
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Zulin Zhang,
The James Hutton Institute,
United Kingdom

REVIEWED BY

Tania Islas-Flores,
National Autonomous University of
Mexico, Mexico
William Fitt,
University of Georgia, United States

*CORRESPONDENCE

Samir M. Aljbour

Samir.aljbour@kaust.edu.sa

SPECIALTY SECTION

This article was submitted to
Marine Biology,
a section of the journal
Frontiers in Marine Science

RECEIVED 30 August 2022
ACCEPTED 14 December 2022

PUBLISHED 10 January 2023

CITATION

Aljbour SM, Alves RN and Agustı́ S
(2023) Aerobic respiration,
biochemical composition, and
glycolytic responses to ultraviolet
radiation in jellyfish Cassiopea sp.
Front. Mar. Sci. 9:1031977.
doi: 10.3389/fmars.2022.1031977

COPYRIGHT

© 2023 Aljbour, Alves and Agustı́. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 10 January 2023

DOI 10.3389/fmars.2022.1031977
Aerobic respiration,
biochemical composition,
and glycolytic responses
to ultraviolet radiation in
jellyfish Cassiopea sp

Samir M. Aljbour*, Ricardo N. Alves and Susana Agustı́

Red Sea Research Center (RSRC), King Abdullah University of Science and Technology (KAUST),
Thuwal, Saudi Arabia
The light-dependent zooxanthellate jellyfish Cassiopea sp. (the upside-down

jellyfish) is invasive/exotic in many shallow and clear marine habitats, where the

jellyfish might be exposed to high levels of ultraviolet radiation (UVR).

Compared to other reef organisms, the sensitivity/resilience of the semi-

transparent jellyfish to UVR exposure is overlooked. Therefore, we

experimentally investigated the metabolic and physiological responses of

Cassiopea sp. from the Red Sea to natural levels of underwater UVR

following 16 days of exposure to three light treatments: 1) control group with

only photosynthetically active radiation (PAR), 2) PAR+UV-B, and 3) PAR+UV-B

+UV-A. While jellyfish body mass increased (by 40%) significantly in the control

group, it did not increase in either of the UV treatments. However, both UV-

exposed jellyfish had higher (98% to 120%) mitochondrial electron transport

system (ETS) activity than the control group. Therefore, the results indicate

elevated aerobic respiration rates in UV-exposed jellyfish (i.e., reflecting a

higher energy cost of UVR exposure). Neither the lactate dehydrogenase

(LDH) activity nor the available energy (Ea) exhibited different levels among

UVR treatments compared to the control group. In contrast, pyruvate kinase

activity was significantly lower (by 46%) in all UV-exposed jellyfish compared to

the control group. Unchanged Ea and LDH activity combined with higher ETS

activity indicates a high aerobic capacity of jellyfish, which might explain their

ability to cope with UVR exposure-induced higher energy demands without

inducing the onset of anaerobiosis. The results indicated that UV-A does not

amplify or modulate jellyfish physiology and growth under UV-B exposure. In

conclusion, the findings suggest that the jellyfish is more resilient (i.e., in terms

of survival) to UVR than other cnidarians. This study on Cassiopea is the first to

address its metabolic and physiological responses to UVR. Therefore, it could

be used as a framework for further studies aiming to better understand

jellyfish physiology.
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1 Introduction

The upside-down jellyfish (genus Cassiopea) has displayed

signs of being exotic/invasive in many shallow marine coastal

systems (Nabipour et al., 2015; Özbek and Oztürk, 2015; Thé

et al., 2021). Unlike many other jellyfish, Cassiopea sp. is

epibenthic and has symbiotic dinoflagellates (endosymbiont

algae). This peculiarity (i.e., association with photosynthetic

dinoflagellates) is shared with few other jellyfish (e.g. Linuche

unguiculata and Mastigias sp.; Kremer et al., 1990; McCloskey

et al., 1994). Therefore, it is a photosynthetic mixotrophic

cnidarian, analogous to coral. Thus, Cassiopea sp. requires

sufficient doses of photosynthetically active radiation (PAR) to

grow optimally. Depending on light availability, the jellyfish

might act as a functional photoautotroph (Cates, 1975; Verde

and McCloskey, 1998), where it gains most of energy needs from

photosynthesis. In Cassiopea, the symbiotic dinoflagellates live

in oral arm and the bell, and can reach high densities (i.e., 1.52 ×

106 to 2.68 × 106 cells mg–1 protein; Verde and McCloskey,

1998). These symbionts synthesize mycosporine-like amino

acids (MAAs) and transport them to the host, protecting the

holobiont from excessive ultraviolet radiation (UVR) in shallow

water habitats (Banaszak and Trench, 1995). Furthermore,

Cassiopea has a special photoprotective dimeric protein

pigment known as Cassio Blue (Blanquet and Phelan, 1987;

Phelan et al., 2005). While this pigment allows the passage of

PAR, it shields against the damaging solar radiation (Blanquet

and Phelan, 1987; Phelan et al., 2005). In coral reefs, the jellyfish

plays critical roles in food web and nutrient cycling and the food

web (Jantzen et al., 2010; Niggl et al., 2010; Zarnoch et al., 2020).

Furthermore, Cassiopea medusae are mass-cultured as food for

medusivores in captivity in aquaculture industry (Pierce, 2005).

