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Abstract 

 

Current protection of the marine environment from radiation is based largely 

on measuring, estimating and modelling accumulation and impact(s) of 

radionuclides in a few marine species. Using a relevant marine organism, 

this thesis focusses on investigating some poorly described phenomena that 

could cause deviations from predicted measurements. 

 

Paper I investigated the biological transformation of tritium (radioactive 

hydrogen) into an organic compound. The resulting organically bound 

tritium (OBT) showed increased accumulation in mussels, unique 

incorporation into a key biological molecule (DNA), extended persistence in 

tissues, and greater toxicity than the inorganic form. Paper II demonstrated 

significant disparity in OBT accumulation between functionally similar 

microalgae species and that OBT in algae is readily transferred to a 

consumer. 

 

Highly radioactive particles are a complex issue in radioecology due to their 

concentrated dose geometry, potentially inducing very different impacts in 

organisms, compared to external irradiation. Paper III developed a method 

to introduce radioactive particles that would facilitate their recovery, 

improve dose-calculation, and aid the measurement of toxicological 

endpoints. It also showed that such particles can be incorporated into mussel 

tissues, causing significant effects.  

 

In Paper IV, hypoxia – another major ecological hazard in the marine 

environment – was expected to reduce radiosensitivity. The minimal 

observable effect from radiation prevented identification of such an 

interaction, and indicates drawbacks in the (otherwise sensitive) endpoints 

used. It appears that stressors like hypoxia may be more of a health hazard to 

marine organisms than environmental levels of ionising radiation. 

 

By understanding such causes of variation in accumulation and impact, it is 

possible to improve risk assessment, providing more justification for 

regulations chosen and minimising conservatism in setting environmental 

standards. 
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Terms and units: explained 

 

Radioisotope: An isotope of an element that has an inherent 

nuclear instability. Any element can exist in at least 

one radioactive form. Elements with atomic numbers 

over 82 (lead, Pb) exist only as radioactive isotopes. 

Used synonymously in this text with ‘radionuclide’. 

Half-life (t½): The time taken for half of the atoms in a mass of 

radioactive material to decay. 

Alpha radiation (α): A helium molecule. High energy but low 

penetration, very damaging but the source must be 

virtually touching to receive a dose. Ingested alpha 

sources are highly dangerous. 

Beta radiation (β): An electron or positron. Medium energy (although 

this varies greatly amongst radioisotopes) but still 

quite low penetration. These arguably pose the 

highest threat to organisms with their combination of 

penetration and energy. 

Gamma radiation (γ): Electromagnetic radiation. Typically lower energy 

than alpha or beta, but very penetrating. The 

effectiveness of gamma radiation is somewhat 

limited as much of an exposure will pass through a 

small organism without causing ionisation. 

X-radiation (X-rays; χ): Electromagnetic radiation. Lower energy than 

gamma radiation. 

Becquerel (Bq):  The unit of activity of a radioactive substance. One 

becquerel equals the disintegration of one atom of a 

radioactive substance per second. 

The curie (Ci) is an outdated unit of the same thing. 

One Ci = 37 billion Bq. 

Activity concentration: The concentration of radioactive materials in a 

material, such as air, water, sediment or living 

tissue. This may be expressed as Bq.m
-3

, Bq.l
-1

 or 

Bq.kg
--1

. Usually calculated by wet or dry weight or 

per gram of carbon in the tissue. 

Gray (Gy):  The absorbed dose of radiation by a tissue or 

organism. One gray = one joule of energy absorbed 

per kilogram of tissue. 

 The rad is an outdated unit of the same thing. One 

rad = 0.01Gy. 

Sievert (Sv): The unit of ‘equivalent’ or ‘effective’ dose to 

humans. This is a weighted measure of dose, it refers 
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to the biological effectiveness of a dose and 

depends on the type of radiation (equivalent) or the 

relative sensitivity of the human tissue irradiated 

(effective). One sievert = one joule of energy 

absorbed per kilogram of tissue (but not 

interchangeable with gray). The Roentgen 

equivalent man unit (rem) is an outdated unit of the 

same thing. One rem = 0.01Sv. 

Biological effectiveness: The relative effectiveness of a type of radiation to 

incur a response in living matter. The generally 

accepted order of biological effectiveness is: 

 α > β > γ = χ 

Bioaccumulation: Incorporation of a substance (e.g. radioisotopes) into 

the tissues of an organism. Used synonymously in 

this text with “bioincorporation”. 

Depuration: Loss of a substance from an organism. 

Biotransformation: The transformation of an inorganic substance into an 

organic form. 

Concentration factor (CF): Concentration ratio of a substance (e.g. a 

radioisotope) between the tissue and the surrounding 

media (e.g. seawater). May also be applied to 

trophic transfer to indicate the efficiency of such a 

transfer. 

Hyperaccumulation: Where the concentration of a substance in the tissue 

of an organism is higher than the concentration in 

the surrounding media. Implies a concentration 

factor >1. 

Trophic transfer: Accumulation of a substance into tissues when an 

organism eats another contaminated organism.  

Biomagnification: Where a substance becomes more concentrated up 

the food chain as a result of organisms eating other 

contaminated organisms. This implies trophic 

transfer with minimal depuration. (The existence of 

this process within the field of radioecology is hotly 

debated). 

Tritium (Hydrogen-3, 
3
H): Tritium is a radioisotope of hydrogen. It is 

chemically identical to other isotopes of hydrogen: 

deuterium (
2
H) and protium (

1
H; ‘normal’ 

hydrogen). It has an atomic mass of three (one 

proton, two neutrons).  
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Aim of the thesis 

 

To adequately protect the marine environment from the release of 

radioactive materials, we must be able to accurately predict both the amount 

of radioactive contamination that the organisms will experience, the duration 

of such an exposure, and the effects that will result. The principle aim of the 

research contained within this thesis was to identify and explore – in a 

relevant organism and a controlled laboratory setting – currently less-studied 

phenomena that may alter the accumulation or impact of radioactive 

materials in the marine environment and thus inhibit our ability to predict 

risk and protect the environment. 

 

Background 

 

Radiation and its presence in the environment 

 

A radioactive isotope is an isotope of an element that has an inherent nuclear 

instability. To become more stable the nucleus decomposes by releasing 

energy in the form of ionising radiation as particles: alpha radiation, beta 

radiation or neutrons; or as electromagnetic radiation: gamma-rays or X-

rays.  

 

Most naturally occurring radioactive materials (NORM) on Earth are 

‘primordial’ isotopes, generated during the formation of the solar system; of 

these only the isotopes with long half-lives remain in any abundance (e.g. 

Potassium-40, Radium-226, Uranium-238) as short-lived radionuclides have 

decayed over time. Radioisotopes are also formed in small amounts through 

cosmic ray interactions in Earth’s upper atmosphere, generating both long 

and short-lived (but typically low atomic mass) radioisotopes (e.g. Tritium, 

Carbon-14, Phosphorus-32). 

 

The discovery of radioactivity occurred late in human history, at the end of 

the 19th century. Technologically enhanced naturally occurring radioactive 

material (TENORM) is the term for when NORM which is buried within the 

Earth’s crust may be concentrated or released into the environment as a 
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result of human activity. Mining of radioactive materials and other 

substances that contain enhanced concentrations of radioactive materials 

(e.g. coal) has led to significant increases in radioactive pollution in some 

areas (Vandenhove et al., 2006).  

 

It was not until the early/mid-20th century that nuclear technologies were 

sufficient to instigate a nuclear reaction. The science proliferated and led to 

the development of nuclear reactors and nuclear explosive devices; the 

testing and use of such devices produced a large amount of radioactive waste 

products, including long and short half-lived isotopes, of large and small 

atomic weights (e.g. tritium, carbon-14, caesium-137, strontium-90, iodine-

131, and americium-241). Indeed, through human nuclear activity many 

novel elements and isotopes have been synthesised and released that are not 

found (or extremely rarely found) in nature (e.g. technetium-99, transuranic 

elements – those with higher proton numbers than uranium). The largest 

contributors of radioactive pollution are from the atmospheric detonation of 

nuclear weapons, and major industrial accidents. Despite the halt of in-air 

nuclear testing in the 1960s following the “Limited Nuclear Test Ban 

Treaty”, the majority of environmental radioactivity present today remains 

as a legacy from these tests (UNSCEAR, 2000).  

 

Nuclear accidents over the past 70 years have contributed to releases of 

radioactivity on varying scales. The releases from such events may constitute 

small to very large activities and the dispersal may vary from local to global, 

depending on the nature of the accident and environmental conditions at the 

time. Of particular significance to the environment are accidents 

representing three different scenarios of release:  

1. Accidental releases of material from functioning nuclear 

facilities, including accidental releases of cooling water or stored 

radioactive material into the environment. The releases are most 

commonly gaseous or liquid, lost through unintentional venting 

or via waste water. These are typically of lower activity 

compared to some other accidents, though releases can be of 

high concentrations in localised areas – with the potential for 

significant environmental impact in the immediate area. Of 

particular significance are the loss of ‘hot’ particles – highly 



5 
 

radioactive particles – such as fragments of nuclear fuel rods lost 

from the Dounreay Materials Test Reactor and Dounreay Fast 

Reactor (approximately 1963-84). 

2. Localised releases of very high concentrations of radioactive 

material for example from vehicle crashes containing nuclear 

fuel or nuclear weapons, such as bomber crashes in Palomares 

(1966) and Thule (1968). Despite significant efforts to reclaim 

radioactive material, these incidents resulted in the loss of many 

kilograms of weapons-grade plutonium and/or uranium, the vast 

majority of which will have remained in the immediate vicinity 

(<10 km) of the accident site, giving high doses of radiation to 

the non-human populations present. Further dispersal may occur 

gradually over time as the material degrades or is mechanically 

weathered in situ. 

3. Finally and most significantly are the releases from nuclear 

facilities through catastrophic failure, including explosions 

and/or nuclear meltdown. Such incidents typically involve the 

emission of very large quantities of radioactive material, of a 

range of radioisotopes, over large geographical regions or even 

globally. Such incidents include explosions and fires of waste 

storage (Mayak, 1957; Windscale, 1957; Tomsk-7, 1993) and 

meltdowns and resultant explosions of nuclear reactors (Three-

Mile Island, 1979; Chernobyl, 1986; Fukushima I, 2011). 

Naturally the immediate area around the accident site is the most 

contaminated and contains more radioactive particulate matter. 

The Chernobyl disaster, the largest accidental release of 

radiation, demonstrably impacted the local environment for 

many kilometres, killing 10km
2
 of nearby pine forest (termed 

the Red Forest due to the colouration of the dead trees after the 

event); genetic and morphological impacts in many species of 

plants and animals have been observed as a result (Geras’kin et 

al., 2008). Such releases can result in elevated concentrations of 

radionuclides in plants and animals thousands of kilometres 

away that may persist for several decades (RIFE, 2010). 
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In addition to accidental release, there remains a continuous, far smaller 

release of radionuclides into the environment from military, energy 

generation, research and medical industries, predominantly in gaseous and 

liquid forms. These releases tend to be continuous or regular discharges of 

low-level waste, made up of a limited number of radionuclides, frequently 

with short half-lives that may only persist in the environment for days, 

weeks or just a few years. Relatively high concentrations of liquid wastes are 

permitted to be released into marine environments. By and large, dispersal 

and accumulation data only exists for the predominant isotopes released 

from nuclear industry (Copplestone et al., 2001; RIFE, 2010). On a global 

scale, the release of radionuclides is far from uniform as nuclear industries 

are highly concentrated in a few regions; Japan, the Eastern United States, 

and the European Union (world-nuclear.org).  

 

The vast majority of the monitoring of activity concentrations in the marine 

environment, understandably, occurs around the sites/regions where 

radionuclides are released; however, very little testing occurs in some areas 

considered not to be affected. It is assumed that current permitted releases do 

not influence activity concentrations found in nature because of the large 

volume of the oceans where radionuclides will be dispersed rapidly and 

completely (NCRP, 1991). However, this assumption is based upon minimal 

experimental evidence and typically considers only the major physical and 

geochemical processes affecting fate and distribution; biological function 

and interaction has largely been ignored. 

 

There has been insufficient research into the connectivity of marine 

environments regarding the dispersal of radioisotopes. Releases of 

technetium-99 from Sellafield and Cap de la Hague nuclear facilities have 

been traced throughout the NE Atlantic and even into the Baltic Sea 

(Dahlgaard et al., 1995; HELCOM, 2009), demonstrating the widespread 

dispersion potential of some radioactive wastes. Polar, tropical, and deep-sea 

regions are all distinctly poorly represented in the literature. For example, 

the very limited literature on radioecology in the tropical regions revolves 

almost exclusively around the aftermath of nuclear weapons development 

and testing (Donaldson et al., 1997; Noshkin et al., 1997), an exposure 

scenario very different from that of routine, permitted releases. 
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Toxic effects of radiation 

 

Ionising radiation detaches electrons from atoms or molecules, inducing a 

charge which may break bonds in the latter. In organisms, which are mostly 

composed of water, the primary mode of action of radiation is the ionisation 

of water into reactive oxygen species (ROS), but can also ionise biological 

molecules directly, causing damage such as strand breakage in DNA. If not 

scavenged by antioxidants, reactive oxygen species will cause damage of 

cellular structures through oxidation, inducing toxic effects. Amongst higher 

doses of radiation, toxicity responds linearly with dose: larger doses give 

greater effects, more often (Hall and Giaccia, 2006; NCRP, 1991). 

 

Using the assumption of the linear no-threshold model, low doses are still 

expected to produce the same albeit proportionately smaller biological 

effects of radiation as acute exposures (NCRP, 1991). However low doses of 

radiation exhibit a distinct non-linearity in dose response (Prise, 2006). 

Several described phenomena indicate responses may be increased at low 

doses: such as low dose hypersensitivity, where a disproportionate response 

is induced/expressed; adaptive responses, where a detoxifying/reparatory 

response is stimulated by irradiation; hormesis, where low doses are 

beneficial; or non-targeted effects such as the bystander-effect, where 

irradiated cells emit signals that induce a response in unirradiated cells 

(Mothersill and Seymour, 2012).  An indirect response to the induction of 

ROS is the expression of antioxidant enzymes; stimulation or adaptation of 

defence or repair mechanisms may result in a dose where no significant 

effect occurs (Parsons, 2003; NCRP, 1991).  

 

The impacts of low doses of radiation at the population level are not 

thoroughly understood. Identifying direct responses at the population level, 

to a radioactive exposure is very difficult or impossible (Woodhead, 2003), 

therefore it is likely necessary to extrapolate the impacts at organismal or 

sub-organismal level to those of the population. It would be incorrect to 

assume that populations are more resistant to the impacts of radiation than an 

individual; for example doses sufficient to impact fertility and fecundity are 

typically nonfatal. Indeed, the degree of protection required to prevent a 
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significant impact on a population may in fact be more than required to 

prevent a significant effect in an individual. While very low doses of 

radiation may not observably impact an organism’s health, development, 

fertility or fecundity, genetic damage in the gametes may adversely affect a 

population. Radiation induced mutation in the DNA or genome can cause 

genetic instability that can be passed on to the progeny (Kadhim et al., 1992; 

Karotki and Baverstock, 2012; Prise, 2006). This instability can transfer 

recessive or deleterious genes to offspring and over long periods of time may 

lead to a higher frequency in the species genome (Hertel-Aas et al., 2007; 

Trabalka and Allen, 1977). 

 

Protection of the environment from ionising radiation 

 

The priority for radiological protection has always been focussed upon 

humans; while the tenet for human protection is ‘as low as reasonably 

achievable’, that for the environment is generally regarded as ‘as high as 

reasonably acceptable’. Early considerations of the environment in 

regulation of radioactive releases were dismissive, stating that if releases are 

controlled enough to protect humans, then the environment will likely be 

protected (NAS, 1972; ICRP, 1977). This statement, while at the time 

admitted to be based on little experimental evidence and to be used as a 

working hypothesis, was widely taken by the scientific community as a 

statement of fact (Smith, 2005; Thompson, 1988). Thompson (1988) 

criticised not the hypothesis itself but the general inactivity towards testing 

its validity, stating that no significant effort had been made in 11 years since 

the initial recommendations were made, and highlighting the need for 

hypothesis testing and environmentally focussed experimental design to 

assess ecological impact. Despite these warnings, the assertion that 

anthropocentric protection covered environmental protection appeared again 

in updated recommendations (NCRP, 1991). However, continued research, 

growing awareness of environmental vulnerability, and societal pressure has 

led to a re-evaluation of policies to identify the environment as a distinct 

entity for protection (IAEA, 2003; ICRP, 2003; 2007; Oughton, 2003; 

Pentreath, 2009; Bréchignac et al., 2011). 
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The goal of human 

protection from ionising 

radiation is to protect the 

individual. Releases are 

controlled to ensure that no 

single person receives a 

radioactive dose above an 

accepted threshold level, 

below which no significant 

impact is expected to that 

person either immediately or 

in the future. Critical groups 

are identified (those who are 

likely to achieve the highest 

doses, through a 

combination of location, 

activity and diet) and, where 

necessary, additional action 

is taken to reduce exposure 

or risk to the individuals concerned (e.g. 

RIFE, 2010). Generally, the ethical 

consensus is that the majority of non-

human species do not require the same 

level of protection; that protecting the 

individual would be over-conservative. The 

IAEA (2003) defines its objective of 

environmental protection as  

 

“…to safeguard the environment by preventing or reducing the frequency of 

effects likely to cause early mortality or reduced reproductive success in 

individual fauna and flora to a level where they would have a negligible 

impact on conservation of species, maintenance of biodiversity, or the health 

and status of natural habitats or communities”.  

 

However, the ecosystems affected by radionuclide release are diverse and 

dynamic, with a range of abiotic factors and conditions, and different 

The blue mussel 

 

Mytilus edulis, the blue mussel, is a colonial 

filter-feeding marine mollusc common throughout 

temperate regions around the world. Mussels are 

an ecologically important species due to their 

ability to clean water by filtering out 

contaminants and particles, and their colonial 

structure provides a unique habitat to other 

benthic species. Because of their ability to filter 

pollutants from the water, they are often used as a 

biomonitor to detect chemical, biochemical and 

radioactive contaminants in the water (Nolan and 

Dahlgaard, 1991; Smolders et al., 2003; Widdows 

et al., 2002). Mussels also provide food for many 

other species, including humans, creating an 

additional pathway of accumulation of pollutants. 
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abundances and diversity of species, all of which are continuously changing; 

this makes developing a practicable protocol for protection very difficult. 

The extrapolation of small-scale effects to community and ecosystem level is 

not yet understood (Copplestone et al., 2004). So until there is sufficient 

understanding of how exposures (particularly chronic, low-dose exposures) 

impact populations of organisms, the state-of-the-art relies upon the study of 

effects in a selected few species and then extrapolation to higher levels of 

organisation. Species selected for study can be reference organisms, chosen 

as typical or representative of a contaminated environment to demonstrate a 

range of sensitivities (IAEA, 2003; Pentreath, 2005); critical species, those 

that are at most risk because they are the most sensitive, rare or endangered 

(IAEA, 1999), the actions to ensure the protection of which will indirectly 

ensure others will be protected; and sentinel species, selected for their role as 

keystones within their ecosystem, significant impacts upon which will have 

knock-on effects on the ecosystem itself (Copplestone et al., 2004). 

 

The historically anthropocentric focus of protection is such that research into 

accumulation and toxicity in organisms in the marine environment is 

concentrated upon a relatively few regions or specific species relevant as a 

pathway of exposure to humans (Copplestone et al., 2004; ICRP, 2007; 

RIFE, 2010; Thompson, 1988), ignoring many ecologically important 

elements. Many early studies simply compared the relative sensitivities of a 

marine organism with the better established mammalian model despite clear 

disparities in phylogeny, life-history and environment (NCRP, 1991). For 

example, the standard LD50 30-day test used for mammals is inappropriate 

for many marine organisms as environmental conditions, metabolic rate 

which is linked to DNA repair and other repair mechanisms, and life-span of 

marine species can vary significantly (NCRP, 1991). 

 

The first step to demonstrating protection is to ascertain what level of 

exposure that populations are experiencing by developing accurate dose 

estimates; this will also demonstrate which communities are likely the most 

at risk and thus where the most prominent effects may be found. To do so, 

the activity concentrations of radiation experienced by an organism in the 

wild must be calculated, including the concentration of radionuclides within 

the body (internal irradiation) and in the immediate surroundings (external 
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irradiation) of the organism. The remainder of this thesis will address some 

of the factors leading to variation of exposures and impacts that may be 

experienced by marine organisms following release of radioactive materials, 

with a focus on phenomena which have been poorly represented in the 

literature, due in part to the limited ecological perspective of radiation 

protection authorities and the field of environmental radiobiology. 

 

Some challenges to current understanding 

 

Accumulation of radionuclides into organic material: tritium 

 

Many radioactive releases into the environment can be incorporated into 

organic materials. Some radionuclides are simply the radioactive isotopes of 

a biologically essential element, which can function biologically in the exact 

same way as the non-radioactive form, such as carbon-14, tritium (hydrogen-

3), and iodine-131; whereas some are substitutes for an essential element, 

displacing the element in an organic molecule and disabling its function, 

such as caesium-137 (replacing potassium), strontium-90 (replacing 

calcium) and radium (also replacing calcium). Organically bound 

radionuclides demonstrate increased bioavailability and persistence in 

organic systems and thus may deliver higher doses to an organism than 

previously estimated.  

 

Tritium is released into the environment as tritiated water (HTO); such 

releases are often treated as effectively benign due to three factors: decay 

energy, dispersal and half-life. Tritium decays releasing only a relatively low 

energy beta particle (~5.7 keV, 18.6 keV max); the low energy of this 

particle is such that it has very limited penetration in tissues and so external 

exposures do not occur. Tritium is chemically virtually identical to 

hydrogen, therefore tritiated water behaves in much the same manner as 

normal water (H2O) and the two forms intermix freely and completely. 

