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Abstract

:

Coral bleaching linked to climate change has generated interest in the response of coral’s bacterial microbiome to thermal stress. The sea anemone, Exaiptasia diaphana, is a popular coral model, but the response of its bacteria to thermal stress has been barely explored. To address this, we compared the bacterial communities of Great Barrier Reef (GBR) E. diaphana maintained at 26 °C or exposed to increasing temperature (26–33 °C) over two weeks. Communities were analyzed by metabarcoding of the bacterial 16S rRNA gene. Bleaching and Symbiodiniaceae health were assessed by Symbiodiniaceae cell density and dark-adapted quantum yield (Fv/Fm), respectively. Significant bleaching and reductions in Fv/Fm occurred in the heat-treated anemones above 29 °C. Overall declines in bacterial alpha diversity in all anemones were also observed. Signs of bacterial change emerged above 31 °C. Some initial outcomes may have been influenced by relocation or starvation, but collectively, the bacterial community and taxa-level data suggested that heat was the primary driver of change above 32 °C. Six bacterial indicator species were identified as potential biomarkers for thermal stress. We conclude that the bacterial microbiome of GBR E. diaphana is generally stable until a thermal threshold is surpassed, after which significant changes occur.
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1. Introduction


One of the most notable manifestations of human-induced climate change has been an increase in sea surface temperature (SST) [1]. The effect of elevated temperature on reef-building corals that live close to their thermal limit has been catastrophic, causing mass bleaching events worldwide [2,3]. Bleaching, wherein corals lose the intracellular algae (Symbiodiniaceae) that provide the majority of their nutrition through photosynthesis, typically leads to starvation and death of the host animal [4]. The subsequent loss of coral cover rapidly converts previously productive reef systems into patchy remnants or marine deserts, particularly when bleaching has occurred on a mass scale [5].



The coral holobiont comprises the host and its intracellular Symbiodiniaceae, as well as prokaryotes, viruses and fungi [6], which all contribute to host health and resilience, for example through nutrient provisioning and pathogen protection [7]. Therefore, investigating how corals’ bacterial communities change in response to elevated SST can help us understand the role they play in host survival [8].



Studies of coral-associated bacteria have found that communities can be highly dynamic and may change with seasonal temperature shifts [9,10]. Changes seemingly predictive of heat stress survival have also been recorded [11]. However, understanding the influence of bacteria on coral bleaching has been difficult as all combinations of bacterial community stability or change, and bleaching resistance or susceptibility during thermal stress have been observed [12,13,14]. This highlights the need for controlled, laboratory-based experiments to clarify the relationship between temperature-related bacterial community shifts and bleaching in cnidarians [15,16,17].



The sea anemone, Exaiptasia diaphana, is a much-used model for coral symbiosis studies [18,19]. Its ability to propagate asexually for rapid growth of clonal populations, basic maintenance requirements and coral-like bleaching response to environmental stressors have seen it widely adopted by the research community and several clonal lines of different geographic origin and algal symbiont type have been established. However, studies using E. diaphana to explore cnidarian responses to heat stress have focused largely on aspects of the host-Symbiodiniaceae relationship [20,21,22,23,24,25], whilst its bacterial microbiome has been almost wholly neglected and data from only two studies are available.



In a 2010 Master’s thesis, E. diaphana of unspecified origin were exposed to temperature ramped from 26 °C to 31 °C over ten days, then held at 31 °C for four days [26]. No significant differences between the associated bacterial communities of control and treated anemones were detected across the study period. However, poor resolution of chosen molecular biology methods negatively impacted the findings. In addition, exposing the anemones to a maximum of 31 °C meant the anemones may not have been thermally stressed, and no measurements of algal cell density or photosynthetic performance were taken to assess their condition. Although the study revealed few insights, it is acknowledged as the first investigation of heat-related changes in the E. diaphana microbiome.



