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ROS have a longstanding association with thermal
anomalies and the expulsion of Symbiodiniaceae
(zooxanthellae) in reef-forming corals. Nevertheless
recent evidence suggests that ROS do not accumulate
in such symbionts or leak in harmful quantities
(Nielsen et al. 2018) yet keen interest is aroused by the
wealth of studies that detect amplified ROS in colonies
undergoing environmental stress.

An atom has a nucleus comprising positively
charged protons with various neutrons which is
orbited by electrons in numerous shells that hold finite
quantities (Fig 1.). Atoms are driven to lose energy by
filling their outermost orbital to attain the
configuration of a highly unreactive noble gas. They
are therefore most reactive when they have very few
outer electrons or their outer shell is almost full like
the elements of groups 1 and 2 of the periodic table
(Na; K; Ca; Mg) or the halogens of group 17 (Cl; Br; 1),
whereas noble gasses appear in group 18 (neon, Ne;
argon, Ar; Fig 3.).

Most people are familiar with the terms
antioxidants and free radicals (ROS), which are highly
reactive oxidising agents created as intermediates in
biochemical reactions, while antioxidants are
molecules or enzymes that react with ROS to produce
less harmful or benign products.

ROS are generated when atoms or molecules
accept or donate electrons which leads to electrostatic
destabilisation. They are short-lived and expedite
biochemistry that supports zooxanthellae and coral

homeostasis, yet the oxidative theory of bleaching
which appears invalid, proposes ROS accumulate in
host tissues and destroy vital cellular machinery which
triggers symbiont expulsion (Nielsen et al. 2018).

Fig 1. A representation of an oxygen atom.

A neutral grounded oxygen atom has eight
electrons but its outermost shell has six which can
hold a maximum of eight (Fig 1.). ROS are electrophiles
because they are predisposed to removing or
capturing electrons (Li et al. 2016) were polar solvents
like water cause nongaseous dissolved atoms and
molecules (solutes) to manifest as ions after they lose
or gain an electron(s).
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Covalent bonds are formed when atoms or
molecules overlap their outer orbitals and share
electron pairs with dissimilar “spin”, whereas multiple
bonds are formed from multiple-pair combinations.
Molecular oxygen (O,; 0=0) comprises two atoms
with a double covalent bond, where each attains the
stable configuration of the noble gas neon when two
pairs of electrons are shared. Dissolved molecular
oxygen (DO) is a non-charged gaseous water-soluble
solute, whereas charged oxygen species have
transformed into dissolved inorganic non-gaseous
ions.

Reduction/Oxidation — REDOX reactions occur when
one atom or molecule is reduced while the other
becomes oxidised. Oxidation is the loss of a proton
(hydrogen) or an electron or the gain of oxygen,
whereas reduction is the gain of hydrogen or an
electron or the loss of oxygen.

The charge of a dissolved iron ion (Fe™g,) can
exist in numerous oxidation states making it an ideal
substrate to catalyse REDOX reactions. It
spontaneously reduces atoms and molecules and is
thus frequently responsible for generating ROS.
Prokaryotes require iron to thrive, yet it supports the
proliferation of both “good” and “bad” bacteria
therefore perform iron supplementation carefully.

Reduction generates ROS but also converts them
to less destructive by-products. When the ferrous ion
(Fe?*) and molecular oxygen (0,) react, iron becomes
oxidised to Fe3* whilst O, is reduced to the superoxide
anion (Oy; equation 1.; Lipinski 2011). Protonating
superoxide reduces it to the hydroperoxide radical
(HO2; equation 3.) while the enzyme superoxide
dismutase (SOD) reduces HO, to the less destructive
but potent bleach hydrogen peroxide (H,0,; equation
4. & 10.).

20, + 2Fe?** — 0y + 0" + 2Fe3* (1.)

