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Abstract

[bookmark: _Hlk1908176][bookmark: _Hlk1906947]Coral reefs are experiencing unprecedented declines in health on a global scale leading to severe reductions in coral cover. One major cause of this decline is increasing sea surface temperature. However, conspecific colonies separated by even small spatial distances appear to show varying responses to this global stressor. One factor contributing to differential responses to heat stress is variability in the coral’s micro-environment, such as the amount of water flow a coral experiences. High flow provides corals with a variety of health benefits, including heat stress mitigation. Here, we investigate how water flow affects coral gene expression and provides resilience to increasing temperatures. We examined host and photosymbiont gene expression of Acropora cf. pulchra colonies in discrete in situ flow environments during a natural bleaching event. In addition, we conducted controlled ex situ tank experiments where we exposed A. cf. pulchra to different flow regimes and acute heat stress. Notably, we observed distinct flow-driven transcriptomic signatures related to energy expenditure, growth, heterotrophy and a healthy coral host-photosymbiont relationship. We also observed disparate transcriptomic responses during bleaching recovery between the high- and low-flow sites. Additionally, corals exposed to high flow showed “frontloading” of specific heat-stress related genes such as heat shock proteins, antioxidant enzymes, genes involved in apoptosis regulation, innate immunity, and cell adhesion. We posit that frontloading is a result of increased oxidative metabolism generated by the increased water movement. Gene frontloading may at least partially explain the observation that colonies in high-flow environments show higher survival and/or faster recovery in response to bleaching events. 
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1. Introduction

[bookmark: _Hlk533182213][bookmark: _Hlk30420700]Many of the world’s coral reefs are restricted to the shallow littoral, a habitat frequently exposed to variable levels of irradiance, extreme tidal fluxes, varying sea surface temperatures (SST), sedimentation, and eutrophication (Guilcher, 1988). Furthermore, due to the proximity of the majority of coral reefs to the shoreline, coral habitats are under increasing pressure from anthropogenic stressors such as pollution and physical damage (Hughes, 1994; Thiel et al., 2013). Until recently, Guam (Mariana Islands, Micronesia), and many other Pacific islands, avoided large-scale decline (Burdick et al., 2008; Paulay, 1999). However, recent bleaching events, and their projected increase in frequency (Logan, Dunne, Eakin, & Donner, 2014), bring into question the future of coral populations in Guam and the rest of the tropical Pacific. Guam experienced temperature-triggered coral bleaching events in 2013 and 2014, exacerbated by extreme low tides in 2015 (Raymundo, Burdick, Lapacek, Miller, & Brown, 2017) and two more bleaching events in 2016 and 2017 (Maynard et al. 2018; Raymundo et al., 2019). Total mortality for thicket-forming staghorn Acropora populations, in particular, was estimated at 52% after the 2013-2015 events, with a total of 17.8 ha of coral cover lost (Raymundo et al., 2017). Staghorn acroporids disproportionally contribute to reef accretion and form extensive, rugose thickets across shallow reef flats, making them biological pillars for the ecosystem functions delivered by coral reefs (Wild, 2011). Despite such devastating losses, staghorn coral death was not uniform across habitats and a distinctive spatial pattern of resilience to bleaching conditions was observed (Raymundo et al., 2017). Communities closer to the well-flushed reef crests, for example, showed significantly less bleaching-related mortality than those in more stagnant waters closer to shore (Raymundo et al., 2017). In both individual colonies, and thickets formed by multiple colonies, post-bleaching survival was limited to the edges, with extensive mortality in colony and thicket centers. Such spatial variation (at both intra- and inter-colony scales) suggests that local processes (such as water flow, which can vary at both the reef (Johansen, 2014) and colony level (Hench & Rosman, 2013)) may mitigate the effect of increased sea surface temperatures (Bayraktarov, Pizarro, Eidens, Wilke, & Wild, 2013; Nakamura & Van Woesik, 2001). Indeed, high flow and even intermittent high flow can reduce the bleaching susceptibility of corals (Fujimura & Riegl, 2017; Smith & Birkeland, 2007). In addition, bleached corals in high-flow environments appear to recover faster once temperatures return to normal levels (Nakamura, Yamasaki, & van Woesik, 2003). 
[bookmark: _Hlk43201398][bookmark: _Hlk1908297]Water flow mediates physiological changes in various coral species, which may explain its mitigating effect on heat stress. High flow causes a thinning of the diffusive boundary layer (DBL), facilitating efficient transport of solutes between coral tissues and the surrounding water (Finelli, Helmuth, Pentcheff, & Wethey, 2007; Nakamura & Van Woesik, 2001). This leads to increased nutrient uptake (Atkinson & Bilger, 1992; Badgley, Lipschultz, & Sebens, 2006; Falter, Atkinson, & Merrifield, 2004) and availability (Rosset, D’Angelo, & Wiedenmann, 2015; Rosset, Wiedenmann, Reed, & D’Angelo, 2017), as well as greater gas exchange rates (Finelli, Helmuth, Pentcheff, & Wethey, 2006), thus impacting respiration (Osinga, Derksen-Hooijberg, Wijgerde, & Verreth, 2017). Greater oxygen efflux under higher flow can potentially increase photosynthesis by reducing photorespiration in the coral photo-symbiont (Kremien, Shavit, Mass, & Genin, 2013; Mass et al., 2010). Additionally, flow-mediated increase in the influx of dissolved inorganic carbon can promote calcification rates and photosynthesis (Dennison & Barnes, 1988). Although several studies have highlighted the beneficial role of high flow in heat stress mitigation, the inherent molecular processes driving bleaching resistance vs. susceptibility in the presence of high vs. low flow remain unexplored. Here, we investigate cellular responses to thermal stress, via transcriptomic analysis, of the staghorn coral Acropora cf. pulchra originating from different water flow environments. 