More recently, differences between the bacterial associates of three E. diaphana clonal lines maintained at 32 °C for >2 years or grown at 25 °C were reported [27]. Four E. diaphana-Symbiodiniaceae pairings were analysed: CC7 of Atlantic Ocean origin harboring Symbiodinium linucheae or Breviolum minutum, H2 of Pacific Ocean origin harboring Breviolum minutum, and RS of Red Sea origin harboring Symbiodinium microadriaticum. Significant differences in some alpha diversity indices suggested higher bacterial community richness and lower evenness in the anemones grown at 32 °C and referred to by the authors as “heat stressed”. Notably, bacterial beta diversity and variability was higher in the heat-exposed anemones, apparently providing an example of the Anna Karenina Principle wherein microbiomes from healthy host species are similar, but those from unhealthy hosts are dysbiotic in their own way [28]. However, no evidence of thermal stress was provided and long-term maintenance of the anemones at 32 °C suggests they had become acclimated, particularly as the authors described them as having “reached a final stable state”. Therefore, the bacterial associates of the anemones at 32 °C likely exhibited an adjustment, albeit an inconsistent one, of the host rather than a response to temperature increase as would occur during a natural summer heatwave. This suggests that the response of E. diaphana’s bacterial associates to environmentally relevant heat stress remains unexplored. The present study addressed this knowledge gap by investigating bacterial changes in E. diaphana, originally sourced from Australia’s Great Barrier Reef (GBR), under thermal stress conditions comparable to those found in nature.




2. Materials and Methods


2.1. Experimental Conditions and Sample Processing


Clonal GBR origin E. diaphana (genotype = AIMS2; n = 144) harbouring their natural symbiont, B. minutum, were randomly selected from a single tank in the University of Melbourne (UoM) culture collection. Genotyping and symbiont identification for these cultures has been previously described [29]. The selected anemones were individually relocated into single wells within sterile 12-well plates (Costar 3513, Corning, NY, USA), and placed in two Hi-Point 740 incubators, each with lighting intensity and spectra matching the culture collection. The anemones were then acclimated for 10 days at 26 °C in autoclaved seawater reconstituted from Red Sea Salt™ (hereafter, ‘RSS-water’) at a salinity of 34 parts per thousand and fed freshly hatched Artemia salina nauplii once during the acclimation period. The RSS-water was changed every two days. Lighting throughout the experiment was 31.8–33.8 µmol m−2 s−1 on a 12 h:12 h light–dark cycle. Following the 10 day acclimation period, 72 (heat-treated) anemones were exposed to temperature increasing from 26 °C to 33 °C over 14 days with a programmed increase of 0.5 °C per day, and 72 (control) anemones were maintained at 26 °C (Figure 1). Throughout the experiment, each incubator’s temperature was monitored by internal sensors, an independent electronic temperature probe and data logger (Saveris T3D, Testo, Lenzkirch, Germany), and glass thermometers (Initial, Brannan, Cleator Moor, England) placed in water-filled 500 mL Schott bottles. The anemones were not fed after acclimation to minimize the introduction of bacteria that could have contributed to their bacterial compositions. Starvation was considered reasonable as it is a common practice in E. diaphana studies [21,23,30,31,32].



On sampling days, the anemones were removed from the incubators 30–60 min after the daylight cycle and dark-adapted for 10 min before maximum quantum yield (Fv/Fm) was measured with an imaging pulse amplitude modulation (iPAM) fluorometer (IMAGING-PAM M-Series, Heinz Walz, Effeltrich, Germany). This allowed non-invasive monitoring of holobiont health by assessing damage to photosystem II (PSII) in the photosynthetic apparatus of B. minutum [33]. iPAM settings for all samples were: measuring light intensity 2, frequency 1; gain 2; damping 2. After each Fv/Fm measurement, nine randomly selected control and heat-treated anemones were snap frozen in liquid nitrogen, three of each for Symbiodiniaceae density analysis to determine the extent of bleaching, and six of each for bacterial community analysis. All samples were stored at −80 °C until processing.



Anemones taken for Symbiodiniaceae density analysis were homogenized then centrifuged, and an aliquot of supernatant was removed for total protein measurement by Bradford Assay [34]. The pellet was washed twice and resuspended in filtered RSS-water. The Symbiodiniaceae cell density in the suspension was measured in triplicate on an automated cell counter (Life Technologies Countess II FL, Thermo Fisher, Scoresby, Australia), and values were normalized to total protein to account for anemone size differences. Sample DNA for bacterial analysis was extracted from the anemones following a protocol previously described [35] but modified with the inclusion of 15 min incubation with 20 mL of 10 mg/mL lysozyme after sample homogenization, and 20 s bead beating at 30 Hz (Tissue-Lyser II, Qiagen, Chadstone, Australia) with 100 mg of sterile glass beads (G8772, Sigma Aldrich, North Ryde, Australia). In preparation for DNA sequencing, sample DNA was amplified by PCR using primers with Illumina adapters (underlined) targeting the V5–V6 regions of the 16S rRNA gene 784F (5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA 3′); 1061R (5′ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACGAC 3′) [36]. Triplicate PCRs were performed in 20 µL volumes of 1 µL template DNA, 10 µL MyTaq HS Mix polymerase (Bioline, Eveleigh, Australia), 0.5 µL of 10 µM 784F, 0.5 µL of 10 µM 1061R, and 8 µL MilliQ water. Thermal-cycler settings were: 1 cycle at 95.0 °C for 3 min, 30 cycles at 95.0 °C, 55.0 °C and 72.0 °C for 15 s each, and 1 cycle at 72 °C for 3 min. Each triplicate was pooled, then the product checked by 1% agarose gel electrophoresis. To identify contaminants introduced during sample preparation, blank DNA extractions and no-template PCRs were included as negative controls.



