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Abstract

:

The importance of mucus produced by jellyfish species remains as understudied as their feeding behavior. Here, we study medusae under captivity, ascertain the role of mucus, and describe its feeding behavior. Between February and March 2019, live adult cannonball jellyfish, Stomolophus sp. 2, were collected in Las Guásimas Bay (Gulf of California, Mexico) and were offered fish eggs, mollusk “D” larvae, or Artemia nauplii in 4-day trials. Descriptions of feeding structures were provided for S. sp. 2. Digitata adhere food and scapulets fragment them, which, driven by water flow, pass via transport channels to the esophagus and the gastrovascular chamber where food is digested. Due to stress by handling, medusae produced mucus and water, lost feeding structures, and decreased in size. Based on our observations and a thorough literature review, we conclude that the production of mucus in S. sp. 2 plays several roles, facilitating capture and packing of prey, acting as a defense mechanism, and facilitating sexual reproduction; the latter improves the likelihood of a population persisting in the long run, because fertilized oocytes in mucus transform to planulae, settle, and transform into asexually reproducing polyps. Polyps live longer than the other life stages and are more resistant to adverse environmental conditions than the medusoid sexual stage.
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1. Introduction


Worldwide, the number of studies on medusae species are increasing due to their massive irruptions occurring in several places [1,2]. These events are attributed to factors such as overfishing of their competitors, natural predators [1,2,3,4], eutrophication of coastal waters [5], global ocean sprawl in artificial structures [6,7], alterations in flow of rivers [8,9], and climate change [10,11,12,13,14]. Jellyfish aggregations play important roles in marine ecosystems; during blooms, they can exhaust local plankton communities and impact wider trophic webs [15,16,17]. Most cnidarian medusa, such as scyphozoan (jellyfish) and cubozoan (box jellies) species, reproduce sexually and asexually. In general, asexual reproduction involves budding and strobilation of benthic polyps, while sexual reproduction entails female and male release of ova and sperm in the water during their breeding season [18,19,20,21].



Medusae are voracious predator species with various feeding strategies [22,23,24,25]. The feeding process in medusae relates to their anatomy, which results in species-specific differences in capture and ingestion modes. Cyanea capillata and Aurelia aurita have been reported to capture prey using tentacles, where prey species are attached and subsequently transported to the oral lobes to be digested [26]. However, Rhizostomae jellyfish, such as Stomolophus meleagris, do not have marginal tentacles; therefore, structures such as the manubrium, oral arms, and scapulets maintain contact with food through the mucus and nematocyst [25,27,28,29]. Nemopilema nomurai presents pores in the oral arms and scapulets, that limit prey size [28]. Finger-like projections (digitate) [30] are also observed in these structures; they paralyze prey [28] to retain food particles [31] and carry them through the pores [28,30].



A notable feature of jellyfish species is mucus production, a viscous substance secreted as a stress response [32]. In A. aurita, the mucus is composed of proteins, lipids, and carbohydrates [33]. In Cnidaria, approximately 95% of the total wet mass of mucus is water, 3% mucin glycoproteins, and 2% cellular debris and water-soluble proteins [34]. A. aurita has mucus-producing cells that occur over the epidermis in ciliated areas and the gastric cavity, specifically in the villi’s apical region and cavity wall [27,33].



In the order Rhizostomae, the mucus can facilitate feeding [5], although its precise role and function are unclear. For scyphozoans, including S. meleagris, it was found that the mucus contained nematocysts and toxins which serve defensive purposes [35]. In the mucus of the jellyfish Cassiopea xamachana, mobile cellular structures were identified which trap and paralyze prey [36]. On the other hand, in Pelagia noctiluca, mucus serves to increase the likelihood of fertility [37].



Mucus contributes to other non-physiological functions. In previous studies using Aurelia coerulea, it was shown that mucus works as a “cleaner”, preventing bacteria and debris accumulation on the surface [32,33]. Another novel role was hypothesized; mucus could be related to recruitment of a bacterial microbiome, as it can trap microbes from surroundings to colonize surface or gastric cavity [38]. It is essential to consider microbiome since it can be beneficial because some bacteria can synthetize antimicrobial compounds, which are helpful for jellyfish as the first defense against infections [34]. Finally, as prey and bacteria adhered to mucus, other compounds and microplastics were attached [33,39]. This could represent a problem to medusae, because they can accumulate in their bodies; or be beneficial, if used as a vehicle to remove pollutants from seawater [33].



