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			ABSTRACT

			Introduction: The coral microbiome comprises a stable core microbiome that supports host health and homeostasis, as well as a rare biosphere that enhances the capacity to respond to environmental disturbances.

			Objective: To characterize the core microbiome and rare bacterial biosphere associated with Acropora palmata, Orbicella faveolata, and Porites porites from the Mexican Caribbean across sites with different levels of anthropogenic stress. 

			Methods: The composition of the core microbiome and rare bacterial biosphere was analyzed using high-throughput sequencing of the 16S rRNA gene. 

			Results: The core microbiome represented 9.7% of the total sequences (50 ASVs) and was dominated by Amoebophilaceae, Rhodobacteraceae, and Woeseiaceae. At the genus level, Candidatus_Amoebophilus was prevalent across all coral species, while Delftia characterized A. palmata and P. porites, and Pelagibius and Woeseia dominated in O. faveolata and P. porites. The rare biosphere was more diverse (1,585 ASVs; 11.9%), with O. faveolata showing the highest richness and dominated by Rhodobacteraceae, Kiloniellaceae, and Vibrionaceae, including Vibrio, Woeseia, Limibaculum, and Desulforhopalus. Beta diversity analyses revealed significant differences among coral species and across anthropogenic gradients, with host identity explaining most of the variation in core microbiomes. The rare biosphere also showed significant variation, although much of this variability remains unexplained. SIMPER analysis identified the ASVs that contributed most to the observed differences. In the core microbiome, the main contributing ASVs were affiliated with the genera Candidatus_Amoebophilus, Delftia, Pelagibius, and Woeseia, whereas, in the rare biosphere, the ASVs contributing most to the observed differences were affiliated with Pelagibius, Tistlia, Woeseia, Desulforhopalus, and Vibrio. Additionally, 23 putative metabolic functions were predicted, with aerobic chemoheterotrophy, fermentation, and sulfur respiration being the most common. 

			Conclusions: These findings highlight the complementary roles of the core microbiome and rare biosphere in structuring coral microbial communities, supporting resilience, and serving as potential candidates bioindicators of environmental change in the Mexican Caribbean.
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			RESUMEN

			Caracterización del microbioma central y la biosfera rara bacteriana en tres especies de coral a lo largo de un gradiente ambiental en el Caribe mexicano, mediante secuenciación masiva del gen ARNr 16S

			Introducción: El microbioma de los corales comprende un microbioma central estable que sustenta la salud y la homeostasis del hospedero, así como una biosfera rara que incrementa la capacidad de respuesta frente a perturbaciones ambientales. 

			Objetivo: Caracterizar el microbioma central y la biosfera rara bacteriana asociados a Acropora palmata, Orbicella faveolata y Porites porites en el Caribe mexicano, considerando sitios con distintos niveles de estrés antropogénico. 

			Métodos: La composición del microbioma central y la biosfera rara bacteriana se analizó mediante secuenciación de alto rendimiento del gen ARNr 16S. 

			Resultados: El microbioma central representó el 9.7% de las secuencias totales (50 ASVs) y estuvo dominado por Amoebophilaceae, Rhodobacteraceae y Woeseiaceae. A nivel de género, Candidatus_Amoebophilus fue prevalente en todas las especies de coral, mientras que Delftia caracterizó a A. palmata y P. porites, y Pelagibius y Woeseia dominaron en O. faveolata y P. porites. La biosfera rara fue más diversa (1,585 ASVs; 11.9%), con O. faveolata mostrando mayor riqueza, y dominada por Rhodobacteraceae, Kiloniellaceae y Vibrionaceae, incluyendo Vibrio, Woeseia, Limibaculum y Desulforhopalus. Los análisis de diversidad beta mostraron diferencias significativas entre las especies de coral y a lo largo de los gradientes antropogénicos, siendo la identidad del hospedero el principal factor explicativo del microbioma central. La biosfera rara también presentó variación significativa, aunque gran parte de su variabilidad no fue explicada. El análisis SIMPER identificó los ASV que más contribuyeron a las diferencias observadas. En el microbioma central, los principales ASV contribuyentes estuvieron afiliados a los géneros Candidatus_Amoebophilus, Delftia, Pelagibius y Woeseia, mientras que, en la biosfera rara, los ASV con mayor contribución estuvieron afiliados a Pelagibius, Tistlia, Woeseia, Desulforhopalus y Vibrio. Además, se predijeron 23 funciones metabólicas potenciales, destacando la quimioheterotrofía aerobia, la fermentación y la respiración de azufre como las más comunes. 

			Conclusiones: Estos hallazgos resaltan los roles complementarios del microbioma central y la biosfera rara en la estructuración de las comunidades microbianas coralinas, contribuyendo a la resiliencia del holobionte y actuando como candidatos potenciales bioindicadores de cambios ambientales en el Caribe mexicano.

			Palabras clave: Ecología microbiana; bacterioma; ARNr 16S; arrecife; secuenciación de alto rendimiento.
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			INTRODUCTION

			Corals harbor a highly diverse and dynamic microbiota—including bacteria, archaea, viruses, and microeukaryotes—that together form the coral holobiont (Rohwer et al., 2002; Rosenberg et al., 2007; Voolstra et al., 2024). Among these, bacteria have received particular attention in studies characterizing microbial diversity, as they are essential for maintaining coral homeostasis and resilience (Mohamed et al., 2023; Prioux et al., 2025). These microorganisms play active roles in mediating host responses to environmental stress (Abdelghany et al., 2025; Takagi et al., 2023), contribute to biogeochemical cycles of carbon, nitrogen, phosphorus, and sulfur (Liu et al., 2025; Zhang et al., 2015), and support coral health through the production of antimicrobial compounds that protect against potential pathogens (Irudayarajan et al., 2023; Sang et al., 2019).

			Within the bacterial assemblage associated with corals, two components are of major importance for understanding their functional roles in the holobiont. The first is the core microbiome, defined as a set of microorganisms and their genomic or functional attributes that are consistently associated with a specific host or environment (Custer et al., 2023; Risely et al., 2020). These microorganisms are considered the most ecologically and functionally relevant members under the evaluated conditions. In this context, identifying the core microbiome has been proposed as a key tool for understanding organisms’ responses to anthropogenic climate change (Hutchins et al., 2019; Neu et al., 2021).