0, + Fe3* — 0% + Fe** (2.)
0y + 2H* — 2HO0, (3.)
0y + 0y + 2H,0 — SOD — 2H,0,+ 05 (4.)
0, + 2H* — decomposition — H,0; (5.)
H,0,+ FeZ* — ‘OH + OH" + Fe3* (6.)
H,0, + Oy — ‘OH + OH" + 0, (7.)
0y + 0y + 2H,0 — O, + H,0, + 20H" (8.)
HO; + Oy + H,0 — Oy + H20, + OH (9.)
HO, + HO, — 0, + H,0, (10.)
2H,0, — catalase — 2H,0 + 0, (11.)

ROS are highlighted in red. Equations 6. and 7. are
from Cohen & Heikkila 1973 while equations 8. to 10.
are specified in de Grey 2002.

The ferric ion (Fe®") becomes Fe* as it reduces

superoxide (Oy) to the peroxide radical (0,%; equation
2.) which spontaneously decomposes to hydrogen
peroxide (H,0O,; equation 5.). H,0, is also ephemeral
and decomposes to water (H,0) yet the destructive
nature of these molecules must not be
underestimated because molecular disruption takes a
fraction of a second.

Dismutation (Disproportionation) refers to a REDOX
reaction where an atom within a molecule is either
oxidised or reduced by a series of half reactions, which
yields two molecules with the same atom in different
oxidation states (Krieg et al. 2011; Anithajothi et al.
2014).

Hydrogen peroxide (H,0,) dismutates to the
harmful hydroxyl radical (‘OH) which is one electron
away from having two full outer orbitals (equations 6.
& 7.) or H,0, is reduced by zooxanthellae, host, or
bacterial catalase (equation 11.; Krieg et al. 2011;
Anithajothi et al. 2014; Colorni & Diamant 2014;
Remuzgo-Martinez et al. 2015). ‘OH is a potent
oxidising agent that is driven to capture an electron
and become the alkaline yet considered non-
hazardous hydroxyl ion (OH") which reacts with organic
molecules and is the conjugate base of water (Fig 2.;
Apel & Hirt 2004).
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Fig 2. Lewis diagrams of reactive oxygen species (ROS; free radicals)
and the atoms from which they form. The outer electrons and the
electrons that form bond pairs are illustrated as dots, where red
represents a highly unstable (reactive) electron. Most ROS are
formed by electron capture (reduction) and oxidise other molecules.
The hydroxyl radical is formed when hydrogen peroxide
spontaneously decomposes, and like the halogens it has a single
unpaired electron. This figure is by no means exhaustive. For
instance it excludes the hydroperoxyl radical (HO). Adapted from
Hasanuzzaman et al. 2020 and BioTek 2021.

Electrons within an orbital must differ in quantum
state (Helmenstine 2019) where most have distinctive
angular momentums (“spin”; Beran 2020). Only
electrons with opposing “spin” can bond covalently
(Aldred et al. 2009). The half-life of the singlet oxygen
(dioxidene; 10;) is 10 seconds, which is accelerated
by solvent to nanoseconds (10° s; Wilkinson et al.
1995; Hrycay et al. 2015). Electrons with identical
“spin” are forced to occupy antibonding orbitals when
atoms covalently combine (Helmenstine 2019) where
10, is created when energy transference induces one
of the electrons to pair within an antibonding shell
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(Atkins & de Paula 2006; Hrycay et al. 2015;
Helmenstine 2019). Antibonding occupancy and
“spin” generate instability through nucleic repulsion,
where “spin” pair severance magnifies 10, excitation
(Atkins & de Paula 2006). The singlet oxygen is
particularly damaging to organic molecules inasmuch
as it manifests in an unstable quantum state (Apel &
Hirt 2004).

Host intracellular glutathione depletion is
proportional to oxidative stress; because cell REDOX is
maintained when ROS, ascorbate peroxidase, or
glutathione peroxidase oxidise it to glutathione-
disulphide (GSSG), while its regeneration is expedited
by reduced nicotinamide adenine dinucleotide
phosphate (NADPH) and glutathione reductase (GR;
Nielsen et al. 2018).

