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Introduction  
 

Microalgae are eukaryotic organisms with photoautotrophic 

metabolism. There are several million-different species of algae 

and microalgae, compared to about 250,000 species of terrestrial 

plants [1]. Marine microalgae encompass 40% of global primary 

production, making a great ecological contribution to 

biogeochemical carbon cycling [2-4]. Microalgae are good 

candidates as biomolecules producers, since they are more 

efficient in energy conversion of the sunlight than higher plants. 

They have tremendous biotechnological applications due to the 

production of many bioactive molecules with commercial 

potential. This is reflected in the amount of current research 

about the potential use of microalgae, which addresses 

alternative energy production, cancer treatment, agri-food sector, 

the removal of diverse contaminants from the environment and 

developments in the aquaculture sector [5-7]. Microalgae 

products cover different types of metabolites such as proteins, 

lipids or carbohydrates, that are employed in animal feed 

additives, human nutritional supplements, cosmetics and energy 

[8-18].   

 

The production of microalgae has been increasing globally 

mainly because two reasons: the interest of consumers in the 

nutritional and health-care products obtainable from microalgae; 

and for the increasing interest about environmental protection, 

the ―green movement‖ [13]. The use of fossil fuels for many 

human activities, with its associated emissions of greenhouse 

gases, is having serious repercussions on the planet’s climate. In 

addition, the global population increase will generate the worst 

problems for humanity over the next 50 years, like demand for 

energy associated to the depletion of fossil fuels sources; access 

to fresh water; the emergence of new diseases and the increase of 

existing ones; loss of natural diversity and ecosystems; and 

contamination and the generation of waste [19].  

 

In this context, oceans, seas and freshwater resources have 

demonstrated great potential as sources of innovation and 

growth, being the focus of the EU’s long-term strategy for 

supporting sustainable growth in the marine and maritime sectors 
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(Blue Growth). The implantation of the ―circular economy‖ 

model and the Blue Growth strategy represents one of the most 

ambitious plans of humanity, where microalgae have an 

important role [20]. Microalgae has emerged offering new 

potential solutions for human diseases, global challenge of 

sustainable healthy lives, and contributing to the circular 

economy [21]. Microbiology studies at the molecular level, such 

as genetic engineering based in proteomics [22], and the 

Improvement of culture condition [23] provide new insights and 

contribute additional value (Shalem et al., 2015) in many of the 

fields of microalgae research. 

 

Biofuels  
 

Alternative and sustainable energy are under development in 

response to the rise of global temperature due to the 

accumulation of greenhouse gases and to mitigate the predicted 

scarcity of fossil fuels. As photoautotrophic, Microalgae capture 

CO2 and store solar energy as chemical energy in several forms 

[24,25]. Additionally, they can be grown in a wide variety of 

climate and water conditions; they can utilize CO2 from the 

atmosphere and other sources (e.g.: CO2 emitted by waste water 

treatment plants; CO2 waste from a coal plant power); and they 

have high storage capacity for their containing lipids, which can 

be converted relatively easily to biodiesel (fatty acid methyl 

esters) [26]. So, microalgae are a promising source to produce 

biofuels and to help to mitigate the greenhouse effect at the same 

time [13], being able to potentially produce a higher productivity 

than other oil crops [24,25,27]. Lipid accumulation is triggered 

when microalgae cell division is blocked by the depletion of 

certain nutrients like Sulphur or nitrogen, so high lipid 

accumulation usually cannot be achieved during culture 

conditions favoring growth. To overcome this limitation for 

biodiesel production, a series of studies have being focused on 

the genetically modification of microalgae to could enhance 

growth and lipid accumulation [28,29]. Some microalgae species 

have been exhaustively studied for biodiesel production, such as 

Chlorella, Arthrospira (Spirulina) and Dunaliella [9,10,14].  
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Microalgae have been used primarily for biodiesel production, 

but they can be used in other biofuels systems, such as bio-

methane or bio-hydrogen [13]. Furthermore, the remaining 

residues after microalgae lipid extraction for biodiesel 

production can still be utilized in bio-hydrogen or bio-methane 

production, improving the energy balance of the biofuel 

production process [30,31]. Bio-hythane is a fuel of great 

potential produced as a mixture of hydrogen and methane from 

different kinds of residual algae biomass. Bio-hythane has better 

characteristics than other biofuels, and is currently considered 

the best alternative to fossil fuels.  

 

Aquaculture  
 

Aquaculture play a major role in the elimination of hunger in a 

world where a vast quantity of fish is being consumed due to 

global population increase. That growing fish production 

depends on the fisheries industries and on aquaculture [32]. 

Microalgae have been widely used in the aquaculture industrial, 

representing the main source of nutrition for the initial stages of 

the fish species used in this sector [11-13,15]. Species of genus 

such as Nannochloropsis, Isochrysis, Pavlova, Phaeodactylum, 

Chaetoceros, Skelotenma, Thalassiosira and Tetraselmis, are 

used as biomass for aquaculture. Cold water marine finfish are 

inefficient at converting ALA into appreciable levels of omega-3 

fatty acids EPA and DHA (n-3 LC-PUFA), so these must be 

obtained from their diet [33]. Microalgae are one of the primary 

producers of n-3 LC-PUFA in the aquatic ecosystems and they 

have already been used as supply of n-3 LC-PUFA by the 

aquaculture industry [34,35]. Nannochloropsis has a high lipid 

content with EPA being the dominant fatty acid [36], making 

this microalga a potential fish oil replacement in fish feeds. A 

study with Nannochloropsis oceania revealed that microalgal 

biomass can serve as potential feed ingredients for carnivorous 

fish [37]. As well as a source of food, microalgae are an 

important source of additives in the commercial breeding of 

many aquatic species. For example, astaxanthin from 

Haematococcus pluvialis is used as colorant for living fish [38]. 
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Nutritional, Health-Care and Therapeutic Industry  
 

On the other hand, the current global trend in human nutrition 

towards reducing high levels of animal protein consumption is 

leading to an increased search of other source of proteins. There 

are many nutritional, health-care, and therapeutic supplements 

extracted from microalgae due to their high levels of 

carbohydrates, proteins, enzymes, pigments, fiber, vitamins and 

minerals. So, microalgae are a rich source of essential nutrients, 

being largely consumed in Asia as nutritional supplement or 

human food. Microalgae including the genera Spirulina, 

Botryococcus, Chlorella, Dunaliella, Haematococcus, and 

Nostoc have been described as valuable sources of bioactive 

compounds to supply the nutrition and energy needs of the 

population. Between them, some of the microalgae species 

widely commercialized mainly as nutritional supplements for 

humans and animal feed are Chlorella vulgaris, Haematococcus 

pluvialis, Dunaliella salina and Spirulina maxima [11-13]. 

Spirulina and Chlorella are sold themselves without processing 

as dietary supplements, as well as their extracts. For example, 

Spirulina is used for the extraction of the blue photosynthetic 

pigment phycocyanin for its use as colorant.  

 

Additionally, microalgae pigments present some therapeutic or 

health-care properties, such as antioxidant, anti-carcinogen, anti-

inflammatory, anti-obesity, anti-angiogenic, skin health and 

neuroprotective [39]. Some examples of therapeutic supplements 

extracted from microalgae are β-carotene, astaxanthin, 

polyunsaturated fatty acid (PUFA) (DHA and EPA), and 

polysaccharides (e.g.; β-glucan) [2,13,15,23]. Spirulina and 

Chlorella produce organic metabolites, such as proteins 

polysaccharides and pigments, that are extracted for its use by 

the skin care industry, as well as their use as nutritional 

supplements. Haematococcus strains produce the antioxidant and 

pigment astaxanthin that has been widely used in healthy food 

and cosmetics. Other microalgae, such as Nannochloropsis 

strains, has a fatty acid content of approximately 30%, being 

known for its applications such as dietary supplement or anti-

aging skin product, between others [38,40]. Industrial and 

commercial potential applications of microalgae products is 
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continually evolving, ranging from nutrition to gastronomy in 

the food industry. For example, Pyrocystis lunula is a 

bioluminescent alga of interest for derivative possibilities and 

applications in gastronomy [38,40]. 

 

Bioremediation  
 

Along with the use of microalgae and their fractions as products 

in several industry sectors, microalgae are being used to recover 

contaminated waters or atmosphere generated by human 

economic activity. The function of microalgae in bioremediation 

is based in their capacity to capture CO2 from the atmosphere 

and to eliminate, reduce and/or transform some contaminants 

from waste water effluent flows [41].  

