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Abstract  14 

Fluorescence in marine animals has mainly been studied in Cnidaria but is found in many different 15 

phyla such as Annelida, Crustacea, Mollusca, and Chordata. While many fluorescent proteins and 16 

molecules have been identified, very little information is available about the biological function of 17 

fluorescence. In this review, we focus on describing the occurrence of fluorescence in marine animals 18 

and the behavioural and physiological functions of fluorescent molecules based on experimental 19 

approaches. These biological functions of fluorescence range from prey and symbiont attraction, 20 

photoprotection, photoenhancement, stress mitigation, mimicry, aposematism to inter- and 21 

intraspecific communication. We provide a comprehensive list of marine taxa that utilize 22 

fluorescence, including demonstrated effects on behavioural or physiological responses. On one 23 

hand, this review describes the numerous known functions of fluorescence in anthozoans and their 24 

underlying molecular mechanisms in detail. On the other hand, it highlights which marine taxa 25 

should be further studied regarding their functions of fluorescence. We suggest that an increase in 26 

research effort in this field could contribute to understanding the capacity of marine animals in 27 

responding to negative effects of climate change, such as rising sea temperatures and increasing 28 

intensities of solar irradiation. 29 
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 72 

I. Introduction 73 

Light in the marine environment is an important ecological factor and becomes crucial under visually 74 

restricted conditions. Adaptations to these conditions include the emission of light by organisms 75 

themselves (bioluminescence) and/or the absorption and subsequent emission of lower energy light 76 

(i.e. a shift from shorter to longer wavelengths). This process is called fluorescence. Fluorescent light 77 

is emitted by molecules excited by light, such as porphyrins, chlorophyll, phycobiliproteins, chitin or 78 

green-fluorescent protein (GFP)-like fluorescent proteins (FPs) (García-Plazaola et al., 2015; Macel et 79 

al., 2020). More than 300 different fluorescent molecules have been described in different phyla 80 

(Figure 1, Appendix I). While fluorescence of many biological molecules is just an intrinsic physical 81 

property of the molecule itself (NADH, tryptophane, or chlorophyll) and has most likely no biological 82 

functions, various fluorescent molecules have evolved to adapt to specific environments and 83 

behaviours (Table 1) (Marshall & Johnsen, 2017; Mazel, 2017). Suggested functions of these 84 

molecules include attraction of prey or symbionts, photoprotection, photoenhancement, light 85 

harvesting, stress mitigation, mimicry, aposematism, and communication (Figure 2) (Salih, 2000; 86 

Mazel et al., 2004; Michiels et al., 2008; Palmer, Modi & Mydlarz, 2009a; Gittins et al., 2014; Haddock 87 

& Dunn, 2015; Macel et al., 2020, Ferreira et al., 2023). In the following sections, we will review the 88 

different functions and explain the underlying fluorescent systems across various taxa.  89 

 90 
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II. Functions of fluorescence 91 

(1) Nutritional function - Prey attraction 92 

((a)) Cnidaria – Medusozoa (jellyfish) and Anthozoa (corals & sea anemones) 93 

The first discovered FP, GFP was isolated from the cnidarian jellyfish Aequorea victoria. Here, GFP 94 

acts as an acceptor/antenna molecule for the luciferase aequorin (Shimomura, Johnson & Saiga, 95 

1962; Morin & Hastings, 1971). In this bioluminescent-fluorescent system GFP shifts the blue light 96 

produced by aequorin to longer wavelengths, i.e. green light (Morin & Hastings 1971). Various 97 

bioluminescent-fluorescent systems have been developed in jellyfish (Morin & Hastings, 1971, 98 

Morise et al., 1974, Fourrage et al., 2014). In Clytia hemispherica, for example, the light emitting 99 

GFPs are located in tentacle bulbs and tentacles, and enhance the bioluminescent spectrum, which is 100 

used to lure prey (Fourrage et al., 2014). It has been demonstrated that fluorescent light is used for 101 

prey attraction in the hydrozoan Olindias formosa (Haddock & Dunn, 2015). It expresses dfGFP that 102 

has a 33% homology with A. victoria GFP (Shinoda et al., 2017). Blue light illumination of the green 103 

fluorescence in the tentacles attracts juvenile rockfish in laboratory settings, while white or yellow 104 

light has no effect. The attraction of juvenile rockfish in the laboratory was comparable to in situ 105 

observations of benthic fish species (i.e. Enchelyurus spp., Synodus jaculum & Mulloidichthys sp.) that 106 

chased green light, resembling fluorescence-like stimuli (Haddock & Dunn, 2015). Whether the fish 107 

reacted to green light or just the movement of light was not addressed. The authors hypothesize that 108 

the use of fluorescent lures might be a common mechanism to attract prey in non-visual and visual 109 

organisms (Haddock & Dunn, 2015). For example, the non-visual cnidarian predator, the 110 

siphonophore Rhizophysa eysenhardti, has green fluorescent spots on the tips of the tentacles and 111 

along the gastrozooids, which potentially aid in prey capturing of larval fish (Purcell, 1981; Haddock & 112 

Dunn, 2015). Similar strategies were suggested for other siphonophores: Resomia ornicephal, 113 

Diphyes dispar and Rosacea plicata to capture euphausiid shrimp (Haddock & Dunn, 2015). 114 

Mesophotic corals may also use fluorescence to attract prey. For example, the green fluorescent 115 

morph of the Fimbriaphyllia (Euphyllia) paradivisa shows a higher predation rate than the orange 116 
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morph (Ben-Zvi et al., 2022). This correlates with the phenomenon that zooplankton show a positive 117 

phototaxis to green fluorescence. The combination of the bright green fluorescence against dark 118 

background and potentially fluorescent patterns highlighting tentacles and/or the oral part of a polyp 119 

further suggest a role in prey attraction in corals and an increase in nutrition supply (Ben-Zvi et al., 120 

2022). 121 

In benthic cnidarians that are neither bioluminescent, nor have algal symbionts (Haddock & Dunn, 122 

2015), green fluorescence is found in hydroids of the genus Cytaeis (Prudkovsky et al., 2016), in the 123 

corallimorph Corynactis californica (Schnitzler et al., 2008), and in cerianthid tube anemones 124 

(Cerianthus) (Wiedenmann et al., 2004). Cytaeis polyps live on shells of the nocturnal gastropod 125 

Nassarius margaritifer in the Red Sea (Egypt) and their hypostomes fluoresce green (λem 518 nm) 126 

(Prudkovsky et al., 2016). Even though there is no experimental evidence, the localization of 127 

fluorescence in the hypostome may suggest a role for prey attraction. 128 

 129 

((b)) Chordata - Cephalochordata – Branchiostomatidae (lancelets) 130 

Cephalochordates are the only deuterostomes that express endogenous GFP (Deheyn et al., 2007). 131 

Deuterostomian GFP was first found in three species of lancelets (Deheyn et al., 2007) and GFP-132 

encoding genes most likely existed in an ancestral cephalochordate, as these genes occur across 133 

distantly related genera of amphioxus (Yue et al., 2016). With 16 different identified GFP genes, the 134 

amphioxus Branchiostoma floridae, is the species with the highest diversity of GFPs known so far 135 

(Bomati, Manning & Deheyn, 2009; Bomati et al., 2014). Red fluorescence emitted by lancelet red 136 

fluorescent protein (laRFP, λem 592 nm) is known from the congeneric B. lanceolatum (Pletnev et al., 137 

2013). In B. floridae, the various GFPs exhibit different fluorescence intensities, extinction 138 

coefficients and absorption profiles, which makes the species an interesting organism for studying 139 

the function and evolution of GFP (Bomati et al., 2014). In adult lancelets GFP is concentrated in the 140 

oral cirri implicating its role in planktonic prey attraction (Deheyn et al., 2007; Yue et al., 2016). 141 

 142 
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((c)) Chordata - Vertebrata – Osteichthyes (fish) 143 

In marine fish, the brightness of fluorescence can be regulated, suggesting that fluorescent signals 144 

are used to attract and detect prey and/or sexual partners. The black-faced blenny 145 

Tripterygion delaisi, for example, regulates the brightness of the red-fluorescent iris by dispersal and 146 

aggregation of black-pigmented melanosomes within melanophores. These melanophores encase 147 

fluorescent iridophores on the anterior side of the iris. The movement of the melanosomes leads to 148 

the covering or revealing of red fluorescent iridophores, which is most likely controlled neuronally 149 

(Wucherer & Michiels, 2014). That the change in fluorescent brightness is used for prey attraction or 150 

localization is supported by the fact that fluorescence increases during foraging and decreases during 151 

inactivity or stress (Wucherer & Michiels, 2014). Possessing red fluorescent irises is common in small 152 

predatory fishes (Anthes et al., 2016).  153 

 154 

(2) Nutritional function - Symbiont attraction 155 

((a)) Cnidaria – Anthozoa (corals) 156 

Echinophyllia aspera (Scleractinia) that fluoresce bright green (λem 492 and 505 nm) under blue light, 157 

attract their symbiotic dinoflagellates of the family Symbiodiniaceae under laboratory conditions 158 

(Aihara et al., 2019). The dinoflagellate shows maximum positive phototactic responses towards 159 

510 nm (green) and 680 nm (red) light and negative phototaxis towards strong purple blue (λem 160 

380-475 nm) light. These experiments suggest that the symbiont avoids light-induced photodamage 161 

of the photosynthetic machinery and is maximally attracted by green fluorescence. The attraction 162 

hypothesis between corals and symbionts is also supported by the fact that GFP fluorescence is 163 

higher in larvae and juvenile coral polyps than in adult colonies and in bleached than in non-bleached 164 

corals (Kenkel et al., 2011; Ricaurte et al., 2016; Aihara et al., 2019). Strong fluorescence in bleached 165 

corals may help to attract new symbiont communities for improving survival strategies (Bollati et al., 166 

2020). This has also been suggested for colourful coral bleaching, where upregulated FPs may 167 

improve recolonization of the symbionts (Bollati et al., 2020). 168 
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Moreover, it is proposed that different GFP expression within coral larvae from different reef depths 169 

could attract and retain different dinoflagellates, increasing their fitness and chance of survival when 170 

arriving in new environments (Scucchia et al., 2020) 171 

 172 

(3) Defensive or regulatory function - Photoprotection 173 

FP mediated photoprotection involves light absorption, screen scattering, and antioxidation (Salih et 174 

al., 2000; Gilmore et al., 2003; Mazel et al., 2003a; Bou-Abdallah, Chasteen & Lesser, 2006; Palmer et 175 

al., 2009a). FP mediated photoprotection has mainly been described and investigated in cnidarians 176 

(Scleractinia and Actinaria) and has been suggested in Cephalochordata (Yue et al., 2016) and 177 

Polychaeta (Rodrigo et al., 2022). 178 

 179 

((a)) Cnidaria – Anthozoa (corals) 180 

In cnidarians the light environment plays a central role in the symbiosis between a heterotrophic 181 

host and its autotroph endosymbiont, e.g. the symbiosis between scleractinian corals and 182 

dinoflagellates (Symbiodiniaceae) (Muscatine et al., 1984 ). Green fluorescence has been shown to 183 

be positively correlated with the photobiology of the symbionts and with coral growth (Salih et al. 184 

2006, Roth & Deheyn, 2013). Symbiodiniaceae are involved in the photosynthetic fixation of carbon, 185 

which is used as food supply and Ca2+ carbonate resource in skeleton growth by the coral. In return, 186 

the coral provides ammonium as nutrient for the dinoflagellates. For a vital symbiosis it is important 187 

to reduce photodamage, while balancing light harvesting for photosynthesis is maximized 188 

(Muscatine, 1990, Takahashi et al., 2009). The role of coral host pigments has recently been reviewed 189 

in detail by Ferreira et al. (2023). Corals living in shallow reefs may benefit from physiological systems 190 

that absorb high-intensity sunlight and emit at longer wavelength to reduce the production of 191 

reactive oxygen species (Bou-Abdallah et al., 2006; Palmer et al., 2009a). 192 

Reactive oxygen species can cause damage in the coral tissue, while high-intensity light can cause 193 

photoinhibition of photosynthesis by dinoflagellates (Hoegh-Guldberg & Jones, 1999; Gorbunov et 194 
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al., 2001). Although controversially discussed in Cnidaria, mechanisms reducing oxidative stress are 195 

vital for an organism. In vitro experiments of Bou Abdallah et al. (2006) demonstrated weak 196 

scavenging by FPs (shown for avGFP), whereas results of Palmer et al. (2009a) do not provide 197 

conclusive evidence of an antioxidant role.  198 

Non-fluorescent Chromoproteins (CP) and FPs are frequently, but not exclusively, expressed in the 199 

ectoderm, facing the external environment, and shielding the zooxanthellae in the endoderm. Thus, 200 

light that reaches the zooxanthellae through the ectoderm is shifted to a longer wavelength, 201 

reducing harmful, high-energy radiation for the symbionts or a part of the radiation is absorbed by 202 

the CPs (Salih et al., 2000; Mazel et al., 2003b; Oswald et al., 2007,  Smith et al., 2013 ). Non-203 

fluorescent chromoproteins, which are homologous to GFP, are crucial to the light microclimate and, 204 

therefore, play an important role in mitigating light stress in shallow water by absorbing light, which 205 

has been demonstrated with optical microsensor measurements in symbiotic reef building corals. 206 

Here, the upregulation of pink CPs during bleaching leads to a reduction of orange light within the 207 

tissue by 10 to 20% compared to low CP-expressing tissue (Bollati et al., 2022). 208 

An optical feedback loop involving dinoflagellate symbionts and corals has been proposed to induce 209 

the expression of FPs during colorful bleaching, a world wide reoccuring phenomenon in coral reefs. 210 

The upregulation of the photoprotective molecules is driven by increased internal light fluxes after 211 

the loss of the symbionts. The upregulation of FPs in bleached coral tissue has been suggested to be 212 

important for the recolonization of reef-building corals by symbionts (Bollati et al., 2020). 213 

Different colour morphs of FPs are known from various coral species (Alieva et al., 2008; Meyers, 214 

Porter & Wares, 2013; Eyal et al., 2015; Gittins et al., 2014). The perception of specific colors by their 215 

emission wavelength may differ between observers. The classifications of the colors and names of 216 

the fluorescent proteins are not uniform and there are different divisions of the color classes (Alivea 217 

et al., 2008, Chudakov et al., 2010, Ferreira et al., 2023). In this review we refer to the emission 218 

colors as follows: violet = 380 - 434 nm, cyan = 435 - 499 nm, green = 500 - 560 nm, yellow = 561 - 219 

570 nm, orange = 571 - 590 nm, red = 591 - 739 nm (Figure 1). Fluorescent proteins often exist as 220 
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multicopy genes, contributing to high levels of FP production and allowing adjustment of transcript 221 

levels in response to the light environment. Thus, transcription of multicopy genes in reef corals 222 

allows for fast changes in the colour combinations within an FP population, most likely to adapt to 223 

environmental changes in the habitat. This has been demonstrated for the red amilFP597 from 224 

Acropora millepora in which transcript levels increase with light intensity and vary among colour 225 

morphs (Gittins et al., 2014). In addition, Satoh et al. (2021) show that different colour morphs of 226 

Acropora tenuis with different expression of fluorescent proteins could play a role in physiological 227 

response of environmental stress (Satoh et al., 2021). These findings suggest that colour 228 

polymorphism in reef corals depends on environmental factors. It may contribute to the reduction in 229 

photodamage and to diversification and optimization of physiological responses (Shagin et al., 2004; 230 

Meyers et al., 2013; Gittins et al., 2014). 231 

High GFP levels have also been suggested to provide protection of RNA from oxidative damage by 232 

UV-light. An upregulation of GFP could help avert damage by scattering UV-light (as suggested by 233 

Grinblat et al., 2018). Some FPs show a small, but recognizable absorbance of UV-light (Karasawa et 234 

al. 2003, Alieva 2009). However, UV-light (250- 400 nm) protection would be limited to shallow water 235 

levels since it is readily absorbed with increasing depth (Fleischmann 1989). Only limited amounts of 236 

UV-light are transmitted to mesophotic reefs as reported by Eyal et. al (2015). Furthermore, 237 

experiments testing different colour morphs did not find any significant decrease in DNA damage due 238 

to ultraviolet radiation (UVR) (Ben-Zvi et al. 2019). Green fluorescent protein is not only expressed in 239 

adult coral colonies but also in planula larvae, particularly in regions undergoing high cell 240 

differentiation with high transcription levels (Grinblat et al., 2018). Planula larvae of 241 

Stylophora pistillata show stronger fluorescence in shallow than in mesophotic reefs (Scucchia et al. 242 

2020). Fluorescence intensity was, however, not quantified but interpreted visually through 243 

photographs. Scucchia et al. (2020) also found that larvae from shallower colonies possess higher 244 

levels of GFP-like Chromoprotein. Although the GFP-like CP is not fluorescent, its absorption 245 

spectrum may help in photoprotection (Scucchia et al., 2020). It should be noted that a 246 
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discrimination of GFP and GFP-like chromoproteins is not consistent throughout the literature and 247 

both molecules are frequently intermingled and used as homologous.  248 

High expression of FPs has also been observed in injured and regenerating growth areas of corals, 249 

which also reveal high transcription and DNA synthesis (D’Angelo et al., 2012; Grinblat et al., 2018). 250 

In cephalochordates, GFP is upregulated in oocytes and spawned eggs (Deheyn et al., 2007; Yue et 251 

al., 2016), suggesting a similar role in photoprotection of RNA/DNA as in coral larvae. 252 

Another dinoflagellate-host system where photoprotection is discussed as function of FPs occurs in 253 

actiniarians. At least five different morphs of the actiniarian Anemonia viridis (var. rustica, 254 

smaragdina, rufescens, viridis and vulgaris) as well as Condylactis gigantea and Heteractis crispa 255 

express FPs and non-fluorescent pink-red and purple-blue CPs in the tips of their tentacles (described 256 

for Anemonia viridis var. smaragdina, rufescens and viridis) (Wiedenmann, Röcker & Funke, 1999; 257 

Wiedenmann et al., 2000; Lukyanov et al., 2000; Labas et al., 2002; Leutenegger et al., 2007b; 258 

Mallien et al., 2018). 259 

In contrast to the studies above, it has also been suggested that FPs may not improve 260 

photoprotection and photosynthesis in mesophotic corals (Eyal et al., 2015; Ben-Zvi, Eyal & Loya, 261 

2019). Studies on different fluorescent colour morphs of the mesophotic coral 262 

Fimbriaphyllia (Euphyllia) paradivisa revealed no differences in enhancement of photoprotection and 263 

photosynthesis, when exposed to high-intensity photosynthetic active radiation or UV-light (Ben-Zvi 264 

et al., 2019). Examining the spectra and kinetics of FP populations and chlorophyll a (Chl a) from 265 

colour morphs of Acropora spp. or Plesiastrea versipora and their corresponding zooxanthellae 266 

revealed energy transfer between FPs within the FP population but not between the FP and the 267 

Chl a. (Gilmore et al., 2003).   268 

Converting light energy between different host pigments (e.g., CFP and GFP) via Förster resonance 269 

energy transfer (FRET) might act as a photoprotective mechanism (Gilmore et al., 2003, Salih et al., 270 

2004). FRET occurs between two light sensitive molecules when the acceptor's absorption spectra 271 

and the donor's fluorescence emission spectra energetically overlap, they show the proper dipole-272 
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dipole orientation, and they fall within the intermolecular distance (as described in Gilmore et al., 273 

2003). This process was observed in Acropora spp. via fluorescence lifetime imaging (Gilmore et al., 274 

2003, Cox et al., 2007) and FPs suitable for light conversion have been proposed in densely 275 

aggregated FP granules of other coral species (Salih et al., 2004). The absence of FRET among FPs in 276 

shade-acclimated samples (Euphyllia ancora) may reflect a reduction in the demand for 277 

photoprotection as a result of the transition from high light reef environments to shaded aquarium 278 

environments (Cox et al., 2007). 279 

 280 

((b)) Annelida (segmented worms) 281 

The intertidal worm Eulalia sp. secretes a proteinaceous fluorescent complex including ubiquitin, 14-282 

3-3 protein and peroxiredoxin. This mucus/complex when excited by UV light emits light in the blue-283 

green spectrum, where intensity of light emission is dependent on the redox state. The authors 284 

suggest that the mucous containing the fluorescent complex has an antioxidant function and 285 

protects the worm against high-energy radiation during foraging at daylight (Rodrigo et al., 2022).  286 

 287 

((c)) Chordata - Cephalochordata – Branchiostomatidae (lancelets) 288 

Besides its presence in cirri of adult lancelets, in Asymmetron lucayanum fluorescent GFP is also 289 

present in oocytes and spawned eggs where it is suggested to fulfil photoprotective functions (Yue et 290 

al., 2016). 291 

 292 

(4) Photoenhancement 293 

((a)) Porifera (sponges) 294 

Fluorescence mediated photoenhancement is discussed as providing better light conditions to 295 

photosynthesizing symbionts in Porifera (Read, Davidson & Twarog, 1968). It is mentioned as 296 

potential function but has not been shown experimentally, so far. In the Mediterranean sponge 297 

