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Corals have the ability to synthesize various pigments, responsible for their characteristic vivid coloration. Most coral host pigments are green fluorescent protein (GFP)-like pigments exhibiting diverse spectral properties covering almost the entire visible spectrum, with pigments fluorescing from cyan to red. The type of pigment a coral can synthesize varies inter- and intraspecifically. However, the precise role of host pigments in coral biology has not been fully elucidated. Host pigments have the ability to modify local light fields and could thus contribute to optimizing the light exposure of the photosymbionts. Such fine-tuning of the light microenvironment could enable the holobiont to adapt to broader environmental conditions. Putative mechanisms include energy transfer between host pigments, as well as modulation of their scattering properties via tissue plasticity and granule formation that affect the distribution and organization of host pigments in coral tissue. These mechanisms can enable either photoprotection or photoenhancement depending on the coral’s environment. In this review, we summarize and discuss current knowledge about the link between host pigments and symbiont photosynthesis in reef-building corals, and discuss limitations and challenges of experimental investigation of this connection.
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1 Introduction

Symbiont-bearing corals live in close association with intracellular, dinoflagellate microalgae belonging to the family Symbiodiniaceae (LaJeunesse et al., 2018), also named zooxanthellae when in hospite. Zooxanthellae are contained by the cnidarian host in its endodermis, bound by membrane-enclosed vacuolar compartments called symbiosomes (Sheppard et al., 2017). This endosymbiosis allows the coral host to become polytrophic, with photosynthates covering up to >95% of the organic carbon requirements of the host, supplemented by carbon and nutrients obtained by feeding on zooplankton (Muscatine et al., 1984) and phytoplankton (Seemann et al., 2013; Leal et al., 2014; Conlan et al., 2019), as well as vitamins and other compounds provided by the coral microbiome (van Oppen and Blackall, 2019). Zooxanthellae benefit from the absence of grazers in the host tissue, where light and inorganic carbon is provided for their photosynthesis along with a stable, yet limited access to nutrients in an otherwise oligotrophic marine environment (Tanaka et al., 2018; Ferrier-Pagès et al., 2021). Moreover, symbiont photosynthesis stimulates skeletogenesis of the coral via light-enhanced calcification (Goreau, 1959; Tambutté et al., 2011), and scleractinian, hermatypic corals are the main builders of coral reefs in tropical waters down to about 75 m (Jarrett et al., 2005). Some corals are able to harbor photosymbionts even deeper in the water column, i.e., down to 172 m (Rouzé et al., 2021), but reef formation at these depths is limited (Schlichter and Fricke, 1991). Optimizing the photosynthetic efficiency of their symbionts, while ensuring protection against high solar irradiation in shallow waters and alleviating light limitation in deeper waters, is a key element of coral fitness. Thus, both the symbionts and the host have evolved mechanisms to optimize photosynthesis (Roth, 2014; Iluz and Dubinsky, 2015), several of which involve the photopigments of the symbionts as well as coral host pigmentation. The colors of corals are partly due to the yellow-brownish coloration of the zooxanthellae containing chlorophylls (a and c) and carotenoids (Jeffrey and Haxo, 1968), while the more spectacular color hues of many corals are due to pigments synthesized by the coral host (Figure 1) (Salih et al., 2000; Dove et al., 2001; Oswald et al., 2007;). Coral host pigments can contribute up to ~7–14% of the soluble cellular proteins in coral tissues even under conditions of low energy supply (Leutenegger et al., 2007; Oswald et al., 2007; Bollati et al., 2020), suggesting that they fulfill a significant function within the coral host that remains to be fully resolved.




Figure 1 | Spectral variety of fluorescent host pigments in corals. (A) RGB image under broad spectral illumination. The scale bars represent 2cm (B) RGB image taken under blue (450nm) illumination using a 500nm long pass filter, showing coral FPs (green, orange) and chlorophyll fluorescence (dark-red). Montipora sp. shows green fluorescence (517nm emission peak) and cyan fluorescence (485nm emmission peak). Acanthastrea sp. shows green (516nm emission peak) and orange fluorescence (579nm emission peak). (C) Excitation (emission = 516/517nm, dotted line) and emission (excitation = 450 nm, solid line) spectra of the three coral species, with peak emission wavelength highlighted. Fluorescence was measured on clarified tissue extracts from each coral colony, using a Hitachi F-2500 FL spectrophotometer.



The majority of coral host pigments are related to the green fluorescent protein (GFP) (Dove et al., 2001; Leutenegger et al., 2007; Oswald et al., 2007), first discovered in the bioluminescent hydromedusa Aequorea victoria (Shimomura et al., 1962). Based on their absorption/emission properties, they can be broadly classified as i) fluorescent proteins (FP) absorbing light in the visible spectrum and re-emitting it at longer wavelengths, or ii) non-fluorescent chromoproteins (CP) with characteristic absorption spectra. There are several hypotheses attributing non-photosynthetic roles to host pigments in the ecophysiology of corals such as thermal dissipation (Lyndby et al., 2016), larval settlement (Kenkel et al., 2011), antioxidant activity (Bou-Abdallah et al., 2006), camouflage (Matz et al., 2006), and attraction of symbionts (Hollingsworth et al., 2005; Aihara et al., 2019) or prey (Ben-Zvi et al., 2022) from the environment. However, due to the ability of host pigments to alter the coral tissue light field, they are foremost presumed to interact with coral photosynthesis by providing photoprotection (Salih et al., 2000; Smith et al., 2013; Gittins et al., 2014; Quick et al., 2018; Bollati et al., 2020) or light enhancement (Schlichter et al., 1986; Salih et al., 2000; Smith et al., 2017; Bollati et al., 2022). Indeed, even before the exact nature of coral host pigments was known, it was suggested that these pigments could i) protect the coral against harmful radiation in shallow waters, and ii) transform radiation into wavelengths useful for photosynthesis, thus improving the photosynthetic efficiency of symbiont-bearing corals in deeper waters (Kawaguti, 1969; Schlichter et al., 1986; Schlichter and Fricke, 1991). In recent years, detailed investigations of the optical properties of corals have expanded our knowledge of how host pigments are involved in coral photobiology and stress response, but many open questions remain. Here, we review the current understanding of the roles host pigments play in coral photobiology, and highlight knowledge gaps and potential future research directions.