 

The pollution of water and air associated with the increase in 

their concentration of CO2 is leading to significant alteration in 

the global carbon cycle. This has been the subject of the research 

efforts during the last few decades, being microalgae one of the 

most attractive options to face the problem. CO2 can be captured 

by cultivating microalgae and could be used as a source of 

carbon to produce different eco-friendly products, such as lipids 

for the generation of biofuel without affecting the population 

supply of crops and food [42].  

 

Cultivation of microalgae in wastewater has been recognized as 

a viable option for sustainable biomass production and energy-

efficient wastewater treatment [43]. Research has demonstrated 

the potential of microalgae for reduce the carbon, phosphorus, 

nitrogen inclusive radon content of waste waters [44,45]. In 

addition, it has been demonstrated microalgae capacity to 

remove a broad range of pharmaceutical contaminants from 

water through three biochemical pathways: bio-adsorption, 

bioaccumulation and biodegradation [46].  

 

Currently, the major environmental need is the removal of CO2 

from the world’s atmosphere in order to diminishing or 

eliminating greenhouse effect and consequent global warming. 

In this context, cyanobacteria have an exceptionally high 

capacity to capture CO2 from the atmosphere by photosynthesis 
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and release oxygen back into the atmosphere, surpassing any 

terrestrial plants capacity [47]. 

 

Optimization of Microalgae Applications: Culture, 

Genetics and Proteomics  
 

The improvement of the production of microalgae and their 

bioactive compounds is an active research field, that is being 

achieved throughout several approaches. These approaches look 

for increase efficiency and economic returns as well as new 

microalgae applications and their biomass valorization in the 

context of circular economy and Blue Growth [13,18,26,48,49]. 

 

Optimization of microalgae culture conditions is one of the most 

important elements for many microalgae research studies [48]. 

These researches are focused on making changes in physical and 

chemical culture parameters; on choosing the optimal nutrients 

required by each strain; on elucidating the best type of photo-

bioreactor used; and on developing new or improved processing 

and extraction methods. All these variations are aimed to obtain 

a big amount of total microalgae biomass, an increase of the 

fraction of possible commercial interest extracted from 

microalgae, or both. Well-known examples of fractions of high 

value are chlorophyll, Polyunsaturated Fatty Acids (PUFA) and 

carbohydrates. One example is the promotion of microalgae 

chlorophyll content using variation in light intensity, culture 

agitation, temperature and nutrient availability [48].  

 

Manipulation of microalgae is progressing mainly thanks to 

genome sequencing and ―omics‖ technologies (genomics, 

transcriptomics, metabolomics, lipidomic and proteomics), 

especially when they are used together as molecular genetics 

toolboxes. These technologies allow researchers for deciphering 

metabolic pathways in order to construct new algal metabolism 

methods to produce molecules useful for biotechnological 

applications. A field of study in microalgae manipulation is 

genetic manipulation. In the last decade, significant advances 

have been made in genetic manipulation of microalgae (Fajardo 

et al., 2020), such as efficient expression of transgenes using 

gene regulation by riboswitches [50], heterologous expression 
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using nuclear promoters coupled to luciferase as reporter [51], 

and inducible chloroplast gene expression [52,53].  

 

Nowadays, targeted genome editing has been used in a few 

microalgae species. Examples of targeted genome editing are: 

knockdown of nitrate reductase, nitrite reductase and ferritin 

using homologous recombination in Nannochloropsis and 

Ostreococcus [54,55]; the insertion of selection markers and 

modification of native genes using zinc-finger nucleases in C. 

reinhardtii [56]; targeted mutagenesis or gene insertion using 

transcriptional activator-like effector nucleases (TALENs) in the 

Phaeodactylum tricornutum [57,58]; the generation of stable 

targeted gene mutations using the CRISPR/Cas9 system  in C. 

reinhardtii [59], P. tricornutum [60] and in N. oceanica strain 

IMET1 [61].  

 

CRISPRi (CRISPR interference) is a new approach, that was 

used for the first time to regulate expression of rfp transgene and 

endogenous pepc1 gene in C. reinhardtii. This research showed 

a high efficiency and stability of RFP expression and higher 

biomass concentration and lipid accumulation rate than wild type 

by downregulation of PEPC1 using CRISPRi-based 

transcriptional regulation [62]. In addition, CRISPR and 

CRISPRi system has been employed to improved succinate 

production in S. elongatus PCC 7942 [63,64]. In Synechococcus 

sp. PCC 7002 improvement of lactate production was achieved 

by glutamine synthetase (glnA) repression via CRISPRi [18,65]. 

 

RNAi machinery is a promising tool for targeted genome editing 

in algae harbouring functional RNAi machinery. RNAi tool was 

only established in few species of microalgae [66]; Fajardo et al. 

2020), such as C. reinhardtii [67,68], P. tricornutum  [69], 

Dunaliella salina [70], and Penium margaritaceum [71]. C. 

reinhardtii miRNAs has been described as a potential modulator 

of the expression of numerous endogenous targets, due to its 

relaxed base-pairing requirements [68]. An example of RNAi for 

the manipulation of the metabolism of microalgae was reported 

in T. pseudonana, where RNAi knockdown of a multifunctional 

gene increased lipid content showing wild type-like growth at 

the same time [72]. Artificial microRNA (amiRNA) technology 
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was used to downregulated the expression of 

phosphoenolpyruvate carboxylase (PEPC), increasing fatty acid 

contents in C. reinhardtii [73]. One of the most innovative 

applications of RNAi by microalgae was performed in C. 

reinhardtii using virus-specific hairpin RNA to produce dsRNA 

targeting the lethal shrimp yellow head virus (YHV) [18,74]. 

 

In genetic manipulation, there are several points that are essential 

for success. One of them is transformation of the microalgae, 

which can be performed using four main methods: agitation with 

glass beads, electroporation, particle bombardment, and 

Agrobacterium-construction [19]. Agitation with glass beads it is 

used even today in C. reinhardtii, however, it is only efficient 

when using mutants that lack cell walls or when it can be 

artificially removed or avoided [75]. Glass-bead transformation 

has also been successfully used with Dunaliella salina, that do 

not have a true cell wall [76]. Electroporation has the highest rate 

of efficiency for the microalgae nuclear genes transformation 

compared to other transformation systems [77]. On the other 

hand, micro-particle bombardment has been the only successful 

method to transform chloroplast genome in microalgae [75], 

although it has been used also for nuclear transformation. 

Finally, Agrobacterium-mediated transformation has been 

successfully used in at least nine microalgae species [78].  

 

One of the most important steps of the transformation process is 

the identification of transformant cells, which is mainly done by 

recovering auxotrophic defective mutants [79], or by using a 

resistant gene to an antibiotic or herbicide. Of these two 

approaches, antibiotic screening is more commonly used due to 

its simplicity [19]. Zeocin, chloramphenicol, erythromycin, 

spectinomycin and paromomycin have been used for selection in 

C. reinhardtii, Chlorella sp., Synechococcus sp. and 

Nannochloropsis sp. [18,19]. Another strategy, that does not 

require the development and selection of mutagenized strains, is 

the use of genes that provide resistance to abiotic stresses, such 

as strains overexpressing iron storage proteins [80].  

 

Another essential aspect in the genome editing strategy is the 

method of integration, which usually occurs at random in the 
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genome. Several strategies have been developed to use more 

site-specific approaches. Efficient targeted gene insertion using 

homologous recombination was reported in Cyanidioschyzon 

merolae [81], in a strain of Nannochloropsis [54], and in 

Ostreococcus tauri [54]. A different approach is transgene 

overexpression using extrachromosomal vectors (episomes), 

such as that performed in P. tricornutum and Thalassiosira 

pseudonana [82].  

 

In photosynthetic organisms the chloroplast genome is an 

important point of genetic manipulation [83]. To date, The C. 

reinhardtii chloroplast has been the only one widely manipulated 

[84]. The ability to edit chloroplast genomes is of significant 

biotechnological importance, since the chloroplast is the site of 

major anabolic pathways. Until now, more than 20 species 

chloroplast genomes are accessible to design the genetic 

modification strategy [85]. Furthermore, well-known bacterial 

tools have been used in the C. reinhardtii chloroplast (e.g. the 

aadA antibiotic resistance marker; the b-glucuronidase reporter 

and the lac repressor system) [18,86-88]. 

