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Climate change is predicted to have detrimental impacts on sessile invertebrates, including sponges. Mesophotic ecosystems have been suggested to play a major role as refugia for coral reef sponge species, however knowledge regarding the ability of mesophotic sponges to cope with thermal stress is scarce. In this study we compared the response of the sponge Diacarnus erythraeanus, a widespread Red Sea sponge, from the shallow and mesophotic reef, to moderate and acute temperature elevation (2°C and 6°C, respectively) for short and long term periods (two and 35 days, respectively) by measuring physiological parameters (respiration, oxygen removal, pumping rates, and photosynthetic efficiency), and the microbiome composition change. The results indicated that mesophotic and shallow populations of D. erythraeanus are highly tolerant to both moderate and acute heat stress, demonstrating a high survival rate (100%) across the experimental treatments, with no visible signs of bleaching or necrosis. Exposure to heat stress resulted in significant alterations in the physiological parameters of sponges, including higher respiration rate and lower photosynthetic efficiency. These alterations were accompanied by correspondingly significant microbial adjustments, thus emphasizing the essential role of the microbiome in the host’s ability to persist when facing essential environmental stress. Moreover, while shallow and mesophotic sponges showed similar physiological tolerance to heat stress, their microbial response differed: while the microbiome diversity of the mesophotic sponges remained stable throughout the experiment, the shallow one significantly changed. This result suggests that their underlying coping mechanisms might differ between mesophotic and shallow populations. Since the associated-microbiome is largely regulated by the sponge-host genetics, difference in microbial adjustments to stress between populations, could indicate genetic variability between hosts. Therefore, while the results of this study support the hypothesis that mesophotic coral reefs could serve as thermal refugia for some sponge species, it raises the question regarding the validity of MCEs as a refuge for shallow populations. Finally, it emphasizes the crucial need to elucidate the underlying mechanisms governing the sponge-microbiome interactions, specifically in the context of the anticipated climate change scenarios.
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1 Introduction

Global climate changes have already been shown to have detrimental effects on marine coastal ecosystems (Hughes et al., 2018a; Forster et al., 2021). These effects are predicted to worsen as the intensity, frequency, and duration of marine heatwave events are expected to increase in the future (Frölicher et al., 2018; Oliver et al., 2018; Muñiz-Castillo et al., 2019; IPCC, 2023). The magnitude of the climate change effects varies among the different habitats. Mesophotic coral ecosystems (MCEs), considered as those between 30-150 m depth (Lesser et al., 2009; Kahng et al., 2010), are less affected compared to their adjacent shallower reefs (Hoegh-Guldberg et al., 2007; Kahng et al., 2017). Due to their distance from the sea surface, MCEs are considered to be more stable and environmentally predictable than shallow reefs (Baker et al., 2016). Accordingly, thermal anomalies are reduced in MCEs and the water temperature is cooler compared to that of the shallow depths (Lesser et al., 2009; Shlesinger et al., 2018; Turner et al., 2019). Since the former are genetically and physically associate with their shallow reefs counterparts, they have been suggested to play a major role as refugia and as a larval source for species unable to tolerate the current changing conditions in the shallow waters (Bongaerts et al., 2010; Weiss, 2017). A recent example of the mesophotic depth serving as a thermal refugium is the case of the Mediterranean sponge Agelas oroides. This sponge vanished from the shallow habitats along the Israeli coast in the 1970s, but was recently re-discovered in the mesophotic sponge grounds (100–120 m) in the same area. An experiment transplanting mesophotic individuals to the shallow waters, revealed that the sponges survived well until the temperature exceeded 28°C, when they rapidly perished, suggesting that this sponge’s disappearance from the Israeli shallow waters might have occurred following prolonged periods of elevated temperature (Idan et al., 2020). Another example is that of coral bleaching after a heatwave event in French Polynesia. The bleaching significantly decreased with depth, with minor to no bleaching observed at the mesophotic depths (Pérez-Rosales et al., 2021). Such examples emphasize the potential of mesophotic depths to serve as a thermal shelters for various benthic organisms.

Among the variety of organisms affected by these environmental changes, sessile organisms, such as sponges and corals, are presumably the most sensitive, since they are unable to relocate (Hughes et al., 2018b). Sponges (Phylum Porifera) are widespread benthic organisms, fulfilling fundamental roles in ecosystem functioning (Bell, 2008; Rix et al., 2018). In some coral reefs, sponges are considered the second most abundant component in the benthic assemblage after corals (Diaz and Rützler, 2001). Accumulating evidence from recent years suggests that sponges’ responses to thermal stress vary, with some species more tolerant to a rise in temperature (Luter et al., 2020; Ribeiro et al., 2021; Vargas et al., 2021; Posadas et al., 2022), while others are more sensitive, manifesting bleaching, necrosis, and death (Cebrian et al., 2011; Ramsby et al., 2018; Beepat et al., 2020; Rubio-Portillo et al., 2021). How a sponge responds to environmental stress, however, might be largely a function of its specific associated microbial community (Marangon et al., 2021). The sponge’s microbiome benefits the host by providing key functions that support the sponge-host’s health and fitness (Hentschel et al., 2012; Webster and Thomas, 2016; Zhang et al., 2019; Engelberts et al., 2020; Marangon et al., 2021; Taylor et al., 2021), particularly when subjected to environmental stress (Webster and Reusch, 2017; Pita et al., 2018; Marangon et al., 2021; Posadas et al., 2022).

The diverse associations and dependence between the sponge-host and its microbiome have led to the consortium of microorganisms and their host being regarded as a “meta-organism” or holobiont (Bosch and McFall-Ngai, 2011; Webster and Thomas, 2016), rather than as autonomous components. Upon experiencing environmental stress, the sponge-microbiome might respond in several ways, such as dysbiosis (a break-down of the association), which mostly results in host health decline, disease, and possible mortality. Once dysbiosis occurs, it is characterized by a sharp increase (usually of opportunistic bacteria) or decrease of the natural microbial community (Fan et al., 2013; Lesser et al., 2016; Rondon et al., 2020). For example, the microbiome of the barrel sponge, Xestospongia muta, was destabilized following exposure to low pH and thermal stress conditions, leading to a decline in the host’s nutrient budget (e.g., carbohydrates) (Lesser et al., 2016). In the Great Barrier Reef (GBR) sponge, Rhopaloeide odorabile, various symbiotic functions were lost due to interruption of the host-symbiotic interactions following thermal stress, while pathogenic functions or virulent protein-associated functions were enriched (Fan et al., 2013). However, the microbiome can also be reconstructed, either by changes in the bacterial abundance or by acquiring new bacteria (Ribes et al., 2016; Vargas et al., 2021), leading to a more suitable and beneficial composition that might enhance the host’s resilience under stress (Reshef et al., 2006; Webster and Reusch, 2017). For example, a sponge’s ability to restructure its microbial assemblage was identified as a major factor contributing to its tolerance following exposure to acidification conditions (Ribes et al., 2016). Similarly, in the common aquarium sponge Lendenfeldia chondroides, re-accommodation of bacterial members was associated with the sponge’s acclimation to heat stress (Vargas et al., 2021). Alternatively, resilience might be an outcome of a microbial stable state, in which no change occurs in the bacterial diversity and composition up to a certain temperature (Webster et al., 2008; Simister et al., 2012). These various interactions suggest that the sponge host’s stability is largely attributed to its dynamic equilibrium with its associated microbiome (Fan et al., 2013; Glasl et al., 2018).

While there are accumulating experimental data regarding the microbial response of sponges to thermal stress (Luter et al., 2020; Moreno-Pino et al., 2020; Ribeiro et al., 2021; Vargas et al., 2021), studies on the combined response of the holobiont (both host and microbiome) are sparse (reviewed in Pita et al., 2018). Moreover, although MCEs are being considered as potential thermal refugia, the research to date has been mainly focused on the response of sponges from shallow sites to thermal stress and not that of mesophotic sponges (Simister et al., 2012; Fan et al., 2013; Guzman and Conaco, 2016; Rubio-Portillo et al., 2021). The latter are not exposed to extreme temperature fluctuations and, therefore, may not be adapted to thermal stress, unlike their shallow counterparts. Since MCEs are not immune to the predicted climate change effects (Neal et al., 2014; Nir et al., 2014), it is of importance to determine the ability of sponges from MCEs to tolerate thermal stress (Morrow et al., 2016; Gould et al., 2021), as well as that of the adjacent shallow sponges. Finally, in the face of an increase in global warming, understanding the spatial dynamics (shallow vs. mesophotic) of the holobiont is crucial in order to obtain new insights into the resilience of already degraded coral reefs (Birkeland, 2019).

The coral reefs of Eilat, located at the northern tip of the Gulf of Aqaba, are among the most diverse coral reefs worldwide (Loya, 2004). They are characterized by a steep depth gradient, with only a very short distance (~50-250 m) separating the shallow from the mesophotic reefs (Kramer et al., 2019). Additionally, fauna in the Gulf of Eilat/Aqaba are characterized by their heat tolerance and resilience to thermal stress, so much that the shallow corals in Eilat, were described as ‘super-corals’ (Fine et al., 2013; Grottoli et al., 2017). Despite the study of coral resilience, the heat tolerance of sponges in the Gulf of Eilat/Aqaba has yet to be evaluated. Moreover, while various studies examined the role of MCEs to serve as coral refugia in the Gulf of Eilat/Aqaba, they have neither been evaluated for sponges, nor in other coral reefs worldwide. The endemic Red Sea sponge Diacarnus erythraeanus (Kelly-Borges and Vacelet, 1995, Demospongiae, Poecilosclerida) is widespread in the benthic communities from shallow to mesophotic depths, and hosts a diverse microbial community, including cyanobacteria (Oren et al., 2005). Hence it offers a unique opportunity to examine possible differences in resilience to heat stress, of shallow vs. mesophotic individuals. It also allows for the first time to evaluate the role of MCEs as thermal sponge refugia at the Gulf of Eilat/Aqaba. In this study, we compared the response of D. erythraeanus individuals from both shallow (5-10 m) and mesophotic reefs (45-55 m) to thermal stress in vitro. The response of both the sponge host and its microbiome were assessed for short- and long-term periods (two and after 35 days of heat stress exposure), using physiological measurements and meta-barcoding sequencing of the bacterial assemblage (16S rRNA gene).

We hypothesized that, in response to elevated temperature scenarios, the mesophotic sponges would: a) exhibit higher stress and lower survival compared to shallow sponges, expressed in terms of physiological performance (lower survival, higher respiration rates, lower photosynthetic activity, etc.); and b) exhibit extreme shifts in their microbial composition compared to the shallow sponges.




2 Materials and methods



2.1 Sponge sampling

Diacarnus erythraeanus specimens were collected from the northern Gulf of Aqaba (Eilat) (29°31’19.0”N 34°56’09.3”E) in July 2019. Six individuals were sampled using SCUBA diving from shallow reefs (5-10 m) and six from mesophotic reefs (40-50 m) using a Remotely Operated Vehicle (ROV, ECA-Robotics H800) onboard the R/V Sam Rothberg (Permit no. 2018/42031 and 2019/42248). Immediately after collection each sponge was cut into 15-17 clones (~18 cm3). One clone from each original specimen was flash-frozen in liquid nitrogen and stored (-80°C) to await further characterization of the sponges’ wild-type bacterial composition. All the other clones were tagged to enable identification of the individual sponge, and secured to underwater nursery structures in situ (~10 m depth), for ~5 months of regeneration and acclimation, before being translocated to the experimental system (Supplementary Figures 1A, B).




2.2 Experimental design

The experiment was conducted in 40 L aquaria in a flow-through mesocosm system, Red Sea Simulator, located at the Interuniversity Institute for Marine Sciences (IUI) in Eilat, Israel (for technical details see Bellworthy and Fine (2018)). Temperature treatments comprised of the current ambient temperature (~24°C), the predicted local temperature for 2100, as calculated by IPCC RCP8.5 of 2°C (~26°C, ‘Moderate’ treatment) (Hoegh-Guldberg et al., 2014) and an acute increase of 6°C above ambient (~30°C, ‘Acute’ treatment). The clones were distributed across the three treatments to ensure that each sponge-individual had clones in each of the treatments and at each sampling point. Moderate and acute treatments were each incorporated in four aquaria replicates, together containing a total of 48 clones (24 per treatment), six per aquarium. Each aquarium contained sponge clones from both mesophotic and shallow habitats (Figure 1A), randomly assigned to the different aquaria. Following an acclimation period of five days at ambient temperature (24°C), temperature in the aquarium was then increased by 1°C/day until the desired treatment temperatures were reached (Figure 1B). Since each thermal treatment reached the target temperature at a different time, two groups of control ambient temperature were assigned, one group to each thermal treatment, each comprising of 24 sponge clones which were placed in eight aquaria replicates. The experiment lasted 35 days.




Figure 1 | (A) An illustrated description of the experimental set-up. The experiment comprised two thermal treatments: moderate (~26°C) and acute (~30°C), each with four aquaria replicates; and a control ambient temperature (~24°C), with eight replicates. Each thermal treatment comprised 24 clones (six clones per aquarium), originating from 12 different sponge individuals: six from a shallow reef and six from a mesophotic reef. The sponge clones were randomly assigned to the aquaria with each aquarium containing sponges from both mesophotic and shallow habitats, and with each type of individual-clone present in every treatment. (B) Timeline and temperature throughout the duration of the experiment. Different colors represent the various treatments. Dots represent the time-points at which microbial sampling was performed. Physiological measurements comprised respiration rate, oxygen removal, pumping rate, buoyant weight, and photosynthetic efficiency (measured only at Tf).