2 Spectral and biochemical properties of coral host pigments

Coral host pigments are often collectively referred to as GFP-like proteins, due to their structural homology with the A. victoria GFP (avGFP) (Shimomura et al., 1962). While avGFP emits green fluorescence under UV or blue illumination (Shimomura et al., 1962), coral GFP-like host pigments are not necessarily all green, nor fluorescent. GFP-like pigments with diverse absorption/emission spectra were cloned and characterized from non-bioluminescent Anthozoa for the first time in 1999 (Matz et al., 1999). Since then, a plethora of host pigments have been found in corals (Labas et al., 2002; Alieva et al., 2008; Macel et al., 2020). At the time of writing, 251 different host pigments in 48 coral species have been sequenced and recorded in Genbank Dec 12, 2022 (Figure 2, sequences available in Supplementary Data). Additionally, there are many observations of fluorescent and non-fluorescent pigments that have not yet been cloned or characterized in detail (Gruber et al., 2008; Eyal et al., 2015).




Figure 2 | Coral host pigments in sequencing databases. Overview of fluorescent and non-fluorescent host pigments sequenced in corals. The total number of different proteins and species was determined from the query “fluorescent protein OR chromoprotein” on the NCBI Genbank database (https://www.ncbi.nlm.nih.gov/genbank/ accessed on Dec 12, 2022). Only sequences from “Stony corals” were used. Duplicated or partial sequences, as well as sequences without species asignment were removed. (A) Classification of FPs according to their predicted fluorescence emission maxima. Proteins with an emission maxima <500nm were classified as CFPs, 500-570nm as GFPs and >570nm as RFPs. The number of FPs emitting inside the limits of the 10nm bins are indicated on top the histogram bars. (B) Coral CPs according their absorption maxima. The total number of CPs counted within 10nm intervals are indicated on top of the histogram bars. Emission and absorption maxima were predicted from translated sequences using FPredX (Tam and Zhang, 2022). Results of the query and functional predictions are available as Supplementary Data.





2.1 Structural and spectral characteristics

There are many structural similarities between coral GFP-like proteins and the well-characterized wild-type avGFP (wt-avGFP), where 238 amino acids form a 11-stranded-beta-barrel surrounding the chromophore, creating a very stable 27 kDa large unit (Yang et al., 1996; Yarbrough et al., 2001; Nienhaus and Wiedenmann, 2009). However, while the quaternary structure of wt-avGFP is usually a homodimer (Phillips, 1997), most wild-type coral GFP-like proteins (with the exception of some CPs) form tetramers under physiological conditions (Alieva et al., 2008; Nienhaus and Wiedenmann, 2009; Ahmed et al., 2022). The wt-avGFP chromophore can exist in a neutral or anionic form, and these two forms have different spectral properties. The neutral form has a maximum absorption in the UV, while the anionic form absorbs mainly in the blue-green spectral region (Brejc et al., 1997). Under physiological conditions, the chromophores of host pigments in corals are mainly found in anionic forms (Alieva et al., 2008), therefore they absorb predominantly in the visible range (Figure 2), as opposed to wt-avGFP, which absorbs mostly UV via its neutral chromophore (Heim et al., 1994). Based on their spectral properties, several types of FPs can be distinguished in corals (Figure 2). Cyan FPs (CFPs) are characterized by an emission maximum <500 nm, commonly between 485-495 nm and sometimes have spectral properties that are indicative of chromophores in the neutral state (Alieva et al., 2008; Salih, 2019). Green FPs (GFPs) have an emission maximum >500 nm (Figure 2) (Alieva et al., 2008; Salih, 2019). Some red FPs (RFPs), known as “DsRed-type” after the first protein of this kind to be described (Matz et al., 1999), have a chromophore that emits green light when immature, while spontaneous chromophore maturation in the presence of oxygen leads to the emission of red light (Gross et al., 2000; Nienhaus and Wiedenmann, 2009) (Figure 2). Photoconvertible red FPs (pcRFPs) or Kaede-type RFPs, on the other hand, have an immature green-emitting chromophore that undergoes irreversible photoconversion from green to red emission upon exposure to UV radiation (~390 nm) (Ando et al., 2002; Nienhaus and Wiedenmann, 2009). CPs are characterized by a trans non-coplanar chromophore with a high extinction coefficient but no or very low fluorescence emission (Prescott et al., 2003; Alieva et al., 2008; Ahmed et al., 2022). CPs can sometimes become fluorescent in a light or pH-induced conformational change known as kindling (Lukyanov et al., 2000; Battad et al., 2007), but the implications of this phenomenon for coral biology have not been studied in detail (Salih et al., 2004).




