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Abstract 
 

Assessing the impacts of metals and radionuclides on marine 

mussels: proteomics and ecotoxicological approaches 

Charlotte Crowther 

It is well established that anthropogenic contaminants occur in all probable 

combinations and therefore are not isolated in their threat to the aquatic environment. 

Recently there has been an increasing interest in measuring pollutants in 

environmentally realistic conditions to predict the potential detrimental outcomes on 

the ecosystem. This includes realistic levels of contamination concentrations, chronic 

exposures duration and mixtures of contaminants. With this perspective, in the present 

work, marine mussels, Mytilus galloprovincialis were exposed to concentrations of 

copper (5, 32 μg L-1), lead (5, 25 μg L-1) and tritiated water (HTO, 1.5, 5 MBq L-1) both 

individually and as a binary mixture. After a 14-days exposure period, ranges of 

endpoints at different levels of biological organisation were investigated, including an 

in-depth investigation into the mussel’s proteome. In addition, the results obtained for 

different endpoints (viz., DNA and chromosomal damage; acetylcholine and glutathione 

activities, protein carbonyl content, ‘clearance rate’) were analysed using network 

modelling to establish role of sub-lethal biological responses or biomarkers on overall 

health of the mussels following exposure to contaminants. Binary combinations of Cu, 

Pb and HTO demonstrated different impacts to genotoxic (i.e. DNA damage and 

chromosomal aberrations) enzymatic (acetylcholinesterase and glutathione activity, 

protein carbonyl content) and behavioural (clearance rate) compared to M. 

galloprovincialis exposed to the same contaminants singularly. In particular, the comet 

assay results, which suggests an antagonistic increase with the highest binary treatment 
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in Cu-Pb, Cu-HTO and Pb-HTO (Cu-32 µg L-1, Pb- 25 µg L-1 and HTO- 5 MBq L-1). Whereas 

the induction of micronucleus were significantly lower in treatments combined with Pb-

HTO compared to the single treatments. A number of influential biomarkers were found 

with the endpoints used in these studies, especially comet assay and glutathione activity 

when M. galloprovincialis are exposed to the combination of Cu and Pb. As determined 

in this work, environmental contaminants interact with each other, which affect an 

ecologically and economically important marine invertebrate differently compared to 

single exposures. This was investigated further by proteomic analyses, which revealed 

firstly, a number of proteins of interest that were altered when the mussels were 

exposed to binary combinations of Cu, Pb and HTO. These altered proteins also indicate 

that a number of biological processes, cellular components and molecular functions are 

potentially affected by these combinations of contaminants. The variation in biomarker 

responses found and alterations in the proteome of M. galloprovincialis exposed to 

mixtures of Cu, Pb and HTO demonstrate the biological complexity of these combination 

effects. This indicates the requirement for more environmentally realistic exposure 

conditions to facilitate the implementations of regulations for hazard and risk 

assessments for the protection of both environmental and human health.  
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K Potassium   

Kd Distribution co-efficient  

KEGG Kyoto encyclopedia of genes and genomes  

keV Kilo electron volt(s)  



 - 20 - 

LC50 Lethal concentration (for 50% of test organisms)  

LCMS Liquid chromatography mass spectrometry  

LET Linear energy transfer  

LMPA Low melting point agarose  

LOD Limit of detection  

LSC Liquid scintillation counting  

m/z Mass to charge ratio  

MALDI Matrix assisted laser desorption/ionisation  

MBq Mega Becquerel(s)  

MeV Mega electron volts  

MF Molecular function  

Mg Magnesium  

mGy Milligray  

MIE Molecular Initialling Events  

MN Micronucleus  

Mn Manganese  

MoA Mode of action  

mRNA Messenger RNA  

MS Mass spectrometry  

MT Metallothionein  

MVP Major vault protein  

n Number of test organisms in sample (treatment)  

Na Sodium  

NFRP Nuclear fuel reprocessing plant  

Ni Nickel  

NMPA Normal melting point agarose  

NPP Nuclear power plant  

OBT Organically Bound Tritium  

OECD Organisation for Economic Co-operation and Development  

Pb Lead  

PBS Phosphate buffered saline  

PBT Persistent, bioaccumulative and toxic  

PC1 First principal component  
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PC2 Second principal component  

PCA Principal component analysis  

PCC Protein Carbonyl Content  

PCR Polymerase chain reaction  

qPCR Quantitative (real-time) PCR  

r Pearson’s product-moment correlation coefficient  

RA Risk assessment  

RBE relative biological effectiveness  

REACH Registration, Evaluation, Authorisation and Restriction of Chemicals  

RMS Radioactive materials supervisor  

RNA Ribonucleic acid  

ROS Reactive oxygen species  

RPA Radioactive protection advisor  

rpm Revolutions per minute  

RPS Radiation protection supervisor  

SCGE Single cell gel electrophoresis  

SDS Sodium dodecyl sulphate  

SE Standard error of the mean  

SFG Scope of Growth  

Sn Tin  

SOD Superoxidase dismutase  

Spp. Species  

SSH Suppression Subtractive Hybridisation  

STAGE Stop-and-go-extraction   

Sv Sieverts  

SW Seawater  

TAE Tris-acetate-EDTA  

TBS Trebarwith strand  

TBT Tributyltin  

TCA Trichloroacetic acid  

TFA Trifluroacetic acid   

TraC Transitional and Coastal Waters   

TSCA Toxic Substances Control Act  
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u Isotopic mass  

UNSCEAR UN scientific committee on the effects of atomic radiation  

V/cm Volts per centimetre  

WHO World health organisation  

WFD Water framework directive  

Zn Zinc  

μCi Microcurie  

μg Microgram  

μGy Microgray  

μl Microlitre  

μM Micromole  
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Chapter 1 - Introduction 
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The photo on the previous page shows the marine mussels, M. galloprovincialis, in their natural 

habitat.  
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1.1 Environmental contamination  

There is increasing evidence that human activities, such as a growing population, 

industrialisation and modern lifestyles, are intensifying pressures on the environment. 

This ranges from disposal of anthropogenic chemicals, climate change and deforestation 

(Jha, 2004). This could ultimately lead to species loss, decrease in environmental health 

and sustainability (Ceballos et al., 2015). Environmental health is not only vital for the 

planet’s ecosystems to thrive but it is also linked to human health (Rapport et al., 1998; 

Jha, 2004, 2008). One of the greatest risks to environmental and human health is the 

production, consumption and disposal of large amounts of anthropogenic substances. 

This  includes plastics, metals, pesticides, organic contaminants and 

radionuclides/ionising radiation (Johnston and Roberts, 2009). Many of these 

contaminants are environmentally persistent, bioaccumulative and toxic (PBT), inducing 

detrimental effects on the health of natural biota and humans. With the development 

seen during the 18th and 19th centuries the western industrial revolution, and even 

recent industrialisations from less economically developed countries, there has been an 

increase of such anthropogenic contaminants released into the aquatic environment. 

Until recently, effects of the substances that are released into the environment were 

only noticed once they had a detrimental effect of the local or greater environment. 

There has however, been an increased interest from public, scientific and governing 

bodies about the impact of anthropogenic contaminates in the environment (European 

Parliament Council. Directive 2000/60/EC). There is particular concern on those 

contaminants which have the potential to be carcinogenic, mutagenic and reproductive 

(CMR) toxicants (Dallas et al., 2013). In this context, it is also known that toxicity of a 

chemical could be manifested in multiple ways (Jha, 2008). In other words, the same 
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chemical (e.g. metals, organics etc.) could act as a carcinogenic, mutagenic, endocrine 

disrupting and immunotoxin agents. 

The release of contaminants into the environment not only affect the organisms 

inhabiting those areas but also can have the potential to impact human health (Pyatt et 

al., 2003). Direct human health concerns would be either inhalation, ingestion or skin 

penetration of the substances to people residing in the area. This mainly occurs on a 

local scale, although indirect effects can occur on a greater scale including, ingestion of 

the contaminant through the food chain or a decrease in aquaculture production (food 

security). Organisms from contaminated areas can therefore be used as sentinel species 

for human health (Stewart et al., 2008). 

A wide range of combinations between different contaminants could occur once 

released into the environment (Jha et al., 2000). Different physio-chemical factors (e.g. 

oxygen, pH, and salinity) could influence the bioavailability, uptake, bioaccumulation 

and resultant biological effects of the contamination in a complex environment (Jha, 

2004, 2008; Oursel et al., 2013; Melwani et al., 2016). Sensitivity of different species 

following exposure to environmental contaminants are also influenced by different 

factors including life history, life stages and food habits (Baird and Els, 2005; Soto-

Jiménez et al., 2011; Beltrán-Pardo et al., 2013; Jaeschke and Bradshaw, 2013a). While 

determining the relative sensitivities of natural species it is important to consider these 

aspects. From an environmental protection point of view, sensitivity is considered to be 

important as ideally most sensitive species and their life stages should be protected for 

the consideration that the environment is protected as well (Jha, 2008). 

Species sensitivity is not the only factor to take into account when investigating 

environmental contamination. Another is the type of exposure these organisms are 
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receiving. Organisms exposed to high levels of contaminants under accidental situations 

are acutely exposed to the released substances. Under usual authorised discharges and 

diffused exposure scenarios, organisms are exposed to low levels of contaminants under 

chronic conditions. Recently therefore, there has been a shift towards measuring the 

effects of low-concentration of chemical mixtures on the biota (Patetsini et al., 2013). 

These situations could also be prevalent and more environmentally realistic in areas 

surrounding chemical industries and nuclear facilities.  

 

1.2 Metals  
1.2.1 Overview 

Metals are often considered to have a higher risk of detrimental effect on aquatic 

organism compared to many of the commonly known organic contaminants, such as 

pharmaceuticals (Donnachie et al., 2016; Langan et al., 2018). Many of the metals that 

are present in the environment (e.g. cadmium (Cd); chromium (Cr); copper (Cu); lead 

(Pb); mercury (Hg); and zinc (Zn)) are known to induce detrimental effects on biota as 

well as in humans. The toxicity of metals is dependent on a number of factors, including 

the dose of the metal and whether the metal is non-essential or essential (Varotto et al., 

2013). Essential metals are described as being required elements for the functioning of, 

and for life in organisms, which should be present in appropriate amounts. 

Biochemically, they can be easily be up taken in organisms, which can lead to the 

presence of high levels of these metals, causing toxicity (Shabbir et al., 2020). Non-

essential metals, however, are those that have no function in organisms, but they can 

pass the cell membrane barrier through other channels and cause damage, as they can 

replace or dissociate essential metals (Thévenod et al., 2019). These metals can be found 

naturally in the environment; however they are also introduced into the freshwater or 
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marine environment by a number of anthropogenic sources, such as: mining, surface 

runoff, wastewaters and marine traffic (Nriagu, 1988; Naser, 2013; Oursel et al., 2013). 

Within this thesis the focus will be on the most common metals found in the marine 

coastal ecosystems, as these metals are environmentally relevant and are often the 

cause of concern (Naser, 2013). 

Sediment in the marine environment acts as a sink for many contaminants including 

metals. This is because of the physical properties of metals and their affinity for 

sediment particles in the water column (Eggleton and Thomas, 2004). Sediment is 

therefore a good indication of the amount of contamination in a marine environment. 

There have been numerous studies that determine the concentration of metals found 

in marine sediment throughout the globe. These range from below detection limit to 

65.2, 267.4, 519.1, 31.1, 95.5 µg g-1 (Ni, Zn, Mn, Pb, Cu respectively) (Bazzi, 2014; 

Mansour et al., 2013; Topcuoǧlu et al., 2001; Di Leonardo et al., 2009). There are no 

current guidelines in the UK for maximum metal levels in sediment, however Canada 

have adopted the Interim marine sediment quality guidelines (ISQGs) that suggest a 

threshold, which when excepted could induce adverse effects. For example 18.7, 30.2, 

124 µg g-1 for Cu, Pb and Zn, respectively (CCME 1999). In the coastal environment 

surrounding Plymouth, and generally Devon and Cornwall, there have been a number of 

metal sources discovered. Historical mining in the Cornwall and Devon area of England 

relied on the mining of metals. The majority of these mines have been shut down (some 

for over 100 years); however, chemical analysis of the sediment in the river catchments 

around them still indicates contamination. In the River Tamar catchment area (flowing 

into Plymouth Sound), mines are located along the river, including New Great Consols 

(Cu/Arsenic (As)), Devon Great Consols (Cu/As), Gunnislake Clitters (Cu/Tin (Sn)), 

Gawton (Cu/As) and Okeltor (As/Cu). It has been observed that the river sediment has 
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up to 600 µg g-1  of Cu (Rieuwerts et al., 2014). The Cu in the river sediment also 

correlates to the Tamar estuary water concentrations, as it has the highest dissolved Cu 

out of the two rivers (Tamar and River Plym) that are released into Plymouth Sound at 

concentrations up to 6.1 µg L-1 (Pearson et al., 2017). 

Mining is not the only factor that may increase the concentration of metals in coastal 

environments such as Plymouth Sound. Outputs also include trade discharges, effluent 

from sewage works (Qian et al., 2015) and anti-fouling paint used on the hulls of boats 

(Lagerström et al., 2020). 

 

1.2.2 Regulation and Policy for metals 

Detrimental effects of different metals in marine organisms have been observed to 

occur at varying concentrations. These analyses are the base line for many restrictions 

from governing bodies regarding the concentrations allowed to be released into the 

environment (Nriagu, 1990). The concentration of metals that are considered safe for 

the aquatic environment are determined based on their physical properties (e.g. salinity, 

pH, temperature) in the chosen marine environment (UNEP/WHO, 1996). Additionally 

the effect on the health of individuals and the population of one or more target species 

is also a factor in safe concentrations (Paraskevopoulou et al., 2014). In 2006, the 

European Union (EU) employed a new system for controlling chemical substances that 

were evaluated to have potential effects to humans and the environment, Registration, 

Evaluation, Authorisation and Restriction of Chemicals (REACH). The Water Framework 

Directive (WFD) was also created by the EU, which commits member states to achieve a 

‘good quantitative’ status on all water bodies (Faust et al., 2019). Good Chemical status’ 

was also introduced and means, “no concentrations if priority substances exceed the 
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relevant level established in the Environmental Quality Standards Directive 

2008/105/EC” (European Commission, 2020). It has been observed, however, that there 

are still 85% of assessed marine units that have been classified as ‘problem areas’ (EEA, 

2019). This includes the concentration of Pb which exceeded thresholds (1.3  µg L-1, EQS) 

in a number of places including; the coastal areas in Gulf of Finland and the bay of 

Mecklenburg (European Commission, 2020).  Whilst the regulation has proved beneficial 

for new substances, there are a number omissions from the guidelines. Firstly it only 

evaluates new substances and secondly the ecotoxicological testing from relevant 

industries are not available, and therefore not critically evaluated from the scientific 

community (Ingre-Khans et al., 2019). When emerging substances are being released, 

mixtures in the effluent are required to undergo ecotoxicological testing 

(ECHA/NA/10/22 2010), including OECD (Organisation for Economic Co-operation and 

Development) Test guidelines at different tropic levels. The tests for the aquatic 

environment include three fish tests and one microorganism test (OECD 209 2010, OECD 

211 2012, OECD 236 2013, OECD 210 2013). Other countries have similar regulations, 

for example Canadian Domestic Substances List (DLS), US Toxic Substances Control Act 

(TSCA) and Japanese Existing and New Chemical Substances (ENCS). These regulations 

would be beneficial for the analysis of previously assessed contaminants, such as metals.  

 

1.2.3 Effects of dissolved metals on marine organisms  

Different metals have various levels of bioavailability and routes of uptake by the tissues 

and cells of organisms. There are however three main methods of uptake in aquatic 

organisms: (1) the respiratory system (through the gills),  (2) dietary route (ingested 

along with their food source) or (3) penetration through the skin (Ng and Wang, 2005). 

It has also been suggested that contaminants could enter the body simultaneously 

https://en.wikipedia.org/wiki/Toxic_Substances_Control_Act_of_1976
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through multiple routes (DeForest et al., 2007). There are also three main mechanisms 

used by cells for transportation over the membrane. Firstly, passive transport through 

channels embedded in the cell membrane. This is thought to do the least damage as it 

freely enters the cell without the cost of energy (i.e. ATP) and without blocking the 

channels for other molecules (Yang and Hinner, 2015). Secondly, active transport which 

uses ATP to transfer a molecule across the cell membrane against the concentration 

gradient. The last main form of transport of contaminants into the cell is through 

endocytosis, which is the cell’s ability to engulf the contaminant (Marigomez et al., 

2002).  

For a greater understanding of the effect of metals on marine organisms, abiotic 

factors such as salinity, temperature and pH should be investigated. It has been well 

documented that a change of salinity in an area can change the bioavailability of 

metals to organisms. Salinity is an increase of dissolved “salts” in a body of water. 

These salts are compounds primarily made up of sodium (Na), magnesium (Mg), 

calcium (Ca), potassium (K) and chloride (Cl) (Millero et al., 2008). When these ions are 

in abundance, such as in saltwater, it effects the speciation of other components in the 

water, i.e. metals. For example, when Fundulus heteroclitus (Killifish) were exposed to 

Cd, uptake decreased with an increase of salinity (Dutton and Fisher, 2011). This was 

explained as the increase of salinity reduces the amount of Cd free ions and an 

increase of the speciation cadmium chloride (CdCl2 and CdCl3-), reducing the Cd 

bioavailability to the organisms. For most metals, it is also important to know the 

percentage of free ions available in an environment as free ions are regarded as the 

most toxic speciation to marine organisms (Gaetke et al., 2014).  
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Another factor that effects the speciation of a metal in a body of water includes pH. It 

has been demonstrated that an increase in pH increases metal speciation that are not 

biologically available to organisms. In the marine environment, most metals are found 

in inorganic and organic complexes (Kogut and Voelker, 2001). Inorganic complexes 

includes carbonates and hydroxide species, whereas organic ligands are complexes at 

binding sites, such as amino, carboxyl or thiol groups (Smith et al., 2002). Both organic 

and inorganic complexes are less frequent than free ions, therefore these speciations 

are not as toxic to organisms (Chadwick et al., 2008). It has been observed that as pH 

increases the Pb compound lead (II) carbonate (PbCO3) become the most dominant 

species (Zirino and Yamamoto, 1972; Singer et al., 2005). This chemical species has 

been found to have the highest LC50 values in Pimephales promelas and D. magna 

(>5,000 and >10,000, respectively) (Erten-Unal et al., 1998).  

Many metals are well-known toxicants for mammals and fish (Scheuhammer, 1991; 

Grosell et al., 2006), and there is also evidence of the effects of metals on marine 

invertebrates. Evechinus chloroticus was observed to develop physiological effects such 

as skeletal deformities and developmental abnormalities at relatively low Pb 

concentrations  (10 and 20 μg L-1) (Rouchon and Phillips, 2017). DNA strand breaks have 

been analysed in the haemocytes of Gammarus elvirae, 25  μg L-1 showed significantly 

higher levels of damage compared to control organisms (Di Donato et al., 2016). With 

both physiological and genotoxicological effects having been suggested in a select 

number of species, to obtain a full holistic picture, it is essential to demonstrate a full 

range of biological responses (molecular to behavioural).  
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1.3 Ionising radiation 
1.3.1 Overview  

For the nucleus of an atom to be stable, the ratio of protons to neutrons must not depart 

too far from a set value. The value of this ratio increases steadily through the periodic 

table from 1:1 for the light elements to 1:5:1 for the heavy elements. If the ratio found 

in a particular nuclide differs too greatly from the stable value, the nucleus will have a 

tendency to undergo a spontaneous rearrangement. This is referred to as a nuclear 

disintegration, which allows it attain a more stable value. This releases an excited 

particle or wave that has enough energy to remove electrons from another atom. There 

are four types of ionising radiation: alpha, beta, gamma and x-rays (El Ghissassi et al., 

2009). Each different type of ionising radiation has a different effect on biological 

matter, which is mainly due to the size of the particles/rays. The bigger the particle the 

more it collides into other molecules, slowing it down (Fig 1.1). As gamma radiation 

consists of a photon, it has no charge or mass which allows it to penetrate objects further 

than the other two radiation types. Alpha is the largest particle therefore it interacts 

with more molecules in the air and can be stopped and the energy absorbed by a thin 

piece of paper or 0.04 mm of tissue (Doyle, 2000).  

1.3.2 Release of ionising radiation into the marine environment  

Ionising radiation is found in the natural environment through the natural decay of 

radioactive rocks and minerals. It is also generated by anthropogenic sources such as 

energy production, medical applications, food preparation and defence (Hu et al., 2010). 

The greatest source of anthropogenic radionuclides in the UK is from the nuclear fuel 

cycle, which includes ore mining, metal extraction as well as generating power via 

nuclear power plants. The largest contributor to the anthropogenic sources of 

radionuclides in the UK is the Sellafield nuclear site, which has multiple functions 
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including, nuclear fuel reprocessing, nuclear decommission and nuclear waste storage 

(DEFRA 2005, Environment Agency 2012). 

 

Fig 1.1 The penetration of different radiation types, adapted from Dallas 2012. 