The jellyfish usually prefers calm and shallow marine habitat

such as mangrove forest and lagoons, however, it is also

common in shallow seagrass beds and coral reefs (Fleck and

Fitt, 1999; Arai, 2001; Todd et al., 2006; Niggl and Wild, 2009;

Jantzen et al., 2010). Cassiopea, temporarily, fixes its bell to the

substrate (i.e., in an upside-down orientation) with help of its

beating motion and mucus (Gohar and Eisawy, 1960). This

unusual orientation maximizes the exposure of the symbiotic

dinoflagellates to light for proper photosynthesis.

In general, scyphozoans grow rapidly and die en masse (Pitt

et al., 2009). Therefore, jellyfish blooms are usually associated

with the rapid release of massive amounts of organic matter,

which could, temporally and spatially, change the physical and

biological properties of confined water bodies (Pitt et al., 2009;

Tinta et al., 2016). Jellyfish’s feeding menu varies, ranging from

zooplankton to fish and their larvae (Breitburg et al., 1997; Mills,

2001). Scyphozoans are generally known to be robust and

tolerate wild range of environmental stresses, such as

temperature and pollutants (Aljbour et al., 2018; Aljbour et al.,

2019). Furthermore, global warming and anthropogenic
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activities (e.g. eutrophication and coastal constructions) are

proposed as the main drivers of jellyfish blooms (Arai, 2001;

Mills, 2001; Purcell, 2005; Aljbour et al., 2018; Aljbour

et al., 2019).

The subtropical Red Sea marine ecosystem, like most

subtropical and tropical ecosystems, is oligotrophic and

characterized by highly transparent waters due to low

concentrations of ultraviolet radiation (UVR)-absorbing

substances in the water column (Kheireddine et al., 2017;

Overmans and Agustı,́ 2019). Furthermore, this ecosystem

receives intense incident solar and UVR (Khogali and Al-Bar,

1992). Moreover, Overmans and Agustı ́ (2020) demonstrated

that UVR deeply penetrates the Red Sea water in moderately

high doses, even at depths of 3 to 5 m. Therefore, marine

organisms living in the shallow waters of this area are usually

overexposed to harmful doses of UVR (Overmans and

Agustı,́ 2019).

The UVR reaching the sea surface may represent, depending

on the location, about the 6% of the incident solar radiation and

is distributed in ~95% and ~5% in the UVR A (UV-A, 315 to

400 nm) and UVR B (UV-B, 280 to 315 nm) bands, respectively

(Moan, 2001). Furthermore, UV-B and UV-A differ markedly in

biological activity, water penetration, abundance in solar

radiation, energy content, and damaging effects. While UV-B

has significantly less penetration underwater, it has more

damaging effects due to the higher energy content of its

shorter wavelengths compared to UV-A. Moreover, UV-B is

one of the most potent agents that adversely affect cellular

homeostasis and genomic stability by inducing a variety of

cytotoxic DNA lesions (Rastogi et al., 2010) and triggering

reactive oxygen species (ROS) formation (Lesser, 1996; Lesser

and Farrell, 2004; Lu andWu, 2005). In contrast, UV-A, which is

less damaging but more abundant than UV-B (i.e., 10 to 100

times more; Moan, 2001), contributes in activating the

photoreactivation enzymes to repair UVR-damaged DNA

(Hearst, 1995; Sancar, 1996; Rastogi et al., 2010).

Therefore, organisms have developed a variety of highly

conserved defensive repair mechanisms to counteract the

deleterious DNA-damaging effects of UVR. For example, the

synthesis or acquisition of photoprotective UV-B-absorbing

pigments (e.g., carotenoid, melanin, and mycosporine-like

amino acids; Roy, 2000; Rossbach et al., 2020), and the

evolution of DNA repair mechanisms such as base excision

repair, and photoreactivation (using photolyases “alternatively

called photoenzymes”; Sinha and Häder, 2002; Rastogi et al.,

2010). In DNA, cyclobutane pyrimidine dimers (CPDs) and

pyrimidine (6–4) pyrimidone photoproducts (6–4PPs) are the

two major classes of UVR induced DNA helix distorting lesions

(Sancar, 1996). DNA photoreactivating phosphorylases contain

chromophores (i.e., as light harvesting antenna) and flavin

adenine dinucleotide (FAD) molecule as a catalytic cofactor

(Thoma, 1999). Interestingly, photolyases binds to UVR-
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damaged DNA and make use of light in the range of 350-450 nm

(i.e., near UV-A and blue light) as an energy source to split the

cyclobutane ring of CPDs, restoring the altered nucleotides to

their native form (Hearst, 1995; Sancar, 1996). In nature,

organisms exposed to UV-B are also exposed to UV-A and

blue light. Thus while UVR (mainly UV-B) could cause DNA

damage, the co-exposure to UV-A and blue light activate

photoreactivating enzymes, alleviating the harmful impacts of

shorter UVR to certain extent (Hearst, 1995; Sancar, 1996).

Nevertheless, the ability of organisms to tolerate UVR varies

considerably across various life stages, taxonomic groups, and

prevailing environmental conditions (Alves et al., 2021; Alves

et al., 2020; Leech and Williamson, 2000; Bancroft et al., 2007).

