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The study aimed to gain a deeper understanding of the daily fluctuations in gene expression at a transcript level in the coral Acropora digitifera and create a comprehensive map of the biological processes that occur under natural environmental conditions. The coral is a key organism in marine ecosystems, and understanding its physiology and the adaptation mechanisms it uses to cope with daily environmental changes is vital for its survival and the preservation of coral reefs. The study’s results showed that certain genes in the coral exhibit specific patterns of expression at different times of the day. These genes play critical roles in regulating a wide range of physiological and behavioral processes, such as metabolism, development, and DNA damage repair. During the day, the coral expends energy on growth and development, and these genes are actively involved in these processes. On the other hand, at night, the coral’s focus shifts toward repair and recovery. The genes that are active during this period are involved in processes like DNA repair, hypoxia response, and transcription. This is a crucial time for the coral, as it’s exposed to a range of environmental stressors that can damage its DNA and impact its overall health. In conclusion, this study provides valuable insights into the cyclic regulatory processes that help the coral adapt to daily external variations and sustain its physiology. It highlights the importance of understanding the daily rhythms of gene expression in marine organisms and the role they play in maintaining the health of coral reefs. This research can be used to develop strategies to preserve coral reefs and mitigate the effects of environmental changes on coral physiology.
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1 Introduction

Life on Earth in many biological systems is associated with rhythmical events with frequencies ranging from seconds to several years; a predictable change and periodicity that corresponds tightly to environmental cycles caused by the Earth’s rotation (Dunlap, 1999). In approximately all organisms on Earth, a mechanism of molecular timing has emerged to meet the necessity of anticipating these cyclical changes. The adaptation of an organism’s biological rhythms to environmental cues over circadian (24-hour) and circalunar (29.5 days) periods that are vital for survival, reproduction, and fitness and is generally conserved in most living organisms (Aschoff, 1960; Tessmar-Raible et al., 2011; Torres et al., 2018; Andreatta and Tessmar-Raible, 2020; Kaiser and Neumann, 2021). The biological clock regulates homeostasis by orchestrating the temporal organization of physiological processes, which is advantageous for most organisms as day-to-day rhythms of gene expression ensure that biological functions are engaged at the most appropriate time of day (Aschoff, 1960; Herzog, 2007).

Many reef-building corals reside in tropical marine waters and live in symbiosis with dinoflagellate algae (Symbiodiniaceae) that provide most of the coral’s energy requirements (Muscatine and Cernichiari, 1969; LaJeunesse et al., 2018). In tropical marine waters, reef-building corals show large diurnal changes in their physiology between day and night to cope with the transition from obtaining energy from their photosynthetic counterparts symbiotic algae during the day to zooplankton predation and respiration during the night (Falkowski et al., 1984). Corals are exposed to large variations in their environment (temperature, oxygen, nutrients, photoperiodic light, spectra, etc.), resulting in time-dependent stress to which they are exposed daily. During the day, they are subjected to high light and UV radiation (Levy et al., 2003; Ben-Zvi et al., 2019) and excessive production of reactive oxygen species (ROS) during photosynthesis (Lesser, 1996; Ayalon et al., 2019) while at night they are exposed to hypoxic conditions and a decrease in tissue pH (Gutner-Hoch et al., 2016; Maor-Landaw and Levy, 2016). In responding to the environmental conditions, corals show diurnal behavioral patterns such as tentacles expansion and contraction and tissue inflaming (Levy et al., 2001), calcification (Goreau and Goreau, 1959), and skeletal growth (Risk and Pearce, 1992). Like in other organisms, in symbiotic corals, many aspects of physiology and development are governed by the endogenous biological clock creating temporal gene expression patterns (transcript level) characterized by daily oscillations (Levy et al., 2003; Levy et al., 2011; Reitzel et al., 2013; Sorek et al., 2014). These genes usually show peaks of expression around the time at which their function is vital to regulate downstream processes (Aschoff, 1960; Dunlap, 1999; Duffield et al., 2002).