 

The British government has plans to reduce the amount of radioactive discharges from 

nuclear power plants by 2020. There are, however, still increases in the release of some 

radioactive substances due to the increasing number of nuclear power plants 

(Environment agency 2012). Locations of the main sources of radioactivity in UKs marine 

environment are illustrated in Fig 1.2.The release of radionuclides in the UK is highly 

regulated (Brèchignac and Doi, 2009) and has decreased in the largest UK site-Sellafield 

(Jackson et al., 2000). Potential detrimental effects of chronic exposures to aquatic 

organisms are yet to be fully explored in the field of radioactive contamination. The 

centre for environment, fisheries and aquaculture science (CEFAS) has previously 
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assessed the effects of alpha and gamma radiation on Danio rerio, which showed the 

highest dose of gamma radiation (7400 µGy h-1), decreased the mean number of eggs, 

therefore decreasing the reproductive health of the D. rerio (CEFAS, 2002). The alpha 

radiation (210Po) at the highest dose (214 µGy h-1) in this study, however, did not suggest 

any differences from controls in egg production. As mentioned previously, one 

important tool is to assess the abiotic conditions organisms experience to evaluate the 

true impact of contaminants on the ecosystem.  

 

Fig 1.2 Locations of nuclear institutions in the UK’s marine environments, adapted from RIFE, 
2018. 
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1.3.3 Regulations and Policy of ionising radiation 

Since the discovery and applications of ionising radiations, particularly the military use 

of atomic bombs in the 1940s, there has been great concern about the effects of 

anthropogenic ionising radiation on human health. Environmental assessments of 

radionuclides primarily concern the potential effects they have on humans (Howard et 

al., 2010). There is limited research into the effects radionuclides have on organisms 

frequently found in contaminated areas (Won et al., 2014). It was stated in 1977 by The 

International Commission for Radiological Protection (ICRP) “if humans are protected 

from the effects of ionising radiation, the flora and fauna are also adequately 

protected”. This has since been determined to be an underestimation of the differing 

effect some radionuclides can have on aquatic organisms (Lourenço et al., 2017). The 

revision of the previous statement by ICRP from 1991 still states that individuals of non-

target organisms (non-human organisms) may occur but the effect is not “to the extent 

of endangering a whole species or create imbalance between species” (ICRP, 2018). This 

however does not take into account long-term damage to aquatic organisms.    

  

1.3.4 Effects of ionising radiation on marine organisms  

As stated previously, there are a limited number of publications in the literature about 

the effect of environmentally relevant radionuclides on marine organisms, especially 

invertebrates (Dallas et al., 2012; Jaeschke et al., 2013; Pearson et al., 2018). The 

majority of publications involving the effect of radionuclides on marine organisms used 

Caesium-137 (137Cs), Cobalt-60 (60Co) or Tritium (3H) (Hagger et al., 2005; Farcy et al., 

2007; Alamri et al., 2012; Devos et al., 2015). There are a number of parameters, which 

have been used to assess the effects of radionuclides on marine invertebrates. These 

include: physiological parameters, such as: survival (Parisot et al., 2015); hatching 
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(Gagnaire et al., 2015); and also genotoxic parameters such as: comet assay (Dallas et 

al., 2016); MN test (Jaeschke et al., 2011); Chromosomal aberrations (Florou et al., 

2004). Lastly there are also a few studies dealing with transcriptomic expression of genes 

that are either up or down regulated following exposures (Farcy et al., 2011; Devos et 

al., 2015; Dallas et al., 2016). These organisms are exposed to radionuclides by two 

pathways, external and internal. It is possible that radionuclides affect both pathways 

simultaneously, which is seen in other contaminants such as Cu (Kamunde et al., 2002). 

 

1.3.5 Tritium  

Tritium is an isotope of hydrogen (3H) with an additional two neutrons with one proton; 

that creates an unstable radioactive element. Beta particles are emitted when it decays 

to helium (3He) and these particles have the ability for ionisation. The energy level for 

tritium is relatively low compared to other beta emitters with a low capability for 

penetration in air, water and tissue (Table 1.1). As an isotope of hydrogen it can be 

transferable wherever hydrogen is present, this includes: solids, liquids and gasses 

(Mazloomi and Gomes, 2012; Bhattacharyya and Mohan, 2015). 

Table 1.1 The basic properties of tritium. Data from NCSU 2013, Jaeschke et al 2011. 

Properties of Tritium – 3H 

Neutron 2 
Proton 1 

Isotopic mass (u) 3.016049 
Half-life (years) 12.3 

Decay type Beta (β) 
Maximum decay energy (MeV) 0.0186 

Mean decay energy (MeV) 0.00569 
Penetration in air (mm) 6 

Penetration in water (mm) 0.006 
Penetration in solids/tissue (mm) N/A 

HTO Biological half-life (days) 10 - 19 
OBT Biological half-life (days) Variable 
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The half-life of tritium in organisms is determined by two main factors. Firstly, the form 

it enters the organism, most common forms included either tritiated water (HTO) or 

organically bound tritium (OBT). It also depends on the species; humans are well 

established to have a biological half-life of 10 days for HTO and 40 days for OBT (ICRP 

2017), however for non-human organisms the half-live is not as established. Mytilus 

edulis has been found to have a biological half-life between 10 and 19 days when 

exposed to HTO (Jaeschke et al., 2011). In regards to the half-life, models have been 

created to estimate the OBT half-life in aquatic organisms (Melintescu et al., 2011). Due 

to the variation seen with invertebrate studies, it was stated that the half-life could not 

be given, however fish OBT half-life range from 17 to 630 days (dependant on species 

and abiotic factors).  

Tritium is found naturally, from interactions with cosmic rays in the upper atmosphere, 

however, there are a number of anthropogenic sources. These sources come from 

various applications of tritium, including: radiolabelling in medicine, electronics 

manufacture, smoke detection, environmental tracer and nuclear power (Rozanski et 

al., 1991; Singh et al., 2012). Historically the most abundance anthropogenic source of 

tritium came from its use as a neutron initiator in nuclear weaponry, however increases 

of tritium releases in the future may arise from fusion technology (Taylor and Cortes, 

2014).  

Fusion occurs when hydrogen atoms collide to form 4He, a neutron and kinetic energy. 

This reaction is known to fuel the stars. Prototypes of fusion reactors have been created 

to develop this reaction into a carbon-free industry-viable energy resource (Ward et al., 

2005).  Fusion powered energy production is predicted to be commercially available by 

approximately 2050 (Lee and Saw, 2011). Once this technology is fully developed, the 



 - 41 - 

two main inputs will be tritium and deuterium (2H). At present, fusion reactor prototypes 

have the potential of leaks of tritium. This could lead to future releases of tritium into 

the environment. Currently, releases of tritium are produced from nuclear fuel 

production and reprocessing (NFRP), nuclear power plants (NPP), research facilities, 

defence establishments and radiochemical production sites (Food Standards Agency, 

2019). These establishments released 3297 TBq of tritiated water in 2018, with the 

majority coming from NPP (Food Standards Agency, 2019).  

Currently radioactive waste disposal is a restricted procedure, controlled by national and 

international governing bodies. In most cases, institutes or facilities can release tritium 

up to a particular dose annually. In the UK and France, nuclear fuel reprocessing plants 

(NFRPs) release the highest amount of tritium annually. Sellafield in the UK and La Hague 

in France release approximately 1000 – 10,000 TBq y-1 of liquid tritium into the English 

Channel/Irish Sea (Pearson et al., 2018). Another notable source for released tritium are 

nuclear power plants (NPPs), using a fission reaction. Tritium is not purposely produced 

in these but occurs as a by-product. These power plants release approximately 1 – 10% 

of all NFRPs releases in the same area. Another cause for concern for the release of 

tritium is nuclear accidents. There have only been two major nuclear incidences 

occurring globally, one of which was the disaster at Fukushima Dai-ichi NPP in Japan 

March 2011. Atmospheric 3H concentrations peaked at ~1.5 x 103 Bq/m3 surrounding 

the NPP after the accident (Matsumoto et al., 2013). It is thought that the following 

decrease of atmospheric 3H occurred due to the marine environment acting as a sink. 

Concentrations of 3H surrounding the seawater pipes exceeded 4.5 MBq L-1 (Dallas et al., 

2012). The capability of 3H transfer into different states meant that the 3H could easily 

transfer to HTO and OBT in the marine environment. 



 - 42 - 

The risk of 3H to organisms has long been debated, due to its characteristics of low beta 

energy and penetration capabilities it was considered to be low risk to humans and the 

environment (Dingwall et al., 2011). There has been concern, however, over the relative 

biological effectiveness (RBE), which indicates that this nuclide results in a relativity high 

linear energy transfer (LET). A higher LET results in a higher energy transfer into a small 

cross section of organic material (i.e. tissue (Carter et al., 2018)). There have been 

numerous publications released on the RBE of mammalian systems, to assess the impact 

of 3H on humans (Straume and Carsten, 1993; Tanaka et al., 1994; Little and Lambert, 

2008). There has not been, however, a large amount of publications to assess the impact 

tritium on non-mammalian organisms to assess the effect it has on environmental 

health. Coastal marine organisms (such as Mytilus spp.) are in continuous contact with 

effluent released from NFRPs and NPPs. There have been observed effects of tritium on 

multiple levels of organisation in aquatic organisms, such as DNA damage, altered 

enzyme production, lysosomal function and survival (Table 1.2).  It is essential to assess 

the full impact this contaminant has on aquatic organisms to predict and prevent 

damage to the environment that may be caused by releases of tritium in the future. 
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Table 1.2. Summary of aquatic organism response to tritium exposure. ↑ - increases, ↓ - decreases.  

Species 
Lab/ 
Field 

Chemical Activity Dose rate 
Exposure 

Time 
Endpoint Results Reference 

Anthropoda 

Pollicipes 
polymerus 

Lab HTO 
10-5, 10-4, 10-
3, 10-2, 10-1, 

10 µCi ml-1 

7.9, 62.5 nGy h-1, 
0.625, 6.25 and 

62.5  µGy h-1 
32d 

Moulting 
patterns 

Altered moulting pattern, 

Abbott and 
Mix, 1979 ↓post stage 1 nauplii at higher 

doses 

Annelida 

Ophryotrocha 
diadema 

Lab 

Cs-137  

7.3 Gy h-1 22d 

Survival of sacs, 
eggs, larvae 

↓ egg production 
Knowles and 
Greenwood, 

1997 HTO 2.24 MBq ml-1 
Survival of sacs, 

eggs, larvae 
↓ survival of eggs to larvae 

Mollusca 

Mytilus edulis Lab HTO 
0.37, 3.7, 37, 
370 kBq ml-1 

0.02, 0.21, 2.14, 
21.41 mGY 

24, 48, 72h 

RAPD-PCR ↓ 

Hagger et al, 
2005 

SCE ↑ 

CA ↑ 

PRI ↓ 

Developmental 
and survival 

↓ % of normal larvae, ↑ in dead 
larvae 

Mytilus edulis Lab HTO 
3.7, 37, 147 

MBq L-1 
12, 121, 485 µGy 

h-1 
96h 

MN ↑ 

Jha et al., 
2005 

Comet assay ↑ 

Accumulation 
Gut>Gill>Mantle>Muscle>Foot> 

Byssus threads 
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Species 
Lab/ 
Field 

Chemical Activity Dose rate 
Exposure 

Time 
Endpoint Results Reference 

Mytilus edulis Lab 

HTO 

37 MBq L-1 122 µGy h-1 7d MN ↑ 

Jaeschke et 
al., 2011  24 MBq L-1 79 µGy h-1 14d 

MN ↑ 

Accumulation 
↑ after initial dose, 

↓ from day 1-14 

T-Gly 1.46 MBq L-1 4.9 µGy h-1 7d 

MN ↑ 

Accumulation 
↑ after initial dose, constant until 

day 14 

Mytilus edulis Lab HTO 
10 MBq L-1 

exposed 
phytoplankton 

- 1, 3, 5, 7d Accumulation 
↑ After 3 feeds for gill and mantle. 
↑Digestive gland and foot after 5 

feeds 

Jaeschke et 
al., 2013  

Mytilus 
galloprovincialis 

Lab 
THO, Zn, 
organic 
carbon 

5 MBq L-1, (Zn- 
25, 125, 250 µg 

L-1) 
- 14d 

Accumulation 
↑ when HTO in combination with 

organic carbon 
Pearson et 
al., 2018  

Comet assay 
↑DNA damage with HTO alone. 

↓when in combination with Zn 

Mytilus 
galloprovincialis 

Lab 
HTO, either 

15°C or 
25°C 

15 MBq L-1 0.13-2.54 mGy 1, 3, 7d 

Accumulation 

↓ After initial dose over time at 15 
oC. 

Dallas et al., 
2016  

↑ over time at 25oC 

Comet assay 
↑ in DNA damage with increased 

exposure 

Gene expression 
↑regulated genes after 3d at 

15oC. ↓regulated after 3d at 25oC 
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Species 
Lab/ 
Field 

Chemical Activity Dose rate 
Exposure 

Time 
Endpoint Results Reference 

Crassostrea gigas Lab 

137Cs 1.55 GBq 29300 µGy h-1 

2w 

Gene 
expression. 

None 

Devos et al., 
2015  

Survival and 
growth 

None 

241Am 57 Bq ml-1 - 

Gene expression None 

Survival and 
growth 

None 

HTO 1, 15 MBq L-1 0.9, 13.8 µGy h-1 
Comet assay ↑ 

Clearance rate None 

Chordata 

Danio rerio Lab HTO 
0.122, 1.22 
MBq ml-1 

0.4, 4 mGy h-1 24, 96h Gene expression 

Impact on genes expressing- 
muscle contractions, eye opacity, 

DNA repair, ROS production, 
circadian clock, H2O2 signalling 

pathway 

Arcanjo et 
al., 2018  

Oncorhynchus 
mykiss 

Lab HTO, OBT 
7,000 Bq L-1, 
30,000 Bq L-1 

- 
10, 30, 70, 
100, 140d 

Accumulation 
OBT formation was ↓ in HTO 

exposed fish than when OBT was 
ingested 

Kim et al., 
2013  

Oncorhynchus 
mykiss 

Lab HTO, OBT 
7,000 Bq L-1, 

30,000 kBq L-1 
- 130d Accumulation 

Faster uptake in OBT treatment 
than HTO treatment 

Kim et al., 
2015  

Oncorhynchus 
mykiss 

Lab 
HTO, OBT, 
HTO-OBT, 

gamma 

7,000 Bq L-1, 
30,000 Bq L-1 

4 Gy gamma 148d 

Comet assay ↑ DNA damage in spleen 

Festarini et 
al., 2019  

y-H2AX ↑ 

Lipid analysis 
Lipid composition altered in 

exposed fish 
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Species 
Lab/ 
Field 

Chemical Activity Dose rate 
Exposure 

Time 
Endpoint Results Reference 

Pimephales 
promelas 

Lab HTO, OBT 
12, 25, 180 kBq 
L-1, 27 kBq L-1 

0.045, 0.09, 
0.065 µGy h-1, 

0.024, 0.094 µGy 
h-1 

60d, 60d 
depuration 

Comet assay ↑ at 60d 

Gagnaire et 
al., 2018 

  

Lipid analysis 
Ratio SFA/MUFA in muscle had 

differences compared to controls 
in 60d 

MN ↑ at 60d 

AChE ↑in 60d compared to 120d 

GPX None 

CAT None 

SOD None 

Lysosomal 
membrane 

↑ index at 180 kBq L-1 

Phagocytosis 
activity 

↑ in 180 kBq L-1 at 120d 

ROS production 
↑in 25 kBq L-1 (OBT) and 180 kBq 

L-1 

GSI None 

HIS None 

SSI None 

RNA/DNA ratios None 

Protein/DNA 
ratios 

None 
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Species 
Lab/ 
Field 

Chemical Activity Dose rate 
Exposure 

Time 
Endpoint Results Reference 

Pimephales 
promelas 

Field 

HTO (OBT) 

60 (27,000 
OBT), 10,800, 

22,200, 21,200 
(27,000 OBT), 
150,700 Bq L-1 

0.4, 3,3, 65, 130, 
135, 936 µGy 

- 

Phagocytosis None 

Beaton et al., 
2019  

Lysosomal 
function 

↑ 

Comet assay ↑ 

Micronuclei ↑ 

SOD None 

CAT None 

AChE None 

GSH ↑ 

Lab 

0.3 (600 OBT), 
2, 1,100 (3,800 

OBT),6,200 
(10,000 OBT), 

12,400 (63,000 
OBT) Bq L-1 

0.3, 3.9, 11, 73, 
202 µGy 

60d 

Phagocytosis ↑ 

Lysosomal 
function 

↑ 

Comet assay ↑ 

Micronuclei ↑ 

SOD None 

CAT None 

AChE None 

GSH None 

Endpoint abbreviations: RAPD-PCR- Random Amplification of Polymorphic DNA-Polymerase chain reaction, SCE- Sister chromatid exchange, CA- Chromsomal 
aberration, PRI- Proliferative rate index, MN- Micronucleus test, y-H2AX- Gamma-H2AX, AChE- Acetylcholinesterase activity, GPx- glutathione Peroxidase assay, 
CAT- Catalase activity, SOD- Superoxide dismutase activity, ROS- reactive oxygen species activity, GSI- gonado-somatic index, HSI- Hepato-somatic index, SSI- 
Speleno-somatic index, GSH- Glutathione activity. (Not enough information was given in Abbott and Mix 1976 to accurately calculate the Bq, therefore the activity 
is stated in Curies (Ci)). 



 48 

1.4 Environmental relevance  

1.4.1 Metal mixtures 

Organisms in the environment are not subjected to one contaminant at any time point; 

there is a persistent mixture of compounds (natural and anthropogenic). The metal 

composition in the marine environment fluctuates depending on the geological and 

anthropogenic inputs (Kersten and Forstner, 1986). Recently there has been an increase 

in studies that determine the toxicity of a combination of compounds (Table 1.3). It is 

important to investigate whether a mixture of compounds induces more or less damage 

than the compound in a single exposure (Wu and Wang, 2010; Maria et al., 2013; 

Poynton et al., 2014; Ji et al., 2015; Ji, Cao and Li, 2015). It has been observed that field 

studies of wild or transplanted populations produce the most reliable exposures for a 

localised area. This investigates mixtures of compounds and environment factors, such 

as salinity or temperature (Cole et al., 2014; Helmholz et al., 2015; Lavradas et al., 2016). 

It is, however, difficult to transfer these data into different environments because of the 

differing abiotic and biotic factors that would be specific to selected areas. The 

advantage of using laboratory studies is that other variables (either biotic, such as 

competition, or abiotic, such as temperature or tidal differences), commonly seen in 

field exposures, can be more easily controlled in a lab setting. Studies with mixtures of 

contaminants are vital in our understanding of the biological mechanisms behind 

environmental effects of metals. Once these mechanisms are understood it will pave 

the way for robust policies which will help protect the environment from further damage 

(Sarkar et al., 2006). 
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Table 1.3. Effect of mixtures of at least one metal on aquatic organisms. Interactions- (0) No effect occurred, (1) antagonistic effect (less than additive), (2) additive 
effect and (3) synergistic effect (more than additive).  

 

Species Contaminant Concentrations 
Acute/ 
Chronic 

Endpoint Interactions Reference  

Arthropoda 

Daphnia magna Ni-Cd, Ni-Pb 
0.125-2 mg L-1 (Ni), 0.05 (Cd), 0.05 

mg L-1 (Pb) 
A Microarrays 3 Vandenbrouck et al., 2009  

Daphnia magna Ni-Cu, Ni-Cd, Ni-Zn  0.054-1.633 mg L-1 A LC50  Ni-Cd, Ni-Zn = 1. Ni-Cu = 3 Traudt et al., 2016  

Daphnia magna Cd-gamma (Cs) 

11.2, 22.5, 128.5, 257,  

A 

Carbon transfer 1- Low Conc. 3-High Conc. 

Nascimento et al., 2016  485.2 µg L-1 (Cd).  Mobility 1 

36, 72, 175, 273, 417  Gy h-1 (Cs) Growth 1 

Daphnia magna Cd, Cu, Zn 3- 354 µg L-1 A LC50 
Cd-Zn, Cd-Cu-Zn, Cd-Cu 

(Cu into Cd) =1. Cu-Zn = 2.  
Cd-Cu  (Cd into Cu) = 3 

Meyer et al., 2015  

Daphnia magna 
Zn-Cu, Zn-Cd, Ni-Cu, 
Ni-Cd, Ni-Zn, Cu-Cd, 

Cu-Cd-Zn-Ni 

20-320 (Cd). 10-160 (Cu). 200-3200 
(Ni). 100-1600 (Zn) µg L-1 

A 

Mortality Zn-Cu, Cu-Cd= 3. Ni-Cd= 1 

Lari et al., 2017 
Feeding rate 

Zn-Cu, Zn-Cd= 3. NI-Zn-
Cu-Cd=1 

Daphnia magna Cd-Cu-Zn, Cu-Cd-Ni 93.9, 89.6, 2050.9, 710.2 µg L-1 A EC50 1- low Conc. 2-high Conc. Traudt et al., 2017  

Daphnia magna Cd-Zn 
1.5 (Cd), 10, 20, 40, 80, 120, 160, 

200 (Zn) µg L-1 
C 

Mortality 1- High Conc. 

Pérez et al., 2017  
Growth 1- High Conc. 

Reproduction 1- High Conc. 

Accumulation 1- High Conc. 

Hyalella azteca 
Cu-PHE, Cu-PHQ, Cd-
PHE, Cd-PHQ, Ni-PHE, 
Ni-PHQ, V-PHE, V-PHQ 

EC50 A 
Mortality  

Cu-PHE, Cu-PHQ= 3. 
Remaining=2 Gauthier et al., 2016  

ROS Cu-PHQ = 1. 

