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Scientific background

Bioluminescence is a fascinating phenomenon characterizing many marine taxa from bacteria to fish. In contrast to bioluminescent flashes in most animals, bioluminescence in bacteria occurs in form of a continuous glow in the presence of oxygen and at cell concentrations exceeding the quorum sensing level. The adaptive benefits of bioluminescence for marine bacteria are uncertain. Recently proposed physiological and biochemical functions, focussing mostly on enhanced DNA repair and UV resistance, have been questioned. Over 30 years ago Hastings and Nealson proposed that bioluminescence augments the propagation and dispersal of bacteria by attracting fish to consume the luminous material. Beside studies showing that luminous bacteria thrive in and survive passage through fish guts, this hypothesis (hereafter “HN hypothesis”), to my knowledge, has not yet been tested. In my thesis I suggest that the HN hypothesis  is based on a “bait” mechanism consisting of the 5 following steps: (1) bacterial bioluminescence is a reliable signal of a food patch in the ocean, e.g. marine snow; (2) zooplankton is attracted to luminous bacteria and grazes on the bacteria-rich organic matter; (3) due to its contact with or ingestion of the luminous bacteria, the zooplankton itself becomes glowing; (4) the glowing zooplankton is readily detected and consumed by fish, (5) conveying the luminous bacteria to their nutritious guts and later dispersal in the ocean. The objective of my study was to test the key stages of this pathway related to the role of bacterial bioluminescence in attracting zooplankton and fish. 

Methods

Bacterial cultures
Photobacterium leiognathi, a luminous bacterium isolated from the sea water (600 m depth) of the Gulf of Aqaba, Red Sea, and a dark mutant of the same isolate were cultured using classic microbiological techniques. Bioluminescence of bacterial cultures was verified by visual inspection in a dark room and by measuring the relative luminescence of 1 ml culture using a calibrated analogue photomultiplier.
In situ attraction of zooplankton to luminescent bacteria

The attraction of zooplankton to bacterial bioluminescence was examined in situ off the IUI pier at nighttime using a filtration system consisting of two aquarium filtration pumps with attached plankton nets mounted on a floating frame 90 cm apart from each other. In front of each pump’s water intake an Erlenmeyer flask was mounted, one containing a bioluminescent culture of P. leiognathi and the other empty as a control. The zooplankton samples collected in the nets over the course of the experiment were preserved and examined using a dissecting microscope. 
Induction of bioluminescence in Artemia salina
Bioluminescence was induced in the brine shrimps Artemia salina (hereafter “Artemia”) by placing them for 10 s in a liquid culture of bioluminescent P. leiognathi, followed by a thorough rinsing with filtered sea water. In spite of this rinsing procedure, some bacteria remained adhered on the Artemia’s appendages as revealed by long exposure photographs. A batch of 10 glowing Artemia was prepared for each run of the fish feeding experiment (see below). The luminescence of each individual in the batch was verified with the photomultiplier. An identical procedure of 10 sec swim in a culture of the dark mutant was used to produce non-glowing, “control” Artemia.  

Fish and prey

The nocturnal cardinalfish Apogon annularis, collected in the shallow reef in front of the IUI, was used as a predator. A. annularis is a small (7-10 cm), common zooplanktivorous reef fish that hides in deep caves and crevices during daytime and forages at night. The fish’s functional response is light dependent with zero prey detection in complete darkness. Prey used in the fish feeding experiment were live, adult brine shrimps Artemia salina, ~1 cm in length. Fresh specimens were collected every few days and kept unfed in aerated aquaria filled with filtered sea water. Although Artemia is not a natural prey of A. annularis, it was readily consumed by the fish, which allowed using the same prey type in the replicated experiment. 

Fish feeding experiment

The experiment was carried out in complete darkness in a recirculating laboratory flume measuring 320 l in volume, 2 m in length and 30 × 30 cm in cross section. The sides of the working section were made of transparent glass. The fish motions were recorded in the dark using an infrared-sensitive video camera. A mirror attached above the experimental arena inclined 45° allowed tracking the fish movements in three dimensions.

Each experimental run consisted of two phases, each consisting of offering 10 glowing or non-glowing Artemia to the fish. The order of glowing and non-glowing phases within a run was randomized. One to two runs were carried out per night. Four complete runs were conducted with each of 3 fish.

The 10 Artemia were inserted into the flume and the fish was allowed to feed for 2.5 min. The run was terminated by inserting a plankton net into the flume, upstream of the working section. The net, mounted on a square aluminium frame, which tightly fitted the flume's inner cross-section, was used to collect the Artemia that survived predation by the fish. The number of Artemia in the net was subtracted from the number initially offered (10), yielding the number eaten by the fish. Control runs without fish indicated a capture success of 98%. 

P. leiognathi in A. annularis’ faeces

To determine qualitatively whether P. leiognathi cells survive digestion by A. annularis the fish’s faeces were analysed after feeding on either glowing or untreated (non-glowing) Artemia. The respective faeces were washed with sterilized sea water, homogenized and after serial dilutions plated on agar plates. The plates were incubated at 30°C overnight and the luminous colonies were counted. 

Results

In situ sampling of zooplankton near a culture of P. leiognathi showed that some zooplankton groups, mostly crustaceans with compound eyes, were attracted to bioluminescent light. 
Artemia became glowing after swimming for only 10 s in a dense culture of P. leiognathi. Most of their luminescence originated from the exoskeleton and appendages. Bioluminescence in Artemia persisted for at least 2 hours, rapidly decreasing in the first 20 min to 37 % of the initial value, gradually decreasing to 16% after 2 h. Although the experimental conditions obviously differed from natural zooplankton feeding, it is conceivable that luminous bacteria can similarly attach to, or be ingested by zooplankton that grazes on bacteria-rich particles such as marine snow. 
The glowing Artemia were readily consumed by the nocturnal fish A. annularis in complete darkness, a condition in which this fish cannot detect non-luminous prey. Artemia that similarly contacted a culture of a dark mutant of P. leiognathi, and therefore did not glow, were captured only on rare occasions when an individual was drifting directly towards the fish’s head. These results indicate that contacting or feeding on luminous matter is risky for zooplankton. 
Viable P. leiognathi cells were found in the faeces of A. annularis after feeding on glowing Artemia showing that P. leiognathi survives the passage through the gut of A. annularis. 

Research significance
My study provides, for the first time, a strong experimental support for the HN hypothesis by showing that (1) luminescence in the marine bacterium P. leiognathi attracts zooplankton, (2) zooplankton contacting cultures of this bacterium starts to glow, which (3) renders it highly vulnerable to predation by nocturnal fish. I propose that in a food-deprived environment, such as the deep sea, this risk can be offset by the benefit of finding a rare patch of organic matter, e.g., marine snow. The benefit to lured zooplankton would be effective only if bacterial bioluminescence is a reliable indicator of a rich patch of food. The reliability of this signal is corroborated by the fact that in most known luminous bacteria, including P. leiognathi, bioluminescence is initiated only after the density of bacteria has exceeded a threshold value ("quorum sensing"), occurring when bacteria grow on rich substrate. The consumption of glowing zooplankton by fish, together with the fact that luminous bacteria survive the passage through their guts, indicates that the bait mechanism can explain bacterial bioluminescence in the sea. 