Compared to UV-A, UV-B has received more attention and

is recognized to be harmful to the majority of marine animals,

including fish and benthic invertebrates (Lesser, 1996; Häder

et al., 2011; Torres-Pérez and Armstrong, 2012; Häder et al.,

2015; Donner et al., 2017; Nordborg et al., 2021). Furthermore,

the detrimental effects of UV-B are usually dose-dependent

(Alves and Agustı,́ 2020). For example, Stylophora pistillata

coral exhibited photoinhibition (Winters et al., 2003) and

DNA breakages (Baruch et al., 2005) following UV-B exposure

at levels comparable to those received at <5 m depths in the Red

Sea. Furthermore, UV-B induced oxidative stress and cell death

in the host tissue of shallow water coral while impairing the

photosynthesis in symbiotic dinoflagellates and resulting in

reduced fecundity of the holobiont (Lesser, 1996; Lesser and

Farrell, 2004; Torres-Pérez and Armstrong, 2012). In sea

urchins, 30 min of exposure to UV-A negatively affected

sperm motility and fertilization and induced ROS production

(Lu and Wu, 2005). According to Rijstenbil (2001), 4 h of daily

exposure to UV-A for 4 weeks significantly increased superoxide

dismutase and caused lipid peroxidation in Ditylum brightwellii

diatoms. In Caenorhabditis elegans nematodes, UV-A triggered

photoaging in DAF-16 dependent pathway (Prasanth et al.,

2016). In contrast, in coral larvae and Symbiodiniaceae, UV-A

alleviated the adverse effects of UV-B on photosynthesis (Zhou

et al., 2016). The variation in UV sensitivity/tolerance in

organisms could imply important consequences for

community and ecosystem responses to the present and future

predicted levels of UVR (associated with climate change and the

stratospheric ozone depletion; Anderson et al., 2012).

In animal physiology, the onset of anaerobic metabolism

indicates energy stress (i.e., elevated energy demand beyond

organismal aerobic capacity; Bagwe et al., 2015). Therefore,

transition to anaerobiosis is crucial to cope with accelerated

energy demands under stressful conditions (Pörtner, 2002).

Under normal physiological conditions (i.e., sufficient oxygen

supply and undisturbed homeostasis), aerobic mitochondrial

ATP production is sufficient to meet cellular energy

requirements. Aerobic respiration is the primary and most

efficient pathway of ATP synthesis in the animal kingdom.

The maximum aerobic respiration potential (i.e., that
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supported by the existing enzymatic machinery) is estimated

by measuring the activity of the mitochondrial electron

transport system (ETS) in organisms carrying out aerobic

respiration (Packard, 1971; Owens and King, 1975).

In contrast, anaerobic metabolism could be estimated by

measuring the activity of pyruvate kinase (PK) and lactate

dehydrogenase (LDH; Hochachka et al., 1983). In most

animals, PK and LDH are the two primary enzymes

controlling the glycolysis rate. In addition, PK mediates the

conversion of phosphoenolpyruvate and ADP to pyruvate and

ATP. Therefore, it sits at the crossroads between anabolism and

catabolism of glucose carbons (Mazurek et al., 2002). In contrast,

LDH channels pyruvate into anaerobic metabolism to maintain

a sustained supply of ATP under anoxic/hypoxic conditions.

Furthermore, the enzyme is a universally used biomarker of

anaerobiosis because it correlates well with cellular anaerobic

capacity (Hochachka et al., 1983).

There is little information on the effect of UV-B and UV-A

radiation on the metabolic rate and biochemical composition of

Cassiopea jellyfish. However, few studies investigated the effect

of UVR on MAA synthesis by symbiotic dinoflagellates in

Cassiopea (Banaszak and Trench, 1995), and scyphistomae

proliferation and survival (Klein et al., 2016). While Banaszak

and Trench (1995) demonstrated an elevated synthesis of MAA

in symbiotic Cassiopea in response to UVR, Klein et al. (2016)

found that UV-B adversely affected the scyphistomae health and

survival. Nevertheless, both studies did not address differential

effects of UV-A and UV-B on the metabolic rate and

biochemical composition of Cassiopea medusae. In general,

some jellyfish are robust and tolerant of many environmental

disturbances. For example, the jellyfish acclimated well under

high temperatures (32°C) incubations (Aljbour et al., 2017;

Aljbour et al., 2018). Furthermore, the jellyfish were abundant

in polluted areas with no signs of oxidative stress (Aljbour

et al., 2018).

This study aims to develop a better understanding of the

metabolic and physiological performance of Cassiopea at the

cellular level in response to UVR. Therefore, we asked the

following questions: Does UVR (i.e., UV-B alone and UV-B

+UV-A combined) affect aerobic respiration and glycolytic

potential in jellyfish? Do the defined conditions of UVR in this

experiment affect the survival and growth of jellyfish? Do the

UVR doses used in this experiment induce changes in available

energy (Ea) resources (i.e., carbohydrates, lipids, and proteins)?

Finally, does UV-A affect or modulate the jellyfish response to

UV-B under the defined conditions in this experiment?