Aaptos aaptos ultraviolet excited fluorescence occurs in the archaeocytes (amoebocytes) (Liaci, 298 
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1962). The yellow tube sponge Aplysina fistularis has a green-yellow colour at a depth of 40 m due to 299 

a fluorescent pigment that has been identified in the lamellar portion of the sponge fibres. In 300 

addition, Halisarca dujardini, an intertidal, non-tropical, spiculeless sponge, contains fluorochromes 301 

similar to those in Aplysina fistularis (Read et al., 1968). 302 

 303 

((b)) Cnidaria – Anthozoa (corals) 304 

The dominant occurrence of one colour morph in depth-specialistic coral species may hint that FPs 305 

may enhance the light environment in mesophotic reefs (Roth et al. 2015), which are characterized 306 

by areas of low light penetration. Green or red light reaches vaster in the coral tissue to the 307 

symbionts and complements the predominantly blue light spectrum in deeper water layers 308 

(Schlichter, Fricke & Weber, 1986; Salih et al., 2000, 2006; Eyal et al., 2015; Smith et al., 2017). 309 

Photoconvertible red fluorescent proteins (pcRFPs) can contribute to 50% of orange/red light, that is 310 

available to the symbionts at mesophotic depths. Measurements with microsensors placed directly in 311 

the coral tissue showed that red light penetrates deeper into the tissue than green light and could be 312 

available for photosynthetic symbionts located in deeper tissue layers (Bollati et al., 2022). Light 313 

transformation from green to red wavelengths via FRET in subunits of pcRFPs has been proposed to 314 

facilitate photosynthesis (note that this process is dependent on the photoconversion action 315 

spectrum of pcRFPs) (Bolatti et al., 2017, Wiedenman et al., 2004a). Additionally, FRET occurs under 316 

physiological conditions in non-photoconvertible RFPs, that evolve due to incomplete maturation 317 

(Matz et al., 1999). 318 

It was shown that fluorescence is shifted to longer wavelengths of light (orange and red) in deeper 319 

reefs, while green fluorescence is more common in shallow reefs (Eyal et al., 2015). Interestingly, 320 

yellow fluorescence has only been observed in mesophotic reef corals so far (Eyal et al., 2015). So 321 

called yellow FPs (e.g. zFP538 (λEm 538nm) from Zoanthus sp. or ccalYFP1 (λEm 523nm),  and ccalOFP 322 

(λEm 561 nm) from Corynactis californica) have also been found in non scleractinian corals in shallow 323 

reefs (Matz et al., 1999; Schnitzler et al., 2008).  324 
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 325 

((c)) Annelida (segmented worms) 326 

Photoenhancement has also been suggested for annelids and involves a shift of bioluminescent light 327 

(Hastings, 1996). In the putative light organs of Tomopteris spp. (pelagic annelids) a fluorescent signal 328 

is correlated with the emission of bioluminescent light (Gouveneaux et al., 2017). It has been 329 

proposed that the fluorescence is most likely produced by a breakdown product of the 330 

chemiluminescent reaction, which was first demonstrated in the polynoid worm Acholoe astericola 331 

(Bassot & Bilbaut, 1977; Bassot & Nicolas, 1995; Gouveneaux et al., 2017). In Tomopteris spp. that 332 

exhibit a unique, yellow-orange luminescence in their parapodia, a quinone derivative 333 

(anthraquinone; Aloe-emodin) has been isolated and is suggested to be involved in bioluminescent 334 

light emission. In the tubeworm Chaetopterus variopedatus blue and green luminescence have been 335 

described in the mucus (Deheyn et al., 2013; Branchini et al., 2014). The green fluorescence is most 336 

likely emitted by riboflavin (λem 525 nm) or a related derivative, which has been isolated from the 337 

mucus (Branchini et al., 2014). Interestingly, riboflavin cannot be synthesized by tubeworms 338 

themselves and needs to be acquired from an external source. Therefore, it has been proposed that 339 

annelids may acquire fluorescent molecules with their nutrition (Fox et al., 1952). In addition, intense 340 

blue fluorescence after emission of bioluminescent light was detected in the mucus of the fireworm 341 

Odontosyllis phosphorea, suggesting that an oxidized product resulting from light production 342 

mediates fluorescence (Deheyn & Latz, 2009; De Meulenaere, Puzzanghera & Deheyn, 2020). While 343 

these studies suggest that fluorescence increases the bioluminescent spectra, the ecological 344 

implications of these bioluminescence-fluorescence systems need to be further explored. 345 

 346 

(5) Ontogenetic changes in FP patterns and potential functions in early life stages 347 

((a)) Cnidaria – Anthozoa (corals) 348 

Fluorescence can be found very early during coral development within eggs, embryos, larvae, and 349 

polyps (Hirose, Kinzie & Hidaka, 2000; Leutenegger et al., 2007a; Roth et al., 2007; D’Angelo et al., 350 
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2008; Grinblat et al., 2018). In fact, fluorescence can be used to detect coral recruits (Piniak et al., 351 

2005; Baird, Salih & Trevor-Jones, 2006). Larvae of Acropora millepora can express red and green 352 

fluorescent proteins, with no correlation between fluorescent colour of the parent colony to the 353 

larvae (Kenkel et al., 2011). Interestingly, larvae with red fluorescence have lower colonization 354 

success than those with green fluorescence and heat stress reduces the red fluorescence (Kenkel et 355 

al., 2011). In Seriatopora hystrix, a developmental change from two green (larvae) to one cyan (adult) 356 

fluorescing protein occurs. In the larvae, two GFPs co-exist, with the peak emission of one GFP 357 

(499 nm) overlapping with the peak excitation of the second GFP (504 nm), which may allow energy 358 

transfer if the GFPs are in close proximity (Roth, Fan & Deheyn, 2013). Larvae showed large ranges in 359 

GFP fluorescence, dinoflagellate abundance and size, suggesting that coral larvae have the 360 

physiological capacity to adapt to many different light microhabitats (Roth, Fan & Deheyn, 2013). 361 

Red fluorescence in larvae (e.g. Acropora millepora) has been associated with a reduction in 362 

sensitivity to settlement cues, suggesting a function in long-range dispersal (Kenkel et al., 2011). In 363 

addition, the red colour morphs reveal a reduced expression of genes involved in cell division, 364 

accompanied by an upregulation of ribosomes and stress-tolerance involving genes important for 365 

deactivation of reactive oxygen species. This suggest that red colour morphs have increased 366 

antioxidant protection which could be beneficial for long-term survival at the water surface during 367 

sunlight exposure (Strader, Aglyamova & Matz, 2016). Interestingly, the change in gene expression 368 

patterns in the red colour morph resembles changes in gene expression of the long-lived dauer stage 369 

of Caenorhabditis elegans, suggesting a role of FPs in the regulation of diapause-like states in coral 370 

larvae (Strader et al., 2016). 371 

 372 

(6) Bilirubin binding to reduce cellular, oxidative stress 373 

((a)) Chordata - Vertebrata - Osteichthyes (fish) 374 

Green and red fluorescent patterns have been observed in moray eels (Muraenidae) (Guarnaccia et 375 

al., 2021), false morays (Chlopsidae) (Sparks et al., 2014) and eels (Anguillidae) (Hayashi & Toda, 376 
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2009; Kumagai et al., 2013). The FPs are believed to have regulatory functions in stress mitigation 377 

(Funahashi et al., 2016). Japanese eels Anguilla japonica express fluorescent green proteins of a 378 

different family (UnaG) (Kumagai et al., 2013). UnaG belongs to the family of fatty acid binding 379 

proteins (FABPs). Green fluorescence is mediated by noncovalent binding of an endogenous ligand 380 

bilirubin, a membrane-permeable heme metabolite in a non-conjugated form (Kumagai et al., 2013). 381 

The entire bilirubin molecule is closely coordinated within the holoprotein complex, located deep in 382 

the barrel structure. UnaG emits green fluorescence independent of oxygen (Kumagai et al., 2013). In 383 

young A. japonica UnaG is expressed in the white muscles, particularly in small fibres. These muscle 384 

fibres represent the late developing fibres during muscle growth, and it is assumed that the 385 

expression of the fluorescent FABP is attenuated with the onset of muscle growth in juveniles. The 386 

long-distance migration cycle of the eel from freshwater to the Philippine Sea puts considerable 387 

demands on the metabolic physiology of the skeletal muscles (Kumagai et al., 2013). Due to the non-388 

covalent binding of bilirubin to the UnaG, it has been suggested that the accumulation of this 389 

metabolite is regulated, which could constitute benefits during the permanent strain on the muscles 390 

during migration. Bilirubin molecules, whose degradation as ligands has been found to be 391 

significantly slowed down, potentially provide antioxidant activities, while fatty acid binding proteins 392 

are involved in metabolism and the homeostasis of oxidative stress (Kumagai et al., 2013). 393 

Accordingly, the fluorescent holoprotein in the eel may contribute to muscle metabolism and to the 394 

reduction of cellular, oxidative stress that arises during long-distance migration (Kumagai et al., 2013; 395 

Funahashi et al., 2016). It has been suggested that the eel blood plasma containing biliverdin 396 

(abundant form of heme metabolite) is enzymatically reduced to bilirubin in skeletal muscle cells. It 397 

binds to the protein, expresses green fluorescence and functions as a complex, like a scavenger of 398 

hydrogen peroxide and/or hydroxyl radical. After the cells are exposed to oxidative stress during the 399 

long-distance migration, bilirubin is oxidized in biliverdin and transported to blood circulation 400 

(Funahashi et al., 2016). Other members of the bilirubin binding FPs have also been identified in two 401 

chlopsid eels Kaupichthys hyoproroides and Kaupichthys n. sp. (Chlopsid FP I and II) and in the moray 402 
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eel Gymnothorax zonipectis (GymFP) (Gruber et al., 2015; Guarnaccia et al., 2021). Since most moray 403 

eels do not show fluorescence in a comparable habitat and do not migrate for long-distances the 404 

ecological and physiological function of GymFP should be investigated further.  405 

 406 

(7) Immune response 407 

((a)) Cnidaria – Anthozoa (corals) 408 

In corals, FPs have also been suggested to play a role in the immune response. The immune response 409 

in corals is mediated by pathogen recognition receptors that recognize microbes and activate several 410 

downstream signalling pathways. During infection with the trematode Podocotyloides stenometre, 411 

the expression of green FPs changes towards red FPs in trematodiasis-compromised tissue (Palmer et 412 

al., 2009b). Pigmentation at alternatively compromised tissue has been described in other corals 413 

(Willis, Page & Dinsdale, 2004; Bongiorni & Rinkevich, 2005; Ravindran & Raghukumar, 2006a, 2006b; 414 

Palmer, Mydlarz & Willis, 2008, D’Angelo et al., 2012). The increased expression of CPs and FPs in 415 

immunocompromised coral tissues suggests a role in coral immunity (Palmer et al., 2008, 2009b; 416 

Chudakov et al., 2010). It was also suggested that fluorescence can potentially serve as tool for 417 

monitoring coral health (Ramesh et al., 2019). 418 

 419 

((b)) Chordata - Vertebrata - Chondrichthyes – (sharks) 420 

Green fluorescence is also found in the skin of sharks. The swell shark Cephaloscyllium ventriosum 421 

from the eastern Pacific and the chain catshark Scyliorhinus retifer from the western Atlantic reveal a 422 

high-intensity green fluorescence in the lighter colored areas of the skin (catshark) and the dark spots 423 

of the skins (swell shark) (Park et al., 2019). This fluorescence is produced by brominated tryptophan-424 

kynureinine metabolites. In phosphate buffered saline these compounds reveal exitation peaks in the 425 

UV-blue range (λex 360-438 nm) and emission peaks in the blue-green range (λem 400-507 nm) (Park 426 

et al., 2019). The authors suggest that the fluorescent molecules may play a role in immune 427 
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response, since kynurenine metabolism regulates host-microbiome signaling and immune response 428 

in humans. 429 

 430 

(8) Light-driven electron transfer 431 

Various phyla. Another possible function of FPs is their active role in light-driven electron transfer 432 

(Bogdanov et al., 2009). It has been observed that under anaerobic conditions GFP undergoes 433 

photoconversion into a red fluorescent state (Elowitz et al., 1997), a process called “redding” 434 

(Bogdanov et al., 2009). During this process, GFP of diverse origin can act as light-induced electron 435 

donor in photochemical reactions with electron acceptors such as cytochrome c, FMN, FAD or NAD+ 436 

(Bogdanov et al., 2009). Light-induced electron transfer seems to be a common feature of FPs of 437 

different phyla (e.g. jellyfish, anthozoans, copepods and lancelets) (Chudakov et al., 2010) and is 438 

dependent on the chromophore. The electron transfer only takes place in natural Tyr66-based 439 

chromophores, while mutants with artificial Trp66- or His66-based chromophores are inactive. This 440 

suggests a high evolutionary pressure if FP-mediated redox reactions are involved in specific cellular 441 

processes. This hypothesis has been challenged because the light-induced transfer of two electrons 442 

from a FP to an oxidant such as NAD+ leads to an irreversible inactivation of the FP. However, 443 

sensory function might still be a possible explanation, since it does not require excessive electron 444 

transfer (Chudakov et al., 2010; Povarova et al., 2017). 445 

 446 

(9) Mimicry, aposematism and camouflage 447 

Fluorescence in marine environments can be perceived by other species with appropriate 448 

photoreceptors or filters (like intraocular filters) such as fish, copepods, mantis shrimps, and 449 

dinoflagellates (Sparks et al., 2014). It has been suggested that these fluorescent signals may have an 450 

aposematic function to warn or repel predators and to hide symbionts from herbivorous fish 451 

(Chudakov et al., 2010). 452 

 453 
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((a)) Mollusca – Gastropoda – Heterobranchia (slugs) 454 

Non-endosymbiont mediated fluorescence in Heterobranchia has also been described (Betti et al., 455 

2021). The authors suggest that the common occurrence of green fluorescence in the cerata of 456 

Cladiobranchia could originate from ingested food, which is partly stored in the cnidosacs, that 457 

enhance the aposematic coloration. Moreover Betti et al. (2021) found fluorescence in the dorsal rim 458 

of the heterobranchs genus Diaphorodoris spp.. In behavioral assays, the dorsal rim of a related 459 

Heterobranchia species Goniobranchus splendidus has been demonstrated to function as aposematic 460 

signal. Here, a potential fish predator recognized the yellow rim as a warning signal (Winters et al., 461 

2017). Therefore, it seems likely, that the fluorescence in the genus Diaphorodoris is involved in 462 

aposematism as well (Betti et al., 2021).  463 

 464 

((b)) Chordata – Vertebrata – Osteichthyes (fish) 465 

Fluorescence shows a high prevalence in crypto-benthic fish species and has been presumed to 466 

facilitate background matching (Sparks et al., 2014; Brauwer et al., 2018). A first study highlighting 467 

this correlation showed that the red fluorescence of scorpionfish was influenced by background 468 

luminance (John, Santon & Michiels, 2023). Furthermore, the red fluorescent scorpionfish 469 

(Scorpaenopsis papuensis) perch on red fluorescing algae, while the green fluorescent, two-lined 470 

monocle bream (Scolopsis bilineata) can be found near green fluorescing coral heads of Acropora 471 

(Sparks et al., 2014). In general, fluorescence of a patchy distribution across the body can be found 472 

more often in sit-and-wait predators than in mobile fish (Anthes et al., 2016).  473 

 474 

(10) Intraspecific communication 475 

Fluorescence can play a role in recognition of conspecifics, warning and threatening, mate choice and 476 

mating behaviour (Herring, 1988; Mazel et al., 2004; Shagin et al., 2004).  477 

 478 
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((a)) Mollusca – Cephalopods (squids) 479 

In cephalopods, fluorescent signals may play a role in intraspecific communication. The squids 480 

Allotheutis subulata and Loligo vulgaris have fluorescent “eyespots”. These brightly coloured 481 

eyespots consist of two layers  the lower iridescent layer and a fluorescent layer on top (Mäthger & 482 

Denton, 2001).  483 

 484 

((b)) Arthropoda – Copepoda 485 

In copepods FPs have been isolated and characterized from Chiridius poppei (cpYGFP) (Masuda et al., 486 

2006), Pontelina plumata (ppluGFP1, ppluGFP2 (Evdokimov et al., 2006)), Pontella meadi 487 

(pmeaGFP1, pmeaGFP2), Pontella mimocerami (pmimGFP1, pmimGFP2), Labidocera aestiva 488 

(laesGFP), and an unidentified species (pdae1GFP) (Shagin et al., 2004; Hunt et al., 2010). Pontellidae 489 

have elaborate eyes and show sexual dimorphism in eye design with different fluorescent patterns 490 

(e.g. P. mimicerami). It has been proposed that detection of fluorescent pattern might be involved in 491 

intraspecific recognition (Ohtsuka & Huys, 2001; Shagin et al., 2004; Evdokimov et al., 2006). Herring 492 

(1988) described a sexual dimorphism of fluorescent patches, which are associated to 493 

bioluminescent glands of calanoid copepods (Oncaea conifera). But whether fluorescence, or other 494 

factors such as body size, enhances mating success or is only a side effect of bioluminescence 495 

remains to be determined (Herring, 1988). Blue fluorescent (in the open ocean) or green fluorescent 496 

(in nearshore waters) pigments were suggested to work as countershading mechanism for copepods 497 

(as suggested for L. aestiva) (Shagin et al., 2004). In the mantis shrimp Lysiosquillina glabriuscula 498 

fluorescent displays enhance visual communication. Here, antennal scales and the carapace show 499 

yellow fluorescing patches. Fluorescent patches accentuate weapons and are discussed as a threat 500 

display towards potential predators or males of the same species (Mazel et al., 2004).  501 

 502 



21 

 

((c)) Chordata - Vertebrata – Osteichthyes (fish) 503 

In marine fish, little is known about the ability to perceive fluorescence. Several studies, however, 504 

suggest the perception of red fluorescence, which requires red shifted photoreceptors. The red 505 

fluorescent goby Eviota pellucida, the blenny Tripterygion delaisi and the fairy wrasse 506 

Cirrhilabrus solorensis reveal maximum absorbance in the visual pigments of 460-540 nm (Michiels et 507 

al., 2008; Gerlach et al., 2016; Bitton et al., 2017). The retina of C. solorensis possesses one class of 508 

rods and three spectrally distinct classes of cones with maximum absorbance around 530 nm 509 

(Gerlach et al., 2016). It has been suggested that the absorption spectrum of the long-wavelength 510 

opsins (λabs 530-540 nm) are sufficiently overlapping with the emission spectra of red fluorescence 511 

(λem 600-650 nm) (Michiels et al., 2008; Anthes et al., 2016). In addition, red shifted photoreceptors 512 

(λabs 550-580 nm) have been described in Thalassoma dupery, several seahorses and pipefish 513 

(Syngnathidae), and the goby Gobiusculus flavescens (Barry & Hawryshyn, 1999; Utne-Palm & 514 

Bowmaker, 2006; Mosk et al., 2007; Anthes et al., 2016). The triggerfish Rhinecanthus aculeatus, the 515 

wrasse C. solorensis and the blenny T. delaisi recognize red fluorescence > 600 nm wavelengths as 516 

has been tested in physiological and behavioural assays. In these behavioural assays the wrasse 517 

C. solorensis, for example, showed more aggressive behaviour by recognizing possible fluorescent 518 

rivals in comparison to non-fluorescent rivals. In addition, the triplefin T. delaisi showed an increase 519 

in choice behaviour to a red fluorescent cue, that is similar to their own fluorescence (Cheney et al., 520 

2013; Gerlach, Sprenger & Michiels, 2014; Gerlach et al., 2016; Kalb et al., 2015; Bitton et al., 2017). 521 

Many marine diurnal fish including species with fluorescent patterns possess intraocular filters in the 522 

lenses or corneas (Heinermann, 1984; Sparks et al., 2014). It has been proposed that these filters are 523 

used as long-pass filters to detect or enhance the perception of green to red fluorescence. Therefore, 524 

trichromatic vision in combination with long pass filters allows the perception of red-shifted visible 525 

signals as cues for behavioural responses (Wucherer & Michiels, 2014). Red light attenuates with 526 

depth and distance. Thus, in deeper marine environments red fluorescent signals for communication 527 

can only be perceived over short distances. Therefore, it has been proposed that red fluorescent 528 
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irises are more common in small rather than large fish, because small fish communicate over shorter 529 

distances (Michiels et al., 2008; Anthes et al., 2016). Other wavelengths of light such as green or 530 

yellow light is detected over a longer distance and might therefore be involved in communication for 531 

bigger fish living in groups (e.g. group coherence or a distraction for predators) (Michiels et al., 2008; 532 

Anthes et al., 2016). The fluorescence of the lumpfish Cyclopterus lumpus has been suggested to be a 533 

communication signal for territorial claims because of the strong fluorescence in high crest and 534 

ridges, which may be seen from a competitor at a distance (Juhasz-Dora et al., 2022). The nocturnal 535 

moray eel Gymnothorax zonipectis reveals bilirubin inducible fluorescence (GymFP). It has been 536 

suggested that the visual detection of this fluorescence be involved in synchronized spawning during 537 

full moon (Munz & McFarland, 1973; Lee et al., 2008; Wang, Tang & Yan, 2011; Guarnaccia et al., 538 

2021). 539 

Fluorescent patterns among closely related reef fish show species-specific variations, for example in 540 

Eviota and Enneapterygius (Michiels et al., 2008). In addition, interspecific variation has been 541 

observed in members of the lizardfish genus Synodus and the goby genus Eviota (Sparks et al., 2014), 542 

while intraspecific variation has been described in the juvenile arctic snailfish Liparis gibbus (Gruber 543 