A volume of 25 µL of pooled PCR product from each sample, and three 25 µL aliquots of a 16 member mock community (Table S1), which was included to assess sample-sample sequencing consistency, were sent to the Ramaciotti Centre for Genomics (RCG), Sydney, Australia for sequencing on a single Illumina MiSeq v2 (2 × 250 bp) run. RCG performed PCR product clean-up and normalization as part of library preparation prior to sequencing. The resulting Illumina MiSeq data were deposited in the NCBI Sequence Read Archive under accession number PRJNA576764.




2.2. Sequencing Data Workflow


Raw, demultiplexed MiSeq reads were joined in QIIME2 v2018.4.0 [37]. Denoising, chimera filtering, and trimming was performed in DADA2 [38] to correct sequencing errors, remove primer sequences, and low quality bases. Amplicon sequence variants (ASVs) with one representative sequence were removed. Taxonomy was assigned in QIIME2 against a SILVA database (v 132) trained with a naïve Bayes classifier [39,40,41,42]. ASVs identified as eukaryotes, mitochondria, or chloroplasts were removed.



All subsequent data analyses were performed in R v3.6.0 [43] with differences considered significant at α = 0.05. Tabulated ASV counts, taxonomic assignments and metadata were imported into R and converted into a phyloseq object for ongoing analyses [44]. Rarefaction curves were generated in vegan [45] to assess whether the samples had been sequenced sufficiently to capture species diversity. Potential contaminants were identified using the ‘prevalence’ method in decontam [46] with the default threshold of p = 0.1. ASVs not present in every mock community sample were deemed contaminants and were removed from those samples. After removal of putative contaminants, stacked bar-charts describing the number of reads taxonomically assigned to class in the anemone samples, and species in the mock communities, were plotted with ggplot2 [47] to inspect bacterial community compositions.




2.3. Physiological and Microbiome Diversity Data Analyses


Average Fv/Fm values and algal cell densities for the control and heat-treated samples were plotted over time. Overall changes were evaluated by repeated measures ANOVA after checking assumptions of normality by Shapiro–Wilk [48], and homogeneity of variance by Levene’s tests [49] with the R package car [50]. If significant differences between control and heat-treated data or a group-by-time interaction was detected, paired t-tests for each timepoint were performed to determine when differences occurred. Paired, or pairwise Student’s t-tests [51] with Benjamini–Hochberg correction [52], were also performed on the control and heat-treated data to identify when values differed significantly within each sample category. If data deviated from normality and/or homogeneity of variance, Kruskal–Wallis [53], Welch’s [54] or Mann–Whitney U tests [55] were performed.



Alpha diversity metrics for the anemone-associated bacterial communities were plotted against time after normalizing the count data by sub-sampling to 12,649 reads per sample. The number of observed ASVs was used as a measure of richness. Simpson index was used as a measure of community evenness [56]. Shannon index was calculated for assessment of overall alpha diversity [57]. Differences between the control and heat-treated anemones, and across time within each category, were assessed for statistical significance as described above. The number of co-occurring ASVs within control and heat-treated anemones between Day 0 and 14 of the study period were visualized in Venn diagrams [58] to assess bacterial community member transience.



To visualize changes in beta diversity of bacteria in the control and heat-treated anemones across time, an nMDS ordination was generated of all samples from Bray-Curtis dissimilarities of Hellinger transformed data. The ordination was separated by day to assist visual interpretation. Overall differences between the bacterial community compositions of the control and heat-treated anemones were assessed using Generalized Linear Models (GLM) of ASVs in the R package mvabund [59]. Analysis was performed on ASVs collapsed to genus, and the explanatory variables ‘treatment’ (i.e., control or heat-treated) and ‘time’. A negative binomial distribution was confirmed as appropriate for the data by visualization of the model residuals. Likelihood ratio tests (LRT) were used to determine the deviance (i.e., goodness of fit) of the competing models across 999 sampling iterations. As a treatment-by-time interaction was detected (Table S2), separate analyses were performed for each timepoint at the ASV level against ‘treatment’ to determine when significant differences between the bacterial communities of the control and heat-treated anemones occurred.