To answer these questions, we measured the activity of PK

and LDH (i.e., the key regulatory enzymes of glycolysis), ETS

activity (i.e., a proxy to evaluate the aerobic cellular respiration),

and the total content of carbohydrates, lipids, and proteins to

evaluate the available energy (Ea) in jellyfish. Therefore, we

exposed Cassiopea sp. Medusae to three different light scenarios

(i.e., PAR only as a control treatment, PAR + UV-B treatment,
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and PAR +UV-B and UV-A treatment) to investigate the

differential effects of UV-B and UV-A on jellyfish. Overall, this

is the first study on Cassiopea of its kind that rigorously

addresses the metabolic and physiological performance of

Cassiopea at the cellular level in response to UVR.
2 Materials and methods

2.1 Experimental animals

Medusae of Cassiopea sp. jellyfish were collected by gently

scooping them (using a bucket) from shallow water at King

Abdullah University of Science and Technology (KAUST) in

August and September 2021. We immediately transferred the

jellyfish to the aquarium facilities in the Coastal and Marine

Resources Core Lab (CMR, in KAUST). In CMR, we maintained

the jellyfish in a 300 L temperature-controlled (27.5 ± 0.7°C)

aquarium tank supplied with filtered seawater (20 mm, salinity:

40.5 ± 0.5‰) until the commencement of the experiment in

November 2021. The aquarium was lighted with PAR using

radion light-emitting diodes (EcoTech Marine, USA) on a 12 h/

12 h light/dark cycle. The PAR intensity ranged from

500 mmol·m-2·s-1 (high PAR) at the water surface to 171

mmol·m-2·s−1 (low PAR) at the aquarium bottom (water depth

= 0.40 m). Three days before starting the experiment, we

carefully selected 20 jellyfish and kept them at a depth of

0.10 m in a perforated tray in the same aquarium (i.e.,

receiving an average of 370 mmol·m-2·s-1; refer to Figure 1).
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We applied the selection criteria used by (Aljbour et al., 2017;

Aljbour et al., 2019) to ensure that the selected jellyfish were

morphologically healthy (i.e., no lost arms, pitched umbrella, or

perforated bells). One day before the experiment (Day 0), we

measured jellyfish size parameters (i.e., bell diameter = 3.5 ±

0.3 cm, wet body mass (WM) = 5.0 ± 0.5 g) to avoid putting extra

stress on the organism on Day 1 of the experiment. The jellyfish

bell diameter and body mass were measured according to the

protocol used by (Aljbour et al., 2017; Aljbour et al., 2019).
2.2 UVR exposure

To investigate jellyfish responses to UV-B alone and

highlight the role of UV-A in jellyfish responses to UV-B, we

ran three UV-exposure treatments (refer to Figure 1). Treatment

1 was the control, alternatively called the PAR treatment. In this

treatment (N = 8), jellyfish were only exposed to PAR (average

intensity of 460 mmol·m-2·s-1; ca. 25% of natural PAR at sea

surface) for 12 h a day on a 12 h/12 h light/dark cycle using

radion light-emitting diodes (EcoTech Marine, USA). The PAR

lights were automatically switched on at 6:00 am and off at 6:00

pm. Treatment 2 was the UV-AB treatment (i.e., UVA+UVB).

In this treatment (N = 6), in addition to PAR exposure, the

jellyfish were exposed to UV-A using Philips TL20W/12RS UV-

B and UV-A broadband lamps (average intensity = 4.0 ±

0.5 W·m-2; dose = 143 ± 19 kJ·m−2·d-1) on a 10 h/14 h light/

dark photoperiod and to UV-B (average intensity = 0.18 ±

0.03 W·m−2; dose = 3.9 ± 0.6 kJ·m-2·d-1) on a 6 h/16 h light/
FIGURE 1

Diagram illustrating the jellyfish rearing and experimental design (D, E). (1) Jellyfish were transferred to an elevated tray at 0.10 m depth for 3
days to acclimatize them for higher photosynthetically active radiation (PAR) values. (2) Jellyfish were randomly distributed into three treatments
(i.e., indicated by the letters A–C. Each organism represented a biological replica and was kept in a separate incubation chamber. (F)
summarizes the light exposure conditions in each treatment. Refer to the materials and methods section for more detailed explanations.
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dark photoperiod. We switched UV−A lamps on and off at

8:00 am and 6:00 pm, respectively. In contrast, UV-B lamps were

switched on and off at 10:00 am and 4:00 pm, respectively.

Therefore, jellyfish were exposed to a combination of UV-A and

UV-B light for 6 h a day (in addition to PAR). Furthermore, the

delay in switching on the UV-B light might partially mimic the

fact that UV-B reaches the earth at later hours than UV-A.

Treatment 3 was the UV-B treatment (N = 6), where in addition

to PAR exposure, the jellyfish were only exposed to UV-B

(average intensity = 0.18 ± 0.03 W·m-2; dose = 3.9 ± 0.6 kJ·m-

2·d-1) on a 6 h/16 h light/dark photoperiod only (refer to

Figure 1F). Undetectable underwater UV-C levels were

confirmed before the start of the experiment using the

PMA2100 radiometer fitted with a UV Germicidal PMA2122-

WP sensor (Solar LightTM, USA). When considering the

averaged doses measured by Overmans and Agustı ́ (2020) in

the coastal Red Sea (34.6 and 1270 KJ m-2 d-1, for UVB and

UVA respectively), the UVA and UVB doses provided in the

experiment represented ~11.5% of the doses received at

the surface.