& Sparks, 2021). Investigations regarding fluorescent body patterns in pseudocheilinid wrasses varied 544 

greatly across species (Gerlach et al., 2016). These findings suggest a role of fluorescent patterns in 545 

intraspecific recognition (Sparks et al., 2014). Moreover, fins, i.e. the anal fin (Gobiidae), the first 546 

dorsal fin (Tripterygiidae) or the caudal fin (Syngnathidae) can be fluorescent. These fins have been 547 

proposed to be involved in intraspecific signalling (Michiels et al., 2008). 548 

Differences in fluorescence intensity and patterns are observed between males and females of 549 

different vertebrate species and suggest an involvement in sexual communication (Anthes et al., 550 

2016; Gerlach et al., 2016). Flatfish possess different fluorescent patterns on an individual’s blind and 551 

sight surface. During mating, flatfish flash their blind sides to each other (Sparks et al., 2014). In 552 

general, sexually dimorphic fish show an increased abundance of fluorescent fins (Anthes et al., 553 

2016). Recently, green and red fluorescent leucosome-like pigment organelles (fluoroleucophores) 554 
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have been described in embryos of the Arabian killifish Aphanius dispar (Hamied et al., 2020). Knock-555 

out of GTP cyclohydrolase abolishes the fluorescence, suggesting that fluorescence involves 556 

molecules associated with the pterine biosynthesis pathway. The authors suggest that the Arabian 557 

killifish may have developed strong reflecting leucophores as a photoprotection mechanism or that 558 

this fluorescence could be a visual signal involved in mating (Hamied et al., 2020). 559 

 560 

III. Other observations of fluorescence  561 

Besides the studies mentioned above, which provide evidence or hypothesis for the function of 562 

fluorescence in marine animals, there is an additional number of studies reporting fluorescence in 563 

taxa where the functions have not – or hardly - been studied. To date, more than 200 different FPs 564 

are known from Hexacorallia, Crustacea, Hydrozoa, Cephalochordata, and fish (Figure 1, Appendix II). 565 

In addition, fluorescent molecules have also been described in soft corals, blue corals, sea pens, and 566 

gorgonians (Alcyonacea, Helioporacea, and Pennatulacea). Some Octocorallia are azooxanthellate 567 

filter-feeders but some, mostly those found in shallow depths, possess symbiotic algae (Ruppert, Fox 568 

& Barnes, 2004). In Octocorallia, bioluminescent species are found in pennatulaceans, alcyonaceans 569 

(in Paraspaerasclera grayi, in the genera Anthomastus, and Iridogorgia), and in gorgonians (in the 570 

genera Halypterus, Iridogorgia, and Chrysogorgia) with some species expressing fluorescent antenna 571 

proteins (Panceri, 1872; Parker, 1920; Harvey, 1952; Nicol, J., A., C., 1955; Haddock, Moline & Case, 572 

2010; Raddatz et al., 2011; Frank, Tamara, M. et al., 2016). Luciferases, for example, coexist with 573 

GFPs in Renilla mülleri, Renilla köllikeri, Stylatula elongate, Acanthoptilum gracile, and 574 

Ptilosarcus guernyi, (Wampler et al., 1973; Shimomura & Johnson, 1975; Matz et al., 1999; Labas et 575 

al., 2002; Alieva et al., 2008; Haddock et al., 2010). In addition, FPs have been identified in the genera 576 

Clavularia, Dendronephyta, and Sarcophyton (all Alcyonacea) (Matz et al., 1999; Labas et al., 2002; 577 

Alieva et al., 2008). Red fluorescence has also been described in Octocorallia, but most likely 578 
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originates from chlorophyll (Alderslade & McFadden, 2007; Zawada & Mazel, 2014; Leal et al., 2015; 579 

Holm & Heidelberg, 2016). 580 

Various Crustaceans express fluorescent substances like lipofuscin (Sheehy, 1990) or tryptophan 581 

associated molecules (Erker, Hübler & Decker, 2008) in addition to FPs. Cuticular autofluorescence 582 

has also been described (Michels, 2007). In addition, isopods of the genus Santia live in symbiosis 583 

with fluorescent unicellular microalgae. These isopods are fully covered with red fluorescent 584 

cyanobacteria, where red fluorescence may serve as a warning colour for predators (Lindquist, 585 

Barber & Weisz, 2005). 586 

In marine gastropods and bivalves, the structural composition of the mussel shell plays an important 587 

role of absorbing, transmitting and reflecting light (Prudkovsky et al., 2016). The shell of the oyster 588 

Pinctada vulgaris contains a lamellar pattern of red fluorescence that consists of red and black 589 

parallel zones (Arma et al., 2014). The fluorophore porphyrin causes the red fluorescence seen when 590 

the prismatic layer of the shell is exposed to a certain wavelength of light (Arma et al., 2014). Giant 591 

clams of the genus Tridacna and Hippopus (Bivalvia) live in a symbiosis with photosynthetic algae of 592 

the family Symbiodiniaceae and reveal a red fluorescence. These symbiotic algae are hosted in the 593 

clam’s mantle tissue (Carlos, Baillie & Maruyama, 2000; Maxwell & Johnson, 2000; Yau & Fan, 2012) 594 

and show a far-red fluorescence associated to chlorophyll photosystem II (Jeffrey & Haxo, 1968; 595 

Maxwell & Johnson, 2000). The symbionts’ fluorescence can be studied to better understand the 596 

symbiosis and to assess the current state of health of bivalves or even entire reefs (Maxwell & 597 

Johnson, 2000; Rowan, 2004; Yau & Fan, 2012). 598 

Many marine fish reveal fluorescence with unknown function and often unknown origin. These 599 

include cartilaginous (such as sharks and rays) as well as bony, especially ray-finned fish such as 600 

scorpionfish (Scorpaenoidei), blennie (Blennioidei), gobie (Gobioidei), flatfish (Pleuronectiformes), 601 

and numerous other tropical reef fish (Sparks et al., 2014). Families like pipefish and seahorses 602 

(Syngnathidae), and dragonets (Callionymidae) reveal red fluorescence with emission patterns 603 

ranging from small defined areas to an irregular and interspersed distribution across the body 604 
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(Anthes et al., 2016). Out of 665 fish species examined 40% (272 species) showed red fluorescence. 605 

Emission of red fluorescence involves iridophores with fluorescent guanine crystals (Michiels et al., 606 

2008; Wucherer & Michiels, 2014), fluorescent chromatophores (Wucherer & Michiels, 2012), 607 

fluorescent scales and fin rays (Michiels et al., 2008) (summarized in (Anthes et al., 2016)). 608 

 609 

IV. Conclusion 610 

(1) Fluorescent molecules in marine organisms fulfil a broad range of functions across various 611 

taxa.  612 

(2) Most hypotheses regarding the function of fluorescence have been surmised from the 613 

morphology of the animal. Very few experiments mainly conducted in corals and fish have 614 

been performed specifically to identify and verify the functions of fluorescence.  615 

(3) The number of fluorescent molecules published in different taxa reflects limited knowledge 616 

of the taxonomic distribution of fluorescence. Most fluorescent molecules are known from 617 

Cnidaria.  618 

(4) The well-studied functions of FPs in corals and their importance for photoprotection, 619 

photoenhancement, symbiont and prey attraction, and stress mitigation demonstrate how 620 

important it is to better understand the mechanisms that help corals cope with climate 621 

change and how these are related to fluorescent molecules.  622 

(5) It is possible that important functions in mitigating climate change effects can be found in 623 

more marine taxa than corals. Research on fluorescent marine organisms, therefore, holds 624 

an unknown potential for marine conservation. 625 

 626 

V. Acknowledgements 627 

We thank all RUB students who contributed to this article by conducting literature searches on 628 

fluorescence in marine taxa. Thanks to the dive instructors and dive guides who showed us 629 



26 

 

fluorescence in coral reefs during night dives. We also would like to thank the workshop at the 630 

faculty of Biology and Biotechnology at RUB, especially Stefan Dobers, for technical support. 631 

 632 

VI. Competing interests 633 

The authors declare that they have no competing interests. 634 

 635 

VII. Funding 636 

This work was funded by the Ruhr-Universität Bochum and grants from the German Research 637 

Foundation (Deutsche Forschungsgemeinschaft, DFG). Project number 316803389-SFB1280/A07 (to 638 

S.H.), Priority Program SPP1926 (DFG2471/18-2) (to S.H.), DFG2471/23-1 (to S.H.), DFG2471/21-1 (to 639 

S.H.) project number 492434978 - GRK2862/1, (to S.H.). 640 

 641 

VIII. Authors' contributions 642 

All authors developed the initial framework together, and contributed to the writing of the first draft, 643 

the revision and editing. 644 

 645 

IX. References 646 

References that are only cited in the supporting information are marked with an asterisk. 647 

 648 
*AGLYAMOVA, G.V., HUNT, M.E., MODI, C.K. & MATZ, M.V. (2011) Multi-colored homologs of the green 649 

fluorescent protein from hydromedusa Obelia sp. Photochemical & Photobiological Sciences 10, 650 

1303-1309. 651 

AIHARA, Y., MARUYAMA, S., BAIRD, A.H., IGUCHI, A., TAKAHASHI, S. & MINAGAWA, J. (2019) Green 652 

fluorescence from cnidarian hosts attracts symbiotic algae. Proceedings of the National 653 

Academy of Sciences of the United States of America 116, 2118–2123. 654 

ALDERSLADE, P. & MCFADDEN, C.S. (2007) Pinnule-less polyps: a new genus and new species of Indo-655 

Pacific Clavulariidae and validation of the soft coral genus Acrossota and the family 656 



27 

 

Acrossotidae (Coelenterata: Octocorallia). Zootaxa 1400.1, 24–44. 657 

ALIEVA, N.O., KONZEN, K.A., FIELD, S.F., MELESHKEVITCH, E.A., HUNT, M.E., BELTRAN-RAMIREZ, V., MILLER, D.J., 658 

WIEDENMANN, J., SALIH, A. & MATZ, M. V (2008) Diversity and evolution of coral fluorescent 659 

proteins. PloS one 3, e2680. 660 

*ALIYE, N., FABBRETTI, A., LUPIDI, G., TSEKOA, T. & SPURIO, R. (2014) Engineering color variants of 661 

green fluorescent protein (GFP) for thermostability, pH-sensitivity, and improved folding 662 

kinetics. Applied Microbioly and Biotechnology 99, 1205–1216. 663 

*ANDO, R., HAMA, H., YAMAMOTO-HINO, M., MIZUNO, H. & MIYAWAKI, A. (2002) An optical marker based 664 

on the UV-induced green-to-red photoconversion of a fluorescent protein. Proceedings of the 665 

National Academy of Sciences 99, 12651–12656. 666 

ANTHES, N., THEOBALD, J., GERLACH, T., MEADOWS, M.G. & MICHIELS, N.K. (2016) diversity and ecological 667 

correlates of red fluorescence in marine fishes. Frontiers in Ecology and Evolution 4, 233. 668 

ARMA, L.H., SAITOH, A., ISHIBASHI, Y., ASAHI, T., SUEOKA, Y., SAKAKIBARA, M. & TAKEBE, H. (2014) Red 669 

fluorescence lamellae in calcitic prismatic layer of Pinctada vulgaris shell (Mollusc, bivalvia). 670 

Optical Materials Express 4, 1813-1823. 671 

*BACHMAN, C. H. & ELLIS, E. H. (1965) Fluorescence of bone. Nature 206, 1328–1331. 672 

BAIRD, A.H., SALIH, A. & TREVOR-JONES, A. (2006) Fluorescence census techniques for the early detection 673 

of coral recruits. Coral Reefs 25, 73–76. 674 

BARRY, K.L. & HAWRYSHYN, C.W. (1999) Spectral sensitivity of the Hawaiian saddle wrasse, 675 

Thalassoma duperrey, and implications for visually mediated behaviour on coral reefs. 676 

Environmental Biology of Fishes 56, 429-442. 677 

BASSOT, J.M. & BILBAUT, A. (1977) Bioluminescence des élytres d'Acholoe-IV. Luminescence 678 

fluorescence des photosomes. Biol. Cell., 28, 163-168. 679 

BASSOT, J.M. & NICOLAS, M.T. (1995) Bioluminescence in scale-worm photosomes: the photoprotein 680 

polynoidin is specific for the detection of superoxide radicals. Histochemistry and cell biology 681 

104, 199–210.  682 



28 

 

*BAUMANN, D., COOK, M., MA, L., MUSHEGIAN, A., SANDERS, E., SCHWARTZ, J. & YU, C.R. (2008) A family of 683 

GFP-like proteins with different spectral properties in lancelet Branchiostoma floridae. Biology 684 

Direct 3, 1–12. 685 

*BELL, P. J. L. & KARUSO, P. (2003) Epicocconone, a novel fluorescent compound from the fungus 686 

epicoccumnigrum. Journal of the American Chemical Society 125, 9304–9305. 687 

BEN-ZVI, O., EYAL, G. & LOYA, Y. (2019) Response of fluorescence morphs of the mesophotic coral 688 

Euphyllia paradivisa to ultra-violet radiation. Scientific reports 9, 5245. 689 

BEN-ZVI, O., LINDEMANN, Y., EYAL, G. & LOYA, Y. (2022) Coral fluorescence: a prey-lure in deep habitats. 690 

Communications Biology 2022 5:1 5, 1–8. 691 

*BESSETTE, P. H., & DAUGHERTY, P. S. (2004) Flow cytometric screening of cDNA expression libraries for 692 

fluorescent proteins. Biotechnology Progress, 20, 963-967. 693 

BETTI, F., BAVESTRELLO, G. & CATTANEO-VIETTI, R. (2021) Preliminary evidence of fluorescence in 694 

Mediterranean heterobranchs. Journal of Molluscan Studies 87. 695 

BITTON, P.-P., HARANT, U.K., FRITSCH, R., CHAMP, C.M., TEMPLE, S.E. & MICHIELS, N.K. (2017) Red 696 

fluorescence of the triplefin Tripterygion delaisi is increasingly visible against background light 697 

with increasing depth. Royal Society open science 4, 161009. 698 

BOGDANOV, A.M., MISHIN, A.S., YAMPOLSKY, I. V, BELOUSOV, V. V, CHUDAKOV, D.M., SUBACH, F. V, VERKHUSHA, 699 

V. V, LUKYANOV, S. & LUKYANOV, K.A. (2009) Green fluorescent proteins are light-induced electron 700 

donors. Nature chemical biology 5, 459–461.  701 

*BOGDANOVA, E.A., SHAGINA, I.A., MUDRIK, E., IVANOV, I., AMON, P., VAGNER, L.L., LUKYANOV, S.A. & SHAGIN, 702 

D.A. (2009) DSN Depletion is a Simple Method to Remove Selected Transcripts from cDNA 703 

Populations. Molecular Biotechnology 41, 247–253. 704 

BOLLATI, E., D’ANGELO, C., ALDERDICE, R., PRATCHETT, M., ZIEGLER, M. & WIEDENMANN, J. (2020) Optical 705 

feedback loop involving dinoflagellate symbiont and scleractinian host drives colorful coral 706 

bleaching. Current Biology 30, 2433-2445. 707 

BOLLATI, E., LYNDBY, N.H., D’ANGELO, C., KÜHL, M., WIEDENMANN, J. & WANGPRASEURT, D. (2022) Green 708 



29 

 

fluorescent protein-like pigments optimize the internal light environment in symbiotic reef 709 

building corals. eLife 11. eLife Sciences Publications Ltd. 710 

BOLLATI, E., PLIMMER, D., D’ANGELO, C. & WIEDENMANN, J. (2017) FRET-Mediated long-range wavelength 711 

transformation by photoconvertible fluorescent proteins as an efficient mechanism to generate 712 

orange-red light in symbiotic deep water corals. International Journal of Molecular Sciences 18: 713 

1174. 714 

BOMATI, E.K., HALEY, J.E., NOEL, J.P. & DEHEYN, D.D. (2014) Spectral and structural comparison between 715 

bright and dim green fluorescent proteins in Amphioxus. Scientific Reports 4, 1–9. 716 

BOMATI, E.K., MANNING, G. & DEHEYN, D.D. (2009) Amphioxus encodes the largest known family of 717 

green fluorescent proteins, which have diversified into distinct functional classes. BMC 718 

Evolutionary Biology 9, 1–11. 719 

BONGIORNI, L. & RINKEVICH, B. (2005) The pink-blue spot syndrome in Acropora eurystoma (Eilat, Red 720 

Sea): a possible marker of stress? Zoology (Jena, Germany) 108, 247–256. 721 

*BONNETT, R., HEAD, ERICA J. & HERRING, P. J. (1979) Porphyrin pigments of some deep-sea medusae.  722 

Journal of the Marine Biological Association 59, 565–573. 723 

BOU-ABDALLAH, F., CHASTEEN, N.D. & LESSER, M.P. (2006) Quenching of superoxide radicals by green 724 

fluorescent protein. Biochimica et biophysica acta 1760, 1690–1695. 725 

BRANCHINI, B.R., BEHNEY, C.E., SOUTHWORTH, T.L., RAWAT, R. & DEHEYN, D.D. (2014) Chemical Analysis of 726 

the Luminous Slime Secreted by the Marine Worm Chaetopterus (Annelida, Polychaeta). 727 

Photochemistry and photobiology 90, 247–251. 728 

*BRIDGES, M.C., WOODLEY, C.M., PETERS, E.C., MAY, L.A. & GALLOWAY, S.B. (2020) Expression and 729 

Characterization of a Bright Far-red Fluorescent Protein from the Pink-Pigmented Tissues of 730 

Porites lobata. Marine Biotechnology 22, 67–80. 731 

*BRUCHHAUSEN, F. VON (1998) Hagers Handbuch der Pharmazeutischen Praxis: Drogen AK 732 

CARLOS, A.A., BAILLIE, B.K. & MARUYAMA, T. (2000) Diversity of dinoflagellate symbionts (zooxanthellae) 733 

in a host individual. Marine Ecology Progress Series 195, 93–100. 734 



30 

 

*CARTER, R.W., SCHMALE, M.C. & GIBBS, P.D.L. (2004) Cloning of anthozoan fluorescent protein genes. 735 

Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 138, 259–270. 736 

*CARTER, R.W. (2003) Cnidarian fluorescent proteins. Dissertation, University of Miami. 737 

*CHEN, Y.A., LIAO, C.Y. &TSAI, J.M. (2017) Molecular cloning and characterization of fluorescent 738 

proteins in the stony coral Acanthastrea lordhowensis. European Nucleotide Archive, Accession 739 

no. KY806741. 740 

CHENEY, K.L., NEWPORT, C., MCCLURE, E.C. & MARSHALL, N.J. (2013) Colour vision and response bias in a 741 

coral reef fish. Journal of Experimental Biology 216, 2967-73. 742 

*CHIU, Y., SHIKINA, S. & CHANG, C. (2019) Testicular somatic cells in the stony coral Euphyllia ancora 743 

express an endogenous green fluorescent protein. Molecular Reproduction and Development 744 

86, 798–811. 745 

CHUDAKOV, D.M., MATZ, M. V., LUKYANOV, S. & LUKYANOV, K.A. (2010) Fluorescent proteins and their 746 

applications in imaging living cells and tissues. Physiological Reviews 90, 1103–1163. 747 

COX, G., MATZ, M., & SALIH, A. (2007). Fluorescence lifetime imaging of coral fluorescent proteins. 748 

Microscopy Research and Technique, 70, 243-251. 749 

*CUNNING, R., BAY, R. A., GILLETTE, P., BAKER, A. C., & TRAYLOR-KNOWLES, N. (2018) Comparative analysis of 750 

the Pocillopora damicornis genome highlights role of immune system in coral evolution. 751 

Scientific Reports 8(1), 16134. 752 

D’ANGELO, C., DENZEL, A., VOGT, A., MATZ, M. V, OSWALD, F., SALIH, A., NIENHAUS, G.U. & WIEDENMANN, J. 753 

(2008) Blue light regulation of host pigment in reef-building corals. Marine Ecology Progress 754 

Series 364, 97–106. 755 

D’ANGELO, C., SMITH, E.G., OSWALD, F., BURT, J., TCHERNOV, D. & WIEDENMANN, J. (2012) Locally 756 

accelerated growth is part of the innate immune response and repair mechanisms in reef-757 

building corals as detected by green fluorescent protein (GFP)-like pigments. Coral Reefs 31, 758 

1045–1056. 759 

DEHEYN, D.D., ENZOR, L.A., DUBOWITZ, A., URBACH, J.S. & BLAIR, D. (2013) Optical and physicochemical 760 



31 

 

characterization of the luminous mucous secreted by the marine worm Chaetopterus sp. 761 

Physiological and Biochemical Zoology 86, 702–715. 762 

DEHEYN, D.D., KUBOKAWA, K., MCCARTHY, J.K., MURAKAMI, A., PORRACHIA, M., ROUSE, G.W. & HOLLAND, N.D. 763 

(2007) Endogenous green fluorescent protein (GFP) in amphioxus. The Biological Bulletin 213, 764 

95–100. 765 

DEHEYN, D.D. & LATZ, M.I. (2009) Internal and secreted bioluminescence of the marine polychaete 766 

Odontosyllis phosphorea (Syllidae). Invertebrate Biology 128, 31–45. 767 

*DONOUGHE, S., CRALL, J. D., MERZ, R. A. & COMBES, S. A. (2011) Resilin in dragonfly and damselfly wings 768 

and its implications for wing flexibility.  Journal of Morphology 272, 1409–1421. 769 

*DOUGLAS, R. H., MULLINEAUX, C. W. & PARTRIDGE, J. C. (2000) Long-wave sensitivity in deep-sea stomiid 770 

dragonfish with far-red bioluminescence: evidence for a dietary origin of the chlorophyll-771 

derived retinal photosensitizer of Malacosteus niger.  Philosophical transactions of the Royal 772 