 

In order to develop appropriate modifications in microalgae 

metabolism, well-annotated genomes of the major species need 

to be available. Only a few microalgae genomes had been fully 

or partially sequenced, such as C. reinhardtii [89-93], T. 

pseudonana [94] and P. tricornutum [95-97].  

 

However, more microalgae genomes are being sequenced in the 

last years due to the high interest in microalgae and the 

availability of fast genome sequencing technologies. All these 

reasons have allowed the performance in almost all microalgae 

taxonomic groups of 750 genomic, 465 transcriptomic and five 

epi-genomic projects, giving a vast amount of valuable 

information [18]. 

 

A good design for strategies in genetic engineering go through 

firstly analyze proteome information (proteomics) [22]. 

Proteomics give us the information of how genes of interest are 

being expressed as proteins in a concrete situation or 

environmental condition. In addition, proteomic produce a huge 
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amount of information itself, from where we can find proteins 

with biotechnological applications (applied proteomics) [26], 

such as anti-cancer proteins (Patent number: 201930775) [98].  

 

Several proteomic studies have been developed in at least 18 

microalgae species (C. reinhardtii, Chlorella protothecoides, C. 

saccharophila, C. sorokiniana, C. vulgaris, Dunaliella salina, 

Emiliania huxleyi, Ettlia oleoabundans, Haematococcus 

pluvialis, Lobosphaera incise, Nannochloropsis oculata, N. 

gaditana; Phaeodactylum tricornutum, Poterioochromonas 

malhamensis, Prototheca zopfii, Pyrocystis lunula, Scenedesmus 

quadricauda, Tisochrysis lutea) [26,27,49,99-114].  

 

The potential of microalgae in the production of proteins with 

biotechnological application has been validated. For example, 

phycobiliproteins from cyanobacteria and red algae have been 

described to present hepato-protective, anti-inflammatory, 

immune-modulating, antioxidant and anticancer effects [115-

119]. Peptides with antitumor and antihypertensive activities 

were isolated from Chlorella pyrenoidosa and Chlorella 

vulgaris, respectively [117].  

 

Recently, Tejano and colleagues have highlighted the role of a 

protein isolated from Chlorella sorokiniana as a potential source 

of high value bioactive peptides with pharmaceutical and 

nutraceutical application, using proteomics techniques coupled 

with in silico analysis [119]. Nevertheless, most of the 

proteomics approaches in the area of microalgae research has 

been used for finding algae for efficient biofuels production 

[120-123]. In recent years, complete proteome analysis of 

microalgae has brought new insights into microalgae field, from 

valorization of microalgae biomass [13] to bioluminescence [49]. 

 

Bioluminescent System in Dinoflagellates: 

Pyrocystis lunula, a case of study  
 

Dinoflagellates are the most important eukaryotic protists that 

produce light [124,125]. This singularity has inspired not only 

literature and art, but also an intensive scientific dissection [126-

128]. Pyrocystis has been a main model genus for a long time in 
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the study of bioluminescence in dinoflagellates [129-133] as well 

as in the development of some biotechnological applications 

associated with its bioluminescence capacity [134-136]. All 

dinoflagellates belong to the Dinophyceae group and have been 

unchallengeable placed using extensive molecular phylogenetic 

data within the Alveolata group, being closely related to the 

Apicomplexa group, which includes many parasitic species 

[137]. Pyrocystis (Dinophyceae) spends a large part of its life as 

a non-mobile cell on a shell covered with cellulose [138,139]. 

Pyrocystis includes a small number of marine species that have a 

cosmopolitan distribution [140]. The life cycles of P. lunula, as 

in other species of this genus, it is characterized by a normal 

asexual reproduction linked to simple alternations of coccoid 

cells and morphologically different transitory reproductive 

stages. There are different reproductive bodies depending of the 

species. In the case of P. lunula, the reproductive bodies are 

athecate-uniflagellate planospores. In P. noctiluca and P. 

fusiforrnis are athecate aplanospores. For P. lanceolate are 

athecate-biflagellate, and in P. acuta are thecate-biflagellate 

[141]. Furthermore, evidence of sexual reproduction has been 

reported in P. lunula [142]. The P. lunula lifestyle is also 

characterized by the execution of vertical migrations in relation 

to the circadian rhythm [143]. 

 

The bioluminescent light is generated by a chemical reaction. 

Although the process is not the same in all the bioluminescent 

organisms, most of them share the same base reaction; where the 

LCF enzyme reacts with the luciferin (substrate) in presence of 

oxygen and produces an oxyluciferin that emits a photon while it 

decays from a high to a low energy state. The cellular 

mechanisms and the genes involved with bioluminescence in 

dinoflagellates are well characterized. The bioluminescence 

system in these organisms is unique, from a molecular and 

cellular point of view. The production of light takes place in 

specialized organelles, the scintillons, which contain the LCF 

enzyme, the substrate luciferin, and in most cases LBP [144-

147]. The light emission is based on LCF-catalyzed oxidation of 

the luciferin, generally protected from oxidation by LBP that 

binds the luciferin at physiological pH. Furthermore, molecular 

studies have demonstrated a high variation in the sequences of 
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LBP, showing a highly diverse gene family including several 

non-identical copies arranged in tandem within the genome 

(Machabee et al., 2004; [148]), like in Lingulodinium polyedra 

(Machabee et al., 2004; [149,150]), Noctiluca scintillans [151], 

Alexandrium spp. [152-154] and Pyrocystis lunula [49]. The 

LBP has also been found in the genera Gonyaulax, Ceratocorys, 

Protoceratium [155,156]. Until recently, it was thought that the 

genus Pyrocystis was among the few ones lacking the presence 

of the LBP [144,146,156] such as in genera Ceratium, 

Fragilidium, and Protoperidinium [156]; however, this fact was 

refuted by the recent detection and characterization of LBP in P. 

lunula [49]. Emerging information shows substantial evidence 

that LBP is an integral component of the standard molecular 

bioluminescence system in dinoflagellates [49,456,157]. 

 

Another important fact that today remains an enigma refers to 

what is the exact mechanism underlying the luciferin synthesis 

process. In P. lunula, in contrast to other bioluminescent 

dinoflagellates, the levels of LCF and luciferin are constant 

throughout the daily cycle [146]. Therefore, the rhythm is related 

to changes in their intracellular localization, instead of daily de 

novo synthesis and destruction of all the components [139,158]. 

According to available evidence, it has been proposed that 

luciferin can be synthesized through different ways, and is 

thought to be universal in dinoflagellates, because luciferin from 

any dinoflagellate bioluminescent species can be used it as 

subtract to produce light [159]. It was suggested that luciferin is 

a photo-oxidation breakdown product of chlorophyll a [160]; 

however, this would not be true in all cases since L. polyedra 

only contains luciferin during the night period when photo-

oxidation is not possible; and Protoperidinium crassipes can 

preserve even one year its bioluminescence in the absence of 

food with chlorophyll or luciferin [161] and, therefore, it can be 

suggested that it contains luciferin originated from a different 

precursor. It is likely that more than one mechanism is 

responsible for luciferin production [157]. In fact, a study with 

amino acid tracers has confirmed the intracellular production of 

luciferin [162], and in this regard, Fresneau and Arrio [163] 

argue that bioluminescence in dinoflagellates is ruled by the 

reduction state of the luciferin precursor.  
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Regarding the controversies in relation to these issues, we have 

made a bibliographic search and meta-analysis that explores the 

current available knowledge in relation to the function of 

bioluminescence in dinoflagellates and the description of the 

classic components of the system, such as the LCF. It also gives 

some new perspectives regarding the phylogenetic diversity of 

LBPs and the process of synthesis of luciferin, and therefore of 

the bioluminescent mechanism underlying these organisms. Due 

to the ecological importance of Dinophyceae in marine 

environments and to the bioluminescence as a strategy for 

competition and/or survival, we carry out, on one hand, a 

comprehensive literature review to compile all the knowledge 

about the key players involved in the production of 

bioluminescence in dinoflagellates, and, on the other hand, we 

carry out a phylogenetic analysis of the conservation of protein 

sequence, structure and evolutionary pattern of these key players. 

 

Dinoflagellate Bioluminescent System  
 

Bioluminescence has been reported within dinoflagellates only 

in marine species in approximately 6% of all genera [164]. This 

system is similar between species regarding the cross-reactions 

between enzymes and substrates, pH activity profiles and their 

cellular location in the scintillons, the light-emitting organelles 

[144]; however, as with all bioluminescence systems, this is 

unique from a molecular and cellular perspective.  

