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Photodamage of symbiotic algae exposed to thermal stress is involved in mass coral bleaching, a major cause of reef decline. Photoprotection is therefore a vital part of coral stress physiology. Corals produce a variety of green fluorescent protein (GFP)-like proteins, some of which screen the symbiotic algae from excess sun light. Different tissue concentrations of these GFP-like proteins distinguish color morphs that are characteristic for many coral species. The question arises whether these pigmentation differences may diversify the niches that can be occupied by corals along the steep light gradient that structures coral reef communities. We assessed the implications of GFP-like protein expression in two color morphs of the symbiotic coral Hydnophora grandis, both associated with the same Symbiodinium sp. (subclade C40). The color morphs of this species (high fluorescent, HF; and low fluorescent, LF), characterized by markedly different contents of a cyan fluorescent protein, were exposed to different quantities of blue light (470 nm) that matched the major absorption band of the host pigment (473 nm). High intensities of blue light caused less photodamage to the symbiotic algae of the HF morph and resulted in higher growth rates of these corals compared to representatives of the LF morph. In contrast, under low intensities of blue light, the HF morph showed lower growth rates than the LF morph, indicating that trade-offs are associated with high levels of fluorescent protein expression under this condition. Both morphs showed highest growth rates at medium light intensities with no obvious influence of the tissue pigmentation. Reef coral color polymorphism caused by photoprotective GFP-like proteins may therefore be a product of balancing selection in which high pigment contents may be beneficial at the upper and detrimental at the lower end of the depth distribution range of symbiotic corals. Conversely, color morphs with GFP-like proteins that function to optimize symbiont photosynthesis in low light environments could gain an advantage from the benefits offered by high pigment levels in deeper waters.
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INTRODUCTION

Elevated sea water temperatures are a major cause of mass bleaching events and associated coral mortality (Hoegh-Guldberg, 1999; Hughes et al., 2017). Heat stress inhibits the repair of photosystem II (Takahashi et al., 2009) and lowers the photoinhibitory threshold of the symbiotic algae (Jones et al., 1998; Warner et al., 1999; Bhagooli and Hidaka, 2003; Takahashi et al., 2009), thereby facilitating light-induced damage to Photosystem II reaction centers, particularly the D1 protein (Aro et al., 1993). The resulting faults in energy transfer and electron transport can lead to oxidative stress (reviewed by Pospíšil, 2016) that can cause the breakdown of the symbiotic association and loss of algal cells from the coral tissue (Lesser, 1997; Rehman et al., 2016). The susceptibility of corals to heat and light stress-induced bleaching is increased by unfavorable levels of nutrients in the water, in particular by phosphate deficiency (D'Angelo and Wiedenmann, 2014; Rosset et al., 2017). Bleached corals die unless the symbiont population recovers (Glynn et al., 2001; Baker et al., 2008). Corals and zooxanthellae have therefore evolved protective mechanisms to reduce the impact of light stress. In zooxanthellae, these mechanisms include: xanthophyll cycling (Ambarsari et al., 1997), the use of alternative electron pathways (Reynolds et al., 2008); and the downregulation of photosystem II reaction centers (Gorbunov et al., 2001). Both corals and zooxanthellae produce antioxidant enzymes (Lesser, 2006; Levy et al., 2006) and mycosporine-like amino acids (Banaszak et al., 2000; Shick, 2004; Starcevic et al., 2010) that help to protect the organisms from the negative impact of high light intensities.

A photoprotective function has been also assigned to fluorescent pigments that are often produced by corals and other cnidarians (Wiedenmann et al., 1999; Salih et al., 2000). These pigments belong to the family of GFP-like proteins (Matz et al., 1999; Dove et al., 2001; Alieva et al., 2008). Based on their optical properties they can be divided into fluorescent proteins (FPs) and non-fluorescent chromo-proteins (CPs), noting that CPs are the product of multiple parallel evolution (Gittins et al., 2015). GFP-like proteins can contribute up to ~7–14% to the soluble cellular proteins in coral tissues (Leutenegger et al., 2007; Oswald et al., 2007) suggesting that they fulfill a significant function within the host. Experimental studies have confirmed that CPs (Smith et al., 2013) as well as green and red FPs (Salih et al., 2000; Gittins et al., 2015) in shallow water corals can exert a photoprotective function by screening the algal symbionts from excess light. However, this function may not always be evident (Dove et al., 1995; Mazel et al., 2003). High levels of fluorescent proteins also occur in mesophotic corals (Eyal et al., 2015; Roth et al., 2015) and other deep-water cnidarians (Vogt et al., 2008), suggesting that these pigments can have functions other than photoprotection. In low light conditions, for example, coral GFP-like proteins have been suggested to enhance light availability for photosynthesis of the algal symbionts (Salih et al., 2000; Eyal et al., 2015; Lyndby et al., 2016). Indeed, recent studies have demonstrated that Förster Resonance Energy Transfer (FRET)-mediated wavelength conversion by orange-red fluorescent proteins promotes the light penetration in symbiont-containing tissue in corals from blue-light dominated deep water habitats (Bollati et al., 2017; Smith et al., 2017).