2. Materials and Methods
2.1. Characterization of Study Sites
[bookmark: _Hlk54000855][bookmark: __Fieldmark__71106_883191593][bookmark: _Hlk53997841][bookmark: _Hlk54001770][bookmark: __Fieldmark__71163_883191593]Our field site was located on the reef flat of West Hagåtña Bay, Guam (Fig. 1). At this site, the major currents are determined primarily by wind direction, which is easterly for ~80% of the year (NOAA National Centers for Environmental information, 2017). This results in a strong westerly current across the reef flat for the majority of the year. We examined flow dynamics at two contrasting positions (northeast and southwest edges) of an extensive staghorn thicket (200m long). The northeast coral community averaged 23% live coral cover during the first mass bleaching episode of 2013 (Raymundo et al., 2017).  Colonies on the northeast edge of the thicket (hereafter referred to as ‘high-flow’; Fig. 1) experience higher flow than those on the southwest edge (‘low-flow’; Fig. 1) likely due to buffering from surrounding colonies. The high-flow site was approximately 0.5 m shallower than the low-flow site, which averaged 35% live coral cover in 2013 (Raymundo et al., 2017). Both sites share similar-sized isolated staghorn colonies (~6 m2), which allows for a standardized comparison of the effects of flow rates on individual colonies (Edmunds & Burgess, 2018). Finally, the two sites showed distinct differences in the scale of mortality from the 2013-2015 bleaching events, with an estimated > 80% and < 20% mortality for low and high-flow sites, respectively (Raymundo et al., 2017). 
[bookmark: _Hlk62736773][bookmark: _Hlk61777410][bookmark: _Hlk53997967][bookmark: _Hlk54001033][bookmark: _Hlk62732763]To characterize the in situ environment, all environmental parameters were measured at both the edge and center of all coral colonies sampled for sequencing.  Temperature was measured with HOBO (Onset Corp., Bourne, MA) temperature loggers, deployed at 0.25 m from the substrate, at a depth of 1.25 m with a tidal range of 0.5 m to 1 m. Temperature data were taken for six months at thirty-minute intervals, spanning both rainy and dry seasons. To test for differences in temperature between the two sites during daily extremes, tidal data for Apra Harbor (retrieved from https://tidesandcurrents.noaa.gov/waterlevels.html) were compared with available temperature data at the nearest half hour. A Kolmogorov-Smirnov test was used to look for temperature differences between the high flow and low sites and both high and low tides. Phosphate and ammonia concentrations were analyzed by the Water and Environmental Research Institute of the Western Pacific (WERI) (Mangilao, GU) at both sites to rule out possible persistent nutrient pollution of field sites as a confounding variable influencing coral responses to bleaching stress. Flow data were collected for 6 hours on three days during the summer where winds were reflective of annual averages (both speed and direction), using clod cards, which provide a dimensionless measure of water motion (Jokiel & Morrissey 1993). Clod cards were attached to three different coral branches (branch replicate) both in the center and on the edge of each sampled colony (six clod cards total per colony; three colonies per site). Mean dissolution of clod cards was calculated using the protocol from Reidenbach, Koseff, Monismith, Steinbuck, and Genin (2006). This was done to estimate short-term mass transfer rates, as a proxy for water flow rates. Dissolution measurements for each day were standardized (mean = 0, SD = 1) and averaged. A linear mixed- effects model was fit using the lme4 package (Bates, Machler, Bolker, & Walker, 2015) in R (R Development Core Team, 2018) to determine differences in dissolution between high-flow and low-flow sites and edge vs. center of colonies; appropriate models were selected using the Akaike Information Criterion (AIC). Our model had one fixed factor (colony position) and two nested random factors (colony number, branch replicate). Residuals were tested for normality using the Shapiro-Wilk test. There was less than 4% variance in the dissolution rate of the still water control (see Reidenbach et al., 2006) between sites, indicating that neither water temperature nor salinity were causing differences in dissolution at low-flow vs. high-flow sites. The difference in flow speeds of the high flow and low flow site was checked by post-measurement with two acoustic Doppler current profilers deployed in August-September 2020. Profilers were deployed at 1.22 m and 1.37 m depth at high- and low-flow sites respectively and were within 2 m of a sampled colony. Only 12 out of 20 cells (cell size=10cm) were used to avoid measurements exposed to air or benthic floor and to adjust to comparable depths between sites. Data was recorded at 10 minute intervals.
2.2. In situ flow experiment
[bookmark: _Hlk53996777][bookmark: _Hlk54001187]The in situ experiment was conducted during the summer of 2017, which was characterized by temperatures above the annual maximum monthly mean SST from June until November, resulting in 48% of surviving corals impacted by this bleaching season (Raymundo et al., 2019). In order to characterize differential gene expression in corals growing in different flow environments under heat stress but before bleaching was apparent (i.e. no obvious paling), fragments (~2 cm in length) were collected from six non-bleached Acropora cf. pulchra colonies (three colonies from the high-flow and three from low-flow sites) at least 5 m apart from each other in August, 2017. To determine the influence of colony-scale water flow differences (edge vs. center) and differences across sites (high-flow vs low-flow) on gene expression, coral fragments were sampled from both the edge and center of Acropora coral colonies (three colonies per site, 2 fragments per colony for a total of six fragments per site; n=12) for whole transcriptome shotgun sequencing and endosymbiotic Symbiodiniaceae counts. 
To examine differential gene expression between different flow environments during a bleaching event, the same coral colonies were sampled again at the end of summer in September 2017 (Supplemental Fig. 1) (Island-wide NOAA Bleaching Alert level 2, NOAA Coral Reef Watch (2017)). Only branches from the edge (n=6) of colonies sampled previously in August were collected for transcriptome sequencing and symbiont counts due to high bleaching-related mortality, resulting in a scarcity of live coral tissue in the center of low-flow site colonies.
