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There is substantial evidence that coral reefs are suffering worldwide due to global climate change, anthropogenic pressures, and local stressors, which led to their rapid decline over the last few decades with bleaching causing most of this loss (Hughes et al., 2017; Hughes et al., 2018). In order to more accurately predict the impacts of global changes and develop conservation and stress mitigation strategies, efforts have recently increased in elucidating the cellular and molecular mechanisms underlying coral bleaching and other coral responses to environmental stressors (Helgoe et al., 2024). As sessile and long-lived animals that experience variable conditions, corals rely mainly on their cellular stress responses for acclimatization and adaptation (Drury, 2020). Moreover, since changes at the cellular level are the first detectable responses to environmental perturbations, the analysis of cellular biomarkers represents a useful diagnostic tool reflecting variations in cellular integrity and pathways before larger-scale processes are affected (Downs, 2005; Louis et al., 2020; Montalbetti et al., 2021).
Although recent and substantial advances in omics technologies have made the study of coral molecular processes more efficient, rapid, and accessible (Weis, 2019; Cziesielski et al., 2020), our understanding of coral cell biology remains inadequate (Oakley and Davy, 2018; Weis, 2019). This Research Topic aimed to expand this knowledge and bridge existing gaps. The articles presented here demonstrate how various physiological and molecular approaches and techniques can be adopted to understand the responses of coral holobionts to a multitude of stressors.
Sea surface temperature increase and heat waves are the primary drivers of coral bleaching and reef degradation worldwide (Hughes et al., 2018; Eakin et al., 2019). Therefore, mesophotic habitats often represent potential refugia for corals (Bongaerts et al., 2010; Muir et al., 2017). In their study, Tavakoli-Kolour et al. analyzed the photosynthetic efficiency (maximum quantum yield at photosystem II) and the bleaching conditions, via symbiotic microalgal density and chlorophyll concentrations, of mesophotic and shallow coral species subjected to different temperature scenarios reproducing different Degree Heating Weeks (DHWs). Their results indicated that mesophotic corals have a threshold temperature slightly lower or equal to that of shallow corals, suggesting that, although they can survive thermal stress below 4 DHWs, mass bleaching can occur above this threshold. Coral reefs at relatively high latitudes could also be potential refuges for corals (Camp et al., 2018; Dellisanti et al., 2023). However, corals living in such habitat could suffer from low-temperature stress, inducing bleaching (Tracey et al., 2003; Marangoni et al., 2021). Wei et al. explore the response of Porites lutea from a high-latitude coral reef in the South China Sea under acute (1–2 weeks) and chronic (6–12 weeks) low-temperature stress, by analyzing maximum quantum yields and transcriptomic profiles. Low temperatures inhibited photosynthetic efficiency and reduced energy production and calcification by down-regulating sugar metabolism and calcification-related genes. However, this was particularly observed during a short acute treatment, suggesting a possible coral acclimation to chronic low temperature.
Although thermal stress is recognized as the main cause of coral bleaching, high solar irradiance can also play a central role in this process by exacerbating the production of reactive oxygen species (ROS) (Roth, 2014; Courtial et al., 2018). Shading-based management interventions could therefore reduce coral bleaching risk. Butcherine et al. examined the effectiveness of intermittent shade on two coral species held at either optimum or high temperatures. The analysis of coral health condition through the bleaching assessment (chlorophyll a, and symbiont density), the photochemistry, and the use of antioxidant enzymes (SOD and CAT) as cellular stress biomarkers, suggested that intermittently shading corals for 4 h can mitigate the impact of thermal stress.
However, even extremely low light levels, mainly related to high sedimentation rate and turbidity, can induce coral bleaching and negatively impact coral metabolism (DeSalvo et al., 2012; Bollati et al., 2021; Tuttle and Donahue, 2022). Using transcriptomics, Lock et al. identified gene expression patterns and molecular pathways that may allow the massive coral Porites lobata to tolerate and persist to chronic and severe sedimentation in the turbid Fouha Bay (Guam), providing important insights into coral metabolic plasticity and acclimation to this stressor. In particular, alternative energy generation pathways may help to counteract low light and oxygen levels, the upregulation of apoptosis genes may maintain colony integrity, and increased expression of cellular communication genes may help corals respond to sediment-associated pathogens.
Molecular biomarkers are also used as a proxy for water quality and anthropogenic pollution. Tisthammer et al. employed enzyme-linked immunosorbent assays to evaluate stress responses in P. lobata along an environmental gradient in Maunalua Bay (Hawaii), revealing distinct protein expression patterns, especially those of ubiquitin and Hsp70, which correlate with anthropogenic stressor levels across the bay. Nardi et al. analyzed the ecotoxicological response of the Mediterranean coral Madracis pharensis to polycyclic aromatic hydrocarbons (PAHs) bioaccumulated from chronic oil leakage from a shipwreck in Cyprus. The high ROS scavenging capacity and the low functionality of detoxification processes associated with the glutathione-S-transferase enzyme suggested that M. pharensis has the capability to develop cellular and physiological adaptations to chemical-mediated stress. Morgan et al. focused on the synergistic, antagonistic, or additive effect of oxybenzone BP-3, the active ingredient in sunscreen, and ocean acidification (OA), on the expression profiles of 22 genes of interest (GOIs) in sea the anemone Exaiptasia diaphana. The collective antagonistic responses of GOIs associated with collagen synthesis suggested their role as candidate biomarkers of stress, while GOIs with synergistic and additive responses, such as serotransferrin-like (TF) and monocarboxylate transporters (MCTs) genes, respectively, were also identified.
Finally, cellular stress mechanisms are also known to be involved in coral response to biotic interactions (Seveso et al., 2012; Seveso et al., 2017). For example, using gel-filtration chromatography and liquid chromatography-tandem mass spectrometry, Suzuki et al. identified and characterized red fluorescent proteins (RFPs) and chromoproteins (CPs) in inflammatory pink lesions of Porites colonies subjected to the pink pigmentation response (PPR). The results suggested a possible differential role of these proteins in coral immunity despite their coexistence. Additionally, CPs, which are specifically expressed in PPR lesions, may serve as an antioxidant protection, providing new insights into the role of CPs in the coral immune response.
Considering that understanding how corals can genetically or physiologically adapt to environmental changes has become a global research priority, we believe that this Research Topic provides a more comprehensive view of the cellular mechanisms involved. It may encourage future advancements in this field and support strategies and tools to potentially reduce or mitigate the impacts of cellular stress in corals.
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Mesophotic habitats are potential refugia for corals in the context of climate change. The seawater temperature in a mesophotic habitat is generally lower than in a shallow habitat. However, the susceptibility and threshold temperatures of mesophotic corals are not well understood. We compared 11 mesophotic and shallow species to understand their thermal stress thresholds using physiological parameters. Coral fragments were exposed to two thermal stress treatments, with temperatures set at ~30°C and ~31°C, and a low-temperature treatment set at ~28°C as the “no stress” condition for 14 days. We found that the threshold temperature of coral species at mesophotic depths is slightly lower or equal to that of corals in shallow depths. The results suggest that species in the mesophotic coral ecosystems can survive low (<4 degree heating weeks) thermal stress. However, mass bleaching and high mortality can be expected when temperatures rise above 4 degree heating weeks.
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Introduction

Coral reefs are ecosystems threatened by anthropogenic activities and consequent extensive coral bleaching events (Hoegh-Guldberg et al., 2007; Spalding and Brown, 2015; Hughes et al., 2017). Shallow coral reefs are facing unprecedented bleaching events and subsequent degradation (Hughes et al., 2018b; Lough et al., 2018). The severity and frequency of the bleaching events may increase in the near future (McClanahan et al., 2015). Coral bleaching begins when a sea surface temperature anomaly exceeds 1°C above the maximum monthly mean recorded temperature (Glynn and D'Croz, 1990). The threshold temperature for coral bleaching substantially varies geographically based on the habitat temperature (Hughes et al., 2003; Jokiel, 2004; Hughes et al., 2017). The degree heating week (DHW) index is used to estimate the severity and duration of thermal stress (Kayanne, 2017; Skirving et al., 2020). DHWs indicate the accumulation of temperature anomalies exceeding the historical maximum monthly mean (MMM) temperature, and bleaching potentially occurs at more than 4 DHWs (Liu et al., 2013; Kayanne, 2017). Temperature stress strongly influences the physiological function of reef-building corals (Hoadley et al., 2016), and consequently can affect the integrity of the ecosystem (Baker et al., 2008). However, numerous studies have confirmed that thermally variable environments have led to more thermally tolerant species/colonies than those inhabiting moderate habitats (Oliver and Palumbi, 2011; Mayfield et al., 2013; Klepac and Barshis, 2020).

In contrast to shallow reefs, mesophotic coral ecosystems (MCEs; coral reefs below 30 m depth) are subjected to lower light intensity, lower wave disturbance, and exhibit variable temperature regimes that can range from moderate (Lesser et al., 2009; Kahng et al., 2010) to extreme variations (Schramek et al., 2019; Wyatt et al., 2020; Pérez-Rosales et al., 2021; Wyatt et al., 2023). While seawater temperatures in MCEs are generally considered cooler compared to their shallower counterparts (Lesser et al., 2009; Shlesinger et al., 2018; Turner et al., 2019; Tavakoli-Kolour et al., 2023), the extent of this thermal variability raises questions about the thermal tolerance of corals inhabiting these ecosystems. MCEs are considered potential refugia for coral reefs (Riegl and Piller, 2003; Bongaerts et al., 2010; Muir et al., 2017), and may safeguard reef biodiversity and ecological function in the face of climate change in the near future. Therefore, the “deep reef refugia” hypothesis (DRRH) has been postulated (Glynn, 1996; Bongaerts et al., 2010). However, there is limited empirical data thus far to support the DRRH (Bongaerts and Smith, 2019). Studies investigating the effectiveness of the DRRH have found that it is only applicable in certain cases (Bongaerts et al., 2017; Frade et al., 2018). Furthermore, it is unclear whether MCEs serve as refugia for both shallow and mesophotic species or only for shallow species.

Stress responses, such as bleaching, differ among species (Bieri et al., 2016; Traylor-Knowles, 2019). The thermal tolerance threshold of coral species depends on the temperature regime of their habitat and their acclimation/adaptation (Logan et al., 2014; Kleypas et al., 2016). Therefore, given the variability of the thermal regime in mesophotic ecosystems, it is important to consider the implications for the thermal tolerance of corals in these ecosystems. While there is growing interest in the study of the thermal tolerance of mesophotic corals (Nir et al., 2014; Smith et al., 2016; Schramek et al., 2018; Skutnik et al., 2020; Gould et al., 2021; Pérez-Rosales et al., 2021; Godefroid et al., 2023; Wyatt et al., 2023), there is still a significant gap in knowledge pertaining to MCEs.

Elucidating the physiological functions that respond to environmental stress can help understand the tolerance and acclimatization levels of corals in the unique ecological settings of MCEs. Temperature is a factor that affects the physiological functions of corals (Hoadley et al., 2016). For example, responses to thermal stress, which are involved in bleaching, have been examined in terms of physiological aspects, such as symbiotic algal density, algal chlorophyll content, and maximum photosynthetic efficiency (Nielsen et al., 2018; Ben-Zvi et al., 2020). Furthermore, mortality after bleaching and the degree of bleaching have been examined (Pratchett et al., 2020). These stress responses occur in genera- and species-specific manner (Abrego et al., 2008; Diaz et al., 2016; Dias et al., 2019), and the susceptibility of corals to thermal stress has been considered as a critical factor affecting the community structure of coral reef ecosystems (Marshall and Baird, 2000; Dias et al., 2018). While some studies have compared the thermal tolerance of corals from different depths (Skutnik et al., 2020; Gould et al., 2021), our current knowledge remains limited, providing an incomplete understanding of the physiological function and thermal thresholds across a wide range of species, from shallow coral ecosystems to MCEs. Published studies have found contradicting patterns of lower thresholds versus equal or potentially higher thresholds in mesophotic corals compared to shallow water corals. Consequently, further investigation is necessary to compare the thermal thresholds and physiological responses between corals from mesophotic and shallow depths.

In this study, we aimed to examine the response of eleven coral species from both mesophotic and shallow depths to thermal stress in terms of survivorship, bleaching, and photosynthetic activity. Furthermore, we discuss the acclimatization potential of these species to global warming.





Materials and methods




Coral collection and experimental design

This study was performed on five coral species, including Acropora valida, Galaxea fascicularis, Porites sp., Porites cylindrica, and Turbinaria mesenterina, from shallow depth (5–7 m) and five species, including Acropora cf. horrida, Galaxea cf. astreata, Porites sp., Seriatopora hystrix, and Leptoseris papyracea, from upper mesophotic depth (40 m), with one species, Pachyseris speciosa, collected at both depths (Figure 1). Three healthy colonies with roughly equal-sized (approximately 20-25 cm2) of each species were collected by SCUBA divers with hammer and chisel from shallow (26° 39’ N, 127° 52’ E) and mesophotic (26° 40’ N 127° 51’ E) depths north of Sesoko Island, Okinawa, Japan, in August 2018 and transferred to the Sesoko Station of the Tropical Biosphere Research Center of the University of the Ryukyus. The coral species were identified based on Wallace (1999) and Nishihira and Veron (1995). Twelve fragments of similar sizes were collected from each colony and mounted on plastic screws using super jelly glue. They were placed in seawater flow-through tanks at 28°C and maintained under experimental light conditions (as described below) for two weeks before starting the experiment to facilitate wound healing.




Figure 1 | Images of 11 coral species fragments from shallow and mesophotic depths exposed to different temperature regimes to indicate interspecific responses of the species. The left column display the bleached skeleton of coral species. (A) Acropora valida; (B) Galaxea fascicularis; (C) Pachyseris speciosa; (D) Porites sp.; (E) Porites cylindrica; (F) Turbinaria mesenterina; (G) Acropora cf. horrida; (H) Galaxea cf. astreata; (I) Pachyseris speciosa; (J) Porites sp.; (K) Seriatopora hystrix; and (L) Leptoseris papyracea.



We exposed shallow and mesophotic fragments to different light and temperature conditions for two weeks. Light conditions were set based on the light (photosynthetically active radiation, PAR) measured at shallow and mesophotic site (Prasetia et al., 2016). Due to the limitation of LED lamps, data from cloudy day were used as a reference for shallow reef (5m depth). The fragments were placed under a 12:12-h light/dark cycle, in two different light conditions corresponding to their original depths. LED lights (AI Hydra FiftyTwo HD LED, Aqua Illumination, USA) were used with shallow light irradiance (~200 µmol m−2 s−1) for the shallow coral fragments and mesophotic light irradiance (~25 µmol m−2 s−1) for the mesophotic coral fragments. To achieve this intensity for the mesophotic depth, the lamp was set to 20% of its maximum capacity.

Three temperature treatments were designated based on the determination of maximum monthly mean (MMM) temperatures at different depths. Due to temperature anomalies and coral bleaching observed at shallow depths of the study sites during 2016 and 2017, MMM values for the shallow depths at the study sites were obtained from the National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch (CRW) satellite products for the Northern Ryukyus Island 5 km Regional Virtual Station (Liu et al., 2014; Liu et al., 2017). The MMM for the 40m depth was calculated by averaging the highest monthly temperatures during the warmest months (June 21st to September 21st) of each year, based on in-situ water temperatures measured at hourly intervals from 2015 to 2018 at the mesophotic study site (Prasetia et al., 2022) using underwater temperature loggers (HOBO Water Temp Pro v2, Onset, USA) (Liu et al., 2003). The climatological MMM values were calculated for each depth: 28.4°C for the shallow depths and 27.9°C for the mesophotic depths. The solar calendar was used to accurately determine the corresponding seasons.

We conducted an experiment with three temperature treatments to induce moderate-duration thermal stress for 14 days. The temperature treatments were ~28°C, ~30°C, and ~31°C. The ~28°C temperature was set at 27.8 ± 0.9°C, which corresponds to the average maximum daily temperature at mesophotic depth during the experiment (Figures 2, S1). The thermal stress temperature of ~30°C was set at 29.8 ± 0.4°C, which corresponds to 4 > eDHWs in mesophotic and shallow depths for two weeks. The thermal stress temperature of ~31°C was set at 31.3 ± 0.5°C, which corresponds to 5~7 eDHWs in shallow and mesophotic depths. To achieve the desired temperatures and start the experiment, the temperature in the thermal stress conditions was ramped up by 0.5°C every 6 hours. Chillers were used to regulate the temperature conditions at ~28°C, while separate heaters controlled the thermal temperature conditions. Temperature loggers (HOBO Water Temp Pro v2) were used to monitor the temperatures (Figure S2A).




Figure 2 | Annual temperature fluctuations in shallow and mesophotic depths of the study area (2015–2018). The horizontal dark red line (TTS) and the dark blue dashed line (TTM) represent the threshold temperature for shallow depth (29.4°C) and mesophotic depth (28.9°C), respectively. The vertical gray dashed lines separate the years.



A total of 18 aquariums were utilized in this study. Three replicates of 26-L flow-through (0.02 L s-1) aquaria were established for each temperature treatment under each light condition (Figure S2B). In each temperature treatment, twelve fragments of each species (with four replicates per colony) were randomly placed in three aquaria, resulting in a total of four fragments from each species per aquarium. At least one fragment of each colony was placed in an aquarium (Figure S2C).

Overall, each aquarium contained 24 fragments from six species, which were placed with a 4 cm distance between fragments. Finally, three fragments from each species were randomly collected from each temperature treatment and each species (one fragment per colony/aquarium) to measure physiological parameters on days seven and 14 of the experiment. The collected fragments were stored at -80°C until measurement.





Monitoring coral health and color

The health status of fragments (healthy and dead fragments with no live tissue) was visually assessed daily, and color was monitored every other day during the experiment. All the fragments in each aquarium were photographed using a digital camera (Canon Powershot G10; Canon, Japan) with constant white balance under identical illumination, and Coral Health Chart (Coral Watch) was used to assess bleaching intensity (Siebeck et al., 2006).

The coral images were analyzed using Adobe Photoshop CC 2015. The coral reflection color was recorded using the histogram function with the RGB channel and matched with the Coral Health Chart color category (Siebeck et al., 2006).





Photosynthetic efficiency

The maximum quantum yield of the photosystem II (Fv/Fm) was used as a sensitive indicator of symbiotic microalgal cells and monitored every other day for each fragment after 20 min of dark adaptation (after sunset) using a pulse-amplitude modulated fluorometer (Diving PAM; Walz, Effeltrich, Germany). Minimum fluorescence (Fo) was determined using 3μs pulses of a light emitting diode (blue LED, peak emission at 470 nm; MEAS-INT: 6, DAMP:1, GAIN:3), and the maximum fluorescence (Fm) of each dark-adapted sample was measured by a 0.8 s saturation light pulses (8000 μmol photons m−2s−1;SAT-INT: 12).





Symbiotic microalgal density and chlorophyll concentrations

To determine symbiotic microalgal density and chlorophyll content, samples stored at −80°C were used. Coral tissues were collected from each fragment (n = 3 per treatment) using an air pick and transferred to filtered (0.22 μm) seawater. Subsequently, the coral tissue slurry was homogenized using a Potter–Elvehjem tissue grinder and centrifuged at 5000 × g for 20 min at 4°C. Following this, the supernatant was discarded, and the pellet of symbiotic microalgae cells was resuspended in fresh filtered seawater. The cell density of the fragments (n = 3 for each species in each treatment) was counted with a hemocytometer under a light microscope.

One milliliter of the slurry was centrifuged for 20 min, and the supernatant was discarded for each fragment. The pellet was resuspended in 1 mL acetone and stored in darkness for 24 h at 4°C to extract chlorophyll. The absorbance of the samples was measured using a spectrophotometer (Shimadzu UV-1800 spectrophotometer; Shimadzu Inc., Kyoto, Japan), and chlorophyll a and c2 concentrations (n = 3 for each species in each treatment) were calculated using the equations of Jeffrey and Humphrey (1975). The symbiotic microalgae density and chlorophyll content were normalized and estimated to the surface area of each fragment by the wax dipping technique (Veal et al., 2010).





Assessment of thermal stress accumulation levels in treatments

The level of accumulated thermal stress within each treatment during the 14-day experiment was monitored using two metrics: experimental degree heating weeks (eDHW) (Leggat et al., 2022) and experimental degree heating days (eDHD) as described in Wyatt et al. (2020). These metrics were calculated based on the recorded temperature data in the treatments and provide an indication of the intensity and duration of thermal stress accumulation commonly associated with coral bleaching responses (Skirving et al., 2020; Wyatt et al., 2023). Briefly, to calculate the eDHW values, we sum of the recorded water temperatures anomalies that exceeded 1°C above the maximum monthly means (MMM; shallow treatment: 28.4°C; mesophotic treatment: 27.9°C) in each treatment over the 14-day period. We then divide this sum by seven to obtain weekly units. For the eDHD values, we sum of the recorded water temperature anomalies in 10-minute intervals that exceeded 1°C above the maximum monthly means (MMM) of each treatment. We then divide the sum by the number of recorded temperatures in each day (n=144, 10-minute intervals) to achieve daily units.





Statistical analyses

The survival of species in different treatments was estimated using the log-rank test on the Kaplan–Meier curves (Kaplan and Meier, 1958) using the “survfit” function from the “survival” package on R (Therneau, 2015). Normality and homogeneity of variances were assessed using Shapiro–Wilk test and Levene’s test, respectively (Queen et al., 2002). Spearman correlation coefficients were used to analyze the relationships between the daily mean in situ seawater temperatures at depths of 3 and 40 meters during 2015 and 2018. Wilcoxon rank test was used to test the differences in maximum and mean daily temperatures between shallow and mesophotic depths. Generalized linear models (GLM) using the package “lme4” were used to evaluate the effect of temperature treatments on brightness and Fv/Fm for each species and depth. Temperature treatments and days were considered as fixed effect factors. A generalized linear model (GLM) was also used to test the effect of temperature on symbiotic algal density and chlorophyll concentration. Tukey’s test was performed using the “emmeans” package on R (Lenth, 2019).

To investigate inter-specific and depth-dependent variation in the thermal tolerance of corals to different treatments, the standardized mean differences of the data were obtained using Hedges’ G method (Hedges, 1981), and the effect size was calculated using the “metacont” function of “meta” package in R (Schwarzer et al., 2015). Forest plots were used to generate the effect size with 95% confidence intervals using the “ggplot” package. Statistical significance was set at p < 0.05. R v4.0.4 (R Core Team, 2021) was used for all statistical analyses.






Results




Temperatures in shallow and mesophotic reefs

Maximum monthly mean (MMM) climatological temperatures obtained were 28.4°C and 27.9°C in the shallow and mesophotic habitats, respectively, during three months of the high-temperature season. The thermal thresholds in the shallow and mesophotic habitats were predicted to be one degree higher than the MMM temperatures at each depth (shallow: 29.4, mesophotic: 28.9) (Figure 2). To obtain a comprehensive understanding of the thermal conditions at various depths, we analyzed the maximum and average daily temperatures at different depths using temperature data recorded over a five-year period from 2015 to 2020. Additionally, we examined the daily temperature fluctuations during both high-temperature seasons (summer: June 21st to September 21st) and low-temperature seasons (winter: December 21st to March 21st). The analysis of temperature data from different depths revealed that the maximum and mean daily temperatures in the mesophotic depth were lower than those in the shallow depth at the study sites (Wilcoxon rank test, p < 0.0001). However, temperature fluctuations increased with depth during the summer (GLM, p < 0.0001). In the winter, the mesophotic depth showed lower daily temperature fluctuations than the shallow depth (GLM, p < 0.0001; Figures 2, S1). Furthermore, a strong correlation was found between seawater temperatures at depths of 3 and 40 m (Spearman’s correlation, p < 0.0001, ρ = 0.908).





Survivorship of different species

All shallow and mesophotic species fragments survived in the ~28°C temperature until the end of the 14-day experiment. Among species from shallow depths, mortality was observed only at ~31°C temperatures (5.6 eDHWs in shallow), with the highest mortality rates observed in Porites cylindrica (22%), Porites sp. (11%), and Acropora valida (11%). In contrast, among species from mesophotic depths, high mortality was observed in ~30°C and ~31°C temperature treatments (3.7 and 6.7 eDHWs in mesophotic) for Acropora cf. horrida (100%) and ~ 31°C temperature treatments (6.7 eDHWs) for Seriatopora hystrix (100%), Galaxea cf. astreata (44%), and Porites sp. (11%).

Other species, such as Pachyseris speciosa, Turbinaria mesenterina, and Galaxea fascicularis from shallow depths and Pachyseris speciosa and Leptoseris papyracea from mesophotic depths, survived under all temperature conditions. The log-rank test showed significant differences in survival rates between colonies subjected to ~30°C and ~31°C temperatures compared to ~28°C, as well as between the depths (Figure 3; Table S1).




Figure 3 | Survival probabilities of corals from mesophotic and shallow reefs over a period of 14 days under three different temperature conditions. Kaplan–Meier log-rank test p-values are shown for comparing survival curves in three different temperature treatments. All fragments of Pachyseris speciosa, Turbinaria mesenterina, and Galaxea fascicularis from shallow areas and P. speciosa and Leptoseris papyracea from mesophotic depths, exhibited 100% survivorship under all temperature conditions throughout the experimental period.







Coral brightness and bleaching

The color of shallow and mesophotic fragments exposed to higher temperatures turned pale (brighter color caused by bleaching) compared with those in the ~28°C treatment, and the brightness of the fragments gradually increased over the experimental period (Figure 4; Table S2). A significant increase in brightness was observed in all species at shallow and mesophotic depths at ~31°C treatment (GLM, p < 0.0001). In the ~30°C treatment, three out of six species showed a significant change in brightness: Acropora valida (GLM, p < 0.0001), Porites cylindrica (GLM, p < 0.0001), and Pachyseris speciosa (GLM, p = 0.0001). In contrast, four out of six mesophotic species exhibited a significant increase in brightness in the ~30°C treatment: Acropora cf. horrida (p < 0.0001), Pachyseris speciosa (p = 0.01), Leptoseris papyracea (p = 0.007), and Seriatopora hystrix (p = 0.003) (Figures 1, 4; Table S2).




Figure 4 | Changes in brightness of corals from mesophotic and shallow reefs under three different temperature treatments over a period of 14 days. The brightness was determined based on the hue value measured from photos. The brightness range varied from 55 to 255, with a value of 55 corresponding to healthy fragments, and a value of 255 indicating bleached fragments (Siebeck et al., 2006). An asterisk on the left side of the plots indicates a significant difference between treatments: orange represents a significant difference between ~28°C and ~30°C treatments, while red represents a significant difference between ~28°C and ~31°C treatments.







Photosynthetic efficiency

In most species, the maximum quantum efficiency of photosystem II (Fv/Fm) was highest at ~28°C and decreased in corals exposed to temperature treatments at ~30°C and ~31°C (Figure 5; Table S3). Among the shallow species, four out of six species showed a significant decrease in Fv/Fm at ~31°C (Acropora valida, p < 0.0001; Porites sp., p = 0.01; Porites cylindrica, p < 0.0001; Turbinaria mesenterina, p < 0.0001), while no significant reduction was observed at ~30°C. Among the mesophotic species, all species exhibited a significant reduction in Fv/Fm at ~31°C (GLM, p < 0.05), and only Acropora cf. horrida showed a significant reduction at ~30°C (GLM, p = 0.0003).




Figure 5 | Changes in maximal quantum yield of photosystem II (Fv/Fm) in corals from mesophotic and shallow reefs under three temperature conditions over 14 days. An asterisk on the left side of the plots indicates a significant difference between treatments: orange represents a significant difference between ~28°C and ~30°C treatments, while red represents a significant difference between ~28°C and ~31°C treatments.



Pachyseris speciosa displayed different responses in shallow and mesophotic habitats. In mesophotic fragments, a significant reduction of 67.61% was observed at ~31°C (GLM, p < 0.0001), while at ~30°C, there was a non-significant reduction of 18.03% (GLM, p = 0.4) during the experimental period. In contrast, in the Fv/Fm of shallow Pachyseris speciosa fragments, there was no significant reduction (GLM, p > 0.5) at ~31°C, with a decrease of 14.7%, and at ~30°C, there was a 7.15% reduction during the experimental period.





Symbiotic algal density and chlorophyll

Throughout the experiment, the symbiont density in the fragments decreased in the ~30°C and ~31°C temperature treatments compared with the ~28°C treatments. A significant reduction in symbiotic algal density was observed in three out of six shallow species at ~31°C temperature treatments, including A. valida (GLM, p = 0.005), Porites cylindrica (GLM, p < 0.0001), and T. mesenterina (GLM, p = 0.0006), while there was no significant difference at ~30°C. In contrast, four out of six mesophotic species showed a significant decrease in symbiotic algal density in the 31-degree treatment, including Acropora cf. horrida (GLM, p = 0.0001), Pachyseris speciosa (GLM, p = 0.005), S. hystrix (GLM, p = 0.0001), and Galaxea cf. astreata (GLM, p = 0.01). Additionally, Acropora cf. horrida showed a significant reduction at ~30°C (GLM, p = 0.01) (Figure 6; Table S4).”




Figure 6 | Changes in symbiotic algal density in corals from mesophotic and shallow reefs under three temperature conditions over 14 days. Boxes show the upper (75th percentile) and lower (25th percentile) quartiles, center lines represent medians, and whiskers extend to less than 1.5 × interquartile range measured data away from the first/third quartile. Letters indicate a significant difference between treatments each day and between days.



Chlorophyll (a and c2) content per surface area showed a significant decrease in three out of six species from shallow depths, namely Pachyseris speciosa, Porites cylindrica, and T. mesenterina, at ~31°C temperature treatments. Additionally, Pachyseris speciosa exhibited a significant reduction in chlorophyll content at ~30°C treatment. In contrast, among coral fragments from mesophotic depth, five out of six species, including Acropora cf. horrida, Galaxea cf. astreata, Pachyseris speciosa, Porites sp., and S. hystrix, showed a significant decrease in chlorophyll content at ~31°C temperature treatments. Among these mesophotic species, only Pachyseris speciosa also displayed a significant reduction in chlorophyll content at ~30°C temperature treatments. It is worth noting that the total chlorophyll content in the other species did not differ between the temperature treatments (see Figure 7; Table S5).




Figure 7 | Changes in total chlorophyll (Chl a + c2) concentration per cm2 in corals from mesophotic and shallow reefs under three temperature conditions over 14 days. Boxes show the upper (75th percentile) and lower (25th percentile) quartile, center lines represent medians, and whiskers extend to less than 1.5×interquartile range measured data away from the first/third quartile. Letters indicate a significant difference between treatments each day and between days.







Thermal responses, eDHWs and eDHD

We examined coral fragments from shallow and mesophotic depths in response to water temperature using two metrics: eDHW and eDHD. The accumulation of thermal stress exposure over the 14-day experimental period reached an eDHW (Degree Heating Weeks) of 2.6°C-weeks for shallow fragments and 3.7°C-weeks for mesophotic fragments under moderate conditions (~30°C treatments). Under higher stress conditions (~31°C treatments), the eDHW was 5.6°C-weeks for shallow fragments and 6.7°C-weeks for mesophotic fragments. The accumulation of thermal stress exposure in terms of Degree Heating Days (eDHD) over the experimental period was 18.8°C-days for shallow fragments and 26.5°C-days for mesophotic fragments under moderate conditions. Under higher stress conditions, the eDHD was 39.6°C-days for shallow fragments and 47.3°C-days for mesophotic fragments.

The results indicated variable reactions (Table 1). In terms of brightness, bleaching was observed in Acropora cf. horrida among mesophotic species, while among shallow species, slight bleaching was observed in a few fragments of Acropora valida, Porites sp., and Galaxea fascicularis. Additionally, at 5 < eDHWs, the brightness in mesophotic fragments of Pachyseris speciosa was significantly higher than in shallow fragments (LMM, p < 0.0001). In terms of survival, among the mesophotic species, only Acropora cf. horrida showed low survivorship at 5 < eDHWs and all other species survived through the treatment, while among the shallow species slight mortality was observed in Acropora valida, Porites sp. and Porites cylindrica at 4DHWs although it was not significant (Figure 3, Table 1). Interestingly, Fv/Fm for Pachyseris speciosa was not significantly different between the mesophotic and shallow depths (LMM, p = 0.29) but was different in brightness (LMM, p < 0.0001).


Table 1 | Comparison between +4DHWs in moderate temperature for mesophotic- and higher temperature for shallow species.








Discussion

The present study indicates that the thermal threshold of mesophotic corals is slightly lower or equal to that of corals distributed in shallow water. Organisms in colder environments show lower thermal tolerance and higher sensitivity than those in warmer climates (Jokiel and Coles, 1990; Jokiel, 2004). Since the thermal tolerance of corals may be linked to the temperature of their habitats (Oliver and Palumbi, 2011; Schoepf et al., 2015; Safaie et al., 2018), it is reasonable to expect depth-dependent differences in their thermal tolerance. Species inhabiting highly variable shallow habitats often possess higher thermal tolerance and better resistance to bleaching compared to those inhabiting stable habitats (Schoepf et al., 2015; Smith et al., 2016; Schoepf et al., 2019).

The thermal threshold may be associated with species and temperature in their habitat; thus, the thresholds differ among species and locations. Previous studies have also indicated lower thermal tolerance among colonies from mesophotic depths compared to shallow depths (Smith et al., 2016; Skutnik et al., 2020; Frates et al., 2021). However, some regions have had contrasting results, such as the Great Barrier Reef (Frade et al., 2018) and Moorea in French Polynesia (Pérez-Rosales et al., 2021). In these areas, mesophotic coral communities have shown a decreased incidence of bleaching across depths, particularly from shallow to upper mesophotic depths (40 m). Furthermore, lower mesophotic communities (> 60 m) in Polynesia have been observed to escape the detrimental effects caused by thermal bleaching events (Pérez-Rosales et al., 2021). This could be attributed to the relatively stable and constant temperatures experienced by shallow and upper mesophotic depths in Polynesia during the high-temperature season (Pérez-Rosales et al., 2021), which might affect the thermal tolerance of corals in upper mesophotic depths. Nevertheless, in the present study site in Okinawa, mesophotic depths generally experienced lower temperatures than shallow depths. Additionally, the high-temperature fluctuations caused by short-term cooling events induced by internal waves further contribute to maintaining a cooler environment in deeper coral ecosystems (Wyatt et al., 2020; Godefroid et al., 2023; Wyatt et al., 2023). Consequently, this leads to a lower thermal threshold for mesophotic corals than their shallow counterparts.

Bleaching responses were highly variable but more severe in most of the examined species from mesophotic depths. The bleaching responses, represented as a decrease in algal density and an increase in color brightness in the studied species, were observed in both shallow and mesophotic areas, but their rates of change were not consistent (Figures 3, 6). Bleaching was prominently observed in the mesophotic species Acropora cf. horrida, Seriatopora hystrix, and Galaxea cf. astreata (Figures 3, 6). The variable responses in the examined species were congruent with those in previous reports; susceptibility to thermal stress varied among genera, species, and populations (Loya et al., 2001; Hongo and Yamano, 2013; Palumbi et al., 2014). The corals with high bleaching prevalence were physiologically damaged and suffered increased mortality (Glynn, 1984; Berkelmans et al., 2004; Hughes et al., 2018a).

Low thermal tolerance of S. hystrix has been documented in shallow reefs (Marshall and Baird, 2000; Loya et al., 2001; van Woesik et al., 2011; Seveso et al., 2014; Hoey et al., 2016). Notably, the disappearance of S. hystrix in shallow reefs around Sesoko Island followed a mass coral bleaching event in 1998 (van Woesik et al., 2011). Subsequently, a dense population of the species was found in the upper mesophotic depth north of Sesoko Island (Sinniger et al., 2013). This surviving population was likely protected from the extreme heat stress on shallow reefs because of the depth, underscoring the relationship between their habitat and susceptibility to environmental stressors. However, considering rising seawater temperature (0.2–1°C per decade) and the predicted annual coral bleaching phenomenon in the next decades (Donner et al., 2005), the mesophotic coral population may not be able to persist in the future due to the strong correlation with depth-dependent temperatures (Figures 3, 4, 8). Given the rising temperature, the duration, and magnitude of heatwaves, they will surpass the threshold temperature of the coral species, particularly at mesophotic depths where the corals live in cooler habitats and experience more stable thermal regimes. Indeed, coral bleaching due to high temperatures has been documented in some MCEs (Nir et al., 2014; Smith et al., 2016; Frade et al., 2018; Pérez-Rosales et al., 2021; Eyal et al., 2022). Owing to the discrepancy between a rapidly changing environment and phenotypic adaptation, the acclimatization/adaptation of corals to changing environments can be considered a major challenge (Putnam, 2021). Furthermore, even if the mesophotic population has the potential to replenish its shallow counterpart for a relatively long period as has been hypothesized in DRRH, the rising temperature and lower thermal threshold of this population limit the success of such regeneration.




Figure 8 | Inter-specific effect of medium- and high-temperature treatments on: (A) brightness; (B) Fv/Fm; (C) symbiotic algal density; and (D) total chlorophyll. The black dashed line indicates zero effect, and negative points indicate the negative impact of thermal treatments on the physiological function of species.



The heat tolerance of the species from both mesophotic and shallow reefs is essential for reef persistence. For example, despite differences in the thermal tolerance between A. cf. horrida from mesophotic depths and A. valida from shallow depths, both species were found to be susceptible to and physiologically damaged by high water temperature. In contrast, Porites sp. from both depth ranges and L. papyracea exhibited lower susceptibility to high water temperatures. Moreover, the laminar species Pachyseris speciosa demonstrated the highest heat tolerance (Figures 7, 8). However, mesophotic fragments of this species displayed significantly higher brightness levels than those shallow fragments at > 5 eDHWs. Previous studies have also shown that other laminar species exhibit higher heat tolerance than branching species (Loya et al., 2001; van Woesik et al., 2011). Pachyseris speciosa is widely distributed in mesophotic depths, including the Ryukyu archipelago (Sinniger and Harii, 2018). If water temperature increases by 2°C, heat-tolerant species such as Pachyseris speciosa may dominate the reef ecosystem. The acclimatization and adaptation potential of other species need to be clarified.

The responses to heat stress were highly variable among the examined species. In terms of DHWs, up to 4 eDHWs did not cause a critical negative effect on the survivorship of most species, except for Acropora cf. horrida, from mesophotic depths (Figure 3). In terms of brightness, bleaching was observed in only one fragments of Pachyseris speciosa and S. hystrix (Figures 4–7). In corals from shallow depths, a value of 5.71 eDHW, indicating a state of high-stress conditions, significantly impacted most of the examined parameters (Figures 3–7). However, the impact of temperature on species from mesophotic depths was most severe, and most of the examined species from this depth in the high thermal stress treatment (6.81 eDHWs) showed high levels of brightness and mortality. Regarding the DHWs index, DHWs from +4 to 8, considered moderate thermal stress, were expected to cause medium bleaching (Liu et al., 2018).

In this study, except for Acropora cf. horrida from mesophotic depth, other coral species from shallow and mesophotic habitats showed heat tolerance up to 4 eDHW. Therefore, we conclude that the upper-mesophotic habitats could act as refugia for coral species if the accumulation of thermal stress in mesophotic depth does not exceed 4 DHW. Some mesophotic ecosystems are protected from temperature anomalies because of the thermocline depth (Bridge et al., 2013), which could serve as potential thermal refugia. Otherwise, corals in mesophotic habitats should tolerate a similar temperature threshold as their shallow counterparts to withstand rising temperatures (Gould et al., 2021). Similar responses have been proposed for mesophotic and shallow colonies of Montastraea cavernosa (Skutnik et al., 2020) and Orbicella faveolata (Frates et al., 2021) against thermal stress. However, the temperature in mesophotic depth in the present study was considerably correlated with shallow depth temperature. Changes in shallow-depth temperature alter mesophotic depth temperature. Owing to rising sea surface temperature and annual consecutive thermal stress, which have been predicted (van Hooidonk et al., 2013), the water temperature in the mesophotic reef will eventually rise. Therefore, considering our findings, the mesophotic reef could act as a refugium for the species which could tolerate heat stress up to 4 DHW. However, the corals that inhabit mesophotic depths have significantly limited capacity for thermal tolerance when faced with high levels of thermal stress (>6 DHWs), which could have serious implications for the health and survival of these important ecosystems. On the other hand, the thresholds of the thermal tolerance in the corals are diverse and not essentially different in several species inhabiting mesophotic to shallow areas.
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The health of coral reefs is declining from the effects of human activity and climate change. Mass coral bleaching is often triggered by elevated water temperature and excessive solar irradiance. Shading can reduce coral bleaching risk. Shading-based management interventions, such as whole-of-reef marine fogging, have been proposed as a conservation tool for periods when coral undergoes excessive thermal stress. This study examined the effect of intermittent shade (30% for 0, 4, or 24 h) on two coral species, Duncanopsammia axifuga and Turbinaria reniformis, held at either 26.4°C or 32.4°C for 18 days. Coral fragments were assessed for bleaching (relative mean intensity of grey, chlorophyll a, and symbiont density), photochemistry (PAM fluorometry), and antioxidant biomarkers (SOD and CAT). Shading responses were species-specific, with T. reniformis more responsive to shading than D. axifuga. Thirty per cent shading delayed bleaching up to three-degree heat weeks (DHW), and 24 h shade was more protective than 4 h shade. Shading suppressed catalase activity in T. reniformis. Overall, our results suggest that intermittently shading corals for 4 h can moderate light stress and slow bleaching in some corals and could improve the efficiency of active solar radiation management in marine ecosystems.
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1 Introduction

The unprecedented decline of coral reefs globally has been robustly documented over the last two decades (De'ath et al., 2012; Hughes et al., 2018a). Coral cover in some iconic ecosystems, such as the Great Barrier Reef, has been reduced by up to 70% (Bell et al., 2014), while at other places, 100% mortality has been reported (Guzman, 1991). Crown-of-thorns predation (De'ath et al., 2012), the severe effects of climate change and ocean acidification, and the increasing frequency and intensity of tropical storms and bleaching events are considered the main drivers of the current coral crisis (Hughes et al., 2003; Grottoli et al., 2014; Hughes et al., 2018b). Recently, extreme weather events triggered some of the worst mass bleaching events on the Great Barrier Reef during 2016–2017 (Hughes et al., 2017). The aftermath of this third global-scale coral bleaching event showed that the accumulated heat exposure exceeding a critical threshold of 3–4 degree heating weeks (DHW) contributed to bleaching on 91% of reefs, coral cover loss up to 75–100% in some reefs, and an 80% decline in specific species (e.g. staghorn Acropora, Seriatopora hystrix, Styllophora pistillata) (Hughes et al., 2018a; Hughes et al., 2018b).