Among FPs, four color groups have been identified: cyan, green, yellow, and red (Alieva et al., 2008; Nienhaus and Wiedenmann, 2009). In contrast to yellow FPs that are rarely encountered in reef organisms (Alieva et al., 2008), red fluorescent proteins are fairly common. Based on the biochemistry of the chromophore and distinct spectral features, red FPs can be divided into a group in which the red chromophore is formed in an autocatalytic reaction (Matz et al., 1999; Wiedenmann et al., 2002) and a group in which the chromophore is formed by photoconversion of a green precursor (Ando et al., 2002; Wiedenmann et al., 2004; Oswald et al., 2007). The latter optimize the internal light environment for the symbionts in corals from less light exposed habitats (Smith et al., 2017) whereas members of the first group can be found in shallow water corals where they exert a photoprotective function similar to CPs (Smith et al., 2013; Gittins et al., 2015). Cyan and green fluorescent proteins (GFPs) can be frequently encountered in most reef environments (Salih et al., 2000; Eyal et al., 2015; Roth et al., 2015) and representatives of this color group have also been shown to be photoprotective in shallow water corals (Salih et al., 2000). Cyan fluorescent proteins (CFPs) contain the same chromophore as GFPs (Henderson and Remington, 2005) but have characteristically broad absorption/excitation spectra with peaks at 440–460 nm (Alieva et al., 2008) that overlap with the absorption / excitation spectrum of photosynthetic pigments of the symbiotic algae (Smith et al., 2013). CFPs with emission maxima around 485–495 nm have evolved as a product of positive natural selection (Field et al., 2006) and are therefore recognized as a separate color class (Alieva et al., 2008). Their production in corals is often regulated by the intensities of blue light (D'Angelo et al., 2008).

Many coral species exhibit color polymorphisms caused by stable differences in CP and FP expression (Kelmanson and Matz, 2003; Klueter et al., 2006; Oswald et al., 2007; Gittins et al., 2015). In Acropora millepora, the pigment concentration in the tissue of different morphs is strongly correlated with the number of gene copies with a particular promoter type, indicating that color polymorphism in reef corals is caused by the differential expression of multicopy genes (Gittins et al., 2015). We have proposed that the balancing selection driving the evolution of color morphs could be due to the benefits from photoprotection offered by the pigments in niches with high levels of light stress and the trade-offs associated with the productions of large quantities of pigments in the absence of light stress (Gittins et al., 2015). Such a balancing selection may allow different color morphs to persist within a population and increase the range of niches that can be occupied by a species across the steep light gradient that structures coral reef communities. However, at present it is unknown whether measurable trade-offs are associated with the expression of photoprotective FPs. On the one hand, no other enzymes and co-factors are required for the pigment production and the proteins have a slow turnover with a half-life of ~20 days, suggesting the energetic costs for their production could be relatively low (Leutenegger et al., 2007). On the other hand, a high-level expression of at least eight FP gene copies is required to accumulate pigment concentrations in the tissue that are sufficiently high to fulfill a light screening function (Gittins et al., 2015). Therefore, we have assessed whether the expression of a photoprotective FP in Hydnophora grandis is associated with trade-offs that manifest in changes of growth rates in different light environments. The two color morphs of choice were associated with the same Symbiodinium sp. (C40), but differed markedly in their expression of CFPs (D'Angelo et al., 2008). The capacity of the CFPs to exert a photoprotective function by selective screening of symbionts in the blue spectral range was assessed by exposing the corals to either blue or orange-red light. Orange-red light was chosen for the control treatment as it is not absorbed by the CFPs and should therefore negatively affect both the high and low fluorescent morphs due to the detrimental effect of this waveband on algal photosynthesis (Smith et al., 2013; Wijgerde et al., 2014).

