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Numerous terrestrial and marine organisms, including cephalopods, are capable of light emission. In addition to communication, bioluminescence is used for attraction and defense mechanisms. The present review aims to: (i) present updated information on the taxonomic diversity of luminous cephalopods and morphological features, (ii) describe large-scale biogeographic patterns, and (iii) show the research trends over the last 50 years on cephalopod bioluminescence. According to our database (834 species), 32% of all known cephalopod species can emit light, including oegopsid and myopsid squids, sepiolids, octopuses, and representatives of several other smaller orders (bathyteuthids, and the monotypic vampire “squid”, Vampyroteuthis infernalis and ram’s horn “squid”, Spirula spirula). Most species have a combination of photophores present in different locations, of which light organs on the head region are dominant, followed by photophores associated with the arms and tentacles and internal photophores. Regarding the biogeographic patterns of cephalopod species with light organs, the most diverse ocean is the Pacific Ocean, followed by the Atlantic and Indian Oceans. The least diverse are the Southern and the Arctic Oceans. Regarding publication trends, our systematic review revealed that, between 1971 and 2020, 277 peer-reviewed studies were published on bioluminescent cephalopods. Most research has been done on a single species, the Hawaiian bobtail squid Euprymna scolopes. The interest in this species is mostly due to its species-specific symbiotic relationship with the bacterium Vibrio fischeri, which is used as a model for the study of Eukaryote–Prokaryote symbiosis. Because there are many knowledge gaps about the biology and biogeography of light-producing cephalopods, new state-of-the-art techniques (e.g., eDNA for diversity research and monitoring) can help achieve a finer resolution on species’ distributions. Moreover, knowledge on the effects of climate change stressors on the bioluminescent processes is nonexistent. Future studies are needed to assess such impacts at different levels of biological organization, to describe the potential broad-scale biogeographic changes, and understand the implications for food web dynamics.
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1 Introduction

Bioluminescence is the production of visible light by a living organism (Wilson & Hastings, 1998; Haddock et al., 2010). This phenomenon results from a chemical reaction that involves the release of energy—in this case, light (Hastings, 1995; Wilson & Hastings, 1998). It usually involves a light-producing molecule called luciferin and an enzyme to control the reaction, such as a luciferase or a photoprotein (Shimomura, 2006; Haddock et al., 2010). Light production generally occurs in an organ usually referred to as a “photophore” or “light organ” (Haddock et al., 2010); such organs can be autogenic, where the organism itself produces light, or bacteriogenic, where an organism is in symbiosis with bioluminescent bacteria and benefits from their light production.

Bioluminescence has evolved independently in several lineages including bacteria and fungi, and has arisen multiple times in animals (particularly within marine groups), such as arthropods, cnidarians, fishes, and cephalopods. Its functions are diverse since it can be used for attraction purposes (predation or reproduction), as a defense mechanism, or for communication (Widder, 1999; Haddock et al., 2010). Very few freshwater organisms are capable of light emission, and only a few representatives live on land, making the marine realm the most diverse environment in terms of bioluminescent organisms. Given that the oceans are vast and encompass a wide variety of environments—from the cold waters of the poles to the warm waters of the tropics and from the warm well-lit surface waters to the cold and dark deep sea—the diversity of bioluminescent biota in the ocean realm is probably underestimated. In fact, for most marine organisms, bioluminescence is the sole source of light in their environment, with a tendency to increase in occurrence below the euphotic zone (Widder, 1999; Haddock et al., 2010).

Cephalopods are one of the marine invertebrate groups that contain light-producing species. They include both autogenic (Takahashi & Isobe, 1994; Tsuji, 2002) and bacteriogenic organisms (Ruby & McFall-Ngai, 1992; Guerrero-Ferreira & Nishiguchi, 2009; Anderson et al., 2014) and the bioluminescence can be expressed in different locations throughout their body (Herring et al., 1981; Robison & Young, 1981; Herring et al., 2002; Robison et al., 2003; Kubodera et al., 2007). For example, the photophores can be internal and associated with the ink sac (e.g., Euprymna scolopes, Figure 1A-A’), around the mouth of the animal (e.g., Japetella diaphana, Figure 1B-B’), on the integument (e.g., Histioteuthis heteropsis, Figure 1C-C’) or even ocular (e.g., Abralia veranyi, Figure 1D-D’). In some cephalopods, photophores have developed from modified suckers (e.g., Stauroteuthis syrtensis, Figure 1E-E’); in others, they may be embedded within the tissue of the arms and/or tentacles (e.g., Chiroteuthis calyx, Figure 1F-F’) or at the tip of their arms (e.g., Taningia danae, Figure 1G-G’). Cephalopods use bioluminescence as a camouflage strategy or as an anti-predation method (Dilly & Herring, 1974; Herring et al., 2002; Robison et al., 2003; Jones & Nishiguchi, 2004; Bush et al., 2009). Some also use light as a communication or attraction mechanism (Robison & Young, 1981; Kubodera et al., 2007; Bush et al., 2009; Burford & Robison, 2020).




Figure 1 | Bioluminescent cephalopods and the position of their respective light organs. (A-A’) The Hawaiian bobtail squid, Euprymna scolopes, with an internal light organ. (B-B’) The diaphanous pelagic octopod, Japetella diaphana, with a circumoral photophore. (C-C’) The strawberry squid, Histioteuthis heteropsis, with integumental photophores. (D-D’) the eye-flash squid, Abralia veranyi, with ocular photophores. (E-E’) the glowing sucker octopus, Stauroteuthis syrtensis, with modified light-emitting suckers. (F-F’) the swordtail squid, Chiroteuthis calyx, with photophores on the arms and tentacles. (G-G’) the Dana octopus squid, Taningia danae, with photophores on the arm tips. Photo credits: Margaret McFall-Ngai and Edward Ruby (A, A’), MBARI (B, F, F’), Michael Vecchione (B’, D, D’), Katie Thomas (C), Henk-Jan Hoving (C’), Edith Widder (E, E’), and the Schmidt Ocean Institute (G-G’).