 

The scintillons [165] contain the luciferin, the LCF and, in some 

species, LBP [144-146]. The scintillons are organelles [145,166] 

which, during dark hours, are distributed around the periphery of 

the cell [139]. A flash of light is induced by an action potential 

along the membrane of the vacuole, trigger by a mechanical 

stimulus of the cell, and involving of a voltage-dependent proton 

channel [167,168]. This produce a reduction in pH (i.e., from 8.0 

to near 6.0) within the scintillons, which activates the LCF and 

causes the LBP to release the luciferin (Figure 1), making it 

available for oxidation by LCF [149]. After full stimulation 

during the dark period, a single cell of P. lunula emits 

approximately 4 × 10
9
 photons, which is an order of magnitude 



Prime Archives in Molecular Biology 

15                                                                                www.videleaf.com 

greater than the light emitted by Pyrodinium bahamense and L. 

polyedra [156,169]. 

 

 
 
Figure 1: Bioluminescence model in dinoflagellates, showing the effect of pH 

on both LBP and LCF. Modified from the proposed model by Rüdiger 

Hardeland and work published by Morse et al. [150]. The structure of LBP is 

not known, the one shown here it was obtained by using the P. lunula sequence 

into Phyre2 and it is shown for illustration purposes only. The structure of LCF 

shown here was predicted in Phyre2 using the P. lunula sequence, as explain in 

the text and in Figure 2 (Source: Fajardo et al., [170]). 

 

Light emission occurs in different ways. The flashing consists of 

brief (0.1 s) and intense light (peak intensity, ~10
9 
quanta s

-1
 cell

-

1
). Cells can also emit a low intensity emission that gradually 

rises to a peak (~10
4
 quanta s

-1
 cell

-1
), and decrease to zero until 

the end of the night. The total quantity of light produced by the 

glow each day is about 10
7
 quanta cell

-1
 [171].  

 

How the circadian regulation of the bioluminescence in P. lunula 

is accomplished is unknown; nevertheless, it was reported that 

the localization of the scintillons differs during the daily cycle 
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[132,172,173]. In this case, the scintillons are relocated in 

relation to chloroplasts in an interchangeably way, so that during 

the night the scintillons are in the periphery of the cell and 

migrate to the center in the day. In this way, by preventing 

stimulation, they can modulate the bioluminescent intensity 

during the day [142,174]. Bioluminescence represents one of the 

fastest mechano-sensitivity systems known to date, as the delay 

between stimulus and response is only of 15–20 ms [175-178]. 

 

Luciferase (LCF)  
 

Dinoflagellate LCF catalyzes the oxidation of luciferin by 

molecular oxygen, originating an electronically excited 

oxyluciferin that emits blue light at max of 480 nm. In P. lunula, 

as in all the Gonyaulacales studied so far, LCF (MW = 137 kDa) 

has a single luciferase/LBP N terminal domain and 3 catalytic 

domains, preceded by helicase bundle domains (Figure 2), with 

each catalytic domain, of approximately 46 kDa, being 

enzymatically active, and its coding sequence is arranged, within 

the genome, in several copies in tandem [179,180]. In P. lunula 

there are three different isoforms of the LCF gene: LCFa 

(GenBank AF394059.1), LCFb (GenBank AF394060.1), and 

LCFc (GenBank AF394061.1) [153], and the primary structure is 

highly conserved [181]. 
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Figure 2: (A) Sequence of P. lunula LCF protein A (GenBank AAL40676) 

showing the Luciferase/LBP N-terminal, helical bundle and catalytic domains, 

as well as the two conserved regions within the catalytic domain. (B) Our 

prediction of the 2D/3D structure of the first helical bundle (yellow) and first 

catalytic domain of the LCF (blue) of P. lunula (GenBank AAL40676), 

showing the conserved regions 1 (red) and 2 (green), made with Phyre2 web 

server and visualized with EzMol, as described in the text (Source: Fajardo et 

al., [170]). 

 

The alignment of the sequences of all three catalytic domains in 

the available species of Gonyaulacales shows the presence of 2 

highly conserved domains (Figure 3) that should be associated to 

the catalytic function of the enzyme. The sequence logo shows 

87.2 and 93.8 identity in the amino acid sequences in regions 1 

and 2, respectively. The phylogenetic analysis of the LCF 

domains of the species of Gonyaulacales, using LCF from N. 

scintillans as an outgroup, which only contains one catalytic 

domain, shows an evolutionary pattern very similar for each of 

the three domains (Figure 4).  

 

The phylogenetic relationship among the species is conserved 

but has some differences to a previously publish study (Figure 5) 
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[182], since the tree presented here shows a closer relationship 

between the species of the genus Alexandrium and P. reticulatum 

and C. horrida than to the genus Pyrocystis, which is the 

opposite to what is reported in the phylogenetic relationship built 

using the sequences of 8 different genes (28S, 5.8S, 18S, cox1, 

cob, beta-tubulin, actin, and hsp90) [182]. It is likely that the 

formation of the three domains occurred by duplication of 

domain 1 and before the diversification of the Gonyaulacales, as 

is a common feature in all of the sequenced species, but there is 

no evidence if the three domains are present outside of the 

Gonyaulacales, since there is no report of the full LCF sequence 

in any other dinoflagellate outside this order, other than N. 

scintillans.  

 

In L. polyedra, the activity of LCF was reported to be maximum 

at pH 6.3, decreasing at pH 8 (almost to zero). Four intra-

molecularly conserved histidines in the LCF helical bundle 

domain are linked to the loss of activity at high pH [183]. These 

histidine residues are also conserved in P. lunula [158,179-

181,184], as well as in the other species analyzed here, as are the 

whole helical bundle domains (Figure 6). The first two of the 

conserved histidines are preceded by glycine and leucine and the 

last two are in a highly conserved region formed by ten amino 

acids. 

 

The structure of the 3rd domain of L. polyedra LCF was reported 

[185], and the general structure can be divided in two main parts: 

1) the barrel-like, that compresses the core of the enzyme and 

has the active site where the oxidation of luciferin and light 

production occur, and 2) the lid of the barrel, which is closed by 

a three-helix bundle that acts like a regulatory structure at the 

top. This structure is very similar to the one reported here as a 

prediction for P. lunula LCF catalytic domain (Figure 2), with 

the conserved regions 1 and 2 located at the walls of the barrel, 

which suggest that it is likely to be a good approximation of the 

real structure [186].  

 

Molecular dynamics studies suggest that once the pH drops near 

6, the regulatory N-terminal histidines begin a conformational 

change in the three-helix bundle [186]. The lid of the barrel 
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opens and admit the access of luciferin to the active site, where it 

is oxidized. In this structure, water molecules are occupying the 

active site that would be taken by the luciferin during the 

bioluminescent event. The N-terminal histidine residues that 

control the activity by pH are at the link between the helices in 

the bundle. The pKa of the histidine generally ranges 6-6.5, 

which indicates that the protonation state of these residues 

possible change when the pH drops below 6.5, where LCF is 

active. For LCF, the activity is regulated by the protonation state 

of the histidine residues located outside the active site [186]. 

 

 

 
 

 
(A) 
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(B) 

 
Figure 3: Sequence alignment of the conserved regions 1 (A) and 2 (B) found 

in the LCF comparing across the three catalytic domains and the available 

sequences from the species of the genera Alexandrium, Lingulodinium, 

Pyrocystis and Protoceratium. Numbers on top of each region correspond to 

the amino acid position in P. lunula protein (GenBank AAL40676). Asterisks 

are showing the conserved amino acids in each position. Coloring of the amino 

acids was made according to the same pattern displayed in MEGA7 software. 

Sequence logo was made using WebLogo, as described in the text (Source: 

Fajardo et al., [170]). 

 

Recently, Donnan et al. [187] applied Constant pH Molecular 

Dynamics to study the structural changes linked with the 

activation of LCF upon acidification. The protonation of some 

residues, including the previously reported intra-molecularly 

conserved histidines, and the H1064/H1065 dyad (inside the 

catalytic domain), correlates with a large-scale structural change 

in which the helical bundle domains are regrouped to allow 

luciferin access to the active site. In parallel, the β-barrel 

expands and a putative active site base, E1105, takes into 

position starting the catalysis reaction. 
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PCR using genomic DNA of P. lunula showed that both LCFa 

and LCFb but not LCFc are in tandem repeats, but there is no 

identifiable promoter in the intergenic spacers, which has led to 

the suggestion that tandem gene repeats may form a 

polycistronic transcript, very similar to the reported in the case 

of Trypanosoma [157,188]. This could increase the efficiency of 

the transcription/translation of LCF. 

