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Antibiotics Alter Pocillopora Coral-Symbiodiniaceae-Bacteria Interactions and Cause Microbial Dysbiosis During Heat Stress
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Symbioses between eukaryotes and their associated microbial communities are fundamental processes that affect organisms’ ecology and evolution. A unique example of this is reef-building corals that maintain symbiotic associations with dinoflagellate algae (Symbiodiniaceae) and bacteria that affect coral health through various mechanisms. However, little is understood about how coral-associated bacteria communities affect holobiont heat tolerance. In this study, we investigated these interactions in four Pocillopora coral colonies belonging to three cryptic species by subjecting fragments to treatments with antibiotics intended to suppress the normal bacteria community, followed by acute heat stress. Separate treatments with only antibiotics or heat stress were conducted to compare the effects of individual stressors on holobiont transcriptome responses and microbiome shifts. Across all Pocillopora species examined, combined antibiotics and heat stress treatment significantly altered coral-associated bacteria communities and caused major changes in both coral and Cladocopium algal symbiont gene expression. Individually, heat stress impaired Pocillopora protein translation and activated DNA repair processes, while antibiotics treatments caused downregulation of Pocillopora amino acid and inorganic ion transport and metabolism genes and Cladocopium photosynthesis genes. Combined antibiotics-heat stress treatments caused synergistic effects on Pocillopora and Cladocopium gene expression including enhanced expression of oxidative stress response genes, programed cell death pathways and proteolytic enzymes that indicate an exacerbated response to heat stress following bacteria community suppression. Collectively, these results provide further evidence that corals and their Symbiodiniaceae and bacteria communities engage in highly coordinated metabolic interactions that are crucial for coral holobiont health, homeostasis, and heat tolerance.
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INTRODUCTION

Microbial symbioses are fundamental to the structure and functioning of marine ecosystems, and influence marine organisms’ ecology, evolution, and stress responses (O’Brien et al., 2019; Wilkins et al., 2019; Apprill, 2020). Healthy reef-building corals (Order Scleractinia) maintain associations with endosymbiotic algae (Family Symbiodiniaceae) and bacteria, and are popular models for the study of complex microbial symbioses that underpin marine ecosystem processes (Blackall et al., 2015; Thompson et al., 2015).

Coral-associated bacteria communities exhibit patterns of phylosymbiosis and cophylogeny (Pollock et al., 2018) and demonstrate genomic signatures that are suggestive of highly interdependent symbiotic relationships between corals and bacteria (Robbins et al., 2019). Recent studies have also uncovered evidence for intimate associations between bacteria and Symbiodiniaceae, indicating that diverse multi-partner symbiotic interactions are present in coral holobionts (Motone et al., 2020; Maire et al., 2021). Certain coral-associated bacteria have been investigated for their roles in affecting corals’ responses to heat stress, with different bacteria taxa exerting either negative or positive effects on coral holobiont resistance and resilience (Tout et al., 2015; Zaneveld et al., 2016; Ziegler et al., 2017, 2019; Epstein et al., 2019; Avila-Magaña et al., 2021). Other environmental stressors such as nutrient enrichment can also alter coral bacteria communities (Pogoreutz et al., 2018; Ziegler et al., 2019), but the interactive effects of different stressors applied in combination and their effects on coral health are still the focus of much research (Maher et al., 2019).

In contrast to other environmental stressors, broad-spectrum antibiotics treatments have previously been used to directly suppress the coral-associated bacteria community and generate hypotheses about how bacteria might affect coral holobiont health and homeostasis (Hodgson, 1990; Gilbert et al., 2012; Sweet et al., 2014; Sweet and Bythell, 2015; Glasl et al., 2016). Altogether, these studies have documented negative effects of antibiotics on coral health and hypothesized that antibiotic suppression of the native microbiota enables the proliferation of potential pathogens. These results have led to concerns about antibiotics as environmental pollutants on coral reefs (Zhang R. et al., 2018, 2019), which merit special consideration as antibiotics treatments are now being broadly deployed as field interventions to combat stony coral tissue loss disease (SCTLD) in the Caribbean (Neely et al., 2020). Despite these novel applications and concerns over the use of antibiotics on coral reefs, the specific genes and pathways involved in coral holobiont responses to antibiotic suppression of the bacteria community have not been explored. The experimental study of these processes can inform our knowledge of risks that antibiotics pose to coral health in the field and can also improve our understanding of coral holobiont interactions under normal conditions.

The coral genus Pocillopora is among the most widespread and important reef-building coral taxa in the world, with a distribution from east Africa to western Central America. For this reason, Pocillopora corals have become popular experimental model species and Pocillopora holobiont responses to heat stress and other environmental stressors have been thoroughly studied (Traylor-Knowles et al., 2011; Mayfield et al., 2014; Vidal-Dupiol et al., 2014; Zhou et al., 2018; Poquita-Du et al., 2019; Li et al., 2020). These studies suggest that Pocillopora coral transcriptomes are generally more responsive to heat stress than their associated Symbiodiniaceae transcriptomes, and that expression of genes involved in metabolism, protein folding and immune pathways such as heat shock proteins (HSPs) and tumor necrosis factor receptors (TNFRs) are important components of the Pocillopora coral heat stress response (Zhou et al., 2017; Zhang Y. et al., 2018). Other studies have assessed Pocillopora-associated bacteria community shifts that occur during heat stress, nutrient enrichment, and treatment with putative beneficial microbes (Tout et al., 2015; Pogoreutz et al., 2018; Rosado et al., 2018; Maher et al., 2019; Ziegler et al., 2019; Li et al., 2020, 2021; Zhang Y. et al., 2021). However, despite the critical importance of coral-associated bacteria to holobiont health, no study has simultaneously assessed coral holobiont transcriptome and microbiome responses to acute heat stress following direct antibiotic suppression of the native bacteria community. These studies are needed to better understand the role of coral-associated bacteria in coral holobiont health and heat tolerance, and to inform ongoing efforts that seek to conserve and restore coral reef ecosystems by enhancing corals’ natural resilience through the application of beneficial microbes (Peixoto et al., 2021; Voolstra et al., 2021).

To investigate how antibiotics treatments suppress the native coral bacteria community and affect coral holobiont interactions and acute heat stress responses, we performed an experiment with four Pocillopora coral colonies (genotypes) collected from Kenting National Park in southern Taiwan. These four distinct genotypes belonged to three morphologically cryptic Pocillopora species: Pocillopora acuta (n = 2) and Pocillopora damicornis (n = 1) (Schmidt-Roach et al., 2014), and the undescribed species Pocillopora type 8a (n = 1) (Gélin et al., 2017; Johnston et al., 2017). In this experiment we examined the effects of antibiotics, acute heat stress, and combined antibiotics-heat stress treatments on coral host and Cladocopium symbiont gene expression through RNAseq and bacteria composition through 16S gene amplicon sequencing. Through this work, we identified genes involved in coral-bacteria interactions to gain a better understanding of how coral-associated bacteria communities affect coral holobiont stress responses. We found that there were differences between the four Pocillopora genotypes from distinct cryptic species and sites, as expected. However, we also found that there were shared responses across all genotypes and species examined. Most notably, for all genotypes we found that both antibiotics and combined antibiotics-heat stress treatments altered Pocillopora coral bacteria community composition and affected Pocillopora coral and Cladocopium symbiont gene expression. We hypothesize that the changes in bacteria community composition exacerbated the holobiont heat stress responses causing microbial dysbiosis and the activation of programed cell death pathways. These results have implications for understanding how multi-partner interactions affect coral holobiont health and homeostasis and highlight the utility of antibiotics treatments as an experimental tool to suppress and manipulate coral-associated bacteria communities.