2.2 Energy transfer

The common presence within a single coral colony of several host pigments with overlapping absorption and fluorescence emission spectra suggests that they could interact with each other via energy transfer to modify the light environment experienced by the symbionts (Salih et al., 2000; Gilmore et al., 2003; Salih et al., 2003; Salih et al., 2004). Energy transfer between chromophores with overlapping excitation/emission spectra can occur via radiative transfer (i.e., emission and reabsorption) or via Förster resonance energy transfer (FRET), which is the non-radiative transfer of energy from an excited donor chromophore to an acceptor chromophore via intermolecular long-range dipole-dipole coupling (Clegg, 1995). FRET requires that i) the distance between the donor and the acceptor must be between 10 – 100 Å, ii) the excitation and emission spectrum of the two molecules must overlap, iii) their dipoles must be appropriately aligned, and iv) the quantum yield of the donor and the absorption coefficient of the acceptor must be high enough (Clegg, 1995). Histological and spectroscopic studies have shown that in some coral species, the spectral combination and spatial arrangement of host pigments are suitable for the formation of FRET pairs (Salih et al., 2003, 2004). Indeed, measurements of fluorescence lifetime indicate that FRET can occur between host pigments, although the relative contribution of this mechanism to overall emission has not been quantified (Gilmore et al., 2003; Cox et al., 2007). Importantly, FRET between coral FPs and zooxanthellae photosynthetic pigments has not been observed, as they are likely organized too far away from each other (Gilmore et al., 2003).

However, intramolecular FRET can be found in coral RFPs. Since maturation of many DsRed-type proteins is incomplete, immature and mature chromophores can be found within the same tetramer (Gross et al., 2000; Nienhaus and Wiedenmann, 2009) that, therefore, emits red fluorescence via direct excitation of the mature red chromophore, as well as via FRET between immature and mature chromophores of the same tetramer (Baird et al., 2000; Gross et al., 2000; Nienhaus and Wiedenmann, 2009). Similar to DsRed-type RFPs, in pcRFPs both unconverted and converted chromophores can exist within the same tetramer. Thus, pcRFPs that have been exposed to UV light emit mainly red fluorescence, either via direct excitation of the red chromophore or via FRET between the green immature chromophore and the red photoconverted chromophore (Ando et al., 2002; Nienhaus and Wiedenmann, 2009; Bollati et al., 2017). In both DsRed-type and in pcRFPs, intra-tetrameric FRET is virtually 100% efficient and green emission disappears upon maturation of a single chromophore; green emission arises mostly from tetramers composed of only immature chromophores (Baird et al., 2000; Wiedenmann et al., 2004).

While these spectral and biochemical properties have been well described for some coral host pigments in vitro, in many cases it remains elusive how these properties affect the light environment inside coral tissue. In fact, considering their in vitro biochemistry is not sufficient in order to understand the potential involvement of host pigments in coral photobiology. The distribution of host pigments relative to each other and to the zooxanthellae, as well as the dynamic regulation of pigments, play a key role in determining the in vivo light environment and must also be taken into account.





3 Dynamics and optical properties of host pigments in corals



3.1 Distribution and dynamics

The expression and distribution of host pigments vary between coral species, and even between individuals of the same species, representative of different color morphs living side by side on the same reef (Salih et al., 2000; Kelmanson & Matz, 2003; Dove et al., 2006; Oswald et al., 2007; Gittins et al., 2014). At the same time, host pigments with similar optical and biochemical properties can be expressed by different species (Alieva et al., 2008). Two mechanisms can generate such diversity: i) polymorphism, characterized by differences in the genome that were determined during zygote formation leading to phenotypic traits that do not change but can exhibit varying intensity during the lifespan of the organism, and ii) polyphenism, where organisms have the same gene set but develop different phenotypic traits that can vary over time due to differences in the levels of gene expression or post-translational mechanisms (Kelmanson and Matz, 2003). Both polyphenism and polymorphism are involved in determining coral coloration (Takabayashi and Hoegh-Guldberg, 1995; Gittins et al., 2014). For example, the different color morphs of Montastraea cavernosa are a result of polyphenism, where the green and red color morphs possess the same gene set but exhibit differences in expression levels of their genes (mRNA abundance) (Kelmanson and Matz, 2003). In red morphs of Acropora millepora, the intensity of red fluorescence is determined by the copy number of the RFP gene as well as the expression level, a combination of polymorphism and polyphenism (Gittins et al., 2014).

The expression of coral GFP-like host pigment genes can be regulated by a number of environmental factors, such as heat, light, and wounding (D’Angelo et al., 2008; Smith-Keune and Dove, 2008; Kenkel et al., 2011; Smith et al., 2013). For some coral host pigments, gene transcription is driven by light intensity, particularly of light in the blue part of the solar spectrum (D’Angelo et al., 2008). Such “light-induced” GFP-like proteins are thus not expressed in darkness or under spectral light fields lacking blue wavelengths, and have often been reported in shallow water corals from high light environments (D’Angelo et al., 2008; Roth et al., 2010; Smith et al., 2013; Bollati et al., 2020). The relationship between light intensity and gene expression can vary between different light-induced host pigments. Some are expressed under relatively low light and saturate at intermediate photon irradiance levels of around 400 µmol photons m-2 s-1 of photosynthetically active radiation (PAR, 400-700 nm) (low induction threshold), while others exhibit an almost linear relationship between photon irradiance and pigment production (high induction threshold) (D’Angelo et al., 2008). Many CFPs belong to the former group, and many CPs to the latter (D’Angelo et al., 2008), but we note that the light regulation of host pigment gene expression has only been characterized for a very small selection of host pigments and/or coral species (D’Angelo et al., 2008; Bay et al., 2009; Kenkel et al., 2011). The signaling pathway that links blue light to GFP-like protein transcription also remains unknown. Corals are known to possess a number of putative photoreceptors, including blue light sensing cryptochromes and opsins, as well as G-protein coupled receptors thought to play a role in light signal transduction (Levy et al., 2007; Mason et al., 2012; Kaniewska et al., 2015; Mason et al., 2023). However, none of these pathways have yet been directly linked to the transcriptional induction of host pigments.

