
ABSTRACT 

DOERR, MARY. The Development of Euthanasia Techniques for Moon Jellyfish (Aurelia 
aurita) and Evaluation of their Tissues Using NMR-Based Metabolomics. (Under the direction 
of Dr. Michael K Stoskopf). 
 

Wild jellyfish are known to have significant impacts on coastal food web ecology and 

water quality. Advances in aquarium engineering and captive breeding capabilities have 

increased the availability of these delicate invertebrates for research purposes, although 

challenges persist in the management of water quality, nutrition, and disease. Moon jellyfish 

(Aurelia aurita) are an ideal species for novel investigations into jellyfish physiology due to their 

cosmopolitan nature, and their shared traits with most species of scyphozoan jellyfish. 

Metabolomics, the study of the small molecules involved in the pathways of cellular metabolism, 

is a rapidly growing area of study with applications in medicine, disease management, and 

marine systems biology. NMR spectroscopy allows for the evaluation of the full spectrum of 

metabolites from any tissue or biofluid and has the additional advantage of allowing for the 

determination of molecular structure from these samples, which can lead to the discovery of new 

biomolecules. Using NMR-based metabolomics to investigate jellyfish has the potential to 

generate new insight into their physiology and to add to the existing knowledge base in the field 

of marine metabolomics. This research project first investigates suitable methods of euthanasia 

for moon jellyfish destined for NMR spectroscopy, and then evaluates metabolic findings in 

captive specimens both healthy and diseased. 
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CHAPTER 1 

Review of Scyphozoan biology and NMR-based metabolomics 

In the summer of 2014, on the coast of Bristol, Rhode Island, I saw bioluminescent 

plankton for the first time. The circumstances then were more romantic than scientific, I admit, 

but that was the moment that sparked my fascination with the sheer strangeness of the marine 

realm, and sitting on the old stone bridge that crossed the inlet connecting Mill Gut Pond to 

Narragansett Bay became a regular exercise in peaceful fascination. Often I saw jellyfish come 

and go with the current - lion's mane jellies, most likely, big and pale and wobbly, swirling in a 

cascade of delicate tentacles as they floated past. At this point in my life I kept current enough 

with popular science news to know that somewhere out there in the world were floating immortal 

jellyfish. "How serene, to be a jellyfish" I thought. "All you do is float and live forever. What if 

jellyfish are just… souls?"  

That's where this pearl of pseudo-philosophical taxonomy remained for quite a while, 

sometimes appearing as a cameo in little moleskine notebook doodles or snippets of poetry, ill in 

both their conception and execution.   But then I found myself starting graduate school, suddenly 

a Master's candidate at North Carolina State University, searching for a thesis topic. My lab had 

been focused for a while on metabolomics work, so it seemed like a given that my project would 

also have that focus. I just had to pick a question and a taxon to investigate.  

Before I could select a target for my research I first had to understand the kind of 

investigation I would be pursuing. Metabolomics is the study of the small-molecule substrates, 

intermediates, and products of cellular metabolism. The array of metabolites present in the 

tissues or biofluids of an organism is called the “metabolome” or “metabolic fingerprint.” Since 

metabolism is a dynamic biological process that can change rapidly in response to environmental 

stimuli, metabolome profiling can yield valuable information about the way that an organism 

responds to change (Viant 2007a). This has applications in toxicology, pharmacology, 

environmental biology, nutrition, and disease biomarker discovery (Peng, Li, & Peng, 2015; 

Watanabe et al., 2015; Keun & Athersuch, 2011; Goulitquer, Potin, & Tonon, 2012). 

The two most commonly used analytical methodologies for metabolomics are mass 

spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR). MS is typically 

utilized in targeted metabolomics, which involves the detection and quantitation of one or more 
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specific known molecules in a sample. Where MS is highly sensitive and well-suited to the 

detection of trace metabolites, NMR provides high-throughput and reproducible method for 

determining the whole metabolic fingerprint of a tissue or biofluid (Kamleh, Dow, & Watson, 

2009; Viant 2007b). Our lab is focused on untargeted metabolomics; we attempt to characterize 

the whole metabolome of various species and evaluate changes across time or treatment to better 

understand animal physiology, disease, nutrition, and response to environmental changes. In 

other words, I was going to have to do a whole lot of NMR. 

NMR works by detecting the signals emitted by the nuclei of atoms in a magnetic field as 

they relax to a low-energy state after being excited by pulses of electromagnetic radiation. The 

precise energy of the radiation required to excite each nucleus is affected by the atoms in its 

proximity. For example, a hydrogen that is bonded to a carbon atom will emit a different signal 

than one bonded to a nitrogen atom, and a hydrogen that is part of an amino acid will emit a 

different signal than one that is part of a monosaccharide. These signals are displayed as a 

complex curve along two axes, where the horizontal axis is the wavelength of the received 

electromagnetic signal in hertz, which is often normalized to account for variation in 

instrumentation to a measurement called “chemical shift.” The vertical access corresponds to the 

intensity of the signal. The spectrum contains peaks in intensity at chemical shifts that are 

associated with certain types of atoms, which can then be decoded to determine what molecules 

are in the sample. The area under the curve of a peak is proportional to the concentration of that 

molecule in the sample, so NMR spectra may be used to not only to identify, but also to quantify 

metabolites. Almost any atom is a suitable target for NMR spectroscopy, but the two most 

commonly used in biological studies are hydrogen and carbon, as they comprise the bulk of most 

organic molecules and are therefore present in high enough concentration to generate a 

reasonable signal. Complex biological samples contain many molecules with similar 

characteristics, however, so the spectra generated by the simple one-dimensional (1D) 

experiments described above often contain overlapping peaks that confound both identification 

and quantitation. NMR data can also be acquired in two-dimensional (2D) experiments, 

however, to address these challenges. Two commonly used 2D techniques are COSY 

(homonuclear correlation spectroscopy) and HSQC (heteronuclear single quantum coherence 

spectroscopy). COSY experiments are still only performed for a single atom, typically hydrogen, 

but generate a spectrum indicating which hydrogen atoms are coupled to each other (i.e. are in 
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such close proximity that they are capable of affecting each other’s signals), indicating that they 

belong to the same molecule. HSQC experiments relate the signals from both hydrogen and 

carbon atoms in a sample, which allows for the interpretation of more specific structures by 

showing which carbon a given hydrogen may be bonded to. This can be useful for deconvoluting 

spectra – for example, if a 1D hydrogen experiment generates a single large peak at a certain 

chemical shift, performing an HSQC can help indicate whether there is more than one carbon 

that is coupled with the hydrogens in that region, and therefore that there may be more than one 

molecule that contributes to that peak.  

In summary, NMR-based metabolomics uses both 1D and 2D NMR spectroscopy 

techniques to determine the identities and relative quantities of the metabolites present in the 

tissues and biofluids of organisms, providing insight into processes like disease progression, 

environmental adaptation, and more at the organismal level.  

I had previously only worked with terrestrial species, but my thesis advisor specialized in 

aquatic medicine and I had newly found access to a top-notch marine science facility. I decided 

quickly that I wanted to narrow my search to marine species, and soon after that I wanted to 

choose an invertebrate. I have a fondness for many marine invertebrates, but my thoughts kept 

returning to my musings on the jellyfish. Why not return to something I found not only 

intellectually, but also spiritually captivating?  

Four years later, my opinions haven’t changed. Jellyfish still fascinate me. They are so 

beautiful, yet can be so painful. They have no brain, but do have one of the most sophisticated 

pieces of molecular machinery in the animal kingdom. They are so fragile, and yet so successful. 

That’s ultimately why I chose them to study: their paradoxes intrigue me, and I have an 

insatiable curiosity for learning how things work. I started with lofty aspirations of advancing 

our entire understanding of jellyfish physiology and body function thanks to the beauty of 

metabolomics. Now, as I am in the final stages of writing my thesis I realize how overly 

ambitious, although still worthwhile, those aspirations are.  I'm lucky to have been able to study 

these creatures that intrigued me so much with such depth, and I’m almost glad that I haven't 

demystified them entirely.  Honestly, I don't think I've demystified them at all, but maybe it's just 

that as I learned about them, both through my own investigation and the existing literature, I 

realized they weren't as mysterious as I imagined all along.  
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So, let’s talk about jellies. Jellyfish are technically plankton. Most people think of 

"plankton" being microscopic algae or sea bugs, but the word itself comes from the Greek 

"planktos," meaning "to wander."  It describes any organism that is at the mercy of the currents 

for transport. The word “jellyfish” is commonly used to describe a wide range of species 

spanning two different phyla: Ctenophora and Cnidaria. Ctenophores, or comb jellies, have none 

of the typical features that one might associate with jellyfish, other than simply being gelatinous. 

The classic jellyfish silhouette with the domed bell and tentacles belongs to the Cnidaria, a large 

and diverse phylum that includes not only multiple classes of jellyfish, but also the Anthozoa, or 

corals and anemones (Barnes 1963; Stoskopf, 2011). The animals we commonly call “jellyfish” 

fall into three classes in the subphylum Medusozoa: the Cubozoa, Hydrozoa, and Scyphozoa. 

Some of the most infamous jellies, the deadly sea wasp (Chironex fleckeri) and the Irukandji 

jellyfishes (Carukia barnesi, Malo kingi, and others) belong to the Cubozoa, also known as “box 

jellyfish.” Hydrozoans are a large and diverse class of mostly small, inconspicuous species. 

Notable exceptions are the colonial organisms Velella velella and Physalia physalis, also known 

as “by-the-wind sailor” and “Portuguese man o’ war,” respectively. The class that earns the 

epithet “true jellyfish” is the Scyphozoa, which includes both my Narragansett Bay companion, 

the lion’s mane (Cyanea capillata), and the species I ultimately chose as the target of my 

metabolomics research, the moon jellyfish (Aurelia aurita). There are only about 200 known 

extant species of Scyphozoa, (although the true number is likely double that) but they are the 

jellyfish most commonly encountered by humans, as they are often large, conspicuous, and dwell 

in coastal waters (Daly et al., 2007; Kramp, 1961). Moon jellyfish in the genus Aurelia are some 

of the most common and widely distributed jellyfish in the world, with Aurelia aurita being the 

most well-described and researched (Dawson & Jacobs, 2001). They exhibit the same body plan 

and life history strategy of most Scyphozoa, which, along with their cosmopolitan nature, makes 

them well-suited as a model species for research into Scyphozoan physiology.  