All physical factors were held constant in all treatments (i.e.,

temperature, 27.5 ± 0.5°C, salinity, 40.5 ± 0.5‰). In addition,

0.8 L glass beakers were used as incubation chambers for jellyfish

in PAR treatment, whereas 2.0 L wide mouth (7 cm) quartz

flasks were used in both UV treatments. The quartz flasks were

used because quartz allows UVR penetration, whereas glass does

not allow UVR penetration. Jellyfish were fed (to repletion)

every second day during the morning with freshly hatched

Artemia nauplii. Water exchange (i.e., after 12 h of feeding)

was achieved by removing about 90% of the incubation water

and replacing it with filtered seawater at the same incubation

temperature. To avoid stressing the jellyfish, we did not feed

jellyfish on Days 1 and 16 (i.e., 24 h before sampling). Body mass

was measured (according to the protocol from Aljbour et al.,

2019) on Days 0 and 16 (i.e., 24 h before sampling).
2.3 Tissue sampling and homogenization

From each jellyfish (i.e., on day 17), the oral arms (four per

tube) and the bell (i.e., devoid of gonadal tissue) were sampled in

preweighed tubes and immediately snap-frozen in liquid

nitrogen. Then, they were stored at -80°C until analyzed.

Oral samples were solely used for enzymatic assays and

protein quantification (i.e., for enzyme activity normalization).

For both ETS and glycolytic enzyme (PK and LDH) assays, we

used the following common homogenization practice except for

the type of the homogenization buffer specific for each enzyme

set (buffer ingredients were described in detail by Aljbour et al.,

2019). Oral arms (assigned for different enzymes) were double

homogenized using the MicroDisTecTMMDT125 homogenizer

(Thermo Fisher Scientific, USA) for <40 s and QIAGEN

TissueLyser II (i.e., using about 0.5-g glass bead mixture; 0.4
Frontiers in Marine Science 05
and 1.0 mm diameter) and applying the following program (TN:

12×15, for 15 s) and immediately kept on ice to avoid heat build-

up. Afterward, the resulting homogenates were centrifuged

(5,000 x g for 5 min at 4°C), and the supernatants were

distributed into different tubes for enzymatic activity

measurement. All aliquots were snap-frozen in liquid nitrogen

and kept at -80°C until analyzed.

Bell samples were double homogenized (without buffers)

using the approach mentioned above. Therefore, the resultant

homogenates (called crude homogenate hence after) were

divided into aliquots (in preweighed tubes) and immediately

snap-frozen in liquid nitrogen and stored at -80°C until

analyzed. Bell crude homogenates were exclusively used for

Ea estimation.

All enzymatic assays were performed at 28°C using a

microplate spectrometer (SpectraMax, USA). Moreover, when

we mention the word “supernatant” in the subsequent sections,

we mean the above-described supernatant aliquots collected

from the oral arms following the homogenization process.

Similarly, the word “crude homogenate” refers to the

nonbuffered bell homogenate aliquots described in the bell

homogenization section.
2.4 Metabolic Enzyme Activity Assays

2.4.1 Electron transport system activity
We measured ETS act iv i ty us ing the common

iodonitrotetrazolium (INT) reduction assay (Packard, 1971;

Owens and King, 1975), following the methodology described

in detail by Aljbour et al. (2019). This assay assumes that the INT

reduction rate reflects the oxygen consumption rate. Technically,

ETS enzymes mediate the reduction of INT to INT-formazan in

the reaction mixture containing electron donors (i.e.,

nicotinamide adenine dinucleotide or NADH). We estimated

the ETS-mediated oxygen consumption using the theoretical

stoichiometric relationship that the formation of 2.0 µmol INT-

formazan is equivalent to 1.0 µmol of O2 consumed. The

increase in absorbance a t 490 nm was fo l lowed

spectrophotometrically. Then, the results were calculated based

on the corrected slopes and presented in milligrams of O2 per

hour per milligram of protein. Protein concentration was

determined spectrophotometrically at 595 nm following the

Bradford (1976) method, using the bovine serum albumin to

build the standard curve.

2.4.2 Glycolytic Enzyme Activity
We measured the activity of PK (EC 2.7.1.40) according to

Hickey and Clements (2003), following the methodology

described in detail by Aljbour et al. (2018). Technically,

pyruvate conversion to lactate is associated with NADH

oxidation, which changes the absorbance at 340 nm. The

results were calculated based on the corrected slopes and
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presented as milliunits per milligram of protein (mU·mg

protein-1.) In addition, LDH (EC 1.1.1.27) activity was

measured according to (Lushchak et al., 1998; Lushchak et al.,

2001), following the methodology described in detail by Aljbour

et al. (2018).
2.5 Biochemical composition
quantification (available energy
resources)

We measured the total soluble protein and carbohydrate

content of the bell tissue following the methods described by De

Coen and Janssen (1997). Bell crude homogenates were

deproteinated with 12% Trichloroacetic acid (0.2 mL per ca.

0.08 g of bell tissue) aided by incubation at -20°C for 10 min.