The most recent Intergovernmental Panel on Climate Change report indicated that global sea surface temperatures would continue to rise even under the lowest emission scenario presented (Cooley et al., 2022). Thus, the frequency and severity of coral bleaching events are expected to increase in the coming decades (Donner, 2009; Jackson et al., 2022). This presents an urgent challenge to develop and implement management interventions that reduce the impacts of environmental stressors on corals and facilitate their recovery following bleaching events (Bay et al., 2019).

It is well known that high irradiance levels coupled with high temperatures can trigger bleaching events (Brown, 1997; Berkelmans, 2002; Courtial et al., 2017; Cropp et al., 2018; Jackson et al., 2018). The possible benefits of coral shading have been demonstrated over several decades of coral research (Wethey and Porter, 1976; Shick et al., 1996; Baker et al., 2008). Previous attempts to shade reefs have been limited and do not operate at a reef scale, i.e., 10’s to 100’s km2. In their review of coral shading, Tagliafico et al. (2022) showed several artificial coverings have been used to reduce light intensity and assist coral rehabilitation such as screens (Coles and Jokiel, 1978), aeration and sprinklers (Kramer et al., 2016), awnings (Simpson et al., 2008), shade cloths (Coelho et al., 2017), fabric (Thinesh et al., 2017), and plastic sheeting (Muller and van Woesik, 2009; Muller and van Woesik, 2011). Consequently, shading reefs is a potential solution to reduce irradiance levels reaching corals and may mitigate bleaching, although implementing reef scale solutions remain elusive. Recent projections suggest that by 2040, coral cover on shaded reefs could double that found on unshaded reefs (Condie et al., 2021). Current research attempts to scale shading to the scale of individual reefs or even the entire Great Barrier Reef (e.g. fogging and cloud and sky brightening) (Tollefson, 2021). However, this research is in an early phase, and up-scaling equipment may present a technical and financial challenge (Baker et al., 2021), and the required light attenuation levels and implementation times to reduce the risk of coral bleaching are still unclear (Coelho et al., 2017). Nonetheless, shading the entire Great Barrier Reef is predicted to reduce degree heating weeks (DHW) and could limit coral mortality during severe bleaching events (Harrison et al., 2019).

Some of the shading technologies being trialled on the Great Barrier Reef (i.e., fogging and cloud brightening) require energy (e.g. diesel generator, vessel generator), and improvements in energy consumption and cost-effectiveness are desirable. Satellite imaging and weather models can help to predict when shading technologies may be necessary (Coelho et al., 2017), but variable weather conditions can impact deployment. To assess the effectiveness of intermittent sub-daily shading targeted around peak sunlight, we tested the hypothesis that different levels of shading (4 h and 24 h per day) at two different temperatures [collection site temperature: 26.4°C and four degrees above the maximum monthly mean (28.6°C), reaching 32.6°C] would significantly affect the bleaching response of corals during a high-temperature episode of up to 5 DHW. Coral bleaching is a general stress response of symbiotic corals to a wide variety of environmental stressors that results in the loss of unicellular symbiotic algae in corals (Fitt et al., 2001; Lesser and Farrell, 2004; Ainsworth et al., 2016). Elevated sea temperature and its interaction with excess solar radiation are the key environmental triggers of coral bleaching (Brown, 1997; Fitt et al., 2001; Ainsworth et al., 2016). The interaction between excessive light and water temperature can result in oxidative stress, where excessive generation of reactive oxygen species is the primary cause of coral bleaching (Smith et al., 2005; Suggett et al., 2008; Baird et al., 2009). Superoxide dismutase and catalase are important coral antioxidant defences addressing the products of oxidative stress (Weydert and Cullen, 2010).

We used chlorophyll a concentration, symbiont density, and relative mean intensity of grey as bleaching proxies. Pulse amplitude modulation (PAM) fluorometry was used to evaluate symbiont photochemistry. In addition, we used the activity of superoxide dismutase and catalase to assess the antioxidant response to oxidative stress.




2 Materials and methods



2.1 Coral species selection, collection, and preparation

The branching coral, Duncanopsammia axifuga was selected due to a demonstrated quick recovery and high survival rate after the fragmentation process, as well as the large coral tissue yield that can be obtained per small fragments of around 3 cm (mean ± SD = 1.01 ± 0.52 g), which allows laboratory analyses of different variables response (Tagliafico et al., 2017; Tagliafico et al., 2018). The plate coral, Turbinaria reniformis, was selected as it has been previously used in experiments looking at the effects of different levels of irradiance and other stressors (Courtial et al., 2017; Jones et al., 2020; Dobson et al., 2021).

Colonies of Duncanopsammia axifuga and Turbinaria reniformis were collected at 10 m depth from Arlington Reef (-16.724°, 146.063°) and Vlasoff Reef (-16.655°, 145.992°), respectively. The water temperature at each collection site was 26.4°C (November 2021), and the maximum monthly mean (MMM) at each collection site was estimated at 28.6°C using eReefs data from the 1 km resolution hydrodynamic model (Steven et al., 2019).

The collected corals were transported to the National Marine Science Centre, Coffs Harbour, New South Wales, Australia (-30.268°, 153.138°), and acclimatised in a 1200 L flow-through filtered seawater tank for one week at 26 ± 0.5°C. Corals were fed twice with Artemia salina (1d old). Afterwards, colonies were fragmented into similar sizes using a Dremel rotary tool with a diamond wheel. No significant differences were found for buoyant weight among fragments of the same species (p > 0.05).

A total of 152 fragments (76 per species, 12 replicates per treatment) were acclimatised for an additional week in conditions similar to those described above. Post-acclimation, no supplemental feeding was provided. Each fragment was randomly allocated to one of six treatments (see below). In-situ and destructive sampling of coral occurred on four occasions: (i) before starting the experiment [baseline], (ii) after 3.1 DHW [day 13], at 5 DHW [day 19], and (iv) after seven days of recovery [day 26].




2.2 Experimental setup

In the experimental system, 144 x 600 mL experimental tanks were supplied with 100 mL min-1 of flow-through, sand-filtered seawater from Charlesworth Bay (-30.267°, 153.141°). The experimental tanks were arranged in orthogonal combinations of temperature (two levels): 1) collection site temperature: 26.4°C, hereafter referred to as lower temperature (LT) and 2) MMM + 4°C: 32.6°C, henceforth higher temperature (HT); and two levels of 30% shade (4h around solar noon and 24 h). Shade cloth that reduced PAR by 30.1 ± 0.85% (mean ± SE, n = 3340) was used for the shaded treatments. For the 4 h shade treatment, the shade cloth was placed over each tank for two hours on either side of solar noon (approximately 10 am to 2 pm), and for the 24 h shade treatment, the shade cloth cover remained in place throughout the experiment. Controls with no shade were established at 26.4°C and 32.6°C. Temperature was maintained at 26 ± 0.5°C and 32.6 ± 0.5°C using heat pumps (2100 Lh-1, EVO-F5, Australia). The higher temperature treatment was increased over a week by 1.1°C per day to reach the experimental temperature of 32.6°C. To minimise possible tank position effects, the experimental tanks were randomly relocated every four days.




2.3 Environmental parameters

Visible light was measured thrice daily (11:00; 13:00 and 15:00) with a LI-250A meter with an attached LI-192 underwater quantum sensor (LI-COR, Nebraska) and over 24 h, with photosynthetic irradiance loggers (Odyssey) placed under direct sunlight and underwater with and without shade, respectively (Supplementary Figure 1). The PAR loggers were calibrated under solar radiation against a recently calibrated LI-250A. A multiplier of –143.68 and –189.66 was applied to calibrate the PAR loggers deployed in air and water, respectively.

Nitrite (0.012 ± 0.008 mg L-1 NO2), phosphate (0.23 ± 0.33 mg L-1 PO4) and alkalinity (163 ± 36 mg L-1 CaCO3) were measured from incoming water twice a week with a photometer system (Palintest® model 7100, UK). Dissolved oxygen (HT: 7.78 ± 0.29 mg L-1, LT: 8.03 ± 0.25 mg L-1) and conductivity (HT: 57.61 ± 5.26 mS cm-1, LT: 52.55 ± 5.95 mS cm-1) were recorded thrice daily (11:00, 13:00 and 15:00) with a handheld probe meter (Hach HQ40d).




2.4 In situ sampling

Maximum quantum yield (Fv/Fm) was measured using a diving pulse amplitude modulation (DIVING-PAM©) fluorometer (Heinz Walz GmbH, Germany) from dark-adapted corals after 1 h dark acclimation. Each coral fragment was measured once per sample period. PAM settings were set to avoid low signal or overflow readings (measuring light intensity 8, damping 2, gain 12, actinic light intensity 5, saturation pulse intensity 8, and saturation pulse width 0.8). PAM readings were made with the probe 1 cm from the coral. At the start of the experiment, no significant differences were found in maximum quantum yield among coral fragments within D. axifuga (df = 2, 66; pseudo-F = 0.28; p = 0.76) and T. reniformis (df = 2, 66; pseudo-F = 1.75; p = 0.17).

Each coral was photographed while underwater in their experimental tank from above using a Canon EOS 5D Mark II DSLR camera fitted with a Canon Macro EF 100mm f/2.8L IS USM lens. Camera settings were slightly modified from those suggested by Winters et al. (2009), ISO-100, F = 3.5, 1/60 and white balance manually set to 6000 K. Each image contained a white tile as a true colour reference. The camera was mounted on a video tripod with a centred mid-level spreader (Cayer BV30L, China). A Neewer T120 18W filming light (WB 5600 K, brightness 100%) was mounted on a different tripod (Evo-2 mini tripod, Manfrotto, Italy) 15 cm from the coral angled 30° off-nadir. The camera was manually focused using the two-step expanded focus (10X) function, accounting for differences in fragment shape. The tripod position (camera and light) and distance between the camera lens and coral were consistent for all pictures.

Each photograph was analysed using ImageJ (ver. 1.53k) following Amid et al. (2018) and Mclachlan and Grottoli (2021). Images were converted to 8-bit greyscale and the mean grey value for twenty 60-pixel diameter (~1 mm) areas in each image was collected. These values were normalised to a white reference and then averaged to obtain the mean intensity of grey (MIG). The relative MIG was calculated using the initial and final MIG values (Amid et al., 2018). At the start of the experiment, there was no significant difference in MIG among fragments of D. axifuga (df = 2, 66; pseudo-F = 0.45; p = 0.64) and T. reniformis (df = 2, 66; pseudo-F = 0.1; p = 0.90).




2.5 Tissue collection

Tissue from four coral fragments from each of the six treatments (n = 24 per species) was extracted using an air pistol connected to an electric 1 HP air compressor delivering air at 40 L min-1 at 7 bar (Black Ridge, Australia) by adding 0.6 mL or 1.2 mL of 0.1 M phosphate-buffered saline (PBS, Sigma Aldrich: P3813) for D. axifuga and T. reniformis, respectively. Individual plastic bags were used to maximise tissue recovery which was subsampled into vials for chlorophyll a and symbiont density and for enzymatic analysis and snap frozen (Rangel et al., 2019).




2.6 Laboratory analyses

Tissues for chlorophyll a and symbiont density were lysed in 0.8 mL of ice-cold 0.1 M PBS using a TissueLyser LT (Qiagen) at 40 Hz for 120 s. The resulting lysate was centrifuged at 3500 ×g (4°C) for 5 min (Beckman Coulter, USA), and the supernatant was discarded. The pellet was resuspended in 0.8 mL PBS and centrifuged with the same settings, and the supernatant was discarded. The pellet was then resuspended in 1.6 mL of PBS, and 0.8 mL was aliquoted for chlorophyll a analysis. The remainder of the sample was used to determine symbiont density using a Leica DM750 compound microscope and a Neubauer haemocytometer.

The aliquot for chlorophyll analysis was centrifuged with the same settings as above and the supernatant discarded. Chlorophyll a was extracted using 0.8 mL of 100% undenatured ethanol and incubated without light at 4°C overnight (Ritchie, 2006). Chlorophyll a concentration was determined by absorbance at 629 and 665 nm following Warren (2008) and quantified using Ritchie (2006). Chlorophyll and symbiont density data were normalised against surface area, obtained using the wax dipping method (Veal et al., 2010) for D. axifuga and the aluminium foil technique (Marsh, 1970) for T. reniformis.

Tissues for enzyme analysis were homogenised in cold 0.1 M Trizma-HCl (pH 7.4) with 0.5% Triton X-100, 5 nM β-mercaptoethanol and protease inhibitor cocktail (Sigma Aldrich: P2714) for 180s at 50 Hz. The homogenate was centrifuged at 14000 ×g at 4°C for 10 min and the supernatant collected for analysis of SOD and CAT activity. Superoxide dismutase (SOD) activity was estimated using the SOD Activity kit (Sigma Aldrich: CS0009). SOD activity was estimated by comparison to an inhibition curve, normalised to protein content, and reported as U mg-1 protein, where 1 unit of SOD inhibits the rate of reduction of cytochrome c by 50% in a coupled xanthine and xanthine oxidase system.

Catalase (CAT) activity was estimated following Aebi (1984) and Li and Schellhorn (2007) using 0.01 M H2O2 as a substrate in a UV transparent microplate (Merck: CLS3635) at 240 nm. CAT activity was calculated using an extinction coefficient of 43.6 M-1 cm-1 and expressed as nmol min-1 mg-1 protein. Soluble protein content was determined at 595 nm following Bradford (1976) and used to normalise enzyme activity. All assays were completed on a BMG FLUOstar® Omega microplate reader (BMG Labtech, Australia) and corrected for path length.




2.7 Statistical analysis

Permutational multivariate analysis of variance (PERMANOVA, Anderson, 2017) was used to test for significant differences in SOD and CAT activity, growth, chlorophyll a, and symbiont concentration for each species using PRIMER + PERMANOVA v7 (PRIMER-e). A two-factor PERMANOVA model tested for significant differences within each sample event according to temperature (fixed, 2-levels: 26.4°C and 32.6°C) and shading (fixed, 3-levels: control (no shade), 4 h, and 24 h shade) and their interactions. Univariate PERMANOVA using the same model tested for significant differences in relative mean intensity of grey and maximum quantum yield within each sample event. Pairwise comparisons were run when the main factor or their interaction terms were significant. All analyses were based on a Euclidean distance dissimilarity matrix.

The potential effect of coral genotype was included in tests at each sample event, and no significant difference was found among genotypes within each treatment for any of the tests. Therefore, the coral genotype was not a significant factor in the bleaching responses detected.





3 Results

There was a significant temperature and shade effect, but no interaction for relative MIG in D. axifuga and T. reniformis on day 13 (Table 1). After 13 days, shading for either 4 or 24 h significantly reduced bleaching compared to the unshaded corals in each species (Figures 1A, D), and less bleaching occurred in the 24 h than the 4 h shaded corals. The colouration of D. axifuga shaded for 24 h improved compared to the initial measurement (Figure 1A). A significant temperature effect was found at 19 and 26 days for D. axifuga (Table 1). The higher temperature increased bleaching in D. axifuga compared to the lower temperature (Figures 1A–C). A significant shade × temperature interaction was detected for relative MIG for T. reniformis after 19 and 26 days (Table 1). A similar bleaching trend was found for each day. After 19 and 26 days, less bleaching occurred in T. reniformis at the lower compared to the higher temperature (Figures 1E, F). At the lower temperature, less bleaching occurred as shade duration increased in T. reniformis. At the higher temperature, T. reniformis bleaching was unaffected by shading. Bleaching of unshaded T. reniformis was similar at either temperature after 19 days (Figures 1E, F).


Table 1 | PERMANOVA summaries using a 2-factor model (shading: 3 levels and temperature: 2 levels) for Duncanopsammia axifuga and Turbinaria reniformis exposed to either a higher (32.6°C) or lower (26.4°C) water temperature and unshaded or shaded for 4 or 24 h per day after 13 and 19 days and after a 7d recovery (Day 26).






Figure 1 | Relative mean intensity of grey (MIG, mean ± SE) in Duncanopsammia axifuga (A-C) and Turbinaria reniformis (D–F) shaded for 0, 4, or 24 h daily at a higher temperature (HT, 32.6°C) or a lower temperature (LT, 26.4°C) after day 13 (A, D), day 19 (B, E), and day 26 (C, F). Only the significant results are shown where letters indicate a significant difference between temperatures, and numbers indicate significant differences among shade treatments within each day.



Higher temperature significantly reduced the maximum quantum yield (Fv/Fm) of D. axifuga and T. reniformis at day 13 and day 19 compared to the lower temperature (Table 1; Figure 2). Fv/Fm of T. reniformis remained lower in the higher temperature at day 26 (Figure 2E). A significant shading effect was found for Fv/Fm in T. reniformis at days 13, 19, and 26 (Table 1). On day 13, Fv/Fm in T. reniformis was significantly higher with 24 h shade than with 4 h or no shade (Figure 2C). By day 19, the Fv/Fm of the 4 h shaded T. reniformis had recovered slightly to be similar to the 24 h shade treatment, while Fv/Fm of the unshaded coral was significantly lower than the 24 h shaded coral (Figure 2D). By day 26, Fv/Fm in the 24 h shaded T. reniformis was significantly higher than the 4 h shaded and unshaded coral (Figure 2E). The maximum quantum yield of D. axifuga was unaffected by shading.




Figure 2 | Maximum quantum yield (Fv/Fm, mean ± SE) for Duncanopsammia axifuga (A, B) and Turbinaria reniformis (C–E) held at 26.4°C (LT) and 32.6°C (HT) at day 13, 19, and 26. The dashed horizontal line indicates a lower threshold for Fv/Fm for healthy coral of 0.6. Letters indicate a significant difference between temperatures, and numbers denote a significant difference among shade treatments.



Chlorophyll a was significantly reduced by higher temperature in D. axifuga and T. reniformis on days 13 and 19, and in D. axifuga on day 26 (Table 1). A significant shade × temperature interaction was detected for chlorophyll a in T. reniformis on day 19 (Figure 3A). Higher temperature significantly reduced chlorophyll a in unshaded T. reniformis, and shading reduced chlorophyll a in the 24 h shade treatment compared to the 4 h shaded and unshaded coral (Figure 3A). Higher temperature significantly reduced symbiont density for D. axifuga on days 13, 19, and 26, and for T. reniformis on days 19 and 26 (Table 1). A significant shading effect was found for symbiont density in T. reniformis on days 13, 19, and 26 (Table 1). Symbiont density was significantly higher in the 24 h shaded T. reniformis than the 4 h or unshaded coral (Figure 3B). On day 19, symbiont density was significantly greater in the shaded compared to the unshaded T. reniformis. By day 26, symbiont density increased significantly as the shade duration increased (Figure 3B). Shading or temperature did not affect symbiont density in D. axifuga (Table 1).




Figure 3 | The effect of shade duration (0, 4, or 24 h) and higher (HT) and lower temperature (LT) on (A) chlorophyll a concentration (µg cm-2) from Turbinaria reniformis on day 19 and (B) symbiont density (106 cells cm-2) on day 13, 19, and 26. Box plots show the percentiles (25, 50, and 75%) and range. Letters show a significant temperature difference within shade treatment, and numbers indicate a significant difference among shade treatments each day.



Catalase activity was significantly greater in the unshaded than the shaded T. reniformis at days 13 and 19 (Table 1; Figure 4). Higher temperature increased catalase activity in T. reniformis on day 19 (Table 1). Neither shade nor temperature affected catalase in D. axifuga on days 13, 19, or 26. Superoxide dismutase activity was not significantly affected by temperature or shading in D. axifuga or T. reniformis (Table 1).




Figure 4 | Catalase activity (nmol min-1 mg-1 protein) in Turbinaria reniformis tissue at day 13 and 19 when shaded for 0, 4, and 24 h. The letters indicate significant differences within each day.






4 Discussion

Intermittently shading corals by 30% for 4 h per day can delay bleaching in a thermally stressed shallow coral species, T. reniformis. Conversely, D. axifuga responded to 24 h shading until 3 DHW, but was unresponsive to shading as the degree heat weeks increased. Thermal stress had the most significant effect on bleaching in these two species, and as the thermal stress increased, the beneficial effect of intermittent shading declined. The novel shading regime, of 30% shading for 4 h around solar noon, slowed bleaching, and the decline of chlorophyll a and symbiont density and reduced antioxidant activity. Intermittent shading has the potential to moderate the projected impacts of warming oceans on at-risk corals during bleaching events.

Thermal stress had the greatest effect on bleaching of D. axifuga and T. reniformis. Elevated water temperature is the primary stressor of many bleaching events (Coles et al., 1976; Berkelmans, 2002; Ainsworth et al., 2016; Sully et al., 2019), where heat stress leads to a breakdown of biochemical and physiological pathways (Fitt et al., 2001). Bleaching reduces coral colouration either by ejection of symbionts, shuffling or loss of chlorophyll or symbionts or both (Brown and Dunne, 2015). Turbinaria reniformis and D. axifuga showed a decrease in chlorophyll a and symbiont density at higher temperatures, resulting in an elevated relative MIG and decreased maximum quantum yield. Coral responses to thermal stress are well known; subsequently, the response to the novel shading regime will be the focus of the remainder of this discussion.

Shading reduced relative MIG and catalase activity, moderating the bleaching of T. reniformis, with relative MIG lower when shading corals continuously. Reduced antioxidant activity suggests reactive oxygen species production decreased, limiting a key mechanism of the bleaching response in thermal and/or light-stressed corals (Downs et al., 2002; Higuchi et al., 2008; Krueger et al., 2015; Wietheger et al., 2018). Continual shading of thermally stressed Acropora muricata, Pocillopora damicormis, and Porites cylindrica by either 50 or 75% was very effective at reducing bleaching until 4 DHW and offered some protection up to 8 DHW, and the heavier shading was more effective (Coelho et al., 2017). Here, 30% shade for 4 h reduced bleaching of T. reniformis up to 3 DHW, after which the protection decreased up to 5 DHW. Although the protection offered by the 30% shading was less than that shown by Coelho et al. (2017) using higher levels of shade. This is a particularly relevant result as there is a 40% probability of severe mass bleaching on the Great Barrier Reef bleaching at 3 DHW (Hughes et al., 2017), and 30% shade may be more achievable over reef scale areas. However, further work is needed to establish the shading level required for other coral species and the physiological and biological responses to intermittent shading.

Shading delayed the decline of maximum quantum yield indicating reduced physiological stress. The decline in PSII efficiency during bleaching has been well described (Jones et al., 1998; Hill et al., 2012; Roth, 2014) and is likely caused by damage to the D1 protein (Warner et al., 1999). Declining PSII efficiency can lead to the accumulation of reactive oxygen species, damaging cellular membranes and triggering bleaching (Downs et al., 2002). Furthermore, loss of PSII efficiency can significantly impact coral nutritional status where symbiote-derived products can account for up to 30% of total nitrogen (Bythell, 1988) and 95% of carbon for growth, reproduction, and maintenance (Muscatine and Porter, 1977; West and Salm, 2003). Slowing the decline in maximum quantum yield by shading corals, can reduce reactive oxygen species production and maintain coral energy reserves for recovery when stressors decrease. Energy reserves are particularly important in oligotrophic waters where coral reefs abound.

Interspecific differences existed in the bleaching response between D. axifuga and T. reniformis. T. reniformis responded to shading, whereas D. axifuga was less responsive to shading. The interaction of light with temperature is subtle and is more pronounced at the thermal limits of a coral (Coles and Jokiel, 1978). Pratchett et al. (2020) showed that a significant bleaching response in D. axifuga in warming waters was exacerbated by high light intensity. The limited response of D. axifuga to shading in the present study suggests that the coral may not be at its thermal limit, although it is unclear if it is above or below the thermal limit. Furthermore, bleaching susceptibility can vary due to nutritional status (Hoogenboom et al., 2012; Beraud et al., 2013), morphological (Brown and Dunne, 2015), physiological (Dias et al., 2019), or symbiont variation (Hoadley et al., 2016), and acclimation to differing thermal or light conditions (Fitt et al., 2001). Regardless of the cause, a range of responses to shading can be expected and understanding the interactions between environmental conditions and the long-term health of corals is critical for managing potential shading interventions (Bay et al., 2019). Further studies are needed to assess coral responses to short-term localised shading and should include a multifactorial approach with a range of environmental variables, such as ocean acidification and nutrient loading.

Intermittent shading could reduce the costs associated with active marine ecosystem management. Shading corals is an unconventional local strategy to minimise the impacts of temperature and carbon dioxide as global stressors of marine ecosystems (Rau et al., 2012; Tagliafico et al., 2022). The success of many of these shading interventions depends on water and atmospheric conditions (Bay et al., 2019). For example, in-water interventions such as shade cloth deployment (Coelho et al., 2017) depend on wave conditions and currents, while atmospheric conditions affect interventions such as smoke generation (Russell et al., 2013) or marine cloud brightening or fogging (Harrison et al., 2019). Interventions could be targeted in response to bleaching forecasts or, more broadly, over the high-risk summer months (Berkelmans, 2002; Coelho et al., 2017) as weather conditions permit. Targeted intermittent deployment of energy-intensive interventions, such as marine fogging or cloud brightening, shorten operating time, reduce power consumption, and could lower operational and maintenance expenses. The intermittent deployment of in-water shading, such as shade cloths, reduces the risks of invasive species, algal overgrowth, and the potential to shelter more sensitive coral species or symbionts less adapted to the prevailing conditions that may be impacted when shading is removed (Donner, 2009, Hughes 2018a). However, further research is necessary to investigate the indirect effects of these novel shading techniques. The bleaching protection shown here indicates that 30% shading for 4 h is sufficient to delay bleaching and improve the viability of active interventions that depend on variable climatic conditions.