2.3. Ex situ flow experiment 
[bookmark: _Hlk54001539][bookmark: _Hlk51230482][bookmark: _Hlk53996192][bookmark: _Hlk53997003][bookmark: _Hlk54001970][bookmark: _Hlk53998894]To examine the influence of water flow regime on gene expression in acutely heat- stressed corals, we sampled four unbranched (~4 cm) fragments of branch tips from the edge of four high-flow colonies (the same colonies sampled during August and September, plus one additional colony). Fragments were acclimated for two weeks in a flow-through seawater raceway with high water circulation (8-16 cm/s) at control temperatures (29.0 - 29.5 °C) and shaded natural light levels (mean=68.7 SD= 157.7 μmol photons m-2 s-1 during the daytime). After acclimation, 16 fragments were divided into four uni-directional flow tanks (built using guidelines from Denny, 1988), followed by 11 days of acclimation at control temperature and ambient light. Each tank was divided into two flow regimes: low-flow (4 cm/s; approximately 25% dissolution rate) or high-flow (16 cm/s; approximately 45% dissolution rate) each of which was within the range of the measured in situ flow rate. Four replicates of each flow regime were run (with four fragments in each treatment; one from each source colony, using a clonal design). Flow velocity was determined using a FlowTracker Acoustic Doppler Velocimeter (SonTek, San Diego, CA). At the end of day 10, half of the fragments within each flow treatment were switched to a different tank of the same flow treatment to account for possible tank effects. On day 11 of the experiment,  temperature in two of the tanks was increased to 35°C, over a 3-hr period and then maintained at 35°C for 45 min. before being lowered back to 29.5°C over a 2-hr period. These temperatures were based on the highest temperature and greatest range recorded in situ from our data loggers in the field (Supplemental Fig. 1). Temperature was regulated with a Tank TK-3000 Aquarium chiller (TECO, Ravenna, Italy) and a HC-810M water temperature controller (Finnex, Countryside, IL). The other two tank systems were maintained at control temperature for the same period. A ~2 cm sample from each fragment (n=16) was collected for RNA extraction and sequencing immediately after temperatures were lowered to 29.5°C.
2.4. RNA extraction, library preparation and sequencing 
Samples for both in situ and ex situ experiments (n=34) were approximately 2 cm long and cut from below the branch tips to avoid biasing sequencing libraries toward general growth-related RNAs (Hemond, Kaluziak & Vollmer, 2014). All tissue samples were immediately placed in RNAlater (Sigma-Aldrich, St. Louis, MO) and stored frozen at -80°C until extraction. Total RNA was extracted from half the fragment (~ 1 cm) using a RNeasy kit (Qiagen, Hildenheim, Germany) on a QIAcube DNA/RNA extraction robot (Qiagen, Hildenheim, Germany) following the manufacturers’ protocol. RNA was quantified using a Qubit 4 fluorometer (Life Technologies, Carlsbad, CA) and RNA integrity was determined using a Bioanalyzer (Agilent Technologies, Santa Clara, CA). An Illumina NeoPrep system (Illumina, San Diego, CA) was used to prepare sequencing libraries that were normalized, pooled and sequenced in two multiplexed runs on a NextSeq500 sequencer (Illumina, San Diego, CA), generating 2 x 75bp paired end sequences.
2.5. Reference transcriptome assembly and annotation
[bookmark: _Hlk43199674][bookmark: __Fieldmark__71664_883191593]Sequences were trimmed using Trimmomatic (Bolger, Lohse, & Usadel, 2014), removing low-quality nucleotides (> 30 quality score) and sequencing adapters, retaining properly paired sequences ≥35 bp and clipping low quality nucleotides at both ends of each read (up to 3bp) (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:35:-phred33). All quality-filtered paired reads were aligned against the publicly available A. digitifera genome (Shinzato et al., 2011) and Cladocopium goreaui genome (Liu et al, 2018), using the splice-junction mapper TopHat2 (Kim et al., 2013). Using the resulting BAM files, two reference transcriptomes, one for A. cf. pulchra and one for Cladocopium sp. were assembled via the genome-guided version of the Trinity transcriptome assembler (Haas et al., 2013), with the A. digitifera genome (Shinzato et al., 2011) or C. goreaui genome (Liu et al, 2018) as a guide. 
[bookmark: _Hlk62737042]	BLASTN searches were performed of assembled contigs ≥300 bp against NCBI’s nt database (https://www.ncbi.nlm.nih.gov/) with an e-value 1×10-5, retaining only scleractinian and matches. For the symbiont transcriptome BLASTX searches were performed against the nr database, retaining only dinoflagellate matches. Ribosomal RNA contaminants were identified through BLASTN (e-value ≤ 1×10−8) searches against the SILVA LSU and SSU rRNA databases (http://www.arb-silva.de), and removed from further analysis. BLASTX searches of the assembled coral reference transcriptome (e-value cutoff 1×10-5) were run against the cnidarian sequences contained in the UniProt database (The UniProt Consortium, 2019) to annotate the taxonomically filtered reference transcriptome. For the assembled symbiont transcripts, BLASTX searches were run against the entire UniProt database due to the relative scarcity of dinoflagellate sequences in the UniProt database. Transcriptome sequences were assigned gene ontology (GO) terms (Ashburner et al., 2000) using the UniProt to GO mapping provided by the UniProt consortium. One sample from the ex situ experiment (control temperature and low-flow condition) was removed from downstream analyses due to a pump failure during the experiment that artificially altered gene expression in this fragment. Clone detection was carried out using hierarchical clustering of samples based on pairwise identity by state (IBS) distance calculated in ANGSD v0.921 (Korneliussen, Albrechtsen, & Nielsen, 2014).  Samples were mapped to the host reference transcriptome, retaining loci that were present in at least 80% of individuals with the following criteria: minimum mapping quality score of 30, minimum quality score of 35, strand bias p value >0.05, non triallelic, singular best hit, coverage > 6 reads, minor allele frequency (MAF) > 0.05, and snp p value >0.05. Fragments from the same colony were used to identify appropriate height cutoff.