The overall anatomy of most Scyphozoans is roughly the same. In their mature form, the 

kind that we all immediately recognize as a "jellyfish," their main visible features are their bell, 

tentacles, and feeding arms. The bell, sometimes called the "umbrella," is lined by an epidermis, 

which covers the top and the bottom of the bell. Sandwiched between these layers is a thick layer 

of collagen called the "mesoglea" (Arai, 1997; Matveev, Adonin, Shaposhnikova, & Podgornaya, 

2012) There is a ring of muscle along the outside of the bell that controls the pulsing movement 
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that propels them through the water. The muscle ring contracts, tightening the edge of the bell, as 

if you were pulling the drawstrings on a bag. This motion pushes water out from the interior of 

the bell, driving the jellyfish forwards. (Arai, 1997; Gemmell, Colin, & Costello, 2018; Higgins, 

Ford, & Costello, 2008) 

Nestled up in the middle of the bell are the stomach and reproductive organs. These can 

be visible from the outside, like the characteristic four-leaf clover shape that you see on the top 

of moon jellyfish, but often they are obscured by the bulk of the mesoglea. The stomach is 

essentially a flattened cavity in the middle of the jellyfish, which is often partitioned into four or 

more radially-arranged pouches, or “diverticula” (Arai, 1997; (Berking & Herrmann, 2002). 

Canals extend radially from the stomach to the edge of the bell. Food items are digested in the 

stomach and nutrients are transported out through these canals, reaching the cells of the 

mesoglea by simple diffusion. At the same time, waste products diffuse out of the tissues back 

into the canals, where they are transported to the stomach and expelled. One hole for everything - 

it's a very efficient system. The jellyfish's combined mouth/anus is called the manubrium, and 

extending down from the manubrium are the feeding arms, one of the other main visible external 

structures. The feeding arms can be thin and flat and ribbony or ruffled and curled, they can be 

long and floaty or compact and pillowy. Sometimes they are mistakenly grouped together with 

the tentacles by viewers, but make no mistake, they are separate structures. The feeding arms 

merely secrete mucus and digestive enzymes, and facilitate the movement of food to the 

manubrium and stomach by the movement of microscopic tendrils called cilia. Some species also 

have some stinging cells in the feeding arms, but the tentacles are where the jelly’s real power 

lies (Arai, 1997; Barnes, 1963).  

While the feeding arms are an extension of the jellyfish’s digestive system and originate 

at the manubrium in the center of the subumbrella, the tentacles extend from the very edge of the 

bell. It's these tentacles that contain the bulk of the cnidocytes, the stinging cells for which the 

phylum Cnidaria is named, creating a 360-degree 1970's beaded door curtain of pain. Any 

passing creature that drifts into the jellyfish's personal space gets tangled in these tentacles and 

stung, likely to death. The continuous pulsing of the jelly's bell wafts the tentacles and anything 

they contain inwards towards the feeding arms, where the unlucky prey is trapped by mucus and 

cilia for transport to the stomach (Costello & Colin, 1994). Jellyfish stings are often painful and 

occasionally fatal even to humans so they are often villainized as vicious hunters, but this 
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couldn’t be farther from the truth.  They lack any neuronal control over their own stings (Kass-

Simon & Scappaticci, 2002; Pantin, 1942). Each individual cnidocyte contains a complex 

triggering mechanism that requires a combination of chemical and physical stimuli to activate 

(Berking & Herrmann, 2006; Gitter, Oliver, & Thurm, 1994; P. A. V. Anderson & Bouchard, 

2009). Beachgoers are often warned not to handle washed-up jellyfish, as even dead jellies retain 

their toxic potential because of the independent action of the cnidocytes.  

Jellyfish do have a degree of nervous system complexity in the rest of their bodies. They 

have two different diffuse networks of neurons that spread throughout the bell.  These are called 

the Diffuse Nerve Net and the Motor Nerve Net (DNN and MNN; Passano, 1973; Satterlie, 

2002). The MNN is responsible for sending signals to the musculature at the edge of the bell, 

prompting contraction and locomotion, while the DNN is responsible for propagating external 

signals and relaying sensory information (Bullock, 1943; Horridge, 1956; Passano, 1965, 1973; 

Lerner, Mellen, Waldron, & Factor, 1971; Satterlie, 2002, 2014). While it was previously 

believed that jellyfish only contained diffuse nerve networks, more recent research indicates that 

they in fact have a very primitive central nervous system (Katsuki & Greenspan, 2013; Satterlie 

2011). Ganglia-like integrative centers called rhopalia dot the margin of the bell, and contain 

photosensitive structures called ocelli, rudimentary statoliths that help the jellyfish maintain a 

sense of up or down, and pacemaker cells that set the rhythm of bell contraction (Becker et al., 

2005; Horridge, 1959; Passano, 1965; Satterlie, 2002). Remember these names - the diffuse 

nerve net, motor nerve net, and rhopalia. Their importance will become clear later.  

While everything about jellyfish is somewhat alien to humans, perhaps their most 

unfamiliar feature is the way that they reproduce. Moon jellyfish, like many other scyphozoans, 

have a multi-stage life history strategy. What most of us recognize in aquaria and oceans as a 

"jellyfish" is actually just the final, most mature stage of their growth: the medusa. Adult 

medusae reproduce sexually, releasing their gametes into the water column (Lucas, 2001; Yuan, 

Nakanishi, Jacobs, & Hartenstein, 2008). Viable oocytes and spermatozoa meet to form zygotes 

which mature into planulae, the larval stage of moon jellyfish (Arai, 1997; Ishii & Takagi, 

2003). These planulae then settle onto a variety of benthic substrates, where they mature into a 

sessile polyp known as the scyphistoma (Lucas, 2001). It is from this scyphistoma that new 

juvenile jellyfish emerge. During a process called strobilation, the end of the scyphistoma 

metamorphoses repeatedly into small, immature medusae known as ephyrae, which then separate 
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from the sessile polyp one by one and begin their lives as free-floating organisms (Fuchs et al., 

2014; Gold, Nakanishi, Hensley, Hartenstein, & Jacobs, 2016). Each ephyra then matures into a 

fully-grown medusa, which can then go on to reproduce sexually and create more planulae for 

settlement (Lucas, 2001).  

This complex reproductive strategy is more than just a curiosity, however, it also has 

considerable ecological significance. Each viable zygote formed by sexual reproduction has the 

potential to settle and asexually bud into multiple medusae, and has the ability to do so year after 

year (Lucas, Graham, & Widmer, 2012). When conditions are right, multiple syphistomae can 

rapidly generate multitudes of juvenile jellyfish, which mature into giant gelatinous clouds of 

medusae called "blooms" (Lucas, 2001; Hamner & Dawson, 2009; Henschke, Stock, & 

Sarmiento, 2018). There is some disagreement within the scientific community about whether 

jellyfish blooms have been increasing in frequency and severity over the past few decades, or 

whether there's simply been an improvement in the regularity and reliability of the reports of 

these blooms (Attrill, Wright, & Edwards, 2007; Brotz, Cheung, Kleisner, Pakhomov, & Pauly, 

2012; Condon et al., 2012; Jennifer E. Purcell, 2012). Either way, scientific interest in these 

blooms has yielded a lot of information about their ecological impact. Jellyfish blooms can 

decimate fisheries stocks and coastal ecosystems, as they prey on larval fish and crustaceans, as 

well as fish eggs and the zooplankton that are an important food source for juvenile fish 

(Manzari et al., 2015; Pereira, Teodósio, & Garrido, 2014; Qu, Song, & Li, 2014; Schneider & 

Behrends, 1998; Tinta, Kogovšek, Malej, & Turk, 2012; Titelman & Hansson, 2006; Zoccarato, 

Celussi, Pallavicini, & Fonda Umani, 2016). As the jellyfish die off, the bacterial blooms that 

feed on their decaying flesh consume oxygen and leave the coastal waters where these blooms 

occur devoid of oxygen, inhibiting the competitive success of other animals (Blanchet et al., 

2015; Shoji, Masuda, Yamashita, & Tanaka, 2005; Qu, Song, & Li, 2014; Weiland-Bräuer et al., 

2015). In recent decades, considerable research has been done to understand what causes these 

blooms, and how jellyfish can be so wildly successful en masse. Factors like benthic substrate, 

temperature, salinity, dissolved oxygen, and pH have been investigated for their effects on 

strobilation, metabolism, predation rates, and growth of medusae  (Algueró-Muñiz, Meunier, 

Holst, Alvarez-Fernandez, & Boersma, 2016; Conley & Uye, 2015; Feng, Lin, Sun, & Zhang, 

2017; Makabe, Furukawa, Takao, & Uye, 2014; Pascual et al., 2015; Suzuki et al., 2016; Wang, 

Zheng, Sun, & Zhang, 2015; Widmer, 2005; Widmer, Fox, & Brierley, 2016). 
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A lot of the early research on jellyfish physiology and biochemistry was very focused on 

toxicology, which makes sense given the potency of their toxins (Turk & Kem, 2009). There 

were a small number of early studies on jellyfish biochemistry, such as investigating the amino 

acid and lipid composition of common jellyfish like A. aurita, or the edible jellyfish Rhopilema 

esculentum, but as jellyfish blooms have gained more attention there has also been more interest 

in the potential utility of these great gelatinous aggregations (Barzansky & Lenhoff, 1974; 

Kariotoglou & Mastronicolis, 2001; Lane, Pringle, & Bergere, 1965; Nakhel, Mastronicolis, & 

Miniadis-Meimaroglou, 1988; Nichols, Danaher, & Koslow, 2003; Webb, Schimpf, & Olmon, 

1972). The collagen from a number of species has been characterized in detail for its potential 

contributions to nutrition, medicine, and cosmetology (Khong et al., 2016; Matveev, Adonin, 

Shaposhnikova, & Podgornaya, 2012; Miki et al., 2015; Zhang, Duan, Huang, Song, & 

Regenstein, 2014; Zhu et al., 2015).The mucus secreted during digestion or stress has also been 

analyzed, resulting in the discovery of a novel mucin, and is being investigated as a possible tool 

for the cleanup of oil and other oceanic nano-pollution (Bjazevic, 2017; Liu et al., 2018; Masuda 

et al., 2007; Patwa et al., 2015; Urai et al., 2009; Uzawa et al., 2009). A new peptide called 

aurelin that has antibacterial properties was isolated from moon jellyfish, as well as a novel 

protein that contributes to the structure of the mesoglea, called mesoglein (Matveev, Adonin, 

Shaposhnikova, & Podgornaya, 2012; Ovchinnikova et al., 2006). However, even today there is 

considerably more to learn about the biochemistry of jellyfish, and they remain an exciting 

potential resource of new biomolecules for human use (Frazão & Antunes, 2016; Liu et al., 2018; 

Stabili et al., 2019). 

