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Abstract:



The periodic rise in seawater temperature is one of the main environmental determinants of coral bleaching. However, the direct incidence of these episodic thermal anomalies on coral-associated microbiota and their subsequent effects on coral health are still not completely understood. In this study, we investigated the dynamics of three main microbial communities of the coral holobiont (e.g., Symbiodinium, bacteria and viruses), during an experimental thermal stress (+4 °C) conducted on the scleractinian Fungia repanda. The heat-treatment induced coral bleaching after 11 days and resulted in a final elevation of ca. 9, 130 and 250-fold in the abundance of mucosal viruses, bacteria, and Symbiodinium, respectively. On the contrary, the proportion of actively respiring bacterial cells declined by 95% in heat-stressed corals. The community composition of epibiotic bacteria in healthy corals also greatly differed from bleached ones, which also exhibited much higher production rates of viral epibionts. Overall, our results suggest that the shift in temperature induced a series of microbial changes, including the expulsion and transfer of Symbiodinium cells from the coral polyps to the mucus, the collapse of the physiological state of the native bacterial associates, a substantial alteration in their community structure, and accompanied by the development of a cortege of highly active virulent phages. Finally, this study provides new insights into the environmentally-driven microbial and viral processes responsible for the dislocation of the coral holobiont.
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1. Introduction


Coral bleaching is a widespread phenomenon in tropical waters that has caused the massive decline of coral cover surface over the last decades [1]. This event typically occurs after the expulsion of the symbiotic dinoflagellates (i.e., Symbiodinium sp.) by the coral animal (the polyp). The disruption of this symbiotic relationship is generally caused by environmental stresses, the most common of which being the elevation of seawater temperature [2,3,4], and, to a lesser extent, changes in solar radiation [5] and in salinity [6], ocean acidification [7], presence of contaminants [8], and eutrophication [9].



Recently, it has been shown that prokaryotes could be also involved in coral bleaching, although the underlying mechanisms still remain unclear and controversial. Coral-associated bacteria through a long history of selection and co-evolution with their host act as a nutrition supplier for corals [10,11]. They also represent a natural barrier against pathogen colonization due to their ability to synthesize antimicrobial compounds, such as peptides and antibiotics [12,13,14,15]. Any alteration in their physiological state, metabolic capacities and/or community structure may then directly affect their ecological functions and in turn impact coral health. For example, the access of the surrounding pathogens to coral surface may be facilitated by a weaker line of bacterial defense. This has been conceptualized in the coral probiotic hypothesis [16,17]. Evidence came from in situ study and laboratory experiments, which revealed the presence of pathogens in bleached corals, namely Vibrio shiloi and Vibrio coralliilyticus in the scleractinian Oculina patagonica and Pocillopora damicornis, respectively [18,19,20,21]. However, these findings faced controversial debates since other studies showed no involvement of pathogens in coral bleaching [22,23]. Nonetheless, several studies have reported remarkable shifts in the entire coral bacteriome during bleaching events in both natural and experimental conditions [24,25,26,27]. However, until now, no studies have clarified whether these shifts are a cause or a consequence of bleaching and whether these changes are also driven by biotic or abiotic factors.



Among the biological sources of bacterial control in marine habitats, viruses are certainly one of the most prominent [28,29]. Recently, viruses have been also recognized for their large abundance in coral mucus [30,31,32,33] and their potential ability to control both bacterial symbionts and pathogens [34,35,36], and also to an unknown extent the zooxanthellae Symbiodinium [26,37,38,39]. By using a complex combination of lytic and lysogenic strategies, viruses have been hypothesized to be capable of either protecting corals from pathogen colonization and viral surinfection, or also conversely hastening their decline, especially during times of adverse conditions (elevated temperature, for instance) [40]. However more data are needed to validate such presumptions. For example, knowledge about viral occurrence in bleached corals still remains limited, and finally little is known about their effective control of epibiotic bacterial communities.



To tentatively clarify the dynamics of mucosal viruses and their bacterial hosts during a bleaching event, we conducted a thermal stress experiment over 11 days using individuals of the free-living coral Fungia repanda, collected in the Nha Trang Bay, Viet Nam. In this study, we targeted the following objectives: (1) to compare the concentrations of the three main communities of the coral holobiont (viruses, bacteria, and Symbodinium) between healthy and bleached corals; (2) to track potential shifts in the physiological activity and community composition of coral-associated bacterial communities during the thermal stress; (3) and to estimate the viral lytic pressure on such associates.




