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Abstract The digestive capacity of jellyfish has

barely been studied because of the complexity of their

life stage body-forms and sizes. To assess the digestive

capacity in the changes from the benthic polyp-form to

the pelagic stage in the cannonball jellyfish Stomolo-

phus meleagris, we used fluorometric and spectropho-

tometric techniques for measuring the activity of

trypsin, chymotrypsin, aminopeptidase, amylase,

lipase, phosphatase acid, and alkaline. The findings

showed that at all stages were able to digest proteins,

carbohydrates, and lipids, but the digestive capacity

differs between the benthic–pelagic stage and final

development of the ephyrae, suggesting a shift in

nutrient requirements. The digestive capacity indi-

cated that polyps better assimilate carbohydrates and

proteins. During the pelagic stage, a shift in the

digestive capacity occurred, where 5-day ephyrae

better assimilate proteins, while 15-day-old ephyrae

were better with lipids and proteins and juvenile

medusae with lipids. This is the first study to describe

changes in the digestive capacity of cannonball

jellyfish and can help identify ecological features of

an important fishing resource with potential aquacul-

ture interest. Different diets for polyps, ephyrae, and

juvenile medusae must be considered if the species is

cultivated.

Keywords Digestive physiology � Enzyme activity �
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Introduction

The cannonball jellyfish Stomolophus meleagris

Agassiz, 1862, is one of the most globally appreciated

edible jellyfish, found from New England to Brazil in

the Atlantic and southern California to the equator in

the Pacific (Kramp, 1961; Larson, 1976; Omori,

1978). The cannonball jellyfish has a metagenic life

cycle with a benthic polypoid stage that can reproduce

asexually, producing new polyps or giving rise to

ephyrae by strobilation, which is a process that

requires disk formation and metamorphosis in which

structures of the polyp are lost and replaced in each

disk with those of a developing ephyrae. Pelagic

ephyrae develop into a juvenile medusoid stage with a

radially symmetric bell or umbrella, in which con-

traction of the subumbrella muscles squeezes the bell

to generate pulsations for swimming. It grows and

matures into adult medusae that sexually reproduce to

form planula larvae that settle and metamorphose into
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polyps, thus closing the life cycle (Calder, 1982; Arai,

1997).

Rhizostome scyphomedusae, like S. meleagris, lack

tentacles; instead, they develop oral arms that filter

zooplankton as the medusae swims (Costello & Colin,

1995). In contrast, polyps capture prey on their

tentacles and bring the prey into the mouth (Calder,

1982). Scyphomedusae are primarily carnivores, using

a wide selection of zooplankton when it is available

(Mills, 1995). Some phytoplankton may be ingested,

but the amount is not significant in comparison with

zooplankton.

Less is known about feeding of scyphozoan polyps

eating a variety of pelagic organism. In the laboratory,

Artemia, copepods, decapod larvae, mollusks larvae,

fish eggs, and larvae have been used (Cargo, 1975;

Purcell et al., 2001). Larson (1991) indicates that S.

meleagris selects against calanoid and cyclopoid

copepods and their nauplii, while Padilla-Serrato

et al. (2013) show that anchovy eggs were the most

abundant prey, and Álvarez-Tello et al. (2016) show

positive selection of fish eggs, gastropods, bivalves,

and cirripeds and negative selection for copepods and

appendicularians.

Cannonball jellyfish can be seasonally very abun-

dant and could be an important ecological predator of

zooplankton. This species has been commercially

fished since 2010 for export to China (López-Martı́nez

& Álvarez-Tello, 2013), although polyps have not yet

been found in the field. Thus, no information is

available on feeding or nutrient requirements for

polyps of this species.

Digestive enzymes functionally link the process of

ingestion and assimilation (Mayzaud, 1986). Diges-

tive enzyme analysis helps to determine which dietary

components are most effectively assimilated and

dietary preferences, since a high activity of an enzyme

reflects a diet high in the metabolic substrate in which

it acts (Johnston & Freeman, 2005).