Concurrent with the rise in interest in wild jellyfish, the keeping of jellyfish in captivity 

for both display and research purposes has soared in the past 50 years. Although some coastal 

aquariums may have maintained wild-caught jellyfish on display in the early 20th century, their 

complex life-history strategy meant that their captive cultivation was elusive until the mid-1960s, 

when a fortunate aquarist named Yoshitaka Abe stumbled across moon jellyfish ephyrae in one 

of the tanks at Ueno Zoo in Japan and started the first successful sustained captive breeding 

program for jellyfish in aquaria (Abe, 2016; Lange, Tai, & Kaiser, 2016). Similar programs 

cropped up in Germany around the same time and were advanced in the late 1970s by the 

adoption of the kriesel, a circular aquarium tank originally developed in 1968 for the observation 

of small marine plankton (Lange, Tai, & Kaiser, 2016). Jelly-keeping and kriesel tanks were 
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soon adopted by the Monterey Bay Aquarium after its founding in 1984, which went on to 

revolutionize the field with their Art of Jellyfish exhibit in 2002. Since then, jellyfish have 

become a staple in aquariums worldwide. However, while their propagation protocols and 

husbandry standards are well-described at this point, they are still delicate creatures that present 

challenges in captivity (Pierce, 2009; Stoskopf, 2011; Widmer, 2008). There are a couple of 

well-described maladies that afflict jellyfish in aquaria, one known as “eversion syndrome,” 

wherein the shape of the bell is inverted or otherwise deformed, and the other characterized by 

the appearance of ulcers in or through the bell itself, resulting in a dimpled or swiss-cheese 

appearance. The cause of these afflictions is speculated by various experts to be a result of poor 

water quality, nutritional deficiency, chemical toxicity, or infection, but largely they are poorly 

understood, and it would be improbable that they could be narrowed down to a single cause 

(Freeman et al., 2009; LaDouceur, Garner, Wynne, Fish, & Adams, 2013; Stoskopf, 2011; 

Widmer, 2008). My own attempts to keep jellyfish in the laboratory were very instructive; it is 

harder than it looks.  A subtle decline in water quality left my jellyfish with large ulcerated 

lesions in their bells. Even after triage and euthanasia of the individuals beyond repair, and 

correction of the water quality, the remaining jellyfish never quite returned to full health. The 

holes in their bells healed but they went on to develop deformed bells and abnormal behavior, 

eventually wasting away and requiring euthanasia. My tanks were tiny by commercial display 

aquarium standards, with very rudimentary filtration and no water recirculation, but even large 

and well-managed tanks for larger populations at aquariums can be affected by these conditions. 

After a lot of stops and starts, that’s where this project ultimately comes together: attempting to 

gain a better understanding of these conditions seen in captive jellyfish.  In the process of 

investigating the underlying biochemical changes associated with bell deformations and 

ulcerations/perforations, hopefully we will gain a greater understanding of jellyfish biochemistry 

and metabolism.  

I focused my work on the cosmopolitan moon jellyfish (Aurelia aurita), which is already 

readily bred and kept in captivity.  I used captive reared specimens and attempted to characterize 

their complete metabolome across each of their primary tissue types using 1D and 2D NMR 

spectroscopy.  One of the challenges I faced early on was developing a method of euthanasia that 

was compatible with my chosen analytical techniques.  The two commonly accepted methods for 

jellyfish euthanasia are exposure to tricaine methane sulfate, or “MS-222,” a common anesthetic 
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agent used for aquatic species, and submersion in ethanol, which sounds like a mighty fine way 

to die to me (Murray & Lewbart, 2006; Stoskopf, 2011). Given that proton NMR generates 

spectral signatures for small organic molecules, and both MS-222 and ethanol are small organic 

molecules, it was not unexpected that both anesthetic techniques generated peaks in the spectra.  

We opted to move forward and try the anesthetic molecule that was smaller and less complicated 

(ethanol), in hopes of obtaining spectra that didn't obscure the naturally-occurring compounds in 

the jellyfish. It turned out that even at low concentrations, and even after rinsing the samples 

post-dissection, our resulting spectra were still entirely overwhelmed by ethanol.  We had to 

change directions.  An early project (Chapter 2) was then to find a method of euthanasia that 

would not interfere with interpretation of proton NMR spectra and develop appropriate dosing 

that would rapidly render jellyfish immobile, insensate and then dead.   

When it came time to decide what my main study would be, I was first captivated by the 

possibility of finding an explanation for their blooming behavior. I had exciting questions like 

“what if warmer waters or changing ocean conditions favor jellyfish growth?” There has already 

been a fair amount of research done on the varying conditions that affect jellyfish blooming 

behavior, however, and most of it is more complex than simply "do jellyfish do better in warm 

water” (Green, Wolfenden, & Sneddon, 2018; Holst, 2012; Ishii, Ohba, & Kobayashi, 2008; 

Makabe, Furukawa, Takao, & Uye, 2014; Pascual et al., 2015; Sokolowski, Brulinska, Olenycz, 

& Wolowicz, 2016; Sukhoputova & Kraus, 2017). While I was contemplating possible other 

lines of inquiry, a spontaneous mortality event in my source of jellyfish provided a fortuitous 

opportunity. I decided to investigate the metabolic shifts that occur in jellyfish afflicted with the 

syndromes that were associated with this unfortunate event, which decimated nearly the entire 

colony.  I characterized the complete metabolome of apparently healthy moon jellyfish that I had 

previously collected from the same captive lineage, as well as the metabolome of a few surviving 

jellyfish from this outbreak that were beginning to show symptoms, including spontaneous bell 

ulceration and deformation. (Chapter 3).  
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CHAPTER 2 

Evaluation of Euthanasia of Moon Jellyfish (Aurelia aurita) Using Simple Salt Solutions 
 
Doerr, M., & Stoskopf, M. K. (2019). Evaluation of Euthanasia of Moon Jellyfish (Aurelia 
aurita) Using Simple Salt Solutions. Journal of Zoo and Wildlife Medicine, 50(1). 
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CHAPTER 3 

Metabolomic Evaluation of Abnormal Morphological Changes in Captive Moon Jellyfish 
(Aurelia aurita) Using NMR Spectroscopy. 
 
ABSTRACT 

Wild jellyfish are known to have significant impacts on coastal food web ecology and 

water quality. Advances in aquarium engineering and captive breeding capabilities have 

increased the availability of these delicate invertebrates for research purposes, although 

challenges persist in the management of water quality, nutrition, and disease. Nine moon 

jellyfish (Aurelia aurita) from the same captive-bred population were collected and processed for 

NMR spectroscopy in order to establish a baseline metabolomic profile and evaluate changes 

associated with deteriorating physical condition. Six individuals were collected after showing 

abnormal morphology and compared to three healthy controls collected months prior for an 

earlier study. 

 

INTRODUCTION 

Jellyfish have been subjects of investigation in the fields of toxicology, pharmacology, 

food science, and biotechnology for decades, but collecting jellyfish in the wild can be 

unpredictable and introduces considerable variability. The increasing accessibility of jellyfish 

aquaculture means that they are more available than ever for use in research. Moon jellyfish 

(Aurelia aurita) are a well-studied species, abundant in temperate coastal waters worldwide and 

commonly cultivated in captivity. Found in a wide variety of environmental conditions and 

exhibiting the same life-history strategies of many blooming species of jellyfish, they are well 

suited as models for investigation of jellyfish physiology. Maintaining captive jellyfish 

populations for research is not without challenges, however. Most acute conditions affecting 

jellyfish in aquaria are speculated to be due to degradations in water quality or the introduction 

of contaminants (Freeman et al., 2009; LaDouceur, Garner, Wynne, Fish, & Adams, 2013). 

These conditions are commonly associated with gross morphological changes, but the underlying 

causes of jellyfish disease and mortality in captivity remain poorly understood, as do the 

physiological changes that accompany them.  

Metabolomics, the characterization and analysis of the small-molecule products of 

cellular metabolism, is a useful tool in the study of physiological responses and adaptations to 
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changes in environmental conditions. Its use in marine systems biology has yielded valuable data 

about the responses of other marine invertebrates to environmental perturbation (Viant, 2007). 

Targeted metabolomics evaluates comparative levels of specific molecules of interest, while 

untargeted metabolomics characterizes the unknown metabolite profile (metabolome) of an 

organism or specific tissues. Of the techniques utilized in untargeted metabolomics, NMR 

spectroscopy provides the greatest resolution and range for molecular identification and analysis 

(Viant, Rosenblum, & Tjeerdema, 2003). In this study we use NMR spectroscopy to characterize 

the metabolome of four different tissue groups from nine captive-bred moon jellyfish. Six of 

these jellyfish exhibited classic signs of disease in captivity, including crater-like lesions of the 

umbrella and deformation of the overall bell shape. The metabolomic profiles of these jellyfish 

were compared to three healthy control animals from the same lineage that were collected for an 

earlier study.  

 

MATERIALS AND METHODS   

Animal Use and Euthanasia 

A total of nine mature captive-reared moon jellyfish (Aurelia aurita) were involved in 

this investigation.  Three apparently healthy control jellyfish had bell diameters of approximately 

100mm and were part of a study of euthanasia (Doerr & Stoskopf 2018).  These animals were 

transported from North Carolina Aquarium at Fort Fisher to the North Carolina Aquarium at Pine 

Knoll Shores and held overnight prior to euthanasia. Six other animals were taken from their 

exhibit at the North Carolina Aquarium at Fort Fisher after the onset of a condition characterized 

by development of indentations and perforations of the bell. The sampled jellyfish were between 

80mm and 160mm, and showed one of two clinical signs. Individuals were either starting to 

develop indentations and small holes on the surface of their bell, or had begun to fold downward 

along a single axis of their bell into a half-circle shape much like a hard taco shell. All jellyfish 

were euthanized with magnesium chloride at a concentration of 142.2 g/L. After euthanasia, all 

jellyfish were dissected into four tissue types: feeding arms, gastrovascular cavity, bell margin, 

and mesoglea. Feeding arms were cut at the base where the join with the mouth tissue. The 

gastrovascular cavity was excised by cutting a circle around the entire gastrovascular cloverleaf 

structure and trimming excess mesoglea from the dorsal aspect. Bell margin was obtained by 

trimming a 2mm strip from the entire perimeter of the bell, including rhopalia and intact 
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tentacles. The remaining bell tissue comprised the mesoglea.  Dissected tissue was placed in 

individual Whirl-Pak bags (Whirl Pak Write On Bags 2oz, Nasco, Fort Atkinson, Wisconsin, 

53538, USA) and transferred immediately to liquid nitrogen. Frozen samples were stored at -

80°C until samples were removed for processing.  