The study of basic jellyfish biology is crucial to understand their role in the ecosystem and the importance and long-term adaptation to variable environments. In some commercially important species, such as the genus Stomolophus, the roles of mucus have not been thoroughly documented. In the present work, mucus production of a cannonball jellyfish S. sp. 2 was carefully observed to answer the question, “What might be its role(s) in the life history of the species?”




2. Materials and Methods


During February and March 2019, 54 live specimens of blue cannonball jellyfish (Stomolophus sp. 2 sensu Gómez Daglio and Dawson [40]) were hand-picked outside Las Guásimas coastal lagoon (27° 51’ N, 110° 35’ W) in the Gulf of California, on board commercial fishing boats. Medusae samples were transferred for experimentation to the Center for Reproduction of Marine Species of the State of Sonora (CREMES) laboratory in Kino Bay (28° 52’ 29” N, 112° 01’ 54” W). For transportation, medusae were placed in plastic bags within 19 L buckets, each bag with 10 L filtered (5 µm) seawater, 100% saturated with oxygen. The smallest specimens measured 80 mm bell diameter (BD). Previous histological works indicate that males and female blue cannonball jellyfish of this size range are sexually mature [41]. We decided to work with mature medusae to avoid potential confusion if immature organisms were also used, and because commercial catch of immature medusae is forbidden by Mexican law.



Previously, a simple and inexpensive experimental aquarium system (Figure 1) was developed by the authors to maintain medusae under controlled conditions. Our system was designed specifically to avoid physical damage to the umbrella of medusae. This was done as an alternative to the relatively expensive Kreisel tank, commonly used to maintain live medusae because of the laminar flow it produces (e.g., [42,43]). The system consisted of an 8 L cylindric plastic bucket placed inside a 20 L plastic bucket. Two equidistant, circular holes (2.54 cm in diameter) were drilled in the inner bucket 5 cm below the upper rim. This created, by negative air pressure, a gentle water flow towards the inner bucket. Then, 7 L of seawater were poured into the inner bucket, where two medusae were placed, while the outer bucked contained 4 L of seawater.



Aeration and negative pressure were generated using two plastic hoses introduced in 1.25 cm-PVC tubes. Two 90° PVC elbows were placed in the same direction, parallel to the inner bucket wall. This array provided a slow unidirectional water flow which in a few minutes created a water circulation with slight surface bubbling caused by the water cascading on each side at roughly 19 mL/s (Figure 1).



When jellyfish specimens arrived at CREMES, they were kept under a period of starvation for 24 h to eliminate their gastric content. This time of acclimatation was chosen after preliminary trials, where it was observed that 48 h of starvation caused medusae to lose their feeding structures (see below for details). During this 24 h period, as well as the feeding essays, two full water exchanges were completed with filtered (10, 5, and 1 µm) and-UV sterilized seawater, at an average temperature of 22.5 °C, 4.2 mg/L oxygen concentration, and 36 PSU.



2.1. Feeding Essays


All specimens were measured on their bell diameters (BD) upon arrival to the laboratory and at the end of the essays. To conduct this measurement, medusae were held vertically by their oral arms (Figure 2A), and using a vernier, the BD was measured (1 mm precision). Most medusae were 80–90 mm in BD (mean = 87 mm, sd = 4.8 mm); in the few cases where we had a 100 mm BD individual, we paired it with a smaller one to avoid crowding as much as possible. It is important to note that the sex of adult cannonball jellyfish cannot be determined by eye; therefore, some tanks contained only males, others only females, and in some both sexes coincided. Each feeding essay was done on a separate week (Table 1). In week 1, six containers (six replicates) were provided of Artemia nauplii, each container with two medusae (n = 12 in total). At the same time, three containers were controls without food, each container with two medusae (n = 6 in total). The second week, the experiment design was the same, but with changed food item (mollusk “D” larvae); the third week, the same experimental design was set up for Totoaba macdonaldi fish eggs. This gave a total of 18 medusae each week (12 medusae per treatment and 6 for the controls); however, due to an involuntary omission, we only measured 16 control individuals at the end of the experiment. Over a period of three days after the 24 h period of gastric content depuration, medusae were fed every 12 h immediately after exchanging water and debris. During cleaning of the tanks, medusae were manually transferred to fishbowls with gentle surface aeration, and thereafter, they were returned to the essay tanks. This cleaning process lasted between 30 to 45 minutes for each essay tank. Table 1 describes the feeding treatment of the essays.