Temperature is the predominant stressor during bleaching events; however, solar radiation management can delay bleaching responses up to 3 DHW, beyond which the protective benefits of intermittent shading diminish. Intermittent shading delayed the decline in relative bleaching and maximum quantum yield, symbiont density, and chlorophyll a concentration. Shading of T. reniformis reduced catalase activity, indicating decreased reactive oxygen species production, a key driver of coral bleaching. Shading responses were species-specific, with T. reniformis more responsive to shading than D. axifuga, possibly due to thermal stress susceptibility. Overall, practical management interventions at appropriate scales (e.g. reef scale marine fogging) could be targeted to periods of maximum coral vulnerability and suitable environmental conditions for deployment, lowering costs and reducing the risk of invasive species while protecting marine ecosystems.
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The Manila clam (Ruditapes philippinarum), as one of the shellfish living in the intertidal zone, is known for its strong ability to withstand air exposure. Sodium nitroprusside (SNP), a donor of nitric oxide (NO), has been shown to be useful for antioxidant and immune regulation in aquatic animals. In this study, an untargeted metabolomics (LC–MS/MS) technique was employed for the first time in Manila clam to analyze the metabolic and histological impacts after air exposure and the positive effects of SNP pretreatment. During air exposure, a significant increase in taurine, L-glutamate, and several polyunsaturated fatty acids in clams was detected, which indicates that clams may experience inflammatory reactions, oxidative stress, and an increase in blood ammonia content. When clams were exposed to SNP for 6 h, arginine, spermine, L-glutamic acid, and glutathione content were all upregulated, indicating that the SNP exposure induced NO production and improved antioxidant capacity in clams. When the clams were exposed to air after SNP pretreatment, there were no significant differences in the levels of taurine, L-glutamate, or aliphatic acids between the experimental and control groups. Gill tissue was more severely damaged in clams directly exposed to air than in those that experienced air exposure after SNP pretreatment, especially in clams exposed to air for a long time (72 h). Both metabolomics and tissue section structure indicated that SNP pretreatment decreased the stress responses caused by air exposure in R. philippinarum. These findings provided fresh insights and a theoretical foundation for understanding the tolerance to air exposure and physiological functions of SNP (or NO) in R. philippinarum.
Keywords: Ruditapes philippinarum, air exposure, metabolomics, sodium nitroprusside, gill tissue structure
1 INTRODUCTION
The Manila clam (Ruditapes philippinarum) is an economically important marine bivalve species in aquaculture, which has a widespread natural distribution in coastal areas from Europe to Asia. As a mollusc living in the intertidal zone, the Manila clam must deal with hard dynamic environments and environmental changes caused by physical elements such as PH, salinity, temperature, osmotic pressure, and air exposure (Zhang et al., 2015). Among these physicochemical factors, air exposure is one of the most influential factors. Intertidal organisms exposed to air could cause physiological responses that might lead to deaths in prolonged water-deficient circumstances (Li et al., 2017). The ability to survive in open air is a critical factor in the harvesting and transporting of many shellfish (Gu et al., 2020). During air exposure, clam shells are usually closed to reduce water loss to a minimum and protect the soft tissues (Coleman, 1973; Ali and Nakamura, 1999). However, due to an acidosis caused by anaerobic end-product formation or continuous aerobic metabolism, the prevention of breathing by tightly closing valves increases mortality during air exposure (Byrne et al., 1988; Ali and Nakamura, 2000). It was reported that Meretrix meretrix began to die after more than 24 h of air exposure (Wei et al., 2017). Mussels (Perna perna) exposed to air for 6, 12, 24, and 48 h showed hypoxia-induced antioxidant and tissue-specific immune systems (Nogueira et al., 2017). Significant oxidative stress can be caused by air exposure, which can result in oxidative damage and antioxidation (Xu et al., 2018). Oxidative stress can produce an increase in reactive oxygen species (ROS), which can cause substantial cell damage (Jia et al., 2019). A series of antioxidant defense mechanisms, including antioxidant enzymes, are produced in the organism to preserve its balance (Halliwell, 1999). Many studies have focused on the influence of air exposure on the molecular, physiological, and biochemical responses in Crassostrea gigas (Kawabe and Yokoyama, 2010; Gong et al., 2019), Haliotis diversicolor (Zhang et al., 2019), and Solen grandis (Nie et al., 2018). Recently, the effects of aerial exposure on the clams have been investigated in many aspects, including gene expression variation, metabolite changes, and physiological responses (Nie et al., 2020; Sun et al., 2021).
Nitric oxide (NO) is a key signaling chemical in marine invertebrates, and its signaling pathway is extremely conserved among species (Palumbo, 2005). NO has been demonstrated to have a wide range of biological roles in marine invertebrates, including eating, defense, and immunological responses (Palumbo, 2005), and to slow down the respiration of gills in bivalve mollusks (Gonzáleze et al., 2019). NO is catalyzed by monoxide synthase (NOS) in the presence of oxygen (O2), NADPH, and a substrate (L-arginine) (Förstermann and Sessa, 2012). In eukaryotes, there are three forms of NOS: neuronal NOS (nNOS), endothelial NOS (nNOS), and inducible NOS (iNOS). Among them, iNOS is considered to be induced by the stimulation of environmental perturbations (Kraft and Harry, 2011). A small quantity of NO can be produced by structured NOS under normal circumstances in organisms, and it is a chain blocker that can inhibit lipid peroxidation and scavenge oxygen free radicals (Yu et al., 2021). NO has also been proved to inhibit the production of mitochondrial oxygen free radicals in arctic clams (Arctica islandica) following chronic hypoxia and hypoxia (Strahl and Abele, 2020). Xian et al. (2013) used flow cytometry to evaluate NO production in Penaeus monodon, proving that the SNP (NO donor) could dramatically boost NO production in shrimp hemocytes. It was indicated that the supplementation of exogenous SNP and the synthesis of NO in marine organisms should be an effective way to improve antioxidant or immune capacity.
Metabolomics is a high-throughput molecular method that can quickly identify and quantify small-molecule metabolites (metabolomes) and is frequently considered the closest discipline to phenomics (Guijas et al., 2018). In recent years, this technology has gradually been applied to the study of the environmental adaptability of bivalve mollusks. Different metabolites in response to acute hypoxia in clams have been investigated with the goal of revealing the adaptive mechanism of acute hypoxia tolerance at the metabolic level (Sun et al., 2021). Metabolic profiles revealed that high temperatures caused changes in fatty acid composition, energy metabolism, antioxidant metabolites, hydroxyl compounds, and amino acids in heat-hardened clams compared to non-hardened clams (Zhang et al., 2023). Targeted metabolomics technology revealed the adaptation mechanism to high temperature, low oxygen, and compound stress at the metabolic level in the hard clam (Mercenaria mercenaria) (Hu et al., 2022). To our knowledge, the metabolites in response to air exposure in clams are still very lacking. The underlying metabolite mechanisms of air exposure tolerance and exogenous substances to enhance the ability to resist air exposure remain largely unknown in this commercially important species.
In this research, we studied the effects of air exposure and SNP exposure on tissue damage in R. philippinarum. The metabolites of clams after air exposure with/without SNP pretreatment were, respectively, analyzed using untargeted metabolomics (LC–MS/MS). Based on the metabolic characteristics analysis of clams in open air and in the presence of SNP, we will explore the changes in metabolic adaptation mechanisms of clams during air exposure after SNP pretreatment. This research provides new insights into the adaptation of the Manila clam to air exposure, as well as revealing the antioxidant protection of nitric oxide (NO).
2 MATERIALS AND METHODS
2.1 Experimental animals
Manila clams (average weight: 11.3 ± 0.5 g; average shell length: 37.5 ± 1.5 mm) were collected from the coastal area of Lvshun, Dalian, China. These clams were temporarily cultured in farming tanks at 15°C ± 1°C for a week. During this period, the seawater was changed and chlorella was fed once a day.
2.2 Air exposure with/without SNP pretreatment and sample collection
Sodium nitroprusside (SNP, NO donor, Biyuntian Biotechnology Co., Ltd., China) was dissolved in ultrapure water to make a 200 mg/mL mother solution, which was then diluted with seawater according to the experimental concentration.
A total of 180 clams were randomly collected and cultured in six separate tanks. Among them, three were experimental groups, and these clams were cultured in seawater with an SNP concentration of 100 μm/L for 6 h (N6) and then exposed to air for 72 h (NE). The other three groups were kept in normal seawater for 6 h (C0) and then in open air for 72 h (CE), which were considered the control groups. The gills were collected from the clams treated with SNP/- for 6 h and air exposure for 24, 48, and 72 h. Three individuals were sampled from each group at each period and promptly preserved with 4% paraformaldehyde for tissue sectioning.
A total of 360 clams were divided into treatment and control groups, with six parallels in each group. The clams in the two groups were cultured in normal seawater (C0) and then treated with 100 μm/L SNP for 6 h (N6). Subsequently, both groups were exposed to air for 72 h (CE and NE). 200–400 μL hemolymph was collected from clams in each group (C0, N6, CE, and NE), quickly frozen in liquid nitrogen, and then, stored at −80°C for metabonomics analysis. A mixture of 100 μL of the sample and 400 μL of an 80% methanol solution was vortexed and stored in ice water for 5 min. The supernatant was extracted via centrifugation at 15,000 g for 20 min at 4°C and diluted with mass spectrometry-grade water until the methanol level was 53%. The obtained solution was transferred to a sterile, enzyme-free EP tube and centrifuged at 15,000 g for 20 min at 4°C. The supernatants were stored at −80°C and transferred for LC–MS/MS analysis (Want et al., 2013).
2.3 Tissue sectioning and metabolite analysis
Gills fixed in 4% paraformaldehyde for histological observations were embedded in paraffin, sectioned into 7-μm slices and stained with hematoxylin–eosin. The slices were observed and photographed using the BX21 microscope and DP73 CCD camera (Olympus), respectively.
The UHPLC–MS/MS analyses were performed using a Vanquish UHPLC system (Thermo Fisher Scientific, Germany) coupled with an Orbitrap Q ExactiveTM HF mass spectrometer (Thermo Fisher Scientific, Germany) at Novogene Co., Ltd. (Beijing, China). Samples were injected into a Hypersil GOLD column (100 mm × 2.1 mm, 1.9 μm) using a 17-min linear gradient at a flow rate of 0.2 mL/min. The eluents for the positive polarity mode were eluent A (0.1% FA in water) and eluent B (methanol). The eluents for the negative polarity mode were eluent A (5 mM ammonium acetate, pH 9.0) and eluent B (methanol). The solvent gradient was set as follows: 2% B, 1.5 min; 2%–85% B, 3 min; 85%–100% B, 10 min; 100%–2% B, 10.1 min; and 2% B, 12 min. The Q ExactiveTM HF mass spectrometer was operated in the positive/negative polarity mode with a spray voltage of 3.5 kV, capillary temperature of 320°C, sheath gas flow rate of 35 psi, auxiliary gas flow rate of 10 L/min, S-lens RF level of 60, and auxiliary gas heater temperature of 350°C.
The raw data files generated by UHPLC–MS/MS were processed using the Compound Discoverer 3.1 software (CD3.1, Thermo Fisher Scientific) to perform peak alignment, peak picking, and quantitation for each metabolite. The peaks were matched with mzCloud (https://www.mzcloud.org/), mzVault, and MassList databases to obtain accurate qualitative and relative quantitative findings. The metabolites were annotated using the KEGG database (https://www.genome.jp/kegg/pathway.html), HMDB database (https://hmdb.ca/metabolites), and LIPID MAPS database (http://www.lipidmaps.org/). The metabolomics data processing software metaX (Wen et al., 2017) was used to convert the data in the multivariate statistical analysis section, and principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were performed to provide an overview of metabolic data, general clustering, trend, and outlier visualization and then obtain the contribution (VIP value) of each metabolite. The univariate analysis is based on the t-test to calculate the statistical significance (p-value) of each metabolite between the two groups and the fold change (FC) of the metabolite between the two groups, referred to as the FC value. VIP >1 and p-value <0.05 were the default criteria for differential metabolite screening. The volcano map was created using the R package ggplot2. Metabolites of interest may be selected by comprehending the three parameters of the metabolite: VIP value, log2 (fold change), and −log10 (p-value). The clustering heatmap was created using the R package Pheatmap, and the metabolite quantification data were standardized using the z-score. The statistically significant correlation between differential metabolites was calculated using cor. mtest () in R language, and a p-value <0.05 was considered statistically significant. The functions of these metabolites and metabolic pathways were studied using the KEGG database. The metabolic pathway enrichment of differential metabolites was performed. When the ratio was satisfied by x/n > y/N, the metabolic pathway was considered as enrichment, and when the p-value of the metabolic pathway was <0.05, the metabolic pathway was considered statistically significant enrichment.
3 RESULT
3.1 Damages to gill tissue during air exposure with or without SNP pretreatment
Gill filaments in normal clams exhibited a dense arrangement, interconnected at their free ends by densely concentrated cilia. The gill filaments’ surface consisted of epithelial cells interspersed with goblets (Figure 1A). Following 6 h of SNP pretreatment, the fundamental tissue structure of the gill filaments remained unaltered. However, distinctive clusters of mucous glands appeared obviously at the base of the gill filaments (Figure 1B, marked by the black arrow). When the clams were exposed to air for 24 h, thinner gill filaments were observed, resulting in an increased inter-filament spacing and a notable proliferation of goblets within the epithelial cell layer (Figure 1C). After 72 h of air exposure, the gill tissue structure showed obvious damage (Figure 1G), with some epithelial cell detachment at the margin of gill filaments, thereby exposing the basal lamina (Figure 1E, indicated by the white arrow). When the clams were exposed to air for 24 h after a 6-h SNP pretreatment, the gill tissue structure remained intact and regular, as similar as those in control (Figure 1D). Even after 72 h of air exposure after SNP pretreatment, thinner gill filaments occurred and there was partial opening of inter-filament connections, resulting in increased inter-filament spacing. Nevertheless, the overall structural integrity remained, with minimal instances of epithelial cell detachment (Figures 1F, H).
[image: Figure 1]FIGURE 1 | Histological observation of the gill of clam Ruditapes philippinarum undergoing air exposure and SNP pretreatment. (A) Gill in control (C0); (B) gill after 6 h of SNP treatment (N6); (C) gill after 24 h of air exposure (CE); (D) gill after 24 h of air exposure with SNP pretreatment (NE); (E, G) gill after 72 h of air exposure; and (F, H) gill after 72 h of air exposure with SNP pretreatment. Black arrow: clusters of mucous glands at the base of the gill filaments; white arrow: basal lamina after epithelial cell detachment.
3.2 Untargeted metabolome profiling
Untargeted metabolomics analysis was used in this research to explore potential adaptation mechanisms at the metabolomics level. In all, 436 metabolites were found in the positive ion mode and 245 in the negative ion mode. PCA analysis was used to examine the changes in metabolites in each group (C0, N6, NE, and CE) (Figure 2). The PCA score chart displayed no significant outliers, showing that the four groups of metabolite aggregation are good. Furthermore, the overlap between the comparison groups is tiny, especially in the negative ion mode, demonstrating that the model has metabolite properties.
[image: Figure 2]FIGURE 2 | Principal component analysis of the clam Ruditapes philippinarum during air exposure with or without SNP pretreatment. (A) Positive ion (POS) and (B) negative ion (NEG). The red dots indicate the control group (C0), the green dots represent the air-exposed group (CE), the blue dots represent SNP exposure for 6 h (N6), and the purple dots represent the air-exposed clam after SNP pretreatment (NE).
3.3 Analysis of differential metabolites
In this research, VIP ≥1, FC > 1.2 or FC < 0.833, and p-value <0.05 were used as screening thresholds to analyze metabolite differences in the positive and negative ion modes (Figure 3). The analysis of the N6 vs. C0 comparison group showed that six significantly different metabolites (SDMs) were upregulated and eight SDMs were downregulated in the positive ion mode; 18 SDMs were upregulated and 20 SDMs were downregulated in the negative ion mode. In the NE vs. C0 comparison group, 13 SDMs were upregulated and 60 SDMs were downregulated in the positive ion mode; 34 SDMs were upregulated and 33 SDMs were downregulated in the negative ion mode. There were 37 upregulated and 44 downregulated SDMs in the positive ion mode and 67 upregulated and 26 downregulated SDMs in the CE vs. C0 comparison group. Results from the NE vs. CE comparison group showed that five upregulated and 20 downregulated SDMs were in the positive ion mode; 10 and 39 were upregulated and downregulated, respectively, in the negative ion mode.
[image: Figure 3]FIGURE 3 | Metabolite visualization analysis of clam Ruditapes philippinarum exposed to SNP and air. Red dots represent upregulated metabolites, and blue dots represent downregulated metabolites.
In the HDMB database secondary classification (SuperClass), the metabolites in the positive and negative ion patterns could be categorized into nine groups: alkaloids and derivatives; benzenoids; lipids and lipid-like molecules; nucleosides/nucleotides and analogs; organic acids and derivatives; organoheterocyclic compounds; organic nitrogen compounds; organic oxygen compounds; and phenylpropanoids and polyketides. The proportion of each category is shown in Figures 4A, B. In the positive ion mode, the top three metabolite classifications of HDMB classification annotation findings were lipids and lipid-like molecules, organic acids and derivatives, and organoheterocyclic compounds. In the negative ion mode, the top three were lipids and lipid-like molecules, organic acids and derivatives, and nucleosides/nucleotides and analogs.
[image: Figure 4]FIGURE 4 | Account of metabolites annotated by the secondary classification (SuperClass) in HMDB (A, B) and the main level of classification (Main_Class) in LIPID MAPS (C, D). Aad, alkaloids and derivatives; Ben, benzenoids; Lalm, lipids and lipid-like molecules; Nnaa, nucleosides nucleotides and analogs; Oaad, organic acids and derivatives; Oc, organoheterocyclic compounds; Onc, organic nitrogen compounds; Ooc, rganic oxygen compounds; Pap, phenylpropanoids and polyketides; FA, fatty acyls; ST, sterol lipids; GP, glycerophospholipids; FA01, fatty acids and conjugates; FA02, octadecanoids; FA03, eicosanoids; FA04, docosanoids; FA05, fatty alcohols; FA07, fatty esters; FA08, fatty amides; GL01, monoradylglycerols; GP01, glycerophosphocholines; GP02, glycerophosphoethanolamines; GP03, glycerophosphoserines; GP04, glycerophosphoglycerols; GP06, glycerophosphoinositols; GP10, glycerophosphates; PK12, flavonoids; PK13, aromatic polyketides; PR01, isoprenoids; ST01, sterols; ST02, steroids; ST04, bile acids and derivatives; and ST05, steroid conjugates.
In the Lipid Metabolites and Pathways Strategy (LIPID MAPS) database, the metabolites identified in the positive and negative ion modes could be classified into six categories: 1) fatty acids (FAs); 2) glycerolipids (GLs); 3) glycerophospholipids (GPs); 4) polyketides (PKs); 5) prenol lipids (PRs); and 6) sterol lipids (STs). The percentages of each category are shown in Figures 4A, B. Fatty acids and conjugates [FA01], glycerophosphocholines [GP01], and glycerophosphoethanolamines [GP02] are the top three metabolite species in the positive ion mode. Glycerophosphocholines [GP01], glycerophosphoethanolamines [GP02], and glycerophosphosrines [GP03] are the top three metabolites in the negative ion mode (Figures 4C, D).
The cluster heatmap indicated significant differences in metabolites between the groups, as shown in Figure 5. In the comparison between CE and C0 groups, ɑ-aspartylphenylalanine,valylproline, prolylleucine, palmitic acid, L-lysine, inositol, D-gluconic acid, glutathione, alpha-ketoglutaric acid, Ala-Val, citric acid, and L-aspartic acid were considerably downregulated, whereas cis-aconitic acid, taurine, spermine, L-glutamic acid, betaine, choline, and arginine were significantly upregulated. After 6 h of SNP exposure, arginine, spermine, and L-glutamic acid were all upregulated in the N6 group, indicating that the SNP exposure induced the production of NO in the body. It was also shown that the glutathione content was considerably higher in the N6 group. In the comparison between the NE and C0 groups, valylproline, ɑ-aspartylphenylalanine, D-gluconic acid, prolylleucine, and glutathione were all downregulated. However, taurine showed no significant changes. It was found that there were more upregulated metabolites in the CE vs. C0 group compared to the NE vs. C0 group.
[image: Figure 5]FIGURE 5 | Clustering heatmap of metabolite expression after SNP pretreatment and air exposure in Ruditapes philippinarum. Metabolites in red are upregulated, and those in blue are downregulated.
The relative levels of some metabolites, such as taurine, L-glutamate, and some aliphatic acids, are depicted in Figure 6. These metabolites showed the most significant changes in the air-exposed clam, all of which were higher than those in the control group (p < 0.05). However, there were no significant differences in these metabolites between the NE and C0 groups (p > 0.05).
[image: Figure 6]FIGURE 6 | Comparative analysis of some metabolite expression levels in Ruditapes philippinarum. Different lowercase letters indicate significant differences in the levels of the same metabolite among distinct experimental groups.
3.4 Analysis of KEGG pathway enrichment
To better understand the functions of different metabolites, SDMs in the four comparison groups were annotated into the KEGG pathway for enrichment analysis. The results showed that the SDMs in the N6 vs. C0 group were enriched in beta-alanine metabolism, arginine and proline metabolism, and glutathione metabolism in the positive ion mode (pos) (Figure 7A) and glutathione metabolism, arginine biosynthesis, and aminoacyl-tRNA biosynthesis enrichment in the negative ion mode (neg) (Figure 8A). In the positive ion mode (pos) of the NE vs. C0 group, SDMs were enriched in the biosynthesis of unsaturated fatty acids, glutathione metabolism, and the pentose phosphate pathway (Figure 7B), whereas the negative ion mode was enriched in oxidative phosphorylation and pyruvate metabolism (Figure 8B). The CE vs. C0 group was enriched in taurine and hypotaurine metabolism, glutathione metabolism, arginine and proline metabolism, and arginine biosynthesis in the positive ion mode (Figure 7C), and in the negative ion mode, biosynthesis of unsaturated fatty acids and oxidative phosphorylation were enriched (Figure 8C). The SDMs in the NE vs. CE group were enriched in taurine and hypotaurine metabolism, ABC transporters, and arginine biosynthesis in the positive ion mode (Figure 7D), and in the negative ion mode (neg), enrichment was observed in arginine biosynthesis, taurine and hypotaurine metabolism, and glutathione metabolism (Figure 8D).
[image: Figure 7]FIGURE 7 | KEGG enrichment analysis in the positive ion mode across comparison groups. The larger the abscissa value, the greater the degree of enrichment of differential metabolites. The point’s color shows the p-value of the hypergeometric test. The lower the value is, the more reliable the test is and the more statistically significant it is. The size of the dots represents the number of different metabolites in the pathway. (A) N6 vs. C0; (B) NE vs. C0; (C) CE vs. C0; and (D) NE vs. CE.
[image: Figure 8]FIGURE 8 | KEGG enrichment analysis in the negative ion mode across comparison groups. The larger the abscissa value, the greater the degree of enrichment of differential metabolites. The point’s color shows the p-value of the hypergeometric test. The lower the value is, the more reliable the test is and the more statistically significant it is. The size of the dots represents the number of different metabolites in the pathway. (A) N6 vs. C0; (B) NE vs. C0; (C) CE vs. C0; and (D) NE vs. CE.
4 DISCUSSION
The LC–MS metabolomics technique was used for the first time in this research to determine the metabolic alterations of hemolymph after air exposure and SNP (NO donor) exposure in the Manila clam. The different metabolites in clams after air exposure and SNP treatment were mainly energy metabolism, osmoregulation, and the effects of oxidative stress. Air exposure was found to have an influence on important metabolic pathways such as amino acid metabolism, fatty acid metabolism, neurotransmitter transport, and osmoregulation (Liang et al., 2020). The cluster heatmap revealed that the amounts of various amino acids (prolylleucine, Ala-Val, leucylproline, L-aspartic acid, L-lysine, 5-phenylvaleric acid, citric acid, and alpha-ketoglutarate) dropped in clams exposed to air for 72 h. Amino acids have been shown to be a major source of energy metabolism in mollusks (Alfaro et al., 2021). A reduction in amino acids in bivalve mollusks suggests physiological changes in responses to several stresses. The contents of various amino acids decreased to different degrees under environmental stressors, such as high temperatures (Zhang et al., 2023), high temperatures and hypoxia (Hu et al., 2022), and air exposure (Nguyen et al., 2020). These results were consistent with our findings, which indicated that clams had substantial variations in metabolome profiles after air exposure. Long-term air exposure also causes oxygen deprivation in clams, which in turn affects several energy-related metabolites. The TCA cycle is an important pathway for the generation of energy in the animal body. TCA intermediate accumulation has been demonstrated to be caused by TCA cycle interruption in mollusks (Van Nguyen and Alfaro, 2019). When New Zealand surf clams (Crassula aequilatera) are exposed to air and high temperatures, they generate oxidative stress and an accumulation of TCA metabolic intermediates, with L-malate accumulating continuously (Alfaro et al., 2019). Similarly, the content of citric acid and alpha-ketoglutarate acid in clams exposed to air decreased continually in order to produce energy for the body, while the content of L-malate and cis-aconitic acid increased, which confirmed that the TCA cycle was interrupted in clams during air exposure.
It should be noted that the contents of docosapentaenoic acid, docosahexaenoic acid, arachidic acid, L-glutamic acid, and taurine were significantly increased in clams during air exposure. Among them, taurine is considered an antioxidant and an osmotic agent in cellular metabolism and steady state (Schaffer and Kim, 2018). Its antioxidation includes binding peroxidation reaction products (Ahmed, 2023), inhibiting mitochondrial superoxide production (Jong et al., 2012) and preventing reactive oxygen species (ROS) through the destruction of antioxidant enzymes. Taurine in clam hemolymph stayed at a high level during air exposure in this research, which indicated that increased taurine expression might be a protective mechanism against oxidative damage in clams during air exposure. Similarly, Haider et al. (2020) also found in their research that the high survival rates of marine bivalves during hypoxic stress were correlated with high levels of taurine. In addition, taurine is related to the osmoregulatory regulation in marine mollusk during environmental changes (Hosoi et al., 2007). The taurine-related metabolism pathway has been proved to have a non-negligible role in mollusk osmoregulation under hypoxic stress (Sun et al., 2021). During air exposure, we obviously detected a significant increase in taurine and other osmolytes, including non-essential amino acids, which indicated that clams faced alterations in osmoregulation. It was concluded that taurine acted as an antioxidant and osmotic agent in the Manila clam during air exposure. It was reported that the blood ammonia would combine with L-glutamate to form the amide (Pequin and Serfaty, 1966). Therefore, the increase in L-glutamate in clams in the CE group in this study might indicate a higher blood ammonia level during the air exposure. In addition, it was found in this study that some polyunsaturated fatty acids (PUFAs), such as docosatrienoic acid, adrenic acid, docosahexaenoic acid, and arachidic acid, significantly increased in air-exposed clams. There is substantial evidence that these fatty acids are capable of partly inhibiting many aspects of inflammation, including leukocyte chemotaxis, adhesion molecule expression, and leukocyte–endothelial adhesive interactions (Calder, 2017). The increase in PUFAs in the results of this study indicated that clams might experience inflammatory reactions during the air exposure process.
NO can directly alleviate oxidative stress at low concentrations by impacting the membrane components of NADPH oxidase and reducing the production of ROS (Wink et al., 2001; Clancy et al., 1992). González et al. (2019) discovered that mussels in hypoxic circumstances produced NO to achieve vasodilation. Moreover, as oxygen contents decreased after shell closure, nitric oxide produced from the hemolymph induced physiological damage to the gills and lowered the metabolic rate of other tissues. This reveals a basal function of NO in improving perfusion of hypoxic invertebrate tissues, which could be a key mechanism of tolerance toward environmental O2 variations. NO was proved to protect cells by reducing intracellular CytOx and O2 uptake during long-term hypoxia, and thus, arctic clams will not undergo ROS bursts or antioxidant upregulation during hypoxia and recovery (Strahl and Abele, 2020; Strahl et al., 2011). The glutathione content rose substantially after Manila clams were exposed to SNP for 6 h. Kuo et al. (1996) discovered that when faced with nitric oxide-mediated oxidative stress, GSH production was induced in order to maintain appropriate antioxidant levels. When the formation rate of the superoxide anion (O−2) is constant, glutathione oxidation increases as NO increases. When the formation rate of NO is greater than that of these free radicals, GSH oxidation weakens and glutathione concentrations increase significantly (Wink et al., 2001). Both might account for the large increase in glutathione levels after SNP exposure. The results of this experimental research also revealed that the related antioxidant substances (such as taurine and glutathione) were significantly upregulated in SNP exposure experiments. These results indicated that NO can not only directly exert antioxidant effects but also induce the generation of antioxidant substances (such as taurine and glutathione), jointly achieving antioxidant function. When the clams were exposed to air after 6 h of SNP pretreatment (NE group), compared to the control group (C0), the taurine value was not significantly changed, while glutathione was at a reduced level. It was speculated that after SNP treatment, NO in the clam body can continue to exert antioxidant effects for some time, and the large amount of taurine and glutathione induced by NO can also resist the oxidative reaction during air exposure. Therefore, during the air exposure after SNP pretreatment (NE), most metabolites that significantly increased in the directly air-exposed group (CE), such as taurine, L-glutamate, and several PUFAs, showed no significant differences from those in the control group (C0).
Gill is an important organ for respiration and filtration, especially for bivalves (Zhan et al., 2021). In the present study, the structures of the gill of clams were remarkably destroyed after 72 h of air exposure. Large amounts of oxygen free radicals (ROS) would be produced in the gill due to the insufficient supply of oxygen molecules (Kim and Chung, 2007; Jing et al., 2023). The rupture of gill cells in clams during air exposure may be caused by excessive ROS production under respiratory obstruction and hypoxia. However, compared to the direct air exposure group, gill tissue was only slightly destroyed in clams exposed to air for 72 h after SNP pretreatment. Combined with the results of metabolomics, it was indicated that the stress response caused by air exposure in clams would be decreased after SNP (NO donor) pretreatment.
5 CONCLUSION
This research is the first to use untargeted metabolomics (LC–MS/MS) to analyze the adaptive mechanism of Manila clams during air exposure and the positive effect of SNP (NO donor) pretreatment before air exposure. A significant increase in taurine, L-glutamate, and several PUFAs in the Manila clam was detected, which indicated that clams may experience inflammatory reactions, oxidative stress, and an increase in the blood ammonia content during air exposure. NO induced by SNP could induce the production of taurine and glutathione in the clam. When the clams were exposed to air after 6 h of SNP pretreatment, NO could not only directly exert antioxidant effects but also induce the generation of antioxidant substances (such as taurine and glutathione), jointly achieving antioxidant function. Compared with the serious damages in the gills of clam directly exposed to air, gill tissue was only slightly destroyed in clams exposed to air for 72 h after SNP pretreatment. Therefore, it was indicated that a series of physiological responses during air exposure in Ruditapes philippinarum could be alleviated through SNP pretreatment.
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Cnidarians face significant threats from ocean acidification (OA) and anthropogenic pollutants such as oxybenzone (BP-3). The convergence of threats from multiple stressors is an important area to investigate because of potential significant synergistic or antagonistic interactions. Real-time quantitative PCR was performed to characterize the expression profiles of twenty-two genes of interest (GOI) in sea anemones (Exaiptasia diaphana) exposed to one of four treatments: 1) 96 h of OA conditions followed by a 4 h exposure to 20 ppb BP-3; 2) Exposure to 4 h 20 ppb BP-3 without 96 h of OA; 3) Exposure to 96 h of OA alone; or 4) laboratory conditions with no exposure to BP-3 and/or OA. These 22 GOIs represent cellular processes associated with proton-dependent transport, sodium-dependent transport, metal cation binding/transport, extracellular matrix, amino acid metabolism/transport, immunity, and/or steroidogenesis. These 22 GOIs provide new insight into vulnerable cellular processes in non-calcifying anthozoans exposed to OA and BP-3. Expression profiles were categorized as synergistic, antagonistic, or additive of BP-3 in the presence of OA. Two GOIs were synergistic. Fifteen GOIs were antagonistic and the remaining five GOIs were additive in response to BP-3 in acidified seawater. A subset of these GOIs appear to be candidate biomarkers for future in situ investigations. In human health, proton-dependent monocarboxylate transporters (MCTs) are promising pharmacological targets and recognized as potential biomarkers. By comparison, these same MCTs appear to be targets of xenobiotic chemical pollutants in cnidarian physiology. In the presence of BP-3, a network of collagen synthesis genes are upregulated and antagonistic in their expression profiles. Cytochrome b561 is a critical protein required for collagen synthesis and in silico modeling demonstrates BP-3 binds in the pocket of cytochrome b561. Understanding the underlying molecular mechanisms of “drug-like” compounds such as BP-3 may lead to a more comprehensive interpretation of transcriptional expression profiles. The collective antagonistic responses of GOIs associated with collagen synthesis strongly suggests these GOIs should be considered candidate biomarkers of effect. GOIs with synergistic and additive responses represent candidate biomarkers of exposure. Results show the effects of OA and BP-3 are interactive with respect to their impact on cnidarians. This investigation offers mechanistic data that supports the expression profiles and underpins higher order physiological responses.
Keywords: ocean acidification, oxybenzone, gene expression profiles, biomarkers, multiple stressors, in silico modeling, synergistic response, antagonistic response
INTRODUCTION
Ocean acidification is a global concern characterized by the increase in the acidity of the world’s oceans due to the uptake of anthropogenic carbon dioxide (CO2) from the atmosphere. Atmospheric CO2 concentrations have risen from pre-industrial levels of approximately 275 ppm (Macfarling Meure et al., 2006) to over 400 ppm (Dunn et al., 2020), with nearly a third of all annual production of anthropogenic production of CO2 being absorbed by the world oceans (Doney et al., 2009). The resulting drop in pH of marine environments poses significant threats to a broad range of marine organisms (Fabry et al., 2008). Meta-analysis of extant taxa responding to OA reveals similar trends in the negative responses of diverse phyla including cnidarians, mollusks, echinoderms, crustaceans, and bony fish (Kroeker et al., 2013; Wittmann and Pörtner, 2013; Medeiros and Souza, 2023). For calcifying organisms, OA leads to the reduction in the saturation state of carbonate ions, which hinders the calcification process. For corals, OA critically impacts growth and survival (Hoegh-Guldberg et al., 2007). A majority of previous cnidarian investigations have focused on calcification, skeletal density, and/or early life stages (Moya et al., 2012; Putnam et al., 2013; Ramos-Silva et al., 2013; Traylor-Knowles and Connelly, 2017). Some phyla such as Cnidaria and Mollusca also have taxa which are not calcifiers, so investigations not directly linked to calcification are also needed for a broader understanding of OA impact. Sea anemones in the genus Exaiptasia are ideal representatives of non-calcifying anthozoans that are easily cultured in the laboratory and utilized for ecotoxicological studies. Representatives of the genus are found worldwide in tropical marine ecosystems, have the same body plan as scleractinian corals, and are capable of establishing/maintaining symbiotic relationships with zooxanthellae (Sunagawa et al., 2009; Main et al., 2010; Schlesinger et al., 2010; Howe et al., 2012; Siddiqui et al., 2015; Duckworth et al., 2017).
Tropical coastal marine ecosystems are particularly notable for a number of diverse features. Coastal upwellings are locations that increase the probability of OA conditions (Manzello, 2010; Murray et al., 2015). Concurrently, anthropogenic activity along coastlines displays a concentration gradient from highest to lowest (nearshore to offshore, respectively) and is routinely driven by seasonal climatic activity (Dachs et al., 1999; Gray et al., 2002; Yamashita and Tanoue, 2003; Fabry et al., 2008; Gavio et al., 2010; Linsmayer et al., 2020; Zhu et al., 2022). As a consequence, coastal marine ecosystems are exposed to a diversity of anthropogenic stressors and these environments are increasingly becoming “sinks” for complex mixtures of anthropogenic chemicals originating from diverse sources (Peters et al., 1997; Atkinson et al., 2003; Wurl and Obbard, 2004; Fent et al., 2006; Schiedek et al., 2007; Halpern et al., 2008; Jones, 2010; Burns and Brinkman, 2011; Dafforn et al., 2011; Vidal-Dorsch et al., 2012; French et al., 2015; Pie et al., 2015; Wear and Thurber, 2015; Downs et al., 2016; Archer et al., 2017; Law, 2017; Worm et al., 2017; Lebreton et al., 2018; Mitchelmore et al., 2019). As a consequence, marine organisms in coastal marine ecosystems face significant threats from diverse anthropogenic chemical pollutants.
Oxybenzone (BP-3), the active ingredient in sunscreen, is just one of many xenobiotics present in the marine environment (Vidal-Dorsch et al., 2012). It is estimated that 14,000 tons of sunscreens enter the oceans annually from beachgoers and domestic sewage effluent, and there is a growing body of evidence of BP-3 acts as an endocrine disruptor on cnidarians (Downs et al., 2016; Mitchelmore et al., 2019; Mitchelmore et al., 2021; Morgan et al., 2022).
The convergence of threats from OA and chemical pollution is an important area of investigation because of potential significant interactions between anthropogenic pollutants and OA conditions (Nikinmaa, 2013). The natural environment is a mixture of multiple stressors causing mixed effects and challenging organisms to acclimatize and/or adapt to physiologically demanding conditions (Evans and Hofmann, 2012; Stillman et al., 2015; Deidda et al., 2021). For example, heavy metal toxicity is known to be exacerbated in sea anemones experiencing OA (Siddiqui et al., 2015; Duckworth et al., 2017). Currently, there are knowledge gaps in cnidarian transcriptional responses to BP-3 within an environment of OA. This study seeks to characterize patterns of transcription in genes of interest (GOIs) in sea anemones responding to BP-3 and acidic seawater.
MATERIALS AND METHODS
CO2-acidified conditions
Two 38 L glass aquaria were filled with raw seawater obtained from the Rosario Beach Marine Laboratory seawater system, which is in turn pumped from Rosario Bay, Fidalgo Island, Washington, US. Seawater was allowed to equilibrate to room temperature, approximately 21°C, before being added to the aquaria. Temperature and pH of each aquarium was monitored using an Open Acidification Tank Controller unit (Onthank et al., 2023). The pH of the treatment aquarium was adjusted lower by bubbling pure CO2 into a bubble stone from a solenoid-equipped CO2 regulator on a 2.3 kg high pressure CO2 cylinder and controlled by the Open Acidification Tank Controller. A pH of 7.5 was the target pH for the treatment aquarium for two reasons: 1) the pH of 7.5 is approximately 0.3 units lower than present day pH of seawater found in Rosario Bay (Onthank et al., 2021), and 2) the pH of 7.5 is below BP-3′s pKa of 7.6 (Fontanals et al., 2010). The pH of the control aquarium was not controlled. The temperature of the aquaria was not controlled and allowed to match the room temperature. Independent measurements of pH were taken of each aquarium daily using the m-cresol purple spectrophotometric method (Dickson et al., 2007) as modified by Culler-Juarez and Onthank (2021). Total pH values were calculated from absorbance values in R using the “specpH” function found the in OTools package version 22.08.01 (https://github.com/KirtOnthank/Otools). Total alkalinity of each aquarium was measured on day 1 and day 4 using the open-cell titration method (Dickson et al., 2007) and alkalinity was calculated from titration data in R using the “at” function in the seacarb package version 3.2.14 (Gattuso et al., 2015). Salinity was measured daily using a Vernier salinity probe (SAL-BTA). Temperature was measured daily using a VWR precision liquid-in-glass thermometer. Partial pressure of carbon dioxide in each aquarium was calculated each day from daily pH, salinity, and temperature measurements, and from average of total alkalinity measurements for each aquarium in R using the “carb” function from in the “seacarb” function version 3.2.14 (Gattuso et al., 2015). All raw data and code to calculate derived values are available in a repository on Zenodo (https://doi.org/10.5281/zenodo.8011603).
Toxicant exposure
Sea anemones (Exaiptasia diaphana) were purchased from a supplier (Carolina Biological Supply, Burlington, NC, United States) and acclimated to laboratory conditions (recirculating natural seawater at 21°C, ambient laboratory lighting, and 29 ppt salinity) for 1 month prior to beginning the experiment. All BP-3 treatments were nominal concentrations for 4 h in 1L seawater under ambient laboratory lighting during the mid-summer season. The 20 ppb concentration was chosen to induce responses and does not necessarily reflect environmental conditions. Previous studies have demonstrated a toxicant concentration of 20 ppb will induce detectable differential gene expression after 4 h of exposure (Morgan et al., 2001; Morgan and Snell, 2002; Morgan and Snell, 2006; Morgan et al., 2012; Morgan et al., 2022). Variations in environmental conditions can influence the toxicity of xenobiotics (Xin et al., 2021). A 4 h exposure was arbitrarily chosen as an initial timeframe since environmental BP-3 is associated with anthropogenic beach activity. The 96 h timeframe of OA exposure was chosen since some coastal upwellings are known to have periodicities of fluctuation (Murray et al., 2015; Rodriguez-Ruano et al., 2023). Dynamic environments such as an acute 96 h exposure of OA followed by a 4 h pulse of BP-3 will challenge organisms to adapt to physiologically demanding conditions (Evans and Hofmann, 2012). BP-3 was solubilized in acetone at 100 μL/L prior to dilution in seawater. Anemones were divided into four treatments: 1) 96 h of OA conditions followed by a 4 h exposure to 20 ppb oxybenzone (BP-3); 2) Exposure to 4 h 20 ppb BP-3 without 96 h of OA; 3) Exposure to 96 h of OA alone; or 4) laboratory conditions without exposure to BP-3 and/or OA conditions. The 96 h timeframe was chosen because there is evidence of different patterns of responses between short- and long-term CO2 exposures (Inbakandan, 2016; Medeiros and Souza, 2023).
Selecting candidate genes of interest
A plethora of studies have investigated OA effects on calcifying marine organisms. Meta-analysis of extant taxa responding to OA reveals similar trends in the negative responses of diverse phyla including cnidarias, mollusks, echinoderms, crustaceans, and bony fish (Kroeker et al., 2013; Wittmann and Pörtner, 2013). Some phyla (i.e., Cnidaria and Mollusca) also have taxa which are not calcifiers (i.e., anemones and octopus, respectively). Hence, there is value in investigating responses to OA in non-calcifying taxa within calcifying phyla. In this investigation, genes on a cnidarian stress EST library were compared to an O. rubescens transcriptome from octopus exposed to OA conditions (data unpublished). Previous studies on model eukaryotes have shown that only 5%–10% of their genes respond to stressed conditions (Adams et al., 2000; Gasch et al., 2000; Hill et al., 2000; Goldstone, 2008). Since both phyla contain calcifying and non-calcifying taxa, this comparison offers the opportunity to identify genes that are representative of stress responses of non-calcifying organisms responding to xenobiotic chemicals and OA conditions. Candidate genes of interest (GOIs) were identified from homologous proteins (BLASTX analysis: nr database, standard parameters) found in both the cnidarian stress EST library and the O. rubescens transcriptome data. Subsets of ESTs from the cnidarian stress library have previously been used to characterize other cnidarian stress responses (Morgan et al., 2012; Morgan et al. 2015; Morgan et al. 2022)
Reverse transcription reactions
Six to 10 anemones were pooled and homogenized for each treatment. Total RNA was isolated using Trizol (Invitrogen, United States). RNA concentration and quality were assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, United States). Total RNA from pooled samples for each treatment was DNase I digested (New England BioLabs, United States), purified by chloroform/phenol extraction, and then reverse transcribed. First stand synthesis used SuperScript IV (Invitrogen, United States) along with random hexamers and oligo-dT primers to reverse transcribe 1 μg of total RNA. Reverse transcription conditions were 1 h at 37°C, followed by 1 min at each temperature between 42°C and 50°C.
Quantitative real-time PCR
A QuantStudio 7 Flex Real-Time PCR system (Applied Biosystems, United States) used a SYBR Green-based assay to perform qPCR. A 1/100 dilution of first-strand synthesis reactions were used as templates for all qPCR reactions. Primers for each GOI were created using Primer3 (https://primer3.org). Components for each 20 µL qPCR reaction included: 10 µL Luna® universal qPCR Mix (New England BioLabs, United States), 2.5 µL Forward primer (10 µM stock), 2.5 µL Reverse primer (10 µM stock), 2.5 µL dH2O, 2.5 µL sample. Thermocycling conditions were 1 cycle at 95°C for 1 min; 40 cycles of 95°C for 15 s and then 60°C for 30 s; and concluding with 1 cycle of melt curve analysis. Three to four technical replicate reactions were used for analyzing the relative expression of each GOI. Because of a consistent expression pattern, RPL11 was used as the qPCR reference gene (Kenkel et al., 2011). Melt-curve analysis, primer efficiencies, and gel electrophoresis confirmed specificity of priming. Replicate Cq values were averaged to determine ∆Cq and ∆∆Cq for each treatment and GOI. All ∆Cq and ∆∆Cq values are based on the consistent expression of the endogenous reference control gene (RPL11) across all treatments. The ∆∆Cq method was used to determine the differences between targeted GOIs and a single reference gene (Bustin et al., 2009). Two-way ANOVA was performed on Log 2 transformed relative quantity data to determine the significant of the main effects and interactions. All p-values were adjusted using the Benjamini–Hochberg FDR correction.
in silico molecular modelling
Human protein homologs have previously been used as substitutes for cnidarian proteins in molecular modelling (Khalturin et al., 2018). Some cnidarian proteins have such significant homology to human proteins that they are even capable of stimulating human responses (Dunn et al., 2006; Wood-Charlson and Weis, 2009; Duffy and Frank, 2011; Dani et al., 2014; Brennan et al., 2017; Mansfield et al., 2017). The most similar vertebrate structures were used for selecting the Protein Databank (PDB) files to be used for initial docking experiments. In the case of MCT1, cryo-EM structures of the homologous human protein in both inward-facing and outward-facing conformations are available in the PDB (PDB IDs 7cko and 7ckr, respectively). These structures were used for docking after removal of water and ligand molecules. The same treatment was applied to cytochrome b561, using 4o79 for the construct facing inward (cytosolic side) and 4o7g for the construct facing outward (non-cytosolic side). For MCTs 2 and 3, models were constructed using H. sapiens sequences corresponding to MCT2 (GenBank: AF049608.1) and MCT3 (GenBank: U81800.1) due to the lack of information on the cnidarian sequences. The cnidarian sequence was used to model MCT10 (GenBank: KXJ27932.1). All models of MCT2, 3, and 10 were constructed with the SWISS-MODEL web server (https://swissmodel.expasy.org) (Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020; Studer et al., 2021) using 7cko for inward-facing constructs and 7ckr for outward-facing constructs as templates. Ligands were created in Avogadro (Hanwell et al., 2012) and energy-minimized prior to docking. Docking was performed using AutoDock Vina (Trott and Olson, 2010); the search space was restricted to the known ligand binding site. Docking included protonated and deprotonated ligands. After docking, the results were analyzed in UCSF Chimera (Pettersen et al., 2004).
Statistical analysis
After assumptions were tested by Levene’s test for homogeneity of variance across groups and Shapiro-Wilk Normality test, a two-way ANOVA was conducted for each gene to determine the significance of the main effects of OA and BP-3, as well as their potential interactions. The p-values obtained from these ANOVAs underwent an adjustment using the Benjamini–Hochberg False Discovery Rate (FDR) correction method to correct for multiple comparisons.
Genes were classified as “additive” where the interaction p-value exceeded 0.05, suggesting a non-significant interaction effect on gene expression between OA and BP-3. In this scenario, the combined effect of OA and BP-3 on the slope of gene expression can be interpreted as the summation of their independent effects. Genes were categorized as “synergistic” when both the slopes of interaction plots were either both positive or both negative with control OA being less steep than experimental OA exposure. In the context of this study, synergistic effects denote a scenario where the combined influence of OA and BP-3 on gene expression is greater than what would be anticipated from the sum of their individual effects. Lastly, “antagonistic” effects were identified for genes showing opposing slopes in the interaction plots, implying a counteracting influence between OA and BP-3 exposures on the anemone’s gene expression. Data and code underlying these analyses is available at https://zenodo.org/doi/10.5281/zenodo.10056756.
RESULTS
Acclimated anemones were separated into two groups (control and CO2-acidified treatment). At the beginning of the 96 h of exposure to acidified seawater the starting pH was 8.25. At the end of 96 h of exposure to acidified seawater, pCO2, pH, alkalinity, salinity, and temperature was recorded (see Table 1).
TABLE 1 | Experimental conditions at the end of exposure to 96hrs of acidified seawater.
[image: Table 1]Genes of interest
This investigation quantified expression of 22 GOIs: 2-oxoglutarate and iron-dependent oxygenase domain-containing protein 2 (2OG-Fe (II)), 17β-hydroxysteroid dehydrogenase type 14 (17βHSD14), 17β-hydroxysteroid dehydrogenase type 12 (17βHSD12), Collagen alpha-2 (I) chain (COL1A2), Collagen alpha-1 (IV) chain (COL4A1), complement component C3 (C3), Cytochrome b561(CYB561), Glutamine synthetase (GLUL), Hephaestin (Heph), Integrin beta-PS (MYS), low affinity copper uptake protein 2 (SLC31A2-1), Monocarboxylate Transporter 2 (MCT2, SLC16A7), Monocarboxylate Transporter 3 (MCT3, SLC16A3), Monocarboxylate Transporter 10 (MCT10, SLC16A10), ornithine aminotransferase, mitochondrial-like (OAT), Serotransferrin-like (TF), Sodium/calcium exchanger 3 (SLC8A3), Soma ferritin-like (FTH1), Tauropine dehydrogenase (TaDH), Tenascin-R (TNR) has a FReD (containing a fibrinogen domain) and is also known as ryncolin-4), Transient receptor potential cation channel subfamily A member 1-like (TRPA1), Zinc transporter ZIP14 (SLC39A14). These GOIs are associated with proton-dependent transport, sodium-dependent transport, metal cation binding/transport, extracellular matrix, amino acid metabolism/transport, immunity, and/or steroidogenesis (see Table 2 for primers; Table 3 for accession numbers).
TABLE 2 | Genes of Interest and their corresponding primers used in qPCR reaction. Annealing temperature for all primers was 60°C.
[image: Table 2]TABLE 3 | Gene of interests (GOIs) and associated Exaiptasia diaphana accession numbers.
[image: Table 3]Transcriptional responses of GOIs
All 22 GOIs exhibited significant changes in transcription to OA conditions, and/or BP-3 exposure, and/or the interaction of OA and BP-3 (Figure 1: heatmap Table 4: p-values of significant responses). Twenty GOIs had significant responses to OA and two GOIs (TF, TNR) were not significantly responsive to OA. Fourteen GOIs were responsive to BP-3 exposure while the remaining eight GOIs were not responsive to BP-3 (2OG Fe(II), SLC39A14, MCT2, MCT3, SLC8A3, 17βHSD14, TRPA1, SLC31A2). Five GOIs did not have significant interactions between OA conditions and BP-3 exposure (MCT2, MCT10, GLUL, TF, TNR).
[image: Figure 1]FIGURE 1 | Heatmap of differential expression for all 22 genes of interest in each treatment.
TABLE 4 | p-values for each GOI in the presence of OA, BP, or any significant interaction between OA and BP-3. Values in bold are significant.
[image: Table 4]Docking simulations
In silico modeling was performed on MCT2, MCT3, MCT10, and CYB561. MCT2 and MCT3 docking simulations included binding affinities for lactate which is the recognized molecule of transport for proton-dependent transporters. MCT1 was modeled as a comparison since it is the most-well characterized proton-dependent transporter with known inhibitors (BAY8002 and 7ACC2). Docking simulations with MCT10 included amino acids with aromatic side chains which are the recognized molecules of transport (Table 5). Docking simulations of CYB561 reveal there are seven amino acid side chains that interact with BP-3 (Figure 2). By comparison, CYB561 has 4 amino acids interacting with ascorbate (see Figure 2). Table 5 provides a comparison of the binding affinities for BP-3 and ascorbate.
TABLE 5 | In silico binding affinities (kcal/mol). BY8002 and 7ACC2 are recognized inhibitors of MCT1. Phe, Tyr, and Trp are the aromatic amino acids normally transported by MCT10. *actual structure used instead of homology model. Transporter orientation towards the cytosolic side of the plasma membrane are labeled “in”. Transporter orientation towards the extracellular side of the plasma membrane are labeled “out”. Values in bold are significant.
[image: Table 5][image: Figure 2]FIGURE 2 | Docking results showing ascorbate (A) and BP3 (B) bound to CYB561. The inset pic at bottom right corner of A and B show closeup of ascorbate and BP3, respectively in binding pocket. (C) LigPlot analysis of ascorbate (left) and BP3 (right), showing interactions with nearby residues. Hem301 is a nearby heme group.
Categorizing synergistic, antagonistic, or additive effects
Figure 3 identifies which GOIs had synergistic, antagonistic, or additive effects. Table 4 identifies which GOIs had significant interactions. Two GOIs (TF and OAT) had significant synergistic transcriptional interactions on their respective gene networks (see Table 4 and Figure 3). Fifteen GOIs had significant transcriptional interactions with antagonistic effects (see Table 4 and Figure 3). Five GOIs (GLUL, MCT10, MCT2, TaDH, TNR) exhibit additive responses when BP-3 is present in acidified seawater (see Figure 3).
[image: Figure 3]FIGURE 3 | Interaction plots of GOI expression profiles categorized by synergistic, antagonistic, or additive effects.
DISCUSSION
pH in experimental setup
At the beginning of 1 month of acclimation, the pH was not measured. After 1 month of acclimation, the pH of 8.25 was recorded at the beginning of the experiment. The pH of the local seawater is typically between 7.8–8.0 (Murray et al., 2015; Onthank et al., 2021). Differences between the normative pH range of local waters and the pH measured at the beginning of the treatments is likely due to 1) anemone’s algal symbionts favoring carbon fixation (removal of CO2) under the laboratory conditions during the 1 month of acclimation; 2) bubbling of air into the control tank helped drive off excess pCO2 from the local waters. Coral Reefs are known to experience fluctuations in pH of 0.5 units (Birkeland et al., 2008).
The pH range used in this investigation was important because it spanned the pKa of BP-3. Speciation of a compound is determined by pH and the compound’s pKa. If a compound’s pKa is the same as the pH, its ionized and unionized molecules are at equal concentrations (Xin et al., 2021). BP-3′s pKa is 7.6 (Fontanals et al., 2010). The laboratory-controlled acidic conditions of pH 7.5 favored a shift towards a protonated form of BP-3 but there was not a significant difference in the binding affinities of protonated versus deprotonated forms of BP-3 (see Table 5).
Functional significance of expression profiles
Monocarboxylate transporters and links to intracellular pH
While intracellular pH was not directly measured in this investigation, some expression profiles suggest intracellular pH was lowered by exposure to OA. MCT expression is known to be influenced by intracellular pH due to extracellular pH (Gopal et al., 2004). MCTs play a role in the maintenance of intracellular pH which is critical for physiological function (Casey et al., 2010; Halestrap, 2013). Monocarboxylate transporters function as sensors and regulators of pH (Casey et al., 2010; McBrian et al., 2013). MCT 1,2,3, and 4 are symporters of monocarboxylates and protons (1:1 ratio) and the direction of transport across plasma membrane is determined by the relative intra- and extracellular pH (Iwanaga and Kishimoto, 2015). Proton-dependent MCTs are stimulated by decreasing the pH from 8 to 6 and with lowered pH, the Km value (Michaelis constant) for MCTs decreases thereby improving efficiency for binding and transport (Halestrap and Meredith, 2004; Halestrap, 2013). MCT 1&2 pump compounds and protons in one direction while MCT 3&4 pump the same compounds and protons in the opposite direction (Yoshida, 2021). The process of different MCTs coordinating transport of the same compounds in opposite directions is commonly described as metabolic symbiosis (Payen et al., 2020). The expression profiles of MCT2 (SLC16A7) and MCT3 (SLC16A3) in the OA treatment is consistent with the concept of metabolic symbiosis as each would be pumping in opposite direction (see Figure 4A). Data herein is consistent previously published studies demonstrating downregulated transcription of proton-dependent MCTs under acidic conditions (Casey et al., 2010) (see Figure 4A). The gastrovascular pH is known to be more acidic than surrounding seawater (Cai et al., 2016; Bove et al., 2020). Since whole animal homogenate was used in this investigation, future studies should investigate in situ hybridization of MCT2 vs. MCT3 to determine which tissues are most likely to utilize which MCT. Calcium ATPase have previously been the focus of identifying potential proton exchangers that help regulate pH in stony corals (Zoccola et al., 2004; Tambutté et al., 2011). The responsiveness of the proton-dependent MCTs presented herein offers another potential regulator of intracellular pH to consider in future studies. Coupled with the responsiveness of SLC8A3 (Na+/Ca2+ exchanger), these MCTs may provide an alternative mechanistic option for modulating Ca2+ and intracellular pH in stony corals.
[image: Figure 4]FIGURE 4 | Categorized heatmaps of GOIs exhibiting significant differences in expression in response to OA and/or BP-3 exposure. Group (A) Soluble carrier proteins GOIs: SLC31A2, SLC39A14, SLC8A3, MCT3 (SLC16A3), MCT2 (SLC16A7), MCT10 (SLC16A10). Group (B) GOIs associated with amino acid synthesis, reservoirs, and metabolism. Group (C) GOIs associated with Collagen synthesis. Group (D) Extracellular matrix GOIs. Group (E) ion transport GOIs. Group (F) 12 GOIs with functional links to steroidal hormones. Group (G) Immune-related responses.
Links to amino acid synthesis, reservoirs, and metabolism
The following amino acids are associated with expression profiles generated in the investigation: glutamine, glutamic acid, proline, hydroxyproline, amino acids with aromatic side chains, and the non-proteinogenic amino acids taurine and tauropine.
Glutamine synthetase (GLUL) is required to convert glutamic acid into glutamine. Glutamine synthetase regulation is pH-sensitive (Frieg et al., 2021). The downregulated transcription of glutamine synthetase (Figure 4B) suggests lower cellular demand for glutamine allowing glutamate to be utilized/shifted towards other metabolic demands. Under intracellular acidic conditions, four biochemical reactions occur: 1) Glutamine is deamidated by direct hydrolysis (Li et al., 2010), 2) the interconversion of glutamate and α-ketogluarate by glutamate dehydrogenase (GDH) is driven in the direction of glutamate synthesis. 3) the interconversion between glutamate and glutamate-γ-semialdehyde (GSA) is driven towards GSA synthesis which is an intermediate precursor of proline. 4) the interconversion of ornithine and GSA relies on ornithine-δ-aminotransferase (OAT) and the reaction is driven in the direction of GSA (a proline precursor). Under acidic conditions, these four biochemical reactions all move in the direction of proline synthesis. Glutamate metabolism and proline synthesis are functional links between the TCA and urea cycles. Proline plays an important role in regulation of synthesis of ornithine, arginine, polyamines, glutamate and collagen (Karna et al., 2020). In this investigation, there is downregulated transcription of OAT because the cellular demand for converting ornithine into GSA is lessened because glutamate abundance is already elevated in the acidic environment (see Figure 4B). When OAT demand is upregulated, there is increased proline catabolism (Albaugh et al., 2017).
The upregulated transcription profiles of collagen chains I and IV (see Figure 4B) are consistent with an increased metabolic demand for proline synthesis since proline is a major component of collagen. Newly synthesized proline normally accumulates in cytoplasm where it helps buffer cytosolic pH (Meena et al., 2019). If cells are experiencing an intracellular acidic pH, then upregulated synthesis of proline won’t offset intracellular acidic pH because newly synthesized proline is utilized in collagen synthesis. The upregulated transcription of collagen chains (COL1A2; COL4A1) (see Figure 4B) suggests increased cellular demand for synthesizing proline which must then be post-translationally modified to produce the hydroxyproline residues needed for collagen. Both proline and hydroxyproline have important metabolic and physiological roles (Li and Wu, 2018).
Tauropine dehydrogenase (TaDH) is responsible for the interconversion of two non-proteinogenic amino acids Tauropine and Taurine. The abundance of Tauropine typically correlates with the concentration of taurine (derivative of methionine or cysteine) (Linsmayer et al., 2020). The expression profile of TaDH (see Figure 4B) reveals Tauropine and Taurine are relevant in the context of OA where the interconversion reaction is driven towards Taurine accumulation. Tauropine is produced under hypoxic (fermentation) conditions. There is growing recognition of the importance of fermentative metabolism for cnidarian biology (Linsmayer et al., 2020). Fermentation will increase demand for proton-dependent MCTs to pump lactate out of cells. Taurine levels increase in pathological conditions where its antioxidant capabilities help to downregulate of inflammatory mediators (Voskanyan et al., 2014). Taurine’s buffering capacity reduces the negative impact of lactate by modulating intracellular free Ca2+ during fermentation conditions. Taurine lowers intracellular Ca2+ levels by inhibiting calcium influx from calcium channels including the reverse mode of Na+/Ca2+ exchanger (SLC8A3) (Li et al., 2005). Calcium influx can also occur through TRPA1 which is responsive to taurine (Redmond et al., 2014; Meents et al., 2019). Under acidic conditions, glutamate synthesis is elevated which elevates the intracellular Ca2+ concentration. Taurine reduces glutamate-induced elevated Ca2+ concentration (Ripps and Shen, 2012). Expression profiles for both SLC8A3 and TRPA1 are downregulated which reaffirms a reduced cellular demand for Ca2+ influx (see Figure 4B).
MCT10 transports amino acids with aromatic side chains (Imagawa et al., 2004; Yoshida, 2021). Cnidarians import essential amino acids (including phenylalanine and tyrosine) directly from symbiotic algae (Wang and Douglas, 1999) and tyrosine is known to be can be transferred to marine invertebrate larvae via the food chain (Heyland and Moroz, 2005). MCT10’s recognized function offers a potential mechanistic explanation for how cnidarians import the amino acids referenced in these previous studies. It has also recently been discovered that another monocarboxylate transporter MCT7 will transport taurine, a non-proteinogenic amino acid (Higuchi et al., 2022).
Links to collagen synthesis and the extracellular matrix
The four major classes of proteins associated with the ECM are structural proteins, glycoproteins, glycosaminoglycans and proteoglycans, and matricellular proteins (Jones et al., 2015). Seven GOIs (COL1A2, COL4A1, CYB561, 2OG-Fe(II), GLUL, OAT, SLC31A2) are associated the collagen synthesis (Figure 4C). Collagen belongs to the structural class of the ECM proteins. The upregulated transcription of collagen chains I & 4 (COL1A2; COL4A1, respectively) suggests increased cellular demand for proline which must be post-translationally modified to produce hydroxyproline for collagen. Proline synthesis occurs through the glutamate cycle (requiring GOI: GLUL) and/or through modifications of ornithine (requiring GOI: OAT). Ascorbate is needed to hydroxylate proline residues in collagen processing which also requires 2-oxoglutarate oxygenase with Fe2+ as cofactor (GOI: 2OG-Fe(II)) and cytochrome b561 (GOI: CYB561) to bind ascorbate (Peterkofsky, 1991; Loenarz and Schofield, 2008; Berczi and Zimanyi, 2014). Cu2+ uptake is stimulated by ascorbate, which acts as a Cu2+ reductant (Schweigel-Röntgen, 2014). The upregulation of SLC31A2 (aka: CTR2) is consistent with expression profiles of genes associated the collagen synthesis and an increased metabolic demand for ascorbate (see Figure 4C).
Collagen is upregulated in wound healing (Albaugh et al., 2017). Under acidic conditions, collagen synthesis is upregulated and the proline incorporated into collagen removes it from the metabolic pool (Chalecka et al., 2021). Mechanical properties of collagen formed under alkaline conditions are better than collagen formed under acidic conditions (Zhang et al., 2022). Data herein cannot discern whether upregulated collagen synthesis is due to demand for additional collagen or replacement of existing collagen.
Three GOIs (Mys, TNR, TF) have functional associations with the extracellular matrix (ECM) (Figure 4D). Integrins are trans-membrane proteins that facilitate interactions between cells and ECM (Gotwals et al., 1994; White et al., 2004). Tenascin (TNR) (aka: ryncolin-4) has a FReD (fibrinogen domain), associated with wound healing, and known to be responsive to acidified seawater (Tran et al., 2004; Moya et al., 2012). TNR belongs to the matricellular class of ECM proteins. Serotransferrin (TF) is an iron-binding glycoprotein delivering iron to cells (Gkouvatsos et al., 2012). TF belongs to the glycoprotein class of ECM proteins. MCT 1-4 require and bind directly to basigin or embigin, single-pass transmembrane glycoproteins that are necessary for MCT activity (Halestrap, 2013; Muramatsu, 2016). Integrins strongly interact with glycoproteins (basigin or embigin) to facilitate integrin signaling inside of cell as well as the glycoprotein’s activity (Muramatsu, 2016). During an acute phase of wound healing, a drop in pH can cause hypoxia and increased production of lactic acid (Jones et al., 2015). Expression profiles of the GOIs associated with collagen synthesis and the other ECM transcripts are consistent with previous cnidarian research demonstrating CO2-driven acidification enhances synthesis of the extracellular matrix (Moya et al., 2012).
Links to ion transport
Seven GOIs (FTH1, Heph, SLC31A2, SLC39A14, SLC8A3, TF, TRPA1,) function in cation transport (Figure 4E). Two GOIs (SLC8A3, TRPA1) transport Ca2+. The Na+/Ca2+ exchanger (SLC8A3) exchanges one Ca2+ for three Na+. The Na+/Ca2+ exchanger functions in both import and export of Ca2+ for maintenance of intracellular Ca2+ homeostasis, however the predominant mode is to export Ca2+ (Khananshvili, 2013; Barron et al., 2018). Transient receptor potential cation channel subfamily A member 1 (TRPA1) is a nonselective cation channel permeable to Ca2+, Na+, and K+. The TRPA1 channel is strongly regulated by both extracellular and intracellular calcium (Meents et al., 2019). While SLC8A2 and TRPA1 are linked to calcium transport, they are not exclusively linked to calcification since anemones are not calcifiers.
Three GOIs (Heph, FTH1, TF) function in iron binding/transport. Hephaestin, a transmembrane ceruloplasmin homolog involved with iron efflux and considered an important link between copper and iron metabolism (Vulpe et al., 1999; Lang et al., 2012). Serotransferrin (TF) is an iron-binding glycoprotein involved with iron influx to cells (Gkouvatsos et al., 2012). Ceruloplasmin and TF are known to interact as positive and negative controls in an acute phase response to perturbations of copper and iron metabolism (Golizeh et al., 2017). Hephaestin, a ceruloplasmin homolog has previously demonstrated acute responsiveness to exogenous copper (Morgan and Snell, 2006). Somaferratin (FTH1) functions in iron storage, detoxification, and innate immunity (Voolstra et al., 2009). Expression profiles for Heph, FTH1, and TF reveal the cellular demand for iron influx/eflux (TF expression) varied significantly with the presence/absence of BP-3 in OA conditions (see Figure 4E).
Intracellular concentrations of Cu2+ and Zn2+ are altered in response to OA. As a member of the SLC39 family, SLC39A14 is plasma membrane protein involved with Zn2+ influx and increasing the availability of cytosolic Zn2+ (Schweigel-Röntgen, 2014). Members of the SLC31 family act to regulate the intracellular Cu2+ concentration. SLC31A2 is mainly found in intracellular membranes of the late endosome and lysosome and is known to regulate intracellular Cu2+ concentration (Wee et al., 2013; Schweigel-Röntgen, 2014). Dysregulation of Zn2+ and Cu2+ are known to be associated with diseased conditions (Lynes et al., 2007; Schweigel-Röntgen, 2014).
Links to steroidal hormones
Twelve GOIs (2OG-Fe (II), 17βHSD14, 17βHSD12, COL1A2, COL4A1, CYB561, Heph, MCT2, MCT3, SLC31A2, SLC39A14, TF) have functional links to steroidal or tyrosine-based hormones (Figure 4F). BP-3 is recognized as an endocrine disruptor (Downs et al., 2016; LaPlante et al., 2018; Matouskova et al., 2020). 17βHSD14 and 17βHSD12 are associated with steroidogenesis. 17βHSD14 converts estradiol (E2) into estrone (E1); and testosterone (T) into androstenedione (A4), while 17βHSD12 performs the reverse reactions, E1 into E2, and A4 into T (Tarrant et al., 2003; Luu-The et al., 2006; Shikina and Chang, 2016; Salah et al., 2019). Proton-dependent MCTs are regulated by sex hormones (Felmlee et al., 2020). Solute carrier transporters SLC39A and SLC31A families are known to be regulated by estrogen (Schweigel-Röntgen, 2014). Estrogen can transcriptionally regulate synthesis of TF and ceruloplasmin (Golizeh et al., 2017), therefore it is highly probable Hephaestin (a homolog of ceruloplasmin) will respond in a similar manner to estrogen. Biosynthesis of collagen is subject to steroidal hormone regulation (Karna et al., 2020).
The variability in expression of these 12 GOIs reveals how BP-3 exposure influences their expression profiles in the presence/absence of OA conditions. Expression profiles of 17βHSD14 and 17βHSD12 in the presence of BP-3 are consistent with a previous investigation where there was upregulated transcription of both 17βHSD14 and 17βHSD12 in the presence of BP-3 (Morgan et al., 2022). However, upregulated expression of 17βHSD14 in response to BP-3 in this investigation was not statistically significant (see Table 4) suggesting the cellular demand for converting E2 into E3 was not significantly different from the control condition. Future studies investigating the reproductive status of anemones at the time of BP-3 exposure can be important to ascertaining the sensitivity of the anemone’s response to BP-3 alone versus in an environment of acidified seawater and BP-3. This will be particularly important in the abilities of these GOIs to detect endocrine disruption in a multi-stressor environment.
Links to immune responses
Six GOIs (FTH1, C3, MCT2, MCT3, MYS, TNR) have functional links to immune responses (Figure 4G). Cnidarian integrins are involved in multiple immunological cellular processes such as cell migration, differentiation, signal transduction, and wound repair (Miller et al., 2007; Knack et al., 2008; Shearer et al., 2012). Ferritins such as somaferritin (FTH1) are associated with innate immunity (Voolstra et al., 2009). C3 compliment is a recognized component of cnidarian innate immune system (Miller et al., 2007; Schwarz et al., 2008; Kvennefors et al., 2010; Palmer and Traylor-Knowles, 2012; Ocampo et al., 2015). Tenascin-R (TNR) is also known as ryncolin-4 is considered part of the innate immune system, involved with activating the Compliment pathway, and is upregulated in acidic conditions (OmPraba et al., 2010; Zúñiga-Soto et al., 2023). To be activated, proton-dependent MCTs need to bind immuno-globulin transmembrane glycoproteins (Muramatsu, 2016).
Functional links to in silico modeling
In silico modeling demonstrates BP-3 favorably binds to MCT2, MCT3 with affinities much closer to recognized inhibitors (see Table 5). MCT10′s binding affinity to BP-3 is most similar to tryptophan (see Table 5) which suggests a plausible mechanism for importing BP-3 into a cell. BP-3 binding into the pocket of CYB561 facing the extracellular side of the plasma membrane suggests exogenous BP-3 may act as competitive inhibitor of ascorbate (see Table 5 and Figure 2). This conclusion is supported by the upregulated transcription of CYB561 (see Figures 1, 3). Structurally, Asn 186 functions by hydrogen bonding to the ligand; there are three putative hydrogen bonds to ascorbate and one hydrogen bond to BP-3. However, BP-3 has a greater surface area and is more hydrophobic compared to ascorbate, and the increase in van der Waals interactions between CYB561 and BP-3 explains the stronger binding affinity predicted by docking experiments. His 106, Lys 179, and the nearby heme group (Hem 301) are all involved in BP-3 binding, while these interactions are absent when ascorbate is bound. His 106 is highly conserved and known to participate in binding the two heme-b centers. In a previous study, a laboratory-induced F105W/H106E double mutation completely abolished the ascorbate-dependent redox activity of CYB561, and thus demonstrated His 106 is the single most critical residue for binding to the non-cytosolic side of the protein (Berczi and Zimanyi, 2014).
FINAL CONCLUSION
Functional significance of synergistic, antagonistic, or additive interactions
Results herein reveal how synergistic, antagonistic, and/or additive responses potentially work in concert to produce cellular responses that might be described as homeostatic or adaptive.
While Serotransferrin (TF) had a significant synergistic interaction and Heph had a significant antagonistic interaction, both GOIs contribute to modulating the intracellular transcriptional demands for iron. TF is an iron-binding glycoprotein involved with iron influx (Castellano et al., 1994; Gkouvatsos et al., 2012). Hephaestin (Heph) is a transmembrane-bound homolog of ceruloplasmin involved with iron efflux and considered an important link between copper and iron metabolism (Vulpe et al., 1999; Lang et al., 2012). Ceruloplasmin and TF are known to interact as positive and negative controls in an acute phase response to perturbations of iron metabolism (Golizeh et al., 2017). These GOIs (TF and Heph) with significant but opposite interactions (see Figure 3) appear to represent the molecular underpinnings of iron homeostasis.
Under acidic conditions, the synergistic transcriptional response of OAT (reduce the biosynthesis of ornithine) coupled with the additive transcriptional response of GLUL (reduce the synthesis of glutamine) drive both pathways in the direction of proline synthesis. The biosynthesis of glutamate and proline can be linked to ornithine modifications (Majumdar et al., 2016).
Proline is a fundamental structural component of collagen. COL1A2, COL4A1, CYB561, and 2OG-Fe(II) are all involved with collagen synthesis and exhibit similar expression profiles under OA or BP-3 exposure (see Figures 1, 3). Multiple GOIs with similar significant interactions (i.e., antagonistic effects) involving the same process (i.e., collagen synthesis) appear to be in synchrony. Transcription of multiple GOIs needed for collagen synthesis represent the molecular underpinnings for the physiological response of adaptation to an acidic environment.
Antagonistic effects are representative of gene networks where the impacts of OA and BP-3 are working in opposition. Fifteen GOIs exhibit antagonistic effects when exposed to OA and BP-3 (see Figure 3). Twelve of these GOIs were downregulated when exposed to BP-3 in presence of acidified seawater reveals, whereas 14 GOIs were upregulated in the presence of BP-3 alone (see Figure 3). Under normal conditions, 17βHSD14 and 17βHSD12 perform functions that are opposite of each other. The expression profiles of these GOIs are consistent with a previous investigation where these GOIs exhibited transcriptional responses to an endocrine disruptive 20 ppb BP-3 exposure (Morgan et al., 2022). Future studies investigating longer exposures to BP-3 in an environment of OA will generate more comprehensive dose-response curves that will contribute to better characterization of the responsiveness of these GOIs and the other antagonistic responses.
GOIs as drug targets
Influx and efflux transporters can act with intracellular metabolizing enzymes to regulate drug effects (Giacomini and Sugiyama, 2006; Goldstone, 2008). There is growing evidence that MCTs and solute carrier transporters (SLC8A3, SLC31A2) are responsive to various drugs (Halestrap and Wilson, 2012; Njiaju et al., 2012; Halestrap, 2013; Khananshvili, 2013; Iwanaga and Kishimoto, 2015). MCT 1&2 are drug targets for compounds acting as selective inhibitors (Payen et al., 2020; Wang et al., 2021). Anthropogenic chemicals can upregulate expression MCTs (Genter et al., 2002). In human health, MCTs are promising pharmacological targets and in cnidarian physiology, MCTs interact with xenobiotic chemical pollutants (Goldstone, 2008). Structures that are similar to ascorbate can inhibit enzymes usually working on ascorbate (Majamaa et al., 1986). TRPA1 is a promiscuous chemical sensor capable of responding to an unusually wide variety of chemically diverse compounds including many natural products and irritants, environmental chemicals, and common pharmaceuticals (Bautista et al., 2006; Jagadeesan, 2016; Meents et al., 2019). Tauropine dehydrogenase (TaDH) belongs to the ornithine cyclodeaminase (OCD)/mu-crystallin family. Substrate utilization of opine dehydrogenases is notoriously promiscuous (Linsmayer et al., 2020). Understanding the underlying molecular mechanisms of “drug-like” compounds such as BP-3 may lead to a more comprehensive interpretation of the expression profiles herein.
Potential biomarkers of exposure to OA and BP-3
Developing transcriptional biomarkers in the laboratory will help to establish links between laboratory-based testing and adverse effects in situ (Depledge and Fossi, 1994). Development of biomarkers for cnidarian health are far behind biomarkers of human health. Using a reductionist approach, candidate biomarkers identified in this investigation can be valuable preliminary tools to future, more complex studies involving in situ monitoring. A first step biomarker development is to identify GOIs responsive to laboratory-controlled conditions on a single stressor (i.e., exposure to OA or BP-3). Eight GOIs representing collagen synthesis, zinc transport, transient receptor cation channel, and proteins containing a fibrinogen domain have previously demonstrated cnidarian responsiveness to OA (Moya et al., 2012; Wu et al., 2022). Three GOIs (C3, 17βHSD14, 17βHSD12) previously demonstrated responsiveness to BP-3 (Morgan et al., 2022). The only GOIs with known responsiveness to other anthropogenic chemicals include TNR, Heph, and select members of the solute carrier protein family (Morgan and Snell, 2006; Goldstone, 2008; Morgan et al., 2012).
A second step in biomarker development is to use the same GOIs to investigate responses under conditions of two stressors such as OA and BP-3 exposure. MCT 1-4 are recognized as potential biomarkers of human diseases (Felmlee et al., 2020). This investigation offers evidence (expression of proton-dependent MCTs in an acidic environment and in silico modeling of BP-3 binding to proton-dependent MCTs) which may represent a mechanism not previously recognized for modulating changes in intracellular pH in cnidarians. Both MCT2 and MCT3 discern differences in OA vs. normal pCO2 conditions which is consistent with MCT 2 and MCT 3 as pH regulators, but these MCTs cannot discern when BP-3 is present (see Table 4). MCT3 has a significant interaction between OA and BP-3 while MCT2 and MCT10 show no significant interactions between BP-3 and OA (see Table 4). MCT10 is downregulated in the presence of BP-3 (see Table 4) which could be environmentally relevant since increasing concentrations of free amino acids (including those with aromatic side chains) are known to occur in locations closer to anthropogenic sources (Yamashita and Tanoue, 2003). The value of CYB561 as a biomarker can be established by the OA/BP-3 and BP-3 expression profiles and confirmed by in silico docking of BP-3 which binds directly in the ascorbate binding pocket of CYB561 (see Figure 2).
A third step in the development of GOIs as biomarkers would be to investigate how they respond to multiple stressors such as OA, BP-3 exposure, and another stressor of global importance, thermal stress. GOIs associated with collagen synthesis and iron transport have previously demonstrated cnidarian responsiveness to elevated temperatures (Voolstra et al., 2009; DeSalvo et al., 2010; Kenkel et al., 2011). Critics cite multiple stressors causing mixed effects as being a vulnerable weakness for interpreting complex real-world conditions (Deidda et al., 2021). Anthropogenic activities represent complex mixtures of multiple stressors (Jones, 2010; Wear and Thurber, 2015; Mitchelmore et al., 2019; Mitchelmore et al., 2021). Cnidarian biomarkers for sensing changes in intracellular pH or pesticide exposure are emerging (Morgan and Snell, 2002; Barott et al., 2017). A biomarker developed in the lab subsequently demonstrated detectable responses in field sampling (Morgan and Snell, 2002). Characterizing the GOIs as synergistic, antagonistic, and additive responses provides a systematic process for interpreting the effects of multiple stressors. GOIs with synergistic and additive responses represent candidate biomarkers of exposure. The collective antagonistic responses of COL4A1, COL1A2, CYB561, and 2OG-Fe (II) strongly suggests these GOIs should be considered candidate biomarkers of effect. The observed changes in expression profiles of GOIs associated with collagen synthesis coupled with in silico binding of BP-3 to CYB561 offers a mechanistic explanation that underpins higher order physiological responses of organisms restructuring their extracellular matrix in response to an acidic environment.
Candidate biomarkers responsive to different stressed conditions can also be sensitive to different timeframes of stressor exposure. Results herein correlate well with previous transcriptional studies of cnidarian responses to short-term acidified seawater exposures or an acute exposure to 20ppb BP-3 (Moya et al., 2012; Morgan et al., 2022; Woo and Yum, 2022). The GOIs in this investigation represent responses not detected in study of >8000 genes in adult A. millepora after a 28-day exposure to acidic seawater (similar to pH in this investigation) that stimulated >600 differentially expressed transcripts (Kaniewska et al., 2012). Future studies establishing dose-response curves for these GOIs should be productive in elucidating differences in short-term vs. long-term responses to OA, exposure to BP-3, and/or the interaction between OA conditions and exposure to BP-3.
Transcriptional responses are the foundational framework for identifying candidate biomarkers. Gene expression profiling can be used to detect sub-lethal stress responses, differentiate the contribution of different anthropogenic stressors, and access an organism’s condition in natural environments (Snell et al., 2003; Evans and Hofmann, 2012). Gene expression profiling provides a portal into responsive cellular processes that converge and culminate into altered physiology. Gene expression profiles reveal responses that precede translational activity. In silico modeling provides molecular details about the precise location of impact an exogenous chemical can have on a specific protein. Transcriptional responses coupled with in silico modeling offer new insight into how environmentally relevant exogenous anthropogenic chemicals impact specific proteins. Results herein are consistent with responses of SLCs known to be associated with transport of H+, Na+, Ca2+, small chain aliphatic hydrocarbons, and amino acids (both proteinogenic and nonproteinogenic). The solute carrier family of proteins deserves further exploration in the context of xenobiotic chemical pollution in an environment of OA. Venn et al. (2013) stated “It is only with a better mechanistic perspective of the response of coral physiology to environmental change that forecasts of the future of coral reefs under ocean acidification and climate change can be improved”. Results from this investigation offer seven distinctive elements: 1) The expression profiles of these 22 GOIs are representative of important cellular processes impacting non-calcifying cnidarians and 17 of the 22 GOIs have significant interactions between OA and BP-3. 2) Fifteen GOIs exhibit antagonistic interactions to the presence of BP-3 in an environment of acidified seawater. The compensatory actions to one stressor versus both stressors depend on the cellular process impacted. 3) Data herein provides a plausible mechanistic explanation for how BP-3 binds to CYB561 and stimulates upregulation of genes associated with collagen synthesis in an environment of OA; 4) Data herein offers a plausible mechanism for how cnidarians in an environment of OA can modulate intracellular pH through proton-dependent monocarboxylate transporters; 5) Identification of 5 GOIs that should be considered “drug targets” for binding exogenous BP-3; 6) Identifying 12 GOIs with recognized functional links to hormones that are also responding to BP-3 and OA represent new avenues to pursue in the context of endocrine disruption; 7) By characterizing the expression profiles of 22 GOIs in a laboratory-controlled multiple stressor environment, these GOIs are one step closer to being candidate biomarkers for in situ field testing. Servetto et al. (2021) succinctly articulated how an understanding the molecular mechanisms underpinning the physiological processes is critical to properly interpreting cnidarian responses to acidic pH and their ability cope in the Anthropocene. Interactive effects of global stressors (e.g., ocean warming and/or acidification) and local stressors (e.g., pollution) can be advanced with a better understanding of the transcriptional responsiveness of these GOIs in the presence of multiple stressors. These 22 GOIs offer new directions for future studies on the interactions of ocean acidification and xenobiotic chemicals in cnidarians as well as other phyla containing calcifying and non-calcifying taxa.
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Relatively high-latitude coral reefs could be potential “refuges” for corals under climate change. One of the most important aspects limiting their availability as refuges is low-temperature stress. However, the mechanisms underlying the response of coral holobionts to low-temperature stress is unclear. In this study, we aimed to explore the underlying mechanisms by recording the maximum quantum yields of photosystem II (Fv/Fm) and transcriptome responses of Porites lutea under acute (1–2 weeks) and chronic (6–12 weeks) low-temperature stress at 20°C and 14°C. The P. lutea samples were collected from a relatively high-latitude coral reef in the South China Sea (109°00′–109°15′E and 21°00′–21°10′ N). The study suggested that: (1) Under acute low-temperature stress, the Fv/Fm of Symbiodiniaceae dropped by 64%, which was significantly higher than the 49% observed under chronic stress. Low-temperature stress inhibited photosystem II(PSII) functioning, with greater inhibition under acute stress. (2) Downregulation of sugar metabolism-related genes under low-temperature stress implied that the decrease in energy was due to obstruction of PSII. (3) Under low-temperature stress, calcification-related genes were downregulated in coral hosts, possibly because of energy deprivation caused by inhibited photosynthesis, Symbiodiniaceae expulsion, and oxidative phosphorylation uncoupling in mitochondria. (4) Acute low-temperature stress induced the upregulation of genes related to the TNF signaling pathway and endoplasmic reticulum stress, promoting apoptosis and coral bleaching. However, these phenomena were not observed during chronic stress, suggesting acclimation to chronic low-temperature stress and a greater survival pressure of acute low-temperature stress on coral holobionts. In conclusion, low-temperature stress inhibits Symbiodiniaceae PSII functioning, reducing energy production and affecting calcification in coral holobionts. Acute low-temperature stress is more threatening to coral holobionts than chronic stress.
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1 Introduction

