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ABSTRACT 

 

     Melatonin is present in numerous phototrophic eukaryotes, not only in plants in the meaning of 

Archaeplastida or of Viridiplantae. It is also formed in members of other superclades, such as 

Excavata and SAR clade. Typically, their respective phototrophs have acquired chloroplasts from 

phototrophic eukaryotes, either by taking them up as endosymbionts or by chloroplast capturing. 

It has been the aim of this overview to trace the phylogenetic relationships between the various 

phototrophs according to actual, genetically based taxonomy. This includes the consideration of 

primary heterotrophs that also exist within the same groups and some secondary heterotrophs that 

have lost functional chloroplasts. The presence of melatonin in these different taxa is discussed 

under the aspects of its cyanobacterial or α-proteobacterial origins, as transmitted by plastidial or 

mitochondrial ancestors, or by horizontal gene transfer. Peculiarities of melatonin metabolism that 

have evolved in some of these groups are also addressed. 
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______________________________________________________________________________ 

 

1. INTRODUCTION 

 

     Melatonin is a phylogenetically old molecule (1-4). To date, its presence has been shown in 

various bacteria and almost all eukaryotes that have been tested for its existence. The evidence 

concerning archaeans is still insufficient, because the molecule itself has not been demonstrated 

and only indirect hints exist on the basis of sequence homologies of N-acetyl transferases (5, 6) 

which provide, however, no satisfactory information, for reasons to be discussed in the subsequent 

section.  

     The ubiquity of melatonin implies that it has to have properties of value to these manifold 

organisms, which differ so much in their morphology, physiology and biochemical peculiarities. 

This conclusion has two different aspects. First, there must exist a primary molecular property of 

general relevance. Second, on this basis, other more or less clade-specific functions should have 

developed in the course of evolutionary diversification. The primary function may be seen in its 

direct antioxidant actions by scavenging free radicals and other reactive intermediates (7). This 

property was impressively demonstrated by its superior capacity of detoxifying hydroxyl radicals 
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(8, 9). Later, various other endogenously formed, reactive toxins have been shown to be eliminated 

by melatonin, too (1, 10, 11).  

     The direct antioxidant effects by scavenging of free radicals and other oxidants such as singlet 

oxygen show, when analyzed for the chemical details and products formed thereby, remarkable 

peculiarities that make a substantial difference to other antioxidants. First, melatonin does not 

undergo redox cycling at substantial rates, contrary to compounds like ascorbate and other direct 

antioxidants (12). Second, the products formed from melatonin are, to the best of our knowledge, 

nontoxic and terminate radical reaction chains (13, 14). Of course, any interaction of a radical 

scavenger with a free radical generates a new free radical from the scavenger. However, in the 

case of melatonin, the melatonyl radicals rapidly undergo reactions with a second radical which 

terminates the reaction chain. This conclusion does not imply that a stable product formed from 

melatonin represents the end of catabolic pathway. On the contrary, the primary products, which 

can be either monohydroxylated derivatives (9, 15), in particular, cyclic 3-hydroxymelatonin (16, 

17), or the product formed by pyrrole ring cleavage, N1-acetyl-N2-formyl-5-methoxykynuramine 

(AFMK) (13-15, 18), contribute themselves to the detoxification of free radicals. Efficient free 

radical scavenging by cyclic 3-hydroxymelatonin has been documented (19). Although AFMK is 

chemically more inert than other kynuric compounds (18), it does interact with hydroxyl radicals 

and, at lower rates, with other electron/hydrogen-abstracting radicals to also convey protective 

effects (20-22). As a result, a single molecule of melatonin can, by virtue of its products, detoxify 

several free radicals in a reaction cascade (21). This may end up in the elimination of 10 free 

radicals (22).  

     Notably, melatonin differs from other indolic compounds under the aforementioned aspects. 

This concerns especially the halting of radical reaction chains, despite the existence of a 

scavenging cascade, in which, again and again, indolic or kynuric radicals are turned into 

principally stable intermediates, which, nevertheless, can undergo new radical reactions. The 

difference is particularly evident when the oxidation chemistry of melatonin is compared with that 

of its precursor serotonin, but also obvious with other indolic metabolites (8, 14). In these cases, 

radical scavenging is followed by prooxidant reactions. Moreover, even those compounds that also 

have a high capacity of scavenging free radicals turn out to be detrimental if they promote radical 

reaction chains or generate toxic products. However, melatonin and the studied products of the 

scavenging cascade are biologically well tolerable and typically protective (19-21). 

     Another important point for the understanding of melatonin’s primary roles in evolution as well 

as in its value to light-exposed organisms concerns its property as a photooxidizable compound. It 

can be converted to AFMK by either singlet oxygen [O2(
1Δg)] (7, 23) or in photocatalyst-mediated 

reactions (7, 24, 25). Meanwhile, melatonin has been investigated in terms of singlet oxygen 

scavenging efficiency and it was found to be rather potent relatively to other biological low-

molecular weight compounds including the frequently used histidine. However, it was topped by 

one of its metabolites, N1-acetyl-5-methoxykynuramine (AMK), a secondary product of AFMK 

(26). The  property of being oxidized under the influence of light gave rise to the assumption that 

melatonin may have been a particularly suitable candidate in the evolution to mediate the 

information of darkness, a condition under which it is more stable (24, 27).  

     Following the evolutionary routes of melatonin in phototrophs requires a look back to its 

prokaryotic origins. While melatonin, being a small but obviously highly valuable compound, has 

not been matter to evolutionary changes, differences in its biosynthetic pathway exist and 

relatively substantial variations between organisms have developed concerning the details of its 

catabolism (15). These aspects will be also addressed in the present article. 
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2. ON THE PROKARYOTIC ORIGIN AND HORIZONTAL GENE TRANSFER 

 

     Melatonin synthesis can be traced back to bacteria. This compound has been demonstrated in 

several bacterial taxa, such as α-proteobacteria [Rhodospirillum rubrum (28), Erythrobacter 

longus (29)], γ-proteobacteria [Escherichia coli (30)] and cyanobacteria [Spirulina platensis (31, 

32)]. With regard to eukaryotes and specifically to plants, cyanobacteria and α-proteobacteria are 

of particular importance. Cyanobacteria are ancestors of plastids and, in fact, melatonin synthesis 

was demonstrated in chloroplasts (33). In fact, a key enzyme of melatonin formation, serotonin N-

acetyltransferase (SNAT) from Oryza sativa has a substantial homology to that of the 

cyanobacterium Synechocystis and is, notably, plastidially located (34, 35). To date, all SNAT 

isoenzymes of plants sensu stricto have been reported to be located in chloroplasts (33). Although 

other enzymes of the melatonin synthetic pathway have been also found in various cellular 

compartments, a cyanobacterial origin of plant melatonin formation is highly likely. However, an 

additional contribution of a second bacterially derived source of melatonin should not be left out 

of sight. α-Proteobacteria are regarded as the ancestors of mitochondria and the formation of 

melatonin in this group (28, 29) indicates that eukaryotes have inherited melatonin from these 

organisms, too (37, 38). This view is consistent with the presence of AANAT (aralkylamine N-

acetyltransferase) homologs in bacteria (39). Importantly, AANAT catalyzes the same reaction as 

SNAT, but differs from the latter in gene structure and sequence. In fact, melatonin has been also 

found in plant mitochondria (36). Moreover, the recent findings of melatonin formation in animal 

mitochondria (40) has directed considerable attention to the α-proteobacterial origin of melatonin. 

