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The characterization of the internal microenvironment of symbiotic marine invertebrates is essential for a better understanding of the symbiosis dynamics. Microalgal symbionts (of the family: Symbiodiniaceae) influence diel fluctuations of in host O2 and pH conditions through their metabolic activities (i.e., photosynthesis and respiration). These variations may play an important role in driving oxygen budgets and energy demands of the holobiont and its responses to climate change. In situ measurements using microsensors were used to resolve the O2 and pH diel fluctuations in the oral arms of non-calcifying cnidarian model species Cassiopea sp. (the “upside-down jellyfish”), which has an obligatory association with Symbiodiniaceae. Before sunrise, the internal O2 and pH levels were substantially lower than those in ambient seawater conditions (minimum average levels: 61.92 ± 5.06 1SE μmol O2 L–1 and 7.93 ± 0.02 1SE pH units, respectively), indicating that conditions within Cassiopea’s oral arms were acidified and hypoxic relative to the surrounding seawater. Measurements performed during the afternoon revealed hyperoxia (maximum average levels: 546.22 ± 16.45 1SE μmol O2 L–1) and internal pH similar to ambient levels (8.61 ± 0.02 1SE pH units). The calculated gross photosynthetic rates of Cassiopea sp. were 0.04 ± 0.013 1SE nmol cm–2 s–1 in individuals collected at night and 0.08 ± 0.02 1SE nmol cm–2 s–1 in individuals collected during the afternoon.
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INTRODUCTION

The mutualistic endosymbiosis between marine invertebrates and photosynthetic dinoflagellates represents one of the most important associations in tropical marine environments, allowing the growth of diverse, healthy and productive marine ecosystems, including coral reefs (Done et al., 1996; Knowlton et al., 2010; Davy et al., 2012; de Groot et al., 2012; Fransolet et al., 2012; Kennedy et al., 2013). Dinoflagellates of the family Symbiodinaceae [formerly Symbiodinium; see the recent revision by LaJeunesse et al. (2018) are the most common group of symbionts found in tropical symbiotic invertebrates (LaJeunesse, 2001), such as corals, sea anemones, jellyfish, and clams (Lampert, 2016)]. Endosymbiotic relationships involving symbiotic dinoflagellates first evolved in the Triassic period (Muscatine et al., 2005) and are essential contributors to global primary production, accounting for 1–10% of the total benthic production (Muscatine, 1990).

In the cnidarian-Symbiodiniaceae relationship, the host provides the symbionts with inorganic nutrients (e.g., such as CO2, NH3, and PO43–) and shelter (Yellowlees et al., 2008). In return, the host receives organic nutrients and oxygen by the symbiont (Muscatine, 1967; Muscatine and Porter, 1977; Falkowski et al., 1984; Muscatine et al., 1984; Smith and Muscatine, 1999; Hoegh-Guldberg et al., 2007; Mortillaro et al., 2009). Briefly, in these relationships a nutrient exchange between host and symbionts occurs: inorganic nutrients, such as carbon, nitrogen and phosphorous, are released by the host, taken up by the symbionts and then used for their metabolic activities (e.g., carbon fixation, nitrogen assimilation and growth; Miller and Yellowlees, 1989). Up to 95% of the photosynthates are then translocated to the host (Muscatine, 1990), including oxygen, which helps the host to produce more ATP (Jokiel, 2011) and it is used to support both symbiont and host respiration (Kühl et al., 1995). The photosynthesis by symbionts provides a massive contributor to the holobiont’s (i.e., host and symbionts considered together) energy demands (Gattuso et al., 1999) and oxygen budget (Jokiel, 2011).

The metabolic processes of the holobiont generate, therefore, dynamic diel fluctuations in internal O2 and pH dynamics, as observed in symbiotic corals (Kühl et al., 1995; Al-Horani et al., 2003), algae (de Beer et al., 2000), sponges (Schönberg et al., 2005), and sea anemones (Dykens and Shick, 1982). These fluctuations are likely to be primarily driven by the symbionts’ metabolic activities (Fitt, 2000; Gordon and Leggat, 2010). Despite the potential role of internal O2 and pH dynamics in driving the breakdown of the cnidarian-dinoflagellates symbioses, few studies have characterized these dynamics.