Therefore, releases of HTO can reasonably be expected to disperse 

throughout aquatic systems and it is expected that the current level of release 

of tritium will not affect activity concentrations in large bodies of water such 

as seas and oceans. Finally, the half-life of this radionuclide is only 12.32 
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years (Lucas & Unterweger, 2000) and thus the activity of tritium in the 

environment will decrease faster, i.e. over fewer generations of organisms, 

than other more long-lived radionuclides. These factors limit the potential 

for exposure of aquatic organisms to tritium; in this way, large releases of 

HTO can pass through the ecosystem with a relatively low impact on the 

environment.  

 

However, further research has demonstrated the existence of other factors 

that result in opposite trends, increasing the potential for radiological 

exposure of biota (described below). These dynamics are subtle, representing 

minor effects when compared to the predominant major factors above; but as 

more is understood, the more significant an effect these minor features 

appear to exhibit. 

 

Tritium can substitute hydrogen in any organic compound; therefore any 

organic molecule containing hydrogen can potentially exist in a tritiated 

form. The forms of organic tritium synthesised within the tissues can be 

broadly separated into two types: weakly bound, exchangeable organic 

tritium (EOT), bound to nitrogen, oxygen, phosphorus or sulphur; or non-

exchangeable tritium, strongly bound to carbon, termed organically bound 

tritium (OBT) (Baumgaertner et al., 2009; Diabaté and Strack, 1993; 

Pointurier et al., 2003). While the transformation of tritium in inorganic 

forms, such as tritiated water, into organic forms can be expected in 

photosynthesising organisms (Paper II; Baeza et al., 2009; Boyer et al., 

2009; Choi et al., 2002; Fiévet et al., 2006; Moses and Calvin, 1959) the 

phenomena appears to occur spontaneously within the tissues of any exposed 

organism including animals and humans (Paper I; Paper II; Baeza et al., 

2009; Jha et al., 2005; Trivedi et al., 1997; Tucker and Harrison, 1974). This 

‘organic’ tritium is more biologically relevant and therefore has greater 

potential for accumulation and persistence in biological compartments 

(Baumgaertner et al., 2009; Ciffroy et al., 2006; Diabaté and Strack, 1993; 

McCubbin et al., 2001; Pointurier et al., 2003; Trivedi et al., 1997). In Paper 

I both EOT and OBT were found in mussel tissues following exposure to 

HTO-spiked seawater in the laboratory. These forms demonstrated increased 

persistence over tissue free water tritium (TFWT; HTO in the tissues), 

resembling biokinetic patterns demonstrated in plants and humans 



13 
 

(Pointurier et al., 2003; Trivedi et al., 1997). Incorporation varied in the 

different soft tissues of the mussel (Paper I), indicating that the structural 

and/or functional differences between the tissues themselves influence the 

biokinetic nature of the various forms of tritium. In Paper II, different levels 

of accumulation in two phytoplankton species exposed to HTO demonstrate 

that even amongst similar types of organisms, the rate of accumulation of 

tritium into OBT can vary between species. The accumulation and the 

increased persistence of the organic tritium in the tissues increase the dose 

experienced by the organism following an exposure to HTO, enhancing the 

potential for impact of the exposure. 

 

The increased biological relevance 

of organic molecules containing 

OBT over HTO leads to increased 

accumulation in an exposed 

organism from particulate- and 

dissolved-organic material  in the 

water column. Marine animals in 

the Cardiff Estuary, where tritium-

labelled organic compounds were 

released, exhibited tritium 

concentration factors of 20000:1 with the in-water concentration due to 

uptake of the OBT (Hunt et al., 2010; McCubbin et al., 2001). Paper I 

demonstrated the enhanced accumulation and increased persistence of OBT 

in mussels following exposure to a dissolved organic compound labelled 

with tritium, compared to HTO; furthermore, this study demonstrated that 

the organic form of tritium used has a wider biological relevance than HTO, 

demonstrating incorporation of tritium into DNA, where HTO did not. 

Paper II demonstrated an increasing activity of OBT in mussels fed on 

phytoplankton that had been exposed to HTO, showing that the OBT 

incorporated in the cells of the primary producer is made available up the 

food-chain. A linear rate of incorporation of OBT into mussel tissues was 

observed, indicating accumulation of OBT without any significant 

depuration over the experimental period. It is possible that depuration is 

occurring at a very slow rate (the forms of OBT present have a very low 

biological half-life). If a biokinetic model were to be made solely on this 

Aims of Paper I 

 

 Compare the rates of accumulation 

and depuration of organic and 

inorganic tritium in mussel tissues. 

 Investigate accumulation into a 

relevant biological molecule: DNA 

 Elucidate the toxicological effect  

experienced by a mussel following 

such exposures 
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data, it would suggest that with continued input of OBT-labelled plankton, 

mussels would eventually hyperaccumulate tritium. Such circumstances 

have been observed in the environment, where the accumulation of OBT 

released from anthropogenic sources has led to higher than ambient tritium 

concentrations in tissues of marine organisms (McCubbin et al., 2001). 

However, no such observation has been made in sites releasing only 

inorganic tritium (i.e. tritiated water), even those that have experienced large 

and sustained releases, indicating that the low rate of depuration, as well as 

other processes - such as the breakdown of dead organic matter, releasing 

tritium from organically bound 

sites - may counteract such 

accumulations faster than the 

rate of bioaccumulation and 

subsequent trophic transfer. 

Marine systems are 

characterised by a high 

turnover of organisms, with 

high mortality, and short life-

spans in species that compose 

a large proportion of marine biomass, so a large reversion of tritium from 

organic to inorganic forms, through decomposition, can be expected. The 

disparity in the biokinetics of organic and inorganic tritium highlights a need 

for separate classification and regulation of releases (Ciffroy et al., 2006; 

IAEA, 2008). 

 

Despite its low decay energy, the beta radiation of tritium is still potent 

enough to cause significant damage to tissues. There is growing evidence 

that the toxic effectiveness of tritium is greater than previously expected. 

Estimates of relative biological effectiveness indicate that tritium beta 

radiation is significantly more effective than external γ- and X-ray radiation, 

by factors of 1.5 to 2.0 (Bridges, 2008; Little and Lambert, 2008). 

Laboratory studies of mussels exposed to HTO demonstrated significant 

cytotoxic impacts (Paper I; Hagger et al., 2005; Jha et al., 2005) at doses 

below the suggested minimum for environmental protection (400µGy.h
-1

), 

below which no significant impact is expected (IAEA, 1992; ICRP, 1977; 

NAS, 1972). 

Aims of Paper II 

 

 Investigate the rate of biotransformation 

and bioaccumulation of tritium into two 

taxonomically different phytoplankton 

 Demonstrate the transfer of organically 

bound tritium, formed in the 

phytoplankton, into the tissues of mussels 

consuming this plankton 
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While tritium can exist within many different compounds with a wide range 

of chemical characteristics, the radioactive decay of tritium remains 

constant; it may therefore be reasonably expected that the toxic effect of 

tritiated compounds is constant. Again, however there is increasing evidence 

that this is not the case. Exposure of mussels to an organic form of tritium in 

Paper I had a greater genotoxic effect than similar exposures to HTO; this is 

likely due to the incorporation of OBT directly into the DNA. Organic 

tritium in organisms can demonstrate different levels of toxicity depending 

on the molecule it is bound to, and the location of the molecule within the 

cell; Burki and Okada (1968) demonstrated significant differences in the 

rates of cell death of mammalian cells when tritium was bound to DNA, 

nuclear-RNA, cellular-RNA and protein. 

 

These divergences in accumulation, persistence within tissues, and toxic 

effect may lead to the radioisotope burden, and toxic potential of tritium, 

being underestimated in certain scenarios involving the release of 

organically bound tritium or where inorganic tritium is transformed to 

biological forms. Therefore it is necessary to understand the variations in 

fate and toxicity of different forms of tritium so as to adequately protect 

exposed organisms. 

 

‘Hot’ particles 

 

‘Hot’ particles are highly radioactive particles composed entirely or in part 

of radioactive materials and may range in size from nanometre to millimetre 

scales. Specific activities of particles in the µm range can be up to thousands 

of becquerels (Burkart, 1989). Hot particles may be solid pieces of nuclear 

fuel, radioactive fallout – sintered molecules formed during nuclear 

explosions or fires – or aggregated radioactive dust or fine particles bound 

together. Sources of hot particles into the environment include the 

atmospheric detonation of nuclear explosive devices (1945 - 1963); the 1986 

accident at Chernobyl Nuclear Power Plant; fires at nuclear sites such as that 

at Windscale, UK; vehicle crashes carrying nuclear weapons, reactors, 

depleted uranium ballast or other radioactive solid materials; use and testing 

of depleted uranium projectiles and armour; particulate releases from nuclear 
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fuel reprocessing sites; and radioactive materials in wastes (Danesi, 1998). 

Particles can be monoelemental – containing a single radioactive isotope 

(e.g. fuel particles), or multielemental – containing a mixture of 

radioisotopes (e.g. fallout). Many of these sources, particularly those 

releasing anthropogenic radionuclides, release specific mixtures of 

radioisotopes – allowing some identification of the source (Zheltonozhsky et 

al., 2001). 

 

Hot particles are noted for 

their high mobility in air 

(Wagenpfeil and Tschiersch, 

2001); high activity particles 

released from Chernobyl NPP 

travelled thousands of 

kilometres, and have been 

found throughout Europe, as 

far as Norway and Greece 

(Burkart, 1989, Sandalls et al., 

1993). The liquid medium of 

the marine environment also 

means that larger hot particles can maintain suspension and therefore 

disperse further. However, the majority of particles, especially those of 

higher mass settle nearby to the source and so hot particles in the general 

environment are a rarity.  

 

Hot particles can be ingested from the sediment or suspended in the water 

column, particularly by filter-feeders which very efficiently extract particles 

from the seawater (Paper III; Dahlgaard et al., 2001). Paper III 

demonstrated that not only were particles collected by filter-feeders, but they 

could also be incorporated permanently into the tissues, giving high doses of 

radiation throughout the life of the organism, with the potential of transfer to 

a consuming organism. The particles not only deliver a large, concentrated 

dose of ionising radiation to surrounding tissue but will become a potent 

local source of radioactive material if they dissolve or are broken down 

mechanically (Salbu, 2001), particularly as they can remain in the body for 

long periods of time (Paper III, Salbu et al., 2004). Some of the particles 

Aims of Paper III 

 

 Develop a suitable method to introduce 

radioactive particles to the mussel, 

facilitating location and recovery of the 

particle and providing a consistent dose to 

the organism 

 Investigate the rate of retention of 

radioactive particles in the mussel 

 Observe and measure toxicological effects 

of the radioactive particle during such an 

introduction 
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used in the experiment described in Paper III deteriorated significantly 

within the mussels. If incorporated hot particles remain whole within an 

organism, trophic transfer and subsequent retention of the particles could 

entail a concentration factor (CF) of 1; this is significant considering that 

CFs are typically low where the radiation is more dispersed in the body of 

food organisms. This was observed in clams sampled near the crash site at 

Thule, where one individual bivalve demonstrated an activity concentration 

1000 times higher than others from the same site; this high activity was 

attributed to the presence of a hot particle (Dahlgaard et al., 2001). Physical 

breakdown of the particles may reduce the concentration factor to the 

consumer depending on the dispersion and/or excretion of fragmented or 

dissolved material. At present the behaviour in the body, especially 

regarding dissolution, is poorly understood (Wagenpfeil and Tschiersch, 

2001. 

 

Particles within the tissue give a radically different dose-geometry compared 

to that from external doses (which in most cases are virtually uniform 

throughout the body) or from internal doses from dissolved radionuclides 

that will be more uniformly spread throughout tissues, or across tissue 

surfaces. The point-source irradiation of the particle will mean that dose is 

significantly larger for tissues in contact with the particle than that elsewhere 

in the tissue, due to both the inverse square law, where dose decreases 

exponentially with distance, and the limited penetration of alpha and lower-

energy beta particles if applicable for the radionuclide(s) present. In the 

present study (Paper III) significant local effects and some non-targeted 

effects were observed in mussels. However, the general lack of observable 

effect highlights the inadequacy of the toxicological endpoints in this 

scenario, which would otherwise be expected to identify responses to far 

lower dose rates of radiation that are spread more uniformly through tissues 

(Paper I; Jha et al., 2005). Further research is necessary to identify and 

develop endpoints that would better represent the impact of a radioactive 

particle to both the tissue and the mussel as a whole, and to permit 

comparison to uniform exposures. 
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Multiple stressors: hypoxia 

 

In the environment, an organism never experiences a single stress factor 

alone, but rather is exposed to an array of stressors in combination. The 

health of a population or ecosystem will be determined by which stressors 

are present, their relative magnitude, the sensitivity of organisms to such 

stresses, and any interaction of effect that two or more stresses may have on 

the organisms. While it provides a useful insight to characterise the effect of 

a single stress on an organism, under controlled conditions as is typical in 

standard toxicity tests, the ecological relevance of such a finding is limited, 

affecting predictive power. To accurately identify any interaction (if 

applicable), and to assess the relative significance of each specific threat, 

such multiple stressor scenarios must be tested. 

 

Hypoxia – low oxygen concentration – is a widespread and growing 

environmental problem; over 250000km
2
 of marine ecosystems is hypoxic or 

anoxic (oxygen depleted) in over 400 sites worldwide (Diaz and Rosenberg, 

2008). Although hypoxic/anoxic areas occur naturally, areas depleted of 

oxygen have appeared, or have grown as a result of human activity: input of 

nutrients from agriculture results in eutrophication - excessive growth of 

phytoplankton or bacteria that deplete the oxygen when decomposed; and 

human-made structures limit water exchange that would otherwise refresh 

water with oxygenated waters. Reduced oxygen will reduce respiration in 

aerobic organisms, either causing a decrease in energy reserves or a switch 

to typically less efficient anaerobic processes. Most marine fauna cannot 

survive extended periods in hypoxic waters with dissolved oxygen 

concentrations less than 2mg.l
-1

 (Vaquer-Sunyer and Duarte, 2008). Some 

organisms that have historically had to cope with hypoxia, demonstrate 

adapted responses to help cope with low oxygen conditions and retain 

metabolic function (Hochachka and Lutz, 2001). Initial response to hypoxia 

is typically the suppression of metabolism and ATP demanding processes, to 

preserve energy, followed by an increased expression of anti-oxidant 

enzymes and glutathione, in preparation for increased oxidative stress during 

reoxygenation (Hermes-Lima and Zentano-Savín, 2002; Hochachka and 

Lutz, 2001). If hypoxia persists then the metabolic rate may be increased to 

retain energy-balance, at a cost to fitness related processes, such as growth, 
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reproduction, and development (Ivanina et al., 2011; Sokolova et al., 2012). 

Such facultative anaerobic processes may not only reduce the impact of 

hypoxia/anoxia, but may influence the impact of other stresses, such as from 

ionising radiation. 

 

Ivanina et al. (2011) observed that oysters increased ventilation during 

hypoxia to increase oxygenation of tissues, but suffered incidentally 

increased uptake of cadmium in the water; increased accumulation and thus 

exposure of waterborne contaminants including radioactive materials can be 

expected in organisms living within areas of hypoxia. The Baltic Sea is 

highly impacted by eutrophication and has extensive dead-zones (Zillén et 

al., 2008) and is one of the most radioactive seas in the world (HELCOM, 

2009), following large inputs of radioactive material from fallout from the 

Chernobyl Incident; it is not known whether the combination of such 

stressors demonstrates any synergistic or antagonistic effect on stress levels 

experienced by the afflicted organisms in such areas. 

 

As ionising radiation generates reactive oxygen species (ROS), hypoxia 

would connote a decreased potential for ROS formation. The effect of tissue 

hypoxia on radiosensitivity is a key concept in radiotherapy; ischemic 

(hypoxic) tumour cells demonstrate radioresistance (Harrison et al., 2002). 

Tumours are treated to increase oxygen concentration to raise sensitivity, so 

that lower doses of radiation may be used to kill neoplastic cells with a 

minimum of incidental irradiation of surrounding healthy tissues. It may then 

be expected that organisms living in hypoxia may experience a decreased 

oxidative stress burden from ionising radiation. 

 

Despite such a potential for interaction between two widespread and 

important sources of environmental stress, the investigation of an interaction 

between hypoxia and ionising radiation in a marine organism has only been 

reported once (Vanhoudt et al., 2012). The single study in question, Shimada 

et al. (1984; 1985), observed a decreased sensitivity to external gamma 

radiation (10Gy) in primordial germ cells of the fish Oryzias latipes under 

hypoxic conditions, relative to a normoxic control. 
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Paper IV attempted to 

investigate the effects of 

hypoxia on radiosensitivity in 

a whole organism. Blue 

mussels were acclimatised to 

hypoxic conditions prior to 

irradiation. The direct effects 

of oxidative stress and 

indirect anti-oxidant 

enzymatic response to the 

treatments were tested. Despite using very high doses of radiation, there was 

very little response (if any); however the impacts of hypoxia on oxidative 

stress and antioxidant enzyme expression were pronounced. No interactions 

could be measured, but it appears that radiation has such little effect that it 

would appear to be of negligible impact to oxidative stress in multiple stress 

scenarios with hypoxia, particularly as the environmental dose rates are 

many orders of magnitude less than those used in Paper IV: dose estimates 

to fish outside of Fukushima immediately after the disaster in March 2011 

are in the region of 10mGy/day (Kryshev et al., 2012), which is nearly 6x10
5
 

less than the highest dose used in the Paper IV. Smith et al. (2012) also 

indicate that environmental dose rates of ionising radiation, even at heavily 

contaminated sites, are insufficient to influence antioxidant response. It is 

possible that antioxidant responses reflect historical adaptation to each 

stress, as mussels have adapted to occupy intertidal regions where hypoxia is 

often experienced, whereas exposure to such heightened levels of radiation is 

a relatively recent phenomenon for the species. Furthermore, the level of 

antioxidant expression as a result from hypoxia, observed in Paper IV, 

should effectively detoxify the small addition to oxidative stress from 

environmental levels of radiation; a possible antagony of the two stressors 

might therefore be predicted under environmentally relevant scenarios. 

 

Conclusions 

 

Papers I and II demonstrated the differences in biokinetics between organic 

and inorganic forms of tritium. The greater potential for accumulation of 

Aims of Paper IV 

 

 Elucidate the separate impacts of hypoxia 

and ionising radiation on the oxidative 

stress levels, and antioxidant response of 

blue mussels, in the laboratory 

 Identify a possible antagonistic interaction 

between the stresses from ionising 

radiation and hypoxia 
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organic forms of tritium (over inorganic forms), and the increased 

toxicological potency observed add support for a separate classification for 

organic tritium in respect to environmental risk assessment. Predictions of 

the tritium burden and its impact in biological compartments can be made 

with increased accuracy by separately classifying the two forms of tritium, 

within an environmental risk assessment. Paper II highlighted the variation 

of accumulation that can occur between two functionally similar 

phytoplankton species, emphasising the weaknesses of using a ‘reference’ 

organism as a predictor for accumulation and effect. It also demonstrated the 

occurrence of trophic transfer of organically bound tritium. 

 

While the potential threat of highly radioactive particles has been understood 

for some time, the effort (to date) to investigate the actual differences in 

impact experienced by biota, compared to uniform exposures, is distinctly 

lacking. In this respect, the contribution of Paper III was less to address this 

paucity of data, but to prove that such a threat is plausible in a relevant 

marine organism, and to develop a methodological basis from which further 

testing can follow. The observations from this study indicate that hot 

particles can be incorporated into a filter-feeding organism and that further 

research into the effects and potential for transfer is warranted. The 

toxicological studies tested demonstrated the difficulty in selecting 

representative endpoints, but some significant impacts were observed. It is 

clear that a lot more research is needed to explore the relative effects 

compared to uniform doses, the retention and potential for transfer of the 

particle, and the impact such an radioactive source will have on a 

community; to be able to provide adequate protection to marine 

environments, data is needed not only on the mussel, but on marine species 

of various functional groups, sizes, habits and habitats. 

 

The general lack of observable effects in oxidative stress or antioxidant 

response from high doses of radiation, observed in Paper IV, means no 

interaction with hypoxia was observable. It is possible that other, more 

sensitive endpoints (such as cytogenetic, genetic endpoints) would identify a 

response from such exposures of radiation; further research using such 

endpoints may identify whether hypoxia reduces the radiosensitivity of blue 

mussels. If the endpoints tested in the present study are indicative of the 
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overall health of the mussel, then this lack of effect may put environmental 

risk from radioactivity into some context: that other physical, chemical or 

biological stressors (such as hypoxia) appear more influential on the health 

of the blue mussel (in the short term) than the relatively low level of 

radioactivity typically found in the environment. 

 

The studies contained within this thesis highlight the complexity that exists 

in the environment, and how some less-investigated phenomena can alter the 

impact, or potential for impact of exposure to radioactive materials on 

marine organisms. By understanding such phenomena, and incorporating 

these factors into environmental risk assessments, we can provide 

rationalised protection for all environments without relying on excess 

conservatism. Such information will also provide insight into ecosystems 

and environments that require targeted protection, either by limiting releases 

further, adjusting the time and placement of release events, or providing 

additional protective measures to maintain ecosystem health in an affected 

area. 

 

There is much more left to be discovered. 