Following centrifugation (1000 x g for 10 min), supernatants

were recovered in new tubes, and the carbohydrates were

quantified with anthrone (Van Handel, 1965), using glucose as

a standard with absorbance at 630 nm. The anthrone reagent

was prepared fresh right before analysis. The results are

presented as milligrams of glucose per gram of WM. The

pellets were resuspended in 1.0 N of NaOH and incubated at

60°C for 30 min. Finally, they were neutralized with 2.0 M of

HCl, and the protein concentration was determined

spectrophotometrically at 595 nm following the Bradford

(1976) method, using the bovine serum albumin to build the

standard curve. Results are presented as milligrams of protein

per gram of WM.

Total lipids were extracted following Bligh and Dyer (1959),

following the methods outlined by De Coen and Janssen (1997).

Bell crude homogenates were mixed with a 2.0 volume of

chloroform and methanol and a 0.85 volume of H2O.

Following centrifugation (1000 x g for 5 min), 0.13 mL of the

organic phase was transferred to a capped glass vial containing

0.65 mL of H2SO4 and was charred at 200°C for 15 min. Then,

0.5 mL of the charred mixture was mixed with 1.13 mL of H2O

and centrifuged at 15,000 x g for 15 min. The total lipid was

determined by measuring the absorbance at 375 nm. Tripalmitin

was used as a standard to build the standard curve. The results

are presented as milligrams of tripalmitin per gram of WM.
2.6 Statistical analysis

Before conducting the analysis, all data were tested for

compliance with the statistical test assumptions, normality,

and homoscedasticity. Nonparametric tests were applied when

assumptions were violated. The Kruskal–Wallis test and Dunn’s

Kruskal–Wallis multiple comparisons were applied to test for

significant variation between groups. Spearman’s rank

correlation test was applied to test for the correlation between

variables. We used the R software (R Foundation for Statistical
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Computing) to conduct the statistical analysis. A p-value <.05

was used as the borderline of statistical significance to reject the

null hypothesis for each test, and the word “significant” was used

only if the p-value of the test was <.05.
3 Results

3.1 Changes in jellyfish body mass

While the jellyfish in the control treatment significantly

increased their WM by about 40% (Wilcoxon signed-rank test

with continuity correction: V = 0, p = .01), neither the UV-B-

exposed nor UV-AB-exposed jellyfish demonstrated any

significant change in body mass (Figure 2A). However, we did

not notice any abnormal behavioural or morphological changes

(i.e., bell perforation or oral arm complex separation) during the

experiment in either treatment.
3.2 Enzymatic activity responses

The ANOVA using the Kruskal–Wallis test revealed that

UVR exposure significantly affected ETS activity in jellyfish in at

least one treatment (c2 = 9.9 df = 2, p <.01; Figure 2B). The

results of the post hoc analysis using the Dunn (1964) Kruskal–

Wallis multiple comparisons indicated that the ETS activity was

significantly higher (i.e., 98% to 120%) in UV-B and UV-AB-

exposed jellyfish when compared pairwise to the control group

(p <.01; Figure 2B). However, the ETS activity in the UV-B and

UV-AB-exposed jellyfish was not significantly different when

compared pairwise to each other (Dunn (1964) Kruskal–Wallis

multiple comparison test: Z = 0.2398773, p = .81; Figure 2B).

Moreover, UV exposure significantly affected the activity of PK

in jellyfish in at least one treatment (Kruskal–Wallis test: c2 =

10.517, df = 2, p <.01). The PK activity was significantly lower (by

46%) in both UV-B and UV-AB-exposed jellyfish when compared

pairwise to the control group (Dunn’s (1964) Kruskal–Wallis

multiple comparison test: p <.01; Figure 3A). However, pairwise

comparison of PK activity between UV-exposed jellyfish did not

detect any significant differences between UV-B and UV-AB-

treated jellyfish when compared pairwise to each other (Dunn’s

Kruskal–Wallis multiple comparison test: Z = 0.098, p = .92;

Figure 3A). In contrast, UV exposure did not have any significant

effect on LDH activity in either treatment (Kruskal–Wallis rank

sum test: c2 = 3.137, df = 2, p >.05; Figure 3B).

Using the enzymatic ratio analysis, we found that the PK/LDH

ratio was significantly different in at least one treatment (one-way

ANOVA: df = 2, F = 9.05, p = .002). The ratio was significantly lower

in both UV-B and UV-AB-exposed jellyfish when compared

pairwise to the control group (Tukey’s HSD test for multiple

comparison test: p <.05; Figure 4A). However, the ratio did not

differ between UV-B and UV-AB-exposed jellyfish when compared
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pairwise to each other (Tukey’s HSD test for multiple comparison

test: 95% confidence interval [0.032, 0.132], p = .70).We did not find

any correlation between PK and LDH. In contrast, when the data

from all treatments were combined, the PK was inversely correlated

to the ETS activity (Spearman’s rank correlation rho: p <.002, rho = -

0.66). However, at the treatment levels, PK did not correlate with

ETS. The ETS activity was negatively correlated with the PK/LDH

ratio when data from all treatments were combined (Spearman’s

rank correlation rho: -0.58, p = .002; Figure 4B).
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3.3 Energy allocation parameters
(carbohydrates, lipids, and total protein
content)