For other coral host pigments, transcription appears to be light-independent and high pigment concentrations are therefore maintained even when corals are kept in darkness (Leutenegger et al., 2007; Eyal et al., 2015); many FPs detected/observed in mesophotic corals belong to this group (Eyal et al., 2015). While transcriptionally independent from light levels, pcRFPs are to an extent still subject to light regulation via the post-translational photoconversion process, which does not affect protein concentration but does affect protein structure and spectral properties (Ando et al., 2002; Wiedenmann et al., 2004; Leutenegger et al., 2007).

Gene expression of host pigments, and therefore overall fluorescence of coral tissue, are also under regulation by water temperature (Dove et al., 2006; Desalvo et al., 2008; Smith-Keune and Dove, 2008; Hume et al., 2013; Roth and Deheyn, 2013; Mayfield et al., 2014). Specifically, temperature stress has been shown to induce a decrease in host pigment expression, sometimes as a precursor to bleaching (Desalvo et al., 2008; Smith-Keune and Dove, 2008; Mayfield et al., 2014). Additionally, cold exposure resulted in a reduction in host pigment fluorescence in the coral Acropora yongei (Roth & Deheyn, 2013). Since coral bleaching alters the internal light environment of corals (Wangpraseurt et al., 2012, 2017a), the interplay between light-induced upregulation and heat-induced downregulation is a critical factor in determining whether host pigment production will increase or decrease during a bleaching event, as described in later sections (Bollati et al., 2020).

Finally, an ontogenetic shift is sometimes observed in the expression of host pigments, with either an increase, a decrease or a spectral shift in fluorescence being reported during larval settlement and metamorphosis (Roth et al., 2013; Haryanti and Hidaka, 2019). For this review, we focus on the roles of host pigments in the photobiology of adult corals, therefore potential functions in aposymbiotic life stages will not be discussed further.




3.2 Optical properties of corals

The studies reviewed so far indicate that the light conditions around and within corals are heavily involved in regulating the expression of host pigments. The light microclimate inside the coral tissue is determined by the interaction between solar radiation and the fundamental optical properties of coral tissue and skeleton, i.e., their absorption and scattering coefficient, and the directionality of scattering. These optical properties are important not only because they affect host pigment regulation, but also because they determine how light travels between host pigments and symbionts, how fluorescence emission is propagated in the tissue, and ultimately how light modulation by host pigments impacts symbiont photosynthesis.

In thick-tissued corals such as Lobophyllidae and Merulinidae, steep light gradients form from the tissue surface towards the skeleton, where the upper tissue layers can experience light levels reaching >200% of the incident, downwelling photon irradiance of PAR, which is then attenuated to 10% or less of the surface photon irradiance at the tissue-skeleton interface (Wangpraseurt et al., 2012, 2016b). This creates distinct light microhabitats across the coral tissue that can drive differential photoacclimation of symbionts in different compartments of thick-tissued corals (Lichtenberg et al., 2016; Wangpraseurt et al., 2016b), and might provide niche space for symbiont genotypes with different light requirements (Wangpraseurt et al., 2016a, 2016b). In contrast, the light field in thin-tissued corals like Pocillopora damicornis becomes more affected by the diffuse backscatter from the coral skeleton that also contributes strongly to light enhancement (Enríquez et al., 2005a; Wangpraseurt et al., 2016b). Despite the absence of steep vertical gradients in such thin-tissued corals, the complex architecture of the colony and scattering characteristics of the coral skeleton still enable homogenization across the coral colony (Enríquez et al., 2017), as well as the formation of shaded microhabitats (Kaniewska et al., 2014; Wangpraseurt et al., 2017b). The relative importance of tissue and skeleton optical properties for the light field of corals and their symbionts thus differs between different coral morphotypes and species, but also across different areas or tissue layers within the same colony.