2. Materials and Methods


2.1. Experimental Design


The experiment was conducted from the 9th to the 19th of October in 2012 at the Institute of Oceanography of Nha Trang (Nha Trang, Viet Nam). In this study, individuals of the plate coral Fungia repanda were collected in the Nha Trang Bay. This free-living coral is easy to handle and typically produces large quantities of mucus (>10 mL/individual/5 min).



Prior to the experiment, all the corals were kept in tanks filled with sand-filtrated seawater collected at corals’ site of origin for 10 days to allow for acclimatization. The experimental design consisted of two 40-L aquaria with triplicate individuals of F. repanda corals of similar sizes (15–17 cm in diameter). At the end of the acclimatization period, the temperature was gradually increased (over 3 days) to 32 °C in the heat-treatment tank by using an immersion thermostat (LAUDA Ecoline Staredition E200), while the water temperature was kept at ambient temperature (28 °C) in the control aquarium. Water was renewed once a day in both aquaria with seawater previously adjusted to the different tank temperatures. During the experiment, both tanks received aeration to maintain air-saturated conditions. Lighting was provided by a fluorescent lamp (VHO: General Electric, 175 watt), with irradiance of 200 μmoL photons m−2·s−1 (on a 12 h:12 h light:dark cycle). Water temperature, salinity, oxygen concentration, and light intensity were monitored twice a day. HOBO Pendant loggers (Onset, Massachusetts, MA, USA) were used to log light intensity and temperature in the control and heat treatment aquaria. After 11 days under this thermal stress, all the corals were sampled using each set of measurements described below.



Thirty milliliters of water, and 5–7 mL of mucus were collected from each coral at the beginning (T0) and at the end (after 11 days) of incubation (Tend). Mucus was collected by using the desiccation method described in details elsewhere [32,41]. Briefly, the corals were taken out of the water and exposed to air for 1 to 3 min. This stress caused the mucus to be secreted, forming long gel-like threads dripping from the coral surface. The first 30 s of mucus production was discarded to prevent contamination and dilution by seawater. Mucus was then distributed in cryotubes for estimation of (1) viral, bacteria, and Symbiodinium abundance; (2) viral lytic production rate (3) cell physiological activity; and (4) bacterial community composition.




2.2. Enumeration of Symbiodinium, Bacteria, and Viruses


The fixed mucus was processed for viral and bacterial extraction and enumeration by using the potassium citrate method, as recommended by Leruste et al. [31], and adapted from Williamson et al. [42]. Briefly, 100 μL of mucus was eluted into 900 μL of 0.02-μm-pore-size-filtered, pH 7 solution of 1% citrate potassium (10 g potassium citrate, 1.44 g Na2HPO4·7H2O, and 0.24 g KH2PO4 per liter). All tubes were then vortexed at a moderate speed for 5 min before particles were stained and enumerated. The number of viruses and bacteria contained in duplicate subsamples (2 independent counts for each of the six corals) were determined after retention of the particles on 0.02-μm pore-size membranes (Anodisc, GE Healthcare, Little Chalfont, United Kingdom) and staining with the nucleic acid stain SYBR Gold [43]. On each slide, 300–500 bacteria and viruses were counted with an Olympus Provis-AX70 epifluorescence microscope (Olympus SAS, Rungis, France) in 20 fields under blue light excitation (488 nm). Symbiodinium cells, due to their photosynthetic pigments could be also enumerated on the same slides, under the blue light excitation.




2.3. Bacterial Physiological State


The proportion of respiring bacteria that have high rates of metabolism was determined using 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), an indicator of the respiratory electron transport system activity [44]. A stock solution of 50 mmoL l-1 CTC (Tebu-bio SAS, Le Perray-en-Yvelines, France) was prepared at both sampling dates (day = 0 and day = 11), filtered through 0.01 mm filters and kept in the dark at 4 °C until use. CTC stock solution was then added to 0.45 mL of both duplicate fresh mucus and water samples (5 mmoL l-1 final CTC concentration) and incubated for 1.5 h at room temperature in the dark. Formaldehyde (3% final concentration) was used to stop the CTC reaction. Samples were flash frozen in liquid nitrogen and stored at −80 °C freezer until flow cytometer (FCM) analysis (FACSCALIBUR, BD Biosciences, Franklin Lakes, NJ, USA). The red fluorescence of CTC (FL3) and the light scatter SSC were used to discriminate the CTC+ cells from other cells or weak fluorescent particles. The percentage of CTC+ cells, based on triplicate analyses, was calculated relative to the total bacterial counts obtained by epifluorescence microscopy (see 2.2. Enumeration of Symbiodinium, Bacteria and Viruses).