In squids, autogenic photophores probably arose in a pelagic common ancestor and eventually diversified considerably in both morphology and position. In octopods, on the other hand, it appears that luminescence evolved separately in three different lines (Lindgren et al., 2012). The bacteriogenic photophores present in Loliginidae and Sepiolidae also appear to have evolved separately (Lindgren et al., 2012).

While many studies have been made on bioluminescence in cephalopods, a hundred years have passed since knowledge on this subject was first reviewed. Berry (1920a; 1920b) gathered information from 32 families to provide a guide on light production in this group. Out of these 32 families, he described 14 light-producing families (43.7%), including 128 bioluminescent species, out of a total of the 595 cephalopod species known at the time (21.3%) (Berry, 1920a; Berry, 1920b). Furthermore, Berry surveyed the positions and structures of photophores, showing that photophores could be found at several places in cephalopods, with the surface of the eyeball being the most common (Berry, 1920a; Berry, 1920b). Afterward, Herring published two reviews focused on cephalopods and other light-producing marine taxa (Herring, 1977b; Herring, 1988). More specifically, in 1977, Herring described luminescence found in several cephalopods (e.g. Teuthoidea comprising oegopsid and myopsid squids, Sepioidea and Vampyromorpha), with comparisons to luminescent fishes. He described: i) whether the luminescence was autogenic or bacteriogenic, ii) the position of the light organs as well as their structure, iii) how the light is produced and its functions, and iv) some information on the vertical distribution of some species (Herring, 1977b). Later, Herring combined knowledge about the luminous organs in other mollusks as well, reviewing bioluminescence in gastropods, bivalves, and cephalopods. He also gave more insights into the spectral emission found in luminous cephalopods (Herring, 1988).

Since then, bioluminescence has been described in many more cephalopod species, including new species (Collins & Henriques, 2000; Norman & Lu, 2000; Lipinski, 2001; Jereb & Roper, 2005a; Jereb & Roper, 2005b; Jereb et al., 2005; Lu, 2005; Young & Vecchione, 2005; Bolstad, 2007; Kubodera et al., 2007; Bolstad, 2010; Lindgren et al., 2012; Braid & Bolstad, 2015; Braid, 2016; Bolstad et al., 2018; Judkins et al., 2020; Reid, 2021; Lu & Okutani, 2022). Within this context, here we aim to: (i) present updated information on the taxonomic diversity of luminous cephalopods and morphological features; (ii) describe the global distribution of the bioluminescent cephalopods across different ocean basins (including coastal, epipelagic and mesopelagic realms), and last (iii) show the research trends (from 1971 to 2020) on bioluminescence in cephalopods (using a systematic PRISMA approach).




2 Diversity and morphology of luminous cephalopods



2.1 Diversity

Currently, the phylogeny of the Class Cephalopoda is still debated (Lindgren et al., 2004; Lindgren et al., 2012; Allcock et al., 2015; Allcock, 2017; Uribe & Zardoya, 2017; Sanchez et al., 2018; Anderson & Lindgren, 2021; Lindgren et al., 2023). In this review, we examined 10 extant orders, containing 50 families, with approximately 834 known species. Among them, 32% are presently understood to be bioluminescent (265 species, Figure 2, Supplementary Table 1 and Supplementary Material 1). At the order level, two are represented by a single species that is bioluminescent: the two monotypic orders Vampyromorpha (vampire “squid”, Vampyroteuthis infernalis) and Spirulida (ram’s horn “squid”, Spirula spirula). Idiosepida, Nautilida, and Sepiida appear to be the only orders that do not contain bioluminescent species. The most diverse group of cephalopods, in terms of families and genera, are the oegopsid squids (24 families, 82 genera). At the species level, there are 249 oegopsid species, of which 71% are bioluminescent. The order Bathyteuthida (with 2 families and 9 species) contains 67% light-producing species. The Myopsida (2 families, 48 species) and Sepiolida (2 families, 89 species) include 33% and 63% bioluminescent species, respectively. In contrast, only 3% of octopod species (15 families, 308 species) produce light (Figure 2).




Figure 2 | Percentage of known non-bioluminescent (grey) and bioluminescent (black) cephalopod species, globally and according to the cephalopod order. The number of non-bioluminescent (NB) and bioluminescent (B) species is detailed on the right of the figure.



Important differences arise at the family level (Figure 3). For example, amongst the Sepiolida, bioluminescence is only present in “bobtail squids” (Sepiolidae, 71%). Among the myopsid squids, 32% of Loliginidae and the sole species of Australiteuthidae (Australiteuthis aldrichi) are bioluminescent. In the Oegopsida, several families are 100% bioluminescent, such as Brachioteuthidae, Cranchiidae, Cycloteuthidae, Enoploteuthidae, Histioteuthidae, Lycoteuthidae, Octopoteuthidae, Pyroteuthidae, and the following species, each the sole representative of its family: Ancistrocheirus lesueurii (Ancistrocheiridae), Batoteuthis skolops (Batoteuthidae), Psychroteuthis glacialis (Psychroteuthidae) and Thysanoteuthis rhombus (Thysanoteuthidae). A few other oegopsid families are partially luminescent: Chiroteuthidae (65%), Mastigoteuthidae (81%), Ommastrephidae (44%), Onychoteuthidae (38%), and one species of the Gonatidae (Gonatus pyros, 5%). Finally, Stauroteuthis syrtensis (Stauroteuthidae), Japetella spp. (3 species) and Bolitaena pygmaea (Amphitretidae, 50%), as well as Cirroteuthis muelleri and Cirrothauma sp. (2 species, Cirroteuthidae, 75%) are the only known bioluminescent species of the order Octopoda.