The spatial position and organization of host pigments within the tissue affect their optical properties. The macroscale distribution of host pigments across coral colonies can vary greatly (Figure 3). Some pigments are distributed homogeneously across the coenosarc, while others are limited to the tip of the polyp tentacles, around the oral disk of the polyp, or concentrated at the colony margin or tip of branches (Salih et al., 2000; Gruber et al., 2008; D’Angelo et al., 2012; Smith et al., 2013; Eyal et al., 2015). In shallow-water corals, host pigments are often found in the ectoderm or in the gastrodermis above the symbiont (Salih et al., 2000, 2004) (Figure 3). But e.g. in depth-generalist and mesophotic corals, they can also be found in the gastrodermis distributed below or around the symbiont (Schlichter et al., 1986; Salih et al., 2000; Mazel et al., 2003; Salih et al., 2004; Oswald et al., 2007). The distribution patterns of host pigments can be either granular, i.e. concentrated in discrete granules (approximately 1 µm in size), which can aggregate to dense chromatophore systems, or diffuse, i.e. homogeneously distributed in the host cells (Salih et al., 2000; Salih et al., 2004; Wangpraseurt et al., 2017b; Wangpraseurt et al., 2019) (Figure 3). Granules, which can contain either a single host pigment or a combination (Salih et al., 2003, 2004), exhibit a more diffuse light scattering leading to enhancement of light closer to the coral tissue surface and a more rapid vertical attenuation of the light as compared to corals with more loosely distributed FPs (Lyndby et al., 2016; Wangpraseurt et al., 2017b). When present in the ectoderm, the scattering of FP chromatophores can thus reduce light exposure of deeper tissue layers shielding the zooxanthellae against excess irradiance and heat deposition (Lyndby et al., 2016). This can be further enhanced by high light induced contraction of coral tissue concentrating FP granules and enhancing the backscatter of light in the upper tissue layers (Wangpraseurt et al., 2017b). Ectodermal granules are uncommon in deep water corals (Salih et al., 2004), which can instead present chromatophore aggregations within or underneath the symbiont layer (Salih et al., 2000; Mazel et al., 2003; Salih et al., 2004; Oswald et al., 2007; Eyal et al., 2015). Specimens of some deep-water species can present granule shapes that are modified into needle- or rod-like structures (Salih et al., 2004), but whether and how such structures affect light propagation and harvesting remains to be studied. Host pigments with diffuse (non-granular), cytoplasmic arrangement are mostly found in ectodermal cells; they are common in corals from all depths (Salih et al., 2004; Eyal et al., 2015), and non-fluorescent CPs from shallow water corals seem to only assume this arrangement (Salih et al., 2000, 2004). In many coral species, multiple host pigments with different arrangement (granular and diffuse, see Figure 3) and localization (ectodermal or endodermal; above, within or below symbionts) coexist, creating complex and unique distribution patterns that contribute to the immense diversity of coral coloration.




Figure 3 | Scattering and distribution of host and symbiont pigments in Dipsastraea sp. (A) Optical coherence tomography (OCT) 3D scan of Dipsastraea sp. (see Wangpraseurt et al., 2017b for methodology). Granules (on the right) and diffuse FPs can be observed in the ectoderm of the specimen. The grey framed area represents the region of scanning, while the color scale indicates intensity of scattering. (B) Confocal microscopy image of a 100µm thick tissue section of mouth tissue in Dipsastraea sp. Diffuse and granular FPs can be observed inside the ectoderm above the symbionts comprised in the gastrodermis. The red line represents the location of the section. Green represents GFPs (emission maxima 500-570nm), blue represents CFPs (emission maxima 460-500nm), and red represents chlorophyll fluorescence in the zooxanthellae. The emission of the laser used to acquire the microscopy image was set at 450nm. A live sample of Dipsastraea sp. was used for the OCT scan. The same sample was then fixed in 4% paraformaldehyde dissolved in a solution of 50 mM PBS. The sample was then decalcified using EDTA (10% EDTA), and was mounted on microscope slide for confocal microscopy imaging right after decalcification.







4 Coral host pigments and photosynthesis



4.1 Role of host pigments in photoprotection

In shallow waters, corals can experience great variations in temperature and solar irradiance (e.g. Jimenez et al., 2012; Wangpraseurt et al., 2014b). Excessive heat stress and high light exposure induce an inhibition of the photosystem II repair mechanism and lower the photoinhibition threshold of the symbiont (Takahashi et al., 2009), which results in increased damage of photosystem II (Aro et al., 1993). Also, excessive light and heat can lead to increasing oxidative stress and production of harmful reactive oxygen species (ROS) in both host and symbiont cells (Rehman et al., 2016). Such stress can play a role in the breakdown of the coral symbiosis known as coral bleaching, where zooxanthellae are either broken down or expelled leaving the translucent coral animal tissue on top of the whitish coral skeleton (Brown, 1997). To cope with excessive temperature and light and avoid the breakdown of the symbiosis, several photoprotection mechanisms are employed either by the coral host or by the symbiont. Photoprotection in corals is in part ensured by the symbiont, using accessory pigments from the xanthophyll cycle (Ambarsari et al., 1997), alternative electron pathways (Reynolds et al., 2008), or by downregulating the activity of the photosystem II reaction centers (Gorbunov et al., 2001), and therefore decreasing the photosynthetic activity. The host also employs various mechanisms to protect their symbionts from excessive light and heat stress. One example is the self-shading morphology commonly found in shallow water corals (Kaniewska et al., 2014). This is typical of branched colonies, where the complex geometry creates more shade among the branches as the colony develops, reducing the total percentage of light absorbed per surface area compared to a spherical or plate shaped coral (Stambler and Dubinsky, 2005).

Host pigments have been shown to exert a photoprotective action on the symbiont, and this is thought to be one of the primary roles for host pigments distributed above the symbiont layer in shallow water corals (Salih et al., 2000); particularly CPs, (Smith et al., 2013) but also CFPs (Quick et al., 2018), GFPs (Lyndby et al., 2016) and RFPs (Gittins et al., 2014). One proposed mechanism for photoprotection is absorption (or “screening”) of excess light by host pigments before it reaches the symbiont layer (Salih et al., 2000; Smith et al., 2013). This is of high relevance for CPs found in thin-tissued corals, where in the absence of host pigments the symbionts experience a light-enhancing environment in hospite, meaning light inside the tissue is higher than outside thanks to the scattering properties of tissue and skeleton (Enríquez et al., 2005; Bollati et al., 2022; Wangpraseurt et al., 2017a). The presence of CPs can change this environment to become more light attenuating within the pigment-specific absorption spectrum (Bollati et al., 2022; Galindo-Martínez et al., 2022), potentially resulting in a 50% reduction in chlorophyll excitation as estimated from in vitro studies (Smith et al., 2013). Besides absorption, coral host pigments can also dissipate excess light energy via elastic scattering (Lyndby et al., 2016; Wangpraseurt et al., 2017b), and FRET between different host pigments might also serve as a photoprotective mechanism via energy conversion (Gilmore et al., 2003; Salih et al., 2004). In shallow water corals such as Acropora spp., FRET was indirectly observed between blue and green FPs (Gilmore et al., 2003; Cox et al., 2007), and groups of pigments with spectral characteristics that are suitable for FRET coupling have been observed within the tightly packed arrangement of FP granules (Salih et al., 2004). FRET between CFPs and GFPs could facilitate a greater Stokes shift than in an individual chromophore, enabling conversion of blue light to yellow-green, which is less readily absorbed by symbiont photosynthetic pigments (Gilmore et al., 2003; Salih et al., 2004; Cox et al., 2007).