We predicted that the CFP plays a photoprotective role in H. grandis and that therefore the high fluorescent (HF) color morph would show a higher growth rate than the low fluorescent (LF) color morph under high intensities of blue light. We also predicted that removal of essential photons by CFP under low intensities of blue light together with the energetic cost of their high level production would cause the HF morph grow at a slower rate than the LF morph.

MATERIALS AND METHODS

Origin and Maintenance of Corals

The experimental corals, produced in aquaculture at Fiji, were obtained via Tropical Marine Centre London. Corals were cultured in the experimental mesocosm of the Coral Reef Laboratory at the University of Southampton (D'Angelo and Wiedenmann, 2012) and propagated by fragmentation for >5 years before the start of the experiments. Hence, the corals were fully acclimated to the conditions in the experimental aquarium. While the being genetically homogeneous, replicate colonies within each color morph represent independent units with individual life histories.

Identification of Algal Symbionts

The Symbiodinium present in each color morph of H. grandis were identified to the subclade level by analyzing the ITS2 region of genomic DNA samples from each color morph. A modified CTAB type extraction was carried out (D'Angelo et al., 2015). The region spanning the 18S, ITS1, 5.8S, ITS2, 28S region of the Symbiodinium spp. ribosomal DNA was amplified by performing a PCR using the primers SYM-VAR-FWD, and SYM-VAR-REV (Hume et al., 2013).

Amplification was accomplished in the presence of 2 μl of 50 × dNTP mix, 1 μl of each primer, 1 μl of template DNA, 0.5 μl of Advantage 2 polymerase mix (Clontech), 5 μl of 10 x Advantage 2 PCR buffer, and 40 μl PCR grade water. The PCR encompassed an initial denaturation step of 1 min at 95°C, followed by 30 cycles of denaturation (95°C for 30 s), annealing (62°C for 30 s), and elongation (68°C for 30 s). A final elongation step of 5 min at 70°C performed. The PCR products were then cloned as describes in the StrataClone PCR Cloning Kit protocol. Plasmid DNA was prepared from 10 Escherichia coli colonies using a ThermoScientific GeneJET Plasmid Miniprep Kit. Sequencing services were provided by Eurofins MWG.

The ITS2 region of the PCR fragment was isolated using reference sequences available in Genbank using the BLAST tool (www.ncbi.nlm.nih.gov/blast). The software package Geneious was used to visualize the vector sequences. The ITS2 regions of the 10 samples were then compared to reference sequences available in Genbank.