ROS are indispensable intermediates that
support coral physiology and health (Diaz et al. 2016)
and the above reactions are non-destructive unless
ROS react with cellular components. The hydroxyl
radical (‘OH) can disrupt bonds in proteins causing
them to misfold (de Grey 2002; Lipinski 2011) like the
prions that induce devastating human and animal
pathologies such as variant CJD (Dunning 2021).

The Oxidative Theory of Bleaching was supported by
the findings of the following studies. The antioxidant
enzymes phenoloxidase and peroxidase were
detected in both host and symbionts, but their
concentrations were highest in zooxanthellae, while
disease and bleaching remained associated with
antioxidant deficiencies (Anithajothi et al. 2014).

The protective  antioxidants  p-carotene,
diadinoxanthin, diatoxanthin, and peridinin are
diminished during thermal stress, while transient
nitrogen (N) enrichment during elevated temperature
precludes antioxidant breakdown which may inhibit
bleaching (Béraud et al. 2013; Ferrier-Pages et al.
2016). However corals become more susceptible
when N is elevated during phosphorus (P)-limitation
(Wiedenmann et al. 2013).

The accumulation of ROS in host tissues was
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believed decisive in coral bleaching (Putnam et al.
2017) because protective concentrations of the
antioxidants superoxide dismutase (SOD), ascorbate
peroxidase, and catalase were identified in heat
stressed corals (Kuhl et al. 1995).

Selenium is an antioxidant and a peroxidase
cofactor, and thus corals and their symbionts are more
vulnerable to ROS when synthetic seawater becomes
deficient in vital elements, where zooxanthellae are
more reliant upon metallic ions compared to their
host. Furthermore various types of SOD require
cofactors like Fe, manganese (Mn), or a combination
of copper (Cu) and zinc (Zn), and thus metallic ion
dearth antagonises intracellular REDOX conservation
(Balling et al. 2008).

lodine is the least abundant of the three common
halogens in seawater which rapidly depletes in
recirculating systems. Algae store iodate (I057) and
reduce it to iodide (I) for photosynthetic overload
protection, and thus iodine-deficient water was
thought to exacerbate coral bleaching (Balling et al.
2008) whereas bromine performs an analogous role in
the kelp Laminaria digitata (Kupper et al. 2013).

Fe stimulates zooxanthellae over proliferation
which deprives their host of growth-expediting
bicarbonate (HCOs; Ferrier-Pages et al. 2001) while
enriched Cu elicits loss of zooxanthellae and
colouration (Jones 1997). ROS production may be
elevated by metallic ions (Pinto et al. 2003) while
copper-based remedies or copper supplements are
harmful in reefs.

The thermal threshold at which corals will bleach
declines as N and P are fortified, or when P or Fe are
limited with significant N (Wiedenmann et al. 2013;
Angelo & Wiedenmann 2014). Acroporid pastel
colouration is redolent of unsafe PO,* because
concentrations must be maintained above 0.045 and
preferably between 0.055 and 0.065 mg It (ppm).

ROS appear inextricably linked with heat and light
stress yet zooxanthellae cascades adequately quench
surplus excitation (Nielsen et al. 2018).
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Fig 3. The periodic table of elements.



Aslett, C., G. (2023) Coral Nubbins: Reactive Oxygen Species (ROS) and the Refuted Oxidative Theory of Bleaching. https://www.ReefRanch.co.uk/

References

Aldred, E., M., Buck, C. & Vall, K. (2009) Free radicals. Aldred, E., M., Buck, C. & Vall, K. (eds.). Pharmacology, A Handbook for Complementary
Healthcare Professionals. Churchill Livingstone. pp 41-52.

Angelo, C., D. & Wiedenmann, J. (2014) Impacts of nutrient enrichment on coral reefs: new perspectives and implications for coastal
management and reef survival. Current Opinion in Environmental Sustainability. 7, 82-93.