2.4. Viral Lytic Production


The decay, i.e., the decrease in the viral concentration over time, was recorded after inhibition of new viral lytic production (VP) by the addition of potassium cyanide (KCN; final concentration of 2 mM) in both mucus and water samples [45,46]. All incubations for decay experiments were performed in duplicate at in situ temperature, for 12 h. Incubations were stopped after addition of formaldehyde (3% final concentration). Viral abundance was determined in KCN-treated and untreated water and coral mucus, by using SYBR Gold and epifluorescence microscopy. The difference between the abundance of viruses with and without KCN allows the estimation of VP.




2.5. DGGE Analysis of Bacteria Community Structure


The genetic diversity of both Eubacterial communities in water and mucus samples was estimated by using a fingerprinting technique: Denaturing gradient gel electrophoresis (DGGE) [47]. PowerSoil® DNA Isolation Kit (MO BIO, Carlsbad, CA, USA) was used to extract DNA from water and mucus samples. The DNA sequences were then subjected to touchdown PCR using following primers: 341F-GC [48] and 519R [49], which target bacterial 16S gene (178 bp). Thirty-five cycles of amplification were done starting at 93 °C initial denaturation of the dsDNAs followed by a second denaturation phase at 92 °C and the annealing step, which was done at the high temperature of 71 °C minimizing unspecific primer binding. After each cycle, the temperature was lowered by 1/2 of a degree until reaching the touchdown temperature of 61 °C, keeping that temperature for the last 15 cycles. The DGGE was performed with Ingeny U-Phor system (Ingeny, Waltham, MA, USA) in 0.5× TAE buffer (Euromedex, Souffelweyersheim, France) at 60 °C with a constant voltage of 80 V for 18 h. The DNA was then stained with SYBR-Gold. DNA bands were visualized on a UV trans-illumination table with the imaging system GelDoc® XR (Bio-Rad, Hercules, CA, USA) and analyzed using fingerprint and gel analysis Quantity One software (Bio-Rad, Hercules, CA, USA). Band matching was performed with 1.00% position tolerance and 1.00% optimization. After generating a band-matching table, we obtained the binary presence-absence matrix for all the detected bands. The matrix was used to calculate a distance matrix with Sorensen dissimilarity index, which subsequently was used for an ordination analysis—principal coordinate analysis (PCoA) (see data analysis).




2.6. Statistical Analysis


The differences among samples in all variables were tested by one-way ANOVA, followed by a post-hoc analysis Tukey-Kramer for pairwise comparisons of means between samples. All the parameters were normalized prior to test. A level of 0.05 was considered significant. The JMP 9.0 software (SAS institute, Cary, NC, USA) was used for these statistical analyses. In order to evaluate differences and variability in the bacterial community composition, a principal coordinate analysis (PCoA) was applied, using Sorensen dissimilarity matrices as inputs. The analysis and calculation were done using R software version 3.0.2 with the vegan, ade4 and betapart packages.





3. Results


The experiment was stopped after 11 days when clear signs of bleaching were observed in all the three replicates of F. repanda corals in the heat-treated aquarium. At that time, no visible trace of coral bleaching was detected in the control tank.



3.1. Abundances of Symbiodinium, Bacteria and Viruses


The heat treatment resulted in a large increase in the abundance of Symbiodinium in the mucus of F. repanda reaching up to 5.5 × 106 cells·mL−1 (one-way ANOVA, F = 12.7, p = 0.002), which was more than 250-fold higher than that observed in the control tank at the end of the experiment (Tukey-Kramer, p < 0.05). On the contrary, the micro-algal concentration remained relatively stable in untreated corals throughout the experiment (Tukey-Kramer, p < 0.05) (Figure 1A). The final abundance of bacteria was also greatly enhanced (by almost 130 times) in heat-stressed corals (Tukey-Kramer, p < 0.05) to reach an average value of 4.5 × 108 cells·mL−1 (Figure 1B). The pattern of viral abundance was highly comparable with that of bacteria, showing a final enhancement factor of almost nine between heat-treated and control tanks, respectively (Tukey-Kramer, p < 0.05) (Figure 1C). As for Symbiodinium cells, bacterial and viral abundance did not vary significantly in the control tank (Figure 1B,C).