Light Exposure Experiments

Coral growth and changes in CFP concentration were assessed in three experiments set up in different flow-through compartments of our experimental mesocosm system (D'Angelo and Wiedenmann, 2012). Five replicate colonies of each color morph were used per condition. All experimental tanks were connected to the same recirculating water system (D'Angelo and Wiedenmann, 2012). Replete levels of dissolved inorganic nutrients were used since imbalanced nutrient levels or low phosphate concentrations can significantly increase the susceptibility of symbiotic corals to light stress (D'Angelo and Wiedenmann, 2014; Rosset et al., 2015, 2017). The water temperature was kept constant at ~25°C. Prior to the start of the light exposure experiments, the corals were cultured under white metal halide light (Aqualine 10000) at a photon flux of 250 μmol photons m−2s−1 on a 10:14 h light:dark cycle. LED stripes (Reef Blue, Aquaray, Tropical Marine Centre London) with controllable output were used to expose the corals to narrow-banded blue light (~470 nm) that matches the excitation spectrum of the coral CFPs (Figure 1C). Colonies were acclimated for 3 weeks to the experimental light condition by changing the light intensities of blue LEDs gradually from ~150 μmol photons m−2s−1 to reach final photon fluxes of 1,100 μmol m−2s−1 (high light treatment), 300 μmol m−2s−1 medium light treatment), and 10 μmol m−2s−1 (low light treatment). Light intensity was measured using a LI-COR LI-250A Light Meter directly at the water surface level, situated ~3 cm above the coral colonies. The height of the LEDs above the water surface was adjusted until the desired light intensity was reached. The weight of the replicate colonies was determined after a 30 s drip-off step on absorbing tissue to remove excess water. Quantitative fluorescence data of the colonies were measured every 2–3 weeks (D'Angelo et al., 2008) using a Varian Cary Eclipse fluorescence spectrophotometer for recording of spectra in the range of 250–510 nm with the emission wavelength set to 540 nm (slit-width 5; scan speed medium). For imaging purposes, coral fluorescence was excited by ~470 nm light provided by the Aquaray Reef Blue LEDS, which closely matches to the absorption maximum of CFPs. Photographs were taken with a Olympus Tough camera (Olympus Corporation, Tokyo, Japan) equipped with a yellow long-pass filter (Nightsea, Andover, USA) to block reflected excitation light. Due to the optical properties of the filter, only the green portion of light emitted by the CFPs is detected by the camera and, accordingly, the corals in the photographs appear green. Since the corals under study contain only CFPs, these images nevertheless give a truthful representation of intensity of cyan tissue fluorescence.
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FIGURE 1. (A) Excitation and emission spectra of two color morphs of Hydnophora grandis. Peak maxima indicated by dashed vertical lines with peak wavelengths (nm) being indicated. Excitation spectra are scaled to the maximum of the corresponding emission spectra. (B) Photographs of representative colonies of HF (top) and LF (bottom) morphs under daylight (left) and blue light excitation (~470 nm; imaged with a yellow long-pass filter) (right). (C) Emission spectra of blue LED (blue line) and orange LED (orange line) used in aquarium experiments. The CFP excitation spectrum of the HF morph is included for comparison (green line). (D) Fluorescence emission intensity (measured at the peak wavelength) of both morphs at the end of each experiment under low (10 μmol photons m−2 s−1), medium (300 μmol photons m−2s−1), and high (1,100 μmol photons m−2s−1) intensities of blue light. Bars display mean values of 5 colonies. Error bars show standard deviation. Brackets above two bars indicate p-values for statistically significant (p < 0.05) differences between the fluorescence emission intensity of each morph at the end of each treatment, determined by one-way ANOVAs.



To measure photodamage of the coral symbionts, three colonies of each morph were placed either under 2,000 μmol photons m−2s−1 of blue light (~470 nm) provided by Aquaray Reef Blue LEDs or under the same photofluxes of orange light (~595 nm) produced by P4 Amber Star LEDs (Seoul Semiconductor, Korea, Smith et al., 2013). Light intensity was measured and adjusted as described above. The colonies were kept under blue light for 2 months and under orange light for 6 days. The maximum quantum yield (Fv/Fm) of the algal symbionts was measured using a Waltz Diving PAM as an indicator of photodamage (Warner et al., 1999). Measurements were taken after 14 h of darkness and colonies were exposed to the minimal light levels during measurements to minimize the effects of chlororespiration (Warner et al., 2010). Dark adapted Fv/Fm was used as an indicator of the efficiency of Photosystem II (Krause and Weis, 1991), and the degree of photodamage suffered by the zooxanthellae (Genty et al., 1989; Warner et al., 1999). A precision hole saw was used to remove circular tissue samples of identical size from the center of the treated area of the flat replicate colonies or from control regions in the periphery of the same corals. The tissue samples were homogenized in sterile seawater and zooxanthellae were isolated by differential centrifugation (1,000 g/10 min). After a wash step in sterile seawater, the algal cells were recovered by centrifugation, resuspended and their numbers were determined using a hemocytometer. Zooxanthellae numbers were then normalized to the surface of the cut-out samples.

Statistical Analysis

Coral growth and fluorescence intensity data were plotted and analyzed using GraphPad Prism 7. Paired t-tests were used to analyse weight data at the end of each experiment. The significance of the differences in fluorescence emission intensity between the two morphs under all light treatments were calculated with a fully orthogonal two-way ANOVA with fixed effects, followed by a Tukey's multiple comparison test. The significance of the differences in the fluorescence emission intensity of each morph at the end of each experiment were calculated with one-way ANOVAs, followed by Tukey's multiple comparison tests.

Fv/Fm data were plotted in GraphPad Prism 7. Data was log transformed prior to generation of linear models using R.

Zooxanthellae numbers from coral tissue samples were plotted and analyzed using GraphPad Prism 7. Unpaired t-tests were used to calculate the significance of the differences in zooxanthellae numbers from tissue samples of treated and untreated areas of tissue in both morphs after exposure to high intensities of blue and orange light.