Here we characterize internal O2 and pH dynamics of a non-calcifying model symbiotic cnidarian species (the upside-down jellyfish Cassiopea sp.; Hofmann et al., 1978). We performed microsensor measurements within the oral arms, where the abundance of the symbionts is highest, before sunrise and during the afternoon, when O2 and pH were expected to be at their extremes. Additionally, we performed photosynthesis measurements using the light-shift method described by Revsbech et al. (1981) and Revsbech and Jorgensen (1983).



MATERIALS AND METHODS


Species Studied

Cassiopea sp. was chosen as a model symbiotic cnidarian species for our study as it is a benthic scyphozoan (Rhizostomae) inhabiting subtropical and tropical coastal shallow waters, especially mangroves and seagrass meadows (Lampert, 2016; Klein et al., 2017; Ohdera et al., 2018). In these environments they are exposed to extreme conditions, including fluctuations of O2 and pH in the environment (Gray et al., 2012). Additionally, Cassiopea sp. harbors populations of Symbiodiniaceae, which are mostly concentrated in its oral arms (Hofmann et al., 1996; Lampert, 2016). The Cassiopea-Symbiodiniacea association is thus an example of successful cooperation under potentially stressful conditions, that is becoming increasingly popular as a model species.



Experimental Approach

Eighteen individuals of Cassiopea sp. (bell diameter average: 5.82 cm ± 1.3 1SD; day/night bell pulsations average: 76.88 ± 5.72 1SE pulsation min–1; see Supplementary Material for additional data about the specimens) were collected in the King Abdullah Economic City lagoon (KAEC) in the Central Red Sea (Latitude: 22.38979 N, Longitude: 39.135547E), in November 2020 at 0.20–1 m depth. Seawater temperature, salinity and light conditions (at noon) were measured in situ and were 28.00°C ± 0.00 1SE, 42.00 ppt, and ∼ 1246.18 μmol photons m–2 s–1 (photosynthetically active radiation [PAR], measured at the depth of collection), respectively. After sampling, the jellyfish were immediately transported to the Coastal and Marine Resources Core Labs (CMR) aquaria facilities at the King Abdullah University of Science and Technology (KAUST). All the specimens were kept in an outdoor tank (200 L) under natural light conditions (approximately 12h:12h night:light cycle, 0.0 μmol photons m–2 s–1 ± 0.0 1SE and 2130.0 μmol photons m–2 s–1 ± 101.7 1SE during night and day, respectively, and measured within 15 cm from the jellyfish) and acclimated to outdoor aquaria conditions for 5 days. The tank was supplied by a continuous flow of unfiltered seawater at a rate of ∼ 300 L h–1 and mimicked conditions of the field collection site (at 28.8°C ± 0.23 1SE and salinity of 42 ppt). The aquarium was equipped with a thermometer, temperature controller, and PAR sensor (Odyssey®, Odipar). Medusae were fed daily with newly hatched Artemia naupilii. Each day, one jellyfish was randomly selected at ∼ 5:30 AM local time for microsensor measurements, which was the moment of darkness immediately before sunrise (after about ∼ 12 h of natural exposure to darkness). The specimen was placed in a container filled with seawater and covered with dark black plastic to protect against artificial light, before being transferred to the Red Sea Research Center (RSRC) laboratories. The specimen was then transferred for the microsensor measurements in the same water used for transport. Likewise, one jellyfish was randomly selected at ∼ 1:00 AM local time, which coincided with the maximum intensity of natural day light in the region. This process was repeated every day until microsensor measurements were performed on 18 jellyfish (i.e., three jellyfish for each parameter and each timepoint (day and night): in total six jellyfish were used each for dO2, pH, and photosynthesis measurements). The chosen number of replicates (n = 6) represents a compromise between (a) the time-consuming nature of microsensor measurements, (b) being limited to analyze only two jellyfish each day (one at sunrise and one in the afternoon), and (c) minimizing the time the organisms spent in artificial conditions. Additionally, previously published studies were used as a guide to decide the number of medusae considered adequate replication (e.g., n = 3 in Wangpraseurt et al., 2012, 2014).