 

In some cases, like in L. polyedra, the abundance of LCF protein 

shows a circadian rhythm, being synthesized in the early night 

and destroyed in the course of the day. Nevertheless, there are 

clear differences in the P. lunula system, where flicker but not 

brightness has a circadian rhythm. Moreover, the quantities of 

luciferin and LCF are constant during the day and night in P. 

lunula [132,146]. In relation to why a mechanism of de novo 

synthesis of the molecular components of the bioluminescent 

system exists in some species, such as L. polyedra, which is 

somehow unexpected having in mind the energy expenditure 

involved, Hasting [143] suggested that it may represent a 

mechanism to conserve nitrogen. For instance, amino acids 

released from the hydrolysis of LBP and LCF, could be available 

over the course of the circadian cycle [143]. 
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Figure 4: Molecular Phylogenetic analysis by a Bayesian method, showing the 

evolutionary pattern of the three catalytic domains in the species of 

dinoflagellates with protein sequences available,using the sole catalytic domain 

from N. scintillans as outgroup. The percentage of trees in which the associated 

taxa clustered together is shown next to the branches. There was a total of 297 

positions in the final dataset and the tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site (Source: Fajardo et al., [170]). 
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Figure 5: Phylogenetic tree of Gonyaulacales among the dinoflagellates 

inferred from the three rDNA, two mitochondrial and four nuclear protein 

genes, modified from Orr et al. [182]. The tree is reconstructed with Bayesian 

inference (MrBayes) and included the different groups within dinoflagellates, 

but here only the Gonyaulacales are shown. Species in gray were not included 

in the original analysis by Orr et al. [182]. The table is showing which of these 

species have reported LCF, LBP and GST protein sequences (Source: Fajardo 

et al., [170]). 
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Figure 6: Sequence alignment of the three LCFs helical bundle domains 

contained in species of the genera Alexandrium, Lingulodinium, Ceratocorys, 

Pyrocystis and Protoceratium that have their protein published in GenBank. 

Coloring of the amino acids was made according to the same pattern displayed 

in MEGA7 software. Sequence logo was made using WebLogo, as described in 

the text (Source: Fajardo et al., [170]). 

 

In the case of P. lunula, which also exhibit a circadian rhythm of 

bioluminescence but do not destroy and resynthesize LCF, the 

mechanism may be related to the ecology of this species as they 

make a daily vertical migration to deeper waters, where nitrogen 

is more available. It is also presumed that the high number of 

copies of LCF resulted from an increase in the requirement of a 

large quantity of this protein, which exercises a selective 

pressure for the retention of duplicate genetic copies [184,189]. 

Another possible reason for the presence of three active catalytic 

sites on a single molecule could be related to an enhancement in 

LCF activity without an increase in the colloidal osmotic 

pressure inside the scintillons [186]. 

 

Luciferin-Binding Protein (LBP)  
 

L. polyedra represents the model organism for studies with LBP 

[150,190,191]. In this species, LBP has been found to be very 
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abundant (up to 1% of the total proteome) [150]. One isoform of 

the protein sequence contains a LCF/LBP N-terminal domain 

(pfam05295, Luciferase_N), highly similar to the one found in 

LCF. It has been suggested that this region may mediate an 

interaction between LBP and LCF or their association with the 

vacuolar membrane [156]. It does not appear to be a signal or 

transit peptide, and LCF and LBP do not transit through the 

membrane in the formation of the scintillons [192]. Scintillons 

are formed near the Golgi, where the two proteins are associated 

before migrating together to the vacuolar membrane [186]. 

 

In L. polyedra, LBP is represented by two gene types which 

share a high sequence identity and that encode for two proteins 

expressed in the same levels [150,191]. Multiple isoforms of 

genes related to bioluminescence are common in LBP and LCF 

in some Gonyaulacales species [158,181,191]. Furthermore, each 

gene type is present in different copies arranged in tandem, 

originating more divergence among this gene family [148,191]. 

Published research [49,156] have shown the diversity and 

distribution of LBP in several Gonyaulacales, such as A. affine, 

A. fundyense, A. monilatum, A. catenella, A. tamarense, 

Ceratocorys horrida, Gonyaulax spinifera, Protoceratium 

reticulatum, and L. polyedra (Figure 5). 

 

The phylogenetic analysis of the LBP sequences available in 

GenBank shows an evolutionary pattern very similar to that 

obtained in the analysis of the catalytic domains of LCF (Figure 

7), differing from the pattern seen in the Gonyaulacales (Figure 

5), when analyzing 8 different genes (28S, 5.8S, 18S, cox1, cob, 

β-tubulin, actin, and hsp90) [182]. This analysis shows LBP 

sequences from C. horrida and P. reticulatum being very closely 

related to the species of Alexandrium, while the sequence from 

P. lunula seems to be the most divergent. 

 

In the case of Pyrocystis, it was reported to lack expressed LBP 

[144,146]. Nevertheless, a recent transcriptome and proteome 

study reported two different types of LBP being present in P. 

lunula [49], one that correspond with the individual gene LBP 

(GenBank MN259726), highly similar to A. tamarense 

(GenBank AFN27006.1) [156], and another that represent a gene 
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fusion between LCF/LBP (GenBank MN259727), similar to L. 

polyedra (GenBank AAA29164.1 and AAA29163.1) [191] and 

A. catenella (GenBank ABY78836.1) [153]. 

 

LBP sequences have shown to be a very large and highly diverse 

gene family [148,191] and despite many efforts, the differences 

in the sequences between species has precluded the design of 

universal primers for LBP, as previously reported for LCF [181]. 

In a similar way, on Alexandrium spp., LBP sequences showed 

more than one type of this protein, which is in line with previous 

observations of their LCF gene sequences [181]. Studies in N. 

scintillans also showed that LBP is present in diverse forms and 

as a result of important evolutionary events like as fission or 

fusion of genes. The combined LCF/LBP gene previously 

reported for this organism [151,156], consist of part of the LCF 

N-terminal domain and the LCF catalytic domain followed by 

the LBP domain. The characteristic element of the hybrid 

LCF/LBP is the presence of the LCF/LBP N-terminal domain 

present in the separate genes of LCF and LBP in the 

photosynthetic species. 

 

 
 
Figure 7: Molecular Phylogenetic analysis by a Bayesian method, showing the 

evolutionary pattern of LBP from the species of the genera Alexandrium, 

Lingulodinium, Pyrocystis and Protoceratium that have their protein published 

in GenBank, using the sequence from N. scintillans as outgroup. The 

percentage of trees in which the associated taxa clustered together is shown 

next to the branches. There was a total of 435 positions in the final dataset and 

the tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site (Source: Fajardo et al., [170]). 
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These sequences, which shared the LBP domain and the N-

terminal region, but not the LCF domain, corresponded to 2 

different genes: a single separated LBP, and the combined 

LCF/LBP. In the case of N. scintillans, it was confirmed the 

expression of both genes [156]. It has been suggested that a 

second LBP could have another related function, either by 

binding luciferin in the scintillons or in the cytoplasm; however, 

this is a hypothesis that still needs to be unraveled [151]. In case 

that LCF/LBP of N. scintillans is ancestral to the separated LBP 

and LCF in photosynthetic species, as suggested by their 

phylogeny [182], the single LBP of N. scintillans could have 

been originated by mRNA splicing o_ the LCF/LBP gene and 

later was inserted by retro transposition in the genome, condition 

that was acquired by the modern species [193,194]. The N-

terminal region in these genes suggest this hypothesis. 

 

Having separate genes for LBP and LCF could allow a 

differential regulation. This can represent an advantage as LCF 

has a triple catalytic capacity in the modern photosynthetic 

species [156], while LBP needs to be proportional to luciferin 

(stoichiometrically) [149]. The LCF N terminal domain shows 

high conservation between the LCF and LBP proteins and 

among the photosynthetic species with available sequences 

(Figure 8), highlighting the important role that this domain has 

for the function of both proteins in the bioluminescence system. 