2.3 Physiological measurements

Sponge pumping activity [Lpumped hr-1ind-1] was evaluated using a modification of the Dye Front Speed method (DFS) as described by (Yahel et al., 2005; Morganti et al., 2019). Each DFS measurement was calculated as the average of repeated measurements (4-6 time) per sponge.

Dissolved oxygen (DO) removal [µmol O2 L-1], was measured using GO2 FireSting (PyroScience, German, hereafter “optodes”). Each measurement lasted for 10 min at 10 s intervals. Optodes were located in the sponge excurrent water (  ), near the osculum, using custom-made manipulators that minimized interruption of the sponge clone during the measurement and stabilized the sensor (Supplementary Figure 1C). Oxygen concentration measurement in the aquarium surrounding water (  took place before each measurement of the sponge-oxygen removal. Oxygen concentration median values (for 10 min measurement) were then calculated for both,   and   , and the DO removal per liter (ΔO2, µmol L-1) was calculated as follows (Moskovish et al., 2022):

Eq. 1.

Respiration rate [µmol O2 Lpumped-1 hr-1 ind-1] was calculated by multiplying the sponge’s pumping rate by its DO removal for consecutive measurements.

Changes in buoyant weight were measured using a digital scale (ViBRA AJ-320CE) following Osinga (1999).

Sponge physiological measurements were conducted in the middle (days 15-20) and at the end (days 28-35) of the experiment (Figure 1B).

Changes in photosynthetic efficiency of the sponge-associated cyanobacteria under the different thermal treatments were thus assessed by determining the changes in maximal quantum yields (Fv/Fm) of Photosystem II in dark-adapted samples. For this, we used a Diving-Pulse Amplitude Modulation fluorometer (Diving-PAM; Walz, Germany), in which the ground fluorescence in the dark-adapted state signal (Fo) was detected by emitting red modulated measuring light (a weak pulsed light; < 1μmol photons m−2 s−1), followed by a short saturating pulse, to estimate the maximal fluorescence level (Fm). The maximal quantum yield was obtained from the ratio of Fv/Fm, where the variable fluorescence of dark-adapted samples (Fv) was calculated as the subtraction of (Fo-Fm). The measurement was repeated 3-5 times for each sponge clone, at different locations on the clone surface. Measurements took place on day 34 of the experiment, two hours after sunset, to ensure dark acclimation of the PSII.




2.4 Statistical analyses of the physiological measurements

Differences in the physiological measurements were evaluated using a permuted ANOVA test (n=5000 permutations) followed by pairwise comparisons with FDR correction for multiple comparisons, where p value<0.05 was defined as the significant threshold in all analyses. A mixed model was designed to examine the interaction of treatment and depth as fixed factors, and, when relevant, sponge-individual was considered as a random effect within treatment or sampling time. The respiration and pumping rates from the middle and end of the experiment did not diverge in their variance of medians. This, and since only a small number of consecutive measurements (of sponge pumping rate and oxygen removal) were made, their values were pooled to increase power analysis.

Statistical analyses were carried out using the permuco (Frossard and Renaud, 2021), rcompanion (Mangiafico and Mangiafico, 2017), and ggplot2 (Wickham, 2016) packages within RStudio environment (V. 2021.09.0 + 351) (Allaire, 2012).




2.5 Microbial sampling, gene sequencing, and bioinformatic processing

All sponges were sampled for microbiome analysis at four sampling points: on the day of sponge collection from their natural habitat (“wild-type”, as noted in section 2.1); after the five-day acclimation period at an ambient temperature of 24°C, prior to temperature raising (“pre-experiment”); and on 2 days after the aquarium water had reached the desired temperatures (“T2”) and at the last day of the experiment (“Tf”, Figure 1B). At each sampling point, one clone from the shallow waters and one from the mesophotic waters were randomly selected from each aquarium and immediately flash-frozen in liquid nitrogen and stored at −80°C for later DNA extraction.

Genomic DNA was extracted from the sponges using the DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer’s protocol. DNA quantity and purity and were assessed using Qubit 3.0 (Thermofisher, USA) and gel electrophoresis (respectively). The 16S V4 rRNA gene region was amplified using modified 515f forward and 806r reverse primers (Apprill et al., 2015; Parada et al., 2016), and sequencing of 2X250 bp paired-end reads was performed on the Illumina NovaSeq 6000 platform (San Diego, CA, USA) at Magigene Biotechnology Co., Ltd. (Guangdong, China). Error sequencing correction, chimeric removal and denoising of the paired reads into contigs were applied on the resulting FASTQ files using DADA2 package (Callahan et al., 2016) and grouped into Amplicon Sequence Variants (ASVs) based in the naive Bayesian classifier method (Wang et al., 2007) against the SILVA v138.1 database (Quast et al., 2012). Sequences originating from Archaea, chloroplasts, mitochondria, and eukaryotes were removed. Raw sequences were deposited in the NCBI BioProject database under the accession number PRJNA931995.




2.6 Microbiome composition and diversity analyses

The sponges’ microbial community composition and diversity indices (richness and Shannon) were calculated at each sampling point for all the sampled clones (see section 2.5). A Phyloseq object was constructed to import sample data (metadata, abundance, and taxonomy tables) and to calculate microbiome dissimilarities between treatments and sampling points using the RStudio environment (V. 2021.09.0 + 351). Microbial dissimilarities were calculated with weighted-Unifrac distance matrix based on the samples’ relative abundance. In addition, to examine the effect of treatments and depths on microbial diversity, while considering sponge-individual origin, a mixed model was designed, with treatment and depth as fixed effects and sponge-individual as a random effect (nested within treatment). When examining the effect of time on the microbial diversity indices, time was defined as a fixed effect and sponge-individual as a random effect nested within time. Statistical differences were examined using permuted ANOVA (n=999), followed by post-hoc testing for pairwise comparisons, using the Friedman-Nemenyi test. Differences in microbial composition of the samples among treatments and depths were visualized using non-metric multidimensional distance analysis (nMDS) 3D ordinations, based on weighted UniFrac distance matrix. Statistical differences in the microbial communities’ composition among treatments, depths, and sampling points were examined using permutational MANOVA and pairwise comparisons with 999 permutations, where treatment, depth, and sponge-individual were set as the main factors and the interactions of treatment*depth and treatment*sponge-individual were also assessed. In addition, the 20 most abundant ASVs for each sampling point*treatment were calculated and then visualized using bar plots displaying the bacterial relative abundance on the order level. To further investigate which ASVs contributed to the difference across treatments and depths, differentially abundant ASV changes (log fold change ≥ |2 |,Wald test, adjusted p. value ≤ 0.01) were identified using Phyloseq-DESeq and DESeq function.

Microbial diversity calculations and visualizations were carried out using the following packages: phyloseq (McMurdie and Holmes, 2013), microbiome (Lahti and Shetty, 2018), ggpubr (Kassambara and Kassambara, 2020), ggplot2 (Wickham, 2016), vegan (Oksanen et al., 2013), Tidyverse (Wickham et al., 2019), DESeq2 (Love et al., 2014), permuco (Frossard and Renaud, 2021) and PMCMRplus (Pohlert and Pohlert, 2018).





3 Results



3.1 Sponge physiological responses to elevated temperature

All Diacarnus erythraeanus clones appeared to be intact and healthy throughout the 35 days of the experiment, with no signs of bleaching or necrosis, and without mortality under both the ambient and thermal treatments. However, temperature had a significant effect on the sponges’ respiration rate, with those exposed to acute temperature exhibiting a significantly higher rate (14.5 ± 1 µmol O2LpH-1Ind-1) compared to both ambient (4.9 ± 0.8 µmol O2LpH-1Ind-1) and moderate treatments (4.5 ± 1.6 µmol O2LpH-1Ind-1, p<0.005, Figure 2A, Table 1; Supplementary Table 1). Neither depth nor the interaction of temperature*depth had a significant effect on the sponges’ respiration rate (p>0.05. Table 1). Similarly, the sponges’ oxygen removal was significantly higher in those under acute heat treatment (29.6 ± 5.3 µmol O2L-1) compared to both ambient (13.3 ± 3.1 µmol O2L-1) and moderate treatments (14.7 ± 2.9 µmol O2 L-1), which did not differ from one another (Figure 2B, Table 1; Supplementary Table 1). Interestingly, the oxygen removal rate in both thermal treatments significantly decreased over the course of the experiment, while the ambient treatment oxygen removal remained stable. Consequently, at the end of the experiment the oxygen removal of the acute treatment sponges was similar to that of the other treatments (acute: 12 ± 3.6 µmol O2L-1, moderate: 5.0 ± 2.3 µmol O2L-1, ambient: 13.2 ± 1.7 µmol O2L-1, Figure 2B, Table 1; Supplementary Table 1). In addition, while no differences in the sponge’s oxygen removal were attributed to the sponge’s depth-origin, at the end of the experiment, the oxygen removal was significantly affected by the treatment*depth interaction (Table 1).




Figure 2 | Physiological measurements of D. erythraeanus shallow (triangle) and mesophotic (circle) sponges exposed to ambient, moderate, or acute temperature. (A) Respiration rates (µmol ΔO2 LpH-1), pooled data. (B) Oxygen removal (µmol O2L-1) in the middle (gray) and at the end (yellow) of the experiment. Significant difference refers to the oxygen removal measurements in the middle of the experiment (C) Photosynthetic efficiency (maximal quantum yield Fv/Fm), pooled data. Median and 25-75 percent quartiles are indicated by the box. Dots are measurement values. The number of measurements is indicated within each box. Significant difference between treatments indicated by an asterisk. See Table 1 for detailed statistical information.




Table 1 | Physiological measurements’, mean values + SE for each treatment (right) and summary statistics of temperature, depth-origin and their combined effect on the sponge respiration, oxygen removal rate, pumping rate, buoyant weight, and photosynthetic efficiency (Fv/Fm).



The sponges’ pumping rates remained stable throughout the experiment, with no significant effect of temperature, depth, or temperature*depth interaction. Likewise, the sponges’ buoyant weight remained stable throughout the course of the experiment, and was similar for both the ambient and the thermal treatments, with no effect of treatment*depth (Table 1).




3.2 Sponge microbiome response to elevated temperature



3.2.1 Photosymbionts function decrease

Photosymbionts exposed to the acute treatment exhibited a significantly lower photosynthetic efficiency (0.51 ± 0.01) compared to the moderate (0.6 ± 0.01) and the ambient treatment sponges (0.57 ± 0.00, Figure 2C, Table 1; Supplementary Table 1). The results also indicated that a sponge’s depth-origin had a significant effect on its photosynthetic efficiency, with a generally lower photosynthetic efficiency of the mesophotic sponges (0.55 ± 0.0) compared to the shallow ones (0.57 ± 0.0). However, no significant effect on the photosymbionts’ photosynthetic efficiency was found for the interaction between depth and temperature (Table 1).




3.2.2 16S rRNA bioinformatics analysis

A total of 110 samples were successfully sequenced, achieving 24,228,075 16S V4 rRNA raw sequences. After quality filtering, 18,317,714 reads remained, with an average of 166,524.6± 2631.3 reads per sample, which were classified into 7305 ASVs. Rarefaction curves indicated a sufficient bacterial diversity coverage, with curves reaching asymptotes in all samples (Supplementary Figure 2). The obtained ASVs affiliated with 37 bacterial phyla and 74 classes. In addition, 12 samples of the wild-type sponges were successfully sequenced, achieving 608,078 16S V4 rRNA raw sequences. After quality filtering, 278,840 reads remained, with an average of 23,236.6± 2485.1 reads per sample, which were classified into a sum of 1387 ASVs.




3.2.3 Microbial diversity and species composition change across time, temperature, and depth

Microbial diversity indices (richness, Shannon) of the wild-type sponges were similar for both shallow and mesophotic sponges (Table 2; Supplementary Table 3A). In addition, the microbial communities were mostly composed of similar orders. They differed, however, in their relative abundance (Figure 3A), and significantly differed in their microbial composition (weighted UniFrac, R2 = 0.21, p=0.009, Figure 4A, Table 2). The wild-type shallow samples were primarily composed of the orders HOC36 (Proteobacteria, 38.5%), Caldilineales (15%) and JTB23 (Proteobacteria, 7.5%), while in the mesophotic samples the orders HOC36 (21%), KI89A_clade (Proteobacteria, 21%) and Nitrospirales (20.1%) were the most dominant. Moreover, Rhodobacterales and Puniceispirillales appeared only in the mesophotic samples, while SBR1031 (Chloroflexi) and Dadabacteriales were present only in the shallow ones (Figure 3A). Likewise, several bacterial members significantly changed in abundance between depths. For example, a significant change in ASV abundance (log-fold change, p<0.01) was affiliated with the families Flavobacteriaceae (ASV592), Caldilineaceae (ASV1), Rhodobacteraceae (ASV42), SAR11_clade_lb (ASV769), Bdellovibrionaceae (ASV 392), Prevotellaceae (ASV181), and Kiloniellaceae (ASV135, Figure 5).


Table 2 | Summary statistics for the effects of temperature, depth-origin, sponge-individual and their interaction at each time point on microbial diversity indices (richness and Shannon) and on the microbiome community composition at each time point (PERMANOVA results using weighted -unifrac distance).