The α-proteobacterial heritage of melatonin formation cannot be directly deduced from the species 

in which this compound was first discovered, Rhodospirillum rubrum and Erythrobacter longus, 

which are not direct ancestors of mitochondria. These ancestors have presumably to be sought in 

the family of the Rickettsiaceae, since genome comparisons between the giant mitochondria of the 

jakobid flagellate Reclinomonas americana revealed highest homology with Rickettsia provazekii 

(41). Nevertheless, the presence of melatonin in the α-proteobacterial clade may indicate that 

rickettsiaceans including the mitochondrial ancestors are/have been capable of synthesizing 

melatonin. 

     A driving force for the use of melatonin by bacteria may be seen in the invention of photosystem 

II by cyanobacteria, which represented a switch from primitive forms of nonoxygenic 

photosynthesis and resulted in the oxygenic type. Thereby, the atmosphere of the earth was 

profoundly altered. The increase of oxygen concentration that also occurred in aqueous habitats 

was a life-threatening process to all exposed organisms. Of course, cyanobacteria also had to 

protect themselves against oxygen toxicity and respective mechanisms of oxygen management had 

to be present before they were able to produce oxygen at high rates. One might speculate whether 

protective molecules were already present prior to the development of photosystem II, perhaps, 

for coping with high UV intensities in upper water layers, at times when no ozone layer could 

shield organisms from this radiation. In this case, damage by UV light would have been different 

from that caused by reactive oxygen species. At least, in a transitory phase with still poor ozone 

shielding but sufficient oxygen levels to generate oxygen free radicals and singlet oxygen, 

protection against oxidative damage became increasingly important.  

     What remains unclear is the specific taxon in which melatonin was first “invented”. One might 

speculate whether cyanobacteria, which had developed oxygenic photosynthesis, had first the need 

of producing this antioxidant, but this is not certain, since oxygen management by a combination 
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of enzymatic mechanisms and other low molecular weight antioxidants might have been sufficient, 

although the production of melatonin presumably conveyed an additional selection advantage. 

However, the need of developing efficient antioxidative protection mechanisms was likewise 

present in all other, previously anaerobic organisms exposed to oxygen. The genes of the 

biosynthetic machineries for melatonin formation may have entered other bacteria and even 

cyanobacteria by horizontal gene transfer, which is a frequently observed phenomenon among 

these organisms. In reverse, respective genes may have been transferred from cyanobacteria to 

other taxa. However, when assuming horizontal gene transfer between the different bacterial 

groups, a problem remains concerning the serotonin and/or 5-methoxytryptamine N-acetylating 

enzymes. If we heed the sequence differences between SNAT and AANAT, these two forms of 

enzymes are not aliases, though one can sometimes read such a statement. If we, therefore, take 

for granted that the plastidial SNAT of Viridiplantae is derived from the cyanobacterial enzyme 

(34), and if we conclude that AANAT has originated in other bacteria (39), e.g., in α-

proteobacterial ancestors of mitochondria, an interchange of the respective genes appears less 

likely, but additive actions would be allowed. 

     Nevertheless, the acquirement of genes of melatonin formation by horizontal gene transfer 

remains to be a relevant possibility in bacterial evolution. Additionally, this aspect may be 

extended to another major domain of organisms, the archaeans. To date, direct evidence for 

melatonin formation is still missing in this group. However, sequence homologies were reported 

between archaeal and eukaryotic N-acetyltransferases and the archaeal enzymes were placed in the 

N-acetyltransferase family (4-6, 38). On the other hand, sequence homologies are not at all reliable 

criteria for functionality and substrate specificity. Even point mutations can profoundly alter the 

substrate specificity, as shown, e.g., in another group of enzymes with relevance to melatonin 

formation, the aromatic amino acid decarboxylases (42). It should be also remembered that 

several invertebrate AANATs are not involved in melatonin synthesis, but rather in sclerotization 

of integuments or formation of other neurotransmitters (43, 44). Melatonin synthesis in several 

invertebrates may be also explained on the basis of other N-acetyltransferases, such as orthologs 

of NAT-1, which was even reported to contribute to melatonin formation in the mammalian skin 

(45). Similarities between archaeal and bacterial sequences have been generally interpreted as 

being indicative of horizontal gene transfer (6, 38). This possibility of gene exchange between 

bacteria and archaea is supported by findings in mixed biofilms. Recent multispecies biofilms are 

characterized by a remarkable extent of intra- and interspecific communication, by both quorum 

and community sensing, and by the exchange of extracellular membrane vesicles (46), a 

prokaryotic phenomenon reminiscent of eukaryotic communication via exosomes. Despite the 

likelihood and, in cases of other genes, demonstrated horizontal gene transfer between bacterial 

and archaeal species, the direction of transfer remains often elusive. It should be remembered that 

archaea do not only contain anaerobic but also aerobic and facultatively anaerobic species, in 

particular among the halophiles (47, 48). Therefore, a need for coping with oxygen, also under 

exposure to high light intensities, exists in this group of archaeans. Researchers interested in 

archaeal melatonin may select respective halophiles for their analyses, instead of working with 

anaerobic and extremely thermophilic species that are more difficult to handle. Apart from the 

possibility of horizontal gene transfer, the presence of both archaeal and bacterial genes in 

eukaryotes may be deduced from a merger between an archaean ancestor and an α-proteobacterial 

endosymbiont. Although this has been often disputed, the actual view that has emerged from the 

discovery of the so-called Asgard Archaea tends to favor this eukaryotic origin (49). The 
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incorporation of cyanobacteria as ancestors of chloroplasts has to be seen as a later event that leads 

to eukaryotic phototrophs. 