			The second component corresponds to the rare biosphere, which comprises low-abundance microbial taxa within a community (Pascoal et al., 2025). Despite their low relative abundance, these taxa can contribute to ecosystem functioning and may increase in abundance in response to environmental changes, serving as a microbial reservoir for stress responses (Shade et al., 2014). The high diversity among these low-abundance microorganisms provides an important genetic reservoir that supports a wide range of microbial functions (Lynch & Neufeld, 2015). Additionally, some members of the rare biosphere may exhibit high functional activity relative to their abundance, significantly contributing to key ecological processes (Pascoal et al., 2021; Pester et al., 2010).

			Despite the recognized importance of these bacterial groups, studies that jointly addressing the composition of both the core microbiome and rare biosphere in corals remain relatively scarce. Previous investigations have identified relevant bacterial groups within the core microbiome based on their ubiquity in coral assemblages, reef habitats, specific species, and particular microbial niches (Bernasconi et al., 2019; Chu & Vollmer, 2016; Hernández-Agreda et al., 2016; Hernández-Agreda et al., 2017; Hernández-Agreda et al., 2018; Kellogg, 2019; Neave et al., 2017). For example, Ostria-Hernández et al. (2022) reported variations in the abundance of core microbiome bacteria associated with Pocillopora damicornis and P. verrucosa in the Northeastern Tropical Pacific according to the degree of anthropogenic disturbance, suggesting their potential as indicators of reef ecosystem health.

			In addition to the core microbiome, the rare biosphere may contribute to the functional diversity of the coral holobiont. Several studies have identified bacterial phylotypes closely associated with endosymbiotic dinoflagellates and with host cells containing symbionts (Ainsworth et al., 2015; Bayer et al., 2013; Lee et al., 2012; Sunagawa et al., 2010). These associations may provide complementary metabolic pathways and contribute to nutrient acquisition, potentially supporting the persistence of the coral–microbial symbiotic system under different environmental conditions (Ainsworth et al., 2015). Recently, Hernández-Zulueta et al. (2025) reported that the rare biosphere in corals from the Eastern Tropical Pacific showed high abundance of bacterial groups associated with the family Vibrionaceae at sites with elevated anthropogenic stress, whereas members of Flavobacteriaceae and Bacillaceae predominated under lower disturbance conditions.

			In the Mexican Caribbean, Acropora palmata, Orbicella faveolata, and Porites porites are key coral species that dominate shallow and intermediate habitats, playing a fundamental role in reef formation and maintenance (Alvarado-Cerón et al., 2026; Correa et al., 2025; Lorenzo-Jiménez et al., 2024). However, in recent decades, increasing nutrient and sediment inputs derived from human activities have compromised the resistance and adaptive capacities of these corals (Arias-González et al., 2017; Randazzo-Eisemann et al., 2021; Rioja-Nieto & Álvarez-Filip, 2019; Roche et al., 2018).

			The joint study of the core microbiome and rare biosphere represents a promising approach for identifying local stressors and understanding the ecological dynamics and resilience of coral holobionts. However, the variation of these bacterial components among coral hosts and across environmental gradients in the Mexican Caribbean remains poorly understood, especially regarding their potential as microbial indicators of environmental change. In this study, we characterized the core microbiome and rare bacterial biosphere associated with A. palmata, O. faveolata, and P. porites along an environmental gradient, using high-throughput 16S rRNA gene sequencing. We identified host-specific patterns in bacterial community composition, characterized the distribution of core and rare taxa, and evaluated their predicted functional profiles, providing an integrated assessment of these bacterial components and their potential as bioindicators of environmental conditions in Mexican Caribbean coral reefs.

			MATERIALS AND METHODS

			Study area and fieldwork: Sampling was conducted in October 2021 at three sites located in the northern sector of the Mesoamerican Reef System in the Mexican Caribbean (Fig. 1). Chankanaab is located within the Cozumel Reefs National Park (20°26’30.03" N, 86°59’47.55" W) and features a two-level reef with patches of high species richness and live coral cover. The dominant genera at this site include Agaricia, Siderastrea, Porites, and Orbicella (Barranco et al., 2016; Rioja-Nieto & Álvarez-Filip, 2019; Rubio-Cisneros et al., 2026). This area experiences intense tourist activity, mainly associated with recreational diving (Carranza-Ramirez et al., 2023). Puerto Morelos (20°52’14.29" N, 86°51’3.72" W) is part of Puerto Morelos Reefs National Park. At this site, reef development is limited and discontinuous, forming small patches in shallow waters (<10 m), where Acropora palmata, Siderastrea spp., and Pseudodiploria strigosa exhibit high cover (Caballero-Aragón et al., 2020; Rodríguez-Zaragoza & Arias-González, 2015). Punta Maroma (20°42’50.96" N, 86°58’38.60" W) is an unprotected reef with a continuous shallow barrier reef (<10 m) extending ~5 km, with high cover of Acropora spp., Orbicella spp., Porites spp., and Siderastrea spp. The reef lagoon at this site contains extensive areas of sand, rubble, macroalgae, and seagrass (Blanchon et al., 2017; Rodríguez-Zaragoza & Arias-González, 2015).

			

			Additionally, the sampling sites were classified into two categories of anthropogenic stressors: low (LW) and moderate–high (MH). This classification was based on a qualitative assessment of the regional anthropogenic stress gradient, considering four complementary criteria: protection status, proximity to human settlements and other sources of human activity, tourism intensity, and previously reported ecological conditions. Sites characterized by greater protection, lower exposure to human activities and tourism, and relatively favorable ecological conditions were classified as LW, whereas sites with greater human influence, higher tourism intensity, and/or previously reported ecological disturbance were classified as MH. This classification was based on the combined regional evidence for each site rather than on a quantitative index or predefined numerical thresholds and was used to evaluate patterns in the coral-associated bacterial communities, including the core microbiome and rare biosphere (Table 1).

			Sample collection: At each sampling site, three fragments (~7 cm) were collected from three distinct, visually healthy colonies of A. palmata, O. faveolata, and P. porites using SCUBA diving, following previously established methodologies (Ainsworth et al., 2015; Bourne & Munn, 2005). To minimize the impact on these reef-building corals, the sampling intensity was kept to a minimum. Coral tissues were subsequently separated and processed according to the protocol described by Hernández-Zulueta et al. (2016), with some modifications. All samples were fixed in absolute anhydrous ethanol (Baker reagent) and stored at −20 °C until DNA was extracted.