Corals also carry environmental sensing networks like GPCRs (Bhattacharyya, 2016; Rosenberg et al., 2017) that coordinate the host animal responses of temperature, light, and pH, together with a variety of stress-related pathways that determine the fate of corals under environmental stress (Bhattacharyya, 2016). The daily biological processes of corals, synchronized with the environment, are part of the evolutionary suite of strategies that have allowed them to adapt and thrive in an ever-changing world for hundreds of millions of years. To date, most studies on corals have centered on the transition between day and night from the perspective of behavior, physiology, and gene expression. As a result, there is little data regarding coral biorhythms and circadian processes which are influenced by environmental stimuli and daily changes in extrinsic conditions (Oldach et al., 2017; Neder et al., 2022). In this work, we aimed to identify the daily biological processes that occur under environmental conditions in the coral Acropora digitifera. We conducted a 24-hour experiment, collecting samples of coral nubbins at high-resolution two-hour intervals. We discovered cyclic regulatory processes that help to sustain the coral’s physiology as it undergoes adaptation to daily external variations. Our findings could elucidate what environmental cues corals respond to and adjust physiology, behavior, and biochemistry accordingly.




2 Methods



2.1 Coral collection and experimental setup

On March 3rd, 2017, five Acropora digitifera colonies (measuring >50 cm in diameter) were collected from Sesoko Island, Okinawa, Japan (26°38028″ N, 127°51035″ E) at a three-meter depth. Coral colonies were kept in direct flow-through seawater, pumped directly from the reef flat, and acclimatized for 72 hours before sampling. Coral tanks were placed outside and subjected to the natural diel cycle and moon phase. Sampling started on March 6 at 20:00, during the first quarter moon, and continued for 24 hours with two-hour intervals (n=13 sampling points). At each sampling point, from each colony, a nubbin (4-5 cm long) was cut, placed in aluminum foil, dipped in liquid nitrogen, and then transferred to -80°C freezers. Light (DEFI2-L; JFE Advantech Co. Ltd., Japan) and temperature (HOBO Pro V2; Onset Computer Corporation, USA) loggers were placed in the coral tanks taking measurements at five-minute intervals. At each sampling coral nubbins were taken from different parts of the colony, trying to avoid sampling from the same proximate area.




2.2 RNA extraction

Total RNA was extracted using TRIzol reagent (Invitrogen) and a modified version of the manufacturer’s protocol that included an additional chloroform extraction and magnesium chloride precipitation overnight (Rosenberg et al., 2019).




2.3 Next-generation sequencing

One and a half μg RNA from each sample (used three biological replicates from each sampling point n=39) was sent for sequencing. RNA samples were prepared using the Illumina TruSeq RNA Library Preparation Kit v2, according to the manufacturer’s protocol. Libraries from each sampling point were run on lanes of an Illumina NextSeq 550 machine using the multiplexing strategy of the TruSeq V2.5 protocol. The protocol starts with poly-A selection that results in RNA selection. Single-end reads were obtained for each sample; the reads were 75 bases long. All sequencing libraries were trimmed using TrimGalore version 0.4.0 (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove adapters, primers, and low-quality bases.




2.4 Transcriptome annotation

The sequenced reads were aligned to Acropora digitifera cDNA sequences downloaded from the Okinawa Institute of Science and Technology (OIST) website (https://marinegenomics.oist.jp/gallery) (Shinzato et al., 2011), according to default settings of the Bowtie2 program (v2.2.5) (Langmead and Salzberg, 2012). Using the published transcriptome and aligning the reads, accordingly, removed all Symbiodinium contamination. Previously published annotations were used (OIST and ZoophyteBase).




2.5 Variance analysis and clustering

To find genes that have higher variance in their expression, we implemented the method described in Macosko, et al., 2015 (Macosko et al., 2015). The mean and a dispersion measure (variance/mean) were calculated for each gene across all 39 samples, and genes were placed into 20 bins based on their average expression. Within each bin, we then z-normalized the dispersion measure of all genes within the bin, to identify outlier genes whose expression values were highly variable even when compared to genes with similar average expression. A z-score cutoff of 1.7 to identify highly variable genes was used. These highly variable genes were assigned to clusters by their expression over the time course using a Dirichlet process Gaussian process model implemented in DP_GP_cluster (McDowell et al., 2018). The MPEAR criterion was used to assess optimal clustering. These methods allowed us to identify periodic signals in the time-series data throughout the day.