2.6. Differential gene expression
[bookmark: __Fieldmark__71720_883191593][bookmark: _Hlk43211669][bookmark: _Hlk61778197][bookmark: _Hlk518472577][bookmark: __Fieldmark__71752_883191593][bookmark: _Hlk43209754][bookmark: _Hlk53998999][bookmark: _Hlk43197907][bookmark: _Hlk54002237][bookmark: _Hlk54002706][bookmark: _Hlk53071682]Quality-filtered sequences were mapped against the reference transcriptome of A. cf. pulchra for the coral host and Cladocopium sp. for the symbiont and gene expression was estimated using the expectation maximization algorithm implemented in RSEM (Li & Dewey, 2011). The arrayQualityMetrics package (Kauffmann et al. 2009) was used to detect outliers and one symbiont library (in situ low-flow; heat event; edge; colony 2) was removed. Differentially expressed genes (DEG) between treatments were identified using the R package Deseq2 (Love, Huber, & Anders, 2014). P values for significance of contrasts between flow and heat treatments were based on Wald statistics and adjusted for multiple testing using the Benjamini-Hochberg method (Benjamini & Hochberg, 1995), with a cutoff of p < 0.05. For the ex situ experiment, comparisons were carried out using the model ~ treatment + genotype, where treatment was one of four terms (high-flow no heat, high-flow heat, low-flow no heat or low-flow heat). For the in situ experiment, the model ~ site + O.I was used, where site and O.I both had two terms (high-flow or low-flow; edge or center). Heat maps were created for functional groups of interest, examining only genes that passed FDR corrected p value (<0.05).  Additionally, we conducted GO enrichment analyses using Mann–Whitney U tests on rank-based adaptive clustering of GO terms with the R script GO_MWU (Wright, Aglyamova, Meyer, & Matz, 2015; https://github.com/z0on/GO_MWU). The GO_MWU analysis creates delta ranks, which are the difference in the mean rank for the GO term and the mean rank for all other genes. Plotting delta ranks for GO terms allows a determination of similarity in functional responses between comparisons (in this case between ex situ high-flow vs low-flow and in situ high-flow vs low-flow comparisons). Keeping only the GO terms that were significant in at least one of the two comparisons (padj <0.05), we examined Pearson’s correlation between the delta ranks. Gene counts were rlog transformed for principal coordinate analysis, which was performed with the R package vegan (Oksanen et al., 2017) using Manhattan distances between samples. The function Adonis (from the R package vegan) was used to determine if there was clustering according to treatment. Finally, in the ex situ experiment we looked for genes exhibiting a frontloading expression profile following the methods outlined in Barshis et al (2013). In short, we selected a subset of genes that were upregulated (defined as a 2-fold log change, padj <0.05) either a) under low-flow heated compared to low-flow no heat, or b) high-flow heated compared to high-flow no heat (see script Frontloading_figure.R). We then compared the fold change when heated to the expression differences between high-flow and low-flow treatments without heat (paralleling the baseline comparison from Barshis et al. 2013). 
2.7. Symbiodiniaceae endosymbiont community 
[bookmark: _Hlk54002310][bookmark: _Hlk53998660]To evaluate the severity of bleaching in sampled populations, Symbiodiniaceae densities were determined for all samples taken for gene expression analysis (half of each fragment was used for Symbiodiniaceae counts; n=18 fragments). Two additional fragments for each of the 18 discrete sampling times/positions described in 2.2. ( i.e. 36 extra replicates) were also sampled  and used for Symbiodiniaceae counts only (i.e. n=54 total fragments). Coral tissue was removed using an airbrush with filtered seawater (0.25 µm), and Symbiodiniaceae were counted with a hemocytometer using the protocol from Marsh (1970). A linear mixed-effects model was fit using the lme4 package (Bates et al., 2015) in R (R Development Core Team, 2018) to determine differences in Symbiodiniaceae counts between high-flow and low-flow sites, edge vs. center of colonies, and heat stress vs. bleaching events; appropriate models were selected using the Akaike Information Criterion (AIC). Comparisons were made within and between the heat stress and bleaching events. For within event comparisons, the model had one fixed factor (colony position or site) and two nested random factors (colony number, branch replicate). For between event comparisons, the model had two fixed factors (event type (bleaching or heat stress) and site) and two nested random factors (colony number, branch replicate). Residuals were tested for normality using the Shapiro-Wilk test. Symbiodiniaceae identity was determined via a pipeline adapted from Davies et al. (2018) using ITS2 as a marker. Phylogenetic relationships were inferred to determine differences in Symbiodiniaceae between treatments (see Supplementary Methods for further details). 
3. Results
3.1. Field site environmental data
[bookmark: _Hlk62130872][bookmark: _Hlk61776489][bookmark: _Hlk62736670][bookmark: _Hlk53999190][bookmark: _Hlk53998083][bookmark: _Hlk62138298][bookmark: _Hlk62732809][bookmark: _Hlk43207211][bookmark: _Hlk54002480][bookmark: _Hlk61777506]According to clod card dissolution, mean flow at the high flow site was more than two times greater at the high flow site (33% dissolution rate) compared to the low flow site (13% dissolution rate) (Fig. 2). The difference in flow speeds of the two areas (12.17 ± 7.61 cm/s for high-flow, 9.02 ± 5.08 cm/s for low-flow; p < 0.0001) was confirmed by post-measurement with two acoustic Doppler current profilers deployed in August-September 2020 (Supplemental Fig. 2). At the colony level, flow differences between the edge and center of colonies were insignificant at the high-flow site (p > 0.05, SE=0.29, df=8) but significant at the low-flow site, with flow being higher along colony edges (p < 0.05, SE=0.184, df=8) (Fig. 2). During both the August and September sampling periods, temperature ranges differed little between high- and low-flow sites (Supplemental Fig. 1 and Supplemental Table 1). From May-December 2017, there was no significant difference in temperature between the high flow and low flow sites during both high (D = 0.075419, p-value = 0.26) and low (D = 0.078594, p-value = 0.23) tides.  Phosphate in the water column was below the detection limit (< 0.01 mg/L) at both sites; ammonia was present in trace amounts (0.013 - 0.10  mg/L). 
3.2. Acropora cf. pulchra and Cladocopium sp. reference transcriptome assembly and differential gene expression
[bookmark: _Hlk53139225][bookmark: _Hlk62737090][bookmark: _Hlk61778731]After adapter trimming and quality filtering, library sizes ranged from ~5 to ~60 million paired-end reads for ex situ and ~14 to ~235 for in situ (Supplemental Figs. 3-4). The host’s first draft transcriptome assembly comprised 150,719 contigs, 34,231 of which were determined to be of scleractinian origin with an average length of 779 bp and an N50 of 923. Annotations were obtained for 21,265 genes (Supplementary Table 2). Clone detection revealed all colonies sampled at the high flow site were likely clones and all colonies from the low flow site belonged to one of two genotypes (Supplemental Fig. 5). The symbiont first draft transcriptome assembly comprised 115,457 contigs, 37,462 of which were determined to be of dinoflagellate origin with an average length of 580 bp and an N50 of 603. Annotations were obtained for 12,898 genes (Supplementary Table 2). 
	 
3.2.1 Differential gene expression analysis, ex situ 
For the host, principal coordinate analysis for the ex situ experiment revealed clustering according to flow on principal coordinate one and heat on principal coordinate two, which explain 50.9% and 11.2% of the variation, respectively (Fig. 3). The separation according to both flow (p <0.05) and heat (p <0.05) was statistically significant. For the symbiont, principal coordinate analysis for the ex situ experiment revealed clustering according to flow on principal coordinate one and two. Separation was only significant according to flow (p <0.05) (Supplemental Fig. 6). 