Microenvironment Characterization

For each jellyfish, the dO2 and pH of three oral arms was characterized. After collection and transport to the laboratory, one oral arm was removed from the body using a sterile scalpel and transferred into a transparent container filled with ∼ 50 ml of 2% agarose. The oral arm was placed onto the agarose layer and then covered with seawater taken from the aquarium (∼ 28°C, ∼ 42 ppt) to maintain its hydration and to avoid the possibility of thermal shock during the profiling. Hypodermic needles were used to keep the oral arm in position, to avoid any movements/contractions during the measurements. Subsequently, the container with Cassiopea’s oral arm was placed in a water bath kept at ∼ 28°C to mimic the environmental temperature (Figure 1). The set-up was also equipped with a custom-made arm with LED lights, allowing the LEDs to be placed directly above the oral arm (achieving ∼ 1091 μmol photons m–2 s–1 PAR, measured at the level of the oral arm). This procedure was repeated for each oral arm. dO2 and pH measurements were taken within ∼1 h from the removal of the first oral arm. After removal of the first oral arm, the jellyfish bodies collected at ∼ 5.30 am were kept in a dark incubator (Model I-22LLVL, Percival Scientific) set at 28°C until the removal of additional oral arms. For jellyfish collected at 1pm, the jellyfish bodies were kept in a transparent container and stored in an incubator set at 28°C with PAR irradiance (∼ 200 μmol photons m–2 s–1) while individual oral arms were being measured.
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FIGURE 1. Experimental set up. (A) Oral arms were placed into a transparent container on a 2% agarose layer and covered with seawater from the aquarium. (B) Oral arms were kept in place using hypodermic needles. (C) The container with the oral arm was placed into a water bath set at 28oC (to mimic environmental conditions). The set-up included a custom-made arm equipped with LEDs and used to adjust the distance between the oral arm and lights. The microsensor manipulator was used to control the microsensor during our measurements.


Oxygen measurements were performed using 50 μm-diameter tip oxygen microsensors (OX-50, Unisense Denmark), following an overnight polarization and calibration at oxygen partial pressures of 0 and 21 kPa as previously described (Brune et al., 1995; Brune and Kühl, 1996; Brune, 1998; Brune and Friedrich, 2000). pH measurements were performed with pH microelectrodes with 50 μm-diameter tip, following a calibration using commercial pH standard solutions. Microsensors were connected to a motorized micromanipulator controlled by Unisense software and manually positioned above the oral arm as close as possible to the brownish areas, where symbionts concentrate (Fitt and Trench, 1983; Lampert, 2016), and ornamentation and colored vesicles are found. Once the microsensor’s tip perforated the tissue, it was remotely controlled to take measurements every 25 μm (n = 3). Control profiles were obtained by measuring seawater profiles of oxygen and pH, to account for eventual background sources of disturbance.

Since the data obtained from the microsensor profiles provides insight into the localization of symbionts within the oral arms (i.e., peaks or drops in oxygen/pH levels), the length of each microsensor profile was determined by the data collected. For instance, the initial profile showed similar levels to seawater, then a peak/drop and subsequently it stabilized. The measurements were stopped when no fluctuations were observed. Therefore, the relative depth of the profile was calculated depending on the position of the symbionts. The distance covered by our profiles was divided into 10 increments (i.e., number of steps from the entrance of the microsensor’s tip into the oral arm to the end of the profile), because each oral arm differed in shape and size. The distance covered by our profiles was divided into 10 increments (i.e., number of steps from the entrance of the microsensor’s tip into the oral arm to the end of the profile), because each oral arm differed in shape and size. Each increment measured on average ∼ 276.65 ± 15.54 1SE μm. The relative depth of the profile was calculated depending on the location of the symbiosomes.

Additional measurements were performed to characterize how dO2 levels changed during illumination and darkness within the oral arms. Briefly, the microsensor’s tip was manually placed inside the first millimeter of the oral arm and subjected to dark-light shifts of about 6 min each. Oxygen levels were recorded maintaining the microsensor at the same depth to characterize the rate of change between darkness and light.

When referring to measurements performed on jellyfish collected before sunrise we will use the terms “night,” while when referring to jellyfish collected in the afternoon, we will use the terms “afternoon.” Whereas, when referring to artificial dark-light shifts, we will use the terms “dark” and/or “light.”



Traits Measured

All the specimens were characterized by the following traits: bell diameter, jellyfish behavior, photochemical efficiency, wet weight, volume, chlorophyll and protein content, and symbiont density. Prior to the collection of the jellyfish, their bell diameter was measured at full extension using a ruler to the nearest mm. Jellyfish behavior was measured by counting the number of bell pulsations that occurred over 2 min (reported here as number of bell contractions for min–1; sensu Klein et al., 2016). Bell pulsation is a key behavior which allows the holobiont to capture food, expulse waste, exchange gases, release gametes and take up symbionts through the generation of water flows (Arai, 1997; Welsh et al., 2009).

