the genus/species name is included in parentheses. The external ring is color-coded according to orders. Three external rings are black and white coded according to (from central to outer rings) their “compartment” (mucus and tissue), “location” (nonurban and urban sites), and “condition” (healthy and diseased). The strains from the present study are marked with pink dot symbols. (B) Representation of the phylogenetic relationships between the Madracis auretenra-associated culturable bacteria from the present study and their probiotic potential. The isolate ID is color-coded according to the phylum, and the accession number is included in parentheses. Isolates are distributed along 11 genera and 3 phyla. The external ring is color-coded according to genera. Six external rings are color-coded according to the presence of a probiotic trait (catalase, pigments, antiQS, siderophores, and antagonistic) and an additional observed feature (bioluminescence). The isolates exhibiting three or more probiotic traits are marked with black dots symbols. Both trees were constructed using the neighbor-joining method, p-distance model, and a bootstrap value of 1000 replicates. Thermotoga maritima (NR_102775.2) was used as an out-group. 
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Figure 6. Screening of some probiotic traits: (A) AntiQS activity. Disruption of the bioluminescence activity that was tested through disk diffusion. The white arrow indicates a positive result where a black halo is formed around the biosensor Photobacterium sp. ICM9 with no growth inhibition. The blank and negative results are also shown (left and right, respectively). (B) Siderophore production detected through chrome azurol sulfonate (CAS) solid assay. A change in color around the colony indicates the release of the dye after the strong ligand siderophore forms a complex with the Fe3+. In this case, the color change occurred from blue to yellow, suggesting the production of carboxylates. (C) Principal Component Analysis (PCA) with data on the probiotic traits. Isolates are color-represented according to the source of isolation (mucus and tissue). PC1: principal component 1. PC2: principal component 2. CATA: catalase. PIGM: pigments. SIDER: siderophores. ANTAG: antagonism. ANTQS: antiQS. 
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Table 1. Environmental conditions in the patches of Madracis auretenra at both sites.
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	CHE

Chengue (PNN Tayrona)
	INC

Inca Inca





	Geographic Location
	11°19′30″ N; 74°07′41.8″ W
	11°12′58.4″ N; 74°14′6.3″ W



	Depth (m)
	9.67 ± 0.87
	4.45 ± 0.49



	Temperature (°C)
	26.37 ± 0.09
	26.30 ± 0.21



	Salinity
	36.20 ± 0.06
	36.27 ± 0.09



	pH
	8.57 ± 0.21
	8.37 ± 0.03



	Oxygen saturation (%)
	73.03 ± 3.47
	69.90 ± 5.93



	Ammonia NH4+ (µg L−1)
	10.53 ± 0.53
	12.27 ± 0.57



	Orthophosphate PO43− (µg L−1)
	<2.00
	3.07 ± 0.13



	Nitrate NO3− (µg L−1)
	4.98 ± 1.52
	21.12 ± 0.53



	Nitrite NO2− (µg L−1)
	1.32 ± 0.21
	1.54 ± 0.06



	TSS (mg L−1)
	3.62 ± 0.04
	1.60 ± 0.11







Mean ± standard error. Three independent measurements were performed. TSS: total suspended solids.













 





Table 2. Identity of the coral probiotic precandidates obtained in the present study.
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	Isolate ID
	Sequence Size (bp)
	Genus
	Similarity (%)
	Access Code GenBank





	ICM4
	742
	Exiguobacterium
	99.33
	OL964632



	ICM12-15-22-24-31-32-63-64-66-67-72-79, ICT20-21-22-25-35
	703–805
	Vibrio
	98.57–100
	OL964633-36, 39, 40, 48, 49, OP339963, 64, 66, 67, 72, 79, 97, OP340000, 10



	ICM18
	796
	Priestia
	99.23
	OP339931



	ICM33, PCNM6
	794–799
	Bacillus
	97.72–99.12
	OL964641, 50



	ICM37
	788
	Shewanella
	99.49
	OL964642



	ICT12
	799
	Fictibacillus
	98.74
	OL964645



	PCNM9
	799
	Shewanella
	99.12
	OL964651







ICM: Inca Inca mucus, ICT: Inca Inca tissue, PCNM: Punta Cabeza de Negro mucus.
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