Figure 3 | Percentage of known non-bioluminescent (grey) and bioluminescent (black) cephalopod species, according to each cephalopod family. The exact number of non-bioluminescent (NB) and bioluminescent (B) species is detailed on the right of the figure.






2.2 Photophores and spectra

To compare the diversity of bioluminescence among cephalopods, we assign photogenic tissue and secretions into six simplified categories: i) release of bioluminescent material to the surrounding environment; ii) strictly internal photophores that are associated with the ink sac or viscera; iii) circumoral photophores (around the mouth); iv) photophores on the arms and tentacles (comprising photophores on the arms and tentacles themselves, on the arm tips and tentacular stalks, at the base of the suckers and photophores with a sucker-like structure); v) photophores on the head region (combining the photophores on the head integument up to the base of the arms and internal photophores associated with the eyes and eyelids) and vi) photophores on the mantle region, comprising photophores both on the surface and embedded in the mantle, between and on the fins, as a strip along the ventral midline and/or on the funnel (Figure 4). In this comparison, we do not distinguish between bacteriogenic and autogenic photophores. We note that our grouping of photophores on the head integument with internal photophores associated with the eyes differs from previous reviews (Berry, 1920b; Herring, 1988), because they are thought to have mostly a similar role in counterillumination (Herring, 1988).




Figure 4 | Schematic of all photophore positions. This schematic represents a fictitious cephalopod that combines all known photophore positions except for the release of bioluminescent material.



Most bioluminescent species have photophores at several different locations, with the head region being the most common position, followed by photophores associated with the arms and tentacles and internal photophores (Figure 5A). In the case of bathyteuthids, all luminous species have photophores on the head, and two of them (Chtenopteryx sepioloides and C. sicula) have an additional internal light organ (Figure 5B). On the other hand, the myopsid squids only possess internal photophores (Figure 5C). Octopoda is the only group with circumoral photophores, and some also possess light organs on the arms (Figure 5D). Oegopsid squids mainly present photophores on the head region and the arms and tentacles. However, many of these squids have additional light organs on the mantle region and internally (Figure 5E). Like the myopsids, sepiolid species possess internal photophores except for Nectoteuthis pourtalesi, the only sepiolid species to have photophores on the head region, and Stoloteuthis japonica, on the mantle region. Species of the genera Heteroteuthis (n=7) and Sepiolina nipponensis can also release bioluminescent material to their surroundings (Figure 5F). In the monotypic orders, Spirula spirula only presents photophores on the mantle area (Figure 5G), and Vampyroteuthis infernalis possesses photophores on the mantle region and the arms. The vampire squid can also release bioluminescent particles (Figure 5H).




Figure 5 | Morphological distribution of photophores in (A) all cephalopods, (B) Bathyteuthida, (C) Myopsida, (D) Octopoda, (E) Oegopsida, (F) Sepiolida, (G) Spirulida and (H) Vampyromorpha.



The bioluminescent material released by some of the above-mentioned species is ejected when the animal is disturbed. Therefore, these luminous clouds are likely used as a defense mechanism to startle or distract predators and allow the animal to escape (Robison et al., 2003). In the case of the sepiolids (Heteroteuthis sp.), this fluid contains a high concentration of bioluminescent bacteria that are released to the animal’s surroundings through the siphon, in combination with ink and mucus (Herring, 1977a; Herring, 1988; Herring, 2002). Vampyroteuthis releases bioluminescent material by a different process, ejecting glowing particles from the arm-tip photophores, in a stickier and more viscous matrix. This material can adhere to other surfaces, including potential predators, placing them at risk of secondary predation (Robison et al., 2003).

The function of the circumoral photophores remains unclear; the luminescence is only visible to the surrounding organisms and not to the emitting animal itself due to its position. Moreover, it is unlikely to be detectable by potential prey. Finally, as it is only present in female individuals, the most likely role of circumoral bioluminescence would be for sexual-recognition purposes (Herring et al., 1987). In terms of communication, the case of the oegopsid Dosidicus gigas (“Humboldt” or “jumbo” squid) is worth highlighting. In most cases, luminous cephalopods modify the light intensity for a single photophore, which usually glows in an outward direction. However, due to the tissue-embedded photophores of the Humboldt squid, in this case, light radiates through the tissues, causing the animal to luminesce entirely (Burford and Robison, 2020). This squid can reveal and conceal specific lighted body regions in any combination, using the overlying chromatophores. Such complex communication ability is probably crucial for group coordination and cohesion, which are usually only observed in well-lit environments (Burford and Robison, 2020).

Photophore position appears strongly correlated to cephalopods’ habitats. Here, coastal species were considered to be associated with, but not necessarily restricted to, continental shelves (bottom depths <200 m) at late ontogenetic stages (as in Rosa et al., 2008a; Rosa et al., 2019). Pelagic species living outside the continental shelf were considered oceanic (as in Rosa et al., 2008b). In the present database, 97% of the coastal bioluminescent cephalopods possess internal photophores, and only a very few have external light organs. Only 9% of the coastal luminous species release bioluminescent material (Figure 6). In oceanic light-producing species, on the other hand, photophores are mostly present externally, on the head region (88%), on the arms and tentacles (62%), or on the mantle region (50%). Light organs associated with the ink sac and viscera are less common in this group (only 30% of the oceanic luminous species) compared to coastal bioluminescent organisms (Figure 6).