2.6 Gene ontology annotation

We have divided the daily 24-hour day into four quarters representing the morning (06:00 am-10:00 am), afternoon (12:00 pm-16:00 pm), evening (18:00 pm-22:00 pm), and night (00:00 am-04:00 am). Based on the variance analysis and clustering method we generated gene lists presenting transcript levels at each quarter. We then used the “GoTermMapper” of Princeton University (go.princeton.edu/cgi-bin/GOTermMapper) to map the granular GO annotations for genes in a list to a set of broader, high-level GO parent terms. This allowed us to simply bin the gene list to a static set of ancestors GO terms and further identify, together with the “GoTermFinder” (go.princeton.edu/cgi-bin/GOTermFinder), the enriched biological processes at each quarter of the day.





3 Results



3.1 Identification of periodic signals in the time-series data across the day

Temperature measurements in the coral tanks showed that the highest temperatures occurred between midday and sundown (22.89°C at 13:40), and the lowest temperatures occurred between 04:00 am and mid-morning local time (19.9°C at 6:20). Previous studies showed similar pH fluctuations in the water i.e., elevated pH during the day and lower pH during the night (Middelboe and Hansen, 2007; Hofmann et al., 2011). These changes in temperature and pH are coupled with solar irradiation, with the highest temperature, pH and sunlight during midday and the lowest occurring before sunrise. For the 39 samples, RNA-seq libraries of 75-bps single end had an average of 28,721,884 reads. There were 23,029 reads with at least 10 copies per sample and 18,749 reads with at least 100 copies per sample. An average of 12,476,062 reads (43.5%) per sample were mapped to the Acropora digitifera transcriptome (Supplementary Table Sequence statistics). Based on the variance analysis and clustering method and identification of genes having a synexpression we were able to identify periodic signals in the time-series data along the day. Next, we divided the daily 24-hour day into four quarters representing morning (06:00 am-10:00 am), afternoon (12:00 pm-16:00 pm), evening (18:00 pm-22:00 pm), and night (00:00 am-04:00 am) times. Based on the expression patterns we generated gene lists of 1,454 differentially expressed genes. These highly variable genes were assigned to clusters by their expression over the time course using a Dirichlet process Gaussian process model which generated 67 gene clusters (Supplementary Table Gene annotation).



3.1.1 First quarter – Early morning 6:00-10:00

There were 48 out of 1,454 genes that showed a single peak expression during the morning (Figure 1). GO term analysis revealed that ~53% of these genes cluster to the GO term “Transport”- mainly ion transport including calcium, chloride, bicarbonate, lipid, and cholesterol. 41% of these genes cluster to the Go term “signal transduction”- mainly GPCR and Wnt signaling. Additionally, 35% of these genes cluster to the GO term “cellular protein modification process mainly protein ubiquitination and phosphorylation.




Figure 1 | First quatre- Early morning gene expression pattern. (A) Expression pattern results from the DP_GP clustering (cluster 28). (B) Heatmap of morning cluster gene expression across all time points based on Z-score. The color scale indicates individual gene expression.






3.1.2 Second quarter – Mid-day 12:00-16:00

We found 120 genes that had a single peak expression during the afternoon (Figure 2). GO term analysis revealed that 50% of these genes cluster to the GO term “signal transduction”- mainly GPCR (rhodopsin) in response to stimulus, hormones or growth factors, apoptotic pathways in response to DNA damage such as JNK, MAPK, and NF kappa B pathways. 35% of these genes cluster to the Go term “anatomical structure development”- mainly nervous system development and ECM organization. 32% of these genes cluster to the GO term “response to stress “- mainly inflammatory response, DNA damage, and innate immune response.




Figure 2 | Second quarter – Mid-day gene expression pattern. (A) Expression pattern results from the DP_GP clustering (cluster 2). (B) Heatmap of afternoon cluster gene expression across all time points based on Z-score. The color scale indicates individual gene expression.






3.1.3 Third quarter – Night fall 18:00-22:00

We found 111 genes that had a single peak expression during the evening (Figure 3). GO term analysis revealed that 46% of these genes cluster to the GO term “signal transduction”- mainly apoptotic pathways such as toll-like receptor signaling and NF kappa B. 35% of these genes cluster to the Go term “response to stress”- mainly oxidative stress and DNA damage. And 33% of these genes cluster to the GO term “cellular nitrogen compounds metabolic process “- mainly DNA repair and RNA transcription.




Figure 3 | Third quarter – Nightfall gene expression pattern. (A) Expression pattern results from the DP_GP clustering (cluster 21). (B) Heatmap of evening cluster gene expression across all time points based on Z-score. The color scale indicates individual gene expression.