Figure 3 | Relative abundance of D. erythraeanus microbial ASVs at the order level of (A) wild-type shallow vs. mesophotic sponges; and (B) sponges exposed to ambient and acute temperature treatment at the end of the experiment -Tf.






Figure 4 | Non-metric multidimensional scaling (NMDS) 3D ordinations based on weighted UniFrac distance matrix of D. erythraeanus microbial community for (A) wild-type samples of shallow and mesophotic sponges; and (B) ambient, moderate and acute treatments of shallow and mesophotic sponges at Tf. Each dot represents one sponge sample (mesophotic=circle, shallow=triangle). See also Table 2 and Supplementary Table 4.






Figure 5 | Differentially AVS plot (log fold change ≥ |2 |,Wald test, adjusted p. value ≤ 0.01) displayed at family (or higher) taxonomic level, in D. erythraeanus across depths and treatments. Colors indicate the different comparisons. Shallow sponges and ambient treatment (separately) were used as the reference group at each comparison.



Following the 5-month regeneration period and five-day acclimation at ambient temperature (24°C), and before any temperature increase in the aquaria (pre-experiment sampling point), the microbial communities of the shallow and mesophotic sponges did not differ substantially from each other. No significant differences were detected in diversity indices and microbial composition as a function of their depth origin (weighted UniFrac, R2 = 0.03, p=0.23, Table 2). Similarly, at T2, that is, two days after temperature in the aquaria had reached the target temperature values (26° vs 30 °C), the microbial diversity indices remained similar across temperature treatments and depth origin (Table 2; Supplementary Table 3A).

These results suggest that a 5-month regeneration period under identical field conditions caused the original microbiomes of mesophotic and shallow-water individuals, which differed initially (Figures 3A , 4A, weighted UniFrac, R2 = 0.21, p=0.009, Table 2) to shift and largely converge in composition and abundance.

Moreover, samples from the pre-experiment sampling-point and at T2 shared similar orders, primarily composed of SAR202 clade (27 vs. 30%, respectively), Caldilineales (15 vs. 14%), and Thermoanaerobaculales (10.7 vs. 10.2%, respectively). No unique pattern emerged in the bacterial orders’ identity or in their abundance between depths for the pre-experiment sampling-point, or in treatments between depths for the T2 samples, except for the order Thermoanaerobaculales, which was higher in the shallow samples, and Vicinamibacterales, which was unique to the shallow pre-experiment samples (Supplementary Figure 3).

At the end of the experiment, however, after 35 days, changes in the microbial diversity indices and community composition could be observed, mostly in sponges exposed to the acute temperature stress. Thus, at Tf, the richness and Shannon indices of the acute samples were significantly lower (142 ± 8.1 and 3.74 ± 0.03, respectively) compared to the moderate (162 ± 4.3, 3.78 ± 0.03) and ambient samples (162 ± 4.9, 3.8 ± 0.02), which were similar to one another (Figure 6, Table 2; Supplementary Tables 3A, B). Moreover, while the diversity indices of the mesophotic samples remained stable throughout the experiment under the acute treatment, those of the shallow samples significantly decreased (Table 2; Supplementary Table 3A). In addition, the microbial community composition of the acute treatment sponges significantly differed from the moderate treatment and ambient samples, which were similar to one another (Weighted UniFrac, Figure 4B, Table 2; Supplementary Table 4). For example, a significant increase in ASV abundance in the acute treatment sponges (compared to the ambient treatment) at Tf was associated with members of the families Endozoicomonadaceae (ASV63, ASV91), Nitrospiraceae (ASV6), Neisseriaceae (ASV153), Bdellovibrionaceae (ASV105), Cyanobiaceae (ASV49), Cellvibrionaceae (ASV97), and Rhodobacteraceae (ASV 26, Figure 5). A change in microbial composition of the acute vs. ambient sponge treatments at Tf was also observed in the bacterial orders. For example, the relative abundance of the orders Pseudomonadale and Rhodobacterale was higher in the acute treatment sponges (8.5%; 8% respectively) compared to the ambient samples (5.3%; 1% respectively). In contrast, the SAR202 clade was less abundant in the acute treatment samples (30%) compared to the ambient treatment ones (36%), as were the Thermoanaerobaculales (acute: 7%, ambient: 12%). In addition, at Tf only the acute samples possessed members of the order Puniceispirillales (5%), while Vicinamibacterales were present only in the ambient samples, although at low abundance (0.6%) (Figure 3B).




Figure 6 | Diversity indices of shallow (light-blue) and mesophotic (pink) D. erythraeanus associated microbiome in clones exposed to ambient, moderate, or acute temperature treatment at Tf. (A) Richness; (B) Shannon diversity index. Median and 25-75 percent quartiles are indicated by the box. Dots are the diversity index values. Significant difference between treatments indicated by an asterisk. Mean values are provided in Supplementary Table S3A. The statistical inference is detailed in Table 2 and Supplementary Table S3B.



At Tf differences in the microbial composition were also associated with the sponge’s depth-origin (Weighted UniFrac R2 = 0.11, p<0.01, Figure 4B, Table 2; Supplementary Table 3A). Numerous bacterial members were found to significantly change in abundance between the shallow and mesophotic samples under the acute treatment. For example, the mesophotic samples were associated with a decreased abundance of members of the families Rhizobiaceae (ASV178), Neisseriaceae (ASV153), Bdellovibrionaceae (ASV105, 135), Cyanobiaceae (ASV49), and Cellvibrionaceae (ASV97), and an increased abundance of members of the family Bdellovibrionaceae (ASV117) (log-fold change, p<0.01, Figure 5). In addition, as previously described for the wild-type samples, also at Tf, the shallow and mesophotic samples in the acute treatment generally shared similar bacterial orders, with a few exceptions, and with differences in the orders’ relative abundance (Supplementary Figure 3). For example, Pseudomonadale and Puniceispirillale abundance was higher in the shallow samples (11%, 7% respectively) compared to the mesophotic ones (5%, 3%, respectively). In addition, Nitrosococcales were unique to the shallow samples and Caldilineales were generally higher in the mesophotic samples.

Finally, the sponge-host individual was found to be the most meaningful factor in shaping the microbial composition, both at T2 and Tf (Weighted UniFrac, R2 = 0.5, p<0.001; R2 = 0.4, p<0.001, respectively, Table 2). Nevertheless, for the pre-experiment sponges, the effect of sponge individual origin was not significant. It was, however, the only factor meaningfully contributing to the explained variance in microbial composition (R2 = 0.78, p=0.37, Table 2).






4 Discussion

We characterized the effects of temperature elevation on the common Red Sea sponge Diacarnus erythraeanus, as a holobiont, while comparing the responses of shallow vs. mesophotic populations. The results indicate that a temperature rise of up to 2°C (“moderate”), as predicted for the Gulf of Eilat/Aqaba in 2100 (Fine et al., 2013; Hoegh-Guldberg et al., 2014), will probably not have a detrimental effect on the D. erythraeanus holobiont. In addition, this sponge exhibited a high stress tolerance under the acute treatment as well, suggesting its survival even under the extremer climate scenarios for 2100 in this region. Moreover, while no difference in sponge survival or any external noticeable effect was detected, irrespective of collection depth, the microbiome of shallow vs. their mesophotic counterparts, responded differently. Although, during the 5-month regeneration period, the microbiomes of mesophotic and shallow-water individuals largely converged in diversity and composition, it is likely that characteristic members of each persisted in low abundance, proliferating differentially during the long-term acute temperature treatment to produce differential responses depending on depth origin.



4.1 Sponge physiological responses imply a tolerance to elevated temperatures

Our results suggest that a temperature increase of up to 6°C for 35 days might not affect the survival of D. erythraeanus, which survived throughout the experiment under the different thermal treatments. However, the experiment was conducted during the autumn, when the ambient temperature was generally lower (mean 5 m: 23.4°C, 45 m: 23.2°C) than the maximum temperature that these sponges experience seasonally during the summer (max temp 5 m: 28.9°C, 45 m: 27.1°C, Shlesinger et al., 2018; Liberman et al., 2022). Therefore, although the moderate temperature treatment (~26°C) exceeded the typical autumn temperatures that these sponges encounter, it was not beyond the temperature range they are exposed to throughout the year. Thus, it is not surprising that the moderate treatment had only a minor effect on the sponge physiology. In contrast, the acute treatment (~30°C) reached above the maximum temperature in present-day to which these sponges are exposed locally during the summer (see above). Although all the clones survived the experimental increased temperatures, changes were observed in their respiration and in their microbial composition. The respiration rate of D. erythraeanus clones in the acute treatment was significantly higher than those in the ambient and moderate treatments (Figure 2A, Table 1). Congruent with our findings, increased respiration rates have previously been reported for several sponge species exposed in situ to thermal stress (Coma, 2002), as well as in aquaria experimental systems (Strand et al., 2017; Beepat et al., 2020). It has been suggested that increased respiration in sponges acts as a coping mechanism under elevated temperature in order to maintain cellular homeostasis through the activation of intra-cellular repair and protection processes (Guzman and Conaco, 2016). This could also be the result of an increased carbon fixation rate by the sponge microsymbionts (Fang et al., 2014). Congruent with the respiration rate, in the middle of the experiment (days 15-20), the oxygen removal was significantly higher in the acute treatment compared to the ambient and moderate treatments. However, by the end of the experiment (days 28-35), the oxygen removal of sponges in the acute treatment had decreased and was similar to that of the ambient treatment sponges (Figure 2B, Table 1). This could imply, on the one hand, that D. erythraeanus might have become adapted to the high temperature stress; or, on the other hand, that the prolonged exposure to an elevated temperature might have resulted in a cumulative thermal stress, followed by physiological dysfunctioning (Rodolfo-Metalpa et al, 2014), with no external signs. Similarly, the respiration rate of the sponge Cliona orientalis was shown to be generally higher under an intermediate temperature stress (compared to the control), while sponges that were exposed to the high temperature treatment (32°C) and were bleached, presented a respiration rate similar to that of the control (Ramsby et al., 2018). Conversely, our D. erythraeanus specimens revealed no external signs of stress and their buoyant weight did not change during the experiment (Table 1), supporting the assumption that an adaptation mechanism, rather than sensitivity, underlay the decrease in the sponge’s oxygen removal consumption under the acute temperature treatment. It is possible, however, that the high spicule and collagen content of this species (Kelly and Samaai, 2002) might have obscured possible changes in tissue weight. Another possibility is that under a longer stress period (over 35 days), this sponge would eventually succumb to disease and possibly mortality. Further focused metabolic analysis, such as examination of the tissue metabolic profile (Strand et al., 2017; Ramsby et al., 2018) or gene expression analysis (Fan et al., 2013; Guzman and Conaco, 2016), could shed additional light on the sponge’s physiological condition following heat stress.

In addition, our findings indicate that the respiration rate of shallow and mesophotic sponges were similarly affected by the rise in temperature (Figure 2A, Table 1). A similar phenomenon was reported from four coral species in Bermuda, which demonstrated a similar thermal tolerance (including respiration rate) by both mesophotic and shallow individuals (Gould et al., 2021). The respiration rate of the Mediterranean sponge Chondrosia reniformis was also found to be depth-independent (Gökalp et al., 2020). Since both shallow and mesophotic individuals of D. erythraeanus exhibited similar rates of respiration under elevated temperature, it is plausible to assume that, in the case of D. erythraeanus, local adaptation toward thermal stress did not take place, at least at the sponge-host level. The latter conclusion is reinforced when considering the potential for vertical connectivity between the shallow and mesophotic populations in the Gulf of Aqaba (Berenshtein, 2018).




4.2 Sponge microbiome response to elevated temperature



4.2.1 Reduction in photo-symbiont functioning

Although none of the D. Erythraeanus clones bleached, a significant decline in photosynthetic efficiency (ΔF/FM) was observed in the sponges under acute temperature treatment (Figure 2C, Table 1). A decrease in photosynthesis in organisms experiencing heat stress has been documented in multiple studies on sponges (Cebrian et al., 2011; Bennett et al., 2017; Ramsby et al., 2018; Beepat et al., 2020). The reduced functioning of photosymbionts could further result in a potential reduction in the translocation of photosynthesis-derived products from the photosymbionts to the sponge-host (Wilkinson and Fay, 1979). This might severely affect the sponge’s energetic budget and threaten its continued survival. Various mechanisms have been suggested to compensate the host’s nutritional loss following a decline in photosymbiont functioning. For example, the high survivorship of the bleached sponge Xestospongia muta was attributed to its low nutritional dependence on photosymbionts, and greater reliance on heterotrophic sources (McMurray et al., 2011). Another mechanism was demonstrated in bleached individuals of the sponge Cliona orientalis, which used its lipid stores to overcome periods of low or no photoautotrophic-derived food-sources (Fang et al., 2014). Thus, it can be assumed that similar mechanisms are also involved in the case of D. Erythraeanus, enabling its high survival rate during a reduction in photosynthetic-derived nutrition sources.




