Supplementary methods


Materials and methods 
Species studied
We used the Red Sea jellyfish C. andromeda as a model cnidarian holobiont for climate change studies because (a) this species hosts a dense population of Symbiodiniaceae cells (Hofmann et al., 1996; Verde and McCloskey, 1998; Lampert, 2016), (b) it is a benthic species, usually populating shallow coastal waters in the tropics (e.g., coral reefs, mangroves and seagrass meadows; Lampert, 2016; Klein et al., 2017; Ohdera et al., 2018), (c) it inhabits environments characterized by extreme O2 fluctuations (external and internal; Gray et al., 2012 and Arossa et al., 2021, respectively), and (d) it is remarkably resistant to extreme temperature levels (Gray et al., 2012, Klein et al., 2017). Recent work has also highlighted similarities between the microbiomes of Cassiopea and scleractinian corals, further emphasizing the species’ potential as an ideal model to investigate the role of the microbiome in cnidarian holobiont functioning (Carabantes et al., 2022).

Seawater chemistry manipulation
To achieve the nominal O2 treatments, four sets of three mass flow controllers (MFCs; Omega®) delivered mixtures of pure oxygen (O2), nitrogen (N2), and CO2 gas to the seawater. Two sets of MFCs and were allocated to each O2 treatment and controlled via LabVIEW Software (sensu Klein et al., 2017). For each treatment, the gases were mixed in stainless-steel manifolds and delivered in equal quantities before entering secondary stainless-steel manifolds that were used to adjust the flow rates manually. Air stones were used to gently diffuse the gas mixtures in the seawater of each replicate aquaria. Automatic transitioning between the two O2 levels of the second treatment was accomplished over 2 hours via the LabVIEW Software.

Biological responses 
Symbiodiniaceae density analyses were performed following a protocol adapted from Klein et al. (2019). Briefly, we processed 18 oral arms (three from each medusa at each timepoint) as follows: once defrosted, the oral arms were homogenized using a pestle and a glass tissue grinder (Wheaton Science Products, Millville, NJ) until no tissue chunks were visible. Homogenized tissues were diluted to meet working range requirements of the analyses and dilutions were taken into account during subsequent calculations. Symbionts were counted using a hemocytometer in a 10 μL volume (n = 3) under a fluorescent microscope (Leica DM6000 B). 
Chlorophyll-a content was measured via 100% ethanol overnight extraction. Birefly, these samples were centrifuged at 3000 × g at 4 ºC for 10 min, and the supernatant was discarded. The pelleted symbionts were resuspended in 1 mL of 100% ethanol and chlorophyll-a was extracted overnight in darkness at 4 ºC. Samples were then centrifuged at 13000 × g for 5 min. The supernatant was transferred to a 96-wells plate and the absorption of the supernatant was determined at 629 and 665 nm (Ritchie, 2006) using a microplate reader spectrophotometer (SpectraMax® Paradigm®, Molecular Devices, CA). Blanks (100% ethanol) were used as controls. Total chlorophyll concentrations were determined using coefficients from spectrophotometric equation for chlorophyll-a (μg mL-1) (-2.6094 × A629 + 12.4380 × A665) for dinoflagellates in ethanol (Ritchie, 2006). The total protein content of the samples (expressed in μg mL-1) was measured using the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific). Chlorophyll-a content was standardized to the total protein content of the oral arm and reported as μg mg-1 protein-1.
The bell diameter of each holobiont was measured through the transparent bottom of the glass aquaria and during water change (at ~6.00 AM) to minimize disturbance. Percent change in bell size was calculated as follows (Equation 1) on the holobionts that lasted until the end of the measurements:
	       (1)
Where Sizef is the end size in cm and Sizei is the initial size in cm.