2.4. Analysis of Changes in Abundance of Selected Bacterial Taxa


Line plots of the six most abundant bacterial classes for the control and heat-treated anemones were generated to assess changes in community composition across the study period at a high taxonomic level. Bacteria of the genus Vibrio frequently cause disease in corals and E. diaphana at temperatures above 27 °C due to the upregulation of virulence factors [32,60]. Therefore, changes in the relative abundance of Vibrio ASVs were investigated to assess their prevalence, and hence disease-causing potential in GBR E. diaphana at elevated temperature. For the bacterial class-level and Vibrio analyses, significant differences between the control and heat-treated anemones, and across time within each category, were assessed as described above.




2.5. Indicator Species Identification


Individual taxa that differed significantly both in the heat-treated samples between Day 0 and Day 14, and between the control and heat-treated anemones at Day 14, were identified in an IndVal (Indicator Value) analysis implemented in the R package labdsv [61]. IndVal is recommended for discovering potential bacterial biomarkers in the microbiomes of corals subjected to environmental stressors [62], and has been used in previous coral research [63,64,65]. It combines specificity, defined as the mean abundance of a species within a sample type, and fidelity, defined as the relative frequency of occurrence of that species within sample types, to calculate the probability that the species discriminates between samples [66]. Relative abundances of IndVal-nominated taxa were plotted across the sampling timepoints to assess change.





3. Results


3.1. Sequencing Data and Bacterial Community Characteristics


Sequencing produced 4,543,989 raw reads across the 96 microbiome and three mock community samples: minimum 23,447; mean 45,899, maximum 70,071 reads per sample. After merging, denoising and chimera filtering, 2,972,541 reads remained (minimum 12,649, mean 30,026, maximum 46,995 reads per sample) and 4313 ASVs were identified. Rarefaction curves for all samples plateaued, indicating that sequencing captured bacterial diversity (Figure S1). Decontam removed eleven ASVs deemed contaminants, which constituted ~0.02% relative abundance of the bacterial communities in the anemone samples (Table S3). Compositions of the three replicate mock community samples were almost identical, indicating high sample–sample sequencing consistency (Figure S2). Stacked bar-charts of taxonomic classes detected in the anemones showed moderate variation in relative abundance in the samples with dominance by Alphaproteobacteria or Gammaproteobacteria taxa in most (Figure 2). Half of the 40 classes detected contained <0.02% relative abundance each.




3.2. Phenotypic Changes in the Anemones


Although the difference in dark-adapted quantum yield (Fv/Fm) of B. minutum between the control and heat-treated anemones was significant at Day 8 (Student’s t-test, p = 0.010) and Day 10 (Student’s t-test, p = 0.043), there was little difference in Fv/Fm between the sample types until the temperature exceeded 31 °C on Day 10 (Figure 3a). Thereafter, Fv/Fm values in the heat-treated anemones dropped sharply, clearly indicating the onset of damage to PSII in B. minutum, whereas Fv/Fm values in the control anemones remained relatively stable.



Symbiodiniaceae cell densities in the heat-treated anemones declined steadily from Day 0, however values did not differ significantly from the control anemones until Day 8 (Student’s t-test, p = 0.013) (Figure 3b). Overall, Symbiodiniaceae cell density in the heat-treated anemones underwent a significant decline from 3.8 × 106 to 1.3 × 106 cells/mg host protein (Student’s t-test, p < 0.001). Although Symbiodinaceae cell density fluctuated in the control anemones, there was little difference between Day 0 and Day 14 values (3.2 × 106 versus 3.0 × 106 cells/mg host protein). The consistency of Fv/Fm and cell densities in the control anemones throughout the treatment period suggest that Day 0 values approximate normal levels.