For accurate assessment of the impact of radioactive releases on the 

environment, the most important areas of information still lacking are those 

regarding the impacts of chronic low-dose exposure, the effects across 

multiple generations of organisms, and the interactive effects of abiotic and 

biotic factors within an environment (Hinton et al., 2013). There is no 

question that these are very ambitious goals, and the lack of understanding to 

date reaffirms the difficulty, complexity and cost (in resources, and 

especially in time) that such research entails. To make any kind of accurate 

input into these fields, let alone a significant scientific breakthrough in 

understanding, will take years of focussed research by whole research groups 

dedicated to these tasks. These areas are by no means all that is left to be 

understood, but rather represent the most lacking areas of knowledge, and 

will provide the most relevant information with which to protect our 

environment, and by extension, ourselves. 
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Tritium from tritiated glycine demonstrates greater accumulation and persistence in tissues and enhanced genotoxicity in haemocytes of marine
mussels, compared to tritium from tritiated water.
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a b s t r a c t

Marinemussels (Mytilus edulis) were exposed to seawater spikedwith tritiated water (HTO) at a dose rate of
122 and 79 mGy h�1 for 7 and 14 days, respectively, and tritiated glycine (T-Gly) at a dose rate of 4.9 mGy h�1

over 7 days. Thiswas followedbydepuration in clean seawater for 21 days. Tissues (foot, gills, digestive gland,
mantle, adductor muscle and byssus) and DNA extracts from tissues were analysed for their tritium activity
concentrations. All tissues demonstrated bio-accumulation of tritium from HTO and T-Gly. Tritium from T-
Gly showed increased incorporation into DNA compared to HTO. About 90% of the initial activity from HTO
was depuratedwithin one day,whereas T-Glywas depurated relatively slowly, indicating that tritiummay be
bound with different affinities in tissues. Both forms of tritium caused a significant induction of micronuclei
in the haemocytes of mussels. Our findings identify significant differential impacts on Mytilus edulis of the
two chemical forms of tritium and emphasise the need for a separate classification and control of releases of
tritiated compounds, to adequately protect the marine ecosystem.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Tritium (3H, T), a radioisotope of hydrogen (half-life 12.32 years),
is discharged into the marine environment in relatively large
quantities. For example, during 2008 approximately 1800 TBq of
tritium was released to the UK marine environment from nuclear
installations mainly as tritiated water (HTO). In addition, ca. 14 TBq
was discharged due to commercial radiochemical production of
tritiated organic compounds (RIFE, 2009). Also, significant increases
in the concentrations of tritium have been found in the North Sea
over the last two decades (MARINA II, 2003). Tritium emits beta
particles, with amean energy of 5.7 keV (max.18.6 keV), which have
a penetration of about 5 mm in water. Consequently, the majority of
radiation dose experienced by an organism is through ingestion.
Once within the cells, beta particles from tritium might induce
genetic damagewhich could lead to detrimental effects onbiota (Jha,
2004, 2008). Epidemiological and experimental studies indicate that
low energy, beta particles from tritium might be more toxic than
some X-rays or g-rays, raising concerns that current environmental

and human risk factors for tritiummay be underestimated (Bridges,
2008; Little and Lambert, 2008; Little and Wakeford, 2008).

Because tritium is discharged mainly as HTO, it is assumed that
it will rapidly mix and dilute in natural waters and is, therefore,
thought to have minimal impact on biota. However, laboratory
investigations (Hagger et al., 2005; Jha et al., 2005) have demon-
strated a significant toxicological impact onmarinemussels,Mytilus
edulis, of HTO doses lower than internationally-recommended
exposure limits (IAEA, 1992). Concentration factors for biological
materials, CF (defined as the ratio of the activity concentration
of tritium in the organism, AO Bq kg�1 dry or wet weight, to that in
seawater, AS Bq l�1), for tritiated species are generally unknown
(IAEA, 2004). Elevated CF values of the order 2 � 104 (based on dry
weights) for mussels and flounders in the Severn Estuary (UK) were
attributed to the release, and subsequent uptake of various
bioavailable tritium-labelled organic radiochemicals rather than
HTO (Hunt et al., 2010; McCubbin et al., 2001). In this context, fish
and shellfish consumption is identified as one of themost significant
exposure pathways to humans following radioactive discharges
(Little and Wakeford, 2008; RIFE, 2009).

Tritium in biological tissues is present in three forms (a) tissue
free water tritium (TFWT), i.e. tritium in the water trapped within
the tissues; (b) exchangeable organic tritium (EOT), i.e. tritium
weakly bonded to oxygen, sulphur, nitrogen or phosphorus atoms
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within the tissues which leads to a reduction in the biochemical
mobility of tritium and an increase in its biological half-life
compared to TFWT; and (c) organically bound tritium (OBT) which
involves stronger carbonetritium bonds andwhich confers a longer
biological half-life for OBT over both EOT and TFWT (Baumgaertner
et al., 2009; Diabaté and Strack, 1993; Pointurier et al., 2003). It is
assumed that tritiated compounds in seawater rapidly attain
a 1:1 activity concentration ratio with the TFWT in an organism.
However, it is not clear that equilibration takes place, even in the
natural environment where timescales are longer than those
employed in laboratory experiments (Baeza et al., 2009).

The differences in behaviour between the various forms of tritium
in organisms have been identified as a matter of concern when
modelling their fate in the environment (Ciffroy et al., 2006; IAEA,
2008), although very little experimental testing of such differences
exists and there is scant evidence for potential bio-transformation of
TFWT into EOT and/or OBT (Baumgaertner et al., 2009). Also, the
impact of these various internalised forms of tritium on the genetic
integrity of organisms has not been resolved, particularly if tritium is
incorporated into DNA (Baumgaertner and Kim, 2000) where,
potentially, there would be a greater genotoxic and ecotoxic risk.

The edible marine mussel, Mytilus edulis, is commonly used in
‘pulse-chase’ type incubation studies of bioaccumulation of various
substances, including HTO (Jha et al., 2005; Le Bris and Pouliquen,
2004; Punt et al., 1998; Wang et al., 1996). However, there is insuffi-
cient information on the tissue-specific bio-accumulation and
biological effects following exposure to environmentally-relevant
radionuclides innatural biota (ERICA, 2010; Jha et al., 2005; Pentreath,
2009). Thus, this study aimed to examine the DNA and tissue-specific
bio-accumulation and depuration of tritium from HTO and the triti-
ated amino acid glycine (T-Gly), byMytilus edulis. Glycinewas selected
as the test organic compound because free glycine is actively taken up
through the gills of mussels, fromwhere it may be dispersed to other
tissues (Cheney et al., 2007; Kube et al., 2007). Also, glycine is a major
component of proteins, particularly the structural protein collagen,
and it plays an important role in the synthesis of DNA via the de novo
pathway (Berg et al., 2007). The genotoxicity of tritiumwas assessed
using themicronucleus (MN) assay onhaemocytes (Cantyet al., 2009;
Jha et al., 2005; Jha, 2008). To our knowledge this is the first time that
an integrated approach has been adopted to elucidate the uptake,
tissue-specific bio-accumulation, DNA activity concentration and
genotoxic effects of two different forms of an environmentally-rele-
vant radionuclide in a representative marine species.

2. Materials and methods

2.1. Mussel collection, acclimatisation and monitoring

Adult mussels (shell length 40e60 mm) were collected in early spring from
a reference site in Whitsand Bay (Cornwall, UK) (Jha et al., 2005). Mussels were
collected and experiments were performed at the same time of the year, thus
avoiding seasonal influences that have been suggested to cause variations in
biological responses including MN inducibility (Canty et al., 2009; Jha, 2004, 2008;
Wrisberg and Rhemrev, 1992).

Five mussels were placed in aerated glass tanks (10 l) each containing 5 l of
filtered seawater (<5 mm pore size). Experimental tanks were kept in a temperature
controlled room (14 �C � 1), with a 12:12 h light: dark cycle and water quality
parameters (i.e. salinity, dissolved oxygen and pH) were monitored at regular
intervals. The tanks were covered to restrict any potential evaporation of the
radionuclide. Prior to exposure, the mussels were acclimatised for seven days,
during which they were fed Instant Algae Isochrysis 1800 (Reed Mariculture Inc.,
USA) and thewaterwas changed every two days. Throughout the experiments water
quality parameters were within acceptable ranges and no spawning or mortality
occurred in any of the exposure scenarios.

2.2. Concentrations of tritiated compounds and dose calculations

An established method (Hagger et al., 2005; Jha et al., 2005) was used to
investigate the uptake and tissue-distribution of tritium in the form of tritiated

water (HTO; 99.96% purity; 185 MBq ml�1; GE Healthcare, Amersham, UK) spiked
into two separate exposures with activity concentrations of 37 MBq l�1 and
24 MBq l�1. In a separate experiment the uptake of tritium from tritiated glycine
(T-Gly; H2NCT2COOH; >97% purity; 37 MBq ml�1; GE Healthcare, Amersham, UK)
spiked into seawater at an activity concentration of 1.48 MBq l�1 was determined.

The dosage to organisms from internalised tritiumwas estimated assuming that
the tritium spiked into the seawater rapidly attains 1:1 equilibrium within the
tissues as TFWT and that the tritiated species are dispersed homogeneously within
the tissues (Strand et al., 1977):

Db ¼ 0:58� 10�6 � Eb � AS (1)

where Db is the dose rate (mGy h�1), Eb is the mean beta particle energy of tritium
(0.0057 MeV), AS is the activity concentration of tritium in seawater (Bq ml�1) and
the numerical constant is a unit conversion factor.

The dose rates for HTO exposures were estimated using the appropriate activity
concentrations and were 122 and 79 mGy h�1, respectively, and the total doses
administered to each mussel for the 7 and 14 day HTO exposure periods were
20.5 mGy and 26.5 mGy, respectively. It is not known whether the T-Gly activity
concentration in the tissues reached equilibrium with the surrounding media
because T-Gly is suggested to be actively taken up by the organisms (Cheney et al.,
2007). However, to a first approximation the T-Gly dose rate was 4.9 mGy h�1 or
a total of 0.81 mGy over 7 days of exposure (see Section 2.4.), assuming equilibrium
conditions. The activity concentrations above were comparable with those experi-
enced in the vicinity of discharges or during relatively short timescales after an acute
release (Rowe et al., 2001). Such activity concentrations represent doses substan-
tially lower than the limit of 400 mGy h�1, below which no significant detrimental
effects on aquatic organisms at the population level are expected (IAEA, 1992).
Furthermore, this dose range was based on our earlier studies using this organism
(Hagger et al., 2005; Jha et al., 2005).

2.3. Exposure of mussels to tritiated compounds

Exposure 1: Seven 10 l tanks each containing five mussels and 5 l of seawater
were spiked with HTO to an activity concentration of 37 MBq l�1 for 7 days (Hagger
et al., 2005; Jha et al., 2005). Mussels were not fed during the exposure period and at
the end of the experiment the HTO-spiked seawater was replaced with clean
seawater to allow depuration. At each point in the depuration period (i.e. 0, 1, 3, 7, 10,
14 and 21 days after exposure), mussels from one tank were taken for analysis and
the water in the remaining tanks was replaced with clean seawater. During the
depuration period mussels were fed as described in Section 2.1.

Exposure 2: In order to establish the uptake of tritium into DNA a second HTO
exposure was carried out using the same conditions, except that the activity
concentration of the HTO spike was 24 MBq l�1 and the exposure lasted for 14 days.
Immediately after the exposure, the mussels were sampled for analysis.

Exposure 3: Five 10 l tanks each containing five mussels were spiked with
1.48 MBq l�1 of T-Gly for 7 days. The mussels were not fed during the exposure but
feeding was resumed, as described in Section 2.1, during the depuration period. At
each point in the depuration, i.e. 0, 1, 7, 14 and 21 days after exposure, mussels from
one tank were taken for analysis and the water in remaining tanks was replaced.

Negative controls: Two 10 l tanks each containing five mussels were left
untreated in clean seawater, one in parallel with exposure 1, the other parallel to
exposures 2 and 3. Mussels were sampled at the end of the exposure periods to give
values of activity concentration in tissues and DNA and MN frequency.

2.4. Analyses of tritium incorporation and genotoxicity

2.4.1. Determination of induction of micronuclei (MN)
Induction of MN as a measure of genotoxicity is routinely used in our laboratory

and has been validated against reference chemicals and HTO (Canty et al., 2009;
Jha et al., 2005). Briefly, a sample of haemolymph (300 ml) was extracted from the
posterior adductor muscle of each mussel using a 21-gauge hypodermic needle into
a 1 ml syringe containing 300 ml of chilled (4 �C) physiological saline (Peek and
Gabbot, 1989) to prevent cell clumping (Al-Subiai et al., 2009; Jha et al., 2005).
Before counting the frequency of MN, the viability of the haemocytes was also
checked using eosin-Y staining. Eosin-Y stain (2 ml of 2% solution; SigmaeAldrich,
Poole, UK) was added to a subsample of haemolymph (40 ml) in an Eppendorf tube,
mixed gently, and placed in a haemocytometer. Using a light microscope (final
magnification�400) the cell density and percentage of unstained (viable) cells were
determined.

To determine MN frequency, 100 ml of the haemolymph from each mussel was
centrifuged (470g for 5 min) using a cytospin centrifuge (Thermo Shandon Ltd.,
Cheshire, UK) onto a microscope slide. The slides were allowed to air dry (24 h)
and were then fixed by immersing in a Coplin jar containing absolute ethanol for
15 min. Fixed slides were then stained with (5%) Giemsa stain (BDH, Poole, UK) for
20 min before mounting with DPX adhesive with a cover glass. The slides were
allowed to dry and harden for 48 h before 1000 cells per slide were scored for the
induction of MN under a light microscope using specific criteria described by
Venier et al. (1997).
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2.4.2. Determination of tissue activity concentrations
After the extraction of haemolymph for MN analyses, the mussels were

dissected to yield samples of the adductor muscle, foot, gills, digestive gland, mantle
and byssus thread. The soft tissues frommussels immersed in seawater spiked with
T-Gly were rinsed repeatedly with distilled water to remove any superficial T-Gly
that would otherwise remain on the exterior surface of the tissues during freeze-
drying. Samples of approximately 0.5 cm3 were taken from each tissue and carefully
blotted with tissue paper to remove superficial water. The wet weights of each
sample of tissue were obtained using pre-weighed scintillation vials.

In order to maintain comparability between the experiments, all tissues from
the HTO and T-Gly incubations were freeze-dried. In the case of HTO experiments,
the freeze-drying process would result in the removal of all the TFWT because its
sublimation properties are similar to those of water. Following freeze-drying the
samples were weighed and each sample was re-hydrated with distilled water
(100 ml) for 30 min. Soluene-350 (PerkinElmer, Bucks, UK) was added (1 ml) and
samples were placed in an oven at 55 �C for 48 h until solubilised. Glacial acetic
acid (35 ml) was added to each sample to neutralise any remaining Soluene-350.
Optiphase Trisafe liquid scintillation cocktail (PerkinElmer, Bucks, UK) was added
(10 ml) and the samples were kept in darkness for 90 min prior to analysis
in a calibrated scintillation counter (LS6500, Beckman Coulter, USA) to a fixed
counting precision of 5%.

2.4.3. Extraction of DNA and determination of tritium activity
Subsamples of dissected tissues (i.e. foot, gills and digestive gland) from each

mussel were taken for DNA extraction. Approximately 3 mm3 of each of the selected
tissues were carefully blotted and placed in individual Eppendorf tubes, freeze-dried
and the dry weights determined (Table 1) to quantify the yield of DNA from each
tissue type. CTAB buffer solution (100 ml; SigmaeAldrich, Poole, UK) and proteinase-
K (2 ml, 70 mg ml�1; Promega Corporation, Madison, USA) were added to each vial,
the samples vortexed and placed in a water bath at 65 �C, for 1 h, to solubilise the
tissues. The vials were then removed and vortexed again. A 100 ml aliquot of a 24:1
mixture of chloroform and isoamyl alcohol (SigmaeAldrich, Poole, UK) was added to
each sample to separate the DNA fraction from the other cellular components and
the solution vortexed and centrifuged for 10 min at 8500g. Supernatant (about
80 ml), containing the DNA, was pipetted off and placed in a new Eppendorf tube.
Ice-cold 70% ethanol (200 ml) was added, allowing the DNA to precipitate while
keeping other impurities dissolved. Each sample was vortexed and centrifuged for
20 min at 8500g. The ethanol was drained from each sample leaving a pellet of DNA.
The pellet was rinsed by adding 200 ml of ice-cold 70% ethanol, centrifuged at 8500g
for 5 min and the ethanol carefully decanted. The samples were allowed to air dry to
remove remaining ethanol. The DNA pellet was then dissolved in 50 ml of double
distilled water and vortexed. The purity and concentration of each sample were
determined using the A260:A280 ratio on a Nano-drop 1000 spectrophotometer
(Nano-drop Products, Wilmington, USA).

Using the concentration of each sample, the mass of DNAwas estimated andwas
used to calculate the activity concentration of tritium within the DNA. An aliquot of
the DNA solution (40 ml) was taken from each sample for scintillation counting.
These were placed in clean scintillation vials with 5 ml of Optiphase Trisafe scin-
tillation cocktail. Samples were kept in the dark for 90 min before scintillation
counting to a fixed precision of 5%.

2.5. Statistical analyses

Statistical analyses were performed using Statgraphics Plus version 5.1 (Statis-
tical Graphics Corp.) and SigmaPlot (Systat Software Inc.). One-way analysis of
variance (ANOVA) was used for the analysis, with Fisher’s LSD test for pair-wise
comparisons. Significance was taken as p < 0.05 unless otherwise stated.

3. Results

3.1. Water content and background radioactivity in mussel tissues

The percentage water content of each tissue from M. edulis was
estimated from the wet and dry weights (Fig. 1). The results show

that the water contents of each tissue were tightly constrained
about the mean values and they were relatively constant, at
approximately 70%, the exception being the gills where the mean
water content was about 85%. The HTO within cellular water when
combined with the bio-accumulated tritium constitutes the total
activity of tritium within each tissue.

Background activity concentrations in the seawater used in the
experimentswere typically<0.50Bq l�1. Control (unexposed)mussel
tissues demonstrated lowactivity concentrations (Fig. 2) indicative of
typical environmental, low-level exposure at the reference site.
The activity concentrations for all mussel tissues after exposure were
corrected for background activity, using the appropriate value.

3.2. Tissue-specific bio-accumulation and depuration

All tissues showed incorporation of tritium after exposure to HTO
or T-Gly compared to the controls (Fig. 2a and b, respectively).
Immediatelyafter exposure toHTO, themussel tissues showeda range
of tritium activity concentrations which decreased in the sequence
footz digestive glandzmantlez adductormuscle> gills> byssus.
The activity concentration in the foot was approximately twice that in
the byssus. The pattern of bio-accumulation amongst tissues suggests
that some have more potential for anabolism of inorganic tritium.
Following exposure toHTO, tissues showed a two-phase depuration of
bio-accumulated tritium. After one day of depuration, the tissues
exposed to HTO (Fig. 2a) showed large decreases in activity concen-
tration. Then, in the subsequent three weeks a second, slower depu-
ration was observed. At the end of this time some tissue activity
concentrations (i.e. those for byssus, mantle and adductor muscle)
were reduced to levels insignificantly different from the controls,
indicating complete depuration.

The foot, gills and digestive gland of mussels exposed to T-Gly
had, at day 0 of depuration, higher activity concentrations of
tritium compared to the other tissues (Fig. 2b). After exposure to T-
Gly the sequence of tritium activity concentrations was somewhat
different to that for HTO and decreased in the sequence digestive
gland > gills > foot > byssus >> mantle z adductor muscle. The
greatest bio-accumulation of tritium (digestive gland) was
approximately 25 times larger than the smallest (mantle and
adductor muscle). Only three tissues exposed to T-Gly demon-
strated any significant depuration within the test period: the
digestive gland after 7 days and the byssus and adductor muscle
after 14 days. After 21 days of depuration, all tissues exposed
to T-Gly retained activity concentrations significantly above the
control values. Unlike the HTO treatment, there appeared to be no

Table 1
Dry weight of subsamples of mussel tissues, purity and concentration of DNA
extracts, and weight of DNA used for scintillation measurements. Data represent
means and standard deviations taken from 35 determinations.

Tissue Dry weight of
tissue (mg)

Purity
(A260:A280)

Concentration
(ng l�1)

Weight of DNA
per 40 ml
sample (mg)

Foot 2.57 � 1.54 1.99 � 0.08 360 � 280 15 � 11
Gills 3.10 � 1.55 1.99 � 0.05 840 � 670 34 � 30
Digestive gland 6.68 � 4.44 1.97 � 0.10 1500 � 1200 60 � 49
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Fig. 1. Percentage water content by weight in mussel tissues. Error bars denote the
standard error about the mean of 44 determinations.
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large decrease in activity concentration (the first phase) following
one day of depuration.

3.3. Incorporation of tritium into DNA

The dry weights of the tissues (Table 1), and resultant
DNA weights, varied considerably due to inherent properties of
the tissues, including potential polyteny in digestive gland
cells in parallel with insect digestive gland and mammalian
hepatocytes (Maghicao and Sonnenbighler, 1974). Important to
this study, however, was the result that DNA from the different
tissues had A260:A280 ratios close to 2 indicating a high purity of
DNA (the ratio is 2 for pure DNA; Glasel, 1995).

After exposure to HTO, no significant increase in radioactivity
was observed in the DNA from the foot, gills or digestive gland.
In contrast, the exposure of mussels to T-Gly showed an increase
in tritium activity in the DNA from these tissues (Fig. 3). The DNA
extracted from the foot of mussels exposed to T-Gly showed the
greatest incorporation of tritium.

3.4. Induction of MN in the haemocytes

All haemolymph samples taken from the mussels demonstrated
>95% cell viability, regardless of exposure scenario, and, therefore,
all samples were suitable for MN assay. Micronuclei frequency in
mussels exposed to either HTO or T-Gly increased significantly
above the control values (Fig. 4). On day 0 of depuration, the two
HTO exposure scenarios resulted in similar MN frequencies,
approximately 50% higher than following exposure to T-Gly.
However, the doses were not equal, both HTO exposures involved
larger doses than in the T-Gly exposure. Assuming linearity,
normalising the MN induction data by the activity concentration in
the seawater (Fig. 5) demonstrates a disproportionate dose/
response relationship, where a 24 times greater seawater activity
concentration resulted in only a 65% increase in MN on day 0. In the
depuration period following exposures, mussels exposed to HTO
(7 day exposure) demonstrated some recovery; after two weeks of
depuration, a significant drop in MN frequency was observed
compared to day 0 (Fig. 4). After 21 days of depuration, MN
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frequency in mussels exposed to HTO became insignificantly
different from the control value, indicating almost complete
recovery from radioactive exposure. After exposure to T-Gly
however, no significant declinewas observed inMN frequency until
21 days of depuration.