DNA extraction, ITS2 sequencing and Symbiodiniaceae identification
One mL of the homogenate used for measuring the main biological responses was processed for Illumina sequencing of the Internal Transcriber Space 2 (ITS2) region for the characterization of the symbionts community inside C. andromeda oral arms (modified from Herrera et al., 2020). Briefly, oral arm samples were cut into small pieces and stored at -20 ºC until further processing. Samples were homogenized on ice using a pestle and a glass tissue grinder (Wheaton Science Products, Millville, NJ) until no tissue chunks were visible. DNA was extracted using DNeasy® Plant Mini Kit (Qiagen) following manufacturer instructions. A Nanodrop (Thermo Fisher Scientific) was used to validate DNA extractions for quality and quantity. PCR amplification was performed in triplicates on the supernatant using primers (Illumina adapters) SYM_VAR_5.82S2 (5′TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG‐GAATTGCAGAACTCCGTGAACC3′) and SYM_VAR_REV (5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG‐CGGGTTCWCTTGTYTGACTTCATGC3′; Hume et al., 2018).
Each PCR reaction was run with 10 μL of Master Mix (Qiagen Multiplex PCR Kit, Qiagen), 1 μM of each primer, and 8 µL of sample for a final reaction volume of 20 μL. The thermocycler was set as follows: 15 min at 95 ºC, followed by 45 cycles of 30 s at 95 ºC, 90 s at 56 ºC, and 30 s at 72 ºC, with a final extension step of 10 min at 72 ºC. For each sample, PCR products were run on a 1% agarose electrophoresis gel using 20 μL of sample. The PCR product was purified by cutting the gel bands and using the QIAquick® gel extraction kit (Qiagen) following manufacturer instructions and DNA quantified using Nanodrop. 
Indexing was performed using the Nextera XT Index Kit v2 set A (Illumina), according to the manufacturer's instructions followed by sample normalization and final library pooling. A SequalPrep Normalization Plate Kit (Invitrogen, Thermo Fisher Scientific) was used for normalization, avoiding the more labor‐intensive process of quantifying and aliquoting each individual sample. The final pooled library was quantified on a BioAnalyzer (Agilent Technologies) and sequenced at 7 pM with 20% phiX on the Illumina MiSeq, 2 × 300 bp end version 3 chemistry according to the manufacturer's specifications at the Bioscience Core Lab at KAUST, Saudi Arabia. The online database SymPortal (SymPortal; Hume et al., 2018) was utilized to identify the Symbiodiniaceae communities using these sequencing results. In brief, the Symbiodiniaceae communities within the C. andromeda used in this study were identified using ITS2 sequencing data. The SymPortal analytical framework (Hume et al., 2018), which employs ITS2 profiles to resolve and categorize Symbiodiniaceae diversity, was used to analyze MiSeq ITS2 sequencing reads. Symbiodiniaceae communities within the C. andromeda were resolved using the SymPortal analytical framework pipeline (Klein et al., 2019). Raw sequence of ITS2 sequencing data have been deposited in the Sequence Read Archives (NCBI BioProject accession no. PRJNA966908).

Total DNA extraction for microbiome analyses
The oral arms that had not been utilized for previous analyses were immediately snap-frozen and kept at -80 ºC until processing. They were then thoroughly homogenized in ceramic mortars under sterile conditions after being completely thawed on ice (Shuett and Doepke, 2010). Homogenates were transferred in 1.5 mL sterile tubes, snap-frozen, and stored at –80 ºC. Samples were thawed on ice the day of the extraction, and a modified version of the technique outlined by Robbins and colleagues (Robbins et al., 2019) was used to extract total DNA from the samples. Up to 1.5 mL of thawed sample was added with 2 mL of lysis buffer (0.75 M sucrose, 50 mM EDTA, 50 mM Tris pH 8.3) and incubated at room temperature for 5 min. Three hundred µL of lysozyme solution (100 mg mL-1 in sterile water) were added to each sample, and tubes were incubated for 1 h at 37 ºC with shaking at 100 rpm. Samples were liquid nitrogen snap-frozen and thawed at 70 ºC three times, then added with 600 µL of SDS 25% solution and incubated for 10 min at 70 ºC. 100 µL of PK-SDS solution (20 mg/mL proteinase K in SDS 10%) were added to each tube and incubated for 1 h at 55 ºC with shaking at 100 rpm. Samples then underwent two other cycles of liquid nitrogen snap-freezing and thawing at 70 ºC.  The digested mixtures were added with 1 volume of Phenol:Chloroform:Isoamyl alcohol (25:24:1), incubated for 5 min at 37 ºC, then centrifuged at 16.000 × g for 5 min. Supernatants were transferred in new tubes and added with 1 volume of Chloroform:Isoamyl alcohol (24:1) and centrifuged at 16,000 g for 5 min. The supernatant was transferred into a new tube and added with one volume of ice-cold isopropanol. One-tenth of the final volume of 3 M sodium acetate solution was added, and samples were incubated at –20 ºC overnight. Tubes were centrifuged for 30 min at 14.000 × g at 4 ºC, and the supernatant was discarded. The pellet was gently washed twice with 80% ethanol without resuspending and centrifuged again for 10 min at 14.000 × g at 4 ºC. Ethanol was discarded, and the pellet was left to dry in sterile conditions for 1 h at 21 ºC. DNA was resuspended in 150 µL of ultrapure H2O. 