Coral reef ecosystems rank among the most important global ecosystems, with high levels of biodiversity and primary productivity (Moberg and Folke, 1999). In recent years, climate change and anthropogenic stressors have precipitated degradation of coral reefs. Many coral species are on the verge of extinction (Carpenter et al., 2008; Heron et al., 2016; Hughes et al., 2017). Anomalies in sea surface temperature (SST) have led to extensive coral bleaching events, and elevated SST is the main cause of coral bleaching (McGowan and Theobald, 2017; Karnauskas, 2020). High-latitude reefs are postulated to serve as thermal refuges for corals (Greenstein and Pandolfi, 2008; Beger et al., 2014; Camp et al., 2018). However, modern ecological surveys and geological evidence suggest that low-temperature stress is an important factor limiting the survival of corals in high-latitude coral reefs (Yu et al., 2004; Sommer et al., 2018; Tuckett and Wernberg, 2018).

In high-latitude reefs, coral bleaching may be induced by low winter temperatures and acute SST declines due to upwelling, tidal activities, and tropical cyclones (Carrigan and Puotinen, 2014; Rayson et al., 2015; Schlegel et al., 2017; Rayson et al., 2018; Green et al., 2019; Riegl et al., 2019). For example, a severe cold spell in January 1981 caused coral bleaching in Florida (Schlegel et al., 2021). Under low-temperature stress, the photosystem II (PSII) of Symbiodiniaceae is damaged, resulting in the accumulation of reactive oxygen species (ROS) in tissues (Tracey et al., 2003; Marangoni et al., 2021). Excess ROS causes tissue damage and the expulsion of Symbiodiniaceae from corals, ultimately leading to the bleaching and death of coral holobionts (Jones et al., 1998; Tracey et al., 2003; Thornhill et al., 2008; Marangoni et al., 2021). RNA-seq analyses revealed that coral hosts modulate immunity, apoptosis, and autophagy while suppressing metabolic activity under low-temperature stress (Wuitchik et al., 2021; Huang et al., 2022). However, the responses of coral holobionts to temp perturbations seem to vary with changes in the stress intensity, rate, and duration (Evensen et al., 2021). The density and photosynthetic rate of Symbiodiniaceae show a lesser decrease under acute low-temperature stress (5 h) than under chronic stress (2 weeks) (Marangoni et al., 2021). Furthermore, previous research demonstrated inhibition of photosynthesis at the onset of low-temperature stress, and coral holobionts gradually adapted to the conditions, with chlorophyll a content and Symbiodiniaceae density gradually restored within 2–3 weeks (Roth et al., 2012).

It’s imperative to study the response of coral holobionts to low temperatures, though the underlying mechanisms are still unclear. We aimed to explore these mechanisms by investigating the changes in maximum quantum yields in photosystem II (Fv/Fm) and transcriptional responses under acute and chronic low-temperature stress in Porites lutea. Weizhou Island (WI) located at 109°00′–109°15′E and 21°00′–21°10′ N, is considered a potential refuge for corals in the South China Sea during global warming. The annual mean SST on WI is 24.6°C; the lowest monthly mean SST in winter is 17.3°C, varying from 14.7°C to 20°C, and the highest monthly mean SST in summer is 30.4°C, varying from 29.5°C to 31.1°C (Yu and Jiang, 2004; Chen et al., 2013). WI was subjected to extreme low-temperature events in 1984, 1985, 1989 and 2008,with lowest monthly mean SST as low as 14.7°C, 16°C, 15.5°C and 14.4°C, respectively (Chen et al., 2009; Chen et al., 2013). The corals of WI might be threatened by low temperatures (Southward et al., 1995; Yu et al., 2019). P. lutea is a dominant coral species around WI, and its principal symbiotic Symbiodiniaceae species is Cladocopium C15 (Chen et al., 2019; Yu et al., 2019). Exploring the response mechanisms of P. lutea to acute and chronic low temperatures will further our understanding of the cold tolerance mechanisms of coral holobionts around WI.




2 Materials and methods



2.1 Coral sampling and experimental design

Three colonies of P. lutea were collected from the WI reef in September 2021 at a 3–5 m water depth. Three colonies were randomly assigned to each treatment. The samples were cultured in an indoor aquarium for 30 days prior to acute and chronic temperature stress experiments. Experiments utilized temperature gradients of 26°C, 20°C, and 14°C, with an initial temperature of 26°C. The lowest temperatures are in reference to the extreme low temperatures in WI(Chen et al., 2009; Chen et al., 2013). The sample were taken in the beginning of temperature decrease as the control treatment. In acute stress treatment, the temperature decreased by one gradient weekly, while in the chronic stress treatment, the temperature reduced by 1°C weekly (Figure 1). Three biological replicates were performed for each temperature gradient.




Figure 1 | Temperature settings for acute and chronic stress groups. The red line represents the temperature change in the acute stress group, and the black line represents the temperature change in the chronic stress group. T1 is the control group, T2 and T3 are timepoints of the acute stress group, and T4 and T5 are timepoints the chronic stress group. Circles are the maximum quantum yields of photosystem II (Fv/Fm) measurement points and squares are transcriptome sampling points.






2.2 Symbiodiniaceae Fv/Fm determination

The Fv/Fm of Symbiodiniaceae was determined in the acute and chronic stress groups with different temperature gradients. The Fv/Fm of the Symbiodiniaceae was measured using a portable pulse amplitude modulation fluorometer (Diving-PAM) (Ralph et al., 1999). The coral holobionts were dark-adapted for 30 min before the Fv/Fm measurements. The fibreoptic cable was maintained approximately 1 mm from the coral surface. Kruskal–Wallis analysis was performed on the Fv/Fm data based on different temperature gradients for different stress groups.

We computed the hypothermic critical threshold Fv/Fm measurements (Evensen et al., 2021), which were fitted to log-logistic dose–response curves using the “drc” package in R (Ritz et al., 2016), with model selection based on Akaike’s Information Criterion and individual curves fit for each experiment. From these, an ED50 parameter (effective dose 50) was obtained for each experiment, representing the x-value at the inflection point of the curve (in this case the temperature) where Fv/Fm values in the model fit were 50% lower than the starting values of the model. This provided a quantitative thermal threshold, designated as the Fv/FmED50, for P. lutea in each experiment (Evensen et al., 2021). All code used in the statistical analyses is available in the Supplementary Material.




2.3 RNA-seq analyses

Transcriptomic analyses were performed on control samples (maintained at 26°C) and those exposed to extreme low-temperature stress (14°C). Coral samples were washed with sterile water, and approximately 50 mg of each was excised using forceps, placed into lyophilization tubes, and promptly snap-frozen in liquid nitrogen. Library construction was performed using the Illumina TruSeq RNA Sample Prep Kit.Total RNA was extracted from the coral samples using TRIzol® Reagent. Then RNA quality was determined by 5300 Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop Technologies). mRNA was isolated from the total RNA using magnetic bead-labeled oligonucleotides (dT) and was used as a template to synthesize cDNA strands via reverse transcription using reverse transcriptase. cDNA was blunt-ended by adding End Repair Mix, followed by the addition of an “A” base at the 3′ end to prepare the RNA sequencing library. All mRNAs transcribed from the samples were sequenced using an Illumina NovaSeq 6000 sequencing platform. The raw sequences were deposited in the NCBI Sequence Read Archive (SRA) database (accession number: PRJNA1026091).

The base distribution and quality fluctuations of sequenced sequences were counted using fastp to meet the criteria of Q30 > 80% for base quality values and a sequencing error rate of < 0.1% (Chen et al., 2018). After quality control, The remaining high-quality clean reads were mapped to the reference transcriptomes using HISAT2(Kim et al., 2015). Coral hosts and Symbiodiniaceae’s reference transcriptomes derived from http://plut.reefgenomics.org/. The Symbiodiniaceae were referred to as Cladocopium C15, and the coral hosts were referred to as P. lutea. The mapped reads of each sample were assembled by StringTi in a reference-based approach(Pertea et al., 2015).

To identify DEGs (differential expression genes) between two different treatment, the expression level of each transcript was calculated according to the transcripts per million reads (TPM) method. RSEM was used to quantify gene abundances(Li and Dewey, 2011). Essentially, differential expression analysis was performed using the DESeq2(Love et al., 2014). DEGs with |log2FC|≧1 and FDR≤ 0.05 were considered to be significantly different expressed genes. Two pairwise comparisons were designated in the DEG analyses:CK26 versus A14, CK26versus C14.

KEGG functional-enrichment analysis were performed to identify which DEGs were significantly enriched in pathways at Bonferroni-corrected P-value ≤0.05 compared with the whole-transcriptome background. KEGG pathway analysis were carried out by KOBAS (Xie et al., 2011). In addition, the expression of genes in the samples was subjected to principal component analysis (PCA) to explore the relationship between the samples and the magnitude of variation.





3 Results



3.1 The Fv/Fm variation of P. lutea-symbiotic Symbiodiniaceae under acute and chronic low-temperature stress

Acute and chronic low-temperature stress altered the appearance of corals. At 20°C, the color became lighter without reaching bleaching. At 14°C, the color was lighter than at 20°C, and in the acute stress group, there was localized pre-bleaching (Figure 2A). The Fv/Fm values decreased under acute and chronic low-temperature stress. At 26°C (CK), the Fv/Fm was 0.61 ± 0.03 (mean ± SD) and 0.60 ± 0.05 (mean ± SD) in the acute and chronic stress groups, respectively (Figure 2B; Supplementary Table S1). At 20°C, a decline in Fv/Fm was observed, but it was not significant (Kruskal–Wallis test, chronic: P = 0.077 acute: P = 0.085). At 14°C, both the acute and chronic stress groups exhibited significant Fv/Fm reduction compared to control (Kruskal–Wallis test, chronic: P < 0.001, acute: P< 0.001), registering values of 0.22 ± 0.03 (mean ± SD) and 0.31 ± 0.05 (mean ± SD), equating to 36% and 51% of the control values, respectively (Figure 2B; Supplementary Table S1). At 14°C, the Fv/Fm of the acute stress group was significantly lower (Kruskal–Wallis test, P = 0.001) than that of the chronic stress group (Figure 2B).




Figure 2 | Changes in physiological indicators under acute and chronic low-temperature stress. (A) Appearance of corals during low-temperature stress. At 26°C, normal color was observed with extended tentacles; at 20°C, the color became lighter without reaching bleaching; at 14°C, the color became lighter than at 20°C, and in the acute stress group, there was localized pre-bleaching. (B) Maximum quantum yields of photosystem II (Fv/Fm) of P. lutea under different temperature conditions and during acute and chronic stress. ‘A’ and ‘a’ represent the differences between temperatures in the acute and chronic stress groups, respectively (Kruskal–Wallis test, P < 0.05). * represents significant differences (Kruskal–Wallis test, P < 0.05) between acute and chronic stresses at the same temperature. (C) Fv/Fm fit to log-logistic, dose-response curves (dashed lines indicate 95% confidence intervals). Curve fitting was used to determine Fv/FmED50 (effective dose 50).



The Fv/FmED50 represents the temperature at which 50% of the photosynthetic efficiency is lost relative to the baseline temperature. From Fv/FmED50, we found that the cold threshold was 14.99°C for acute stress and 13.86°C for chronic stress (Figure 2C). This indicates that PSII functioning in Symbiodiniaceae was inhibited by low-temperature stress at 14°C, whereby the acute stress group exhibited greater inhibition than the chronic stress group.




3.2 Transcriptional changes in P. lutea-symbiotic Symbiodiniaceae under acute and chronic low-temperature stress

Transcriptome analysis was performed on samples from the 26°C (CK), acute 14°C (A14), and chronic 14°C (C14) groups. The percentage of Q30 bases in clean data is above 93.2%. (Supplementary Table S2). The expression of Symbiodiniaceae genes was quantitatively analyzed using RSEM to obtain a quantitative index in terms of transcripts per million (TPM) (Supplementary Table S3). PCA showed that PC1 and PC2 accounted for 31.00% and 19.29% of the total variance, respectively (Figure 3A). Differential expression analysis between groups was performed using DESeq2. Compared with expression levels of the control group, the acute 14°C group had 487 DEGs, among which 200 genes were upregulated and 287 were downregulated; meanwhile, the chronic 14°C group had 2,566 DEGs, among which 1,041 were upregulated 1,525 were downregulated (Figures 3C, D; Supplementary Table S4). Of these, 299 DEGs were common to both groups, 188 were specific to the acute 14°C group, and 2,267 were specific to the chronic 14°C group (Figure 3B; Supplementary Table S4).




Figure 3 | Differential expression of genes(DEGs) in Symbiodiniaceae under acute and chronic stress. (A) PCA between samples. (B) Venn analysis of Symbiodiniaceae DEGs, where red circles represent the number of DEGs in the chronic 14 °C group, and blue circles represent the number of differentially expressed genes in the acute 14 °C group. (C) Volcano plot of Symbiodiniaceae DEGs in the acute 14°C group. (D) Volcano plot of DEGs in the chronic 14°C group, where red dots indicate significantly upregulated genes, green dots indicate significantly downregulated genes, and blue dots represent non-significant differentially expressed genes. A, acute stress; C, chronic stress; CK, control; 14, 14°C.



In the 14°C chronic stress group, ribosomes, pyrimidine metabolism, alanine, aspartate and glutamate metabolism, starch and sucrose metabolism, pyruvate metabolism, and carbon fixation in photosynthetic organisms comprised pathways that were enriched among downregulated genes (Figures 4A, B; Supplementary Table S5). The main DEGs were the ribosomal constitutive protein-related genes, glutamate dehydrogenase (GDH2), phosphoglycerate kinase (PGK), glucoamylase (SGA1), and beta-glucosidase (bglX), among others. Although the glutathione metabolic pathway was not enriched among the upregulated genes, glutathione S-transferase (GST) expression was significantly upregulated (Figure 4C; Supplementary Table S5).




Figure 4 | KEGG enrichment and heatmap of DEGs in Symbiodiniaceae under acute and chronic low-temperature stress. (A) KEGG enrichment results of significantly downregulated genes under chronic 14°C stress. (B) KEGG enrichment results of significantly upregulated genes under chronic 14°C stress, where the size of the dots indicates how many genes are in the pathway, and the color of the dots corresponds to different Padjust ranges. (C) Heatmap of key DEGs in Symbiodiniaceae under acute and chronic low-temperature stress. The color in the graph indicates the expression value of the gene after normalization treatment. A, acute stress; C, chronic stress; CK, control; 14, 14°C.



Based on Padjust < 0.05, there were no enriched pathways in the acute 14°C stress group. However, the PGK, SGA1, and bglX were significantly downregulated. Meanwhile, the ribosomal constitutive protein-related genes, GDH2 and GST were upregulated (Figure 4C; Supplementary Table S5).




3.3 Transcriptional changes in coral hosts under acute and chronic low-temperature stress

The expression of coral host genes was quantitatively analyzed using RSEM to obtain a quantitative index in terms of TPM (Supplementary Table S6). The results of PCA showed that PC1 and PC2 accounted for 43.5% and 23.78% of the total variance, respectively (Figure 5A). Compared with the control group (CK), the acute 14°C group (A14) had 5,703 DEGs, among which 1,943 were upregulated and 3,760 were downregulated (Figure 5C). Meanwhile, the chronic 14°C group (C14) had 4,637 DEGs, of which 1,565 were upregulated and 3,072 were downregulated (Figure 5D; Supplementary Table S7). Among these DEGs 1,885 were common to both groups, 3,818 were specific to the acute 14°C group and 2, 752 were common to the chronic 14°C group (Figure 5B; Supplementary Table S7).




Figure 5 | DEGs of coral host under acute and chronic low-temperature stress. (A) PCA between samples. (B) Venn analysis of host DEGs, where red circles represent the number of DEGs in the chronic 14°C group, and blue circles represent the number of differentially expressed genes in the acute 14°C group. (C) Volcano plot of host DEGs in the acute 14°C group. (D) Volcano plot of host DEGs in the chronic 14°C group, where red dots indicate upregulated genes, green dots indicate downregulated genes, and blue dots represent non-significant differentially expressed genes. A, acute stress; C, chronic stress; CK, control; 14, 14°C.



Based on a threshold of Padjust < 0.05, apoptosis-multiple species, protein processing in endoplasmic reticulum (ER), TNF signaling pathway, and oxidative phosphorylation pathway were significantly enriched among the upregulated genes in the acute 14°C group (Figure 6A; Supplementary Table S7). The major DEGs were caspase 3 (Casp3), caspase 8 (Casp8), caspase 9 (Casp9), apoptosis regulator Bcl-X (bcl-xL), heat shock 70kDa protein 1 (HSPA1), ER chaperone BiP (BIP), molecular chaperone HtpG (HSP90A), ubiquitin-conjugating enzyme E2G1 (UBE2G1), TNF receptor-associated factor 2 (TNFR2), the gene related to NADH dehydrogenase, succinate dehydrogenase, cytochrome c reductase, and cytochrome c oxidase. In addition, the mitochondrial uncoupling protein (UCP2_3) was significantly upregulated (Figure 6E; Supplementary Table S7).




Figure 6 | KEGG enrichment and heatmap of DEGs in P. lutea under acute and chronic low-temperature stress. (A) KEGG enrichment results for significantly upregulated genes in the acute 14 °C group. (B) KEGG enrichment results for significantly downregulated genes in the acute 14 °C group. (C) KEGG Enrichment results for significantly upregulated genes in the chronic 14 °C group. (D) KEGG enrichment results for significantly downregulated genes in the chronic 14 °C group, where the size of the dots indicates the number of genes in the pathway, and the color of the dots corresponds to different P adjust ranges. (E) Heatmap of key DEGs in P. lutea under acute and chronic low-temperature stress. The color indicates the expression value of the gene after normalization treatment. A, acute stress; C, chronic stress; CK, control; 14 = 14 °C.