			Sample pretreatment and DNA extraction: DNA was extracted from coral tissues using the Quick-DNA Fecal/Soil Microbe Kit (Zymo Research) following the manufacturer’s instructions. DNA integrity was evaluated by electrophoresis on 1% agarose gels stained with SYBR Safe, while concentration and purity (A260/A280 ratio) were determined using a Jenway Genova Nano spectrophotometer. A total of 30 samples were processed in triplicate, including coral tissue samples from A. palmata, O. faveolata, and P. porites (n = 27), as well as DNA extraction controls (n = 3). All DNA extracts were stored at −20 °C until sequencing at the Molecular Research Laboratory (MR DNA; Shallowater, TX, USA).

			16S rRNA gene amplification: The V4 region of the 16S rRNA gene was amplified using the primer pair 515f (GTGCCAGCMGCCGCGGTAA) and 806r (GGACTACHVGGGTWTCTAAT), following the protocol described by Caporaso et al. (2012). PCR reactions were performed using the Qiagen HotStarTaq Plus Master Mix under the following conditions: initial denaturation at 94 °C for 3 min, followed by 28 cycles of denaturation at 94 °C for 30 s, annealing at 53 °C for 40 s, and extension at 72 °C for 1 min, with a final extension at 72 °C for 5 min. The PCR products were stored at 4 °C until processing.

			16S rRNA gene sequencing: Amplification success and relative band intensity were verified by electrophoresis on 2% agarose gel. Amplicons were multiplexed using unique dual indices and pooled at equimolar concentrations according to the DNA quantity and fragment size. Libraries were purified using AMPure XP beads and subsequently used for sequencing library preparation. Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, TX, USA; accessed April 21, 2022) using the Illumina MiSeq platform according to the manufacturer’s protocols.

			Sequence processing and taxonomic assignment: Bioinformatic analyses were performed using the QIIME 2 software (Bolyen et al., 2019). Raw sequences were demultiplexed and quality-filtered using the q2-demux plugin, with a minimum median quality score of 30. The reads were individually processed using a modified DADA2 pipeline (v.1.20.0) (Callahan et al., 2016), which included cleaning, filtering, trimming, dereplication, merging, and chimera removal. Amplicon sequence variants (ASVs) were taxonomically assigned using the q2-feature-classifier plugin with the naïve Bayes classifier (classify-sklearn) trained against the SILVA SSU 138 reference database (Bokulich et al., 2018; Quast et al., 2013). Singletons were removed, and the data were rarefied to standardize the sampling depth. ASV tables, taxonomic assignments, and associated metadata were analyzed using PRIMER-7 software (Primer-e, Plymouth Marine Laboratory, UK) (Anderson et al., 2008; Clarke & Gorley, 2015). All sequences were deposited in the Sequence Read Archive (SRA) under the accession number PRJNA836615.

			Core microbiome and rare biosphere: The database of the core microbiome and rare biosphere of A. palmata, O. faveolata, and P. porites was obtained from Hernández-Zulueta et al. (2023) and reanalyzed using a refined bioinformatic approach specifically designed to identify the taxa composing both the microbial fractions. No new field sampling or sequencing was conducted for the present study; instead, previously generated sequence data were reanalyzed using an analytical framework that explicitly distinguishes between the core microbiome and the rare biosphere. The core microbiome of each coral species was defined using an occurrence-based approach, considering ASVs present in at least ~78% of samples from the same coral species (7 of 9 samples), following the criteria described by Ostria-Hernández et al. (2022). Accordingly, ASVs detected in at least seven of the nine analyzed samples were classified as part of the core microbiome. Under this criterion, 50 of the 13,068 ASVs were identified as belonging to the core microbiome. The rare biosphere was defined based on relative abundance, considering ASVs with abundances < 0.1% as rare (Galand et al., 2009; Litchman et al., 2024; Pedrós-Alió, 2012). Based on this definition, 1,585 of the 13,068 ASVs were classified as rare biospheres. ASVs that did not meet either criterion was classified as transient ASVs (Hutchings et al., 2025).

			Data analysis: A permutational multivariate analysis of variance (PERMANOVA) was performed to evaluate the beta diversity patterns of the core microbiome and rare biosphere. The analysis was structured under a two-factor crossed fixed-effects design (Type I model): (i) Substrate (Su), with three levels (A. palmata, O. faveolata, and P. porites), and (ii) Disturbance (Pe), with two levels (LW and MH). PERMANOVA was based on a Bray–Curtis similarity matrix obtained from square-root-transformed data. Significant interactions were analyzed using pairwise comparisons. Significance was assessed using 10 000 permutations under a reduced model and Type III sums of squares. In cases where the statistical significance was a value below 100 permutations, a Monte Carlo method was used to evaluate it. Principal coordinates analysis (PCoA) was also conducted to visualize beta diversity patterns. The contribution of ASVs to the average dissimilarity among groups was evaluated using the SIMPER procedure. All analyses were performed with PRIMER v7 with the PERMANOVA+ v1.01 add-on (Anderson et al., 2008; Clarke & Gorley, 2015).

			Bacterial metabolic functions: Putative bacterial metabolic functions were inferred using the FAPROTAX database v1.2.4 (Louca et al., 2016; Louca et al., 2017), which integrates functional information based on cultured taxa and experimental evidence from the literature. Functions were assigned only to the dominant bacterial genera in each substrate (A. palmata, O. faveolata, and P. porites) within the core microbiome and rare biosphere. A binary presence/absence matrix of metabolic functions by genus was then constructed. Dendrograms were generated using Sørensen similarity and the UPGMA clustering method, relating bacterial genera (R mode) with metabolic functions (Q mode). In addition, a SIMPROF procedure with 10 000 permutations was applied to identify the significant clusters.

			

			RESULTS

			General composition of the core microbiome and rare biosphere: Sequences assigned to the core microbiome represented 9.7% of the total (34 396 of 352 836 sequences), comprising 50 ASVs distributed across eight phyla, 10 classes, 24 orders, 27 families, and 37 genera. The coral P. porites presented the highest number of cores ASVs (49), followed by A. palmata and O. faveolata, with 48 ASVs each.

