

  

    

      

    

  




  




  

    

      Bioluminescent Marine Plankton

    




    

      


    




    

      Authored by

    




    

      


    




    

      Ramasamy Santhanam

    




    

      Fisheries College and Research Institute

    




    

      Tamil Nadu Veterinary and Animal Sciences University

    




    

      Thoothukudi

    




    

      India

    


  




  




  




  

    


    


    


    


    


    


  




  

    

      BENTHAM SCIENCE PUBLISHERS LTD.




      

        End User License Agreement (for non-institutional, personal use)




        This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms and conditions then you should not use the Work.




        Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the Work subject to and in accordance with the following terms and conditions. This License Agreement is for non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please contact: permission@benthamscience.net.


      




      

        Usage Rules:




        

          	All rights reserved: The Work is 1. the subject of copyright and Bentham Science Publishers either owns the Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way exploit the Work or make the Work available for others to do any of the same, in any form or by any means, in whole or in part, in each case without the prior written permission of Bentham Science Publishers, unless stated otherwise in this License Agreement.




          	You may download a copy of the Work on one occasion to one personal computer (including tablet, laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.




          	The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject you to liability for substantial money damages. You will be liable for any damage resulting from your misuse of the Work or any violation of this License Agreement, including any infringement by you of copyrights or proprietary rights.


        




        

          Disclaimer:




          Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is provided "as is" without warranty of any kind, either express or implied or statutory, including, without limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, advertisements or ideas contained in the Work.


        




        

          Limitation of Liability:




          In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, including, without limitation, special, incidental and/or consequential damages and/or damages for lost data and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.


        


      




      

        General:




        

          	Any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims) will be governed by and construed in accordance with the laws of the U.A.E. as applied in the Emirate of Dubai. Each party agrees that the courts of the Emirate of Dubai shall have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims).




          	Your rights under this License Agreement will automatically terminate without notice and without the need for a court order if at any point you breach any terms of this License Agreement. In no event will any delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement constitute a waiver of any of its rights.




          	You acknowledge that you have read this License Agreement, and agree to be bound by its terms and conditions. To the extent that any other terms and conditions presented on any website of Bentham Science Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.


        




        

          

            	

              Bentham Science Publishers Ltd.


              Executive Suite Y - 2


              PO Box 7917, Saif Zone


              Sharjah, U.A.E.


              Email: subscriptions@benthamscience.net


            



            	[image: ]

          


        


      


    


  




  




  




  

    PREFACE
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    Bioluminescence, the “cold living light” or the “cold fire of the sea,” is extremely common in all oceans at all depths. However, this phenomenon is nearly absent in freshwater, with the exception of a freshwater limpet. More than 75% of deep-sea creatures have been reported to produce their own light. The luminescent marine plankton such as dinoflagellate, radiolarians, jellyfish, comb jellies, annelids, copepods, ostracods, mysids, amphipods, euphausiids, and tunicates form an important component in the marine food chain. Research on luminescent marine plankton is gaining momentum now-a-days owing to its importance in human health. The glowing Green Fluorescent Protein (GFP) extracted from the North Pacific jellyfish, Aqueorea victoria (for which the Japanese biologist, Osamu Shimonmura won the Noble Prize in Chemistry in 2008) has helped shed light on key processes such as the spread of cancer, the development of brain cells, the growth of bacteria, damage to cells by Alzheimer's disease, and the development of insulin-producing cells in the pancreas. Furthermore, GFP has been “a guiding star for biochemists, biologists, medical scientists and other researchers” besides serving as an indispensable tool in cellular research and medicine. Recent research findings have also shown that the natural products of the bioluminescent marine plankton could be of great use in therapeutical and biotechnological applications. Further application of “bioluminescence imaging” has grown tremendously in the past decade, and it has significantly contributed to the core conceptual advances in biomedical research. This technology has provided valuable means for monitoring different biological processes for immunology, oncology, virology, and neuroscience. Bioluminescence imaging has also been successfully used to monitor infections caused by various microorganisms, particularly bacteria.