3.1.4 Fourth quarter - Nighttime 00:00-04:00

We found 61 genes with a single peak expression during the night (Figure 4). GO term analysis revealed that 40% of these genes cluster to the GO term “signal transduction”- mainly GPCR and Rho pathways in response to hormones and apoptotic pathways. 38% of these genes cluster to the Go term “response to stress”- mainly DNA repair and hypoxia. 35% of these genes cluster to the GO term “cell differentiation “- mainly neurogenesis.




Figure 4 | Nighttime gene expression pattern. (A) Expression pattern results from the DP_GP clustering (cluster 19). (B) Heatmap of nighttime cluster gene expression across all time points based on Z-score. The color scale indicates individual gene expression.






3.1.5 Bidaily expression peak

We found 19 genes that have twice-a-day expression peaks, once during the afternoon (16:00) and once during the night (00:00) (Figures 5A, B). GO term analysis revealed that 38% of these genes cluster to the GO term “biosynthetic process”- mainly RNA transcription. 38% of these genes cluster to the Go term “signal transduction”- mainly in response to stimulus, Ras, and TLR pathways. 35% of these genes cluster to the GO term “cellular nitrogen compounds metabolic process “- mainly RNA stabilization and processing. We identified a second set of genes clustering to two peak expressions a day, once during the evening (22:00) and once during the night (00:00) (Figures 5C, D). GO term analysis revealed that 44% of these genes cluster to the GO term “cell differentiation”- mainly nervous system development. 44% of these genes cluster to the Go term “signal transduction”- mainly Notch and Wnt signaling. 27% of these genes cluster to the GO term “small molecule metabolic process “- mainly amino acid metabolism.




Figure 5 | Bidaily gene expression pattern. (A) Afternoon and nighttime expression pattern result from the DP_GP clustering (cluster 61). (B) Heatmap of the afternoon and nighttime cluster gene expression across all time points based on Z-score. (C) Evening and nighttime Expression pattern result from the DP_GP clustering (cluster 52). (D) Heatmap of the evening and nighttime cluster gene expression across all time points based on Z-score. The color scale indicates individual gene expression.








4 Discussion

Coral physiology and behavior have previously been shown to oscillate between day and night (Risk and Pearce, 1992; Levy et al., 2001; Levy et al., 2003; Moya, 2006; Reitzel et al., 2013; Gutner-Hoch et al., 2016; Oldach et al., 2017; Neder et al., 2022), but the cellular response linking external environmental conditions to internal gene expression throughout the day is relatively vague. The transcriptomic differences throughout the day reflect the response of the coral to irradiance, oxygen, and nutrient availability. In A. digitifera, genes that were significantly different between the various quarters of the day were involved in a range of processes (Figure 6), including signal transduction (mainly GPCR), mediation of stress responses and immunity, lipid metabolism, ion transport. In the morning, when light intensity is lower, as well as temperature and pH levels (Middelboe and Hansen, 2007; Hurd et al., 2011), we found an enhancement of biological processes involved in ion transport and metabolism. A recent review of the transcriptomic responses of marine metazoans to ocean acidification found a change in metabolic processes and ion transport and suggested a trade-off between ion homeostasis and other processes such as calcification (Strader et al., 2020). Low aragonite saturation in the early morning (Zoccola et al., 2015; Glazier et al., 2020) may be the reason for the upregulation of ion transport processes that we observed to increase pH and transport of bicarbonate to increase carbonate ion concentration in coral tissue. This trade-off with a decrease in calcification rates is also evident in the increase in genes involved in the Wnt signaling process, which has previously been shown to increase with the decrease in the biomineralization process (Kaniewska et al., 2015) (Figures 1, 6).




Figure 6 | Illustration of diel environmental factors and cellular processes divided into the four quarters of the day.