Neomysis 
integer 

Mg-Cu-Cd-Ni-Zn-Pb 6.9-1140 µg L-1 (LC50) A LC50 2 Verslycke et al., 2003  
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Species Contaminant Concentrations 
Acute/ 
Chronic 

Endpoint Interactions Reference  

Callianassa 
kraussi 

Pb-Zn 0.125-4 (Pb) 0.250-4.5 (Zn) mg L-1 A 

Egg mortality 3 

Jackson et al., 2005  
Larval mortality 3 

Carcinus 
maenas  

Cu-Cr 7.5, 15 (Cu), 5, 10 (Cr) mg L-1 A 

Mortality 1 

Elumalai et al., 2002  
AChE 1 

LDH 1 

GST 1 

Gammarus 
pulex 

As-Cd 
1213.9, 1694.6 (As), 26.9, 51.1 (Cd) 

µg L-1 
A 

Survival  
1-Low Temp/Conc. 

Remaining- 2 

Vellinger et al., 2012  

Accumulation 
1-Low Temp/Conc. 

Remaining- 2 

Ventilatory and 
locomotor activities 

1-Low Temp/Conc. 
Remaining- 2 

Iono-regulation  
1-Low Temp/Conc. 

Remaining- 2 

Gammarus 
pulex 

As-Cd 376.5, 604 (As), 3.4, 6 (Cd) µg L-1 A 

Mortality 1- Low Conc. 

Vellinger et al., 2013  

Haemolymph 
osmolality 

1- High Conc. 

Energy reserves 0 

MDA 1 

GSH 1 

GCL 0 

HPLC 0 

MT 1 

Ventilatory and 
locomotor activities 

0 
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Species Contaminant Concentrations 
Acute/ 
Chronic 

Endpoint Interactions Reference  

Nematoda 

Caenorhabditis 
elegans 

Zn-Cu, Zn-Cd, Cu-Cd, 
Zn-Cu-Cd 

1.416 (Zn), 0.226 (Cu), 0.474 (Cd) 
mg L-1 

A 

Body length  0 

Moyson et al., 2018   

Population size 1 

Mortality 0 

9.501 (Zn), 1.299 (Cu), 7.110 (Cd) 
mg L-1 

Body length  1 

Population size 1 

Mortality 0 

Mollusca 

Mytilus edulis Cu-Ni 4-4.5 (Cu), 251.7-607.2 (Ni) µg L-1 A EC50 3 Deruytter et al., 2017  

Mytilus 
galloprovincialis 

Ni-CPS 0.01-15 (Ni), 0.1-10 (CPS) mg L-1 A 

Microarrays 1 

Dondero et al., 2011  

LMS, 
Lysosomal/cytosol 

ratio 
1 

Lysosomal lipid 
accumulation 

1 

AChE 1 

Mytilus 
galloprovincialis  

B[a]P-Cu 10 µg L-1 (Cu, B[a]P) A Proteomics 1 Maria et al., 2013  

Mytilus 
galloprovincialis 

THO- Zn 
383, 1913, 3825 nM (Zn), 5 MBqL-1 

(HTO) 
C 

Comet assay 1 

Pearson et al., 2018  
Accumulation 0 

Mytilus 
galloprovincialis 

Cu-Ag 9.54 (Cu), 2.55 (Ag) µg L-1 A 

Morphology 0 

Boukadida et al., 2019  Comet assay 1 

Gene expression 1 
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Species Contaminant Concentrations 
Acute/ 
Chronic 

Endpoint Interactions Reference  

Mytilus 
galloprovincialis 

Cu-CHp 5, 15 (Cu), 0.05, 5 (CHp) µg L-1 A 

AChE 1-High Conc. 

Perić et al., 2019  
GST 0 

MT 0 

LPO 0 

Mytilus coruscus  Pb-B[a]P 2.58 (Pb), 53.74 (B[a]P) µg L-1 A 

Comet assay 0 

Qu et al., 2019  Micronuclei 2 

RAPD 0 

Dreissena 
polymorpha  

Cd-B[a]P 10 (Cd), 1 (B[a]P) µg L-1 A 
Micronuclei 0 

Vincent-Hubert et al., 2011  
Comet assay 1 

Echinodermata 

Evechinus 
chloroticus 

Cu-Pb, Cu-Zn, Zn-Pb 
1, 5, 10, 20 (Cu), 10, 20, 50, 100 

(Pb), 5, 10, 30, 60 (Zn) µg L-1 
A Development 

Cu-Zn, Cu-Pb = 1. Zn-Pb = 
2 

Rouchon and Phillips, 2017  

Paracentrotus 
lividus 

Cu-Cd-Oxytetracycline 
338 (Cd). 0.56 (Cu), 0.83 (OTC) mg L-

1 
A 

Fertility rate 1 

Gharred et al., 2016  
Gastrulae 1 

Larvae abnormalities 1 

Malformation 1 

Chordata 

Salmo salar Al-Cd, Al-Cd- γ  255 (Al), 6 (Cd) µg L-1, 75 mGy ( γ ) A Gene expression 0 Olsvik et al., 2010  

Salmo salar Cu-Al- γ  
40 (Cu), 250 (Al) µg L-1, 4-70 mGy ( γ 

) 
A 

Accumulation 0 

Heier et al., 2013  

GSH 1 

Gene expression 1 

Plasma sodium and 
chloride/ 

Haematocrit/glucose 

levels 

0 
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Species Contaminant Concentrations 
Acute/ 
Chronic 

Endpoint Interactions Reference  

Salmo salar Ur -  γ  0.25 mg L-1 (U), 70 mGy ( γ ) A 

Microarrays 1 

Song et al., 2016  
Gene expression 1 

Plasma glucose 0 

Histology 0 

Oncorhynchus 
mykiss 

Cu-Zn 
0.04, 0.08, 0.16 (Cu), 0.238, 0.474, 

0.948 (Zn) mg L-1 
A 

Red blood cell count 1 

Bagdonas and Vosylienė, 
2006 

White blood cell 
count 

1- Low Conc. 

Haemoglobin 0 

Haematocrit  0 

Micronuclei 0 

Danio rerio Cu-Zn 
0.0635, 0.6354, 6.354 (Cu), 0.6538, 

65.38 (Zn) µg L-1 
A 

Accumulation 1 
Gao et al., 2017  

Mortality  1 

Catal caatla, 
Cirrhinus 
mrigala,  

Labeo rohita 

Co-Cr, Co-Pb, Cr-Pb, 
Co-Cr-Pb 

5-10 mg L-1  A LC50  3 Batool and Javed, 2015  

Clarias 
gariepinus  

Cu-chitosan  5 (Cu), 75 (CT) mg L-1 A Accumulation Gill = 3. Other tissue = 1 Tunçsoy et al., 2016  

 

Endpoint abbreviations: LC50- Lethal concentration at 50 %, EC50- Effective concentration at 50 %, ROS- reactive oxygen species activity, AChE- 

Acetylcholinesterase activity, LDH- Lactate dehydrogenase activity, GST- Glutathione activity, MDA- Malondialdehyde acid assay, GCL-y-glutamyl-cystein ligase 

activity, HPLC- High-pressure liquid chromatography, MT- Metallothionein, LMS- Lysosomal membrane stability, LPO- Lipid peroxide levels.
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1.4.2 Acute vs chronic exposure 

Most risk assessments performed in the ecotoxicological field are short-term (acute) 

exposures of organisms to single contaminants seen as a potential threat to the 

environment (Eggen et al., 2004), whilst long-term exposures are defined as chronic. It 

is important to define ‘acute’ and ‘chronic’ in any study, as these definitions can be 

influenced by a number of factors, such as the life expectancy or the life cycle of an 

organism. In general acute exposures are those that analyse either an immediate effect 

or effects after a period of up to 14 days (Duffus, 1993), whereas chronic studies are 

those that expose the organism for a period of 14 days or greater. Usually concentration 

levels higher than found in the environment are used to establish potential threats to 

target organisms.  Model species are used in studies as target organisms, such as 

Daphnia sp. for freshwater aquatic invertebrates (Stollewerk, 2010) or Danio rerio for 

freshwater vertebrates (Spence et al., 2008). Studies also favour marine organisms that 

have the qualities needed for a good model species, including global distribution such 

as Mytilus galloprovincialis, Perna viridis and Crassostrea gigas (Farcy et al., 2007; 

Cappello et al., 2013; Lavradas et al., 2016). 

Demonstrating the effect of higher concentrations of contaminants in a short time frame 

(acute) is beneficial for predicting effects if their concentration increases in the 

environment. It has, however, a very limited scope for the evaluation of effects a 

contaminant in the environment can have on overall health of organisms and the 

ecosystem (Groh et al., 2015). The low concentration of contaminants in the 

environment (often due to dilution) can also be persistent (present in these 

concentrations over a long period of time) (Langston et al., 2003). Chronic exposures are 
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therefore a greater representation of the environmental conditions organisms inhabit 

compared the short duration (acute) studies. 

As mentioned previously, chronic exposures investigate the long-term effects of 

contaminants on organisms. The duration of chronic in the literature is ambiguous and 

can range between studies and organisms. For example it has been stated in a number 

of studies that a chronic time period for the freshwater organism D. magna is at least 21 

days (van Leeuwen et al., 1985; Ernot et al., 2005; Wiench et al., 2009). On the other 

hand, in fish studies the chronic duration can be 4-6 weeks or longer (Wood et al., 2012). 

This mainly depends on the life cycle of the organism, as fish tend to live longer than 

small aquatic invertebrates, such as D. magna (OECD 210, 2013, OECD TG211, 2012). 

Chronic exposures allow for a more accurate representation of the effect on an 

individual or population than acute studies. It also may allow for the ability to compare 

different results from scientific studies regarding the same contaminant (Crane et al., 

2006). 

Environmental risk assessments (ERA) are normally produced with the data provided 

from acute studies (Tlili et al., 2016; Traudt et al., 2016; Champeau et al., 2017), and if 

appropriate a few chronic studies to validate these results. The concentrations normally 

used in these studies are at a higher level to observe the sub-lethal to lethal effects. It 

has been suggested that extrapolated data from risk assessments, transferred  into 

protective policies for the ecosystem does not fully represent environmental conditions 

(Hernando et al., 2006). 
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1.5 The use of Mytilus galloprovincialis as a sentinel species  

Sentinel species are species that have biological processes or form a community, which 

can determine the quality and health of the environment they inhabit. Through 

analysing these species, along with different biotic and abiotic factors, they can be used 

as indicators of changes over time (Rapport et al., 1998). Mussels (bivalve molluscs) have 

been classified by a number of studies to be good sentinel species in the aquatic 

environment. They have also been used worldwide for environmental monitoring, for 

example in the ‘mussel watch’ programme (Suárez-Ulloa et al., 2013; Regoli et al., 2014; 

Farrington et al., 2016). There are certain characteristics that are commonly considered 

to signify a well-suited sentinel species. This includes: (1) abundance, (2) well studied, 

(3) economic importance, (4) response reflecting the ecosystem response, (5) 

measurable response and (6) their response is proportional to the contamination 

(neither too sensitive or too tolerant of the contaminant) (Valavanidis and Vlachogianni, 

2010). With regards to abundance, marine mussels are well distributed throughout the 

globe and even though one species does not inhabit all ecosystems the genus Mytilus is 

one of the most frequently found species along the coastal shores of most continents 

(Santaclara et al., 2006).  

One population of mussels, however, will not react in the same way as another. This is 

due to the tolerances each population of mussels is put under in their habitat.  An 

example of this would be the mussels from different sites along the south west of 

England. In Plymouth Mayflower Marina, mussels have been exposed to a wide variety 

of salinities that fluctuate daily due to the close proximity to the River Tamar, along 

with higher metal concentrations from urban run-off and anti-fouling paints (Langston 

et al., 2003; Choi et al., 2020; Lagerström et al., 2020). This ever-changing swell of 
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fresh water and decreased salinity verses the seawater at high tide means these 

particular mussels have had to adapt to changes in salinity. Whereas in North Cornwall 

at the Trebarwith Strand site, there is little fresh water entering the area therefore the 

salinity stays constant. These small differences in abiotic factors could be the 

difference between an organism tolerating anthropogenic contaminants or increasing 

stress, which decreasing individual and ecosystem health. Sentinel species therefore 

have to be moderately tolerant to an environmental variable, if they are too sensitive 

the results developed from exposures to other anthropogenic contaminants will be 

overestimated. On the other hand, if the organisms are too tolerant to these 

environmental variables then the effects of the contaminant will be underestimated. 

Highly tolerant species cannot be used as an indication for all ecosystems, as other 

organisms may not have the same tolerance level. Mytilus galloprovincialis are able to 

tolerate a wide range of environmental variables. A good indication of this is their 

worldwide distribution. M. galloprovincialis is an invasive species and has successfully 

spread to numerous locations outside their common namesake (Mediterranean 

mussel). It has achieved this through the ability of outcompeting the native mussel 

species and its rapid growth (Braby and Somero, 2006).  

It is also essential to choose a species that represents similar uptake pathways and 

accumulations in other organisms in the same ecosystem. Mussels have been observed 

to accumulate contaminants in the same tissues or biological systems as other marine 

species. This includes the digestive system and the respiration system (Vinodhini and 

Narayanan, 2008; Giarratano et al., 2010). The accumulation in this organism has been 

suggested to be a good indication of accumulation in other benthic organisms 

(Schmitt-Jansen et al., 2008).  
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Mussels filter feed as their source of food, and rely on a pumping mechanism to pull 

water through its incurrent siphon, which exits out the opposite side through the 

excurrent siphon (Newell et al., 2001). Between these two siphons the water and 

therefore food particles, wash over the gills where cilia funnels the particles into the 

mouth area. Due to this feeding pattern, mussels are susceptible to pumping 

contaminants though the siphons along with water, leading to potential accumulation 

in the mussel (Sánchez-Marín et al., 2011). It has been demonstrated that specific 

contaminants, such as Cd, Cu, Ni, and Zn, biomagnify in marine food chains consisting 

of bivalves (Cardwell et al., 2013). Biomagnification is the process in which a xenobiotic 

compound increases in concentration in the tissue of organisms as it is transferred up 

the food chain (Gray, 2002). The feeding behaviour and their location in the trophic 

level indicate that marine mussels are good sentinel species for multiple 

environments. Detecting small changes of accumulation in these low-level organisms 

can lead to the protection of larger species in the same area.   

As marine mussels can used as a sentinel species for the environment this can be 

extended to human health. Water activities popular around coastal areas increases the 

exposure humans have on contaminations where marine mussels inhabit. They are 

also economically important to many countries in and outside the Mediterranean area. 

The global aquaculture production for M. galloprovincialis alone came to 116,262 

tonnes in 2014 (excluding Spain and Chinese productions) (FAO-FishStat 2017). The 

health of these organisms is important to the sales and exportation of fresh and frozen 

mussels. Marine mussels can also be useful as sentinel species because of a number of 

practicalities. Unlike fish and other organisms that move freely from location to 

location, mussels stay semi-static and rarely move from one location to another. It is 
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therefore easier to identify potential changes to the same population of mussels at 

different time points.  

No one species has all the characteristics to represent complex ecosystems. This is 

reflected by the large number of studies identifying different species to be suitable 

candidates as sentinel species for their environment. These range from plants, fish, 

amphipods and bivalves (Ho, 1990; Boening, 1999; Gesteira and Dauvin, 2000; Birungi 

et al., 2007). Multiple species analysis would be beneficial to take into consideration 

different trophic levels and feeding behaviours to have a robust understanding of 

contaminants in an ecosystem. Marine mussels are good candidates for a target 

species due to their widespread distribution, moderate tolerance to abiotic factors, 

economical importance and lastly their semi-static or intertidal habitat.  

1.6 Biomarkers  

1.6.1 Overview 

Sub-lethal biological responses or biomarkers is a term that has been used throughout 

biology in the human health field since the 1980s (Aronson, 2005). The National Institute 

of Health (1998) biomarkers definition working group suggests that a biomarker is “a 

characteristic that is objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention”. Between different scientific fields the definition tends to drift 

from this initial definition, for example WHO 1993 (Beaglehole and Bonita, 2002) 

separates the definition into three subcategories. Firstly, there is the biomarker of 

exposure, which is a measurable substance (such as metals or inorganic compounds) 

that can be directly measured in the blood and tissue of the organism. This can 

determine the levels at which these organisms have been exposed to. It differs from 
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biomarker of effect, which measures the biological processes that the substance 

interferes with. Once measured, the biomarker of effect can then be quantified and the 

effect that substance is having on that particular organism can be predicted. This can 

include any parameter from molecular to whole organism and populations. Lastly, there 

is the biomarker of susceptibility; this is the ability of a particular organism to be able to 

respond to the challenges in exposure experienced by xenobiotic substances. This can 

range from genetic changes in the organisms to the behavioural changes such as 

avoidance (e.g. travelling away from the contaminated site). Biomarkers of susceptibility 

are good indicators when looking at one particular organism (humans, keystone 

organisms). Biomarkers of exposure and effect are more suitable for populations and 

ecosystems (Owen et al., 2008). It is typical to use more than one of these categories 

when assessing impact of contaminants on the environment.  

 

1.6.2 Levels of Biological Organisation 

Biomarkers can be used at multiple levels of biological organisation. These levels start 

with the changes at the genetic or molecular makeup of organisms. These then combine 

to make the next level. For example, cells are comprised of molecules and tissue is 

comprised of cells. The levels are all connected and get as complex as whole organisms, 

population and the entire ecosystem. As shown in Fig 1.3, damage occurring at a higher 

level of the biological organisation is more likely to have a greater effect on the 

ecosystem. It is unlikely that one mutation at the molecular level (lower level of 

organisation) will have a detrimental effect on the ecosystem. Once a contaminant starts 

to affect higher levels of organisation (such as tissue and organs), it increases the 

possibility of impacts on whole organisms. This includes disruptions to the endocrine 

system through various mechanisms, such as a protein not being correctly expressed. 
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This can lead to reproductive failure and ultimately affecting population structure in an 

ecosystem. 

 

Fig 1.3. The Environmental relevance (effect on the whole environment) and ability to be an 
early indicator across the different levels of biological organisation. 

 

Adverse Outcome Pathway (AOP) is a concept that links Molecular Initialling Events 

(MIE) with adverse effects at higher levels of organisation. It includes reproduction and 

survival, which allows for a prediction of contamination effects (Kramer et al., 2011). 

The end goal for AOPs is to find a correlation between early indicators of health in an 

ecosystem before it affects the population or environmental community. This definition 

encompasses the previously used mechanisms of action and modes of action. 

Mechanism of action relies on knowing the exact link between the different levels of 

organisation. Mode of action is defined by an MIE or outcome, but rarely both. This is 

useful in environmental sciences as the mechanisms for different contaminants often 

differ between species.  

Using AOP will eventually decrease the number of species and organisms used in risk 

assessment (RA) data and allow for development into in vitro research. It can therefore  

remove the need for organisms within RA (Eggen et al., 2004), replaced with cell line 

cultures. This method of analysis will increase the ecological relevance of molecular 
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biomarker and allow them to be used in RA, therefore leading legislation to prevent 

potential damage at higher levels of organisation. 

 

1.6.3 Molecular biomarkers 

The environmentally induced changes in smallest levels of biological organisation are an 

important area to study in ecotoxicology. This is the first target to observe the changes 

that can occur after an exposure (Chèvre et al., 2003). Small changes in the molecular 

DNA which can cascade to change proteins, cells, tissues, organs right the way up to 

whole organisms and even further into the population of a species and therefore those 

species sharing a habitat or food chain (Stankovic and Jovic, 2012).  

Changes in the molecules of an organism are currently used as a diagnostic tool to detect 

contamination and for marine pollution monitoring (Sarkar et al., 2006). They not only 

act as an early indication of the overall health of an ecosystem but can also be used to 

understand the roles each molecule has in the cell. Once this is understood, the effect a 

contaminant has on an organism can be predicted at an earlier stage. Molecular 

biomarkers can range from the detailed identification and expression of genes and 

changes in enzymes/proteins to more broad assays that analyse damage to the DNA as 

a whole (e.g. Comet assay). Molecular parameters are good indications of health but it 

is vital to connect these to effects at higher levels. This ensures that changes observed 

from target molecules in an organism predict the correct effect to the organism. When 

DNA is damaged there are reactions the cell undergoes to correct this damage. This is 

performed by DNA repair enzymes that reverse the damage in the nucleus or DNA 

modifications (e.g. methylation). It allows misread DNA to be converted back into the 

original codons (Shugart, 2000). Whilst induction of mutations in human genome has 
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been linked with detrimental health outcomes (including cancer), it is difficult to 

measure molecular changes and use them as a definite indication of environmental 

health. Once the molecular mechanism is understood in an exposed cell, this 

information can be used as environmental monitoring to prevent damage to organism 

at a higher level of biological organisation. 