    Though a few books are presently available on bioluminescence, a comprehensive volume dealing with the “Bioluminescent Marine Plankton ” has not so far been published. The first of its kind, this publication would answer this long-felt need. It deals with the chemistry of bioluminescence, types of bioluminescent displays, distribution of bioluminescence among marine plankton, ecological functions and uses/applications of planktonic bioluminescence; and the biology and ecology of about 200 species luminescent marine plankton of the different seas. It is hoped that the present publication, when brought out, would be of great use as a standard text-cum-reference for teachers, students, and researchers of various disciplines such as Marine Biology, Fisheries Science, and Environmental Sciences; and as a valuable reference for libraries of colleges and universities.
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      Abstract




      This chapter deals with the different types of luminescence: chemiluminescence, photoluminescence, fluorescence, phosphorescence, and bioluminescence; types of bioluminescence viz. extra cellular luminescence, intrinsic luminescence and extrinsic luminescence (bacterial luminescence); distribution of bioluminescence in different groups of marine plankton such as dinoflagellates, crustaceans, cnidarians, ctenophores and tunicates; biological functions of bioluminescence; interactions among luminescent marine zooplankton and fish; and commercial and therapeutic applications of bioluminescence.
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    The Greeks and Romans were the first to mention bioluminescent organisms, and Aristotle (384 – 332 BC) discovered self-luminosity in 180 marine species [1]. Bioluminescence, the cold living light, is a visible light produced by organisms. It is one form of chemiluminescence generated by a chemical reaction. Unlike fluorescence and phosphorescence, bioluminescence reactions do not need the initial absorption of sunlight by a molecule to emit light. A wide range of colours characterize bioluminescence. For example, it is blue in jellyfish, dinoflagellates, and ostracods; blue-green in bacteria and the limpet-like snail, Latia; and green-red in fireflies and railroad worms [2]. Some species of fungi are known to emit light continuously, and its glow is called foxfire. Most organisms, however, flash for periods of less than a second to about 10 seconds and these flashes occur in specific spots, such as the dots on a molluscan squid [3]. Bioluminescence has been reported to be very common in the water column of the ocean, less common on coral reefs and other places near the shore, rare on land, and nearly non-existent in freshwater (with the exception of a limpet-like freshwater snail, Latia neritoides, and a land snail, Quantula striata). The bioluminescence of the sea otherwise known as “cold fire of the sea” is present at all depths. It is estimated that 76% of the animals of the seas and oceans are bioluminescent. About 800 genera representing 13 phyla of marine animals are believed to be bioluminescent [4]. It is worth- mentioning here that for most of the well-known ocean glows, the dinoflagellate blooms are largely responsible.




    

      LUMINESCENCE AND ITS TYPES




      Luminescence is the process of giving off light and is defined as any emission of light from a substance that does not arise from heating. There are many types of luminescence, viz. “Chemiluminescence” where a light emission is initiated by a chemical reaction; “photoluminescence “ is the emission of light from a material following the absorption of light; “fluorescence” is prompt photoluminescence that occurs very shortly after photoexcitation of a substance; “phosphorescence” is long-lived photoluminescence that continues long after the photoexcitation has ceased; and “bioluminescence” is the production and emission of light by a living organism and it is otherwise known as “cold living light.”


    




    

      COLOURS OF BIOLUMINESCENT LIGHT




      While most land organisms, including fireflies, glow in the yellow spectrum, almost all marine bioluminescence is blue due to two related reasons. Firstly, the blue-green light (wavelength around 470 nm) transmits furthest in water. Underwater photos are usually blue because water absorbs red light quickly as one descends. Secondly, most marine organisms are sensitive only to blue light, and they lack visual pigments that can absorb longer (yellow, red) or shorter (indigo, ultraviolet) wavelengths [5].


    




    

      LIGHT EMISSION IN MARINE ANIMALS




      While the bioluminescence of marine animals is invariably blue, the colour of the light can range from nearly violet to green-yellow (and very occasionally red), emitted in three different ways. In some species, the light is actually vomited from the animals. In other animals, the light is emitted by specialized cells called photocytes,sometimes grouped into lensed structures called photophores. On the other hand, some animals may have colonies of bioluminescent bacteria which glow continuously [6].




      

        Types of Bioluminescence




        Based on the source of illumination in marine animals, the luminescence may be classified as follows:





        

          	
Extracellular Luminescence: In this type of luminescence, the light is generated by luminous secretion from the glandular tissues of animals. Extracellular luminescent organs are found in a very limited species of fish. For example, certain fish like rat tails emit light by secreting extracellular slime. These fish possess special glands near their anus, which secrete luminous slime sufficiently.




          	
Intrinsic Luminescence (Intracellular Luminescence): In this type, light is produced intracellularly and the light is emitted by special cells called photocytes which form light producing photophores developed from the epidermis. This type of luminescence is mainly seen in teleost fish of the families, such as Sternoptychidae, Myctophidae, Halosauridae, Stomiatidae, Brotulidae, Lophiidae, and Zoarcidae.




          	
Extrinsic Luminescence (Bacterial Luminescence): In this type, symbiotic bacteria present in the photophores or luminous cells (photocytes) discharge light. The bacterial genera, Photobacterium and Achromobacterium, have been reported to contribute much to this type of luminescence. These bacterial species commonly found in dead fish or spoiling meat, have been isolated and grown in cultures.