Figure 6 | Diversity in photophore location according to the lifestyle of the cephalopods. Oceanic species are in black, and coastal ones are in grey.



Interestingly, these patterns are maintained when we divide the groups according to light origin (autogenic vs. bacteriogenic photophores). Coastal light-producing cephalopods mainly comprise myopsid and bobtail squids, namely the Loliginidae and Sepiolidae (see also section 4), which have bacteriogenic photophores (Nishiguchi et al., 2004; Guerrero-Ferreira & Nishiguchi, 2009; Lindgren et al., 2012). By contrast, oceanic luminous species usually have autogenic light organs (Lindgren et al., 2012). Similar trends have been observed in fishes, where a higher proportion of bacteriogenic light organs is found in species that live closer to the ocean floor and the coastal areas, compared to oceanic fishes (Morin, 1983; McFall-Ngai and Toller, 1991; Haygood, 1993; Paitio et al., 2016).

Finally, the characteristics of the light produced should be considered. Cephalopods whose emission spectra have been measured produce light mostly within blue-green wavelengths (450-490mm; Herring, 1983; Haddock et al., 2010). However, more extreme values are possible in some species (Widder et al., 1983), ranging from 420 nm (Chtenopteryx; Herring, 1983; Herring, 1988) to 535 nm (Abralia; Herring, 1988). Some species appear to emit light outside even these values, either directly such as the bright yellow arm-tip photophores of Taningia (Figure 1G-G’) or through colored filters (e.g., Abralia; Young and Tsuchiya, 2014). Some species of Abraliopsis and Abralia have also been observed to actively modify the emitted wavelength with temperature, which would correspond to temperature (and likely light intensity) variations encountered during vertical migration (Young and Mencher, 1980).




2.3 Bioluminescence disparities amongst cephalopod groups

In this section, we emphasize some ontogenetic, and inter- and intra-specific differences observed in cephalopod bioluminescence.



2.3.1 Bathyteuthida

Four species in the family Bathyteuthidae were considered bioluminescent, possessing photophores at the base of the arms. In 2020, the new species Bathyteuthis inopinatum and B. devoleii were described by Judkins et al. as lacking these basal arm photophores. In their third new species, B. numerosus, sexual dimorphism was observed, with photophores only present in males.

Within the Chtenopterygidae family, only Chtenopteryx sepioloides and C. sicula have been confirmed as bioluminescent, for which the large eyeball photophores can assist in identifying these species (Escánez et al., 2012; Escánez et al., 2018; Luna et al., 2021). The potential presence of photophores in C. canariensis remains debated (Escánez et al., 2012; Escánez et al., 2018; Luna et al., 2021).




2.3.2 Myopsida

Only 16 species (33%) of myopsid squids are bioluminescent; of these, all species except for one are from the genus Uroteuthis (Loliginidae). As in most neritic cephalopods, loliginids have bacteriogenic bioluminescence (Guerrero-Ferreira and Nishiguchi, 2009). In terms of phylogeny, Uroteuthis are considered as closely related to Loliolus (non-bioluminescent species). In fact, it is suggested that these loliginids had a common ancestor that possessed bacteriogenic light organs, which were maintained in Uroteuthis but lost in Loliolus (Anderson et al., 2014).

Furthermore, it is also interesting to highlight that several different species of bioluminescent bacteria have been reported within a single squid species, Sepioteuthis lessoniana, which appears to be non-luminous (Zari et al., 2020). In this case, swabs were taken from the surface to the gut and ink sac of the non-bioluminescent “big-fin” reef squid (S. lessoniana). Although 5 luminous bacterial species were found, they do not appear to confer the capacity of light production to the squid (Zari et al., 2020).




2.3.3 Octopoda

Within the Octopoda, photophores are found in two locations, each unique to one evolutionary lineage and all potentially restricted to females. Circumoral photophores appear specific to the incirrate species (family Amphitretidae), while the cirrate octopods (Cirroteuthidae and Stauroteuthidae families) only have photophores on the arms (Jereb et al., 2005).

Stauroteuthis syrtensis is the only species of its genus confirmed to have bioluminescence, which is produced by modified suckers along the length of all arms. Only female S. syrtensis have been confirmed to luminesce (Collins and Henriques, 2000); if males prove non-luminescent, this species provides another example of sex-specific light production in cephalopods. Bioluminescence in Stauroteuthis gilchristi has not been reported to date, although its suckers appear similarly modified to those of S. syrtensis (Johnsen et al., 1999; Collins and Henriques, 2000).

The circumoral photophore found in Japetella diaphana and Bolitaena pygmaea (also previously known as Eledonella pygmaea), and potentially all derived species of the same genus, is also confirmed to be present only in mature females (Robison and Young, 1981; Herring et al., 1987). This strengthens the probability that sex-specific signaling is a primary function of octopod photophores.




2.3.4 Oegopsida

Within the cephalopods, oegopsid squids display the greatest variety of bioluminescent structures and positions, in some cases also varying with ontogeny. The diamondback squid, Thysanoteuthis rhombus (Thysanoteuthidae), is the only known bioluminescent cephalopod species where the photophore is present solely in immature squids and is lost by adulthood (Fernández-Álvarez et al., 2021). In this case, the light organ may play a role in pairing behavior, where immature male and female individuals pair up as young individuals and remain together through maturity (Guerra and Rocha, 1997; Jereb and Roper, 2005b).

For some oegopsids, bioluminescence is suspected but remains unconfirmed. For example, Grimalditeuthis bonplandii and Psychroteuthis glacialis were included as bioluminescent species in our analysis, due to the suspected photogenic nature of structures that develop at the arm tips of mature females, but further investigation into the nature of this tissue is needed (Jereb and Roper, 2005b; Hoving et al., 2013; Young and Roper, 2016). The onychoteuthid species Ancistroteuthis lichtensteinii has also been suggested (but not confirmed) to possess photogenic tissue on the ventral eye surface (Bolstad, 2010).