			Amoebophilaceae was the dominant family in the core microbiome, followed by Rhodobacteraceae and Woeseiaceae. In A. palmata and O. faveolata, the core microbiome was dominated by Amoebophilaceae and Rhodobacteraceae, whereas in P. porites, it was dominated by Amoebophilaceae and Woeseiaceae (Fig. 2a). At the genus level, Candidatus_Amoebophilus and Delftia dominated in A. palmata, whereas Candidatus_Amoebophilus, Pelagibius, and Woeseia predominated in O. faveolata and P. porites. In addition, O. faveolata showed a high abundance of Nitrospira and P. porites of Delftia (Fig. 2b).

			The rare biosphere comprised 41,948 sequences (11.9%), with 1,585 ASVs distributed across 17 phyla, 32 classes, 79 orders, 132 families, and 263 genera. O. faveolata showed the highest richness (1,094 ASVs), followed by P. porites (884 ASVs) and A. palmata (339 ASVs). The dominant families were Rhodobacteraceae, Kiloniellaceae, Vibrionaceae, and Desulfocapsaceae (Fig. 2c). At the genus level, Paramaledivibacter and Vibrio were prominent in A. palmata, Limibaculum and Woeseia in O. faveolata, and Desulforhopalus, Vibrio, and Woeseia in P. porites (Fig. 2d).

			Core microbiome and rare biosphere under different anthropogenic stressors: PERMANOVA analysis revealed significant differences in beta diversity of the core microbiome associated with anthropogenic stressors (p = 0.0042) and coral species (p = 0.0001), as well as a significant interaction between these factors (p = 0.0473), with coral host identity explaining the higher proportion of variation (45.4%) (Appendix 1). PCoA ordination showed a clear dissimilarity by species, independent of the disturbance level (Fig. 3). In the rare biosphere, significant differences in beta diversity were observed among sites and coral species. However, the interaction between site and coral species was not significant, and most of the variation remained unexplained (84.1%).

			The comparison between sites exposed to low (LW) and moderate–high (MH) anthropogenic stressors revealed differences in the relative abundances of bacterial genera. In the core microbiome, LW sites exhibited higher relative abundances of Candidatus_Amoebophilus, Woeseia, and Delftia, whereas MH sites were characterized by higher relative abundances of Candidatus_Amoebophilus, Pelagibius, and Nitrospira (Fig. 4a). Within the rare biosphere, LW sites showed higher relative abundances of Limibaculum, Vibrio, and Woeseia, while MH sites exhibited higher relative abundances of Desulforhopalus, Vibrio, Woeseia, and Paramaledivibacter (Fig. 4b).

			SIMPER outputs indicated that the ASVs contributing to species differentiation in the core microbiome belonged to the genera Candidatus_Amoebophilus, Delftia, Pelagibius, and Woeseia. In the rare biosphere, contributing ASVs belonged to Pelagibius, Tistlia, Woeseia, Desulforhopalus, and Vibrio, among others (Appendix 2-3). Beyond differences among coral species, the rare biosphere also varied with the level of anthropogenic perturbation. Rare bacterial ASVs contributed to the beta-diversity patterns distinguishing LW from MH sites. In LW, the main contributors were affiliated with Woeseia, Vibrio, Limibaculum, Candidatus_Amoebophilus, and Delftia, whereas Synechococcus, Pelagibius, Desulforhopalus, and Nitrospira exhibited higher average relative abundances under MH conditions (Appendix 4).

			Potential metabolic functions: A total of 23 metabolic functions were predicted, with aerobic chemoheterotrophy predominating (83%), followed by fermentation and sulfur respiration (42%), as well as sulfate respiration and cellulolysis (33%). Functions such as human pathogenicity, nitrate reduction, and nitrogen fixation were also identified (25%). Functional richness was highest in Synechococcus, followed by Desulforhopalus, and Vibrio. Some functions were exclusive to certain genera, such as anoxygenic photoautotrophy and methanotrophy in Desulforhopalus, parasitism in Vibrio, ureolysis in Synechococcus, and intracellular parasitism in Candidatus_Amoebophilus (Fig. 5).

			DISCUSSION

			In this study, the low proportions of bacterial ASVs in the core microbiome (9.7%) and rare biosphere (11.9%) suggest that the bacterial assemblage of Caribbean corals is primarily composed of transient bacteria, whose composition and abundance are modulated by the surrounding environment. Therefore, the coral bacterial assemblage has been proposed to be predominantly dynamic and transient (Hester et al., 2015). In particular, the microbiota associated with coral mucus maintains a weak and non-permanent association with the host due to its continuous shedding into the highly variable surrounding environment, such as the water column (Vanwonterghem & Webster, 2020), which harbors diverse and changing communities (Thompson et al., 2015). This contrasts with the microbiota associated with coral tissue, which tends to exhibit higher structural and functional stability (Maire & Van-Oppen, 2022; Pollock et al., 2018; Van-Oppen & Blackall, 2019).

			The analysis of the core microbiome in A. palmata, O. faveolata, and P. porites showed that only 50 ASVs were consistently present in at least ~78% of individuals of the same species, indicating low sharing of phylotypes among conspecific colonies. Similar results were reported by Ainsworth et al. (2017), who observed that only a small fraction of bacterial phylotypes was widely shared among hosts. Together, these findings suggest that most bacteria detected in individual colonies are not part of universal associations, supporting a conceptual shift from viewing coral microbiomes as highly specific to a more flexible model that depends on environmental factors and host-level variability.

			The low abundance observed in the rare biosphere is consistent with previous studies (Jousset et al., 2017; Pascoal et al., 2025). Environmental fluctuations may modulate this rarity, as rare taxa are generally more sensitive to abiotic changes associated with global change and human activity, which can influence their population dynamics and the ecosystem functions they perform (Rodrigues et al., 2013). Nevertheless, these microorganisms are increasingly recognized as important components of microbial communities and as a reservoir of genetic diversity that may contribute to functional potential under changing environmental conditions (Pascoal et al., 2020; Pedrós-Alió, 2012; Taylor et al., 2013). However, the extent to which rare taxa become activated or contribute directly to the resilience and adaptive potential of coral holobionts remains to be experimentally demonstrated.