Estimates of the digestive enzyme activity have

been frequently used to understand the digestive

physiology and nutritional requirements in a great

variety of marine animals, such as crustaceans (Biesiot

& Capuzzo, 1990; Lovett & Felder, 1990; Lemos

et al., 2002) and fish (Álvarez-González et al., 2005),

but have rarely been used in jellyfish. Studies of

enzymatic activity in scyphozoa are old, scarce, and

focus on adult jellyfish such as S. meleagris,Mastigias

papua (Lesson), Cassiopea frondosa (Pallas, 1774),

Chrysaora quinquecirrha (Desor, 1848), Cyanea

capillata (Linnaeus, 1758), and Aurelia aurita (Lin-

naeus, 1758) (Bodansky & Rose, 1922; Ohtsuki, 1930;

Smith, 1937; Stewart & Lakshmanan 1975; Man-

chenko & Zaslavskaya, 1980; Båmstedt, 1988).

In some jellyfish, such as C. capillata, Lychnorhiza

lucerna Haeckel, 1880, and S. meleagris, the ability to

capture prey is related to the size of jellyfish, so

changes in size and morphology are accompanied by

alterations in feeding (Higgins et al., 2008; Álvarez-

Tello et al., 2016, Nagata et al., 2016). In particular,

the life cycle of cannonball jellyfish goes through a

series of eco-physiological limitations and changes in

morphology and feeding mechanisms that can influ-

ence the nutrient intake and affect the metabolic

requirements of each developmental stage.

The objective of this study was to evaluate the

digestive capacity of polyp, ephyrae, and medusae

produced under controlled conditions, relating the

digestive enzymatic activity to changes in the capacity

to hydrolyze the main dietary nutrients. This approach

is an essential step toward understanding the nutri-

tional needs during the complex life cycle of a

jellyfish.

Materials and methods

Origin and maintenance of experimental

organisms

Thirty wild mature cannonball jellyfish (S. meleagris),

with a mean wet mass of 338 g, were collected with

commercial spoon nets (42 cm diameter, B 5 mm

mesh size) in Bahı́a de La Paz, B.C.S., Mexico

(MFRS; 24�110N, 110�270W) in May 2015. Collection

was obtained about 20 m from shore; water temper-

ature was 24�C.
The jellyfish were transported to facilities at

CIBNOR and were placed into a 2000-l oval fiberglass

tank containing filtered (10 lm) seawater at 35

salinity. No aeration was provided, and temperature

was maintained at 24�C in a controlled temperature

research chamber. The captured jellyfish were allowed

to spawn for 1 day, and no food was supplied; they

were then returned to the sea. After about 2 days,

larvae planula began to settle in 20-ml plastic

containers placed at the bottom of the tank, where

polyps subsequently developed.
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The initial polyps were fed a mixture of microalgae

(Nannochloropsis oculata (Droop) D.J. Hibberd,

1981), rotifers (Brachionus plicatilis Müller, 1786),

and Artemia franciscana Kellog, 1906 nauplii that

were produced daily at our facilities. As soon as disk

formation in the polyps was observed, the plastic

containers were transferred to the experimental devel-

opment system, where all stages (polyp, ephyra, and

medusa) were maintained.

The experimental development system consisted of

a 300-l conic fiberglass tank filled with filtered (1 lm)

seawater at 35 salinity at three quarters of water

content with constant aeration from the bottom and

kept at 24�C, using aquarium heaters; photoperiod was

12:12 light/dark. The water quality was monitored

daily to maintain constant conditions of salinity and

temperature, and when necessary, salinity was

adjusted with distilled water. Three perforated trays

were suspended at the top of the tank, but completely

immersed in the tank) where the plastic containers

with the polyps were placed. Polyps, ephyrae, and

medusae were fed ad libitum three times a week for

2 months with newly hatched Artemia franciscana

nauplii.

Measurements and sampling

To describe the principal morphological traits of each

group, observations were made under a stereomicro-

scope and recorded with digital photographs. From

previous observations of morphological changes

(Fig. 1), the jellyfish were separated into six groups:

(1) polyp; (2) ephyra 1; (3) ephyra 5; (4) ephyra 10; (5)

ephyra 15; and (6) juvenile medusa. Polyps consider

only non-strobilating organisms with 16-tentacles;

ephyrae were distinguished at 5-day intervals follow-

ing strobilation, and juvenile medusae was defined as

the stage when all morphological characteristics are

similar to an adult, but no gonads are visible; this

sequence was accomplished 20–23 days following

strobilation. The samples were taken out of the

experimental system; each was separated according

to the appropriate group and placed in clean seawater

to eliminate remains of food.