        


      




      

        Types of Bioluminescent Displays




        Based on the appearance, the bioluminescent displays may be classified into three types viz. sheet type, spark type, and gloving-ball or globe type.





        

          	
Sheet-type Display: This is the most common type in coastal waters and is caused by dinoflagellates or bacteria. It is also known as spilled or “milky” bioluminescence. During the formation of this type, the seawater is cloudy and may appear dully luminescent. The colour of the water is usually green or blue, and in many displays, it may also appear white when the organisms are present in great numbers i.e., during the bloom formation. Apart from the microscopic organisms, dense and extensive concentrations of large tunicate organisms, such as luminescent Pyrosoma (giving a flashing appearance during lower concentrations) or luminescent euphausiid species Nyctiphanes norvegica may also yield sheet-type display. The display of this euphausiid species was associated with large spots and long bands of milk-white water [7].




          	
Spark-type Display: This type of display is largely due to the appearance of large numbers of luminous euphausiids or copepods. This display occurs most often in colder waters and only when the waters are disturbed. The luminescence colour during this display is brilliant blue or white [7].




          	
Glowing-ball- or Globe-type Display: This display is normally observed in the warmer waters of the world. During this condition, the ocean may appear as full of balls or discs of light which may be flashing brightly when they are disturbed or dimming after the stoppage of the initial stimulus. Depending on the size of the luminescent organisms, the flashes of light may range in size from a few centimeters to a few meters in diameter. The colour of the light during this display is normally blue or green, and rarely it may be white, yellow, orange, or red. The light so emitted may rarely be continuous (Staples,1966). Combinations of either two or all three types of displays have also been reported. Apart from these displays, exotic light formations like “phosphorescent wheels,” undulating waves of light, and bubbles of light have also been reported due to large concentrations of luminescent organisms [8].




          	
Other Bioluminescence: Marine organisms normally luminesce when they are disturbed. However, changes in the marine environment, such as a drop in salinity, may force bioluminescent algae to glow, for instance. These living lanterns are often seen as spots of pink or green in the dark ocean. “Milky seas” are yet another example of bioluminescence. Unlike the bioluminescent algae, which emit light when their environment is disturbed, these milky seas yield continuous glow which may be bright and large enough to be seen even from satellites in orbit above the earth. “Milky seas” are believed to be produced by the millions of bioluminescent bacteria present on the surface of the ocean. Satellite imagery of milky seas has been captured in tropical waters of the Indian Ocean [9].


        


      


    




    

      BIOLUMINESCENT EMISSION SPECTRA OF MARINE ANIMALS




      Light production associated with bioluminescence in marine animals has a significant range of emission patterns, viz. continuous glow (single flashes of light) common in the phytoplanktonic dinoflagellates, or repetitive pulse patterns that are often species specific. Visible light (i.e. VIBGYOR- V to R) has wavelengths in the range of 400–700 nm i.e., between the infrared (with longer wavelengths) and the ultraviolet (with shorter wavelengths). Most non-marine organisms are generally at longer wavelengths (480-620 nm). For example, millipedes emit indigo (and coleopteran beetles emit reddish-orange light. On the other hand, in marine organisms, the emission maxima are clustered in the range of 450-500 nm, though maxima from 395-545 nm have been recorded. Marine species found in the pelagic environment are mostly blue-emitting, with a relative increase in green-emitting species in the benthic environment [10]. Although, it is reported that the majority of luminescent marine organisms emit blue light (410–550 nm), a change from violet and blue (420–500 nm) in the deep sea to blue-green (460–520 nm) in shallow waters is common [11]. Further, the colour of the bioluminescent light is largely dependent on factors such as the luciferins and luciferases, which are involved in the bioluminescent reaction.


    




    

      DISTRIBUTION OF BIOLUMINESCENCE IN MARINE ORGANISMS




      Bioluminescence exhibits a diversity of organisms from bacteria to fish, and it has been shown that 76% of the marine animals are bioluminescent. The percentage of bioluminescent marine animals is remarkably uniform over depth. Moreover, the proportion of bioluminescent and non-bioluminescent animals within taxonomic groups changes with depth, especially for taxonomic groups such as Ctenophora, Scyphozoa, Chaetognatha, and Crustacea [12]. The luminescent marine invertebrates include protozoans (viz. dinoflagellates and radiolarians), sponges, jellyfish, comb jellies, sea pens, worms, copepods, ostracods, mysids, amphipods, euphausiids, shrimps, squids, and echinoderms; and among the luminescent vertebrates, the tunicates and fish possess several species. It is worth mentioning here that more than 97% of Cnidarians are bioluminescent; among 20,000 known species of fish, about 1500 (8%) species are luminescent. While the majority of deep-sea bony fish (about 70%) are luminous, only a small fraction of deep-sea elasmobranchs (about 6%) are endowed with bioluminescence.