4.2.2 Mesophotic and shallow microbial communities: general description

The bacterial community composition of the wild-type mesophotic sponges differed significantly from that of the shallow-reef sponges (Figure 4A, Table 2). These differences were mainly attributed to the relative abundance of the bacterial orders rather than their identity, which was similar at all depths (Figure 3A). These findings are in line with previous studies that compared microbial assemblages in relation to depth, and revealed similar patterns (Morrow et al., 2016; Indraningrat et al., 2022). Along the shallow to mesophotic depths the physical, biochemical, and biotic factors undergo change (Lesser et al., 2018). Some of those factors have been identified as meaningful drivers in shaping microbial communities (Busch et al., 2022). For example, temperature and light intensity decrease along shallow to mesophotic depths, while nutrient concentration is usually higher (Kahng et al., 2017; Lesser et al., 2018). All of those factors were previously indicated to drive changes in microbial communities composition (Olson and Gao, 2013; Morrow et al., 2016; Steffen et al., 2022). The shift in the bacterial composition with depth could therefore indicate the holobiont’s functional adjustment to the changing ecological conditions along this depth range (shallow and mesophotic). In the Gulf of Aqaba, light availability, temperature, sedimentation rate, and the hydrodynamic regimes differ between shallow and mesophotic habitats (Eyal et al., 2019). These environmental variations could significantly affect the microbial community of D. erythraeanus populations from different depths. Many bacterial members have been found to change in abundance between the wild-type shallow and mesophotic sponges. For example, ASV members of the order Caldilineales (Chloroflexi) were enriched in the wild-shallow samples, as found for the sponges X. muta and Agelas sventres (Indraningrat et al., 2022). In the mesophotic sponges, a higher abundance of Nitrospirota bacteria was found (Figure 3A). Considering the reduced light availability at the mesophotic depths (Kahng et al., 2019), it is plausible that the increased abundance of Nitrospirota could constitute a sort of “metabolic compensation”, whereby the photoautotrophy efficiency is reduced. In addition, sponges from the shallow and the mesophotic waters in the pre-experiment (post-acclimation) sampling possessed similar bacterial communities, as opposed to the distinct bacterial communities found in the wild-type shallow and mesophotic sponges, sampled immediately after collection (Figure 4A, Table 2). However, because the pre-experiment sampling occurred after a recovery (acclimation) period (~5 months) of the sponges at 10 m depth, it is possible that the transplantation of both the mesophotic and the shallow samples to the (shallow) recovery site, induced a microbiome transitioning towards microbial communities resembling those of the transplanted site. These results emphasize the flexibility of microorganisms in rapidly adapting to environmental changes (Reshef et al., 2006; Lesser et al., 2020; Voolstra and Ziegler, 2020; Maldonado et al., 2021; Vargas et al., 2021), while facilitating their sponge-host’s adjustment to the new conditions.




4.2.3 Microbiome adjustments under elevated temperature

Sponges rely on intimate associations with diverse microorganisms (Thomas et al., 2016; Webster and Thomas, 2016), which fulfill various crucial roles in the host’s functioning and stability (Pita et al., 2018; Engelberts et al., 2020; Moreno-Pino et al., 2020; Posadas et al., 2022; Schmittmann et al., 2022). In the present study, a meaningful change in the microbial community was observed only at the end of the experiment (Tf), and mainly under the acute temperature treatment (Figures 3-6, Tables 1, 2). Changes in microbial community diversity and composition under heat stress often result in deterioration of the holobiont’s physical condition, as previously documented in numerous sponge species (Fan et al., 2013; Lesser et al., 2016; Ramsby et al., 2018; Rubio-Portillo et al., 2021). In the current study, however, the external appearance of D. erythraeanus remained stable throughout the experiment, with no visible signs of bleaching or necrosis. It is thus plausible that the changes in the microbial community were part of a resilience process rather than a collapse (Pita et al., 2018; Vargas et al., 2021).

Our results indicate that under acute thermal stress the microbial community of D. erythraeanus undergoes restructuring, mostly through a change in the relative abundance of the ASVs (Figures 3B, 4B, 5). We found that while the increased abundance of some bacterial members might reflect sponge-host stress, other bacteria were found to potentially possess essential functions that could support sponge-host resilience under the acute elevated temperature. For example, the SAR202 clade (Chloroflexi) in sponges was suggested to have a potential for DOM recalcitrant degradation. In addition, this clade possesses biosynthetic pathways for cofactor biosynthesis (Thiamine) (Bayer et al., 2018), possibly supporting the host’s metabolism. SAR202 significantly decreased in abundance in the acute heat treatment sponges at the end of the experiment (LFC, p<0.01, Figure 5), possibly reflecting a nutritional impediment to the sponge-host. Other bacteria that might have negative effects on their sponge-host are the Neisseria (ASV153), which significantly increased in abundance under the acute heat treatment (LFC, p<0.01, Figure 5). Neisseria are recognized as pathogenic bacteria (Tinsley and Nassif, 1996; Livorsi et al., 2011) and were found to be predominant in coral tissue invaded by sponges (Thinesh et al., 2020). Nevertheless, except of Neisseria, no other pathogenic bacteria were detected in the microbiome of the acute or moderate temperature treatment sponges. As opposed to that, the members of the families Cyanobiaceae (ASV49), Endozoicomonadaceae and Nitrospira significantly increased in abundance in the acute-stressed sponges (ASV91, ASV63 and ASV6, LFC, p<0.01), possibly possessing key functions for the sponge-host’s stability under stress, such as increased carbon supply and nutrient cycling functions (Raina et al., 2009; Fiore et al., 2013; Morrow et al., 2015; Neave et al., 2016; Moitinho-Silva et al., 2017; Zhang et al., 2019).

Similarly, a dynamic relationship between the host and its associated microbiome under environmental stress, known as the “Coral probiotic hypothesis” (Reshef et al., 2006), was suggested to promote the coral holobiont’s resilience. In sponges, several studies reported a microbial shift following environmental stress, suggesting that these changes are involved in the host resilience (Morrow et al., 2015; Ribes et al., 2016; Webster and Reusch, 2017; Ribeiro et al., 2021; Vargas et al., 2021).




4.2.4 Possible different coping mechanisms underly the shallow and mesophotic sponges’ responses to elevated temperature

The microbial response of shallow sponges significantly differed from that of their mesophotic counterparts under elevated temperature stress. While the microbial diversity indices of the shallow sponges decreased throughout the experiment under the acute temperature treatment, those of the mesophotic sponges remained stable and similar to those of the ambient treatment sponges (Table 2; Supplementary Table 3A). The flexibility in microbial community response of the shallow and mesophotic sponges to elevated temperatures, suggests the existence of different underlying coping mechanisms for each sponge population (Guzman and Conaco, 2016). Whereas at the mesophotic depths the environmental conditions are relatively stable, shallow sponges (and hence their microbiome) often encounter environmental disturbances, such as increased temperature fluctuations (Lesser et al., 2009; Bongaerts et al., 2010; Kahng et al., 2010). A prior exposure to environmental stress (e.g., elevated temperatures) could improve the organism’s response to subsequent and more extreme exposures (Guzman and Conaco, 2016; Hilker et al., 2016; Hackerott et al., 2021). For example, in the sponge Haliclona tubifera, heat stress induced gene activation related to innate immunity and various processes such as initiation of cellular damage repair and heat shock proteins pathways (Guzman and Conaco, 2016). Likewise, the survivorship of the sponge Neopetrosia compacta to acidification and warming stress was related to changes in the sponge-host immune functions, microbiome stability and increased abundance of beneficial microbial groups (Posadas et al., 2022). Therefore, under chronic or sequentially occurring environmental stresses, microbial adjustments might act as a key feature in a sponge acclimation (Ribes et al., 2016; Pita et al., 2018; Turon et al., 2018; Voolstra and Ziegler, 2020; Marangon et al., 2021; Ribeiro et al., 2021; Vargas et al., 2021; Posadas et al., 2022; Schmittmann et al., 2022) and possibly even lead to population adaptation (Webster and Reusch, 2017). Thus, the observed shift in the microbial diversity indices of the shallow sponges in the present study, could be an expression of acclimatization or adaptation, following previous events of exposure to elevated temperatures in the shallow waters. In contrast, the stability of the microbial diversity indices in the mesophotic sponges, might suggest that their healthy condition was maintained by means of resistance mechanisms. Microbial resistance is considered to occur when a microbial community remains unchanged following perturbation (Moya and Ferrer, 2016; Zaneveld et al., 2017). Nevertheless, changes in the relative abundance of the microbial community were observed for both, the shallow and mesophotic sponges under elevated temperatures (Figures 4-6), indicating that both are resilient to such increases (Allison and Martiny, 2008; Comte et al., 2013).

Finally, our results indicate that the sponge-host individual (the original clonal individual sponge) was the most meaningful factor in shaping the microbial community’s structure, irrespective of the other factors examined in the current study (temperature, time, depth). Correspondly, host genotype was previously suggested to act as a main factor in shaping the microbial assemblage of a sponge’s microbiome (Easson and Thacker, 2014; Reveillaud et al., 2014; Chaib De Mares et al., 2017; Glasl et al., 2018).






5 Conclusion

We examined the holobiont sponge D. erythraeanus’s response to elevated temperature. The findings indicate that both shallow and mesophotic individuals of D. erythraeanus are highly tolerant to moderate temperature elevation of 2°C, as predicted for 2100 in the Red Sea (Hoegh-Guldberg et al., 2014), and acute heat stress of 6°C above the ambient. Furthermore, we posit that its high survival rate coincides with microbial adjustments, suggesting the essential role of the microbiome to the host’s adaptation and stability when facing significant environmental stressors. We found that both shallow and mesophotic sponges are tolerant to heat stress, hence, our hypothesis that mesophotic sponges will be less resilient to elevated temperature was not supported. However, our results suggest that their underlying coping mechanisms might differ. We argue that while D. erythraeanus mesophotic sponges are resistant to heat stress, their shallow water counterparts might have become adapted to elevated temperatures, following previous exposure to increased heat events in the shallow waters. Therefore, these results cast doubt on the potential function of mesophotic coral ecosystems (MCEs) as thermal refugia for some sponge species. While both shallow and mesophotic sponge individuals demonstrated high levels of heat tolerance, their variability in the microbial response to heat stress might reflect local ecological adaptation and questions the validity of MCEs as a refuge for shallow populations. The variability in the responses of these populations further highlights the importance of uncovering the mechanisms that structure the sponge-microbiome interactions, particularly in regard to the predicted climate change scenarios.
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A comparison of mesophotic
and shallow sponge holobionts
resilience to predicted future
temperature elevation
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Raz Moskovich™?, Zhiyong Li* and Micha llan*
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Marine Sciences, Michmoret, Israel, *School of Life Sciences and Biotechnology, Shanghai Jiao Tong
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Climate change is predicted to have detrimental impacts on sessile invertebrates,
including sponges. Mesophotic ecosystems have been suggested to play a major
role as refugia for coral reef sponge species, however knowledge regarding the
ability of mesophotic sponges to cope with thermal stress is scarce. In this study
we compared the response of the sponge Diacarnus erythraeanus, a widespread
Red Sea sponge, from the shallow and mesophotic reef, to moderate and acute
temperature elevation (2°C and 6°C, respectively) for short and long term periods
(two and 35 days, respectively) by measuring physiological parameters
(respiration, oxygen removal, pumping rates, and photosynthetic efficiency),
and the microbiome composition change. The results indicated that
mesophotic and shallow populations of D. erythraeanus are highly tolerant to
both moderate and acute heat stress, demonstrating a high survival rate (100%)
across the experimental treatments, with no visible signs of bleaching or
necrosis. Exposure to heat stress resulted in significant alterations in the
physiological parameters of sponges, including higher respiration rate and
lower photosynthetic efficiency. These alterations were accompanied by
correspondingly significant microbial adjustments, thus emphasizing the
essential role of the microbiome in the host's ability to persist when facing
essential environmental stress. Moreover, while shallow and mesophotic
sponges showed similar physiological tolerance to heat stress, their microbial
response differed: while the microbiome diversity of the mesophotic sponges
remained stable throughout the experiment, the shallow one significantly
changed. This result suggests that their underlying coping mechanisms might
differ between mesophotic and shallow populations. Since the associated-
microbiome is largely regulated by the sponge-host genetics, difference in
microbial adjustments to stress between populations, could indicate genetic
variability between hosts. Therefore, while the results of this study support the
hypothesis that mesophotic coral reefs could serve as thermal refugia for some
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sponge species, it raises the question regarding the validity of MCEs as a refuge
for shallow populations. Finally, it emphasizes the crucial need to elucidate the
underlying mechanisms governing the sponge-microbiome interactions,
specifically in the context of the anticipated climate change scenarios.