3.2.2 Differential gene expression analysis, in situ 
[bookmark: _Hlk54002144]For both host and symbiont, principal coordinate analysis for the in situ experiment revealed clustering according to site on principal component one and two, and a more variable response among low-flow site samples relative to a more consistent pattern of gene expression among high-flow site samples (Supplemental Fig. 7). The separation according to site was significant (p <0.05), while the separation between the center and edge of colonies was not for both high flow site (p=0.83) and low flow site (p=0.308). We also ran Adonis (from the R package vegan) with models Site:bleach.state (location x time) and also Site:O.I (location x fragment location) to test for significance of interactions, but found none (p>0.05). 
3.2.3. Ex situ high flow vs. low flow at control temperatures
	Host: In the high-flow treatment, genes related to cilium movement, glycolysis, phosphorylation, fatty acid metabolism, tricarboxylic acid cycle, nitrogen compound transport, cell-matrix adhesion, cellular amino acid biosynthesis, mitochondrial organization and preribosomes were upregulated.  We also found a subset of ribosome genes that were downregulated under high flow and several genes related to oxidative stress (e.g., glutathione genes) and immune response (e.g., TRAF genes) upregulated in the high-flow treatment (Supplemental Fig. 8). 
	Symbiont: In the high-flow treatment, genes related to photosynthesis, carbon transport, nitrogen transport, ABC transport, and nitrate and nitrite reductase were differentially expressed.  We also found several genes related to oxidative stress upregulated in the high-flow treatment (Supplemental Fig. 9).
3.2.4. In situ high-flow vs. low-flow sites during pre-bleaching heat stress
Host: We found functional groups of genes upregulated in situ under high-flow conditions that were also upregulated in the ex situ high-flow treatment (Supplemental Fig. 10). These groups included genes involved in glycolysis, tricarboxylic acid cycle, cell-matrix adhesion, cellular amino acid biosynthesis, and preribosome and mitochondrial organization. Stress-related genes were also upregulated under the in situ high-flow condition including genes related to oxidative stress and immune response. A subset of immune response genes were upregulated at the low-flow site. 
Symbiont: We also found functional overlap in expression patterns between in situ high-flow and ex situ high-flow conditions for the symbiont (Supplemental Fig. 11). These included genes involved in photosynthesis, carbon transport, nitrogen transport, ABC transport, nitrate reductase and oxidative stress. We also found photosystem I reactor center genes to be upregulated under both in situ and ex situ low-flow conditions. 
3.2.5. Overlap of flow response between ex situ and in situ experiments
Host: We found 129 annotated differentially expressed genes shared between both ex situ and in situ high-flow vs low-flow experiments (under control and non-bleaching conditions, respectively). Of these genes, 120 exhibited the same expression pattern in their respective flow condition across experiments. These included genes involved in the immune response, the tricarboxylic acid cycle, stress and cellular stress response, lipid transport and cellular component organization (Supplemental file 1). The GO delta ranks also showed a positive relationship between these two comparisons (p <0.05, Fig. 4A). 
Symbiont: We found 16 annotated differentially expressed genes were shared between ex situ and in situ flow experiments, all of which exhibited the same expression pattern in their respective flow condition across experiments. These genes were involved in lipid catabolism, glucose metabolism, mRNA splicing, rRNA processing and translation regulation (Supplemental file 1). The GO delta ranks also showed a positive relationship between these two comparisons (p <0.05, Fig. 4B). 
3.2.6. Frontloading 
Host: In the ex situ experiment, we found evidence of frontloading under high flow (Fig. 5A). The genes that exhibited this pattern included many stress related genes. TNF receptor associated factor (TRAF) 3, 97kDa HSP 110, and HSP 70 were among the most strongly frontloaded genes. Other stress related genes also exhibited frontloading, including serine/threonine-protein kinase, TRAF 2, TRAF 6, universal stress protein A-like protein, and heat shock cognate 71 kDa protein (Supplemental file 1). 
Symbiont: We also found evidence of frontloading in the ex situ experiment under high flow for the symbiont (Fig. 5B). The genes that exhibit this pattern included stress related genes such as Chaperone protein DnaJ 1, Apoptosis-inducing factor homolog B, Death-associated protein kinase 1, and E3 ubiquitin-protein ligase (Supplemental file 1).
3.2.7. Differential bleaching response between high-flow and low-flow sites 
Host: Colonies at the high-flow site showed a different shift in expression between the heat stress event and bleaching event compared to the response of colonies at the low-flow site. Within the high-flow site bleached colonies showed upregulation of ribosomal biogenesis and mitochondrial parts and protein folding, and downregulation of calcium ion binding, cell-cell adhesion and response to oxidative stress compared to their expression during the heat stress event. Within the low-flow site, bleached colonies showed upregulation of microtubule-based process, Rho protein signal transduction, calcium ion binding and cell-cell adhesion and downregulation of structural constituent of ribosome, immune effector process, protein folding and mitochondrion (Fig. 6). Additionally, we observed a negative relationship between the GO delta ranks for these comparisons (p<0.05; Supplemental Fig. 12). We were unable to make this comparison for symbiont reads because one high-flow colony sampled during the heat stress event was identified as an outlier and removed from the symbiont analysis (described in 2.6, leaving only n=2 for this treatment). 
3.3. Symbiodiniaceae abundance and diversity
[bookmark: _Hlk54008360]Symbiodiniaceae counts did not differ significantly between the edge and center of colonies during the heat stress event at both the high-flow (p >0.05, SE= 154899.4.4, df=6) and low-flow (p >0.05, SE=177822.0. df=7) sites (Supplemental Fig. 13). There was a trend (p <0.1), however, toward higher Symbiodiniaceae abundances in colonies growing at the high-flow site compared to the low-flow site during both the heat stress (average cells per branch: 1.28x106 and 9.6x105, respectively; SE= 171480.4, df=4) and bleaching events (average cells per branch: 8.7x105 and 2.7x105, respectively; SE= 246626.6, df=4) (Supplemental Fig. 14). There was also significantly increased Symbiodiniaceae abundance during the heat stress event compared to the bleaching event (p<0.05, SE=120076.8, df=26; average cells per branch: 1.1 x106 and 6.7 x105, respectively) (Supplemental Fig. 15), confirming these samples were in fact bleaching. Cladocopium sp. was the dominant taxon in these Symbiodiniaceae communities. Phylogenetic analysis revealed no clustering of lineages by flow environment (Supplemental Fig. 16).