The ANOVA using the Kruskal–Wallis test did not reveal

any significant effect of UVR on the jellyfish Ea parameters in

any treatment (Kruskal–Wallis rank sum test: p >.2 for all

parameters; Figure 5). When we performed the correlation

analysis, the correlation type (if present) between enzymatic
BA

FIGURE 3

Glycolytic enzymes activity in Cassiopea oral arms in response to UVR. (A) Pyruvate kinase activity (PK); N = 8 (control), 6 (UV-B), and 6 (UV-AB). (B)
Lactate dehydrogenase (LDH) activity; N = 8 (control), 5 (UV-B), and 6 (UV-AB). Data represent the mean ±SE; an asterisk above bars means statistical
significance (∗p ≤ 0.05, ∗∗p ≤ 0.01). Statistical significance was tested using Dunn (1964) Kruskal–Wallis multiple comparison test. Bars present the data
in two normalization methods: 1- activity per wet body mass (i.e., external bars), 2- activity per total protein content (internal bars).
BA

FIGURE 2

Body mass and aerobic respiration response of Cassiopea to UVR. (A) Wet body mass at the beginning and the end of the experiment; N = 8
(control), 6 (UV-B), and 6 (UV-AB). Statistical significance was calculated using Wilcoxon signed-rank test. (B) Mitochondrial electron transport
system (ETS) activity in oral arms at the end of the experiment; N = 8 (control), 6 (UV-B), and 5 (UV-AB). Bars present the data in two
normalization methods: 1- activity per wet body mass (i.e., external bars), 2- activity per total protein content (internal bars). Statistical
significance was tested using Dunn (1964) Kruskal–Wallis multiple comparison test. In both panels, Data represent the mean ± SE. An asterisk
above bars means statistical significance (∗p ≤ 0.05, ∗∗p ≤ 0.01). An “ns” above the bars indicates nonsignificant differences.
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activity and Ea parameters was always a negative correlation. For

example, LDH negatively correlated with the lipid content in

UV-B-exposed jellyfish (Spearman’s test: rho = -1, p = .017), and

PK negatively correlated with carbohydrates content in the same

treatment (Spearman’s test: rho = -0.93, p = .008). The ETS,

LDH, and PK did not correlate with any Ea parameter in any

other treatment except for the mentioned cases. We measured

Ea and enzymatic activities in different tissue types (umbrella

(bell) vs. oral arms).
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4 Discussion

In this study, while aerobic metabolism increased

significantly in terms of ETS activity in UV-exposed jellyfish

compared to the control group, we did not detect signs of

anaerobiosis (e.g., unchanged LDH) in any treatment. We

discuss the findings considering the effect of UVR on other

organisms due to the lack of research on jellyfish addressing

this topic.
FIGURE 5

Cellular available energy (Ea) content in Cassiopea umbrella (bell) in response to UVR. Treatments were pairwise-compared to test for any
significant differences in Ea (i.e., carbohydrates, lipids, and soluble protein). N = 8 (control), 6 (UV-B), and 6 (UV-AB). Statistical significance was
tested using Kruskal–Wallis rank sum test.
BA

FIGURE 4

(A) Pyruvate kinase (PK)/lactate dehydrogenase (LDH) activity ratio. N = 8 (control), 5 (UV-B), and 6 (UV-AB). Data represent the mean ± SE; an
asterisk above bars means statistical significance (∗p ≤ 0.05, ∗∗p ≤ 0.01). Statistical significance was tested using Tukey HSD test for multiple
comparisons. (B) Scatter plot showing the correlation between the ETS and PK/LDH ratio. Spearman’s test.
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In general, organisms vary greatly in their response to UVR.

For example, while a 2-h exposure to high PAR supplemented

with UV-A + UV-B significantly stimulated the aerobic

respiration rate in the green alga Selenastrum capricornutum,

it significantly inhibited the respiration rate in the

cyanobacterium Aphanizomenon flos-aquae (Beardall et al.,

1997). According to Chuang et al. (2006), UV-A or UV-B

significantly decreased the respiration rate in the earthworm

Amynthas gracilis. In contrast to earthworms, in the present

study, the ETS activity was significantly higher (98% to 120%) in

all UV-treated jellyfish compared to the control group, which

indicates a higher aerobic cellular respiration rate and oxygen

uptake. However, these highly respiring jellyfish did not display

equivalent increases in body mass (i.e., compared to about a 40%

increase in body mass of the control group). Therefore, this

mismatch between a high respiration rate and a reduced growth

rate might indicate an elevated energy demand associated with

UVR exposure (i.e., more energy is allocated to maintain cellular

homeostasis due to ROS and DNA repair, for example).

According to Aljbour et al. (2019), the ETS activity was

significantly high in Cassiopea medusae incubated at a cold

temperature (20°C) for two weeks. Moreover, high ETS activity

was associated with oxidative stress-mediated cellular damage

and significant body mass losses. Furthermore, the medusae

were morphologically unhealthy, with shrunk oral arms and

perforated bells (Aljbour et al., 2019). In the present study,

however, the survival rate of jellyfish was 100%, and they

appeared morphologically healthy, suggesting that the jellyfish

is more resilient to UVR than to temperature drops.

Many scyphozoan jellyfish might thrive/bloom in response

to climate change-driven changing environmental factors (e.g., a

rising seawater temperature and eutrophication; Graham, 2001;

Purcell et al., 2007; Gambill and Peck, 2014). According to

(Aljbour et al., 2017; Aljbour et al., 2019), Cassiopea sp. attained

larger sizes and enhanced performance when incubated at 32°C

for 2 weeks. In the oligotrophic subtropical/tropical marine reef

ecosystem (the Red Sea), a high SWT is usually associated with

high doses of UVR, even at depths of 3 to 5 m (Overmans and

Agustı,́ 2020). Therefore, marine organisms living in shallow

waters of this area might be overexposed to harmful doses of

UVR (Overmans and Agustı,́ 2019). According to Zhou et al.