RESULTS

Characterization of the Color Morphs

The sequences of the ITS2 region isolated from both color morphs under study matched those of Symbiodinium C40a and C40b (GenBank accession numbers AY589747 and AY589748), indicating that the symbiont complement of both color morphs is dominated by the same Symbiodinium sp.

Both morphs contained CFPs, with a broad excitation spectrum ranging from ~350–500 nm with maxima at ~420, 443, and 473 nm (Figures 1A,B). Emission spectra peaked at ~492 nm (LF morph) and ~495 nm (HF morph), respectively. In colonies growing side by side under a photon flux of ~250 μmol photons m−2s−1 of white light illumination prior to the start of the experiment, the cyan fluorescence of the high fluorescent (HF) morph was approximately ~3.1-fold more intense compared to the low fluorescent (LF) morph (Figure 1A). The fluorescence maxima of each morph remained essentially unaltered throughout the light treatment experiment, while the intensity of the fluorescence emission changed under the different treatments (Figure 1D). The HF morph remained more fluorescent than the LF morph in all conditions, but the ratio (HF/LF) of the peak fluorescence emission intensity between the morphs ranged from ~8.0 (low light), ~6.9 (medium light), to ~3.4 (high light). Highest tissue fluorescence was shown at medium light (HF morph) and high light conditions (LF morph). Fluorescence in low light treated corals reached only ~30% (LF morph) to ~60% (HF morph) of these maximal values. A two-way ANOVA showed that the HF morph was significantly more fluorescent than the LF morph under all light condition (p < 0.001), but that there was a significant interaction between the light intensity and color morph (p = 0.0255). A one-way ANOVA showed significant differences in fluorescence of the LF morph between low and high, as well as medium and high light intensities (p = 0.0003 and p = 0.0191 respectively). Compared to the low light treatment, the fluorescence of the HF morph also increased significantly under medium light intensities (p = 0.0183) (Figure 1D).

Photodamage under Intense Blue and Orange Light

The efficiency of algal photosynthesis measured as Fv/Fm in both morphs decreased rapidly over the first 4 days of exposure to intense blue light (2,000 μmol photons m−2s−1, Figure 2A). During this initial phase, the Fv/Fm values from the LF morph were significantly lower compared to those from the HF morph [linear model: F(2, 21) = 5.944, p = 0.0042]. The response of the symbionts from the two morphs remained significantly different in the following period during which the values increased again [linear model: F(2, 201) = 148.1; p < 0.001]. After ~3 weeks, Fv/Fm values of the HF morph reached the initial value of >0.5. In contrast, the photosynthetic efficiency of the LF morph did not show full recovery and the Fv/Fm values remained below 0.5. No bleaching was visible in the HF morphs whereas visible bleaching started among replicates of the LF morphs after 4 days of exposure to blue light. By the end of the experiments, all LF specimens were bleached in the treated central area of the colonies. The HF morph, in contrast, showed only a mild paling in the light exposed areas.
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FIGURE 2. (A) Change in Fv/Fm in two color morphs of Hydnophora grandis under high intensity blue light (2,000 μmol photons m−2s−1). Error bars indicate the range of mean values of 3 replicate colonies. Red circles highlight the first occurrence of visible bleaching. Lines represent exponential decay and saturation fits, respectively. (B) Change in Fv/Fm in the HF and LF color morphs of Hydnophora grandis under high intensity orange light (2,000 μmol photons m−2s−1). Error bars indicate the range of mean values of 3 replicate colonies. The first occurrence of visible bleaching is marked by red circles. Lines represent exponential decay fits. (C) Photographs of representative colonies of the HF morph (top) and LF morph (bottom) taken at the end of the high intensity blue light (left) and orange light (right) treatments. (D) Concentration of zooxanthellae in tissue samples of both morphs after exposure to 2,000 μmol photons m−2s−1 of blue and orange light (treated) and control tissue samples exposed to ambient light intensities (control). Error bars show standard deviation. Brackets above two bars indicate p-values for statistically significant (p < 0.05) differences between the zooxanthellae concentrations in treated and untreated tissue samples of each morph under blue and orange light, determined using unpaired t-tests.



Under the same photon flux of orange light (2,000 μmol photons m−2s−1), symbionts of both morphs showed a rapid decrease in Fv/Fm values down to ~0.2 (Figure 2B). There was no significant difference in the response of both morphs to the treatment [linear model: F(2, 33) = 3.18, p = 0.48]. Bleaching was visible in both morphs after 2 days and became severe after 6 days when the experiment was terminated.