4. Discussion 
[bookmark: _Hlk1908724] Here, we highlight water flow-driven differences in the transcriptomic response of Acropora cf. pulchra and its symbiont Cladocopium sp., both under a natural heat stress event and in an experimental setting. We find evidence for molecular mechanisms that are consistent with the current understanding of the beneficial impacts of water movement on coral health. We also find a frontloading effect of flow on heat stress genes, possibly demonstrating that higher flow mediates the ability of corals to respond to heat stress quickly, providing increased resilience. Finally, we discuss differences in responses during bleaching recovery in discrete flow environments. 
4.1. Flow-driven transcriptomic response
For our ex situ high-flow treatment, genes relating to glycolysis, phosphorylation, fatty acid metabolism and tricarboxylic acid cycle were upregulated under the no-heat, high-flow treatment compared to no-heat, low-flow, suggesting elevated energy expenditure by the coral host (Hemond et al., 2014). We also found a strong signal of upregulation for all these processes, except for phosphorylation and fatty acid metabolism, at the high-flow site in our in situ experiment, albeit not always the same genes. Elevated energy expenditure could be a reflection of the increased gas exchange (Mass et al., 2010) and higher growth rates (Schutter et al., 2010) that often accompany corals living in high-flow environments. We saw examples of both in our dataset. Genes related to mitochondrial reorganization were upregulated under high flow in both experiments, suggesting increased respiration (Brown, 1992). We also saw upregulation of preribosomes, indicators of accelerated growth (Elser et al., 2003; Vrede, Dobberfuhl, Kooijman, & Elser, 2004). Additionally, in both ex situ and in situ high-flow conditions, we found upregulation of specific genes encoding for skeletal organic matrix proteins and cell-matrix adhesion, suggesting possible increased calcification. Indeed, we saw overlapping upregulation of functions previously associated with higher calcification rates, including precursor metabolites, extracellular matrix, oxidative stress, response to stimulus, lipid transporters and fatty acid metabolism (Bertucci et al., 2015). It is possible that the increase of these growth-related terms was a direct manifestation of the flow-mediated uptake in building blocks for coral growth, such as inorganic nutrients, organic food and calcium and carbonate ions (Osinga et al., 2011). Alternatively, since our comparison was between high flow and low flow, this observed response under high flow could be viewed as an overall transcriptional dampening under low-flow conditions, perhaps due to the provision of energy savings necessary for efficient stress responses (Gust et al., 2014). 
[bookmark: _Hlk54000677][bookmark: _Hlk54000624]High flow can enable elevated energy expenditure and growth either via increased heterotrophy or an increase in productivity of the symbiont and a greater subsequent transport of amino acids and photosynthates. Upregulation of cilia genes, which we observed in the host under high flow, is reflective of corals exhibiting higher heterotrophy (Malik et al., 2020). Higher water flow increases feeding via increased contact between food sources in the water column and coral tentacles (Sebens et al, 2003); this, in turn, supplies corals with organic sources of carbon, nitrogen, and phosphorous (Osinga et al, 2011). The upregulation of several genes putatively important in nitrate reductase and carbohydrate transport between host and symbiont (Maor-Landow, van Oppen, McFadden, 2019) under high flow could be provisioning the host with sugars and essential amino acids. The ammonium generated by these nitrate reductases is assimilated into amino acids and essential amino acids are then translocated to the host (Wang & Douglas, 1999). The upregulation of nitrate reductase could be due to a high flow-mediated increased flux of inorganic nutrients (Atkinson et al., 2001) or organic nitrogen from greater heterotrophic input. It thus appears that a combination of increased host heterotrophy and translocation from the symbiont can explain increased energy production potential under high flow. 
We expected that the increase in transport between symbiont and host would be due to an increase in productivity of the symbiont. However, although we found many genes related to photosynthesis upregulated under high flow, we also observed downregulation of several photosystem reaction center I genes. This initially appeared contradictory given the higher symbiont count at the high-flow site and previous work showing increased photosynthesis under high flow (Mass et al., 2010). While we acknowledge that the relatively understudied nature of Symbiodiniaceae expression and the dearth of physiological measurements for the symbiont in our experiment limits our interpretations, we offer one possible explanation here. Upregulation in Photosystem I (PSI) genes could be a signature of increased electron flow through the Mehler reaction (Roberty, Bailleul, Berne, Franck & Cardol, 2014) under low flow. It has been theorized that low flow would lead to the need for costly photo-protective mechanisms (Schutter et al., 2011) possibly due to decreased CO2 flux (Wooldridge et al., 2010). Appropriately, upregulation of Photosystem II repair protein and Photosystem II 12 kDa extrinsic protein under low flow suggests PSII requires photoprotection. Furthermore, while we did not measure photosynthesis, our finding that genes associated with ATP and NADPH turnover were upregulated under high flow suggests a functioning photosynthetic electron transport chain. Thus, our overall interpretation was greater productivity of the symbiont under high flow and impairment of photosynthetic function under low flow. 
[bookmark: _Hlk51838101]4.2. Comparing in situ and ex situ experiments 
[bookmark: _Hlk54000542]Given several confounding factors, including possible adaptation of colonies to their respective sites, recent high selection pressure from previous bleaching events and the multitude of unaccounted variables in the field, the degree of overlap observed between the responses of the high-flow ex situ and in situ experiments points to a strong signal of flow. The similar direction of shared GO terms and genes across the two experiments suggests flow has a consistent signature of gene expression in this coral. The lack of overlap between the high- and low-flow comparisons during the “heat stress” ex situ experiment and the in situ “heat stress event” are likely a consequence of our more extreme heat stress ex situ.  In situ colonies experienced a more gradual increase of temperatures over weeks and in situ sampling took place late morning at pre-peak temperatures, whereas in the ex situ experiment sampling occurred directly after the heat stress event. This led to the signal of heat stress overwhelming the signature of flow in the ex situ experiment and very few genes differentially expressed between the high-flow and low-flow treatments. Our ex situ heat stress succeeded in identifying heat stress responsive genes but failed in providing a comparable treatment to the in situ heat stress comparison.