3.3. Changes in Alpha Diversity of the Bacterial Microbiomes


Bacterial community richness fell significantly from Day 0 to Day 14 in both the control (Student’s t-test, p = 0.008) and heat-treated (Student’s t-test, p = 0.004) anemones (Figure 4a). At Day 0, the average number of bacterial ASVs in the control and heat-treated anemones was almost identical, but by Day 14 the bacterial ASVs in the control and heat-treated anemones had dropped on average to 181 and 139, respectively. Whilst the average number of bacterial ASVs in the heat-treated anemones followed a general downward trend, those in the control anemones almost halved between Day 6 (237) to Day 8 (135), before recovering. Despite their different trajectories, there was a significant difference in average observed ASVs between the control and heat-treated anemones only at Day 14 (Student’s t-test, p = 0.036). A survey of unique bacterial ASVs present in the control and heat-treated anemones at Days 0 or 14 further illustrated the initial similarity in richness in the sample types, and higher overall reduction in richness in the heat-treated anemones (Figure S3). Bacterial community evenness in the control and heat-treated anemones remained high and within a narrow range (Simpson index: 0.97–0.94) (Figure 4b). Although an overall drop in evenness for the heat-treated anemones was significant (Student’s t-test, p = 0.035), this did not result in a significant difference in Simpson evenness between the control and heat-treated anemones at Day 14. Shannon index values showed that overall alpha diversity of the bacteria in the control and heat-treated anemones fell throughout the treatment period, and the trend was generally comparable between the sample types (Figure 4c). Whilst the overall drop in Shannon diversity for the heat-treated anemone bacteria was significant (Student’s t-test, p = 0.042), the difference in Shannon diversity between the bacteria in the control and heat-treated anemones at Day 14 was not.



A survey of unique bacterial ASVs present in the control or heat-treated anemones at Days 0 and 14 provided an initial insight into changes in beta diversity within each sample type (Figure 5). Only a subset of ASVs in each sample type persisted to the end of the experiment, however they were the dominant community members (82.2–96.2% relative abundance). Bacterial ASVs detected at Day 14 but not Day 0 were likely low-abundance community members that increased to detectable levels, rather than bacteria introduced during the experiment, as the only input was sterile RSS-water.




3.4. Changes in Beta Diversity of the Bacterial Microbiomes


Datapoints in an nMDS ordination of the anemone microbiomes converged during the study period, indicating that the bacterial communities of the control and heat-treated anemones became more similar over time (Figure 6a). Thus, time rather than treatment was the primary grouping factor. However, as seen in plots showing the original ordination separated by day (Figure 6b), the datapoints appeared to cluster in a group-wise manner at Day 12, suggesting that the control and heat-treated anemones were developing distinct bacterial community compositions. This trend continued through to Day 14, and a GLM analysis indicated that by Day 14 the bacterial communities of the control and heat-treated anemones had become significantly different (manyGLM, p = 0.041) (Table S4).




3.5. Changes in Abundance of Selected Bacterial Taxa


The six most abundant taxonomic classes across all samples were Alphaproteobacteria (44.95%), Gammaproteobacteria (21.12%), Bacteroidia (12.14%), Deltaproteobacteria (9.98%), Spirochaetia (4.1%) and Pla3 Lineage (3.2%), which accounted for >95% of all bacterial taxa (Figure 7). The relative abundance of most class-level bacterial taxa in control and heat-treated anemones was similar from Days 0 to 10. However, in some classes there was a divergence between the control and heat-treated anemones after Day 10, with significant increases in Alphaproteobacteria (Student’s t-test, p = 0.025) and Bacteroidia (Student’s t-test, p = 0.005), and decreases in Deltaproteobacteria (Welch’s t-test, p = 0.009) and Spirochaetia (Mann–Whitney U test, p = 0.031) in the heat-treated anemones compared to the control anemones. From Day 0 to Day 14, the control and heat-treated anemones underwent comparable decreases in Gammaproteobacteria taxa from 28.0% to 19.5%, although only the overall change in the control anemones was significant (Student’s t-test, p = 0.008), and comparable increases in Pla3 Lineage taxa from 0.6% to 5.0%, which was a significant increase in both the control (Mann–Whitney U test, p = 0.031) and heat-treated anemones (Mann–Whitney U test, p = 0.031).



The bacterial communities of the control and heat-treated anemones experienced similar declines in ASVs of the genus Vibrio from Day 0, which generally continued throughout the study period. At Day 0, Vibrio averaged 4.7% of the bacteria in both control and heat-treated anemones (Figure 8). However, by Day 14, Vibrio had dropped significantly in the control anemones to 0.42% (Mann–Whitney U test, p = 0.031), and in the heat-treated anemones to 0.04% (Mann–Whitney U test, p = 0.031).