4. Discussion

4.1. Incorporation of organic and inorganic tritium
into mussel tissues

Our findings indicate a significant difference for the uptake and
re-distribution of tritium from the two different forms of tritium
(HTO and T-Gly) in mussel tissues. The relatively large accumulation
in the digestive gland suggests that it is the main pathway of intake,
supporting previous findings (Williams et al., 2001). Further
research is required to identify whether the biokinetics of T-Gly, and
HTO, have reached equilibrium after 7 days of exposure or whether
further incorporation may occur with greater exposure time.

Higher activity concentrations of tritium within a particular
tissue may induce greater genotoxicity in these tissues, which has
implications for bio-monitoring. Tissues with a higher sensitivity to
ionising radiation and an increased tritium activity concentration

may therefore experience toxic effects that would not be antici-
pated if only the whole-body dose is considered. In parallel with
mammalian studies, there is however a need to develop method-
ologies to evaluate tissue-specific genotoxic effects in aquatic
organisms (Jha, 2008). While tissue-specific dose calculations and
sensitivity weighting are used for humans (ICRP, 1987, 1994), such
factors are generally not considered in non-human exposure
scenarios (Pentreath, 2009). Progress needs to be made however to
take into account tissue-specific sensitivity, particularly in species
which have distinctive tissues or structures necessary for survival
with no direct human parallel (e.g. gills and mantle).

Normalisation of the activity concentration data for the various
experimental conditions is achieved via estimates of CF that involve
the tissue-specific tritium activity concentrations (AO) compared to
the activity concentrations of the spiked seawater (AS). Concentra-
tion factors (CFs), on a dry weight basis, for the tissues analysed in
both of the HTO experiments were very similar and are of the order
0.1 (Fig. 6). Although there are no recommended CFs for tritium,
hydrogen has been assigned a CF ¼ 1 (IAEA, 2004). Our results,
whether viewed on a dry weight or wet weight basis (using the
water content data in Fig. 1), suggest that for the bio-accumulation
of tritium from HTO, the CF << 1. Tissues exposed to T-Gly had CFs
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between 3 and 75 (dryweight basis), that is between approximately
20 and 630 times (average 270 times) higher than the corre-
sponding CFs for the mussels exposed to HTO (Fig. 6). Such findings
addweight to previous assertions that tritium from tritiated organic
compounds is incorporated more readily into marine organisms
than tritium fromHTO (ICRP, 1989; McCubbin et al., 2001; Williams
et al., 2001). However, the CFs specifically for T-Gly are two orders of
magnitude lower than the overall CFs obtained for mussels in
the Severn Estuary, UK (Hunt et al., 2010; McCubbin et al., 2001)
where the organisms were subjected to a wide range of tritiated
compounds from which tritium may have been more effectively
assimilated than T-Gly. Other forms of tritiated pharmaceutical
compounds may be released into seawater (either intentionally or
as by-products) and they vary greatly in their size, structure, and
function (McCubbin et al., 2001). These pharmaceuticals often have
high biological relevance because they are commonly designed to
target specific human organs and to have high accumulations
within the tissues. They are, therefore, likely to occur in non-target
organisms. Many such compounds have poorly understood meta-
bolic pathways, the products of which may have unexpected bio-
kinetic properties, transferring radio-labels to other parts of the
body, where targeted radio-toxicity may occur. The variety of forms
of tritiated organic radiochemicals can be expected to indicate
a range of dose coefficients rather than a single value.

4.2. Depuration of bio-accumulated tritium

For HTO exposures, bio-accumulated tritium within mussel
tissues was depurated in a biphasic manner. The first stage occurred
within 1 day and the slower second stage (5e10%) had an estimated
biological half-life between 10 and 19 days depending on the tissue.
The presence of two distinct depuration periods reflects the
behaviour of HTO in humans after accidental contamination (Trivedi
et al., 1997); a major depuration occurs with a short biological half-
life (t1/2 ¼ 6 days) followed by a minor depuration with a longer
biological half-life (t1/2 ¼ 73 days). The faster rate of depuration in
mussels relative to humans may be explained by the proportionally
larger exchange surfaces of the former, allowing a greater potential
for exchange of tritium with hydrogen into a surrounding liquid
medium. The two distinct depuration periods, following HTO
exposure, may also be attributable to the presence of tritium bound
in different ways within themussel tissues, specifically EOTand OBT
(Diabaté and Strack, 1993; ICRP, 1989). It is evident that mussels
immersed in waters with high HTO loadings can produce EOT and
OBT in their tissues relatively quickly (Baumgaertner et al., 2009). It
is likely, therefore, that OBT is formed after exposure to HTO in these
laboratory experiments within a relatively short period. Since EOT is
weakly bonded, it could be depurated rapidly, whereas OBT, which is
more strongly bound, will undergo a slower process of elimination.

After exposure to T-Gly there was no immediate depuration
after one day in any tissue, unlike HTO exposures. Instead depu-
ration appeared to take place relatively slowly in most tissues. This
supports the contention that the majority of tritium within the
tissues exists as OBT rather than as exchangeable forms, TFWT or
EOT. After 21 days of depuration only the byssus, digestive gland
and muscle had any significant reduction in tritium activity from
the day 0 post-exposure value.

4.3. Incorporation of tritium into DNA

The tritium accumulated in the extracted, pure DNA is attrib-
utable to the presence of OBT, as prior to the extraction process
repetitive washing of tissues was involved, thereby removing TFWT
and EOT. The large incorporations of tritium into DNA following
exposure to T-Gly and the lack of incorporation following exposure

to HTO demonstrate a fundamental difference in the processes of
accumulation of the two forms. This difference in incorporation is
all the more significant when considering the different activity
concentrations of T-Gly and HTO in the experiments. The pathway
for incorporation of tritium from T-Gly into DNA is not clear.
Although the carbon and nitrogen atoms from glycine are incor-
porated during de novo biosynthesis of purines (key components of
nucleic acids), at first glance the tritium would be expected to
be lost during this process (Berg et al., 2007). However, it has long
been suspected that substrate channelling is a requirement of
purine synthesis because of the instability of many of the inter-
mediates, and evidence has recently been obtained that suggests
that this is the case (Songon et al., 2008). This may mean that
despite the release of tritium it nevertheless remains available for
subsequent re-incorporation later in the pathway rather than being
rapidly diluted out by hydrogen. Alternatively there may be other
metabolic routes for incorporation of tritium from T-Gly into
DNA, which are not immediately apparent.

4.4. Determination of genotoxic effects

The frequency of MN following exposure to either of the tritiated
compounds was comparable to previous observations with mussels
exposed to HTO or reference genotoxins (Jha et al., 2005; Venier et al.,
1997). However, assuming linearity in dose and response, it appears
that tritium in the formof T-Gly is about 15 timesmore genotoxic than
in theHTO form. An explanation for the observed disparity in effective
toxicity may lie in the differences in bio-accumulation of the two
forms of tritium used in the experiments, although it should be noted
that genotoxic effects were evaluated in the haemocytes which are
directly or indirectly associated with the tissues which show differ-
ential accumulationof tritium.Analyses of the incorporationof tritium
into DNA (Section 4.3) demonstrated that tritium derived from T-Gly
is incorporated into DNA whereas the tritium from HTO is not.
Furthermore, T-Gly will also be incorporated into histone proteins,
which form the core particle of nucleosomes, with which the DNA is
in intimate contact. In this context, Burki and Okada (1968) have
demonstrated that the incorporation of tritium into different mole-
cules and into different parts of the cell resulted in a gradient of
effectiveness in the induction of cell death; induction decreased in
the sequence DNA >> nuclear RNA > cytoplasmic RNA > protein.
Therefore an organism exposed toT-Glymay experience an enhanced
genotoxic effect compared to that following an exposure of equivalent
ambient seawater activity concentration of HTO.

5. Conclusions

The MN assay indicated a significant genotoxic impact in
mussels following an exposure to a relatively low dose of HTO.
Although tritium is bio-accumulated in the short term, the large
losses of activity within one day of depuration suggest that the
impact of HTO could be minimal once its activity concentrations in
surrounding media decrease. The largest impacts are likely there-
fore to occur only while relatively high activity concentrations of
HTO persist. However, a small amount of OBT remains within the
tissues of mussels which may have more subtle, chronic effects
(including to germ cells) that are either not manifested or detected
in the short term.

Following exposure to T-Gly disproportionately large genotoxic
impacts were observed compared with those following HTO
exposures. The accumulated tritium detected within the tissues
following this exposure persisted for much longer which implies
that it was bound more strongly, as OBT. While acute exposures to
HTO confer only a small effect for a short time, a longer period of
toxicity with potentially larger impacts may be expected following
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acute exposures to T-Gly, as the tritium that persists in the tissues
will continue to deliver a dose. Of particular concern is a significant
accumulation of tritium into DNA. These results highlight the need
for separate classification and consideration for releases of tritium-
labelled organic compounds from those of inorganic tritium, such
as HTO. While it is not anticipated that T-Gly is representative of all
the myriad forms of tritiated organic compounds discharged in the
environment, it demonstrates a significant departure from trends
and patterns of HTO in biota. Further research is required into the
radio-labelled organic compounds that are routinely released so
that the extent of their impact is understood for effective protection
of the environment, and to limit the consequential direct or indirect
exposure to humans.
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a b s t r a c t

Large releases of tritium are currently permitted in coastal areas due to assumptions that it rapidly
disperses in the water and has a low toxicity due to its low energy emissions. This paper presents
a laboratory experiment developed to identify previously untested scenarios where tritium may
concentrate or transfer in biota relevant to Baltic coastal communities. Phytoplankton populations of
Dunaliella tertiolecta and Nodularia spumigenawere exposed at different growth-stages, to tritiated water
(HTO; 10 MBq l�1). Tritiated D. tertiolecta was then fed to mussels, Mytilus edulis, regularly over a period
of three weeks. Activity concentrations of phytoplankton and various tissues from the mussel were
determined.

Both phytoplankton species transformed HTO into organically-bound tritium (OBT) in their tissues.
D. tertiolecta accumulated significantly more tritium when allowed to grow exponentially in HTO than if
it had already reached the stationary growth phase; both treatments accumulated significantly more
than the corresponding treatments of N. spumigena. No effect of growth phase on bioaccumulation of
tritium was detectable in N. spumigena following exposure. After mussels were given 3 feeds of tritiated
D. tertiolecta, significant levels of tritium were detected in the tissues. Incorporation into most mussel
tissues appeared to follow a linear relationship with number of tritiated phytoplankton feeds with no
equilibrium, highlighting the potential for biomagnification.

Different rates of incorporation in species from a similar functional group highlight the difficulties in
using a ‘representative’ species for modelling the transfer and impact of tritium. Accumulations of
organic tritium into the mussel tissues from tritiated-phytoplankton demonstrate an environmentally
relevant transfer pathway of tritium even when water-concentrations are reduced, adding weight to the
assertion that organically bound tritium acts as a persistent organic pollutant. The persistence, potential
for biomagnification and the increased toxicity of organic tritium increases the potential impact on the
environment following a release of HTO; current legislation does not adequately take into account the
nature of organic forms of tritium and therefore may be underestimating accumulation and toxic effect of
tritium in the environment. Such information is necessary to accurately assess the distribution of tritium
following routine releases, and to adequately protect the environment and humans.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

To demonstrate that the environment is adequately protected
from permitted releases of anthropogenic radionuclides, an accu-
rate measure of doses to the exposed organisms is required. The
passage through, and fate of, such radionuclides in the environ-
mentmust therefore be understood. Previous regulations regarding
permissible releases assume that concentrations of radioactivity in
abiotic and biotic compartments are at equilibrium (NCRP, 1991);

no truer is this than for tritium (3H; half-life ¼ 12.32 years). Very
large releases of tritium in the form of tritiated water (HTO) are
permitted from nuclear industries, relative to other nuclides (IAEA,
2005; RIFE, 2009). Today, the Baltic Sea contains higher levels of
anthropogenic radionuclides than any other significant waterbody,
worldwide (HELCOM, 2007) of which tritium is the most abun-
dantly released. The total activity of tritium released from local
sources, largely from the nuclear power industry, into the Baltic Sea
region now equates to more than half the 137Cs input from the 1986
Chernobyl incident: the single most significant source of radioac-
tivity to the Baltic region (HELCOM, 2002). Average concentrations
of tritium measured in the Baltic Sea (including open-water to
coastal zones, but not from sites of release) from 1984 to 2010 were
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4.1 kBq m�3, with a maximum of 43 kBq m�3 (HELCOM, 2012);
activity concentrations as much as 94 kBq m�3 have been recorded
at the cooling water outlet of nuclear power plants in the Baltic
(STUK, 2008). Such high releases are permitted partly because of
the low energy of the beta emissions, and because it diffuses rapidly
in the seas. However, water exchange rates can be quite slow in the
Baltic Sea due to its negligible tidal range and enclosed nature; for
example, water leaving the Forsmark power plant has a water
exchange time with the surrounding coastal water (average age of
the water) of c. 15 days (Engqvist et al., 2006), and thus average
transit time through the coastal area can be estimated as approxi-
mately one month (Anders Engqvist, pers. comm. 2012). Measured
current velocities in the coastal area are usually in the range of
0e0.2 m s�1 (Engqvist et al., 2006; Engqvist and Andrejev, 2008).

The radiation from tritium has the same toxic mode of action as
any other radiation, albeit at very low energies compared to other
beta emitters. The low energy of tritium beta decay (w5.7 keV,
18.6 keVmax) limits its toxicity, and its penetration in air andwater
is extremely limited (w4 mm and w0.005 mm respectively), thus
tritium poses a threat only from internal sources. Despite its low
energy, studies show that the relative biological effectiveness of
chronic exposures to the beta radiation of tritium is greater than
that of g- and X-rays (Little and Lambert, 2008). Furthermore, it has
been demonstrated that the beta radiation of tritium is more
effectively toxic when combined within themolecule as opposed to
merely surrounding it (Burki and Okada, 1968; Jaeschke et al.,
2011). Such genetic and cytogenetic impacts can manifest the
most significant impacts of radioactivity on populations, causing
decreased fertility or fecundity and reducing genetic stability,
increasing the chance of recessive, malignant, or deleterious genes
(NCRP, 1991). Such effects, over several generations, have the
potential to significantly impact the population, with potential
effects manifesting at ecosystem level.

The rate of diffusion of tritium into the enormous expanse of the
oceans is such that it is commonly considered that present levels of
release will not or cannot influence the concentration of radioac-
tivity in the environment in any significant way. However, tritium
undergoes identical chemical reactions to its more abundant, non-
radioactive isotope, hydrogen, and can therefore replace hydrogen
in any biological molecule, e.g. in carbohydrates, proteins and even
DNA. Organically bound tritium (OBT) has been demonstrated to
accumulatemoreandpersist longer in tissues than inorganic tritium
(i.e. tritiated water) in both environmental and controlled labora-
tory studies (Hunt et al., 2010; Jaeschke et al., 2011; McCubbin et al.,
2001; Pointurier et al., 2003; Williams et al., 2001). Such processes
lead to greater concentrations of tritium in the biota than originally
predicted, in more toxic forms (Jaeschke et al., 2011). These
processes, coupled with the large releases of tritium, havemade the
topic of organic tritium one of the more discussed issues in radio-
ecology in recent years. Of particular concern is the potential for
accumulation or hyperaccumulation of organic tritium up trophic
levels, especially following incorporation by primary producers:
wherein themost significant process for the incorporation of tritium
into non-exchangeable OBT is photosynthesis (Boyer et al., 2009).
However, very few studies attempt to demonstrate the role of
organic material in the transfer and accumulation of tritium into
organisms. Tucker and Harrison (1974) demonstrated increased
residence time of tritium in tissues of clams and oysters exposed to
tritiated water with “Chlorella-like algae” cultured to equilibrium
within it. The addition of this plankton-food resulted in the presence
of OBT in the tissues of the mussels resulting from trophic transfer
fromwater to plankton to filterefeeder. It has been shown that OBT
is also formed in the tissues ofmolluscs, without a primary producer
vector, exposed only to HTO (Jaeschke et al., 2011; Jha et al., 2005).
Furthermore, Tucker and Harrison (1974) did not investigate the

potential for transfer of non-exchangeable OBT from tritiated
plankton to the filter-feeders, after removal of HTO from
surrounding media and, due to water-exchange, from the plankton
free-water. This scenario is environmentally significant, as it would
demonstrate connectivity of HTO-polluted sites with otherwise
tritium-free ones. For example, a phytoplankton bloom, after
incorporating tritium into organic forms in the vicinity of an HTO
release site, could then be carried by currents to pristine siteswhere
in-water concentrations of tritium are negligible. In this paper, we
endeavour to simulate such a scenario under controlled laboratory
conditions, using albeit exaggerated activity concentrations of
tritium to enhance measurement accuracy.

Dunaliella tertiolecta (a unicellular chlorophyte species) and
Nodularia spumigena (a filamentous cyanobacteria species) are two
widespread phytoplankton species. D. tertiolecta is a preferred food
species of the filter feeding mussel, Mytilus edulis. N. spumigena
grows to high concentrations in surface waters of the Baltic, with
extensive blooms during the summer (Sivonen et al., 2007) up to
5 mg (wet weight) l�1 (Wasmund, 1997), occurring in calm, warm
waters particularly such as those found in bays (Bagge and Salo,
1967). D. tertiolecta is not a blooming species as N. spumigena but
grows widespread across marine and brackish waters, and will be
found in release sites in these areas. The large primary production
of phytoplankton not only makes them highly important for higher
trophic levels of food-webs, but also suggests that they could
incorporate significant amounts of tritium if they were to grow in
waters near nuclear waste release sites.

The marine mussel, M. edulis, is a filter-feeding mollusc found
commonly along the coastline of the Baltic Proper and is an
important trophic link between primary producers (phyto-
plankton) and several carnivorous species in Baltic food chains
(Bagge and Salo, 1967). It is a commonly used species in toxico-
logical studies and has been the subject of several studies involving
tritium accumulation and toxicity (Hagger et al., 2005; Jaeschke
et al., 2011; Jha et al., 2005). These studies have used M. edulis
sourced from the Atlantic, unlike the smaller, structurally- and
physiologically-different BalticM. edulis of the present study, which
have not previously been used in such experiments. Bagge and Salo
(1967) recommended M. edulis as a bioindicator species for radia-
tion contamination in the Baltic.

2. Materials and methods

2.1. Incorporation of tritium into phytoplankton

2.1.1. Species-specific incorporation at different growth stages
Stock cultures of D. tertiolecta and N. spumigena were grown in

the laboratory in culture media (f/2 modified to Redfield ratio
(Guillard, 1975) and Z8x (Kotai, 1972), respectively). Stock cultures
were prepared >6 weeks prior to the experiment and were
considered to be in the stationary growth phase (exhibiting no net
growth). For all cultures, salinity was adjusted to 7 ppt, artificial
light (cold-white fluorescent light of intensity: 80e90 mmoles of
photons cm�2) was provided on a 16:8 h light:dark cycle, temper-
ature was maintained at w21 �C (i.e. typical summer conditions in
the Northern Baltic Proper, when growth rates are maximised), and
agitation was provided constantly with a shaker table (w100 rpm).

Analysis of the incorporation of HTO into the two phytoplankton
species was carried out in 250 ml sterile culture containers. Three
treatments were made for each species: control, ‘stationary-
culture’ exposure and ‘exponential-culture’ exposure, with three
replicates of each treatment. The stationary-culture treatment
consisted of 100 ml aliquots of stock culture, containing phyto-
plankton that had already grown for several weeks and demon-
strated no further perceivable growth for two weeks, spiked with
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HTO to a nominal activity concentration of 10 MBq l�1. The
exponential-culture treatment was made by taking 90 ml of fresh
culture media, inoculating with 10 ml of stock culture, and then
spiking with HTO to 10 MBq l�1. This activity concentration, while
higher than those typically found in the environment (except
potentially in the proximity of release points), was necessary to
ensure measurable activities of OBT in the phytoplankton; this
activity concentration gives a dose of 32 mGy h�1 which is not
expected to negatively affect marine organisms at the population
level (IAEA, 1992). Control treatments were as per the exponential-
culture exposure but without addition of HTO. Treatments were
exposed to HTO for two weeks (16:8 h light:dark; 21 �C); after this
time exponential-culture treatments appeared to have reached
a stationary phase.

Approximately 30 ml of culture from each replicate was filtered
onto pre-weighed cellulose nitrate filter papers (pore size: 0.45 mm,
diameter: 47 mm) using a vacuum filter (pressure �60 kPa). Ten
millilitres of distilledwaterwere added at the end of filtration to rinse
salt from the sample. Filter papers were freeze dried for 48 h and
weighed again to ascertain dry weight of phytoplankton. Each filter
paper was placed into a 20 ml scintillation vial with 20 ml of Filter-
count scintillation cocktail (Perkin Elmer, Boston, Ma); samples were
left until filter papers had completely dissolved. Samples were dark-
acclimatised for at least 2 h before scintillation counting. Tritium
activitieswere counted in aPackardTricarb liquid scintillationcounter
(Perkin Elmer, Boston, Ma) until the counting error reached 5%.