KEYWORDS

bacteria, climate change, Diacarnus erythraeanus, holobiont, mesophotic, microbiome,
ocean warming, sponges

1 Introduction

Global climate changes have already been shown to have
detrimental effects on marine coastal ecosystems (Hughes et al,
2018a; Forster et al., 2021). These effects are predicted to worsen as
the intensity, frequency, and duration of marine heatwave events
are expected to increase in the future (Frélicher et al., 2018; Oliver
etal, 2018; Muiiz-Castillo et al., 2019; IPCC, 2023). The magnitude
of the climate change effects varies among the different habitats.
Mesophotic coral ecosystems (MCEs), considered as those between
30-150 m depth (Lesser et al., 2009; Kahng et al., 2010), are less
affected compared to their adjacent shallower reefs (Hoegh-
Guldberg et al., 2007; Kahng et al., 2017). Due to their distance
from the sea surface, MCEs are considered to be more stable and
environmentally predictable than shallow reefs (Baker et al., 2016).
Accordingly, thermal anomalies are reduced in MCEs and the water
temperature is cooler compared to that of the shallow depths
(Lesser et al., 2009; Shlesinger et al., 2018; Turner et al.,, 2019).
Since the former are genetically and physically associate with their
shallow reefs counterparts, they have been suggested to play a major
role as refugia and as a larval source for species unable to tolerate
the current changing conditions in the shallow waters (Bongaerts
etal., 2010; Weiss, 2017). A recent example of the mesophotic depth
serving as a thermal refugium is the case of the Mediterranean
sponge Agelas oroides. This sponge vanished from the shallow
habitats along the Israeli coast in the 1970s, but was recently re-
discovered in the mesophotic sponge grounds (100-120 m) in the
same area. An experiment transplanting mesophotic individuals to
the shallow waters, revealed that the sponges survived well until the
temperature exceeded 28°C, when they rapidly perished, suggesting
that this sponge’s disappearance from the Israeli shallow waters
might have occurred following prolonged periods of elevated
temperature (Idan et al., 2020). Another example is that of coral
bleaching after a heatwave event in French Polynesia. The bleaching
significantly decreased with depth, with minor to no bleaching
observed at the mesophotic depths (Perez-Rosales et al., 2021). Such
examples emphasize the potential of mesophotic depths to serve as a
thermal shelters for various benthic organisms.

Among the variety of organisms affected by these
environmental changes, sessile organisms, such as sponges and
corals, are presumably the most sensitive, since they are unable to
relocate (Hughes et al., 2018b). Sponges (Phylum Porifera) are
widespread benthic organisms, fulfilling fundamental roles in
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ecosystem functioning (Bell, 2008; Rix et al., 2018). In some coral
reefs, sponges are considered the second most abundant component
in the benthic assemblage after corals (Diaz and Riitzler, 2001).
Accumulating evidence from recent years suggests that sponges’
responses to thermal stress vary, with some species more tolerant to
a rise in temperature (Luter et al., 2020; Ribeiro et al., 2021; Vargas
et al., 2021; Posadas et al., 2022), while others are more sensitive,
manifesting bleaching, necrosis, and death (Cebrian et al., 2011;
Ramsby et al., 2018; Beepat et al., 2020; Rubio-Portillo et al., 2021).
How a sponge responds to environmental stress, however, might be
largely a function of its specific associated microbial community
(Marangon et al., 2021). The sponge’s microbiome benefits the host
by providing key functions that support the sponge-host’s health
and fitness (Hentschel et al., 2012; Webster and Thomas, 2016;
Zhang et al., 2019; Engelberts et al., 2020; Marangon et al., 2021;
Taylor et al,, 2021), particularly when subjected to environmental
stress (Webster and Reusch, 2017; Pita et al., 2018; Marangon et al.,
2021; Posadas et al., 2022).

The diverse associations and dependence between the sponge-
host and its microbiome have led to the consortium of
microorganisms and their host being regarded as a “meta-
organism” or holobiont (Bosch and McFall-Ngai, 2011; Webster
and Thomas, 2016), rather than as autonomous components. Upon
experiencing environmental stress, the sponge-microbiome might
respond in several ways, such as dysbiosis (a break-down of the
association), which mostly results in host health decline, disease,
and possible mortality. Once dysbiosis occurs, it is characterized by
a sharp increase (usually of opportunistic bacteria) or decrease of
the natural microbial community (Fan et al,, 2013; Lesser et al,
2016; Rondon et al., 2020). For example, the microbiome of the
barrel sponge, Xestospongia muta, was destabilized following
exposure to low pH and thermal stress conditions, leading to a
decline in the host’s nutrient budget (e.g., carbohydrates) (Lesser
et al, 2016). In the Great Barrier Reef (GBR) sponge, Rhopaloeide
odorabile, various symbiotic functions were lost due to interruption
of the host-symbiotic interactions following thermal stress, while
pathogenic functions or virulent protein-associated functions were
enriched (Fan et al., 2013). However, the microbiome can also be
reconstructed, either by changes in the bacterial abundance or by
acquiring new bacteria (Ribes et al., 2016; Vargas et al, 2021),
leading to a more suitable and beneficial composition that might
enhance the host’s resilience under stress (Reshef et al., 2006;
Webster and Reusch, 2017). For example, a sponge’s ability to
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restructure its microbial assemblage was identified as a major factor
contributing to its tolerance following exposure to acidification
conditions (Ribes et al., 2016). Similarly, in the common aquarium
sponge Lendenfeldia chondroides, re-accommodation of bacterial
members was associated with the sponge’s acclimation to heat stress
(Vargas et al., 2021). Alternatively, resilience might be an outcome
of a microbial stable state, in which no change occurs in the
bacterial diversity and composition up to a certain temperature
(Webster et al.,, 2008; Simister et al., 2012). These various
interactions suggest that the sponge host’s stability is largely
attributed to its dynamic equilibrium with its associated
microbiome (Fan et al.,, 2013; Glasl et al., 2018).

While there are accumulating experimental data regarding the
microbial response of sponges to thermal stress (Luter et al., 2020;
Moreno-Pino et al., 2020; Ribeiro et al., 2021; Vargas et al., 2021),
studies on the combined response of the holobiont (both host and
microbiome) are sparse (reviewed in Pita et al., 2018). Moreover,
although MCEs are being considered as potential thermal refugia,
the research to date has been mainly focused on the response of
sponges from shallow sites to thermal stress and not that of
mesophotic sponges (Simister et al., 2012; Fan et al., 2013;
Guzman and Conaco, 2016; Rubio-Portillo et al., 2021). The latter
are not exposed to extreme temperature fluctuations and, therefore,
may not be adapted to thermal stress, unlike their shallow
counterparts. Since MCEs are not immune to the predicted
climate change effects (Neal et al., 2014; Nir et al,, 2014), it is of
importance to determine the ability of sponges from MCEs to
tolerate thermal stress (Morrow et al., 2016; Gould et al., 2021), as
well as that of the adjacent shallow sponges. Finally, in the face of an
increase in global warming, understanding the spatial dynamics
(shallow vs. mesophotic) of the holobiont is crucial in order to
obtain new insights into the resilience of already degraded coral
reefs (Birkeland, 2019).

The coral reefs of Eilat, located at the northern tip of the Gulf of
Aqaba, are among the most diverse coral reefs worldwide (Loya,
2004). They are characterized by a steep depth gradient, with only a
very short distance (~50-250 m) separating the shallow from the
mesophotic reefs (Kramer et al., 2019). Additionally, fauna in the
Gulf of Eilat/Aqgaba are characterized by their heat tolerance and
resilience to thermal stress, so much that the shallow corals in Eilat,
were described as ‘super-corals’ (Fine et al., 2013; Grottoli et al.,
2017). Despite the study of coral resilience, the heat tolerance of
sponges in the Gulf of Eilat/Aqaba has yet to be evaluated.
Moreover, while various studies examined the role of MCEs to
serve as coral refugia in the Gulf of Eilat/Aqaba, they have neither
been evaluated for sponges, nor in other coral reefs worldwide. The
endemic Red Sea sponge Diacarnus erythraeanus (Kelly-Borges and
Vacelet, 1995, Demospongiae, Poecilosclerida) is widespread in the
benthic communities from shallow to mesophotic depths, and hosts
a diverse microbial community, including cyanobacteria (Oren
et al, 2005). Hence it offers a unique opportunity to examine
possible differences in resilience to heat stress, of shallow ws.
mesophotic individuals. It also allows for the first time to evaluate
the role of MCEs as thermal sponge refugia at the Gulf of Eilat/
Aqaba. In this study, we compared the response of D. erythraeanus
individuals from both shallow (5-10 m) and mesophotic reefs (45-
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55 m) to thermal stress in vitro. The response of both the sponge
host and its microbiome were assessed for short- and long-term
periods (two and after 35 days of heat stress exposure), using
physiological measurements and meta-barcoding sequencing of
the bacterial assemblage (16S rRNA gene).

We hypothesized that, in response to elevated temperature
scenarios, the mesophotic sponges would: a) exhibit higher stress
and lower survival compared to shallow sponges, expressed in terms
of physiological performance (lower survival, higher respiration
rates, lower photosynthetic activity, etc.); and b) exhibit extreme
shifts in their microbial composition compared to the
shallow sponges.

2 Materials and methods
2.1 Sponge sampling

Diacarnus erythraeanus specimens were collected from the
northern Gulf of Agaba (Eilat) (29°31’19.0°’N 34°56’09.3”E) in
July 2019. Six individuals were sampled using SCUBA diving
from shallow reefs (5-10 m) and six from mesophotic reefs (40-
50 m) using a Remotely Operated Vehicle (ROV, ECA-Robotics
H800) onboard the R/V Sam Rothberg (Permit no. 2018/42031 and
2019/42248). Immediately after collection each sponge was cut into
15-17 clones (~18 cm®). One clone from each original specimen was
flash-frozen in liquid nitrogen and stored (-80°C) to await further
characterization of the sponges’ wild-type bacterial composition. All
the other clones were tagged to enable identification of the
individual sponge, and secured to underwater nursery structures
in situ (~10 m depth), for ~5 months of regeneration and
acclimation, before being translocated to the experimental system
(Supplementary Figures 1A, B).

2.2 Experimental design

The experiment was conducted in 40 L aquaria in a flow-
through mesocosm system, Red Sea Simulator, located at the
Interuniversity Institute for Marine Sciences (IUI) in Eilat, Israel
(for technical details see Bellworthy and Fine (2018)). Temperature
treatments comprised of the current ambient temperature (~24°C),
the predicted local temperature for 2100, as calculated by IPCC
RCP8.5 of 2°C (~26°C, ‘Moderate’ treatment) (Hoegh-Guldberg
et al.,, 2014) and an acute increase of 6°C above ambient (~30°C,
‘Acute’ treatment). The clones were distributed across the three
treatments to ensure that each sponge-individual had clones in each
of the treatments and at each sampling point. Moderate and acute
treatments were each incorporated in four aquaria replicates,
together containing a total of 48 clones (24 per treatment), six per
aquarium. Each aquarium contained sponge clones from both
mesophotic and shallow habitats (Figure 1A), randomly assigned
to the different aquaria. Following an acclimation period of five days
at ambient temperature (24°C), temperature in the aquarium was
then increased by 1°C/day until the desired treatment temperatures
were reached (Figure 1B). Since each thermal treatment reached the
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(A) An illustrated description of the experimental set-up. The experiment comprised two thermal treatments: moderate (~26°C) and acute (~30°C),
each with four aquaria replicates; and a control ambient temperature (~24°C), with eight replicates. Each thermal treatment comprised 24 clones (six
clones per aquarium), originating from 12 different sponge individuals: six from a shallow reef and six from a mesophotic reef. The sponge clones
were randomly assigned to the aquaria with each aquarium containing sponges from both mesophotic and shallow habitats, and with each type of
individual-clone present in every treatment. (B) Timeline and temperature throughout the duration of the experiment. Different colors represent the
various treatments. Dots represent the time-points at which microbial sampling was performed. Physiological measurements comprised respiration
rate, oxygen removal, pumping rate, buoyant weight, and photosynthetic efficiency (measured only at Ty).

target temperature at a different time, two groups of control
ambient temperature were assigned, one group to each thermal
treatment, each comprising of 24 sponge clones which were placed
in eight aquaria replicates. The experiment lasted 35 days.

2.3 Physiological measurements

Sponge pumping activity [Lyumpea hr 'ind '] was evaluated using
a modification of the Dye Front Speed method (DFS) as described
by (Yahel et al, 2005; Morganti et al., 2019). Each DEFES
measurement was calculated as the average of repeated
measurements (4-6 time) per sponge.

Dissolved oxygen (DO) removal [pmol O, L'], was measured
using GO2 FireSting (PyroScience, German, hereafter “optodes”).
Each measurement lasted for 10 min at 10 s intervals. Optodes were
located in the sponge excurrent water (DOgy, ), near the osculum,
using custom-made manipulators that minimized interruption of
the sponge clone during the measurement and stabilized the sensor
(Supplementary Figure 1C). Oxygen concentration measurement in
the aquarium surrounding water (DO, ;) took place before each
measurement of the sponge-oxygen removal. Oxygen concentration
median values (for 10 min measurement) were then calculated for
both, DOg,,,; and DOgx, , and the DO removal per liter (AO,, jtmol
L") was calculated as follows (Moskovish et al., 2022):

Eq. 1.AO,, = DOy, — DOpy,

Respiration rate [umol O, Lpumped’1 hr ind™'] was calculated by
multiplying the sponge’s pumping rate by its DO removal for
consecutive measurements.

Frontiers in Marine Science

Changes in buoyant weight were measured using a digital scale
(ViBRA AJ-320CE) following Osinga (1999).

Sponge physiological measurements were conducted in the
middle (days 15-20) and at the end (days 28-35) of the
experiment (Figure 1B).