Another oegopsid worth mentioning is Gonatus pyros, the only luminescent member of the family Gonatidae (~20 species). This species possesses a large light organ on the ventral surface of each eye (Young, 1972; Bublitz, 1981). This raises questions about the evolution of its light organ, given that other members of Gonatidae (several sympatric with G. pyros) do not possess a photophore. Lindgren et al. (2005) reported G. pyros as being most closely related to several sequenced individuals attributed to G. kamtschaticus based on three mitochondrial loci, but the position of this clade within the family was not resolved and should be further investigated.




2.3.5 Sepiolida

Bioluminescence in Sepiolida is only present in the family Sepiolidae, which are hypothesized to have radiated from a common ancestor that possessed a bilobed light organ associated with bioluminescent bacteria. This structure was eventually lost for the genera Inioteuthis and Sepietta (Sanchez et al., 2021). In Heteroteuthis, however, where pelagic adults depart from the typical benthic sepiolid lifestyle, the autogenic origin of its bioluminescence suggests a convergent evolution with other pelagic bioluminescent cephalopods (Dilly and Herring, 1978; Lindgren et al., 2012; Sanchez et al., 2021). Heteroteuthis is also the only sepiolid known to secrete luminous fluid.

Interestingly, as in Sepioteuthis lessoniana, bioluminescent bacteria have been identified in a sepiolid species that is considered non-luminescent. Neorossia caroli lacks a light organ (Sanchez et al., 2021; Calogero et al., 2022); yet bioluminescent bacteria (Photobacterium kishitanii and P. leiognathi) were found in samples taken from the siphon and the mantle (Calogero et al., 2022). The relationships between the non-luminous cephalopods S. lessoniana and N. caroli and the respective bioluminescent bacteria found, in terms of light production, would then be facultative rather than obligate (Zari et al., 2020; Calogero et al., 2022). However, no studies have yet investigated such associations for purposes other than bioluminescence.






3 Biogeography



3.1 Database limitations and assumptions

The biogeographic patterns of bioluminescent cephalopod richness were derived using a conservative approach, using only species with well-known distributions (238 species, Supplementary Material 1) and excluding new or rare species [as described by Rosa et al. (2019)]. Moreover, it is important to note that many coastal and oceanic regions are still under-sampled, and the present patterns may also be driven by an underestimated cryptic diversity (Rosa et al., 2019). Here, we only included the coastal, epipelagic (<200m), and mesopelagic (between 200m and 1000m) realms, since they are the ones with a relatively solid global biogeographic classification (Spalding et al., 2007; Spalding et al., 2012 and Sutton et al., 2017, respectively). Yet, it is worth mentioning that at least half of the bioluminescent cephalopod species present in the mesopelagic realm can also be found in waters below 1000m depth.




3.2 Richness patterns per ocean and habitat

Our results show that the most diverse ocean, in terms of light-producing cephalopod species, is the Pacific Ocean (162 species), followed by the Atlantic (117 species) and Indian (112 species) Oceans. The least diverse oceans are the Southern and the Arctic Oceans (Figure 7A). These patterns are also consistent within the orders Bathyteuthida, Oegopsida, Spirulida, and Vampyromorpha (the two latter are not present in the Arctic or Southern Oceans (Figures 7B, E, G, H). However, in the case of myopsid squids, the highest number of luminescent species (14 species) are observed in the Indian Ocean, followed by the Pacific Ocean (10 species); they are absent from the three other Oceans (Figure 7C). On the other hand, bioluminescent octopods can be observed in all oceans, but mainly in the Atlantic and the Pacific Ocean (6 species, Figure 7D). Similarly, luminescent members of Sepiolida are mainly observed in the Atlantic Ocean (21 species), followed by the Pacific and the Indian Oceans (Figure 7F). Furthermore, one species (Sepiola atlantica) can be found as far north as Iceland, already part of the Arctic Ocean (Jereb & Roper, 2005a).




Figure 7 | Total known number of bioluminescent cephalopod species for each ocean basin in (A) all cephalopods, (B) Bathyteuthida, (C) Myopsida, (D) Octopoda, (E) Oegopsida, (F) Sepiolida, (G) Spirulida and (H) Vampyromorpha.



Using 231 luminous cephalopod species with a well-characterized habitat preference, we identified that most are found in the oceanic zone, while only 23% occur in coastal waters (Figure 8). Yet, it is important to note that most oceanic species undergo both diel and ontogenetic vertical migrations and are reported to be vertically distributed across pelagic zones (Judkins and Vecchione, 2020). In fact, 53% of the bioluminescent cephalopod species are found both in the epipelagic and mesopelagic zones of the oceans, such as Abralia spp., Histioteuthis spp., and Leachia spp., amongst others.




Figure 8 | Known number of bioluminescent cephalopod species according to the ocean zone.