Analysis of zooxanthellae number of the treated parts of the experimental colonies and control areas showed that the visual bleaching (Figure 2C) was caused by a loss of algal cells. The treated regions of the LF colonies suffered significant losses of zooxanthellae under both blue and orange light exposure [unpaired t-test: F(1, 53) = 7.3, p < 0.001; F(1, 35) = 3.0, p < 0.001 respectively]. In contrast, the illuminated region of the HF morph lost significant amounts of zoothanthellae only under orange light [unpaired t-test: F(1, 35) = 6.5, p < 0.001] (Figure 2D).

Coral Growth under Different Light Intensities

Under low intensity blue light (Figure 3A), colonies of the LF morph showed a 25% gain in weight that was significantly higher [paired t-test: F(1, 4) = 3.8, p < 0.001] compared to the HF morph. The latter showed essentially no weight gain over the duration of the experiment. Under high intensities of blue light (Figure 3C), the colonies of the HF morph gained significantly more weight than the LF morph [paired t-test: F(1, 4) = 1.2, p = 0.045]. At the end of the experiment, the weight of the HF morph had increased by ~33%, compared to the ~18% increase of the LF morph colonies. Under medium intensity blue light (Figure 3B), both morphs showed comparable growth (HF morph: ~115%; LF morph 127%, non-significant difference). The growth rates of both morphs were substantially higher under medium light conditions compared to both high and low light treatments (Figure 3D).
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FIGURE 3. (A–C) Percentage change of wet weight of LF morph (brown circles) and HF morph (green circles) of Hydnophora grandis over time under three different intensities of blue light. (A) Low light (10 μmol photons m−2s−1), (B) Medium light (300 μmol photons m−2s−1), and (C) High light (700–1100 μmol photons m−2s−1). Bars display mean values of 5 colonies. Error bars show standard deviation. Asterisks (*) above data points indicate statistically significant (P < 0.05) differences between the weighs of the colonies of each morph at the end each experiment, determined using paired t-tests. Initial weight for each colony was set to zero. (D) Total weight change of each morph under each light intensity at the end of each experiment given as percent of the initial values. Error bars show standard deviation. Brackets above two bars indicate p-values for statistically significant (p < 0.05) differences between the weighs of the colonies of each morph at the end each experiment, determined using paired t-tests.



DISCUSSION

The diversity of coral colors contributes to the visually arresting appearance of coral reefs. Frequently, representatives of different color morphs can be found side-by-side, raising the question of whether these striking differences in color have any ecological significance. Therefore, we tested our hypothesis that the benefits of photoprotection offered by some coral pigments in niches with high levels of light stress might be outweighed by the trade-offs associated with the productions of large pigment quantities in the absence of light stress. Such a scenario could offer an explanation for the evolution of color morphs as a result of balancing selection (Gittins et al., 2015). We chose the coral H. grandis as a model since the two distinct morphs differ significantly in the amount of cyan fluorescence proteins from the family of GFP-like proteins that they accumulate in their tissue (D'Angelo et al., 2008). The minimal difference in the spectral properties of the tissue fluorescence such as the 3 nm-shift of the emission peak between the LF morph expressing the protein hgrFP492 (D'Angelo et al., 2008) and the HF morph could be a response to the cellular environment in combination with the deviating pigment concentrations or due to small differences in the amino acid sequence of the proteins (Alieva et al., 2008). Importantly, in both morphs the host pigment absorbs incident photosynthetically active radiation in the blue-green spectral region, covering large sections of the in situ absorption spectrum of photosynthetic pigments of the algal symbionts (Smith et al., 2013). We showed that both morphs used in our study were associated with the same Symbiodinium subclade, thereby reducing, yet not excluding, the probability that differential responses were due to physiological differences associated with the taxonomic background of the symbionts (Robison and Warner, 2006).