Anithajothi, R., Duraikannu, K., Umagowsalya, G. & Ramakritinan, C., M. (2014) The Presence of Biomarker Enzymes of Selected Scleractinian
Corals of Palk Bay, Southeast Coast of India. BioMed research international. 2014(1), 684874.

Apel, K. & Hirt, H. (2004) REACTIVE OXYGEN SPECIES: Metabolism, Oxidative Stress, and Signal Transduction. Annual Review of Plant Biology.
55, 373-399.

Atkins, P. & de Paula, J. (2006) Physical Chemistry- Volume 1. Atkins, P. & de Paula, J. (eds.). W. H. Freeman. pp 482-483.

Balling, H., W., Janse, M. & Sondervan, P. (2008) Trace elements, functions, sinks and replenishment in reef aquaria. Advances in coral
husbandry in public aquariums. Leewis, R., J. & Janse, M. (eds.). Burgers' Zoo, Arnhem, The Netherlands. pp 143-156.

Beran, G. (2020) Atomic Structure 07: Electron Spin and Pairing. YouTube.com. https://www.youtube.com/watch?v=e7-GCXtPNOQ

Béraud, E., Gevaert, F., Rottier, C. & Ferrier-Pages, C. (2013) The response of the scleractinian coral Turbinaria reniformis to thermal stress
depends on the nitrogen status of the coral holobiont. The Journal of experimental biology. 216(14), 2665-2674.

BioTek (2021) An Introduction to Reactive Oxygen Species - Measurement of ROS in Cells. BioTek.com.
https://www.biotek.com/resources/white-papers/an-introduction-to-reactive-oxygen-species-measurement-of-ros-in-cells/

Cohen, G. & Heikkila, R., E. (1973) The Generation of Hydrogen Peroxide, Superoxide Radical, and Hydroxyl Radical by 6=Hydroxydopamine,
Dialuric Acid, and Related Cytotoxic Agents. The Journal of Biological Chemistry. 249(8), 2447-2452.

Colorni, A. & Diamant, A. (2014) Infectious diseases of warmwater fish in marine and brackish waters. Diseases and Disorders of Finfish in
Cage Culture: Second Edition. Woo, P.,, T., K. & Bruno, D., W. (eds.). Centre for Agriculture and Bioscience International, Wallingford,
UK. pp 155-192.

De Grey, A., D. (2002) HO2*: the forgotten radical. DNA and cell biology. 21(4), 251-257.

Diaz, J., M., Hansel, C., M., Apprill, A., Brighi, C., Zhang, T., Weber, L. & Xun, L. (2016) Species-specific control of external superoxide levels by
the coral holobiont during a natural bleaching event. Nature Communications. 7, 13801.

Dunning, H. (2021) Crucial step in formation of deadly brain diseases discovered. Imperial College London. Imperial.ac.uk.
https://www.imperial.ac.uk/news/217234/crucial-step-formation-deadly-brain-diseases/

Ferrier-Pages, C., Schoelzke, V., Jaubert, J., Muscatine, L. & Hoegh-Guldberg, O. (2001) Response of a scleractinian coral, Stylophora pistillata,
to iron and nitrate enrichment. Journal of Experimental Marine Biology and Ecology. 259(2), 249-261.

Ferrier-Pages, C., Godinot, C., D'Angelo, C., Wiedenmann, J. & Grover, R. (2016) Phosphorus metabolism of reef organisms with algal
symbionts. Ecological Monographs. 86(3), 262-277.

Hasanuzzaman, M., Bhuyan, M., Zulfigar, F., Raza, A., Mohsin, S., Mahmud, J., Fujita, M. & Fotopoulos, V. (2020) Reactive Oxygen Species and
Antioxidant Defense in Plants under Abiotic Stress: Revisiting the Crucial Role of a Universal Defense Regulator. Antioxidants. 9(8),.