    




    

      DISTRIBUTION OF BIOLUMINESCENCE IN MARINE PLANKTON




      A total of 556 species of marine zooplankton have been reported to display bioluminescence. Among them, the crustaceans dominated with 283 species followed by cnidarians (92), protozoans (90), ctenophores (45), tunicates (22), annelids (15), echinoderms (4), chaetognaths (3), and gastropod molluscs (2) [13].




      Dinoflagellates: Marine planktonic organisms which emit blue and green light are mainly responsible for bioluminescence in the sea. Among these organisms, the dinoflagellates of the genus Noctiluca assume greater significance, and they are often responsible for strong displays of light owing to their prodigious numbers. They colour the seawater pink or red by day. Noctiluca is particularly abundant in coastal waters, and at night it gives a rather brilliant greenish glow to the water when agitated. Other dinoflagellates of equal importance include the species of Phaeocystis, Ceratium, Peridinium, and Gonyaulax [14]. The genus Gonyaulax also is one of the prime causes of “red tide.”




      Crustaceans: Among the luminescent crustaceans, ostracods, copepods, and euphausiids are important and most of their displays are seen in colder waters and rarely in tropical waters. The light emitted by these animals appears to twinkle at a distance because of each individual’s abrupt flashing, usually in blue or green [7].




      Cnidarians and Ctenophores: Among the cnidarians (=coelenterates), the luminescent jellyfish (scyphozoan medusae) have been reported to cause many bright displays which may cover a large area. One of the most spectacular forms of the Cnidaria is the large luminescent medusa Pelagia noctiluca. When it is touched lightly, the whole surface of the organism starts to luminesce, first at the point of contact and then spreading out to its umbrella and tentacles. It is worth mentioning here that all the ctenophores (comb jellies) are luminescent, giving off a greenish glow [7].




      Tunicates: Among the transparent tunicates, the colonial species of Pyrosoma are largely responsible for some of the prominent displays, especially in the warmer waters in the seas and oceans. The slightest touch at one end of the colony can cause blue light in these species. Various colours of Pyrosoma luminescence, such as red, orange, yellow, and white light, have been reported. However, the light normally given off in the sea by these organisms is bluish-green or green. In colder waters, the luminescent salps are often in great abundance, and they may be present as individuals or in great chain-like aggregations. The species of Salpa emit blue or green light [7].




      Others: Among the other important marine bioluminescent groups of organisms are the luminescent annelid worms, Odontosyllis. Similarly, the deep-sea squid Watasenia scintillans (Japanese firefly squid), has been reported to congregate in large numbers on the surface, especially during the spring, giving displays. The microscopic radiolarians may rarely impart a weak luminescence in the ocean. The bioluminescent marine animal groups, theirnumber of species, and percentage contribution are given in Table 1.


    




    

      BIOLOGICAL FUNCTIONS OF BIOLUMINESCENCE




      Bioluminescence of marine animals assumes several important functions including predation, defense against predators, and reproduction. In other words, this adaptation can help animal survival in at least three critical ways viz. it can help in locating food, either by means of built-in headlights or by the use of its glowing lures; it can function as a defense against predators; and it can be used to attract its mate by means of species-specific spatial patterns of light emission.


    




    

      INTERACTIONS AMONG LUMINESCENT MARINE ZOOPLANKTON AND FISH




      Fish–luminescent marine plankton interactions such as predation by fishes on luminescent plankton, competition between luminescent zooplankton and fish are complex. However, these interactions have not so far been convincingly demonstrated. The bright coloration of animals is believed to be toxicity or unpalatability and this phenomenon is also quite valid for many gelatinous planktonic marine organisms such as cnidarian jellyfish and ctenophores; and tunicate pyrosomes. The coloration of such bioluminescent zooplanktonic organisms has been reported to Function this way. As these jellyfish are fragile and potentially deadly, they make use of their bright coloration as an adaptation to avoid physical encounters with their predators such as fish.




      It is reported that the luminescent Jellyfish species Pelagia noctiluca which forms very large population outbreaks with millions of individuals that hinders the physiology of fish including their growth and reproduction. Further, the ctenophore Mnemiopsis leidyi was found to be responsible for the collapse of the anchovy fishery in the Black Sea. Furthermore, potentially harmful species such as the scyphomedusae Pelagia noctiluca and the siphonophore Muggiaea atlantica have affected the fish farming practices in the North Atlantic region [15].




      In coral and seagrass beds, the luminescent jellyfish have also been reported to provide shelter for the juvenile carangid fishes beneath their sub-umbrella. It is suggested to be an act of commensalism where the tentacles of the jellyfish served as a protective shield for the juvenile fishes against their predators [16].