 

1.6.4 Application of ‘Omics’ technology in ecotoxicological studies  

‘Omics’ can be defined as the measurement and the analysis of the characteristics of a 

large family of cellular molecules. It ranges from genomics (genes), transcriptomics 

(RNA) to proteomics and metabolomics (proteins and metabolites). It can be a broad 

overview of every molecule in the system, such as metagenomics, or searching for more 

specific areas, such as microarrays (Banni et al., 2014). It is important to assess the 

potential impact of environmental contaminants before they have effects on the health 

of the individual or populations. The omics approach has a huge potential in assessing 

the effect of contaminants at the molecular level before it has an effect at higher levels 

of organisation. A particular interesting use for omics in research is the identification of 

new biochemical pathways, which are affected by contaminants previously believed to 

have a minimal effect on that population. A meta-analysis study observed that gene 

expression responses to contaminants were on average 11 times under the LC50 values 

(Fedorenkova et al 2010). This discovery indicates that effects of contamination could 

be overlooked and environmental regulations do not protect the ecosystem adequately. 

Although the omics approach is limited by its environment relevance, it could provide 

predictions into the future effects a contaminant has on organisms and allow sufficient 

or precautionary protection through regulation. There are benefits and disadvantages 
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specific to the different omics approaches; however, it is often recommended that more 

than one approach should be studied to get a more robust understanding.  

Chapman (2001) first used the term “ecogenomics” to introduce the use of genomics in 

ecology; however, this was not a new concept. The use of genomics to identify changes 

in an aquatic organism after exposure to metals has been around since the 1990s 

(Zelikoff, 1993). Although genomic has been on the forefront of scientific development 

over the last 20 years, it is difficult to link changes in the genome to changes that can 

occur at higher levels of organisation (Lyon et al., 2017). This is primarily due to the 

natural variability that is observed in the genome of organisms even in the same 

population, therefore it is vital for the genomic data to be interpreted correctly to 

establish changes induced by contaminant effects (Denslow et al., 2012). Functional 

genomics, on the other hand, is the study of genes that are coded for and are 

transformed into mRNA; this is strongly connected to transcriptomics, which is the study 

of mRNA. This could facilitate understanding between damage to the genome and the 

effect it can have on the physiology of an organism.  

Transcriptomics is often seen in publications combined with genomics to establish the 

differently expressed genes in ecotoxicology (Suárez-Ulloa et al., 2013). There are 

various methods used for the analysis of expressed genes. This includes microarrays, 

Suppression Subtractive Hybridisation libraries (SSH) and RNA-seq (Diatchenko et al., 

1999; Horgan and Kenny, 2011; Glaus et al., 2012; Banni et al., 2017). Whilst microarrays 

analyses a pre-set combination of genes in one assay, RNA –seq is utilised because it is 

the complete analysis of all mRNA in a sample. The sheer amount of information 

received from RNA-seq compared to microarrays, however, may be overwhelming and 

requires a high amount of skill in regards to bioinformatics (Trapell and Salzberg, 2009). 
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One level up from mRNA is the translation of peptides and proteins, the analysis of these 

is defined as proteomics.  

Proteomics has been observed to identify proteins and relate them to a biological or 

molecular function, which can predict specific effects a contaminant can have on an 

organism (Table 1.4). Proteomics is more environmentally relevant than either genomics 

or transcriptomics, as the proteins produced could have a direct effect on phenotypical 

changes in an organism. This is beneficial for the understanding of interactions between 

contaminants and organisms and for the potential for predicting environmental impacts 

before negative effects occur at higher levels of biological organisation. The most 

recently developed omics approach is the analysis of metabolites (Suárez-Ulloa et al., 

2013). This method (metabolomics) therefore is limited in the literature in regards to 

aquatic toxicology (Ralston-Hooper et al., 2013; Schmidt et al., 2014; Chen et al., 2015; 

Gismondi et al., 2015; Melwani et al., 2016). However the interest in this field is 

increasing as it doesn’t require mapped genomes and doesn’t make any assumptions 

about the  importance of different metabolites (Campos et al., 2012). This approach has 

been seen a number of heavy metal contaminations on aquatic organisms (Wu and 

Wang, 2010; Kwon et al., 2012). This approach, however, does have the limitation of not 

understanding the mechanism of the effects contaminants have on a cell (Robertson et 

al., 2011). 

1.6.5 Techniques used in proteome analysis of aquatic organisms.  

The identification of proteins in the tissue of aquatic organisms can be achieved by 

various techniques. The conventional techniques includes separation of proteins 

through chromatography either ionic or size related (Ion exchange chromatography, IEC 

and size exclusion chromatography, SEC, Coskun, 2016). Another conventional method 
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is to utilise antibodies to select proteins of interest through western blots and enzyme-

linked immunosorbent assay (ELISA, Yang et al., 2017). These techniques are limited 

because only known proteins can be analysed, which increases the difficulty for these 

techniques to be used for aquatic organisms, as the majority of proteomes are not well 

established in comparison to the human proteome. In addition, these techniques are 

not robust enough to analyse protein expression levels (Bass et al., 2018).  

Advanced techniques are used to create a global insight into the proteomic changes 

within aquatic organisms and includes gel-based approach such as SDS-PAGE (sodium 

dodecyl-polyacrlamide gel electrophoresis) and 2D-PAGE (two-dimensional 

electrophoresis). These allow the separation of proteins, which can be used to identify 

protein size difference between different treatments, or the resulting proteins can be 

analysed further through mass spectrometry for identification. The majority of 

proteomics in ecotoxicology uses these advanced gel techniques to separate the 

proteins prior to further analysis of the particular proteins of interest (Table 1.4, Otto et 

al., 2014). Identifying proteins is useful in the field of ecotoxicology to find biomarkers 

of effect, such as the RNA binding protein, vasa, which was found when Saccostrea 

glomerata were exposed to Cd, Cu, Pb and Zn (Thompson et al., 2012).  

More recently, quantitative techniques have been used in ecotoxicology, which includes 

isobaric tag for relative and absolute quantitation (iTRAQ). The isobaric tags are used to 

label the N-terminus and side-chain amine groups of proteins, which then undergo 

fractionation and analysed through MS (Xie et al., 2011). Its primarily function is to 

identify and quantify proteins simultaneously. This is a more robust technique compared 

to the conventional and gel based techniques because it allows the identification of a 

multiplex of several samples, however, this technique increases the sample complexity 
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and demands more preparation to the original samples. iTRAQ has been applied to a 

number of ecotoxicological studies, which has determined the mitochondrial and 

digestive gland toxicity of Cd on Ruditapes philippinarum (Ji et al., 2019) and  the effect 

of Cu nanoparticles (CuNP) compared to CuSO4  (Wang et al., 2017). The use of Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway software and gene oncology (GO) 

annotations on iTRAQ data also shows the differentially expressed proteins (DEPs) were 

a result of different pathways in two pedigrees of clams exposed to Cd (Lu et al., 2019). 

This provides a greater understanding into the mechanisms of the exposures on aquatic 

organisms and indicates the requirement for multiple species and life stages to be used 

in proteomics.  

Mass spectrometry is the primary tool for protein identification for the majority of 

separation techniques, such as the gel based SDS-PAGE or the gel free iTRAQ. The MS is 

used to measure the mass to charge ratio (m/z), which can be used to determine the 

molecular weight of proteins (Aslam et al., 2017). This is comprised of three steps, the 

molecular transformation into gas-phase ions, separation of ion by m/z values in the 

presence of magnetic or electric fields and lastly the measurement of separate ions and 

the amount of each species with particular m/z values (Rubakhin and Sweedler, 2010). 

In the field of ecotoxicology the most common ionization technique is the matrix-

assisted laser desorption ionization (MALDI). It is highly sensitive, high throughput 

qualitative and quantitative technique (Chandramouli and Qian, 2009). The procedure 

includes crystallizing the sample of interest with a matrix on a metal surface where a 

laser ion source causes excitement of the matrix and sample, which are released into 

the gas phase (Medzihradszky et al., 2000). The use of this technique lead to the 

conclusion that M. galloprovincialis exposed to Cd induced immune and oxidative stress 

responses in larval and juveniles. The pathways to these alterations, however, differed 
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which indicates differences in stressor between the same species at different stages of 

the life cycle (Xu et al., 2016). It has also been used to determine the gill-bacteria 

complex of hydrothermal vent mussels (Bathymodiolus azoricus), exposed to Cd 

(Company et al., 2019). The low number of proteins expressed by the exposed B. 

azoricus indicates that this species may be well adapted to increased Cd concentrations 

and could therefore be investigated further for the analyse of the proteins linked to this 

tolerance.  

Liquid chromatography-mass spectrometry (LCMS) is a quantitative approach for 

proteomics, which has become increasingly popular in a wide range of biological 

applications (Bantscheff et al., 2007). This technique can be used to determine the 

identification of proteins from different separation techniques, i.e. gas phase 

fractionation (GPF) or SDS-PAGE. In Saccostrea glomerata exposed to a range of 

different metals, the SDS-PAGE separation technique identified more proteins, however, 

GPF had the capability to reproducibly identify low abundance proteins compared to 

SDS-PAGE separation (Muralidharan et al., 2012). This indicates that there is no set 

method when it comes to mass spectrometry and analysis should be conducted to 

coincide with the aims of the study. 

The advantage to LCMS compared to other MS techniques (i.e. MALDI) is that proteins 

are converted into peptides through enzymatic digestion; this allows the detection of 

numerous proteins that have similar m/z values. LCMS can either label the sample with 

stable isotopes or conduct the identification label free.  
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Table 1.4. Proteomic data from aquatic organism exposed to at least one metal. Abbreviations: DEP- differentially expressed proteins. ↑ - upregulated ↓ - 
downregulated.  

Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Anthropoda 

Daphnia magna 

Ag 
0.4, 1.2, 2.5 µg 

L-1 
24h  Whole organism 

2DE- 
MALDI-
TOF MS 

7 DEP 
Transport (x3). Metabolism. 

Binding (x2). Oxidative stress.  
Rainville et al., 

2014 
AgNP 

5, 15, 20, 30 
µg L-1 

10 DEP 

Daphnia magna 

Pb 27.85 mg L-1 

24h Whole organism 

2DE- 
MALDI-
TOF MS, 

LC20 

↑ - 6  

Transport. Cellular processes. 
Detoxification. Metabolism 

Le et al., 2017 
↓ - 44  

Atrazine 37.71 mg L-1 
↑ - 50  

↓ - 11  

Artemia sinica  Cu 300 mg L-1 24h Whole organism 
2DE- Ion 
trap-MS 

14 DEP.  

Transport. Stress response (x2). 
Cytoskeleton (x2). Metabolism. 
Biosynthesis. Oxidative stress.  

Zhou et al., 2010 

↑- 8   

↓ - 3  

2 newly 
expressed  

4 absent 

Gammarus 
fossarum 

Cd 0.3, 1, 3 µg L-1 

15d Gonads 
Nano-
LC/MS 

52 DEP 

Cytoskeleton (x6). Cytoplasm (x2). 
Transport. Stress response 

(x2).Binding. 
Trapp et al., 2015 Met 

0.001, 0.1, 10 
µg L-1  

58 DEP 

Pyr 
0.5, 5, 50 µg L-

1 
60 DEP 
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Eriocheir sinensis Cd  

50 µg L-1 3d 

Gill 
2DE, 

MS/MS 

6 DEP 
Cytoskeleton. Detoxification (x2). 
Binding 

Silvestre et al., 
2006 

500 µg L-1 30d 31 DEP 
Binding. Metabolism (x3). 
Catabolism (x3). Cytoskeleton (x3). 
Detoxification(x3) 

Echinodermata 

Apostichopus 
japonicus 

Cr 
58.27 mg kg-1 

(diet) 
10d Body wall 

TMT 
labelling, 

Nano-
HPLC-

MS/MS 

28 DEP 
Metabolism (x2). Binding (x2). 

Biosynthesis 
Li et al., 2019 

Mollusca 

Mytilus 
galloprovincialis  

Ag 

10 µg L-1 15d 

Gill 

2DE- 
MALDI-

TOF 

↑ - 38  

Cytoskeleton (x5). Stress response 
(x3). Oxidative stress (x1). 
Transcription (x1). Cellular 

processes (x1). Metabolism(x1) 

Gomes et al., 
2013 

↓ - 20  

Digestive gland 
↑ - 14  

↓ - 15  

AgNP, Ag 

Gill 
↑ - 65   

↓ - 16  

Digestive gland 
↑ - 43  

↓ - 21 

Mytilus 
galloprovincialis  

B[a]P 

10 µg L-1 7d Gill 
2DE- 

MALDI-
TOF-MS 

↑ - 41 

Transcription (x2). Cytoskeleton 
(x2). Stress response (x3). 

Metabolism (x2). Cellular processes 
(x4).  

Maria et al., 2013 

↓ - 56  

Cu 
↑ - 33 

↓ - 32  

B[a]P-Cu 
 ↑ - 45  

↓ - 50  
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Mytilus 
galloprovincialis  

Cu 

10 µg L-1  15d 

Gill 

2DE. 
MALDI-

TOF 

↑ - 15  

Cytoskeleton (x4). Transcription 
(x2). Oxidative stress. Metabolism 

(x2). Stress response (x4). 
Catabolism. Cellular processes 

Gomes et al., 
2014 

↓ - 30  

Digestive gland 
 ↑ - 71  

↓ - 37  

CuNP 

Gill  
↑ - 86  

↓ - 17  

Digestive gland 
↑ - 68  

↓ - 51  

Mytilus 
galloprovincialis  

Cd 50 µg L-1 48h 

Larvae 
2DE- 

MALDI-
TOF-MS 

↑ - 5  Cellular processes. Stress response 
(x6). Metabolism. Detoxification 

Xu et al., 2016 ↓ - 3  

Juveniles 
↑ -  4 Stress responses (x3). Transport. 

Cellular signalling (x4) 
↓ - 4  

Mytilus edulis Cu 

20 µg L-1 

24h Gill  
2DE, 

MELANIE ll 

14 DEP 

- 
Shepard and 

Bradley, 2000 

40 µg L-1 12 DEP 

60 µg L-1 7 DEP 

80 µg L-1 6 DEP 

Mytilus edulis 

Cu 70 µg L-1 

7d whole tissue  
2DE, 

MELANIE ll 

↑ - 5  

- 
Shepard et al., 

2000 

↓ - 18  

Aroclor  1 µg L-1 
 ↑ - 13  

↓ - 10  

Salinity 3 ppt 
↑ - 17  

↓ - 9  
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Perna viridis 

Cd 0.5 mg L-1 

14d 

Hepatopancreas 

2DE- 
MALDI-
TOF MS 

15 DEP 

Metabolism (x6). Cellular processes 
(x7). Transport. Oxidative stress. 

Transcription.  
Leung et al., 2011 

Adductor 
muscle 

6 DEP 

H2O2 2 mg L-1 

Hepatopancreas 2 DEP 

Adductor 
muscle 

7 DEP 

Bathymodiolus 
azoricus 

Cd 10.12 µg L-1 24h Gill 
2DE- 

MALDI-
TOF 

12 DEP  
Cytoskeleton. Metabolism (x7). 

Stress response (x3). 
Company et al., 

2019 ↑ - 6  

↓ - 6 

Patinopecten 
yessoensis 

Cd 
2.5, 5, 10, 20 

mg L-1 
24h Kidney 

2DE- 
MALDI-
TOF-MS 

13 DEP Gene regulation (x2), Transcription 
(x3). Cellular signalling. Metabolism 

(x4). Cytoskeleton 
Huang et al., 2011 

↑ - 11  

↓ - 2  

Ruditapes 
decussatus 

Cd 40 µg L-1 21d 

Gill 

2DE- micro 
LC/ESI/MS

/MS 

59 DEP  

Cytoskeletal (x6). Metabolism. 
Cellular processes. Oxidative stress 

Chora et al., 2009 

↑ - 15  

↓ - 5 (8-
fold) 

Digestive gland 

137 DEP  

↑ - 5  

↓ - 3 (8 
fold) 

Ruditapes 
philippinarum 

Cd 5, 50 µg L-1 35d 
Gill- 

mitochondria 
2DE- 

iTRAQ  
97 DEP 

Metabolism (x15). Cytoskeleton 
(x3), Stress response (x8) 

Ji et al., 2019 
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Ruditapes 
philippinarum - 

White 

Cd 200 µg L-1 48h Digestive gland 2DE-iTRAQ 

128 DEP  
Cellular signalling (x5). Metabolism 
(x8). Stress response. Catabolism 
(x2). Transcription. Cytoskeleton 

(x3). Biosynthesis 
Lu et al., 2019 

↑ - 71  

↓ - 57  

Ruditapes 
philippinarum - 

Zebra 

97 DEP  Metabolism (x2), Catabolism. 
Transcription, Cytoskeleton (x3), 

Biosynthesis ↑ - 46  

↓ - 51  

Ruditapes 
philippinarum 

Cd 20, 200 µg L-1 15d Soft body 
2DE- 

MALDI-
TOF-MS 

20 µg L-1:  

Cytoskeleton (x2).  

Liu et al., 2012 

↑- 15  

↓ - 9 

Perna viridis 200 µg L-1:  Cytoskeleton  

Saccostrea 
cucullata 

↑- 13  Cytoskeleton. Oxidative stress (x3) 

Chlamys nobilis ↓ - 8  - 

Saccostrea 
glomerata  

Cd, Cu, Pb, 
Zn 

5, 50, 100 µg 
L-1 

4d Haemolymph 
2DE- LC-
MS/MS 

5 µg L-1 -45 
DEP  

Stress response (x9). Biosynthesis 
(x6). Cytoskeleton (x6). Metabolism 

(x5).Transport (x3). Cellular 
signalling (x3). Oxidative stress  

Thompson et al., 
2012 

50 µg L-1 -
41 DEP  

100 µg L-1- 
43 DEP 

Cd- 34 
DEP. Cu- 
24 DEP 

Pb- 38 
DEP. Zn- 
33 DEP 



 74 

Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Saccostrea 
glomerata  

Zn 

100 µg L-1 96h Haemolymph 
2DE- Nano 
LC-MS/MS 

56 DEP 

Biosynthesis. Metabolism (x3). 
Cytoskeleton (x3). Gene regulation 

(2). Cellular processes (x2). 
Translation (x3).  

Muralidharan et 
al., 2012 

Cu 
Metabolism (x3). Cellular 

processes. Cellular signalling. 
Translation (x2). Gene regulation 

Pb 
Metabolism (x2). Translation (x13). 

Cytoskeleton (x3).  

Zn-Cu 
Metabolism (x3). Stress response. 

Translation (x2). Transcription 

Zn-Pb Catabolism. Translation 

Zn-Cu-Pb 
Metabolism. Cellular processes. 
Stress response. Cytoskeleton 

Crassostrea 
angulata 

Hg 1, 2 mg L-1 96h  gonads 
2DE & 

MALDI-
TOF MS 

13 DEP 
Binding (x9). Metabolism (x4). 

Cellular processes 
Zhang et al., 2013  ↑ - 6 

↓ - 6  

Crassostrea 
angulata 

Zn 500 µg L-1 30d 

Gonads- male 
Nano-
UPLC-

MS/MS 
225 DEP Transport (x6). Detoxification. 

Metabolism (x10).Translation. 
Gene regulation (x5). Biosynthesis 
(x3), Catabolism (x2).  Cytoplasm. 
Developmental. Stress response 
(x4), Cytoskeleton (x5), Binding 

(x4). 

Luo et al., 2017 

Gonads - female  211 DEP 
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Chamelea gallina 

Aroclor 

10 µg L-1 

7d Soft tissue 

2DE, 
MALDI-

TOF-MS. 
PMF 

↑ - 10  

Cytoskeleton (x4) 
Rodríguez-Ortega 

et al., 2003 

↓ - 7  

100 µg L-1 
↑ - 8  

↓ - 5  

1000 µg L-1 
↑ - 10 

↓ - 3  

Cu 

0.1 mg L-1 
↑ - 15  

↓ - 3  

1 mg L-1 
↑ - 6  

↓ - 3  

5 mg L-1 
↑ - 7  

↓ - 9  

TBT 

0.3 mg L-1 
 ↑ - 12  

↓ - 3  

1 mg L-1 
↑ - 5 

↓ - 8  

3 mg L-1 
↑ - 5  

↓ - 8  

As 

0.1 mg L-1 
↑ - 15  

↓ - 7  

1 mg L-1 
↑ - 8  

↓ - 8  

10 mg L-1 
↑ - 11  

↓ - 7  
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Crassostrea 
angulata 

Zn 500 µg L-1 30d 
Gonads- male 

Nano-
UPLC-

MS/MS 

225 DEP 

Transport (x6). Detoxification. 
Metabolism (x10).Translation. 

Gene regulation (x5). Biosynthesis 
(x3), Catabolism (x2).  Cytoplasm. 
Developmental. Stress response 
(x4), Cytoskeleton (x5), Binding 

(x4). 

Luo et al., 2017 

Gonads - female 211 DEP 

Nacella Concinna Pb 
0.12, 0.25 µg 

L-1 

12h 

Gill 
2DE-

MALDI-
TOF MS 

↑ - 8  

Cytoskeleton (x48). Metabolism 
(x25). Cellular processes (x9). 
Oxidative stress (x6). Cellular 

signalling (x4) 

Piechnik et al., 
2017 

↓ - 10  

24h 
↑ - 13  

↓ - 5 

48h 
↑ - 5  

↓ - 8  

168h 
↑ - 14 

↓ - 4  

Notarcus leachii 
cirrosus Stimpson- 

aplysiidae 

Cd 
20 mg L-1 24h 

Cerebral 
ganglian 

2DE- 
MALDI-
TOF-MS 

18 DEP 
Gene regulation. Cytoskeleton (x2). 

Binding (x13). Metabolism (x9). 
Catabolism (x4) Transport (x2). 

Cellular processes. Stress response. 