MATERIALS AND METHODS


Coral Study Site, Collection, Fragmentation, and Acclimation

Colonies of Pocillopora corals were collected from two reefs within Kenting National Park in southern Taiwan (Kenting National Park Permit #10621218300) Houwan (22° 2′29′′ N, 120°41′43′′ E) and Wanglitung (21°59′43′′ N, 120°42′22′′ E) (Supplementary Figure 1). Two Pocillopora colonies with morphological similarity to P. damicornis were collected at each site, Houwan and Wanglitung, and colonies (hereafter referred to as HW1, HW2, WT1, and WT2) were collected in July 2017 (Table 1). Colonies were acclimated in a flow-through system receiving ambient seawater under natural sunlight at the National Museum of Marine Biology and Aquarium (NMMBA), and then split into a minimum of 12 replicate 2 cm2 fragments per colony that were affixed to numbered plastic tags and allowed to recover for 3 weeks before the experiment.


TABLE 1. Origin sites and species designations of the Pocillopora coral colonies used in the antibiotics and heat stress experiment.
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Heat Stress, Antibiotics, and Antibiotics-Heat Stress Treatment Experiment

Three experimental treatments (heat stress, antibiotics, and antibiotics-heat stress) and a control were designed to examine the separate and interactive effects of acute heat stress and antibiotic bacteria suppression on the Pocillopora holobiont transcriptome and bacteria community composition (Figure 1). Triplicate fragments from each coral genotype were placed into individual autoclaved 400 mL glass jars filled with filtered seawater (1 μm) and randomly assigned to experimental or seawater control treatments (Figure 1). Jars were placed into two recirculating systems, one for the control and antibiotics treatment and another for the heat stress and antibiotics-heat stress treatments. Blue and white LED lights were operated on a 12 h:12 h light:dark cycle with even distribution across fragment jars. At 9:00 am in the morning of each day of the 3-day experiment, partial water changes were completed using 100 mL of filtered seawater (1 μm). The control system was maintained at 28°C for the full 72 h, to mimic the mean summer seawater temperature in Kenting National Park (Keshavmurthy et al., 2019).
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FIGURE 1. Experimental design for heat stress, antibiotics, and antibiotics-heat stress treatments. (A) Pocillopora genotypes and species identifications used in the experiment. (B) Experiment temperature profiles for control (blue) and heat stress (red) aquarium systems. (C) Experimental design indicating the intensity and duration of the control, heat stress, antibiotics, and antibiotics-heat stress treatments. (D) Fragment replicates used for downstream sequencing analyses and representative photographs of Pocillopora coral fragments from each genotype in each treatment at the time of sampling. All fragments in the control, heat stress, and antibiotics treatment appeared visually healthy, while two fragments in the antibiotics-heat stress treatment showed early signs of tissue loss.



Acute Heat Stress Treatment

The acute heat stress treatment was maintained for 48 h at 32°C (∼0.9 DHWs) after an initial 24 h at 28°C and a 90-min temperature ramp to 32°C. Temperatures in the control system and heat stress system were recorded at 1-min intervals with HOBO® Pendant data loggers (Onset, MA, United States) (Figure 1). This acute heat stress was done to contrast the short-term transcriptomic responses of healthy corals with normal bacteria communities against those with bacteria communities that had been previously suppressed by antibiotics treatment.



Antibiotics Treatment

The antibiotics treatment consisted of a combined exposure to 100 μg/mL ampicillin (Sigma-Aldrich A9393) and 100 μg/mL streptomycin sulfate (Sigma-Aldrich 6501), which were administered together to each jar as 400 μL of 100 mg/mL stock solution. These antibiotics were selected for their broad-spectrum antibacterial activity and different modes of action against bacterial cell wall cross-linking and protein synthesis, respectively. Previous studies that have used ampicillin and streptomycin indicate that the chosen concentrations of these antibiotics are non-toxic to the coral host or associated Symbiodiniaceae, and preliminary experiments supported this observation (Soffer et al., 2008; Gilbert et al., 2012; Sweet et al., 2014). Coral fragments were exposed to the antibiotic solution for a total of 72 h before fragment sampling and preservation. For daily partial water changes, 100 mL of antibiotic-treated seawater was used to maintain consistent levels of antibiotic exposure.



Antibiotics-Heat Stress Treatment

A combined antibiotics-heat stress treatment was conducted to parse apart the relative importance of stability within the coral-associated bacteria community toward the holobiont heat stress response. The antibiotics-heat stress treatment consisted of the same combined ampicillin and streptomycin treatment as in the individual antibiotics treatment. Corals were incubated in the antibiotic cocktail for 24 h at 28°C before exposure to acute heat stress at 32°C for 48 h (Figure 1), to allow 24 h for the antibiotic suppression of the coral bacteria community to occur before the start of the heat stress. For daily partial water changes, 100 mL of antibiotic-treated seawater was used to maintain consistent levels of antibiotic exposure for a total of 72 h through the entire experiment (Figure 1).




Collection and Preservation of Coral Tissue Samples

After the experiment was completed, fragments were photographed, and 1 cm2 coral fragments were cut using stainless steel bone cutters that were cleaned in 70% ethanol between samples (Supplementary Figure 4). These fragments were placed into tubes with 5 mL of RNA stabilization solution consisting of 70% w/v ammonium sulfate, 20 mM EDTA, and 25 mM sodium citrate adjusted to pH 5.2 with 1.0 M H2SO4. Fragments were incubated at room temperature for 30 min and frozen at −80°C. Frozen samples were then transported to the University of Miami Rosenstiel School of Marine and Atmospheric Science in Miami, FL, United States, in coolers on dry ice for further processing.



RNA Extraction, cDNA Library Preparation and Sequencing

Total RNA was isolated from the coral tissue using the Qiagen RNeasy Kit and eluted in 30 μL of RNase-free water. RNA concentration and purity were quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher). cDNA libraries were then created using the Illumina TruSeq RNA Library Prep Kit v2 with Poly-A selection according to the manufacturer’s protocol. cDNA concentrations were quantified using the Qubit fluorometer and Qubit dsDNA BR kit (Thermo Fisher Q32853). cDNA libraries were shipped overnight on dry ice to the University of Utah’s Huntsman Cancer Center for 50 bp single-end sequencing on the Illumina HiSeq 2000.



Pocillopora Mitochondrial Open Reading Frame Type Determination and Symbiodiniaceae Community Profiling

Pocillopora mitochondrial open reading frame (mtORF) consensus sequences were extracted for each genotype and used to identify the closest mtORF haplotype in GenBank as described previously (Connelly et al., 2020), and these mtORF haplotypes were used to assign species designations following the most recent taxonomic revision to the genus Pocillopora (Schmidt-Roach et al., 2014). The genus-level composition of the Symbiodiniaceae community was assessed by aligning non-coral reads against reference sequences of Symbiodiniaceae clade-delineating loci (ITS1, ITS2, and cp23S) with BWA (Li and Durbin, 2009) as in Ladner et al. (2012) to show that all colonies were dominated by Cladocopium goreauii (Supplementary Table 2).