 

3. MELATONIN IN EUKARYOTIC PHOTOTROPHS OUTSIDE THE 

ARCHAEPLASTIDA 

 

     The traditional term of ‘plants’ in the meaning of a ‘kingdom” at same rank with ‘animals” has 

completely lost its justification by modern genetic and cell biological taxonomy. The 

Archaeplastida represent a subgroup of the major eukaryotic taxon (“supergroup”) of the 

Diaphoretickes. The Archaeplastida  contain three taxa of phototrophs, Glaucophyta, 

Rhodophyceae and Viridiplantae. For a definition of plants, the criterion of photosynthesis is 

evidently inadequate, not only with regard to the domain of bacteria, but also within the domain 

of eukaryotes. Numerous eukaryotic clades contain photosynthetic species, because of either 

primary endosymbiosis with descendants of cyanobacteria or secondary endosymbiosis with 

eukaryotes carrying chloroplasts. The latter mode of endosymbiosis has given rise to the term of 

‘meta-algae’, to indicate that these clades have not been originally photosynthetic. Secondary 

endosymbiosis reveals itself by more than two plastidial membranes, e.g., three in euglenoids and 

many dinoflagellates, and four in most diatoms and in brown algae (50, 51). Such processes have 

occasionally occurred several times. For instance, the dinoflagellate Kryptoperidinium foliaceum 

carries a second nucleus with surrounding cytoplasm that belongs to a diatom-derived 

endosymbiont (52). Tertiary and even serial endosymbiotic events have taken place in a number 

of cases (52, 53). The sources of secondary or tertiary plastids can be different and result from 

interactions with green algae, diatoms or, in the case of Chromera velia (Chromerida), with a 

rhodophycean (53, 54). As an alternative to the uptake of an entire endosymbiotic eukaryote, like 

in Kryptoperidinium, chloroplast capture from other eukaryotic phototrophs seems to have 

occurred, too (51-53). This appears to be the case in many other dinoflagellates and in Euglena. 

On the other hand, the development of plastids because of primary endosymbiosis with 

cyanobacteria has not only occurred in Viridiplantae, but also in an amoeba, Paulinella 

chromatophora (55), and in a diatom, Rhopalodia gibba (56). Thus, the situation in diatoms and 

dinoflagellates indicates a degree of complexity that does not allow premature generalizations. 

     The diversity of plastidial origins in eukaryotic phototrophs outside the Viridiplantae raises the 

question of whether the association with secondary plastids may have implied the acquisition of 

genes of melatonin synthesis. As the eukaryotic hosts usually transfer many genes of their 

endosymbionts into the nucleus, this may appear more likely in cases in which an entire 

endosymbiotic eukaryote has been taken up rather than in cases of chloroplast capture. However, 

the capacity of producing melatonin can also be inherited from mitochondria in all eukaryotes that 

harbor these organelles. Taking the example of Euglena, which has been concluded to have 

acquired its plastids by capture and which is a member of the unranked eukaryotic major taxon 

(‘supergroup’) of the Excavata, melatonin formation has been unequivocally demonstrated (1, 30, 

57, 58). Euglena gracilis, member of the subgroup Euglenozoa, was also reported to exhibit a 

circadian rhythm in melatonin concentration (57), but the first author who had collected these data 

never published the details. Although the intracellular source of melatonin in Euglena is to date 

unknown, its synthesis may not be associated with a plastidial origin, as may be concluded from 

the demonstration of melatonin in Trypanosoma cruzi (59), a nonphotosynthetic member of the 

Euglenozoa. Notably, the Excavata are phylogenetically distinct from the Archaeplastida. 
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     Photosynthesis also occurs in the supergroup of the so-called SAR clade [Straminopiles (syn. 

Heterokonta), Alveolata, Rhizaria]. While most Rhizaria are heterotrophs, some of them, 

especially some giant foraminifers, take advantage from photosynthesis by either associating with 

phototroph dinoflagellates or by capturing chloroplasts (‘kleptoplastids’) from diatoms (60). 

Whether these foraminifers may be supplied with melatonin by their symbiotic dinoflagellates or 

from kleptoplastids is unknown. However, in the two other groups of the SAR clade, 

photosynthesis is frequently found. Among the Straminopiles, two large taxa are obligatory 

phototrophs, namely, the diatoms (Bacillariophyta) and the Phaeophyceae (brown algae), whereas 

two smaller taxa, the Labyrinthulea and the Oomycota (syn. Oomycetes) are nonphotosynthetic. 

While diatoms have apparently not yet been analyzed for the presence of melatonin, the brown 

alga Pterygophora californica, a giant kelp, was one of the first macroalgae in which melatonin 

was documented (61). Despite its presence in substantial amounts, melatonin did not show relevant 

variations within the day/night cycle. The major effect observed upon exogenous administration 

consisted in an inhibition of the growth rate. Although darkness also reduces growth, the action of 

melatonin may not be interpreted as transmission of the signal darkness. It may rather reflect 

something also known from Viridiplantae, namely an interference with the cytoskeleton, perhaps 

via calmodulin, a protein ubiquitously expressed in eukaryotes (62, 63). In the laboratory of  K. 

Lüning, melatonin was also demonstrated in other brown algae, such as Saccharina saccharina 

(syn. Laminaria saccharina) (64), Laminaria digitata, and Petalonia fascia (1, 58), but in the latter 

cases, the information did not exceed the abstract level. Nevertheless, the general presence of 

melatonin in the Phaeophyceae seems highly likely.  

     Nonphotosynthetic Straminopiles have not been investigated with regard to melatonin 

formation. However, several species of the phytopathogen Phytophthora (Oomycota), formerly 

believed to be a fungus, but now known as members of a sister group of diatoms and brown algae, 

have been investigated under exposure of host plants to exogenous melatonin. The general 

outcome was an inhibition of pathogen development by melatonin (65, 66). This may be caused 

by a strengthening of the hosts’ resistance. However, it also indicates that melatonin is presumably 

not produced at high concentrations by Phytophthora. Formation at low levels cannot be excluded, 

but the Oomycota cannot be taken as an outgroup argument for or against the general presence of 

melatonin in the Straminopiles.  

     The third SAR subclade, the Alveolata, contains many species that produce melatonin, 

sometimes in extremely high concentrations. In this regard, the subgroups, such as Chromerida, 

Apicomplexa (formerly known as Sporozoa), Ciliophora (syn. Ciliata), and Dinoflagellata, seem 

to differ. Only a few chromerid species are known, which are coral parasites. The chromerid 

Chromera velia that carries chloroplasts of rhodophycean origin, has not yet been investigated for 

the presence of melatonin. Chromerids seem to represent a sister group of the Apicomplexa, 

according to phylogenomic data. The Apicomplexa are also known to be parasites. Among them, 

the malaria pathogens of the Plasmodium genus are of particular interest beyond their medical 

importance, as their ancestors possessed chloroplasts before they evolved to parasites. A remnant 

of the former chloroplast exists as the nonphotosynthetic so-called apicoplast, which is surrounded 

by four membranes, indicating a secondary acquisition of the former chloroplast. This small 

organelle still participates in the metabolism of the parasite cell (67, 68). An apicoplast is also 

present in the less dangerous Toxoplasma gondii, but not in all Apicomplexa. Determinations of 

melatonin formation in Apicomplexa have not yet been carried out. However, effects of melatonin 

administration to hosts have been studied in several Plasmodium species. In some of them, such 

as P. falciparum, but not in all these species, melatonin was toxic to these parasites and entered 
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these cells from the circulation (69). Again, as in Phytophthora, the antiparasitic action of 

melatonin may indicate that this compound, if produced at all in these cells, cannot be formed in 

high concentrations.  