Society of London. Series B, Biological sciences 355, 1269–1272. 773 

DOVE, S.G., HOEGH-GULDBERG, O. & RANGANATHAN, S. (2001) Major colour patterns of reef-building 774 

corals are due to a family of GFP-like proteins. Coral Reefs 19, 197–204. 775 

ELOWITZ, M.B., SURETTE, M.G., WOLF, P.E., STOCK, J. & LEIBLER, S. (1997) Photoactivation turns green 776 

fluorescent protein red. Current Biology 7, 809-812. 777 

ERKER, W., HÜBLER, R. & DECKER, H. (2008) Tryptophan quenching as linear sensor for oxygen binding of 778 

arthropod hemocyanins. Biochimica et biophysica acta 1780, 1143–1147. 779 

EVDOKIMOV, A.G., POKROSS, M.E., EGOROV, N.S., ZARAISKY, A.G., YAMPOLSKY, I. V, MERZLYAK, E.M., 780 

SHKOPOROV, A.N., SANDER, I., LUKYANOV, K.A. & CHUDAKOV, D.M. (2006) Structural basis for the fast 781 

maturation of Arthropoda green fluorescent protein. EMBO reports 7, 1006–1012. 782 

EYAL, G., WIEDENMANN, J., GRINBLAT, M., D’ANGELO, C., KRAMARSKY-WINTER, E., TREIBITZ, T., BEN-ZVI, O., 783 

SHAKED, Y., SMITH, T.B., HARII, S., DENIS, V., NOYES, T., TAMIR, R. & LOYA, Y. (2015) Spectral diversity 784 

and regulation of coral fluorescence in a mesophotic reef habitat in the Red Sea. PloS one 10, 785 

e0128697. 786 



32 

 

FERREIRA, G., BOLLATI, E., KÜHL, M. (2023) The role of host pigments in coral photobiology. Frontiers in 787 

Marine Science 10- 1204843.FOURRAGE, C., SWANN, K., GONZALEZ GARCIA, J.R., CAMPBELL, A.K. & 788 

HOULISTON, E. (2014) An endogenous green fluorescent protein-photoprotein pair in Clytia 789 

hemisphaerica eggs shows co-targeting to mitochondria and efficient bioluminescence energy 790 

transfer. Open biology 4, 130206. 791 

*FOURRAGE, C., SWANN, K., GONZALEZ GARCIA, J.R., CAMPBELL, A.K. & HOULISTON, E. (2014) An endogenous 792 

green fluorescent protein–photoprotein pair in Clytia hemisphaerica eggs shows co-targeting to 793 

mitochondria and efficient bioluminescence energy transfer. Open Biology 4, 130206. 794 

FOX, D.L., KOE, B.K., PETRACEK, F.J. & ZECHMEISTER, L. (1952) Some fluorescent substances contained in 795 

the marine ``blood worm’’ (Thoracophelia mucronata). Archives of Biochemistry and Biophysics 796 

40, 135–142. 797 

*FRADKOV, A.F., CHEN, Y., DING, L., BARSOVA, E. V., MATZ, M. V. & LUKYANOV, S.A. (2000) Novel fluorescent 798 

protein from Discosoma coral and its mutants possesses a unique far-red fluorescence. FEBS 799 

Letters 479, 127–130. 800 

FRANK, T. M., JOHNSON, S., BRACKEN-GRISSOM, H., MESSING, C., G. & WIDDER, E.A. (2016) Vision and 801 

Bioluminescence in the Deep-sea Benthos. Marine & Environmental Sciences Faculty 802 

Proceedings, Presentations, Speeches, Lectures, 372.  803 

FUNAHASHI, A., KOMATSU, M., FURUKAWA, T., YOSHIZONO, Y., YOSHIZONO, H., ORIKAWA, Y., TAKUMI, S., 804 

SHIOZAKI, K., HAYASHI, S., KAMINISHI, Y. & ITAKURA, T. (2016) Eel green fluorescent protein is 805 

associated with resistance to oxidative stress. Comparative Biochemistry and Physiology Part - 806 

C: Toxicology and Pharmacology 181–182, 35–39. 807 

GARCÍA-PLAZAOLA, J.I., FERNÁNDEZ-MARÍN, B., DUKE, S.O., HERNÁNDEZ, A., LÓPEZ-ARBELOA, F. & BECERRIL, J.M. 808 

(2015) Autofluorescence: Biological functions and technical applications. Plant Science 236, 809 

136–145. 810 

GERLACH, T., SPRENGER, D. & MICHIELS, N.K. (2014) Fairy wrasses perceive and respond to their deep red 811 

fluorescent coloration. Proceedings. Biological sciences 281, 20140787. 812 



33 

 

GERLACH, T., THEOBALD, J., HART, N.S., COLLIN, S.P. & MICHIELS, N.K. (2016) Fluorescence characterisation 813 

and visual ecology of pseudocheilinid wrasses. Frontiers in zoology 13, 13. 814 

*GHOSH, S., YU, C., FERRARO, D.J., SUDHA, S., PAL, S.K., SCHAEFER, W.F., GIBSON, D.T. & RAMASWAMY S. (2016) 815 

Blue protein with red fluorescence.  Proceedings of the National Academy of Sciences of the 816 

United States of America 113, 11513–11518. 817 

*GILLBRO, T. & COGDELL, R.J. (1989) Carotenoid fluorescence. Chemical Physics Letters 158, 312–316. 818 

GILMORE, A.M., LARKUM, A.W.D., SALIH, A., ITOH, S., SHIBATA, Y., BENA, C., YAMASAKI, H., PAPINA, M. & VAN 819 

WOESIK, R. (2003) simultaneous time resolution of the emission spectra of fluorescent proteins 820 

and zooxanthellar chlorophyll in reef-building corals. Photochemistry and Photobiology 77, 515–821 

523. 822 

GITTINS, J.R., D’ANGELO, C., OSWALD, F., EDWARDS, R.J. & WIEDENMANN, J. (2014) Fluorescent protein-823 

mediated colour polymorphism in reef corals: Multicopy genes extend the 824 

adaptation/acclimatization potential to variable light environments. Molecular Ecology 24, 453–825 

465. 826 

GORBUNOV, M.Y., KOLBER, Z.S., LESSER, M.P. & FALKOWSKI, P.G. (2001) Photosynthesis and 827 

photoprotection in symbiotic corals. Limnology and Oceanography 46, 75–85. 828 

GOUVENEAUX, A., FLOOD, P.R., ERICHSEN, E.S., OLSSON, C., LINDSTRÖM, J. & MALLEFET, J. (2017) Morphology 829 

and fluorescence of the parapodial light glands in Tomopteris helgolandica and allies 830 

(Phyllodocida: Tomopteridae). Zoologischer Anzeiger 268, 112–125. 831 

GRINBLAT, M., FINE, M., TIKOCHINSKI, Y. & LOYA, Y. (2018) Stylophora pistillata in the Red Sea 832 

demonstrate higher GFP fluorescence under ocean acidification conditions. Coral Reefs 37, 309–833 

320. 834 

GRUBER, D.F., GAFFNEY, J.P., MEHR, S., DESALLE, R., SPARKS, J.S., PLATISA, J. & PIERIBONE, V.A. (2015) 835 

Adaptive evolution of Eel fluorescent proteins from fatty acid binding proteins produces bright 836 

fluorescence in the marine environment. PLoS ONE 10, 1–20. 837 

GRUBER, D.F. & SPARKS, J.S. (2021) First report of biofluorescence in Arctic snailfishes and rare 838 



34 

 

occurrence of multiple fluorescent colors in a single species. (American Museum novitates, no. 839 

3967) 3967. New York, NY : American Museum of Natural History. 840 

*GRUBER, D. F., DESALLE, R., LIENAU, E. K., TCHERNOV, D., PIERIBONE, V. A., & KAO, H. T. (2009) Novel 841 

internal regions of fluorescent proteins undergo divergent evolutionary patterns. Molecular 842 

Biology and Evolution, 26, 2841-2848. 843 

GUARNACCIA, A.M., KRIVOSHIK, S.R., SPARKS, J.S., GRUBER, D.F. & GAFFNEY, J.P. (2021) Discovery and 844 

characterization of a bilirubin inducible green fluorescent protein from the moray eel 845 

Gymnothorax zonipectis. Frontiers in Marine Science 8, 678571.  846 

*GURSKAYA, N.G., FRADKOV, A.F., TERSKIKH, A., MATZ, M. V, LABAS, Y.A., MARTYNOV, V.I., YANUSHEVICH, Y.G., 847 

LUKYANOV, K.A. & LUKYANOV, S.A. (2001) GFP-like chromoproteins as a source of far-red 848 

fluorescent proteins. FEBS letters 507, 16–20. 849 

HADDOCK, S.H.D. & DUNN, C.W. (2015) Fluorescent proteins function as a prey attractant: Experimental 850 

evidence from the hydromedusa Olindias formosus and other marine organisms. Biology Open 851 

4, 1094-1104. 852 

HADDOCK, S.H.D., MOLINE, M.A. & CASE, J.F. (2010) Bioluminescence in the sea. Annual Review of 853 

Marine Science 2, 443–493. 854 

HAMIED, A., ALNEDAWY, Q., CORREIA, A., HACKER, C., RAMSDALE, M., HASHIMOTO, H. & KUDOH, T. (2020) 855 

Identification and characterization of highly fluorescent pigment cells in embryos of the Arabian 856 

killifish (Aphanius Dispar). iScience 23, 101674. 857 

*HARRIS, P.J. & HARTLEY, R.D. (1976) Detection of bound ferulic acid in cell walls of the Gramineae by 858 

ultraviolet fluorescence microscopy. Nature 259, 508–510. 859 

HARVEY, E.N. (1952) Bioluminescence. Journal of Chemical Education, 29, 474. 860 

HASTINGS, J.W. (1996) Chemistries and colors of bioluminescent reactions: a review. Gene 173, 5–11. 861 

HAYASHI, S. & TODA, Y. (2009) A novel fluorescent protein purified from eel muscle. Fisheries Science 862 

75, 1461-1469. 863 

HEINERMANN, P.H. (1984) Yellow intraocular filters in fishes. Experimental Biology, 43, 127-147. 864 



35 

 

HERRING, P.J. (1988) Copepod luminescence. Hydrobiologia 167–168, 183–195. 865 

HIROSE, M., KINZIE, R.A. & HIDAKA, M. (2000) Early development of zooxanthella-containing eggs of the 866 

corals Pocillopora verrucosa and P. eydouxi with special reference to the distribution of 867 

zooxanthellae. The Biological Bulletin 199, 68–75. 868 

HOEGH-GULDBERG, O. & JONES, R.J. (1999) Photoinhibition and photoprotection in symbiotic 869 

dinoflagellates from reef-building corals. Marine Ecology Progress Series 183, 73–86. 870 

HOLM, J.B. & HEIDELBERG, K.B. (2016) Microbiomes of Muricea californica and M. fruticosa: 871 

Comparative Analyses of Two Co-occurring Eastern Pacific Octocorals. Frontiers in Microbiology 872 

7, 917. 873 

*HOROBIN, R. (2002) Conn's Biological Stains. A Handbook of Dyes, Stains and Fluorochromes for Use 874 

in Biology and Medicine. 10th ed. London: CRC Press LLC. 875 

HUNT, M.E., SCHERRER, M.P., FERRARI, F.D. & MATZ, M. V (2010) Very bright green fluorescent proteins 876 

from the Pontellid copepod Pontella mimocerami. PloS one 5, e11517. 877 

*IDREES, M., THANGAVELU, K., SIKAROODI, M., SMITH, C., SIVARAMAN, J., GILLEVET, P.M. & BOKHARI, H. (2014) 878 

Novel fluorescent protein from Hydnophora rigida possesses green emission. Biochemical and 879 

Biophysical Research Communications 448, 33–38. 880 

*ILAGAN, R.P., RHOADES, E., GRUBER, D.F., KAO, H.-T., PIERIBONE, V.A. & REGAN, L. (2010) A new bright 881 

green-emitting fluorescent protein - engineered monomeric and dimeric forms. FEBS Journal 882 

277, 1967–1978. 883 

*IP, D.T.-M., WONG, K.-B. & WAN, D.C.-C. (2007) Characterization of novel orange fluorescent protein 884 

cloned from cnidarian tube anemone Cerianthus sp. Marine biotechnology (New York, N.Y.) 9, 885 

469–478. 886 

*IRIEL, A. & LAGORIO, M.G. (2009) Biospectroscopy of Rhododendron indicum flowers. Non-destructive 887 

assessment of anthocyanins in petals using a reflectance-based method. Photochemical & 888 

photobiological sciences: Official journal of the European Photochemistry Association and the 889 

European Society for Photobiology 8, 337–344. 890 



36 

 

JEFFREY & HAXO (1968) Photosynthetic pigments of symbiotic dinoflagellates (Zooxanthellae) from 891 

corals and clams. The Biological Bulletin 135, 149–165. 892 

JOHN, L., SANTON, M. & MICHIELS, N.K. (2023) Scorpionfish rapidly change colour in response to their 893 

background. Frontiers in Zoology 20, 1–15. 894 

JUHASZ-DORA, T., TEAGUE, J., DOYLE, T.K. & MAGUIRE, J. (2022) First record of biofluorescence in lumpfish 895 

(Cyclopterus lumpus), a commercially farmed cleaner fish. Journal of Fish Biology 101, 1058–896 

1062. 897 

KALB, N., SCHNEIDER, R.F., SPRENGER, D. & MICHIELS, N.K. (2015) The red-fluorescing marine fish 898 

Tripterygion delaisi can perceive its own red fluorescent colour. Ethology 121, 566-576. 899 

*KAO, H.-T., STURGIS, S., DESALLE, R., TSAI, J., DAVIS, D., GRUBER, D.F. & PIERIBONE, V.A. (2007) Dynamic 900 

Regulation of Fluorescent Proteins from a Single Species of Coral. Marine Biotechnology 9, 733–901 

746. 902 

*KARASAWA, S., ARAKI, T., NAGAI, T., MIZUNO, H., & MIYAWAKI, A. (2004) Cyan-emitting and orange-903 

emitting fluorescent proteins as a donor/acceptor pair for fluorescence resonance energy 904 

transfer. Biochemical Journal 381(1), 307-312. 905 

*KARASAWA, S., ARAKI, T., YAMAMOTO-HINO, M. & MIYAWAKI, A. (2003) A Green-emitting Fluorescent 906 

Protein from Galaxeidae Coral and Its Monomeric Version for Use in Fluorescent Labeling. 907 

Journal of Biological Chemistry 278, 34167–34171. 908 

*KELMANSON, I. V & MATZ, M. V (2003) Molecular basis and evolutionary origins of color diversity in 909 

great star coral Montastraea cavernosa (Scleractinia: Faviida). Molecular biology and evolution 910 

20, 1125–1133. 911 

KENKEL, C.D., TRAYLOR, M.R., WIEDENMANN, J., SALIH, A. & MATZ, M. V. (2011) Fluorescence of coral 912 

larvae predicts their settlement response to crustose coralline algae and reflects stress. 913 

Proceedings. Biological sciences 278, 2691–2697. 914 

*KIM, S.E., HWANG, K.Y. & NAM, K.H. (2019) Spectral and structural analysis of a red fluorescent 915 

protein from Acropora digitifera. Protein Science 28, 375–381.  916 



37 

 

KUMAGAI, A., ANDO, R., MIYATAKE, H., GREIMEL, P., KOBAYASHI, T., HIRABAYASHI, Y., SHIMOGORI, T. & 917 

MIYAWAKI, A. (2013) A bilirubin-inducible fluorescent protein from eel muscle. Cell 153, 1602–918 

1611. 919 

LABAS, Y.A., GURSKAYA, N.G., YANUSHEVICH, Y.G., FRADKOV, A.F., LUKYANOV, K.A., LUKYANOV, S.A. & MATZ, M. 920 

V. (2002) Diversity and evolution of the green fluorescent protein family. Proceedings of the 921 

National Academy of Sciences of the United States of America 99, 4256–4261. 922 

*LAGORIO, M.G., CORDON, G.B. & IRIEL, A. (2015) Reviewing the relevance of fluorescence in biological 923 

systems. Photochemical & photobiological sciences: Official journal of the European 924 

Photochemistry Association and the European Society for Photobiology 14, 1538–1559. 925 

*LAMB, J.Y. & DAVIS, M.P. (2020) Salamanders and other amphibians are aglow with biofluorescence. 926 

Scientific reports 10, 2821 927 

*LAMBERT, G.G., DEPERNET, H., GOTTHARD, G., SCHULTZ, D.T., NAVIZET, I., LAMBERT, T., ADAMS, S.R., 928 

TORREBLANCA-ZANCA, A., CHU, M., BINDELS, D.S., LEVESQUE, V., MOFFATT, J.N., SALIH, A., ROYANT, A. & 929 

SHANER, N.C. (2020) Aequorea’s secrets revealed: New fluorescent proteins with unique 930 

properties for bioimaging and biosensing. PLOS Biology. 931 

*LAPSHIN, G., SALIH, A., KOLOSOV, P., GOLOVKINA, M., ZAVOROTNYI, Y., IVASHINA, T., VINOKUROV, L., 932 

BAGRATASHVILI, V. & SAVITSKY, A. (2015) Fluorescence color diversity of great barrier reef corals. 933 

Journal of Innovative Optical Health Sciences 08, 1550028. 934 

LEAL, M.C., JESUS, B., EZEQUIEL, J., CALADO, R., ROCHA, R.J.M., CARTAXANA, P. & SERÔDIO, J. (2015) 935 

Concurrent imaging of chlorophyll fluorescence, Chlorophyll a content and green fluorescent 936 

proteins-like proteins of symbiotic cnidarians. Marine Ecology 36, 572–584. 937 

LEE, T.W., MILLER, M.J., HWANG, H. BIN, WOUTHUYZEN, S. & TSUKAMOTO, K. (2008) Distribution and early 938 

life history of Kaupichthys leptocephali (family Chlopsidae) in the central Indonesian Seas. 939 

Marine Biology 153, 285–295. Springer. 940 

*Le Guyader, S. & Jesuthasan, S. (2002) Analysis of xanthophore and pterinosome biogenesis in 941 

zebrafish using methylene blue and pteridine autofluorescence. Pigment cell research 15, 27–942 



38 

 

31. 943 

LEUTENEGGER, A., D’ANGELO, C., MATZ, M. V., DENZEL, A., OSWALD, F., SALIH, A., NIENHAUS, G.U. & 944 

WIEDENMANN, J. (2007a) It’s cheap to be colorful: Anthozoans show a slow turnover of GFP-like 945 

proteins. FEBS Journal 274, 2496–2505. 946 

LEUTENEGGER, A., KREDEL, S., GUNDEL, S., D’ANGELO, C., SALIH, A. & WIEDENMANN, J. (2007b) Analysis of 947 

fluorescent and non-fluorescent sea anemones from the Mediterranean Sea during a bleaching 948 

event. Journal of Experimental Marine Biology and Ecology 353, 221–234. 949 

LIACI, L. (1962) Natura e localizzazione di un pigmento fluorescents in Aaptos aaptos O. S. 950 

(Demospongiae). Bolletino di zoologia 29, 425-431. 951 

*LICHTENTHALER, H.K. & SCHWEIGER, J. (1998) Cell wall bound ferulic acid, the major substance of the 952 

blue-green fluorescence emission of plants. Journal of Plant Physiology 152, 272–282. 953 

LINDQUIST, N., BARBER, P.H. & WEISZ, J.B. (2005) Episymbiotic microbes as food and defence for marine 954 

isopods: unique symbioses in a hostile environment. Proceedings. Biological sciences 272, 955 

1209–1216. 956 

LUKYANOV, K.A., FRADKOV, A.F., GURSKAYA, N.G., MATZ, M. V, LABAS, Y.A., SAVITSKY, A.P., MARKELOV, M.L., 957 

ZARAISKY, A.G., ZHAO, X., FANG, Y., TAN, W. & LUKYANOV, S.A. (2000) Natural animal coloration can 958 

Be determined by a nonfluorescent green fluorescent protein homolog. The Journal of 959 

biological chemistry 275, 25879–25882. 960 

*LUTTMANN, W., BRATKE, K., KÜPPER, M. & MYRTEK, D. (2014) Der Experimentator: Immunologie. 4. Aufl. 961 

Berlin, Heidelberg: Springer. 962 

LYNDBY, N. H., HOLM, J. B., WANGPRASEURT, D., FERRIER-PAGÈS, C., & KÜHL, M. (2019). Bio-optical 963 

properties and radiative energy budgets in fed and unfed scleractinian corals (Pocillopora sp.) 964 

during thermal bleaching. Marine Ecology Progress Series, 629, 1-17. 965 

MACEL, M.-L., RISTORATORE, F., LOCASCIO, A., SPAGNUOLO, A., SORDINO, P. & D’ANIELLO, S. (2020) Sea as a 966 

color palette: the ecology and evolution of fluorescence. Zoological letters 6, 9. 967 

*MAGUIRE, Y.P. & HAARD, N.F. (1975) Fluorescent product accumulation in ripening fruit. Nature 258, 968 



39 

 

599–600. 969 

MALLIEN, C., PORRO, B., ZAMOUM, T., OLIVIER, C., WIEDENMANN, J., FURLA, P. & FORCIOLI, D. (2018) 970 

Conspicuous morphological differentiation without speciation in Anemonia viridis (Cnidaria, 971 