In high light environments, conspecific morphs with high host pigment content show i) higher growth rates (Quick et al., 2018), ii) lower photodamage under light stress (Salih et al., 2000; Smith et al., 2013; Gittins et al., 2014), and iii) lower susceptibility to light-induced bleaching (Quick et al., 2018), as compared to less pigmented morphs. Some studies have suggested a positive relationship between pigmentation and resistance to thermal bleaching (Salih et al., 2000; Paley and Bay, 2012; Satoh et al., 2021), while other studies and some anecdotal evidence have reported the opposite relationship (Dove, 2004). Coral FPs can facilitate heat dissipation when they are highly concentrated as granules in the coral’s ectoderm (Lyndby et al., 2016). Such aggregation of FP can be made more dramatic by coral tissue contraction (Wangpraseurt et al., 2017b) leading to intense scattering and light enhancement in the outermost tissue layer and strong vertical light attenuation, which decreases light exposure of the zooxanthellae and leads to less radiative heat dissipation in the symbiont layer (Lyndby et al., 2016). For the particular case of CPs, the effect of pigment concentration on the coral heat budget has not yet been explored in detail. However, it is likely to be very different from that of FPs due to the high extinction coefficient and very low (or zero) fluorescence quantum yield of CPs (Alieva et al., 2008), which results in the majority of excitation energy being dissipated as heat.

Photoprotection by host pigments has also been suggested to facilitate the (re)colonization of coral tissue by symbionts, both during colony expansion and after bleaching events. Bleached corals can accumulate high concentrations of host pigments as a result of an optical feedback loop caused by the loss of symbionts increasing exposure to blue wavelengths that lead to upregulation of host pigmentation, in a process named “colorful bleaching” (Bollati et al., 2020). In healthy corals, blue light inducing host pigment expression is rapidly attenuated in the coral tissue as it is absorbed by symbiont pigments. Therefore, the production of light-induced host pigments is low in a healthy coral with symbionts. However, upon bleaching, light absorption by symbionts decreases greatly leading to enhancement of blue light (Lyndby et al., 2016; Wangpraseurt et al., 2017a) and upregulation of host pigments. The highly concentrated host pigment layer creates a light-attenuating environment, which has been proposed to facilitate the recovery of the symbiont population (Bollati et al., 2020, 2022). A similar feedback mechanism has been proposed to occur in low-symbiont areas of healthy colonies such as axial polyps and plate coral margins (D’Angelo et al., 2012; Bollati et al., 2020).




4.2 Role in photosynthesis enhancement under low light conditions

While photoprotection is now a well-demonstrated role of coral host pigments in shallow water, a different type of potential involvement in photobiology has been proposed for host pigments found in corals that live in low light conditions, such as mesophotic environments. Mesophotic reefs are located in deeper waters (>30 – 150 m), where corals grow under low and strongly blue-shifted solar irradiance (Kahng et al., 2019). Such habitats are also characterized by low mechanical energy, more stable and lower water temperatures and a higher abundance of nutrients (Lesser et al., 2018; Kahng et al., 2019). It has been proposed that mesophotic habitats could be a refuge for corals under the ongoing climate crisis that impacts shallow water reefs with increasing frequency of mass coral bleaching (Bongaerts et al., 2017; Lesser et al., 2018). This “deep reef refuge” hypothesis stipulates that, since corals experience less intense environmental variations (temperature, wave activity, irradiance) in deeper waters, mesophotic reef habitats could become the preferred habitat of species able to adapt and/or acclimate to the mesophotic environment e.g. in terms of low irradiance, a narrow spectral light regime, and lower temperatures (Bongaerts and Smith, 2019). An important prerequisite for such acclimation involves optimization of light harvesting and coral photosynthesis in these blue-green light dominated shaded environments. Only ~3-10% of the surface solar irradiance remains at 65-150 m, depending on the angular position of the sun, and the prevailing light is strongly shifted towards blue wavelengths (Lesser et al., 2018; Kahng et al., 2019). To cope with such reduced light availability and quality, mesophotic corals show lower energy requirements (e.g. lower respiration), an increased dependence on heterotrophic feeding, a change in colony morphology towards more “plate-like” flattened shapes, and an increased spacing between branches that reduces self-shading and might increase light harvesting (Lesser et al., 2018; Kahng et al., 2019).

Optimization of photosynthesis in these light-limited environments has long been proposed as one of the functions of coral host pigments (Schlichter et al., 1986; Salih et al., 2000; Enríquez et al., 2005; Dove et al., 2008). Host pigments are widespread in deep water corals and for some depth specialist species, fluorescent color morphs can represent >70% of the specimens in mesophotic environments (Roth et al., 2015). However, the distribution patterns of color morphs with depth can be very variable. Generally, CFP-containing morphs tend to decrease towards mesophotic depths (Eyal et al., 2015; Roth et al., 2015), while the number of orange-red fluorescent corals increases (Eyal et al., 2015; Smith et al., 2017). However, such surveys have so far only been carried out for a limited number of species and reef locations (Salih et al., 2004; Eyal et al., 2015; Roth et al., 2015; Smith et al., 2017).