Regarding coastal areas, and according to ecoregions (Spalding et al., 2007), the highest species richness of luminescent cephalopods is found in the Eastern Philippines ecoregion, with 13 species, followed by the Sulawesi Sea/Makassar Strait (11 species) and the ecoregion of Palawan/North Borneo (10 species, Figure 9A). These ecoregions are present in the delimitations of the Coral Triangle (Veron et al., 2009), a region of the ocean that is well known for being the most significant hotspot in terms of marine biodiversity (Bowen et al., 2013; Cowman et al., 2017), including cephalopods (Rosa et al., 2019). Following these three ecoregions, bioluminescent cephalopods are also highly present in the Aegean and Adriatic Sea, Ionian Sea, Alboran Sea, and Western Mediterranean ecoregions, with 8 or 9 species observed (Figure 9A). Indeed, bobtail squids (Sepiolidae) have the maximum species richness values in the Mediterranean Sea, constituting a biogeographic hotspot for this group (Bello, 2019; Rosa et al., 2019). Their high presence in the Mediterranean Sea can be explained by the separation 5.5 Mya of the Mediterranean Sea from the Atlantic as part of the “Messinian salinity crisis”, which induced the extinction of stenohaline species and started an increase in endemism in the area (Rosa et al., 2008a; Rosa et al., 2019). Bioluminescent coastal species are represented mainly by the Sepiolidae and Loliginidae (Uroteuthis sp.), in addition to the oegopsid squids Watasenia scintillans and Pyroteuthis margaritifera. Overall, the general biogeographic trends described here for luminescent cephalopods follow those described by Rosa et al. (2019) for all coastal cephalopods worldwide. Therefore, the distribution of cephalopod luminescent fauna seems to be mainly driven by well-known historical (geological) processes and species-area–energy relationships (Rosa et al., 2008a), rather than adaptations to specific coastal habitats or unique geographic regions.




Figure 9 | Species richness (known number of bioluminescent cephalopod species per ecoregion) of (A) coastal, (B) epipelagic, and (C) mesopelagic bioluminescent cephalopods. Ecoregions and provinces shown in the coastal panel, the epipelagic panel, and mesopelagic are based on Spalding et al. (2007); Spalding et al. (2012), and Sutton et al. (2017), respectively.



Regarding the epipelagic zone, and based on the biogeographic provinces of Spalding et al. (2012), most species are found in the Indo-Pacific Warmwater Realm (IPWR) and the Atlantic Warmwater Realm (AWR, Figure 9B). More specifically, the North Central Pacific (IPWR) and the North Central Atlantic (AWR) are the provinces with the highest concentration of bioluminescent cephalopods, with 58 species and 57 species, respectively. The Equatorial Atlantic and the Canary Current also present a high species richness, with 51 and 50 species, respectively, followed by the North Atlantic Current and the Southwest Pacific (49 species), the South-Central Pacific (48 species) and Northern Indian Ocean (46 species), the Equatorial Pacific and the Gulf Stream (45 species). The lowest species richness of bioluminescent cephalopods is found in the Arctic (Northern Coldwater Realm), with only two bioluminescent species observed (Cirroteuthis muelleri and Brachioteuthis riisei), and the Antarctic and Antarctic Polar Fronts (Southern Coldwater Realm), with 8 and 12 species observed, respectively. The epipelagic bioluminescent cephalopods are represented mainly by the oegopsid squids. The bioluminescent octopods Japetella spp. and Bolitaena pygmaea, in addition to the ram’s horn squid Spirula spirula, are also present in the epipelagic zone.

Finally, within the mesopelagic realm, the main luminescent cephalopods are oegopsid squids and pelagic octopods, in addition to the vampire squid Vampyroteuthis infernalis. According to the provinces outlined by Sutton et al. (2017), the Northern Central Pacific ecoregion is the hotspot for mesopelagic light-producing cephalopod richness, with 84 species, followed by the Central North Atlantic, with 69 species (Figure 9C). Following these ecoregions, 50 to 62 bioluminescent species are present in the Coral Sea, the Northern Indian Ocean, the Mid-Indian Ocean, the Tropical and West Equatorial Atlantic, and the Southern Central Pacific ecoregions. The Arctic and the Antarctic/Southern Ocean have the lowest species richness of luminescent cephalopods, with 8 and 14 species observed, respectively.

Several large-scale biogeographic studies have been made on pelagic cephalopods, but following different approaches, namely by: i) displaying the exact location of verified species records (e.g., Nesis, 1982; Nesis, 1985; Voss et al., 1998; Nesis, 2003; Collins and Rodhouse, 2006); ii) using presence–absence matrices condensed into latitudinal bands (Ibáñez et al., 2019), or iii) choosing different regional spatial units (provinces) (Rosa et al., 2008b). Although none of these approaches is directly comparable with the present findings, Rosa et al. (2008b) pointed out, for the Atlantic Ocean, that the highest levels of cephalopod pelagic diversity were found in Benguela Current System and the Southern convergence, and described a diversity impoverishment in some western oceanic regions, namely the South Sargasso Sea and South Atlantic Subtropical. As a result, these authors found a significant positive relationship between ocean net primary productivity and oceanic richness at regional scales and maximum oceanic richness at intermediate sea surface temperatures. Here, by contrast, bioluminescent cephalopods show: i) a decreased longitudinal richness, at subtropical latitudes, from the western to the eastern margins of both Atlantic and Pacific Oceans, namely towards the most important eastern boundary upwelling systems (EBUS) and ii) a decreased richness at higher latitudes (Figure 9). These patterns seem to corroborate the findings of Ibáñez et al. (2019) in the Eastern Pacific, since pelagic richness was higher across the tropics and decreased steadily towards both poles, apparently not showing any correlation with ocean productivity. Angel (1993) also pointed out that high species richness in the pelagic ecosystems may be associated with zones of low productivity lacking marked seasonality. Oxygen availability may also be a key limiting factor for the distribution of bioluminescent cephalopods since oxygen is one of the primary components in the chemical reaction that induces light production (Tsuji, 2002; Haddock et al., 2010). Oceanic oxygen minimum zones (OMZs), where oxygen concentrations are limited, are usually formed by high productivity at the surface of the oceans due to upwelling, which degrades and falls to the bottom while depleting the oxygen present in the water column (Levin, 2003). These zones can create major boundaries for species since the lack of oxygen prevents mobile organisms from traversing or living within these ocean zones unless they are strongly adapted (Levin, 2003; Rosa and Seibel, 2008; Rosa & Seibel, 2010). In fact, the west coasts of Central America, Peru (Humboldt Current), southwest Africa (Benguela Upwelling), the Arabian Sea and Bay of Bengal are well known for their seasonal or permanent OMZs (Levin, 2003; Stramma et al., 2008; Sutton et al., 2017). Although mid-water oxygen clines could explain the general longitudinal decrease in the diversity of light-producing cephalopods towards both EBUS (although not so clear along the northern epipelagic area of the California Current system) and the monsoon-influenced Arabian Sea (Figures 9B, C), it is worth noting that some bioluminescent cephalopods thrive within OMZs, including the vampire squid (Vampyroteuthis infernalis). This may indicate that productivity, and not oxygen per se, is the key environmental driver for the large-scale longitudinal trends in cephalopod oceanic diversity.