The number of prey items per treatment of Artemia nauplii and “D” mollusk larvae were chosen following Larson [31]. The diet of captive medusa often consists of Artemia spp. nauplii [44], which contains proteins and lipids to cover their feeding needs [45]. The feeding rates for Artemia nauplii and “D” larvae were 65,000/7 L. The concentration of fish eggs was subject to availability of induced spawning of adults at CREMES. We nevertheless made sure that enough eggs were available for the medusae (0.34/mL compared to 0.05/mL egg in the wild [46]). After the cleaning process of the experimental tanks, the concentrations were set up to the designated rates. Pulsation rates of medusae caused when food items were provided were determined by direct observations and video recordings.



Due to the distinctive brownish-orange color and size of nauplii, we only described the feeding process of medusae fed Artemia nauplii. In contrast to the case of “D” larvae and fish eggs, the characteristic color of nauplii allowed its visualization, and facilitated a detailed description of how food was transported inside the medusae, both with the naked eye and under the microscope.




2.2. Mucus Samples


As soon as medusae were placed back from the temporary containers into the essay tanks and were fed, they began producing mucus. Depending on time availability, between one and five samples of mucus were collected from the bottom using plastic Pasteur pipettes. These samples were easily collected because the mucus is denser and therefore settled below the sea water. The 20 mL samples were immediately observed under a Carl Zeiss Primo Star microscope (Oberkochen, Germany). Thorough analyses were performed, identifying and recording items found. In the case of nematocyst found in the mucus, a Marienfeld Neubauer camera (Lauda-Königshofen, Germany) was used with 100× augmentation.




2.3. Reproduction


We registered oocytes ca. 50% of the times that they were expelled and fertilized, found in mucus collected from the bottom of the containers, observed both in experimental (70%) and controls (30% of the containers). These reproductive cells were kept in isolation in crystal vases with low and constant aeration at 23 °C. Microscope glass slides and fine plastic mesh (500 μm) were placed inside the vases to allow planula larvae to settle and develop into polyps. We kept a micrographic register and measured size of oocytes, planula, and polyps using the software Adobe Photoshop CS extended version 13.1.2.




2.4. Change in Bell Diameter


The change in size of medusae was analyzed, comparing their initial and final bell diameter (BD). First, we evaluated possible differences in initial BD for all three treatments and the control to account for the possibility that initial size could have an effect in the change of BD. We then computed the proportion of change in BD as:


  BD =   B D i − B D f   B D i    



(1)




where BDi and BDf are, respectively, the initial and final bell diameter of each medusae.



The resulting proportions (X) were transformed using


  2    (  a r c s i n e    [   X     ]   )   



(2)




prior to applying the Kruskal–Wallis test of equality of medians [47]. The same non-parametric test was used to analyze possible differences in initial size of medusae. As the null hypotheses of equal medians could not be rejected in either of the two analyses, no post-hoc test were further conducted.





3. Results


3.1. Feeding Behavior


For medusae fed Artemia nauplii, we found food (Figure 2B,C) in oral arms and scapulets (folds at the bases of the lobes of the manubrium) covered with mucus (Figure 3). During the transport of food items, we observed digitata covering the base of the inner oral arms throughout the mouth; it was here where we found food items conglomerated and adhered (Figure 2B,C). Once the jellyfish captured food items, there was a two-fold change in their activity: (1) increased pulsations of the umbrella, and (2) swimming in one direction, to random vertical swimming in the water column. Pulsation rates increased by an estimated 20% as determined by direct observations and video recordings. Food captured in the scapulets were fragmented into smaller particles (Figure 2D) and incorporated to adjacent pores (Figure 4D). Food was also conveyed through transport channels (CT) (Figure 3), driven by water flow to the mid-section of the central tube or esophagus, and from there to the gastrovascular cavity, where food accumulation was observed (Figure 5). Once in the gastric cavity, food was digested through the gastric filaments (Figure 5), and incorporated through the translucid umbrella radial channels, which took the same brownish-orange color as the food item (Artemia nauplii).