Despite the abundance of fluorescent morphs at depth, direct evidence for a role of host pigments in enhancing photosynthesis in mesophotic corals is still lacking. For some mesophotic species, measurements of oxygen production and electron transport rates at the colony level did not show a difference in net photosynthesis between different fluorescent morphs (Ben-Zvi et al., 2019, 2021). However, it was experimentally shown that corals expressing pcRFPs had a greater survival rate in aquarium settings after extended (2 years) low blue light treatment as compared to their non-fluorescent counterparts, which showed 100% mortality at the end of the experiment (Smith et al., 2017). The presence of pcRFPs in corals enables transformation of blue-green wavelengths, abundant in mesophotic environments, to orange-red light, which penetrates deeper in corals tissue, but is otherwise limited at mesophotic depth (Eyal et al., 2015; Lichtenberg et al., 2016; Smith et al., 2017; Bollati et al., 2022). Such transformation is possible and highly efficient due to FRET between green and orange subunits of partially converted pcRFPs (Wiedenmann et al., 2004; Bollati et al., 2017). An ambient light spectrum with reduced (but not zero) UV irradiance, as encountered on mesophotic reefs (Eyal et al., 2015; Kahng et al., 2019), is ideally suited to maintaining the pcRFP pool in a partially converted state, thus maximizing this long range wavelength conversion mechanism (Bollati et al., 2017). A similar partially converted state with high intratetrameric FRET can be found in non-photoconvertible coral RFPs (i.e. DsRed type) due to incomplete maturation of the red chromophore under physiological conditions (Matz et al., 1999; Baird et al., 2000), suggesting that this mechanism may constitute an integral part of the function of RFPs in corals and other Anthozoa (Bollati et al., 2017).

It may appear counterintuitive that the transformation of actinic blue light into orange light could facilitate coral photosynthesis in a mesophotic environment. Blue light is quickly absorbed by the chlorophyll pigment of the symbiont (Wangpraseurt et al., 2012; Wangpraseurt et al., 2014b), while orange light is not as efficiently absorbed, and is thus able to penetrate deeper into the coral tissue, where it can be absorbed by symbionts contained in deeper tissue layers (Lichtenberg et al., 2016; Smith et al., 2017; Bollati et al., 2022). By transforming blue light into orange, the residence time of photons in the tissue is increased, increasing the chances for the symbionts to capture photons for photosynthesis (Wangpraseurt et al., 2014a; Bollati et al., 2017; Smith et al., 2017; Bollati et al., 2022). Such contribution of pcRFPs to the internal light field of corals may be negligible under broad-spectrum, high irradiance conditions, but may become an asset under the ambient, narrow spectral light conditions found in mesophotic environments, allowing to illuminate microenvironments in the coral tissue that, without this contribution, would remain shaded (Bollati et al., 2017; Smith et al., 2017; Bollati et al., 2022). However, a direct stimulation of symbiont photosynthesis via this mechanism remains to be demonstrated, and any potential benefit remains to be quantified in terms of the overall energy budget of the holobiont.

It has been shown that coral morphs harboring GFPs can better attract prey compared to non-fluorescent or orange fluorescent morphs (Ben-Zvi et al., 2022). This mechanism could thus have an important impact on the energy budgets of mesophotic corals that increasingly rely on predation and heterotrophic feeding (Kahng et al., 2019). While this and other non-photobiological roles of host pigments fall outside the scope of this review, we note that the two are not mutually exclusive and it is plausible that coral host pigments can fulfil multiple functions at the same time.





5 Challenges and open questions

In this review, we have highlighted how various properties of GFP-like pigments may be linked to a diversity of functions. Beyond their well-characterized spectral properties, host pigment regulation mechanisms, microscale spatial distribution, and optical context vary dramatically across habitats, between coral species and even within a single species (Figure 4). Such astounding diversity indicates that pigments with different combinations of these properties may be involved in different physiological functions. Therefore, all these properties should be taken into account when attempting to classify host pigments, and to attribute functions to specific pigment groups. Specifically, we recommend that pigments be characterized in terms of their emission properties (e.g. GFP vs RFP vs CP), but also by establishing whether they are light-induced or constitutive, whether they are distributed above or below the symbiont, diffusely or as granules, and whether they are placed in light-enhancing or light-attenuating tissue (Figure 4). In this context, it would be timely to build on previous surveys of host pigments (Salih et al., 2004; Alieva et al., 2008; Gruber et al., 2008; Eyal et al., 2015) by including all these properties in a comprehensive survey. By establishing how these properties are distributed across taxa and environments, such survey would yield important insights into the diverse ecological and physiological functions of this pigment group.




Figure 4 | Key features of host pigments involved in coral photobiology. Based on their spectral properties, host pigments can be broadly categorised as CFPs, GFPs, RFPs and non-fluorescent CPs. Based on their regulation properties, host pigments can be categorised as light-induced (such as the CFPs and GFPs found in some Montipora sp.) or constitutive (such as the GFP found in some Euphyllia sp.), depending on whether transcription of their respective genes is induced by blue light or not. Post-translational photoconversion can also alter the spectral properties of host pigments by changing their emission colour from green to red after exposure to UV light (as observed in the pcRFP from Echinophyllia sp.). Host pigments can be distributed ectodermally or gastrodermally, above or below the symbionts, and they can be arranged diffusely in the cytoplasm or packed into dense granules. Additionally, contraction and expansion can dynamically change the optical properties of the tissue and the arrangement of host pigments. Combined together, these properties ultimately determine the quality and quantity of light that reaches the symbiont cell and is thus available for photosynthesis.