We first tested whether the high CFP concentrations in the tissue of the HF morph could indeed protect the symbionts by screening excess light as it was previously demonstrated for the purple-blue chromoproteins and some green and red fluorescent proteins in shallow water corals (Salih et al., 2000; Smith et al., 2013; Gittins et al., 2015). Measuring changes in the photosynthetic efficiency after dark recovery (Warner et al., 2010) and loss of algal cells in response to exposure of high fluxes of blue light, we show that the HF morph was more tolerant to the light stress. In agreement with a wavelength-dependent screening function of the CFPs, both morphs displayed comparably intense signs of light stress when they were illuminated with orange light outside of the spectral window covered by the protective host pigment. Orange-red light has been shown to negatively affect the photophysiology of Symbiodinium in coral tissues (Smith et al., 2013; Wijgerde et al., 2014). The comparable susceptibility of the two morphs to photodamage in this spectral range supports the conclusion that higher resilience of the HF morph under blue light stress is due to the screening by the CFP rather than by other photoprotective mechanisms that might be more dominant in this morph. Our photodamage data are in line with results of an earlier study in which daytime photoinhibition of the algal symbionts of the green fluorescent morph of Acropora palifera was reduced as compared to less fluorescent morphs (Salih et al., 2000).

To test whether trade-offs are associated with the high-level expression of the photoprotective CFP, we monitored the growth of the HF and LF morphs under different intensities of blue light. Photon fluxes corresponded to light levels that can be measured around noon in depths of ~1 m (high light), ~15 m (medium light), and ~50–60 m (low light) (Stambler et al., 2008; Eyal et al., 2015; Ziegler et al., 2015). It should be noted that our experimental corals experienced these light levels for 10 h per day, not just around noon, so the dose of photons received by them per day was higher compared to corals from aforementioned depths in field settings. Corals showed highest growth rates at medium light intensity with no significant differences between the HF and LF morphs. This may indicate that at favorable light levels and in the absence of other forms of stress, the expression of photoprotective pigments may essentially be neutral in the overall performance of the organism. Such a scenario could be supported by the comparably low energetic costs associated with the production of individual pigment molecules (Leutenegger et al., 2007). However, a previous study has reported a higher tolerance of fluorescence corals to heat-stress-induced bleaching (Salih et al., 2000). It should therefore be considered that there might be effects on fitness parameters such as reproduction rate (Loya et al., 2004) or stress tolerance (Salih et al., 2000) that are not assessed by the present experimental set-up.

In the experimental treatments (high vs. low light) that simulated light conditions similar to those at the upper and lower depth distribution limits of several symbiotic reef corals (Eyal et al., 2015; Ziegler et al., 2015), the growth of the HF and LF morphs was strongly reduced in comparison with the medium light treatment. This indicates that both over- and undersupply of light can negatively affect the performance of the corals. Yet, the causes for the reduced growth rates under the two light levels are likely to be very different. A supply of excess light may require an increased investment in several forms of photoprotection, for example in the synthesis of mycosporine-like amino acids (Shick, 2004; Starcevic et al., 2010), antioxidant defense (Lesser and Shick, 1990), or alternative electron transport pathways such as the Mehler reaction (Roberty et al., 2014). Energy may also be invested in repair processes of the photosynthetic apparatus of the symbionts due to photoinhibition and subsequent damage to the D1 protein (Aro et al., 1993; Warner et al., 1999; Gorbunov et al., 2001; Hill and Takahashi, 2014), although it has been suggested that photoinhibiton may protect against oxidative damage caused by excess light (Adams et al., 2008). Furthermore, high light intensities have been shown to cause nutrient limitation of the zooxanthellae, leading to decreased productivity (Dubinsky and Jokiel, 1994). The associated redistribution of energy resources within the coral holobiont and reduction in productivity of the symbioses may result in lower growth rates observed in specimens from the high light treatment. At low photon fluxes, Symbiodinium photosynthesis provides only ~40% of the carbon needed by the coral host (Falkowski et al., 1984), and therefore colony growth may become carbon-limited (Dubinsky and Jokiel, 1994), a potential explanation for the reduced growth of our low light corals.

The growth rates of the two Hydnophora color morphs differed significantly under both extreme light conditions. In the high light treatment, the HF morph grew faster compared to the LF morph, suggesting that the high-level expression of a photoprotective CFP could indeed offer a measurable benefit for coral fitness in environments with exposure to excess light. In contrast, under low light levels, the highly pigmented HF specimens ceased to grow, while the LF colonies showed slow yet steady growth. Under these conditions, the expression of photoprotective pigments by the HF morph may represent a disadvantage since it requires an energy investment in the form of the accumulation of large amounts of proteins that offer no functional benefits. On the contrary, the screening of photons by the coral CFPs may actually be detrimental for the productivity of the symbionts since it further deprives photosynthesis from much-needed photons under light-limited conditions. The downregulation of FP expression under low light levels (D'Angelo et al., 2008), visible also in the present experiments, offers a mechanism to reduce these unfavorable side-effects. However, similar to the highly pigmented morphs of Acropora sp. (Gittins et al., 2015), this is possible only to a limited extend since the constitutive expression of photoprotective pigments of the HF morph still reaches ~60% of the maximal expression under high light.