Interesting is the high frequency of both charged and non-

charged polar amino acids, which could suggest a role in the 

interaction of these proteins with the polar surface of the 

phospholipids in the membranes. 
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Figure 8: Sequence alignment of the luciferase/LBP N terminal domain 

contained in the LCF, LBP and GST from the species of the genera 

Alexandrium, Lingulodinium, Pyrocystis and Protoceratium that have their 

protein published in GenBank. Coloring of the amino acids was made 

according to the same pattern displayed in MEGA7 software. Sequence logo 

was made using WebLogo, as described in the text (Source: Fajardo et al., 

[170]). 

 

Luciferin  
 

P. lunula luciferin is a tetrapyrrole-type molecule (Figure 9), 

similar to chlorophyll a and euphausiid shrimp luciferin 

(Euphasia superba) [159,195]. This luciferin is extremely labile 

to oxidation, photo-oxidation at high salt concentration, and at 

low pH [196]. P. lunula has been reported to contain larger 

quantities of luciferin than any other dinoflagellate [159], even 

100 times more than L. polyedra [146,195]. Furthermore, 

luciferin purified from P. lunula can cross-react with the LCFs 

of many other bioluminescent dinoflagellate species and could 

even cross-react with the bioluminescent system of the krill E. 

superba [144,197]. 

 

It was suggested that luciferin of P. lunula is a photo-oxidation 

breakdown product of the chlorophyll a [160]. LCF from any 

dinoflagellate can use it to produce light [159]. Based on this, 

Liu and Hastings [151] suggested that heterotrophic species take 

the luciferin nutritionally, directly or by degradation of 

chlorophyll from the prey. Nevertheless, the hypothesis that 

luciferin is originated from photo-oxidized chlorophyll [160] 

would only be plausible for P. lunula, which maintains its 
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luciferin throughout all the daily cycle. On the other hand, 

fluorescent luciferin only appears in L. polyedra at the beginning 

of the night [147], so its synthesis cannot be explained by the 

photo-oxidation. Furthermore, P. crassipes (heterotrophic) can 

maintain its bioluminescence for a long period of time (even one 

year), in the absence of chlorophyll or luciferin containing food 

[161] and, therefore, must synthetized luciferin from another 

precursor. It is likely that more than one mechanism is 

responsible for the production of luciferin [150,157]. 

 

 

 
 
Figure 9: Structure of the dinoflagellate luciferin, according to Wang and Liu, 

[195] (Source: Fajardo et al., [170]). 

 

In fact, using amino acids tracers, Wu et al. [162] have 

confirmed the intracellular production of luciferin in P. lunula, 

and Fresneau and Arrio [163] argue that bioluminescence in this 

species is regulated by the reduction state of the luciferin 

precursor. It was demonstrated that luciferin and P630, so called 

by his maximum excitation wavelength (630 nm), present the 



Prime Archives in Molecular Biology 

30                                                                                www.videleaf.com 

same peptide moiety. This is a chromo-peptide more stable than 

luciferin in methanol solutions at low temperature. P630 is 

composed of a polypeptide of 4.8 kDa, and a linear tetrapyrrole 

such as luciferin (600 Da). Cations may oxidize P630 or cleave 

the bond between the extended tetra-pyrrole and the peptide 

chain. Reduction of P630 could be performed enzymatically by a 

NAD(P)H-dependent oxidoreductase, or chemically by 

dithiothreitol or 2-mercaptoethanol. The state of reduction, 

monitored by the fluorescence and absorption emission, revealed 

a conformational change (pH dependent) of the chromo-peptide. 

These authors also report that reduced P630 has the same 

spectral characteristics as the purified luciferin. Furthermore, 

LCF can oxidize the reduced P630 with a light emission at 480 

nm. It is also important to indicate that luciferin, at -20 
o
C on 

methanol, is spontaneously and partly convert into P630. This 

evidence points out of the interconversion P630-luciferin could 

be the oxide-reduction equilibrium [163]. These reports also 

suggest that reduced P630 is a luciferin, and the oxidized form 

appears to be the precursor of luciferin [163]. According to 

Fresneau and Arrio [163], the bioluminescent event is a complex 

process ruled by at least two successive reactions (Figure 10). 

The first is the reduction of the luciferin precursor P630 by a 

NAD(P)H-dependent reductase [163]. The second is the well-

known LCF-luciferin reaction (Figure 1). Since P630 is 

reversibly reduced, seems to be an interchange point of reducing 

power involving a different electron transfer pathway. According 

with these authors, the electron transfer system regulating the 

reduced P630 level should be considered as the luminescence 

source [163]. P630 seems to be linked to complex light-

modulated reactions in plant metabolism [198]. According with 

these authors, the electron transfer system regulating the reduced 

P630 level should be considered as the luminescence source 

[163].  

 

At this point is very important to note that Nakamura et al. [159] 

reported a product with a characteristic deep blue color during 

the purification process of dinoflagellate luciferin. This 

substance (called in this case blue compound) was isolated and 

purified. Nakamura et al. [159] reported that blue air-oxidation 

product showed UV-visible absorption maxima at 633 and 590 
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(shoulder) nm, suggesting the presence of a chromophore more 

conjugated than the found in luciferin. The UV-visible spectrum 

reported for the blue compound was the following: (80% 

methanol containing 0.1% NH40Ac) 234, 254, 315, 370, 410, 

590 (shoulder), and 633 nm; and the FAB mass spectrum was 

(glycerol) m/z 587 [(M - 2Na + 3H) +], 609 [(M - Na +H)’], and 

631 [(M + H)’]. These data agree with that reported by Fresneau 

et al. [199] for P630: maxima absorption of P630 (oxidized) 

630-370-315-250 nm; P630 (reduced) 390 nm; P630 maximum 

fluorescence excitation 630 nm; so, it could be suggested that the 

blue compound, the precursor P630, and the luciferin are 

different stages of the same molecule (Table 1). 

 

 

 
 
Figure 10: Light emission process proposed by Fresneau et al. [199] which is 

controlled by at least two successive reactions, where in the first the reduction 

of the luciferin precursor P630 is carried out by a NAD(P)H-dependent 

reductase, maybe GST, and in the second, the emission of light is carried out by 

LCF (Source: Fajardo et al., [170]). 
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Table 1: Absorption, fluorescence excitation, and emission maxima (nm) of 

P630 oxidized, P630 reduced, and luciferin on 10 mM Hepes-NaOH buffer at 

pH 7.2 [199]. 

 
Substrates Maximum 

Absorption (nm) 

Maximum 

Fluorescence 

Excitation (nm) 

Maximum 

Fluorescence 

Emission 

(nm) 

P630 

oxidized 

630-370-315-250 630 675 

P630 

reduced 

390 390 480 

Luciferin 390-250 390 480 

 

According with Fresneau and Arrio [163], the bioluminescence 

in dinoflagellate could be thought of as a metabolic process 

involved in the regulation of excess intracellular reducing power 

produced by respiration and photosynthesis. This hypothesis is 

congruent with the findings of a specific chlororespiration 

reported on plant chloroplasts by Bennoun [200] and with other 

evidences found in cyanobacteria [201,202] of an alternative 

mechanism of respiration in photosynthetic thylakoid 

membranes [203]. 

 

Recently, Wang and Liu [195] suggested a mechanism of LCF 

catalysis in dinoflagellates linked to a Dexter energy transfer. 

According to these authors, the fact that luciferin, opposite to 

oxyluciferin, is fluorescent, with a Δem very similar to the 

bioluminescence emission maximum, was confirmed using the 

Time-Dependent Density Functional Theory (TD-DFT). Based 

on this, it was proposed that an excited state oxyluciferin 

intermediate originated during the LCF catalysis could transfer 

energy to another molecule of luciferin, or an analog, which 

would then serve as the bioluminophore by relaxing with the 

radiative emission of light. 

 

Nevertheless, Ngo and Mansoorabadi [204] suggested that, in 

dinoflagellates, an excited state intermediate derived from the 

reaction between O2 and luciferin, an excited state gem-diol(ate) 

intermediate, can function directly as luminophore. These 

authors also used the TD-DFT to study the diverse nominated 

LCF catalysis mechanisms. The comparison between the 
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emission wavelength and the thermodynamic feasibility, suggest 

that a gem-diol(ate) intermediate as the bioluminophore, over a 

hydroperoxide or peroxy anion. These authors indicate that if the 

LCF catalytic cycle starts with the E-isomer of luciferin, which 

is more stable, the process probably implicate a Chemically 

Initiated Electron-Exchange Luminescence (CIEEL) mechanism. 