3.6. Indicator Species Identification


Twelve bacterial species were identified in an IndVal analysis (Table S5). However, only six showed changes in relative abundance suggestive of a response to elevated temperature (Figure S4). The others displayed high variability throughout the treatment period, making interpretation of their abundance changes difficult, and were thus discounted as potential indicator species (Figure S5). Of the six considered valid indicator species, an ASV from the family Saprospiraceae was moderately abundant in both the control and heat-treated anemones until Day 12, but from Day 12 to Day 14 it increased substantially in the heat-treated anemones from 4.9% to 13.3% relative abundance (Figure S4a). Two ASVs from the class Gammaproteobacteria and family Terasakiellaceae, respectively, were relatively stable until Days 8–10 (Figure S4b,c). Thereafter, both underwent rapid increases in relative abundance in the heat-treated anemones. A second Terasakiellaceae ASV increased in abundance in the heat-treated anemones compared to control anemones until Day 12, then dropped sharply; a pattern that was replicated to a lesser extent in the control anemones (Figure S4d). An indicator species of the genus Spirochaeta 2 (Figure S4e) was prevalent in both the control and heat-treated anemones at Day 0, averaging 4.9% relative abundance across all samples. Although the relative abundance of Spirochaeta 2 fluctuated in both groups, it dramatically decreased in the heat-treated anemones from Day 8 (7.1%) to Day 14 (0.1%). A sixth indicator species, from the family Rhizobiaceae (Figure S4f), also fluctuated but generally increased in abundance in the heat-treated anemones across the study period.





4. Discussion


4.1. Factors Underpinning Bleaching


E. diaphana that were exposed to rising temperature (26 °C to 33 °C) maintained near-normal Fv/Fm values until 31 °C was exceeded, thus suggesting an upper thermal limit for quantum efficiency of photosystem II in the Symbiodiniaceae harbored by these anemones. However, a notable albeit non-significant drop in Symbiodiniaceae cell density as soon as the temperature increased above ambient, showed that the anemones had low resistance to thermal bleaching.



The rapid onset of bleaching in the heat-treated anemones may have been linked to lack of food. Starvation has been practiced in previous E. diaphana experiments [21,23,30,31,32] despite observed reductions in Symbiodiniaceae cell density following food deprivation [67,68,69], but the possible impact of this on experimental outcomes has rarely been acknowledged [70]. Our data suggest that, in future work, continued feeding is advisable, but at levels that maintain normal thermal tolerance rather than enhance it as seen in some coral species under heterotrophic conditions [71,72,73].



Although the incubator conditions were matched to the culture collection environment, relocation of the anemones may have also increased bleaching susceptibility as 10 days may have been inadequate for full acclimation. Consequently, longer acclimation periods may be advisable in studies with E. diaphana to avoid confounding.




4.2. Environmental Stressors Reduced Alpha Diversity


Overall, bacterial community richness decreased in the heat-treated anemones, which was contrary to previous reports [27]. However, such a comparison is difficult as the E. diaphana in [27] were held at 32 °C for >2 years and although referred to as ‘heat-stressed’, no evidence of this, such as reduced Symbiodiniaceae cell density compared to anemones at ambient temperature was provided, and no bleaching was reported. Reductions in bacterial alpha diversity have been seen in corals exposed to short-term [74] or long-term heat stress [13], and in other microbiomes subjected to environmental stressors, including heat [75]. Our results concur with these findings. However, increases in alpha diversity among heat-stressed corals are more common [76,77,78]. This may indicate that the behavior of E. diaphana’s bacterial microbiome is atypical among cnidarians, or that other factors influenced the bacterial community changes.



Shifts in bacterial alpha diversity in the control and heat-treated anemones were largely congruent, which could infer that heat was not, or was only partly responsible for changes in richness. The possible influence of starvation and incomplete acclimation on bleaching has been noted, with acclimation potentially playing a particular role in the initial changes seen in bacterial composition. For example, a study of corals transferred from a reef to aquaria found that the bacterial communities in the coral surface mucus layer (SML) took 14–28 days to stabilize [79]. Although the E. diaphana in the present study did not undergo such a dramatic relocation, the decline in richness among all the anemones could represent the late stages of acclimation, with the recovery in richness in the control anemones from Day 10 indicating a return to a normal state. As this return was not matched by the heat-treated anemones, it is reasonable to suggest that beyond Day 12 (i.e., above 32 °C) temperature was the main driver of change in alpha diversity for the heat-treated anemones.




4.3. Turnover of Low-Abundance ASVs Drive Shifts in Beta Diversity


Transience appears to be a common trait among coral and E. diaphana microbiome members [80,81,82], and this was evident in the present study as the majority of ASVs detected in the control and heat-stressed samples at Day 0 were not seen at Day 14, and vice versa (Figure 5). These transient bacteria, whilst comprising a small proportion of their bacterial communities (3.8–17.8%), were high in number, suggesting the presence of many species below the limit of detection that multiplied as conditions became favorable. Such a reservoir may benefit the host during stress by allowing their bacterial communities to restructure with members better at supporting holobiont homeostasis as proposed by the coral probiotic hypothesis [83].