4 Research trends

Research on cephalopods and, more specifically, work focusing on light-producing species has increased substantially during the last 50 years (see below). Here, we aim to understand which research areas have dominated and identify the main studied species. To do so, we performed a systematic analysis to investigate the studies on bioluminescence in cephalopods, using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) approach (Moher et al., 2010). The literature considered in the present analysis was restricted to the Scopus and Web of Science scientific databases (detailed methods are explained in Supplemental Material 2, 3 and Figure S1).

Between 1971 and 2020, 277 peer-reviewed studies were published on bioluminescent cephalopods. Since the 1980s, there has been a steady increase in publications on this topic, with 126 studies (45% of the publications) published in the last decade (2011–2020; Figure 10A).




Figure 10 | (A) Decadal publication trends (number of publications) on bioluminescence in cephalopods between 1971 and 2020. (B) Percentage of publications on bioluminescence in cephalopod research, between 1971 and 2020, according to the research area.



Studies on the fields of “Behavior” and “Developmental biology” within bioluminescent cephalopods have been decreasing over the years, being replaced by studies on genetics and -omics (e.g., genomic, transcriptomic, proteomic). In fact, the latter have been increasing since the 1990s (Figure 10B). The growing interest in this type of study comes along with the great improvements made in the field, e.g., the creation of GenBank® in 1982, and the notable reduction in cost for sequencing (Gužvić, 2013; Kulski, 2016). Together these factors have supported a vast increase in DNA and RNA sequences produced and uploaded to GenBank® since 1992 (Kulski, 2016).

Regarding the areas of “Microbiology” and “Biochemistry” of luminous cephalopods, the number of studies has largely held stable across the decades, except between 1971 and 1980, when the number of publications in “Microbiology” was lower compared to other areas. On the other hand, less than 10% of the studies included the fields “Aquaculture”, “Taxonomy and Phylogeny”, “Biogeography”, and “Physiology” (Figure 10B). It is worth noting that one recent study opened the doors of light-producing cephalopods to the field of “Medicine”, investigating the cytotoxicity effects of symbiotic bacteria against cancer cells (Luyon et al., 2017).



4.1 Focus species in studies on cephalopod bioluminescence

Overall, amongst the 277 studies listed in our analysis, the Hawaiian bobtail squid Euprymna scolopes is the most studied species by far, with 214 publications (77%). Other studied bioluminescent cephalopods include E. tasmanica, Watasenia scintillans, Sthenoteuthis oualanienesis and Sepiola robusta, but each only with 6 to 10 studies (Figure 11A). The category “others” comprises 49 species or groups of species.




Figure 11 | Number of publications on bioluminescent cephalopods: (A) according to the species of interest and (B) related to bacteriogenic bioluminescence, and according to the partner of interest, the symbiotic bacteria, the cephalopod or both partners.



Furthermore, it is interesting to highlight that nearly half of the studies about bacteriogenic bioluminescent species (221 studies) focused on the bacterial side of the symbiosis (49%, Figure 11B). In other words, these studies investigated the requirements of the bacterium, in order to successfully establish the symbiosis with the cephalopod. 24% of the studies focused on the cephalopod itself, and 28% focused on both symbiotic partners and their interaction with each other (Figure 11B).




4.2 Euprymna scolopes: the model organism

As most of the recent research on bioluminescent cephalopods focuses on Euprymna scolopes, we summarize in this section the state of knowledge for this species. Euprymna scolopes gains its bioluminescence through the single species-specific symbiosis with the bacterium Vibrio fischeri (McFall-Ngai and Ruby, 1998; Nyholm and McFall-Ngai, 2021). This sepiolid species is one of the best-studied cephalopods and both symbiotic partners have been the subject of research in the past decades (Nyholm and McFall-Ngai, 2021; Visick et al., 2021). In 2009, Lee et al. (2009) suggested considering this species a model organism as it offers many advantages for studies, including its overall small size, short lifespan, fast growth, and year-round availability. The interest in this species is mostly due to its species-specific symbiotic relationship with the bacterium V. fischeri, from which an easy comparison can be made for the study of eukaryote–prokaryote symbiosis (Nyholm and McFall-Ngai, 2004; Nyholm and McFall-Ngai, 2021). The symbiosis between these two partners is established at each generation, in the first hours after the bobtail squid hatches, and lasts for the entire life of the animal. When hatching, E. scolopes only possesses a rudimentary light organ associated with the ink sac, and the first encounter with the symbiont induces several steps, including organ morphogenesis, leading to a fully developed light organ and functional symbiosis (Nyholm & McFall-Ngai, 2004; Nyholm & McFall-Ngai, 2021). The first meeting between the two partners happens when the surrounding seawater, with free-living V. fischeri, flows through the mantle cavity of E. scolopes hatchlings (Visick et al., 2021). After aggregating at the surface of the light organ’s pores, bacteria are brought into the light organ’s crypts by the host’s ciliary beats. This recruitment of bacteria subsequently induces a series of morphogenesis events of the light organ in the next four days post-hatching (Nyholm & McFall-Ngai, 2004; Nyholm & McFall-Ngai, 2021). Over the following four weeks, the host light organ becomes fully mature, and the bobtail squid’s behavior changes from arrhythmic to nocturnally active (Nyholm & McFall-Ngai, 2004; Nyholm & McFall-Ngai, 2021). After hatching, the sepiolid quickly develops a diel behavioral pattern linked with the variation in bacterial density in the light organ, and the symbiont undergoes a metabolic change. The symbiont starts to shift its nutrient source to chitin at nighttime, causing the pH in the crypts of the light organ to decrease and, in turn, the luminescence to increase (Nyholm & McFall-Ngai, 2021). At dawn, bobtail squids expel between 90 and 95% of the symbiotic bacteria into the surrounding water, a process referred to as “venting”. The animal then remains buried until dusk, by which time the 5–10% remaining bacteria have multiplied to fully re-occupy the light organ. Finally, bobtail squids rise out of the sand at night to hunt, with a fully restored bacterial population and using the bacterial bioluminescence as camouflage (Jones and Nishiguchi, 2004; Nyholm and McFall-Ngai, 2004; Nyholm and McFall-Ngai, 2021).