This process has been referring to explain other bioluminescent 

reactions, as in the case of fireflies [171,205,206]. However, if 

luciferin has the Z-configuration, the data suggest that a twisted 

excited state gem-diol(ate) intermediate could serve as the 

bioluminophore. In this case, LCF would catalyze a Twisted 

Intramolecular Charge Transfer (TICT) reaction. TICT states 

have been related on several photochemical reactions but until 

recently had not been linked to any bioluminescent system 

[204,207]. Could the P630–blue compound molecule be 

considered the gem-diol(ate) intermediate related with this 

process? This is a question that requires more investigation. 

 

On the other hand, and as indicated above, in the photosynthetic 

species P. lunula, the luciferin is structurally similar to 

chlorophyll a [160], and in fact, P. lunula incorporated 

radioactively labeled chlorophyll precursors into luciferin and 

chlorophyll, demonstrating a link between their biosynthesis 

[162]. Janouskovec et al. [208] suggest that, since the non-

photosynthetic species (Oxyrrhis, Dinophysis, Noctiluca), show 

cryptic plastidial metabolisms not found in the cytoplasm, all 

free-living dinoflagellates are dependent on plastids from a 

metabolic point of view. In this sence, plastid tetrapyrrole 

biosynthesis could explain the presence of luciferin in non-

pigmented species. The three non-photosynthetic species 

reported by these authors carry multiple components of the 

plastid tetrapyrrole pathway, but only two to three components 

of that are present on cytosol and mitochondria. A comparison 

between the data obtain by Janouskovec et al. [208] and the 

genome of Symbiodinium minutum, suggest that a single 

tetrapyrrole pathway of a predominantly plastid origin that 

initiates from glutamate is present in all core dinoflagellates, a 

typical characteristic of eukaryotic plastids [209]. The above-

mentioned non-photosynthetics species also have genes of the 

membrane translocators for triose phosphate, the plastid iron–
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sulfur system (SufB, C, D), and ferredoxin redox system (i.e., Fd 

NADP+ reductase FNR) [208]. 

 

According to these authors the consistent presence of signal 

peptides and N-terminal extensions is in harmony only with a 

plastid origin. The presence of the plastid tetrapyrrole pathway in 

the species of Noctiluca, leading to the precursors of chlorophyll, 

also could explain the production of luciferin by biosynthesis, at 

least in some species. Apparently, the plastid tetrapyrrole 

pathway is indispensable for heme synthesis in all core 

dinoflagellates and could therefore be related to luciferin 

production in any bioluminescent dinoflagellate, independently 

of the presence of photosynthesis. This could explain the 

synthesis of luciferin derived from an earlier intermediate of the 

chlorophyll synthesis pathway from a chlorine-like tetrapyrrole 

or chlorophyllide. Although this hypothesis needs to be tested, 

their finding of the plastid tetrapyrrole pathway reinforce the 

possibility that bioluminescence in non-photosynthetic 

dinoflagellates depend on a biosynthetic pathway readapted from 

chlorophyll and heme production [208]. 

 

In relation to the synthesis process of the tetrapyrrole molecule, 

and considering a broader context, it is evident that there is a 

relationship between the mechanism of synthesis of this 

molecule and the appearance of photosynthesis. As pointed out 

by Martin et al. [210], the first ecosystems on earth were 

chemotrophic, fueled by geological H2 and, for CO2 fixation, 

which required flavin-based electron bifurcation to reduce 

ferredoxin and it is likely that the first photochemically active 

pigments were Zn-tetrapyrroles. In such context, they suggest 

that after the evolution of red-absorbing chlorophyll-like 

pigments, the first mechanism of action involved a light-driven 

electron transport chain that reduced ferredoxin through a 

reaction center progenitor by electrons and H2S. Framed in this 

complex scenario, these authors also suggested that 

photosynthesis subsequently arose in a cyanobacterial progenitor 

(anoxygenic), being the chlorophyll a, the ancestral 

configuration [210]. It is also important to note that biosynthesis 

of chlorophyll a and heme, as well as its bilin pigments derived 

from it, share common steps and they require O2 for catalysis, 
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and can be carried out by oxygen-dependent coproporphyrinogen 

III oxidase [211]. 

 

Glutathione S-Transferase (GST)  
 

The antioxidant enzyme GST of P. lunula (GenBank 

AAN85429.1) [156,212] present a pfam05295 domain 

(Luciferase_N), showing also high conservation with the 

sequences found in LCF and LBP (Figure 8). As a possible 

explanation for this homology, it was suggested the exon 

recombination [127]. However, the role of this N-terminal 

sequence on P. lunula GST remains unknown [212]. In addition, 

a GST-N-Sigma-like domain (thioredoxin-like superfamily), is 

also detected. The members of this group can change the redox 

state of target proteins through the reversible oxidation of their 

dithiol active site, functioning as protein disulfide 

oxidoreductases. In the reduced state, the thiol of the cysteine is 

able to donate a reduction equivalent (+e-/H+) to other unstable 

molecules [212], such as luciferin, a highly reactive oxygen 

species. 

 

GSTs comprise a large family of eukaryotic and prokaryotic 

isozymes known for their ability to catalyze the conjugation of 

the reduced form of glutathione (GSH) to xenobiotic substrates 

for detoxification [213,214]. Could GST be the NAD(P)H-

dependent reductase that controls the state of reduction of P630? 

(Figure 10). The presence of this GST, with a domain of the 

bioluminescent system (Luciferase_N, pfam05295), which is 

also part of the cytochrome P450 metabolic cycle, could indicate 

that it is involved in the synthesis process of luciferin through a 

CIEEL and/or TICT electron transfer system? In P. lunula, the 

domain Luciferase_N (pfam05295) is a common thread between 

GST, LBP, and LCF. However, GST has not been reported in 

other Gonyaulacales (Figure 5). 

 

Furthermore, studies focused on the NADPH-dependent 

detoxification indicated that eukaryotic cells use several 

mechanisms to cope with the deleterious effects of reactive 

carbonyls; GSTs pathway, which are associated with the GSH or 

thioredoxin redox cycle, conjugates aldehydes with GSH, 
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representing an important system for detoxification [215]. The 

GST proteins are a diverse family; and some of these are 

localized in the chloroplasts and mitochondria. Because 

chloroplasts contain a millimolar order of GSH, the GSH-

dependent detoxification mechanism is thought to be very 

effective [216]. 

 

An exhaustive search in the GenBank databases revealed that the 

presence of the domain pfam05295 (Luciferase_N) in the GST 

has only been reported for P. lunula [49,209,212]. If indeed this 

isoform is involved in the process of controlling the oxidative 

degradation of luciferin in this species, this could explain the fact 

that P. lunula contains more luciferin than any other 

dinoflagellate known to date, up to 100 times more than in L. 

polyedrum for example [146]. 

 

Function of Bioluminescence in Dinoflagellates  
 

In the case of dinoflagellates, it has been proposed that defense 

against predators is the main ecological role of bioluminescence 

[217-219] and, therefore, would have a fundamental function in 

the ecosystem structure. In the marine environment, the role of 

bioluminescence has been studied mostly in bacteria and in the 

deep waters mega-fauna, where it plays several important 

functions like camouflage, courtship, and defense against 

predators [125,220]; however, the role of bioluminescence in 

dinoflagellates has been studied in a less detailed way and some 

of the concepts that have been suggested are only supported by 

insufficient experimental information. 

 

It has been reported that bioluminescence mechanism of 

dinoflagellates can be activated by the proximity or zooplankton 

contact [221,222]. On the other hand, several studies have been 

reported the photo-phobic responses of marine zooplankton to 

flash of artificial light [217,223], suggesting that 

bioluminescence could grant an evolutionary advantage by 

reducing the selective predation pressure. An extensively 

accepted theory proposed long ago is that bioluminescence can 

protect indirectly by acting as a ―burglar alarm‖, drawing the 

attention of higher order visual predators to the copepod’s 
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location [224]. It was postulated that even if the flashing 

dinoflagellate dies, the population will continue to benefit 

because the blooms are formed asexually [157]. It has been 

reported that copepodamides, polar lipids exuded by copepods, 

induce an increase in the bioluminescence of L. polyedra, 

generating a brighter flash [225]. In addition, the copepod 

Acartia tonsa goes from preferring L. polyedra as a prey when it 

does not produce bioluminescence, to an almost complete 

rejection when L. polyedra is previously treated with 

copepodamides to induce a greater bioluminescent capacity 

[226]. 