The Wnt signaling pathway, Notch signaling pathway, nitrogen metabolism, and other pathways were enriched among the downregulated genes (Figure 6B; Supplementary Table S7). The main DEGs were the wingless-type MMTV integration site family (WNTs), frizzled 9/10 (FZD9_10), and low density lipoprotein receptor-related protein 5/6 (LRP5_6). In addition, carbonic anhydrase (CA) and bone morphogenetic protein (BMP), associated with calcification and oxidative stress-associated superoxide dismutase (SOD1), respectively, were significantly downregulated (Figure 6E; Supplementary Table S7).

In the chronic 14°C group, retinol metabolism, lysosomes, oxidative phosphorylation, and other pathways were enriched among upregulated genes (Figure 6C; Supplementary Table S7). The major DEGs were those related to NADH dehydrogenase, succinate dehydrogenase, cytochrome c reductase, and cytochrome c oxidase. Additionally, mitochondrial uncoupling protein (UCP4) was significantly upregulated (Figure 6E; Supplementary Table S7).

NF-kappa B, Wnt, and TNF signaling pathways, among others, were enriched among the downregulated genes (Figure 6D). The major DEGs were WNTs, LRP5_6, and TNFR2. In addition, the apoptosis-related genes Casp8, calcification-related CAs, and BMPs were significantly downregulated (Figure 6E; Table S7).





4 Discussion



4.1 Acute stress inhibits PSII functioning in P. lutea-symbiotic Symbiodiniaceae more than chronic low-temperature stress

The Fv/Fm of Symbiodiniaceae was significantly reduced under acute and chronic stress at 14°C, measuring 0.22 ± 0.03 and 0.31 ± 0.05, respectively. The cold threshold was 14.99°C for acute stress and 13.86°C for chronic stress based on the Fv/FmED50 parameter. When photosynthesis is working at peak efficiency, Fv/Fm values for Symbiodiniaceae typically range between 0.50 and 0.70 (Tunala et al., 2019). Under 14°C, the Fv/Fm values of P. lutea-symbiotic Symbiodiniaceae were always < 0.5, indicating that photosystem II functioning was inhibited. In a previous study, Fv/FmED50 was used to determine the temperature threshold for bleaching (Evensen et al., 2021). At 14°C, the acute stress group reached the bleaching threshold and coral holobionts were in a pre-bleaching state, but the chronic stress group did not reach the bleaching threshold. This indicates that acute low-temperature stress has a higher propensity to induce coral bleaching compared to chronic stress. Following an 8-day temperature decrease from 22°C to 12°C, the Fv/Fm values of coral holobionts remained stable (Büchel and Wilhelm, 1993; Keshavmurthy et al., 2021). However, coral holobionts exposed acutely to 10°C showed a significant decrease in Fv/Fm and died within 48 h of stress (Keshavmurthy et al., 2021). The Fv/Fm of Montipora digitata decreased after 3, 6, and 12 h of 20°C stress, but not significantly after 18 h, and recovered within 72 h of stress (Tracey et al., 2003). These phenomena could be attributed to the effects of stress rate or duration on the photophysiological response of Symbiodiniaceae.

Our results show that low-temperature stress has an inhibitory effect on photosynthesis in P. lutea-symbiotic Symbiodiniaceae. Notably, acute low-temperature stress inhibits photosystem II functioning of Symbiodiniaceae to a much greater extent than chronic stress.




4.2 Low-temperature stress leads to energy deprivation in P. lutea-symbiotic Symbiodiniaceae

Under acute and chronic low-temperature stress, PGK, SGA1, bglX, GDH2, and ribosomal protein-related genes were significantly downregulated, while GST was significantly upregulated. The glycolysis and hydrolysis of cellulose and starch to glucose are interconnected with the energy productivity of organisms. In glycolysis, PGK catalyzes the acyl phosphate transfer from 1,3-bisphosphoglycerate to the high-energy phosphate group of ADP, resulting in the production of ATP (Joshi et al., 2016). Low expression of PGK could lead to reduced production of pyruvate and ATP, causing energy deprivation in Symbiodiniaceae (Rosa-Téllez et al., 2017). Additionally, a correlation was observed between the reduction in Fv/Fm and the diminished activity of PGK. Low PGK activity impedes the regeneration of essential electron acceptors for the photosynthetic electron transport chain, thereby affecting photosynthesis (Rosa-Téllez et al., 2017). The SGA1 gene related to β-glucosidase and the bglX gene related to glucoamylase are involved in the hydrolysis of cellulose and starch to glucose, respectively. The downregulation of SGA1 and bglX during acute and chronic low-temperature stress further implies energy deprivation in Symbiodiniaceae.

Energy is important for maintaining physiological functions. Low-temperature stress inhibited PSII functioning in P. lutea-symbiotic Symbiodiniaceae, culminating in a decline in glucose production and, consequently, an energy shortage. Energy deprivation triggers a series of reactions that threaten the survival of organisms (Mia et al., 2006). Symbiodiniaceae coordinates the relationship between resistance to low-temperature stress and basal metabolism to maintain long-term survival. For example, in P. lutea-symbiotic Symbiodiniaceae, GST, related to glutathione metabolism.Glutathione S-transferases (GSTs) have glutathione peroxidase activity, through which they perform an oxygen-detoxifying function(Mannervik, 1985). GSTs play a significant role in decreasing ROS to protecting against oxidative stress (Liu et al., 2016). GST is upregulated in response to ROS overproduction stimulated by acute and chronic low-temperature stress (Ravelo et al., 2022). The downregulation of ribosomal protein-related genes and GDH2 involved in ammonia assimilation in Symbiodiniaceae. Photosynthates are important for the tricarboxylic acid (TCA) cycle, a process that provides energy and substrates for nitrogen metabolism (Zhang and Fernie, 2018). Protein synthesis and ammonia assimilation are important processes in nitrogen metabolism (Zhang and Fernie, 2018). Ribosomes are the main site of protein synthesis (Cassaignau et al., 2020). Glutamate dehydrogenase 2 (GDH2) operating at the interface of carbon and nitrogen metabolism has the potential capacity to assimilate inorganic N by combining ammonium with 2-Oxoglutarate to form glutamate (Dubois et al., 2003).It has been observed that reduction in photosynthetic rate was accompanied by the decrease in the activities of GDH (Singh et al., 2016).The downregulation of ribosomal protein-related genes and GDH2 could potentially be ascribed to substrate scarcity and energy deprivation. In summary, P. lutea-symbiotic Symbiodiniaceae PSII functioning is inhibited under low-temperature stress, which affects energy production by Symbiodiniaceae and leads to an energy shortage.




4.3 Low-temperature stress limits the calcification of P. lutea

In this study, the genes related to CA, BMP, and the Wnt signaling pathway were downregulated in coral hosts under acute and chronic low-temperature stress. The genes related to uncoupling proteins (UCPs), oxidative phosphorylation-related NADH dehydrogenase, succinate dehydrogenase, and cytochrome c oxidase were upregulated. Moreover, the gene related to superoxide dismutase (SOD) was significantly downregulated under acute stress and downregulated under chronic stress, but the differences were not significant (P > 0.05).

CA is associated with calcification in coral holobionts and facilitates the reversible hydration of CO2 to bicarbonate, thereby sustaining the CO2/HCO3− equilibrium (Furla et al., 2000; Zoccola et al., 2009; Bertucci et al., 2013; Hemond et al., 2014; Hopkinson et al., 2015). Extracellular CA plays a role in the uptake of CO2. Intracellular CA can convert ingested and respired CO2 into HCO3− (Bertucci et al., 2013; Hopkinson et al., 2015). CA is pivotal in both supplying carbon for calcification and facilitating carbon-concentrating mechanisms during Symbiodiniaceae photosynthesis (Hopkinson et al., 2015).Where PSII functioning is impaired, and the ATP and NADPH required for carbon assimilation may be reduced(Burlacot and Peltier, 2023). Thus, the reduction of inorganic carbon that can be fixed(Burlacot and Peltier, 2023). This reduction could lead to a downregulation of CA.The downregulation of CAs could potentially hinder the assimilation of inorganic carbon from seawater by coral holobionts, thereby constraining calcification (Tambutté et al., 2007). Additionally, BMP participate in the formation of cartilage and bone in animals and constitute an essential component of the skeletal organic matrix in corals (Mass et al., 2016). The downregulation of BMPs also indicates that coral calcification was affected. The Wnt signaling pathway has been demonstrated to promote osteogenesis in animals and potentially affect coral calcification (Broun et al., 2005; Guder et al., 2006; Plickert et al., 2006; Duffy et al., 2010; Hemond et al., 2014). The downregulation of the genes associated with Wnt signaling pathway, CAs, and BMPs revealed potential constraints of coral calcification under low-temperature stress.

Calcification is related to the energy supply. The photosynthesis of Symbiodiniaceae provides the energy for calcification, thereby serving as a crucial role for coral calcification (Hatcher, 1988). Under energy loss, coral hosts regulate various metabolic activities to maintain the stability of coral holobionts (Rinkevich, 1996; Sokolova, 2013; Tang et al., 2020; Leinbach et al., 2021). In this study, photosystem II functioning was inhibited in Symbiodiniaceae under acute and chronic low-temperature stress, culminating in a reduction in energy acquisition by the coral host. Furthermore, previous studies have indicated that low-temperature stress impairs Symbiodiniaceae’s PSII, elevating ROS levels in tissues (Jones et al., 1998; Tracey et al., 2003; Thornhill et al., 2008; Marangoni et al., 2021). Utilizing antioxidant enzymes to scavenge excess ROS is vital for coral redox homeostasis (Zhang et al., 2022). However, in this study, the genes related to the antioxidant enzyme SOD in P. lutea were not upregulated under low-temperature stress. It is possible that P. lutea scavenges excess ROS by expelling Symbiodiniaceae with impaired photosynthesis. Therefore, the host would have a reduced demand for the antioxidant enzyme. Previous studies have demonstrated that damaged Symbiodiniaceae expulsion diminishes coral host ROS levels under low-temperature stress (Higuchi et al., 2015; Marangoni et al., 2021). This also resulted in a reduction in the energy supply derived from Symbiodiniaceae to the host.

Upregulation of genes related to UCPs may induce energy loss in the coral host. UCP-mediated oxidative phosphorylation decoupling in mitochondria potentially reduces mitochondrial ROS and contributes to antioxidative effects (Mailloux and Harper, 2011; Slocińska et al., 2016). However, UCP decoupling decreases oxidative phosphorylation efficiency, limiting the energy harnessed from the electron transport chain for ATP synthesis (Slocinska et al., 2016). Under acute and chronic low-temperature stress, the genes related to NADH dehydrogenase, succinate dehydrogenase, cytochrome c reductase, and cytochrome c oxidase related to oxidative phosphorylation were upregulated in P. lutea, but the expression of genes related to ATP synthesis did not change significantly. This also implies oxidative phosphorylation uncoupling in P. lutea. Under acute and chronic low-temperature stress, P. lutea may facilitate phosphorylation uncoupling through UCP-related genes upregulation, partially leading to energy loss.

Low-temperature stress inhibited Symbiodiniaceae PSII functioning, prompted expulsion from the coral host, and uncoupled oxidative phosphorylation, leading to energy deprivation. Under an energy shortage, P. lutea limits calcification by downregulating CAs and BMPs.




4.4 Under low temperature, acute stress induces P. lutea apoptosis, whereas chronic stress facilitates acclimation

Our results showed upregulation of genes associated with apoptotic processes in coral hosts under acute low-temperature stress, including Casp3, Casp8, Casp9, bcl-xL, and TNF signaling pathway-related gene TRAF2, and ER stress-related genes EIF2S1, NRF2, HSPA1, HSPA5, HSP90, UBE2G1, and UBX1, among others. However, under chronic low-temperature stress, key genes associated with apoptotic processes, such as TNFR2, HSP90, and Casp3, among others, either remained unchanged or were downregulated.

Apoptosis is pivotal in development, morphogenesis, and immunity (Shao et al., 2016). However, excessive apoptosis leads to coral bleaching (Desalvo et al., 2008; DeSalvo et al., 2012; Yu et al., 2017). Apoptosis is a form of programmed cell death that occurs in multicellular organisms and is triggered by the proteolytic caspase cascade (Shao et al., 2016). Caspase 8 and caspase 9 are promoters that regulate apoptosis (Tummers and Green, 2021). Caspase 3 is central to apoptosis regulation (Yu et al., 2017). Its activation usually indicates that the cell has undergone apoptosis (Yu et al., 2017). The apoptotic genes Casp3, Casp8, and Casp9 was upregulated, thereby substantiating the induction of apoptosis in P. lutea. Anti-apoptotic bcl-xL was upregulated in our study. This indicates a counterbalance stage between apoptosis and anti-apoptosis in coral. Previous studies have shown that apoptotic and anti-apoptotic processes coexist within cells (Kvitt et al., 2016; Majerova et al., 2021). The balance between anti-apoptotic and pro-apoptotic genes within the cell dictates the ultimate apoptotic rate(Kvitt et al., 2016; Majerova et al., 2021; Jiang et al., 2023). This also suggests that P. lutea under acute stress at 14°C was in a pre-bleaching stage. If low-temperature stress continues, then P. lutea might become bleached and die owing to apoptosis. However, if conditions are restored to a suitable temperature, P. lutea might recover from the pre-bleaching state.

TRAF2, related to the TNF signaling pathway, was upregulated in response to acute low-temperature stress. The TNF signaling pathway is pivotal in modulating immunity, inflammation, apoptosis, and cell proliferation and differentiation (Cho et al., 2003). Previous studies have shown that activation of the TNF signaling pathway mediated by TNF-α can trigger apoptosis and bleaching in corals (Cho et al., 2003). The TNF receptor ligand family (TNFRSF/TNFSF) is a central mediator of apoptosis (Quistad et al., 2014). Upon external stimulation, TNF binds to TNF receptors, initiating downstream signaling cascades that culminate in apoptosis (Quistad et al., 2014). This study indicates that under acute low-temperature stress, P. lutea induces apoptosis through the TNF signaling pathway. This could be an important mechanism of cold bleaching.

Excessive ER stress can precipitate apoptosis (Haas, 1994; Springer et al., 1999). Peptides undergo assembly, folding, and posttranslational modifications in the ER (Haas, 1994; Springer et al., 1999). Only properly folded proteins enter the Golgi apparatus from the ER via transport vesicles. ER stress, induced by the accumulation of misfolded proteins, triggering the unfolded protein response (Haas, 1994; Springer et al., 1999). Under acute low-temperature stress, increased EIF2S1 and NRF2 expression potentially signals unfolded protein response transmission to the nucleus. The final misfolded proteins are retro-translocated to the cytoplasm and undergo ubiquitin-mediated proteasomal degradation via the ER-associated degradation process (Maor-Landaw et al., 2014). Heat shock proteins and ubiquitin-coupling enzyme E2 play important roles in this process (Maor-Landaw et al., 2014). The genes involved in ER-associated degradation and ubiquitin-mediated hydrolysis are upregulated. This suggests that P. lutea experiences ER stress and uses these mechanisms to process the aggregated misfolded proteins in response to acute low-temperature stress. However, if these stressors are not relieved, then apoptosis is triggered.

Under chronic low-temperature stress, TNFR2, HSP90, Casp3, and other genes remained unchanged or downregulated, indicating that the cells did not enter the apoptosis stage. Therefore, acute low-temperature stress presents a heightened threat to coral holobionts compared to chronic low-temperature stress.





5 Conclusion

Low-temperature stress impedes the potential of relatively high-latitude coral reefs to function as refuges for coral. In this study, the response mechanisms of coral holobionts to low-temperature stress was explored. Our study indicates that P. lutea from high-latitude coral reefs in the South China Sea manifests photophysiological and gene expression responses to both acute and chronic low-temperature stress. Low-temperature stress resulted in a significant decrease in the Fv/Fm of Symbiodiniaceae, indicating the inhibition of PSII functioning, which might have contributed to energy deprivation in both Symbiodiniaceae and coral hosts. During low-temperature stress, calcifications-related genes were downregulated, possibly because of the reduced investment of energy-scarce coral hosts in calcification. Additionally, the acute stress group displayed a markedly diminished Fv/Fm relative to the chronic stress group, potentially catalyzing coral bleaching and mortality through induced cell apoptosis, thereby constituting a more severe threat to coral holobionts.
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Coral reefs globally face unprecedented challenges from anthropogenic stressors, necessitating innovative approaches for effective assessment and management. Molecular biomarkers, particularly those related to protein expressions, provide a promising avenue for diagnosing coral health at the cellular level. This study employed enzyme-linked immunosorbent assays to evaluate stress responses in the coral Porites lobata along an environmental gradient in Maunalua Bay, Hawaii. The results revealed distinct protein expression patterns correlating with anthropogenic stressor levels across the bay. Some proteins, such as ubiquitin and Hsp70, emerged as sensitive biomarkers, displaying a linear decrease in response along the environmental gradient, emphasizing their potential as indicators of stress. Our findings highlighted the feasibility of using protein biomarkers for real-time assessment of coral health and the identification of stressors. The identified biomarkers can aid in establishing stress thresholds and evaluating the efficacy of management interventions. Additionally, we assessed sediment and water quality from the inshore areas in the bay and identified organic contaminants, including polycyclic aromatic hydrocarbons and pesticides, in bay sediments and waters.
Keywords: corals, coral reefs, biomarkers, protein expression, stress responses, environmental gradients, water quality
1 INTRODUCTION
Coral reefs worldwide have been severely impacted by anthropogenic activities, ranging from global level stressors of climate change to various local stressors, including land-based sources of pollution resulting in reduced water quality, overfishing, and disease outbreaks (Wilkinson, 2004; Richmond and Wolanski, 2011; Hoegh-Guldberg, 2014; Birkeland, 2015). For coral reefs in Hawaii, reduced water quality is one of the most important local threats. As the health of coral reefs continues to deteriorate, we are facing the pressing need for effective and informative assessment tools for both diagnosing the effects of specific stressors and applying such knowledge to improve coral health.
Ecological approaches to environmental assessment have traditionally focused on mortality as a metric to assess coral health, such as coral cover reductions, percentage of colony bleaching and/or mortality, and loss of individuals or species. Mortality is not an adequate metric of health or stress level, as it leaves little room for management or mitigation interventions. Additionally, ecological parameters can only provide correlation between putative stressors and effects, rather than actual causation. The application of molecular tools to assess sublethal stress levels in corals has increasingly gained attention and is being more broadly applied to identify the “smoking guns” in multi-stressor situations and provide metrics for evaluating the effectiveness of management interventions over periods of weeks to months, versus years to decades (Parkinson et al., 2020).
Molecular biomarkers, such as changes in protein expressions, enzymatic activity levels, gene expressions, and DNA damage, have been successfully developed and applied to capture sub-lethal stress levels in corals (e.g., Downs et al., 2005; Seneca et al., 2009; Kenkel et al., 2011; Richmond, 2011; Rougée, 2011; Edge et al., 2013; Seveso et al., 2013; Seneca and Palumbi, 2015; Murphy and Richmond, 2016). Since proteins directly affect organismal physiology and hence, represent functional adaptations (Feder and Walser, 2005; Tomanek, 2011), protein biomarkers are especially effective tools for assessing the sub-lethal stress responses in organisms. For example, following the ship grounding in Yap, Downs et al. (2006) conducted a field study to assess damage in corals using protein expressions in areas not visibly oiled and showed that elevated physiological stress, such as oxidative stress response and xenobiotic response, along with the presence of Benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) adducted proteins, provided the evidence for oil exposure, relative to corals from a reference site.
Working with corals, which are non-model organisms, is challenging and the field of coral molecular biomarker analysis (ecotoxicology) is still at a relatively early stage. No coral-specific antibodies are available commercially to analyze their protein expressions. However, previous studies suggest many key biomarker proteins may be highly conserved across metazoans (e.g., Barshis et al., 2010; Seveso et al., 2016), and therefore, in search of usable antibodies, commercially available antibodies (mostly made from vertebrates) were explored for application in corals by aligning protein sequences translated from the available coral transcriptomes, with the antibody sequences, selecting potentially compatible antibodies, and testing with extracted coral proteins. The initial protein studies, including the one presented here, were performed using enzyme-linked immunosorbent assays (ELISA) and Western blotting (e.g., Downs et al., 2006; 2012), targeting single protein per assay based on the existing knowledge. As technology became more available and affordable, the omics approach opened the door to investigating cellular responses without a priori hypotheses, which has been especially beneficial for non-model organisms for which we have limited knowledge about cellular and molecular responses/pathways (Parkinson et al., 2020). The more traditional protein assays, such as ELISA and Western blotting, are still useful in screening initial response time, and in identifying response patterns and dosages, since little information is often available to accurately predict organismal response direction and timing when working with non-model organisms like corals.
Maunalua Bay in Oahu, Hawaii is an important area for marine recreation and ocean activities, which receives discharges from nine sub-watersheds. The historical changes both on land and in the coastal ocean have been documented (Wolanski et al., 2009): Notably, poor land-use practices have resulted in the bay receiving large quantities of terrigenous sediment and a variety of pollutants. The channelization and concrete lining of streams, and other human activities within the adjacent watersheds have caused extensive habitat degradation and loss, which has resulted in the loss of coastal resources, including fishes and corals (Wolanski et al., 2009; Storlazzi et al., 2010; Presto et al., 2012). A range of stakeholders including local businesses, fishers, homeowners, canoe paddlers, divers, and resource managers joined together to address coral reef health declines and requested support from the research community in determining options for mitigation and recovery, which motivated us and others to assess the state of coral health along with water quality in Maunalua Bay. The urbanization and coastal development in the bay have created steep environmental gradients of anthropogenic stressors from the nearshore towards offshore in the bay, which ironically provided an opportunity for examining the impacts of urbanization on coral reefs.
In this study of corals in Maunalua Bay, we assessed protein expressions of stress response-related proteins in the lobe coral, Porites lobata, collected along the existing environmental gradient (e.g., Presto et al., 2012) from the mouth of the bay towards offshore. Our study aimed to 1) determine differences in sub-lethal cellular stress levels that corals experienced across different environments, 2) reveal the potential causes underlying such molecular stress responses, and 3) identify molecular markers that can be used for management purposes. We also tested sediment and water quality from the inshore areas from the bay for the presence of organic toxicants using gas chromatography-mass spectrometry (GC-MS). Our results revealed key stressors of concern and candidate coral biomarkers for anthropogenic stress levels using the widely distributed, pan-Pacific coral species, P. lobata.
2 MATERIALS AND METHODS
2.1 Coral biomarker analysis
2.1.1 Coral collection
Porites lobata samples were collected from five locations along the existing environmental gradients in Maunalua Bay (Figure 1). We also selected a site away from coastal development and anthropogenic stressors as a reference site and sampled P. lobata from La Perouse Bay in Maui. At each site, 5–7 colonies of similar sizes with no apparent mortality or lesions were randomly selected, and small plugs (1 cm2) were obtained using a metal coral punch and a hammer, and flash frozen immediately by placing them in liquid nitrogen. All locations were relatively shallow (2–6 m), and environmental conditions were well characterized from previous studies, with inshore sites experiencing higher turbidity and fluctuations of temperature and salinity (Wolanski et al., 2009; Storlazzi et al., 2010; Presto et al., 2012; Tisthammer et al., 2021). All frozen corals were transported to the Kewalo Marine Laboratory and kept in a—80°C freezer until processed.
[image: Figure 1]FIGURE 1 | Map of (A) the Hawaiian Islands with sampling locations, (B) the reference site of Le Perouse Bay, Maui, and (C) the study site of Maunalua Bay, Oahu with sampling locations. Coral sampling sites are colored based on the anthropogenic stressor levels (water quality).
2.1.2 Coral sample processing and ELISA
Samples were assayed following the methods from Downs (2005) and Downs et al. (2012). Briefly, the P. lobata nubbins were ground while frozen to a fine powder using liquid nitrogen, placed in microcentrifuge tubes along with 1,400 mL of a denaturing buffer (2% SDS, 50 mM Tris–HCl (pH 7.8), 15 mM dithiothreitol, 10 mM EDTA, 3% polyvinylpolypyrrolidone (wt/vol), 0.005 mM salicylic acid, 0.001% (v/v) dimethyl sulfoxide, 0.01 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 0.04 mM bestatin, 0.001 E−64, 2 mM phenylmethylsulfonyl fluoride, 2 mM benzamide, 5 mM a-amino-caproic acid, and 1 µg/100 mL pepstatin A). Samples were vortexed, heated at 93°C for 6 min, incubated at 25°C for 10 min, and centrifuged (13,500 g for 10 min). The middlephase supernatant was placed into a new tube, and protein concentrations were determined using the method of Ghosh et al. (1988).
We used the following 10 EnVirtue Biotechnologies, Inc. antibodies (generated in rabbits) that were specific to only the cnidarian animal targets, and not the coral’s dinoflagellate symbiont: 1) anti-ubiquitin (AB-U100), 2) anti-cnidarian heat-shock protein 70 (Hsp70) (AB-H101-CDN), 3) anti-cnidarian heat-shock protein 60 (Hsp60) (AB-H100-IN), 4) anti-cnidarian glutathione-S-transferase (GST) (AB-G100-MU), 5) anti-cnidarian copper/zinc superoxide dismutase (SOD) (cytosolic isoform, lot 1517), 6) anti-cnidarian glutathione peroxidase (GPx) (AB-GPX-IN), 7) anti-MutY (lot 3217), 8) anti-multi-xenobiotic resistance protein (MXR) (ABC family of proteins; P-glycoprotein 140 and 160; AB-MDR160), 9) anti-cnidarian protoporphyrinogen oxidase IX (lot 1945), and 10) anti-cnidarian heme oxygenase I (lot 3114). All antibodies were mono-specific polyclonal antibodies made against a synthetic 8–12 amino-acid residue polypeptide that reflects a specific and unique region of the target protein, which included sequences of cnidarian (Nematostella vectenesis, Orbicella annularis, Acropora millepora, and Porites astreoides). One-dimensional SDS-PAGE and Western blotting were performed to optimize the separation of target proteins and validate the use of specific antibodies for P. lobata protein extracts following the methods of Downs (2005) and Downs et al. (2012). The sequences of the antibodies and the images of blotting of these antibodies used on coral samples are available in Downs and Downs (2007), Figures 1–4) and Downs et al. (2012), Figure 2 and Electronic Supplementary Material). Antibodies and samples were optimized and the level of precision for each ELISA was determined using an 8 9 6 9 4 factorial design (Crowther, 2000). A Beckman-Coulter Biomek 2000 Laboratory Automation Workstation using 384-well microplates was used to conduct the ELISA assays. All samples were assayed in triplicate, and an eight-point calibrant curve using a calibrant relevant to each antibody was plated in triplicate for each plate.
[image: Figure 2]FIGURE 2 | Canonical correlation of ten biomarkers in corals collected along the environmental gradient in Maunalua Bay. Colors of the sites correspond to those of Figure 1. Spheroids show the 95% confidence intervals around the distribution centroid of each site, and biplots show directions of original biomarker responses in canonical space.
2.1.3 DNA damage analysis
DNA abasic or apurinic/apyrimidinic lesions (DNA AP sites) were used as an indicator of genetic damage. DNA was isolated from coral tissues according to the manufacturer’s instructions using the Dojindo pureDNA kit-Cell, Tissue (GK03-20; Dojindo Molecular Technologies) with one slight modification to address Maillard chemistry artifact. Coral tissues were added to the kit’s lysis buffer containing 100 mg of polyvinylpolypyrrolidone (PVPP, Sigma-Aldrich Corporation, St. Louis, Missouri, United States). DNA purity was determined spectrophotometrically using the 260/280 nm method (Sambrook and Russel, 2001). The DNA concentration was measured using an Invitrogen/Molecular Probes Quant-iT™ DNA Assay Kit, Broad Range (catalog # Q33130; Life Technologies Corporation) using a Bio-Tek FL800 fluorescent microplate reader (BioTeck Industries, Incorporated, Winooski, Vermont, United States). DNA AP (abasic site) sites were quantified using the Dojindo DNA Damage Quantification Kit-AP Site Counting (catalog # DK-02-10; Dojindo Molecular Technologies, Inc.) and conducted according to the manufacturer’s instructions.
2.1.4 Data analysis
The results from ELISA and DNA AP sites were tested for normality using the Kolmogorov–Smirnov test (with Lilliefors’ correction) and for equal variance using the Levene Median test. When the data were normally distributed and homogeneous, a one-way analysis of variance (ANOVA) was employed. When data did not meet the homogeneity of variances requirement for one-way ANOVA, a Kruskal-Wallis One-Way Analysis of Variance on Ranks (Kruskal-Wallis H test) was used. When significant differences were found among treatment means, we used Tukey–Kramer Honestly Significant Difference (Tukey-HSD) test for the markers that met the parametric test assumptions and Dunn’s post hoc test for the rest, and applied the Holm-Sidak method as an exact alpha-level test to determine differences between pairwise populations (Holm, 1979; Sokal and Rohlf, 1995). Statistical significance was defined as p-value < 0.05. Correlation analysis was conducted using the distance from the mouth of the bay (21°16.878′, −157°42.688′) and protein expression levels using Pearson’s or Spearman’s correlation test. We used canonical correlation analysis (CCA) as a heuristic tool to illustrate how biomarkers could be used to discriminate among populations/sites. CCA reveals the basic relationships between two matrices, in our case those of the six sites (Sites N, 3, 2.5, K, T and Maui as a categorical location variable) and the biomarker data (total of 10 biomarkers, excluding heme oxygenase as no data for the reference site were collected). The CCA provided an objective statistical tool for determining if corals from the studied sites were significantly different from one another using sets of cellular biomarkers that are indicative of a cellular process and if so, which biomarkers contributed to those differences. This analysis required combining data from all six populations into one matrix, which we did by expressing biomarker responses in a given population as a proportion of their mean levels.
2.2 Sediment chemistry analysis (3 sites)
2.2.1 Sample collection
Sediments were sampled at three locations, a) Waialae Beach Park (Site A), b) Paiko coastline (Site D), and c) Kuliouou Beach Park (Site E) in Maunalua Bay, in triplicate, except for Site E, which had four samples (Figure 1). At Site A, all samples were taken about 50 yards perpendicular from the shore between the two discharge points. At Site D, all three samples were taken about 4.5∼6 m from the shore at the passage located between residential houses to the beach. At Site E, three samples were taken just off the bottom substrate line at the low tide, and one sample was taken about 1.5 m offshore.
2.2.2 Reagents
Dichloromethane and acetone were pesticide grade solvents (Fisher Scientific). Analytical standards were purchased from Ultra Scientific, RI, United States. Two stock standards were prepared. The first was SVOC stock which included: semi-volatile mixture (SVM-525) and organochlorine pesticide mixture (PPM-525E) (see table for list of analytes). The second was NP stock which included: nitrogen/phosphorous pesticide mixture 1 (NPM-525C) and nitrogen/phosphorous pesticide mixture 2 (NPM-525B). The internal standard solution (ISM- 510) was used for GC-MS quantitation. Sodium sulfate (Fisher Scientific) was baked at 200°C overnight and then pre-rinsed with hexane before use.
2.2.3 Sample preparation
Marine sediment samples were placed in 125 mL pre-cleaned amber glass jars with Teflon-lined lids (I-Chem 300 series, VWR). Samples were collected, transported, and stored in the walk-in refrigerator until extraction. Sediment samples were extracted using an ASE 200 (Dionex Corporation, Sunnyvale, CA, United States). Approximately 5 g wet weight marine sediment was placed in a hexane rinsed aluminum dish and diatomaceous earth (Dionex Corporation, Sunnyvale, CA, United States) was added and ground until dry. This mixture was added to a 22 mL ASE extraction cell. Blank and spike (5 g/L = 5 ppm) samples were prepared in Ottawa Sand (mesh 200–300, Fisher Scientific) and diatomaceous earth. ASE extraction solvent was dichloromethane:acetone (1:1) run at 1,500 psi, 100°C for 5 min with flush of 50% ASE cell volume and nitrogen purge for 80 s. The ASE extract was passed through sodium sulfate, dried, and quantitatively transferred to a GC vial. Internal standards were added (acenaphthene-d10, phenanthrene-d10, and chrysene-d12) and the extract was analyzed by GC-MS.
2.2.4 Instrument analysis
Two separate GC-MS methods were developed which included a semi-volatile/organochlorine (SVOC) method and a nitrogen/phosphorous (NP) method. These methods were the same except for the analyte list. Samples were run on a Varian 3800 GC/Saturn 2200 ion trap mass spectrometer (Varian Inc. Walnut Creek, CA, United States). The gas chromatograph was equipped with a 30 m VF-5ms column (0.25 mm i.d., 0.25 mm film) run at 1.1 mL/min helium with a pressure pulse of 45 psi for 0.8 min. The oven temperature started at 70°C with a 1-min hold, then was raised to 300°C at 4°C/min and held at 300°C for 2 min. A 1 uL sample was injected split/splitless at 250°C using a Varian CP-8400 autosampler. The transfer line temperature was 270°C, trap at 200°C, and manifold at 80°C. The mass spectrometer was run in full scan mode. Data was analyzed using Saturn GC-MS Workstation version 6.42.
2.2.5 Quality control
A five-point standard curve was run for all compounds (0.01–10 ug/mL) which had a correlation coefficient greater than 0.99 with less than 15% standard deviation. Samples, blanks, and spikes were all run in duplicate reporting results as an average.
2.3 Water quality analysis (5 sites)
2.3.1 Sample collection
Water samples were collected from five inshore sites in Maunalua Bay (Figure 1, Sites A/B/C/E/N). The samples were brought back to the Kewalo Marine Laboratory, and processed or used immediately for solid-phase extraction (3.2).
2.3.2 Instrument analysis
Collected samples in solid phase cartridges were sent to Jupiter Environmental Laboratories (Jupiter, FL) for select organic compound analysis by GC-MS and LC-MS. Briefly, the cartridges were eluted with 2.5 mL of methanol twice to a final volume of 5 mL. The samples were allowed to settle and spun at 5 K for 4 min. The top layer was drawn off to avoid any salts that settled out of the cartridge. An open scan GC-MS analysis was performed and all peaks were checked against the NIST library. The open scan runs displayed few peaks, and when the Library search yielded nothing, high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was performed as an orthogonal discovery technology with much greater sensitivity. The samples were run against Multiple Reaction Monitoring transitions for triazine herbicides, chlorophenoxy herbicides, organophosphate pesticides, and pharmaceuticals and personal care products (PPCPs). Samples were listed as qualitatively positive if they were found to be above our LOQ, had a matching secondary ion and matching retention time when run by HPLC-MS/MS.
3 RESULTS
3.1 Coral stress responses segregate over distance from the discharge
We conducted ordination analysis to assess if the aggregate expression patterns of biomarkers in P. lobata differed between sites. The analysis results showed clear segregation of the responses over distance from the mouth of the bay (Site N to Site K/T) along the canonical axis 1 (Figure 2). The inshore site (Site N) was characterized by signs of toxicant exposure, reflected in MXR, GST, and ubiquitin, and the mid-station sites (Site 3/2.5) had notable signs of oxidative damage reflected in SOD. The outer sites (Site K/T) with the lowest anthropogenic stressor level, also displayed some toxicant exposure signatures but were different from the rest of the sites. The reference site (Maui) was distinctly segregated from all sites, and was closest to the outer sites, suggesting the ordination results reflected well the water quality of the habitats where corals were sampled. Interestingly, toxicant exposure signatures of corals from the outer sites included signs of DNA damage reflected in DNA AP sites and MutY biomarkers, which may be due to pesticide exposure (from terrestrial runoff) or from chlorine or bromine exposure from swimming pool water discharges into that site from the nearby residential area (Portlock, east of Site K) (Richardson et al., 2010). When these pools are drained, the water is often discharged into the storm drains which empty into the ocean at the affected site.
Each biomarker was also analyzed separately to determine how expression levels differed between sites. All markers showed overall differences among sites (one-way ANOVA or Kruskal-Wallis H test, p-values < 0.001, Supplementary Material S1). Post-hoc pairwise analysis revealed that Hsp 70 and ubiquitin showed the most variable expression levels between sites: Ubiquitin concentrations from all five sites in the bay were significantly higher than those from the Maui reference site (Tukey-HSD, adjusted p-values < 0.05), as well as the inshore site (Site N) having a significantly higher level than the outer and middle sites (Site K/T, 2.5) (Tukey-HSD, adjusted p-values < 0.05) (Figure 3A). The two middle sites (Site 3/2.5) also had significantly higher ubiquitin levels than the outer Site K (Tukey-HSD, adjusted p-values < 0.05), indicating ubiquitin as a sensitive biomarker of anthropogenic stressors/toxicant exposure. For Hsp70, on the other hand, the corals at the inshore and middle sites (Site N, 3/2.5) had significantly higher concentrations than those from Maui and the outer sites (Site K/T) (Tukey-HSD, adjusted p-value < 0.05), but the concentrations of the proteins from the corals at the outer sites did not differ from those of Maui (Figure 3B). This suggests that ubiquitin and Hsp70 are potentially useful biomarkers of anthropogenic stressors, but ubiquitin is more sensitive than Hsp70. Porphyrin concentrations in corals from all five sites in the bay were significantly higher than in those from Maui (Tukey-HSD adjusted p-value < 0.05), but within the bay, there were no differences (Figure 3C), suggesting ubiquitous organochlorine exposure and heightened antioxidant activity in corals within the bay. For MXR and GST, corals from the inshore and middle sites (Site N, 3/2.5) had significantly higher expression levels than those from Maui (Dunn’s test, adjusted p-value < 0.05), but not the offshore corals (Site K/T) ((Figures 3D, E), as seen in Hsp70. SOD showed a similar pattern, with the inner and middle site corals having significantly higher levels than Maui corals (Dunn’s test, adjusted p-value < 0.05), but corals from Site 3 did not differ from those in Maui (Figure 3F). GPx and MutY showed significantly higher levels only in the middle and offshore sites (Site 3/2.5, K) compared to Maui (Tukey-HSD/Dunn’s test, adjusted p-value < 0.05) (Figures 3G, H). Hsp60 was only higher in the middle site corals (Site 3/2.5) compared to those from Maui (Dunn’s test, adjusted p-value < 0.05) (Figure 3I), and DNA AP sites were significantly higher in Site 3 and Site T compared to Maui (Tukey-HSD, adjusted p-value < 0.05) (Figure 3A). Heme oxygenase, which was only tested among corals from the bay (no Maui), showed the inner and middle site corals (Site N, 3/2.5) with significantly higher expression levels than the outer site corals (Site K/T) (Tukey-HSD, adjusted p-value < 0.05), again reflecting the higher stress levels experienced by the inner and middles site corals.
[image: Figure 3]FIGURE 3 | Expression levels of each biomarker per site: (A) Ubiquitin, (B) Hsp70, (C) Protoporphyrinogen oxidase IX, (D) MXR, (E) GST, (F) Cu/Zn SOD, (G) GPx, (H) Hsp60, (J) DNA AP sites, and (K) Heme oxygenase I. The letters above the bars indicate the statistically significant difference (Tukey-HSD or Dunn’s test with adjusted p-value < 0.05).
3.2 Some biomarkers showed the dose-response relationship along the environmental gradient
Several of the biomarkers showed decreased responses in a linear fashion from inshore to offshore along the environmental gradient (Figure 4). Hsp70 and ubiquitin showed a significant correlation between the distances from the mouth of the bay (i.e., anthropogenic stressor levels) and the expression levels (Pearson test, ubiquitin: p-value = 0.007, Hsp70: p-value = 0.04, Figures 4A, B). MXR and heme oxygenase showed a marginally significant relationship (heme oxygenase: Pearson test, p-value = 0.055, MXR: Spearman test, p-value = 0.08). These results help direct the choice of biomarkers for future work depending on the stressors of interest. However, there was no breakpoint along the gradient in Maunalua Bay, where protein biomarker levels were as low as those found in corals from the reference site (Maui) (Figures 3, 4), suggesting the corals of this Bay are all under the influence of land-based sources of stress and pollution. Nonlinear responses were also observed in several biomarkers, including SOD and MutY. Studies have found that nonlinear responses do occur in corals (e.g., Gil, 2013; Bove et al., 2019), with some proteins and associated metabolic pathways responding differently based on exposure concentrations and timing.
[image: Figure 4]FIGURE 4 | Correlation between protein biomarker expression levels and the distance from the mouth of the bay, representing the environmental (anthropogenic stressor) gradient: (A) Ubiquitin, (B) Hsp70, (C) Heme oxygenase I, and (D) MXR. r: Pearson’s correlation coefficient. Asterisks denote statistical significance (* = p < 0.05, ** = p < 0.01). Dots denote a marginally significant p-value (< 0.1).
3.3 Organic contaminants were present in inshore sediments and water
Various organic contaminants were found through our analysis of marine sediments collected from three discharge sites across Maunalua Bay (Table 1). At both Sites A and E, benzo [a]pyrene, benzo [b]fluoranthene, and benzo [k]fluoranthene were detected, indicating relatively ubiquitous presence of polycyclic aromatic hydrocarbons (PAHs) in inshore areas of the bay. At Site A, additional eight contaminants were found along with the suspected presence of chrysene and DDD/DDE. At Site E, one additional PAH (pyrene) was identified, while none were detected at Site D. Variations in detected contaminants among sites likely represent the sediment flushing/retention rates at particular sites and/or limitations or difficulties of detecting trace compounds from a single sampling method.
TABLE 1 | Contaminants detected from sediment samples collected from inshore three sites in Maunalua Bay. We considered “Hit” (◎) as above 80% match with the NIST library, “Presence” (○) as below 80% match with NIST library, and ・represents suspected presence. Those with no symbols represent “not detected”.
[image: Table 1]Water chemistry was also analyzed from samples collected from five inshore sites across Maunalua Bay, which showed trace levels (<5 μg/L) of Bisphenol A (BPA) and oxybenzone in all samples (Table 2). Ultra trace levels of atrazine and simazine (<0.05 μg/L) were also found at Sites C and N. Relatively high concentration of herbicide dicamba (96.5 μg/L) was detected at Site N. Triazine herbicides were negative for all samples. Again, we do not know if the differences among sites for the ultra-trace level contaminants are due to the detection limit, rather than due to true water quality differences. However, the ubiquitous presence of BPA and oxybenzone in the nearshore waters is indisputable.
TABLE 2 | Contaminants detected from water samples collected from five inshore sites in Maunalua Bay. Here, “Hit” (◎) is a compound concentration detected at a trace level (<5 μg/L), and “Presence” (○) is at an ultra-trace level (<0.05 μg/L). The symbol ◉ indicates a high Hit (96.5 μg/L). Those with no symbols represent “not detected”.
[image: Table 2]4 DISCUSSION
The documented declines in coral reef health are the result of multiple stressors acting in concert. Two specific requests from coral reef resource managers and stakeholders were 1) for techniques that could identify cause-and-effect relationships between putative stressors and coral health at the sublethal level, when interventions had the greatest potential for leading to positive outcomes and 2) for tools and associated metrics that would allow for determining the efficacy of management actions in real time, meaning over weeks to months rather than years to decades. The biomarker approach described here, which was modeled after those used for diagnosing and treating human health issues and maladies, met both needs. The elevated expression levels of stress induced proteins in corals from Maunalua Bay, especially those from inshore areas near discharge sites, relative to those from the reference site in Maui demonstrated that the sublethal stress in corals due to anthropogenic stressors (water quality) can be reliably detected. We also showed that some proteins, such as ubiquitin, Hsp70, and MXR, can be used to create a dose-response curve, which will help create the "thresholds’ for assessing the effects of individual environmental stressors, and those acting in concert. Proteomics/transcriptomics can show the stress response or adaptive mechanisms of corals to environmental stressors (e.g., Thomas et al., 2019; Tisthammer et al., 2021). However, to establish the stress threshold efficiently and cost-effectively, here we showed that a dozen of (or fewer) proteins can be used as diagnostic biomarkers.
The fact that the same proteins used to diagnose human ailments worked in corals is not surprising, as such responses occur at the cellular level, regardless of the “host” organism. In this study, antibodies raised against Cnidarians were used, but we have found many commercially available antibodies raised against vertebrates, such as catalase, cytochrome P450 A1, and Hsp90, to be effective in assessing protein expression levels in corals (unpublished data). This further affirms that practical biomarkers for diagnosing coral health can be available without extensive further studies. Indeed, deployable diagnosing tools in corals are gaining attention in recent years and are in development. For example, Meng et al. (2022) tested human urinalysis strips on corals and found that ketone and leukocytes were reliably detected by the strips.
Some of the proteins that were upregulated in corals exposed to reduced water quality, particularly toxicants, such as pesticides and polycyclic aromatic hydrocarbons (PAHs) ubiquitously detected in this study, are steroidal clearance/detoxification and regeneration enzymes that also play a role in reproduction (Rougée et al., 2006; Rougée et al., 2015; Rougée et al., 2021). Just as coral colony energetic allocation to maintenance and repair can compromise reproductive success including gamete quality and fecundity, so too can the allocation of key proteins to detoxification reduce the availability for reproduction and hence, population replenishment. As many coral reefs have suffered notable losses in coral colony density to levels below 10% (Eddy et al., 2021), populations are no longer capable of replenishment from local sources due to the Allee effect (Courchamp et al., 2008), where gamete dilution during spawning events prevents egg-sperm interactions, and hence, successful fertilization. Active coral reef restoration programs are viewed as essential for many reefs, particularly in the Atlantic/Caribbean, but will be unsustainable if transplanted corals are non-reproductive. Water quality is an essential parameter in the selection of sites for coral reef restoration, and the protein-based tools presented here can be used to assess the appropriateness of sites based on key biological responses, particularly on fecundity, gamete quality, and availability of essential steroidal proteins that can be allocated to reproduction on top of detoxification.
Since protein expression can be analyzed both qualitatively for identifying key stressors and quantitatively for determining threshold levels, protein expressions are a valuable tool for use by coral reef managers in efforts to protect and restore coral reefs. As the financial, institutional and human resources available for such tasks are limited, it is essential to use science-based approaches to develop management plans and to assess the efficacy of efforts to ensure positive outcomes. Our data demonstrate how the emerging tools and technologies can be applied. Future efforts to improve cellular diagnostics and advance the technologies for in situ analyses and monitoring will enhance the functionality and broader application of these tools.
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Chemical pollution in marine ecosystems is a factor of stress interacting in multiple and complex ways with other major causes of deterioration, such as warming seas due to climate change. Here we surveyed epibenthic communities from a shipwreck in the Levantine Basin for temporal and spatial changes in the community in relation to chronic oil pollution, comparing results collected from an area of the wreck characterized by chronic oil leakage with another area not affected by oil. Polycyclic aromatic hydrocarbons (PAHs) bioaccumulation analyses were integrated with characterization of the efficiency of xenobiotics biotransformation processes and antioxidant network of the scleractinian coral Madracis pharensis, chosen as bioindicator species. Results highlighted the two areas hosting different epibenthic communities over a period of 11 years. Significant changes in the percentage cover of M. pharensis could be the result of recent mass mortality associated to Marine Heat Waves. Biological investigation conducted in M. pharensis tissues revealed an increased content of PAHs in specimens collected from the oil-impacted area, coupled with an increased capability of oxyradicals scavenging capacity and a lower functionality of phase II biotransformation mechanisms associated to glutathione S-transferase. Overall, the results suggest that M. pharensis has the capability to develop cellular and physiological adaptations to chemical-mediated stress, with yet unknown possible energy trade-offs to sustain stress response.
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Introduction

Epibenthic communities from shipwrecks are studied intensively due to the characteristics that make the wreck an artificial reef. Knowledge about the ecological processes operating on these assemblages (e.g., recruitment, competition, predation) assist in the elaboration of management options for the restoration of degraded habitats, population dynamics of invasive species, to concentrate human activities in specific areas, and more often than not, for the enhancement or creation of habitat (Brockinton et al., 2022; Hughes et al., 2023). Behind the apparent benefits of shipwrecks to the general biodiversity of an area, that is, by providing free substrate for epibenthic species that are fast and successful colonizers (Hoeksema et al., 2023) and refuge for mobile species increasing thus the biodiversity (Monchanin et al., 2021), wrecks might also contribute to local pollution by leaking chemicals (e.g., van der Schyff et al., 2020). Such is the case with Zenobia shipwreck in Cyprus, where rich epibenthic communities of corals and sponges live closely related to chronic leakage of oil, noticeable in various sections of the wreck’s structure (Jimenez et al., 2017a).