    




    

      APPLICATIONS OF BIOLUMINESCENCE




      Research on the bioluminescence of marine invertebrates and fishes is gaining momentum owing to its importance in human health.




      

        Green Fluorescent Protein (GFP)




        The glowing Green Fluorescent Protein (GFP) extracted from the North Pacific jellyfish, Aqueorea victoria (for which the Japanese biologist Osamu Shimonmura won the Noble Prize in Chemistry in 2008) has helped shed light on key processes such as the spread of cancer, the development of brain cells, the growth of bacteria, damage to cells by Alzheimer's disease, and the development of insulin-producing cells in the pancreas. Further, GFP has been “a guiding star for biochemists, biologists, medical scientists and other researchers” besides serving as an indispensable tool in cellular research and medicine. An American Biotechnology company has now generated a fluorescent mouse to observe cancer’s growth. Similarly, a research team in England has produced fluorescent-green testicles on male mosquitoes, for their separation from females to reduce the spread of malaria [17]. The calcium-sensitive photoprotein aequorin and green fluorescent protein (GFP) and their derivatives are presently used for a wide range of applications, including subcellular calcium imaging, cell lineage tracing and gene regulation analysis.


      




      

        Cypridina System




        Among other applications, the Cypridina system has been widely used in bioimaging, in studies of circadian rhythms, and in immunoassays [18].


      




      

        Bioluminescence Imaging




        Recent research findings have also shown that the natural products of the bioluminescent marine invertebrates could be of great use in therapeutical and biotechnological applications. For example, the application of “Bioluminescence imaging” has significantly contributed to the advancement of biomedical research. This technology has helped considerably in the monitoring of different biological processes for immunology, oncology, virology and neuroscience. Biolumines-cence imaging has also been successfully used to monitor infections caused by the different species of pathogenic bacteria [17].


      




      

        Bioluminescence and People




        Certain other uses of bioluminescence of marine animals are in experimental stage. For example bioluminescent trees could help light city streets and highways. If this is materialized, the need for electricity could be considerably reduced. Bioluminescent crops and other plants could be made to emit light when they are in need of water or other nutrients, or when they are ready to be harvested. This would considerably reduce the costs of agriculture. Further the importance of bacterial bioluminescence is well understood in recent days [19]. The luminescence of marine bacteria and planktonic animals possess commercial applications viz. source of electricity, detection of toxins, bio-imaging in treatments, navigation aid, and watering plants [20] as shown in Table 2.


      


    




    

      CONCLUSION




      Bioluminescence is a fascinating aspect possessed by many of the marine creatures including plankton living in our oceans. While scientists have been aware of this ability and its mechanism for centuries, we are still far from understanding everything about bioluminescence in general and marine plankton in particular. Indeed, researchers have not discovered all the reasons why marine plankton are bioluminescent. Also, the chemical reaction which creates bioluminescence, while understood for some marine animals, remains secret for many planktonic animals, such as some planktonic worms and molluscs. It is therefore important for scientists to keep studying bioluminescence for the benefit of humans.
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      Abstract




      This chapter deals with the basic bioluminescence reactions, emission maxima, and colour of light in pelagic and deep-sea bioluminescent organisms, luciferins of planktonic organisms, types of intrinsic bioluminescence such as coelenterazine-based light production and cypridina luciferin-based light production, and extrinsic bioluminescence.
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      INTRODUCTION




      In the seas and oceans, there is an amazing diversity of organisms that emit light, wherephytoplankton and zooplankton play a significant role in the ecology and food chain of these marine environments. While the bioluminescence chemistryis diverse an enzyme-mediated reaction between molecular oxygen and an organic substrate is vital in light emission. The different components of plankton occupying the surface, are presented in the chemical aspects of a major bioluminescence process.




      Bioluminescence is considered a “cold light” (i.e. cold living light) which states that only a small percentage of this light contains heat, unlike the light produced by the sun’s rays or fire ( Tampier, 2017).




      Luciferase




      (A) Luciferin (substrate) + O2 -------------------→ Oxyluciferin + CO2 + hv (light)




      (B) Photoprotein + Ca2++ ---------------→ Protein- coelenteramide *+ CO2 = hv (light)




      * = Protein-bound oxyluciferin


    




    

      



      COLOURS OF BIOLUMINESCENCE




      Light at shorter wavelengths, such as blue (400-500 nm) and green (500-600 nm), travels farther down in the ocean (deeper than 100 m). This may be why most marine organisms that emit blue or green lighthide in their surroundings. Further, marine organisms of coastal areas typically produce green light (490-520 nm), whereas the vast majority of pelagic and deep-sea bioluminescent organisms emit blue light with emission maxima (λmax) ranging from 450 to 490 nm [21]. Unlike blue or green light, red light with wavelengths (600-700 nm) are absorbed quickly in the ocean i.e., they travel across the shallower sea but fail to reach the deep-sea zone. Therefore, some deep-sea organisms use red pigmentations on their skin to make them invisible. Further, this red colouration helps deep-sea animals camouflage in the depths where they appear black and disappear into the darkness [22]. The spectral properties in terms of emission maxima of certain marine bioluminescent species are compared with that of terrestrial species in Fig. (1).
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Fig. (1))


      Spectral properties of marine and terrestrial animals.