			In this study, ASVs belonging to the family Amoebophilaceae contributed to the differences between low-stressors (LW) and moderate–high anthropogenic stressors (MH) sites, and the genus Candidatus_Amoebophilus was a frequent and dominant component of the core microbiome across all sites and in the three coral species analyzed. Its consistent occurrence across coral hosts and sampling sites suggests a potentially important with the coral holobiont. However, its specific functional role and response to environmental disturbance cannot be inferred from the present data and require further investigation. These findings are consistent with the hypothesis proposed by Ainsworth et al. (2015) that the coral core microbiome contributes to the structure and functioning of the microbial community.

			Candidatus_Amoebophilus, an intracellular amoeba symbiont, has been reported in Caribbean coral tissues (Apprill et al., 2016), suggesting that its presence may be mediated by associations with endosymbiotic protists within the holobiont. The consistent presence and high abundance of this taxon in our samples raise the possibility of interactions among coral hosts, protists, and bacteria. However, the specific nature of these interactions and their potential effects on nutrient cycling, pathogen defense, microbiome organization, or holobiont homeostasis were not directly assessed in the present study. Changes in the abundance of protist hosts under different environmental conditions could also influence the distribution of Candidatus_Amoebophilus; therefore, further studies integrating bacterial and protist communities are needed to determine whether variation in this taxon is associated with changes in coral microbiome structure or environmental conditions.

			Likewise, in this study, the genus Woeseia showed high abundance in both the core microbiome and rare biosphere at all evaluated sites. This pattern suggests remarkable ecological flexibility and the possible capacity to become functionally active in a latent microbial reservoir. In this sense, our results support the hypothesis that the rare biosphere acts as a functional “seed bank,” from which certain taxa can increase in abundance in response to specific environmental conditions, contributing to the resilience and stability of the coral microbiome (Jousset et al., 2017; Pascoal et al., 2020; Pedrós-Alió, 2012).

			The presence of Woeseia has previously been reported in corals from the Mexican Caribbean and Brazil (Arriaga-Piñón et al., 2024; Villela et al., 2024), suggesting that this taxon may be a recurrent component of the coral microbiome in different regions. However, its functional role within the holobiont remains poorly characterized, as most available knowledge comes from studies on marine sediments (Hoffmann et al., 2020). In these environments, Woeseiales have been associated with broad metabolic versatility, including chemolithoautotrophic and chemoorganoheterotrophic strategies, as well as participation in organic matter recycling, particularly detrital proteins in benthic ecosystems. Moreover, the observed presence of Woeseia as a member of both the core microbiome and rare biosphere suggests that it may play a dynamic role in the coral holobiont, alternating between low-abundance states and active proliferation. This plasticity could be key to microbiome responses to environmental disturbances, although functional studies are required to elucidate its specific contribution to the homeostasis and functioning of the coral system.

			Another genus that showed notable prevalence in both the core microbiome and rare biosphere at all sites was Vibrio, with a higher presence mainly in the rare biosphere of A. palmata and P. porites. This genus has been widely reported in diseased corals in the western Atlantic (Alves et al., 2010; Kemp et al., 2018), suggesting that it is part of the recurrent microbial pool in these ecosystems. Although Vibrio generally exhibits low relative abundance in the coral microbiome (Chu & Vollmer, 2016; Pootakham et al., 2017), its simultaneous detection in the core microbiome and rare biosphere suggests dynamic ecological behavior, with the capacity to persist in a latent state and proliferate under specific conditions. This pattern is consistent with its known metabolic and ecological plasticity. In this context, Vibrio has been proposed to participate in key processes, such as sulfur and nitrogen cycling within the coral holobiont (Lema et al., 2015; Raina et al., 2010), which could contribute to maintaining biogeochemical functions and responses to environmental changes.

			However, given the inclusion of several potentially pathogenic species within this genus, its presence in the rare biosphere could also represent a reservoir of opportunistic microorganisms capable of proliferating under host-stress conditions. In this sense, Vibrio may play a dual role within the coral holobiont, acting both as a functional participant under equilibrium conditions and as a potential dysbiotic agent under environmental disturbances.

			In the core microbiome of anthropogenic stressors moderate–high (MH) sites, and particularly in the coral O. faveolata, marked abundances of the genus Nitrospira were observed, which is recognized for its participation in nitrification processes, especially in the oxidation of ammonium to nitrate. This function could be beneficial under stressful conditions, such as increased temperature, by contributing to the reduction of potentially toxic ammonium concentrations within the coral holobiont. Likewise, the energy derived from these oxidation processes can be used for CO₂ fixation and bacterial growth, favoring the supply of metabolically relevant compounds to the system (Daims et al., 2016; Van-Oppen et al., 2026).

			This finding is relevant in the context of recent environmental changes, where increased temperature and accumulation of organic matter have been associated with the proliferation of potentially pathogenic bacteria, contributing to the development of coral diseases, which are one of the main causes of coral degradation in the Mexican Caribbean (Castañeda-Chávez et al., 2018). In this scenario, the presence of Nitrospira at MH sites may be associated with nitrogen regulation processes within the coral holobiont.

			However, the absence of environmental data associated with MH sites limits the ability to establish robust causal relationships between the abundance of this genus and the surrounding physicochemical conditions. Therefore, future studies integrating environmental variables will allow for a more precise understanding of the functional role of these microorganisms in coral holobiont health and stability.

			Likewise, in the core microbiome of A. palmata and P. porites, and at the LW site, the prevalence of the genus Delftia was observed, which was previously isolated from the tissue of bleached Pocillopora colonies in the Gulf of Aqaba (Khalil et al., 2024). Although its ecological role in the coral microbiome remains poorly characterized, its association with corals under stress conditions suggests possible involvement in the holobiont response to environmental disturbances, either as an opportunistic organism or as a participant in functions not yet described.

			In contrast, the genus Pelagibius showed high abundance in the core microbiome of the MH sites and in the corals O. faveolata and P. porites. This genus, composed of strictly aerobic bacteria originally described from coastal waters (Choi et al., 2009), has also been reported in benthic organisms, such as the temperate coral Oculina patagonica (Rubio-Portillo et al., 2016) and sea anemones of the family Actinostolidae (Quintanilla et al., 2022), suggesting an ability to associate with marine hosts. Its recurrence in the core microbiome may reflect a relevant functional role, possibly linked to oxygen-dependent metabolic processes or specific host interactions under particular environmental conditions.