Figure 1. Abundances of Symbiodinium (A); bacteria (B), and viruses (C) in mucus samples of F. repanda in both control (CTRL) and heat-treatment (+4 °C) at the beginning (To) and at the end of the experiment (Tend). Error bars represent one standard deviation from the mean (n = 3).Histograms with the same letters are not significantly different at p = 0.05.
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3.2. Physiological State of Bacteria


The percent of metabolically active respiring cells (CTC+) dramatically dropped from 62.4% to 3.1% in the mucus of heat stressed corals (one-way ANOVA, F = 12.2, p = 0.0001) (Figure 2). This value was 17-fold lower than that observed in the control aquarium (mean = 53.0%) at the end of the experiment (Tukey-Kramer, p < 0.05). In control treatment, coral mucus harbored a relatively constant proportion of active cells throughout the experiment (53.0%–59.3%).


Figure 2. Percentages of CTC + cells in mucus samples of F. repanda in both control (CTRL) and heat-treatment (+4 °C). Error bars represent one standard deviation from the mean (n = 3). Histograms with the same letters are not significantly different at p = 0.05.
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3.3. Viral Lytic Production


The viral production rate in coral mucus was also strongly stimulated by the elevation of temperature, with values ultimately reaching up to 7.5 × 106 viruses mL−1·h−1 (Figure 3), which was, on average, 4.9 times higher than that observed in the control tank (Tukey-Kramer, p < 0.05). In this aquarium, viral lytic production did not show any significant changes between the beginning and the end of the experiment (Tukey-Kramer, p < 0.05).


Figure 3. Viral lytic production in mucus samples of F. repanda in both control (CTRL) and heat-treatment (+4 °C). Error bars represent one standard deviation from the mean (n = 3). Histograms with the same letters are not significantly different at p = 0.05.
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3.4. DGGE Analysis


The thermal stress also strongly impacted the community structure of epibiotic cells (Figure 4). The first principal coordinate (39.7% of total variations) showed clear discrimination between bleached and healthy corals at T0. In the control tank, the structure of mucosal communities remained relatively stable over the experimental course (Figure 4). Conversely, a significant shift was observed in thermally stressed corals as shown by the length of the specific arrow.


Figure 4. Principal component analysis (PCOA) obtained with the Sorensen dissimilarity index calculated from denaturing gradient gel electrophoresis (DGGE) presence/absence profile. Arrows, drawn from the calculated centroid of all replicates of each sample, show the evolution in the bacterial community structure between the beginning and the end of the experiment, in mucus samples of F. repanda, in both control (CTRL) and heat-treatment (+4 °C).
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4. Discussion


Coral bleaching is typically characterized by the loss of intracellular endosymbionts (Symbodinium) from the coral tissue [2,50]. Here, the bleached Fungia observed at the end of the incubation, exhibited higher concentrations of Symbodinium cells in their mucus than healthy individuals, which clearly confirmed their expulsion from coral tissue to the mucus layer, before their ultimate transfer into the water column.



4.1. High Abundance but Low Metabolic Activity of Bleached-Coral-Associated Bacteria


The mucus of bleached corals contained a much higher abundance of bacteria than healthy ones. At first sight, such observations are not surprising as bacterial growth generally increases with temperature. However, the thermal stress also resulted in a substantial drop of the physiological state of mucus associated bacterial cells, where the proportion of CTC+ respiring bacterial cells decreased from about 60% to 3%. As for all other physiological indicators, respiration is affected by temperature. After the optimum temperature, the Q10-value (index of the temperature sensitivity of bacterial respiration) typically decreases and becomes negative, i.e., respiration decreases with increasing temperature [51]. Our results indicate that the thermal tolerance of mucosal cells was probably low with a disruption point occurring between 28 °C and 32 °C. A significant reduction in the mineralization abilities of Acropora millepora’s associates was also reported after they faced a thermal increase of 1 °C to 3 °C [24,26]. Here, the proliferation of abundant but low active cells could be favored by the degradation of particular key active bacterial associates. For example, recent studies have demonstrated that the antibacterial activity of mucosal bacteria is altered at high temperature [13,15,52]. We then suspect that the decline in cell respiring activity in stressed corals may facilitate opportunist infections. In the absence of a strong line of defense, the alteration of the coral immune systems may then result in a higher susceptibility to colonization by the surrounding planktonic bacteria (pathogenic or not), which are typically less active than their epibiotic counterparts [32]. Alternatively, the drop in cell activity could be also simply explained by the physiological decline of the most thermo-sensitive cells due to their inability to cope with the increase in temperature.