     In the third group of Apicomplexa, the ciliates (Ciliophora), melatonin has been repeatedly 

demonstrated. The ciliates comprise several mixotrophic species (e.g., Labrea strobila, 

Strombidium viride, several Stentor species), which contain either algal symbionts such as 

Paramecium bursaria, or captured chloroplasts (70, 71). Another ciliate, Myrionecta rubra, has 

been reported to be autotrophic (72). The presence of melatonin has not been documented in these 

species, but rather in several heterotrophs, such as Tetrahymena thermophila (30, 58), 

Tetrahymena pyriformis (73, 74), and Eufolliculina spec. (30). Additionally, the conversion of 

melatonin to AFMK was studied in Paramecium caudatum and P. bursaria (75). The formation 

of AFMK appeared to be rather specific in darkness, without any indication of a contribution of 

Chlorella symbionts present in P. bursaria. Generally, the capability of producing melatonin does 

not seem to depend on chloroplasts in ciliates, as judged from the few species studied. 

Interestingly, melatonin formation was stimulated in Tetrahymena pyriformis by pretreatment with 

melatonin and also by light (74). This lack of inhibition by light is reminiscent of findings in a 

phototrophic dinoflagellate, as will be described next. This may indicate that melatonin is not a 

mediator of darkness in alveolates, even not in those species that exhibit a nocturnal melatonin 

peak.  

     Dinoflagellates represent that alveolate group in which most information on melatonin is 

available. This molecule was first demonstrated in Lingulodinium polyedrum (at that time known 

under the name of Gonyaulax polyedra) (76). Thereafter, a high-amplitude circadian rhythm of 

melatonin with a nocturnal peak was described (77). This rhythm was shown to persist in constant 

darkness (78). In the course of subsequent studies, melatonin was demonstrated in numerous other 

phototrophic species, such as Alexandrium lusitanicum, Ceratium horridum, Amphidinium 

carterae, Pyrocystis lunula, and in the heterotrophic Noctiluca scintillans, as summarized 

elsewhere (1, 30, 58). It was also found in a Symbiodinium strain (79), a phototrophic symbiont of 

reef corals which can also exist as a free-swimming organism. In Symbiodinium, a nocturnally 

peaking rhythm was described, which, contrary to L. polyedrum, did not persist in constant 

darkness and was concluded not to be driven by a circadian oscillator. However, the melatonin 

rhythm in Symbiodinium exhibited a much lower amplitude than that of Lingulodinium and also 

did not show a unimodal pattern.  

     L. polyedrum is the dinoflagellate species in which most cell biological data are available on 

effects and metabolism of melatonin. Several of these findings can be generalized towards various 

related genera and species, but not to all dinoflagellates. L. polyedrum is a marine, phototrophic 

and bioluminescent species, which has been used as a chronobiological model organism (80). 

Direct effects of melatonin that were observed in this species concerned the suppression of 

diurnally peaking enzymes such as tryptophan hydroxylase and superoxide dismutase, modulation 

of the rhythm of glutathione S-transferase and, ecophysiologically important, the upregulation of 

aryl acylamidase (AAA) (58). A peculiarity of melatonin metabolism in this and related 

dinoflagellates concerns the deacetylation to 5-methoxytryptamine (5-MT) by AAA as the major 

catabolic pathway. 5-MT is further converted by a monoamine oxidase to 5-methoxyindole-3-

acetaldehyde, which is metabolized to 5-methoxytryptophol (5-ML) and, in larger quantities, to 5-

methoxyindole-3-acetic acid (5-MIAA). The latter metabolite is easily released from cells to the 

moderately alkaline seawater and represents melatonin’s waste end product in L. polyedrum (62, 

81). The deacetylation by AAA to 5-MT is of utmost importance to this species and other 
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dinoflagellates, too, since 5-MT is a potent inducer of asexual cysts, i.e., resting stages that survive 

adverse conditions (82). The signals that indicate adverse environment are lower temperature, 

short photoperiods and low availability of nitrate. Among them, low temperature seems to be the 

strongest signal. A decrease from rearing temperature of 20°C to 10 or 8°C induces encystment 

directly and rapidly, without any involvement of melatonin and 5-MT (83). However, such a strong 

drop is rather exceptionally experienced by a dinoflagellate, whereas a relatively moderate 

decrease to 15°C is possible in the course of nocturnal vertical migration, during which 

Lingulodinium cells descend by many meters down to nitrate-rich deeper water layers (84). 

However, a decrease to 15°C causes in L. polyedrum a dramatic increase in melatonin by orders 

of magnitude that exceeds by far the circadian variations. While the circadian maximum is in the 

range of 1 µM, the cold-induced increase leads to transient levels of several hundred µM or slightly 

above 1 mM (85, 86). This represents the by far strongest temperature effect on melatonin ever 

described. Notably, the temperature-induced increase was not prevented by light at rearing 

intensity. These high levels cause an upregulation of AAA, with the consequence of a rapid 

decrease of melatonin at the expense of rising 5-MT concentrations (85, 86). However, 5-MT is a 

strong inducer of encystment, with considerably higher efficiency than melatonin (82). These 

processes are counteracted by elevated nitrate concentrations and also by high preceding 

photosynthetic rates during the photophase (81). Therefore, L. polyedrum interprets adverse 

conditions that require an escape via encystment only if the lower temperature experienced during 

descending is not compensated by abundant nitrogen availability and opulent carbon fixation 

during the day. The melatonin metabolite 5-MT also regulates bioluminescence and seems to be 

required for the circadian glow peak at the end of the night, processes that do not require cyst-

inducing levels and involve proton transfer from an acidic vacuole to the cytosolic side of the 

bioluminescent microsources, in Lingulodinium known as scintillons. A detailed description of the 

mechanisms is described elsewhere (87). Excessive proton transfer to the cytosol under the 

influence of 5-MT is also a key step in the course of encystment (7, 85, 86). 

     The question of whether the findings in Lingulodinium can be translated to other dinoflagellates 

requires differentiated answers. No encystment is possible in passively moving, coccoid 

dinoflagellates such as Pyrocystis species, as the coccoid wall represents a structure that is 

comparable to the cyst wall. Effects of melatonin and 5-MT on bioluminescence remained 

marginal. However, cyst induction by 5-MT has been observed in various actively swimming 

species, especially those which are closely related to Lingulodinium, such as several species or 

strains of Alexandrium (88). This was also reported for Gymnodinium simplex, Aureodinium 

pigmentosum (89) and Crypthecodinium cohnii (90, 91). However, the use of an automated 

procedure that only followed the sinking of immobilized cells may have been partially misleading, 

because identification of cysts requires microscopic examination. In fact, several species and 

strains (Gymnodinium catenatum; several Prorocentrum species) responded to 5-MT by 

immobilization, but not encystment, whereas others such as Ceratium horridum and Amphidinium 

carterae remained more or less insensitive to 5-MT (88). In some cases, cyst induction was also 

observed after addition of melatonin (58), but this should be most easily explained by conversion 

to 5-MT. A tropical, 5-MT-insensitive strain of Amphidinium carterae responded differently 

compared to Lingulodinium to temperature changes. In this case, a decrease from the rearing 

temperature of 24°C to 20°C caused reductions in melatonin, 5-MT and 5-ML, whereas an increase 

to 30°C led to strong augmentations of all three compounds (81).  