 

Sample Processing 

Tissues were processed using a modified Folch extraction to take advantage of the high 

percentage of water in jellyfish tissues.  Samples were taken using a 1.5 mL volumetric hole-

punch made by cutting a plastic scintillation vial at the 1.5 mL mark, determined by filling with a 

micropipettor. For each tissue aliquot, a 1.5 mL volumetric sample was thawed and homogenized 

in a glass stomacher with 2mL methanol(source). The resulting homogenate was transferred to a 

10mL borosilicate glass centrifuge tube (Screw Thread Disposable Centrifuge Tubes, 10mL, 

Kimble Chase, Vineland, New Jersey, 08360, USA) containing 4mL chloroform, resulting in a 

final solution with the ratio 8:4:3 (v/v/v) chloroform: methanol: water. These samples were 

vortexed for 30 seconds to facilitate non-polar extraction, then centrifuged at 1400xg for five 

minutes. The polar and non-polar phases were transferred to individual 10mL borosilicate glass 

culture tubes and dried at 30°C under N2 gas for approximately 2 hours (RapidVap Vertex Dry 

Evaporator, Labconco Corporation, Kansas City, Missouri, 64132, USA). Dried samples were 

stored at -20°C until reconstitution for NMR.  

 

NMR 

Dried polar samples were reconstituted with 250 μL ultrapure water containing 15% D2O 

and 0.1mM TSP. Nonpolar samples were reconstituted with 250 μL CDCl3 containing 0.03% 

(v/v) TMS (Chloroform-d, Sigma-Aldrich, St. Louis, Missouri, 63103, USA). Reconstituted 

samples were transferred to 3mm glass NMR tubes (3 mm NMR Economy Sample Tube w/ Cap, 

7” L, High-Throughput, Wilmad-LabGlass, Vineland, New Jersey, 08360, USA). Samples were 

analyzed with a Bruker Avance 500 MHz spectrometer (Bruker Corporation, Billerica, 

Massachusetts, 01821, USA) to obtain 1D 1H-NMR spectra with an acquisition time of 2.0 

seconds and a sweep width of 8012.8 Hz. Due to the differing ionic strength of the samples the 

optimal pw90 was calculated and recalibrated prior to each set of acquisitions.  
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Spectrum Analysis 

Resulting NMR spectra were processed using TopSpin 4.0.2 NMR Data Analysis (Bruker 

Corporation, Billerica, Massachusetts, 01821, USA). Raw spectra were Fourier transformed. 

Phasing and baseline were corrected using automatic functions and adjusted by hand as needed. 

Variable protein interaction with TSP across the polar spectra rendered it unsuitable as a 

reference for quantitation, though the signal remained strong enough in each sample to still be 

suitable as a chemical shift indicator at 0 ppm. A standard TSP peak acquired in a blank sample 

of salt water was added to each spectrum using deconvolution and spectral summation in order to 

have a standard reference integral for each sample. Compound identification was done using 

Chenomx NMR suite 8.2 (Chenomx, Edmonton, Alberta, CA).  

 

RESULTS 
 

From the polar 1H NMR spectra we identified a total of 26 metabolites. Most were 

present in all four tissue types, the stomach (S), bell (B), margin (M), and feeding arms (F).  The 

metabolite classes represented included an alcohol, an alkaloid, an amine, a fatty acid, a purine 

derivative, and one inorganic compound. Several amino acids, nucleotides, nucleosides, and 

organic acids were identified.  There were 11 additional peaks in our spectra that are not yet 

completely identified, but which represent good targets for further investigation using 2D NMR 

analysis. These unidentified peaks are sufficiently large to represent some importance in jellyfish 

but did not vary appreciably between control and affected animals. The identified metabolites 

included 22 that were present in all four tissues. Glutamine, tyrosine, thymidine, and uridine 

were only identified in the S, M, and F tissues but not from the bell (B). Additionally, tyrosine, 

thymidine, and uridine were only found in tissues from the affected jellyfish. There was 

variability between individual spectra, including the controls. Not all metabolites were 

represented in every spectrum. Metabolite tables and representative spectra are shown below. For 

all spectra, the y-axis is indicative of peak intensity, which correlates to metabolite concentration. 
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Table 1. Metabolites identified in the aqueous extracts of the stomach (S), bell (B), margin (M), 
and feeding arms (F) from unaffected and affected moon jellyfish (Aurelia aurita) grouped by 
metabolite class.  

Metabolite 
Chemical Shift (ppm, 

splitting) 
Tissues 

Alcohols 

Methanol 3.35 s S, B, M, F 

Alkaloids 

Trigonelline 4.46 s, 8.15 t, 8.92 m, 9.24 s S, B, M, F 

Amines 

Dimethylamine 2.68 s S, B, M, F 

Amino Acids 

Carnitine 3.23 s S, B, M, F 

Alanine 1.54 d S, B, M, F 

Citrulline 1.69 m, 2.00 m S, B, M, F 

Glutamine 2.20 m, 2.62 m, 3.84 t S, M, F 

Glycine 3.56 s S, B, M, F 

Leucine 0.94 t S, B, M, F 

Proline 2.0 m S, B, M, F 

Tyrosine 6.89 d, 7.19 d S, M, F 

Valine 1.02 d, 1.06 d S, B, M, F 

Fatty acids 

2,2-Dimethylsuccinic 
acid 

1.27 s, 2.69 s S, B, M, F 

Nucleotides & Nucleosides 

ADP 6.13 d, 8.29 s, 8.50 s S, B, M, F 

AMP 6.13 d, 8.34 s, 8.62 s S, B, M, F 

ATP 6.13 d, 8.28 s, 8.49 s S, B, M, F 

Thymidine 1.87 s, 6.30 m, 7.59 s S, M, F 

Uridine 5.90 m, 7.83 d S, M, F 
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Table 1. (continued)  

Organic acids 

Betaine 3.29 s, 4.07 s S, B, M, F 

Choline 3.20 s S, B, M, F 

Formate 8.43 s S, B, M, F 

Lactate 1.35 d S, B, M, F 

Malonate 3.12 s S, B, M, F 

Phosphorylcholine 3.21 s S, B, M, F 

Purine derivatives 

Homarine 8.00 t, 8.06 d, 8.56 t, 8.72 d S, B, M, F 

Inorganic compounds 

Ammonia 6.91 m, 7.02 m, 7.12 m S, B, M, F 

Unknowns 

Unknown 1 (overlapping 
valine) 

1.02 d S, B, M, F 

Unknown 2 1.28 d S, B, M, F 

Unknown 3 1.42 d  S, B, M, F 

Unknown 4 2.84 t S, B, M, F 

Unknown 5 3.45 m S, B, M, F 

Unknown 6  
(o-glycoside bond) 

3.80s S, B, M, F 

Unknown 7 4.37 s S, B, M, F 

Unknown 8 5.34 d S, B, M, F 

Unknown 9 6.23 d S, B, M, F 

Unknown 10 7.34 d S, B, M, F 

Unknown 11 7.44 d S, B, M, F 
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Figure 1. Representative 1H-NMR spectra of aqueous extracts of bell (lowest, blue), margin 
(lower middle, red), stomach (upper middle, green) and feeding arms (top, purple) from 
unaffected moon jellyfish (Aurelia aurita).  
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Figure 2 Representative 1H-NMR spectra of aqueous extracts of bell (lowest, blue), margin 
(lower middle, red), stomach (upper middle, green) and feeding arms (top, purple) from cratered 
moon jellyfish (Aurelia aurita). 
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Figure 3.  Representative 1H-NMR spectra of aqueous extracts of bell (lowest, blue), margin 
(lower middle, red), stomach (upper middle, green) and feeding arms (top, purple) from folded 
moon jellyfish (Aurelia aurita). 
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Figure 4. Representative stomach (S) spectrum from one cratered jellyfish showing chemical 
shifts from 0.0 to 4.6 ppm. The water peak is excluded to the left. Labeled peaks are as follows: 
Leucine (1), Valine (2), 2,2-Dimethylsuccinic acid (3), Lactate (4), Alanine (5), Citrulline (6), 
Thymidine (7), Proline (8), Glutamine (9), Dimethylamine (10), Malonate (11), Choline (12), 
Phosphorylcholine (13), Carnitine (14), Betaine (15), Methanol (16), Glycine (17), Trigonelline 
(18). 
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Figure 5. Representative stomach (S) spectrum from one cratered jellyfish showing chemical 
shifts from 4.8 to 9.2 ppm. The water peak is excluded to the right. Labeled peaks are as follows: 
Uridine (19), AMP (20), ADP (21), ATP (22), Thymidine (7), Tyrosine (23), Ammonia (24), 
Homarine (25), Formate (26), Trigonelline (18). 
 

 

DISCUSSION 

Control Jellyfish 

We identified 26 of the 36 metabolites that were sufficiently prominent in 1H NMR 

spectra of moon jellyfish tissue groups for evaluation of variability between animals.  All but 3 

of these metabolites were present in our control animals.  These animals were apparently healthy 

based on outward appearance, mobility, and history, having been obtained many months prior to 

the acute outbreak of disease in the previously stable captive bred lineage that had been 

successfully maintained long-term.  

The quantitation of the metabolites within the tissue blocks of the control animals 

confirmed that variation between individual healthy jellyfish can be appreciated for some 

metabolites.  This occurred in all tissue groups, but was least marked in bell tissues and most 

dramatic in feeding arm tissues.   Because the variations were greatest in what we would expect 
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to be the most metabolically diverse and active tissue blocks it seems reasonable that the 

differences represent variations in where the individual animals may have been in their feeding 

cycles when harvested for tissue collection.  As such, the variation represented in their spectra is 

likely a representation of normal variation between individuals at any given point in their 

husbandry.  