To estimate growth, five jellyfish in each group

(except polyps), the central disk of each jellyfish was

measured with the program AxionVision 4.2., without

including the arms, as described by Båmstedt et al.

(1999) (Table 1). Another five jellyfish were weighed

in an ultra-balance after washing with de-ionized

water; excess water was removed with a soft

handkerchief.

Enzymatic assays

With the difference in size and tissue of the jellyfish of

each group, preliminary work was done to establish

the number of jellyfish necessary to get enough

enzymatic extract for all analyzes. The results were:

polyps (n = 198); ephyra 1 (n = 1174); ephyra 5

(n = 300); ephyra 10 (n = 78); ephyra 15 (n = 55);

and juvenile medusae (n = 6). Whole jellyfish were

washed three times with milli-Q water and

Fig. 1 Specific enzymatic activities in the polyp, ephyra, and

juvenile medusa stages of Stomolophus meleagris (mean and

standard deviation); spectrophotometry methods used: a amy-

lase and b aminopeptidase. Different letters on the columns

indicate a significant difference (P\ 0.05)
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homogenized in cold, using a tissue homogenizer

(PRO Scientific, Oxford, CT) at a speed of 3000 cy-

cles/s, two cycles of 15 s each, and then centrifuged

(13,000 g at 4�C for 15 min). The supernatant was

recovered, aliquoted in different microtubes, and

stored at- 80�C until the analysis for enzyme activity

was performed. Preliminary work done on medusa

field samples indicated that enzymes were stable when

frozen.

Trypsin, chymotrypsin, and lipase activities were

determined in microplates, using the modified fluoro-

metric method described in Toledo-Cuevas et al.

(2011). Phosphatase activity was determined by the

Molecular Probes protocol adapted by Toledo-Cuevas

et al. (2011). Amylase (Vega-Villasante et al., 1993)

and aminopeptidase N (Maraux et al., 1973) activities

were determined by photometry. All assays were

performed in triplicate and read in a multimode

microplate reader (Varioskan LUX, Thermo Fisher

Scientific, Waltham, MA).

Trypsin activity was measured using Boc-Gln-Ala-

Arg-7 amido-4 methylcoumarin hydrochloride as

substrate at a concentration of 0.8 mM in dimethyl

sulfoxide (DMSO) and 50 mM Tris–HCl and 10 mM

CaCl2 buffer at pH 7.5. Chymotrypsin was assayed

using N-succinyl-Ala-Ala-Pro-Phe-7 amido-4-

methylcoumarin at a concentration of 0.8 mM

194.8 ul in DMSO and 50 mM Tris–HCl and

10 mM CaCl2 buffer at pH 7.5. Fluorescence was

measured at 460 nm emission and excitation at

355 nm. Aminopeptidase activity was measured using

L-leucine p-nitroanilide as substrate at a concentration

of 0.1 M in DMSO and 80 mM phosphate buffer at pH

7. Absorbance was read at 410 nm.

Lipase activity in extracts was determined using

metillumbelliferyl heptanoate as substrate at a con-

centration of 50 mM in DMSO and 0.1 M phosphate

buffer at pH 7.5. Fluorescence was measured at

460 nm emission and excitation at 355 nm. Amylase

was assayed using starch as substrate at 1% in Tris–

HCL 50 mM at pH 7.5 and read at 550 nm.

Alkaline phosphatase activity was quantified using

DiFMUP (6,8 difluoro-4 methylumbelliferyl phos-

phate) at a concentration of 200 lM in DMSO and

100 mM glycine buffer, 1 mMMgCl2, 1 mMZnCl2 at

pH 10.4, which was read at 455 nm emission and

excitation at 358 nm. Acid phosphatase was measured

using DiFMUP at a concentration of 200 lM in

DMSO and 100 mM sodium acetate buffer at pH 10.4.

Fluorescence was measured at emission of 455 nm

and excitation at 358 nm.

Digestive enzyme activity was expressed as U per

mg protein-1 (specific). Enzymatic activity values

were standardized to the concentration of soluble

protein, using the analysis described by Bradford

(1976). Bovine serum albumin was used as the

standard (Sigma, A4503).