     A short comment seems to be due concerning some mechanistic claims in which effects of 

melatonin and 5-MT were attributed to calcium influx and several related signaling pathways as 
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well as binding of melatonin to a retinoid orphan receptor (RORs), which was concluded from 

effects of CGP 52608 (90, 91). This synthetic compound was previously believed to mimic 

melatonin effects via RORα. All these interpretations of signaling were problematic from several 

points of view (92): Some crucial effects were only observed at very high concentrations (1 or 

even 10 mM) that soon exceed the level of toxicity. The well-documented difference between cyst-

inducing capacities of melatonin and 5-MT (82) did not appear in the calcium signaling 

experiments. Moreover, manipulation of calcium also influences the proton potential of the acidic 

vacuole membrane. Finally, the claim of nuclear effects via an ROR mechanism has to be dropped, 

mainly for two reasons: First, cyst induction starts much earlier than a transcriptional mechanism 

would allow. In bioluminescent species such as L. polyedrum, the beginning of the cyst-inducing 

effect can be easily traced on the basis of increased light emission which indicates proton transfer 

to the scintillon (87). This elevation is clearly present after less than 30 min of 5-MT exposure (1 

or 100 µM) and almost immediately seen with its analog N,N-dimethyl-5-methoxytryptamine, 

which has a higher membrane permeability (93). Second, RORα has turned out to be incapable of 

binding melatonin (94, 95). As it has presumably evolved in early metazoans (96), it should be 

absent in dinoflagellates (97). Thus, the mechanistic interpretations mentioned in this paragraph 

have to be seen with caution and some of them have to be definitely dropped. 

     The exclusion of ROR signaling does not at all mean that melatonin has no transcriptional 

effects in dinoflagellates. Suppressive actions on diurnally peaking enzymes may well be 

explained by transcriptional control. The major problem results from the absence of identified 

melatonin receptors in this group of organisms. Tests for 2-[125I]-iodomelatonin binding in sections 

from both day and night, as used in standard procedures for vertebrate G protein-coupled  

melatonin receptors, did not reveal positive results (98). Effects of the G protein targeting toxin 

mastoparan in Crypthecodinium cohnii (91) are not specific for melatonin or 5-MT. In the 

bioluminescent species Gonyaulax spinifera, long-term administration of mastoparan only 

moderately affected light emission, but did not yield 5-MT-like effects (99). Nevertheless, binding 

sites for melatonin may exist in Lingulodinium, as concluded from accumulation of exogenous 

melatonin. When 1 µM melatonin was added at dark onset to the medium, i.e., at the concentration 

of the endogenous circadian melatonin maximum, the intracellular level increased within three 

hours by up to 25-fold. When given at light onset, the accumulation was smaller, but still 

substantial (100). During cellular accumulation of melatonin, the medium concentration did not 

substantially change, because of the high medium/cell volume ratio. After three hours, the 

intracellular level dropped again, but remained higher than in the absence of exogenous melatonin. 

The concentration in the medium did not change during the intracellular decline. These findings 

indicate the existence of a melatonin-binding molecule, but this does not necessarily imply binding 

to a receptor and could also reflect another binding site not associated with a signaling pathway. 

     Concerning the role of melatonin in dinoflagellates, antioxidative protection has also been 

demonstrated, findings supporting the assumption that this represents one of the earliest functions 

of melatonin in evolution (7). Melatonin was shown to protect, at elevated but physiologically 

possible concentrations, L. polyedrum against H2O2 toxicity (101). Interestingly, the concentration 

of oxidatively damaged protein (protein carbonyl) strongly decreases during the last hours of 

photophase in an artificial light/dark cycle, i.e., in the phase when melatonin is already rising (102). 

Exposure to oxidotoxins such as paraquat and buthionine sulfoximine suppressed the circadian 

glow peak of L. polyedrum, but these effects were reversed by melatonin (103-105). Notably, 

melatonin did not upregulate antioxidant enzymes that are under melatonin control in vertebrates, 

such as superoxide dismutases, hemoperoxidases, glutathione peroxidase, or glutathione S-
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transferase (101, 105). However, all oxidants mentioned strongly decreased the levels of melatonin 

and 5-MT (104, 105). The consumption of these antioxidants by radical-generating oxidotoxins 

may indicate that free radical scavenging plays a much more important role in Lingulodinium or, 

perhaps, dinoflagellates in general compared to vertebrates. This is not that much surprising, 

because the dinoflagellates studied contain considerably higher levels of melatonin which allow 

efficient detoxification at physiological concentrations. This may also be considered for other 

high-melatonin organisms, many of which are found, e.g., in Viridiplantae (81, 106).  

 

4. MELATONIN IN ARCHAEPLASTIDA OUTSIDE THE VIRIDIPLANTAE 

 

     Contrary to the aforementioned taxa, the Archaeplastida represent the organisms that can be 

called plants sensu stricto. Information about melatonin in the two subclades of Archaeplastida 

that are different from Viridiplantae is relatively limited. In the small group of Glaucophyta, 

melatonin does not seem to have been investigated. More data are available for the Rhodophyceae 

(red algae). As summarized elsewhere (1, 58), the earlier studies detected melatonin in Chondrus 

crispus, Gracilaria tenustipitata, Palmaria palmata, and Porphyra umbilicalis. Presence of 

melatonin was later documented in Kappaphycus alvarezii (64) and Pyropia yezoensis (107). The 

absence of a circadian melatonin rhythm was reported for Palmaria palmata and Kappaphycus 

alvarezii (64). In Porphyra umbilicalis, the situation remained unclear, since a significant 

day/night difference was observed in one run, but did not reach significance in another one (64). 

Perhaps, comparisons of only day and night are not sufficient and a decision would require more 

densely taken time points. 

     More advanced investigations have been conducted much later (107). In Pyropia yezoensis, 

melatonin was not only determined, but its Snat gene was also cloned, the SNAT protein sequenced 

and compared to those of other organisms. Homology analyses showed clearly a closer relationship 

to the cyanobacterial enzyme than to those of land plants (pine and rice). Transfer of a pySnat-

containing vector via Agrobacterium to tobacco leaves showed that the SNAT protein does not 

enter chloroplasts. Thus, the vector-transmitted protein is devoid of sorting peptides for plastidial 

localization, which is in agreement with the presence of the pySnat gene in the plastidial genome 

of the donor and, therefore, does not require protein transfer to this organelle in P. yezoensis. 