Such measurements were performed through the transparent bottom of the aquarium to minimize disturbance. A Mini-pulse amplitude modulator (MiniPAM, Waltz GmbH, Germany) was used to measure photochemical efficiency (Fv/Fm) on four randomly selected oral arms. Finally, the wet weight of each individual was measured using a scale and their volume was estimated as the volume of displacement upon transferring the specimen into a graduated container, previously filled with a known volume of seawater taken from the aquarium. Seawater temperature, salinity, time of collection, sunrise and sunset time of the day were recorded throughout the experiment.

At the end of the experiment, the oral arms (in their entirety) were cut into smaller sections and stored at −20°C for chlorophyll a content, total protein, and Symbiodiniaceae density analyses (LaJeunesse et al., 2018) following a protocol adapted from Klein et al. (2016, 2019). Marginal appendages and vesicles were included in the analyses. A total of 18 oral arms (i.e., three from each jellyfish at each timepoint) were processed as follows: once defrosted, the oral arms were homogenized using a pestle and a glass tissue grinder (Wheaton Science Products, Millville, NJ, United States) until no tissue chunks were visible. Homogenized tissues were diluted to meet working range requirements of the analyses and dilutions were taken into account during subsequent calculations. Symbionts were counted using a hemocytometer in a 10 μL volume (n = 3) under a fluorescent microscope (Leica DM6000 B). A 200 μL aliquot was subsampled from the initial oral arm homogenate and processed to estimate chlorophyll a content. These samples were centrifuged at 3000 × g at 4°C for 10 min and the supernatant discarded. The pelleted symbionts were re-suspended in 1 ml of 100% ethanol and chl a was extracted overnight in darkness at 4°C. Samples were then centrifuged at 13000 × g for 5 min. The supernatant was transferred to a 96-wells plate and the absorption of the supernatant was determined at 629 and 665 nm (Ritchie, 2006) using a microplate reader spectrophotometer (SpectraMax Paradigm, Molecular Devices, CA, United States). Blanks (100% ethanol) were used as controls. Total chlorophyll concentrations were determined using coefficients from spectrophotometric equation for chlorophyll-a (μg/ml) (−2.6094 × A629 + 12.4380 × A665) and chlorophyll-c (29.8208 × A629–5.6461 × A665) for dinoflagellates in ethanol (Ritchie, 2006). Total protein content of the samples (expressed in μg/mL) was measured using the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific). Chlorophyll content was standardized to the total protein content of the oral arm and reported as μg mg–1 protein–1.



Gross Photosynthesis

Oxygen microsensors were used as described by Revsbech and Jorgensen (1983) and Kühl et al. (1995) to measure gross photosynthetic rates (nmol O2 cm–3 s–1) in the oral arms. The light-dark shift method (Revsbech and Jorgensen, 1983; Jensen and Revsbech, 1989) was used for this purpose. This method allows the measurements of photosynthetic rates by firstly subjecting the sample to a long period of illumination until a steady-state is reached. Then, the rate of oxygen drop observed within 1 to 2 s after darkness is used to calculate the gross photosynthetic rate P(I) (Equation 1; where the subscript 0 indicates the transition I→0 and where [image: image] is the slope of the O2 profile at depth x; Revsbech and Jorgensen, 1983). This method requires long illumination periods to reach the steady state (∼ 10 min; Kühl et al., 1995; de Beer et al., 2000), therefore, we used illumination cycles of 300–500 s, falling within the range used by Al-Horani et al. (2003), to reduce the time employed for our measurements. As Polerecky et al. (2008) already mentioned, the estimation of the gross photosynthetic rate can be quantified using this method, even if the steady-state is not fully reached.

[image: image]

This method is based on some assumptions, such as (1) a steady-state of profile of oxygen before darkness, (2) an identical consumption of oxygen before and at the beginning of the darkness, and (3) identical diffusive fluxes during the observation period (Kühl et al., 1995). This estimation method may include carbon equivalents which are usually lost during respiration (Glud et al., 1995).

To avoid any effect due to time on our measurements, we limited the duration of the measurements to a maximum 1 h from the initial cut of the oral arm. To meet this requirement, depth profiles of photosynthetic rates were performed every 100 μm within the first 600 μm of the tissue.