(2016), a high seawater temperature exacerbated the effect of

UVR exposure on coral. Furthermore, UVR decreased the

concentration of chlorophyll only at higher SWTs or higher

UVR doses/intensities (Zhou et al., 2016). Compared to the

findings of (Aljbour et al., 2017; Aljbour et al., 2019), the results

from the present study might indicate that Cassiopea sp. is more

sensitive to UVR than to rising seawater temperature. However,

this conclusion is beyond the goals of this study and requires

further investigation.
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Under normal physiological conditions, aerobic respiration

generates enough ATP to suffice the cellular energy demands.

However, when the aerobic scope declines severely and the

Krebs cycle is about to shut down due to an insufficient O2

supply, the onset of anaerobiosis becomes essential to sustain

cellular energy demands (Pörtner). When the Krebs cycle shuts

down, NADH builds up and exerts negative feedback inhibitory

actions on glycolysis. However, the LDH-mediated re-oxidation

of NADH to NAD+ frees glycolysis from the inhibitory action of

NADH. Therefore, energy production from glycolysis

can continue.

In invertebrate toxicological studies, LDH is commonly used

as a proxy for anaerobiosis (Hochachka et al., 1983). For

example, in adductor muscles of the green mussel Perna

viridis, copper treatment caused higher activity and the onset

of anaerobiosis (Aanand et al., 2010). In the present study, UV-

treated Cassiopea sp. did not exhibit changes in LDH activity or

Ea (carbohydrates, lipids, and protein content) compared to the

control group, which might rule out the onset of anaerobic

metabolism under the defined experimental conditions. In a

recent study, Enrique-Navarro et al. (2022) demonstrated that

the umbrella tissue of Cotylorhiza tuberculate jellyfish could

effectively absorb light in the UV region and attenuate the light

intensity inside the jellyfish. Furthermore, they suggested a

protective role of the jellyfish tissue itself, demonstrating an

added reason to explain the success of the Cotylorhiza

tuberculata population (Enrique-Navarro et al., 2022). The

jellyfish seems to have high resilience (i.e., compared to coral)

to UV and a higher ability to aerobically cope with elevated

energy demands without switching their metabolism into

anaerobic mode.

Interestingly, PK activity unexpectedly decreased in UV-

exposed jellyfish. According to Aljbour et al. (2018), PK activity

was significantly higher in jellyfish from heavy-metal polluted

aquatic habitats. The authors related this increase to the

enhanced anaerobic metabolism of the jellyfish. Furthermore,

Dailianis and Kaloyianni (2004) observed the same pattern of

PK activity change in Cd-treated mollusks. While a low PK/LDH

ratio usually indicates enhanced anaerobic glycolysis, the

unchanged LDH activities combined with the decreased PK

activities in UV-exposed jellyfish rule out this possibility in the

present study.

Furthermore, we found that ETS activity is inversely

correlated to PK and the PK/LDH ratio when data from all

treatments were combined. However, at the treatment levels, PK

did not correlate with the ETS. However, these data do not imply

causality and require more experiments with a higher number of

organisms to decipher the correlation at treatment levels.

The UVR (mainly UV-B) could initiate oxidative stress

(Lesser, 1996; Lesser and Farrell, 2004; Lu and Wu, 2005) and
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induce DNA damage (Rastogi et al., 2010) in marine organisms.

Therefore, it adversely affects genomic stability and cellular

homeostasis. In coral, UV-B impaired photosynthesis initiated

DNA damage and triggered ROS formation (Lesser, 1996;

Torres-Pérez and Armstrong, 2012; Donner et al., 2017;

Nordborg et al., 2021). In contrast, UV-A might induce

varying effects in different organisms. For example, UV-A

adversely affected sea urchin productivity (Lu and Wu, 2005).

Furthermore, UV-A increased superoxide dismutase activity and

lipid peroxidation rate in the Distyle brightwellii diatom. In

contrast, UV-A minimizes the adverse effects of UV-B on

photosynthesis in coral larvae and Symbiodinium (Zhou et al.,

2016). In Cassiopea sp., all UV-B and (UV-B+UV-A)-treated

jellyfish responded similarly (i.e., in terms of all response

parameters tested in this study). Therefore, it seems that the

presence of UV-A did not synergize or hinder the effects of UV-

B in jellyfish under the defined conditions in this experiment.
5 Conclusion

The results demonstrate that Cassiopea sp. was aerobically

poised to deal with UVR-mediated elevated energy demands.

Furthermore, the jellyfish did not switch to anaerobic metabolism,

as Ea and LDH activity remained unchanged in UVR-treated

jellyfish. The UVR did not affect jellyfish survival while reducing

their growth rate. Although UV-A might exacerbate/modulate the

effect of UV-B on different marine organisms, the results indicate

that UV-A did not seem to amplify or modulate UV-B effects on

jellyfish physiology and growth. However, the findings suggest

that the jellyfish is more resilient (i.e., concerning unaffected

survival) to UVR than other cnidarians.
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