     The recombinant PySNAT enzyme exhibits a temperature dependence characterized by a 

strong increase towards 55°C, but inactivation by higher temperatures, whereas the enzymes from 

cyanobacteria and also from rice show increases up to 70°C. This difference should not be 

overrated, since temperatures above 55°C are presumably unbiological for marine species, even 

those which live in shallow water. In Pyropia, 25°C represent already heat stress. After 12 hours 

at 25°C, melatonin levels rose by about 50% (107). Whether melatonin conveys protection against 

heat stress in Pyropia or other rhodophyceans would require detailed studies. 

 

5. MELATONIN IN LOWER VIRIDIPLANTAE 

 

     Chlorophyceae (green alga) represent the group from which land plants have evolved. Despite 

their diversity, unicellular and multicellular green algae as well as all types of land plants from 

bryophytes to tracheophytes collectively constitute the large monophyletic taxon of the 

Viridiplantae. The presence of melatonin was demonstrated in both unicellular and multicellular 

chlorophyceans. Among the unicells, melatonin was demonstrated in several organisms belonging 

to orders of different phylogenetic position. These reports concern Dunaliella tertiolecta (30, 58), 
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actually  placed among the Chlamydomonales, sometimes also in a separated group, Duniellales, 

and several species and strains of Chlamydomonas, including C. reinhardtii (30, 58). In the latter 

species, a serotonin-converting N-acetylase had been cloned, which was described as crAANAT 

(108). However, the homology to other AANAT sequences was rather moderate. At that time, 

botanists frequently did not distinguish between SNAT and AANAT. The functional 

characterization confirmed the role as a serotonin acetylating enzyme, but the sequence indicates 

that it should be better regarded as a SNAT. The enzyme exhibited stronger homology to sequences 

from Ostreococcus tauri and O. lucimarinus (108), members of another chlorophycean order, the 

Mammiellales (syn. Micromonadales). With some likelihood, these organisms may also produce 

melatonin, which would, however, require direct confirmation, especially as sequences are not 

reliable indicators of substrate specificity.  

     Another melatonin producing species that lives in its vegetative phase as a giant unicell is 

Acetabularia acetabulum (30, 58), a member of the Dasycladales. In the vegetative cells, rhythmic 

changes in melatonin concentration were described, with a very narrow nocturnal peak that 

persisted in constant darkness, but was less prominent in constant light (30). When Acetabularia 

enters the generative phase, it forms a multicellular cap. In this phase, the melatonin rhythm was 

reported to be less expressed with average levels below those found in the vegetative life period 

(30). Notably, the Dasycladales to which Acetabularia belongs represent a subclade of the 

Ulvophyceae, in which other members are permanently multicellular. In the chlorophycean 

macroalga, Ulva lactuca, melatonin was reliably determined (64, 109). A day/night difference 

remained below statistical significance (64), but was not based on a sufficient number of time 

points for excluding rhythmicity. Another study in Ulva spec. (110) reported a low-amplitude 

rhythm with a significant maximum in the second half of scotophase. As Ulva lives in the tidal 

zone, the tidal influence may be more important than the light/dark cycle, as in many other 

organisms from such a biotope. This study also reported a correlation of melatonin with low tide 

(110). Moreover, melatonin was shown to be increased by heat and chemical (Zn, Pb, Cd) stress 

and to upregulate SOD activity (110). Thus, melatonin should be considered as a protective and 

antioxidant agent in Ulva. This may be in line with a medical report in which an ethanolic extract 

from Ulva lactuca was used for protective purposes against experimental myocardial infarction in 

rats (111). The extract should have contained melatonin, but its decisive relevance remains to be 

demonstrated. Nevertheless, Ulva may be seen as an example for a protective role of melatonin in 

primitive plants.  

     The Charales are another clade that is often regarded as green alga but is phylogenetically closer 

to the land plants, as it represents a sister group of the Embryophyta (land plants) within the clade 

of the Streptophyta. In a typical member of this group, Chara australis, melatonin was also 

detected (112). It was found in similar quantities in different regions of the organism, in 

photosynthetic tissue as well as in the chloroplast-free rhizoid, in vegetative and in reproductive 

parts of this plant. Addition of 10 µM melatonin to the water improved the quantum yield of 

photosystem II by 34%. The effect was interpreted in terms of an increase in the number of open 

reaction centers, which may be related to antioxidative protection of proteins involved in 

photosynthesis (112). 

 

6. PRESUMABLE UBIQUITY OF MELATONIN IN LAND PLANTS 

 

     Concerning the basal clades of the Embryophyta, such as Marchantiophyta (liverworts), 

Bryophyta (mosses), Anthoceratophyta (horn mosses), and, among the Tracheophyta (vascular 
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plants), the Lycopodiophyta (club mosses and allies) and Polypodiopsida (ferns and allies), little 

is known about melatonin. In the moss Physcomitrella patens and in the lycopodiophyte 

Selaginella moellendorfii (a spike moss), SNAT homologs have been found (107). No relevant 

information exists for two basal gymnosperm clades of the Spermatophyta  (seed plants), the 

Cycadopsida and the Gingkoopsida. However, in the third gymnosperm clade, the Coniferopsida 

(conifers and allies), substantial data have been obtained in Pinus taeda (113). In this species, a 

Snat gene was cloned and the amino acid sequence of the SNAT protein determined. This showed 

high homology to both the cyanophycean as well as to the angiosperm enzymes. This finding is 

strongly indicative for a conclusion that all streptophytes have inherited their plastids as well as 

their Snat genes from the same cyanophycean ancestor. However, this does not exclude an 

additional, mitochondrial source of serotonin acetylation, e.g., by an AANAT of α-proteobacterial 

origin (4). It should also not be excluded but rather expected that the proportion of both 

contributions to melatonin synthesis may vary between species. The PtSNAT localized to the 

chloroplasts, but it was only substantially expressed in the leaves, which correlated with high 

melatonin levels in only these plant organs (113). 

     In the angiosperms, the presence of melatonin is amply documented and has been repeatedly 

reviewed on the basis of comprehensive species lists (81, 106, 114, 115) or with focus on 

functional aspects (62, 63, 116-139). With regard to this large body of information, there is no 

need to repeat the numerous species in which melatonin has been found and the respective 

physiological details. However, it may be useful to have a look at the evolutionary basis of the 

numerous functions that melatonin has obviously acquired within the angiosperms. 

     A widely basal aspect of its functions in plants concerns its counteractions of stress, with 

frequent conveyance of stress resistance, as summarized in the reviews cited above. This includes 

protection against damage by heat, cold, drought, salt stress and heavy metal toxicity. All these 

functions may have evolved from the basic property as an antioxidant, since all these forms of 

stress are associated with oxidative damage. In the course of evolution, this function may have 

become extended from scavenging of free radicals to regulation of enzymatic mechanisms and 

transcriptional control of protective genes. Although the direct evidence for such an evolutionary 

process is missing, this assumption is highly suggestive, in particular, as the same situation is 

present in the phylogenetically distant vertebrates (140, 141). Similar considerations may be made 

with regard to anti-aging effects of melatonin, which have been especially studied in leaf 

senescence, perhaps also in the case of  biotic stress by plant pathogens (63, 65, 66, 142-151).  