      Emission Maxima of Marine Organisms




      The values of the emission spectra of protozoans , zooplankton, and fishes measured are given in Table 1. It is worth mentioning here that with few exceptions, emission maxima of these organisms ranged between 440 and 500 nm, in the blue region of the spectrum Table 1 [23].




      

        Table 1 Emission maxima (λmax) values of marine organisms.




        

          

            

              	Phyla / Class



              	λmax (nm) range

            




            

              	Protozoa



              	443- 458

            




            

              	Cnidaria



              	444- 488

            




            

              	Ctenophora



              	478- 496

            




            

              	Annelida



              	565

            




            

              	Crustacea



              	444- 492

            




            

              	Mollusca



              	449 - 514

            




            

              	Tunicata



              	471, 493

            




            

              	Pisces



              	477 – 689

            


          

        




      


    




    

      



      BIOLUMINESCENCE IN MARINE PLANKTON




      Among all bioluminescent marine planktonic organisms, the cnidarians (formerly coelenterates) have been reported to give the brightest luminescence when they were mechanically stimulated. Further, the hydrozoan medusae and siphonophores of these cnidarians emitted at the shortest wavelengths, with emission maxima between 444 and 466nm. The siphonophore Arnphicaryon species showed peak emissions at longer wavelengths (maximum at 487nm; and the scyphozoan medusae had peak emissions at wavelengths between 450 and 480 nm. On the other hand, the longest wavelength emissions for the ctenophores, had an emission maxima between 480 and 490 nm. It is also reported that light emission in cnidarians was intracellular, except for the scyphomedusa, Chrysaora hysosceles, which produced a luminescent slime. Besides the siphonophores, other short-wavelength emitters are colonial radiolarians which had an emission maxima ranging from 440 to 460 nm. Euphausiids showed narrow bandwidth and the mean observed emission maximum was 461 nm, with shoulders at about 485 and 505 nm. Copepods and ostracods were found to show secreted bioluminescence with emission maxima ranging from 470 to 490 nm. The pelagic polychaete, Tomopteris nisseni was found to produce yellow light of intracellular origin within its parapodia and had maximum emission at 565 nm. In some of these organisms both mechanical and electrical stimulations were found to induce luminescence [23]. The groups of planktonic organisms possessing luciferin are shown in Table 2.




      

        Luciferins




        The first luciferin (from the Latin lucifer, “light-bearer”), the vital evidence for our understanding of today’s bioluminescence was isolated by Green and McElroy in 1956 [25]. There are five known distinct chemical classes of luciferins to date, namely, aldehydes, benzothiazoles, imidazolopyrazines, tetrapyrroles, and flavins. An imidazolopyrazine derivative, aptly named “coelenterazine,” is the luciferin found in coelenterates and many other marine bioluminescence systems [26]. Coelenterazine was found in luminous organisms from six phyla: Sarcomastigophora (Radiolaria), Cnidaria, Ctenophora, Arthropoda, Mollusca. and Chordata (Pisces). Only in the first three of these were Ca2+-activated photoproteins (luciferases) present [27]. The different types of luciferin and their chemical structures are given below.




        

          Table 2 Planktonic organisms and their best-known luciferins [24].




          

            

              

                	Group Bacteria Luciferin



                	Dinoflagellate Luciferin



                	Coelenterazine



                	Cypridina Luciferin

              




              

                	Bacteria



                	+



                	-



                	-

              




              

                	Radiolarians



                	-



                	-



                	+

              




              

                	Cnidarians



                	-



                	-



                	+

              




              

                	Ctenophores



                	-



                	-



                	+

              




              

                	Ostracods



                	-



                	+



                	+

              




              

                	Copepods



                	-



                	-



                	+

              




              

                	Euphausiids



                	-



                	+



                	-

              




              

                	Decapods



                	-



                	-



                	+

              




              

                	Chaetognaths



                	-



                	-



                	+

              




              

                	Luciferins



                	-



                	-



                	-

              


            

          




        




        Bacterial Luciferin: Bacterial luciferin (Fig. 2) is a reduced riboflavin phosphate oxidized in association with a long-chain aldehyde, oxygen, and a luciferase [28].
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Fig. (2))


        Bacterial luciferin.