Actiniaria). Systematics and Biodiversity 16, 271–286. 972 

*MARKOVA, S. V., BURAKOVA, L.P., FRANK, L.A., GOLZ, S., KOROSTILEVA, K.A. & VYSOTSKI, E.S. (2010) Green-973 

fluorescent protein from the bioluminescent jellyfish Clytia gregaria: cDNA cloning, expression, 974 

and characterization of novel recombinant protein. Photochemical & Photobiological Sciences 9, 975 

757. 976 

*MARQUES, S.M., DA ESTEVES S. & JOAQUIM, C.G. (2009) Firefly bioluminescence: a mechanistic approach 977 

of luciferase catalyzed reactions. IUBMB life 61, 6–17. 978 

MARSHALL, J. & JOHNSEN, S. (2017) Fluorescence as a means of colour signal enhancement. 979 

Philosophical Transactions of the Royal Society B: Biological Sciences 372, 20160335. 980 

MASUDA, H., TAKENAKA, Y., YAMAGUCHI, A., NISHIKAWA, S. & MIZUNO, H. (2006) A novel yellowish-green 981 

fluorescent protein from the marine copepod, Chiridius poppei, and its use as a reporter protein 982 

in HeLa cells. Gene 372, 18–25. 983 

MÄTHGER, L.M. & DENTON, E.J. (2001) Reflective properties of iridophores and fluorescent ‘eyespots’ in 984 

the loliginid squid Alloteuthis subulata and Loligo vulgaris. Journal of Experimental Biology 204, 985 

2103–2118. 986 

*MATZ, M.V. & LUKYANOV, S.A. (2002) Diversity and evolution of GFP-like fluorescent proteins. 987 

European Nucleotide Archive, Accessions AY037765, AY037768, AY037774, AY03777. 988 

MATZ, M. V., FRADKOV, A.F., LABAS, Y.A., SAVITSKY, A.P., ZARAISKY, A.G., MARKELOV, M.L. & LUKYANOV, S.A. 989 

(1999) Fluorescent proteins from nonbioluminescent Anthozoa species. Nature Biotechnology. 990 

MAXWELL, K. & JOHNSON, G.N. (2000) Chlorophyll fluorescence---a practical guide. Journal of 991 

Experimental Botany 51, 659–668. 992 

MAZEL, C. (2017) Method for determining the contribution of fluorescence to an optical signature, 993 

with implications for postulating a visual function. Frontiers in Marine Science 4, 266. 994 



40 

 

MAZEL, C.H., CRONIN, T.W., CALDWELL, R.L. & MARSHALL, N.J. (2004) Fluorescent enhancement of 995 

signaling in a mantis shrimp. Science 303, 51. 996 

MAZEL, C.H., LESSER, M.P., GORBUNOV, M.Y., BARRY, T.M., FARRELL, J.H., WYMAN, K.D. & FALKOWSKI, P.G. 997 

(2003a) Green fluorescent proteins in Caribbean corals. Limnogy and Oceonography 48, 402–998 

4011. 999 

MAZEL, C.H., STRAND, M.P., LESSER, M.P., CROSBY, M.P., COLES, B. & NEVIS, A.J. (2003b) High-resolution 1000 

determination of coral reef bottom cover from multispectral fluorescence laser line scan 1001 

imagery. Limnology and Oceanography 48, 522–534. 1002 

*MCGRAW, K.J., TOOMEY, M.B., NOLAN, P.M., MOREHOUSE, N.I., MASSARO, M. & JOUVENTIN, P. (2007) A 1003 

description of unique fluorescent yellow pigments in penguin feathers. Pigment cell research 1004 

20, 301–304. 1005 

*MCGRAW, K.J. & NOGARE, M.C. (2004) Carotenoid pigments and the selectivity of psittacofulvin-based 1006 

coloration systems in parrots. Comparative biochemistry and physiology. Part B, Biochemistry & 1007 

molecular biology 138, 229–233. 1008 

*MENDOZA, E. & SCHARFF, C. (2012) European Nucleotide Archive, Accession JN800726. 1009 

*MERZLYAK, E.M., GOEDHART, J., SHCHERBO, D., BULINA, M.E., SHCHEGLOV, A.S., FRADKOV, A.F., GAINTZEVA, A., 1010 

LUKYANOV, K.A., LUKYANOV, S., GADELLA, T.W.J. & CHUDAKOV, D.M. (2007) Bright monomeric red 1011 

fluorescent protein with an extended fluorescence lifetime. Nature Methods 4, 555–557. 1012 

DE MEULENAERE, E., PUZZANGHERA, C. & DEHEYN, D.D. (2020) Self‐powered bioluminescence in a marine 1013 

tube worm. The FASEB Journal 34, 1–1. Wiley. 1014 

MEYERS, M., PORTER, J.W. & WARES, J.P. (2013) Genetic diversity of fluorescent proteins in Caribbean 1015 

agariciid corals. The Journal of heredity 104, 572–577. 1016 

*MICHIELS, N.K., ANTHES, N., HART, N.S., HERLER, J., MEIXNER, A.J., SCHLEIFENBAUM, F., SCHULTE, G., SIEBECK, 1017 

U.E., SPRENGER, D. & WUCHERER M.F. (2008) Red fluorescence in reef fish: a novel signalling 1018 

mechanism? BMC ecology 8, 16. 1019 

MICHELS, J. (2007) Confocal laser scanning microscopy: using cuticular autofluorescence for high 1020 



41 

 

resolution morphological imaging in small crustaceans. Journal of microscopy 227, 1–7. 1021 

MICHIELS, N.K., ANTHES, N., HART, N.S., HERLER, J., MEIXNER, A.J., SCHLEIFENBAUM, F., SCHULTE, G., SIEBECK, 1022 

U.E., SPRENGER, D. & WUCHERER, M.F. (2008) Red fluorescence in reef fish: A novel signalling 1023 

mechanism? BMC Ecology 8, 16. 1024 

MORIN, J.G. & HASTINGS, J.W. (1971) Energy Transfer in a Bioluminescent System. Journal of Cellular 1025 

Physiology 77: 313-318. 1026 

MORISE, H., SHIMOMURA, O., JOHNSON, F.H. & WINANT, J. (1974) Internmolecular energy transfer in the 1027 

bioluminescent system of Aequorea. Biochemistry 4, 2656-62. 1028 

MOSK, V., THOMAS, N., HART, N.S., PARTRIDGE, J.C., BEAZLEY, L.D. & SHAND, J. (2007) Spectral sensitivities 1029 

of the seahorses Hippocampus subelongatus and Hippocampus barbouri and the pipefish 1030 

Stigmatopora argus. Visual Neuroscience 24, 345-54. 1031 

MUNZ, F.W. & MCFARLAND, W.N. (1973) The significance of spectral position in the rhodopsins of 1032 

tropical marine fishes. Vision Research 13, 1829–1874. 1033 

MUSCATINE, L., FALKOWSKI, P. G., PORTER, J. W., & DUBINSKY, Z. (1984) Fate of photosynthetic fixed carbon 1034 

in light-and shade-adapted colonies of the symbiotic coral Stylophora pistillata. Proceedings of 1035 

the Royal Society of London. Series B. Biological Sciences, 222, 181-202. 1036 

MUSCATINE, L. (1990) The role of symbiotic algae in carbon and energy flux in reef corals. Coral Reefs 1037 

25, 1–29. 1038 

NICOL, J., A., C. (1955) Obersvations on luminescence in Renilla (Pennatulacea). Journal of Crustacean 1039 

Biology, 299–320. 1040 

*NIFLI, A.-P., THEODOROPOULOS, P.A., MUNIER, S., CASTAGNINO, C., ROUSSAKIS, E., KATERINOPOULOS, H.E., 1041 

VERCAUTEREN, J. & CASTANAS E. (2007) Quercetin exhibits a specific fluorescence in cellular milieu: 1042 

a valuable tool for the study of its intracellular distribution. Journal of agricultural and food 1043 

chemistry 55, 2873–2878. 1044 

OHTSUKA, S. & HUYS, R. (2001) Sexual dimorphism in calanoid copepods: morphology and function. 1045 

Hydrobiologia 453/454, 441–466. 1046 



42 

 

*Ono, E., Fukuchi-Mizutani, M., Nakamura, N., Fukui, Y., Yonekura-Sakakibara, K., Yamaguchi, M., 1047 

Nakayama, T., Tanaka, T., Kusumi, T. & Tanaka Y.(2006) Yellow flowers generated by expression 1048 

of the aurone biosynthetic pathway. Proceedings of the National Academy of Sciences of the 1049 

United States of America 103, 11075–11080. 1050 

OSWALD, F., SCHMITT, F., LEUTENEGGER, A., IVANCHENKO, S., D’ANGELO, C., SALIH, A., MASLAKOVA, S., BULINA, 1051 

M., SCHIRMBECK, R., NIENHAUS, G.U., MATZ, M. V & WIEDENMANN, J. (2007) Contributions of host 1052 

and symbiont pigments to the coloration of reef corals. The FEBS journal 274, 1102–1109. 1053 

PALMER, C. V, MODI, C.K. & MYDLARZ, L.D. (2009a) Coral fluorescent proteins as antioxidants. PloS one 1054 

4, e7298. 1055 

PALMER, C. V, ROTH, M.S. & GATES, R.D. (2009b) Red fluorescent protein responsible for pigmentation 1056 

in trematode-infected Porites compressa tissues. The Biological Bulletin 216, 68–74. 1057 

PALMER, C. V, MYDLARZ, L.D. & WILLIS, B.L. (2008) Evidence of an inflammatory-like response in non-1058 

normally pigmented tissues of two scleractinian corals. Proceedings. Biological sciences 275, 1059 

2687–2693. 1060 

PANCERI, P. (1872) The luminous organs and light of the Pennatulae. Quarterly Journal of 1061 

Microscopical Science, N.S., 248–254. 1062 

*PAPINA, M., SAKIHAMA, Y., BENA, C., VAN WOESIK, R. & YAMASAKI, H. (2002) Separation of highly 1063 

fluorescent proteins by SDS-PAGE in Acroporidae corals. Comparative Biochemistry and 1064 

Physiology Part B: Biochemistry and Molecular Biology 131, 767–774. 1065 

PARK, H.B., LAM, Y.C., GAFFNEY, J.P., WEAVER, J.C., KRIVOSHIK, S.R., HAMCHAND, R., PIERIBONE, V., GRUBER, 1066 

D.F. & CRAWFORD, J.M. (2019) Bright Green Biofluorescence in Sharks Derives from Bromo-1067 

Kynurenine Metabolism. iScience 19, 1291–1336. 1068 

PARKER, G.H. (1920) Activities of colonial animals. II Neuromuscular movements and phosphorescence 1069 

in Renilla. Experimental Zoology, 475–515. 1070 

*PEER, W.A., BROWN, D.E., TAGUE, B.W., MUDAY, G.K., TAIZ, L. & MURPHY, A. S. (2001) Flavonoid 1071 

accumulation patterns of transparent testa mutants of arabidopsis. Plant physiology 126, 536–1072 



43 

 

548. 1073 

PINIAK, G.A., FOGARTY, N.D., ADDISON, C.M. & KENWORTHY, W.J. (2005) Fluorescence census techniques 1074 

for coral recruits. Coral Reefs 24, 496–500. 1075 

PLETNEV, V.Z., PLETNEVA, N. V., LUKYANOV, K.A., SOUSLOVA, E.A., FRADKOV, A.F., CHUDAKOV, D.M., 1076 

CHEPURNYKH, T., YAMPOLSKY, I. V., WLODAWER, A., DAUTER, Z. & PLETNEV, S. (2013) Structure of the 1077 

red fluorescent protein from a lancelet (Branchiostoma lanceolatum): A novel GYG 1078 

chromophore covalently bound to a nearby tyrosine. Acta Crystallographica Section D: 1079 

Biological Crystallography 69, 1850–1860. 1080 

*PLETNEV, S., PLETNEVA, N. V., SOUSLOVA, E.A., CHUDAKOV, D.M., LUKYANOV, S., WLODAWER, A., DAUTER, Z. & 1081 

PLETNEV, V. (2012) Structural basis for bathochromic shift of fluorescence in far-red fluorescent 1082 

proteins eqFP650 and eqFP670. Acta Crystallographica Section D Biological Crystallography 68, 1083 

1088–1097. 1084 

*PLETNEV, S., MOROZOVA, K.S., VERKHUSHA, V. V. & DAUTER, Z. (2009) Rotational order–disorder structure 1085 

of fluorescent protein FP480. Acta Crystallographica Section D Biological Crystallography 65, 1086 

906–912. 1087 

*PLETNEVA, N. V., PLETNEV, V.Z., SHEMIAKINA, I.I., CHUDAKOV, D.M., ARTEMYEV, I., WLODAWER, A., DAUTER, Z. 1088 

& PLETNEV, S. (2011) Crystallographic study of red fluorescent protein eqFP578 and its far-red 1089 

variant Katushka reveals opposite pH-induced isomerization of chromophore. Protein Science 1090 

20, 1265–1274. 1091 

*PLETNEVA, N. V., PLETNEV, V.Z., LUKYANOV, K.A., GURSKAYA, N.G., GORYACHEVA, E.A., MARTYNOV, V.I., 1092 

WLODAWER, A., DAUTER, Z. & PLETNEV, S. (2010) Structural Evidence for a Dehydrated Intermediate 1093 

in Green Fluorescent Protein Chromophore Biosynthesis. Journal of Biological Chemistry 285, 1094 

15978–15984. 1095 

*POGGENDORF, J.C., WIEDEMANN, E. & WIEDEMANN, G. (1882) Annalen der Physik: J.A. Barth. 1096 

POVAROVA, N. V, PETRI, N.D., BLOKHINA, A.E., BOGDANOV, A.M., GURSKAYA, N.G. & LUKYANOV, K.A. (2017) 1097 

Functioning of fluorescent proteins in aggregates in Anthozoa species and in recombinant 1098 



44 

 

artificial models. International Journal of Molecular Sciences 18, 1503. 1099 

*PRASHER, D.C., ECKENRODE, V.K., WARD, W.W., PRENDERGAST, F.G. & CORMIER, M.J. (1992) Primary 1100 

structure of the Aequorea victoria green-fluorescent protein. Gene 111, 229–233. 1101 

PRUDKOVSKY, A.A., IVANENKO, V.N., NIKITIN, M.A., LUKYANOV, K.A., BELOUSOVA, A., REIMER, J.D. & BERUMEN, 1102 

M.L. (2016) Green Fluorescence of Cytaeis Hydroids Living in Association with Nassarius 1103 

Gastropods in the Red Sea. PloS one 11, e0146861. 1104 

PUGH, P.R., HADDOCK, S. H. D. (2010) Three new species of remosiid siphonophore (Siphonophora: 1105 

Physonectae). Journal of the Marine Biological Association of the United Kingdom 90, 1119–1106 

1143. 1107 

PURCELL, J.E. (1981) Feeding ecology of Rhizophysa eysenhardti, a siphonophore predator of fish 1108 

larvae. Limnology and Oceanography 26, 424-432. 1109 

*RAAB, D., GRAF, M., NOTKA, F., SCHÖDL, T. & WAGNER, R. (2010) The GeneOptimizer Algorithm: using a 1110 

sliding window approach to cope with the vast sequence space in multiparameter DNA 1111 

sequence optimization. Systems and Synthetic Biology 4, 215–225. 1112 

RADDATZ, J., LÓPEZ CORREA, M., RÜGGEBERG, A., DULLO, W.-C. & HANSTEEN, T. (2011) Bioluminescence in 1113 

deep-sea isidid gorgonians from the Cape Verde archipelago. Coral Reefs 30, 579. 1114 

RAMESH, C.H., KUSHIK, S.,SHUNMUGARAJ, T., RAMANA MURTHY, MV. (20019) A rapid in situ fluorescence 1115 

census for coral reef monitoring. Regional Studies in Marine Science 28, 100575. 1116 

RAVINDRAN, J. & RAGHUKUMAR, C. (2006a) Pink-line syndrome, a physiological crisis in the scleractinian 1117 

coral Porites lutea. Marine Biology 149, 347-356. 1118 

RAVINDRAN, J. & RAGHUKUMAR, C. (2006b) Histological observations on the scleractinian coral 1119 

Porites lutea affected by pink-line syndrome. Current Science 90, 720-724. 1120 

READ, K.R.H., DAVIDSON, J.M. & TWAROG, B.M. (1968) Fluorescence of sponges and coelenterates in 1121 

blue light. Comparative Biochemistry And Physiology 25, 873-876. 1122 

RICAURTE, M., SCHIZAS, N. V, CIBOROWSKI, P. & BOUKLI, N.M. (2016) Proteomic analysis of bleached and 1123 

unbleached Acropora palmata, a threatened coral species of the Caribbean. Marine Pollution 1124 



45 

 

Bulletin 107, 224–232. 1125 

RODRIGO, A.P., LOPES, A., PEREIRA, R., ANJO, S.I., MANADAS, B., GROSSO, A.R., BAPTISTA, P. V., FERNANDES, 1126 

A.R. & COSTA, P.M. (2022) Endogenous fluorescent proteins in the mucus of an intertidal 1127 

Polychaeta: Clues for Biotechnology. Marine Drugs 20, 224. 1128 

*Rodriguez, E.A., Tran, G.N., Gross, L.A., Crisp, J.L., Shu, X., Lin, J.Y. & Tsien, R.Y. (2016) A far-red 1129 

fluorescent protein evolved from a cyanobacterial phycobiliprotein. Nature methods 13, 763–1130 

769. 1131 

ROTH, M.S., PADILLA-GAMIÑO, J.L., POCHON, X., BIDIGARE, R.R., GATES, R.D., SMITH, C.M. & SPALDING, H.L. 1132 

(2015) Fluorescent proteins in dominant mesophotic reef-building corals. Marine Ecology 1133 

Progress Series 521, 63–79. 1134 

ROTH, M.S. & DEHEYN, D.D. (2013) Effects of cold stress and heat stress on coral fluorescence in reef-1135 

building corals. Scientific Reports 3,1421. 1136 

ROTH, M.S., FAN, T.-Y. & DEHEYN, D.D. (2013) Life history changes in coral fluorescence and the effects 1137 

of light intensity on larval physiology and settlement in Seriatopora hystrix. PloS one 8, e59476. 1138 

ROTH, M.S., LATZ, M.I., GOERICKE, R. & DEHEYN, D.D. (2010) Green fluorescent protein regulation in the 1139 

coral Acropora yongei during photoacclimation. Journal of Experimental Biology 213, 3644–1140 

3655. 1141 

ROTH, M.S., ALAMARU, A., PADILLA-GAMIÑO, J.L. & GATES, R.D. (2007) Fluorescence in eggs of the coral 1142 

Montipora capitata. The biology of corals: Developing a fundamental understanding of the coral 1143 

stress reponse Final report of the 2007 Edwin W Pauley Summer Programm in Marine Biology. 1144 

ROWAN, R. (2004) Coral bleaching: thermal adaptation in reef coral symbionts. Nature 430, 742. 1145 

RUPPERT, E.E., FOX, R.S. & BARNES, R.D. (2004) Invertebrate zoology: A functional evolutionary 1146 

approach. 7th edition. Brooks/Cole Cengage Learning, Australia, Brazil, Japan, Korea. 1147 

SALIH, A., COX, G., SZYMCZAK, R., COLES, S., BAIRD, A.H., DUNSTAN, A., COCCO, G., MILLS, J. & LARKUM, A.W.D. 1148 

(2006) The role of host-based color and fluorescent pigments in photoprotection and in 1149 

reducing bleaching stress in corals. Proceedings of the 10th International Coral Reef Symposium, 1150 



46 

 

746–756. 1151 

SALIH, A., LARKUM, A., COX, G., KÜHL, M. & HOEGH-GULDBERG, O. (2000) Fluorescent pigments in corals 1152 

are photoprotective. Nature 408, 850–853. 1153 

SATOH, N., KINJO, K., SHINTAKU, K., KEZUKA, D., ISHIMORI, H., YOKOKURA, A., HAGIWARA, K., HISATA, K., 1154 

KAWAMITSU, M., KOIZUMI, K., SHINZATO, C. & ZAYASU, Y. (2021) Color morphs of the coral, 1155 

Acropora tenuis, show different responses to environmental stress and different expression 1156 

profiles of fluorescent-protein genes. G3 Genes|Genomes|Genetics 11, jkab018. 1157 

SCUCCHIA, F., NATIV, H., NEDER, M., GOODBODY-GRINGLEY, G., & MASS, T. (2020). Physiological 1158 

characteristics of Stylophora pistillata larvae across a depth gradient. Frontiers in Marine 1159 