     The relationship to stress responses may also provide a hint towards the origin of melatonin’s 

interactions with various phytohormones. Most of them are involved in the management of stress, 

as induced by different environmental challenges or pathogen infections. In various forms of stress, 

responses are, at least partially, similar and most frequently involve ethylene, abscisic, jasmonic 

and salicylic acids, sometimes also auxins, gibberellins, cytokinins, and brassinosteroids (152, 

153). All of them have been shown to participate in drought stress responses (152). The use of 

melatonin by plants to combat damage by stress, in the beginning perhaps restricted to antioxidant 

actions, may have been an evolutionary driving force to promote interactions between melatonin 

and these other phytohormonal regulators. In the end, melatonin had attained a role in controlling 

numerous genes regulated by phytohormones (63, 129, 130, 132, 136, 154). Moreover, some 

phytohormones were shown to be modulated by melatonin (155). Having become a player within 

the phytohormonal network, it may have been only a short step for melatonin to also contribute to 

the control of growth, morphogenetic and fruit ripening processes. Of course, one cannot expect 

that these actions would be identical in all angiosperms.  
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     The expectable deviations from species to species also appear likely with regard to the 

considerable differences of melatonin concentrations between organisms, plant organs and their 

derivatives such as seeds. The levels of melatonin vary from undetectable to, sometimes, several 

hundred µg/g (62, 106, 114). These variations indicate different roles of melatonin. Some of its 

functions that are based on hormone-like signaling may be more or less ubiquitous, whereas others 

requiring high melatonin levels may be restricted to those plants which are capable of producing 

elevated amounts. One of the functions based on high melatonin levels may be photoprotection. 

Interestingly, particularly high concentrations have been found in species or regional varieties that 

are exposed to high light and UV radiation, such as alpine, Mediterranean and fully light-exposed 

tropical plants (62, 63, 81, 114). In several plants, melatonin formation is light-inducible, which 

also indicates a photoprotective role. This may include a reduction of damage to photopigments 

and plastidial proteins by free radicals generated in the electron transport chains of the 

photosystems and by UV-induced singlet oxygen (62, 63). Under this perspective, the evolution 

toward high- or low-melatonin species does not reflect traits of particular clades, but rather an 

adaptation to certain habitats. Whether or not parasitic or saprophytic angiosperms that are free of 

chlorophyll, such as species of Orobanche and Lathraea (Orobanchaceae), Monotropa 

(Ericaceae), or Neottia (Orchidaceae), produce melatonin or take it up from their hosts, has not 

been studied. It might also be of interest to follow the relationship between photosynthesis and 

melatonin formation in Ophrys speculum (Orchidaceae), a species that can turn from a 

photosynthetic state via a partially bleached phase to a fully bleached, chlorophyll-lacking form.  

 

7. PECULIARITIES OF MELATONIN METABOLISM IN PLANTS 

 

     Melatonin metabolism in Embryophyta has been reported to deviate in certain aspects from that 

known in Vertebrates. Generally, this can only concern melatonin biosynthesis and enzymatic 

catabolism. Nonenzymatic catabolism by free radicals or singlet oxygen should be, in principle, 

identical, although differences may exist in the relative proportions of the products (15). A major 

difference between plants and animals concerns the source of the precursor tryptophan. While 

animals have to take up this amino acid by the food, plants and all other phototrophs can synthesize 

tryptophan via the shikimic acid pathway. This allows much higher production rates of melatonin, 

since tryptophan availability is not limiting. The presence of the shikimic acid pathway should be 

considered as a primary, plesiomorphic property inherited from bacteria, particularly from 

cyanobacteria.  

     Concerning the conversion of tryptophan to serotonin, the main pathway in Viridiplantae (33) 

is different from that in animals and also in dinoflagellates (15). It consists of tryptophan 

decarboxylation by tryptophan decarboxylase (TDC), followed by tryptamine hydroxylation by 

tryptamine 5-hydroxylase (T5H). However, as in animals and dinoflagellates, the other route 

consisting of tryptophan hydroxylation by tryptophan hydroxylase (TPH) followed by 

decarboxylation of 5-hydroxytryptophan via an aromatic amino acid decarboxylase (AADC) or 

another decarboxylase (e.g., TDC?) seems to also exist in plants, because the intermediate 5-

hydroxytryptophan has been demonstrated (33). The relevance of this second, animal-like pathway 

would require further clarification. In phylogenetic terms, the prevailing role of TDC in tryptophan  

conversion may be a trait that could be basal in Viridiplantae, although a definite judgment would 

require detailed studies in its unicellular members. Whether or not it is already a basal feature of 

Archaeplastida would need investigation in Rhodophyceae.  
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     In Viridiplantae, the formation of melatonin from serotonin is possible via two routes. The first 

one consists of serotonin conversion to N-acetylserotonin by SNAT or, as far as expressed, 

AANAT, followed by O-methylation by ASMT (N-acetylserotonin O-methyltransferase) or 

COMT (caffeic acid O-methyltransferase). However, especially at high rates of melatonin 

formation, the alternate pathway (156) is also used by plants. It starts with O-methylation of 

serotonin by ASMT or COMT to 5-methoxytryptamine, followed by N-acetylation via SNAT (33). 

This alternate route is also present in other organisms (156) and, therefore, difficult to value from 

a phylogenetic point of view. Importantly, the situation in angiosperms is complicated by the 

existence of various isoenzymes in the melatonin biosynthetic pathways (33). 

     Concerning melatonin catabolism, all products known from nonenzymatic reactions of 

melatonin should occur in plants (15), whether already demonstrated or not. Among them, 

information is widely restricted to AFMK, which was demonstrated in rice, in which an 

indoleamine 2,3-dioxygenase (IDO) was identified and its gene cloned (157), and also in 

Eichhornia crassipes (158). 

     A major and quantitatively remarkable difference between the angiosperms studied and animals 

concerns the role of 2-hydroxylation as an enzymatic catabolic route. This reaction is catalyzed by 

melatonin 2-hydroxylase (M2H), a protein that belongs to the family of 2-oxoglutarate-dependent 

dioxygenases (2-ODDs) (159-162). In vertebrates, the product is also formed, e.g., by interaction 

with two hydroxyl radicals and under exposure to UVB (163) or by reacting with HOCl or its 

derivatives (15), but it does not attain high quantities as in plants, in which it often exceeds by far 

the levels of its parent compound melatonin, sometimes by a factor of more than 350-fold (161). 