        Dinoflagellate and Krill Luciferins: Dinoflagellate luciferin (Fig. 3) is believed to be derived from chlorophyll. In the genus Gonyaulax, when the pH lowers to about 6, this free luciferin reacts, subsequently producing light. A modified form of dinoflagellate luciferin is also seen in the euphausiid shrimp, krill [29]. Both dinoflagellate and krill luciferins are shown in Fig. (4).
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Fig. (3))


        Dinoflagellate luciferin.
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Fig. (4))


        Dinoflagellate luciferin (X=H); Euphausiid shrimp (krill) luciferin (X=OH).



        Vargulin (cypridinluciferin): Vargulin or Cypridina-type luciferin (cypridinidinluciferin) (Fig. 5) is found in the ostracod (“seed shrimp”) Vargula and Cypridina and is also used by the midshipman fish Porichthys. There is a clear dietary link, with fish losing their ability to luminesce until they are fed with luciferin-bearing food. Ostracods have been shown to synthesize this molecule from the amino acids tryptophan, isoleucine, and arginine [30].
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Fig. (5))


        Vargulin (cypridinluciferin).



        Coelenterazine (coelenterate –type luciferin): Among all marine luciferins, coelenterazine (Fig. 6) is the most popular luciferin. This molecule is the light emitter of the photoprotein “aequorin” and is found in the luminous organisms of six phyla viz. Sarcomastigophora (Radiolaria), Cnidaria (= Coelenterata), Ctenophora (= Acnidaria), Arthropoda, Mollusca. Chordata (Pisces) [27]. The natural precursors of coelenterazine have been reported to be the amino acids L-tyrosine and L-phenylalanine [31].
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Fig. (6))


        Coelenterazine.



        Luciferases (photoproteins, enzymes): Luciferases consist of 543– 550 amino acid residues and they belong to the adenylate enzyme family [2]. This luciferase is catalyzing the oxidation of the substrate luciferin which is accompanied by the release of energy in the form of light. Although luciferases yield the similar type of light emission in living organisms, their sequences and structures, as well as the mechanisms of the bioluminescent reactions may be completely different in different taxa [32]. Several families of luciferases have been characterized . Aequorin family luciferases are found in cnidarians and ctenophores; Aequorin family photoproteins from hydrozoan species include clytins (or phialidins) from the species of the genus Clytia (= Phialidium); obelin from Obelia spp.; mitrocomin from the species of Mitrocoma (=Halistaura) and aequorin from the genus Aequorea. The factors associated with the light emission in different groups of luminescent marine animals are given in Table 3.




        

          Table 3 Bioluminescence in Marine Organisms [2].




          

            

              

                	
Luminous organisms


                Emission max./nm




                	Luciferin, Cofactor



                	Luciferase/kDa

              




              

                	Bacteria (Photobacterium, Vibrio)


                495–500



                	FMNH2, RCHO



                	80

              




              

                	Dinoflagellates (Lingulodinium, Pyrocystis)


                475–483



                	Tetrapyrrole, Hþ



                	130

              




              

                	Cnidarians (Aequorea, Renilla)


                460–490



                	Coelenterazine, Ca2þ



                	25

              




              

                	Molluscs (Latia)


                536



                	Enol formate



                	180

              




              

                	Crustacea (Vargula; Cypridina)


                465



                	Imidazopyrazinone



                	70

              


            

          




        


      




      

        



        Intrinsic Bioluminescence




        Bioluminescent systems produce light through the oxygenation of a substrate, called luciferin (lat. lucifer, the light bringer), and an enzyme, luciferase (photoprotein). Bioluminescent reactions vary greatly among organisms but it is typically described as a luciferase catalyzed production of an exciting intermediate from oxygen and luciferin that emits light when returning to its ground state. Many bioluminescence systems may also be triggered by cofactors such as FMNH2, ATP, additional enzymes and intermediate steps for light production. In some bioluminescence systems, special types of luciferases (photoproteins) bind and stabilize the oxygenated luciferin and emit light only in the presence of cations, such as Mg2+ or Ca2+. These cations act as a mechanism for the host to precisely control the timing of the light emission. Cofactors in the production of light in respect of Aequorea jellyfish and dinoflagellates are calcium ion and proton (Hþ) respectively [2, 11]. It is also worth mentioning here that the variety of colors in bioluminescence is invariably attributed to differences in the structures of luciferase and luciferin [2]. A typical chemiluminescence reaction is given below.
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        Dinoflagellate Luciferin and Euphausiid (Krill) Luciferin-based Light Production: Both dinoflagellate and krill luciferins are tetrapyrrole-based ones. In dinoflagellates, the production of light occurs in organelles termed scintillations, which contain the luciferin substrate, the luciferase enzyme (LCF) and, in some species, a luciferin binding protein (LBP). The scintillons which are dense vesicles of approximately 0.5–0.9 µm in diameter are abundant in the periphery of the cell especially during the hours of darkness. Flashes of light are primarily produced in these organisms in response to mechanical stimulation due to shear stress which may be [due to contact with grazers or by breaking waves [33].