2.1.2. Creation of a tritiated phytoplankton-food for mussels
Two 5-L conical flasks were each fitted with a bespoke bung

apparatus to allow sterile air-flow through the culture media while
limiting evaporation. The flasks, with apparatus, were sterilised by
autoclaving, then each was filled with 4 L of chilled (10 �C) culture
media (F2 modified to Redfield ratio; salinity 7 ppt) and inoculated
withw200 ml of D. tertiolecta stock culture. Aeration was provided
constantly; agitation was achieved by the flow of bubbles through
the culture media. Artificial light was provided as detailed above on
a 16:8 light:dark cycle, and temperature was maintained at 10 �C,
reflecting the environmental conditions in the Northern Baltic
Proper at the time of the experiment.

Each flask was spiked with tritiated water to a concentration of
10 MBq l�1. Exposure took place until phytoplankton concentra-
tions appeared stationary (25 days). The culture was decanted into
50ml falcon tubes and centrifuged (2700 g, 5 min) to create a pellet
of phytoplankton. The supernatant was removed with a 50 ml
syringe and the pellets were pooled together and freeze dried. To
ensure that all tritiated water (HTO) was removed and that only
organically bound tritium (OBT) was present in the food, the dried
pellets were then rinsed with 40 ml of distilled water, centrifuged
and freeze dried again; this process was carried out twice in
succession. The pellets were weighed to ascertain dry weight, and
distilled water was added to make a total volume of 25 ml. The
phytoplankton was shaken vigorously until homogeneous resus-
pension occurred. To determine the tritium activity concentration
in this food source, three 250 ml subsamples were taken via pipette,
placed into 20 ml scintillation vials and dissolved with 0.5 ml
Soluene-350 (Perkin Elmer, Boston, Ma) in an oven (50 �C, 48 h).
Twenty millilitres of Ultima Gold XR (Perkin Elmer, Boston, Ma)
were added and samples were dark acclimatised for 2 h before
scintillation counting until counting error reached 5%.

2.2. Trophic transfer of tritium from phytoplankton to mussels

2.2.1. Collection and husbandry of mussels
Adult mussels (selected by length, mean¼ 27mm, SD¼ 1.6mm)

were collected near Askö Marine Laboratory, Sweden. Prior to

exposure, all mussels were kept untreated for one week to accli-
matise to laboratory conditions. Mussels were kept in individual
aerated 1-L containers, containing 500 ml of filtered (100 mm)
seawater (salinity ¼ 7 ppt; temperature ¼ 10 �C; dissolved
oxygen ¼ 8.5 mg l�1). Experiments with mussels began in the
spring and experimental conditions were modified to reflect
environmental conditions, to prevent stress to transplanted
organisms and to increase environmental relevance. Throughout
the experiment the water was changed every three days, after
which 100 ml of Thalassiosira weissflogii algal food (Reed Maricul-
ture, California, USA) was placed in each container. Throughout the
experiments water quality parameters were within acceptable
ranges and no spawning or mortality occurred in any of the expo-
sure scenarios.

2.2.2. Feeding regime with OBT-labelled phytoplankton and
analysis of tritium activity

D. tertiolecta alone was selected for the feeding experiment as it
is a preferable food source for M. edulis, being a single-celled
chlorophyte rather than the filamentous cyanobacteria.
N. spumigena is also thought to be toxic to some Baltic species, and
was not fed to mussels to avoid potential confounding toxic effects
in the experiment.

Twenty mussels were fed with 250 ml of tritiated D. tertiolecta
(see Section 2.1.2) by pipetting into the water, every three days,
immediately before regular feeding. Mussels were sampled after 3,
10,17 and 24 days, having been fed OBT-labelled phytoplankton 1, 3,
5 and 7 times respectively. Animals were sampled a minimum of
24 h after feeding, time enough to ensure gut contents had passed
from the body (Bayne et al., 1987). A further five mussels were not
fed tritiated phytoplankton and served as a negative control. Control
mussels were sampled after three days (parallel to first feeding).

Sampled mussels were dissected, removing whole-tissue
samples of foot, gills, digestive gland, mantle and mussel. Tissues
were placed in pre-weighed scintillation vials, freeze dried and
weighed for dry weight. Tissues were dissolved with 0.5 ml of
Soluene-350 in an oven (50 �C for 48 h). To each sample, 20 ml of
Ultima Gold XR was added before dark acclimatisation for 2 h and
scintillation counting until 5% counting error was achieved.

2.3. Activity correction and statistical methods

Activity concentrations were background corrected automati-
cally by the Tricarb liquid scintillation counter, using an internal
algorithm and a background-measurement sample (20 ml of scin-
tillation cocktail only). Values that were not significantly different
from background radiation were automatically assigned an activity
of 0.000 by the statistical software of the scintillation counter.
Automatic corrections for colour- and chemical quenching as well
as chemiluminescence were also performed.

Because some activity concentration datasets contained values
that were insignificantly different to background (activity rounded
down to 0), the datawere not normally distributed, and so the non-
parametric KruskaleWallis test was used to identify differences
between treatments. Differences between activity concentrations
between individual treatments were tested using the Student’s t-
test. Linearity in tritium activity concentrations in mussel tissues
after successive feedings of tritiated plankton food were tested
using the Pearson’s Correlation Coefficient. Statistical analyses
were performed using Minitab 16 (Minitab Inc.).

3. Results

All activity concentration data in this experiment has been
summarised in Table 1.
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3.1. Incorporation of HTO into phytoplankton

3.1.1. Species-specific incorporation at different growth stages
Tritium was incorporated into the cells of both species of

phytoplankton (Fig. 1, Table 1); all exposure treatments demon-
strated activity concentrations of tritium significantly greater than
the control values (KruskaleWallis; p < 0.05). In D. tertiolecta,
exponential-culture treatments accumulated more tritium than
stationary-culture treatments (Student’s t; p < 0.05), however this
was not the case for N. spumigena. In both exponential- and
stationary-culture treatments D. tertiolecta accumulated more
tritium than N. spumigena (Student’s t; exponential-culture
p < 0.01; stationary-culture p < 0.001).

3.1.2. Tritiated phytoplankton-food
A total dry weight of 0.5344 g of tritiated D. tertiolecta was

collected for mussel food. Each 250 ml feeding was calculated to
contain a dry weight of approximately 5.34 mg of phytoplankton.
The activity of OBT in each feed was calculated as 4.02 Bq, giving an
activity concentration of 753 KBq kg�1 dw.

3.2. Incorporation of tritium from tritiated phytoplankton-food into
mussel tissues

The activity concentrations of mussel tissues with and without
feeding of tritiated phytoplankton are seen in Fig. 2 and Table 1.

After the first feeding of tritiated plankton, no significant increase
in tritium activity concentration was found in mussel tissues.
However, following successive feedings of tritiated phytoplankton
to mussels, significant activities were measured in the gills and
mantle after 3 feeds and in the digestive gland and foot after 5
feeds. Muscle tissue activity concentrations demonstrated a high
standard error and so no significant incorporations were demon-
strated. Very low values recorded in the muscle after 5 feedings,
three of which were not significantly different from background
(rounded to 0), led to an apparent lack of data at this data point.
Activity of tritium in the foot, gills, digestive gland and mantle
tissue increased with a linear relationship to the number of feed-
ings of tritiated phytoplankton (Table 2).

4. Discussion

4.1. Incorporation of tritium into phytoplankton

4.1.1. Biotransformation of tritiated water to organic tritium
Both species of phytoplankton, D. tertiolecta and N. spumigena,

demonstrated incorporation of tritiated water (HTO) into organi-
cally bound tritium (OBT); water (both H2O and HTO) will have
been lost from the cells during freeze drying, leaving only the
organic tritium transformed biochemically by the plankton. Tritium
concentrations in D. tertiolecta were 11 times greater than
N. spumigena, demonstrating a significant difference in uptake
between phytoplankton species: which are often considered as
a single taxonomic or functional group for the purposes of risk
assessment (Hosseini et al., 2008; IAEA, 2004). The disparity in
activity concentration between the two species must then be due to
fundamental differences in the physiology, chemical constituents
and/or the metabolic processes of each species. The incorporation
of tritium by primary producers (up to c. 3 MBq kg�1 dw from an
exposure of 10 MBq l�1 in this study) could lead to significant levels
of tritium sequestered into biological compartments instead of
dispersed rapidly as would be predicted in current risk-assessment

Table 1
Activity concentration data for all samples in the experiment. Weights refer to dry
weight in all samples except for the culture media, where weight of water is
included.

Activity concentration MBq/kg

Culture media 10
Plankton (Stationary phase) (Growing phase)
Dunaliella tertiolecta 1.29 2.81
Nodularia spumigena 0.17 0.25
Plankton food for mussels

(Dunaliella tertiolecta)
0.753

Mussel tissues Number of feedings (4.03 Bq of plankton food, per feeding,
per mussel)

0 (control) 1 3 5 7

Foot 0.004 0.009 0.010 0.0165a 0.0206a

Gills 0.002 0.005 0.0190a 0.0181a 0.0549a

Digestive
gland

0.004 0.004 0.018 0.0263a 0.0680b

Mantle 0.002 0.001 0.0104a 0.0148a 0.016
Muscle 0.011 0.026 0.036 0.000 0.045

a Denotes significant difference (p < 0.05) from the control.
b Denotes significant difference (p < 0.01) from the control.
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Fig. 1. Activity concentrations of tritium after exposure to HTO in two phytoplankton
species: Dunaliella tertiolecta and Nodularia spumigena, at two different growth stages.
All control values were not significantly different from background and automatically
rounded to 0 during scintillation counting. Error bars depict the standard error about
the mean of three determinations.
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Fig. 2. Activity concentrations of mussel tissues after successive feedings of tritiated
phytoplankton-food over a three-week period. Error bars depict the standard error
about the mean of five determinations. Asterisks denote significant difference from the
control value (* ¼ p < 0.05; ** ¼ p < 0.01; KruskaleWallis).

Table 2
Correlation statistics of activity concentration in mussel tissues with number of
feedings of tritiated phytoplankton (0, 1, 3, 5 and 7).

Tissue Pearson’s Correlation Coefficient Significancea

Foot 0.477 *
Gills 0.497 *
Digestive gland 0.741 ***
Mantle 0.654 ***
Muscle 0.154 n.s.

a (n.s. ¼ not significant (p > 0.05); * ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001).
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models. These more bioavailable, tritium-labelled, organic
compounds will have the potential to transfer and concentrate up
the food chain to other organisms, ultimately collecting in the
sediment as particulate organic matter and entering the benthic
foodweb.

4.1.2. Phytoplankton growth influencing the incorporation of HTO
D. tertiolecta grown in a culture media containing HTO incorpo-

rated greater concentrations of tritium than that which had already
grown to saturation point and had HTO added after. This could be
explained by the increased primary production and metabolism in
the different life-stages of the phytoplankton (Boyer et al., 2009).
These processes will form organic molecules using both hydrogen
and tritium available in the surrounding media (Baeza et al., 2009;
Boyer et al., 2009; Choi et al., 2002;Moses and Calvin,1959). Growth
of the stationary-culture phytoplankton is restricted due to limited
space, light, and nutrient availability, thus limiting the potential for
tritium incorporation. Such factors could have significant conse-
quences on the biokinetics of tritium during D. tertiolecta growth in
heavily tritiated areas such as at the area of release.

The lower activity concentration of tritium in D. tertiolecta
when creating the tritiated phytoplankton-food (0.75 MBq kg�1;
Section 3.1.2) compared to the exponential-culture exposure
(2.81 MBq kg�1; Section 3.1.1) is likely, at least partly, due to
a lowered metabolism as a result of lower temperature (10 �C and
21 �C respectively) slowing primary production and thus incor-
poration of tritium within the exposure period.

N. spumigena demonstrated no significant difference in tritium
incorporation between exponential- and stationary-culture (Fig. 1),
indicating that the incorporation of tritium into the cells is inde-
pendent of the growth rate of this phytoplankton species and that
somemetabolic processes remain active even in stationary cultures
that lead to incorporation of tritium as OBT. While Boyer et al.
(2009) assert that photosynthesis is the most important mode of
incorporation of tritium into OBT in plants, they also identify many
dark-reactions have the same effect; such reactions not related to
growth may be more prevalent in the cyanobacteria. Further
investigation would be needed to identify such processes.

4.2. Trophic transfer of organic tritium from phytoplankton to
mussels

Ingestion of 16 mg of tritiated D. tertiolecta, containing only 12
Bq of organically bound tritium (OBT) resulted in measureable
incorporations of tritium into tissues of the mussel. By the end of
the experiment, the highest activity concentration was found in
the digestive gland, demonstrating a concentration factor of
1:0.09 (tritiated plankton-food:tissue). It is not possible to state
whether all tritiated plankton-food was actually filtered and
ingested by each mussel; however, assuming that all was eaten
will give the most conservative estimates of incorporation. Linear
relationships between number of feeds (or activity per feed: 0, 4,
12, 20 and 28 Bq) and tissue activity concentration indicate that
a constant proportion of the food eaten is sequestered in the
tissue, the rest passing through the body, in faeces. Assuming that
the linear relationship of activity concentration with feeding is
indeed the case, the data also demonstrates that no significant
depuration occurred throughout the three-week experiment; this
reinforces previous findings that organic tritium persists longer
in tissues than inorganic forms (Jaeschke et al., 2011; Pointurier
et al., 2003) and indicates that OBT remains largely in this form
despite ingestion, digestion and incorporation into another
organism. Throughout the experiment the activity concentrations
in tissues appeared to steadily increase, with no apparent
plateau, indicating that tissue activity concentrations are not yet

approaching equilibrium. The linear uptake of tritium into the
mussel tissues with negligible depuration indicates a potential
for biomagnification of organically bound tritium from the
phytoplankton. A longer experiment, maintaining the same
feeding regime would be required to ascertain equilibrium (if
applicable).

The tissue involved in feeding, the digestive gland, as expec-
ted, had the highest incorporation of tritium compared to the
other tissues. Gut passage times of 3.5e15 h have been reported
in M. edulis (Bayne et al., 1987). In the present study sampling
occurred three days after feeding, thus it is unlikely that the
heightened activities are as a result of residual tritiated plankton
in the gut. Gills have been demonstrated to incorporate amino
acids directly (Cheney et al., 2008), however it is not expected
that this presents a pathway of incorporation of tritium from
phytoplankton food into this tissue. Tritium activities measured
in the foot, gills and mantle indicate that OBT metabolites have
been distributed to other tissues after ingestion in the digestive
gland. Tritiated food particles caught on the gills, in transit to the
mouth, may increase activity concentrations of the gills, however
again, the period between feeding and sampling makes it
unlikely that this is the case. The muscle tissues were very small,
with masses orders of magnitude smaller than the other tissues
sampled, leading to the large errors in calculated activity
concentrations.

5. Conclusions

The present study demonstrates and quantifies the bio-
accumulation and biotransformation of HTO into OBT into two
species of phytoplankton. Large differences in accumulation,
growth and impact between the two species highlight the flaws in
using single ‘model’ species as an indicator of the biokinetics and
impacts of tritium in the environment. An ecological perspective to
release management is recommended whereby releases of HTO
may be withheld to avoid coincidence with the growth/bloom of
particular phytoplankton species with higher potential for tritium
incorporation; although such coincidence can be most easily avoi-
ded simply by withholding releases until the winter months when
biomass is lowest.

The findings also distinguish an important pathway of incor-
poration of tritium from HTO into the tissues of the mussel and
demonstrate the potential for biota-borne transfer of tritium (as
OBT) from areas of high tritium concentration to areas with low
concentrations.

This study improves the understanding of the behaviour of
tritium in coastal aquatic environments, allowing more accurate
assessments of distribution and impact. Further research is needed
to more closely simulate environmental scenarios from point-
sources, using relevant concentrations, residence times and diffu-
sion gradients of HTO in coastal waters. However, this work
provides further evidence supporting the need for separate
consideration of inorganic and organic forms of tritium, and pres-
ents useful information for consideration when formulating bio-
kinetic models. By elucidating the fate and impacts of tritium in the
environment, regulations governing releases can be made with
increased confidence.
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Abstract 

Radioactive particles are aggregates of radioactive atoms formed by, e.g., condensation or 

precipitation of radionuclides or breakdown of larger radioactive materials, and can contain 

significant radioactivity. They have been released into the environment from nuclear weapons 

tests, and from accidents and effluents within the fuel nuclear cycle. 

Aquatic filter feeders can be expected to take up and potentially retain radioactive particles, 

which could then provide concentrated localised doses to nearby tissues. Despite the high 

potential for accumulation and the potency of radioactive exposure, studies of the retention of 

radioactive particles in filter feeders are scarce. This study experimentally investigated the 

retention and effects of radioactive particles in the blue mussel, Mytilus edulis.  

The spent fuel particles, collected in the field, comprised of a U and Al alloy containing fission 

products such as 
137

Cs and 
90

Sr/
90

Y. The particles were introduced into mussels in suspension with 

plankton food or through implantation under the mantle tissue. Induced effects of the particle 

exposure were measured using micronucleus and Comet assays on haemocytes. Of those particles 

introduced with food, 37.5 % were retained for 70 h, and were found in the siphons and gills, with 

the notable exception of one particle that was ingested, found in the stomach. Those not retained 

seemed to have been actively rejected by the mussels. In several cases where particles were 

retained or implanted, white marks suggesting necrosis were seen in the tissues near the particles; 

these are thought to be caused by radiation and physical irritation. The largest and most 

radioactive particle (estimated dose rate 3.18 ±0.06 Gy.h
-1

) caused the largest such mark in the 

mantle tissue; in this case, increased micronucleus frequency and Comet tail DNA % was also 

observed in the haemolymph collected from the muscle, implying that non-targeted effects of 

radiation were induced by the high dose particle. 

The results showed that radioactive particles can potentially be retained by blue mussels and 

retained high activity particles can potentially induce negative effects, particularly in tissues close 

to such particles. Thus, current methods which are used for risk assessment that calculate “no-

effect dose” estimates and are based upon the absorbed dose equivalent limit are inadequate for 

radioactive particle exposures. In addition, knowledge is lacking about the ecological implications 

of radioactive particles, for example potential recycling within a population, or trophic transfer in 

the food chain. 

 

 

1. Introduction: 

 

Radioactive particles are defined as localised aggregates of radioactive atoms that give rise to an 

inhomogeneous distribution of radionuclides significantly different from that of the matrix 
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background (IAEA, 2011). In water, particles are defined as entities having diameters larger than 

0.45 µm, i.e. which will settle due to gravity. Using the grain size categories for sand, silt and 

clays, particles larger than 2 mm should be referred to as fragments. Radionuclide species within 

the size range 0.001 µm - 0.45 µm are referred to as radioactive colloids or pseudo-colloids 

(Salbu, 2009).  

 

Radioactive particles are formed in different ways; by condensation or precipitation of 

radionuclides (fission and activation products, nuclear materials, etc.) and by mechanical 

destruction, dissolution, oxidation, corrosion, etc. of radioactive materials (e.g., irradiated nuclear 

fuel, construction and nuclear materials, radioactive sources). The characteristics of radioactive 

particles will depend of the source and release scenarios. Following the Chernobyl accident, large 

fragments were localized close to the source, while micrometre sized particles were carried more 

than 2000 km from the site (Devell et al., 1986; Salbu et al., 1994). 

 

Radioactive particles varying in composition, particle size distribution, and structure have been 

released from many different sources, such as: nuclear weapons tests, e.g. the Republic of the 

Marshall Islands (Hamilton et al., 2009) and Semipalatinsk Test Site, Kazakhstan (Conway et al., 

2009; Lind, 2006); non-criticality accidents involving nuclear weapons, e.g. Thule, Greenland and 

Palomares, Spain (Lind et al., 2007); military use of depleted uranium ammunition, e.g. Kosovo 

and Kuwait (Lind et al., 2009; Salbu et al., 2003a; Salbu et al., 2005) and nuclear-reactor 

accidents, e.g. Chernobyl, Ukraine, Dounreay and Windscale, U.K. (Darley et al., 2003; Salbu et 

al., 1994). Radioactive particles have also been released in effluents from nuclear installations, 

e.g. Mayak, Russia (JNREG, 2004), Sellafield, UK (Jernström et al., 2004) and La Hague, France 

(Salbu et al., 2003b), from nuclear waste dumped in the oceans, e.g. Kara Sea and Novaya 

Zemlya, Russia (Salbu et al., 1997), as well as from uranium mining and tailing sites , e.g. 

Kazakhstan, Kyrgyzstan, and Tajikistan (Lind et al., 2012). Thus, radioactive particles have been 

released to the environment more often than previously assumed and these entities represent a 

challenge in ecological risk assessments. 

 

Measurements of environmental radioactivity and associated assessments are often based on the 

average bulk mass or surface concentrations of soils, sediments, etc., and assume that 

radionuclides in sample matrices are homogeneously distributed as simple chemical species. 

Consequently, it is not generally recognised that radioactive particles present in the environment 

often contain a significant fraction of the bulk sample activity leading to sample heterogeneity 

and sampling collection problems, false or erratic environmental measurements and, potentially, 

flawed assessments (IAEA, 2011).  As a result, there is a high degree of scientific uncertainty 

about the consequences and risk to man and the environment from deposited radioactive particles.  

 

After their release, radioactive particles represent point sources of potential long-term 

environmental and ecological significance. As these particles may originate from high activity 

materials (e.g. spent fuel), there is a risk from inhalation, dermal absorption, wound exposure and 

ingestion of the particles. In particular, particles can be retained in filter-feeding organisms (e.g. 

molluscs).  