The finding of trigonelline is interesting primarily because of its recent identification in 

corals (Westmoreland, Niemuth, Gracz, & Stoskopf, 2017).  Trigonelline is a common 

metabolite in plants, but is considerably less common in animals and is usually found in urine 

when present. Its presence in jellyfish may suggest that it is indeed a native metabolite in 

cnidarians as opposed to a product from their algal symbionts. Further investigation of other 

cnidarian tissues may be needed to support this hypothesis.    

Overall, tissue samples from the bell contained the lowest concentration of metabolites 

and the least variation between samples. Although the bell is the largest feature of the jellyfish’s 

body, the bulk of it is made up of the mesoglea, the hydrostatic skeleton that gives the jellyfish 

its shape and structural integrity (Kier, 2012; Leclère & Röttinger, 2017).The mesoglea is 

essentially a matrix of collagen and water that supports the jelly’s other tissues, therefore the lack 

of abundant metabolic activity makes some sense.  However, given that the bell is also the 

primary site of muscle activity in the jellyfish, a greater proportion of energy compounds and 

nucleosides might be expected in the bell samples despite the overall-diminished metabolite 

diversity (Anderson & Schwab, 1981). The striated muscle layer in the bell is a thin sheet lining 

the subumbrella (Leclère & Röttinger, 2017). Our sampling method involved taking a through-

and-through sample that included the complete cross-section of the bell, so the contractile 

muscle, though proportionally sampled, was a relatively minor component of our complete bell 

tissue aliquot.  Different sampling methods that emphasize striated muscle layer for analysis 

could be used to obtain a better understanding of the energetics and metabolism of bell 

contraction and locomotion.  

Another notable depletion in the bell tissue is the large peak representing the o-glycoside 

bond in qniumucin, the novel mucin recently described and characterized using NMR 

spectroscopy (Uzawa et al., 2009).   Because mucus is largely an external secretion of jellyfish, 

thought to primarily be involved in assisting prehension and transport of food particles, it stands 
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to reason that its components would be underrepresented in spectra from samples of the bell 

itself, which is not generally bathed in mucus.   

Whereas the bell tissues from the controls showed no significant differences in identified 

metabolites between the three animals, we did observe some marked variability among 

individuals in both the stomach and feeding arm samples. An interesting trend was that when 

some metabolites were relatively depleted compared to the other samples of that tissue type, they 

often appeared to be more abundant in adjacent tissues. For example, malonate, lactate, and 

several amino acids (valine, glutamine, alanine) were significantly depleted in the feeding arm 

spectrum for control #1 relative to control #2 and #3. Conversely, all of these compounds were 

abundant in the stomach sample for control #1 and compared to controls #2 and #3. The opposite 

relationship is seen for an unknown doublet around 5.43 ppm that potentially represents an as-

yet-unidentified saccharide. The doublet is increased in the feeding arm of control #1 relative to 

the feeding arms of controls 2 and 3, and conversely depleted in stomach sample of control #1 

relative to the stomach samples of controls #2 and #3.  These observations suggest perhaps there 

is either compartmentalization by tissue type of anabolism and catabolism of these molecules or 

that there may be actual migration of metabolites between these tissue compartments, perhaps as 

a consequence of the movement of mucus and food particles during feeding. The variability in 

these tissues may therefore simply be indicative of different stages of normal husbandry and 

feeding. 

In contrast to the bell tissues, which contained overall low concentrations of metabolites, 

the margin samples contained both the greatest concentration and greatest diversity of 

metabolites.  These samples also displayed very little variation between individual samples. The 

lack of variation in the bell we basically attributed to an overall composition consisting of 

primarily relatively inert structural features and a low metabolic activity.  In contrast, the lack of 

variation combined with the relatively complex composition of the margin samples suggests high 

levels of metabolic activity that are largely conserved between individuals. The margin is the site 

of sensory input and nervous system integration, and contains musculature involved in both the 

contraction and relaxation of the tentacles and the movement of the umbrella. Metabolic activity 

therein is possibly less dependent on individual behaviors such as feeding. 

A preliminary conclusion from examining the spectra of the control jellyfishes is that 

while there are distinct differences among the tissue blocks examined, there was also 
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considerable variation in the concentrations of many metabolites within a given tissue block that 

may represent different phases in catabolism and anabolism, possibly related to individual 

behavioral variables such as time from most recent feeding for example. These differences 

observed within the healthy control jellyfish were somewhat distinct from the differences seen 

between healthy controls and those affected with the rapidly developing disease syndrome.   

  

Cratered Jellyfish 

Cratered jellyfish exhibited more variation in amino acid content and the fatty acid region 

between their bell samples than was seen in the same tissue in control animals.  This suggests 

that the craters in the bell could be the result of degradation of structural tissues.  It also could be 

interpreted as evidence of healing through tissue regeneration.  

As in the control spectra, the margin samples of cratered jellies had both the greatest 

chemical complexity and concentration of metabolites. Like the bell tissue, they exhibited some 

overall increase in amino acid concentrations compared to the controls, and alanine and betaine 

concentrations were disproportionately increased compared to other amino acids. 

The cratered jellies also exhibited greater variation in concentrations of compounds in the 

stomach samples compared to controls, but unlike the controls, the interesting inverse 

relationship in concentrations of metabolites in the corresponding feeding arm spectrum was not 

consistent. This may suggest a disruption of metabolite transport between tissues or a generalized 

imbalance between anabolism and catabolism for these compounds in the diseased animals.  

The presence of nucleotides thymidine and uridine in the margin, stomach, and feeding 

arm tissues from affected jelly could suggest increased cell division to repair ulceration and 

injury. Abrams, Basinger, Yuan, Guo, & Goentoro (2015) found that jellyfish exhibit a novel 

method of damage repair involving the restoration of symmetry using existing tissue, 

independent from cell proliferation, but their findings involved limb amputation of ephyrae, and 

do not necessarily preclude the presence of more conventional tissue repair strategies in adult 

medusae. 

 

Folded Jellyfish 

Like the cratered jellyfish, the folded jellyfish showed more variation between bell 

samples than control animals. They were distinguished from the cratered jellies, however, by 
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having considerably more variation in composition of margin tissues than what was seen in 

control animals. It is possible that the folded jellies could represent a more severely affected 

animal suffering the same syndrome as cratered jellies; that is to say, folded jellyfish are affected 

to a point of influencing energy reserves where cratered jellyfish are not.  This would follow in 

line with implications of the margin playing a role in metabolism that extends to the support of 

contractile efforts of the bell, such as integrating sensory information or supplying energy to the 

musculature of the umbrella, for example. The folding of the bell could be due to primary 

structural changes in the support tissues of the bell itself, or perhaps due to the inability of the 

bell tissues to regain proper shape through active processes either because of paralysis or 

differential weakening of the muscle tissues.  

The feeding arm spectra from folded jellyfish are very distorted, with many broad peaks 

that are poorly resolved.  Access to the feeding arms would be hindered by the folded bell, which 

might restrict normal function of feeding and digestion, which could in turn contribute to further 

disruption of the structural integrity of the bell. This stress on the feeding arms could also cause 

deterioration within the feeding arm tissue itself, caused by disruption in the flow of nutrients or 

perhaps an excess of mucus production due to stress. It is possible that the feeding arms 

themselves could be a site of primary disease impact, and their degeneration is a precipitating 

factor in the inability of the bell to hold its shape. In either case it seems clear that the feeding 

arms are degenerate, and possibly nonfunctional, and their advanced deterioration in the folded 

jellyfish may be a clue in the pathogenesis of the disease.  

 
 
 
  



   

31 
 

REFERENCES 

Abe, Y. (2016). My Challenge: The Ephyra in the Loophole. Der Zoologische Garten, 85(1), 4–
7. https://doi.org/10.1016/j.zoolgart.2015.09.003 

 
Abrams, M. J., Basinger, T., Yuan, W., Guo, C.-L., & Goentoro, L. (2015). Self-repairing 

symmetry in jellyfish through mechanically driven reorganization. Proceedings of the 
National Academy of Sciences, 112(26), E3365–E3373. 
https://doi.org/10.1073/pnas.1502497112 

 
Algueró-Muñiz, M., Meunier, C. L., Holst, S., Alvarez-Fernandez, S., & Boersma, M. (2016). 

Withstanding multiple stressors: ephyrae of the moon jellyfish (Aurelia aurita, Scyphozoa) 
in a high-temperature, high-CO2 and low-oxygen environment. Marine Biology, 163(9), 
185. https://doi.org/10.1007/s00227-016-2958-z 

 
Anderson, P. A. V., & Bouchard, C. (2009). The regulation of cnidocyte discharge. Toxicon, 

54(8), 1046–1053. https://doi.org/10.1016/j.toxicon.2009.02.023 
 
Anderson, P. A., & Schwab, W. E. (1983). Action potential in neurons of motor nerve net of 

Cyanea (Coelenterata). Journal of Neurophysiology, 50(3), 671–683. 
https://doi.org/10.1152/jn.1983.50.3.671 

 
Anderson, P. A. V., & Schwab, W. E. (n.d.). The organization and structure of nerve and muscle 

in the jellyfish Cyanea capillata (coelenterata; scyphozoa). Journal of Morphology, 170(3), 
383–399. https://doi.org/10.1002/jmor.1051700309 

 
Arai, M. N. (1997). A Functional Biology of Scyphozoa. Springer Science & Business Media. 
 
Attrill, M. J., Wright, J., & Edwards, M. (2007). Climate-related increases in jellyfish frequency 

suggest a more gelatinous future for the North Sea. Limnology and Oceanography, 52(1), 
480–485. https://doi.org/10.4319/lo.2007.52.1.0480 

 
Barnes, R. D. (1963). Invertebrate zoology. Saunders. 
 
Barzansky, B., & Lenhoff, H. M. (1974). On the Chemical Composition and Developmental 

Role of the Mesoglea of Hydra. Integrative and Comparative Biology, 14(2), 575–581. 
https://doi.org/10.1093/icb/14.2.575 

 
Battison, A., MacMillan, R., MacKenzie, A., Rose, P., Cawthorn, R., & Horney, B. (2000). Use 

of Injectable Potassium Chloride for Euthanasia of American Lobsters (Homarus 
americanus). Comparative Medicine, 50(5), 545–550. 