Helmenstine, A., M. (2019) Antibonding Orbital Definition. ThoughtCo.com. https://www.thoughtco.com/definition-of-antibonding-orbital-
604784

Hrycay, E., G., Bandiera, S., M. & Hardwick, J., P. (2015) Involvement of Cytochrome P450 in Reactive Oxygen Species Formation and Cancer.
Advances in Pharmacology. Copple, B., L. & Rockwell, C., E. (eds.). Academic Press. 74, 35-84.

Jones, R., J. (1997) Zooxanthellae loss as a bioassay for assessing stress in corals. Marine ecology Progress Series. 149, 163-171.Pinto, E.,
Sigaud-kutner, T, C., Leitdo, M., A., Okamoto, O., K., Morse, D. & Colepicolo, P. (2003) Heavy metal-induced oxidative stress in algae.
Journal of Phycology. 39, 1008-1018.

Krieg, N., R., Padgett, P, J., Rainey, F. & Oren, A. (2011) Phenotypic and Physiological Characterization Methods. Taxonomy of Prokaryotes,
1st Edition. Rainey, F. & Oren, A. (eds.). Academic Press. pp 15-60.

Kuhl, M., Cohen, Y., Dalsgaard, T., Jergensen, B., B. & Revsbech, N., P. (1995) Microenvironment and photosynthesis of zooxanthellae in
scleractinian corals studied with microsensors for 02, pH and light. Mar. Ecol. Prog. Ser. 117, 159-172.

Kiipper, F., C., Carpenter, L., J., Leblanc, C., Toyama, C., Uchida, Y., Maskrey, B., H., Robinson, J., Verhaeghe, E., F., Malin, G., Luther, G., W.,
Kroneck, P., M., H., Kloareg, B., Meyer-Klaucke, W., Muramatsu, Y., Megson, I., L., Potin, P.,, Martin C. & Feiters, M., C. (2013) In vivo
speciation studies and antioxidant properties of bromine in Laminaria digitatareinforce the significance of iodine accumulation for
kelps. Journal of Experimental Botany. 64(10), 2653-2664.

Li, R., Jia, Z. & Trush, M., A. (2016) Defining ROS in Biology and Medicine. Reactive oxygen species (Apex, N.C.). 1(1), 9-21.

Lipinski, B. (2011) Hydroxyl Radical and Its Scavengers in Health and Disease. Oxidative Medicine and Cellular Longevity. 2011, 1-9.

Nielsen, D., A., Petrou, K. & Gates, R., D. (2018) Coral bleaching from a single cell perspective The ISME Journal. 12, 1558-1567.
https://doi.org/10.1038/s41396-018-0080-6

Putnam, H., Barott, K., Ainsworth, T. & Gates, R. (2017) The Vulnerability and Resilience of Reef-Building Corals. Current Biology. 27(11), 1551-
1706.

Remuzgo-Martinez, S., Lazaro-Diez, M., Padilla, D., Vega, B., El Aamri, F., Icardo, J., Acosta, F. & Ramos-Vivas, J. (2015) New aspects in the
biology of Photobacterium damselae subsp. piscicida: pili, motility and adherence to solid surfaces. Veterinary microbiology. 174(1-2),
247-254.

Wiedenmann, J., D’Angelo, C., Smith, E., Hunt, A, N., Legiret, F., G., Postle, A., D. & Achterberg, E., P. (2013) Nutrient enrichment can increase
the susceptibility of reef corals to bleaching. Nature Clim Change. 3, 160-164.

Wilkinson, F., Helman, W., P. & Ross, A., B. (1995) Rate Constants for the Decay and Reactions of the Lowest Electronically Excited Singlet
State of Molecular Oxygen in Solution. An Expanded and Revised Compilation. Journal of Physical and Chemical Reference Data. 24(2),

Aslett, C., G. (2023) Coral Nubbins: Reactive Oxygen Species (ROS) and the Refuted Oxidative Theory of Bleaching.
" ReeFRanchTM Publishing Ltd https://www.reefranch.co.uk/