 

file:///D:/Documents%20and%20Settings/olelin/Local%20Settings/Temporary%20Internet%20Files/Content.Outlook/253UMPXM/m,%23_ENREF_5
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The blue mussel Mytilus edulis is a filter-feeding marine bivalve mollusc common to temperate 

coastal regions worldwide. It is found on the Atlantic east coast of North America, in Europe 

from the south coast of France up to the White Sea in Russia, as well as several locations outside 

of their native regions, as an invasive species. Filter-feeding molluscs such as the blue mussel are 

capable of efficiently extracting suspended particles as well as some dissolved materials from the 

water column. This filtering efficiency makes such organisms prone to accumulation of pollutants 

including heavy metals, organic contaminants and radioactive materials, from the water – as such 

Mytilus spp. are used as an effective biomonitor of environmental pollution including radioactive 

materials (Børretzen and Salbu, 2009; Crowley et al., 1990; Pérez-Cadahía et al., 2004; Szefer et 

al., 2002). Radioactive particles retained in such organisms can provide concentrated doses to 

tissues in close proximity, compared to more uniform exposures across tissues such as those from 

external gamma irradiation (Figure 1). Effects from radioactive particles will also be concentrated 

to a smaller area of the body, giving more severe localised effects, which could have dramatically 

different impacts on the body overall such as organ failure (Charles, 1991). If severe localized 

effects significantly impact the health or fitness of the organism, then the calculated “no-effect 

dose” estimates which are used for risk assessment, based upon the absorbed dose equivalent 

limit, may be inappropriate (Charles, 1991).   

 

Despite the high potential for accumulation and the potency of radioactive exposure, studies of 

the retention of radioactive particles in filter feeders are scarce. Therefore the objectives of the 

present study are to demonstrate that radioactive particles can be retained in blue mussels under 

laboratory conditions, and that retained radioactive particles may induce negative effects if the 

contact dose is sufficiently high.  

 

 

2. Materials and methods: 

 

Characterisation of particles 

To test the retention of particles in blue mussels, 3 different particles varying in size and activity 

from the archive at the Norwegian University of Life Sciences (UMB) were selected.  All selected 

particles had been recovered from the environment after decades within the sea, following release. 

Particle composition was analysed with an environmental scanning electron microscope (ESEM; 

Zeiss EVO50) equipped with energy dispersive X-ray (EDX) detector (Inca, Oxford Instruments). 

The radioactivity of individual radioactive particles was counted 70 mm above the surface of a 

Low Energy Germanium (LEGe) detector (Canberra, rel. efficiency 25 %, resolution 1.8 keV) 

using a purpose-built geometry set-up. 

 

Contact dose rates for the radioactive particles were measured in contact with thermo 

luminescence dosimetry (TLD) crystals (MTS-N; diameter 5 mm, thickness 1 mm). In order to 

avoid surface contamination of the TLD crystal a Mylar film (Mylar cat. No. 150; 3.6 μm) was 

placed between the TLD crystal and the particles. Readouts of the crystals were performed on a 

RE-2000 (Mirion Technologies (Rados) Oy) instrument at the Institute for Energy Technology, 

Norway. Dose rates were calculated using a calibration factor for 
137

Cs, and thus are estimates of 

dose rates from the radioactive particles. 
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Whole-body dose rate estimates to the mussel were made using the ERICA-tool (Norwegian 

Radiation Protection Authority, Norway; Brown et al., 2008). A standard mussel size of 12 g (wet 

weight) and length 7.5 cm was used, along with an estimate of particle composition. 

 

Collection and husbandry of mussels prior to experimentation 

Mussels (shell length 60 – 80 mm) were collected from at the Research Station Solbergstrand, 

Norwegian Institute for Water Research (NIVA) situated at Drøbak, Oslofjorden, Norway, in 

April 2011 and in January 2012. The mussels were collected in the intertidal zone or up to one 

metre depth and sea water was collected at the site. 

 

The mussels were transported in a cool-box on damp paper to the gamma radiation facility at the 

Norwegian University of Life Sciences (UMB) where they were kept in a 20 l aerated aquarium 

containing natural seawater at 7
 o
C for a minimum of 3 days prior to the start of the experiment. 

Mussels were not fed during this period. 

 

Experiments using radioactive particles 

Experiments were conducted within the secure environment of the high activity (class B) 

laboratory at the Norwegian University of Life Sciences. Mussels were kept individually in 2 l 

aerated aquaria containing natural seawater, within a refrigerated incubator. Each aquarium was 

kept isolated from the radiation from adjacent aquaria using lead bricks wrapped in plastic. 

Temperature, salinity, pH, and oxygen concentration were monitored in each aquarium during the 

experiment and remained at satisfactory levels reflective of the seasonal conditions found within 

the environment:  

April 2011: 7 
o
C (±1 

o
C), 29 psu (±1 psu), pH 8.0 (±0.2), 7.0 mgoxygenl

-1
 (±1.0 mgoxygen.l

-1
). 

January, 2012: 5 
o
C (±1 

o
C), 29 psu (±1 psu), pH 7.9 (±0.2), 7.0 mgoxygen.l

-1
 (± 1.0mgoxygen.l

-1
). 

 

Mussels were placed in a plastic mesh trough to keep the valve opening upwards, so that the 

particle would not be lost by gravity when the mussel opened to filter/respire. The mesh provided 

support without inhibiting water flow throughout the aquarium and to the mussel. Mussels did not 

appear affected by the trough and could open and function normally. 

 

Introduction of particles 

Two methods were tested to introduce the radioactive particles into the mussels: first, introduction 

in suspension with plankton food and second, through implantation under the mantle tissue (to 

provide more reliable dose estimates). The same three particles were used several times by 

recovering them from the mussels or aquaria after 70 h exposure time and reintroducing them to 

new mussels. Following recovery the particle was measured using the LEGe detector to ascertain 

if any significant loss of radioactive material had occurred. Particle-3 was only applied twice as 

the particle disintegrated during the experiments. 

 

1. The particles were introduced to the mussel via pipette with 0.5 ml of plankton food. 

Mussel valves were opened, in air, using a small tool (e.g. scissors, forceps) and the 

particle, with the plankton food, was placed inside the mussel. Once inside the mussel, it 

was not known whether the particle would move, how quickly, or to where. To maximise 

the likelihood for creating a measurable difference in exposure amongst tissues (from 
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different locations within the same mussel), and to increase recoverability of the particle, 

the particle was always placed on to the same location. Particles were always placed 

dorsally on to the gills of the right (anatomic right) valve, equidistant between the foot 

and posterior adductor muscle. Presence and approximate location of the particle was 

determined using a handheld dose rate meter (Automess 6150 AD6 interfaced with a 6150 

AD-17 alpha beta gamma probe). After particles were introduced mussels were placed in 

the trough, in the aquarium. The location of the particle (in the mussel or on the bottom of 

the aquarium) was checked periodically using the alpha beta gamma probe; the mussel 

could be moved without disturbance by removing the trough. For lower activity particles, 

the water within the aquarium may have been sufficient to dampen emitted radiation, so 

to determine the location of the particle on the bottom of the aquarium the alpha beta 

gamma probe was used from below. After the exposure period the presence of the particle 

within the mussel was confirmed using the alpha beta gamma probe. Approximately 700-

1000 µl of haemolymph was extracted using a syringe and 21 G hypodermic needle for 

toxicological analyses. The mussel was opened and the particle was located either 

visually, or using the alpha beta gamma probe. Particles were recovered using a pipette to 

minimise mechanical damage; water was applied to the particle, when necessary, to aid its 

recovery. After the particle was removed, the mussel was dissected and separate tissues 

were taken for measurement of radioactivity using a Low Energy Germanium detector. 

 

2. Due to the high rate of loss of particles introduced via feed from the mussel, often within 

24 h from introduction, a second series of experiments were performed where the particle 

was implanted into the mussel tissues. As measurement of doses require an accurate 

determination of the residence time of the particle, this procedure ensured accuracy of 

dose estimates with regards to duration; in addition the method improved the 

recoverability of the particle, but at the cost of increasing handling stress in the mussel. 

To minimise the invasiveness of the procedure and reduce the associated stress, a method 

for implantation without damaging tissue was developed. Instead of cutting tissue, a small 

section of the siphonal edge was separated from the shell, at the most posterior point of 

the mussel between inhalant and exhalant siphons; this allowed access to the space 

between mantle and shell, and the particle, suspended in seawater, could be placed within, 

using a pipette. To investigate the effects associated with the procedure (separate to 

radioactive dose) four control mussels were implanted with inert sand particles of similar 

size and geometry to the radioactive particles used. The procedure of implantation itself 

did not appear to adversely affect the mussels greatly, as normal filtration and byssus 

formation resumed. Again, upon completion of the exposure period, haemolymph (~700-

1000 µl) was extracted, the particle was located and recovered, and the tissues were 

dissected for radioactive analysis, as per experiment 1. 

 

 

Measurement of effects from retained radioactive particles: micronucleus and Comet assay  

Toxicological analyses were only performed where particles remained within the mussel for 70 h. 

The assays were performed immediately after the extraction of the haemolymph from the 

mussels. 
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Micronucleus assay: A 500 µl subsample of haemolymph was diluted with 500 µl phosphate 

buffer solution prior to fixation by the drop-wise addition of 5 ml of methanol, while vortexing. 

The cell suspension was centrifuged at 100 g for eight minutes, and the 4.5 ml of supernatant was 

removed. The cells were washed twice more by adding 4.5 ml of methanol while vortexing, 

centrifugation at 100 g for 8 mins and extraction of 4.5 ml of supernatant. The resultant cell 

suspension was vortexed thoroughly and 100 µl was dropped and spread onto a microscope slide, 

and allowed to dry before staining in 1:1:8 Giemsa:methanol:double-distilled water for 10 min. 

Slides were washed in double-distilled water, allowed to dry and mounted with a glass coverslip 

and DPX adhesive. Micronuclei were scored under a transmission light microscope at 400x 

magnification using criteria according to Venier et al. (1997). 

 

Comet assay: A dilution of one part haemolymph into two parts physiological saline was made, 

and 100 µl of the resulting solution was mixed with 100 µl of low melting point agarose (LMA) at 

37 
o
C. Approximately 100 µl of agarose/cell suspension was transferred via a pipette with a wide-

bore pipette tip, on to a microscope slide prepared with normal melting point agarose (NMA), and 

covered with a glass coverslip. Slides were chilled for approximately two minutes in a freezer to 

solidify the LMA, before coverslips were removed and the slide placed in ice-cold lysis solution 

for 60 minutes. Slides were rinsed in, and then incubated in, double-distilled water for five 

minutes prior to unwinding for 30 mins in alkali electrophoresis buffer (ph 13) at 4 
o
C, in a 32 cm 

electrophoresis bath. Electrophoresis was run in a refrigerator at 4 
o
C for 20 mins at 0.8 Vcm

-1
. 

Slides were then washed in neutralisation buffer for five minutes. Slides were stained with 50 µl 

of DAPI (5 mM), covered with a glass coverslip, and a minimum of 100 cells were scored for 

Comet tail DNA % using a fluorescence microscope at 400x magnification and CASP software 

(CASPlab, University of Wroclaw, Institute of Theoretical Physics, Poland). 

 

Data were analysed, and tables and data figures were made using Microsoft Excel 2010 

(Microsoft Corp., U.S.A.). Statistics were performed using Minitab 16 (Minitab Inc., U.S.A.). 

 

 

3. Results and discussion:  

 

Particle characteristics 

A summary of characteristics of the particles used in the present work are given in Table 1. An 

electron micrograph and an X-ray microanalysis spectrum of a radioactive particle, of the same 

composition as particles-1 and -2 is given in Figure 2, and illustrates the presence of U, Al and Nd 

as major elements. The composition of stable elements of particle-1 and particle-2 are quite 

similar with Al, U and Nd as major elements, whereas particle-3 contains U, Nb, Fe and Al. The 

particles contained key fission products such as 
137

Cs (gamma emitter) and 
90

Sr/
90

Y (beta emitter). 

 

Retention of particles introduced via feed 

Of sixteen particles introduced via pipette into mussels, six (37.5 %) were retained for 70 h (Table 

2, Figure 3a). It is highly unlikely that particles were lost from mussels incidentally, by gravity or 

in water currents; the high density of the particles and the experimentally fixed position of the 

mussel will have minimised or eliminated the possibility of the particle simply falling out. Rather, 

it appears that mussels were actively collecting the introduced particles and ejecting them from 
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the body. On two separate occasions where particle-2 was found to be outside of the mussel, the 

particle existed within pseudo-faeces, indicating that the particle had been collected by the gills in 

mucus, taken to the mouth and rejected at the point of ingestion, and then evacuated from the 

mussel; the particle was gently extracted from any organic matter before reuse. The process of 

particle selection based upon optimal nutritional content and size in bivalves is well known in the 

context of optimal foraging and food selection (Bayne, 1998; Hawkins et al., 1996). It is not 

expected that the radioactivity of the particles is recognized and used as a determining factor 

during particle selection; physical properties (size and shape), heavy metal content and the lack of 

associated organic material are more likely the determining factors. Retention of particles did not 

appear to be related to size, as no observable differences in rates of retention/ejection could be 

seen, despite the 100-fold difference in scale between largest and smallest particles. 

 

Of the particles retained in the mussel for the duration of the experiment, five were found ‘loose’ 

within the mussel i.e. found on the siphon and gills (Table 2, Figures 3a and 4). It was not 

determined if the particles had been caught by gills and bound within mucus, but it appears likely 

that such particles would be collected by the mussel and ejected, within a short timescale, if the 

experiment had continued. In all cases the particles were discovered on the same side as they were 

introduced, indicating some limitation to the movement of the particle. Thus, even if the particle 

moves significantly within the body, a greater radioactive dose would be experienced by the one 

side of the mantle. Autoradiographical or endoscopic techniques could perhaps be used to identify 

the mobility of the particle within the organism prior to ejection (Ward et al., 1993). On one 

occasion particle-1, the largest particle, was found within the stomach, having been ingested by 

the mussel (Table 2, Figure 3a). The particle, too large to pass through the intestine, would 

thereafter have stayed within the mussel permanently. When considering the relative size of 

particle-1 compared to that of the typical food item (unicellular plankton cells of typical diameter: 

10-50 µm), the entirely metallic composition and the density of the particle, it seems 

extraordinary that the particle was ingested, indicating that particle selection is not perfect and 

that there is a possibility for their incorporation. 

 

In the majority of instances, particle loss from the mussel occurred within 24 h, making dose 

estimates impossible and prompting the need for the more permanent, albeit more invasive 

technique to implant the particles beneath the tissues. No migration of particles was observed 

following implantation (Figure 3b).  

 

Introduction of particles behind mantle 

While the implantation of particles behind the mantle is far less realistic than simple introduction 

(equivalent to particles being filtered by the mussel from the water), it is possible for particles to 

enter such a space in the mussel. This is evident by the presence of pearls and abnormalities in the 

shell resulting from such inclusion of sand particles in the wild (Figure 5). Pearl formation could 

occur if a filtered particle were to become embedded into the mantle. In such events the inclusion 

of a radioactive particle into a pearl or into the shell would make the incorporation permanent; 

however, the formation of calcareous concretions around the particle would provide shielding 

against alpha and low energy beta radiation, reducing or eliminating the contact dose, associated 

with the particle. The point source dose geometry of the particle would still be relevant and 

increased toxicity to the adjacent tissues would be expected. 
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Analysis of dissected tissues demonstrated an increase in radioactivity from the addition of a 

particle (particle-3) in only one instance. Radioactive analysis of the particles themselves 

confirmed that no measurable amount of the particles had dissolved, although particle-2 and 

particle-3 exhibited physical deterioration. Particle-2 demonstrated a loss of 30 % of activity on 

one occasion, when a piece broke from the main particle. Particle-3 disintegrated after the second 

introduction, into large fractions found in the aquarium; measurement of mussel tissues 

demonstrated an elevated concentration of radiocaesium, although this is likely due to small-sized 

particles associated with the tissue, and not bioaccumulation of radioactive material. The largest 

fraction of particle-3 was reintroduced twice more before it was retired from study. Due to the 

compact structures, it was expected that no dissolution of the particles should occur during the 

short time scale of the experiment, considering that they had existed in the marine environment 

for 30-40 years prior to their recovery. However, the observed degradation of the smallest 

particles (particle 2 and 3) could be induced after the entry into the mantle due to physical and 

chemical stress, as observed for radioactive particles in contact with microorganisms (Kuimova, 

2004; Zhdanova, 2003). 

 

Effects induced by radioactive particles 

Contact dose rates calculated for the radioactive particles were approximately 100 times greater 

than the estimated whole body dose rate (Table 1). It could therefore be expected that the 

strongest toxicological responses would be on or near the point of contact. Following the 

introduction via feeding, in one instance, particle-2 induced a white mark of irritation or necrosis 

on the mantle (Table 2, Figure 6), immediately adjacent to the site from where the particle was 

recovered on the gills, indicating a significant effect of radiation from the particle through the 

gills onto the mantle and also implying minimal movement of the particle during the experimental 

period. Following the implantation of particle-1, on one occasion, a white mark of irritation 

possibly suggesting necrosis was found in mantle tissue at the point of contact, indicating that the 

particle moved very little (<1 mm) during the experimental period. However, similar white marks, 

albeit much smaller, were found in some controls using inert sand particles, suggesting that at 

least some part of the irritation/necrosis was due to physical damage, and not radiation burn.  

 

Not all samples provided scorable slides for micronucleus or Comet assay. An increased 

induction of micronuclei (MN) over control levels was observed in just one occasion following 

the introduction of a radioactive particle into a mussel (Figure 7). In this one occasion, the particle 

had created an area of irritation possibly suggesting necrosis where it was in contact with the 

mantle tissue (Figure 6) indicating a significant local effect from the particle. While it cannot be 

determined whether the significant effect observed in the micronucleus assay was directly related 

to the damage to the mantle, increased MN induction has been demonstrated as a result of non-

targeted effects irradiation: at the site of irradiation higher numbers of cells containing MN had 

been observed than could have been irradiated, and increased MN frequencies had been observed 

in the cells of unirradiated organs (Morgan, 2003a; 2003b; Little, 2010). In the present study, it 

appears that the associated increase in MN frequency occurs only when the (mantle) tissue incurs 

significant damage from radiation, from a very high localised dose, as the mantle as a whole 

would have received the same dose in any of the replicates where particle-1 had been implanted 

in this region. Repeat experiments, ideally with analyses into such bystander/abscopal effects, 
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would be necessary to determine a relationship between radiation induced tissue damage in the 

mantle and MN induction in the haemocytes. 

 

Using the Comet assay, tail DNA percentage averages were high, across all treatments, attributed 

to an abundance of apoptotic cells, with very large tail DNA proportions skewing the data. 

However, by looking at only cells with 10 % or less tail DNA, a response between treatments 

could be seen. A significant increase (one-way ANOVA with post-hoc Tukey HSD test; F=10.81, 

p <0.001) in DNA damage over control values was observed in haemocytes of mussels introduced 

with particle-1 However, no such increase was observed in those introduced with particle-2 

(Figure 8). This would indicate that very large doses are required to another tissue (i.e. mantle) to 

induce significant DNA strand-breakage in the haemocytes, on this timescale. Longer term 

exposures may be required to develop a response from lower activity particles. It cannot be 

ascertained at present whether a larger response would be seen if particles were located nearer the 

posterior adductor muscle, where haemocytes were collected, but the present results indicate that 

the Comet assay can only be expected to detect a response from very highly radioactive particles 

present for short periods within the mussel.  

 

It is not known whether toxic effects observed in haemocytes reflect the response of the whole 

organism, or merely the organ from which they are sampled (typically, the posterior adductor 

muscle). The positive result from the micronucleus and Comet assays in mussels to which 

particle-1 had been introduced indicate that either this response reflects overall body condition, or 

that there is a pronounced abscopal or bystander effect taking place. 

 

The specific sensitivities and response of each tissue should be investigated to assess the 

associated risk to mussel health should a sensitive tissue experience a greater dose due to 

proximity to a radioactive particle; such data can be combined with biokinetic fate data to assess 

the associated risk (probability×consequence) of radioactive particle exposure. Whole-organism 

effects may indicate the impact on the organism in general, and are more likely to represent the 

relative risk to the organism. However if a vital organ in particular is affected greatly from 

radioactive particle exposure, then the health or viability of the organism may be significantly 

reduced in a way not indicated by whole-body endpoints. 

 

Radioactive particles in populations 

If a particle is incorporated into an organism, the effect on that individual may be severe. 

However, the effect of a particle on neighbouring organisms will only be a function of its external 

dose, and so the effect from a radioactive particle may be calculated from its external radiation 

component, using standard models regarding uniform dose.  The impact of a particle on a 

population level may therefore be more influenced by the rate of exchange of the particle between 

organisms, the population density of the organisms and the rate at which an incorporated particle 

may be released back into the system (i.e. after death of the individual). A report estimated that 1 

in 200 polychaete worms, living within contaminated sediments, would die as a result of ingesting 

or being in close contact with particles, in the area around Dounreay (Jackson and Stone, 2005). 

Mussels, which live in large sessile colonies, have a higher potential for retaining a particle within 

the population than other organisms that have solitary and/or mobile lifestyles. As yet, no study 

has attempted to explore the recycling of radioactive particles within colonies of marine 



10 
 

organisms; such information would be important in improving risk estimation to the population 

affected by an input of radioactive particles, as well as calculating the probability of a consumer, 

regularly harvesting from such a population, ingesting a radioactive particle. 

 

 

4. Conclusions: 

 

The rate of retention of radioactive particles that may be encountered when filtering seawater is 

low. Even within relatively short timescales of a few days, an introduced particle may rapidly be 

lost or ejected from the body. Present observations suggest mussels are capable of actively 

detecting and removing such particles, although further research is needed to obtain a proper 

frequency distribution pattern of particle uptake. 

 

For future effects studies, implantation is preferable to simple introduction of particles for 

investigation into toxic effect from radioactive particles. This method allows reliable retention of 

particles and thus more accurate dose estimation to the different tissues that can be compared with 

effects induced by well-defined external gamma radiation in parallel experiments. An effective 

and minimally invasive method for radioactive particle implantation has been developed, but 

further research is necessary to clarify the stress upon the mussel involved with such a method as 

well as that from the physical action of particle itself (irrespective of radioactivity). 

 

Analysis of the particles demonstrated a significant disparity between contact dose and estimated 

whole-body dose. The risk from radioactive particles on marine fauna may be significantly 

underestimated until accurate measurements of equivalent dose from radioactive particles can be 

made and their relationship to toxicological responses ascertained. 