Many aspects of host pigment regulation have still not been explored in detail. While we have an understanding of light-driven pigment regulation (D’Angelo et al., 2008), the heat-driven downregulation of host pigment genes (Desalvo et al., 2008; Smith-Keune and Dove, 2008; Mayfield et al., 2014) has not been explored extensively. The temperature thresholds at which such downregulation occurs are important in determining whether corals can increase host pigment production in response to bleaching, thus potentially affecting their recovery and survival (Bollati et al., 2020). These thresholds should be determined experimentally, perhaps using a standardized rapid thermal stress assay such as CBASS (Voolstra et al., 2020). Such assays could be used to test how heat stress interacts with other factors (light, nutrients, oxygen, feeding), which might impact host pigment regulation.

A key element needed to progress our understanding of the role of host pigments in photophysiology is direct measurements of symbiont photosynthesis at high spatial resolution in relation to the distribution of coral host pigments. These measurements are technically challenging, as the symbionts are contained under layers of tissue and operate under distinct microenvironmental conditions. This complicates the use of commonly applied methods for studying photosynthetic performance in coral ecophysiology such as variable chlorophyll fluorescence (see e.g. (Wangpraseurt et al., 2019). A more promising approach would entail local quantification of the photosynthesis of endosymbionts in the coral endoderm under controlled spectral regimes using microsensors for O2, light and variable chlorophyll fluorescence (e.g. Lichtenberg et al., 2016). Microsensor measurements, sometimes combined with nanoSIMS analyses, have so far been used to show i) that the optical properties of coral tissue allow the creation of micro-light environments for symbiont photosynthesis in hospite (Lichtenberg et al., 2016; Wangpraseurt et al., 2016b), and ii) that pcRFPs can provide a significant contribution to the photosynthetically active light spectrum available for the photosymbionts in mesophotic corals (Bollati et al., 2022). However, a direct measurement of how symbiont photosynthesis is affected by the presence and organization of coral host pigments around the zooaxanthellae is still lacking. So it remains to be determined whether and how fluorescent host pigments can stimulate coral photosynthesis, and what specific roles their spectral and scattering properties as well as their distribution inside the tissue might play in this process.

Furthermore, energy transfer between different FPs in vivo remains a process that has been little explored. While in vitro studies have clearly shown that highly efficient intra-tetrameric FRET occurs in RFPs (Baird et al., 2000; Wiedenmann et al., 2004), any non-radiative energy transfer between separate FP molecules will be highly dependent on the intermolecular distance. In this context, the distribution and arrangement of FPs in the tissue becomes extremely important, as do any mechanisms that might dynamically increase or decrease pigment concentration and therefore determine whether two molecules can be close enough for non-radiative wavelength conversion. Confocal microscopy combined with lifetime imaging can help determine if any particular sets of pigments and pigment arrangements are positioned in a way that is conducive to energy transfer (Gilmore et al., 2003; Salih et al., 2003; Salih et al., 2004; Cox et al., 2007). Additionally, in vivo measurements of fluorescence lifetime would help establish the magnitude of energy transfer under physiological conditions. Eventually, such studies should lead to the quantification of the effects of energy transfer mechanisms on symbiont photosynthesis.

Besides more detailed in hospite measurements of microenvironmental and physiological variables of the host and symbiont, novel in vitro and in silico approaches will also be useful tools to help unravel the role of host pigments for coral photobiology. The use of 3D bioprinting approaches has enabled the construction of bionic corals composed of biopolymers and microalgae mimicking key structural and optical traits of real corals (Wangpraseurt et al., 2020, 2022). Inclusion of host pigments in bionic corals in combination with novel means to read out metabolic activity in 3D bioprinted constructs (Trampe et al., 2018) would enable experimental exploration of how the spatial organization of these pigments relative to the microalgae and the skeleton affects light availability and photosynthesis.

Finally, multiphysics modeling of radiative, heat and mass transfer has recently enabled the simulation of light, temperature and oxygen distributions in corals of known tissue composition and 3D morphology (Taylor Parkins et al., 2021; Murthy et al., 2023). Including the elastic scattering properties of FPs, such numerical modeling was able to replicate experimental measurements of light and temperature enhancement in coral tissue areas with different FP content (Taylor Parkins et al., 2021), but so far the fluorescence properties of FPs have not been included in such simulations. Such modelling approach would enable predictive simulation of how different FP configurations affect the coral microenvironment and function in the context of the coral holobiont. This approach appears particularly promising to understand some of the trade-offs of host pigment production, which are likely to be a major selection driver for color polymorphism (Gittins et al., 2014; Quick et al., 2018). For example, the trade-off between light modulation (Bollati et al., 2022; Galindo-Martínez et al., 2022) and heat budgets (Lyndby et al., 2019) is likely critical in determining recovery potential and eventually survival of corals during bleaching events (Bollati et al., 2020).

In conclusion, a multidisciplinary approach is needed to fully appreciate the diversity of host pigment functions in corals. While many knowledge gaps remain, microscale methods and other emerging technologies offer a great potential for advancing our understanding of the role of coral GFP-like pigments in coral ecophysiology. We hope that by adding to our current knowledge of how corals can acclimate and adapt to diverse habitats, these advances will help guide future conservation and reef management efforts.
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