Pocillopora and Cladocopium Dual RNAseq Data Analysis

Raw FASTQ files were checked for base pair quality using the FASTQC program1, then Illumina adapter sequences and reads with poor-quality bases were removed using Trimmomatic v0.36 (Bolger et al., 2014). Trimmed reads were aligned against the P. damicornis genome using the program STAR v2.5.3a in two-pass mode (Dobin et al., 2013; Cunning et al., 2018), and the remaining unaligned reads were then aligned against the C. goreauii genome (Liu et al., 2018). Unsorted BAM files containing the Pocillopora or Cladocopium-aligned transcripts were quantified at the gene level using the featureCounts command in the Subread program (Liao et al., 2014), with only transcripts that were assigned as accurately single-mapping being retained for gene expression analysis in R version 4.0.3 (R Core Team, 2020).

Pocillopora and Cladocopium gene counts were filtered to include only genes with counts ≥ 10 in at least 90% of samples, and counts were normalized using the variance-stabilizing transformation (vst) in the R package DESeq2 (Love et al., 2014). Principal coordinates analysis (PCoA) of Manhattan distances was used to visualize the overall transcriptome patterns of coral and symbiont normalized counts, and pairwise PERMANOVA tests in the R package vegan (Oksanen et al., 2019; Martinez Arbizu, 2020) were used to test for significant differences in transcriptome profiles between experimental treatments.

Statistical analysis of differential gene expression was conducted using generalized linear models implemented in DESeq2. Average log2 fold change (LFC) for each gene was estimated by comparing normalized gene expression counts between treatments, and significantly differentially expressed genes (DEGs) were identified based on a Benjamini–Hochberg false discovery rate-adjusted p-value cutoff of <0.05. The set properties of the DEGs lists produced by each experimental treatment contrasted against the control treatment were visualized using the R package VennDiagram (Chen and Boutros, 2011).

To identify modules of co-expressed Pocillopora and Cladocopium genes across all treatments, weighted gene co-expression network analysis (WGCNA) was performed. The R package WGCNA (Langfelder and Horvath, 2008) was used to construct a signed co-expression network using vst-normalized gene counts and the bi-weight mid-correlation statistic. The resulting adjacency matrix was transformed into connection strengths using a soft-thresholding power of 20 for Pocillopora and 5 for Cladocopium, based on a scale-free topology fit index. Modules were identified using a cut height of 0.99 on the topological overlap matrix and a minimum module size of 50 genes, and modules with >70.0% similar expression profiles were merged. The expression of each network module “eigengene” was correlated against a binary matrix containing categorical sample treatment information to identify modules with expression patterns linked to a given treatment.

Gene ontology (GO) and Eukaryotic Orthologous Group (KOG) class annotations were obtained for the P. damicornis and C. goreauii genome using the eggNOG-mapper online tool2 (Huerta-Cepas et al., 2017). Fisher’s exact tests for enrichment of GO terms and KOG categories associated with transcriptome changes among sets of differentially expressed genes and co-expression module genes were conducted using GO_MWU3 and the R package KOGMWU (Wright et al., 2015; Barfield et al., 2018; Matz, 2019).



Bacteria DNA Extraction and 16S rRNA Gene Amplicon Sequencing

Total DNA was extracted using the Qiagen Dneasy PowerSoil kit from all coral fragment samples in the experiment (Weber et al., 2017). PCR amplification of the V4 region of the bacterial 16S gene was completed with the PCR primers 515F and 806R with single-indexed Illumina adapters according to the Earth Microbiome Project protocols (Apprill et al., 2015). PCR amplicons were checked for quality and size distribution on a 1.5% TE-agarose gel, and amplicon DNA concentration was determined using a Qubit fluorometer and Qubit dsDNA BR kit (Thermo Fisher Q32853). 16S amplicons from all samples and controls were purified using AMPure XP beads (Beckman Coulter A63881) and 80.0% ethanol washes to remove contaminants, then final DNA amplicon products were normalized to 4 nM concentration and pooled before submission to the University of Miami Center for Genome Technology (CGT) for 300 bp paired-end sequencing on the Illumina MiSeq.



Bacteria Community Data Analysis

Raw 16S sequence reads were processed using the QIIME2 pipeline version 2020.2 (Bolyen et al., 2018). The QIIME2 plugin q2-demux was used to visualize read quality and the plugin DADA2 (Callahan et al., 2016) was used to remove primer sequences, trim poor-quality bases, dereplicate reads, identify chimeric sequences and merge paired-end reads. The plugin q2-feature-table (McDonald et al., 2012) was used to generate sequence summary statistics based upon sample metadata. Bacterial 16S rRNA sequences were taxonomically classified using the plugin q2-feature-classifier (Bokulich et al., 2018) and a Naïve Bayes Classifier previously trained on the SILVA 16S rRNA database (Quast et al., 2013) version 132 QIIME2 release based on the 515F/806RB primer pair4 at the 99.0% similarity amplicon sequence variant (ASV) level. The plugins q2-alignment (Katoh and Standley, 2013) and q2-phylogeny (Price et al., 2010) were used to create a phylogenetic tree for further downstream analyses, and the plugin q2-taxa was used to remove all mitochondria and chloroplast sequences from the dataset. The plugin q2-diversity was used to assess the core diversity metrics of the dataset and create sequence depth rarefaction plots in the QIIME2 environment. Finally, the output tables containing ASV counts, phylogenetic trees and sample metadata were exported from QIIME2 and imported into R for statistical analyses.

All bacteria community statistical analyses were conducted in R using the packages phyloseq (McMurdie and Holmes, 2013), CoDaSeq (Gloor and Reid, 2016), vegan (Oksanen et al., 2019), ggplot2 (Wickham, 2016), and the tidyverse (Wickham et al., 2019). ASVs with a mean count < 3 were filtered from the dataset and ASV abundances were adjusted with the package zCompositions before the centered log-ratio (clr) transformation was performed for compositional data analysis (Palarea-Albaladejo and Martín-Fernández, 2015; Gloor et al., 2017). Alpha-diversity metrics were calculated for the unfiltered dataset using the Chao1 richness, Simpson evenness and Shannon diversity indices, and non-parametric Kruskal–Wallis tests were used to test for significant differences between treatments, reef sites, and coral genotypes (Xia and Sun, 2017; Ziegler et al., 2019). Beta-diversity was calculated using Aitchison dissimilarity matrices and visualized using principal coordinates analysis (PCA) (Gloor et al., 2017). Tests for homogeneity of multivariate dispersions (PERMDISP) and permutational analysis of molecular variance (PERMANOVA) (Anderson, 2017) were used to test for differences in bacteria community beta-diversity between treatments, reef sites and coral genotypes. Tests for differential abundance of bacteria ASVs between experimental treatments and the control treatment were completed with the R package ALDEx2 (Fernandes et al., 2013, 2014).




RESULTS


Pocillopora and Cladocopium Transcriptome Profiling Reveals Strong Species and Genotype Effects on Coral and Symbiont Gene Expression

RNAseq of 24 Pocillopora tissue samples yielded approximately 647.1 million raw reads ranging from 8.2 to 20.4 million reads per sample (Supplementary Table 1 and Supplementary Figure 5). Approximately 69.3% of total reads aligned to the P. damicornis genome while 16.1% of total reads aligned to the C. goreauii genome (Supplementary Figure 2). This was supported by preliminary alignments of non-coral reads to algal ITS2 reference sequences that suggested that the symbiont community was dominated by C. goreauii (Supplementary Table 2) as has been previously observed for Pocillopora corals at these sites (Keshavmurthy et al., 2014; Brener-Raffalli et al., 2018). The 14.6% of total reads that did not align to either reference were discarded from downstream analysis. Filtering only genes with counts ≥ 10 in at least 90% of samples left 12,867 Pocillopora genes and 9,818 Cladocopium genes remaining for downstream expression analyses.