Zhang et al., 2016 

Pb 17 DEP 

Chordata 

Oncorhynchus 
mykiss 

Cu 50 µg L-1 3d Gill 
2DE- 

iTRAQ  

39 DEP Metabolism(x4). Cytoskeleton (x3). 
Stress response (x2). Binding (x2). 
Oxidative stress (x2). Translation 

and transcription (x15). Transport 

Eyckmans et al., 
2012 

Cyprinus carpio 43 DEP 

Carassius auratus 
gibelio 

40 DEP 
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Cottus gobio Cd 1 mg L-1 4d Gill 
2DE- 

Nano-LC-
ESI-MS/MS 

52 DEP 

Cellular processes (x9).Catabolism 
(x3).Biosynthesis (x4). Metabolism 

(x5). Cytoskeleton (x9). Cellular 
signalling (x3). Binding (x2).  

Dorts et al., 2014 

Sparus aurata Cu 0.5 mg L-1 56 d Serum 
2DE- RP-

LC-MS/MS 

↑ - 10  
Transport, Detoxification. 

Biosynthesis. Metabolism (x4). 
Binding (x4) 

Isani et al., 2011 

↓ - 2  

Oryzias latipes Cu 0.1, 1, 5 mg L-1 24h Whole organism 
2DE- 

MALDI-
TOF MS 

100 DEP 
Transcription. Metabolism. Stress 

response (x2). Cytoskeleton 
Kim et al., 2007 

Gadus morhua MeHg 
2 mg kg-1 body 

weight 
(injected) 

14d Liver 
2DE & 

MALDI-
TOF/MS 

35 DEP Transport (x5). Catabolism. 
Biosynthesis. Metabolism. Stress 

response. Cytoskeleton (x4). 

Karlsen et al., 
2014 ↑ - 23  

↓ - 12  

Epinephelus 
coioides 

Cu 2.4 mg L-1 
24h Liver iTRAQ  

354 DEP 
Cellular processes (x4). Transport 

(x9). Metabolism (x6). Cellular 
signalling. Biosynthesis. Catabolism 

(x4). 

Wang et al., 2017 

CuNP 2.4 mg L-1 140 DEP 

Paralichthys 
olivaceus 

Cd 10 mg L-1 24h Brain 

2DE- 
MALDI-

TOF/MS-
PMF 

24 DEP 

Cytoplasm (x4). Metabolism (x2). 
Cellular signalling 

Zhu et al., 2006 

↑ - 9  

↓ - 9  

2 high 
expression  

4 low 
expression 
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Species Chemical Concentration 
Exposure 

Time 
Organs Endpoint Results Identified proteins Reference  

Paralichthys 
olivaceus 

Cd 10 mg L-1 24h Gill 

2DE - 
MALDI-

TOF-MS. 
PMF 

18 DEP  

Stress response (x2). Transport. 
Binding (x2). Cytoskeleton. 
Metabolism. Biosynthesis 

Ling et al., 2009 

↑ - 2  

↓ - 1  

7 low 
expression  

8 high 
expression

.  

 

Endpoint abbreviations: 2DE- Two dimensional electrophoresis, MS-Mass spectrometry, MALDI-TOF/TOF MS-Matrix assisted laser desorption/ionisation-Time of 

flight mass spectrometry, LCMS- Liquid chromatography-mass spectrometry, TMT- Tandem mass tag, HPLC-High pressure liquid chromatography, ESI- Electrospray 

ionization, iTRAQ- isobaric tag for relative and absolute quantification, PMF- Protein mass fingerprinting, UPLC- ultra performance liquid chromatography, RPLC- 

reverse phase liquid chromatography. 
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The label free approach facilitates broader proteome coverage, whereas the stable 

isotopes presents the capability for higher quality precision (Peterson et al., 2012). With 

the use of LCMS, accumulation of Zn in Crassostrea angulata was found to be associated 

with the upregulation of Zn-transporting and Zn-binding proteins (Luo et al., 2017). This 

allows for the development of these proteins as biomarkers for the increased 

accumulation of Zn in environmental scenarios. Proteomics in ecotoxicology is a 

promising field, which could lead to further understanding into the effects of 

contaminants on organisms and furthermore guide regulation into the protection of the 

aquatic environment.  

1.7 Main hypotheses of this project 

In light of above information and recent developments in the boarder field of 

ecotoxicology, the main hypothesis to be probed in this PhD programme is 

summarised below: 

 Exposure to marine mussels at environmentally relevant concentrations of 

metals and radionuclides, alone or in combination will show significantly higher 

levels of molecular and physiological damage than that of single compound 

exposures. 

 There is a threshold dose and dose rate for chronic beta radiation, above which 

effects occur in target species at different levels of biological organisation. 

 Metals (stable elements), either alone or in combination induce similar effects 

and, in combination, modify the impact of the ionising radiation. 

 Body burdens and tissue specific accumulation of radionuclides and metals are 

linked with observed biological effects in a tissue specific manner. 
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 Molecular and tissue level effects (including proteome analyses) will help to 

identify the most sensitive target organ to improve environmental monitoring. 

It is important to understand the effect combinations of contaminants have on marine 

organisms to accurately protect the environment. Regulations focus on single exposure 

assessments, which may not represent the complexity these organisms are subjected 

to. The present thesis aims at investigating whether single contaminant research are 

over or underestimating the impact combinations have on a sentinel marine species, 

Mytilus galloprovincialis. 

1.8 Aims and Objectives  

Overall aims and objectives of this project are summarised below: 

1. Assess the effects of environmentally relevant concentrations of metallic 

contaminants (i.e. copper- Cu and lead- Pb) on marine mussels, either alone or 

in combination using a range of endpoints at different levels of biological 

organisation. 

2. Establish the effects of chronic exposure of tritium, as an environmentally 

relevant radionuclide using a variety of endpoints, in combination with the 

reference metallic contaminants (i.e. Cu and Pb). 

3. Determining the potential tissue specific differences for protein profiles in the 

target species (i.e. M. galloprovincialis) following exposure to metals and 

radionuclides, either alone or in combinations.  

4. To utilise multivariate analyses to investigate the more traditional endpoints to 

establish their use as biomarkers in M. galloprovincialis exposed to combinations 

of Cu, Pb and HTO. 
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Chapter 2 –               

Materials and Methods 
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The photo on the previous page shows the “clean” reference site the marine mussels were 

collected from (Trebarwith Strand, Cornwall, UK). 
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2.1 Mussel collection and maintenance 

 Mytilus galloprovincialis were collected by hand from Trebarwith strand (TBS), a 

reference ‘clean’ site located in North Cornwall (Latitude 50 64’ 10” N, longitude 4 75’ 

09” W). M. galloprovincialis byssal threads were cut to detach them from the rocky 

shore, as described in Dallas et al. (2018). They were then stored in a temperature-

controlled box (10oC) and transported to the laboratory (approximately 2 h) (Fig 2.1). 

They were left to acclimatise in a 75 L aquarium with 55 L of twice filtered seawater from 

Plymouth Sound (polypropylene, pore size 5 µm and 1 µm, Flow-Pro product, Inc., 

Illinois, US) and aerated at 15oC. They were allowed to acclimatise in the 75 L aquarium 

for a minimum of two weeks prior to experimental exposure periods. During the 

acclimatisation period, M. galloprovincialis were fed three times a week with Isochyrsis 

galbana algae (~1.05 x 106 cells ml-1, Reed mariculture, Campbell, CA, USA). Followed by 

a 100% water change 2h after feeding (Vernon et al., 2018).  

To ensure sample species homogeneity, previous studies from our laboratory had 

confirmed that mussels collected from this site to be M. galloprovincialis (Dallas, 2013). 

This used the methods of Inoue et al. (1995), utilising polymerase chain reaction (PCR) 

primers to amplify a specific region of a DNA strand, in this case a variable region of the 

Glu-5’ gene (GenBank accession no. D63778). Amplification of the DNA occurs at 180 

base pairs for Mytilus edulis and 126 bp for Mytilus galloprovincialis, with amplification 

of both bands indicative of a hybrid individual. Results from the PCR showed no M. edulis 

or hybrid individuals from this collection site (Pearson et al., 2018; Dallas PhD thesis, 

University of Plymouth, 2013).  
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Fig 2.1 Map to show location of collection sites for M. galloprovincialis (Trebarwith, Cornwall) 
and their transportation to the University of Plymouth. 

 

Individual exposure, unless stated, consisted of feeding M. galloprovincialis 50 μl-1 of I. 

galbana at a concentration of approx. 2 x 106 cells ml-1 per day, followed by a 100 % 

water change. This allowed optimal water quality throughout the exposure whilst still 

allowing the M. galloprovincialis filtration capacity to be observed (by colour change). 

During the exposure each beaker held two M. galloprovincialis with 1.8 L of filtered 

seawater (15oC) which was supplied with a continuous flow of air. 
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2.2 Water quality testing 

Throughout the holding and exposure periods, water quality parameters (i.e. salinity, 

dissolved oxygen, temperature and pH) were checked. These parameters were 

measured before and after water changes using Hach HQ 40D Multi-meter (hach-Lange, 

Dusseldorf, Germany). Ammonia, nitrite and nitrate were measured using HI 3893 

Aquarium test kit according to the manufactures instructions (Hanna Instruments, 

Woonscoket, RI, USA).  

 

2.3 Metal analyses 

2.3.1 Tissue preparation 

For the analysis of metal content in M. galloprovincialis tissues (i.e. digestive gland, gill 

and mantle) were dissected, washed with distilled water (DI) and weighed. They were 

then dried at 60oC until a constant weight was achieved. Accuracy was confirmed using 

a certified reference material of oyster tissue (NIST 1566b). The tissues were digested 

with 1 ml of concentrated nitric acid (70 %) and incubated in a water bath at 70oC for 4 

hours, or until fully digested. The samples were then diluted DI to 5 ml to give a final 

nitric acid concentration of 14 % and were kept at room temperature in the dark until 

analysed.  

2.3.2 Water sample preparation  

Seawater from the exposure tanks/beakers were thoroughly mixed and 1 ml sample 

were collected. This 1 ml sample was diluted with 4 ml of 2% nitric acid. The samples 

were then kept at room temperature (20oC) in the dark until analysis was performed. 
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2.3.3 ICP-MS analyses 

Inductively coupled plasma- mass spectrometry (ICP-MS) is an instrument-based 

technique to detect metals (and a few non-metals) in environmental samples. 

Dependant on the analyte, concentrations as low as one part in 1015 (parts per 

quadrillion, ppq) can be detected. Analyses of metals in water and M. galloprovincialis 

tissue samples were performed as described in detail by previous studies (Dallas et al., 

2013; Pearson et al., 2018). Briefly, both types of samples (tissue and water) were 

analysed using an X Series II ICP-MS (both Thermo Fisher Scientific Inc., Waltham, MA, 

USA) using PlasmaLab software. Standards were matrix matched with the samples. The 

instrumental drift was monitored by internal standards including 40 ppb of iridium and 

indium in all samples and standards. These elements were selected due to the negligible 

concentrations in the marine environment and their low interference with seawater. 

Each sample was run through the ICP-MS instrument in triplicates, along with procedural 

blanks.  

 

2.4 Liquid scintillation counting (LSC) for the determination of 

radioactivity  

Procedures of radiation protection was adopted with the guidance of the Radiation 

Protection Supervisor (RPS) for the University of Plymouth. The experiment was 

performed in the University of Plymouth’s Consolidated Radioisotope Facility (CORiF) or 

in designated controlled spaces. All required precautions were taken to minimise the 

exposure of tritium (3H or HTO) used in this study to researchers and colleagues. Local 

rules and other radiation protection documents are included as Appendix 1. 
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2.4.1Tritium detection in water samples 

Liquid scintillation counting (LSC) was used to determine the radioactivity of liquid 

samples and is utilised for the measurement of beta emitters (Valkovic, 2000). The 

methodologies have been routinely used in our laboratory conditions (Hagger et al., 

2005; Jha et al., 2005; Dallas et al., 2018; Pearson et al., 2018; Vernon et al., 2018; 

Vernon and Jha, 2019). Briefly, to determine tritium activity in water, 2 ml of thoroughly 

mixed seawater was added to 8 ml of liquid scintillation cocktail (UltimaGold, Perkin 

Elmer Inc. Cambridge, UK). It was further mixed and left in the dark for 2 h prior to 

counting in a LS 6500 liquid scintillation counter (Beckman Coulter Inc., Brea, CA, USA) 

to a fixed precision of 5 %. The liquid scintillation cocktail is a solvent containing organic 

phosphor, which emits a pulse of light when excited by beta radiation (Fig 2.2). The light 

is then detected by photomultiplier tubes and converted to a count of radioactivity, i.e. 

disintegrations per minute (dpm) for the samples used. 

 

Fig 2.2 Diagram of fluorescence emission in scintillation counting. 
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2.4.2 Determination of tritium in tissue 

To measure the radiation dose received by M. galloprovincialis, dissected tissues were 

separated into groups of the sample organs (i.e. gill, mantle, digestive gland) and freeze-

dried until a constant pressure was achieved (~72 h). The samples were then weighed 

and rehydrated with 100 μl of distilled water and incubated for 10 min at 20oC. Soluene-

350 was used to solubilise the tissue for at least 48h at 50oC or until full solubilisation 

occurred. The samples were bleached with hydrogen peroxide (H2O2) in accordance to 

Dallas et al., (2012) to reduce colour quench from the pigmented samples. This was left 

at 30oC for 30 min, then 50oC for 30 mins to degrade the H2O2. Liquid scintillation cocktail 

(10 ml) was then added and acidified with 100 μl of glacial acetic acid.  Samples were 

transferred to the liquid scintillation counter (LS6500, Beckman Coulter Inc., Brea, CA, 

USA) and incubated at room temperature in the dark for 2 h prior to the start of 

counting. As mentioned previously, counting was set to a fixed precision of 5 % (Fig 2.2). 

 

2.5 Haemolymph extraction for the study of biological responses  

Haemolymph in invertebrates is the equivalent to blood in mammals. It contains plasma 

fluid and cells called haemocytes along with a number of different proteins and salts 

(Martínez-Pita et al., 2012). M. galloprovincialis have an open circulatory system, and 

haemolymph is extracted from the posterior adductor muscle (Fig 2.3.b). To obtain 

haemolymph, firstly valves were gently opened with scissors inserted into the byssal 

gap; seawater was allowed to drain completely onto absorbent paper. Haemolymph was 

then extracted using a 21 gauge hypodermic needle into a 1 ml syringe. The average 

volume being extracted was ~300-500 μl. After extraction, the needle was removed 
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from the syringe and haemolymph was stored on ice in a siliconized Eppendorf until 

used.  

 

Fig 2.3. Haemolymph extraction via the posterior adductor muscle. (1) Set up: M. 
galloprovincialis, 1 ml syringe, 21 gauge needle, and scissors. (2) Insert scissors into byssal gap 
(marked by (a)). (3) Allow seawater in the cavity to drain. (4) Insert needle with syringe into the 
posterior adductor muscle, extract haemolymph. 

 

2.6 Mussel dissection  

The dissection of M. galloprovincialis was used to obtain individual organs for ICP-MS 

analyses, tritium determination, glutathione activity, protein carbonyl content (PCC) and 
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proteomics study. Fig 2.4 shows the step by step procedure to separate the main organs 

and Fig 2.5 shows identifications of each M. galloprovincialis organ used in the studies. 

 

Fig 2.4. Dissection of M. galloprovincialis. Set by step dissection for the use of individual organs 
(1) Set up of the dissection, this includes: mussel, scalpel, forceps and scissors. (2) Scissors were 
inserted into the byssal gap and scalpel was used to cut the mussel posterior adductor muscle. 
(3-4) foot of the mussel was located and removed, (5-9) the white muscle, digestive gland (c), 
gill (d), mantle (e) and adductor muscle was then removed. (a) foot, (b) muscle, (c) digestive 
gland, (d) gill, (e) mantle. 
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Fig 2.5. Individually dissected organs (A) Gill, (B) mantle, (C) foot, (D) digestive gland, (E) adductor 
muscle, (F) other and (G) mussel shells. 

 

 

2.7 Application of comet assay to determine DNA strand breaks 

Comet assay (also known as single cell gel electrophoresis) was first optimised by Ostling 

and Johanson (1987) and has been used to detect DNA strand breaks since in many 

different scientific fields, such as human biomonitoring (Somorovská et al., 1999), 

cancer research (He et al., 2014) and ecotoxicology (Dixon et al., 2002; Jha, 2008). There 



- 146 - 
 

are various methodological developments for the assay to detect DNA single, double 

strand breaks and alkali labile sites using this assay (Collins et al., 2008) 

 

Fig 2.6. Basic steps of the alkaline comet assay 

 

The characteristic comet like shapes are produced by DNA strand breaks due to the 

negativity charged smaller strands of broken DNA moving away from the main 

supercoiled body of DNA and toward the anode during electrophoresis (Collins, 2004). 
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The methodology used for this comet assay was modified from Jha et al. (2005). The 

basic steps of the assay is summarized in Fig 2.6. Briefly, to start, microscope slides were 

coated with normal melting point agarose (NMPA- 1.5% in Tris-acetate-EDTA buffer 

(TAE)) and left to dry for 12h at room temperature. Haemolymph was extracted (via the 

protocol found in Section 2.4) and cell viability was determined by adding 10 µL of 

PrestoBlue™ into 90 µL of haemolymph, incubating at 37oC for 20 min then reading in a 

plate reader at 570 nm. PrestoBlue™ is a resazurin-based solution that uses the reducing 

power of living cells to measure quantitatively the proliferation of cells. When it is added 

to living cells, it reduces, turning red and becoming fluorescent, which can be measured. 

Once cell viability was checked, 150 μl of haemolymph was centrifuged at 3000 rpm (350 

g) at 4oC for 2 min. The supernatant was then discarded and the pellet in the Eppendorf 

was re-suspended in 150 μl of low melting point agarose (LMPA 0.75 % in phosphate-

buffered saline (PBS)). Two 75 μl drops of the agarose-cell suspension were placed on a 

NMPA coated slide (i.e. two replicates per slide) and a coverslip was placed over each 

drop. The LMPA gels were left to solidify at 4oC (~20 min).  

Once solidified the coverslips were removed and the slides were immersed into lysis 

buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris base, 1% N-lauryl-sarcosine, 1% Triton X-

100, 10% DMSO, pH adjusted to 10 with NaOH) and left in this solution for at least 1h at 

4oC. After the lysis was complete the slides were transferred into an electrophoresis tank 

and submerged in electrophoresis buffer at 4oC (1 mM EDTA, 0.3 M NaOH, pH 13). The 

DNA was allowed to unwind for 20 min in the tank with no current passing through it. 

After the 20 min unwinding period electrophoresis was carried out for 20 min (~1 V/cm). 

Slides were then transferred into a neutralisation buffer (0.4 Tris, adjusted to pH 7 with 

HCl) for 10 min, rinsed with dH2O and left to dry at room temperature overnight. Slides 
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were scored within 1 week of the electrophoresis step. Ethidium bromide (20 μg/ml) 

was then added to each micro gel to stain the DNA. The DNA was scored with use of an 

epifluorescence microscope (DMR; Leica Microsystems, Milton Keynes, UK).  Cells (50 

cells per microgel, 100 per slide) were quantified using the Comet IV imaging software 

(Perceptive Imaging, Bury St Edmunds, UK) software (Vernon and Jha, 2019). The 

software provides results for different parameters, % Tail DNA (tail intensity) was 

considered the most reliable to present the results (Kumaravel and Jha, 2006). Examples 

of comet formations using the software can be seen in Fig 2.7. 

 

 

Fig 2.7. The characteristic comet like shapes are produced in cells with high amounts of DNA 
breakages due to the negativity charged DNA moving away from the main body of DNA (i.e. 
nucleus due to smaller broken size). An undamaged cell can be seen in A, and a damaged cell is 
visulaised in B. 
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2.8 Validation of comet assay using hydrogen peroxide  

Hydrogen peroxide (H2O2) is a well-known genotoxic agent, used in a number of 

genotoxic studies with Mytilus spp. (Wilson et al., 1998; Cheung et al., 2006) but also in 

a vast variety of other aquatic organisms (Lee and Steinert, 2003). Hydrogen peroxide 

has been used for validation of comet assay in numerous studies (Henderson et al., 

1998; Wilson et al., 1998; Dallas, 2013).   

For this validation five concentrations of H2O2 were used including a control (0, 0.17, 1.7, 

17, 34 mg L-1), using four M. galloprovincialis for each concentration (overall 20 M. 

galloprovincialis) as described previously (Cheung et al., 2006; Dallas, 2013). Briefly, 

haemolymph was extracted using the method previously described in Section 2.5 and 

stored on ice in Eppendorfs until used. 150 μl of haemolymph was centrifuged at 350 g 

(G-force) for 2 min at 4oC, the supernatant was then discarded and 100 μl of hydrogen 

peroxide was added (dH2O for control samples) and left for 30 min at 4oC covered from 

light sources. After the in vitro exposure to H2O2 the samples were once again spun at 

the same g and duration, with the supernatant discarded. The methodology for comet 

assay (Section 2.6) continued for the remaining steps.  

All hydrogen peroxide concentrations produced a significant increase in percentage tail 

DNA compared to the control (Fig 2.8.). A significant dose-dependent increase was 

observed between 0.17 and 17 mg L-1 and 0.17 and 34 mg L-1 hydrogen peroxide 

(p<0.001). This validates this procedure for the analysis of genotoxic compounds later in 

these studies.  
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Fig. 2.8. Percentage tail intensity in M .galloprovincialis haemocytes following in vitro exposure 
to hydrogen peroxide. Error bars are ± one SE. Different lower case letters indicate significances 
between treatment groups (p<0.05) (One way ANOVA and Tukey post hoc test). 