Changes in photosynthetic efficiency of the sponge-associated
cyanobacteria under the different thermal treatments were thus
assessed by determining the changes in maximal quantum yields
(Fv/Fm) of Photosystem II in dark-adapted samples. For this, we
used a Diving-Pulse Amplitude Modulation fluorometer (Diving-
PAM; Walz, Germany), in which the ground fluorescence in the
dark-adapted state signal (Fo) was detected by emitting red
modulated measuring light (a weak pulsed light; < 1pmol photons
m 2 sfl), followed by a short saturating pulse, to estimate the
maximal fluorescence level (Fm). The maximal quantum yield was
obtained from the ratio of Fv/Fm, where the variable fluorescence of
dark-adapted samples (Fv) was calculated as the subtraction of (Fo-
Fm). The measurement was repeated 3-5 times for each sponge
clone, at different locations on the clone surface. Measurements
took place on day 34 of the experiment, two hours after sunset, to
ensure dark acclimation of the PSII.

2.4 Statistical analyses of the physiological
measurements

Differences in the physiological measurements were evaluated

using a permuted ANOVA test (n=5000 permutations) followed by
pairwise comparisons with FDR correction for multiple
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comparisons, where p value<0.05 was defined as the significant
threshold in all analyses. A mixed model was designed to examine
the interaction of treatment and depth as fixed factors, and, when
relevant, sponge-individual was considered as a random effect
within treatment or sampling time. The respiration and pumping
rates from the middle and end of the experiment did not diverge in
their variance of medians. This, and since only a small number of
consecutive measurements (of sponge pumping rate and oxygen
removal) were made, their values were pooled to increase
power analysis.

Statistical analyses were carried out using the permuco
(Frossard and Renaud, 2021), rcompanion (Mangiafico and
Mangiafico, 2017), and ggplot2 (Wickham, 2016) packages within
RStudio environment (V. 2021.09.0 + 351) (Allaire, 2012).

2.5 Microbial sampling, gene sequencing,
and bioinformatic processing

All sponges were sampled for microbiome analysis at four
sampling points: on the day of sponge collection from their
natural habitat (“wild-type”, as noted in section 2.1); after the
five-day acclimation period at an ambient temperature of 24°C,
prior to temperature raising (“pre-experiment”); and on 2 days after
the aquarium water had reached the desired temperatures (“I2”)
and at the last day of the experiment (“T¢’, Figure 1B). At each
sampling point, one clone from the shallow waters and one from the
mesophotic waters were randomly selected from each aquarium
and immediately flash-frozen in liquid nitrogen and stored at —80°C
for later DNA extraction.

Genomic DNA was extracted from the sponges using the DNeasy
Blood & Tissue Kit (Qiagen) following the manufacturer’s protocol.
DNA quantity and purity and were assessed using Qubit 3.0
(Thermofisher, USA) and gel electrophoresis (respectively). The 16S
V4 rRNA gene region was amplified using modified 515f forward and
806r reverse primers (Apprill et al, 2015; Parada et al, 2016), and
sequencing of 2X250 bp paired-end reads was performed on the
Illumina NovaSeq 6000 platform (San Diego, CA, USA) at Magigene
Biotechnology Co., Ltd. (Guangdong, China). Error sequencing
correction, chimeric removal and denoising of the paired reads into
contigs were applied on the resulting FASTQ files using DADA2
package (Callahan et al,, 2016) and grouped into Amplicon Sequence
Variants (ASVs) based in the naive Bayesian classifier method (Wang
et al, 2007) against the SILVA v138.1 database (Quast et al., 2012).
Sequences originating from Archaea, chloroplasts, mitochondria, and
eukaryotes were removed. Raw sequences were deposited in the NCBI
BioProject database under the accession number PRINA931995.

2.6 Microbiome composition and
diversity analyses

The sponges” microbial community composition and diversity
indices (richness and Shannon) were calculated at each sampling
point for all the sampled clones (see section 2.5). A Phyloseq object
was constructed to import sample data (metadata, abundance, and
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taxonomy tables) and to calculate microbiome dissimilarities
between treatments and sampling points using the RStudio
environment (V. 2021.09.0 + 351). Microbial dissimilarities were
calculated with weighted-Unifrac distance matrix based on the
samples’ relative abundance. In addition, to examine the effect of
treatments and depths on microbial diversity, while considering
sponge-individual origin, a mixed model was designed, with
treatment and depth as fixed effects and sponge-individual as a
random effect (nested within treatment). When examining the effect
of time on the microbial diversity indices, time was defined as a
fixed effect and sponge-individual as a random effect nested within
time. Statistical differences were examined using permuted ANOVA
(n=999), followed by post-hoc testing for pairwise comparisons,
using the Friedman-Nemenyi test. Differences in microbial
composition of the samples among treatments and depths were
visualized using non-metric multidimensional distance analysis
(nMDS) 3D ordinations, based on weighted UniFrac distance
matrix. Statistical differences in the microbial communities’
composition among treatments, depths, and sampling points were
examined using permutational MANOVA and pairwise
comparisons with 999 permutations, where treatment, depth, and
sponge-individual were set as the main factors and the interactions
of treatment*depth and treatment*sponge-individual were also
assessed. In addition, the 20 most abundant ASVs for each
sampling point*treatment were calculated and then visualized
using bar plots displaying the bacterial relative abundance on the
order level. To further investigate which ASVs contributed to the
difference across treatments and depths, differentially abundant
ASV changes (log fold change > |2 |\Wald test, adjusted p. value
< 0.01) were identified using Phyloseq-DESeq and DESeq function.

Microbial diversity calculations and visualizations were carried
out using the following packages: phyloseq (McMurdie and
Holmes, 2013), microbiome (Lahti and Shetty, 2018), ggpubr
(Kassambara and Kassambara, 2020), ggplot2 (Wickham, 2016),
vegan (Oksanen et al., 2013), Tidyverse (Wickham et al., 2019),
DESeq2 (Love et al., 2014), permuco (Frossard and Renaud, 2021)
and PMCMRplus (Pohlert and Pohlert, 2018).

3 Results

3.1 Sponge physiological responses to
elevated temperature

All Diacarnus erythraeanus clones appeared to be intact and
healthy throughout the 35 days of the experiment, with no signs of
bleaching or necrosis, and without mortality under both the
ambient and thermal treatments. However, temperature had a
significant effect on the sponges’ respiration rate, with those
exposed to acute temperature exhibiting a significantly higher rate
(14.5 £ 1 pmol OZLPH'IInd'l) compared to both ambient (4.9 + 0.8
pmol OZLPH'IInd'l) and moderate treatments (4.5 = 1.6 pmol
OZLPH'IInd'l, p<0.005, Figure 2A, Table 1; Supplementary
Table 1). Neither depth nor the interaction of temperature*depth
had a significant effect on the sponges’ respiration rate (p>0.05.
Table 1). Similarly, the sponges’ oxygen removal was significantly
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FIGURE 2

Physiological measurements of D. erythraeanus shallow (triangle) and mesophotic (circle) sponges exposed to ambient, moderate, or acute
temperature. (A) Respiration rates (umol AO, L,H 1), pooled data. (B) Oxygen removal (pmol O2L-1) in the middle (gray) and at the end (yellow) of
the experiment. Significant difference refers to the oxygen removal measurements in the middle of the experiment (C) Photosynthetic efficiency
(maximal quantum yield Fv/Fm), pooled data. Median and 25-75 percent quartiles are indicated by the box. Dots are measurement values. The
number of measurements is indicated within each box. Significant difference between treatments indicated by an asterisk. See Table 1 for detailed

statistical information.

higher in those under acute heat treatment (29.6 + 5.3 umol O,L 1
compared to both ambient (13.3 + 3.1 pmol 0,L") and moderate
treatments (14.7 £ 2.9 pmol O, L"), which did not differ from one
another (Figure 2B, Table 1; Supplementary Table 1). Interestingly,
the oxygen removal rate in both thermal treatments significantly
decreased over the course of the experiment, while the ambient
treatment oxygen removal remained stable. Consequently, at the
end of the experiment the oxygen removal of the acute treatment
sponges was similar to that of the other treatments (acute: 12 + 3.6
pmol O,L !, moderate: 5.0 + 2.3 pmol O,L!, ambient: 13.2 + 1.7
umol OZL’I, Figure 2B, Table 1; Supplementary Table 1). In
addition, while no differences in the sponge’s oxygen removal
were attributed to the sponge’s depth-origin, at the end of the
experiment, the oxygen removal was significantly affected by the
treatment*depth interaction (Table 1).

The sponges’ pumping rates remained stable throughout the
experiment, with no significant effect of temperature, depth, or
temperature*depth interaction. Likewise, the sponges’ buoyant
weight remained stable throughout the course of the experiment,
and was similar for both the ambient and the thermal treatments,
with no effect of treatment*depth (Table 1).

3.2 Sponge microbiome response to
elevated temperature

3.2.1 Photosymbionts function decrease

Photosymbionts exposed to the acute treatment exhibited a
significantly lower photosynthetic efficiency (0.51 + 0.01) compared
to the moderate (0.6 £ 0.01) and the ambient treatment sponges
(0.57 + 0.00, Figure 2C, Table 1; Supplementary Table 1). The
results also indicated that a sponge’s depth-origin had a significant
effect on its photosynthetic efficiency, with a generally lower
photosynthetic efficiency of the mesophotic sponges (0.55 + 0.0)
compared to the shallow ones (0.57 + 0.0). However, no significant
effect on the photosymbionts’ photosynthetic efficiency was found
for the interaction between depth and temperature (Table 1).
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3.2.2 16S rRNA bioinformatics analysis

A total of 110 samples were successfully sequenced, achieving
24,228,075 16S V4 rRNA raw sequences. After quality filtering,
18,317,714 reads remained, with an average of 166,524.6+ 2631.3
reads per sample, which were classified into 7305 ASVs. Rarefaction
curves indicated a sufficient bacterial diversity coverage, with curves
reaching asymptotes in all samples (Supplementary Figure 2). The
obtained ASVs affiliated with 37 bacterial phyla and 74 classes. In
addition, 12 samples of the wild-type sponges were successfully
sequenced, achieving 608,078 16S V4 rRNA raw sequences. After
quality filtering, 278,840 reads remained, with an average of
23,236.6+ 2485.1 reads per sample, which were classified into a
sum of 1387 ASVs.

3.2.3 Microbial diversity and species composition
change across time, temperature, and depth

Microbial diversity indices (richness, Shannon) of the wild-type
sponges were similar for both shallow and mesophotic sponges
(Table 2; Supplementary Table 3A). In addition, the microbial
communities were mostly composed of similar orders. They
differed, however, in their relative abundance (Figure 3A), and
significantly differed in their microbial composition (weighted
UniFrac, R* = 0.21, p=0.009, Figure 4A, Table 2). The wild-type
shallow samples were primarily composed of the orders HOC36
(Proteobacteria, 38.5%), Caldilineales (15%) and JTB23
(Proteobacteria, 7.5%), while in the mesophotic samples the orders
HOC36 (21%), KI89A_clade (Proteobacteria, 21%) and Nitrospirales
(20.1%) were the most dominant. Moreover, Rhodobacterales and
Puniceispirillales appeared only in the mesophotic samples, while
SBR1031 (Chloroflexi) and Dadabacteriales were present only in the
shallow ones (Figure 3A). Likewise, several bacterial members
significantly changed in abundance between depths. For example, a
significant change in ASV abundance (log-fold change, p<0.01) was
affiliated with the families Flavobacteriaceae (ASV592), Caldilineaceae
(ASV1), Rhodobacteraceae (ASV42), SAR11_clade_Ib (ASV769),
Bdellovibrionaceae (ASV 392), Prevotellaceae (ASV181), and
Kiloniellaceae (ASV135, Figure 5).
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TABLE 1 Physiological measurements’, mean values + SE for each treatment (right) and summary statistics of temperature, depth-origin and their
combined effect on the sponge respiration, oxygen removal rate, pumping rate, buoyant weight, and photosynthetic efficiency (Fv/Fm).

df F p Ambient Moderate Acute
Respiration umol O,LpH'Ind™
Temp 2,29 5.808 0.007
Depth 1,29 1.296 0.264 4.9+0.8 4.5+1.6 14.5+1
Temp*Depth 2,29 0.123 0.884
Oxygen removal/Middle pmol O,L™
Temp 2,18 5.981 0.01
Depth 1,18 0.35 0.569 13.3+3.1 14.742.9 29.6+5.3
Temp*Depth 2,18 0.787 0.797
Oxygen removal/End pmol O,L™
Temp 2,35 4.777 0.010
Depth 1,35 0.251 0.252 13.3+1.7 5.0+2.3 1243.6
Temp*Depth 2,35 6.619 0.004
Pumping rate/Middle Lyumpeq hr 'ind™
Temp 2,9 0.575 0.575
Depth 1,9 1.681 0.218 2.4+0.5 1.6+2.8 2.6+0.5
Temp*Depth 2,9 0.723 0.517
Pumping rate/End Lpymped hr'ind™
Temp 2,31 1.24 0.291
Depth 1,31 7.60E-05 0.992 2.240.2 1.940.2 2.8+0.4
Temp*Depth 2,31 7.20E-01 0.456
Buoyant weight (g')
Temp 2,19 0.008 0.451
Depth 1, 20 0.849 0.932 1.4%1.5 3.1+1.6 0.8+1.5
Temp*Depth 2,19 2.077 0.155
Maximum quantum yield (Fv/Fm)
Temp 1,20 15.71 2.00E-04
Depth 1, 10 5713 0.038 0.57+0.0 0.6+0.0 0.51+0.0
Temp*Depth 2,20 0.870 0.442

Significant values are indicated in bold. The table presents the following statistical estimates: degrees of freedom (df), F ratio (F), and P value (P). Post-hoc analysis included in Supplementary

Table 1.