Principal coordinates analysis visualization of vst-normalized gene counts indicated that Pocillopora genotype accounted for the most variance in overall Pocillopora and Cladocopium gene expression (Figures 2A,B). PCoA visualization showed the different genotypes clustering separately along PC1 with HW1 (Pocillopora sp. 8a) as the most dissimilar from the other three genotypes and HW2 (P. damicornis) in between HW1 and the WT1 and WT2 genotypes (P. acuta). PERMANOVA tests revealed significant effects of coral genotype (Pocillopora: F = 8.21, R2 = 0.36, p < 0.001; Cladocopium: F = 8.36, R2 = 0.37, p < 0.001) and experimental treatment (Pocillopora: F = 3.64, R2 = 0.20, p < 0.001; Cladocopium: F = 2.36, R2 = 0.14, p < 0.001) on overall transcriptome patterns.
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FIGURE 2. Principal coordinates analysis (PCoA) of transcriptome patterns in (A) Pocillopora corals and (B) Cladocopium algal symbionts reveals coral host cryptic species variation and experimental treatment effects, including a synergistic effect of combined antibiotics-heat treatment on coral host and algal symbiont gene expression. Point shape represents the sample colony (genotype) and color represents the treatment, with blue for the control treatment, orange for the heat treatment, cyan for the antibiotics treatment, and yellow for the combined treatment. Treatment centroids are plotted as black circles outlined in each treatment color with lines connected to each sample within the treatment.




Differential Gene Expression Analysis Reveals Effects of Acute Heat Stress, Antibiotics, and Antibiotics-Heat Stress Treatments

In addition to Pocillopora host genotypic effects, PCoA and PERMANOVA revealed a combined effect of the antibiotics-heat stress treatment on Pocillopora and Cladocopium gene expression. Samples in the antibiotics-heat stress treatment grouped separately from samples in the control treatment and the individual heat stress or antibiotics treatments in the PCoA plot (Figure 2). Furthermore, pairwise PERMANOVA tests between treatments only identified significant differences (p < 0.001) in Pocillopora transcriptome profiles between the antibiotics-heat treatment and the individual control, antibiotics, and heat stress treatments, which were not significantly different from each other (Supplementary Table 3).

This pattern was confirmed via the DESeq2 differential gene expression analysis that identified Pocillopora and Cladocopium DEGs between each of the heat stress, antibiotics, and antibiotics-heat stress treatments versus the control treatment for each genotype and all genotypes analyzed together (Table 1). The all-genotypes analysis detected 702 coral DEGs (185 up and 517 down) and 35 symbiont DEGs (11 up and 24 down) between the heat stress treatment and the control treatment, 730 coral DEGs (369 up and 361 down) and 1,614 symbiont DEGs (804 up and 810 down) between the antibiotics treatment and control treatment, and 6,118 coral DEGs (3,117 up and 3,001 down) and 2,936 symbiont DEGs (1,558 up and 1,378 down) between the antibiotics-heat stress treatment and the control treatment (Table 1 and Supplementary Table 3). Venn diagram analysis of the DEG set intersects revealed that many Pocillopora DEGs were uniquely differentially expressed in the antibiotics-heat stress treatment (5,044, 82.4%, Figure 3A), indicating a synergistic effect of antibiotics and heat stress on the Pocillopora transcriptome (Gunderson et al., 2016). This same pattern was also observed in the Cladocopium DEGs in the antibiotics-heat stress treatment (1,971, 67.1%, Figure 3B).
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FIGURE 3. The overall summary of shared and unique DEGs detected in Pocillopora and Cladocopium. Venn diagrams of the number of shared and unique DEGs detected among experimental treatments contrasted with the control treatment for (A) Pocillopora corals and (B) Cladocopium algal symbionts. Thousands more DEGs are detected in the antibiotics and heat combined treatment than the individual antibiotics or heat stress treatments for both coral host and algal symbiont. (C) Barplots of enriched KOG categories for Pocillopora and Cladocopium upregulated and downregulated DEGs reveals that heat stress, antibiotics, and combined treatments affect different functional classes of genes. KOG categories are shown on the y-axis, and the x-axis depicts the enrichment score [–log10(padj)] for each KOG category within each set of upregulated or downregulated DEGs.




Eukaryotic Orthologous Group and Gene Ontology Enrichment Identifies Pocillopora and Cladocopium Biological Processes Affected by Heat Stress, Antibiotics, and Antibiotics-Heat Stress Treatments

Enrichment analysis of the Pocillopora and Cladocopium DEGs detected in treatment contrasts that had annotations to 23 non-overlapping KOG categories revealed distinct biological responses to the heat stress, antibiotics, and antibiotics-heat stress treatments (Figure 3C).

Pocillopora upregulated DEGs in the heat stress treatment were not significantly enriched (padj < 0.05) for any KOG categories or GO terms (Figure 3C). However, Pocillopora downregulated DEGs in the heat stress treatment were enriched for the KOG categories ‘translation, ribosomal structure and biogenesis’ and ‘inorganic ion transport and metabolism’ (Figure 3C) and this was supported by enriched biological process (BP) GO terms (n = 36, padj < 0.05), including ‘protein localization to endoplasmic reticulum,’ ‘cytoplasmic translation,’ and ‘ribosome biogenesis’ (Supplementary Table 4).

Pocillopora upregulated DEGs in the antibiotics treatment were enriched for the KOG categories ‘intracellular trafficking, secretion, and vesicular transport’ and ‘posttranslational modification, protein turnover, chaperones’ (Figure 3C), and were enriched for BP GO terms (n = 20, padj < 0.05) including ‘endoplasmic reticulum to Golgi vesicle-mediated transport,’ ‘response to topologically incorrect protein,’ ‘canonical Wnt signaling pathway,’ and ‘regulation of hydrolase activity’ (Supplementary Table 4). Pocillopora downregulated DEGs in the antibiotics treatment were enriched for the KOG categories ‘inorganic ion transport and metabolism’ and ‘cytoskeleton’ (Figure 3C), however no BP GO terms were significantly enriched at the padj < 0.05 level (Supplementary Table 4). Notable downregulated Pocillopora DEGs in the antibiotics treatments included five amino acid transporters (pdam_00001802, pdam_00001810, pdam_00011663, pdam_00012562, and pdam_00017019), one ammonium transporter (pdam_00014954), and several enzymes involved in amino acid biosynthetic pathways including glutamate carboxypeptidase 2 (pdam_00006146), adenosylhomocysteinase (pdam_00017020), S-adenosylmethionine synthase (pdam_00004044), and alanine aminotransferase 1 (pdam_00024643) (Supplementary Table 3).

Pocillopora upregulated DEGs in the antibiotics-heat stress treatment were enriched for the KOG categories ‘energy production and conversion,’ ‘intracellular trafficking, secretion and vesicular transport,’ ‘posttranslational modification, protein turnover, chaperones,’ and ‘translation, ribosomal structure and biogenesis’ (Figure 3C), as well as many BP GO terms (n = 92, padj < 0.05), among which the most significantly enriched were ‘cellular respiration,’ ‘electron transport chain,’ and ‘establishment of protein localization to mitochondrion.’ Other highly enriched terms included ‘antigen processing and presentation,’ ‘generation of precursor metabolites and energy’ ‘oxidation-reduction process,’ and ‘proteolysis’ (Supplementary Table 4).