Statistical analysis

Normality and homoscedasticity of the data were

tested using Shapiro–Wilk’s test and Levene’s test,

respectively. Since the data were not normal, the

Friedman test was used to determine the enzymatic

activity of the different stages. Differences of

P\ 0.05 were considered statistically significant.

From the data of enzymatic activity, 15 bootstrap

pseudo-replicates were performed using the boot

Table 1 Morphological traits and soluble protein (mean) of benthic stage (polyp) of Stomolophus meleagris

Benthic stage

Polyp N = 198

Mass (mg) ND

Size (mm) ND

Protein (mg ml-1) 14

Morphological traits Sessile

Cone-shaped

16 Contractile tentacles

Gastric system Gastric cavity with cup-shaped, subdivided by septa

st stalk, mo mouth, te tentacle, ca calyx, ND, not determined
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Table 2 Morphological traits, wet mass, size, and soluble protein (mean ± standard deviation) of the pelagic stage (ephyrae and

juvenile medusa) of Stomolophus meleagris

Pelagic stages

Ephyra 1 N = 1174

Mass (mg) 0.4 ± 0.4

Size (mm) 0.8 ± 0.1

Protein (mg ml-1) 4

Morphological traits Manubrium small, simple, and cruciform

Batteries of nematocysts in the exumbrella, distributed concentrically

Gastric system Two gastric filaments per quadrant

Ephyra 5 N = 300

Mass (mg) 0.6 ± 0.1

Size (mm) 1.2 ± 0.4

Protein (mg ml-1) 14

Morphological traits Manubrium developed, with oral tentacles in the distal part

Gastric system Gastric filaments branched

Ephyra 10 N = 78

Mass (mg) 1.2 ± 0.2

Size (mm) 2.5 ± 0.5

Protein (mg ml-1) 53

Morphological traits Manubrium with pleats and long oral tentacles

Gastric system Development of canals and lappets velar

Ephyra 15 N = 55

Mass (mg) 1.6 ± 0.4

Size (mm) 4.0 ± 1.0

Protein (mg mL-1) 115

Morphological traits Manubrium with multiple folds and fused

Increase in mesoglea

Begins to take semi-spherical shape

Gastric system The velar canals widen and join with the rhopalial canals

Juvenile medusa N = 6

Mass (mg) 26.4 ± 2.5

Size (mm) 7.0 ± 1.5

Protein (mg ml-1) 1451

Morphological traits Bell well defined

Formation of the oral arms

Gastric system Further development and branch of internal channels

Ma manubrium, st stalk, mo mouth, te tentacles, ca calyx, gc gastric cirri or filament, cd central disk, rc rhopalial canal, vl velar

lappet, vc velar canal, ot oral tentacles, um umbrella, oa oral arms
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function in R software. Mass and size values from

ephyra 1 to juvenile medusa were fitted to the best

model that described growth rate.

Results

Themain morphological characteristics of the changes

in the ephyrae to medusae groups were observed

(Table 1, 2). The polyp represents the benthic stage. It

is sessile and has a cone-shaped calyx with 16

tentacles that capture its food and a small mouth in

the middle. The polyp lacks gastric filaments

(Table 1).

Ephyrae are the first free pelagic stage with eight

arms and a small central mouth or manubrium. When

the ephyrae swim, they generate currents with the

arms that allow capture of prey in their subumbrellar

region. As the ephyra grows, the manubrium becomes

more complex, with folds and oral tentacles, finally

merging to form the oral arms. The central disk grows,

the mesoglea increases, and the bell is formed.

Table 2 shows mean mass and size of S. meleagris

at each stage and soluble protein content. For the

pelagic stage, mass increase fitted best to a logistic

model: y = – 2.5/[1 ? (–1.6]e-2.5x), while size

increased exponentially: y = – 1.5(7.7–e-(-8.18)x),

both with a correlation coefficient value of 0.99. The

greatest growth was between ephyra 15 (E15) and

juvenile medusae (JM), when the bell shape of a

characteristic jellyfish was completed (Table 1).