3.2. Mucus Secretion


After each water exchange, we evidenced expulsion of mucus and water with encapsulated or conglomerated food items. No observable differences were detected in mucus production related to food items. Observation under the microscope enabled us to identify food and gastric structures (Figure 6A). In the control medusae, we observed that even when under starving condition, they clearly produced the same viscous liquid and also contained oocytes, gastric filaments, and food scraps (Figure 6B).



Similarly observed in the mucus were nematocyst-like structures (Figure 7), which were previously reported for Stomolophus [48].




3.3. Reproduction


During the course of the present work, oocytes were observed in some of the experimental containers (see below); in such cases, the water temperature ranged from 21.6 to 23.2 °C. The presence of oocytes in experimental tanks (six replicates and three controls) varied only slightly with the food treatment: Artemia nauplii, 5 out of 9 (56%); “D” larvae, 4 out of 9 (44%); and fish eggs 4 out of 9 (44%) containers. Approximately (estimated by the first two authors) 80 to 90% of observed oocytes were undergoing cleavage. In the same proportion of observed oocytes per container, expelled digitata structures were also found in the mucus/water samples (Figure 8A). Planula larvae were also found in the water column of the experimental systems, and in a few of them (10%), polyps were also observed (Figure 8B). Oocytes collected which were in good shape were isolated in glass vases, and their development was observed (Figure 8B).



Oocytes, planula, and polyps were also observed in the control containers, although less frequently: 2 out of 9 containers or 22.2% contained either of all of those three life stages. In the control group, majority of oocytes deteriorated and did not develop. Other feeding structures were also found in these cases (Figure 6B).




3.4. Change in Bell Diameter


During the experimental periods, a median BD reduction of 8.5 mm (n = 12), 9.5 mm (n = 12), 10 mm (n = 12), and 9.25 mm (n = 12) were observed in individuals fed Artemia nauplii, “D” larvae, fish eggs, and control (n = 16), respectively. There were no significant differences neither in the median initial size (H = 0.71, P = 0.87), nor the proportion of reduction in size (H = 2.11, P = 0.54) between either of the four treatments (Figure 9).



Small lacerations in the umbrella, and damage to the oral arms were also observed. These medusae showed a decrease or absence of digitate structures, which were found in the mucus samples.





4. Discussion


The relatively recent frequency of jellyfish blooms worldwide can significantly affect commercial fisheries; it is therefore essential to study all issues related to them. In the case of Mexico, Stomolophus spp. [49] demands biological and ecological research to better understand the role of jellyfish species in ecosystems and provide useful information for planning adequate management actions. Through controlled experiments in S. sp. 2 specimens, the effect of different food items and stressors were observed, noting responses regarding: (1) feeding behavior, (2) secretion of mucus, and (3) decrease in bell diameter (BD) of medusae.



4.1. Feeding Behavior


During feeding, food items were incorporated into two structures: oral arms using multiple mouths with accessory structures (digitata), and scapulets through channels transporting food to the gastric chamber. This type of feeding was documented for other Scyphozoan medusa (L. lucerna and N. nomurai [25,28,50,51]), which have the same feeding structures observed in S. sp. 2. The feeding process begins when prey items are captured through negative pressure by a water flux produced by the medusae; the amount of prey encountered varies depending on the siphoned water volume [50]. As we used a relatively small water volume (7 L) in the experimental containers, this may have facilitated the encounter rates of medusae and food. Medusae captured prey items and transported them to the gastric chamber. In the present work, we observed that the pulse rate of the umbrella increased while the medusae was feeding. Despite the small water volume, we were able to observe that the direction of swimming changed to an up-down behavior once prey items were detected, most likely to maximize encounter rates. This behavior was observed in A. aurita and is regarded as an advantage during food search [5,50,52].