In general, scleractinian corals are good indicators of chemical pollution (Guzmán and Jiménez, 1992), and corals from shipwrecks have been reported to show higher concentrations of pollutants, e.g. heavy metals, compared to corals from other substrates sampled in areas away from the wrecks (van der Schyff et al., 2020). Coral species’ capability to accumulate PAHs from surrounding environments with diverse degree of contamination has been extensively reported, and studies on PAHs effects in Scleractinia under laboratory conditions highlighted a plethora of alterations ranging from the lower levels of biological organization, i.e. changes in gene expression, genotoxicity, to the higher ones, i.e. physiological and morphological alterations, mortality (Menezes et al., 2023 and references therein; Turner and Renegar, 2017 and references therein). On the other hand, studies on the sub-lethal alterations at cellular level, mechanisms of stress-response and adaptations in coral species under real environmental scenarios of chronic oil pollution are yet globally underrepresented (Turner and Renegar, 2017).

Once within organisms, chemical pollutants may exert disturbance at various levels of biological organization, and pathways of chemicals toxicity strictly depend on their typology, which determines initiating events at cellular level (Allen et al., 2016). It is now well recognized that PAHs toxicity arise from the metabolic processes aimed to breakdown these chemicals and allow for their elimination. Indeed, PAHs, as polychlorobiphenyls (PCBs) and dioxins, bind the cytosolic aryl hydrocarbon receptor (AhR), and form a ligand-receptor complex that once transported to the nucleus binds to xenobiotic metabolism specific regions of the DNA, known as dioxin responsive element (DRE), through the interaction with ARNT, AhR nuclear translocator (Regoli and Giuliani, 2014; Wang et al., 2020). This molecular initiating event activates the transcription of several genes involved in the biotransformation and metabolism of xenobiotics, as CYP1 and CYP1B. Such biotransformation reactions of xenobiotics are aimed to decrease their lipophilicity, but these may not be sufficient and organic xenobiotics metabolism may proceed toward phase II conjugation reactions, catalysed by glutathione S-transferase, UDP- glucuronosyl transferases (UGTs) and sulfotransferases (SULTs) which use endogenous cofactors as reduced glutathione (GSH), glucuronic acid and sulfate, respectively, and are as well modulated through the Ah-gene battery.

PAHs toxicity partly derives from their bioactivation through these reactions, which can produce metabolites that show higher toxicity compared to parent compounds and damage cellular macromolecules, e.g. forming DNA adducts (as 7,8-dihydrodiol-9,10-oxide, the DNA-adduct forming metabolite of benzo(a)pyrene responsible for its carcinogenicity, Regoli and Giuliani, 2014). At the same time, PAHs metabolism is also recognized as one of the main processes causing the release of reactive oxygen species (ROS), consequential to electron transport uncoupling occurring during the slow oxidation of substrates and to “redox cycling” of metabolites (Schlezinger et al., 2006; Shakunthala, 2010; Regoli and Giuliani, 2014).

Cells are able to neutralize the negative effects of oxyradicals through a complex network of low molecular weight scavengers and enzymes, collectively recognized as antioxidant system, universally developed to counteract the naturally occurring production of ROS from several cellular pathways of aerobic metabolism, as mitochondrial electron transport chain and active phagocytosis (Benedetti et al., 2015, 2022; Lushchak, 2011; Regoli and Giuliani, 2014). Reduced glutathione, ascorbic and uric acid scavenge ROS by directly acting as reducing agents on oxyradicals, but are also fundamental co-factors for the functioning of other antioxidants, enzymes that catalyze highly specific reactions, as superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidases (GPx) and glutathione S-transferases (GST), the main involved (Lushchak, 2011). In this respect, the efficiency of antioxidant defenses is especially fundamental in symbiotic organisms, as sclearactinians and sponges, which show physiological adaptations to counteract the toxicity of photosynthetically produced oxygen, which can easily undergo univalent reduction to form O2-, H2O2 and HO• (Regoli et al., 2004a; Regoli et al., 2004b; Lesser, 2006).

Due to the sensitivity of the antioxidant defenses, their functionality has been extensively studied in marine species under chemical exposure and more in general abiotic stress, especially when aiming to understand mechanisms behind the onset of oxidative stress and cellular damages. Activities of SOD, CAT, GR, GST, GPx, as well as cellular homeostasis of glutathione have been demonstrated to be either increased or decreased by exogenous cellular stressors as chemical pollutants, namely trace metals, PAHs, dioxins, microplastics and active pharmaceutical ingredients (Lushchak, 2011; Benedetti et al., 2022). On the other hand, specific methodologies have been developed to quantify and characterize the overall capability and functionality of cellular antioxidant network, as the total oxyradical scavenging capacity assay (TOSCA, Regoli and Winston, 1998; Gorbi and Regoli, 2003). This methodology, compared to the evaluation of single antioxidant defenses, provide a more comprehensive picture of cellular redox status, and therefore health. Such approach has been successfully applied in several field and laboratory investigations, to characterize marine species antioxidant defenses, their capability to neutralize oxyradicals and prevent oxidative damage when subjected to exogenous stressors as chemical pollutants, algal toxins, thermal stress and hypercapnia (Regoli et al., 2004a; Regoli et al., 2004b; Gorbi et al., 2012; Gorbi et al. 2014; Nardi et al., 2017; Nardi et al., 2018; Iannello et al., 2021).

In this study we aimed to characterize the composition of epibenthic communities, as well as PAHs bioaccumulation, antioxidant network and xenobiotics biotransformation efficiency of a selected scleractinian coral species, Madracis pharensis, at two sites of the Zenobia wreck, one under the influence of oil leakages and one considered free from this environmental stressor. Obtained results were intended to further elucidate aspects of Scelractinians’ biology and their mechanisms of tolerance and responsiveness to chemical stress, as well as and deepen our understanding on the capability of coral species to adapt to chronic subtle pollution.





Materials and methods




Study site

The large ferry MS Zenobia (10,000ton, 172m length) loaded with vehicles, lorries and cargo capsized in 1980 in Larnaka Bay, Cyprus (34° 55.128’N, 33° 39.354’E; Figure 1A). Since then, Zenobia has been resting horizontally on its portside (Figure 1B) in about 43m depth. The sea bottom of Larnaka Bay is characterized by scattered, small-sized rocky outcrops and extensive sandy and muddy areas. Given the large dimension of Zenobia, the low deterioration of its hull, complexity and heterogeneity of the metal structure, it is not surprising to find a rich biodiversity associated with the shipwreck. For example, the high abundance and diversity of fish and colorful epibenthic communities are well known among the international diving community that ranks Zenobia among the most popular recreational dives sites of the world (Scuba, 2022). A more detailed description of the shipwreck and the biotic and environmental factors that operate in the Larnaka Bay area can be found in Jimenez et al. (2017a). For this study, two contrasting environments of the wreck were selected: the Car Deck and the Smokestacker areas, both at 25m depth (Figure 1B). In the Car Deck area, constant leakage of oil from the wreck accumulates in “ponds” between spaces on the bulwark of the starboard side, which corresponds to the “upper” shaded surface. Organisms in this area live in close contact with those stagnant “oil ponds”, corals in particular (Figure 1C). On the contrary, the epibenthic communities in the Smokestacker area are not affected by oil leakages (Figure 1D). In both sites, epibenthic biodiversity was assessed, and an in-depth focus on pollutants bioaccumulation and cellular alterations was conducted on the scleractinian M. pharensis, as described below.




Figure 1 | Location of the Zenobia shipwreck in Cyprus (A). Sampling stations along the starboard side of the shipwreck (25-27m depth): 1=inside the ”Car Deck” (oil); 2=below the “Smokestack” (no oil) (B). Madracis pharensis coral colonies from station 1 in contact with oil “ponds”; snapshot from a video (C). Community of M. pharensis and sponges from station 2; insert=detail of a coral sample (D).







Epibenthic biodiversity assessment

The diverse epibenthic communities of Zenobia thrive at the shaded undersides of the wreck’s external structures and inside the hull, where the high heterogeneity of surfaces, relatively open areas (e.g., cabins, corridors), and multitude crannies offer shelter from direct exposure to the sunlight. The benthic cover (>25% on average) is mainly composed by sponges, corals, bryozoans, and other organisms (Jimenez et al., 2017a).

To assess the status of the epibenthic communities, the percentage of benthic cover was measured from photo-quadrats following the protocol of Jimenez et al. (2017a). Succinctly, 15 photos from each area were taken consecutively, avoiding overlap, with a frame (13cm x 19cm) at a fixed distance from the digital camera (Olympus Tough equipped with strobes). Analysis of the photos was made using Coral Point Count program (Kohler and Gill, 2006) with a systematic lay-out of 225 points. The pre-existing code files were modified with the following seven categories: live coral, dead coral, macro algae, calcareous algae, porifera, other (e.g., serpulid polychaetes, bivalves, bryozoans, cyanobacteria), and substrate (not occupied by organisms). The selection of this categories was based on other similar studies in Cyprus (Jimenez et al., 2017a, Jimenez et al., 2017b; Jimenez et al., 2022). The percentage of cover from multiple image frames was grouped together for single site evaluation and to allow comparisons between the two sites (see below).





Madracis pharensis sampling and tissue collection

Samples of the scleractinian coral M. pharensis (Heller 1868) were collected at the Car Deck and Smokestacker sites for the analysis of PAHs bioaccumulation, total oxyradical scavenging capacity assay and biotransformation processes. This species is a facultative zooxanthellate coral that is abundant in Cyprus and can be found up to a depth of 100m. In general, colonies of M. pharensis can exhibit encrusting or knobby morphologies. This species was chosen due to its abundance on the shipwreck and simplicity of collection. Four small knobby-shaped colonies were collected from each site by gently removing the coral from the substrate with a thin metal chisel and small hammer and transported to the support vessel in seawater-filled plastic containers. Onboard, the seawater was decanted from the containers and the coral samples were placed in dry ice and transported to the laboratory, where they were stored into a -80° C freezer.





PAHs bioaccumulation, detoxification mechanisms and total oxyradical scavenging capacity in Madracis pharensis

For the analysis of polycyclic aromatic hydrocarbons (PAHs), about 3 g (wet weight) of coral samples (soft tissue and skeleton) were extracted in 5 mL 0.5 M potassium hydroxide in methanol using a microwave system at 55°C for 20 min (800 Watt) (Mars6, CEM Corporation, Matthews NC). After centrifugation at 3,000 × g for 10 min, the supernatants (methanolic solution) were concentrated using a rotational vacuum concentrator (RVC 2-18 Cdplus, CHRIST) and purified with solid-phase extraction (Octadecyl C18, 500 mg × 6 mL, Merck). A final volume of 1 mL was recovered with pure, analytical HPLC gradient grade acetonitrile, and HPLC analyses were carried out in a water and acetonitrile gradient by fluorimetric and diode array detection. The PAHs were identified according to the retention times of an appropriate pure standards solution (EPA 610 Polynuclear Aromatic Hydrocarbons Mix), and classified as low molecular weight (LMW: naphthalene, acenaphthylene, 1-methyl naphthalene, 2-methyl naphthalene, acenaphthene, fluorene, phenanthrene, anthracene) or high molecular weight (HMW: fluoranthene, pyrene, benzo(a)anthracene, chrysene, 7,12-dimethyl benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, indeno(1,2,3,c,d)pyrene). Quality assurance and quality control were done by processing blank and reference samples (freeze-dried mussel tissues SRM 2974a, NIST), and concentrations obtained for the SRM were always within the 95% confidence interval of certified value. The water content in tissues was determined in all the samples and concentrations of PAHs expressed as ng/g dw (Iannello et al., 2021).

Coral samples for biological analyses were gently washed with PBS buffer, ground powdered in liquid nitrogen and then homogenized with a homogenization ratio 1:5 (w:v) in a 100 mM K-phosphate buffer pH 7.5, with 2.5% NaCl, 0.1 mM phenyl-methyl sulphonyl fluoride (PMSF), 0.008 trypsin inhibitor unit (TIU) mL−1 aprotinin, 1 ng mL−1 leupeptin, 0.5 ng mL−1 pepstatin, and 0.1 mg mL−1 bacitracin. Sample homogenates were centrifuged at 12,000 x g for 70 min at 4° C, and the zooxanthellae-free supernatant collected, divided into aliquots and stored at −80° C until analysis (Yakovleva et al., 2004; Tang et al., 2018).

Protein content in each sample was measured through a modification of the Lowry’s method (Lowry et al., 1951), and used to normalize the results of biological investigations described after. Briefly, samples aliquots were diluted 100 times, and 500 µL of these were incubated in tubes with 2.5 mL of reaction medium (0.01% CuSO4, 0.02% Na3C6H5O7, 2% Na2CO3, and 0.4% NaOH in water). After 25 minutes, 250 µL of a solution made of Folin-Ciocalteau:water (1:1) was added to each sample, and these were left in incubation for 50 minutes. Protein standards prepared with albumin from bovine serum (BSA) at different concentrations (0, 20, 50, 100, 200, 400 µg/mL) were treated with the same procedure. At the end of the second incubation, the absorbance of standards and samples was acquired with triplicate readings at the spectrophotometer (ƛ=750 nm). The absorbance values of standards were plotted for creating the standard curve used to fit the absorbance of samples and calculate the proteins’ concentration of each sample.

Glutathione S-transferases activity was spectrophotometrically determined at 340 nm using 1-chloro-2,4-dinitrobenzene as substrate (CDNB). The assay consists in measuring the increment of the product of conjugation of 1.5 mM CDNB with 1 mM GSH in 100 mM K-phosphate buffer pH 6.5, GS-DNB. Enzymatic activity is expressed as µmol GS-DNB/min/mg protein, with ε = 9.6 mM−1 cm−1 (Habig and Jakoby, 1981).

The overall capability of cellular antioxidants to neutralize peroxyl (ROO•) and hydroxyl (HO•) radicals was measured through the total oxyradical scavenging capacity (TOSC) assay, by evaluating the inhibition of 0.2 mM α-keto-γ-methiolbutyric acid (KMBA) oxidation to ethylene gas (Regoli and Winston, 1998). Thermal homolysis in 100 mM phosphate buffer pH 7.4 of 20 mM 2-2-azo-bis-(2-methylpropionamide)-dihydrochloride (ABAP), and Fenton reaction of 1.8 μM iron-3.6 μM EDTA plus 180 μM ascorbate were used to generate peroxyl (ROO•) and hydroxyl (HO•) radicals, respectively. For each sample, ethylene formation was evaluated with GC-method at 10 min intervals in sample and blank reaction and used to calculate the total oxyradical scavenging capacity (TOSC) value with the equation: TOSC = 100−(∫SA/∫BA × 100), where ∫SA and ∫BA are the integral areas calculated from the ethylene kinetic curve measured during the reaction, for sample and blank reactions, respectively. The obtained specific TOSC value was normalized on the relative protein concentration measured with the Lowry method, and results expressed as U TOSC/µg protein.





Statistical analyses

The 2022 epibenthic community composition from Car Deck and Smokestacker stations was statistically analyzed after the inclusion of data from a previous survey conducted in 2011 (Jimenez et al., 2017a). The analysis tested for any temporal (2011 vs. 2022) or spatial (between stations) similarities between the two communities. To visualize the dissimilarity in the community compositions of the two stations, metaMDS and ordination plots, with Bray Curtis dissimilarity measure, were plotted in R (Version Ri386 3.4.4) and statistically compared with ANOSIMs (Analysis Of SIMlarities; permutations = 9999, distance = Bray) and SIMPER analysis (Similarity Percentage; permutation = 999). Furthermore, for the metaMDS, an envfit analysis, which indicates which species may be driving the distribution patterns observed, was also run. Since corals were the main focus, further analysis of the data was concentrated on this category (e.g., live and dead coral percentages), and more specifically with the species M. pharensis, which was also selected for the investigation of cellular effects. Linearized models (LMs; Supplementary Table S1) were run in R to investigate the changes in (i) the percentage of coral species’ cover, and (ii) percentage of mortality, across the two stations and the two time periods. Significance was determined using the p-values (significance level= 0.05) from the ANOVA and t-tests. Linearized models were applied to investigate differences among corals sampled at the two stations in terms of PAHs bioaccumulation, detoxification mechanisms and total oxyradical scavenging capacity.






Results




Epibenthic biodiversity assessment

The community composition between the two stations (Car Deck and Smokestaker; Supplementary Figure S1) was different in 2011 (ANOSIM; R2 = 0.44, p < 0.001) and in 2022 (ANOSIM; R2 = 0.15, p < 0.001). The dissimilarity in the two stations in 2011 was due to the organism groups ‘Other organisms’ (p = 0.02), ‘Substrate’ (p = 0.001), and ‘Calcareous organisms’ (p = 0.001), while the dissimilarity in the 2022 data where due to the organism groups ‘Substrate’ (p = 0.001) and ‘Porifera’ (p = 0.03) (SIMPER; Supplementary Materials, Supplementary Table S5).

Similarly, the composition was statistically different when pooling stations (Figure 2; ANOSIM, R2 = 0.15, p < 0.001) and years (Figure 2; ANOSIM, R2 = 0.33, p < 0.001) into a single analysis. The NMDS (dark grey clusters), shows that the community composition between two stations, ‘Car Deck’ and ‘Smokestacker’ are not completely dissimilar, but have differences. The organism groups responsible for the dissimilarity between the two stations were ‘Substrate’ (p = 0.001) and ‘Porifera’ (p = 0.041) (SIMPER; Supplementary Materials, Supplementary Table S5). As with the stations, year in the NMDS (light grey clusters) illustrates that there are differences in the community composition across the year 2011 and 2022. For year the dissimilarities were due to a bigger range of groups including ‘Corals’ (p = 0.001), ‘Substrate’ (p = 0.001), ‘Other organisms’ (p = 0.001), ‘Calcareous algae’ (p = 0.02), and ‘Algae’ (p = 0.004) (SIMPER; Supplementary Materials, Supplementary Table S5). Moreover, the envfit (Supplementary Materials, Supplementary Table S6), which tells us which species may be driving the distribution patterns observed in the NMDS, imply that all organism groups are responsible (Corals, Porifera, Other organism, and substrate have a p = 0.001; Algae p = 0.006, and Calcareous algae p = 0.004).




Figure 2 | metaMDS ordination with Bray Curtis Dissimilarity distance calculation comparing community composition between stations and years.



The percentage cover of three coral species (Caryophyllia inornata, Phyllangia mouchezii and Polycyathus muellerae) found in the two stations did not show significant changes across years and locations, with the exception of M. pharensis (Figure 3; Supplementary Table S1). This species experienced an increment in the percentage of cover from the year 2011 to 2022, range 9.6% to 12.3% and 24.4% to 26.7%, respectively (T-test, t=2.298, p=0.022; Figure 3A, Supplementary Table S2), but the increase was proportional across the two stations (Figure 3B, Supplementary Table S2). Overall, the percentage of cover of dead and living corals (all species polled, Supplementary Table S3) was similar in both stations (range 4.4% to 7.1% and 10.1% and 30.4%, respectively) but there were more living corals in the 2022 survey compared to 2011 (Figure 4; T-test, t=2.041, p=0.04; Supplementary Table S4).




Figure 3 | Percentage cover of four coral species across (A) Years and (B) Stations. The boxplots indicate the median (horizontal line), interquartile range (boxes), minimum/maximum values (whiskers), outliers (black points), as well as the combined median of both groups (red point).






Figure 4 | Percentage of cover of Dead and Living corals between (A) Years and (B) Stations. The boxplots indicate the median (horizontal line), interquartile range (boxes), minimum/maximum values (whiskers), outliers (black points), as well as the combined median of both groups (red point).







PAHs bioaccumulation in Madracis pharensis

Analyses of PAHs in corals samples confirmed the exposure of M. pharensis to PAHs, with significantly higher levels of total PAHs (Figure 5A) bioaccumulated in organisms collected at the Car Deck site (273.2 ± 166.9 ng/g d.w.) compared to those collected at Smokestacker site (34.9 ± 21.8 ng/g d.w.). Overall, both low molecular and high molecular weight PAHs significantly contributed to the observed differences (Figures 5B, C): low molecular PAHs were 33.6 ± 22.2 and 70.9 ± 2.19 ng/g d.w. at Smokestacker and Car Deck sites, respectively, while high molecular PAHs were 1.32 ± 0.45 and 202.3 ± 169.1 ng/g d.w. at Smokestacker and Car Deck sites, respectively. On the other hand, high molecular weight PAHs accounted for roughly 75% of the total PAHs in organisms sampled at Car Deck site, while these represented almost only 10% of total PAHs in tissues of organisms sampled at Smokestacker site.




Figure 5 | Bioaccumulation of (A) total PAHs, (B) low molecular weight PAHs, and (C) high molecular weight PAHs, in M. pharensis samples collected from Smokestacker and Car Deck sites, respectively. Results are given as mean ± standard deviation (n=4), asterisks denote significant differences between the two sites (*: p < 0.05; **: p < 0.01; ***: p < 0.001).



Among the contributors to these differences, 1-methylnaphthylene was the main low molecular weight PAH congener presenting different levels in organisms sampled in the two sites, while pyrene, chrysene, 7,12-dimethylbenz(a)anthracene, benzo(b)fluoranthene and benzo(k)fluoranthene were the main high molecular weight PAH congeners supporting the differences in PAHs bioaccumulation in M. pharensis sampled the two sites (Supplementary Materials, Supplementary Table S7).





Detoxification mechanisms and total oxyradical scavenging capacity in Madracis pharensis

A statistically significant decrease of glutathione S-transferases activity (Figure 6A) was measured in tissues of M. pharensis organisms sampled at the Car Deck site (8.25 ± 0.57 nmol/min/mg protein) compared to those collected at Smokestacker site (13.21 ± 2.27 nmol/min/mg protein).




Figure 6 | Glutathione S-transferases (GSTs) activity (A), total oxyradical scavenging capacity (TOSC) towards peroxyl (B) and hydroxyl radicals (C), in M. pharensis samples collected from Smokestacker and Car Deck sites, respectively. Results are given as mean ± standard deviation (n=4), asterisks denote significant differences between the two sites (*: p < 0.05; **: p < 0.01; ***: p < 0.001).



On the other hand, significant differences of total oxyradical scavenging capacity towards both peroxyl (TOSC ROO•) and hydroxyl radicals (TOSC HO•) were measured in M. pharensis, with lower values in organisms collected from Car Deck site compared to specimens collected from Smokestacker site (Figures 6B, C). Values were 1.44 ± 0.24 and 2.01 ± 0.20 U TOSC ROO•/µg protein for M. pharensis sampled at Smokestacker and Car Deck sites, respectively, while 1.41 ± 0.27 and 2.74 ± 0.06 U TOSC HO•/µg protein for M. pharensis sampled at Smokestacker and Car Deck sites, respectively.






Discussions

The communities’ composition of the studied areas of the Zenobia shipwreck were distinct between sites and changed over time, from the first survey in 2011 to the recent study in 2022. These findings are not unexpected given the particularities of each area and the major ecological changes that have occurred in Cyprus during those 11 years: population collapse of key species, such as habitat forming corals, bryozoans, seagrasses, and echinoid grazers (Garrabou et al., 2022; see below). Considering the spatial component, the communities of the Car Deck are under limiting conditions in contrast to the Smokestacker. Hydrodynamism, availability of light, substrate and structural features (i.e., heterogeneity) are among the main abiotic factors affecting epibenthic communities and ecological processes on shipwrecks (González-Duarte et al., 2018; Hill et al., 2021; Achilleos et al., 2023; Jimenez et al., 2023). To the best of our knowledge, there is only one source of information regarding oceanographic conditions at the shipwreck (i.e., Jimenez et al., 2017a). However, we can complement that limited amount of data with unpublished observations stemming from our regular (seasonal) visits to the shipwreck since 2010. In the Car Deck area, the penetration of light and the water circulation decrease just a few meters from the gateway. The sector where the sampling was made can be considered a semi-dark zone of confined hydrological conditions. The restricted water circulation allows the accumulation of positively buoyant debris from the wreck itself (e.g., plastic containers from the cargo, shreds of carpeting material), including the oil leaking from the piping system. These almost still-conditions also affect the arrival of nutrients, exchange of gases, dispersion of larvae, etc. that are highly dependent on water circulation. The epibenthic communities at the Smokestacker are under radically different conditions. Even though the sampling site is under the large structure, it is a well-lit environment of high hydrodynamism (days with very strong currents are common, making diving there difficult). In consequence, the differences in composition between the communities from both sampling locations are product of the species’ adaptation to site-related characteristics.

Regarding the ecological changes experienced in Cyprus during the last decade, five mass mortalities of epibenthic organisms occurred around the island since the first survey in 2011 of the Zenobia wreck (Jiménez et al., 2016; Garrabou et al., 2022, Jimenez unpublished data). These mortality events are strongly related to the increase in frequency and intensity of Marine Heat Waves (MHWs) affecting Cyprus and the Mediterranean in general (Garrabou et al., 2022; Stipcich et al., 2023). But it is during the period 2018-2021 that the Zenobia wreck showed prolonged (ca. 18 months) and wide-spread (almost in all sections of the wreck, from 18m to 44m depth) mortalities during the MHWs (Jimenez unpublished data). Massive sponges were among the most affected epibenthic species; independently from the location, entire necrotic colonies (from 2-3cm to 80cm in diameter) decayed for weeks until only spongin fibers remained. Other sponges in various stages of necrosis fell on the sandy bottom from the vertical walls or “ceiling” surface of the starboard side of the wreck’s structure. The net result of the disappearance of massive sponges was the increase in available substrate (open space) for colonization, expansion of “creeping” species that first grow expanding branches along the surface, such as Madracis, and certainly the reduction of competition for resources in the epibenthic communities. Competition for space between corals and sponges is a classic example of a biological factor affecting species’ assemblages in natural and artificial substrates, in the Mediterranean and elsewhere (Chadwick and Morrow, 2011; Kayal and Adjeroud, 2022). Several life-traits allow sponges to thrive and outcompete other species in limiting environments such as those found in shipwrecks; for example, sciaphilic species and physical and chemical defenses against other benthic organisms (Wulff, 2006, González-Murcia et al., 2023). We believe that less competition with sponges is probably the main reason behind the increase in Madracis’ percentage of cover at both sampling sites in the 2022 survey. During the 2010-2012 MHWs, this coral species was observed to be less affected than others, such as Cladocora caespitosa, P. mouchezii, and P. muellerae (Jiménez et al., 2016), also in the 2022 survey, “creeping branches” of Madracis were observed extending in an almost rivulet-like fashion. It is also possible that the disappearance of massive sponges facilitates the visual counting in the photo quadrats; but we support the competition-release explanation in view of the low mortality experienced by Madracis.

Despite M. pharensis coverage increased in both investigated stations from 2011 to 2022, corals living closely to “oil ponds” at Car Deck site showed to be threatened by chemical stress, causing the onset of cellular stress responses. Indeed, despite the origin and chemical composition of these “oil ponds” has not been addressed in this study, the investigation revealed a consistent accumulation of PAHs in organisms’ sampled at Car Deck site, with levels significantly higher than the ones sampled at Smokestacker, namely high molecular weight PAHs (HMW-PAHs). We hypothesize that HMW-PAHs accumulation may be the result of the exposure to petroleum fuels and lubricants, composed by noticeable amounts of such congeners, which have low biodegradation rates, high lipophilicity, and long persistence (Head et al., 2006; Beolchini et al., 2010; Goto et al., 2021). This has also been suggested in a mesocosm study of Yamada et al., 2003, in which a simulated dispersion of the water-available fraction of heavy residual oil highlighted HMW PAHs to persist longer than low molecular weight compounds. PAHs levels comparable to those measured in this study have been observed in tissues of corals sampled from reefs of South China Sea (Han et al., 2020), and in massive corals of the Sanya coral reef regions (Xiang et al., 2018), both being coastal areas impacted by anthropogenic activities.

Noticeably, HMW-PAHs such as chrysene, 7,12-dimethylbenz(a)anthracene, benzo(b)fluoranthene and benzo(k)fluoranthene, found to be present at high concentrations in organisms from Car Deck site, have been addressed as potentially carcinogenic for vertebrates (Baird et al., 2005; Honda and Suzuki, 2020). Indeed, biotransformation and detoxification processes of PAHs generate reactive metabolites which can bind DNA, triggering the formation of adducts and the onset of genotoxic effects (Benedetti et al., 2015). Benzo(b)fluoranthene and benzo(k)fluoranthene are also listed in the priority group of substances to be monitored in EU water bodies with the Water Framework Directive 2000/60/EC (European Commission, 2000).

While organic xenobiotics metabolism is well characterized in vertebrates, and known to be inducible through AhR by different typologies of planar organic chemicals as PAHs, PCB, and dioxins (Regoli and Giuliani, 2014; Benedetti et al., 2015), the specificity of AhR binding has been proposed to be restricted to chordates (Reitzel et al., 2014) and other xenobiotic biotranformation and detoxification pathways can be induced in marine invertebrates, as carboxylesterases and glutathione S-transferases (Regoli and Giuliani, 2014; Solé et al., 2021). Interestingly, in this study GSTs activity was significantly lower in corals sampled at Car Deck site compared to those sampled at Smokestack, and thus negatively correlated with PAHs in corals tissue; this result is of particular interest when compared to other findings on corals under organic xenobiotic stress: indeed, early induction of GSTs activity has been described in the coral Montastraea faveolata under acute short-term exposure to 0.1 ppm benzo[a]pyrene for 72h (Ramos and García, 2007), and similarly GST-pi gene induction was observed in Pocillopora damicornis after 24h under different concentrations of water available fraction of oil (Rougée et al., 2006). To date, a negative effect on GSTs activity was described in the reef-building coral Orbicella flaveolata affected by the Carribean yellow band disease under anthracene exposure (Montilla et al., 2016), and in the scleractinian P. damicornis exposed to polystyrene microplastics (Tang et al., 2018). The observed inverse relationship between GSTs activity and PAHs in corals tissues allows to hypothesize different possible mechanisms causing the lower activity of this detoxification process. The activity of GST might be directly disrupted by the PAHs accumulated in the cellular milieu, as previously observed in the mussels Dreissena polymorpha and Mytilus galloprovincialis exposed to PAHs- and PCB-contaminated sediments and benzo(a)pyrene, respectively (Akcha et al., 2000; Osman et al., 2007); on the other hand, a lower activity of the enzyme could be the consequence of a decreased availability of its main co-factor, reduced glutathione (GSH), either consumed by other enzymes of the antioxidants’ network (e.g. glutathione peroxidases, glyoxalase) or directly involved in oxyradicals scavenging, and not promptly replenished (Karami et al., 2011; Regoli and Giuliani, 2014; Benedetti et al., 2015; Vašková et al., 2023). Nonetheless, the accumulation of other chemicals, not assessed in this study, might have contributed to the GST activity decrease, as previously described for graphene oxide, flame retardants, insecticides, and pesticides (Özaslan et al., 2018; Josende et al., 2020; Bellas et al., 2022).

During xenobiotic metabolism, certain chemicals and their metabolites may undergo redox cycling (Cohen and D'Arcy Doherty, 1987; Regoli and Giuliani, 2014; Benedetti et al., 2015) resulting in the production of reactive oxygen species (ROS) and in redox homeostasis unbalance (Regoli and Giuliani, 2014; Benedetti et al., 2015). This oxidative pathway of chemicals toxicity often leads to the activation of the antioxidant system through the up-regulation of genes controlled by the antioxidant responsive element (ARE), coding for enzymes as catalase, superoxide dismutase, glutathione peroxidases, glutathione S-transferases, among others (Regoli and Giuliani, 2014).

In this study, we characterized for the first time the efficiency of the antioxidant system of M. pharensis through the evaluation of the total oxyradical scavenging capacity towards peroxyl and hydroxyl radicals: our results suggest that M. pharensis possess an efficient cellular antioxidant defense network, as shown to other marine symbiotic species (Dykens and Shick, 1982; Dykens et al., 1992; Regoli et al., 2004b; Liñán-Cabello et al., 2010; Liñán-Cabello et al., 2011). Indeed, symbiotic species have been indicated to possess a relevant antioxidant machinery to balance the significant pro-oxidant challenge generated by the photosintetically-mediated cellular hyperoxic conditions (Lesser, 2006). Specimens of M. pharensis sampled at the “Smokestack” site, not impacted by pollution, showed TOSC levels consistent with those measured in other symbiotic cnidarian species, such as the sea anemone Bunodosoma cavernatum and the sponges Petrosia ficiformis and Haliclona dancoi, when in concomitant with increased temperature, symbiont density and photosynthetically-mediated boost of pro-oxidative pressure (Regoli and Winston, 1998; Regoli et al., 2004a, b). Moreover, M. pharensis presented, in average, 2 to 5 times higher TOSC levels that other marine species, as the bivalves M. galloprovincialis, Flexopecten glaber, Ruditapes philippinarum, polychaetes Platynereis dumerilii, Polyophthalmus pictus, Syllis prolifera (Nardi et al., 2017; Iannello et al., 2021, 2018; Ricevuto et al., 2015).

Regarding organisms sampled at the Car Deck site, these exhibited an increased oxyradicals scavenging capacity towards ROO• and HO•, allowing to suggest an increased ROS production at cellular level mediated by the high levels of bioaccumulated PAHs, which results in a sustained activation of the response toward oxidative stress. A similar response has been previously described in the cnidarian Nematostella vectensis following short-term exposure to crude oil (Tarrant et al., 2014), in the scleractinians P. damicornis following an acute laboratory exposure to fuel oil (Rougée et al., 2006) and in Porites lobata sampled 3 months after an oil spill in the Federated States of Micronesia (Downs et al., 2006); nonetheless, a generalized increase of the total antioxidant capacity was observed in the coral Mussismilia harttii and in the hydrocoral Millepora alcicornis sampled in Abrolhos Reef Banks (Brazil) 2 and 4 months after the rupture of a mine dam (Dal Pizzol et al., 2022). Noteworthy, Rougée et al. (2006) and Downs et al. (2006) described a significant increase of GST-pi protein content in corals subjected to chemical pollution. As previously discussed, in this study GST enzymatic activity was significantly reduced in corals with higher PAHs content, which reinforces the discussed hypothesis that the lower enzymatic activity may result from chemicals-mediated effects on the functionality of this detoxification mechanism under chronic pollution conditions rather than from a lower expression at transcriptional level.