Following the 5-month regeneration period and five-day
acclimation at ambient temperature (24°C), and before any
temperature increase in the aquaria (pre-experiment sampling
point), the microbial communities of the shallow and mesophotic
sponges did not differ substantially from each other. No significant
differences were detected in diversity indices and microbial
composition as a function of their depth origin (weighted
UniFrac, R* = 0.03, p=0.23, Table 2). Similarly, at T2, that is, two
days after temperature in the aquaria had reached the target
temperature values (26° vs 30 °C), the microbial diversity indices
remained similar across temperature treatments and depth origin
(Table 2; Supplementary Table 3A).
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These results suggest that a 5-month regeneration period under
identical field conditions caused the original microbiomes of
mesophotic and shallow-water individuals, which differed initially
(Figures 3A , 4A, weighted UniFrac, R®=0.21, p=0.009, Table 2) to
shift and largely converge in composition and abundance.

Moreover, samples from the pre-experiment sampling-point
and at T2 shared similar orders, primarily composed of SAR202
clade (27 vs. 30%, respectively), Caldilineales (15 vs. 14%), and
Thermoanaerobaculales (10.7 vs. 10.2%, respectively). No unique
pattern emerged in the bacterial orders’ identity or in their
abundance between depths for the pre-experiment sampling-
point, or in treatments between depths for the T2 samples, except
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TABLE 2 Summary statistics for the effects of temperature, depth-origin, sponge-individual and their interaction at each time point on microbial
diversity indices (richness and Shannon) and on the microbiome community composition at each time point (PERMANOVA results using weighted
-unifrac distance).

Richness Shannon Weighted UniFrac
Time point F F pseudo F R?
Wild-type Depth 1,10 0.34 0.16 1,10 2.84 0.12 2.81 0.21 0.009
Depth 1,12 1.5 0.2 1,12 0.1 0.8 1.6 0.1 0.2
Pre-experiment
Individual - - - - - - 13 0.8 0.4
Temperature 2,20 0.4 0.7 2,20 2.1 0.2 2.3 0.0 0.005
Depth 1,10 0.5 0.5 1, 10 1.5 0.3 233 0.2 <0.001
T2 Individual 6.7 0.5 <0.001
Temp*Depth 2,20 0.0 1.0 2,20 0.3 0.7 2.1 0.0 0.01
Temp*Individual 1.7 0.2 0.006
Temperature 2,20 34 0.01 2,20 59 0.07 11.3 0.2 <0.001
Depth 1,10 9.3 0.04 1,10 4.4 0.01 15.5 0.1 <0.001
Ty Individual - - - - - - 6.0 0.4 <0.001
Temp*Depth 2,20 1.7 0.2 2,20 4.5 0.02 1.1 0.0 0.07
Temp*Individual - - - - - - 1.1 0.2 0.3
Shallow 1,5 51.3 0.022 1,5 11.6 0.02 - - -
T2 vs. Tg
Mesophotic 1,5 0.5 0.5 1,5 0.7 0.4 - - -

The table presents the following statistical estimates: degrees of freedom (df), F ratio (F), and P value (p), proportion of variance explained (R?). Significant values are indicated in bold. Diversity
indices post-hoc analysis and mean values are presented in Supplementary Tables 3A, B. PERMANOVA post-hoc analysis is provided in Supplementary Table 4.

for the order Thermoanaerobaculales, which was higher in the  stress. Thus, at Tj the richness and Shannon indices of the acute
shallow samples, and Vicinamibacterales, which was unique to the ~ samples were significantly lower (142 + 8.1 and 3.74 + 0.03,
shallow pre-experiment samples (Supplementary Figure 3). respectively) compared to the moderate (162 + 4.3, 3.78 + 0.03)

At the end of the experiment, however, after 35 days, changesin ~ and ambient samples (162 + 4.9, 3.8 + 0.02), which were similar to
the microbial diversity indices and community composition could  one another (Figure 6, Table 2; Supplementary Tables 3A, B).
be observed, mostly in sponges exposed to the acute temperature =~ Moreover, while the diversity indices of the mesophotic samples

0.75
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FIGURE 3
Relative abundance of D. erythraeanus microbial ASVs at the order level of (A) wild-type shallow vs. mesophotic sponges; and (B) sponges exposed
to ambient and acute temperature treatment at the end of the experiment -Ts.
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FIGURE 4

Non-metric multidimensional scaling (NMDS) 3D ordinations based on weighted UniFrac distance matrix of D. erythraeanus microbial community for
(A) wild-type samples of shallow and mesophotic sponges; and (B) ambient, moderate and acute treatments of shallow and mesophotic sponges at
T¢. Each dot represents one sponge sample (mesophotic=circle, shallow=triangle). See also Table 2 and Supplementary Table 4.

remained stable throughout the experiment under the acute
treatment, those of the shallow samples significantly decreased
(Table 2; Supplementary Table 3A). In addition, the microbial
community composition of the acute treatment sponges
significantly differed from the moderate treatment and ambient
samples, which were similar to one another (Weighted UniFrac,
Figure 4B, Table 2; Supplementary Table 4). For example, a
significant increase in ASV abundance in the acute treatment
sponges (compared to the ambient treatment) at Ty was
associated with members of the families Endozoicomonadaceae
(ASV63, ASV91), Nitrospiraceae (ASV6), Neisseriaceae
(ASV153), Bdellovibrionaceae (ASV105), Cyanobiaceae (ASV49),
Cellvibrionaceae (ASV97), and Rhodobacteraceae (ASV 26,
Figure 5). A change in microbial composition of the acute vs.
ambient sponge treatments at Ty was also observed in the bacterial
orders. For example, the relative abundance of the orders
Pseudomonadale and Rhodobacterale was higher in the acute

Frontiers in Marine Science

treatment sponges (8.5%; 8% respectively) compared to the
ambient samples (5.3%; 1% respectively). In contrast, the SAR202
clade was less abundant in the acute treatment samples (30%)
compared to the ambient treatment ones (36%), as were the
Thermoanaerobaculales (acute: 7%, ambient: 12%). In addition, at
T¢ only the acute samples possessed members of the order
Puniceispirillales (5%), while Vicinamibacterales were present
only in the ambient samples, although at low abundance
(0.6%) (Figure 3B).

At Ty differences in the microbial composition were also
associated with the sponge’s depth-origin (Weighted UniFrac R* =
0.11, p<0.01, Figure 4B, Table 2; Supplementary Table 3A).
Numerous bacterial members were found to significantly change in
abundance between the shallow and mesophotic samples under the
acute treatment. For example, the mesophotic samples were
associated with a decreased abundance of members of the families
Rhizobiaceae (ASV178), Neisseriaceae (ASV153), Bdellovibrionaceae
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Differentially AVS plot (log fold change > |2 | Wald test, adjusted p.
value < 0.01) displayed at family (or higher) taxonomic level, in D.
erythraeanus across depths and treatments. Colors indicate the
different comparisons. Shallow sponges and ambient treatment
(separately) were used as the reference group at each comparison.

(ASV105, 135), Cyanobiaceae (ASV49), and Cellvibrionaceae
(ASV97), and an increased abundance of members of the family
Bdellovibrionaceae (ASV117) (log-fold change, p<0.01, Figure 5). In
addition, as previously described for the wild-type samples, also at Ty,
the shallow and mesophotic samples in the acute treatment generally
shared similar bacterial orders, with a few exceptions, and with
differences in the orders’ relative abundance (Supplementary
Figure 3). For example, Pseudomonadale and Puniceispirillale
7%
respectively) compared to the mesophotic ones (5%, 3%,

abundance was higher in the shallow samples (11%,
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respectively). In addition, Nitrosococcales were unique to the
shallow samples and Caldilineales were generally higher in the
mesophotic samples.

Finally, the sponge-host individual was found to be the most
meaningful factor in shaping the microbial composition, both at T2
and Ty (Weighted UniFrac, R* = 0.5, p<0.001; R* = 0.4, p<0.001,
respectively, Table 2). Nevertheless, for the pre-experiment sponges,
the effect of sponge individual origin was not significant. It was,
however, the only factor meaningfully contributing to the explained
variance in microbial composition (R2 = 0.78, p=0.37, Table 2).

4 Discussion

We characterized the effects of temperature elevation on the
common Red Sea sponge Diacarnus erythraeanus, as a holobiont,
while comparing the responses of shallow vs. mesophotic
populations. The results indicate that a temperature rise of up to
2°C (“moderate™), as predicted for the Gulf of Eilat/Aqaba in 2100
(Fine et al,, 2013; Hoegh-Guldberg et al., 2014), will probably not
have a detrimental effect on the D. erythraeanus holobiont. In
addition, this sponge exhibited a high stress tolerance under the
acute treatment as well, suggesting its survival even under the
extremer climate scenarios for 2100 in this region. Moreover,
while no difference in sponge survival or any external noticeable
effect was detected, irrespective of collection depth, the microbiome
of shallow vs. their mesophotic counterparts, responded differently.
Although, during the 5-month regeneration period, the
microbiomes of mesophotic and shallow-water individuals largely
converged in diversity and composition, it is likely that

e[ Joe

I:I Mesophotic
\:’ Shallow

Ambient  Moderate Acute

Diversity indices of shallow (light-blue) and mesophotic (pink) D. erythraeanus associated microbiome in clones exposed to ambient, moderate, or
acute temperature treatment at Ty. (A) Richness; (B) Shannon diversity index. Median and 25-75 percent quartiles are indicated by the box. Dots are
the diversity index values. Significant difference between treatments indicated by an asterisk. Mean values are provided in Supplementary Table S3A.
The statistical inference is detailed in Table 2 and Supplementary Table S3B.
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characteristic members of each persisted in low abundance,
proliferating differentially during the long-term acute temperature
treatment to produce differential responses depending on
depth origin.

4.1 Sponge physiological responses imply a
tolerance to elevated temperatures

Our results suggest that a temperature increase of up to 6°C for
35 days might not affect the survival of D. erythraeanus, which
survived throughout the experiment under the different thermal
treatments. However, the experiment was conducted during the
autumn, when the ambient temperature was generally lower (mean
5 m: 23.4°C, 45 m: 23.2°C) than the maximum temperature that
these sponges experience seasonally during the summer (max temp
5 m: 28.9°C, 45 m: 27.1°C, Shlesinger et al., 2018; Liberman et al.,
2022). Therefore, although the moderate temperature treatment
(~26°C) exceeded the typical autumn temperatures that these
sponges encounter, it was not beyond the temperature range they
are exposed to throughout the year. Thus, it is not surprising that
the moderate treatment had only a minor effect on the sponge
physiology. In contrast, the acute treatment (~30°C) reached above
the maximum temperature in present-day to which these sponges
are exposed locally during the summer (see above). Although all the
clones survived the experimental increased temperatures, changes
were observed in their respiration and in their microbial
composition. The respiration rate of D. erythraeanus clones in the
acute treatment was significantly higher than those in the ambient
and moderate treatments (Figure 2A, Table 1). Congruent with our
findings, increased respiration rates have previously been reported
for several sponge species exposed in situ to thermal stress (Coma,
2002), as well as in aquaria experimental systems (Strand et al.,
2017; Beepat et al., 2020). It has been suggested that increased
respiration in sponges acts as a coping mechanism under elevated
temperature in order to maintain cellular homeostasis through the
activation of intra-cellular repair and protection processes (Guzman
and Conaco, 2016). This could also be the result of an increased
carbon fixation rate by the sponge microsymbionts (Fang et al,
2014). Congruent with the respiration rate, in the middle of the
experiment (days 15-20), the oxygen removal was significantly
higher in the acute treatment compared to the ambient and
moderate treatments. However, by the end of the experiment
(days 28-35), the oxygen removal of sponges in the acute
treatment had decreased and was similar to that of the ambient
treatment sponges (Figure 2B, Table 1). This could imply, on the
one hand, that D. erythraeanus might have become adapted to the
high temperature stress; or, on the other hand, that the prolonged
exposure to an elevated temperature might have resulted in a
cumulative thermal stress, followed by physiological
dysfunctioning (Rodolfo-Metalpa et al, 2014), with no external
signs. Similarly, the respiration rate of the sponge Cliona
orientalis was shown to be generally higher under an intermediate
temperature stress (compared to the control), while sponges that
were exposed to the high temperature treatment (32°C) and were
bleached, presented a respiration rate similar to that of the control
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(Ramsby et al.,, 2018). Conversely, our D. erythraeanus specimens
revealed no external signs of stress and their buoyant weight did not
change during the experiment (Table 1), supporting the assumption
that an adaptation mechanism, rather than sensitivity, underlay the
decrease in the sponge’s oxygen removal consumption under the
acute temperature treatment. It is possible, however, that the high
spicule and collagen content of this species (Kelly and Samaai, 2002)
might have obscured possible changes in tissue weight. Another
possibility is that under a longer stress period (over 35 days), this
sponge would eventually succumb to disease and possibly mortality.
Further focused metabolic analysis, such as examination of the
tissue metabolic profile (Strand et al., 2017; Ramsby et al., 2018) or
gene expression analysis (Fan et al,, 2013; Guzman and Conaco,
2016), could shed additional light on the sponge’s physiological
condition following heat stress.