The overall loss of richness in the control and heat-treated anemone bacterial associates likely led to the reduction in dissimilarity, and hence a reduction in beta diversity across the samples, by removing low-abundance bacteria that had inflated sample-sample dissimilarity. This is a common phenomenon [84]. However, differences in beta diversity emerged at Day 12 and became significant at Day 14, demonstrating that heat-stressed E. diaphana have bacterial associates distinct from E. diaphana at 26 °C. Further testing is needed to determine whether shifts induced by thermal stress stabilize, and whether the new bacterial communities can support the anemones for long periods at high temperature. Previous findings [27] suggest that high variability rather than uniformity eventuates in bacterial communities of E. diaphana exposed to high temperature. These changes may assist long-term survival at temperatures associated with bleaching in E. diaphana [22].




4.4. Changes in Bacterial Associates at a High Taxonomic Level were Apparent


The relative abundance of Alphaproteobacteria and Gammaproteobacteria in the control and heat-treated anemones was comparable up to 31 °C, then diverged significantly. However, the differences did not remain significant above 32 °C. Nevertheless, similar changes in these bacterial classes have been observed in thermally-stressed coral, which were attributed to shifts in the sugar composition of the coral SML [12]. Overall changes in relative abundance of some bacterial classes that were comparable in both control and heat-treated anemones, such as the decrease in Gammaproteobacteria and increase in Pla3 Lineage taxa, could be indicative of ongoing acclimation and normalization of the bacterial communities after relocation. However, relative increases in Bacteroidia and decreases in Deltaproteobacteria and Spirochaetia in the heat-treated anemones from Days 10–12, point to a temperature-influenced response and thermal tipping point for bacterial stability of 31–32 °C for GBR E. diaphana.




4.5. Were Vibrio Victims of Competition


The near elimination of Vibrio sp. from the heat treated anemone bacterial communities was unexpected as elevated temperature has been shown to increase Vibrio abundance in coral [78,85], posing a threat to coral health through temperature-induced upregulation of virulence factors [60,86]. Unexpected also was the parallel decline of Vibrio in the control and heat-treated anemones, which suggests factors common to all the bacterial associates, such as predation or antagonism by other bacteria, determined the fate of Vibrio. Halobacteriovorax sp. prey upon Vibrio [87] but none were detected. However, Roseobacter sp., which has members with antagonist activity against Vibrio sp. [88] were present in control and heat-treated anemones at all timepoints. Stressors common to both control and heat-treated anemones, relocation and nutrient deprivation, may have created a situation in which Vibrio were displaced by more competitive bacterial associate members [89]. Although possibly indicative of dysbiosis, the removal of potentially pathogenic Vibrio sp. could benefit thermally stressed E. diaphana.




4.6. Specific Bacteria as Biomarkers for Thermal Stress


Bacterial indicator species have been recommended as biomarkers for coral stress [62]. In the present study, the relative abundance of six bacterial species changed with rising temperature in ways that suggest they could be used to monitor the response of GBR E. diaphana exposed to thermal stress. The response of each indicator species might be due to temperature moving towards or away from a growth optimum, or other mechanisms.



An ASV from the family Saprospiraceae was the most abundant of the proposed indicator species. Saprospiraceae species have been shown to increase in abundance in heat-sensitive corals exposed to thermal stress [11]. Some prey on algae [90,91] or bacteria [92]. Therefore, the availability of released Symbiodiniaceae or an increase in bacterial prey in the heat-treated anemones could explain the increase of this ASV.



Two indicator species belonged to Terasakiellaceae, a bacterial family with members potentially involved in nitrogen cycling in some nutrient-limited corals [93]. Under ambient conditions, nitrogen availability is thought to be limited by cnidarian hosts to control Symbiodiniaceae division [94,95]. The increase of Terasakiellaceae ASVs may therefore signify opportunistic growth in a system where host-symbiont nitrogen regulation has been disrupted due to thermal stress.



An indicator species of the genus Spirochaeta 2 was almost eliminated in the heat-treated anemones above 30 °C, suggesting sensitivity to temperature. Bacteria from the phylum Spirochaetes have been identified in E. diaphana [82] and corals [96,97,98], including corals with high thermal tolerance [11]. However, the rapid decline of this indicator species above 30° C, shows it may serve as an early indicator of thermal stress in GBR E. diaphana.