[bookmark: _Hlk1294804]4.3. High flow induces upregulation of stress GO terms and genes 
[bookmark: _Hlk43198834]We found upregulation of stress-related genes under high flow compared to low-flow conditions, both in situ and at control temperatures ex situ. Given that increased expression of stress terms is a common biproduct of increased calcification (Bertucci et al., 2015), photosynthesis (Malik et al., 2020), and morphogenesis (Reyes-Bermudez  et al., 2009) it follows that high flow should also elicit this response. Such an increase in stress-related genes, in ex situ corals which were under no apparent stress, is highly likely to be a function of increased oxidative metabolism which, in turn, appears directly linked with high flow. Reactive oxygen species (ROS) are well known to increase during photosynthesis and respiration (Apel & Hirt, 2004; Halliwell, Clement, & Long, 2000; Pamatmat, 1997) and have also been shown to increase in high-flow environments (Armoza-Zvuloni & Shaked, 2014). As high flow facilitates greater gas exchange (Mass et al., 2010) it is possible ROS are also moved out of the coral tissue faster (Armoza-Zvuloni & Shaked, 2014), which could explain why high flow does not negatively impact coral health long-term. 
Reyes-Bermudez et al. (2009) also found upregulation of heat-stress and oxidative-stress genes, and enrichment of cytoskeleton restructuring functional terms, in coral planulae under normal conditions.  They attributed this response to processes involved in morphogenesis. Additionally, our results show that cell adhesion genes, which are involved in tissue morphogenesis (Magie & Martindale, 2008), were upregulated under no-heat, high-flow conditions. As coral morphology can vary according to the flow environment (Mass & Genin, 2008), it is possible that the upregulation of these groups of genes is reflective of hydraulic stress-inducing morphogenesis under high flow.  
4.3. Host frontloading of stress genes under high flow 
Several mechanisms have been proposed by which increased flow could mitigate heat stress. These include the alteration of the thermal boundary layer (Jimenez et al., 2011), increased toxic solute efflux (Nakamura, 2010), or manipulation of the tissue concentration of ultraviolet-absorbing compounds (Jokiel, Lesser, & Ondrusek, 1997). Additionally, enduring health benefits for the coral via the thinning of the DBL could facilitate faster bleaching recovery under high-flow scenarios. Any combination of these factors might explain the higher survivorship observed at the in situ high-flow site after successive bleaching events (Raymundo et al. 2017). Here we present an additional mechanism that could explain flow-mediated bleaching resistance: “frontloading”. 
The phenomenon known as “frontloading”, i.e. the upregulation of stress-related genes under baseline conditions, is associated with resilience to heat stress events (Barshis et al., 2013; Bay & Palumbi, 2017). The absence of a true baseline sampling point in the in situ experiment necessitated using only the ex situ experiment for examining frontloading. In the ex situ experiment we saw frontloading for many of the same genes frontloaded in the Barshis et al., (2013) and Bay and Palumbi (2017) experiments: genes encoding for heat shock proteins and antioxidant enzymes, and genes involved in apoptosis regulation, innate immunity, and cell adhesion. Such frontloading theoretically promotes rapid rates of protein translation and could facilitate a coral’s acclimation to stressors by allowing it to respond faster (Gates & Edmunds, 1999). Corals exhibit an environmental stress response (ESR) (Dixon, Abbott & Matz, 2020), a common pattern of gene expression induced by diverse environmental stressors. Activating the ESR in response to acute stress can serve a protective role against future stress (Berry & Gasch, 2008). Harboring the thermotolerant symbiont Durusdinium trenchii, compared to the thermally sensitive Cladocopium (Cunning & Baker, 2020), and exposure to higher non-lethal temperatures (Bellantuono et al., 2012; Palumbi, Barshis, Traylor-Knowles & Bay, 2014; Rose, Seneca & Palumbi, 2016) can prompt frontloading in corals. We show here that flow induces similar frontloading. Coral resilience against bleaching provided by higher flow is, at least in part, due to frontloading of genes implicated in the heat stress response. 
4.4. Symbiont frontloading and stress indicator genes
No study addressing frontloading in corals has posed this question to the symbiont, yet here we found expression patterns suggestive of frontloading in our symbiont expression data as well as in the host. Some genes previously associated with stress responses that were frontloaded in the symbiont include DnaJ chaperone protein, an apoptosis factor-inducing homolog, Ras-related protein Rab, ubiquitin protein ligase, and death-associated protein kinase 1. It is possible that the frontloading of these genes allows the symbiont to mount a more effective response against temperature stress. The absence of a transcriptional change under heat stress has been previously documented for in hospite Symbiodiniaceae (Barshis, Ladner, Oliver, & Palumbi, 2014; Davies et al., 2018) and attributed to “host buffering” either via a suppression of transcriptional expression or through protection of Symbiodiniaceae cells. Given the relatively large transcriptional shift for the Symbiodiniaceae under heat stress that were exposed to low flow compared to high flow, it is possible flow mediates the ability of the host to provide this buffering activity. 
 It is interesting that genes associated with photoprotection are not frontloaded in symbionts, considering that these genes are often associated with temperature stress (Dang, Pierangelini, Roberty & Cardol, 2019; Rosset, Koster, Brandsma, Hunt, Postle & D’Angelo,  2019). Instead, some photoprotection genes show a different pattern: they are expressed at higher levels under low-flow, no-heat conditions and show greater fold expression increases when subjected to higher temperatures under low flow (“stress indicators” sensu Barshis et al., 2013). This heightened level of photosystem repair under low flow may come at the cost of pushing these repair mechanisms closer to their limit prior to the onset of stress. Damage to PSII can then outpace repair mechanisms under thermal stress, leading to damage to the photosystems and eventually photoinhibition (Warner, Fitt, & Schmidt, 1999). This expression pattern offers a complement to the host expression for why corals under low flow fare worse under heat stress.