 

2.9 Micronucleus assay  

The micronucleus (MN) assay was developed in 1959 (Evans et al., 1959) but more 

commonly used in the 1970s (Schmid, 1975; Countryman and Heddle, 1976). 

Micronuclei are chromosomal fragments that develop when whole chromosomes are 

unable to migrate to the cell spindles. A separate “micro” nucleus is formed close to the 

main nucleus structure (Fig 2.9). The MN assay has since been used to assess the effect 

of environmental pollutants on aquatic organisms (Bolognesi and Hayashi, 2011). 

Marine bivalves, such as the species Mytilus, have been suggested to be excellent 

bioindicators for monitoring environmental health using the MN assay (Dallas et al., 

2018). Haemolymph of M. galloprovincialis was used in this assay as it is frequently 

utilized for MN determination (Bolognesi and Hayashi, 2011). 
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Fig 2.9 Formation of micronuclei in dividing cells. 

A drop of haemolymph (50 µl) was placed on one side of a microscope slide, another 

slide was then used to draw the liquid over the rest of the slide in a thin, feather edged 

layer. The slides were then left to air dry at room temperature for 20 min to allow cells 

to adhere to the slide. Slides were then fixed by immersing in ice cold carnoy’s solution 

(75 % methanol, 25 % acetic acid) for 20 min. The fixed slides were then drained, covered 

and allowed to dry overnight at room temperature, before staining with 20 µg/ml 

ethidium bromide. Slides were coded and randomised before scoring and 1000 cells per 

slide were scored. Criteria for classification of micronuclei were as follows (Countryman 

and Heddle, 1976): Diameter less than one third of the main nucleus but more than one 

tenth, no contact with nucleus (absence of chromatid bridge), colour and texture 

resembling the nucleus, spherical cytoplasmic inclusions with sharp contour. Fig 2.10 

shows examples of different micronucleus. (A) Single micronucleus; (B) Pair of 
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micronuclei, one located close to main nucleus; (C)Pair of micronuclei, located close to 

each other; (D) Binucleate cell; (E) Nuclear ‘bleb’, still attached to main nucleus, and 

cytoplasmic inclusion with inconsistent colour from main nucleus; (F) non-spherical 

cytoplasmic inclusion with indistinct border. 

 

 

Fig 2.10. Classification of micronuclei as valid or invalid as determined by the criteria of 
Countryman and Heddle (1979). 
 

2.10 Acetylcholinesterase assay 

Acetylcholinesterase is the main form of cholinesterase found in most organisms, 

including the Mytilus genus; its function is to break down the neurotransmitter 

acetylcholine. This transmitter is released at the end of a neurological synapse to cross 

the barrier between neurones to allow for electrical stimuluses to be passed throughout 

the organism. It is vital for the continual transmission of electrical impulses along the 

nervous system.  
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Fig 2.11. Basic steps for the determinantion of acetylcholinesterase activity using haemolymph 
of M. galloproviniclais. 

 

Acetylcholine is normally broken down by enzymes to prevent continuous stimulation  

of the post-synaptic node, increase nerve impulses (Quinn, 1987). The most abundant 

enzymes that break down acetylcholine in organisms are cholinesterase enzymes, aka 

acetylcholinesterase. The abundance of this enzyme, therefore, provides a good 
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biomarker for the neurological health of an organism (Pfeifer et al., 2005). Assessing the 

activity of acetylcholinesterase has been adapted from Ellman et al. (1961) and either 

increases or decreases in acetylcholinesterase can be an indication of poor health 

(Galloway et al., 2002).  

Haemolymph was extracted (see “Haemolymph extraction”, Section 2.5.) and placed on 

ice. The protein content was estimated for the haemolymph by the Micro BCATM Protein 

assay kit (ThermoFisher Scientific). Samples were diluted to a ratio of 1:150 

(sample:dPBS), the samples were then added to a 96 well plate with an addition of 

working solution (Mixing reagent A, B and C at a ratio of 25:24:1). Each sample had three 

replicates. These samples were then incubated at 37ºC for 2 h. Once incubation period 

was over the samples were cooled to room temperature then the absorbance was 

measured at 562 nm using the plate reader (VersaMax Microplate reader USA, SoftMax 

Pro 5.4). The original haemolymph was spun in a centrifuge for 10 min at 15,000 g, and 

then 20 μl was transferred into a 96-well plate, making sure each sample has at least 

three replicates (using dH2O as blanks). Buffered Dithiobis(2-nitro-benzoic acid) (0.01 M 

DTNB in 0.1 M potassium phosphate buffer (pH 7), dilute DTNB/potassium phosphate 

buffer (pH 7) in 0.1 M potassium phosphate (pH 8) at a ratio of 1:39.) was added into 

each well and left at room temperature for 5 min. Acetylthiocholine iodine (7.47 μM) 

was added to each well then mixed. Absorbance was read at 412 nm for at least 5 min 

(VersaMax Microplate reader USA, SoftMax Pro 5.4). An outline of this technique can be 

seen in Fig 2.11. 
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2.11 Total glutathione activity  

Glutathione (GSH) is an antioxidant enzyme found in plants animals and some bacteria. 

It is known as a scavenger molecule that prevents damage induced by reactive oxygen 

species (ROS). This is possible by the oxidation of reduced GSH into oxidised glutathione 

(GSSG), donating two hydrogen and electrons (Birben et al., 2012). These donated 

electrons act as a stabilizer for ROS, preventing these molecules from damaging cellular 

elements. An increase in GSH has been found to occur in tissue activity inhibiting 

xenobiotics as a protective measure (Forman et al., 2009).  

Total glutathione actively was based on the cyclic reduction assay of Owens and Belcher, 

(1965) with alterations. RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS (sodium 

dodecyl sulfate), 0.5% sodium deoxycholate, 1% Triton X100, pH 7.4) was added into 

digestive gland and gill tissue samples. The samples were then homogenised using a 

mechanical homogeniser (x520D, Bennett Scientific Ltd, Devon, UK), and centrifuged at 

13,000 g for 20 min. Supernatant was kept stored at -80oC, until use. Samples were 

diluted with assay buffer (100 mM potassium phosphate, 5 mM EDTA pH 7.4) dependant 

on tissue type, gills were diluted 1:2 and digestive gland 1:5 (sample: assay buffer). The 

diluted sample/standard was then mixed 1:1 with buffered DTNB (100 mM potassium 

phosphate, 5 mM EDTA, 10 mM DTNB) and placed on ice until use. Samples (40 μl) were 

transferred to a 96 well plate, along with 210 μl of glutathione reductase solution (0.6 

U, Sigma G-3664 from Saccharomyces cerevisiae, in assay buffer). After equilibration for 

1 min the reaction was started by adding 60 μl of NADPH (1 mM, Melford, Ipswich, UK) 

dissolved in assay buffer and the absorbance recorded at 412 nm over 20 min using a 

plate reader (VersaMax Microplate reader USA, SoftMax Pro 5.4). In each run there was 
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a blank (buffer) and a standard (20 μM reduced glutathione) to calibrate the results. 

Samples were measured in triplicate and total glutathione  

 

2.12 Protein carbonyl content 

Proteins are major targets for oxidation through ROS for a few reasons, including the 

high concentration and turnover rate of proteins in the cell (Davies, 2016). Carbonyl 

groups are formed by the oxidation of the proteins or through the oxidative cleavage of 

the proteins (Dalle-Donne et al., 2003). Protein carbonyl (PC) are chemically stable, 

therefore has been used as a marker for detection of possible oxidative damage in a 

number of species including, humans, mammals, birds, fish and invertebrates (Vázquez-

Medina et al., 2007; Tabassum et al., 2016; Bouallegui et al., 2018; Cui et al., 2018; 

Padmavathi et al., 2018). As mentioned previously, oxidative damage to biomolecules 

could lead to a decrease in the health of organisms. Protein carbonyls have been 

observed to have a more detrimental effect at higher levels of organisation due to their 

extensive role in cellular operations i.e. enzymatic reactions, as carrier or structural 

proteins (Davies, 2016).  

Carbonyl content of digestive gland and gill tissues of mussels were measured using 

Protein Carbonyl Content Assay Kit (Sigma-Aldrich, MAK094). The protocol was 

performed using the vendors instructions and has previously been utilised in studies 

with humans, fish and aquatic invertebrates (Arif et al., 2018; Miranda-Cruz et al., 2018; 

McRae et al., 2019). Buffer was added to the tissue (300 mM sucrose, 20 mM HEPES, 0.1 

mM EDTA, pH 7.8) and mechanically homogenised (x520D, Bennett Scientific Ltd, Devon, 

UK). The samples were then centrifuged at 13,000 g for 20 min. Carbonyl content of the 

supernatant was measured using a spectrophotometer (VersaMax Microplate reader 

USA, SoftMax Pro 5.4) at 375 nm by adding 2,4-dinatrophenylhydrazine (DNPH) and 
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Guanidine solution. Dinitrophenyl (DNP) hydrazine adducts were then detected using a 

plate reader following vendor instructions. The protein content of each sample was 

determined using the BCA assay. 

 

2.13 Proteomics  

Proteomics is the analysis of protein content in a specific tissue or cell of an organism 

(Monsinjon and Knigge, 2007). It has been a developing analytical tool in ecotoxicology 

in the last decade (Tedesco et al., 2010; L. Xu et al., 2016), however as the techniques 

develop a more detailed evaluation of protein content is attainable. The new methods 

rely on gel-free analyses using Liquid Chromatography-Mass Spectrometry (LC-MS) and 

the use of bioinformatics to analyse the output to determine changes in protein content 

from organisms exposed to contaminants and those which are not exposed, both under 

laboratory and field conditions (Maria et al., 2013; L. Xu et al., 2016; Ji et al., 2019; Lu et 

al., 2019) 

In the present work, the digestive gland and gills of M. galloprovincialis following 

exposure to different contaminants were dissected, snap frozen in liquid nitrogen and 

stored at -80oC until use. For protein extraction, the tissue was homogenised with RIPA 

buffer (see Section 2.11). The protein content of the samples were determined by Micro 

BCATM Protein assay kit (ThermoFisher Scientific). Samples were diluted with dPBS to a 

ratio of 1:150 (Sample: dPBS) and a working solution was prepared by mixing reagent A, 

B and C to the ratio of 25:24:1 provided by the Micro BCA kit. Samples were added to a 

96-well plate in replicates of 3, and working reagent added, mixed and incubated at 37oC 

for two hours. After the incubation period the samples were cooled to room 

temperature and absorbance was measured at 562 nm as vendor instructions (Smith et 

al., 1985; Lin et al., 2004; Barranger et al., 2019).  
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SDS gels were performed as a quality check to visualise the extracted proteins. Sample 

supernatant was diluted to 10 μg of protein with 1x sample buffer (Bio-Rad) to a volume 

of 28 μl. Reducing buffer (1.5 μl) and 4x sample buffer was added up to the volume of 

40 μl and kept at room temperature. Samples were centrifuged for 5 min at 15,000 g, 

and heated at 90oC for 5 min. Running buffer (BioRad) was added to a electrophoresis 

tank along with up to two precast gels (Criterion, 12 %  gels). Protein standard ladder 

was added to the first well and 35 μL of samples were added into each sequential well. 

Electrophoresis was carried out at 50 V for 30 min then 100 V until samples completely 

ran off the gel. Gels were stained with Instant blueTM (Expedeon, Cambridgeshire) for 

12h, then destained with dH2O.  

Once visualisation was complete the extracted proteins were then processed for LCMS 

analysis. Proteins were digested based on the Filter Aided Sample Preparation (FASP) 

protocol outline in Wiśniewski et al., (2009) with minor alterations. Samples containing 

50 μg of protein, which were previously solubilised in SDS, were exchanged onto a 

filtration units with a 30 KDa cutoff (Amicon, Merck Millipore, Hertfordshire, UK) using 

8M Urea, in 0.1 Tris-HCL. Trypsin (5 μl) was added to each sample to aid digestion of 

proteins on filtration units for 18h at room temperature. Samples were centrifuged with 

500 mM sodium chloride to wash the column and acidified with 5 % trifluroacetic acid 

(TFA) and stored at -80oC. Samples were desalted and purified using the Stop-and-go-

extraction (STAGE) tip procedure using C18 Empore Disks (Rappsilber et al., 2003). 

Tryptic peptides were analysed using LC-MS. 

2.13.1 Data analysis  

Known proteins from the class “Bivalvia” were exported from an online protein 

database (uniprot.org), these sequences were ran through the software (Omicsbox) and 
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sequenced. Once the blast, mapping and annotations were completed it was saved as a 

reference set (Dondero et al., 2010).  

The data obtained by the LCMS was first connected with known Bivalvia proteins from 

uniprots.org with the software, Maxquant (Campos et al., 2016; Bassiri et al., 2017; 

Domínguez-Pérez et al., 2018). The resulting output was ran through Omicsbox along 

with the known annotations to form a sequence list of all proteins identified in the 

experimental samples. Once the annotations were complete, the output was uploaded 

in the software, Perseus. The data were transformed, filtered and assessed for 

significant protein up and down regulation using the statistical tests, ANOVA, Tukey 

pairwise comparison. The resulting information identified significant alterations of 

proteins between the treatment groups and controls. The proteins that had fold changes 

between the combined exposures and the single exposures were calculated using the 

upper and lower 25% quartile. Enrichment analysis in the form of the Fishers Exact Test 

were then performed on the resulting proteins and through Omicsbox and the top ten 

enriched GO annotations were visualised (FDR<0.05) (Dondero et al., 2010).  

 

2.14 Clearance rate 

 As mentioned in Section 1.5, M. galloprovincialis are filter feeding organisms that 

funnel, through siphons, water and particles in the water towards the mouth opening. 

Clearance rate is an assay that assesses this mechanism and M. galloprovincialis ability 

to filter food particles from the surrounding water. This assay was adapted from 

previous work conducted with M. galloprovincialis (Scarlett et al., 2007; Canty et al., 

2009).  
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Fig 2.12. Basic steps to determine clearance rate in M. galloprovincialis.  

 

Clearance rate is a good indication of physiological health of bivalves and allows us to 

assess the possible impacts a contaminant has on higher levels of biological organisation 

(Al-Subiai et al., 2011).  
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The main steps used for the determinations of the clearance rate are summarized in Fig 

2.12. M. galloprovincialis were placed in individual beakers with 350 ml of filtered 

seawater (15oC) with a magnetic stirrer to create a continuous vortex. After a 10 min 

acclimation period, 500 μl of Isochyrsis algal solution was added to each beaker, which 

produces a final concentration of ~12,000-15,000 cells/ ml. Water samples were taken 

directly preceding the transfer of algae (T0), and at every time point measured. The final 

time point used for these studies were 20 min. Once water samples were taken the algae 

concentration was determined using a Beckman Z2 Coulter Particle Size and Count 

Analyser (Beakman Coulter, Brea, CA, USA). Clearance rate was calculated using the 

following equation: 

𝐶𝑅 =
𝑉(𝑙𝑜𝑔𝑒𝐶0 − 𝑙𝑜𝑔𝑒𝐶1)

𝑡
 

Where CR is the clearance rate (L h-1), V is the volume of water (L), C0 and C1 are the 

algae concentrations at two different time points and t is the time between the two 

water samples (min). 

2.15 Statistical analysis for individual endpoints 

All statistical analyses were performed on RStudio (Rstudio, Inc). Each data set was 

tested for normality using a combination of visual qqnorm graph and Shapiro-Wilks test. 

When the data sets were concluded to be normally distributed an ANOVA was 

performed along with the Tukey’s post hoc significance difference test (Tukey’s HSD 

test). With data that normality tests identifies as non-normal a log transformation was 

applied. If these results were assessed to be normal, a parametric test (see above) was 

used with the original data set, however, if the data are still non-normal a nonparametric 

test was used. For these data sets the nonparametric test used was Kruskal-Wallis test. 
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Post hoc pairwise comparison tests for nonparametric data were either Tukey and 

Kramar (Nemenyi) test for complete equal data sets or a Tukey Kramar (Conover) test 

for variating n numbers. All test were carried out at a confidence level of 95%. 

 

2.16 Multivariate analysis  

Data collected from the endpoints used in each exposure were analysed using a non-

parametric multivariate analysis software, PRIMER v 6.1.5 (PRIMER-Є Ltd., U. Auckland, 

New Zealand; Clarke, 1999). When appropriate, data were log transformed [logn (1+x)] 

and standardised to the same scale. Correlations between biomarkers were tested with 

Pearson’s linear correlation coefficient, using scatter plot matrices. Principal component 

analysis (PCA), hierarchical cluster analysis and non-metric multi-dimensional scaling 

analysis, derived from Euclidean distance similarity matrices, were used to visualise 

dissimilarities between sample groups. The results were tested for significant 

differences between treatments using analysis of similarity (ANOSIM). ANOSIM reflects 

on differences between treatment groups opposed to differences among replicates 

within samples (the R statistic). Under the null hypothesis H0 (“no difference between 

samples”), R = 0 and this was tested by a non-parametric permutations approach (linear 

rearrangement). There should be little or no effect on the average R-value if the labels 

identifying which replicates belong to which samples are randomly rearranged. 

The BIO-ENV routine (Spearman’s Rank Correlations) is a function used throughout this 

thesis that compares a fixed matrix of similarities to a variable that tests all possible 

variable combinations. With this statistical test, patterns are connected between the 

effects of the biomarkers with the treatment groups, identifying potential “influential 

biomarkers” - small subsets of biomarkers capturing the full PCA biomarker response 
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pattern. Similarly, the biota and environmental matching (BEST) was utilized to indicate 

correlations between the biotic responses of the marine mussels and their abiotic 

conditions, i.e. contaminant exposures. 
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Chapter 3. -                             

Molecular and physiological impacts 

of copper on the marine mussel, 

Mytilus galloprovincialis 
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The photo on the previous page shows the exposure set up during the copper exposure. 
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3.1 Introduction  

Over the last 15 years there has been an increase in copper (Cu) recycling, reducing the 

requirement to mine new Cu. It has, however, been predicted that with the current 

anthropogenic demands of Cu, recycling is predicted to only meet 40-50 % of future 

demands (Ciacci et al., 2020). These demands include electrical equipment such as 

wiring and within motors because of its ability to conduct head and electricity efficiently 

(Spatari et al., 2002) and as an algaecide in water purification (Vincent et al., 2016). The 

release of Cu into marine waters has been a concern for a long time because it is a well-

known toxicant (Warne et al., 2014) and can enter the environment through a number 

of sources. These include sewage effluent, mining, industrial plants, landfill leachate and 

anti-fouling paints (Graedel et al., 2004; Wilson and Pyatt, 2007; Turner, 2010). The 

water framework directive (WFD) has developed an environmental quality standard 

(EQS) for Cu at 2.64 µg L-1 with amendments based on the concentration of dissolved 

organic carbon (DEFRA, 2014).These concentrations are occasionally exceeded in UK 

coastal waters and range from 0.7 to 6.1 µg L-1 (Van Veen et al., 2002; Pearson et al., 

2017). The use of measuring DOC along with the Cu concentration has been considered 

an initial step as it does not predict the concentration of the most toxic Cu speciation, 

free Cu ions (Pearson et al., 2017). These concentrations in addition to the current 

unpredictability of Cu as a free ion demonstrates the risk of Cu in marine environments.  

Cu is also an essential metal, which plays an important role in the metabolism of all 

aerobic organisms (Festa and Thiele, 2011). Too much of this essential metal, however, 

can have a detrimental effect on the health of an organism. This is due to the affinity 

that Cu has with many biological molecules. It readily binds to the histidine, cysteine and 

methionine sites in proteins that can lead to dysfunction of the proteins. Cu can also 
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directly affect the production of reactive oxygen species (ROS) (Harris and Gitlin, 1996). 

Effects of Cu have been well established and range from (1) the DNA damage at the 

molecular level (Isani et al., 2013); (2) the enzymatic effects (Canesi et al., 1999); (3) 

cellular and tissue abnormities (determined by histopathology); and (4) physiological 

effects (e.g. behavioural (Al-Subiai et al., 2011).  

It is essential to observe the potential damage induced by Cu and to understand the 

uptake and accumulation of Cu by marine organisms. Many studies have described the 

accumulation of metals in aquatic organisms including mussels (Chan, 1988; Marigomez 

et al., 2002; Yap et al., 2002; Luo et al., 2014). The major exposure route that the 

organism is subjected to can affect the degree and type of damage to the organism. For 

example if the route is primarily via waterborne exposure and not dietary, there is a 

greater accumulation in the gill tissue of the organism (Al-Subiai et al., 2011). This then 

has a greater potential to induce damage to the gill tissue.   