Pocillopora downregulated DEGs in the antibiotics-heat stress treatment were enriched for the KOG categories ‘inorganic ion transport and metabolism,’ ‘extracellular structures,’ ‘signal transduction mechanisms,’ ‘amino acid transport and metabolism,’ ‘replication, recombination and repair,’ and ‘cell wall/membrane/envelope biogenesis’ (Figure 3C), and these processes were supported by the most highly enriched BP GO terms (n = 154, padj < 0.05) including ‘sodium ion transport,’ ‘metal ion transport,’ ‘microtubule organizing center organization,’ ‘response to wounding,’ and ‘cell–cell adhesion via plasma-membrane adhesion molecules’ (Supplementary Table 4).

The few Cladocopium upregulated DEGs in the heat stress treatment were not enriched for any KOG categories or BP GO terms, whereas Cladocopium downregulated DEGs in the heat stress treatment were enriched for the KOG category ‘translation, ribosomal structure and biogenesis’ and the BP GO terms (n = 4, padj < 0.05) ‘cytoplasmic translation,’ ‘amide biosynthetic process,’ ‘maturation of LSU-rRNA,’ and ‘ribosomal large subunit biogenesis’ (Supplementary Table 4).

Cladocopium upregulated DEGs in the antibiotics treatment were also not enriched for any KOG categories or BP GO terms. Cladocopium downregulated DEGs in the antibiotics treatment were enriched for the KOG categories ‘energy production and conversion’ and ‘inorganic ion transport and metabolism’ and BP GO terms (n = 4, padj < 0.05) ‘cytoplasmic translational elongation,’ ‘photosynthesis,’ ‘cellular response to hydrogen peroxide,’ and ‘cellular response to toxic substance.’ Among these Cladocopium downregulated DEGs was a chloroplastic aminomutase (SymbC1.scaffold4424.2), a chloroplastic delta-aminolevulinic acid dehydratase (SymbC1.scaffold548.4), six aminotransferases (SymbC1.scaffold31.2, SymbC1.scaffold2551.4, SymbC1.scaffold 2895.2, SymbC1.scaffold2898.1, SymbC1.scaffold2207.2, and SymbC1.scaffold1758.2), an amino acid permease (Symb C1.scaffold7668.1), a chloroplastic glutamate synthase (Sym bC1.scaffold1423.11), a type-3 glutamine synthase (SymbC1. scaffold371.1), a mitochondrial basic amino acid transporter (SymbC1.scaffold1251.1), and a fumarate reductase enzyme (SymbC1.scaffold10507.1).

Cladocopium upregulated DEGs in the antibiotics-heat stress treatment were not enriched for any KOG categories or BP GO terms, whereas Cladocopium downregulated DEGs in the antibiotics-heat stress treatment were enriched for the KOG category ‘inorganic ion transport and metabolism,’ and no BP GO terms (Supplementary Table 4).



WCGNA Reveals Modules of Co-expressed Immunity, Symbiosis, and Stress Response Genes Correlated to Experimental Treatments

WGCNA based on vst-transformed counts identified 23 Pocillopora and 13 Cladocopium co-expressed gene modules that were labeled according to module size along a standard sequence of colors within the WGCNA R package (Figure 4). Of these, 12 Pocillopora modules and 8 Cladocopium modules displayed module eigengene expression that was significantly correlated to one or more treatments (p < 0.05).
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FIGURE 4. WGCNA reveals (A) Pocillopora and (B) Cladocopium co-expressed gene modules correlated to experimental treatments. The heatmap color represents the correlation coefficient of module eigengene expression to each treatment ranging from blue for negative correlation (–1) to red for positive correlation (+1), and the Pearson correlation coefficient and p-value is listed in each cell with a significant correlation (p < 0.05). The eigengene hierarchical clustering dendrogram is depicted to the left of the heatmap, and the number of genes in each module is listed in parentheses next to the module label. There are 12 Pocillopora and 8 Cladocopium modules that are significantly correlated to one or more treatments.


For Pocillopora, there were 2 positively (‘grey60’ and ‘mediumpurple3’) and 4 negatively (‘royalblue,’ ‘floralwhite,’ ‘orange,’ and ‘blue’) correlated modules to the control treatment, 1 positively (‘cyan’) and 3 negatively (‘bisque4,’ ‘lightsteelblue1,’ and ‘darkgreen’) correlated modules to the heat stress treatment, 1 module positively correlated to the antibiotics treatment (‘lightsteelblue1’), and 5 positively (‘floralwhite,’ ‘royalblue,’ ‘orange,’ ‘bisque4,’ and ‘palevioletred3’) and 4 negatively (‘grey60,’ ‘cyan,’ ‘mediumpurple3,’ and ‘skyblue’) correlated modules to the antibiotics-heat stress treatment (Figure 4A).

For Cladocopium, there was 1 positively (‘green’) and 1 negatively (‘grey60’) correlated modules to the control treatment, 2 positively (‘magenta’ and ‘darkgrey’) and 2 negatively (‘grey60’ and ‘brown’) correlated modules to the heat stress treatment, 1 positively (‘purple’) and 2 negatively (‘darkturquoise’ and ‘green’) correlated modules to the antibiotics treatment, and 3 positively (‘grey60,’ ‘brown,’ and ‘darkgreen’) and 3 negatively (‘magenta,’ ‘darkgrey,’ and ‘green’) correlated modules the antibiotics-heat stress treatment (Figure 4B).

Among all the significantly correlated Pocillopora modules, the ‘lightsteelblue1’ module (n = 104 genes) was the only module positively correlated to the antibiotics treatment and was also negatively correlated to the heat stress treatment. This module was enriched for the KOG category ‘signal transduction mechanisms’ and BP GO terms (n = 38, padj < 0.05) related to immune processes such as ‘activation of immune response,’ ‘leukocyte activation,’ and ‘response to bacterium’ (Supplementary Tables 5, 6). The module hub gene was an endoribonuclease (ZC3H12B, pdam_00012426) (Table 2) that may function as an RNase involved in immunomodulation via mRNA decay, and other co-expressed genes included the immune-related transcription factors ETS-related transcription factor Elf-4 (ELF4, pdam_00016137), ETS domain-containing protein Elk-1 (ELK1, pdam_00003296), baculoviral IAP repeat-containing protein 2 (BIRC2, pdam_00007333), and neural proliferation differentiation and control protein 1 (NPDC1, pdam_00019344).


TABLE 2. Number of Pocillopora and Cladocopium DEGs (# of genes DESeq2 padj < 0.05 [up, down]) detected in contrasts between each experimental treatment and the control treatment for each genotype and all genotypes together.
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The ‘floralwhite’ module was the largest module (n = 1,661 genes) and was negatively correlated to the control treatment and positively correlated to the antibiotic-heat treatment (Figure 4A). This module was highly enriched for the KOG categories ‘energy production and conversion,’ ‘intracellular trafficking, secretion, and vesicular transport’, ‘posttranslational modification, protein turnover, chaperones’ and ‘translation, ribosomal structure and biogenesis,’ as well as the BP GO terms (n = 131, padj < 0.05) ‘generation of precursor metabolites and energy,’ ‘protein polyubiquitination,’ and ‘proteasome assembly’ (Supplementary Tables 5, 6). The ‘floralwhite’ module hub gene was a proteolytic subunit of the mitochondrial ATP-dependent Clp protease complex (CLPP, pdam_00002241) (Table 2), and other co-expressed genes within the ‘floralwhite’ module were involved in immune-related processes including the master immune regulator NF-κB (pdam_00003205), tumor necrosis factor receptor-associated factor 6 (TRAF6, pdam_00017873), and mannan-binding lectin-associated serine protease 1 (MASP1, pdam_00000447). Additional upregulated and co-expressed genes were involved in pro-apoptosis pathways and protein degradation such as apoptosis regulator BAX (pdam_00019537), programed cell death 6-interacting protein (pcdip6, pdam_00015525), matrix metalloproteinase 25 (MMP25, pdam_00023163), and multiple 26S proteasome subunits.