Amplification of the bacterial 16S rRNA gene, metabarcoding library preparation and sequencing
The nested PCR for the amplification of the hypervariable V3–V4 regions of the bacterial 16S rRNA were run with the following settings: in the first PCR the 27f (3′-AGAGTTTGATCMTGGCTCAG-5′) – 907r (3′-CCGTCAATTCCTTTGAGTTT-5′) primers  and in the second PCR the I341f (5’-CCTACGGGNGGCWGCAG-3’) and I785r (5’- GACTACHVGGGTATCTAATCC-3’) primers synthesised with the appropriate overhang adapter sequences for the Illumina MiSeq system. Both PCR reactions were performed in a final volume of 25 μL containing: 2.5 μL of 1 × High Fidelity Buffer, 1.5 mM of MgSO4, 0.75 μL of 0.3 mM dNTPs, 0.75 μL of each primer (0.3 mM), 0.2 μL (1 U) of Platinum® High Fidelity DNA Polymerase (Invitrogen, Waltham, USA), and 2 μL of DNA template (ca. 10 ng) along with the addition of 0.5 μM each of universal pPNA and mPNA clamps to reduce the amplification of host and dietary chloroplasts and mitochondria (Fitzpatrick et al., 2018; Reigel et al., 2020). The used thermal protocol was designed as follows: 95 ºC for 3 min, followed by respectively 20 and 24 cycles for the first and the nested PCR at 94 ºC for 30 s, 72 ºC for 20 s, 55 ºC for 55 s, and 68 ºC for 45 s and a final extension at 68 ºC for 4 min.

Seawater chemistry characterization
TA, pHNBS, temperature and salinity values were used to calculate pCO2, using CO2SYS (Pierrot et al., 2006), with K1 and K2 constants from Mehrbach et al. (1973), as revised by Dickson and Millero (1987), and the KHSO4 constant from Dickson (1990). Dissolved oxygen (dO2) and pH were measured according to Table S1 using a Mettler Toledo portable meter (Mettler Toledo, SevenGO Duo). The pH probe was calibrated using commercial pH standard solutions (pH 4.0, 7.0, and 10.0), whereas the dO2 sensor was calibrated following manufacturer’s instructions using a one-point calibration (100% air saturation) obtained using a Mettler Toledo calibration tube. The schedule in Table S1 was designed to ensure consistent conditions as expected throughout the entire experiment. Salinity was measured at the beginning, mid, and end of the experiment.