All stages could hydrolyze carbohydrates, protein,

and lipid substrates, as indicated by specific enzymatic

activity, which showed significant differences

(P\ 0.01) between the stages (Figs. 1, 2). Aminopep-

tidase and amylase activity were significantly higher

in polyps, decreasing thereafter to the lowest activity

in the JM (P\ 0.01) (Fig. 1a, b). A significantly

higher amylase activity (P\ 0.001) was found in

polyps (26 U mg protein-1) and the lowest in JM (7 U

mg protein-1). For aminopeptidase, a significant

difference occurred in polyps, relative to E15 and

JM (P\ 0.001), where the activity in polyps was 114

U mg protein-1 and 13 U mg protein-1 in JM.

The highest trypsin activity (23,801 U mg pro-

tein-1) was found in ephyra 5 (E5), significantly

decreasing (P\ 0.01) thereafter to the lowest trypsin

activity in JM (7820 U mg protein-1) (Fig. 2a).

Chymotrypsin activity was significantly higher in E5

and different to ephyra 1 (E1) and JM (P\ 0.01)

(Fig. 2b). The lowest chymotrypsin activity occurred

in E1 (406,672 U mg protein-1) and JM (407,093 U

mg protein-1).

Alkaline and acidic phosphatase activity showed

similar patterns (Figs. 2c, d), with significant lower

activity in phosphatase and significant higher activity

in E15 (P\ 0.01). Lipase activity was significantly

higher in E15 (357,780 U mg protein-1) and different

to polyps (123,424 U mg protein-1) and E1 (155,353

U mg protein-1), which showed the lowest lipase

activity (Fig. 2e).

Discussion

Digestive enzymes produced by the different stages of

cannonball jellyfish give evidence of the types of

usable metabolic fuels, thus connecting enzymatic

activity and substrate availability (Johnston & Free-

man, 2005). In general, greater enzymatic activity

implies greater food intake (Boucher et al., 1975;

Hoeger & Mommsen, 1984).

Enzyme synthesis is under genetic control in other

invertebrates, i.e., lobster and shrimp larvae fed

Artemia and can be modulated by the diet, metabolic

changes and nutritional requirements to optimize

digestive efficiency (Boucher et al., 1975; Samain

et al., 1980; Biesiot, 1986; Lovett & Felder, 1990). In

crustaceans, it has been shown that the activity of

amylase and trypsin is regulated by trophic conditions,

such as particle size, quantity, and biochemical

composition of food (Boucher et al., 1975).

The digestive capacity in jellyfish has been barely

studied because of the complexity of their life stage

body-forms and sizes. No previous study was avail-

able that related to changes in the digestive enzyme

activity in scyphozoan jellyfish. Digestion in scypho-

zoan involves an extracellular phase, as well as a

following intracellular phase. The gastrovascular

system of scyphozoan consists of a central stomach

cFig. 2 Specific enzymatic activities in the polyp, ephyra, and

juvenile medusa stages of Stomolophus meleagris (mean and

standard deviation). Fluorometric methods used: a trypsin,

b chymotrypsin, c alkaline phosphatase, d acid phosphatase, and
e lipase. Different letters on the columns indicate a significant

difference (P\ 0.05)
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surrounded by stomach pouches and/or a canal system.

The gastrodermis of the gastric cirri contains serous

cells concentrated in the basal region of the cirri that

produce digestive enzymes and can be directly applied

to entangled prey (Arai, 1997).

Intracelullar digestion occurs in the gastrodermal

cells, following endocytosis of particles derived from

food. The enzymes carboxylesterase, N-acetylglu-

cosaminidase, aminopeptidase, and phosphatases are

related to intracellular digestion (Hoeger & Momm-

sen, 1984). These enzymes reduce food into small

particles, then ingested through phagocytosis to finish

with intracellular food digestion. Later the digested

products reach the ectoderm by diffusing across the

mesoglea (Chapman & Pardy, 1972).

The specific activity of amylase is positively

correlated with the amount of phytoplankton cells

ingested and assimilated, so a high enzymatic activity

indicates that the phytoplankton are important in the

diet of jellyfish (Boucher et al., 1975). In some

crustacean larvae, high amylase activities could result

from co-regulation with other enzymes, such as

trypsin (Hirche & Anger, 1987).