The roles of mucus and digitata are to compact and direct food to the mouth, which is later transported through the esophagus into the gastric chamber to be enzymatically digested [5,27]. Using much larger water volume in N. nomurai, it takes from 10 to 20 minutes to retain food with the oral arms, scapulets, and manubrium, whereas in S. sp. 2, it took only seconds to minutes. Such difference might be related to species-specific anatomic and feeding strategies [28,50]. While N. nomurai ingests prey through the pores in the oral arms, S. sp. 2 begins the ingestion process in the central mouth. This could be regarded as an adaptive feature to increase ingestion efficiency when food is available in the environment. However, digestion, regarded here as the vanishing of food items inside the umbrella, can be considered a slow process compared to other species. In N. nomurai, this takes only 1 h and 20 min, while in S. sp. 2, food remained in the umbrella channels after 12 h of ingestion.




4.2. Mucus Secretion


Our results and a careful analysis of the scientific literature, indicate the great importance of mucus for jellyfish species. After observing the items found in the mucus of S. sp. 2, we concluded that the release of mucus had three purposes: food capture, defense, and to facilitate sexual reproduction. Mucus production significantly facilitated jellyfish to capture prey because it forms lumps or conglomerates. Studies of other medusae reported that mucus promotes food transportation through the esophagus to the gastric pockets, even when prey items were small [5,25,53,54,55]. In our work, mucus production could result from the expulsion of food from the mouth due to manipulation-induced stress, as has been described for other species [5].



Mucus production could be a protective mechanism as a reaction to manipulation [31,32,35] and serves as a defense against potential predators, judging by the significant number of nematocysts found in it [31,32,35,36,56], as observed in the present work. The mucus in Cnidaria contains components for self-defense [32,34,36,57,58]. When A. coerulea is stressed by environmental cues, it reacts in the same fashion as observed after manipulation [32].



Oocytes were found in the mucus of S. sp. 2, which suggests that it is also important in sexual reproduction, as previously reported for P. noctiluca. For this species, mucus increases the buoyancy of eggs and the likelihood of fertilization by maintaining strings of eggs in the water column [37,59]. It should be cautioned that both P. noctiluca and S. sp. 2 are broadcast spawners, but the former is holoplanktonic, i.e., it does not have a benthic stage [60]. This strategy was not evident in the case of S. sp. 2 under captivity. In the present study, the highest number of oocytes were found in mucus collected from the bottom of the containers; this might not be a natural behavior displayed by S. sp. 2. Sperm was not observed even when it had to be expelled to fertilize the oocytes. Calder [18] described the life cycle of S. meleagris and pointed out that the fertilized egg produces a planula larva which swims in the water column for 2 to 5 days before settling in the bottom.



The mucus remained near the water surface for a few minutes after release, then circulated in the water column, ending on the bottom of the containers together with food and other structures. It was reported that the mucus in A. aurita and Carybdea rastonii functioned as a “conveyor”, transporting organic matter to the sea bottom [55].



We hypothesize here that gamete release can be due to either of two factors. First, the intensity with which mucus is produced, based on findings of other internal structures such as digitata and gastric filaments. Alternatively, because of the starving conditions of medusae. Gametes were released, which resulted in fertilization; posterior formation of planula, observed in this work; and polyps attached to different substrates, such as glass slides and pieces of plastic net placed in the containers. This was observed in other species of medusae where the allotment of energy depended on food availability [37,61]. Sexual reproduction to ultimately form polyps can be an adaptive behavior. It is known that the benthic stage of Scyphozoans regulates the abundance of the medusoid stage because polyps are capable of surviving and asexually reproducing for several years [18,20,43].




4.3. Size Reduction of Jellyfishes


Shrinking may be a transitional resting stage while the environment improves [37,62] which might be an adaptive behavior; when food is scarce, energy is spent in reproduction and offspring survival at the cost of not forming or even losing individual biomass [37,61,63]. For example, it was reported that P. noctiluca, a holoplanktonic jellyfish, released gametes over a 28-day starving period while losing body size [37].