These overall findings suggest that despite our study revealed a sustained presence and growth of M. pharensis in both investigated sites, those living in close contact with oil ponds may be subjected to increased environmental stress, with possible implications on long-term species distribution at local scale. Indeed, sustaining the antioxidant defenses network under chronic stress conditions is an energetic cost adaptation, that could lead to energy trades-off, reducing the amount of energy available to be allocated to physiological processes other than stress-response and thus leading to suboptimal growth and reduced reproductive rates (Sokolova, 2013; Lachs et al., 2023). These aspects, along to a more in-depth characterization of Madracis pharensis stress response dynamics at transcriptional, physiological, and ecological levels, deserve further studies to fully elucidate the mechanisms underlying the capability of this species to survive under a chronic chemical stress.
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Sedimentation is a major cause of global near-shore coral reef decline. Although the negative impacts of sedimentation on coral reef community composition have been well-documented, the effects of sedimentation on coral metabolism in situ have received comparatively little attention. Using transcriptomics, we identified gene expression patterns changing across a previously defined sedimentation threshold that was deemed critical due to changes in coral cover and community composition. We identified genes, pathways, and molecular processes associated with this transition that may allow corals, such as Porites lobata, to tolerate chronic, severe sedimentation and persist in turbid environments. Alternative energy generation pathways may help P. lobata maintain a persistent stress response to survive when the availability of light and oxygen is diminished. We found evidence for the expression of genes linked to increased environmental sensing and cellular communication that likely allow P. lobata to efficiently respond to sedimentation stress and associated pathogen challenges. Cell damage increases under stress; consequently, we found apoptosis pathways over-represented under severe sedimentation, a likely consequence of damaged cell removal to maintain colony integrity. The results presented here provide a framework for the response of P. lobata to sedimentation stress under field conditions. Testing this framework and its related hypotheses using multi-omics approaches can deepen our understanding of the metabolic plasticity and acclimation potential of corals to sedimentation and their resilience in turbid reef systems.
Keywords: apoptosis, cell adhesion, immune response, metabolism, gene expression, stress, Symbiodiniaceae, Porites
INTRODUCTION
Coral reefs play important cultural, ecological, and economic roles in Guam and throughout the Northern Mariana Islands (Burdick et al., 2008). Reefs recycle nutrients, provide a habitat for marine organisms, and prevent coastline erosion from strong storms and wave action (Hughes et al., 2003). Stony corals (Scleractinia) are complex holobionts, with approximately half of the more than 1,600 described species hosting an endosymbiotic assemblage of dinoflagellate algae (Symbiodiniaceae) that are central to metabolic homeostasis through nutritional mutualism (Gault et al., 2021). However, climate change and other anthropogenic stressors threaten this mutualistic relationship and, in turn, coral reefs (National Academies of Sciences, Engineering, and Medicine, 2019). Upland erosion caused by human activities such as wild-land arson, deforestation, construction and development, and recreational off-roading has increased turbidity and sedimentation in Guam’s watersheds, exerting significant stress on near-shore coral reef ecosystems (Reynolds et al., 2014; Minton et al., 2022). The destruction of wetlands and streams by coastal development has further increased sedimentation impacts on near-shore reefs in Guam (Scheman et al., 2002; Wolanski et al., 2003; Minton et al., 2022). The increasing erosion of soils and the resulting near-shore sedimentation are widespread global problems, leading to a decline in diversity and ecosystem services provided by coral reefs (Rogers and Ramos-Scharrón, 2022).
Suspended sediment particles increase turbidity and form aggregations that are deposited on corals through sedimentation, negatively impacting coral metabolism (Weber et al., 2012; Sheridan et al., 2014; Bollati et al., 2021; Tuttle and Donahue, 2022). Fine sediments and decaying organic matter deposited in near-shore reef systems deplete the available oxygen, which decreases pH and increases the oxygen demand of corals, resulting in oxidative stress (Erftemeijer et al., 2012; Flores et al., 2012; Tuttle and Donahue, 2022). To survive under such conditions, corals employ mitigation processes, such as increased mucus production and ciliary movement to shed the deposited sediment (Weber et al., 2012; Bessell-Browne et al., 2017), exerting high energetic costs that can lead to a decrease or cessation of other metabolic functions (Riegl and Branch, 1995; Anthony and Larcombe, 2000; Tuttle and Donahue, 2022). Sedimentation triggers coral immune responses that further deplete energy stores (Sheridan et al., 2014) and increase disease susceptibility (Sheppard et al., 2009). Increased turbidity caused by suspended sediments results in a decrease in the photosynthetic activity of coral-associated Symbiodiniaceae (Fabricius, 2005; Jones et al., 2020; Philipp and Fabricius, 2003). Bacteria (Franco et al., 2020) and anthropogenic chemicals (Ishibashi and Takeuchi, 2023) associated with runoff and sedimentation present further challenges beyond the physical removal of particulates from coral polyps. Critical thresholds for sedimentation at which coral mortality drastically increases range from as low as 10 mg cm-2 day-1 to as high as 300 mg cm-2 day-1, depending on the coral species impacted, reef location, types of sediments deposited, and length of exposure to sedimentation (Erftemeijer et al., 2012; Jones et al., 2020; Tuttle and Donahue, 2022). Massive Porites spp., such as Porites lobata, are one of the few coral species groups known for their persistence under moderate-to-severe sedimentation (Rogers, 1990; Golbuu et al., 2011). Many Porites species have been observed to produce thick mucus envelopes that effectively help with the removal of sediment from tissue, and mucus thickness appears to be correlated with increasing sediment load (Bessell-Browne et al., 2017). Documented responses of P. lobata to sedimentation range from mortality caused by sedimentation rates as low as 30 mg cm-2 day-1 (Hodgson, 1990) to bleaching but no apparent mortality under severe sedimentation of 200 mg cm-2 day-1 for 6–8 days (Stafford-Smith, 1993). Large discrepancies in the reported sedimentation tolerances of P. lobata may suggest physiological plasticity within this species or represent uncertainties in the identification of massive Porites spp. and species-specific differences in acclimation potential. Regardless, the persistence of massive Porites spp. in environments affected by moderate-to-severe sedimentation represents unique opportunities for identifying the mechanisms of acclimation to sedimentation.
Transcriptome-level characterization of gene expression in corals provides insights into complex metabolic processes, which deepens our understanding of how corals respond to stressors, such as sedimentation, and, ultimately, their future survival (Barshis et al., 2013; Barshis et al., 2014). This approach has been used successfully to lay the foundation for identifying the molecular mechanisms that allow certain coral species to survive or thrive in marginal habitats (Barshis et al., 2014). Understanding the thresholds of sedimentation tolerance in corals may inform decision-making processes for coral reef conservation and restoration (Burdick et al., 2008; Barshis et al., 2014; Hughes et al., 2017; Tuttle and Donahue, 2022). Recent experimental work investigated coral gene expression in response to acute sedimentation under laboratory conditions and identified genes associated with energy metabolism and immune responses (Bollati et al., 2021). Under laboratory conditions, coral responses to sedimentation are generally tested by smothering corals under sediments for short periods of time (Bollati et al., 2021; Tuttle and Donahue, 2022). Considering that sedimentation stress under ecologically relevant conditions in the field may be more complex than laboratory experiments simulate, we used transcriptome data from field-collected corals to test whether the genes and pathways identified by Bollati et al. (2021) are differentially expressed under field conditions in a reef system impacted by sedimentation. Specifically, we employed transcriptomics to examine the gene expression profiles of P. lobata colonies tagged in situ for repeat sampling (Figure 1A, B) to understand the metabolic response of P. lobata and its endosymbiotic Symbiodiniaceae community living in a habitat characterized by moderate-to-severe sedimentation. Our analyses identified significant changes in gene expression profiles across a previously identified critical threshold of sedimentation across which coral mortality increases and community composition changes significantly in Fouha Bay, southern Guam (Minton et al., 2022). The genes identified by our analyses are consistent with the coral response mechanisms to sedimentation identified previously under laboratory conditions and provide insights into coral acclimation mechanisms in turbid, sedimentation-impacted reef ecosystems that act on an ecologically relevant scale.
[image: Figure 1]FIGURE 1 | Fouha Bay (Guam) sampling locations and sedimentation rates. (A) Porites lobata colony sampled from the outer zone (N4) that shows minimal sediment accumulation (images taken during the dry season). (B) P. lobata colony sampled from the inner location (S1) that shows heavy sediment accumulation. (C) Aerial view of Fouha Bay and sampling sites. (D) Average sedimentation rate across sampling sites (N/S 1–4) during the dry and wet seasons.
MATERIALS AND METHODS
Study site and environment
The Humåtak watershed in southern Guam (13°28′ N, 144°45′ E) is characterized by basaltic rock, steep slopes, and lateritic soils that readily erode during heavy rainfalls (Foster and Ballendorf, 2023). The La Sa Fu’a River and its 5 km2 catchment area belong to the Humåtak watershed that drains into Fouha Bay (Scheman et al., 2002), providing mean monthly freshwater discharges ranging from 0.3 m3 s-1 (March–May) to 2.9 m3 s-1 (August–October) (United States Geological Survey monitoring site 16809600 data averaged from 1953 to 2018; USGS, 2023), corresponding to dry- and wet-season rainfall patterns. Heavy rain events that occur primarily during the wet season and last, on average, 1–2 h transport sediment from eroding soils downstream into Fouha Bay, creating pulses of thick plumes that frequently exceed a suspended solid concentration (SSC) of 1,000 mg L-1 (Wolanski et al., 2003). Suspended solids flocculate and slowly precipitate as marine snow when reaching the bay, dissipating the plume over a time span of approximately 5 days (Wolanski et al., 2003). Large sedimentation events occur, on average, 10 times annually in Fouha Bay, with approximately 75% of sediments staying within the bay for an estimated residence time of 4.5 years (Wolanski et al., 2003).
Massive Porites of the P. lobata/lutea species complex (Figures 1A, B) represent one of the few coral species groups that persist in Fouha Bay along a gradient of sedimentation ranging from severe (sedimentation rate >50 mg cm-2 day-1) to moderate (sedimentation rate ∼10–∼50 mg cm-2 day-1) to light (sedimentation rate <10 mg cm-2 day-1) as distance from the river mouth increases (Minton et al., 2022). Sites close to the river mouth are further characterized by decreased light available for coral photosynthesis due to high turbidity and decreased salinity due to freshwater discharge (Fifer et al., 2022).
To evaluate previously established sedimentation dynamics across Fouha Bay (Rongo, 2004; Minton et al., 2022), sedimentation rates during the period of this study were estimated using a sediment trap deployed at eight sites established within the bay following the procedure used by Rongo (2004) (Figure 1C). We deployed U24 HOBO (Onset, Bourne, MA) data loggers to record water conductivity and temperature at each sampling site. Conductivity was converted to salinity using the Practical Salinity Scale 1978 (PSS-78), as implemented in HOBOware Pro of Onset. Sediment was collected over a time period of 31 days during the dry (2 May 2018 to 1 June 2018) and wet (21 September 2018 to 22 October 2018) seasons using vertical PVC traps (diameter of 5 cm and height of 50 cm), following the recommendations of Storlazzi et al. (2011). The collected sediments were processed following the protocol proposed by Ensminger (2016). Wet-strengthened 120-micron filters (Whatman, Little Chalfont, United Kingdom) were first rinsed with deionized water and dried for 24 h at 100°C; the weight of each dried filter was recorded. The collected sediment samples were rinsed with deionized water to remove salt and allowed to settle again for 24 h; the organisms contained in the sediment samples were removed. The cleaned samples were then filtered using the previously dried 120-micron filters using a vacuum pump, followed by the drying of sediments collected on filter paper at 100°C.
The drying filters and sediments were weighed repeatedly over a period of 2 days until the weights remained constant, indicating that the samples had dried completely, allowing for the calculation of the accumulated sediment. The total accumulated sediment for each sample was normalized to mg cm-2 day-1 by dividing it by the diameter of the PVC sediment trap and the number of days that trap had been deployed. A Shapiro–Wilk test was used to test normality in the sedimentation dataset, and then ANOVA was used to compare sedimentation rates between sites, seasons, and sides (using the AOV function in base R, version 4.2.3). Similarly, ANOVA was used to test for differences in the daily average temperature and salinity between all sites and seasons and the interaction of sites and seasons on the days of transcriptomic sampling (16 May 2018 and 3 October 2018 for dry and wet seasons, respectively).
Coral tagging and identification
To identify the response of P. lobata and its Symbiodiniaceae endosymbionts (the experimental unit) in Fouha Bay, individual corals representing independent biological replicates (the unit of observation) were tagged at eight sites in Fouha Bay. At each of the eight sites in Fouha Bay (Figure 1C), at least three corals were tentatively identified in the field as P. lobata based on gross morphology and tagged for repeated sampling with cow tags that were zip-tied to adjacent reef pavements. Sediments and corals were sampled from the north and south sides of the channel into which the La Sa Fu’a River drains to capture the variation in sediment deposition and transcriptomic response, respectively. Coral colonies ranged in diameter from approximately 15 cm to 2 m, with colonies closer to the river mouth being smaller than more distant ones. Replicate colonies were chosen so that all colonies tagged were representative of the size classes observed at each site. Species were identified using a combination of corallite morphology and, given the difficulty of species-level identification of massive Porites species, DNA barcoding. Approximately 4 cm2 fragments from all 24 tagged colonies were collected from the center of the colony using a hammer/chisel and preserved in ethanol for DNA extraction.
DNA was extracted from each tagged colony using the GenCatch Genomic DNA Extraction Kit (Epoch Life Science, Sugar Land, TX) following the manufacturer’s protocol for tissue samples. Mitochondrial regions COX3-COX2 and ND5-tRNA-Trp-ATP8-COX1 were amplified with primer sets mt-16 and mt-20, respectively (Paz-García et al., 2016), in 25 μL reactions using 0.3 µM primers, 0.3 mM dNTP, 1× HiFi Fidelity Buffer, and 2.5 units of Taq (KAPA HiFi 1U). The thermocycler profile included an initial denaturation at 94°C for 120 s, followed by 30 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 60 s, followed by a final extension at 72°C for 300 s. PCR products were sequenced using Sanger sequencing, and the resulting sequences were assembled using the overlap–layout–consensus algorithm implemented in Geneious Prime (Biomatters, Auckland, New Zealand). Following assembly, consensus sequences for each specimen were aligned to publicly available Porites spp. mitochondrial genomes using MAFFT v7.453. The maximum likelihood phylogeny was inferred from the concatenated, aligned regions using RAxML v8.2.12 (Stamatakis, 2014) under the GTRCAT model to allow for the efficient modeling of site heterogeneity across alignment regions that spanned multiple genes. The resulting phylogeny was rooted using Porites fontanesii following recent phylogenomic analyses (Terraneo et al., 2021); the robustness of the phylogeny was assessed using 1,000 non-parametric bootstrap replicates. Specimens grouped with Porites lutea were excluded from RNA sequencing, while specimens grouped with P. lobata were included in the set of specimens selected for gene expression analysis.
RNA extraction, sequencing, and transcriptome assembly
Tagged colonies were sampled on 16 May 2018 during the dry season and on 3 October 2018 during the wet season, following the passing of two tropical depressions that led to significant rainfalls. A single fragment of each coral colony was sampled using a hammer/chisel and immediately preserved in RNAlater (Sigma-Aldrich, St. Louis, MO, United States), followed by storage at −80°C until RNA extraction. RNA from specimens identified as P. lobata (see section above) was extracted using the E.Z.N.A. Mollusc RNA Kit (Omega Bio-Tek, Norcross, GA, United States), following the manufacturer’s protocol. The extracted RNA was quantified using a Qubit Fluorometer (Life Technologies, Carlsbad, CA), and its integrity was verified using a bioanalyzer (Agilent Technologies, Santa Clara, CA), leading to the selection of 32 samples from different colonies for RNA sequencing. Sequencing libraries were constructed using NEBNext library kits (New England Biolabs, Ipswich, MA, United States) and sequenced on a NextSeq 550 Sequencer (Illumina, San Diego, CA, United States), generating 150-bp paired-end data. Adapter sequences and bases with a Phred-scaled quality score of less than 30 were removed using Trim Galore (Martin, 2011). The sequence data were deposited in GenBank of the NCBI (accession numbers are provided in Supplementary Table S1).
We employed de novo transcriptome assembly, following the best practices outlined by Grabherr et al. (2013). After the exclusion of two samples that yielded few sequencing reads (Supplementary Table S2), the sequencing data were combined and normalized using the Trinity v2.10.0 (Grabherr et al., 2013) in silico normalization function with maximum coverage set to 50 to reduce the computational requirements of the transcriptome assembly that used the default parameters of Trinity. After transcriptome assembly, TransDecoder v5.5.0 (Haas et al., 2013) was used to predict open reading frames (ORFs), followed by the removal of non-coding transcripts. Non-target contaminant sequences were identified and removed from the transcriptome assembly using the Perl script Alien Index (Ryan, 2014) with the approach outlined by Lock et al. (2022). Representative proteomes inferred from translated coding sequences (391,427 sequences) for each major bacterial clade (Schulz et al., 2017), fungi, Stramenopiles, poriferans, arthropods, molluscs, and annelids were obtained from GenBank of the NCBI and indexed in a non-target (alien) BLAST (Altschul et al., 1990) database; 57,401 coral and 72,664 Symbiodiniaceae proteome sequences were included as target sequences (file S1). Protein BLAST searches (e-value < 1e−3) using the ORFs predicted from our transcriptome assembly by TransDecoder as queries were run against the combined non-target (alien) and target (Cnidaria plus Symbiodiniaceae) protein databases to identify and remove likely contaminant sequences from our de novo assembled transcriptome using the Alien Index (Ryan, 2014). Target coral and Symbiodiniaceae ORFs were annotated based on the best BLAST hit (e-value < 1e-5) against a database containing 129,600 cnidarian (including corals and other cnidarians) and 44,114 Symbiodiniaceae amino acid (protein) sequences (Supplementary Table S3) obtained from the UniProt database (Bateman et al., 2017).
Benchmarking Universal Single-Copy Orthologs (BUSCO) v5.1.2 (Simão et al., 2015) was used to estimate the completeness of the taxonomically filtered P. lobata and Symbiodiniaceae transcriptomes. The transcriptome assemblies for P. lobata and Symbiodiniaceae were compared against the metazoan and alveolate BUSCO gene sets, respectively. For de novo assembled transcriptomes, it is expected that multiple predicted isoforms map to the same BUSCO gene, which can lead to high inferred gene duplication rates. To account for this potential artifact, multiple isoforms of the same gene model that mapped to the same BUSCO gene were counted as a single hit.
Identification of Symbiodiniaceae clades
RNA sequence reads from each sample (Supplementary Table S2) were mapped against publicly available Symbiodiniaceae transcriptomes (Bayer et al., 2012; Ladner et al., 2012) using a custom Perl script (zooxType3. pl; Manzello et al., 2019). The number of high-quality reads (MAPQ >40) mapped to representative Symbiodiniaceae transcriptome assemblies was used to calculate the proportions of Symbiodinium, Breviolum, Cladocopium, and Durusdinium in the sampled P. lobata colonies (Manzello et al., 2019). PERMANOVA from the R package, pairwise Adonis (version 0.4.1), was used to test for significant differences in Symbiodiniaceae community composition between sites, zones, and seasons.
Read abundance estimation
Transcriptomes assembled de novo usually generate more gene models and transcripts than predicted from whole-genome sequences, with the read coverage frequently not being uniform across inferred transcripts (cf. Hayer et al., 2015). This is often addressed by collapsing inferred transcripts using clustering based on a similarity cutoff chosen prior to differential gene expression analysis. Rather than reducing the size of our transcriptome through transcript clustering based on an arbitrarily chosen cutoff, we followed the “analysis first, aggregation second” approach proposed by Yi et al. (2018), which addresses the issue of uneven read coverage across transcripts by aggregating p-values from transcript-level differential expression analysis to identify differentially expressed genes (DEGs). Transcript abundances were estimated using the fast k-mer hashing and pseudo-alignment algorithm implemented in Kallisto v0.46.2 (Pimentel et al., 2017), followed by differential gene expression analysis in R using the Sleuth v0.30.0 (Pimentel et al., 2017) package. Read counts for transcripts belonging to the same gene were aggregated (p-value aggregation (Pimentel et al., 2017) to infer differential expression at the gene level.
Differential gene expression and GO enrichment
Our analysis included several units of analysis to explore the variation in the data: comparisons between sampling sites (and zones of the bay), between the sides of the bay, and seasons. Note that comparisons across seasons include repeated measures of gene expression from the same individuals collected during dry and wet seasons. A likelihood ratio test was used to compare full and null (reduced) models to identify significant DEGs between sites, locations, and seasons while accounting for variation of other factors incorporated in the two models (full model: Site + Season + Side [N or S]; null model: Season + Side). All pairwise comparisons between sites (1 vs. 2, 2 vs. 3, etc.) were assessed for DEGs (q-value <0.05) with the side of Fouha Bay (N or S) and season used for the null model. Since comparisons 1 vs. 2 and 3 vs. 4 showed extremely low DEGs, sites 1 and 2 were combined into inner zones (closer to the river) and sites 3 and 4 into outer zones (closer to the opening of Fouha Bay) for further comparisons. Wald’s tests were used within Sleuth to obtain log2 fold changes of DEGs between conditions. Genes identified as differentially expressed were separated into up and downregulated (enriched in the inner and outer zones, respectively; Figure 5) and used for GO enrichment analysis using R package GO_MWU using default parameters (Wright et al., 2015). The R packages pheatmap (version 1.0.12) and ggplot2 (version 3.4.2) were used to visualize the heatmap and GO enrichment plots, respectively.
RESULTS
Seasonal sedimentation patterns
During the dry season, sedimentation rates showed a gradient from severe sedimentation, exceeding rates of 135 mg cm-2 day-1 near the river mouth at sites N1 and S1 to moderate rates of 36 mg cm-2 day-1 at sites N4 and S4 (Figures 1C,D). Comparison of the inner (sites 1 and 2) and outer (sites 3 and 4) zones showed statistically significant differences in sedimentation rates for the dry season (p-value = 0.029). The side of the river channel was not significantly different for sedimentation rates (p-value = 0.091). During the wet season, sedimentation rates converged, being extremely severe across all sites (p = 0.993; Figure 1D). Average sedimentation rates did not differ between seasons for sites N1 and S1, but sedimentation increased for the remaining sites during the wet season compared to the dry season (Figure 1D). These seasonal differences in sedimentation rates were mirrored by differences in rainfall, with precipitation recorded at the Humåtak rain gauge being almost twice as high during the wet season from 21 September 2018 to 22 October 2018 (∼15 mm day-1) compared to the dry season from 2 May 2018 to 1 June 2018 (∼8 mm day-1) (US Geological Survey monitoring site 131729144393766; USGS, 2023). The only significant difference in salinity and temperature on sampling days was the temperature when comparing between seasons. The maximum temperature difference between seasons on the sampling days at any site was 1.02°C (S4 dry season vs. S4 wet season; p-value <0.001). The temperature was very similar for all sites for the 7 days leading up to sampling during both the dry (Figure 1A) and wet (Figure 1B) seasons and not significantly different across sites (wet season p-value = 0.123 and dry season p-value = 0.549). While salinity varied by site for the 7 days leading up to sampling, the variation in salinity was not significant on the day of sampling for different sites, i.e., <1 and <0.7 PSU for dry (p-value = 0.7644) and wet seasons (p-value = 0.943), respectively. Salinity comparisons between seasons on the sampling day were not significant (p-value = 0.494).
Species identification, sample selection, and RNA sequencing
Massive Porites species are morphologically cryptic (Forsman et al., 2015). Using a DNA barcoding approach, we assigned 20 tagged coral colonies to P. lobata, forming a well-supported monophyletic clade, while 4 colonies were assigned to P. lutea (Figure 3A) and excluded from further analyses. RNA was extracted from the 20 coral colonies identified as P. lobata. For each site (N1 to N4 and S1 to S4; Figure 2C), samples that produced the best-quality RNA extracts (RIN >6) were chosen for sequencing, yielding a total of 30 samples (Supplementary Table S1, 2; Figure 2C) for differential gene expression analysis.
[image: Figure 2]FIGURE 2 | (A) Dry-season temperature for the sites during the 7 days leading up to transcriptomic sampling on 16 May 2018. (B) Wet-season temperature for the sites during the 7 days leading up to transcriptomic sampling on 4 October 2018. (C) Salinity (ppt) during the dry season leading up to transcriptomic sampling. (D) Salinity (PSU) during the wet season leading up to transcriptomic sampling. Lines represent the average of two loggers, and gray areas represent 95% confidence intervals: one for the north and south sides of the river channel.
RNA sequencing generated 81,379,001 ± 55,399,881 (mean ± SD) reads, with 73,696,495 ± 51,328,889 reads retained after quality trimming. After de novo transcriptome assembly of the filtered reads, removal of contaminants, and taxonomic binning, the resulting P. lobata and Symbiodiniaceae transcriptomes contained 72,813 putative gene models (105,623 transcripts) and 57,891 putative gene models (72,428 transcripts), respectively. The transcriptome of P. lobata was relatively complete, with almost 90% of BUSCO genes complete (C: 88.5% [S: 78.2%, D: 10.3%], F: 5.0%, M: 6.5%, n: 954); the Symbiodiniaceae transcriptome contained close to 70% of complete BUSCO genes (C: 67.8% [S: 44.4%, D: 23.4%], F: 6.4%, M: 25.8%, n: 171). Relatively higher levels of BUSCO gene duplication are expected in transcriptome assemblies than in genome assemblies, as multiple transcripts (isoforms) may map to the same BUSCO gene. Mapping of Symbiodiniaceae transcripts to publicly available Symbiodiniaceae transcriptomes revealed that all P. lobata colonies predominately harbored (>74% relative abundance) Cladocopium spp., with most samples showing >95% abundance of Cladocopium spp. (Figure 3B; Supplementary Table S4). This is consistent with the findings obtained by Fifer et al. (2022), who showed that P. lobata-associated Symbiodiniaceae communities in Fouha Bay were dominated by Cladocopium C15. PERMANOVA tests revealed that the site (p-value = 0.0750), zone (p-value = 0.0518), and season (p-value = 0.5649) were not significantly different in Symbiodiniaceae community composition.
[image: Figure 3]FIGURE 3 | (A) Maximum likelihood phylogeny of concatenated mitochondrial COX3-COX2 and ND5-tRNA-Trp-ATP8-COX1 inferred under the GTRCAT model implemented in RAxML (Stamatakis, 2014). Node support was evaluated using 1,000 non-parametric bootstrap replicates. Tagged Porites colonies indicated by site, followed by specimen number (e.g., N2-6 represents specimen tag 6 from site N2); colonies in bold were sampled for transcriptome sequencing. ORXXXXXX are the GeneBank accession numbers for that sample. (B) Proportionate contributions of Symbiodiniaceae clades contained in each P. lobata sample based on read mapping to reference transcriptomes.
Differential gene expression and GO term enrichment
Likelihood ratio tests of the pairwise comparisons (see Methods “Differential gene expression and GO enrichment”) between the sides of the river channel (N vs. S) produced few differentially expressed genes (42 in P. lobata and 0 in Symbiodiniaceae; Table 2). Comparisons between sites produced similar results for P. lobata and Symbiodiniaceae: fewer than two genes were differentially expressed when comparing between sites 1 and 2 and 3 and 4 (Table 1). Given these results, sites were combined into an inner zone (sites 1 and 2) and an outer zone (sites 3 and 4) that correspond to the transition between moderate and severe sedimentation. Taking the variation between zones (inner versus outer) and sides (N or S) into account, the season produced five DEGs for P. lobata and none for Symbiodiniaceae (Table 2). Additionally, comparisons of the wet versus dry seasons for only the inner and outer zones revealed between 0 and 11 DEGs for P. lobata and none for the Symbiodiniaceae (Table 2). The side of Fouha Bay (north versus south) produced 42 differentially expressed genes for P. lobata and none for Symbiodiniaceae.
TABLE 1 | Number of differentially expressed genes for each pairwise comparison between sites using likelihood ratio model comparisons; factors included in null models given in brackets. Sites were merged into inner (sites 1 and 2) and outer (sites 3 and 4) zones based on the low gene expression between those sites.
[image: Table 1]TABLE 2 | Number of differentially expressed genes identified for Porites lobata and its Symbiodiniaceae endosymbionts using likelihood ratio model comparisons; factors included in null models given in brackets. The comparison of inner and outer zones yielded the largest number of differentially expressed genes. Arrows in the last row indicate the number of genes upregulated (↑) and downregulated (↓) in the inner zone, which all subsequent analyses are based on.
[image: Table 2]The zone (inner versus outer) produced the largest number of DEGs for both P. lobata (1,702 DEGs; 433 upregulated and 1,259 downregulated in the inner zone) and Symbiodiniaceae (1,514 DEGs; 319 upregulated and 1,195 downregulated in the inner zone) (Table 1; Supplementary Table S5). These results mirror the patterns of gene expression profile similarity that largely group samples by zone rather than season, differentiating between the inner zone affected by severe sedimentation and the outer zone impacted by moderate sedimentation (Figure 4). GO enrichment analysis (Supplementary Table S7) identified 38 biological processes enriched (p < 0.01) in P. lobata (Figures 5A, B) and 10 biological processes enriched (p < 0.01) in Symbiodiniaceae (Figures 5C, D), which were separated into GO categories enriched in the inner and outer zones. It is worth noting that gene annotation and subsequent GO enrichment analysis are based on gene homology with mostly vertebrate model organisms that possess immune responses that differ from the innate immune responses of cnidarians. However, we identified the most similar homologs across publicly available cnidarian sequence data that provide our current best understanding of non-model cnidarian genes.
[image: Figure 4]FIGURE 4 | Heatmaps depicting read counts in transcripts per million (TPM) for each differentially expressed gene (rows) for P. lobata and Symbiodiniaceae. Samples (columns) are ordered by gene expression similarity. For both P. lobata and Symbiodiniaceae, samples cluster by zone rather than season (see Results for more information).
[image: Figure 5]FIGURE 5 | GO terms identified as enriched when comparing inner and outer zones for both P. lobata and Symbiodiniaceae. Up and downregulated genes were separated into “enriched in the inner zone” and “enriched in the outer zone.” Gene ratio (color of circles) indicates the number of genes represented by a GO term relative to the total number of differentially expressed genes, whereas the number of genes (size of circle) is the total number in that GO category.
DISCUSSION
Severe sedimentation in Fouha Bay began in the 1980s because of improper soil management during road construction, which has led to a decrease in coral cover when comparing coral community surveys prior to construction (Randall and Birkeland, 1978) with more recent surveys (Rongo, 2004; Minton et al. 2022). During our sampling periods, sedimentation ranged from moderate (37 mg cm-2 day-1) to severe (136 mg cm-2 day-1) during the dry season along the environmental gradient sampled in Fouha Bay (Figure 1D). During the wet season, all sites were inundated with extremely severe levels of sedimentation (>200 mg cm-2 day-1; range: 199–245 mg cm-2 day-1) (Figure 1D). Our observations are consistent with those of previous studies that documented and modeled sedimentation rates at times exceeding 200 mg cm-2 day-1 in Fouha Bay (Randall and Birkeland, 1978; Wolanski et al., 2003; Rongo, 2004; Minton et al., 2022). Rongo (2004) proposed a model of annualized sedimentation rates (N1/S1 = 102.5 mg cm-2 day-1, N2/S2 = 65.2 mg cm-2 day-1, N3/S3 = 53.4 mg cm-2 day-1, and N4/S4 = 22.5 mg cm-2 day-1), which closely mirrors our sampling period in the dry season and shows a gradient of sedimentation rates decreasing from the river mouth toward the outer parts of Fouha Bay (Figure 1D), with the transition from moderate to severe sedimentation between the inner and outer zones representing a significant difference in sedimentation rates. However, wet season sedimentation documented by us, albeit with limited sampling, showed that the sedimentation gradient in Fouha Bay broke down during the wet season, with all sites becoming impacted by severe sedimentation. Nonetheless, decreases in coral coverage and species richness documented over the last 40 years in Fouha Bay, linked to long-term chronic sedimentation stress, followed the patterns of the dry-season sedimentation gradient, with the lowest coral diversity and abundance near the river mouth, where sedimentation is severe, and coral diversity and abundance increasing as sedimentation decreases to moderate or light levels further from the river mouth (Randall and Birkeland, 1978; Minton et al., 2022). The stark decrease in coral diversity and cover in Fouha Bay linked to the transition from moderate to severe sedimentation has previously been identified as a critical sedimentation threshold (Minton et al., 2022). Sedimentation is the result of a freshwater influx carrying suspended sediments. Considering that freshwater plumes float atop seawater due to their low specific gravity, it is not surprising that salinity at the depths where corals grow in Fouha Bay showed little variation (<1 PSU) across sites (Figure 2). While drastic reductions in salinity (∼10 PSU) have been shown to elicit specific transcriptomic responses (Aguilar et al., 2019), the corals sampled in this study were not exposed to salinity levels significantly below 32–33 PSU, close to the ambient salinity in Guam (34–35 PSU). Given these considerations, the transcriptomic signatures described below are likely and primarily attributable to sedimentation stress.
Despite a large difference in sedimentation rates between dry and wet seasons (Figure 1D), gene expression profiles were more similar across samples within zones than those within seasons (Figure 4; Table 2). Indeed, differential gene expression analysis comparing dry and wet seasons yielded a minimal number of differentially expressed genes in both P. lobata and its Symbiodiniaceae endosymbiont community (Table 2). The lack of detectable gene expression differences between seasons may be linked to the chronic nature of the sedimentation stress experienced by P. lobata in Fouha Bay, consistent with significant reductions in coral cover and diversity between the outer and inner zones (Minton et al., 2022). The outer zone of Fouha Bay is more exposed to wave action than the inner zone, which would allow for a more expedient dissipation of turbidity and accumulated sediments. Despite this, the larger outer colonies still have significant energetic requirements to remove sediment from their large colonies, especially since the sedimentation rates even for the outer colonies are at the limits of survival for many coral species (Figure 1D; Erftemeijer et al., 2012; Tuttle and Donahue, 2022). Shifts in Symbiodiniaceae communities could theoretically contribute to the mitigation of sedimentation stress, but we found these communities to be largely homogenous and stable (Figure 3B), consistent with the previously reported dominance of Cladocopium C15 and lack of spatial structuring of symbiont subclades in P. lobata across Fouha Bay (Fifer et al., 2022).
Given that sampling during the wet season occurred following significant rain events, sedimentation rates may have increased temporarily in the outer zone of Fouha Bay, temporarily obscuring the well-described sedimentation gradient of Fouha Bay (Rongo, 2004; Minton et al., 2022). The lack of differentially expressed genes between sites N3/S3 and N4/S4 in the outer zone and N1/S1 and N2/S2 in the inner zone points to an environmental break between zones, consistent with a transition from moderate to severe sedimentation rates (Figure 1D) (Minton et al., 2022). The large number of differentially expressed genes identified when comparing the inner and outer zones using differential gene expression analysis (Table 2), in conjunction with the clustering of inner and outer zones based on gene expression similarities (Figure 4), suggests a strong metabolic threshold associated with the transition from moderate (∼57 mg cm-2 day-1 during the dry season) to severe (∼85 mg cm-2 day-1 during the dry season) sedimentation in P. lobata. These results are consistent with those obtained by Minton et al. (2022), who identified a critical sedimentation threshold of 48 mg cm-2 day-1 at which the abundance and diversity of corals significantly decrease in Fouha Bay, with massive Porites spp. being one of the few taxa able to persist. Chronic sedimentation affects the metabolism of persisting corals and likely reduces coral recruitment. Limited recruitment and high metabolic costs to survive at the inner site likely led to the observed small, average colony sizes. Furthermore, many of the colonies in this inner zone have perished since the sampling in 2018.
Taken together, coral community survey data (Minton et al., 2022) and our gene expression analysis suggest that P. lobata and their Symbiodiniaceae endosymbionts are chronically stressed due to severe sedimentation in the Fouha Bay inner zone. Through comparisons of gene expression patterns (Figure 4; Table 2), annotation of differentially expressed genes, and GO term enrichment analysis (Supplementary Table S3-5), we identified the putative signatures of sedimentation on the energy metabolism and immune response of P. lobata and its endosymbiotic Symbiodiniaceae community discussed below. Messenger RNA (mRNA) and protein expression are often poorly correlated (e.g., due to variations in mRNA stability and translational efficiency [Payne, 2015; Liu et al., 2016]), including in corals and their symbionts (Mayfield et al., 2016). While this has led to concerns about interpreting differential gene expression patterns, the correlation of differentially expressed mRNAs with protein expression may be significantly better than for non-differentially expressed genes (Koussounadis et al., 2015). Transcriptomics allows for rapidly profiling tens of thousands of potential biomarkers at once, which we used to provide a framework for the coral sedimentation stress response under field conditions that can guide multi-omics approaches aimed at linking genes to protein expression and their enzymatic and metabolic products to untangle the regulation and complexity of this system.
Energy metabolism
GO terms associated with oxidative phosphorylation (GO:0006119) and aerobic respiration (GO:0009060) were enriched for P. lobata in the outer zone, exposed to moderate sedimentation (Figure 5A). For Symbiodiniaceae, photosynthesis (GO:0015979), generation of precursor metabolites and energy (GO:0006091), electron transport chain (GO:0022900), and lipid transport (GO:0006869) were enriched in the outer zone (Figure 5C). Photosynthesis-associated genes coding for fucoxanthin–chlorophyll a–c binding proteins A, F, B, and E and photosystem I/II reaction center proteins were downregulated in Symbiodiniaceae from the inner zone (Supplementary Table S6), suggesting that the maintenance of the photosynthetic machinery is reduced under severe sedimentation, likely attributable to depleting energy stores (Sheridan et al., 2014), reallocation of energy due to crucial stress responses (Riegl and Branch, 1995), reduced light, and/or decreased oxygen availability (Jones and Hoegh-Guldberg, 2001; Weber et al., 2012). Other studies have reported a significant reduction in the maximum quantum yield (Fv/Fm) of photosystem II in response to sedimentation stress from a variety of coral species (Philipp and Fabricius, 2003), consistent with the decreased rates of photosynthesis and a significant reduction in the lipid stores of corals (Sheridan et al., 2014). The upregulation of lipid catabolic and transport enzymes (lipases and apolipoprotein L domain-containing protein 1; Supplementary Table S6) and downregulation of fat storage-inducing transmembrane protein 2 (Supplementary Table S6) in P. lobata indicate that corals in the inner zone of Fouha Bay likely deplete their lipid reserves to maintain antioxidant production, an innate immune response, and increased cilia action and mucous production to persist under chronic and severe sedimentation stress that requires the removal of sediment deposits, mitigation of pathogens, and elimination of increasing reactive oxygen species (ROS) that are the result of decreased dissolved oxygen available for metabolic processes in a turbid environment. Reduction in photosynthesis, as suggested by the downregulation of photosystem genes in Symbiodiniaceae observed in this study, may be offset by increased heterotrophic feeding, which has been suggested as an adaptive strategy for corals persisting in turbid environments (Bay et al., 2009; Pacherres et al., 2013), a possible strategy for P. lobata that is a mixotroph (Conti-Jerpe et al., 2020). Taken together, our results of GO term enrichment (Figure 5) and differential gene expression (Table 2; Supplementary Table S6) analyses indicate that P. lobata in the inner zone showed a decrease in energy generation, likely due to a depletion of energy reserves (Sheridan et al., 2014), and decreased photosynthetic activity of Symbiodiniaceae due to reduced light availability and/or lack of oxygen availability for aerobic respiration (Jones and Hoegh-Guldberg, 2001; Philipp and Fabricius, 2003).
GO terms associated with aerobic energy generation for P. lobata were enriched in the outer zone compared to the inner zone (Figure 5A), further indicating that corals in the inner zone experienced hypoxic stress as can be expected under conditions of severe sedimentation (Weber et al., 2012; Bollati et al., 2021). In ex situ sedimentation experiments, Bollati et al. (2021) found genes associated with an anaerobic glycolytic pathway upregulated in two coral species. Similarly, we find glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Supplementary Table S6) upregulated within Symbiodiniaceae in the inner zone and GO terms for aerobic respiration (GO:0009060) and oxidative phosphorylation (GO:0006119) of P. lobata enriched in the outer zone (Figure 5A), pointing to a reduction in aerobic respiration in corals of the inner zone to mitigate oxygen limitations caused by severe sedimentation. Furthermore, we found a hypoxia-inducible factor (aryl hydrocarbon receptor nuclear translocator in P. lobata; Supplementary Table S6) upregulated in P. lobata colonies from the inner zone. While not intuitive at first glance, the observed enrichment of the GO term response to oxidative stress (GO:0006979) and reactive oxygen species metabolic process (GO:0072593) in Symbiodiniaceae of the outer zone (Figure 5C) is consistent with the metabolic differences between inner and outer zones. In particular, increased photosynthetic activity in the less turbid outer zone compared to the inner zone likely elevated photosynthetic rates and increased ROS production in Symbiodiniaceae, which required mitigation. Similarly, antioxidant-associated genes (HSP-70, thioredoxin domain-containing proteins, superoxide dismutase, DnaJ-like proteins, and peroxidase; Supplementary Table S6) were upregulated in P. lobata in the outer zone. Our results are consistent with a switch from aerobic to anaerobic-dominated respiration in P. lobata from the outer to the inner zone. Quantifying the impacts of such metabolic switching on the health of P. lobata using appropriate assays (Murphy and Richmond, 2016) would provide additional insights into the adaptive capacity of this resilient coral species to chronic sedimentation stress and resulting hypoxia.
Immune response
Corals are known to possess a diverse repertoire of genes involved in innate immunity, with many being unique to Scleractinia and specific to certain coral taxa, which helps explain their variable responses to bacterial challenges (Cunning et al., 2018). This includes genes involved in pathogen recognition, signal transduction, and apoptosis pathways. In the marine environment, pathogenic bacteria are often associated with sediment influx and require corals to rapidly respond to these challenges to persist in turbid environments (Weber et al., 2012). In this study, we found GO terms associated with the positive regulation of cell communication (GO:0007267)​​, positive regulation of signal transduction (GO:0009967), MyD88-dependent Toll-like receptor signaling pathway (GO:0002755), cell surface receptor signaling pathway involved in cell–cell signaling (GO:0007166), and regulation of the response to the stimulus (GO:0048583) overrepresented in P. lobata growing in the inner zone impacted by severe sedimentation (Figure 5B). The MyD88-dependent Toll-like receptor signaling pathway is involved in the innate immune response of corals to many different stressors (van de Water et al., 2015a; van de Water et al., 2015b; Anderson et al., 2016; Mydlarz et al., 2016; Young et al., 2020), stimulating the expression of pro-inflammatory cytokines (Poole and Weis, 2014). In sponges, this signaling pathway is strongly upregulated in response to bacterial endotoxin lipopolysaccharides, effectively eliminating Gram-negative bacteria through the formation of a recombinant protein (Wiens et al., 2005). Gram-negative pathogenic bacteria, such as Vibrio spp., are associated with marine sediments (Franco et al., 2020), and bacterial communities associated with heavy sediment loads are known to exacerbate mortality in corals (Hodgson, 1990; Weber et al., 2012). Indeed, microbiome metabarcoding previously revealed that P. lobata colonies growing in the inner zone of Fouha Bay, close to the river mouth, harbored higher abundances of Vibrionaceae than colonies in the outer zone (Fifer et al., 2022).
Although corals are thought to only possess an innate immune system (Palmer and Traylor-Knowles, 2012), the presence of the MyD88-dependent Toll-like receptor signaling pathway is an example of an adaptive-like immune response system that may help corals mitigate bacterial infections (Wiens et al., 2005; Poole and Weis, 2014) associated with severe sedimentation. Only recently, coral immune cells and their gene expression have been characterized using single-cell transcriptomics (Levy et al., 2021). Interestingly, we found genes associated with immune functions in coral immune cells upregulated in the inner zone (interferon regulatory factor 2, tyrosinase, and homeobox genes coding for Meis2 and Nkx-2.2a; Supplementary Table S6). In summary, we observed the enrichment of cell signaling GO terms (Figure 5B) and upregulation of genes previously identified as molecular signatures of the immune function (Palmer and Traylor-Knowles, 2012; Poole and Weis, 2014; Mydlarz et al., 2016; Levy et al., 2021) in P. lobata colonies growing in the inner, severely sedimentation-impacted zone, suggesting that coral colonies in the inner zone rely on their immune response to mitigate the impacts of severe sedimentation.
Despite environmental sensing and resulting metabolic and immune responses, cell damage under severe stress is expected to increase. The initiation of apoptosis is a critical process that allows organisms to maintain tissue homeostasis by eliminating damaged cells that, for example, pose a risk for infection by pathogens (Ameisen, 2002). Various programmed cell death pathways have been identified in the cnidarian stress response, but the destabilization of cellular adhesion seems to be a crucial component in apoptosis initiation, given that changes in cell adhesion proteins have been associated with the response to coral bleaching (Gates et al., 1992; DeSalvo et al., 2012; Traylor-Knowles and Connelly, 2017), disease (Daniels et al., 2015), and heat plus sedimentation stress (Poquita-Du et al., 2019). Consistent with these prior studies, we found GO terms for cell death (GO:0008219) enriched in the inner zone (Figure 5B), as well as the enrichment of cell adhesion terms (GO:0007155, GO:0098609) in the outer zone (Figure 5A). This pattern suggests that P. lobata from the inner zone modified the extracellular matrix of part of its population of cells in conjunction with elevated rates of apoptosis initiation to remove cells damaged by severe sedimentation stress in an attempt to survive in this turbid, marginal habitat.
CONCLUSION
Transcriptomics provide a valuable insight into the rapid physiological response of an organism, but differential gene expression analysis may fail to capture longer-term responses such as seasonal differences, which may be more appropriately investigated with methods such as epigenomics. Nevertheless, in this study, we sampled corals along an established sedimentation gradient and provide a framework of the metabolic acclimation response of P. lobata colonies and its Symbiodiniaceae endosymbionts to varying sedimentation rates under in situ field conditions.
We identified processes that may allow for sedimentation-tolerant corals, such as P. lobata, to persist in habitats impacted by chronic and severe sedimentation. Switching between energy generation pathways may help corals living in sedimentation-impacted, turbid reefs maintain a stress response to survive when the availability of light and oxygen is diminished. Rapid environmental sensing and cell–cell communication allow corals to respond to freshwater influx, sedimentation stress, and bacterial challenges associated with terrestrial runoff. Given the cellular damage associated with environmental stress, the removal of damaged cells through programmed cell death pathways is crucial to maintaining coral colony integrity and closing entryways to pathogens. While many of these implicated pathways are involved in a range of coral stress responses, from bleaching to contamination from anthropogenic chemicals, here we observe these responses of P. lobata colonies to increasing sedimentation along a gradient in Fouha Bay, Guam. These putative mechanisms identified by us using transcriptomics ought to be further investigated and tested using additional approaches, in particular those that capture persistent and heritable modifications of traits under field and controlled conditions, to gain a better understanding of sedimentation stress-tolerance mechanisms in corals. Coastal development activities continuously increase sedimentation and turbidity in near-shore reefs, and a more in-depth understanding of the metabolic plasticity of diverse corals will facilitate predicting the acclimation and adaptation limits of near-shore reef ecosystems in the Anthropocene.
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Coexistence of nonfluorescent chromoproteins and fluorescent proteins in massive Porites spp. corals manifesting a pink pigmentation response
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Introduction: Several fluorescent proteins (FPs) and chromoproteins (CPs) are present in anthozoans and play possible roles in photoprotection. Coral tissues in massive corals often display discoloration accompanied by inflammation. Incidences of the pink pigmentation response (PPR) in massive Porites, described as inflammatory pink lesions of different shapes and sizes, has recently increased worldwide. FPs are reported to be present in PPR lesions, wherein a red fluorescent protein (RFP) appears to play a role in reducing reactive oxygen species. However, to date, the biochemical characterization and possible roles of the pigments involved are poorly understood. The present study aimed to identify and characterize the proteins responsible for pink discoloration in massive Porites colonies displaying PPRs, as well as to assess the differential distribution of pigments and the antioxidant properties of pigmented areas.Method: CPs were extracted from PPR lesions using gel-filtration chromatography and identified via genetic analysis using liquid chromatography-tandem mass spectrometry. The coexistence of CPs and RFP in coral tissues was assessed using microscopic observation. Photosynthetic antivity and hydrogen peroxide-scavenging activitiy were measured to assess coral stress conditions.Results: The present study revealed that the same CP (plut2.m8.16902.m1) isolated from massive Porites was present in both the pink spot and patch morphologies of the PPR. CPs were also found to coexist with RFP in coral tissues that manifested a PPR, with a differential distribution (coenosarc or tip of polyps’ tentacles). High hydrogen peroxide-scavenging rates were found in tissues affected by PPR.Discussion and Conclusion: The coexistence of CPs and RFP suggests their possible differential role in coral immunity. CPs, which are specifically expressed in PPR lesions, may serve as an antioxidant in the affected coral tissue. Overall, this study provides new knowledge to our understanding of the role of CPs in coral immunity.Keywords: chromoprotein, fluorescent protein, non-fluorescent chromoprotein, Porites spp., oxidative stress, pink pigmentation response, innate immune response
1 INTRODUCTION
Global climate change and anthropogenic disturbances have led to an increased incidence of coral diseases and bleaching during the last 3 decades, particularly in corals inhabiting tropical regions in the Caribbean and Indo-Pacific Ocean (Beeden et al., 2008; Aeby et al., 2011; Weil et al., 2012; 2016; Hughes et al., 2018; Johnson et al., 2022). In the last decade, heat-susceptible genotypes may have declined and/or adapted to such conditions; therefore, the remaining coral populations could have a higher thermal threshold for bleaching (Sully et al., 2019). Despite the increasing risk of climate change affecting coral health, studies have revealed that corals can improve their resilience through certain innate physiological mechanisms that involve chaperones and antioxidative enzymes, particularly heat shock proteins (Hsp70, Hsp60, and Hsp32) (Arya et al., 2007; Lanneau et al., 2008; Jin et al., 2016; Seveso et al., 2018; 2020; Montalbetti et al., 2021; Thummasan et al., 2021).
Massive Porites spp. are reef-building corals commonly found in reefs of the Indo-Pacific region, including the Ryukyu Islands in southern Japan (Veron, 1992; Nishihira, 2004). The health compromised coral tissues in massive corals such as Porites spp. often display non-normal pigmentation and develop some discoloration, such as pink, purple, and blue, that potentially represent an inflammation-like response (Palmer et al., 2009a). Among these, the pink pigmentation response (PPR) in massive Porites spp. colonies, a generalized inflammatory response characterized by the formation of pink lesions of different shapes and sizes, has been reported to increase in the Ryukyu Islands (Kubomura et al., 2021), with chronic seasonal variations (Yucharoen, 2016). In general, PPRs in corals develop swollen areas with pink discoloration, described as “pink lines” (Ravindran and Raghukumar 2002; 2006; Kenkel, 2008; Mohamed et al., 2012; Kritsanapuntu and Angkhananukroh, 2014; Séré et al., 2015), “pink spots” (Willis et al., 2004; Benzoni et al., 2010; Thinesh et al., 2011; Putchim et al., 2012; Kumar et al., 2014), and “pink pigmentation” (Raymundo et al., 2005; Palmer et al., 2009a).
Discoloration in PPRs is a phenomenon frequently observed in Porites spp. corals, but there are some reports regarding similar pigmentation phenomenon in other genera, such as Acropora (Bongiorni and Rinkevich, 2005; D’Angelo et al., 2012) and Montipora (D’Angelo et al., 2012; Aeby 1992; 2003 found that corals manifesting pink spots were infected by the trematode Podocotyloides stenometra. However later in the literature; Benzoni et al., 2010; Yucharoen 2016, found that the pink spots and other pink swollen lesions observed in massive corals, may not always be the result of tissue inflammation caused by the trematodes, but also injuries caused by other organisms penetrating the coral tissues, bites of fishes and the response to environmental stressors like high sea-surface temperature, strong illumination, low salinity, and desiccation. Therefore, the PPR is linked with an immune response of corals to those stresses mainly promoting the formation of reactive oxygen species (ROS) and the coral innate immune response through the production of antioxidant enzymes and FP (fluorescent proteins) (Palmer et al., 2009a; Palmer et al., 2009b; Bridges et al., 2020). Palmer et al. (2009)a and Palmer et al. (2009)b reported the presence of a red fluorescent protein (RFP) that plays an important role in photoprotection and the reduction of ROS. Bridges et al. (2020) reported that RFP expression in pink-pigmented lesions of Porites lobata is an innate immune response. Moreover, green fluorescent proteins (GFPs) in scleractinian corals play an important role in the removal of ROS (Bou-Abdallah et al., 2006).
To date, several FPs and chromoproteins (CPs) have been reported in anthozoans with possible roles in photoprotection (Matz et al., 1999; Miyawaki, 2002; Verkhusha and Lukyanov 2004; Bollati et al., 2022). The CPs present in anthozoans are highly homologous to FPs, such as GFPs. FPs and FP-like CPs are classified into four groups: cyan, green, and red that are fluorescent, and nonfluorescent CPs (Labas et al., 2002). Apart from the normal green-brown color of anthozoans from their symbiotic algae, CPs are also responsible for the nonfluorescent coloration (Lukyanov et al., 2000; Wiedenmann et al., 2000). Since the discovery of GFPs in the crystal jelly, Aequorea victoria, CPs and FPs have been extensively studied. Alieva et al. (2008) revealed for the first time that several CPs are present in some scleractinian coral genomes. Similarly, Shinzato et al. (2012) reported the presence of fluorescent and nonfluorescent CPs in a whole-genome analysis of Acropora corals. In recent years, it has become clear that diverse FPs are present with complex expression in corals of the genus Acropora (Kashimoto et al., 2021; Satoh et al., 2021). However, it is not clear what condition will promote the expression of these proteins in Porites spp. corals. Therefore, this study aimed to identify and characterize the CPs expressed in the discolored tissues of massive Porites spp. colonies manifesting PPRs, by extracting and purifying their proteins and further identifying the genes involved in their expression. In addition, microscopic observations of coral tissues under normal and ultraviolet light were conducted to clarify differences in the localization of CPs and RFP.
2 MATERIALS AND METHODS
2.1 Coral sampling
Colonies of massive Porites spp. were sampled from a coral reef at Sesoko Beach in Sesoko Island, Okinawa, Japan (26°39ʹN 127°51ʹE), at low tide (depth 0.5–1 m) on 18 September 2018 (sampling permit No. 30–55, granted by the Okinawa Prefectural Government) (Figure 1). For protein analysis, a hammer and chisel were used to collect coral pieces from three colonies of Porites spp., two displaying PPRs as pink spots (Ps) and pink patches (Pp), and one healthy colony (H) (Figure 2). For microscopic observation, the coral pieces displaying Pp and the healthy-appearing colony were used. Sampled fragments of each colony (10–20 cm2) were kept in sterilized tagged bags with surrounding seawater and transported to the laboratory at the Tropical Biosphere Research Centre (University of The Ryukyus, Okinawa, Japan) at Sesoko Island. Samples were maintained in an aquarium for 24 h with natural running seawater, temperature fluctuating between 26.5°C and 27.5°C, and attenuated natural illumination with a maximum of 200 μmol photons cm−2 s−1 to avoid the formation of ROS until treatment.
[image: Figure 1]FIGURE 1 | Study area and sampling sites in Okinawa, Japan. Maps were obtained from The Geospatial Information Authority of Japan (https://www.gsi.go.jp/).
[image: Figure 2]FIGURE 2 | Aspects of different types of PPRs in massive Porites colonies: (A) healthy-appearing colony, (B) colony exhibiting pink spots, and (C) colony exhibiting pink patches.
2.2 Extraction and concentration of chromoproteins
Tissue solutions were obtained from the pink-pigmented area of the colonies displaying Ps and Pp, as well as from H as a control. Coral tissues of 0.8–1.6 cm2 (Ps), 3–5 cm2 (Pp), and 4 cm2 of H were removed from the skeleton with a Waterpik dental flosser (DENTREX; Ricoh Elemex, Aichi, Japan) (Johannes and Wiebe, 1970) using 3.5% NaCl solution and 10 mM sodium phosphate buffer (pH 7.5). Crude tissue solutions were homogenized using a glass homogenizer and filtered through Whatman glass microfiber filters (Grade GF/F, pore size 0.7 µm; GE Healthcare Life Sciences, Buckinghamshire, United Kingdom) to remove the endosymbiotic algae Symbiodiniaceae cells and coral tissue debris. The soluble fractions were centrifuged at 3,000 × g using Amicon Ultra centrifugal filters (Merck KGaA, Darmstadt, Germany) to concentrate molecules with masses greater than 10,000 Da to retain proteins. Concentrated extracts were transferred to microtubes using Pasteur pipettes. The Amicon meshes were then washed three times with 200 µL of 10 mM sodium phosphate buffer (pH 7.5) for complete recovery of the samples. The final volume of the extract was approximately 1.5 mL. Approximately 50 μL of the protein extracts were used for separation through electrophoresis, and the remaining used for purification. A scheme of the experimental flow is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematized experimental flow for the characterization of chromoprotein.
2.3 Purification and characterization of chromoproteins
Partial purification of CPs from the protein extracts was performed via successive gel-filtration chromatography (Superdex 200 HR 10/30 column; GE Healthcare Life Science) on a fast protein liquid chromatography (FPLC) system (ÄKTA prime; GE Healthcare Life Science). The samples were eluted with 10 mM sodium phosphate buffer (pH 7.5) containing 0.15 M NaCl at a flow rate of 0.5 mL/min. Forty elution products were collected in 1-mL fractions each, and their optical properties and enzymatic activity measured. Absorbance at 280 and 580 nm was measured for each fraction using a spectrophotometer (model UV-2450; Shimadzu, Kyoto, Japan). Molecular weights were estimated using a Gel Filtration Standard molecular marker (Bio-Rad Laboratories, Hercules, California, United States of America).
2.4 Amino acid sequence identification
2.4.1 Protein concentration
The total protein content was determined using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories) based on the Bradford method (Bradford, 1976) with bovine serum albumin as a standard. The Bradford method quantifies proteins using Coomassie Brilliant Blue G-250, a triphenylmethane blue dye that binds to proteins in acidic solutions and shifts the maximum absorption wavelength from 465 to 595 nm. Absorbance at 595 nm was measured using a Shimadzu spectrophotometer (model UV-2450) at 25°C.
2.4.2 Electrophoresis
Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a RAPIDAS AE-6500 apparatus (ATTO, Tokyo, Japan) with 1-mm thick precast slab gels containing 10%–20% gradient acrylamide (e-PAGEL E-T1020L; ATTO), according to the procedure described by Laemmli (1970). 100 μg of each protein extract (Pp, Ps, and H) were loaded onto the gel. Electrophoresis was performed at 40 mA for 80 min. After electrophoresis, the gel was stained with a CBB-250 solution (Wako Pure Chemical Industries, Osaka, Japan). The applied molecular mass standard (Precision Plus Protein Standards; Bio-Rad Laboratories) contained protein bands of 10, 20, 25, 37, 50, 75, 100, 150, and 250 kDa in size. Gel photographs were taken with a Panasonic DMC-GF3 camera (Panasonic, Osaka, Japan), and the molecular weights of the protein sample bands calculated using ImageJ software (http://imagej.net/) after the exposure and contrast were adjusted.
2.4.3 In-gel tryptic digestion
The protein bands obtained from the CBB-stained SDS-PAGE gel were sliced into small pieces (approximately 1 mm3) and faded with 50 mM NH4HCO3/50% acetonitrile. Proteins in the sliced gel fragments were reduced and alkylated with 10 mM dithiothreitol/50 mM NH4HCO3 for 45 min at 56°C and 55 mM iodoacetamide/50 mM NH4HCO3 at 25°C for 30 min in the dark. After being washed with acetonitrile, the proteins were digested in 10 µL trypsin (Sequencing Grade; Promega, Madison, WI, United States of America) at 37°C overnight. Tryptic peptides were extracted from the gel fragments using 50% acetonitrile containing 3% formic acid, and the peptide extracts centrifuged at 10,000 × g for 20 min in a vacuum centrifuge.
2.4.4 Liquid chromatography-tandem mass spectrometry analysis
Liquid chromatography-tandem mass spectrometry analysis was performed using a linear ion trap time-of-flight mass spectrometer (LIT–TOF MS; NanoFrontier eLD; Hitachi High-Technologies Corporation, Tokyo, Japan) coupled to a nanoflow HPLC (NanoFrontier nLC; Hitachi High-Technologies Corporation) at the Instrumental Research Support Center of the Research Institute of Green Science and Technology, Shizuoka University (Shizuoka, Japan). Peptides extracted from the gel were trapped and desalted using a C18 monolith trap column (0.05 mm ID × 150 mm long; Hitachi High-Technologies Corporation) and thereafter loaded onto a MonoCap C18 Fast-flow column (0.05 mm ID × 150 mm long; GL Sciences, Inc., Tokyo, Japan). Elution was done using a linear gradient from 5% to 40% solvent B for 60 min at a flow rate of 200 nL/min. Solvent A comprised 2% acetonitrile and 0.1% formic acid, and solvent B contained 98% acetonitrile and 0.1% formic acid. The eluent was ionized using a nanoelectrospray ionization source equipped with an uncoated silica tip (New Objective, Woburn, MA, United States of America) and analyzed using LIT–TOF MS. Mass spectra were obtained by scanning in the positive ion mode in the mass range of m/z 200–2000. MS/MS spectra were generated by using collision-induced dissociation in a linear ion trap. The proteins were identified by analyzing the MS/MS data via de novo sequencing and with the protein identification software, PEAKS Studio (version 7.0; Bioinformatics Solutions, Inc., Waterloo, ON, Canada) (Ma et al., 2003). A protein identification database was generated using the protein sequences of P. astreoides, P. australiensis, and P. lobata obtained from Reef Genomics (http://reefgenomics.org/) (Liew et al., 2016). Reliability of the protein identification results obtained via PEAKS was increased through further analysis of the sequences using MASCOT MS/MS Ions Search (http://www.matrixscience.com/) (Cottrell, 2011) and the sequence tag search tool, SPIDER (Han et al., 2004). The detected proteins were identified through a similarity search of amino acid sequences using the Basic Local Alignment Search Tool (BLAST) on the National Center of Biotechnology Information database (https://blast.ncbi.nlm.nih.gov/), the DNA Data Bank of Japan (DDBJ) (http://blast.ddbj.nig.ac.jp/), and Reef Genomics.
2.4.5 Phylogenetic analysis
A phylogenetic tree of the proteins identified in this study, together with other FPs described previously (Alieva et al., 2008), was constructed using an online program (http://www.phylogeny.fr/) developed by Dereeper et al. (Dereeper et al., 2008; Dereeper et al., 2010). Phylogenetic analysis was performed using the following programs: MUSCLE 3.8.31 for multiple alignments, Gblocks 0.91b for alignment refinement, PhyML 3.1 for phylogeny using maximum likelihood, and TreeDyn for tree rendering.
2.5 Microscopic observation of in vivo fluorescence in corals
Overview photographs of corals manifesting PPR and healthy-appearing corals were taken in the laboratory with an OLYMPUS E-PL6 camera under a white light-emitting diode (LED) and processed using Adobe Lightroom (Adobe, San Jose, CA, United States of America) with the following settings: exposure, +0.5; highlight, −75; shadow, −20; white level, +65; black level, −40. The fluorescence levels of each sample were observed using a stereoscopic microscope (Nikon SMZ-1000; Nikon, Tokyo, Japan), and photographs obtained using an OLYMPUS E-PL6 camera equipped with a mount conversion ring. Visible images were obtained under environmental light and an exposure of one-fifth of a second with a sensitivity of ISO 400. Fluorescence images were obtained through excitation with a blue LED with a wavelength range of 380–550 nm (KR93SP; Eco-lamps Inc., Kowloon, Hong Kong), exposure for 13 s with a sensitivity of ISO 100, and filtering through a 600-nm bandpass filter (BPB-60; Fujifilm, Tokyo, Japan). The bandpass filter was attached to the objective lens of the microscope. All images were processed using Adobe Lightroom software.
2.6 Maximum quantum yield of photosystem II
The photosynthetic activity of Symbiodiniaceae under each coral condition was evaluated using the maximum quantum yield of photosystem II (Fv/Fm), and the minimum fluorescence yield (F0) measured using Junior-PAM (Walz, Effeltrich, Germany). Coral nubbins were subjected to dark acclimation for 30 min (Krause and Weis, 1991). The Fv/Fm and F0 values measured at 10 different points in every coral nubbin were used to estimate averages and standard errors (Supplementary Table S1).
2.7 Hydrogen peroxide-scavenging activity
Enzyme samples were prepared by removing excess water from the collected coral pieces and excavating nine points (1.0–1.5 cm2) on each coral colony surface (Pp and H) using whetstone drilling. The excavated areas were rinsed with 1 mL of 50 mM Tris-HCl buffer (pH 7.6) to collect the coral tissue, and the extract centrifuged at 10,000 × g for 3 min to remove debris. The supernatant was used to measure the protein concentration and hydrogen peroxide-scavenging activity (HSA), following the method described in Palmer et al., 2009a. To measure HSA, each 50 µL of the sample (coral tissue in buffer solution) and 50 µL of 50 mM hydrogen peroxide solution were mixed on 96-wells microplate. The absorbance at 240 nm was measured every 81 s for 30 min, and the data converted using a standard curve of hydrogen peroxide (serial dilutions: 0, 6.25, 12.5, 25, and 50 mM). HSA was normalized to the protein concentration (Supplementary Table S2).
2.8 Statistical analysis
Independent-samples t-test analysis was carried out to determine significant differences between the Fv/Fm and HSA data from Pp colony and H colony. Normality of the data was tested using Anderson–Darling test. Significant differences were evaluated at p < 0.01.
3 RESULTS
3.1 Purification and characterization of chromoproteins
The soluble fraction of coral tissues manifesting Pp was separated into 40 elution fractions using FPLC. Of these, elution product 18 (18 mL elution volume) showed the highest absorbance at a wavelength of 580 nm (Figure 4A). Using a marker protein, the molecular weight of the main peak fraction (18) was estimated to be 49 kDa. The absorption spectrum of the main fraction is shown in Figure 4B.
[image: Figure 4]FIGURE 4 | Results of purification of extracted proteins. (A) Separation of pink-coloured protein by Superdex 200 gel filtration column chromatography. Solid and open circles indicate protein fractions measured at 280 nm (estimate protein content) and 580 nm (estimate CP content), respectively. (B) Absorption spectrum of peak fraction number 18 in the elution profile.
3.2 Identification of chromoproteins from corals manifesting pink pigmentation responses
Three notable bands on the SDS-PAGE gel were found in the Ps and Pp coral tissues (Figure 5; bands 1–3). PEAKS analysis showed that the proteins extracted from bands 1 and 2 (Protein A) had the same alignment as that of the candidate protein (Porites_australiensis_11250) that was detected in the protein sequences of P. australiensis with high coverage (75%). The amino acid sequence of Protein A was queried on Reef Genomics with the protein database “Porites lutea gene models (ReFuGe 2020),” which identified 20 homologous proteins. Reanalysis of the Protein A was performed with these 20 proteins using PEAKS, where the database identified six proteins with high scores and coverage values with respect to the proteins synthesized by P. lutea. The amino acid sequences of these six proteins are shown in Figure 6. Among the six proteins, plut2.m8.16902.m1 with a GFP domain had the highest coverage (81%). Alignment of plut2.m8.16902.m1 using the BLAST search program in the DDBJ database revealed high similarities with other CPs and FPs from Acropora aculeus, A. digitifera, Goniopora tenuidens, Galaxea fascicularis, A. millepora, and many other coral species (Table 1). Using electrophoresis and amino acid sequence analyses (in-gel trypsin digestion and liquid chromatography-tandem mass spectrometry analysis), its molecular weight was determined to be 25 kDa (Figure 5; Table 1). The protein in band 3 (Protein B) was also analyzed using the same methods and showed a high similarity with thioredoxin-like proteins from several marine organisms (Table 1). On the other hand, no remarkable band in the electrophoresis result near 25 kDa (CPs and GFP) was found for the healthy colony: the greenish appearance of the healthy colony (Figure 2A) was due to the reflection from the green band of the endolithic community that was well developed underneath the coral tissue and not to the presence of GFP. Moreover, the molecular weight of GFP in Porites lutea is 24.8 kDa (Porites lutea database in Reef Genomics) but, from the electrophoresis study, the healthy coral did not show high expression of protein in the band corresponding to GFP’s molecular weight. Phylogenetic analysis revealed that the six identified proteins were nonfluorescent, similar to that of other CPs in several coral species (Figure 7).
[image: Figure 5]FIGURE 5 | SDS-PAGE on 10% polyacrylamide gel of partially purified protein extracts from corals. Proteins were stained by coomassie brilliant blue R-250. Numerals under Mr denote the molecular masses of marker protein. Arrowhead (1, 2 and 3) indicates a protein that appears specifically in the pink lesions of Ps and Pp. M, molecular weight markers; H, healthy-appearing colony; Ps, pink spot exhibiting colony; Pp, pink patch exhibiting colony.
[image: Figure 6]FIGURE 6 | Alignment of amino acid sequence of 6 candidate proteins that hitted with high coverage values for peptide fragments of bands 1 and 2 (Protein A) in Figure 5. Peptide fragments detected by PEAKS Software were indicated as green and yellow.
TABLE 1 | Amino acid sequences and homologues of protein that were specific for corals manifesting Ps and Pp. Alignments were determined by BLAST search from database of P. lutea on Reef Genomics. Putative conserved domains and similar proteins were determined by BLAST search from UniProtKB/Swiss-Prot + TrEMBL database on DDBJ.
[image: Table 1][image: Figure 7]FIGURE 7 | Phylogenetic tree showing the relationships among 6 proteins found in the present research (Figure 6) and FPs and CPs of corals. The alignments of P. lutea protein were identified using PEAKS analysis. Other FPs listed in Alieva et al. (Alieva et al., 2008) were obtained from the database of UniProt (http://www.uniprot.org/). The 6 proteins identified in this study and other FPs of Porites spp. are indicated in bold text.
3.3 Localization of chromoproteins and red fluorescent protein in corals displaying pink pigmentation responses
Figure 8 shows the aspect of the colony manifesting Pp (Figure 8A,C,E) and healthy-appearing coral colony (Figure 8B,D,F) under visible light, and their fluorescence under a stereoscopic microscope using the bandpass filter transmitting light at 600 nm wavelength. Under visible light, the entire surface of the corals was purple and the tentacles a pale pink (Figure 8C). Conversely, under blue LED light and bandpass filter, red fluorescence was observed only at the tip of the tentacles (Figure 8E), and slight fluorescence was observed in healthy-appearing corals (Figure 8F).
[image: Figure 8]FIGURE 8 | Aspects of Porites nubbins and fluorescence image that were taken under microscope. Images of (A, B) are overview of corals nubbins and (C–F) are magnified images (10X). (A, C, and E) Coral manifesting pink patch (Pp), (B, D and F) healthy-appearing colony (H). The (E and F) are fluorescent image under blue LED light.
3.4 Evaluation of the coral stress state
The stress conditions of the studied corals and their Symbiodiniaceae were estimated by measuring the Fv/Fm and F0 (Table 2), as well as the HSA (Table 3). The Fv/Fm and F0 values of the corals with pink pigmentation were 0.434 and 369.5, respectively, which were significantly lower than those of healthy-appearing corals (0.521 and 597.3, respectively) (p < 0.01). Furthermore, the HSA value of corals manifesting pink pigmentation (1.88 nmol min−1 mg−1 protein) was 4.3 times significantly higher than that of healthy-appearing corals (0.44 nmol min−1 mg−1 protein) (p < 0.01).
TABLE 2 | Comparison of maximum quantum yield of photosystem II (Fv/Fm) and minimum fluorescence yield (F0) of each coral colony (Pp and H). Means ± s.e. (n = 10). Asterisks mean significant differences with healthy-appearing coral by t-test at p < 0.01.
[image: Table 2]TABLE 3 | Comparison of hydrogen peroxide scavenging activity (HSA) of each coral colony (Pp and H). Means ± s.d. (n = 9). Asterisks mean significant differences with healthy-appearing coral by t-test at p < 0.01.
[image: Table 3]4 DISCUSSION
The pink pigment produced by corals manifesting PPRs was found to be a type of nonfluorescent CP. Our results also revealed that the CP was common in Ps and Pp lesions and homologous to other nonfluorescent CPs that have been reported in other corals (Alieva et al., 2008; Shinzato et al., 2012; Takahashi-Kariyazono et al., 2018). Furthermore, Protein A in this study showed high similarity to the six nonfluorescent CPs that are encoded in the genome of P. lutea, especially plut2.m8.16902.m1 (plutCP) (Figure 6). In particular, the fragments from I91–K118 were not detected in proteins other than plutCP. In addition, proteins other than nonfluorescent CPs were detected with low coverage and intensity using PEAKS analysis. These results indicate that plutCP expressed in the PPR lesions was a major protein present in the bands 1 and 2. As only plutCP was detected with the highest degree of similarity, we assumed that only this protein could be responsible for the pink-colored tissue. A BLASTP search of the plutCP protein identified several CPs and FPs with high similarities, including CPs of A. aculeus (accession number Q66PU8), A. millepora (Q66PV0 and M4R4D0), A. pulchra (B5T1L1), G. tenuidens (Q95P04), G. djiboutiensis (A8CLL3), and G. fascicularis (A8CLV6), and FPs of A. digitifera (A0A1S7IWH7, A0A1S7IWI5, and A0A1S7IWI6). Although these CPs have a maximum absorbance at a wavelength of approximately 580 nm, they did not produce any fluorescence (Alieva et al., 2008). Furthermore, the amino acid sequences of plutCP and the other five proteins were compared with those of several known FPs, DsRed (Q2WG74), KAEDE (Q8I6J8), asFP595 (Q9GZ28), and other proteins listed in Table 1 by Alieva et al., 2008 (Figure 7). Surprisingly, all six proteins found in this study were identified as nonfluorescent CPs, unlike other RFPs, confirming that plutCP is a type of nonfluorescent CP that belongs to clade B in Alieva’s classification. Clade B mainly consists of purple and blue nonfluorescent CPs, and their genes have been found in Acroporidae, Pocilloporidae, Poritidae, Faviidae, Pectinidae, Oculinidae, and Dendrophyliidae. In this study, novel CP genes from P. lutea were added to this clade, and plutCP isolated from coral tissue. Finally, to confirm that the protein was indeed a nonfluorescent CP, we examined the corals using optical and fluorescence microscopy (Figure 8). A red-purple color was found throughout the coenosarc, and was particularly intense in color, whereas the tips of the tentacles were pale. In contrast, fluorescence observations revealed strong red fluorescence at the tips of the tentacles and almost no fluorescence in the coenosarc. Fluorescence images were obtained by filtering through a 600-nm bandpass filter attached under the objective lens of the microscope. Therefore, the red fluorescence of chlorophyll that is predominantly detected at a wavelength of 680 nm was removed; thus, the red fluorescence detected was most likely because of RFP, which emits fluorescence at wavelengths below 600 nm. As a reference, similar observations in healthy corals showed almost no fluorescence, suggesting that the detected fluorescence was a result of RFP and not chlorophyll. Thus, the protein responsible for the reddish-purple discoloration found in PPR was different from a RFP and confirmed to be an independent, nonfluorescent CP. These results indicate that CPs were distributed uniformly across the surface of the coral colonies mainly in the coenosarc, and the localization of the CPs was different from that of RFP. The molecular weight of plutCP extracted from massive Porites spp. manifesting PPRs was different in the SDS-PAGE (25 kDa), amino acid sequence (24,870 Da), and gel-filtration chromatography (49 kDa), and this result can be attributed to the formation of a dimer under native conditions, similar to that observed for GFP (Ward and Cormier, 1979). Ahmed et al. (2022) also reported that other CPs (gfasPurple, amilCP, spisPink, and eforRed) form dimers in solution, based on X-ray crystal structure analysis.
The present study demonstrated that CPs were encoded in the genome of Porites corals (P. astreoides, P. australiensis, and P. lobata), and the same CP expressed in different morphologies of PPRs (Ps and Pp), associated with the pink pigmentation response of inflamed tissues. Three presumed CP sequences were also identified in A. digitifera (Shinzato et al., 2012). These sequences were also included in the same clade as the six Porites sequences obtained in our study, which supports the present results as the 6 detected proteins beat similar properties as non-fluoresce and the formation of dimers. Moreover, in addition to plutCP synthesized by Porites spp. corals, a thioredoxin-like protein that is linked to redox signaling was expressed at high levels in the Ps lesions (Figure 5, Band 3).
The CP of Porites spp. was detected only in tissues that manifested PPRs. In relation to other types of CPs, Shinzato et al. (2012) reported that the three CPs of A. digitifera were highly expressed in the developmental stages but very poorly in adults. Studies by Takahashi-Kariyazono et al. (2018) also showed that FPs in middle-/long-wavelength emissions (519, 606, and 613 nm) and CPs were important for Acropora larvae, but were not expressed in adults. However, Smith et al. (2013) and Gittins et al. (2015) reported that high-level expression of CPs in adult corals (Acropora nobilis and A. millepora) was correlated with the reduction of photodamage under acute light stress, confirming the photoprotective function of CPs. This, together with the results of electrophoresis in the present study, show Porites spp. corals manifesting PPR lesions expressed high levels of CPs rather than in healthy tissues.
The PPRs in Porites spp. corals are highly distributed in the apical area of the colony, which is impacted by light in the shallow reefs of Okinawa during the low-tide period, in contrast to those medial and basal areas of the colony which are self-shaded (Yucharoen, 2016). The high production of CPs in the restricted PPR lesions reflects a focalized immune response of these corals to environmental stressors: biotic as the penetration of boring organisms, and more importantly, abiotic factors such as the salinity, the height of low tide, the time of exposure to air, and nutrient concentration, among others (In Yucharoen, 2016, pg.41, Table 5). In addition, RFPs and CPs coexist in the PPR lesions, but their distribution differs within the coral tissue, mainly coenosarc for CPs and tip of polyps’ tentacles for RFPs. CPs and their homologs have been suggested to serve as coral health indicators, as they usually protect cells against free radicals, and CPs likely also play important roles in the coral immune system and photoprotection, similar to that of RFPs. Palmer et al. (2009a) demonstrated that various CPs may act as antioxidants in coral hosts, showing a greater ability to scavenge hydrogen peroxide in inflamed tissues than healthy tissues. Correspondingly, the current study found high hydrogen peroxide-scavenging rates in Porites spp. corals tissues affected by PPR confirming this hypothesis. Several cases, such as dark-blue pigment in A. hemprichii (Rinkevich et al., 1994), pink-blue spot syndrome in A. eurystoma (Bongiorni and Rinkevich, 2005), dark spot syndromes in Porites, Siderastrea, and Montastraea (Cervino et al., 2001; Borger, 2005), and purple pigment in octocorals (Mullen et al., 2006), have been reported, but information about the presence and roles of CPs in Porites corals is scarce. D’Angelo et al. (2012) proposed that coloration changes in hosts expressing GFP-like proteins in response to wounding and infestation. Yucharoen (2016) reported a remarkable increase in CPs in relation to high HSA. Taken together, these studies indicate that massive Porites may produce CPs as an immune response against oxidative stress promoted by several environmental disturbances (biotic and abiotic), resulting in PPR lesions. Therefore, it can be concluded that the CP isolated from Porites. in the present study might possess antioxidant activity, contributing to the coral defense mechanism against ROS induced by various stresses (Yucharoen, 2016), and opportunistic infection in coral tissues displaying PPRs.
Although Porites corals are tolerant species that can adapt to various environments (Cantin and Lough, 2014), they occasionally show sensitivity to environmental stresses (Raymundo et al., 2005). Our results indicate that PPRs on Porites spp. in the area of Sesoko Lagoon could be promoted by environmental stressors and/or mechanical injuries caused by fish bites or boring organisms. CP, which is specifically expressed in PPR lesions, may serve as an antioxidant in the affected coral tissue. Furthermore, CP and RFP showed differential distribution within the PPR lesion, suggesting that CP, which is uniformly distributed in the coenosarc and covers a wide surface area, may have a more important role as an antioxidant than that of RFP, which is present only at the tips of tentacles.
This is the first study to report the role and distribution of CPs in corals manifesting PPR lesions. We believe that these findings will aid our understanding of PPR formation mechanism, which is an important subject in coral disease research. In addition, we describe, for the first time, the coexistence of nonfluorescent proteins and FPs in massive Porites spp. manifesting PPRs. Despite the PPR morphology (Ps or Pp) of Porites spp., the corals expressed the same type of CP. CPs have potential applications as genetic markers and cellular biosensors because of their ease of detection (Liljeruhm et al., 2018). The protocol used in this study, including genome analysis and microscopic observation using different filters, could be applied in future studies of pigments that commonly manifest in corals affected by other diseases. Therefore, this method opens the possibility to a deeper understanding of coral disease mechanisms in response to changing environment.
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N.D. indicates 'no data," and significant values are in bold.
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Gene OA BP-3 Interaction
SLC39A14 <0.001 0.9341 0.0213
tadh <0.001 <0.001 0.8246
TR 0.8556 <0.001 <0.001
FTH1 <0.001 <0.001 <0.001
20G-Fe I 0.0161 0.3359 <0.001
TRPA1 <0.001 0.0101 <0.001
MYS <0.001 <0.001 <0.001
TNR 0.3284 <0.001 0.9341
SLC8A3 <0.001 0.1243 0.0037
MCT10 0.0043 <0.001 0.1891
MCT3 0.0021 0.4997 <0.001
CYB561 0.0093 0.0183 <0.001
COL1A2-11 0.0089 <0.001 <0.001
COL4AlL-11 <0.001 <0.001 <0.001
MCT2 0.0227 0.2464 0.6405
HSD14 <0.001 0.9436 0.0046
HSD12 <0.001 0.024 <0.001
a 0.0173 <0.001 <0.001
GLUL <0.001 0.0057 0.0843
OAT <0.001 <0.001 <0.001
Heph 0.0042 0.0042 <0.001
SLC31A2-1 <0.001 0.9745 <0.001
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Receptor Ligand Template