In a changing environment, modifications to the abundance and physiological state of planktonic bacterial communities have been shown to induce dramatic changes in their structure [53]. Likewise, the observed changes in abundance and respiration of coral associated bacteria after they received the heat treatment were coupled with substantial changes in their community composition, as revealed by the principal coordinate analysis (Figure 4). Comparable shifts in bacterial community structure have been observed on several occasions when corals were subjected to elevated temperatures [24,25,26,54]. Vega-Thurber et al. [27], by using a pyrosequencing procedure, demonstrated that a controlled elevation of seawater temperature from a local ambient temperature of 25 °C to 30 °C can impair the microbiome of the coral Porites compressa to more pathogenic taxa. Such findings were corroborated by a recent study where Garren and her colleagues [55] showed that the mucus of heat-stressed corals could produce a high amount of dimethylsulfoniopropionate, which greatly attracts coral pathogens and causes coral bleaching [11]. In this study, the shift in the bacterial community composition could be also caused by changes in physicochemical properties of the mucus layer. In fact, coral mucus composition and production are quantitatively and qualitatively influenced by environmental factors such as temperature and/or irradiance [56,57]. As a result, particular substrates favoring the growth of the resident bacteria may disappear from the mucus and cause their decline or at least a metabolic depression. As suggested above, the surrounding bacteria may then find their chance to invade this new medium and outcompete with the native groups for the new nutrient sources [14].




4.2. High Viral Production and Abundance in the Mucus of Bleached F. repanda


One of the main findings of this research was the almost 5- and 9-fold increase in viral production rates (Figure 3) and abundance (Figure 1A), respectively, between healthy and bleached corals. These findings were expected as bacterial growth typically increases with temperature, which could naturally favor viral proliferation. Indeed, most of the viruses found in coral mucus were actually phages [31,32,58], and therefore their high occurrence in heat-treated corals is probably the result of a lytic activity on the numerous resident bacterial hosts. The high phage production measured in the bleached corals (compared to healthy ones) clearly confirmed this hypothesis. However, other explanations can be provided. For example, the members of the bacterial community found in bleached corals might be more susceptible to viral infections, in comparison with those in healthy ones where virus-bacteria interactions are presumably more stable and where lytic pressure is applied with parsimony to ultimately ensure coral persistence [35,36,40,59]. Also, we know that phage replication is dependent on host metabolism [60,61]. Therefore the high viral production rates measured in bleached corals might be the result of lytic infections of the most active mucosal cells, as demonstrated by Nguyen-Kim et al. [32].



Alternatively, the increase in the abundance and production of mucosal viruses could be due to the thermally-driven induction of the lysogens present in this organic layer. Nguyen-Kim et al. [62], reported that the proportion of lysogenized cells measured in the mucus of two different scleractinian corals (Fungia repanda and Acropora formosa) in a seasonal study was, on average, more than two-fold higher (mean = 8.5% of total bacterial counts) than that measured in the surrounding water (mean = 3.8%). It has been recently hypothesized that lysogeny, by conferring immunity to bacterial symbionts against other lytic surinfection, may therefore represent a vital strategy for corals for their subsistence [40].



The adhesive properties of the coral mucus layer may also represent another explanation for the high occurrence of viruses in bleached corals. Indeed, mucus typically acts as a trap for planktonic particles [63,64], and phages with their specific Ig-proteins located on their capsid are now known for their strong affinity with the mucin-protein of coral mucus [34].



Finally, a fraction of the viral pool might also come from the infected Symbiodinium after their expulsion from the coral tissues. Indeed, these endosymbiotic microalgae have been shown to harbor latent viruses, which can be activated by thermal or UV stresses [39,65] and this could be an additional explanation for the large concentrations of viruses in bleached corals.



Current research priorities include elucidating whether such highly abundant bacteria and viruses in bleached corals are the results of the proliferation of (1) the native mucosal associates after they were stimulated by the elevated temperature; (2) the planktonic communities after their adhesion to the mucus gel and/or (3) the opportunists surrounding cells (pathogens or not) taking advantage of the disruption of the bacterial assemblage.



The questions that also now need to be answered are whether coral bleaching occurs prior or after the reduction of cell activity and the shift in bacterial community structure in coral mucus, and whether the expulsion of Symbiodinium cells is ecologically linked with such mechanisms. The role of viruses in the structuring epibiotic bacteria also need to be clarified. Finally, further experiments should be conducted at a higher temporal resolution to better address these gaps.





5. Conclusions


Overall, our results seem to suggest that the thermal stress of +4 °C could be responsible for substantial changes in bacterial and viral traits, mostly resulting from the alteration of the physiological state of the native cells. The high levels of viral production measured in bleached corals may have strong implications for coral reef ecosystems including, for example, the enrichment of viruses in the water column through the continuous sloughing off of mucus, and which could in turn have a strong local influence on the bacterial stocks, diversity and functions in reef waters, but could also potentially interact with nearby hosts in other corals.
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