Based on findings of the present work, we believe that the decrease in BD of S. sp. 2 resulted after the expulsion of feeding structures, the constant production of aquose mucus [25,36], and reproductive events. Brewer [64] suggested that medusae display two growth phases. In the first phase, they show an exponential growth; and in the second, the rate declined sharply and senesced. During the second, senescing phase, medusae lost structures. First, tentacles; followed by oral folds; and lastly, gonads, after which they die.



Like most fast-growing species, S. sp. 2 is quite susceptible to food availability; after 24 h of starving, individuals began to shrink. In Ctenophora, a 19% to 63% reduction of metabolic rate after 24 h of starvation was observed [65]. In the present work, prey items were offered separately, which may have not supplied enough nutrients to grow or maintain their size. In the wild, these medusae have access to a wide diversity of prey: fish eggs, copepods, bivalve larvae, gastropods, and Cirripedia [66,67], which together comprise a diet rich in protein and lipids to allow growth and gonad development [66,68]. Food availability was related to size regulation in A. aurita and P. noctiluca, as they shrank when food offered was not sufficient to fulfill their growth requirements [24,44,61,63].



Reduction in BD was not significantly different in medusae fed fish eggs and “D” larvae or Artemia nauplii. Often, Artemia nauplii are fed to medusae in laboratory studies because they are easy to cultivate and provide nutrients for the first growth stages of many species [44,69,70]. Based on our observations, we believe that the reduction of BD of S. sp. 2 fed Artemia was not due to a reduced medusae capture efficiency. As soon as Artemia contacted the mucus and digitata, they remained still, similar to what occurs with N. nomurai [28]. The reason why medusae decreased in size in either food treatment seems to be related to constant production of gametes, mucus, and loss of feeding structures. Therefore, we pose that stressed medusae reduced feeding rate and channeled energy to sexual reproduction, i.e., released gametes without somatic growth, as was observed in other species in response to low food availability [61,63]. It should be noted that mucus production in cnidarians results in release of organic matter which contains proteins (mucin), lipids, carbohydrates, and various organic elements, such as dissolved nitrogen, free amino acids, and organic phosphorus [71,72]. The production of mucus is species- and weight-specific [72], so it should be surprising that its secretion produced the shrinking of S. sp. 2.




4.4. Feeding Structures in Mucus


To our knowledge, the feeding structures found in the mucus, gastric filaments and digitata, had not previously been reported for adult Stomolophus sp. 2. It was documented that, prior to death, medusae decay until shape changes, losing tissues and shortening oral arms and tentacles [64,69,73]. The latter was observed in the present work in the umbrella and reduction of digitata, feeding structures associated to oral arms used to capture food [5,74]. Shrinking of tentacles when food was scarce was related to autophagia [29,73] as an adaptation to reduce body mass under unfavorable metabolic and environmental conditions, allowing medusae to adapt to scarce food [29,32,62,75,76]. However, we believe that under such conditions, losing or reducing size of digitata can increase damage and reduce survival. These structures aid in capturing food, and shrinking would decrease medusae feeding ability, thereby precluding growth, or even reducing size. This was observed for L. lucerna, which, under high temperature and low food, contracted their tentacles and reduced size and movement, which impeded food intake, ultimately leading to death [74]. This phenomenon was also observed in Cassiopea spp. which, when subjected to low temperatures, decreased body mass, and lost tentacles and the ability to transfer captured food to the mouth [77].



We argue that such a phenomenon is of key importance in the wild. If gregarious S. sp. 2 cannot find food in a relatively short period of time, they decrease or lose their ability to eat. If food is available afterwards, they will not be able to ingest it, which will lead to potentially massive deaths. S. sp. 2 are strong jet-propulsion swimmers [35,51], selective feeders [31,67], and fast growers [78]. The high local variability in abundance of this species is most likely related to their need to move constantly in search for food. Finally, the production of mucus seems to be a key factor affecting the BD of S. sp. 2. The constant production of mucus followed by autolysis under stress, as in the cases of A. coerulea and S. meleagris [32,79], can be a factor determining the high variability of jellyfish in general.