BP3 (protonated) BP3 (deprotonated) L-lactate BAY8002

MCT1-in ‘—E.ZDZ -8.362 -3.852 -9472 -10.555 | 7cko*
MCT1-out ‘*7,343 -8.088 -4.027 -10.679 -8.247 | 7ckr*
MCT2-in -8.534 -8.733 -3.784 7cko
MCT2-out =7.311 ~7.356 -3.89 7ckr
MCT3-in ~7.681 ~7.667 -3.811 | 7cko
MCT3-out ‘—6,531 -6.854 =3.591 | Tckr
| I

MCT10-in -6.829 -6.931 ~6.166 -6.173 ~6.659 7cko
MCT10-out ~7.458 =7.551 -6.201 —6.264 -7279 Tckr
‘ ascorbate ‘

CYB561 (cytosolic) -4.69 —4.705 -4.79 4079*

CYB561 (noncytosolic) -6.743 -6.938 -4518 407g*
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Treatment pCO, (u atm) Alkalinity (1 mol kg™) Salinity (PSU) Temperature (C)

‘ Control 247 +47 8.348 + 0.066 2048+ 6 295+0.1 ‘ 213£02

‘ Elevated CO, 2045 £ 45 7.499 £ 0.009 2040 £ 1 29501 ‘ 214 £0.1
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Primers Amplicon length in bases

20G-Fe(Il) F: GGAGTTTTCAGGTGGTGAGC 196
R: ATTGCGGACTTTTGATGACC
I 17BHSD12 F: AGTCCAGATTTTCTTGCAACCA 226
R: TAGACTTCAGTGGTGGGCAG
17BHSD14 F: TGCACCCTTTGTTGTGACAT 209
R: GATGGCATCCTCCAGAAAGA
COL1A2 F: GATCCCAACAACGGCTGC | 150
R: TTCACTAAACCATTCTGCTCCG
COL4AL F: GCCAGGCAAGTGACTTCTTA 199
R: GTTCCTCCCAAACAGCAAGT
o< F: TTATCATGGTCCTGGGTGCT 208
R: GCGTCAAACTCGAACGTTTT
CYB561 F: GGAGAAGCGCACTGGTCTA 157
R: GCCTCCATTCTGCTGTCATG
Fr F: GAGCTTGACTCGTCCTCCAC 197
R: AGGAATCCATCAACCAGCAG
GLUL F: TCGTCTATCTTCAAGGTAGCCC | 157
R: CCCCAAGCAAGGACAAGACT
Heph F: ACAAGATGTTTGACGTGGGC 232
R: CGTCTTTGTCAACTCGTGCA
MCT2 F: TTGGTTACGGTGTAGGGGAG 217
R: GCAAAGACTTCTAGCGAGCC
[ MCT3 ® TGGTTGGTTTGTATCGCTGC 167
R: AGCGGGCCAAATAGATACGA
MCTI0 F: ATCTCATGCCCGTATGTAGAC | 151
I R: CCCATGTCGGCAACTCTAAT
MYS : CGCAAAGACCTAGACAACCG 209
R: AGGGATGTGTGACTGTGGAG
OAT F: CCTCGGTGGTATCTGTGGTT 120
R: CCAAGCCGCTATAATCATATGGG
SLC31A2 F: TGAAACAAAGGCTGAGAGAAGA [ 121
R: TAGCCAACCTCGTGTATGCA
S1C39A1 F: GATCAATGTCAAACACTGTCATCA 150
R: CTTCATCAACACCTGCTCCA
| SLC8A3 F: CGGCGTGTTTGTTATTCTGC 241
R: GTACGTGACCACATTCGAGC
| TaDH F: CACGACCCCCATGATGTAGT 178
R: GGTAGAACAAAGGCCGTTCA
E F: TTTTACAATGAAAACGTCTCAAACTT [ 163
R: GGCAAGTGCTATCCCAAGTC
I TNR F: CTACCGTCTTCAATGCATCCC 325
| R: AGAATGAGTGGGCAATGCATC
TRPAL F: TGAAACCATGCATCGCTCAT [ 158
R: TGAAAGACATGCAGACACAGC
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Putative gene

Gene abbreviation

lomolog accession #

2-oxoglutarate and iron-dependent oxygenase domain-containing protein 2 20G-Fe (IT) XP_020905799
17-beta-hydroxysteroid dehydrogenase 12-like 17pHSDI2 KXJ12187
17-beta-hydroxysteroid dehydrogenase 14-like 17pHSDI14 KXJ20962
Collagen alpha-2 (1) chain COLIA2 KXJ29536.1
Collagen alpha-1 (IV) chain COL4AL KXJ15297.1
Complement C3 a3 KXJ11955.1
Cytochrome b561 CyBs61 KXJ17631.1
Glutamine synthetase GLUL AAR36878.1
Hephaestin-like HEPH XP_020906986.1
Integrin beta-PS MYS KXJ28340.1

low affinity copper uptake protein 2
Monocarboxylate Transporter 2
Monocarboxylate Transporter 3

Monocarboxylate Transporter 10

SLC31A2, CTR2
SLCI6A7, MCT2
SLC16A3, MCT3

SLCI6A10, MCT10

XP_020892422.1
XP_020903028
XP_028513916

KXJ27932.1

ornithine aminotransferase, mitochondrial-like OAT XP_020909112
Serotransferrin-like TF XP_020907010.1
Sodium/calcium exchanger 3 SLC8A3 XP_020912295
Soma ferritin-like FTHI XP_020908035.1
Tauropine dehydrogenase TaDH XP_020915529.1
Tenascin-R TNR KXJ05169.1
Transient receptor potential cation channel subfamily A member 1-like TRPAI KXJ26138.1
Zin transporter ZIP14 SLC39A14, ZIP 14 KXJ16968.1
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