This exceptional accumulation is explained by two causes, (i) the enzymatic formation that can 

involve several isoenzymes, and (ii) the fact that the primary product, 2-hydroxymelatonin, 

undergoes a tautomeric conversion to its keto tautomer, 2-acetamidoethyl-5-methoxyindolin- 2-

one (15, 163, 165), also abbreviated as AMIO (15) (Fig. 1). 

Fig. 1. The tautomeric equilibrium between 2-hydroxymelatonin and 2-acetamido-5-

methoxyindolin-2-one is far on the side of the chemically rather inert keto compound. 

 

     The equilibrium is known since long to be far on the keto side (164, 165). AMIO was recently 

reported to attain close to 100% in the keto/enol mixture (166). Insofar, the real physiological 

product is almost completely AMIO rather than 2-hydroxymelatonin. Although the term 2-

hydroxymelatonin has been used by many researchers, this is not only misleading because of the 

different structure, but even more because of the properties of AMIO, which are not really 

melatonin-like. In fact, AMIO is chemically much more inert than melatonin and its other 

hydroxylated derivatives (15, 166). Therefore, it is recommended to avoid the name 2-hydroxy- 

melatonin, which many readers and researchers would erroneously associate with melatonin’s 

properties as a chemically reactive and potent antioxidant. The relative inertness and, thus, 

chemical stability of AMIO likely contributes to the strong accumulation of this compound by 

manifold above the melatonin level. Insofar, one should not expect antioxidant effects of AMIO 
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as far as they depend on chemical reactivity. However, this does not exclude other protective or 

even antioxidant actions if they are based on signaling mechanisms via receptor-like binding sites. 

For instance, this compound was reported to convey protection against abiotic stress in rice (167). 

In human colorectal cancer, it was also shown to exhibit antitumor activities (162). These effects 

in both plants and human should not be attributed to the minute traces of 2-hydroxymelatonin, but 

rather to the by far prevailing AMIO, and they will have to be explained by interactions with 

whichever binding sites. Although M2H is not known from animals, this enzyme may not be 

exclusively present in plants. It may have been inherited from bacteria, in which several 2-ODDs 

exist. Some 2-ODD isolates from E. coli were shown to hydroxylate melatonin in positions 3 or 2 

(168). 

 

8. CONCLUSION 

 

     As summarized in this article, melatonin is present in many clades of phototrophs (Table 1). In 

the case of angiosperms, it has been found in practically all species that were thoroughly 

investigated and can be considered to exist in all or nearly all of them. In most other groups of 

phototrophs, the number of positively tested species is considerably lower. As melatonin is already 

present in taxa that are basal to the embryophytes, such as various chlorophyceans and in a member 

of the Charales, it seems highly likely that it will be found in all other groups of embryophytes in 

which the demonstration is still lacking, as soon as their members are analyzed. The existence of 

melatonin in several rhodophyceans seems to indicate that it might be a general evolutionary 

character of all Archaeplastida, although the taxon of Glaucophyta has not yet been studied in this 

context. It would be of great interest to follow wether a Gα protein-coupled melatonin receptor 

that was recently described in Arabidopsis (169) is widely distributed in Viridiplantae and wether 

orthologs are found in other Archaeplastida. The possibility of additional receptor variants should 

be taken into consideration. 

     In the other clades of phototrophs that are not directly related to the Archaeplastida, the situation 

is often less clear. The presence of melatonin appears to be most certain in dinoflagellates, among 

which various species were studied in this regard and in which effects of the melatonin metabolite 

5-MT were obtained in additional strains and species. Dinoflagellates represent outside the 

Viridiplantae the only group in which cell biological and ecophysiological mechanisms have been 

studied in detail. A possibly general presence of melatonin may be also assumed in brown algae, 

although the number of species studied is still limited. Moreover, lacking information on their 

large sister group, the diatoms, is perceived as regrettable gap. A major difference to the 

Archaeplastida concerns the fact that the phototrophs within the Excavata and the SAR clade are 

secondary phototrophs (meta-algae) and that the respective taxa often contain both photo- and 

heteroptrophs. This is the case in Euglenozoa and in Alveolata. In both clades, some heterotrophs 

were also found to produce melatonin. However, it remains uncertain whether this is valid for all 

of them. If melatonin will be found in many more primary heterotrophic species from these clades, 

this would be indicative of a general, plesiomorphic capability to synthesize this molecule in 

eukaryotes, a property that should have been inherited from α-proteobacteria, provided that the 

genes of the biosynthetic enzymes have not been taken up by horizontal gene transfer. 

     The evolutionary fate of melatonin within eukaryotes and, particularly, in their phototrophs is 

more complicated than usually perceived, especially as the progressing elaboration of the 

phylogenetic tree has revealed many new dichotomies and connections. The considerable gaps that 

are evident in Table 1 may hopefully encourage investigators to fill them. 
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Table 1. Presence of melatonin in eukaryotic clades with phototrophic members and a few 

sister groups. 

Taxon  Melatonin (Mel) in 4 

trophic categories # 

H1 P1 P2 H2 

Excavata 

          Euglenozoa Mel  Mel  

SAR clade 

          Straminopiles 

                    Bacillariophyta   n.d.  

                    Phaeophyceae            Mel  

                    Labyrinthulea n.d.    

                    Oomycota    n.d.† 

          Alveolata 

                    Chromerida   n.d.  

                    Apicomplexa    n.d.† 

                    Ciliophora Mel  n.d.  

                    Dinoflagellata Mel  Mel  

          Rhizaria n.d.  n.d.  

Archaeplastida 

          Glaucophyta  n.d.   

          Rhodophyceae  Mel   

          Viridiplantae 

                    Chlorophyceae 

                              Chlamydomonales  Mel   

                              Mammiellales  Mel?   

                              Ulvophyceae 

                                        Dasycladales  Mel   

                                        Ulvales  Mel   

                    Streptophyta 

                              Charales  Mel   

                              Embryophyta 

                                        Marchantiophyta  n.d.   

                                        Bryophyta  Mel?   

                                        Anthoceratophyta  n.d.   

                                        Tracheophyta 

                                                   Lycopodiophyta  Mel   

                                                   Polypodiopsida  n.d.   

                                                   Spermatophyta 

                                                             Gymnospermae 

                                                                       Cycadopsida  n.d.   

                                                                       Gingkoopsida  n.d.   

                                                                       Coniferopsida  Mel   

                                                              Angiospermae  Mel  n.d.* 
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H1 – primary heterotrophs; P1 – primary phototrophs by association with cyanobacterial 

endosymbionts in early evolution; P2 – secondary phototrophs by association with chloroplast-

containing eukaryotes or by chloroplast capture; H2 – secondary heterotrophs by anatomical or 

functional loss of chloroplasts. n.d.: not determined. *Only very few species. † Parasites which 

are inhibited by high exogenous melatonin. Mel? refers to species in which SNAT homologs were 

found, but melatonin was not determined. 
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