 

More recently, Hanley and Widder [227] proposed three 

hypotheses to explain why dinoflagellate bioluminescence deters 

the predation by copepod: aposematic warning, startle response, 

and burglar alarm. The burglar alarm is the most accepted 

hypothesis; however, it demands a high concentration in the 

bioluminescent population to be effective, therefore the 

bioluminescence selective advantage at lower concentrations 

could be the result of another role like aposematic warning or 

startle response. 

 

On the other hand, Wilson and Hastings [186] have proposed 

another hypothesis for the original role of bioluminescence. This 

is based on the bioluminescence systems of fireflies and bacteria; 

however, it is also feasible for dinoflagellates. In this, so called 

―oxygen defense hypothesis‖, they argue that bioluminescence 

systems evolved in response to low oxygen levels during the 

great oxidation event, when photosynthesis evolved. Since all 

bioluminescence systems consume oxygen, Wilson and Hastings 

[186] pointed out they can detoxify from reactive oxygen species 

like inorganic and organic peroxides, free radicals, oxygen ions, 

and the production of light is only a by-product. 

Bioluminescence would have obtained a different function when 

antioxidant pathways were generalized by increasing oxygen 

levels [157]. 

 

Nowadays, the hypothesis of defense against predators has been 

more investigated and established [227], and the ―defense of 

oxygen‖ [157] would explain how the bioluminescence arose 
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and evolved before it developed an effect on another group of 

organisms that could exert selective pressure. However, this does 

not implicate that bioluminescence has the same role in the 

modern ocean. Integrated studies of gene regulation and 

evolution, combined with environmental factors and ecological 

interactions, would provide us with new perspectives to 

understand the purpose of this extraordinary functional 

innovation in dinoflagellates [157,170]. 

 

Phylogenetic and Structural Analyses  
 

Sequences of the dinoflagellate species for the genes LCF, LBP 

and GST were downloaded from GenBank (Table 2). Sequences 

were aligned using MUSCLE software [228] and the 

phylogenetic analysis was carried out using the Maximum 

Likelihood method based on the General Time Reversible model 

[229] using MEGA software v 7.0.14 [230] with 1000 bootstrap 

value [231]. A discrete Gamma distribution was used to model 

evolutionary rate differences among sites (5 categories). The 

prediction of the 2D/3D structure of the conserved regions 

analyzed, were carried out using the Phyre2 web server [232] 

and the resulting structures were visualized with the molecule 

modelling software EzMol (version 1.22) [233]. Sequence logo 

was made using WebLogo (weblogo.berkeley.edu). 
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Table 2: Accession numbers of the sequences reported in GenBank for the 

luciferase (LCF), luciferin binding protein (LBP) and glutathione S-transferase 

(GST) in the species of microalgae (Source: Fajardo et al., [170]). 

 
Species LCF LBP GST 

Alexandrium 

affine 

AAV35377 AFN26992 / 

Alexandrium 

catenella 

/ ABY78836 / 

Alexandrium 

fundyense 

AEW67906 AFN26994 / 

Alexandrium 

monilatum 

AEW67931 AFN26995 / 

Alexandrium 

ostenfeldii 

AOG16037 / / 

Alexandrium 

tamarense 

AAV35378 AFN27008 / 

Coratocorys 

horrida 

AEW67919 AFN27015 / 

Gonyaulax 

spinifera 

ABO61069 / / 

Lingulodinium 

polyedra 

O77206 AAA29165, 

AAA29166 

/ 

Noctiluca 

scintillans 

AED02505 AHB24369 / 

Protoceratium 

reticulatum 

AAV35381 AFN27016 / 

Pyrocystis 

fusiformis 

AAV35379 / / 

Pyrocystis lunula AAL40676, 

AAL40677, 

AAL406778 

MN259726, 

MN259727 

AAN85429 

Pyrocystis 

noctiluca 

AAV35380 / / 

Pyrodinium 

bahamense 

KX377172 / / 

Tripos digitatus AEW67915 / / 

 

Nannochloropsis gaditana: Valorization 

Through Proteomic Approach  
 

Nannochloropsis gaditana is a widely cultivated microalga that 

has been used for different purposes, mostly related with the 

industrial production of biofuels or aquiculture. However, in 

order to increase the economic viability of N. gaditana, were 
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analyzed fresh and atomized microalgae samples, as the main 

used commercial forms. Above 51,000 high quality spectra were 

obtained per sample in the MS/MS analysis of whole proteome 

of N. gaditana. This spectrum yielded above 7,500 peptides, 

leading the identification of 1,950 proteins, from the N. gaditana 

protein database, where 655 proteins were presented in all the 

replicates. The identified proteins were categorized using two 

categories with gene ontology, by molecular function and 

biological process. In this study, it has been studied the first N. 

gaditana proteomic analysis under industrial conditions with an 

important number of identified proteins. A significate presence 

of proteins with a potential role in different agri-food and 

biomedical applications were detected and studied [26]. 

 

N. gaditana is recognized as producer of different valuable 

compounds, thus, is positioned as an alternative source of 

biomolecules that could be very useful in a wide range of 

biotechnological applications [234-240]. Moreover, N. gaditana 

shows promising features that may allow molecular 

manipulation aimed to its genetic improvement for increase the 

extraction of these interest compounds [19].  

 

The proteome N. gaditana mapping may aid to understand these 

processes and explore other properties of this microorganism to 

produce different compounds. The main aim of this study is to 

reveal potential applications of identified proteins in diverse 

fields. The proteome database of N. gaditana from Uniprot [241] 

found 10,916 protein sequences; our initial data covered a 18% 

of the used database. To avoid false positives and to increase the 

robustness of the study, from1 950 proteins identified, only the 

proteins that were detected in all of the 3 independent replicates 

were used, getting a final number of 655 proteins [26], covering 

a definitive 6% of the genome database [26].  

 

The mass spectrometry proteomics data have been deposited to 

the ProteomeXchange Consortium via the PRIDE [242] 

repository with the dataset identifier PXD008499. The 655 

proteins detected in all of the 3 replicates, were studied, from 

which 33 and 43 proteins were considered as ―exclusively 

identified‖ in samples ―fresh‖ and ―atomized‖, respectively 
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(Figure 11). Microalgae commercialized are sold as fresh or 

atomized forms, this research try to detect the existence of 

groups of protein differences between both [26].This study 

confirms that do not exist loss in its properties as product 

between fresh or atomized, according to gene ontology 

classification by molecular function and biological process [26].  

 

From this set of proteins, a fold change of 1.5 times (fresh or 

atomized) microalgae with a threshold of q-value<0.05. Using 

these parameters, 58 and 75 proteins over-expressed were 

obtained in fresh and atomized samples, respectively. The rest of 

446 proteins were considered as non-regulated for these two 

industrial conditions, thus, without significant differential 

expression between the assayed conditions. All non-redundant 

identified proteins were categorized according to gene ontology 

parameters using Blast2GO software [26]. The set of 655 protein 

identified in each replicate, were categorized, according to its 

Biological process and its Molecular Function. The 

categorization by Biological process show that three majoritarian 

categories were Biosynthetic process, Small molecule metabolic 

process and generation of precursor metabolites and energy. By 

the other hand according to Molecular Function the three 

majoritarian categories identified were Ion-binding, 

Oxidoreductase activity and Structural constituent of ribosome 

[26]. 

 

The main aim of this study is to reveal the potential application 

of each identified protein in biomedicine and/or agri-food fields. 

Two proteins with potential applications has been studied; one 

hypothetical protein that belong to prohibitin family (GenBank: 

XM_005854224.1) [243], over expressed in atomized samples; 

and resistance to phytophthora  (GenBank: XM_005852605.1) 

[243].  

 

The proteins belong to prohibitin family are proteins involved in 

cellular replication and may be used in the treatment of diseases 

related to that biological process. The resistance to phytophthora 

protein is capable of inferring oomycete resistance, with more 

efficiency to Phytophthora infestans [244,245]. To ensure the 

presence of our proteins and probe its availability as a potential 
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target for biotechnological product developments, an RT-PCR 

was used [26]. 

 

The result of the PCR amplification of the genes studied for our 

2 proteins detected in N. gaditana, were visualized in an agarose 

gel, and corroborated by sequencing analysis. Currently, several 

projects are being focused in our lab to study the potential 

industrial applications of those proteins in biomedicine and agri-

food, positioned the microalgae N. gaditana as valuable 

extraction source of high value added products with diverse 

applications, as a matter of fact increasing the value of the 

obtained microalgae biomass [26].  
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