   

32 
 

Becker, A., Sötje, I., Paulmann, C., Beckmann, F., Donath, T., Boese, R., … Epple, M. (2005). 
Calcium sulfate hemihydrate is the inorganic mineral in statoliths of Scyphozoan medusae 
(Cnidaria). Dalton Transactions, 0(8), 1545–1550. https://doi.org/10.1039/B416246C 

 
Berking, S., & Herrmann, K. (2002). Compartments in Scyphozoa. International Journal of 

Developmental Biology, 51(3), 221–228. https://doi.org/10.1387/ijdb.062215sb 
 
Berking, S., & Herrmann, K. (2006). Formation and discharge of nematocysts is controlled by a 

proton gradient across the cyst membrane. Helgoland Marine Research, 60(3), 180–188. 
https://doi.org/10.1007/s10152-005-0019-y 

 
Bjazevic, K. (2017). Bio-accumulation of oil by Aurelia aurita mucus. Bulletin of the Southern 

California Paleontological Society, 49(7–8), 49–53. 
 
Blanchet, M., Pringault, O., Bouvy, M., Catala, P., Oriol, L., Caparros, J., … Joux, F. (2015). 

Changes in bacterial community metabolism and composition during the degradation of 
dissolved organic matter from the jellyfish Aurelia aurita in a Mediterranean coastal 
lagoon. Environmental Science and Pollution Research, 22(18), 13638–13653. 
https://doi.org/10.1007/s11356-014-3848-x 

 
 Braun, M. E., Heatley, J. J., & Chitty, J. (2006). Clinical Techniques of Invertebrates. 

Veterinary Clinics: Exotic Animal Practice, 9(2), 205–221. 
https://doi.org/10.1016/j.cvex.2006.02.001 

 
Brotz, L., Cheung, W. W. L., Kleisner, K., Pakhomov, E., & Pauly, D. (2012). Increasing 

jellyfish populations: trends in Large Marine Ecosystems. Hydrobiologia, 690(1), 3–20. 
https://doi.org/10.1007/s10750-012-1039-7 

 
Brusca, R. C. (1980). Common Intertidal Invertebrates of the Gulf of California. University of 

Arizona Press. 
 
Bullock, T. H. (1943). Neuromuscular facilitation in scyphomedusae. Journal of Cellular and 

Comparative Physiology, 22(3), 251–272. https://doi.org/10.1002/jcp.1030220306 
 
Condon, R. H., Graham, W. M., Duarte, C. M., Pitt, K. A., Lucas, C. H., Haddock, S. H. D., … 

Madin, L. P. (2012). Questioning the Rise of Gelatinous Zooplankton in the World’s 
Oceans. BioScience, 62(2), 160–169. https://doi.org/10.1525/bio.2012.62.2.9 

 



   

33 
 

Conley, K., & Uye, S. (2015). Effects of hyposalinity on survival and settlement of moon 
jellyfish (Aurelia aurita) planulae. Journal of Experimental Marine Biology and Ecology, 
462, 14–19. https://doi.org/10.1016/j.jembe.2014.10.018 

 
Cooper, J. E. (2001). Invertebrate Anesthesia. Veterinary Clinics of North America: Exotic 

Animal Practice, 4(1), 57–67. https://doi.org/10.1016/S1094-9194(17)30051-8 
 
Costello, J. H., & Colin, S. P. (1994). Morphology, fluid motion and predation by the 

scyphomedusa Aurelia aurita. Marine Biology, 121(2), 327–334. 
https://doi.org/10.1007/BF00346741 

 
Daly, M., Brugler, M. R., Cartwright, P., Collins, A. G., Dawson, M. N., Fautin, D. G., … Stake, 

J. L. (2007). The phylum Cnidaria: A review of phylogenetic patterns and diversity 300 
years after Linnaeus. Retrieved from https://kuscholarworks.ku.edu/handle/1808/13641 

 
Dawson, M. N., & Jacobs, D. K. (2001). Molecular Evidence for Cryptic Species of Aurelia 

aurita (Cnidaria, Scyphozoa). The Biological Bulletin, 200(1), 92–96. 
https://doi.org/10.2307/1543089 

 
Doerr, M., & Stoskopf, M. K. (2019). Evaluation of euthanasia of moon jellyfish (Aurelia aurita) 

using simple salt solutions. Journal of Zoo and Wildlife Medicine, 50(1). 
 
Duarte, C. M., Pitt, K. A., Lucas, C. H., Purcell, J. E., Uye, S., Robinson, K., … Condon, R. H. 

(2013). Is global ocean sprawl a cause of jellyfish blooms? Frontiers in Ecology and the 
Environment, 11(2), 91–97. 

 
Feng, S., Lin, J., Sun, S., & Zhang, F. (2017). Artificial substrates preference for proliferation 

and immigration in Aurelia aurita (s. l.) polyps. Chinese Journal of Oceanology and 
Limnology, 35(1), 153–162. https://doi.org/10.1007/s00343-016-5230-y 

 
Frazão, B., & Antunes, A. (2016). Jellyfish Bioactive Compounds: Methods for Wet-Lab Work. 

Marine Drugs, 14(4), 75. https://doi.org/10.3390/md14040075 
 
Freeman, K. S., Lewbart, G. A., Robarge, W. P., Harms, C. A., Law, J. M., & Stoskopf, M. K. 

(2009). Characterization of eversion syndrome in captive Scyphomedusa jellyfish. 
American Journal of Veterinary Research, 70(9), 1087–1093. 
https://doi.org/10.2460/ajvr.70.9.1087 

 



   

34 
 

Fuchs, B., Wang, W., Graspeuntner, S., Li, Y., Insua, S., Herbst, E.-M., … Khalturin, K. (2014). 
Regulation of Polyp-to-Jellyfish Transition in Aurelia aurita. Current Biology, 24(3), 263–
273. https://doi.org/10.1016/j.cub.2013.12.003 

 
Gemmell, B. J., Colin, S. P., & Costello, J. H. (2018). Widespread utilization of passive energy 

recapture in swimming medusae. Journal of Experimental Biology, 221(1), 168575. 
 
Gitter, A. H., Oliver, D., & Thurm, U. (1994). Calcium- and voltage-dependence of nematocyst 

discharge in Hydra vulgaris. Journal of Comparative Physiology A, 175(1), 115–122. 
https://doi.org/10.1007/BF00217442 

 
Gold, D. A., Nakanishi, N., Hensley, N. M., Hartenstein, V., & Jacobs, D. K. (2016). Cell 

tracking supports secondary gastrulation in the moon jellyfish Aurelia. Development Genes 
and Evolution, 226(6), 383–387. https://doi.org/10.1007/s00427-016-0559-y 

 
Goulitquer, S., Potin, P., & Tonon, T. (2012). Mass Spectrometry-Based Metabolomics to 

Elucidate Functions in Marine Organisms and Ecosystems. Marine Drugs, 10(4), 849–880. 
https://doi.org/10.3390/md10040849 

 
Green, T. J., Wolfenden, D. C. C., & Sneddon, L. U. (2018). An investigation on the impact of 

substrate type, temperature, and iodine on moon jellyfish production. Zoo Biology, 37(6), 
434–439. https://doi.org/10.1002/zoo.21454 

 
H. Lucas, C., A. Pitt, K., E. Purcell, J., Lebrato, M., & H. Condon, R. (2016). What’s in a 

jellyfish? Proximate and elemental composition and biometric relationships for use in 
biogeochemical studies. Figshare. https://doi.org/10.6084/m9.figshare.c.3304116.v1 

 
Hamner, W. M., & Dawson, M. N. (2009). A review and synthesis on the systematics and 

evolution of jellyfish blooms: advantageous aggregations and adaptive assemblages. 
Hydrobiologia, 616(1), 161–191. https://doi.org/10.1007/s10750-008-9620-9 

 
Henschke, N., Stock, C. A., & Sarmiento, J. L. (2018). Modeling population dynamics of 

scyphozoan jellyfish (Aurelia spp.) in the Gulf of Mexico. Marine Ecology Progress Series, 
591, 167–183. https://doi.org/10.3354/meps12255 

 
Higgins, J. E., Ford, M. D., & Costello, J. H. (2008). Transitions in Morphology, Nematocyst 

Distribution, Fluid Motions, and Prey Capture during Development of the Scyphomedusa 
Cyanea capillata. Biological Bulletin, 214(1), 29–41. https://doi.org/10.2307/25066657 

 



   

35 
 

Holst, S. (2012). Effects of climate warming on strobilation and ephyra production of North Sea 
scyphozoan jellyfish. Hydrobiologia, 690(1), 127–140. https://doi.org/10.1007/s10750-012-
1043-y 

 
Holtmann, M., & Thurm, U. (2001). Mono- and oligo-vesicular synapses and their connectivity 

in a Cnidarian sensory epithelium (Coryne tubulosa). The Journal of Comparative 
Neurology, 432(4), 537–549. 

 
Horridge, G. A. (1956). The Nerves and Muscles of Medusae: V. Double Innervation in 

Scyphozoa. Journal of Experimental Biology, 33(2), 366–383. 
 
Horridge, G. A. (1959). The Nerves and Muscles of Medusae: VI. The Rhythm. Journal of 

Experimental Biology, 36(1), 72–91. 
 
Ishii, H., Ohba, T., & Kobayashi, T. (2008). Effects of low dissolved oxygen on planula 

settlement, polyp growth and asexual reproduction of Aurelia aurita. Plankton & Benthos 
Research, 3, 107–113. https://doi.org/10.3800/pbr.3.107 

 
Ishii, H., & Takagi, A. (2003). Development time of planula larvae on the oral arms of the 

scyphomedusa Aurelia aurita. Journal of Plankton Research, 25(11), 1447–1450. 
https://doi.org/10.1093/plankt/fbg094 

 
Kamleh, M. A., Dow, J. A. T., & Watson, D. G. (2009). Applications of mass spectrometry in 

metabolomic studies of animal model and invertebrate systems. Briefings in Functional 
Genomics, 8(1), 28–48. https://doi.org/10.1093/bfgp/eln052 

 
Kariotoglou, D. M., & Mastronicolis, S. K. (2001). Sphingophosphonolipids, phospholipids, and 

fatty acids from Aegean jellyfish Aurelia aurita. Lipids, 36(11), 1255–1264. 
 