 

The present study highlights the potential for severe effects of retained radioactive particles, and 

for non-targeted effects in cells not directly exposed to radiation from the particles. There is 

clearly a need for the development of suitable, sensitive endpoints to determine effects from the 

heterogeneous distributed doses delivered from a radioactive particle within the organism and to 

characterise a tissue proximity/effect relationship. Toxicological analysis is also necessary to 

quantify the impacts of the radioactive particles during their residence within the mussel, at both 

tissue and whole-organism levels.  

 

To accurately assess the impact of radioactive particles on the marine environment, more research 

is needed into their behaviour and effects following release. The likelihood of incorporation of a 

particle into a filter-feeding marine organism, such as the mussel, is not yet known; likewise, the 

potential for transfer from one organism to another, along the food-chain, to a predator, 

scavenger, or deposit feeder, is also unknown. 
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Table 2. Fate of particles introduced into the mussel via pipette with plankton food.  

Particle n Gills Siphon Stomach 
Lost from mussel  

(of which, in pseudo-faeces) 

1 6 1 - 1 4 

2 6 1* 1 - 4 (2) 

3 4 1 - - 3 

      

  

*white mark of necrosis/irritation found on mantle 
 

Table 1. Physical and radioactive features of radioactive particles used in the present study. (n.d. = 

not detected). 

Particle 
Length Width 

Major 

constituent 

elements 

137
Cs 

241
Am 

Estimated 

contact 

dose rate 

Estimated 

whole mussel 

dose rate 

mm mm Bq/particle ±σ Bq/particle ±σ mGy/h mGy/h 

1 2 1 Al, U, Nd (5.70±0.19 )×10
5
 128±12 3180 ±60 31 

2 1.4 0.3 Al, U, Nd (1.13±0.37 )×10
5
 n.d. 710 ±10 6 

3 0.3 0.16 Al, U, Nb, Fe (18.7±0.6 )×10
3
 n.d. 1.9 ±0.03 0.6  

 



Figure 2. Scanning electron microscope image and an elemental spot analysis of a 

radioactive particle similar to those used in the present study. 

Figure 1. Diagrammatic representation of the dose-geometries of a) external 

(gamma) exposure and b) internal hot particle exposure. Saturation of orange 

colour represents the relative dose rate that would be experienced in that location. 

a) b) 



 

As placed, behind mantle 

6 particles (all) 

 

Lost from mussel 

None 

 

Lost from mussel 

10 particles 

 

Stomach 
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Siphon 

1 particle a) 

b) 

Figure 3. Location of particles after 70h following a) introduction via pipette with plankton 

food and b) implantation between the mantle and the shell.  

 

Figure 4. The radioactive particle ‘particle-1’ located on the gill tissue of the right side of the 

mussel. 



  

 

a) b) 

Figure 5. Pearls and other calcareous growths in the shell found within mussels collected 

from Oslofjørd. Pearls may be found loose in the cavity between mantle and shell (not 

pictured), or embedded within the mantle tissue (a), and ranged in size from 1-4mm in 

diameter (b). Other calcareous growths were found inside the shell, particularly around the 

hinge (c). All these growths are a response to irritation from foreign particles. 

c) 

 

Figure 6. Irritation or burn mark on the mantle from radioactive particle ‘particle-2’, on the 

right side of the mussel. 



 

 

 

 

Figure 7. Induction of micronuclei in the haemocytes of mussels. Black circles (●) denote 

a mean average of readings from mussels that had been implanted with a radioactive 

particle (particle-1 or -2; n=3) or control (no radioactive particle; n=7). The white circle 

(○) denotes a single datapoint (n=1) from a mussel that had experienced a white burn mark 

following the implantation of particle-1, this value was not included in the averaged value. 

Error bars denote the 95% C.I. about the mean. 
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Figure 8. Average percentage tail DNA (≤10%) in comets from haemocytes of 

mussels implanted with a radioactive particle (particle-1, n=3; particle-2, n=3) or 

control (no radioactive particle, n=8). Error bars denote the 95% C.I. about the mean. 
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Abstract: 

 

A key requirement to accurate risk assessment of the impact of radioactive materials in the 

environment is the ability to assess the interactions and combined effects of other existing stresses 

or contaminants. Hypoxia is a common and growing hazard in the world’s oceans. Hypoxia is 

known to cause radioresistance in tumorous tissues of patients undergoing radiotherapy, however 

the impacts of radiation on marine organisms exposed to hypoxia is largely untested. The hypoxia 

tolerant bivalve – the blue mussel, Mytilus edulis - was exposed to a range of doses of gamma 

radiation (0.04Gy – 4Gy), following acclimatisation to either normoxia (10mgoxygen.l
-1

) or 

moderate hypoxia (3mgoxygen.l
-1

). Oxidative stress (lipid peroxidation) and antioxidant enzyme 

(catalase and superoxide dismutase) analyses were performed on tissues taken from these 

mussels. Very little or no effects were observed resulting from irradiation regardless of oxic 

treatment, however large increases in oxidative stress and antioxidant response were observed in 

the tissues of mussels acclimatised to hypoxia. The results suggest that the mussels are more 

impacted by the moderate level of hypoxia than the high doses of radiation, indicating that the 

endpoints or the species is not sensitive to irradiation and that historical exposure has led to 

adapted responses to hypoxia. 

 

 

1. Introduction: 
 

The impact of anthropogenic radioactive in the marine environment has been given an increasing 

level of attention, particularly in the wake of high profile accidental releases such as from 

Chernobyl and Fukushima. Environmental protection is needed not only due to the legacy of these 

events, but from the continuing release of radioactive wastes from nuclear, mining, military and 

medical industries.  An increasing demand to assess impacts to the environment has highlighted 

the necessity to move from simple single-species toxicity tests to those considering ecosystems as 

a whole (Copplestone et al., 2004; Hinton et al., 2012), and more recently to testing multiple-

stressor scenarios where radioactivity may be one of myriad pressures and stresses on natural 

assemblages (Vanhoudt et al., 2012; Hinton et al., 2013). However, such scenarios including 

radioactivity as one of several stressors are still currently very poorly studied (Vanhoudt et al., 

2012). 

 

Hypoxia is a growing concern in the marine environment, and has expanded enormously 

throughout the 20
th
 century, particularly since the 1960s; nearly 250,000km

2
 of marine 

ecosystems, in over 400 sites worldwide, are classified as hypoxic/anoxic “dead-zones” (Diaz and 

Rosenberg, 2008). Unlike terrestrial species that exist with a largely homogeneous level of 

oxygen in the atmosphere, aquatic species can be exposed to a wide range of concentrations of 

dissolved oxygen, which may be static or may vary regularly, from daily to seasonally to 

timescales over years. There is, as yet, no definitive agreement on at what oxygen concentration is 

termed hypoxia. According to Vaquer-Sunyer and Duarte (2008) the majority of articles use the 

value of 2mgoxygen.l
-1

, although values range between 0.28 and 4mgoxygen.l
-1

. The primary cause of 

the increase in hypoxic and anoxic (zero oxygen) areas is from the anthropogenic input of 

nutrients from agriculture, causing eutrophication and increasing the intensity of phytoplankton 

blooms, which in turn locally depletes dissolved oxygen. Regions most affected are those with 

limited water currents such as coastal bays and estuaries, and also deep water basins. Most marine 

organisms need oxygen to survive, for respiration; hypoxia reduces the ability of organisms to 



2 
 

produce energy, and survival in such conditions is energetically costly and may result in reduced 

fitness, morbidity or death (Sokolova, et al., 2012). Mobile organisms tend to avoid areas of 

hypoxia, leading to decreased biodiversity in hypoxic/anoxic areas, and increased competition in 

adjacent areas (Diaz and Rosenberg, 2008). 

 

In situations where hypoxia co-occurs with other stressors, such as chemical or radioactive 

pollution, it might be expected that the combined stress would put extra pressure on marine 

ecosystems, reducing overall health and potentially reducing biodiversity. However, antagonistic 

interactions between stresses may reduce the expected impact. In radiotherapy, it is known that 

tumour tissues, which are frequently hypoxic due to limited blood supply, are more resistant to 

exposures of ionising radiation (Harrison et al., 2002). Oxygen within the tissue increases 

radiosensitivity as it promotes the formation of reactive oxygen species which are formed when 

radiation ionises oxygen and water molecules. It may thus be expected that aquatic organisms that 

are living within hypoxic or anoxic waters may experience decreased toxic stress from an 

exposure to ionising radiation. Reduction of effective toxicity of radioactive materials in the 

marine environment would have significant implications for environmental risk assessment when 

considering the impact of anthropogenic releases of radionuclides on marine populations. 

 

Induction of antioxidant enzymes such as catalase or superoxide dismutase will occur in response 

to oxidative stress, such as that from radioactive exposure. The expression of antioxidant enzymes 

will reduce oxidative stress by transforming reactive oxygen species (ROS) into non-toxic forms, 

resulting in a negative feedback loop, reducing the damage caused by ROS. Antioxidant enzyme 

concentration in tissues may therefore be a more relevant endpoint for the assessment of toxic 

effect. Variation in the responsiveness of the expression of antioxidant enzymes from different 

stressors may have an impact on the resulting oxidative stress level experienced. 

 

The blue mussel, Mytilus edulis, is a common marine bivalve with a worldwide distribution. It is a 

keystone species in the marine environment, cleaning the water through filtration and creating a 

unique habitat in the form of mussel beds. It is an important food source for many marine species 

and is an important commercial food species for humans. The mussel may live either subtidally, 

or intertidally and routinely undergo periods of hypoxia in the water, or when exposed to air; as a 

result mussels (Mytilus spp.) have developed coping mechanisms to tolerate temporary hypoxia 

and/or temporary anoxia (De Vooys, 1979; Isani, et al., 1995; Sukhotin and Pörtner, 2001; Woo et 

al., 2011). 

 

After an extensive literature survey, the only experiment found testing the effect of hypoxia on 

radiation effectiveness was using germ cells from the fish Oryzias latipes; in this experiment 

Shimada et al., (1984; 1985) demonstrated increased radioresistance to a 10Gy exposure 

following an unquantified hypoxic treatment, which must have approached anoxia. As yet, it 

appears that the interaction between hypoxia and radiation has never been tested in any whole 

aquatic organism. This study aims to make a first step towards identifying a combined effect (if 

applicable) of hypoxia and ionising radiation on a key marine organism.  

 

 

2. Materials and Methods: 
 

2.1. Mussel collection and husbandry: 

 

Mussels were collected from the coast near Tjärnö Marine Laboratory on the west coast of 

Sweden in June, and then transported in a cold box to Stockholm University. Mussels were then 

kept in aerated 25l aquaria with artificial seawater (Instant Ocean; Spectrum Brands Inc., U.S.A.) 

to a salinity of 25psu, in a climate chamber (10
o
C) to mimic field conditions. Artificial light was 

provided on a 18:6 hour light:dark cycle. Mussels were fed with Isochrysis (Reed Mariculture 

Inc., U.S.A.) once per week. Mussels were kept for one week before transfer to experimental 

setup. 
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2.2. Experimental setup and sample collection: 

 

2.2.1. Hypoxic/normoxic aquaria setup: 

 

Experimental oxygen conditions were created in two 25l aquaria to the same environmental 

conditions detailed above (section 2.1); the water from each aquarium was constantly circulated 

(700l.min
-1

) through its own 60l gas-exchange column (Figure 1). A state of hypoxia (3mgoxygen.l
-

1
) was created in one aquarium through nitrogen gas bubbling; N2 gas flow was computer 

controlled using a JUMO transmitter/controller/data logger unit coupled with an oxygen probe 

(JUMO GmbH & Co. KG, Germany) in the aquarium (figure 1). A normoxic (10mgoxygen.l
-1

) 

treatment was created in parallel, replacing the nitrogen gas bubbling and computer control with 

continuous aeration, using normal air (figure 1). The value for hypoxia, although higher than 

many agreed definitions, was selected to provide significant departure from normal conditions, 

without inducing severe stress and avoiding mortality of mussels within the treatment. Once 

stable conditions had been achieved, 20 mussels were placed in each aquarium and left to 

acclimatise to experimental oxygen concentration for one week, prior to irradiation. Mussels were 

not fed during this time. 

 

2.2.2. Irradiation: 

 

Mussels were irradiated in air, in a plastic beaker using a Scanditronix (Uppsala, Sweden) Cs-137 

gamma source at 0.4Gy.min
-1

. Doses given were 0Gy (control), 0.04Gy, 0.4Gy and 4Gy; five 

mussels from each oxygen treatment were irradiated to each dose.  

 

2.2.3. Dissection and sample collection: 

 

Mussels were sampled immediately after irradiation. Whole gills (Gi) and digestive gland (Di) 

tissues were dissected from each mussel, placed in labelled cryotubes and then flash-frozen in 

liquid nitrogen before storage at -80
o
C until stress analyses could be performed. 

 

2.3. Stress analyses: 

 

2.3.1. Sample preparation: 

 

Tissues were thawed and weighed before adding potassium phosphate buffer (50mM, pH 7.6) to a 

concentration of 5:1 w/w buffer:tissue. Tissues were homogenized in a 15ml falcon tube, using a 

Teflon-coated pestle, before pulsed (1.5s) sonication in an ice-bath at full power for 90s using a 

Vibracell sonicator (Sonics and Materials Inc., U.S.A.). Tissues were then centrifuged at 15000g 

for 15mins and the supernatant frozen at -80
o
C awaiting further analysis. 

 

2.3.2. Protein concentration analysis 

 

In a 1ml quartz cuvette, 100µl of tissue extract was diluted with 900µl of potassium phosphate 

buffer (50mM, pH 7.6). Protein concentration (mgprotein/mlsample) was measured by determining 

absorbance at 260nm (A260) and 280nm (A280) in a Hitachi U2000 spectrophotometer, and 

applying the formula: 

                                           
(Jenway.com, 2012) 

All subsequent analyses of oxidative stress and anti-oxidant enzyme expression were normalised 

to protein concentration of the specific tissue. 

 

2.3.3. TBARS analysis for lipid peroxidation: 

 

Lipid peroxidation was measured using the thiobarbituric acid reactive substances (TBARS) assay 

adapted from Lima et al. (2007). In a 2ml cryotube 80µl of tissue extract was added to 620µl of 

reaction mixture containing: 32µl of solution containing sodium dodecyl sulphate (10.6mM) and 
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butylated hydroxytoluene (0.1mM) in water; 280µl of acetic acid (20%); 280µl thiobarbituric acid 

(22.2mM); 28µl nanopure water. The mixture was heated to 100
o
C in a water bath for 1h. The 

mixture was cooled, 175µl nanopure water and 875µl of n-butanol: pyridine (15:1) was added, 

and then vortexed. Each sample was centrifuged at 10000g for 5mins, before the organic layer 

was taken and placed into a 1ml disposable plastic cuvette, and the absorption, attributable to 

MDA – a TBARS, was measured at 532nm in a spectrophotometer. To calibrate readings, a 

standard curve was created using Malondialdehyde (MDA). Sample absorbances were plotted 

using this curve, according to the equation generated: 

                              
 

2.3.4. Catalase activity: 

 

Catalase activity was measured using a method adapted from Lima et al. (2007). To measure 

catalase (CAT) activity a subsample of tissue extract (50µl Gi or 10µl Di) was added to 800µl 

potassium phosphate buffer (50mM, pH 7.6) and hydrogen peroxide (0.62mM; 150µl for Gi or 

190µl for Di) in a 1ml quartz cuvette and mixed by inversion (x3). The depletion of hydrogen 

peroxide was followed immediately at 240nm for 60s in a spectrophotometer and adjusted to µM 

of H2O2 using the extinction coefficient of 40mM
-1

.cm
-1

 (Hurng and Kao, 1994). One unit (U) of 

CAT activity was defined as the activity to reduce one µmole of H2O2 per minute 

 

2.3.5. Superoxide dismutase activity: 

 

Superoxide dismutase (SOD; referring to any of the superoxide dismutase enzymes) activity was 

measured by the inhibition of the reduction of cytochrome c by superoxide anions generated by 

the xanthine oxidase/xanthine reaction (method adapted from Lima et al., 2007). In a 1ml 

disposable plastic cuvette the following reagents were added in order: 825µl potassium phosphate 

buffer (50mM, pH 7.6), 150µl Na2-EDTA (1mM), 150µl xanthine (0.5mM), 300µl cytochrome c 

(0.1mM), 50µl tissue extract, 25µl xanthine oxidase (final conc. 0.028U.ml
-1

). The contents were 

mixed by inversion (x3) and the reaction was followed immediately at 550nm for 60s in a 

spectrophotometer. One unit (U) of SOD activity was defined as the activity creating a 50% 

inhibition of the rate of reduction of cytochrome c. A standard curve was created by following the 

rate of depletion of cytochrome c for 60s without any sample, replicated 5 times, and plotting 

successive 50% reductions of this rate; the reduction of change in absorbance caused by samples 

was adjusted using the equation generated from the curve: 

                                    

 

2.4. Statistical analysis: 

 

The data was analysed, and all tables and charts were created using Microsoft Excel 2010 

(Microsoft Corporation, U.S.A.). Statistical tests were performed in Minitab 16 (Minitab Inc., 

U.S.A.).  

 

 

3. Results 
 

3.1. Environmental conditions and animal husbandry: 

 

The computer-controlled system kept oxygen levels of the hypoxic treatment near constant at 

3.0mg.l
-1

 (±0.05mg.l
-1

). Oxygen concentration of the normoxic treatment was 10mg.l
-1

, with 

constant bubbling of air, and demonstrated more variation (±1.0 mg.l
-1

). For the duration of the 

experiment temperature in the aquaria was maintained at 10.4
o
C (±0.3

o
C). Salinity began at 

25.0psu in both treatments and, due to evaporation, ended at 25.1psu in the hypoxic treatment and 

25.3psu in normoxic treatment. The pH of both aquaria was 8.2 (±0.2). All mussels were adult 

stage of similar shell length (mean = 73mm, sd = 4.5mm). Mussels in both treatments were 

observed to be filtering during the experiment; no mussels died during the experiment. 
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3.2. Lipid peroxidation: 

 

3.2.1. Similarity of effect between tissues: 

 

Increased response was found in the gills, in all treatments, compared to digestive gland. There 

was no correlation in effect (Pearson’s correlation, r = 0.237, p = 0.141) between tissue types 

from the same mussel, across the treatments, indicating that the level of lipid peroxidation is 

tissue-specific.  

 

3.2.2. Lipid peroxidation in gills: 

 

Two-way ANOVA demonstrated that there were significant differences amongst treatments, 

attributable to oxygen level (p = 0.027) but not to irradiation (p = 0.874). Lipid peroxidation 

appeared generally reduced by hypoxia, although response varied greatly within each treatment. 

Although no  irradiation treatments demonstrated effect levels different from control at the doses 

tested, in the hypoxic treatment lipid peroxidation positively correlated with irradiation (Pearson’s 

correlation, r = 0.604, p < 0.005) suggesting that at higher doses of radiation, significant effect 

would occur. No significant correlation was found with radiation within the normoxic treatment. 

 

3.2.3. Lipid peroxidation in digestive gland: 

 

No significant differences in lipid peroxidation were found across treatments (two-way ANOVA, 

p > 0.05). 

 

3.3. Catalase expression: 

 

3.3.1. Similarity of effect between tissues: 

 

There was a greatly increased expression of catalase (CAT) in digestive gland, compared to gills 

(Student’s T, p < 0.001). There was no correlation in response between the two tissues (Pearson’s 

correlation, r = 0.151, p = 0.353) indicating that CAT expression is tissue-specific.  

 

3.3.2. Catalase expression in gills: 

 

Two-way ANOVA revealed that there were significant differences in CAT expression amongst 

treatments, influenced both by oxygen concentration (p < 0.001) and irradiation (p = 0.042), 

however there was no interaction between these two factors (p = 0.346) indicating no 

synergy/antagony between treatments. In the hypoxic treatment CAT expression positively 

correlated with radioactive dose (Pearson’s correlation, r = 0.524, p = 0.018). No significant 

correlation was found between CAT expression and radiation within the normoxic treatment. 

 

3.3.3. Catalase expression in digestive gland: 

 

No significant differences in CAT expression were found across treatments (two-way ANOVA, p 

> 0.05). Although hypoxic treatments appeared to give generally higher expression, except for at 

the highest radiation dose, the treatments demonstrated large degrees of variation, limiting 

statistical power. 

 

3.4. Superoxide dismutase expression: 

 

3.4.1. Similarity of effect between tissues: 

 

Gills demonstrated significantly more superoxide dismutase (SOD) expression than digestive 

gland in all treatments (Student’s T, p < 0.001). However, the SOD expression in one tissue 

positively correlated with the other (Pearson’s correlation, r = 0.372, p = 0.018); this could 

indicate that SOD expression in the two tissues was not independent, and that increases in SOD 
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activity may be expressed proportionately throughout the body with increasing environmental 

stress. 

 

3.4.2. Superoxide dismutase expression in gills: 

 

No significant differences in SOD expression were found across treatments (two-way ANOVA, p 

> 0.05). 

 

3.4.3. Superoxide dismutase expression in digestive gland: 

 

Two-way ANOVA demonstrated that there were significant differences amongst treatments, 

attributable to oxygen concentration (p < 0.001) but not to irradiation (p = 0.857). Expression did 

not correlate with radiation dose in any treatments. 