In addition, our findings indicate that the respiration rate of
shallow and mesophotic sponges were similarly affected by the rise
in temperature (Figure 2A, Table 1). A similar phenomenon was
reported from four coral species in Bermuda, which demonstrated a
similar thermal tolerance (including respiration rate) by both
mesophotic and shallow individuals (Gould et al., 2021). The
respiration rate of the Mediterranean sponge Chondrosia
reniformis was also found to be depth-independent (Gokalp et al.,
2020). Since both shallow and mesophotic individuals of D.
erythraeanus exhibited similar rates of respiration under elevated
temperature, it is plausible to assume that, in the case of D.
erythraeanus, local adaptation toward thermal stress did not take
place, at least at the sponge-host level. The latter conclusion is
reinforced when considering the potential for vertical connectivity
between the shallow and mesophotic populations in the Gulf of
Aqaba (Berenshtein, 2018).

4.2 Sponge microbiome response to
elevated temperature

4.2.1 Reduction in photo-symbiont functioning
Although none of the D. Erythraeanus clones bleached, a
significant decline in photosynthetic efficiency (AF/FM) was
observed in the sponges under acute temperature treatment
(Figure 2C, Table 1). A decrease in photosynthesis in organisms
experiencing heat stress has been documented in multiple studies
on sponges (Cebrian et al., 2011; Bennett et al., 2017; Ramsby et al.,
2018; Beepat et al., 2020). The reduced functioning of
photosymbionts could further result in a potential reduction in
the translocation of photosynthesis-derived products from the
photosymbionts to the sponge-host (Wilkinson and Fay, 1979).
This might severely affect the sponge’s energetic budget and
threaten its continued survival. Various mechanisms have been
suggested to compensate the host’s nutritional loss following a
decline in photosymbiont functioning. For example, the high
survivorship of the bleached sponge Xestospongia muta was
attributed to its low nutritional dependence on photosymbionts,
and greater reliance on heterotrophic sources (McMurray et al.,
2011). Another mechanism was demonstrated in bleached
individuals of the sponge Cliona orientalis, which used its lipid
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stores to overcome periods of low or no photoautotrophic-derived
food-sources (Fang et al, 2014). Thus, it can be assumed that
similar mechanisms are also involved in the case of D.
Erythraeanus, enabling its high survival rate during a reduction in
photosynthetic-derived nutrition sources.

4.2.2 Mesophotic and shallow microbial
communities: general description

The bacterial community composition of the wild-type
mesophotic sponges differed significantly from that of the
shallow-reef sponges (Figure 4A, Table 2). These differences were
mainly attributed to the relative abundance of the bacterial orders
rather than their identity, which was similar at all depths
(Figure 3A). These findings are in line with previous studies that
compared microbial assemblages in relation to depth, and revealed
similar patterns (Morrow et al., 2016; Indraningrat et al., 2022).
Along the shallow to mesophotic depths the physical, biochemical,
and biotic factors undergo change (Lesser et al., 2018). Some of
those factors have been identified as meaningful drivers in shaping
microbial communities (Busch et al., 2022). For example,
temperature and light intensity decrease along shallow to
mesophotic depths, while nutrient concentration is usually higher
(Kahng et al,, 2017; Lesser et al., 2018). All of those factors were
previously indicated to drive changes in microbial communities
composition (Olson and Gao, 2013; Morrow et al., 2016; Steffen
et al,, 2022). The shift in the bacterial composition with depth could
therefore indicate the holobiont’s functional adjustment to the
changing ecological conditions along this depth range (shallow
and mesophotic). In the Gulf of Aqaba, light availability,
temperature, sedimentation rate, and the hydrodynamic regimes
differ between shallow and mesophotic habitats (Eyal et al., 2019).
These environmental variations could significantly affect the
microbial community of D. erythraeanus populations from
different depths. Many bacterial members have been found to
change in abundance between the wild-type shallow and
mesophotic sponges. For example, ASV members of the order
Caldilineales (Chloroflexi) were enriched in the wild-shallow
samples, as found for the sponges X. muta and Agelas sventres
(Indraningrat et al.,, 2022). In the mesophotic sponges, a higher
abundance of Nitrospirota bacteria was found (Figure 3A).
Considering the reduced light availability at the mesophotic
depths (Kahng et al, 2019), it is plausible that the increased
abundance of Nitrospirota could constitute a sort of “metabolic
compensation”, whereby the photoautotrophy efficiency is reduced.
In addition, sponges from the shallow and the mesophotic waters in
the pre-experiment (post-acclimation) sampling possessed similar
bacterial communities, as opposed to the distinct bacterial
communities found in the wild-type shallow and mesophotic
sponges, sampled immediately after collection (Figure 4A,
Table 2). However, because the pre-experiment sampling
occurred after a recovery (acclimation) period (~5 months) of the
sponges at 10 m depth, it is possible that the transplantation of both
the mesophotic and the shallow samples to the (shallow) recovery
site, induced a microbiome transitioning towards microbial
communities resembling those of the transplanted site. These
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results emphasize the flexibility of microorganisms in rapidly
adapting to environmental changes (Reshef et al, 2006; Lesser
et al., 2020; Voolstra and Ziegler, 2020; Maldonado et al., 2021;
Vargas et al., 2021), while facilitating their sponge-host’s
adjustment to the new conditions.

4.2.3 Microbiome adjustments under
elevated temperature

Sponges rely on intimate associations with diverse
microorganisms (Thomas et al., 2016; Webster and Thomas,
2016), which fulfill various crucial roles in the host’s functioning
and stability (Pita et al., 2018; Engelberts et al., 2020; Moreno-Pino
et al., 2020; Posadas et al., 2022; Schmittmann et al., 2022). In the
present study, a meaningful change in the microbial community
was observed only at the end of the experiment (Ty), and mainly
under the acute temperature treatment (Figures 3-6, Tables 1, 2).
Changes in microbial community diversity and composition under
heat stress often result in deterioration of the holobiont’s physical
condition, as previously documented in numerous sponge species
(Fan et al., 2013; Lesser et al., 2016; Ramsby et al., 2018; Rubio-
Portillo et al., 2021). In the current study, however, the external
appearance of D. erythraeanus remained stable throughout the
experiment, with no visible signs of bleaching or necrosis. It is
thus plausible that the changes in the microbial community were
part of a resilience process rather than a collapse (Pita et al., 2018;
Vargas et al., 2021).

Our results indicate that under acute thermal stress the
microbial community of D. erythraeanus undergoes restructuring,
mostly through a change in the relative abundance of the ASVs
(Figures 3B, 4B, 5). We found that while the increased abundance of
some bacterial members might reflect sponge-host stress, other
bacteria were found to potentially possess essential functions that
could support sponge-host resilience under the acute elevated
temperature. For example, the SAR202 clade (Chloroflexi) in
sponges was suggested to have a potential for DOM recalcitrant
degradation. In addition, this clade possesses biosynthetic pathways
for cofactor biosynthesis (Thiamine) (Bayer et al., 2018), possibly
supporting the host’s metabolism. SAR202 significantly decreased
in abundance in the acute heat treatment sponges at the end of the
experiment (LFC, p<0.01, Figure 5), possibly reflecting a nutritional
impediment to the sponge-host. Other bacteria that might have
negative effects on their sponge-host are the Neisseria (ASV153),
which significantly increased in abundance under the acute heat
treatment (LFC, p<0.01, Figure 5). Neisseria are recognized as
pathogenic bacteria (Tinsley and Nassif, 1996; Livorsi et al., 2011)
and were found to be predominant in coral tissue invaded by
sponges (Thinesh et al., 2020). Nevertheless, except of Neisseria, no
other pathogenic bacteria were detected in the microbiome of the
acute or moderate temperature treatment sponges. As opposed to
that, the members of the families Cyanobiaceae (ASV49),
Endozoicomonadaceae and Nitrospira significantly increased in
abundance in the acute-stressed sponges (ASV91, ASV63 and
ASV6, LFC, p<0.01), possibly possessing key functions for the
sponge-host’s stability under stress, such as increased carbon
supply and nutrient cycling functions (Raina et al., 2009; Fiore

frontiersin.org



https://doi.org/10.3389/fmars.2023.1161648

https://www.frontiersin.org/journals/marine-science

https://www.frontiersin.org



Raijman-Nagar et al.

et al., 2013; Morrow et al., 2015; Neave et al., 2016; Moitinho-Silva
et al,, 2017; Zhang et al., 2019).

Similarly, a dynamic relationship between the host and its
associated microbiome under environmental stress, known as the
“Coral probiotic hypothesis” (Reshef et al., 2006), was suggested to
promote the coral holobiont’s resilience. In sponges, several studies
reported a microbial shift following environmental stress,
suggesting that these changes are involved in the host resilience
(Morrow et al., 2015; Ribes et al., 2016; Webster and Reusch, 2017;
Ribeiro et al.,, 2021; Vargas et al., 2021).

4.2.4 Possible different coping mechanisms
underly the shallow and mesophotic sponges’
responses to elevated temperature

The microbial response of shallow sponges significantly differed
from that of their mesophotic counterparts under elevated
temperature stress. While the microbial diversity indices of the
shallow sponges decreased throughout the experiment under the
acute temperature treatment, those of the mesophotic sponges
remained stable and similar to those of the ambient treatment
sponges (Table 2; Supplementary Table 3A). The flexibility in
microbial community response of the shallow and mesophotic
sponges to elevated temperatures, suggests the existence of
different underlying coping mechanisms for each sponge
population (Guzman and Conaco, 2016). Whereas at the
mesophotic depths the environmental conditions are relatively
stable, shallow sponges (and hence their microbiome) often
encounter environmental disturbances, such as increased
temperature fluctuations (Lesser et al, 2009; Bongaerts et al,
2010; Kahng et al, 2010). A prior exposure to environmental
stress (e.g., elevated temperatures) could improve the organism’s
response to subsequent and more extreme exposures (Guzman and
Conaco, 2016; Hilker et al., 2016; Hackerott et al., 2021). For
example, in the sponge Haliclona tubifera, heat stress induced
gene activation related to innate immunity and various processes
such as initiation of cellular damage repair and heat shock proteins
pathways (Guzman and Conaco, 2016). Likewise, the survivorship
of the sponge Neopetrosia compacta to acidification and warming
stress was related to changes in the sponge-host immune functions,
microbiome stability and increased abundance of beneficial
microbial groups (Posadas et al., 2022). Therefore, under chronic
or sequentially occurring environmental stresses, microbial
adjustments might act as a key feature in a sponge acclimation
(Ribes et al., 2016; Pita et al., 2018; Turon et al., 2018; Voolstra and
Ziegler, 2020; Marangon et al., 2021; Ribeiro et al., 2021; Vargas
et al., 2021; Posadas et al., 2022; Schmittmann et al., 2022) and
possibly even lead to population adaptation (Webster and Reusch,
2017). Thus, the observed shift in the microbial diversity indices of
the shallow sponges in the present study, could be an expression of
acclimatization or adaptation, following previous events of
exposure to elevated temperatures in the shallow waters. In
contrast, the stability of the microbial diversity indices in the
mesophotic sponges, might suggest that their healthy condition
was maintained by means of resistance mechanisms. Microbial

Frontiers in Marine Science

13

10.3389/fmars.2023.1161648

resistance is considered to occur when a microbial community
remains unchanged following perturbation (Moya and Ferrer, 2016;
Zaneveld et al., 2017). Nevertheless, changes in the relative
abundance of the microbial community were observed for both,
the shallow and mesophotic sponges under elevated temperatures
(Figures 4-6), indicating that both are resilient to such increases
(Allison and Martiny, 2008; Comte et al., 2013).

Finally, our results indicate that the sponge-host individual (the
original clonal individual sponge) was the most meaningful factor
in shaping the microbial community’s structure, irrespective of the
other factors examined in the current study (temperature, time,
depth). Correspondly, host genotype was previously suggested to
act as a main factor in shaping the microbial assemblage of a
sponge’s microbiome (Easson and Thacker, 2014; Reveillaud et al.,
2014; Chaib De Mares et al., 2017; Glasl et al., 2018).

5 Conclusion

We examined the holobiont sponge D. erythraeanus’s response
to elevated temperature. The findings indicate that both shallow and
mesophotic individuals of D. erythraeanus are highly tolerant to
moderate temperature elevation of 2°C, as predicted for 2100 in the
Red Sea (Hoegh-Guldberg et al., 2014), and acute heat stress of 6°C
above the ambient. Furthermore, we posit that its high survival rate
coincides with microbial adjustments, suggesting the essential role
of the microbiome to the host’s adaptation and stability when facing
significant environmental stressors. We found that both shallow
and mesophotic sponges are tolerant to heat stress, hence, our
hypothesis that mesophotic sponges will be less resilient to elevated
temperature was not supported. However, our results suggest that
their underlying coping mechanisms might differ. We argue that
while D. erythraeanus mesophotic sponges are resistant to heat
stress, their shallow water counterparts might have become adapted
to elevated temperatures, following previous exposure to increased
heat events in the shallow waters. Therefore, these results cast doubt
on the potential function of mesophotic coral ecosystems (MCEs) as
thermal refugia for some sponge species. While both shallow and
mesophotic sponge individuals demonstrated high levels of heat
tolerance, their variability in the microbial response to heat stress
might reflect local ecological adaptation and questions the validity
of MCE:s as a refuge for shallow populations. The variability in the
responses of these populations further highlights the importance of
uncovering the mechanisms that structure the sponge-microbiome
interactions, particularly in regard to the predicted climate
change scenarios.
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