Kass-Simon, G., & Scappaticci, J., A. A. (2002). The behavioral and developmental physiology 

of nematocysts. Canadian Journal of Zoology, 80(10), 1772–1794. 
https://doi.org/10.1139/z02-135 

 
Katsuki, T., & Greenspan, R. J. (2013). Jellyfish nervous systems. Current Biology, 23(14), 

R592–R594. https://doi.org/10.1016/j.cub.2013.03.057 
 
Keun, H. C., & Athersuch, T. J. (2011). Nuclear Magnetic Resonance (NMR)-Based 

Metabolomics. In T. O. Metz (Ed.), Metabolic Profiling: Methods and Protocols (pp. 321–
334). Totowa, NJ: Humana Press. https://doi.org/10.1007/978-1-61737-985-7_19 

 



   

36 
 

Khong, N. M. H., Yusoff, F. M., Jamilah, B., Basri, M., Maznah, I., Chan, K. W., & Nishikawa, 
J. (2016). Nutritional composition and total collagen content of three commercially 
important edible jellyfish. Food Chemistry, 196, 953–960. 
https://doi.org/10.1016/j.foodchem.2015.09.094 

 
Kier, W. M. (2012). The diversity of hydrostatic skeletons. Journal of Experimental Biology, 

215(8), 1247–1257. https://doi.org/10.1242/jeb.056549 
 
Kramp, P. L. (1961). Synopsis of the Medusae of the World. Journal of the Marine Biological 

Association of the United Kingdom, 40, 7–382. 
https://doi.org/10.1017/S0025315400007347 

 
LaDouceur, E. E. B., Garner, M. M., Wynne, J., Fish, S., & Adams, L. (2013). Ulcerative 

Umbrellar Lesions in Captive Moon Jelly (Aurelia aurita) Medusae. Veterinary Pathology, 
50(3), 434–442. https://doi.org/10.1177/0300985812461363 

 
Lane, C. E., Pringle, E., & Bergere, A. M. (1965). Amino acids in extracellular fluids of Physalia 

physalis and Aurelia aurita. Comparative Biochemistry and Physiology, 15(2), 259–262. 
https://doi.org/10.1016/0010-406X(65)90350-6 

 
Lange, J., Tai, M., & Kaiser, R. (2016). Husbandry of jellyfish, from the beginning until today. 

Der Zoologische Garten, 85(1), 52–63. https://doi.org/10.1016/j.zoolgart.2015.09.009 
 
Leclère, L., & Röttinger, E. (2017). Diversity of Cnidarian Muscles: Function, Anatomy, 

Development and Regeneration. Frontiers in Cell and Developmental Biology, 4. 
https://doi.org/10.3389/fcell.2016.00157  

 
Lerner, J., Mellen, S. A., Waldron, I., & Factor, R. M. (1971). Neural Redundancy and 

Regularity of Swimming Beats in Scyphozoan Medusae. Journal of Experimental Biology, 
55(1), 177–184. 

 
Lewbart, G. A., & Mosley, C. (2012). Clinical Anesthesia and Analgesia in Invertebrates. 

Journal of Exotic Pet Medicine, 21(1), 59–70. https://doi.org/10.1053/j.jepm.2011.11.007 
 
Liu, W., Mo, F., Jiang, G., Liang, H., Ma, C., Li, T., … Liang, X. (2018). Stress-Induced Mucus 

Secretion and Its Composition by a Combination of Proteomics and Metabolomics of the 
Jellyfish Aurelia coerulea. Marine Drugs; Basel, 16(9). 
https://doi.org/http://dx.doi.org.prox.lib.ncsu.edu/10.3390/md16090341 

 



   

37 
 

Lucas, C. H. (2001). Reproduction and life history strategies of the common jellyfish, Aurelia 
aurita, in relation to its ambient environment. Hydrobiologia, 451(1–3), 229–246. 
https://doi.org/10.1023/A:1011836326717 

 
Lucas, C. H., Graham, W. M., & Widmer, C. (2012). Jellyfish Life Histories: Role of Polyps in 

Forming and Maintaining Scyphomedusa Populations. Advances in Marine Biology, 63, 
133–196. 

 
Makabe, R., Furukawa, R., Takao, M., & Uye, S. (2014). Marine artificial structures as 

amplifiers of Aurelia aurita s.l. blooms: a case study of a newly installed floating pier. 
Journal of Oceanography, 70(5), 447–455. https://doi.org/10.1007/s10872-014-0249-1 

 
Manzari, C., Fosso, B., Marzano, M., Annese, A., Caprioli, R., D’Erchia, A. M., … Pesole, G. 

(2015). The influence of invasive jellyfish blooms on the aquatic microbiome in a coastal 
lagoon (Varano, SE Italy) detected by an Illumina-based deep sequencing strategy. 
Biological Invasions, 17(3), 923–940. https://doi.org/10.1007/s10530-014-0810-2 

 
Masuda, A., Baba, T., Dohmae, N., Yamamura, M., Wada, H., & Ushida, K. (2007). Mucin 

(Qniumucin), a glycoprotein from jellyfish, and determination of its main chain structure. 
Journal of Natural Products, 70(7), 1089–1092. https://doi.org/10.1021/np060341b 

 
Matveev, I. V., Adonin, L. S., Shaposhnikova, T. G., & Podgornaya, O. I. (2012). Aurelia 

aurita–Cnidarian with a prominent medusiod stage. Journal of Experimental Zoology Part 
B: Molecular and Developmental Evolution, 318B(1), 1–12. 
https://doi.org/10.1002/jez.b.21440 

 
Matveev, I. V., Shaposhnikova, T. G., & Podgornaya, O. I. (2007). A novel Aurelia aurita 

protein mesoglein contains DSL and ZP domains. Gene, 399(1), 20–25. 
https://doi.org/10.1016/j.gene.2007.04.034 

 
Messenger, J. B., Nixon, M., & Ryan, K. P. (1985). Magnesium chloride as an anaesthetic for 

cephalopods. Comparative Biochemistry and Physiology. C, Comparative Pharmacology 
and Toxicology, 82(1), 203–205. 

 
Miki, A., Inaba, S., Baba, T., Kihira, K., Fukada, H., & Oda, M. (2015). Structural and physical 

properties of collagen extracted from moon jellyfish under neutral pH conditions. 
Bioscience, Biotechnology, and Biochemistry, 79(10), 1603–1607. 
https://doi.org/10.1080/09168451.2015.1046367 

 



   

38 
 

Murray, M. J., & Lewbart, G. A. (2006). Appendix 3: Euthanasia. In Invertebrate Medicine (pp. 
303–304). Blackwell Publishing Professional. Retrieved from 
http://onlinelibrary.wiley.com/doi/10.1002/9780470344606.app3/summary 

 
Nakanishi, N., Hartenstein, V., & Jacobs, D. K. (2009). Development of the rhopalial nervous 

system in Aurelia sp.1 (Cnidaria, Scyphozoa). Development Genes and Evolution; Berlin, 
219(6), 301–317. https://doi.org/http://dx.doi.org.prox.lib.ncsu.edu/10.1007/s00427-009-
0291-y 

 
Nakhel, I. C., Mastronicolis, S. K., & Miniadis-Meimaroglou, S. (1988). Phospho- and 

phosphonolipids of the aegean pelagic scyphomedusa Pelagia noctiluca. Biochimica et 
Biophysica Acta (BBA) - Lipids and Lipid Metabolism, 958(2), 300–307. 
https://doi.org/10.1016/0005-2760(88)90188-9 

 
Nichols, P. D., Danaher, K. T., & Koslow, J. A. (2003). Occurrence of high levels of 

tetracosahexaenoic acid in the jellyfish Aurelia sp. Lipids, 38(11), 1207–1210. 
https://doi.org/10.1007/s11745-003-1180-z 

 
Ovchinnikova, T. V., Balandin, S. V., Aleshina, G. M., Tagaev, A. A., Leonova, Y. F., 

Krasnodembsky, E. D., … Kokryakov, V. N. (2006). Aurelin, a novel antimicrobial peptide 
from jellyfish Aurelia aurita with structural features of defensins and channel-blocking 
toxins. Biochemical and Biophysical Research Communications, 348(2), 514–523. 
https://doi.org/10.1016/j.bbrc.2006.07.078 

 
Ozbek, S. (2011). The cnidarian nematocyst: a miniature extracellular matrix within a secretory 

vesicle. Protoplasma, 248(4), 635–640. https://doi.org/10.1007/s00709-010-0219-4 
 
Pantin, C. F. A. (1942). The Excitation of Nematocysts. Journal of Experimental Biology, 19(3), 

294–310. 
 
Pascual, M., Fuentes, V., Canepa, A., Atienza, D., Gili, J.-M., & Purcell, J. E. (2015). 

Temperature effects on asexual reproduction of the scyphozoan Aurelia aurita s.l.: 
differences between exotic (Baltic and Red seas) and native (Mediterranean Sea) 
populations. Marine Ecology, 36(4), 994–1002. https://doi.org/10.1111/maec.12196 

 
Passano, L. M. (1965). Pacemakers and activity patterns in medusae: homage to Romanes. 

Integrative and Comparative Biology, 5(3), 465–481. https://doi.org/10.1093/icb/5.3.465 
 



   

39 
 

Passano, L. M. (1973). Behavioral control systems in medusae; a comparison between hydro- 
and scyphomedusae. PUBLICATIONS OF THE SETO MARINE BIOLOGICAL 
LABORATORY, 20, 615–645. https://doi.org/info:doi/10.5134/175754 

 
Patwa, A., Thiéry, A., Lombard, F., Lilley, M. K. S., Boisset, C., Bramard, J.-F., … Barthélémy, 

P. (2015). Accumulation of nanoparticles in “jellyfish” mucus: a bio-inspired route to 
decontamination of nano-waste. Scientific Reports, 5, 11387. 
https://doi.org/10.1038/srep11387 

 
Peng, B., Li, H., & Peng, X.-X. (2015). Functional metabolomics: from biomarker discovery to 

metabolome reprogramming. Protein & Cell, 6(9), 628–637. 
https://doi.org/10.1007/s13238-015-0185-x 

 
Pereira, R., Teodósio, M. A., & Garrido, S. (2014). An experimental study of Aurelia aurita 

feeding behaviour: Inference of the potential predation impact on a temperate estuarine 
nursery area. Estuarine, Coastal and Shelf Science, 146, 102–110. 
https://doi.org/10.1016/j.ecss.2014.05.026 

 
Pierce, J. (2009). Prediction, location, collection and transport of jellyfish (Cnidaria) and their 

polyps. Zoo Biology, 28(2), 163–176. https://doi.org/10.1002/zoo.20218 
 
Purcell, J. E. (2012). Jellyfish and ctenophore blooms coincide with human proliferations and 

environmental perturbations. Annual Review of Marine Science, 4, 209–235. 
https://doi.org/10.1146/annurev-marine-120709-142751 

 
Purcell, J. E., & Decker, M. B. (2005). Effects of climate on relative predation by 

scyphomedusae and ctenophores on copepods in Chesapeake Bay during 1987-2000. 
Limnology and Oceanography, 50(1), 376–387. https://doi.org/10.4319/lo.2005.50.1.0376 

 
Qu, C., Song, J., & Li, N. (2014). [Causes of jellyfish blooms and their influence on marine 

environment]. Ying Yong Sheng Tai Xue Bao = The Journal of Applied Ecology, 25(12), 
3701–3712. 