High amylase activity at the polyp stage indicates

major digestive capacity to assimilate simple meals,

such as phytoplankton or dissolved organic material

(Boucher et al., 1975). According to Östman (1997)

the scyphopolyps, including S. meleagris, feed on

bacteria, organic particulate matter, small crustaceans,

microalgae, and tintinnids, using their tentacles.

Moreover, the polyps absorbed free amino acids, such

as glycine and alanine, which are a supplemental

nutritional source, necessary for normal strobilation

and development (Shick, 1975).

The higher activities of amylase and aminopepti-

dase found in polyps imply an advantage because they

are sessile with limited opportunities to encounter

prey, so have to capture very small particles and

organisms with little mobility, and these enzymes

easily assimilate foods, such as phytoplankton and

organic particulate matter. In ephyrae and medusae,

amylase and aminopeptidase activities decreased,

which could be related to adaptation processes in the

pelagic life and a diet shift.

Trypsin and chymotrypsin patterns in S. meleagris

are similar to those observed in some larval stages of

cephalopod (Villanueva et al., 2002; Moguel et al.,

2010) and crustacean species, such as American

lobster Homarus americanus H. Milne Edwards,

1837 and white shrimp Litopenaeus schmitti (Burken-

road, 1936) (Biesiot & Capuzzo, 1990; Lemos et al.,

2002). InOctopus mayaVoss & Solı́s, 1966 during the

larval phase, erratic behavior in enzyme activity has

been observed; trypsin and chymotrypsin showed

activity peaks at days 3, 5, 9, and 14 after hatching

(Moguel et al., 2010). Similarly, in experiments with

Octopus vulgaris Cuvier, 1797 fed with Artemia,

increased proteolytic activity (trypsin and chy-

motrypsin) occurred during the first days, but tended

to decrease after day 10 (Villanueva et al., 2002).

These patterns could be related to adaptation processes

in diet shift, based on changes in nutritional require-

ments or feeding behavior and an increase in com-

plexity during development.

The ephyra is a pelagic stage, but has limited

swimming ability; thus, they need to capture slow-

swimming organisms by creating fluid flows that allow

capturing prey into the subumbrellar region

(Kamiyama, 2017). According to Gómez-Aguirre

(1991), the first feeding stages of S. meleagris ephyrae

consist of small microplankton, such as diatoms,

dinoflagellates, protozoa, and larvae of other

invertebrates.

During development of the ephyrae, the manubrium

became more complex and branched, which allows

capture of more preys. The internal canals branch to

allow food transport to the whole body; velar lappets

developed between marginal lappets, and the central

disk increases in size. By E15, ephyrae begin to

acquire a hemispherical shape, and the width of the

mesoglea (composed of water and collagen-like

protein) increased. At this point the highest activity

of lipase and phosphatase was observed.

Phosphatases are responsible for catalyzing the

separation of inorganic phosphorus from organic

phosphate (Lehninger, 1994) to produce energy and

transport nutrients through the cells, such as glucose,

proteins, and lipids, and even water and ions in the

case of alkaline phosphatase (Dupuis et al., 1991;

Álvarez-González et al., 2005). Van Praët (1976)

showed an increase in acid phosphatase reaction

product in endodermal cells of Actinia equina (Lin-

naeus, 1785) during 10 days of starvation, but a

decrease at about 20 h after feeding, interpreting this

as using the stock of acid phosphatase during diges-

tion. In S. meleagris, the highest phosphatase activity,

both acidic and alkaline, was found in E15.
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The highest activity of phosphatase and lipase in

E15 is related to exponential growth that is most

marked in the transition between the ephyra and

medusa stages. In this phase, the jellyfish needs more

energy to maintain rapid growth because their feeding

now focuses on food with high amounts of lipids,

usually eggs of invertebrates, and fish.

Lipids have about twice the energy content as

carbohydrates and proteins and are essential for egg

production, since S. meleagris females of only 3.6 cm

(* 4.7 g) are already mature. Triglycerides are the

main energy storage in S. meleagris that during

vitellogenesis accumulate in oocytes (Carvalho-Sau-

cedo et al., 2011).

Based on stomach content, juvenile and adult S.

meleagris exhibit is a clear carnivorous specialist,

capable of selecting food from the environment.