Data Analysis

Normality of oxygen and pH data were tested by performing a Shapiro-Wilk’s test (p > 0.05) (Shapiro and Wilk, 1965; Razali and Wah, 2011), by analyzing Skewness and Kurtosis, and by visual inspection of histograms, normal Q-Q plots and box plots. A transformation ln(x+a+1) was used if normality was not met where a is the minimum (most negative) value in the ΔpH/ΔO2. This was done to ensure that × was above zero, as required for the logarithmic transformation. Linear Mixed Models (LMMs) were used to perform an analysis of the effects of Conditions (Night and Afternoon), Increments (i.e., the relative distance from the entrance of the microsensor tip into the oral arm), Day of analysis and Oral arm order. Conditions and Increments were considered as fixed factors, whereas Day of analysis and Tentacle order as random effects. Increments were considered as our repeated measure. Wald Z test of simultaneous coefficients and estimated covariance parameters were used to assess whether terms were redundant. They were retained to account for associated variance if a significant effect on the fit of the model was observed, otherwise they were removed and the analysis was performed again. To assess differences among means, post hoc analyses with pairwise multiple comparison were performed using IBM® SPSS® Statistics software (Version 27.0.1.0) as necessary. We used the Pearson correlation to test if there was a correlation between pH/O2 levels and chlorophyll concentration/symbiont counts.

Oxygen variations during experimental light-dark shifts were non-normally distributed, therefore a non-parametric Mann-Whitney test was used to test differences in distribution. Gross photosynthesis was analyzed using LMMs: Depth was considered as repeated measure and Conditions as fixed factor.

Data is reported as mean ± one standard error (1SE), unless otherwise indicated (e.g., standard deviation as 1SD).



RESULTS


Oxygen Dynamics in Oral Arms

Our microelectrode measurements revealed extreme diel fluctuations of dO2 in Cassiopea sp. oral arms, from almost anoxia (i.e., lack of oxygen) to hyperoxia (i.e., oxygen levels ≥ 300 μmol L–1, Rees et al., 2012). ΔdO2 levels, calculated as the difference from ambient seawater, were equal to −91.32 ± 5.02 1SE μmol L–1 in jellyfish collected during the night and 252.02 ± 14.62 1SE μmol L–1 in jellyfish collected in the afternoon (LMMs, p < 0.001, Table 1), corresponding to average oxygen levels of 61.92 ± 5.06 1SE μmol L–1 during the night and 546.22 ± 16.45 1SE μmol L–1 during the afternoon (Figure 2A). Our results showed an dO2 increase of ∼ 480 μmol L–1 between night and afternoon, and a significant difference in dO2 with depth in the oral arms (Table 1). Values of ΔdO2 increased in the first part of the oral arms (0–600 μm) and remained fairly stable deeper into the oral arms (Figure 3A) in afternoon measurements. Similarly, but following an opposite trend, ΔdO2 decreased (0–600 μm) and then reached a plateau in night measurements.


TABLE 1. Repeated Linear Mixed Models (LMMs) comparing pH and oxygen (to ambient levels) between the two considered conditions (night and afternoon).
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FIGURE 2. (A) Boxplot indicating the levels of ΔdO2 (to ambient levels in μmol L− 1) in Cassiopea sp. oral arms for the two conditions (afternoon, in turquoise, and sunrise, in lilac; n = 3). The difference between the two conditions was highly statistically significant (LMMs, p < 0.001, Table 1). The white horizontal line in the center of boxes represents the median value of data, the edges of the boxes are quartile and error bars are the extreme. (B) Boxplot indicating the levels of ΔpH (to ambient level) in Cassiopea sp. oral arms for the two conditions (afternoon, in turquoise, and sunrise, in lilac; n = 3). The difference between the two conditions was statistically significant (LMMs, p = 0.012, Table 1). The white horizontal line in the center of boxes represents the median value of data, the edges of the boxes are quartile and error bars are the extreme.



[image: image]

FIGURE 3. (A) Variability of ΔdO2 (relative to ambient levels in μmol L− 1; n = 3) within Cassiopea sp. oral arms (depth on X-axis in μm). In turquoise: the values obtained from specimens collected during the afternoon. In lilac: the values obtained from specimens collected at sunrise. (B) Variability of ΔpH (relative to ambient levels in μmol L− 1; n = 3) within Cassiopea sp. oral arms (depth on X-axis in μm). In turquoise: the values obtained from specimens collected during the afternoon. In lilac: the values obtained from specimens collected at sunrise.