Science, 7, 13. 1160 

SCHLICHTER, D., FRICKE, H.W. & WEBER, W. (1986) Light harvesting by wavelength transformation in a 1161 

symbiotic coral of the Red Sea twilight zone. Marine Biology 91, 403–407. 1162 

SCHNITZLER, C.E., KEENAN, R.J., MCCORD, R., MATYSIK, A., CHRISTIANSON, L.M. & HADDOCK, S.H.D. (2008) 1163 

Spectral diversity of fluorescent proteins from the anthozoan Corynactis californica. Marine 1164 

biotechnology (New York, N.Y.) 10, 328–342. 1165 

SHAGIN, D.A., BARSOVA, E. V., YANUSHEVICH, Y.G., FRADKOV, A.F., LUKYANOV, K.A., LABAS, Y.A., SEMENOVA, 1166 

T.N., UGALDE, J.A., MEYERS, A., NUNEZ, J.M., WIDDER, E.A., LUKYANOV, S.A. & MATZ, M. V. (2004) GFP-1167 

like proteins as ubiquitous metazoan superfamily: evolution of functional features and 1168 

structural complexity. Molecular Biology and Evolution 21, 841–850. 1169 

*SHANER, N.C., LAMBERT, G.G., CHAMMAS, A., NI, Y., CRANFILL, P.J., BAIRD, M.A., SELL, B.R., ALLEN, J.R., DAY, 1170 

R.N., ISRAELSSON, M., DAVIDSON, M.W. & WANG, J. (2013) A bright monomeric green fluorescent 1171 

protein derived from Branchiostoma lanceolatum. Nature Methods 10, 407–409. 1172 

SHEEHY, M.R.J. (1990) Widespread occurrence of fluorescent morphological lipofuscin in the 1173 

crustacean brain. Journal of Crustacean Biology 10, 613–622. 1174 

*SHIKINA, S., CHIU, Y.-L., CHUNG, Y.-J., CHEN, C.-J., LEE, Y.-H. & CHANG, C.-F. (2016) Oocytes express an 1175 

endogenous red fluorescent protein in a stony coral, Euphyllia ancora: a potential involvement 1176 



47 

 

in coral oogenesis. Scientific Reports 6, 25868. 1177 

*Shimomura, O. (2005) The discovery of aequorin and green fluorescent protein. Journal of 1178 

Microscopy 217, 3-15. 1179 

SHIMOMURA, O. & JOHNSON, F.H. (1975) Chemical nature of bioluminescence systems in coelenterates. 1180 

Proceedings of the National Academy of Sciences of the United States of America 72, 1546–1181 

1549. 1182 

SHIMOMURA, O., JOHNSON, F.H. & SAIGA, Y. (1962) Extraction, purification and properties of aequorin, a 1183 

bioluminescent. Journal of cellular and comparative physiology 59, 223–239. 1184 

SHINOBU, A. & AGMON, N. (2017) Proton Wire Dynamics in the Green Fluorescent Protein. Journal of 1185 

chemical theory and computation 13, 353–369.  1186 

SHINODA, H., MA, Y., NAKASHIMA, R., SAKURAI, K., MATSUDA, T. & NAGAI, T. (2017) Acid-Tolerant 1187 

Monomeric GFP from Olindias formosa. Cell Chemical Biology 25, 330-338. 1188 

*Shinzato, C., Shoguchi, E., Tanaka, M., & Satoh, N. (2012) Fluorescent protein candidate genes in the 1189 

coral Acropora digitifera genome. Zoological Science 29, 260-264. 1190 

*SHU, X., SHANER, N.C., YARBROUGH, C.A., TSIEN, R.Y. & REMINGTON, S.J. (2006) Novel Chromophores and 1191 

Buried Charges Control Color in mFruits † , ‡. Biochemistry 45, 9639–9647. 1192 

SMITH, E.G., D’ANGELO, C., SHARON, Y., TCHERNOV, D. & WIEDENMANN, J. (2017) Acclimatization of 1193 

symbiotic corals to mesophotic light environments through wavelength transformation by 1194 

fluorescent protein pigments. Proceedings Biological sciences 284, 20170320. 1195 

SMITH, E.G., D’ANGELO, C., SALIH, A. & WIEDENMANN, J. (2013) Screening by coral green fluorescent 1196 

protein (GFP)-like chromoproteins supports a role in photoprotection of zooxanthellae. Coral 1197 

Reefs. 32, 463–474. 1198 

*SMITH-KEUNE, C. & DOVE, S. (2008) Gene Expression of a Green Fluorescent Protein Homolog as a 1199 

Host-Specific Biomarker of Heat Stress Within a Reef-Building Coral. Marine Biotechnology 10, 1200 

166–180. 1201 

SPARKS, J.S., SCHELLY, R.C., SMITH, W.L., DAVIS, M.P., TCHERNOV, D., PIERIBONE, V.A. & GRUBER, D.F. (2014) 1202 



48 

 

The covert world of fish biofluorescence: A phylogenetically widespread and phenotypically 1203 

variable phenomenon. PLoS ONE 9, e83259. 1204 

*STACHEL, S.J., STOCKWELL, S.A. & VAN VRANKEN, D.L. (1999) The fluorescence of scorpions and 1205 

cataractogenesis. Chemistry & biology 6, 531–539. 1206 

STRADER, M.E., AGLYAMOVA, G. V & MATZ, M. V (2016) Red fluorescence in coral larvae is associated 1207 

with a diapause-like state. Molecular ecology 25, 559–569. 1208 

*SUBACH, F. V., MALASHKEVICH, V.N., ZENCHECK, W.D., XIAO, H., FILONOV, G.S., ALMO, S.C. & VERKHUSHA, V. 1209 

V. (2009) Photoactivation mechanism of PAmCherry based on crystal structures of the protein 1210 

in the dark and fluorescent states. Proceedings of the National Academy of Sciences 106, 1211 

21097–21102. 1212 

*SUN, Y., CASTNER JR, E. W., LAWSON, C. L., & FALKOWSKI, P. G. (2004) Biophysical characterization of 1213 

natural and mutant fluorescent proteins cloned from zooxanthellate corals. FEBS Letters 570, 1214 

175-183. 1215 

*SZENT-GYORGYI, C.S. & BRYAN, B.J. (1999) Luciferases, fluorescent proteins, nucleic acids encoding the 1216 

luciferases and fluorescent proteins and the use thereof in diagnostics, high throughput 1217 

screening and novelty items. Patent: US 6232107-D, European Nucleotide Archive Accession 1218 

AY015996. 1219 

*TABOADA, C., BRUNETTI, A.E., PEDRON, F.N., CARNEVALE N.F., ESTRIN, D.A.; BARI, S.E., CHEMES, L.B., LOPES, 1220 

N.P., LAGORIO, M.G. & FAIVOVICH, J. (2017) Naturally occurring fluorescence in frogs. Proceedings 1221 

of the National Academy of Sciences of the United States of America 114, 3672–3677. 1222 

*TAKAHASHI-KARIYAZONO, S., SAKAI, K., & TERAI, Y. (2018). Presence–absence polymorphisms of highly 1223 

expressed FP sequences contribute to fluorescent polymorphisms in Acropora digitifera. 1224 

Genome Biology and Evolution 10, 1715-1729. 1225 

*TAKAHASHI-KARIYAZONO, S., GOJOBORI, J., SATTA, Y., SAKAI, K., & TERAI, Y. (2016) Acropora digitifera 1226 

encodes the largest known family of fluorescent proteins that has persisted during the 1227 

evolution of Acropora species. Genome Biology and Evolution 8, 3271-3283. 1228 



49 

 

TAKAHASHI, S., WHITNEY, S. M., & BADGER, M. R. (2009) Different thermal sensitivity of the repair of 1229 

photodamaged photosynthetic machinery in cultured Symbiodinium species. Proceedings of the 1230 

National Academy of Sciences 106, 3237-3242. 1231 

TSUTSUI, K., SHIMADA, E., OGAWA, T. & TSURUWAKA, Y. (2016) A novel fluorescent protein from the deep-1232 

sea anemone Cribrinopsis japonica (Anthozoa: Actiniaria). Scientific reports 6, 23493. 1233 

TSUTSUI, K., HATADA, Y. & TSURUWAKA, Y. (2014) A new species of sea anemone (Anthozoa: Actiniaria) 1234 

from the Sea of Japan: Cribrinopsis japonica sp. nov. Plankton and Benthos Research 9, 197–1235 

202. 1236 

*TSUTSUI, H., KARASAWA, S., OKAMURA, Y. & MIYAWAKI, A. (2008) Improving membrane voltage 1237 

measurements using FRET with new fluorescent proteins. Nature Methods 5, 683–685. 1238 

*TSUTSUI, H., KARASAWA, S., SHIMIZU, H., NUKINA, N. & MIYAWAKI, A. (2005) Semi‐rational engineering of a 1239 

coral fluorescent protein into an efficient highlighter. EMBO reports 6, 233–238. 1240 

*TU, H., XIONG, Q., ZHEN, S., ZHONG, X., PENG, L., CHEN, H., JIANG, X., LIU, W., YANG, W., WEI, J., DONG, M., 1241 

WU, W. & XU, A. (2003) A naturally enhanced green fluorescent protein from magnificent sea 1242 

anemone (Heteractis magnifica) and its functional analysis. Biochemical and Biophysical 1243 

Research Communications 301, 879–885. 1244 

*UEYAMA, T., KUSAKABE, T., KARASAWA, S., KAWASAKI, T., SHIMIZU, A., SON, J., LETO, T.L., MIYAWAKI A. & SAITO, 1245 

N. (2008) Sequential binding of cytosolic Phox complex to phagosomes through regulated 1246 

adaptor proteins: evaluation using the novel monomeric Kusabira-Green System and live 1247 

imaging of phagocytosis. The Journal of Immunology 181, 629-640. 1248 

UTNE-PALM, A.C. & BOWMAKER, J.K. (2006) Spectral sensitivity of the two-spotted goby 1249 

Gobiusculus  flavescens (Fabricius): A physiological and behavioural study. Journal of 1250 

Experimental Biology 209, 2034-41. 1251 

*VOOLSTRA, C.R., LI, Y., LIEW, Y.J., BAUMGARTEN, S., ZOCCOLA, D., FLOT, J.-F., TAMBUTTÉ, S., ALLEMAND, D. & 1252 

ARANDA, M. (2017) Comparative analysis of the genomes of Stylophora pistillata and 1253 

Acropora digitifera provides evidence for extensive differences between species of corals. 1254 



50 

 

Scientific Reports 7, 17583. 1255 

WAMPLER, J.E., KARKHANIS, Y.D., MORIN, J.G. & CORMIER, M.J. (1973) Similarities in the bioluminescence 1256 

from the Pennatulacea. Biochimica et Biophysica Acta (BBA) - Bioenergetics 314, 104–109. 1257 

WANG, F.Y., TANG, M.Y. & YAN, H.Y. (2011) A comparative study on the visual adaptations of four 1258 

species of moray eel. Vision Research 51, 1099–1108. 1259 

*WANG, L., JACKSON, W.C., STEINBACH, P.A. & TSIEN, R.Y. (2004) Evolution of new nonantibody proteins 1260 

via iterative somatic hypermutation. Proceedings of the National Academy of Sciences 101, 1261 

16745–16749. 1262 

WANGPRASEURT, D., WENTZEL, C., JACQUES, S. L., WAGNER, M., & KÜHL, M. (2017). In vivo imaging of coral 1263 

tissue and skeleton with optical coherence tomography. Journal of the Royal Society Interface, 1264 

14, 20161003. 1265 

*Watkins, J.N. & Campbell, A.K. (1995) European Nucleotide Archive, Accession X83959. 1266 

WIEDENMANN, J., IVANCHENKO, S., OSWALD, F., NIENHAUS, G.U. (2004a) Identification of GFP-like proteins 1267 

in nonbioluminescent, azooxanthellate Anthozoa opens new perspectives for bioprospecting. 1268 

Mar. Biotechnol. 6, 270–277. 1269 

*WIEDENMANN, J., IVANCHENKO, S., OSWALD, F., SCHMITT, F., RÖCKER, C., SALIH, A., SPINDLER, K.D. & NIENHAUS, 1270 

G.U. (2004b) EosFP, a fluorescent marker protein with UV-inducible green-to-red fluorescence 1271 

conversion. Proceedings of the National Academy of Sciences of the United States of America 1272 

101, 15905–15910. 1273 

*WIEDENMANN, J., SCHENK, A., RÖCKER, C., GIROD, A., SPINDLER, K.-D. & NIENHAUS, G.U. (2002) A far-red 1274 

fluorescent protein with fast maturation and reduced oligomerization tendency from 1275 

Entacmaea quadricolor (Anthozoa, Actinaria). Proceedings of the National Academy of Sciences 1276 

of the United States of America 99, 11646–11651. 1277 

WIEDENMANN, J., ELKE, C., SPINDLER, K.D. & FUNKE, W. (2000) Cracks in the beta-can: fluorescent proteins 1278 

from Anemonia sulcata (Anthozoa, Actinaria). Proceedings of the National Academy of Sciences 1279 

of the United States of America 97, 14091–14096. 1280 



51 

 

WIEDENMANN, J., RÖCKER, C. & FUNKE, W. (1999) The morphs of Anemonia aff. sulcata (Cnidaria, 1281 

Anthozoa) in particular consideration of the ectodermal pigments. Verhandlungen der 1282 

Gesellschaft für Ökologie 29, 497-503. 1283 

*WILLCOX, M., BODEKER, G. & RASANAVO, P. (2004) Traditional medicinal plants and malaria. Boca Raton: 1284 

CRC Press (Traditional herbal medicines for modern times, v. 4). 1285 

WILLIS, B.L., PAGE, C.A. & DINSDALE, E.A. (2004) Coral Disease on the Great Barrier Reef. In Coral Health 1286 

and Disease pp 69-104. 1287 

WINTERS, A.E., GREEN, N.F., WILSON, N.G., HOW, M.J., GARSON, M.J., MARSHALL, N.J., CHENEY, K.L. & 1288 

WINTERS, A.E. (2017) Stabilizing selection on individual pattern elements of aposematic signals. 1289 

Proceedings of the Royal Society B, 20170926. 1290 

WUCHERER, M.F. & MICHIELS, N.K. (2014) Regulation of red fluorescent light emission in a cryptic 1291 

marine fish. Frontiers in Zoology 11, 1–8. 1292 

WUCHERER, M.F. & MICHIELS, N.K. (2012) A fluorescent chromatophore changes the level of 1293 

fluorescence in a reef fish. PLoS ONE 7. 1294 

*YANUSHEVICH, Y.G., GURSKAYA, N.G., STAROVEROV, D.B., LUKYANOV, S.A. & LUKYANOV, K.A. (2003) A natural 1295 

fluorescent protein that changes its fluorescence during maturation. Bioorganicheskaia khimiia 1296 

29, 356–360. 1297 

YAU, A.J.-Y. & FAN, T.-Y. (2012) Size-dependent photosynthetic performance in the giant clam Tridacna 1298 

maxima, a mixotrophic marine bivalve. Marine Biology 159, 65–75. 1299 

*YI, X., SON, S., ANDO, R., MIYAWAKI, A., & WEISS, S. (2019) Moments reconstruction and local dynamic 1300 

range compression of high order superresolution optical fluctuation imaging. Biomedical Optics 1301 

Express 10, 2430-2445. 1302 

*YOUNG, R.G. & TAPPEL, A.L. (1978) Fluorescent pigment and pentane production by lipid peroxidation 1303 

in honey bees, Apis mellifera. Experimental gerontology 13, 457–459. 1304 

YUE, J.X., HOLLAND, N.D., HOLLAND, L.Z. & DEHEYN, D.D. (2016) The evolution of genes encoding for 1305 

green fluorescent proteins: Insights from cephalochordates (amphioxus). Scientific Reports 6, 1–1306 



52 

 

12. 1307 

ZAWADA, D.G. & MAZEL, C.H. (2014) Fluorescence-based classification of Caribbean coral reef 1308 

organisms and substrates. PloS one 9, e84570. 1309 

 1310 

 1311 

X. Supporting Information 1312 

Appendix I: List of fluorescent molecules (marine and terrestrial), including excitation and emission 1313 

wavelengths, emission colour and respective references.  1314 

 1315 

Appendix II: List of fluorescent proteins that naturally occur in marine organisms. Details on the 1316 

published name, maximum excitation and emission wavelength, molecular weight, number of amino 1317 

acids and references of first publication are given. 1318 

 1319 

 1320 

Table and figure headings: 1321 

 1322 

Table 1: Detailed list of functions of fluorescent molecules in marine animals and their effects on 1323 

behavioural and physiological responses. 1324 
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Figure 1: Distribution of fluorescent molecules across taxa. (A) Number of published fluorescent 1327 

molecules (FM) sorted by emission wavelength and taxa. (B) Relative occurrence of fluorescent 1328 

molecules of different emission wavelengths across taxa (violet = 380 - 434 nm, cyan = 435 - 499 nm, 1329 

green = 500 - 560 nm, yellow = 561 - 570 nm, orange = 571 - 590 nm, red = 591 - 739 nm). 1330 

 1331 

Figure 2: Scheme of proposed functions of fluorescence in marine animals. Examples were selected 1332 

to represent different taxa but are not exclusive to those taxa. Furthermore, fluorescence might be 1333 

an intrinsic property of the molecule itself without any described function. 1334 



Class or Order Family or Species  Localization and Physiological function Fluorescent 
signal/molecule  

Demonstrated fluorescent mediated 
behaviours and/or physiological 
response 

Citations  

Prey attraction 

Hydrozoa Olindias formosa Acceptor molecule for bioluminescent light in 
tentacles. 

dfGFP  
λex/em 505/524 nm 

Attraction of juvenile rockfish; green vs 
white or red preference. 

Haddock & Dunn, 2015 

Siphonophores 
 

Rhizophysa eysenhardt, 
Resomia ornicephal, 
Diphyes dispar 

Fluorescence on tips of tentacles,  
gastrozooids on bracts and nectophores 
(swimming bells). 

Green, orange 
λem 518-536 nm 

Rhizophysa eysenhardt only feed on 
fish larvae in the presence of light. 

Purcell 1981; Pugh & 
Haddock, 2010; 
Haddock & Dunn, 2015 

Scleractinia Fimbriaphyllia (Euphyllia) 
paradivisa (green morph) 

Tentacles and oral part of the polyps. Green  
 

Higher predation rates in green 
fluorescing morphs; plankton is 
attracted by green vs orange 
fluorescent cues. 

Ben-Zvi et al., 2022 

Osteichthyes Tripterygion delaisi,  
114 different fish species 

Red fluorescent iris; 
melanophores encase fluorescent iridophores 
on the anterior side of the iris. 

Λem 600 nm T.delaisi 
λem 580-740 nm (114 
species) 

Fluorescence increases during foraging 
and decreases during inactivity or 
stress. 

Wucherer & Michiels, 
2014; Anthes et al., 
2016 

Symbiont attractions 

Scleractinia Echinophyllia aspera   Green 
λem: 492 and 505 nm 

Attraction of Symbiodinium; green, red 
vs blue preference. 

Aihara et al., 2019 

Photoprotection 

Scleractinia  Acropora youngei Adult corals: CP and FPs expressed in 
ectoderm; light absorption, screen scattering 
and antioxidation. 

GFP 
λex/em 470/517 nm 

Positive correlation between green 
fluorescence and increased 
photobiology of symbiont and growth 
rate of coral in cold-treated vs heat-
treated corals. 

Roth et al., 2010; Roth 
et al., 2013 

Hydrozoa Aequorea victoria Reduction of oxidative stress. Wt-GFP 
λex/em 395/509 nm 
 
 

Quenching oxygen radicals; quenching 
of superoxide radicals and exhibition of 
SOD like activity by competing with 
cytochrome c for reaction with 
superoxide radicals.  

Bou-Abdallah et al., 
2006 

Scleractinia  Acropora millepora, 
Porites massive sp., P. 
astreoides, Montastraea 
annularis, M. faveolata, 
M. cavernosa, Diploria 
strigosa, Dichocoenia 
stokseii, Sidastrea siderea  

CFP is located in small areas in tentacle tips; 
GFP is localized throughout the tissue; RFP is 
upregulated in areas of infected or 
compromised coral tissue; CP is localized to 
extremities of colonies (branch tips and basal 
boundaries). 

CFP λem 465-500 nm 
GFP λem 505-515 nm 
RFP λem 575-590 nm 
 

Naturally occurring and pure coral FPs 
and CPs have H2O2 scavenging activity 
(CFP<GFP<RFP, CP). 

Palmer et al., 2009 

UV protection of RNA and DNA 

Scleractinia Montipora foliosa, 
Acropora pulchra, 

Fluorescence in adult corals: in injured and 
regenerating tissue and growth zones. 

mfolCP λabs 577 nm; 
mfolFP λem 483 nm; 

Upregulation of FPs in bleached, 
injured, regenerating and 

D'Angelo et al., 2012; 
Schucchia et al., 2020 



Porites lobata, 
Stylophora pistillata 
 

Fluorescence in planula larvae: in regions 
undergoing cell differentiation. 

apulFP λem 584 nm; 
apulFP λem nm483; 
plobFP λem 610nm; 
plobFP λem 490 nm 

differentiating corals and larvae; higher 
fluorescence at lower pH (pH7.6 vs 
pH8.15; S. pistillata). 

 

Scleractinia Pocillopora damicornis, 
Montastraea cavernosa 
  

High ectodermal expression of CPs in areas of 
low symbiont density. 

CP P. damicornis λabs 565 
nm 
CP M.foliosa purple 

Alteration of intra-tissue light 
environment in CP expressing corals; 
upregulation of pink CP during 
bleaching leads to 10-20% reduction of 
orange light  

Bollati et al., 2022 

Scleractinia Porites lichen, 
Pocillopora damicornis 
 
 

 CFPP.lichen 

 λex/em 466/489 nm 
GFP P.lichen  
λex/em 489/519 nm 
CPP.damicornis  

abs 565 nm 

Upregulation of green/cyan 
fluorescence ratio during light 
acclimation, bleaching and recovery 
and downregulation of chlorophyll 
fluorescence emission during 
bleaching; upregulation of CPs after 
bleaching and recovery. 

Bollati et al., 2020 

Annelida Eulalia sp. Protection against high energy radiation;  
mucus contains FPs, ubiquitin and antioxidant 
protein peroxiredoxin. 