Larson (1991) showed that S. meleagris select against

calanoid and cyclopoid copepods and their nauplii,

Padilla-Serrato et al. (2013) showed that anchovy eggs

were the most abundant prey, and Álvarez-Tello et al.

(2016) showed positive selection of fish eggs, gas-

tropods, bivalves, and cirripeds and negative selection

for copepods and appendicularians. The type and

amount of prey ingested is related to the size of the

jellyfish; copepods tend to decrease in the diet as it

grows, while fish eggs tend to increase (Álvarez-Tello

et al., 2016).

Medusa is the largest stage in the life cycle of S.

meleagris, its high swimming capacity concentrates

food around their oral parts and produces mucus to

retain food items around the oral cavity (Southward,

1955); thus, medusae showed greater capacity to

follow and catch prey, as their metabolism is higher

and energy requirements increase.

Contrary to what was expected, the specific enzy-

matic activities for JM are very low. At this stage,

there is the greatest increase in size, wet mass, and

amount of protein, resulting from the increase in the

mesoglea (composed of water and collagen-like

protein). Protein concentration increased approxi-

mately tenfold from the E15 to the JM stage, which

suggests underestimating the amount of enzymatic

activity. Apart from this and considering the enzy-

matic activity, JM has the highest activity.

The same enzyme pattern was observed in other

invertebrates, such as the cuttlefish Sepia officinalis

Linnaeus, 1758, where trypsin, chymotrypsin, and

acid phosphatase decrease the specific activity during

the juvenile stages, up to 30 days post-hatching

(Perrin et al., 2004); trypsin in Palaemon serratus

(Pennant, 1777) (VanWormhoudt & Sellos, 1980) and

fish larvae of Paralichthys californicus (Ayres, 1858)

also decrease at 30 days after hatching for trypsin,

chymotrypsin, and alkaline phosphatase (Álvarez-

González et al., 2005).

Our results indicate that the polyp, ephyra, and

juvenile medusa stages are able to digest all metabolic

fuels (protein, carbohydrates, and lipids) present in

food, but major changes were observed when chang-

ing from benthic to pelagic activity and at the late

ephyra (E15) stage, when the bell is completely

formed and just before exponential mass growth.

These changes suggest that the digestive capacity

changes between the phases, according to their

nutritional requirements and diet, and seems to be

regulated internally, since the external factors were the

same for each stage of jellyfish growth.

Boucher et al. (1975) state that there is an

adaptation in activity of the digestive enzymes to the

variations of available food, which allows the jellyfish

to satisfy its metabolic needs when there is little

available food in the environment. The presence of

different types of enzymes (proteases, lipases, phos-

phatases, and amylases) in the stages of S. meleagris

may be an adaptation to the variability in planktonic

composition, and therefore their food, which favors

high survival, which is reflected in the blooms that

seasonally occur in this jellyfish.

Further work should study the ability to absorb and

assimilate the principal dietary nutrients and their

response to external factor as an essential step toward

understanding the mechanism of digestion of scypho-

zoan jellyfish, which is of particular interest in

blooming species, such as S. meleagris, when seasonal

outbreaks occur.

In this work, fluorometric and spectrophotometric

methods were used to provide new insights into

jellyfish digestive capacity and detecting enzymatic

activity. However, the fluorometric technique had a

higher resolution because the substrates used in the

analyses were more unstable and required less

enzymes for their hydrolysis, besides requiring less

biological material for analysis (Rotllant et al., 2008).

Therefore, it was more useful for analyzing the small

polyps and ephyrae. This work used a large number of

polyps and ephyrae (see ‘‘Methods’’) to avoid diluting

the sample; but given the great sensitivity of the
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fluorometric technique (c.v. ca. 1%), fewer biological

samples could be used in future studies.

In summary, S. meleagris has the capacity to digest

all metabolic fuels (protein, carbohydrates, and lipids)

in a meal. This ability changes throughout develop-

ment and is probably tied to the genetic regulation of

enzyme synthesis, according to feeding habits and

morphological changes during growth. Polyps better

hydrolyze carbohydrates, ephyrae better hydrolyze

proteins, and this shifts to lipids at the juvenile medusa

stage.
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del Instituto de Biologı́a Universidad Nacional Autónoma
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