5. Conclusions


For adult Stomolophus sp. 2, we provided the first detailed descriptions of feeding structures and how they function to capture and process food items. Digitata (finger-like projections covering the inner oral arms through the mouth) adheres food, and scapulets fragment them into smaller particles, which are incorporated into adjacent pores. Driven by water flow, food passes through transport channels to the esophagus and the gastric chamber and is digested through gastric filaments.



Mucus production after manipulation of medusae increased the pulse rate of the umbrella, and a change in the swimming direction might result in a high capture efficiency of prey. This allows medusae to ingest large amounts of food in short time periods, provided that the prey offered or found in the wild satisfies their needs to grow and remain alive.



The function of mucus in S. sp. 2 seems especially important in feeding by facilitating capture and packing of prey. Mucus also appears to be important as a defense mechanism and for sexual reproduction of this species; further studies are needed in this respect.



In S. sp. 2, the role of mucus in sexual reproduction might improve the likelihood of a successful population, because fertilized oocytes transform into planulae, which then settle to produce benthic polyps that are more resistant to environmental stress than the medusae stage [18,79].
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Figure 1. Schematics of the feeding assay system developed for Stomolophus sp. 2. Black straight arrows on top indicate air flow; red curved arrows in the inner container indicate water flow; straight short blue arrows indicate water cascading. 
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Figure 2. (A) Stomolophus sp. 2 showing the bell diameter (BD), umbrella or bell, manubrium (lower portion), oral arms in the manubrium, and its characteristic blue pigmentation. (B) Oral region where the medusae captures food with the digitata. (C) Various Artemia nauplii conglomerated in the digitata. (D) Artemia nauplii seemingly predigested. 
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Figure 3. Longitudinal section of medusae showing the transport of food. A: location of digitata at the end of the oral arms and central tube of medusae; B: digitata in scapulets conducting food through the transport channels (TC). 
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Figure 4. (A) Medusae showing scapulets; (B) Cross section of the scapulets (4×); (C) Digitata (10×); (D) Pore located in the digitata and indicated by the red arrow, the transport of particulate food (100×). 
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Figure 5. Cross-section of a Stomolophus sp. 2 umbrella showing the gastrovascular cavity. G: Female gonad with oocytes; GF: Gastric filaments. 






Figure 5. Cross-section of a Stomolophus sp. 2 umbrella showing the gastrovascular cavity. G: Female gonad with oocytes; GF: Gastric filaments.



[image: Diversity 14 00103 g005]







[image: Diversity 14 00103 g006 550] 





Figure 6. Structures found in the mucus expelled by S. sp. 2. (A) Food and gastric filaments. (B) Mucus expelled by a three-day starving medusa showing oocytes, gastric filaments, and digitata. 
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Figure 7. Probable nematocyst found in the mucus expelled by Stomolophus. sp. 2, observed using a Neubauer camera at a 100× magnification. 
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Figure 8. Structures found in the mucus expelled by S. sp. 2. (A) Oocytes expelled by a fed medusa. (B) i: Developing oocytes measuring 99 to 144 μm in diameter; ii: planula measuring 150 μm in length; iii: polyps measuring 430 μm in length with retracted tentacles; iv: 210 μm polyp with extended tentacles. 






Figure 8. Structures found in the mucus expelled by S. sp. 2. (A) Oocytes expelled by a fed medusa. (B) i: Developing oocytes measuring 99 to 144 μm in diameter; ii: planula measuring 150 μm in length; iii: polyps measuring 430 μm in length with retracted tentacles; iv: 210 μm polyp with extended tentacles.



[image: Diversity 14 00103 g008]







[image: Diversity 14 00103 g009 550] 





Figure 9. Reduction (proportional to initial size) in bell diameter (BD) of Stomolophus sp. 2 at the end of the bioassays. 
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Table 1. Feeding treatment, rates, and dates when essays were done.
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	Date
	Food Item
	Items/7 L
	Feeding Rate





	09–13 Feb
	Artemia franciscana nauplii
	65,000
	9.29/mL



	07–11 Mar
	Cassostrea gigas “D” larvae
	65,000
	9.29/mL



	19–23 Mar
	Totoaba macdonaldi fish eggs
	2400
	0.34/mL
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