The ‘orange’ module (n = 1,004 genes) was also negatively correlated to control treatment and positively correlated to antibiotics-heat stress treatment (Figure 4A). The ‘orange’ module was enriched for the KOG category ‘cytoskeleton,’ and the most highly enriched BP GO terms (n = 74, padj < 0.05) included ‘response to oxidative stress,’ ‘cellular amino acid catabolic process,’ and ‘response to temperature stimulus’ (Supplementary Tables 5, 6). Although the module hub gene (pdam_00024070) lacked annotation, other highly connected and upregulated genes were involved in the oxidative stress response, such as catalase (pdam_00001882), peroxidase (pdam_00000351), peroxiredoxin-6 (pdam_00009060) and apoptosis-inducing factor 2 (AIFM2, pdam_00001271), which is involved in directly triggering programed cell death pathways during oxidative stress.

Conversely, the ‘grey60’ (n = 1,203 genes) and ‘mediumpurple3’ (n = 104 genes) modules were both positively correlated to the control treatment and negatively correlated to the antibiotics-heat treatment. The ‘grey60’ module was enriched for the KOG categories ‘extracellular structures,’ ‘inorganic ion transport and metabolism,’ ‘signal transduction mechanisms,’ and ‘transcription’ as well as many BP GO terms (n = 305, padj < 0.05) related to cellular housekeeping functions and homeostasis maintenance (Supplementary Tables 5, 6). The ‘mediumpurple3’ module was enriched for the KOG category ‘signal transduction mechanisms’ and several BP GO terms (n = 25, padj < 0.05) involved in epithelial immune processes such as ‘regulation of antibacterial peptide biosynthetic process,’ ‘positive regulation of humoral immune response,’ ‘cell–cell adhesion,’ and ‘columnar/cuboidal epithelial cell development.’ The module hub gene was a fibroblast growth factor receptor (FGFR, pdam_00020781), and there were numerous other tyrosine kinase receptors within the module (Supplementary Tables 5, 6).

The ‘cyan’ module (n = 508 genes) was positively correlated to the control treatment and heat stress treatment and negatively correlated the antibiotics-heat treatment, and was enriched for the KOG categories ‘cell cycle control, cell division, and chromosome partitioning,’ ‘chromatin structure and dynamics,’ ‘cytoskeleton,’ ‘nucleotide transport and metabolism,’ ‘replication, recombination, and repair,’ and ‘secondary metabolites biosynthesis, transport, and catabolism,’ and the top enriched BP GO terms (n = 209, padj < 0.05) included numerous DNA damage response and repair processes (Supplementary Tables 5, 6).

For Cladocopium, only the ‘purple’ module (n = 222 genes) was positively correlated with antibiotics treatment, however, no KOG categories or BP GO terms were significantly enriched (Figure 4B). The module hub gene was a 26S proteasome regulatory subunit (SymbC1.scaffold7524.1) (Table 2), and other genes in the module that were also upregulated in the antibiotics treatment included a D-amino acid dehydrogenase small subunit protein (SymbC1.scaffold805.5), an isoleucine-tRNA ligase (SymbC1.scaffold2776.4), a vacuolar amino acid transporter associated with ATP-mediated isoleucine uptake (SymbC1.scaffold2075.3), and two sodium-dependent amino acid transporters (SymbC1.scaffold8224.5 and SymbC1.scaffold8948.3).

The largest significant Cladocopium module was the ‘green’ module (n = 1,398 genes), which was positively correlated to the control treatment and negatively correlated to both the antibiotics and antibiotics-heat stress treatment, and was enriched for the KOG category ‘energy production and conversion’ and BP GO terms ‘photosynthesis’ and ‘nucleoside monophosphate biosynthetic process.’ The ‘darkturquoise’ module (n = 162 genes) was also negatively correlated to the antibiotics treatment and had a chloroplastic hub gene of fucoxanthin-chlorophyll binding protein E (SymbC1.scaffold3718.1), an element of the light-harvesting complex associated with photosystem II.

Both the Cladocopium ‘magenta’ (n = 409 genes) and ‘darkgrey’ (n = 60 genes) modules were positively correlated to the heat stress treatment and negatively correlated to the antibiotics-heat stress treatment (Figure 4B). The ‘magenta’ module was enriched for the KOG category ‘signal transduction mechanisms,’ however, no BP GO terms were enriched. Conversely, the ‘brown’ (n = 1,326 genes) and ‘grey60’ (n = 378 genes) modules were negatively correlated to the heat stress treatment and positively correlated to the antibiotics-heat stress treatment. The ‘brown’ module was enriched for the KOG category ‘translation, ribosomal structure and biogenesis’ and BP GO terms ‘cytoplasmic translation,’ ‘membrane docking,’ ‘ncRNA metabolic process,’ and ‘RNA/ncRNA processing,’ and its hub gene was autophagy-related protein 9 (ATG9, SymbC1.scaffold517.1), a protein involved in autophagic vesicle formation. Genes related to ncRNA metabolism and processing included piRNA biogenesis protein Exd1 (SymbC1.scaffold5866.5), an Elav-like RNA-binding protein associated with miRNA processing (SymbC1.scaffold526.10), and an insulin-like mRNA-binding protein capable of shielding target transcripts from microRNA-mediated degradation (SymbC1.scaffold2518.1).



Antibiotics Alters Pocillopora-Associated Bacteria Communities

Sequencing of bacteria 16S rRNA gene V4 region on the Illumina MiSeq at the University of Miami CGT was completed in April 2019. A total of 3,716,629 demultiplexed reads were obtained from all 48 samples, with an average sequence length of 300 bp (Supplementary Figure 3). After read denoising, classification against the SILVA database and filtering of mitochondria and chloroplast-derived sequences, 470 coral-associated ASVs were detected representing 17 phyla, 31 classes, 84 orders, and 135 bacterial and archaeal families. The most abundant bacterial phyla were Proteobacteria, Bacteroidetes, and Cyanobacteria, and the most abundant families within the phylum Proteobacteria were Endozoicomonadaceae, Rhodobacteraceae, and Alteromonadaceae (Figure 5B). Filtering out low-abundance taxa with mean counts < 3 left 36 high-abundance ASVs remaining for compositional data analysis of bacteria community alpha and beta-diversity. Antibiotics treatments caused significant changes in coral-associated bacteria community beta-diversity according to PCA visualization of center-log ratio transformed abundances, as PC1 separated samples in both antibiotics treatments from the control and heat stress treatment samples and explained 24.8% of the variance (Figure 5A). PC2 explained 20.8% of the variance and partially separated the P. acuta genotypes (WT1 and WT2) from the P. damicornis genotypes (HW1 and HW2), in part due to a higher relative abundance of Endozoicomonas bacteria (Figures 5A,B).
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FIGURE 5. Bacteria 16S sequencing demonstrates that antibiotics treatments alter coral-associated bacteria communities, and that certain coral-associated bacteria families exhibit differential susceptibility to antibiotics treatment. (A) Principal components analysis (PCA) plot of coral-associated bacteria communities reveals that antibiotics-treated samples (yellow and cyan) cluster separately from heat stress and control treatment samples (blue and orange). Point shape represents the sample colony (genotype) and color represents the treatment, with blue for the control treatment, orange for the heat treatment, cyan for the antibiotics treatment, and yellow for the combined treatment. Colored ellipses represent the 95% confidence interval. (B) Barplot of the relative abundance of bacteria families in each treatment reveals significant declines in the abundance of coral-associated Rhodobacteraceae bacteria (royal blue) and increases in Alteromonadaceae bacteria (red) in antibiotics-treated corals, while Endozoicomonadaceae bacteria (dark green) tend to dominate both WT genotypes and are not eliminated by antibiotics treatment.