Data analysis
Environmental and biological data
Data were tested for normality performing a Shapiro-Wilk’s test (p>0.05) (Shapiro and Wilk, 1965; Razali and Wah, 2011), then by analysing Skewness and Kurtosis, and finally by visually inspecting histograms, normal Q-Q plots and box plots. If normality assumptions were not met, a transformation was applied. All applied transformations are listed in the tables summarizing the statistical analyses performed.
Linear Mixed Models (LMMs) used to analyse the dependent variables of size percent change, bell pulsation rate, photochemical efficiency, chlorophyll, symbiont density, glutathione-S-transferase, superoxide dismutase, and microbiome diversity were run as follows. For size percent change, bell pulsation rate, and photochemical efficiency, O2 treatment (with two levels: (“Nighttime supersaturation” and “100% air saturation”) was the fixed factor and temperature (with 9 levels: 30 ºC to 37 ºC) was the repeated measure. For chlorophyll-a, symbiont density, glutathione-S-transferase, and superoxide dismutase, O2 treatment (with two levels: (“Nighttime supersaturation” and “100% air saturation”) was the fixed factor and temperature (with 3 levels: 30 ºC, 34 ºC, and 36 ºC) was the repeated measure. In the microbiome analyses, an extra level for temperature was included (38 ºC) because some extra samples were collected for this purpose after the holobionts died but were not used for the other biological variables. Water bath number was used as random term to test for potential biases associated with individual water baths. Potential redundant terms were tested using the Wald Z test of simultaneous coefficients and estimated covariance parameters. If a significant effect on the fit of the model was observed, the tested terms were retained to account for associated variance. If a term was found to be redundant, it was removed, and the analysis was rerun. For all the analyses with LMMs the following covariance structures were tested: AR[1], AR[1]: heterogeneous, and Compound Symmetry [CS]. The best model was chosen using the smaller-is-the-better approach by comparing the goodness-of-fit statistics terms (i.e., –2 log likelihood, Akaike information criterion [AIC], and Bayesian information criterion [BIC]). Post hoc analyses with multiple pairwise comparisons were performed using IBM® SPSS® Statistics software (Version 27.0.1.0) as necessary to test differences among the means of our data.

Results were interpreted and presented following the results of the LMM analyses and based on the highest-order, significant terms. If no significant term was observed, response variables were reported as average ± 1SE across all replicates (see Supplementary materials for figures representing analyses with non-significant results). 


Microbiome amplicon sequence data
Raw sequences were trimmed and primers were removed using cutadapt with default parameters and by removing untrimmed reads (Martin, 2011). The plugin demux was further used to visualise interactive quality plots and assess read quality, and based on this, the forward and reverse reads were truncated at 260/280 and 180/200 bp, respectively. Using DADA2 with default parameters (Callahan et al., 2016), the reads were denoised and joined to produce amplicon sequence variants (ASVs, average length 416 bp). ASVs were clustered at 97% sequence similarity to obtain operational taxonomic units (OTUs). OTUs’ taxonomy was assigned against the SILVA 138 database using the plugin classify-sklearn (Quast et al., 2012). OTUs not identified as bacteria (i.e., chloroplast, mitochondria, archaea and unclassified), singletons and OTUs detected in PCR and DNA blank controls were removed from the dataset (number of reads and OTUs removed per compartment are reported in Supplementary Table S11). Diversity accumulation curves are shown in Supplementary Fig. S13.
After taxonomic assignment and removal of non-bacterial reads, a total of 2,119,602 reads were classified in 1,426 bacterial OTUs (97% of sequence identity). The sequencing effort was sufficient to capture also the less abundant taxa (1,361 OTUs [95.4%] with relative abundance < 0.1%; Fig. S13). The compositional similarity matrix (Bray-Curtis, BC) of the log-transformed OTU table was calculated in PRIMER v.6.1, and the homogeneity of multivariate dispersions (PERMDISP) was tested to evaluate the dispersion of samples. Principal coordinates analysis (PCoA) and multivariate generalised linear models (many GLM, main and multiple comparison tests, using negative binomial family errors) were first performed to evaluate differences between seawater and holobionts oral arms by using PRIMER v.6.1 (Anderson et al., 2008) and the R package mvabund (Wang et al., 2012), respectively. The same approach was used to test the effect of ‘Treatment’ (“100% air saturation” vs “Nighttime supersaturation”), ‘Temperature’ (30 ºC, 34 ºC, 36 ºC and 38 ºC) and their interaction on bacterial compositional variability in holobionts samples. The factor aquarium was used as our random factor to account for spatial pseudo-replication. Pairwise comparisons were performed for the statistically significant term. The occurrence of temperature decay patterns in the “100% air saturation” and “nighttime supersaturation” was tested using the linear regression (GraphPad Prism 7 software, La Jolla, California, USA) between the distance from the centroid obtained from PERMDISP of each oral arm group and the temperature and between the similarity of bacterial communities (BC) and the temperature.
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