Oxygen levels started to increase immediately after the animals were placed in the dark, and decreased when returned to light conditions, reaching a plateau in individuals collected during the night (Figure 4, Mann-Whitney, p < 0.001, N = 686).
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FIGURE 4. Oxygen variations in the upper ∼1 mm of the oral arms of Cassiopea sp. during experimental light-dark shifts. Incident light was ∼1091 μmol photons m− 2 s− 1. The yellow rectangle indicates when the light where turned ON, whereas the gray rectangle indicates when the LEDs were turned OFF. In turquoise: the values obtained from three specimens collected during the afternoon. In lilac: the values obtained from three specimens collected at sunrise. The two distributions are significantly different (Mann-Whitney, p < 0.001; n = 3). Error bars represent the extreme values.




pH Dynamics in Oral Arms

Diel fluctuations of pH in the oral arms were confirmed by our study. Average pH levels in Cassiopea sp. oral arms, calculated as the difference from ambient seawater, were equal to −0.18 ± 0.01 1SE pH units in individuals collected during the night and 0.06 ± 0.01 1SE pH units in individuals collected in the afternoon, with average pH levels ranging from 7.93 ± 0.02 1SE pH units during the night to 8.61 ± 0.02 1SE pH units during the afternoon (Figure 2B, LMMs, p = 0.012, Table 1). The change in pH between night and afternoon was equal to 0.68 pH units, and pH did not change significantly with depth into the oral arms (Table 1 and Figure 3B).



Chlorophyll Content and Symbiont Density

Average chlorophyll-a (chl-a) content, chlorophyll-c (chl-c) content and symbiont density were, respectively, equal to 0.19 ± 0.00 1SE μg ml–1 mg protein–1, 0.07 ± 0.00 1SE μg ml–1 mg protein –1, and 1165.26 ± 80.35 1SE cells protein–1 (0.24 ± 0.02 μg ml–1 mg protein–1, 0.08 ± 0.00 1SE μg ml–1 mg protein –1, and 1298.24 ± 132.39 1SE cells protein –1 at night and 0.20 ± 0.00 1SE μg ml–1 mg protein–1, 0.08 ± 0.01 1SE μg ml–1 mg protein –1, and 1009.17 ± 69.95 1SE cells protein –1 during the afternoon). ΔdO2 was significantly, but negatively, correlated with chl-a (Pearson’s correlation test, r = −0.82, p-value = 0.01, N = 8) for individuals collected at night. However, no correlation was found with any other parameter analyzed. ΔpH was negatively correlated with chl-c content (Pearson’s correlation test, r = −0.79, p-value = 0.02, N = 8) in individuals collected in the afternoon, but no other significant correlation was found.



Photosynthetic Rates and Photochemical Efficiency (Fv/Fm)

Photochemical efficiency measurements of individuals collected during the night averaged 0.67 ± 1SE 0.01, while that of individuals collected in the afternoon averaged 0.41 ± 1SE 0.02. Gross photosynthetic rates were estimated at 100 μm intervals using microsensors. These rates averaged 0.04 ± 0.013 1SE nmol cm–2 s–1 in individuals collected during the night and 0.08 ± 0.02 1SE nmol cm–2 s–1 in individuals collected during the afternoon. Photosynthetic rates did not follow a specific a consistent trend within depth into the oral arms (LMMs, Compound Symmetry, Numerator df = 1, Denominator df = 4, F = 30.897, p-value = 0.171; Figure 5). We calculated that depth-integrated (0–600 μm) photosynthesis was 88.53 ± 0.94 1SE nmol cm–2 s–1 and 156.51 ± 1.17 1SE nmol cm–2 s–1, respectively, in specimens collected during the night and specimens collected during the afternoon.
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FIGURE 5. Depth profiles of gross photosynthesis in nmol cm− 2 s− 1 in Cassiopea sp. oral arms measured using the light-dark shift method. Each bar represents the gross photosynthesis measured at that specific depth within the oral arms. (A) Turquoise bars: the values of gross photosynthesis obtained form specimens collected during the afternoon. (B) Lilac bars: the values obtained from specimens collected at sunrise. Depth profiles are not significantly different between the two conditions (LMMs, Compound Symmetry, Numerator df = 1, Denominator df = 4, F = 30.897, p-value = 0.171; n = 3). Error bars represent the extreme values.