The regularity of this behavior makes E. scolopes a prime subject for understanding morphological, physiological, biochemical, molecular, and genetic pathways associated with such host– microorganism interactions. Moreover, the ease of rearing both partners, as well as the possibility of raising individuals in aposymbiotic conditions (without the bacterial symbiont), allow a deep understanding of such a relationship (Nyholm and McFall-Ngai, 2004; Lee et al., 2009; Nyholm and McFall-Ngai, 2021). Euprymna scolopes’ genome availability is a reference in the field and set the interest in other species of this genus (Belcaid et al., 2019; Jolly et al., 2022). In fact, thanks to E. scolopes, there are now additional emerging models such as E. berryi and E. morsei (Jolly et al., 2022).

Finally, Vibrio fischeri colonizes the epithelia of Euprymna scolopes extracellularly, along the apical surface of this epithelium. This process is similar to how the microbiome cells associate with gut epithelia, including in humans (Nyholm and McFall-Ngai, 2021). Therefore, the squid–Vibrio system can also be used to gain insight into the mechanisms underlying the recruitment of gram-negative bacteria by the epithelia and the mechanisms by which they persist over the life of the host.





5 Conclusions and future directions

This study reviews the biodiversity of light-producing cephalopods and provides insights into their geographic distribution, following earlier reviews by Berry (1920a; 1920b) and Herring (1977b; 1988). We show that out of the 834 currently known cephalopod species, 32% are luminous with light organs most often occurring on the head region. Both coastal and oceanic light-producing cephalopods show clear latitudinal gradients of species richness, with higher diversity at lower latitudes. To understand the future geographical distribution of luminous cephalopods, new state-of-the-art techniques such as environmental DNA (eDNA, DNA obtained from environmental samples rather than organisms directly and that is released and accumulated in the environment by these organisms; Thomsen and Willerslev, 2015) could help obtain more complete temporal and biogeographical data. This eDNA could also be used for biodiversity research and monitoring (Thomsen and Willerslev, 2015). Across the past few decades, research on bioluminescent cephalopods has mostly focused on three main research areas (genetics and -omics, biochemistry, and microbiology) and mainly on the bobtail squid Euprymna scolopes. We have little ability to predict how bioluminescent cephalopods may respond to future anthropogenic pressures. At present, only two studies involving climate change-related stressors have been conducted to investigate the adaptation capabilities of Vibrio fischeri to temperature and pH stress, and how these affect the initiation of the symbiosis with Euprymna scolopes (Cohen et al., 2019; Cohen et al., 2020). Moreover, cephalopods, including bioluminescent species, are present in the diets of numerous top predators (Clarke, 1996; Klages, 1996; Smale, 1996). However, with climate change pressures, the geographical distribution of marine species such as cephalopods will change (Golikov et al., 2013), which would then affect food webs by impacting the top predators (Xavier et al., 2018). Thus, studying and understanding the marine food web dynamics in relation to future environmental climate is highly relevant. Many species-specific questions also need to be answered, such as: i) Which evolutionary processes led to a single species within a diverse family, such as Gonatus pyros, developing or retaining photophores? ii) which additional roles might luminous bacteria play within hosts that do not utilize their luminescence (e.g., Sepioteuthis lessoniana and Neorossia caroli)? iii) What additional bioluminescent cephalopods exist beyond those currently reported?

Finally, -omics research is becoming more and more dominant, bringing the possibility of a wide range of additional studies. The genome sequencing of cephalopods with bacteriogenic bioluminescence, such as E. scolopes, shows that these light organs can have a specific genomic signature, highlighting genes associated with host immunity and light mediation (Belcaid et al., 2019). However, as bacteriogenic species are limited to sepiolids and loliginids (Belcaid et al., 2019), more studies are required to analyze the genomic markers in cephalopods with autogenic bioluminescence. Moreover, such techniques have enabled, for example, a genus-level phylogenetic analysis of cephalopods, including bioluminescent species, using molecular markers (Sanchez et al., 2018). On the other hand, one striking feature of cephalopods is their ability to edit their messenger RNA, mostly converting adenosines to inosines (Alon et al., 2015; Albertin et al., 2022). While such research has mainly focused on non-luminous species, it would be interesting to focus future studies on species that have the capacity for light production as a comparison.
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