The relative abundance of an indicator species from the family Rhizobiaceae increased as bleaching progressed. Bacteria in the family Rhizobiaceae may be intracellular associates of marine alga [99,100]. However, the increase of this ASV alongside a diminishing Symbiodiniaceae population may indicate that increasing temperature was a stronger promoter of growth than Symbiodiniaceae association. Despite this, it is interesting to note the possible relationship of several other indicator species with Symbiodiniaceae. Although the response of Symbiodiniaceae to temperature increase was rapid compared to the bacterial communities, thus suggesting the behavior of each was independent, it would be naïve to believe that the former might not impact the latter, either directly or through an overall impact on the holobiont.



Although a Gammaproteobacteria indicator species appeared to respond to temperature, lack of taxonomic identification limits speculation of its behavior. Another limitation of this and the other indicator species as universal biomarkers in future studies is a requirement for them to occur in the E. diaphana microbiomes. Due to the transience of many E. diaphana associated bacteria, this is uncertain. A further limitation, particularly for low-abundance species, is the use of relative rather than absolute abundance to describe changes in prevalence as this may skew abundances [101]. Bacterial load can be a strong indicator of stress or disease [102], and when used to transform count data into absolute abundance can provide a more comprehensive picture of microbiome dynamics [103]. Newly proposed methods such as spike-in of synthetic DNA during sample preparation could extend and improve microbiome data interpretability in future studies [104,105].





5. Conclusions


The bacterial microbiome of GBR E. diaphana is impacted by environmental stressors. In the present study, a reduction in bacterial community richness in the anemones at both ambient and elevated temperatures, and lowered bleaching resistance, may have been linked to incomplete acclimation or nutrient deprivation. However, differences between bacterial associates of control and heat-treated anemones in richness, beta diversity and taxon abundances that emerged above 31 °C and became significant above 32 °C suggest that temperature drives change above this threshold. Prolonged exposure to thermal stress may lead to further changes, such as increased beta diversity as proposed elsewhere, and this may support functions relevant to holobiont health. Some bacteria respond to thermal stress in ways that suggest they could be used to assess the impact of elevated temperature on GBR E. diaphana. These data improve our understanding of the E. diaphana bacterial microbiome, and hence this model organism’s utility in cnidarian bleaching research.
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Figure 1. Sampling schedule for the (a) control anemones, and (b) heat-treated anemones. The number of anemones sampled at each timepoint is listed for metabarcoding of the 16S rRNA genes (16S), Symbiodiniaceae cell counts (Sym), and iPAM measurements (Fv/Fm). 
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Figure 2. Relative abundance of reads assigned to each class. The mean relative abundance of each class is shown in brackets. Mock community and negative control samples are omitted. 






Figure 2. Relative abundance of reads assigned to each class. The mean relative abundance of each class is shown in brackets. Mock community and negative control samples are omitted.



[image: Microorganisms 08 00020 g002]







[image: Microorganisms 08 00020 g003 550] 





Figure 3. (a) Dark-adapted quantum yield (Fv/Fm) (at each datapoint, n = 6), and (b) Symbiodinaceae cell density (cells (106)/mg) (at each datapoint, n = 3). Error bars ± 1 SEM. Asterisks indicate significant differences between control and heat-treated values (Student’s t-tests, α = 0.05). 
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Figure 4. (a) Average number of observed amplicon sequence variants (ASVs), (b) Simpson index values, and (c) Shannon index values. At each datapoint, n = 6. Error bars ± 1 SEM. Asterisks indicate significant differences between control and heat-treated values (Student’s t-tests, α = 0.05). 
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Figure 5. Unique and common bacterial ASVs at Day 0 and 14 in (a) control, or (b) heat-treated anemones. Inset numbers indicate relative abundance (%) on Day 0 or 14. 
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Figure 6. (a) nMDS ordination of the anemone-associated bacterial communities based on Bray–Curtis distances, and (b) plots showing datapoints from the original ordination for each day. Each datapoint represents one sampling unit. 
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Figure 7. Changes in the six most abundant bacterial classes across all samples: (a) Alphaproteobacteria, (b) Gammaproteobacteria, (c) Bacteroidia, (d) Deltaproteobacteria, (e) Spirochaetia, and (f) Pla3 Lineage. For each datapoint, n = 6. Error bars ± 1SEM. Asterisks indicate significant differences between control and heat-treated values (see main text for test types, α = 0.05). 
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Figure 8. Changes in relative abundance of Vibrio sp. ASVs. For each datapoint, n = 6. Error bars ± 1SEM. 
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