			Furthermore, the rare biosphere of MH sites and of the coral A. palmata also showed the prevalence of the genus Paramaledivibacter, a microorganism associated with marine sediments and linked to sulfur-cycle processes (Coskun et al., 2025). These microorganisms are strictly anaerobic and capable of using organosulfur compounds as electron acceptors (Galperin, 2013; Vigneron et al., 2018), which may reflect the existence of reducing microenvironments within the holobiont or at its interface with the surrounding environment.

			Similarly, in the rare biosphere of all sites, and particularly in O. faveolata, relevant abundances of the genus Limibaculum, belonging to the family Rhodobacteraceae, a metabolically versatile group that includes photoheterotrophic and chemoorganotrophic microorganisms, were recorded. It has been proposed that an increase in the abundance of members of this family may act as an indicator of environmental stress on reefs (Glasl et al., 2019), since their proliferation may be favored under unfavorable conditions, such as nutrient enrichment or algal blooms (Lamy et al., 2009). In this sense, their presence at MH sites, characterized by higher tourism stressors, suggests a possible link to altered environmental conditions. Interestingly, their detection at the LW site may indicate that even moderate levels of disturbance can influence microbiome structure. In addition, some members of Rhodobacteraceae can utilize compounds such as dimethylsulfoniopropionate (DMSP), which favors their proliferation under stressful conditions (Durham et al., 2014).

			The rare biosphere of MH sites and the coral P. porites showed a high abundance of Desulforhopalus sp., a genus previously detected in the microbiome of Acropora kenti (Messer et al., 2024). Members of this genus have been associated with sulfur cycling and carbon metabolism in other environments; however, the specific metabolic pathways and functional capabilities of the Desulforhopalus sp. detected in the present study were not directly assessed. Therefore, its high abundance in the rare biosphere of MH sites and P. porites may reflect an association with environmental conditions characterized by greater anthropogenic stressors, although the ecological significance of this pattern requires further investigation. In particular, genomic and functional analyses would be necessary to determine whether carbon fixation, sulfate reduction, or other metabolic processes contribute to the observed distribution of this taxon.

			The putative metabolic functions observed in this study, especially aerobic chemoheterotrophy and fermentation, are consistent with previous reports, where they have also been identified as the dominant functions in coral microbiota. In this regard, Hernández-Zulueta et al. (2023) described these functional profiles in the total microbiota of the bacterial assemblages of the analyzed corals, while Ostria-Hernández et al. (2022) reported similar results in corals from the Mexican Pacific, suggesting that these functions represent conserved and relevant metabolic components across different coral reef ecosystems. In the present study, the predicted functional profiles of both the core microbiome and rare biosphere included functions potentially related to the utilization of carbon and energy sources, including degradation of dissolved organic matter, dimethylsulfoniopropionate metabolism, and amino acid utilization in oligotrophic environments (Kuek et al., 2022). However, these functions were inferred from taxonomic profiles and were not directly measured in this study. Therefore, they should be interpreted as putative metabolic capabilities rather than demonstrated functional activities. Experimental and genomic approaches will be necessary to confirm the contribution of these bacterial communities to carbon and energy metabolism within the coral holobiont.

			The presence of chemoheterotrophic bacteria at the sites studied could be explained by the physicochemical characteristics of the environment and by anthropogenic activities in the area. Among these, tourism stands out, ranging from moderate to intensive and sometimes exceeding carrying capacity, as well as artisanal fishing (Caballero-Aragón et al., 2022; De-Almeida et al., 2024; Dubé et al., 2023; Hernández-Zulueta et al., 2023; Martínez-Servín et al., 2023; Medina-Valmaseda et al., 2020; Rubio-Cisneros et al., 2026).

			Several physicochemical studies conducted in the Mexican Caribbean have documented conditions associated with eutrophic states. For example, Pérez-Gómez et al. (2020) reported moderate nutrient enrichment, characterized by increases in dissolved inorganic nitrogen and phosphorus, which were mainly associated with submarine groundwater discharge and sediment resuspension. These nutrients originate from wastewater and the decomposition of organic matter, particularly Sargassum.

			Consistently, Camacho-Cruz et al. (2022) observed at a site near Punta Maroma, specifically in Akumal, that dissolved inorganic nitrogen transported by submarine groundwater discharge is related to anthropogenic inputs, such as wastewater, in areas with high tourism activity and urbanization. Together, these findings demonstrate that submarine groundwater discharge is a relevant mechanism for coastal contamination, mobilizing nutrients from aquifers into the marine environment.

			For their part, the reefs of Chankanaab experience moderate to intensive tourism, especially for recreational diving. In addition, the coastline has undergone several modifications, including the construction of hotels and international piers, as well as the artificial filling of rocky beaches for tourism purposes (Rubio-Cisneros et al., 2026). These conditions favor increased primary productivity and the accumulation of organic matter—derived from both Sargassum and wastewater discharges—promoting eutrophic states. Consequently, the development of chemoheterotrophic bacterial communities, such as Vibrio, Nitrospira, and Paramaledivibacter, potentially linked to stress and deterioration of reef ecosystems, is facilitated.

			The information generated in the present study suggests that the core microbiome and bacterial rare biosphere of corals from the Mexican Caribbean exhibit a highly dynamic structure with a low proportion of shared ASVs, reflecting strong environmental influence and limited host specificity. In addition, the consistent presence of genera such as Candidatus_Amoebophilus, Woeseia, and Vibrio suggests the existence of relevant ecological functions associated with the stability and response of coral holobionts. The coexistence of taxa within the core microbiome and rare biosphere also suggests that these bacterial fractions may represent complementary components of the coral microbiome. However, the present data do not demonstrate functional activation of rare taxa or their direct contribution to biogeochemical processes. The predicted functional profiles provide hypotheses regarding potential roles in carbon, nitrogen, and sulfur metabolism that should be further evaluated using genomic, transcriptomic, or experimental approaches.

			Overall, these results suggest that the coral microbiome comprises a relatively small core fraction and a larger proportion of low-abundance or environmentally variable bacterial taxa. The observed patterns of presence and abundance highlight the dynamic nature of the coral microbiome and its potential sensitivity to differences among coral hosts and environmental conditions. However, the specific functional roles of these bacterial taxa and their contribution to holobiont resilience cannot be determined from the present data. Nevertheless, the observed variation in bacterial community composition suggests that the coral microbiome may serve as a microbial indicator of environmental change, a potential that should be further evaluated in future studies.