Non-parametric Kruskal–Wallis tests detected significant differences in bacteria community alpha-diversity metrics between experimental treatments (Chao1, Kruskal–Wallis chi-squared = 8.62, p = 0.035), with lower alpha-diversity observed in antibiotics-treated samples. PERMDISP tests revealed inhomogeneity of dispersions between treatments (F = 3.44, p = 0.027), and PERMANOVA tests also revealed significant differences between treatment centroids (F = 5.28, R2 = 0.26, p < 0.001), indicating differences in bacteria community composition in antibiotics-treated samples.

Specifically, antibiotics treatments reduced the relative abundance of bacteria in the family Rhodobacteraceae while bacteria in the family Alteromonadaceae persisted and increased in relative abundance (Figure 5B and Supplementary Figure 4). Bacteria in the genus Endozoicomonas were also observed to persist through antibiotics treatment but did not increase in relative abundance (Figure 5B and Supplementary Figure 4).

Furthermore, paired ALDEx2 tests that contrasted each experimental treatment with the control identified specific differentially abundant ASVs. Three ASVs in the family Rhodobacteraceae and one ASV in the genus Neptuniibacter (family Nitrincolaceae) were significantly reduced in both antibiotics and antibiotics-heat stress treatment samples (Supplementary Figure 5). Two ASVs in the family Alteromonadaceae had increased relative abundance in the antibiotics treatment and antibiotics-heat stress treatment (Supplementary Figure 5). BLASTn searches of these ASVs against the NCBI 16S rRNA database uncovered 100% sequence similarity (e-values < 3e–123) to Alteromonas aestuariivivens, an ampicillin-resistant bacterium isolated from a South Korea tidal flat (Park et al., 2017) and Aestuariibacter aggregatus, another ampicillin-resistant bacterium isolated from Yellow Sea (Wang et al., 2010).




DISCUSSION

On coral reefs, antibiotics are increasingly being considered for use in coral disease intervention strategies and as environmental pollutants that are potentially damaging to coral health (Zhang R. et al., 2018; Zhang R. et al., 2019; Neely et al., 2020; Walker et al., 2021). Our experiment reveals that antibiotic suppression of coral-associated bacteria communities produces dramatic changes in Pocillopora coral and Cladocopium symbiont gene expression and bacteria community composition, resulting in microbial dysbiosis and diminished holobiont heat tolerance. These findings corroborate results from previous studies that documented negative effects of antibiotics on coral health (Gilbert et al., 2012; Glasl et al., 2016), and provide new insights into the complex multi-partner interactions that occur within Pocillopora coral holobionts (Brener-Raffalli et al., 2018; Pogoreutz et al., 2018; Geissler et al., 2021; Haydon et al., 2021; Li et al., 2021).


Antibiotics Treatment Disrupts Expression of Genes Involved in Coral Holobiont Metabolic Interactions

Pocillopora and Cladocopium transcriptome responses to antibiotics treatment revealed changes in intracellular trafficking and vesicular transport and inorganic ion transport and metabolism genes and upregulation of immune-related genes in the Pocillopora ‘lightsteelblue1’ module. These changes suggest that disruptions of the coral-associated bacteria community negatively affect coral holobiont metabolic exchanges and inter-partner signaling, resulting in immune inflammation and microbiome dysregulation (Figures 4, 5 and Supplementary Table 3). This transcriptomic evidence also supports the notion that these holobiont metabolic interactions entail the exchanges of amino acids, inorganic ions, and other secondary metabolites among the Pocillopora coral host, its Cladocopium algal symbionts and specific bacteria within the coral holobiont (Matthews et al., 2020; Peixoto et al., 2021). Previous studies have identified diazotrophic bacteria as a source of fixed nitrogen to coral holobionts (Olson et al., 2009; Benavides et al., 2017; Lesser et al., 2018; Rädecker et al., 2021), and have implicated coral-associated bacteria in dimethylsulfoniopropionate (DMSP) metabolism (Raina et al., 2010; Tandon et al., 2020) and the production of siderophores capable of alleviating iron and trace metal limitation (Hopkinson and Morel, 2009; Schalk et al., 2011; Amin et al., 2017; Reich et al., 2020; Peixoto et al., 2021). Importantly, while transcriptome read alignments suggest these Pocillopora genotypes were Cladocopium-dominated, direct measurement of Symbiodiniaceae community composition via ITS2 amplicon sequencing (Boulotte et al., 2016; Hume et al., 2019) in future studies would be preferred for assessing interactions of different Symbiodiniaceae genera with associated bacteria.

While the magnitude of Pocillopora gene expression changes were similar for the acute heat stress treatment and antibiotics treatment relative to the control treatment, Cladocopium gene expression had more DEGs in response to antibiotics treatment than to the heat stress treatment (Figures 2B, 3B). This difference was driven in part by the downregulation of genes involved in energy production and photosynthesis in the Cladocopium ‘green’ and ‘darkturquoise’ modules that were negatively correlated to antibiotics treatment, such as the light-harvesting fucoxanthin-chlorophyll A–C binding proteins E and F, a caroteno-chlorophyll A-C-binding protein and several photosystem I proteins (Figures 3C, 4B and Supplementary Table 4).

We hypothesize that the downregulation of Cladocopium photosynthesis and metabolism genes in the antibiotics treatment may be related to disruptions in nitrogen cycling and amino acid exchanges between the Pocillopora coral, Cladocopium symbionts and members of the associated bacteria community. Five Pocillopora amino acid transporters were downregulated in the antibiotics treatment (Supplementary Table 3), however, for Cladocopium three amino acid transporters and an isoleucine tRNA ligase were upregulated in the ‘purple’ module, and other genes involved in amino acid metabolism were downregulated in the ‘green’ and ‘darkturquoise’ modules. The role of amino acids in generating energy via the TCA cycle (Akram, 2014) or alternatively as metabolites in chlorophyll biosynthesis (Vavilin and Vermaas, 2002) could potentially play a role in Cladocopium photosynthetic impairment. This second hypothesis is consistent with observations of decreased chlorophyll a in nitrogen-starved C. goreauii (Zhou et al., 2021) and stable photochemical efficiency and dramatically increased growth rates in Breviolium minutum cultures supplemented with casein amino acids (Kirk et al., 2020). Although the Pocillopora and Cladocopium genomes possess pathways for synthesizing most amino acids and heterotrophic feeding may account for substantial input of essential amino acids to the coral holobiont (Fox et al., 2019; Ferrier-Pagès et al., 2021), these observations suggest that certain coral-associated and/or Symbiodiniaceae-associated bacteria may provide in hospite Symbiodiniaceae with additional nitrogenous compounds that benefit holobiont metabolism (Benavides et al., 2017; Geissler et al., 2021; Glaze et al., 2021; Rädecker et al., 2021). While more experimental evidence is required to validate this conclusion, Cladocopium symbionts were recently shown to associate with diverse bacteria located within algae cells and on external cell surfaces, which supports the idea that Symbiodiniaceae-bacteria metabolic exchanges may be more common than previously recognized (Camp et al., 2020; Matthews et al., 2020; Maire et al., 2021).