 
Romanes, G. J. (1898). Jelly-fish, star-fish and sea-urchins. D. Appleton and Company. 
 
Satterlie, R. A. (2002). Neuronal control of swimming in jellyfish: a comparative story. 

Canadian Journal of Zoology, 80(10), 1654–1669. https://doi.org/10.1139/z02-132 
 
Satterlie, R. A. (2011). Do jellyfish have central nervous systems? Journal of Experimental 

Biology, 214(8), 1215–1223. https://doi.org/10.1242/jeb.043687 



   

40 
 

Satterlie, R. A., & Eichinger, J. M. (2014). Organization of the Ectodermal Nervous Structures in 
Jellyfish: Scyphomedusae. Biological Bulletin, 226(1), 29–40. 

 
Schneider, G., & Behrends, G. (1998). Top-down control in a neritic plankton system by Aurelia 

aurita medusae — a summary. Ophelia, 48(2), 71–82. 
https://doi.org/10.1080/00785236.1998.10428677 

 
Shoji, J., Masuda, R., Yamashita, Y., & Tanaka, M. (2005). Effect of low dissolved oxygen 

concentrations on behavior and predation rates on red sea bream Pagrus major larvae by the 
jellyfish Aurelia aurita and by juvenile Spanish mackerel Scomberomorus niphonius.  
Marine Biology, 147(4), 863–868. https://doi.org/10.1007/s00227-005-1579-8 

 
Sokolowski, A., Brulinska, D., Olenycz, M., & Wolowicz, M. (2016). Does temperature and 

salinity limit asexual reproduction of Aurelia aurita polyps (Cnidaria: Scyphozoa) in the 
Gulf of Gdansk (southern Baltic Sea)? An experimental study. Hydrobiologia, 773(1), 49–
62. 

 
Stabili, L., Rizzo, L., Fanizzi, F. P., Angilè, F., Del Coco, L., Girelli, C. R., … Basso, L. (2019). 

The Jellyfish Rhizostoma pulmo (Cnidaria): Biochemical Composition of Ovaries and 
Antibacterial Lysozyme-like Activity of the Oocyte Lysate. Marine Drugs, 17(1), 17. 
https://doi.org/10.3390/md17010017 

 
Stoskopf, M. K. (2011). Coelenterates. In Invertebrate Medicine (pp. 21–56). Wiley-Blackwell. 

Retrieved from https://onlinelibrary-wiley-
com.prox.lib.ncsu.edu/doi/abs/10.1002/9780470960806.ch3 

 
Sukhoputova, A. V., & Kraus, Y. A. (2017). Environmental Factors Inducing the Transformation 

of Polyp into Medusae in Aurelia aurita (Scyphozoa). Russian Journal of Developmental 
Biology, 48(2), 106–116. 

 
Suzuki, K. S., Yasuda, A., Murata, Y., Kumakura, E., Yamada, S., Endo, N., & Nogata, Y. 

(2016). Quantitative effects of pycnocline and dissolved oxygen on vertical distribution of 
moon jellyfish Aurelia aurita s.l.: a case study of Mikawa Bay, Japan. Hydrobiologia, 
766(1), 151–163. https://doi.org/10.1007/s10750-015-2451-6 

 
Tinta, T., Kogovšek, T., Malej, A., & Turk, V. (2012). Jellyfish Modulate Bacterial Dynamic and 

Community Structure. PLOS ONE, 7(6), e39274. 
https://doi.org/10.1371/journal.pone.0039274 

 



   

41 
 

Titelman, J., & Hansson, L. J. (2006). Feeding rates of the jellyfish Aurelia aurita on fish larvae. 
Marine Biology, 149(2), 297–306. https://doi.org/10.1007/s00227-005-0200-5 

 
Turk, T., & Kem, W. R. (2009). The phylum Cnidaria and investigations of its toxins and 

venoms until 1990. Toxicon: Official Journal of the International Society on Toxinology, 
54(8), 1031–1037. https://doi.org/10.1016/j.toxicon.2009.06.031 

 
Urai, M., Nakamura, T., Uzawa, J., Baba, T., Taniguchi, K., Seki, H., & Ushida, K. (2009). 

Structural analysis of O-glycans of mucin from jellyfish (Aurelia aurita) containing 2-
aminoethylphosphonate. Carbohydrate Research, 344(16), 2182–2187. 
https://doi.org/10.1016/j.carres.2009.08.001 

 
Uye, S., Fujii, N., & Takeoka, H. (2003). Unusual aggregations of the scyphomedusa Aurelia 

aurita in coastal waters along western Shikoku, Japan. Plankton Biology and Ecology, 50, 
17–21. 

 
Uzawa, J., Urai, M., Baba, T., Seki, H., Taniguchi, K., & Ushida, K. (2009). NMR study on a 

novel mucin from jellyfish in natural abundance, Qniumucin from Aurelia aurita. Journal 
of Natural Products, 72(5), 818–823. https://doi.org/10.1021/np800601j 

 
Viant, M. R. (2007a). Metabolomics of aquatic organisms: the new “omics” on the block. 

Marine Ecology Progress Series, 332, 301–306. 
 
Viant, M. R. (2007b). Revealing the Metabolome of Animal Tissues Using 1H Nuclear Magnetic 

Resonance Spectroscopy. In Metabolomics (pp. 229–246). Humana Press. Retrieved from 
https://link.springer.com/protocol/10.1007/978-1-59745-244-1_13 

 
Wang, Y.-T., Zheng, S., Sun, S., & Zhang, F. (2015). Effect of temperature and food type on 

asexual reproduction in Aurelia sp.1 polyps. Hydrobiologia, 754(1), 169–178. 
 
Watanabe, M., Meyer, K. A., Jackson, T. M., Schock, T. B., Johnson, W. E., & Bearden, D. W. 

(2015). Application of NMR-based metabolomics for environmental assessment in the 
Great Lakes using zebra mussel Dreissena polymorpha. Metabolomics, 11(5), 1302–1315. 
https://doi.org/10.1007/s11306-015-0789-4 

 
Webb, K. L., Schimpf, A. L., & Olmon, J. (1972). Free amino acid composition of scyphozoan 

polyps of Aurelia aurita, Chrysaora quinquecirrha and Cyanea capillata at various 
salinites. Comparative Biochemistry and Physiology Part B: Comparative Biochemistry, 
43(3), 653–663. https://doi.org/10.1016/0305-0491(72)90150-2 

 



   

42 
 

Weiland-Bräuer, N., Neulinger, S. C., Pinnow, N., Künzel, S., Baines, J. F., & Schmitz, R. A. 
(2015). Composition of Bacterial Communities Associated with Aurelia aurita Changes 
with Compartment, Life Stage, and Population. Applied and Environmental Microbiology, 
81(17), 6038–6052. https://doi.org/10.1128/AEM.01601-15 

 
Westmoreland, L. S. H., Niemuth, J. N., Gracz, H. S., & Stoskopf, M. K. (2017). Altered acrylic 

acid concentrations in hard and soft corals exposed to deteriorating water conditions. 
FACETS, 2(1), 531–544. https://doi.org/10.1139/facets-2016-0064 

 
Widmer, C. L. (2005). Effects of temperature on growth of north-east Pacific moon jellyfish 

ephyrae, Aurelia labiata (Cnidaria: Scyphozoa). Journal of the Marine Biological 
Association of the United Kingdom, 85(3), 569–573. 
https://doi.org/10.1017/S0025315405011495 

 
Widmer, C. L. (2008). How to Keep Jellyfish in Aquariums: An Introductory Guide for 

Maintaining Healthy Jellies. Wheatmark. 
 
Widmer, C. L., Fox, C. J., & Brierley, A. S. (2016). Effects of temperature and salinity on four 

species of northeastern Atlantic scyphistomae (Cnidaria: Scyphozoa). Marine Ecology 
Progress Series, 559, 73–88. 

 
Yanagita T.M. (1960). Physiological mechanism of nematocyst responses in sea-anemone—III 

excitation and anaesthetization of the nettling response system. Comparative Biochemistry 
and Physiology, 1(2), 123–139. https://doi.org/10.1016/0010-406X(60)90045-1 

 
Yuan, D., Nakanishi, N., Jacobs, D. K., & Hartenstein, V. (2008). Embryonic development and 

metamorphosis of the scyphozoan Aurelia. Development Genes and Evolution, 218(10), 
525–539. https://doi.org/10.1007/s00427-008-0254-8 

 
Zhang, J., Duan, R., Huang, L., Song, Y., & Regenstein, J. M. (2014). Characterisation of acid-

soluble and pepsin-solubilised collagen from jellyfish (Cyanea nozakii Kishinouye). Food 
Chemistry, 150, 22–26. https://doi.org/10.1016/j.foodchem.2013.10.116 

 
Zhu, S., Ye, M., Xu, J., Guo, C., Zheng, H., Hu, J., … Yan, X. (2015). Lipid Profile in Different 

Parts of Edible Jellyfish Rhopilema esculentum. Journal of Agricultural and Food 
Chemistry, 63(37), 8283–8291. https://doi.org/10.1021/acs.jafc.5b03145 

 
Zoccarato, L., Celussi, M., Pallavicini, A., & Fonda Umani, S. (2016). Aurelia aurita Ephyrae 

Reshape a Coastal Microbial Community. Frontiers in Microbiology, 7. 
https://doi.org/10.3389/fmicb.2016.00749 