			This study also had several limitations that should be considered when interpreting the results. First, no physicochemical measurements were conducted at the sampled sites, and information on sediment granulometry or water quality was not included. These parameters are relevant because they would enable more precise characterization of environmental conditions and more robust comparisons of the associated microbiota across sites with varying degrees of anthropogenic stressors. The absence of these data limits our ability to establish direct relationships between specific environmental characteristics and the observed microbial community structure.

			Future studies should consider incorporating culture media for the isolation and characterization of cultivable microorganisms, which may function as complementary biological indicators. In addition, expanding the number of sampling sites is recommended to improve the spatial representativeness of the study and strengthen ecological inferences regarding microbiome variability along gradients of environmental impact.
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			Fig. 1. Study area in the Mexican Caribbean and location of the sampling sites: Puerto Morelos, Punta Maroma, and Chankanaab.

		

		
			Table 1

			Features of the sampling sites and their classification by anthropogenic stressors. Codes: LW = low anthropogenic stressors; MH = moderate–high anthropogenic stressors. Classification was based on protection status, proximity to human activities, tourism intensity, and previously reported ecological conditions.

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Sitio

						
							
							Location

						
							
							Protection 

							status/Category

						
							
							Characteristics

						
							
							Human 

							settlements

						
							
							Human and tourism activities

						
							
							Level of 

							anthropogenic 

							stress

						
							
							References

						
					

					
							
							Chankanaab

						
							
							South Coast of Cozumel. Quintana Roo.

						
							
							Protected Natural Area: Arrecifes de Cozumel National Park 

						
							
							It covers an area of 13 647 ha and includes Laguna Chankanaab within its boundaries. It presents a two-level reef development, with a reef patch characterized by high species

						
							
							9 km from San Miguel de Cozumel

						
							
							Intensive tourism may exceed the carrying capacity of protected areas, thereby affecting ecosystems.

						
							
							MH

						
							
							Carranza-Ramirez et al. (2023) 

							Hernández-Zulueta et al. (2023)

							Rubio-Cisneros et al. (2026)

						
					

					
							
							Puerto Morelos

						
							
							North Coast, Quintana Roo.

						
							
							Protected Natural Area: Arrecife de Puerto Morelos National Park (PMRNP). 

						
							
							It covers an area of 9 066 ha, extending 21 km along the coast and 4–5 km offshore. The reef runs parallel to the coastline, with crest segments, a reef lagoon covered by seagrass meadows, and adjacent to mangroves.

						
							
							Immediate (adjacent to the town). 

						
							
							Moderate tourism. Fishing activities have been prohibited since 1996 on the Limones and Bonanza reefs. In other areas, artisanal and sports fishing are also regulated.

						
							
							LW

						
							
							Caballero-Aragón et al. (2022)

							De-Almeida et al. (2024)

							Dubé et al. (2023). 

							Martínez-Servín et al. (2023).

						
					

					
							
							Punta Maroma

						
							
							Northeast Coast, Quintana Roo

						
							
							Unprotected

						
							
							It presents a tripartite geomorphological zonation consisting of a reef front, crest, and back-reef. It is 4.5 km long, bounded by a shallow lagoon (<6 m) landward and a deeper coral rocky terrace (>8 m) seaward.

						
							
							16 km north of Playa del Carmen.

						
							
							Moderate to high tourism impact causes stressors on reefs and seagrass beds.

						
							
							MH

						
							
							Hernández-Zulueta et al. (2023)

							Medina-Valmaseda et al. (2020)
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			Fig. 2. Relative abundance of the main bacterial groups associated with the coral species Acropora palmata, Orbicella faveolata, and Porites porites. a) Bacterial families associated with the core microbiome; b) bacterial genera of the core microbiome; c) bacterial families associated with the rare biosphere; d) bacterial genera of the rare biosphere.
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			Fig. 3. PCO ordination represents the dispersion of beta diversity of the core microbiome at the coral species level.
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			Fig. 4. Relative abundance of the main bacterial groups associated with sites with low (LW) and moderate-to-high (MH) anthropogenic stressors. a) Bacterial genera associated with the core microbiome; b) bacterial genera from the rare biosphere.
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			Fig. 5. Shade plot showing the predicted metabolic functions of the dominant bacterial genera within the core microbiome and rare biosphere, based on FAPROTAX assignments. Dendrograms represent hierarchical clustering based on Sørensen similarity. Codes: AneCh, anaerobic chemoheterotrophy; Ureo, ureolysis; Chit, chitinolysis; IrRe, iron respiration; Pha, photoautotrophy; Cell, cellulose degradation; Ferm, fermentation; NiFi, nitrogen fixation; SaRe, sulfate respiration; SuRe, sulfur respiration; AeCh, aerobic chemoheterotrophy; FuRe, fumarate respiration; APSO, anoxygenic photoautotrophy, Meta, methanotrophy; PlPa, plant pathogens; NiRe, nitrate respiration; NiRed, nitrate reduction; Lign, ligninolysis; NiDe, nitrate denitrification; HPA, human pathogens; APoS, animal parasites or symbionts; InvP, invertebrate parasites; and  IncP, intracellular parasites.

		

	OEBPS/image/F002.jpg
A
2
8
T
0 20 40 60 80 100
Families Relative abundance(%)
m Amoebophilacess W Rhodobacteraceae ™ Woeseiaceae
thizobiaceae  Nitospiracese ® Comamonadaceae
W Vibrionaceae W Spirochaetaceae ™ Others.
C
g
o
€
:
0 20 40 60 80 100
Families Relative abundance(%)

® Rhodobacteraceae ™ Kiloniellaceae ® Vibrionaceae
= Desulfopsaceoe ® Themoanaerobaculceae B Woeseiaceae
= Rhodothermaceae B Rhizoblaceae = Others

oo S D
1

0 20 40 60 80 100

Coral species

Relative abundance(%)
Genera
' Candidatus_Amoebophilus = Pelogibius ~ w Tisia ™ Woeseia
 Nitospira * Deltia W Vibio  w Spirochaeta
Others
D
;
2
T
:
o 20 40 60 80 100
Genera Relative abundance(%)
u Limibaculum ' Paramaledivibacter m Woeseia w Pelagibius
 Tisthia » Vibrio ' Photobacterium