Mucus λex 285-374 
λem 507-513 nm 

Secretion of a mucus containing a 
proteinaceous fluorescent complex. 

Rodrigo et al., 2022 

Photoenhancement 

Scleractinia  Montastraea cavernosa, 
Echinophyllia sp.  
  
 

Ectodermal pcRFP in mesophotic corals; 
enhancement of photosynthesis in mesophotic 
habitats via wavelength conversion. 

pcRFP λem 
514unconverted, 
582converted nm 

pcRFP emission contribute >50 of 
orange-red light available for 
photosynthesis; ectodermal pcRFPs 
increase the illumination of deeper 
tissue layers exposed to mesophotic 
light.  

Bollati et al., 2022 

Stress mitigation and regulatory mechanisms 

Scleractinia Acropora millepora RFP leads to a reduction in settlement cues 
important for long-range dispersal; green 
fluorescence at oral pole and red fluorescence 
in ectodermal cells in aboral pole in larvae and 
recruits. 

4 CPs and 8 FPs, 
amilCPs λabs 580, 586, 
604 nm 
amilFPs λem 484, 490, 
497, 504, 512, 513, 
593, 597 nm 

Larvae with red fluorescence have 
lower colonization success than those 
with green fluorescence; heat stress 
reduces the red fluorescence. 

Alieva et al., 2008; 
Kenkel et al., 2011; 
Smith et al., 2013 

Bilirubin binding to reduce cellular, oxidative stress 

Osteichthyes Anguilla japonica In young eel expression in white muscles in 
small fibers and binding of bilirubin is involved 
in metabolism and homeostasis of oxidative 
stress during long-distance migration. 
 

UnaG - fatty acid 
binding proteins 
Binding of bilirubin 
λex/em 498/527 nm 
 

Bilirubin is a break down product of 
hemoglobin in red blood cells. Bilirubin 
bound to UnaG can act as a scavenger 
of hydrogen peroxide and/or hydroxyl 
radical. 

Kumagai et al., 2013; 
Funahashi et al., 2016 

Immune response 



Scleractinia Porites compressa expression of green FPs changes towards red 
FPs in trematodiasis-compromised tissue. 

GFP, RFP λem 590 nm 
in compromised 
tissue 

Increased and alteration of FP 
expression in compromised tissue. 

Palmer et al., 2009b 

Chondrichthyes Cephaloscyllium 
ventriosum, 
Scyliorhinus retifer 

High intensity green fluorescence in the lighter 
colored areas of the skin for the catsharks and 
the dark spots of the skins for the swell shark. 

Brominated 
tryptophan-

kynureinine  

ex 360-438 nm 

em 400-507 nm 

Kynurenine metabolism regulates host-
microbiome signaling and immune 
response in human. 

Park et al., 2019 

Light-driven electron transfer 

Anthozoa Zoanthus sp. 
 

Light-induced electron donor in photochemical 
reactions with electron acceptors such as 
cytochrome c, FMN, FAD or NAD+; highly 
mobile cytoplasmic localization and spindle-
shaped aggregates in cells. 

Various FPs, Tyr66-
based chromophores 

Light-induced electron transfer of FPs. Chudakov et al., 2010; 
Povarova et al., 2017 

Mimicry and aposematism 

Heterobranchia Goniobranchus splendidus
, 
16 mediterranean 
Heterobranchia  
 

Green fluorescence in particular in the cerata 
stored in the cnidosacs to enhance the 
aposematic coloration (warning function). In 
addition fluorescence is found in rhinophores, 
dorsum and gills. 

Mainly green, but 
also yellow, pink, 
orange, red 

The dorsal rim of 
Goniobranchus splendidus induces an 
avoidance response in the Picasso 
triggerfish; unpalatable secondary 
metabolites and yellow rim as 
apoptotic signals for predators. 

Winters et al., 2017; 
Betti et al., 2021 
 

Intra/interspecific communication 

Osteichthyes Cirrhilabrus solorensis  
 

Red fluorescent body coloration. Λem 650-700 nm Increased aggressive behaviour by 
recognizing possible fluorescent rivals 
in comparison to non-fluorescent rivals 
in C. solorensis. C. solorensis express 
four visual photoreceptors: one rod 
(λem 492 nm) and three classes of cones 
(λem 497, 514, 532) which should be 
sensitive to their own fluorescence. 

Gerlach et al., 2014; 
Gerlach et al., 2016 

Osteichthyes Tripterygion delaisi Red fluorescent eye rings. Λem 600 nm T. delaisi can perceive and respond to 
levels of fluorescence that are similar to 
its own (positive correlation to a red 
fluorescent but not grey cue) 
T. delaisi express four visual 
photoreceptors: one rod (λem 502 nm) 
and three classes of cones (λem 468, 
517, 532) which should be sensitive to 
their own fluorescence. 

Wucherer et al., 2014; 
Kalb et al., 2015; Bitton 
et al., 2017 

Sexual communication 



Osteichthyes Cirrhilabrus solorensis,  
pseudocheilinid wrasses 
(13 species), 
185 different fish species 

Differences in the fluorescence pattern 
between males and females. 

C. solorensis em 640-
670 nm, 
185 fish species 

em 580-750 nm 

Red fin fluorescence associated with 
sexual dimorphism photoreceptors: 
one rod (λabs 492 nm), three classes of 
cones (λabs 497, 514, 532). 

Anthes et al., 2016; 
Gerlach et al., 2016 

According to Marshall and Johnson (2017) and Mazel (2017) various criteria have to be fulfilled to support an ecological function of fluorescence in animals. These include  
(1) the presence of a fluorescent molecule in a visible location, that can be sufficiently excited under natural lighting conditions to induce fluorescence with high enough energy to be received by 

photoreceptors.  
(2) The overlap of the emission wavelength of the fluorophore with the spectra sensitivity range of the organism.  
(3) Visually guided behaviours that are driven or supported by the fluorescent signal.    

In addition, we included in this table the physiological function of fluorescent molecules irrespective of light emission, when physiological responses have been correlated with an increase or 
decrease in molecule expression. 
 
 



Molecule Organism Taxon Molecule type Fluorescence λexc (nm) λem (nm)

Acridone Alkaloids plants plantae 381 427

Aesculin Rosskastanie plantae Glucosid (alcohol & Phenol and Glycose bonded)blue under UV-light NA NA

Allophycocyanin cynaobactria & red algaecyanobacteria Pigment belonging to the Phycobilinen, Protein 633 680

Anthocyanins plants, flowers plantae NA NA 533 624

Anthranilic acid plants plantae acid 300 405

Aurones plants, flowers plantae flavonoids NA 430 560

Azulene plants plantae Terpenoids 360 - 380 420, 620, 725

Berberin Berberitze plantae Alkaloid yellow under UV-light NA NA

Beta-Carboline Scorpions arthropoda indole alkaloid blue-green under UV-light 375 450

Beta-Carotene plants, flowers plantae Terpenoids 360, 480 500-525, 580

Betacyanins plants, flowers plantae pigments NA 524 570

Betaxanthins plants, flowers plantae pigments NA NA NA

Bromo-tryptophan-kynureninesshark vertebrata 375 439, 447

Caffeic acid plants plantae Phenolics 206, 310 281, 432

Calcein NA NA fluorescein complex 494 517

Crustacyanin lobster arthropoda pigments 530 580

Cianidin plants plantae phenolics, flavonoids 547 595

Cicutotoxin plants plantae lipids 360-380 580

Cinnamic acid plants plantae phenolics 360 405-427

Chinin plants plantae Chinolin-alkaloids brightblue under UV-light 315-380
Chlorogenic acid plants plantae 330 440
Chlorophyll-a plants plantae Tetrapyrole, protein 465, 480, 665, 680 675-690, 730-740
Colchicine plants plantae Alkaloids 360 435
Coumarin spiders, cockroachesarthropoda Alkaloids 280, 410 415-445
Cumarin-dyes plants plantae coumarin derivatives
Epicocconon fungi fungi weak green to red 395
Esculetin plants plantae phenolics 360 475
UnaG eels vertebrata protein 500 527
Ferulic acid plants plantae acid 240. 340 400-480
Flavine/Flavonoids plants plantae phenolics yellow 365 445-461
Flavoproteins plants plantae Flavins 365 520-540
Fluorescent Proteins cnidaria cnidaria protein
Fluorescent sceletones/bonesfrogs, chamelionsvertebrata collagen, tetracyclines, apartit



Folic acid plants plantae phenolics 365 450
Gaillardine plants plantae Terpenoids 360 415
Galangin plants plantae phenolics 365 447-461
Gallic acid/valonic acidplants plantae phenolics 360-380 500
Gentinsic Acid plants plantae phenolics 340 450
Guanine fish vertebrata nucleobase 500-570 584-699
Hyloin frogs vertebrata Dihydroisoquinolinonesblue-green under UV-light
Kaempferol plants plantae phenolics green 260-270. 360-380 520
Kinetin plants plantae cytokinins 380 410-430
Kynurenic acid plants plantae Alkaloids 325 405
Sandercyanine fish vertebrata Lipocalin (protein) red 375 630
Lipofuscin plants, fruits, cockroachesarthropoda 360-380 440-470
Luciferin firewflies arthropoda 327 530
Matlaline plants plantae 283, 307, 382, 430 466
Malvidin-O-glucosid plants plantae 530 630
Menthol plants plantae Terpenoids 360 415-420
Minerals NA NA Minerals
Mucous-like secretionsamphibians vertebrata green
Parietin plants plantae phenolics 442 600
Petunidin plants plantae phenolics 510-585 610
Pheophorbide-a fish vertebrata 400 670
Phycobilliprotein Cyanobacteria cyanobacteria protein 642 670
Porphyrins cnidaria cnidaria prophyrines red 410 620
Psittacofulvin birds vertebrata carotenoids 420-450 527
Pterins Arthropods vertebrata pterins
Pteroic acid plants plantae phenolics 360 435
Pyridoxine plants plantae pyridines 340 400
Pyridoxamine plants plantae pyridines 335 400
Quercetin plants plantae phenolics 250, 370 500-540
Quinine plants plantae 347 450
Resilin Arthropods arthropoda protein
Riboflavin plants plantae Flavins 377 526
Rhodopin plants plantae carotenoids 500-550 560-600
Rosmarinic acid plants plantae acid 60-380 440-450
Rutacridone plants plantae Alkaloids 381 590-595
Sepiapterin fish vertebrata Pteridin UV 450-490



Serotonin plants plantae Alkaloids 360 410-420
Schiff-bases bees arthropoda imines 360 450
Spheniscin birds vertebrata beta-defensins 370-400 450-500
Spheroidenone plants plantae carotenoids 520 570-610
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Taxon Species

Fluorescent 

Protein

Max. 

Excitation 

(nm)

Max. 

Emission 

(nm)

Molecular 

Weigth (kDa)

Number of 

amino acids

Accession 

No.

Anthozoa Acanthastrea sp. (Micromussa lordhowensis) 25.86 226 KY806741

Acanthastrea sp. (Micromussa lordhowensis) 26.11 227 KY806740 

Acanthastrea sp. (Micromussa lordhowensis)fluorescent protein [Acanthastrea sp. RY-2018]479 499 228 BBG58139.1

Acropora aculeus aacuGFP1 478 502 25.70 231 AY646069

Acropora aculeus aacuGFP2 502 513 26.09 231 AY646066 

Acropora aculeus aacuCP 580 NA 24.98 221 AY646077 

Acropora digitifera AdRed 567 612 26.10 231 LC125067

Acropora digitifera 561 599 231 BAX00649.1 

Acropora digitifera 561 593 231 BAX00650.1 

Acropora digitifera 559 593 232 BAX00653.1 

Acropora digitifera 561 599 232 BAX00654.1 

Acropora digitifera 499 511 231 BAX00655.1 

Acropora digitifera 498 511 231 BAX00656.1 

Acropora digitifera 500 511 231 BAX00658.1 

Acropora digitifera 489 501 230 BAX00659.1 

Acropora digitifera 587 630 221 BAX00660.1 

Acropora digitifera 572 629 221 BAX00661.1 

Acropora digitifera 581 625 221 BAX00662.1 

Acropora digitifera 576 629 221 BAX00664.1 

Acropora digitifera 567 623 221 BAX00665.1 

Acropora digitifera 587 630 221 BAX00666.1 

Acropora digitifera 576 628 221 BAX00667.1 

Acropora digitifera 576 628 221 BAX00668.1 

Acropora digitifera 564 606 231 BAX00669.1 

Acropora digitifera 558 592 231 BAX00670.1 

Acropora digitifera 560 598 231 BAX00671.1 

https://www.ebi.ac.uk/ena/data/view/KY806741
https://www.ebi.ac.uk/ena/data/view/KY806740
https://www.ebi.ac.uk/ena/data/view/AY646069
https://www.ebi.ac.uk/ena/data/view/AY646066
https://www.ebi.ac.uk/ena/data/view/AY646077
https://www.ebi.ac.uk/ena/data/view/LC125067


Acropora digitifera 490 501 231 BAX00672.1 

Acropora digitifera 489 501 231 BAX00673.1 

Acropora digitifera 577 630 221 BAX00675.1 

Acropora digitifera 577 630 221 BAX00677.1 

Acropora digitifera 502 512 231 BAX00690.1 

Acropora digitifera 488 501 231 BAX00691.1 

Acropora digitifera 448 491 231 BAX00790.1 

Acropora digitifera 499 510 231 BAX00792.1 

Acropora digitifera 489 501 231 BBC21269.1 

Acropora digitifera 479 498 231 BBC21270.1 

Acropora digitifera 561 593 231 BBC21271.1 

Acropora digitifera 557 589 231 BBC21272.1 

Acropora digitifera 521 593 232 BBC21273.1 

Acropora digitifera 576 624 221 BBC21274.1 

Acropora digitifera 577 630 221 BBC21275.1 

Acropora digitifera 581 625 221 BBC21276.1 

Acropora digitifera 447 492 203 FAA00738.1 

Acropora digitifera 502 511 231 FAA00739.1 

Acropora digitifera 480 499 220 FAA00740.1 

Acropora digitifera 489 501 220 FAA00741.1 

Acropora digitifera 541 577 215 FAA00746.1 

Acropora digitifera 584 627 214 NP_001310111.1 

Acropora eurostoma aeurGFP 504 515 26.02 231 EU498722

Acropora hyacinthus ahyaCP 580 NA 24.96 221 AY646076

Acropora millepora amilFP484 420 484 26.08 231 EU709808

Acropora millepora amilCFP 441 489 25.95 231 AY646070

Acropora millepora amilFP497 477 497 25.90 231 EU709809 

Acropora millepora amilFP512 500 512 25.93 231 EU709810

Acropora millepora amilGFP 503 512 25.99 231 AY646067 

Acropora millepora amilCP506 506 NA 2.43 21 JQ009184

https://www.ebi.ac.uk/cgi-bin/sva/sva.pl?search=Go&amp;query=EU498722
https://www.ebi.ac.uk/ena/data/view/AY646076
https://www.ebi.ac.uk/ena/data/view/EU709808
https://www.ebi.ac.uk/ena/data/view/AY646070
https://www.ebi.ac.uk/ena/data/view/EU709809
https://www.ebi.ac.uk/ena/data/view/EU709810
https://www.ebi.ac.uk/ena/data/view/AY646067
https://www.ebi.ac.uk/ena/data/view/JQ009184


Acropora millepora amilFP597 558 597 26.12 232 JX258844

Acropora millepora amilFP597 558 597 26.09 232 EU709811

Acropora millepora amilFP605 (Ala) 559 605 232 KJ729554

Acropora millepora amilRFP 560 593 26.15 232 AY646073 

Acropora millepora amilCP564 564 NA 231 JX258846

Acropora millepora amilCP 588 NA 26.09 232 AY646075 

Acropora millepora 26.10 232 AY650288 

Acropora millepora 25.56 227 DQ206400

Acropora millepora 1.98 18 KM101115 

Acropora millepora 2.42 21 JQ009183 

Acropora millepora 24.99 221 KC411500

Acropora millepora 25.01 221 KC411499

Acropora millepora 25.02 221 KC349891

Acropora nobilis 462 490 25.90 231 AY646072

Acropora nobilis anobCFP2 477 495 25.70 231 AY646071 

Acropora nobilis anobGFP 502 511 25.88 231 AY646068

Acropora pulchra apulFP483 420 483 25.93 231 EU709806

Acropora pulchra apulCP584 584 NA 24.97 221 EU709807 

Acropora rubusta arobGFP 501 512 231 AAU06847.1 

Acropora rubusta arobCFP 477 493 231 AAU06850.1 

Acropora rubusta arobCFP 449 490 231 AAU06851.1 

Acropora tenuis atenFP 504 515 24.60 220 BAM08940

Acropora tenuis atenRFP 537 577 214 BBV24624.1 

Acropora tenuis atenGFP 425 481 216 BBV24626.1 

Acropora tenuis atenCP 547 NA 505 BBV24631.1 

Acropora tenuis atenCP 535 NA 356 BBV24632.1 

Acropora tenuis atenRFP 560 591 231 BBV24634.1 

Acropora tenuis atenGFP 479 498 220 BBV24635.1 

Acropora tenuis atenGFP 482 501 253 BBV24636.1 

https://www.ebi.ac.uk/ena/data/view/JX258844
https://www.ebi.ac.uk/ena/data/view/EU709811
https://www.ebi.ac.uk/ena/data/view/AY646073
https://www.ebi.ac.uk/ena/data/view/AY646075
https://www.ebi.ac.uk/ena/data/view/AY650288
https://www.ebi.ac.uk/ena/data/view/DQ206400
https://www.ebi.ac.uk/ena/data/view/KM101115
https://www.ebi.ac.uk/ena/data/view/JQ009183
https://www.ebi.ac.uk/ena/data/view/KC411500
https://www.ebi.ac.uk/ena/data/view/KC411499
https://www.ebi.ac.uk/ena/data/view/KC349891
https://www.ebi.ac.uk/ena/data/view/AY646072
https://www.ebi.ac.uk/ena/data/view/AY646071
https://www.ebi.ac.uk/ena/data/view/AY646068
https://www.ebi.ac.uk/ena/data/view/EU709806
https://www.ebi.ac.uk/ena/data/view/EU709807


Acropora tenuis atenGFP 499 513 220 BBV24637.1 

Acropora tenuis atenCP 566 NA 221 AAU06853.1 

Agaricia fragilis afraGFP 494 503 25.69 226 AY647156

Agaricia fragilis 30.02 259 AY037765

Anemonia majano amFP486 458 486 25.32 229 AF168421 

Anemonia sulcata asCP 568 595 (none) 25.92 232 AF246709

Anemonia sulcata asFP499 403/480 499 25.37 228 AF322221

Anemonia sulcata 25.92 232 EF587182

Anemonia sulcata 25.96 232 AF322222

Astrangia lajollaensis alajGFP3 494 504 25.20 226 AAS18272

Astrangia lajollaensis alajGFP1 509 517 25.00 223 AAS18270

Astrangia lajollaensis alajGFP2 509 517 24.70 219 AAS18271

Catalaphyllia jardinei cjarRFP 573 582 225 ABN41777.1

Ceriantharia sp. OFP 548 573 25.10 222 AAP55761

Clavularia sp cFP484 456 484 30.45 266 AF168424

Condylactis gigantea cgigGFP 399/482 496 25.74 229 AY037776

Condylactis gigantea cgCP 587 (571) 622 (none) 25.42 227 AF363775

Condylactis gigantea 25.38 227 AY037777 

Condylactis passiflora cpCP 571 none 25.45 227 AF383155 

Corynactis californica ccalGFP1 504 517 24.80 221 AAZ14788

Corynactis californica ccalGFP3 505 517 24.80 221 ABI58282

Corynactis californica ccalOFP1 508 561 25.50 226 AAZ14789

Corynactis californica ccalYFP1 514 523 25.00 221 AAZ67343

Corynactis californica ccalRFP1 568 598 24.80 221 AAZ67342

Cyphastrea microphthalma VFP 491 503 25.60 225 CBI12485

Dendronephthya sp. dendGFP 492 508 25.81 225 AF420591

Dendronephthya sp. dendRFP 557 575 26.83 234 AF420591

Danafungia horrida dhorRFP 507 538 26.04 221 ABB17957.1 

Danafungia horrida dhorGFP 501 512 24.10 231 ABB17972.1 

Dipsastraea (Favia) favus KikG 507 517 25.88 227 AB193294

https://www.ebi.ac.uk/ena/data/view/AY647156
https://www.ebi.ac.uk/ena/data/view/AY037765
https://www.ebi.ac.uk/ena/data/view/AF168421
https://www.ebi.ac.uk/ena/data/view/AF246709
https://www.ebi.ac.uk/ena/data/view/AF322221
https://www.ebi.ac.uk/ena/data/view/EF587182
https://www.ebi.ac.uk/ena/data/view/AF322222
https://www.ncbi.nlm.nih.gov/protein/AAS18272
https://www.ncbi.nlm.nih.gov/protein/AAS18271
https://www.ncbi.nlm.nih.gov/protein/AAP55761
https://www.ebi.ac.uk/ena/data/view/AF168424
https://www.ebi.ac.uk/ena/data/view/AY037776
https://www.ebi.ac.uk/ena/data/view/AF363775
https://www.ebi.ac.uk/ena/data/view/AY037777
https://www.ebi.ac.uk/ena/data/view/AF383155
https://www.ncbi.nlm.nih.gov/protein/AAZ14788
https://www.ncbi.nlm.nih.gov/protein/ABI58282
https://www.ncbi.nlm.nih.gov/protein/AAZ14789
https://www.ncbi.nlm.nih.gov/protein/AAZ67343
https://www.ncbi.nlm.nih.gov/protein/AAZ67342
https://www.ncbi.nlm.nih.gov/protein/CBI12485
https://www.ebi.ac.uk/ena/data/view/AF420591
https://www.ebi.ac.uk/ena/data/view/AF420591
https://www.ebi.ac.uk/ena/data/view/AB193294