 

3.5. The effect of antioxidant response on oxidative stress levels: 

 

There appeared to be lower levels of TBARS in the gills where highest levels of CAT and lowest 

levels of SOD were found, with the following patterns: 

 

 TBARS: Normoxic gills > Hypoxic gills > Normoxic digestive gland ≈ Hypoxic digestive gland 
 

 CAT: Normoxic gills < Hypoxic gills < Normoxic digestive gland   ≈ Hypoxic digestive gland 
 

 SOD: Normoxic gills ≈ Hypoxic gills > Hypoxic digestive gland > Normoxic digestive gland 
 

Based on these patterns, TBARS and CAT demonstrated an inverse relationship, whereas the 

SOD expressions showed some agreement with TBARS. Multiple linear regression analysis 

across all treatments shows significant relationships between TBARS and both SOD and CAT (p 

< 0.05), giving the formula: 
                                     

 

 

4. Discussion 
 

4.1. Limited effects due to radiation 

 

Catalase (CAT) expression in the gills was observed to respond to increasing irradiation 

treatments, during hypoxic treatment, indicating some level of dose response. However there was 

no interaction with hypoxia so it appears that decreased oxygen concentration does not confer 

radioresistance, as predicted by the well-studied human tumour models (Harrison et al., 2002). In 

fact, the lack of observable effect or correlation between catalase activity and radiation in 

normoxic treatments could indicate that hypoxia makes radiation more effective, although to too 

small a degree to resolve statistically as an interaction. Further testing, using more sensitive 

endpoints such as gene expression (Farcy et al., 2011), or using higher doses of radiation, would 

be necessary to observe an interaction, if one exists. 

 

Lipid peroxide, measured by the concentration of thiobarbituric acid reactive substances 

(TBARS), demonstrated a positive correlation, in hypoxic gills, with increasing radiation dose 

suggesting that higher doses could create significant effects above controls (section 3.2.2); 

however, the doses given were relatively high and so doses required to achieve such effects would 

likely also prove fatal to the organism. Low levels of lipid peroxidation across all radiation doses 

indicate that antioxidant levels are sufficient to cope with the increased oxidative stress burden 

associated with such high doses of ionising radiation, effectively suppressing this toxic effect. 

 

The lack of effect of radiation on superoxide dismutase (SOD) activity indicates either that a 

relatively low amount of the superoxide anion is formed by interactions of ionising radiation with 
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tissue-water, or that incidental SOD levels were sufficient to detoxify the increased concentration 

of superoxide formed by the ionising radiation doses administered.  

 

Previous research into other endpoints such as cytotoxicity, genotoxicity, larval physiology and 

gene expression indicates that significant harm occurs in the blue mussel from ionising radiation 

at doses as little as 1/40
th
 of that of the lowest exposure tested presently (AlAmri et al., 2012; 

Hagger et al., 2005; Jaeschke et al., 2011; Jha et al., 2005). The very limited response to 

irradiation at doses known to cause effects in blue mussels indicates that the endpoints tested are 

not sensitive indicators of toxicity from ionising radiation. This is unexpected as one of the major 

causes of damage from ionising radiation on living organisms is considered to be through 

oxidative stress from the formation of reactive oxygen species from the water, which constitutes 

the majority of mass of the organism. The very high doses used in the present study – as much as 

five orders of magnitude higher than those estimated even in highly contaminated sites (e.g. 

Kryshev et al., 2012) – produced minimal or no antioxidant response in the mussel, supporting the 

hypothesis put forwarded by Smith et al. (2012), that low-dose radiation will produce too few 

reactive oxygen species to induce antioxidant response. 

 

At present there is little information regarding the impacts of oxidative burden caused by ionising 

radiation on the mussel, or indeed any aquatic invertebrate. Those that exist indicate that there are 

strong species-specific and even tissue-specific variations in the ability of aquatic invertebrates to 

cope with such exposures (Mukherjee et al., 2010; Obermüller et al., 2005; Walker et al., 2000). 

Walker et al. (2000) observed zero mortality and a decrease in protein-carbonyl content, an 

oxidative stress biomarker, in Mytilus edulis following exposure to gamma radiation; contrasting 

strongly with a 30% mortality and increase in protein-carbonyl content observed in another 

bivalve, Dosinia lupinus. The dramatic difference in response was attributed to the two bivalve 

species’ ability to tolerate low oxygen conditions in their habitat, with the blue mussel capable of 

survival in hypoxia. In another hypoxia-tolerant species, the ragworm Hediste diversicolor, a high 

environmental exposure to radium-226 was observed to induce no significant oxidative stress 

response (Grung et al., 2009). However, Farcy et al. (2011) observed significant expression of 

metallothioneins, in the Pacific oyster Crassostrea gigas, following low-dose (6.2mGy over 6 

weeks) exposure to cobalt-60. Other factors, such as diet, may also affect oxidative stress 

responses; a study by Obermüller et al. (2005) identified in amphipods that a diet of algae rich in 

antioxidants provided effective protection for from damage from ultra violet radiation. 

 

4.2. Antioxidant enzyme expression 

 

It was not the intention of the study to induce toxic effects from hypoxia; a level of hypoxia was 

chosen that was expected to influence the toxic response (if applicable) from high doses of 

radiation, without risking mortality of the mussels. The levels of hypoxia used presently 

(3mgoxygen.l
-1

) are relatively mild, in fact many definitions would not recognise these levels of 

oxygen concentration as hypoxic (Vaquer-Sunyer and Duarte, 2008); however these levels were 

sufficient to induce significant antioxidant expression, whereas the same endpoints proved 

insensitive to high doses of radiation. 

 

Similar to the present study, significant increase in expression of antioxidant enzymes due to 

anoxia and hypoxia have been shown in marine bivalves (Ivanina et al., 2011; Nusetti et al., 2010; 

Vaquer-Sunyer and Duarte, 2008; Woo et al., 2011). The increased response of antioxidant 

enzymes during hypoxia is somewhat counterintuitive, as the decrease in ambient oxygen would 

imply a lower potential for reactive oxygen species (ROS). However it is possible that other 

processes occurring during hypoxia may lead to higher expression of antioxidant enzymes. To 

compensate for the reduced respiratory efficiency in prolonged hypoxic conditions, bivalves may 

increase the rate of metabolic processes (Ivanina et al., 2011), which will consequently create 

more ROS (Hermes-Lima and Zentano-Savin, 2002). However, it should be noted that the 

opposite effect, a suppression of metabolic processes, was reported when bivalves were exposed 

to short-term hypoxia/anoxia, purportedly to prevent the rapid depletion of energy reserves (de 

Zwaan et al., 1991; Ivanina et al. 2011). Hermes-Lima and Zentano-Savin (2002) describe a 
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phenomenon whereby certain species exposed to acute anoxia/hypoxia exhibit a preparatory 

response, increasing antioxidant enzyme expression in order to counteract the heightened ROS 

influx that will occur during subsequent reoxygenation. 

 

In tissues where high CAT expression was found, a relatively low SOD expression was observed, 

and vice-versa. This is in agreement with observations in the same species (Power and Sheehan, 

1996), as well as in other bivalve species (Irato et al., 2007) who reasoned that SOD was 

heightened in gills (compared to digestive gland) due to their respiratory role and thus their 

increased exposure to oxygen radicals, and the increased expression of CAT in digestive gland 

(compared to gills) was due to the higher metabolic activity of the tissue that would produce more 

peroxide. These results contrast, however, with the study by Lima et al. (2007) where SOD and 

CAT were expressed proportionately in the mussel (Mytilus galloprovincialis); significant 

increases of both enzymes in were observed in the digestive gland, but not in the gills, from 

organisms exposed to petrochemical contamination. This perhaps indicates that the pattern of 

response in each tissue is dependent on the specific toxicant, or mode of action thereof.  

 

The differences in antioxidant activity between treatments were relatively small compared to the 

differences observed between tissues; furthermore, significant changes in SOD and CAT activity 

attributable to the treatments only occurred in the tissue where the activity of that specific enzyme 

was relatively low (compared to the other tissue). Tissues with high concentrations of the 

particular antioxidant enzyme may have either reached a maximum level of expression, or the 

high levels of antioxidant enzymes present are sufficient to cope with the increased oxidative 

burden caused by the treatments without further expression. 

 

4.3. Factors influencing lipid peroxidation 

 

Variation in TBARS levels may be influenced directly, by stress from treatments, depending on 

the relative sensitivity of the tissue; or indirectly, due to the variation in antioxidant enzyme 

expression of the tissue. Previous studies indicate that the level of lipid peroxidation in each tissue 

reflects the antioxidant enzyme capacity of the specific tissue (Hermes-Lima and Zenteno-Savin 

et al., 2002; Viarengo et al., 1991).  
 

The pattern seen in this study (higher SOD and/or lower CAT = higher TBARS) indicates that 

TBARS was not directly affected by the exposures themselves, but by the level of antioxidant 

enzyme expression. In tissues with lower CAT concentration, decreased detoxification of 

hydrogen peroxide (H2O2) would occur, causing higher oxidative stress such as lipid peroxidation. 

An increase in SOD would mean a higher rate of dismutation of superoxide anions into H2O2; 

with a low CAT concentration, this increase in H2O2 formation would in turn increase lipid 

peroxidation. H2O2 may also be reduced by some other peroxidase enzymes and peroxide 

scavenging molecules, such as glutathione (GSH)/glutathione peroxidase (GPx); further research 

would need to be performed to elucidate the response of these antioxidant processes. As TBARS 

levels are higher in tissues where CAT activity is low and SOD activity is high, it appears that the 

other peroxidases are not expressed sufficiently to compensate and thus H2O2 exists in higher 

concentrations increasing the oxidative burden on the tissue. However, since significant effects of 

treatments on TBARS levels were only found in the gills, where significant increases of CAT 

levels were found, simultaneously, it appears CAT is the more influential antioxidant enzyme 

measured for protection from lipid peroxidation.
 

 

 

5. Conclusions 
 

It appears that species life-history and adaptations to other oxidative burdens play a predominant 

role in determining impact of even high doses of radiation, despite a lack of history of exposure to 

such a stressor. While oxidative stress endpoints in species such as Mytilus edulis appear highly 

resistant or unaffected after acute exposures to high doses of radiation, organisms may still be 

significantly impacted by such doses. Further research into such hypoxia-adapted species is 
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needed to identify the health consequences of their antioxidant ability and lack of response, as 

well as studies on whether long-term chronic exposures to radiation and hypoxia are more 

harmful than acute exposures. For biomonitoring purposes, it should be strongly recommended 

that other endpoints to assess impact of ionising radiation on the blue mussel should be used in 

place of oxidative stress and antioxidant enzyme activity markers, despite the logical reasoning 

that may exist for their use. 

 

Mussels acclimatised to hypoxia exhibited heightened antioxidant enzyme activity, with specific 

enzymes being expressed more in certain tissues (catalase in digestive gland, and superoxide 

dismutase in gills), matching their metabolic/functional profile. Lipid peroxidation was increased 

only in tissues where lower catalase activity was found indicating a direct relationship between 

the two biomarkers. 

 

This study indicates that in areas that experience concurrent stress from both ionising radiation 

and hypoxia, it is the latter that will cause the most significant impact on communities; 

particularly taking into consideration the vastly lower dose rates of radiation typically found in 

the marine environment, even in highly contaminated areas. It has not been possible to elucidate 

whether or not hypoxia reduces the toxic effect from ionising radiation; further research is needed 

with more sensitive endpoints for assessing the impact of radiation, to identify if such a 

phenomenon exists. 

 

 

Acknowledgements: 

 

Thanks to Caroline Raymond and Jonas Gunnarsson who provided the JUMO controller/data 

logger and technical assistance for its use; Gabriela Danielsson who assisted with mussel 

dissection; and to Clare Bradshaw for providing guidance and a source of discussion on the study. 

This study was funded by the Swedish Radiation Safety Authority (SSM). 

 

 

References: 

 

AlAmri, O.D., Cundy, A.B., Di, Y., Jha, A.N., Rotchell, J.M., (2012). Ionizing radiation-induced 

DNA damage response identified in marine mussels, Mytilus sp. Environmental Pollution, 168, 

pp. 10-112. 

Copplestone, D., Howard, B.J., Brèchignac, F., (2004). The ecological relevance of current 

approaches for environmental protection from exposure to ionising radiation. Journal of 

Environmental Radioactivity, 74, pp. 31-41. 

De Vooys, C.G.N., (1979). Anaerobic metabolism in sublittoral living Mytilus galloprovincialis 

in the Mediterranean: I. Partial adaptation of anaerobic energy metabolism. Netherlands 

Journal of Sea Research, 13 (2), pp. 192-202. 

de Zwaan, A., Cortesi, P., Cattani, O., (1995). Resistance of bivalves to anoxia as a response to 

pollution-induced environmental stress. The Science of the Total Environment, 171, pp. 121-

125. 

Diaz, R.J., Rosenberg, R., (2008). Spreading dead zones and consequences for marine 

ecosystems. Science, 321, pp. 926-929. 

Farcy, E., Voiseux, C., Robbes, I., Lebel, J.-M., Fievet, B., (2011). Effect of ionizing radiation on 

the transcription levels of cell stress marker genes in the Pacific oyster Crassostrea gigas. 

Radiation Research, 176, pp. 38-48. 

Grung, M., Ruus, A., Holth, T.F., Sidhu, R.S., Eriksen, D,Ø., Hylland, K., (2009). 

Bioaccumulation and lack of oxidative stress response in the ragworm H. diversicolor 

following exposure to 
226

Ra in sediment. Journal of Environmental Radioactivity, 100, pp. 

429-434. 

Hagger, J.A., Atienzar, F.A., Jha, A.N., (2005). Genotoxic, cytotoxic, developmental and survival 

effects of tritiated water in the early life stages of the marine mollusc, Mytilus edulis. Aquatic 

Toxicology, 74, pp. 205-217. 



10 
 

Harrison, L.B., Chadha, M., Hill, R.J., Hu, K., Shasha, D., (2002). Impact of tumor hypoxia and 

anemia on radiation therapy outcomes. The Oncologist, 7, pp. 492-508. 

Hermes-Lima, M., Zenteno-Savin, T., (2002). Animal response to drastic changes in oxygen 

availability and physiological oxidative stress. Comparative Biochemistry and Physiology Part 

C, 133, pp. 537-556. 

Hinton, T., Garnier-Laplace, J., Vandenhove, H., Dowdall, M., Adam-Guillermin, C., Alonzo, F., 

Barnett, C., Beaugelin-Seiller, K., Beresford, N.A., Bradshaw, C., Brown, J., Eyrolle, F., 

Fevrier, L., Gariel, J.-C., Gilbin, R., Hertel-Aas, T., Horemans, N., Howard, B.J., 

Ikäheimonen, T., Mora, J.C., Oughton, D., Real, A., Salbu, B., Simon-Cornu, M., Steiner, M., 

Sceeck, L., Vives i Batlle, J., (2013). An invitation to contribute to a strategic research agenda 

in radioecology. Journal of Environmental Radioactivity, 115, pp. 73-82. 

Hurng, W.P., Kao, C.H., (1994). Effect of flooding on the activities of some enzymes of activated 

oxygen metabolism, the levels of antioxidants, and lipid peroxidation in senescing tobacco 

leaves. Plant Growth Regulation, 14, pp. 37-44. 

Irato, P., Piccinni, E., Cassini, A., Santovito, G., (2007). Antioxidant responses to variations in 

dissolved oxygen of Scapharca inaequivalvis and Tapes philippinarum, two bivalve species 

from the lagoon of Venice. Marine Pollution Bulletin, 54, pp. 1020-1030. 

Isani, G., Cattani, O., Zurzolo, M., Pangucco, C., Cortesi, P., (1995). Energy metabolism of the 

mussel, Mytilus galloprovincialis, during long-term anoxia. Comparative Biochemistry and 

Physiology Part B: Biochemistry and Molecular Biology, 110, pp. 103-113. 

Ivanina, A.V., Froelich, B., Williams, T., Sokolov, E.P., Oliver, J.D., Sokolova, I.M., (2011). 

Interactive effects of cadmium and hypoxia on metabolic responses and bacterial loads of 

eastern oysters Crassostrea virginica Gmelin. Chemosphere, 81, pp. 377-389. 

Jaeschke, B.C., Millward, G.E., Moody, A.J., Jha, A.N., (2011). Tissue-specific incorporation and 

genotoxicity of different forms of tritium in the marine mussel, Mytilus edulis. Environmental 

Pollution 159, pp. 274-280. 

Jha, A.N., Dogra, Y., Turner, A., Millward, G.E., (2005). Impact of low doses of tritium on the 

marine mussel, Mytilus edulis: genotoxic effects and tissue-specific bioconcentration. 

Mutation Research, 586, pp. 47-57. 

Kryshev, I.I., Kryshev, A.I., Sazykina, T.G., (2012). Dynamics of radiation exposure to marine 

biota in the area of the Fukushima NPP in March-May 2011. Journal of Environmental 

Radioactivity, 114, pp. 157-161. 

Lima, I., Moreira, S.M., Rendón-Von Osten, J., Soares, A.M.V.M., Guilhermino, L., (2007). 

Biochemical responses of the marine mussel Mytilus galloprovincialis to petrochemical 

environmental contamination along the North-western coast of Portugal. Chemosphere, 66, pp. 

1230-1242. 

Mukherjee, D., Manna, M., Selvaraj, S., Bhattacharya, S., Homechoudrhury, S., Chakraborty, A., 

(2010). Radiation induced effects on viability and antioxidant enzymes of crustaceans from 

different habitats. Journal of Environmental Biology, 31 (3), pp. 251-254. 

Nusetti, O., Tovar, M., Zapata-Vívenes, E., (2010). Pyruvate kinase, phosphoenolpyruvate 

carboxykinase, cytochrome c oxidase and catalase activities in cadmium exposed Perna viridis 

subjected to anoxic and aerobic conditions. Journal of Shellfish Research, 29, pp. 203-208. 

Obermüller, B., Karsten, U., Abele, D., (2005). Response of oxidative stress parameters and 

sunscreening compounds in Arctic amphipods during experimental exposure to maximal 

natural UVB radiation. Journal of Experimental Marine Biology and Ecology, 323 (2), pp. 

100-117. 

Power, A., Sheehan, D., (1996). Seasonal variation in the antioxidant defence systems of gill and 

digestive gland of the blue mussel, Mytilus edulis. Comparative Biochemistry and Physiology 

Vol 114C, 2, pp. 99-103. 

Sokolova, I.M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., (2012). Energy 

homeostasis as an integrative tool for assessing limits of environmental stress tolerance in 

aquatic invertebrates. Marine Environmental Research, 79, pp. 1-15. 

Shimada, Y., Egami, N., (1984). The unique responses of the primordial germ cells in the fish 

Oryzias latipes to gamma-rays. International Journal of Radiation Biology, 45 (3), pp. 227-

235. 



11 
 

Shimada, Y., Shima, A., Egami, N., (1985). Effects of Heat, Release from Hypoxia, Cadmium 

and Arsenite on Radiation Sensitivity of Primordial Germ Cells in the Fish Oryzias latipes. 

Journal of Radiation Research, 26, pp. 411-417. 

Smith, J.T., Willey, N.J., Hancock, J.T., (2012). Low dose ionizing radiation produces too few 

reactive oxygen species to directly affect antioxidant concentrations in cells. Biology Letters, 8 

(4), pp.594-597. 

Sukhotin, A.A., Pörtner, H.-O. (2001). Age-dependence of metabolism in mussels Mytilus edulis 

(L.) from the White Sea. Journal of Experimental Marine Biology and Ecology, 257, pp. 53-

72. 

Vanhoudt, N., Vandenhove, H., Real, A., Bradshaw, C., Stark, K., (2012). A review of multiple 

stressor studies that include ionising radiation. Environmental Pollution, 168, pp. 177-192. 

Vaquer-Sunyer, R., Duarte, C.M., (2008). Thresholds of hypoxia for marine biodiversity. 

Proceedings of the National Academy of Sciences, 105 (40), pp. 15452-15457. 

Viarengo, A., Canesi, L., Pertica, M., Livingstone, D.R., (1991). Seasonal variations in the 

antioxidant defence systems and lipid peroxidation of the digestive gland of mussels. 

Comparative Biochemistry and physiology volume 100C, 1/2, pp. 187-190. 

Walker, S.T., Mantle, D., Bythell, J.C., Thomason, J., (2000). Oxidative-stress: comparison of 

species specific and tissue specific effects in the marine bivalves Mytilus edulis (L.) and 

Dosinia lupinus (L.). Comparative Biochemistry and Physiology Part B, 127, pp. 347-355. 

Woo, S., Jeon, H-Y., Kim, S-R., Yum, S., (2011). Differentially displayed genes with oxygen 

depletion stress and transcriptional responses in the marine mussel, Mytilus galloprovincialis. 

Comparative Biochemistry and Physiology Part D, 6, pp. 348-356. 

 

Online references: 

 

Jenway, Bibby Scientific Limited [Online] Protocol: P09-006A. Direct UV determination of 

protein. http://www.jenway.com/adminimages/p09_006a_direct_uv_protein_assay.pdf 

[Accessed: 28/11/2012] 

 

http://www.jenway.com/adminimages/p09_006a_direct_uv_protein_assay.pdf


12 
 

  

 

Figure 1. Diagram of the experimental setup used to create normoxic (10mgoxygen.l
-1

) and hypoxic 

(3mgoxygen.l
-1

) conditions in aquaria. Arrows depict the direction of flow of seawater through each system. 
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a)                    b) 

        
c)                   d) 

        
e)                   f) 

        
 
Figure 2. Responses to oxidative stress in mussel gills (a, c, e) and digestive gland (b, d, f) following exposure to a 

range of doses of gamma irradiation, with and without hypoxic pretreatment. Thiobarbituric acid reactive 

substances (TBARS), a measure of oxidative stress, were measured (a, b); TBARS is expressed by the 

concentration of malondialdehyde (MDA) in each tissue. The activity of two antioxidant enzymes were measured: 

catalase (CAT; c, d) and superoxide dismutase (SOD; e, f). One unit (U) of CAT activity was defined as the 

activity to reduce one µmole of H2O2 per minute. One unit (U) of SOD activity was defined as the activity needed 

to create a 50% inhibition of the rate of reduction of cytochrome c. Error bars denote the 95% confidence interval 

about the mean of five determinations. 
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