4.5. Differential in situ bleaching response between high-flow and low-flow environments 
Corals under high flow bleach less often and recover faster when bleached (Nakamura et al., 2003; Bayraktarov et al., 2013). The lower mortality observed previously in colonies growing in high-flow areas may have been the result of increased recovery rates rather than reduced bleaching. The fact that all in situ colonies showed signs of bleaching regardless of their level of flow exposure supports this scenario. While there were very few genes differentially expressed between the heating event and bleaching event within sites, GO enrichment analysis offers a method of elucidating expression trends that might not be evident in expression profiles of individual genes. This is important given our small sample size and natural variation in situ that was likely responsible for the low number of differentially expressed genes. GO enrichment analyses suggested high- and low-flow sites differed in recovery dynamics. The low-flow colonies exhibited a suppression of immune system functions while the high-flow colonies did not. Such a suppression is often exhibited by bleached corals (Pinzon et al., 2015), possibly due to coral microbial community restructuring or functional changes in allelopathic activity (Mydlarz et al., 2009). High-flow colonies, on the other hand, exhibited enrichment of functions that are associated with resilience, including ribosome biogenesis (Wright, Kenkel, Dunn, Shilling, Bay & Matz, 2017) and calcium ion binding, which was previously shown to be significantly enriched during bleaching recovery (Thomas & Palumbi, 2017). 
[bookmark: _Hlk54008022]4.6. Symbiodiniaceae diversity and abundance
	The lack of obvious clustering of Symbiodiniaceae COI genes according to flow environment demonstrates that the dominant Symbiodiniaceae do not differ between flow environments. Thus, it is unlikely that Symbiodiniaceae diversity played a role in the observed discrete host transcriptomic responses under different flow regimes. Furthermore, no significant difference in Symbiodiniaceae abundances was evident based on colony position, which is counterintuitive given the flow differences observed on the edge vs. the center of the low-flow site colonies. In unidirectional flow there can be asymmetry in Symbiodiniaceae distribution and skeleton mass between the flow-facing side of a colony vs. its downstream side (Mass & Genin, 2008). This is likely induced by asymmetric nutrient concentrations and boundary layer thicknesses (Chang, Iaccarino, Elkins, Eaton, & Monismith, 2004). However, these findings could be exclusive to unidirectional flow (Mass & Genin, 2008), which differs from the flow experienced by corals in situ. 
4.7 Limitations and Conclusions 
[bookmark: _Hlk62737180][bookmark: _Hlk62735384]Clone detection revealed the presence of clones at both the high-flow and low-flow sites, reducing the number of discrete genotypes for study. It is possible that the results reported here could be site specific, considering that the high-flow site samples are clonal, a caveat that should be taken into consideration prior to extrapolating the findings herein to other sites. Further, low BUSCO scores (Supplementary Table 2) for both host and symbiont transcriptomes indicate missing genes and the presence of fragmented genes. The latter, in particular, can cause issues if different samples map to different fragments of the same gene, thus biasing gene expression results. Low library quality for a few samples could also be biasing our results. To reduce and mitigate potential biases introduced by incomplete assemblies and some low quality libraries, we removed outliers detected by the arrayQualityMetrics Bioconductor package (Kauffmann et al., 2009). We further discarded contigs that were lowly expressed and focused the study on contigs which were successfully annotated. By doing so, we limited the bias induced by transcript fragmentation and provide more robust estimates for those genes that remained in the analysis (Freedman, Clamp & Sackton, 2021), but we acknowledge that incomplete assemblies could bias our gene expression results.	
As coral communities continue to be impacted by increasingly severe and complex acoustic combinations of local and global stressors, conservation and restoration of remaining populations becomes paramount. Despite considerable research effort, the nuanced interactions between corals and their environment remain poorly understood and controlled studies are limited in their capacity for examining multiple environmental attributes. However, there is strong evidence that high flow provides corals with greater resilience to heat stress (Mass et al., 2011; Nakamura, 2010). Results from this study show a flow-induced transcriptomic response in the coral host and its photosymbionts under both laboratory and field conditions. Importantly, our study provides flow induced gene frontloading as a novel mechanism for coral resilience to bleaching. In essence, our results demonstrate a physiological basis for the in situ responses we observed across repeated bleaching events and identify a potential role for the consideration of ambient water motion, wave energy, and flushing in the selection of sites for conservation and restoration. Currently, efforts to genetically enhance corals for greater resilience to rapid environmental change provide an intriguing potential avenue for their survival (van Oppen, Oliver, Putnam, & Gates, 2015) and assisting the evolution of resistant corals through selective breeding show promise for a limited number of species (Baums et al., 2019). However, such options are currently limited in scope and are unlikely to be applied at an ecologically meaningful scale in the near future. In contrast, an improved ability to identify environmental attributes directly linked with higher coral survival could immediately be put to use on a global scale as a criterion in the selection of sites for enhanced management or conservation, as well as active restoration. Selecting sites that provide higher natural flushing could be incorporated into the “toolbox” of any management plan and would be particularly useful for countries with limited capacity for molecular and physiological research on coral species of concern.
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Tables and figures
[image: ]Figure 1 A) Location of West Hagåtña Bay (red rectangle), Guam. B) Staghorn colony with survivorship limited to colony edge. C) Study Area (white square) N13°28’55.2” E144°44’42.72”. Abbreviations in white square insert: high-flow (H) and low-flow (L).
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[bookmark: _Hlk521406060]Figure 2 Average percent dissolution of clod cards per 6 hours measured on the inside and outside of colonies for both high flow and low flow site conditions. Box plot shows distribution of % clod card dissolution for individuals (n = 88) by treatment. The box represents the inter-quartile range (IQR) between the upper and lower quartile. The whiskers maximally extend 1 time beyond the IQR. Effect significances are represented by (*) = p <0.05.
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[bookmark: _Hlk521406095]Figure 3 Principal coordinate analysis of ex situ host rlog transformed gene counts. 
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[bookmark: _Hlk521406156]Figure 4 A) Host GO delta ranks between ex situ no heat high-flow versus low-flow and in situ heat stress event high-flow versus low-flow. B) Symbiont GO delta ranks between ex situ no heat high-flow versus low-flow and in situ heat stress event high-flow versus low-flow.
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Figure 5 A) Host frontloading. Light grey panel represents putative frontloading genes. Inset shows gene expression reaction norm for one frontloaded gene B) Symbiont frontloading. Panel below light grey panel are “stress indicators” (sensu Barshis et al., 2013)
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Figure 6 Host in situ GO_MWU plot between heat stress and bleaching event within high-flow and low-flow sites.  
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