Models have also been used in many biological fields to provide mathematical evidence 

for connections amongst biological responses ranging over different levels of biological 

organisation (Allen and McVeigh, 2004; Allen and Moore, 2004; Moore and Noble, 

2004). These are useful in the estimation of risks and outcomes associated with disease 

and stress inflicted on organisms (Moore and Noble, 2004; Moore, 2010; Moore et al., 

2015). Previous studies on mussels and earthworms have demonstrated a strong 

correlation between stress biomarkers and the first principal component (PC 1), which 

is known to obtain the largest possible variance (Abdi and Williams, 2010). This includes 

lysosomal membrane stability as an indicator of cellular stress (Moore et al., 2006; 

Sforzini et al., 2018).  
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In light of the above information, following exposure to a range of Cu concentrations, 

the objectives of this study were: (a) to investigate the relative tissue-specific 

accumulation of Cu in M. galloprovincialis; (b) to establish the genotoxic (comet assay); 

neurotoxic (acetylcholinesterase activity) and oxidative stress (glutathione activity) 

responses; and (c) to use Principal component analysis (PCA) as a part of multivariate 

analysis as integrated multi-biomarker data in the test organisms and tissues. These 

models can provide the basis to develop a predictive capacity for estimating stress risk 

to the health of sentinel animals, such as mussels, associated with environmental 

pressures. 

3.2 Materials and methods 

3.2.1 Mussel exposure conditions 

Adult Mytilus galloprovincialis (48 mussels, shell length 53.9 ± 7.1 mm) were collected 

from Trebarwith Strand during March 2017. They were transported to the laboratory at 

the University of Plymouth and maintained as described in Section 2.1.  

After acclimation, the mussels were transferred into 2 L glass beakers containing 1.8 L 

filtered (<10 um) seawater, originating from Plymouth Sound, at a density of two 

mussels per beaker (i.e. total-24 beakers with 48 mussels). They were allowed to 

acclimatise for 24 h in the beakers prior to the exposure. Beakers were arranged 

randomly to four different treatment groups: 0 (control), 5.5, 10 and 32 μg L-1 Cu (as 

CuSO4·5H2O) with 6 replicate beakers and 12 mussel replicates per treatment (Fig 3.1). 

Table 3.1 shows the speciation of Cu when combined with the ionic composition of 

natural seawater. 
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The Cu was administered as a liquid from stock solutions; these were prepared to allow 

10 ml of liquid per dosing to facilitate mixing within the beakers. This semi-logarithmic 

scale was used in prior research on mussels exposed to Cu in our laboratory  (Al-Subiai 

et al., 2011).  

 

Table 3.1. Percentage of the different Cu speciation in natural seawater. Any speciation under 
0.01 % was omitted from the table. 

Cu speciation Cu speciation percentage (%) 

CuCO3 (aq) 65.74 

Cu+2 16.71 

CuOH+ 8.58 

CuCl+ 3.33 

Cu(CO3)2
-2 2.10 

CuSO4 (aq) 1.92 

CuH2BO3
+ 0.89 

Cu(OH)2 (aq) 0.28 

CuHCO3
+ 0.33 

CuCl2 (aq) 0.09 

Cu(H2BO3)2 (aq) 0.01 

CuF+ 0.01 

 

Cu exposure lasted for 14 days; M. galloprovincialis were fed with Isochyrsis galbana at 

a cell density of approximately 2x106 cells ml-1 each day. Daily water changes were 

conducted 2 hours after feeding to maintain optimal water quality. Straight after the 

water change, the beakers were dosed with Cu and samples were analysed for ICP-MS 

(Table 3.2).  

3.2.2 Sampling procedures 

After 14 d, haemolymph was extracted from each mussel using the method described in 

Section 2.5. The collected haemolymph sample was then divided and processed for the 

comet assay and determination of acetylcholinesterase (AChE) activity (Section 2.6. and 
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2.9.). The digestive gland and gill from three M. galloprovincialis from different beakers 

were extracted for determination of the glutathione activity, and the digestive gland, gill 

and mantle were dissected from each mussel for metal analysis.   

 

Fig 3.1. A workflow chart summarising the experimental design to determine biological or 

biomarker responses in mussels following exposure to copper (Cu) at 5.5, 10 and 32 μg L-1. 

 

3.2.3 Determination of DNA damage through comet assay 

Comet assay was performed as described in Section 2.6 using the haemocytes from the 

extracted haemolymph. Electrophoresis was performed the same day as the 

haemolymph extraction and the samples were kept at 20oC until scoring of slides (<1 

week). Slides were coded and randomised before scoring to avoid any bias. Ten M. 
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galloprovincialis were used for each treatment group, with 100 cells scored per 

biological replicate.  

3.2.4 Determination of neurotoxicity through acetylcholinesterase activity 

Protein estimation was concluded on the haemolymph of ten M. galloprovincialis per 

treatment group using the Micro BCATM Protein assay kit (ThermoFisher Scientific, UK). 

Once this was determined the haemolymph was used to perform the AChE assay using 

the method in Section 2.9.  

3.2.5 Determination of oxidative stress through total glutathione activity  

 The total glutathione (GSH) activity was conducted under the same conditions outlined 

in Section 2.11 and is based on a cyclic reduction assay originally performed by Owens 

and Belcher, (1965). The digestive gland and gill of three M. galloprovincialis were used 

per treatment group for this assay. For this assay, only samples from controls, CuL and 

CuH were used to determine the effects at the lowest and highest in this exposure 

scenario. 

3.2.6 Determination of Cu concentration in water and tissue samples using 

ICP-MS  

To validate the concentration of Cu in the exposure beakers, seawater was sampled 

immediately after dosing and diluted to avoid matrix effects in the ICP-MS instrument. 

Three random beakers per treatment were chosen for ICP-MS analysis on days 0, 3, 9 

and 14. Once the water was sampled from the beakers, they were analysed with the 

technique outlined in Section 2.3.2. For the analysis of Cu in the tissue of M. 

galloprovincialis, digestive gland, gill and mantle were dissected. Preparation of the 

tissues were conducted in accordance to Section 2.3.1. 
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Both water and tissue samples were processed using inductively-coupled plasma mass 

spectrometry (ICP-MS) as described in Section 2.3.3. Data were analysed and units of 

either μg L-1 (water samples) or μg g-1 (per tissue for tissue samples) were calculated.   

3.2.7 Statistical analysis  

All statistical analysis were performed as described in Section 2.15. Comet, and AChE 

activity were non-normal data sets and therefore the appropriate nonparametric 

statistical test was utilised (i.e. Kruskal-Wallis test).  

3.2.8 Multivariate analysis  

Biomarker data from Comet assay, AChE and glutathione activities in both the digestive 

gland and gill tissues were analysed using non-parametric multivariate analysis 

software, PRIMER v 6.1.5 (PRIMER-Є Ltd., U. Auckland, New Zealand; Clarke, 1999). The 

analysis was performed as described in Section 2.16.  

3.3 Results  

3.3.1 Water Cu concentrations  

Copper concentrations in the water samples were within 20% of nominal concentration 

values (Table 3.2). This percentage margin is the drift between the concentration and 

the calculated initial dose recommended by the OECD (1992).  

Table 3.2. Mean water concentrations of Cu in beakers during exposure. SE- standard error. 

Treatment 
Nominal Copper 

Concentration (µg L-1) 
Actual Copper concentration (µg L-

1) 

Control 0 0 
Cu Low - CuL  5.5 4.51 ± 0.50 

Cu Medium - CuM  10 8.39 ± 0.37 
Cu high - CuH  32 31.81 ± 0.63 

Mean ± S.E.M., n=10 
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3.3.2 Tissue accumulation of Cu 

The accumulation of Cu in all tissue types combined indicated a dose dependant uptake 

in M. galloprovincialis (R2 0.9791, p value<0.0001.) (Fig 3.3). This demonstrates that an 

increase in exposure concentration is directly correlated to Cu uptake. The digestive 

gland had the highest proportion of Cu accumulation compared to the gill and mantle 

tissue with a maximum of 562.5 μg g-1 in the highest treatment (32 µg L-1). The gill also 

accumulated a substantial amount of Cu with a maximum of 177.5 μg g-1 measured in 

the highest treatment. The mantle showed the least amount of accumulation compare 

to the other tissue types investigated with 21.7 μg g-1 , also in the highest treatment 

group (32 μg L-1) (Fig 3.2). All tissue types in isolation showed a concentration dependant 

relationship.  

All Cu treatment groups with the combined accumulation of the digestive gland, gill and 

mantle were significantly different from each other, with the exception of between 5.5 

and 10 μg L-1 (Fig 3.2). Similarly, the digestive gland showed the same pattern, all 

significantly different with the expectation of 5.5 μg L-1 compared to 10 μg L-1. The 

accumulation of Cu in the mantle showed that the CuM (10 μg L-1) treatment group was 

significantly different compared to the control (p<0.05) and the highest treatment was 

significantly higher than all lower treatments, including control. Lastly the accumulation 

of Cu in the gill tissue of the highest treatment (32 μg L-1) was significantly higher than 

the control and low treatment (Fig 3.3). 
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Fig 3.2. The accumulation of Cu (μg g-1) in the digestive gland, gill and mantle of M. 
galloprovincialis after a 14 d exposure to CuL (5.5 μg L-1), CuM (10 μg L-1) and CuH (32 μg L-1).  

Different lowercase letters indicates significance between treatment groups via ANOVA and 
Tukey post hoc test (p≤0.05). 

3.3.3 Induction of DNA damage 

Analysis of the comet assay indicated that Cu concentration had a significant effect on 

the % tail DNA, with the highest treatment (32 μg L-1) having 45.5 ± 3.5 % of tail intensity 

and the lowest coming from the control with 8.1 ± 1.5 % tail (Fig 3.4.A). Significant 

differences were observed between treatment groups and indicated that all treatment 

groups were significantly different from each other, with the exception of the medium 

(10 μg L-1) and high (32 μg L-1) Cu concentrations (p<0.001).  
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Fig 3.3. Linear regression between different exposure concentrations (5.5, 10 and 32 μg L-1) of 
Cu and the accumulation of Cu in the combined tissue types (digestive gland, gill and mantle) 
when M. galloprovincialis were exposed to for 14 d. 95 % confidence intervals signified by the 
dotted line, R-squared value=0.911, p value<0.0001.  

 

3.3.4 Induction of neurotoxicity  

The neurotoxicity of Cu was investigated and measured using AChE activity; these results 

suggested a concentration dependent response of the enzyme (acetylcholinesterase) 

and Cu water concentrations (Fig 3.4). The higher concentration (32 μg L-1) was 

significantly different from the controls (p<0.005) and an insignificant decrease was 

observed with an increase of Cu concentration. 

3.3.5 Induction of oxidative stress through Glutathione assay  

The glutathione assay performed indicated a non-significant increase in total 

glutathione level as a function of Cu concentrations in the digestive gland and gill tissue 

(Fig 3.4). 
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Fig 3.4. The effect of Cu water concentration (μg L-1) after a 14d exposure on M. galloprovincialis 
on (A) DNA damage represented from % tail DNA and (B) the enzyme activity of 
acetylcholinesterase (nmol/mg/min). (C) Glutathione activity in the digestive gland and (D) 
glutathione activity in the gill. Different letter signify significance between treatments, via 
ANOVA and Tukey post hoc test (p≤0.05). Error bars shows standard error. 

 

3.3.6 Multivariate analyses on the biomarker data 

Data collected for all the endpoints studied  in the present study indicated that comet 

assay and the glutathione activity in both digestive gland and gill were positivity 

correlated with each other (R=0.71002, R=0.5827, respectively. P<0.002). The 

glutathione activity in both tissue types were also positively correlated (R=0.78271). The 

AChE was not correlated to any of the other endpoints. 

The PCA results signified that 64.7% of the endpoints were explained by the first 

principal component (PC1) and 23% being explained by the second principal component 

(PC2). When a PCA was conducted on the data without the AChE data, 78.6% was 
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explained by the PC1. Visualisation of the PCA (Fig 3.5) indicates that the 5 µg L-1 and 32 

µg L-1 Cu were distinct from the controls In the PCA that was conducted with all 

endpoints and without AChE activity showed the 5 µg L-1 and 32 µg L-1 were not distinct 

from each other. Global significance found in ANOSIM (non-parametric multivariate 

equivalent of analysis of variance, p=0.036). Pairwise analysis, however, indicated no 

significance.  

 

Fig 3.5. Principal Component analysis (PCA) of Comet assay (Comet), acetylcholinesterase 
(AChE), glutathione activities in the digestive gland (DG-GSH) and gill (G-GSH) with 
superimposed Cluster analysis and biomarker vectors on the matrices. 

 

The Biological-Environmental (BIO-ENV) routine indicated that there were influential 

biomarkers in the present study (p=0.008). The BEST (biota and environmental 

matching) indicated that all biomarkers combined had a positive correlation (R=0.710. 

p<0.004). Higher correlation was found, however, between the biomarkers and Cu 

concentrations in Comet assay alone, comet assay and glutathione activity in the 
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digestive gland, comet assay and glutathione in both digestive gland and gill and lastly 

glutathione in both tissue types (R=0.801, R=0.768, R=0.708, R=0.703. p<0.004).  

PCA coupled with the hierarchical cluster analysis showed that Cu at 5 µg L-1 and 32 µg 

L-1 had an effect on M. galloprovincialis compared to the controls (Fig 3.5). 

3.4 Discussion 

Distribution of metals, including copper, in marine invertebrates mainly focuses on two 

localised areas, the digestive gland and gill (Nugroho and Frank, 2011). The digestive 

gland has many important functions that may contribute to this distribution, such as the 

ability to regulate the metabolism, its hypothesised immune defences are a key 

contributor in homeostasis (Marigomez et al., 2002). Although no homeostatic control 

of Cu in the digestive gland was found in the present study. It has been observed to 

occur due to a high abundance of metallothioneins (Giarratano et al., 2013). Whilst the 

gill in Mytilus spp. is used to filter water to obtain oxygen and food particles, this 

function leaves it vulnerable to contaminants not only situated in the water column but 

also to contaminants absorbed into the food particles (Liu et al., 2002; Broszeit et al., 

2016). In the present study, the majority of Cu accumulated in the digestive gland (Fig 

3.2). In similar studies involving the accumulation of Cu after an exposure in marine 

mussel have found that both the digestive gland and the gill both detect similar 

concentrations of Cu (Al-Subiai et al., 2011; Vernon and Jha, 2019). It has previously 

been found, however, that the bivalve Pinctada fucata exposed to 31.8 µg L-1 of Cu for 

72 h accumulated the majority of the Cu in the gill compared to the digestive gland (Jing 

et al., 2006). An explanation for the varying distribution of Cu may possibly be linked to 

the feeding status of the Mytilus spp. In this present study, feeding was included 

because of the prolonged exposure time. This showed the greatest accumulation in the 
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digestive gland, whereas in the studies showing similar Cu concentrations in both the 

digestive gland and the gill or the majority of Cu in the gill were conducted under 

starvation conditions.  

The feeding conditions during this study exposure to Cu could potentially change the 

most prominent exposure route from a waterborne to a dietary route. Field studies 

conducted on transplanted Mytilus spp. into coastal environments have demonstrated 

the digestive gland as the highest accumulator of Cu (Giarratano et al., 2010; Gago-

Tinoco et al., 2014). This is further supported by a study on the fresh water species 

Anodonta anatine exposed to waterborne and dietary Cu. The former showed 

accumulation occurred primarily in the gills, whilst the latter’s accumulation was in the 

digestive gland (Nugroho and Frank, 2011). A similar pattern has also been exhibited in 

the marine fish, Opsanus beta (Grosell et al., 2004), as there was an increase of Cu 

occurring in the gills initially, however, there is a greater accumulation in the liver after 

a delayed offset to Cu. Feeding mussels in the present exposure could also increase the 

amount of dissolved organic carbon (DOC) in the tank/exposure vessel because of the 

excretion of faecal matter (Fernandez-Jover et al 2006). This could increase the 

bioavailability of Cu because of the close proximity of faecal matter in semi-static 

conditions. In future studies the DOC should be analysed before and after water changes 

to determine if there are any difference is DOC, which could affect the bioavailability of 

Cu. Field studies can provide a better understanding of the natural behaviours marine 

invertebrates have and the natural conditions; and the effect it has on the accumulation 

of metals. 

As previously mentioned in Section 3.1, Cu is an essential metal for biological functions 

in organisms, however, it can also occur in organisms in excess. Cu has been found to 
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catalyse the formation of free radicals in the Fenton and metal-catalysed Haber-Weiss 

reaction, which induces DNA adducts and strand breaks via oxidative damage (Lesser, 

2006). DNA strand breaks can be assessed using the comet assay, which quantifies the 

amount of DNA strand breaks in cells. In the present study, there is an indication that 

initial damage to the DNA occurs even at the lowest concentration tested (5.5 μg L-1, Fig 

3.4.A). The % tail intensity increased in a dose dependant manner when exposed to Cu. 

Similar trends have been reported when M. edulis were exposed to comparable 

concentrations of Cu over a 5d period (Al-Subiai et al., 2011), and to M. galloprovincialis 

exposed to Cu over a 10 d exposure (Vernon and Jha, 2019). Cu is well known to induce 

DNA strand breaks, with reactive oxygen species (ROS) being a probable mechanism of 

damage (Gabbianelli et al., 2003). This is further demonstrated by the use of bacterial 

enzymes (e.g. fpg and endo III) within the comet assay to determine oxidative damage 

to DNA in blood cells of fish and mussels (Mustafa et al., 2011; Mustafa et al., 2012; 

Dallas et al., 2013). Apart from oxidative stress and reactive oxygen species (ROS) 

inducing DNA damage, Cu is known to induce various types of damage to DNA and 

chromatin. Cross links between adjacent bases and double and single strand breaks 

occur, often as a result of oxidation of DNA bases (Linder, 2012). In addition, in common 

with other metals with toxic potentials (e.g. Ni, Co, As, Cd), Cu could also interfere with 

DNA repair processes and cell cycle control, observed in mammalian systems (Lloyd and 

Phillips, 1999; Hartwig et al., 2002). Further studies will be required to elucidate this 

phenomenon in aquatic organisms like Mytilus spp.  

The increase of % tail intensity with an increase of Cu accumulation seen in the present 

study (Fig 3.2, 3.4.A) reflects similar studies that assessed the effects of Cu on other 

organisms, including Mytilus spp. and mammalian spp. (Hayashi et al., 2000; Nair et al., 
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2005; Chairi et al., 2010; Al-Subiai et al., 2011). It was suggested that the effect of 

accumuation of Cu on the induction of DNA damge in M. edulis was associated with the 

increase of oxidative stress (Al-Subiai et al., 2011). This study observed a correlation 

between GSH and DNA damage when M. edulis were exposed to Cu at 32 μg L-1. GSH is 

a well-known scavenger of reactive oxidative stress and is associated with a number of 

enzymes linked with antioxidant defence (Sies, 1997). In the present study, total GSH 

activity was measured in the digestive gland and gill for three treatment groups (Control, 

5.5 and 32 μg L-1). The results suggest that Cu at the concentration of 32 μg L-1 causes 

an increase on the levels of GSH in both the digestive gland and gills.  

It has been reported, however, that different marine species can exhibit differing levels 

of oxidative stress when exposed to Cu. In the majority of studies it is found that an 

increase of Cu (either dietary or waterborne) increases the amount of antioxidant 

defences or observes an increase of oxidative damage in numerous organisms, such as: 

Oncorhynchus mykiss, D. magna, Crassostrea gigas (Barata et al., 2005; Bopp et al., 

2008; Mai et al., 2012). Contrastingly, Callinectes sapidus exposed to Cu did not 

significantly affect the GSH and SOD levels but an increase of antioxidant enzymes was 

observed (Brouwer and Brouwer, 1998). Either an increase in antioxidant or antioxidant 

enzymes suggests that the damage observed in this study may be the outcome of 

oxidative stress in M. galloprovincialis. This suggests that the measurement of GSH in an 

organism cannot be used as a sole biomarker of exposure to Cu. DNA strand breaks 

measured through the comet assay and glutathione combined can lead to the 

hypothesis that the increased DNA damage has occurred through the mechanism of 

oxidative damage. This can be analysed further with the enzyme-modified alkaline 



- 183 - 
 

comet assay, which measures oxidized bases and this can be used to identify different 

types of DNA lesions (Muruzabal et al., 2019). 

The level of acetylcholinesterase activity (AChE) in mammalian tissues has been shown 

to be a crucial element for the health of the organisms. This is due to the ability to break 

down the neurotransmitter acetylcholine in neuron synapses (Downes and Granato, 

2004). This allows the organisms to prevent over and under stimulation of the post 

synaptic cleft. Cu has been shown to exert neurotoxic effects in different mammalian 

systems under in vitro and in vivo conditions (Paris et al., 2001; Lu et al., 2006; Zhang et 

al., 2011). Cu toxicity is not fully understood in invertebrates, however the Cu binding 

to proteins/enzymes, specifically thiol proteins, has been observed in rats (Letelier et 

al., 2009). This leads to Cu modifying the enzymes activities. Invertebrates possess thiol 

proteins and many of the same enzymes as mammalian spp. They could, however, have 

different functions. Nevertheless AChE is considered a well-established biomarker in 

ecotoxicology for detecting neurotoxic compounds (Canty et al., 2007; Rivetti et al., 

2015), which is thought to bind to protein SH residuals (Viarengo et al., 1989; Negri et 

al., 2013). In the present study, a significant increase of AChE was found in the highest 

concentrations of Cu (32 μg L-1) (Fig 3.4.B). The effect of Cu on AChE activity in marine 

organisms has been analysed in a limited number of studies (Sarkar et al., 2006, Peric 

and Buric 2019). This includes a decrease of AChE in Pomatoschistus microps at Cu 

concentrations of 25 μg L-1 (Vieira et al., 2009), however, in Crassostrea gigas exposed 

to the same Cu concentration (25 μg L-1), a significant increase of AChE activity was 

found (Cao et al., 2019). These findings suggest that Cu acts differently in fish compared 

to invertebrates, and promotes the use of multiple biomarkers and target organisms to 

gain a fuller understanding about certain contaminants on the marine environment. 
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The development of biomarkers that can be used as risk indicators of pathologies has 

been found in many research fields (Moore et al., 2006; Jenkins et al., 2011; Ortiz et al., 

2012; Berghella et al., 2014). A “health status space” is referred to in the literature as an 

area of health an organism is in, which includes healthy, stressed, curable and incurable 

(Moore et al., 2006). Many biomarkers are used as an indicator of damage, though some 

stressors may only exhibit a response in a part of the “health status space” (Allen and 

Moore, 2004; Moore et al., 2006). As such this may not always indicate the health status 

of the organism for the whole range from healthy to irreversible damage (Köhler et al., 

2002). 