        Coelenterazine-based Light Production: Coelenterazine is a modified tripeptide produced from one phenylalanine and two tyrosine residues. This luciferin assumes greater significance as it serves as a substrate for numerous luciferases of marine organisms. Most of the marine organisms do not synthesize coelenterazine themselves and they obtain it mainly from food. All coelenterazine-dependent bioluminescent systems have been reported to emit blue light, with an emission maxima range of 450–500 nm, and they do not need any cofactors. In some cases, the color of bioluminescence in coelenterazine-based systems is altered by a fluorescent protein that interacts with the luciferase. Other characteristics such as molecular weight, pH-sensitivity, thermostability, and catalysis rates of luciferases differ very much among these coelenterazine-dependent systems [18].


      


    




    

      BIOLUMINESCENT REACTION WITH THE LUCIFERIN COELENTERAZINE AND COPEPOD LUCIFERASE




      The production of a blue light involving the imidazopyrazinone luciferin, coelenterazine and copepod luciferase (without any additional cofactors) is shown in Fig. (7).




      Image credit: Svetlana V. Markova, Marina D. Larionova, Eugene S. Vysotski (Reproduced with permission)




      Cypridina Luciferin-based Light Production: The luminous ostracods of the family Cypridinidae (commonly called sea fireflies) produce blue light (λmax = 448–463 nm depending on the buffer composition) by an enzyme-catalyzed chemical reaction. This Cypridina luciferin is produced from the amino acids tryptophan, isoleucine, and arginine [18]. In the bioluminescence reaction, Cypridina luciferin (recently called cypridinid luciferin) is oxidized in the presence of Cypridina luciferase (CLase) (recently called cypridinid luciferase) and molecular oxygen (oxidation step), followed by generation of the oxyluciferin in the excited state (excitation step) and subsequent change to the ground state with light emission (light production step). It is reported that Cypridina luciferin emits spontaneous luminescence in dimethyl sulfoxide (DMSO) without CLase [34]. Further, Cypridina luciferin or its analogs also emitted light more efficiently in diethylene glycol dimethyl ether containing acetate buffer (pH 5.6) or Tris buffer (pH 9.0) containing cetyltrimethylammonium bromide than in DMSO. Furthermore, the mixture of human plasma alpha 1-acid glycoprotein (hAGP) and Cypridina luciferin has also been reported to produce light.
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Fig. (7))


      Bioluminescent reaction with coelenterazine and copepod luciferase. Image credit: Svetlana V. Markova, Marina D. Larionova, Eugene S. Vysotski (Reproduced with permission).

    




    

      EXTRINSIC BIOLUMINESCENCE




      Though all bioluminescent animals possess luciferin, some organisms like the planktonic protozoan dinoflagellates produce their own (intrinsic) and others (squid and fish) absorb bacteria which contain luciferin ((extrinsic) [35]. The luminous bacteria, associated with the marine fauna, are represented by symbiontes which are normally isolated from the light organs, and commensals inhabiting the gastrointestinal tract of host organisms. Five species of such luminous bacteria viz. Photobacterium phosphoreum, Photobacterium kishitanii, Photobacterium leiognathi, Vibrio harveyi and Vibrio fischeri have been reported. These luminous bacteria are gram-negative bacilli and facultative anaerobes. These halophilous bacteria need only insignificant oxygen concentrations to grow and emit light [36]. The luminescence reaction in bacteria is slightly different from other intrinsic reactions, as it needs luciferase, molecular oxygen, reduced flavin (FMNH2), and a long-chain aldehyde. In this reaction, the luciferase initially forms a complex with FMNH2, which is then oxidized to its peroxide. This complex of luciferase and peroxy FMNH2 reacts with the aldehyde, and it is then broken down to 4a-hydroxy flavin with the production of light and acid. The so formed hydroxy flavin is finally converted to FMN with the loss of H2O. It is believed that the light yielder in this bacterial luminescence is the luciferase-bound 4a-hydroxy flavin [2]. The biochemical step in this extrinsic (bacterial) luminescence is often linked to the oxidative phosphorylation, in which flavin mononucleotide (FMNH2) reacts with an aldehyde (RCHO) to form a complex (luciferin) which is oxidized to an acid (RCOOH) with the production of light. A typical extrinsic type of bioluminescence reaction is given below
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