DISCUSSION

Our results confirmed that Cassiopea sp. symbionts create a dynamic microenvironment, characterized by daily fluctuations of dO2 and pH levels, driven by symbiont photosynthesis during the day and holobiont respiration during the night. The light-dependent balance between respiration and photosynthesis leads to broad diel changes in environmental conditions inside the host’s oral arms (Shashar and Stambler, 1992; Kühl et al., 1995).

Extreme diel fluctuations of dO2 and pH have already observed in other cnidarian species such as symbiotic corals (Kühl et al., 1995; Al-Horani et al., 2003; Linsmayer et al., 2020) and sea anemones (Dykens and Shick, 1982). These studies observed extreme conditions within the holobionts and hypothesized that Symbiodiniaceae play a major role in both driving the host’s microenvironment and influencing their biology (Gardella and Edmunds, 1999). Variations of oxygen observed in Cassiopea sp. were comparable to those reported in the literature (e.g., from ∼ 710 μmol L–1 in the light to ∼ 5 μmol L–1 in the dark (Kühl et al., 1995); from ∼ 450 μmol L–1 in the light to ∼ 20 μmol L–1 in the dark (Shashar and Stambler, 1992); from ∼ 381 μmol L–1 in the day to ∼ 74 μmol L–1 at night (Linsmayer et al., 2020; Table 2). Kühl et al. (1995) showed that oxygen can change ∼ 745 μmol L–1 from darkness to light in the scleractinian coral Acropora sp., and Shashar and Stambler (1992) observed an O2 variation of ∼ 430 μmol L–1 in the coral Porites compressa. Dykens and Shick (1982) also showed that in the sea anemone Anthopleura elegantissima oxygen could reach ∼ 600 μmol L–1 in the light and ∼ 183 μmol L–1 in the dark, with a variation of ∼ 400 μmol L–1. Also, variations of pH reported in this study were comparable with those observed in previous experiments (e.g., from 7.3 in the dark to 8.5 in the artificial light (Kühl et al., 1995); from 7.7 in the dark to 8.5 in the daylight (Shashar and Stambler, 1992); from 7.4 in the dark to 8.9 in the artificial light (Furla et al., 1998; Table 2). Kühl et al. (1995) showed that pH change from darkness to artificial light is ∼ 1.2 pH units in the scleractinian coral Acropora sp., and Shashar and Stambler (1992) observed a pH variations of ∼ 0.8 pH units in the coral Porites compressa. Furla et al. (1998) found that in sea anemones the pH changes is ∼ 1.5 pH units. We conclude that symbiotic cnidarians and symbiotic dinoflagellates must be adapted to properly function under such extreme conditions (Shashar et al., 1993), which include potential exposure to oxidative stress. Indeed, several studies have observed a wide variety of protective enzymes, such as superoxide dismutase, catalase, and ascorbate peroxidase in symbiotic cnidarians (Shick and Dykens, 1985; Shashar and Stambler, 1992). In addition to such protective strategies, Cassiopea sp. might increase its own tolerance levels by contracting its bell. This behavior facilitates water and gas exchange within the jellyfish body (Kremien et al., 2013), thus likely reducing potential negative effects of extreme diel fluctuations of oxygen and pH.


TABLE 2. Summary of oxygen and pH fluctuations in the body of different cnidarian and a comparison with findings deriving from this study.

[image: Table 2]
In our study, measurements taken before sunrise showed that the internal dO2 and pH levels were substantially lower than those in ambient seawater. Average levels of oxygen and pH were 61.92 ± 5.06 1SE μmol dO2 L–1 and 7.93 ± 0.02 1SE, respectively, thus indicating that the conditions inside Cassiopea’s oral arms were hypoxic and acidified relative to the surrounding seawater, as a consequence of night-time respiration of the holobiont. Indeed, during the night, oxygen is quickly consumed and hypoxia is reached; these conditions are coupled with an increase of CO2 and therefore a decrease in pH (Shashar and Stambler, 1992). Exposure to extreme low pH levels may significantly affect the physiology of the holobiont, but cnidarians cells are able to buffer these changes and maintain their internal pH within a physiological range and recover quickly (Laurent et al., 2014).