= Desulforhopalus = Others





OEBPS/image/F005.jpg
0s

Genera
Paramaledivibacter
Anaeromicrobium
Desulforhopalus
Synechococcus
Vibrio
Delftia
Nitrospira
Pelagibius
Kordiimonas
Woeseia
Limibaculum
— Candidatus_Amoebophilus






OEBPS/toc.xhtml

		
		Contents


			
						a06v74s4-Hernandez-e2026-15117


			


		
		
		Page List


			
						1


						2


						3


						4


						5


						7


						8


						9


						10


						11


						12


						13


						14


						15


						16


						17


						18


						19


						20


						21


			


		
		
		Landmarks


			
						Cover


			


		
	

OEBPS/image/LOGO_RBT_PAG_INICIAL.png
ﬁvi:iogic Tropical





OEBPS/image/F003.jpg
404

N
S

o

20

PCO2 (14.9% of total variation)

40

Species

A Apaimata 'V O.faveolata W P porites

a
N
A
ALV
|
"
L
| L -
o 20 0

PCO1 (45.6% of total variation)

20

40





OEBPS/image/ORCID_logo_BYN.jpg
i{al:





OEBPS/image/F001.jpg
[ quintana Roo

70000

0001z





OEBPS/image/F004.jpg
A 100

90
Core microbiome
g 80 e
< enera
¢ = Condidotus_Amoebophilus
& = Pelogibius
B 60 s Tistlia
3 = Woeseia
b 50 = Nitrospira
2 = Delftia
5 4 = Vibrio
& 30 == Spirochaeta
= pseudomonas
2 = Stenotrophomonas
==Others
10
0
w MH
Anthropogenic pressure
B 100
b Rare biosphere
g % Genera
8 70 = Limibaculum
2 == paramaledivibacter
3 60 == Woeseia
< = pelagibius
a2 = Tistlio
s = Vibrio
2 40 Photobacterium
= = Desulforhopalus
= 3 " Aestuariibacter
== Lobrenzia
20 = Others

w MH
Anthropogenic pressure






OEBPS/image/1.png
& Revista de Biologia Tropical, ISSN: 2215-2075, Vol. 74(S4): €202615117, Octubre 2026 (Publicado Nov. 06, 2026) 1

SUPPLEMENT o .
Biologia Tropical

https://doi.org/10.15517/s9m3zg81

Characterization of the core microbiome and rare bacterial biosphere in three
coral species across an environmental gradient in the Mexican Caribbean,
using high-throughput 16S rRNA sequencing

Joicye Hernandez-Zulueta', (® https://orcid.org/0000-0002-3147-7069

Elizabeth Avila-Castro?, ( https://orcid.org/0000-0001-9221-3182

Maria Guadalupe Hermosillo-Lopez®, (® https://orcid.org/0009-0005-0857-3318
Alex Echeverria-Vega®, (® https://orcid.org/0000-0002-0110-1079

Gabriela Georgina Nava-Martinez’; [ https://orcid.org/0000-0001-8342-6389
Miguel Angel Garcia-Salgado®; @ https:/orcid.org/0000-0001-5247-4695

Fabidn Alejandro Rodriguez-Zaragoza™; (® https://orcid.org/0000-0002-0066-4275

1. Laboratorio de Microbiologia, Instituto de Fisiologia Celular, Departamento de Biologia Celular y Molecular, Centro
Universitario de Ciencias Biologicas y Agropecuarias, Universidad de Guadalajara. Camino Ramon Padilla Sinchez
2100, Nextipac, 45110 Zapopan, Jalisco, México; joicye hernandez@academicos.udg.mx (* Correspondence); maria.
hermosillo7999@alumnos.udg.mx

2. Investigadora Posdoctoral (SECIHTI) asociada al Laboratorio de Microbiologia, Instituto de Fisiologia Celular,
Departamento de Biologia Celular y Molecular, Centro Universitario de Ciencias Biologicas y Agropecuarias,
Universidad de Guadalajara. Camino Ramén Padilla Sanchez 2100, Nextipac, 45110 Zapopan, Jalisco, México eliza-
beth.acastro@academicos.udg mx

3. Laboratorio de Ecologia, Conservacion y Taxonomia, Departamento de Ecologia Aplicada, Centro Universitario de
Ciencias Biologicas y Agropecuarias, Universidad de Guadalajara. Camino Ramon Padilla Sanchez 2100, Nextipac,
45110 Zapopan, Jalisco, México; fabian.rzaragoza@academicos.udg.mx (* Correspondence)

4 Centro de Investigacion de Estudios Avanzados del Maule (CIEAM), Vicerrectoria de Investigacion y Postgrado,
Universidad Catolica del Maule, 3466706 Talca, Chile; aecheverriav@gmail.com

5. OCEANUS A.C. Calle Rio Verde Lote 7 Mza. 235. Col. Proterritorio, 77086 Chetumal, Quintana Roo, México;
‘mig2010@gmail.com; gnavamol@gmail.com

Received 21-V-2026.  Corrected 06-X-2026.  Accepted 16-X-2026.

ABSTRACT
Introduction: The coral microbiome comprises a stable core microbiome that supports host health and homeo-
stasis, as well as a rare biosphere that enhances the capacity to respond to environmental disturbances.
Objective: To characterize the core microbiome and rare bacterial biosphere associated with Acropora palmata,
Orbicella faveolata, and Porites porites from the Mexican Caribbean across sites with different levels of anthro-
pogenic stress.
Methods: The composition of the core microbiome and rare bacterial biosphere was analyzed using high-
throughput sequencing of the 168 rRNA gene.
Results: The core microbiome represented 9.7% of the total sequences (50 ASVs) and was dominated by
Amocbophilaceae, Rhodobacteraceae, and Woeseiaceae. At the genus level, Candidatus_Amocbophilus was
prevalent across all coral species, while Delftia characterized A. palmata and P. porites, and Pelagibius and Woescia
dominated in O. faveolata and P porites. The rare biosphere was more diverse (1,585 ASVs; 11.9%), with O. faveo-
Iata showing the highest richness and dominated by Rhodobacteraceae, Kiloniellaceae, and Vibrionaceae, includ-
ing Vibrio, Woeseia, Limibaculum, and Desulforhopalus. Beta diversity analyses revealed significant differences