Dipsastraea (Favia) favus KikGR 390/507 517 25.76 227 AB193293

Dipsastraea (Favia) favus KikGR 583/360 593

Discosoma sp. dis3GFP 503 512 26.02 231 AF420593 

Discosoma sp. drFP583 558 583 26.05 225 AF168419

Discosoma sp. drFP583 558 583 25.93 225 AF168419

Discosoma sp. dsFP593 573 593 26.37 230 AF272711 

Discosoma sp. 26.69 236

Discosoma sp. 25.59 226 AY786537

Discosoma sp. 25.51 226 AY786536

Discosoma sp. 27.10 236 DQ301560

Discosoma sp. 25.79 225 AF545828

Discosoma sp. 27.03 236 AY679107

Discosoma sp. 27.04 236 AY679106

Discosoma sp. 26.77 236

Discosoma striata dsFP483 443 483 26.44 232 AF168420

Discosoma striata 25.64 227 AY679108 

Echinophyllia echinata eechGFP1 497 510 26.11 229 DQ206383 

Echinophyllia echinata eechGFP2 506 520 25.50 224 DQ206395 

Echinophyllia echinata eechGFP3 512 524 25.91 228 DQ206396

Echinophyllia echinata eechRFP 574 582 25.60 225 DQ206387

Echinopora forskaliana efor/RFP 589 609 25.66 227 EU498726 

Entacmaea quadricolor 552 578 25.50 226

Entacmaea quadricolor eqFP611 559 611 25.93 231 AY130757

Entacmaea quadricolor 26.32 233

Entacmaea quadricolor 24.97 223

Entacmaea quadricolor 26.08 231

Entacmaea quadricolor 25.98 231

Entacmaea quadricolor 25.86 230 AAQ11988.1

Euphyllia ancora 25.54 226 KT452623

Eusmilia fastigiata efasCFP 466 490 25.86 229 DQ206397

https://www.ebi.ac.uk/ena/data/view/AB193293
https://www.ebi.ac.uk/ena/data/view/AF420593
https://www.ebi.ac.uk/ena/data/view/AF168419
https://www.ebi.ac.uk/ena/data/view/AF168419
https://www.ebi.ac.uk/ena/data/view/AF272711
https://www.ebi.ac.uk/ena/data/view/AY786537
https://www.ebi.ac.uk/ena/data/view/AY786536
https://www.ebi.ac.uk/ena/data/view/DQ301560
https://www.ebi.ac.uk/ena/data/view/AF545828
https://www.ebi.ac.uk/ena/data/view/AY679107
https://www.ebi.ac.uk/ena/data/view/AY679106
https://www.ebi.ac.uk/ena/data/view/AF168420
https://www.ebi.ac.uk/ena/data/view/AY679108
https://www.ebi.ac.uk/ena/data/view/DQ206383
https://www.ebi.ac.uk/ena/data/view/DQ206395
https://www.ebi.ac.uk/ena/data/view/DQ206396
https://www.ebi.ac.uk/ena/data/view/DQ206387
https://www.ebi.ac.uk/ena/data/view/EU498726
https://www.ebi.ac.uk/ena/data/view/AY130757
https://www.ebi.ac.uk/ena/data/view/AAQ11988
https://www.ebi.ac.uk/ena/data/view/KT452623
https://www.ebi.ac.uk/ena/data/view/DQ206397


Eusmilia fastigiata efasGFP 496 507 24.42 220 DQ206385 

Favites abdita fabdGFP 508 520 25.45 224 EU498723

Fimbriaphyllia (Euphyllia) ancora EaGFP 506 514 25.90 226 QAU55049.1

Galaxea fascicularis Azami-Green 492 505 25.96 225 AB107915 

Galaxea fascicularis mAzami-Green 492 505 25.85 225 AB108447

Galaxea fascicularis gfasGFP 492 506 25.99 225 DQ206389 

Galaxea fascicularis gfasCP 577 NA 24.95 221 DQ206394

Goniopora djiboutiensis gdjiCP 583 NA 24.84 221 DQ206376

Goniopora tenuidens gtenCP (gtCP) 580 none 24.92 221 AF383156 

Heteractis cirspa HcRed 592 645 25.60 227

Heteractis crispa hcriGFP 405/481 500 25.34 225 AF420592

Heteractis crispa hcCP 492 (578) 645 (none) 25.64 227 AF363776 

Heteractis magnifica hmGFP 490 510 25.90 228 AAO16871

Hydnophora grandis hgraFP492 443 492

Hydnophora rigida HriGFP 507 527 132

Litophyllon concinna 545 554 217 BAD24721.1 

Litophyllon concinna 547 559 218 BAD24722.1 

Litophyllon concinna 511 522 218 BAF76140.1 

Lobactis scutaria 496 509 ABB17961.1 

Lobophyllia hemprichii EosFP (Green) 506 516 25.79 AY765217

Lobophyllia hemprichii 511 544 231 ABN41776.1

Lobophyllia hemprichii 512 524 225 ACV52375.1

Lobophyllia hemprichii 520 522 226 ACV52375.1 

Meandrina meandrites 413 507 214 AAO00732.1 

Montastraea cavernosa mcavGFP 506 516 26.74 234 AY037769

Montastraea cavernosa mcavRFP 508/572 520/580 25.87 225 AY037770

Montastraea cavernosa mc1 508 582 25.79 225 EU035530

Montastraea cavernosa mcFP497 435 497 25.89 225 EU035527

Montastraea cavernosa mc5 435 495 25.84 225 AY181556

Montastraea cavernosa mc6 495 507 25.83 225 AY181557 

Montastraea cavernosa mc3 505 515 26.81 234 AY181554

https://www.ebi.ac.uk/ena/data/view/DQ206385
https://www.ebi.ac.uk/ena/data/view/EU498723
https://www.ebi.ac.uk/ena/data/view/QAU55049
https://www.ebi.ac.uk/ena/data/view/AB107915
https://www.ebi.ac.uk/ena/data/view/AB108447
https://www.ebi.ac.uk/ena/data/view/DQ206389
https://www.ebi.ac.uk/ena/data/view/DQ206394
https://www.ebi.ac.uk/ena/data/view/DQ206376
https://www.ebi.ac.uk/ena/data/view/AF383156
https://www.ebi.ac.uk/ena/data/view/AF420592
https://www.ebi.ac.uk/ena/data/view/AF363776
https://www.ncbi.nlm.nih.gov/protein/AAO16871
https://www.ebi.ac.uk/ena/data/view/AY765217
https://www.ebi.ac.uk/ena/data/view/AY037769
https://www.ebi.ac.uk/ena/data/view/AY037770
https://www.ebi.ac.uk/ena/data/view/EU035530
https://www.ebi.ac.uk/ena/data/view/EU035527
https://www.ebi.ac.uk/ena/data/view/AY181556
https://www.ebi.ac.uk/ena/data/view/AY181557
https://www.ebi.ac.uk/ena/data/view/AY181554


Montastraea cavernosa mc1 508 582 25.82 225 AY181552

Montastraea cavernosa mcFP506 454 512 25.74 224 EU035531 

Montastraea cavernosa 505 515 26.74 234 AY037768 

Montastraea cavernosa 500 515 25.68 224 EU035534

Montastraea cavernosa mcFP505 470 505 25.71 224 EU035528 

Montastraea cavernosa 499.5782 514.88574 25.77 224 EU035532

Montastraea cavernosa 25.66 225 EU035536

Montastraea cavernosa mcRFP 25.88 225 AY362545

Montastraea cavernosa McCFP 432 477 25.78 225 AY056460

Montastraea cavernosa McavFP 440 510 25.85 AF384683

Montastraea cavernosa McaG2 492 502 25.88 225 AY679111

Montastraea cavernosa McaG1 492 514 26.10 227 AAU04446.1

Montastraea cavernosa 502 514 25.97 227 EU035535 

Montastraea cavernosa 505 516 26.04 227 AF406766 

Montastraea cavernosa 502 516 26.02 227 EU035529

Montastraea cavernosa 26.04 227 EU035533

Montastraea cavernosa McaG1ea 492 514 25.96 227 AY679110

Montastraea cavernosa mc2 505 515 26.02 227 AY181553

Montastraea cavernosa 503 514 26.06 227 AY181555 

Montipora digitata mdigFP486 470 486 24.91 221

Montipora digitata mdigFP514 508 514

Montipora digitata mdigFP572 556 572

Montipora efflorescens meffCFP 467 492 25.99 232 DQ206381 

Montipora efflorescens meffGFP 492 506 26.54 233 DQ206393

Montipora efflorescens meffRFP 560 576 26.51 234 DQ206379

Montipora efflorescens meffCP 574 NA 24.97 221 DQ206377 

Montipora foliosa mfolCP577 577

Montipora foliosa 14.70 133

Montipora millepora mmilCFP 404 492 25.57 227 DQ206392 

Mycedium elephantotus meleCFP 454 485 25.90 227 DQ206382

https://www.ebi.ac.uk/ena/data/view/AY181552
https://www.ebi.ac.uk/ena/data/view/EU035531
https://www.ebi.ac.uk/ena/data/view/AY037768
https://www.ebi.ac.uk/ena/data/view/EU035534
https://www.ebi.ac.uk/ena/data/view/EU035528
https://www.ebi.ac.uk/ena/data/view/EU035532
https://www.ebi.ac.uk/ena/data/view/EU035536
https://www.ebi.ac.uk/ena/data/view/AY362545
https://www.ebi.ac.uk/ena/data/view/AY056460
https://www.ebi.ac.uk/ena/data/view/AF384683
https://www.ebi.ac.uk/ena/data/view/AY679111
https://www.ebi.ac.uk/ena/data/view/EU035535
https://www.ebi.ac.uk/ena/data/view/AF406766
https://www.ebi.ac.uk/ena/data/view/EU035529
https://www.ebi.ac.uk/ena/data/view/EU035533
https://www.ebi.ac.uk/ena/data/view/AY679110
https://www.ebi.ac.uk/ena/data/view/AY181553
https://www.ebi.ac.uk/ena/data/view/AY181555
https://www.ebi.ac.uk/ena/data/view/DQ206381
https://www.ebi.ac.uk/ena/data/view/DQ206393
https://www.ebi.ac.uk/ena/data/view/DQ206379
https://www.ebi.ac.uk/ena/data/view/DQ206377
https://www.ebi.ac.uk/ena/data/view/DQ206392
https://www.ebi.ac.uk/ena/data/view/DQ206382


Mycedium elephantotus meleRFP 573 579 25.84 226 DQ206386 

Oxypora echinata 497 510 229 ABB17956.1

Oxypora echinata 569 573 225 ABB17960.1 

Oxypora echinata 506 520 224 ABB17968.1 

Oxypora echinata 509 520 228 ABB17969.1 

Platygira lamellina plamGFP 502 514 26.50 230 EU498724 

Pocillopora damicornis 484 495 222 RMX40170.1 

Pocillopora damicornis 501 508 245 RMX43351.1 

Pocillopora damicornis 498 506 224 RMX43362.1 

Pocillopora damicornis 462 526 341 RMX56440.1 

Pocillopora damicornis 493 504 212 RMX59748.1 

Pocillopora damicornis 486 496 299 RMX59762.1 

Pocillopora damicornis 493 504 251 RMX59776.1 

Pocillopora damicornis 484 495 25.09 222 AAU04450      

Porites lobata plopFP490 420 490

Porites lobata plobFP610 530 610

Porites lobata plobRFP 576 614 26.45 233

Porites porites pporGFP 495 507 24.73 220 DQ206391

Porites porites pporRFP 578 595 26.05 231 DQ206380

Psammocora sp. psamCFP 404 492 25.88 230 EU498721 

Ptilosarcus sp. ptilGFP 500 508 27.05 238 AY015995 

Ptilosarcus sp. ptilGFP 500 508 27.00 238 AAG54097

Renilla muelleri rmueGFP 498 510 27.12 238 AY015996

Renilla muelleri 36.11 311 AY015988 

Renilla reniformis rrenGFP 485 508 26.00 233 Q963I9

Ricordea florida rfloGFP 508 518 26.01 231 AY037772

Ricordea florida rfloRFP 506/566 517/574 25.70 231 AY037773

Ricordea florida 26.00 231 AY037774 

Ricordea florida 25.99 231 AY646065

Sarcophyton sp. sarcGFP 483 500 25.83 225 EU498725

https://www.ebi.ac.uk/ena/data/view/DQ206386
https://www.ebi.ac.uk/ena/data/view/EU498724
https://www.ebi.ac.uk/ena/data/view/DQ206391
https://www.ebi.ac.uk/ena/data/view/DQ206380
https://www.ebi.ac.uk/ena/data/view/EU498721
https://www.ebi.ac.uk/ena/data/view/AY015995
https://www.ncbi.nlm.nih.gov/protein/AAG54097
https://www.ebi.ac.uk/ena/data/view/AY015996
https://www.ebi.ac.uk/ena/data/view/AY015988
https://www.uniprot.org/uniprot/Q963I9
https://www.ebi.ac.uk/ena/data/view/AY037772
https://www.ebi.ac.uk/ena/data/view/AY037773
https://www.ebi.ac.uk/ena/data/view/AY037774
https://www.ebi.ac.uk/ena/data/view/AY646065
https://www.ebi.ac.uk/ena/data/view/EU498725


Sarcophyton sp. 25.77 224 AB425088

Scolymia cubensis scubGFP2 497 506 26.61 235 AY037771 

Scolymia cubensis scubGFP1 497 506 26.63 234 AY037767

Scolymia cubensis scubGFP1 497 506 234 AAK71333

Scolymia cubensis scubGFP2 497 506 235 AAK71337

Scolymia cubensis scubRFP 570 578 26.06 230 AY646064 

Scolymia cubensis scubRFP 570 578 26.10 230 AAU06843

Seriatopora hystrix shysCP562 562

Stylocoeniella armata SAASoti 510 519

Stylocoeniella armata SAASoti 510 589

Stylocoeniella sp. stylGFP 485 500 24.99 224 DQ206390

Stylocoeniella sp. stylCP 574 NA 24.95 221 DQ206378 

Stylophora pistillata spisCP 560 NA 24.95 224 DQ206398

Stylophora pistillata 21.88 192 LSMT01000557

Stylophora pistillata 17.63 159

Stylophora pistillata 12.32 109

Stylophora pistillata 42.43 374

Trachyphyllia geoffroyi Kaede green 508 518 25.70 225 BAC20344

Trachyphyllia geoffroyi Kaede red 572 580 25.70 225 BAC20344

Zoanthus sp. zFP506 496 506 26.11 231 AF168422

Zoanthus sp. zFP538 528 538 26.17 231 AF168423

Zoanthus sp. zoan2RFP 552 576 26.41 231 AY059642

Zoanthus sp. 25.95 231 AF482451

Zoanthus sp. 25.94 229 EU625506

Zoanthus sp. 26.04 231 EU625505

Crustacea Chiridius poppei CpYGFP 508 518 24.70 219 AB185173

Pontella meadi pmeaGFP2 487 502 24.90 222 AAQ01187

Pontella meadi pmeaGFP1 489 504 25.00 222 AAQ01186

Pontella mimocerami pmimGFP1 491 505 25.10 222 ACT99046

https://www.ebi.ac.uk/ena/data/view/AB425088
https://www.ebi.ac.uk/ena/data/view/AY037771
https://www.ebi.ac.uk/ena/data/view/AY037767
https://www.ncbi.nlm.nih.gov/protein/AAK71333
https://www.ncbi.nlm.nih.gov/protein/AAK71337
https://www.ebi.ac.uk/ena/data/view/AY646064
https://www.ncbi.nlm.nih.gov/protein/AAU06843
https://www.ebi.ac.uk/ena/data/view/DQ206390
https://www.ebi.ac.uk/ena/data/view/DQ206378
https://www.ebi.ac.uk/ena/data/view/DQ206398
https://www.ebi.ac.uk/ena/data/view/LSMT01000557
https://www.ncbi.nlm.nih.gov/protein/BAC20344
https://www.ncbi.nlm.nih.gov/protein/BAC20344
https://www.ebi.ac.uk/ena/data/view/AF168422
https://www.ebi.ac.uk/ena/data/view/AF168423
https://www.ebi.ac.uk/ena/data/view/AY059642
https://www.ebi.ac.uk/ena/data/view/AF482451
https://www.ebi.ac.uk/ena/data/view/EU625506
https://www.ebi.ac.uk/ena/data/view/EU625505
https://www.ncbi.nlm.nih.gov/protein/AB185173
https://www.ncbi.nlm.nih.gov/protein/AAQ01187
https://www.ncbi.nlm.nih.gov/protein/AAQ01186
https://www.ncbi.nlm.nih.gov/protein/ACT99046


Pontella mimocerami pmimGFP2 491 505 25.10 222 ACT99047

Pontellidae sp. pdae1GFP 491 511 24.90 222 AAQ01188

Pontellina plumata ppluGFP1 480 500 24.60 222 AAQ01183

Pontellina plumata ppluGFP2 482 502 24.70 222 AAQ01184

Hydrozoa Aequorea australis AausGFP 398 503 26.20 234

Aequorea australis AausFP1 504 510 26.40 234

Aequorea australis AausFP3 587 26.40 234

Aequorea australis AausFP2 609 25.80 232

Aequorea coerulescens aceGFP 480 505 24.90 222 AAN41637

Aequorea victoria AcS-CFP 440 480 26.40 235 JX472997

Aequorea victoria GFP 395/471 508 25.60 232 M62653

Aequorea victoria FF-GFP 400(prot)/490(deprot) 514 26.60 237 JX472995

Aequorea victoria FFTS-YFP400(prot)/510(deprot) 528 26.60 233 JX472996

Aequorea victoria 25.70 232 X83960

Aequorea victoria 25.60 232 X83959

Aequorea victoria 25.50 232 JN800726

Anthoathecata anm2CP 572 597 27.50 241 AAR85352

Clytia gregaria cgreGFP 485 500 26.80 238 ADI71929

Clytia hemisphaerica CheGFP1 488 500 25.90 232 AEP19814

Clytia hemisphaerica CheGFP4 488 500 26.89 238 AEP19817

Clytia hemisphaerica CheGFP2 488 508 AEP19815

Labidocera aestiva laesGFP 491 506 28.07 251 AAQ01185

Obelia sp. obeCFP 400 499 28.13 251 AEL17649

Obelia sp. obeCGFP 502 515 26.87 238 AEL17650

Obelia sp. obeYFP 514 528 26.95 238 AEL17651

Olindias formosus dfGFP 505 524 28.13 251 BBC28143

Phialidium sp. phiYFP 525 537 4.93 44 AY485333

Chordata Branchiostoma floridae bfloGFPa1 500 512 24.60 219

https://www.ncbi.nlm.nih.gov/protein/ACT99047
https://www.ncbi.nlm.nih.gov/protein/AAQ01188
https://www.ncbi.nlm.nih.gov/protein/AAQ01183
https://www.ncbi.nlm.nih.gov/protein/AAQ01184
https://www.ncbi.nlm.nih.gov/protein/AAN41637
https://www.ebi.ac.uk/ena/data/view/JX472997
https://www.ebi.ac.uk/ena/data/view/M62653
https://www.ebi.ac.uk/ena/data/view/JX472995
https://www.ebi.ac.uk/ena/data/view/JX472996
https://www.ebi.ac.uk/ena/data/view/X83960
https://www.ebi.ac.uk/ena/data/view/X83959
https://www.ebi.ac.uk/ena/data/view/JN800726
https://www.ncbi.nlm.nih.gov/protein/AAR85352
https://www.ncbi.nlm.nih.gov/protein/ADI71929
https://www.ncbi.nlm.nih.gov/protein/AEP19814
https://www.ncbi.nlm.nih.gov/protein/AEP19817
https://www.ncbi.nlm.nih.gov/protein/AEP19815
https://www.ncbi.nlm.nih.gov/protein/AAQ01185
https://www.ncbi.nlm.nih.gov/protein/AEL17649
https://www.ncbi.nlm.nih.gov/protein/AEL17650
https://www.ncbi.nlm.nih.gov/protein/AEL17651
https://www.ncbi.nlm.nih.gov/protein/BBC28143
https://www.ncbi.nlm.nih.gov/protein/AY485333


Branchiostoma floridae bfloGFPc1 493 521

Branchiostoma floridae LanFP1 500 510 24.60 220

Branchiostoma floridae LanFP2 500 516 23.70 223

Branchiostoma lanceolatum LanYFP 513 524 24.70 219 ACA48232

Branchiostoma lanceolatum LaGFP 502 511 5.90 220 ACA48235.1

Branchiostoma lanceolatum LanYFP 513 524 24.70 219 ACA48232

Branchiostoma lanceolatum LaRFP 521 592 25.80 220 ACA48242.1

Kaupichthys hyoproroides Chlopsid FP I 498 523 15.80 136

Kaupichthys hyoproroides Chlopsid FP II 498 523 15.80 136

Gymnothorax zonipectis GymFP 496 532 15.60 139

https://www.ncbi.nlm.nih.gov/protein/ACA48232
https://www.ncbi.nlm.nih.gov/protein/ACA48232
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