Previous studies have shown that symbiotic corals respond to diurnal patterns of key environmental cues of temperature and light via physiological and cellular pathways (Levy et al., 2006). It is known that the net oxygen evolution rate tracks the diurnal pattern of solar energy flux, which means that in the afternoon quarter of the day, the oxygen flux and solar radiation acting on the coral host are highest (Levy et al., 2006; Sorek et al., 2014). From our results, it appears that coral biological processes in the afternoon consist mainly of light-related signal transduction, which is conspicuous by the high expression of rhodopsin GPCRs, known for their involvement in phototransduction in cnidarians (Kaniewska et al., 2015; Rosenberg et al., 2017). High solar radiation also leads to high photosynthesis performances, which might explain our results of increased development and ECM organization during the afternoon, as the coral host is known to use a high proportion of the energy supplied by photosynthesis for growth and development processes (Houlbrèque et al., 2004). Additionally, solar radiation causes DNA damage which could explain our results showing the increase in the apoptotic response to DNA damage and innate immune response activity during the afternoon (Lesser and Farrell, 2004) (Figures 2, 6).

The evening time associated with sunset brings many shifts in the transcriptomic response of corals. We found that at this time of day, corals show a response to oxidative stress due to the known hypoxic conditions resulting from the lack of photosynthesis and respiration after dusk (Shashar et al., 1993; Jones and Hoegh-Guldberg, 2001). Oxidative stress in the form of hypoxia can also induce DNA damage, this leads to the enrichment in processes involving the response to DNA damage during the evening and eventually to DNA repair and RNA transcription, both of them as part of the “transcription-coupled DNA repair”, a known mechanism that reacts to oxidative DNA damage (Møller et al., 2001; Menoni et al., 2018).

Nighttime gene expression continues to respond to the stress coupled with hypoxic tissue conditions. Additionally, we found that corals express the biological process of “signal transduction” in response to hormones, this correlates with previous studies showing that endocrine signaling in cnidarians is orders of magnitude higher during periods of darkness (Tarrant, 2005). At nighttime, we also found many genes involved in cell differentiation, specifically neurogenesis. Neurogenesis in cnidarians probably refers to the development of the nervous system and sensory cells (Galliot et al., 2009), both neurogenesis and cell proliferation are known to show higher rates during periods of darkness in most organisms (Jacobs, 2002; Grassi Zucconi et al., 2006).

When looking at the results of gene expression with two peak expressions a day we can see two trends. The first, is genes that have a peak in the late evening (22:00) and early night (00:00), with enrichment of biological processes that conform to the dark period of the day and are most likely continued across the night. The second trend, genes that have peaked during the late afternoon (16:00) and early night (00:00) are enriched with processes that are not noticeable in any quarter of the day alone. These processes involve multiple steps of the RNA life cycle, such as RNA transcription and stabilization, that are all controlled by the circadian timekeeping system. The circadian system maintains the correct period, phase, and amplitude of the rhythms of thousands of proteins that generate a wide range of rhythmic biological processes (Aschoff, 1960; Reitzel et al., 2013; Torres et al., 2018). Thus, the corals circadian gene expression is tightly regulated at several steps as we notice in their separation along the day.

The physiology of corals follows the light-dark cycle, alternating between high energy during the day and low energy at night (Levy et al., 2006; Reitzel et al., 2013; Sorek et al., 2014). External signals enable the coral’s to anticipate intake, processing, energy consumption, digestive processes, and cell repair. The temporal signals synchronize the biological clock, which orchestrates functions and behavior in a timely manner. The daily processes we observe in A. digitifera are necessary for adaptation and homeostasis. When circadian processes are perturbed, for example when corals are subjected to artificial light or anthropogenic stressors, individuals cannot anticipate and respond efficiently to the daily challenges associated with the day-night cycle (Shlesinger and Loya, 2019; Ayalon et al., 2021; Rosenberg et al., 2022). In this paper, we highlight the synchronicity between the daily environment-imposed challenges and their harmonization with the biological processes of the corals. We found that many time-dependent processes in A. digitifera are in line with those presented by Neder et al. (2022) for S. pistillata. Our analysis of gene expression profiles revealed similar synexpression patterns as Neder et al. (2022), particularly in terms of an extensive up-regulation of genes associated with reactive oxygen species, redox, metabolism, and ion transporters. We also found correlation with S. pistillata gene expression in terms of up-regulation of genes associated with tissue development, cellular movement, antioxidants, and protein synthesis. We were able to distinguish and map the processes that occur throughout the day in A. digitifera corals under baseline, natural environmental conditions. This information will serve as a valuable resource for future research to compare changes in the biological processes of corals under artificial conditions and determine the level of disturbance that allows corals to maintain homeostasis in an ever-changing ocean.
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