Antibiotics Treatment Alters Pocillopora-Associated Bacteria Communities

Treatments of Pocillopora corals with the broad-spectrum antibiotics ampicillin and streptomycin caused significant changes in coral-associated bacteria community composition (Figure 5A), as antibiotics treatment substantially reduced the relative abundance of bacteria in the family Rhodobacteraceae while bacteria in the family Alteromonadaceae persisted and increased in relative abundance (Figure 5B).

Bacteria community analysis of these Pocillopora corals from southern Taiwan revealed similar results to previous studies demonstrating that P. acuta corals in Taiwan and elsewhere in the Indo-Pacific have high relative abundances of Endozoicomonas bacteria (Brener-Raffalli et al., 2018; Epstein et al., 2019; Connelly et al., 2020), however, further studies on how variation in coral host species, site effects and environmental factors affect Pocillopora corals’ associations with Endozoicomonas bacteria are needed to corroborate this trend. Furthermore, these results indicate that Endozoicomonas-dominated microbiomes may be more resistant to experimental antibiotic perturbation (Figure 5B and Supplementary Figure 4). The persistence of Endozoicomonas bacteria throughout multiple stressors suggests that these bacteria are either resistant to environmental perturbations or perhaps are effectively shielded from external stressors because of their location as cellular aggregates within Pocillopora coral tissues (Work and Aeby, 2014; Neave et al., 2017; Pogoreutz et al., 2018).

Furthermore, it appears that other bacteria that persist through antibiotics treatment, such as the bacteria ASVs similar to the ampicillin-resistant Alteromonas spp. and A. aggregatus, might act as opportunistic pathogens that activate coral immune responses and cause microbial dysbiosis during antibiotics-heat stress treatment (Wang et al., 2010; Park et al., 2017; Zaneveld et al., 2017). More in-depth research on the taxonomic diversity, localization, and metabolic functions of Pocillopora coral-associated bacteria communities is necessary to fully understand how interactions with specific bacteria influence coral holobiont health, and these results highlight the potential of antibiotics treatments as an experimental tool to manipulate these associations.



Antibiotics-Heat Stress Treatment Causes Microbial Dysbiosis and Exacerbates Pocillopora and Cladocopium Transcriptome Stress Responses

Despite the strong influence of coral genotype on both Pocillopora and Cladocopium gene expression, differential gene expression and gene co-expression network analyses revealed distinct effects of the separate acute heat stress and antibiotics treatments as well as a strong combined effect of the antibiotics-heat treatment (Figure 2 and Table 1). Samples in the antibiotics-heat stress treatment clustered separately from the heat stress, antibiotics, and control treatment samples in PCoA, and thousands more DEGs were detected in the antibiotics-heat treatment than either individual heat stress or antibiotics treatment (Table 1 and Figures 2, 3). This dramatic transcriptional activation of Pocillopora and Cladocopium energy conversion and stress response genes suggest that in the antibiotics-heat stress treatment, bacteria community disruption negatively impacts Pocillopora coral holobiont metabolism and immune homeostasis such that opportunistic microbes flourish and the corals’ ability to collectively mount an efficient heat stress response and defend against infection is diminished (Figures 3C, 5B). This is supported by functional enrichment analyses of Pocillopora DEGs and the co-expressed ‘floralwhite,’ ‘orange,’ ‘grey60,’ ‘mediumpurple3,’ and ‘cyan’ modules that indicate Pocillopora corals’ responses to the antibiotics-heat stress treatment involved increases in energy production and conversion, immune inflammation, proteolysis and apoptosis at the expense of diminished holobiont metabolism, epithelial immune integrity, ion transport, inter-partner signal transduction, and DNA maintenance (Figure 3C). This suggests that in the antibiotics-heat treatment, oxidative damage signals together with a dysregulated bacteria community triggers programed cell death pathways through the activation of tumor necrosis factor and caspase pathways, and proteolytic effectors such as MMPs and the 26S proteasome (Wecker et al., 2018; Chuang, 2020; Jiang et al., 2020). Indeed, many of these energy conversion, oxidative stress response and proteolysis genes were co-expressed within the Pocillopora ‘floralwhite’ and ‘orange’ modules and the Cladocopium ‘brown’ module, making the hub genes of each of these modules appealing targets for future functional characterization, pharmacological inhibition and gene knockdown/knockout studies (Table 3) (Cleves et al., 2020a,b; Jiang et al., 2020).


TABLE 3. Hub genes of Pocillopora and Cladocopium WGCNA modules with significant correlations to experimental treatments.
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Implications for Coral Conservation and Disease Intervention Strategies

The results on the effect of antibiotic suppression of coral bacteria community and host-microbe interactions lead us to warn coral reef conservation practitioners to be cautious in considering field-based applications of antibiotics treatments as potential disease therapies, as there may be numerous unintended consequences for coral health. Current mitigation strategies being used throughout the Caribbean for treating stony coral tissue loss disease (SCTLD) involve treatments with antibiotics-infused epoxies (Voss et al., 2019; Walker and Pitts, 2019; Neely et al., 2020; Shilling, 2020). Our results suggest that ampicillin and streptomycin based antibiotic treatments do not non-selectively eliminate pathogenic bacteria, and more investigation into the efficacy and safety of these approaches should be conducted.

Future laboratory work should attempt to carefully manipulate associations between different coral genotypes and microbial symbiotic partners (including Symbiodiniaceae and bacteria) to move toward the generation of gnotobiotic (i.e., known-microbiome) corals for use in functional experiments. This has been shown to be feasible in cnidarian model systems such as Hydra, Nematostella, and Aiptasia (Murillo-Rincon et al., 2017; Domin et al., 2018; Medrano et al., 2019; Costa et al., 2021; Dungan et al., 2021), but is only beginning to be explored in reef-building corals and other cnidarians (Lin et al., 2019; Cunning and Baker, 2020; Weiland-Bräuer et al., 2020). Experiments that apply a combination of antibiotics treatments followed by targeted probiotic delivery or “microbiome recovery” treatments will yield insights into whether disturbed coral-associated bacteria communities and host stress response phenotypes can be “rescued” by the re-introduction of one or several beneficial microbes (Peixoto et al., 2017, 2021; Rosado et al., 2018; Damjanovic et al., 2019; Assis et al., 2020; Santoro et al., 2021). Future work would also benefit from the inclusion of baseline samples and additional time points to track the temporal changes in bacteria community composition and transcriptome responses across coral colonies.

Collectively, the results of this experiment highlight the vital importance of coral-associated bacteria communities to coral holobiont metabolism, immunity, and acute heat stress responses, and provide a basis for future mechanistic studies of how symbiotic interactions between multiple partners shape coral holobiont health, evolution, and ecological resilience (Engelberts et al., 2021; Voolstra et al., 2021).
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The increased number of DEGs for both the coral host and algal symbiont in the combined antibiotics and heat stress treatment relative to the separate treatments
indicates that there is a synergistic effect of antibiotics and heat stress on both coral and algal symbiont gene expression.