Our study shows that, depending on the light environment, high-level expression of photoprotective GFP-like proteins can have either beneficial or detrimental effects on the fitness of symbiotic corals. Therefore, some form of niche partitioning across the steep light gradient characteristic for coral reefs could be expected. Indeed, corals expressing photoprotective chromoproteins (CPs) (Smith et al., 2013) are most abundant in 1 m depth (Salih et al., 2006). Their share of the total population decreased continuously to depths of 40 m. Also, fluorescent corals were most abundant in 1 m depth and their proportion decreased with depth. At the same time, non-pigmented corals became more abundant (Salih et al., 2006). Furthermore, a recent study showed that CFP-expressing corals were less numerous at lower end of their depth distribution range as compared to GFP-containing or non-fluorescent corals (Roth et al., 2015). Also, the color morphs of Anemonia viridis expressing high amounts of cyan and red fluorescent proteins as well as chromoproteins have their distribution maximum in the shallowest waters whereas the non-pigmented morph tends to be more abundant at greater depth (Wiedenmann et al., 1999). Furthermore, a fluorescent clone of this species was more successful than a non-pigmented clone in a long-term competition for space in a shallow water habitat (Wiedenmann et al., 2007). Future work should aim to provide insights in the mechanisms underlying the trade-offs associated with the high-level expression of GFP-like proteins.

We conclude that the extreme light conditions at the upper and lower end of the depth distribution range of symbiotic reef corals exposes them to opposing selective pressures that promote the evolution and persistence of intraspecific color polymorphism. However, as the present study shows, both color morphs performed comparably well under medium light in the absence of other forms of stress. This neutral behavior of the pigmentation under ambient conditions may explain why color morphs can co-exist even in shallow sites (Wiedenmann et al., 1999; Paley and Bay, 2012; Gittins et al., 2015) as the selective advantage of high level pigmentation may become only effective during sporadic episodes of increased stress (Salih et al., 2000; Paley and Bay, 2012). Thereby, color polymorphisms may diversify the niches that can be occupied by a coral species, a capacity that is further enhanced by the light intensity-driven regulation of genes encoding photoprotective GFP-like proteins (D'Angelo et al., 2008).

Notably, the neutral behavior of the pigmentation under ambient conditions together with the fact that multiple gene copies are involved in the color polymorphism could have been a major driver of the evolution of the staggering diversity of GFP-like proteins: mutated gene-copies may have been balanced by functional copies until a gain of function eventually stabilized the novel variants in the gene pool. Examples are chromoproteins in A. millepora that are almost exclusively expressed in larvae and have likely evolved from a red fluorescent ancestor protein that also gave rise to a red fluorescent variant with a photoprotective function in adults (Gittins et al., 2015). Interestingly, these larval CPs evolved independently from photoprotective CPs produced in adult corals (Gittins et al., 2015). Other examples include the green-to-red photoconvertible FPs (Ando et al., 2002; Wiedenmann et al., 2004; Oswald et al., 2007; Eyal et al., 2015) that have gained their red fluorescent chromophores by parallel evolution of a green ancestor protein (Field and Matz, 2010). Along with green fluorescent variants (Lyndby et al., 2016), the latter proteins are prevalent in coral species that live preferably in less light exposed habitats where they optimize the internal light environment for symbiont photosynthesis in deeper tissue levels (Bollati et al., 2017; Smith et al., 2017). Thereby, they offer an explanation for the observation that fluorescent corals become again more abundant at greater depth after initially decreasing from the shallowest sites downwards (Salih et al., 2006; Roth et al., 2015; Smith et al., 2017). Due to the different function of the pigments, strongly fluorescent morphs gain an advantage at greater depths (Smith et al., 2017), whereas the trade-offs associated with the high-level production of the pigments give a selective advantage to less colored variants in shallower water.

Our study highlights the critical need to assess different types of GFP-like proteins separately when analyzing their biological function and their ecological significance in structuring reef communities.
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