Hypoxia during the night might be further facilitated by Cassiopea sp.’s activity patterns (Nath et al., 2017). Bell pulsation rates are usually lower during the night period than during the day, thus likely limiting the water flushing and oxygen supply, as well as removal of byproducts and ventilation of excess CO2 (Nath et al., 2017). In individuals collected before sunrise, oxygen changes happened rapidly after switching off the light (Figure 4), demonstrating the role of the holobiont photosynthesis-respiration metabolic balance in affecting the internal conditions in Cassiopea sp.’s oral arms (Shashar et al., 1993). The decrease in oxygen availability during the night makes oxygen supply to the symbionts diffusion-limited, therefore forcing them to hypoxic conditions, as suggested by Gardella and Edmunds (1999).

The characterization of the internal microenvironment in cnidarian species may inform the use of environmentally relevant conditions during experimental procedures and the development of optimized protocols for culturing symbionts. For instance, Symbiodiniaceae have been successfully extracted from hosts, and cultured in vitro, however, it remains unclear whether long-term culturing conditions provide the same environmental conditions as in hospite (Kühl et al., 1995).

Individuals collected during the afternoon showed internal oxygen levels dropping right after switching off the LEDs. Hence, hyperoxia in oral arms of Cassiopea sp. might happen right after sunset, as Shashar et al. (1993) already stated. In contrast, Cassiopea sp. experiences sustained hyperoxia during the daytime, but is able to cope with these conditions due to the presence of protective enzymes (Shick and Dykens, 1985; Shashar and Stambler, 1992). Day-time hyperoxic conditions can lead to an increase in host respiration (Shick, 1990) and to a decrease in symbionts photosynthesis as well (Shashar et al., 1993). However, hyperoxia may also have beneficial effects. Indeed, recent research showed that exposure to daytime hyperoxia exerts a protective role from elevated temperatures (Giomi et al., 2019).

Depth profiles of ΔdO2 showing that ΔdO2 increases in the first part of the oral arm and then reaches a plateau during the afternoon suggests that photosynthetic activity of the symbionts affects the external part of the oral arms while an equilibrium between oxygen diffusion and respiratory consumption is reached in the inner part of the oral arm. Whereas, depth profiles of ΔpH are subjected to overall changes according to light conditions, they are quite stable within the first millimeters of oral arms and similar to ambient levels. This suggests the presence of recovery strategies and the ability of cnidarian cells to maintain pH within specific physiological ranges, which are similar to those in ambient seawater (Laurent et al., 2013).

Difficulties encountered during our study were similar to the limitations described by Kühl et al. (1995). Firstly, jellyfish react to environmental stimuli, therefore physical disturbance, such as the microsensor tips, may result in contractions of the tissue. This may lead to both noisy signals and the breakage of the microelectrode. After breaking several sensors because of this problem, we decided to cut the oral arm and keep it still using hypodermic needles. Additionally, Cassiopea sp. produces enormous quantities of mucus, which often covered the tip of the microsensor and interfered with measurements, hence, making repeat experiments necessary. We also did our best to mimic environmental light and thermal conditions in the laboratory, to avoid any eventual effect on our measurements. Since we tried to take the measurements within maximum 1 h, we managed to investigate oxygen and pH within the first couple of millimeters of tissue (see Kühl et al., 1995), where most symbionts are harbored and which are likely to be the most affected by diel fluctuation.

Although jellyfish were chosen by the presence of morphological similarities, (e.g., presence appendages of similar size, similar colored vesicles, etc.), inconsistencies among them might contribute to differences in symbiont density, chlorophyll and protein content.

Although our study contribute to supporting the role of photosynthetic dinoflagellates in controlling the internal microenvironment of cnidarian species, further studies are needed to (1) better understand the metabolic dynamics, (2) investigate CO2 fluctuations within the oral arm during day and night, as well as their role in driving pH levels, (3) assess eventual effects at cell level and individuate biochemical processes that might protect cnidarian cells form such extreme diel variations, and (4) the role of the broader microbiome.



CONCLUSION

Our work has further provided results showing the large fluctuations occurring in the internal microenvironment of holobiont organisms containing photosymbionts (O2 and pH). These conditions range from hyperoxia, during daytime, to hypoxia, during the nighttime. As hyperoxia has been shown to enhance the thermal resistance of marine animals (Giomi et al., 2019), our results lay the basis for further studies investigating the potential role of internal hyperoxia in moderating the responses of cnidarians to thermal stress. The hypothesis that hyperoxia brought about by symbiont activity enhances thermal resistance is particularly important as thermal-induced bleaching becomes a source of loss to coral reefs, and need be tested, possibly by using model organisms that can be maintained in both symbiotic and aposymbiotic state.
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