An effective method used for integrating biomarker data into a “healthy status space” 

is Principal Compartment Analysis (PCA). This reduces the multi-dimensional nature of 

the issue into a simple two-dimensional representation (Ciacci et al., 2012, Chatfield and 

Collins, 1980; Allen and Moore, 2004). PCA has enabled previous studies to model the 

integrated responses of multiple biomarkers in context of “health status space” (Allen 

and Moore, 2004). It is also commonly used as a cluster analysis tool, which efficiently 

portrays the variability in a dataset in terms of principal components (Moore et al., 

2006). 

The findings in this study supports previous investigations by Sforzini et al. (2014, 2017, 

2018) that PCA can assist interpretation of multiple biomarker responses to 

environmental stressors. In the present study, comet assay was found to be significantly 

correlated to glutathione in both digestive gland and gill. Glutathione in digestive gland 

was also correlated to the glutathione activity in the gill when M. galloprovincialis were 

exposed to Cu. As previously mentioned, it is well known that DNA damage can occur 
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from oxidative stress (Lesser, 2006), therefore the correlation between these two 

endpoints is to be expected.  

Multivariate analysis is the first stage in developing network and numerical models for 

the environmental impact on the health of sentinel organisms such as bivalves and 

earthworms (Allen and Moore, 2004; Moore, 2010; Sforzini et al., 2014, 2017, 2018). 

PCA has been found to be an effective method for integrating biomarker data; however, 

PCA and cluster analysis does not integrate the various biomarkers in a functionally 

meaningful way. This is only the first stage in development of numeral and network 

models for the impact of environmental stressors on the health of organisms (Allen and 

Moore, 2004; Moore, 2010; Sforzini et al., 2014, 2017, 2018; Moore et al., 2015). 

Although influential biomarkers were found in the present study because of the sparse 

endpoints, a comprehensive network could not be supported. Future studies, however, 

could build on the data sets in the present and other studies to develop a robust meta-

analysis to determine the network of effects of Cu on marine mussels.  

3.5 Conclusion 

This study shows that when M. galloprovincialis are exposed to 5.5, 18 and 32 μg L-1 of 

Cu it induces DNA damage, changes to the neurological enzyme, acetylcholinesterase. 

This suggests there are no ‘No Observed Effect Concentrations’ (NOEC), which would 

require further investigations at lower concentrations. Although the activity of 

glutathione was not significantly different in any of the Cu exposures, it was found to be 

positively correlated to the induction of DNA damage (through comet assay) using 

multivariate analysis. In summary, the study indicates the necessity to assess responses 

at different levels of biological organisation by adopting a more integrated approach. 

Correlations between these biomarkers (comet assay and glutathione activity) will aid 
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understanding into the magnitude of damage contaminates have on the health of the 

marine environment. Along with this approach, there should be a focus to conduct 

exposures with contaminants that are realistically found in the marine environment. The 

environmentally relevant concentrations along with the integrated approach would lead 

to a greater understanding of impacts of contaminants in the environment.  
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Chapter 4. -                                   

Assessing the effects of single and 

binary exposures of copper and lead on 

Mytilus galloprovincialis: molecular and 

physiological approaches 
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The photo on the previous page shows two marine mussels per beaker in the copper and 

lead exposure. 
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4.1 Introduction 

Chemicals are present in the environment as complex mixtures. There are, however, 

limited studies that analyse the potential effect of these mixtures on aquatic organisms 

(Table 1.3). All known anthropogenic substances are required to undergo a number of 

toxicological evaluations to determine their potential effects on organisms inhabiting 

both aquatic and terrestrial environments under laboratory conditions. These 

regulatory evaluations use organisms at different trophic levels (e.g. algae, invertebrates 

and fish). The majority of regulations regarding the concentration of no effect are 

determined by single contaminant toxicity tests (Cole et al., 1999), which are important 

in understanding the uptake and mechanisms of action of a contaminant; however, they 

are rarely the sole stressors in the environment (Johnston et al., 2015).  

In the environment, all the contaminants occur in all the probable combinations (Jha, 

2004). This has led to a number of field studies on a variety of organisms that study the 

biological effects of multiple contaminants, including metals, pesticides and 

pharmaceuticals (Fossi et al., 1998; Kuzmanović et al., 2016; Pereira et al., 2018). In the 

aquatic environment, anthropogenic contaminants, for example metals, are measurable 

in trace amounts (Richir and Gobert, 2016) and different mixtures have been seen to 

have different biological effects. Interactions can occur between two or more 

contaminants, such as copper and lead, to induce different biological responses 

compared to that observed with single exposures of the same contaminants. These 

responses can either have an antagonistic, additive or synergistic effect (less than 

additive, additive or more than additive effect, respectively) on any biological endpoint 

as summarised in Table 1.3.   
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It has been observed that sea urchin, Evechinus chloroticus, exposed to binary mixtures 

of copper (Cu) and lead (Pb) exhibited antagonistic developmental effects compared to 

a single exposure of these metallic contaminants (Rouchon and Phillips, 2017). These 

results can be due to the contaminants completing for the same cellular uptake 

pathways or inhibiting the same subfamily of enzymes (Nebert and Dalton, 2006; Kilpin 

and Dyson, 2013). There are also variations between the same mixtures at different 

concentrations. Lower concentrations of arsenic (As) - cadmium (Cd) (1213.9 and 26.9 

µg L-1 respectively) expressed antagonistic effects on survival, accumulation, ion 

regulation and locomotion in amphipod crustacean, Gammarus pulex. When exposed to 

higher concentrations (1694.6, 51.1 µg L-1, respectively), the same endpoints exhibited 

an additive effect (Vellinger et al., 2013). Although this shows an obvious change in 

uptake, the concentrations used in this study are not usually found in the marine 

environment. Nevertheless, it indicates the requirement for uptake studies to assess the 

effects of combined exposures. Also, the variation between species, contamination 

mixtures and concentrations and consequent biological responses indicates 

requirement for further work to predict potential damage these have to the 

sustainability of marine environments. 

Copper (Cu) and lead (Pb) are ubiquitously found in the marine environment. Cu has 

been observed to occur in marine environments up to 6.1 µg L-1 (Pearson et al., 2017). 

Environmental concentrations of Pb are considered to be low in areas not effected by 

anthropogenic pollution, between not detectable and up to 1.25 µg L-1 (Langston et al., 

2003). In polluted areas, however, concentrations have been observed at 12.65 µg L-1  

(Meng et al., 2008). The concentrations of both Cu and Pb in polluted areas indicates 

their potential risk to not only marine biota, but also humans via the food chain.  
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The mechanisms of a number of metal-metal combinations have not been fully 

characterised in marine invertebrates. Previous studies have utilised the biotic ligand 

model (BLM) to assess the bioavailability of metals in organisms, using parameters such 

as the pH, temperature, dissolved organic carbon (DOC) and alkalinity (Zhong et al., 

2020). The present study focuses on the interactions between Cu and Pb on marine 

mussels because firstly, these metals are found in the environment (Sun et al., 2020). 

Secondly, Cu is an essential to the health and survival of organisms, whereas Pb is non-

essential (Sobolev et al., 2019).  Studying these two metals, therefore, can then increase 

the understanding of the mechanisms between essential and non-essential 

contaminants. Studies that investigate the possible effect of a mixture of Cu and Pb on 

the environmental health are often limited to the accumulation of these metals in target 

organisms (Debelius et al., 2009; Velasco et al., 2016; Marquez et al., 2018). To expand 

the understanding of multiple metal mixtures on environmental health via target 

organisms, it is crucial to find sub-lethal biological responses or biomarkers that offer an 

early warning indicator to contamination exposure for the organisms.  Biomarkers for 

these contaminants will allow continuous monitoring of these organisms in marine 

environments. Once a biomarker is found, it can be used as an indication as to whether 

the area is under threat by the contaminants, and whether stronger regulations need to 

be applied in that particular area (Hook et al., 2014). In addition to finding a biomarker, 

however, it is also preferable to understand the mechanisms behind the biological 

alteration under exposure of the contaminant. A greater understanding of the 

interactions between a contaminant and effect creates a robust biomarker (Johnson et 

al., 2016). It is important to find biomarkers that predict the severity of damage induced 

by contaminants as mixture, whilst still being practical to be used as a widespread 

method globally (Dallas and Jha, 2015).  
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Previous reports have demonstrated a reduction in ‘clearance rate’ a behavioural or 

physiological endpoint in mussels, which relates to an overall decrease in animal health 

(Wang, 2001; Widdows and Staff, 2006; Dallas, 2013; Alonso and Valle-Torres, 2018). 

From a range of contaminants, it has been observed that there is a threshold of 

tolerance exhibited by the organisms for clearance rate. Once this threshold level is 

passed a change in the clearance rates are effected. This could either increase or 

decrease (Widdows and Page, 1993). This directly affects the health of an organism as it 

prevents the organism from being able to feed. The clearance rate of marine organisms 

is a good indicator of the overall stress, the decreased clearance rate in many cases has 

been attributed to the reallocation of the energy to feed to the maintenance and 

protection of the organism against xenobiotic contaminants (Vellinger et al., 2012, 

2013).  

In light of the above information, this study explores multiple parameters that range 

between levels of biological organisation (i.e. DNA, enzymes, behavioural) to gain a 

greater understanding for the potential effects metal mixtures can have on an aquatic 

organism. Given the information outlined in this chapter, Mytilus galloprovincialis were 

exposed to high and low concentrations of Cu and Pb, alone and as binary mixtures. The 

objectives of this study were: (a) to investigate the interactions between Cu and Pb on 

their specific accumulation (i.e. digestive gland, gill or mantle). (b) To assess the impact 

of these binary mixtures on multiple levels of biological organisation, from molecular 

(i.e. DNA damage and enzyme activity) to behavioural (i.e. Clearance rate). (c) To utilise 

multivariate analysis to determine the predictive capability these endpoints have on the 

potential risk when M. galloprovincialis is exposed to binary mixtures.  The overall 

hypotheses were mixtures of metals accumulate differentially in a tissue specific manner 
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and produce different biological responses compared to single exposures at different 

concentrations. 

 

4.2 Materials and methods 

4.2.1 Mussel collection and maintenance 

Mytilus galloprovincialis were collected from Trebarwith Strand, North Cornwall 

(latitude 50 38’ 41" N, longitude 4 45’ 43.5" W) and stored in 75 L tanks with 50 L of 

filtered seawater as described previously in Chapter 2 (section 2.1). The mussels were 

left to acclimatise for two weeks prior to the exposure. Three times a week they were 

fed with Isochyrsis algae, a water change (100%) occurred two hours after feeding 

(Dallas et al., 2016; Pearson et al., 2018). A light dark cycle (12:12) and a continuous 

temperature (15 ºC) were set throughout the depuration and exposure period. 

4.2.2 Exposure conditions 

Acclimatized mussels were transferred into 2 L glass beakers with 1.8 L of filtered 

seawater 24h prior to exposure at a density of two mussels per beaker. 

 Table 4.1. Treatment groups used to expose M. galloprovincialis for 14d. L- Low concentration 
of Cu or Pb. H- High concentration of Cu or Pb. 

Treatment Copper (µg L-1) Lead (µg L-1) 

Control NA NA 

CuL 5 NA 

CuH 32 NA 

PbL NA 5 

PbH NA 25 

CuLPbL 5 5 

CuLPbH 5 25 

CuHPbL 32 5 

CuHPbH 32 25 
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Ten mussels, in the size range 50-60 mm, were exposed to one of nine treatments 

(Table.4.1). Treatments included a seawater control, with no added Cu or Pb, and Cu (5 

and 32 µg L-1), Pb (5 and 25 µg L-1) singularly and in binary mixtures. Table 4.2 shows the 

speciation Cu and Pb when combined with the ionic composition of seawater.  

Table 4.2 Percentage of the different Cu and Pb speciation in natural seawater. Any speciation 
under 0.01 % was omitted from the table. 

Cu speciation 
Cu speciation 

percentage (%) Pb speciation 
Pb speciation 

percentage (%) 

CuCO3 (aq) 70.54 PbCO3 (aq) 34.25 

Cu+2 10.75 PbCl+ 28.33 

CuOH+ 9.77 PbCl2 (aq) 11.35 

Cu(CO3)2
-2 3.75 Pb+2 7.32 

CuCl+ 2.14 PbOH+ 6.70 

CuSO4 (aq) 1.24 PbCl3- 4.10 

CuH2BO3
+ 0.94 PbSO4 (aq) 2.52 

Cu(OH)2 (aq) 0.57 PbHCO3
+ 2.10 

CuHCO3
+ 0.20 Pb(CO3)2

-2 1.74 

CuCl2 (aq) 0.06 PbCl4-2 1.09 

Cu(OH)3
- 0.02 Pb(OH)2 (aq) 0.24 

Cu2(OH)2
+2 0.02 Pb(SO4)2

-2 0.15 

Cu(H2BO3)2
 (aq) 0.01 PbBr+ 0.07 

  PbH2BO3
+ 0.04 

  PbF+ 0.01 

 

Cu concentrations were chosen based on previous semi-logarithmic concentration used 

in Al-Subiai et al. (2012) (32 µg L-1) with an addition of a lower treatment (5 µg L-1) to 

assess the effect of an environmentally realistic concentration. A high and low 

concentration was also chosen for Pb. The lower concentration of Pb was chosen to 

represent an environmental concentration (5 µg L-1), whereas the higher concentration 

was the previous ‘safe level in the marine environment. Although this has been changed 

to 1.6 µg L-1, this concentration has been found in the marine environment (Meng et al., 

2008). 
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The exposure of M. galloprovincialis was for 14 days, with a feed of Isochyrsis galbana 

(cell density of 2x106 cell mL-1) and 100% water change daily. Daily water changes 

ensured the ability to feed the mussels over a chronic period whilst maintaining the 

water quality constantly high (Table 6.2). A workflow of the overall experimental design 

is presented in Fig 4.1. 

 

Fig 4.1. A workflow chart summarising the experimental design to determine biological or 
biomarker responses in mussels following exposure to copper and lead (Cu, Pb). 

 

4.2.3 Determination of metal concentration in water and tissue samples 

using ICP-MS  

Water samples were taken during the exposure period, with three replicates per 

treatment. Once the water samples were taken they were prepared by the technique 
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outlined in Section 2.3.2.  For the analysis of Cu and Pb in the tissue of M. 

galloprovincialis, digestive glands, gills and mantles were dissected at the end of the 

exposure. Tissues of the same type were pooled together to make three replicated per 

treatment. Preparation of the tissues was conducted in accordance to Section 2.3.1. 

Both water and tissue samples were processed using inductively-coupled plasma mass 

spectrometry (ICP-MS) as described in Section 2.3.3. Data obtained from the ICP-MS 

were analysed and units of either μg L-1 (water samples) or μg g-1 (per tissue for tissue 

samples) were calculated. These data were then utilised to assess the concentration 

factor, which is defined as the uptake of contaminants from the dissolved phase, i.e. 

metals in the seawater (Wang, 2016). It was expressed as the ratio of soft tissue metal 

concentration and the calculated water concentrations (Vosloo et al., 2012).  

 

4.2.4 Determination of DNA strand breaks using Comet assay  

Comet assay was conducted under the sample conditions outlined in Section 2.7. The 

cell viability of the haemolymph from ten mussels per treatment was measured using 

Presto-Blue™ (described in Section 2.7). Haemolymph was then analysed using the 

comet assay as described in section 2.7, with 100 cells scored per mussel. This was to 

ensure a robust sample group for statistics. 

4.2.5 Determination of acetylcholinesterase activity 

Acetylcholinesterase (AChE) activity was measured in the haemolymph of M. 

galloprovincialis. Haemolymph was extracted from ten mussels per treatment (Section 

2.5.) to determine the AChE activity as described in Section 2.10.  
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4.2.6 Determination of total glutathione activity 

The glutathione activity was performed as described in Section 2.11, which was based 

on a cyclic reduction assay (Owens and Belcher, 1965). Three M. galloprovincialis per 

treatment group were used, utilising both digestive gland and gill tissue.  

 

4.2.7 Determination of Clearance rate 

Each mussel was briefly rinsed to remove all debris that may have accumulated on 

outside of the shell and placed individually into 400 mL beakers with 300 mL of filtered 

seawater (0.22 µm). The clearance rate was accomplished through the method 

descripted in Section 2.14.  

 

4.2.8 Statistical analysis   

All statistical analysis was performed via R software (Section 2.15), except for the 

multivariate analysis detailed below. Parametric and non-parametric statistical tests 

were performed where appropriate. 

 

4.2.9 Multivariate analysis 

Biomarker data from Comet assay, AChE activity and clearance rate were analysed using 

non-parametric multivariate analysis software, PRIMER v 6.1.5 (PRIMER-Є Ltd., U. 

Auckland, New Zealand; Clarke, 1999). The analysis was performed as described in 

Section 2.16.  
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4.3 Results  

4.3.1 Water analysis  

The control samples found trace amounts of both Cu and Pb. This was expected as the 

medium used was water from coastal waters and these metals occur naturally in the 

environment. Samples for all treatments with both Cu and Pb (alone and in binary 

mixtures) had concentrations within agreement with the nominal values and were 

consistently within 20 % of the nominal values recommended by OECD (1992) (Table 

4.3). 

Table 4.3 Water concentrations of Cu and Pb. Each treatment listed includes the single exposure 
and combined exposure concentrations of the metal. SE- standard error. 

Treatment Copper µg L-1 Lead µg L-1 

Control 3.26 ± 0.14 0.85 ± 0.15 

CuL- 5 µg L-1 7.62 ± 0.27 1.21 ± 0.34 

CuH- 32 µg L-1 30.49 ± 0.52 1.39 ± 0.33 

PbL- 5 µg L-1 4.00 ± 0.23 5.36 ± 0.29 

PbH- 25 µg L-1  3.58 ± 0.14 23.26 ± 0.24 

Mean ± S.E.M., n=10 

 

4.3.2 Copper accumulation in tissues  

The control mussels (mussels not exposed to any metals) showed a small concentration 

of Cu in the digestive gland, gill and mantle of M. galloprovincialis (21.43±3.47, 

9.07±1.41, 4.21±1.99 µg g-1, respectively). The controls in the digestive gland and gill 

were significantly lower that all treatments that contained the higher dose of Cu (32 µg 

L-1). The mantle control was also significantly lower than the combination of 32 µg L-1 of 

Cu and 25 µg L-1 of Pb (37.49±10.77 µg g-1). The concentration in the digestive gland, gill 

and mantle of the M. galloprovincialis exposed to Cu, accumulated in a dose dependant 

manner. There was no significant difference between the concentrations of Cu in the 
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tissues in the singularly exposed M. galloprovincialis compared to the combined 

exposures of the same Cu exposure concentration. For example M. galloprovincialis 

exposed to 5 µg L-1 singularly had a total of 46.60±1.52 µg g-1, whereas 42.75±3.79 µg g-

1 was found in M. galloprovincialis exposed to 5 µg L-1 of Cu combined with 25 µg L-1 of 

Pb. The CF of Cu pf the accumulation of Cu and the water concentration indicate that 

the highest concentration (32 µg L-1) has a higher ability to accumulate in mussel tissue 

regardless of the presence or absence of Pb (Table 4.4). Comparable CF have also been 

found in Perna Perna exposed to a range of Cu in similar concentrations (12.5- 50 µg L-

1, (Vosloo et al., 2012).  

4.3.3 Lead accumulation in tissues 

The control mussels showed trace amounts of Pb in the digestive gland (2.34±1.10 µg g-

1), gill (5.94±2.42 µg g-1) and mantle (2.77±0.99 µg g-1). The digestive gland and gill tissues 

from the untreated (control) samples were significantly lower than that found in all 

treatments containing the higher dose of Pb (25 µg L-1). The digestive gland and gill 

accumulated the greatest concentration of Pb, whereas mantle showed an increase but 

to a lesser extent (Fig 4.2.B).
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Fig 4.2. The concentration of (A) Cu and (B) Pb (μg g-1) in the digestive gland, gill and mantle of M. galloprovincialis after a 14 d exposure to different Cu and Pb 
concentrations (μg L-1). Treatment groups are defined in Table 4.1. Error bars shows standard error. Differing letter represents significant differences of the sum of 
all tissues between treatment groups (p<0.05). 
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The singular exposure of Pb suggested a dose dependant accumulation, however, this 

was not found in the Pb concentration in the presence of Cu. M. galloprovincialis 

exposed to the highest combination of Cu and Pb had significantly lower concentration 

of Pb (184.26±27.86 µg g-1)  compared to the single exposure of Pb (685.81±178.61 µg 

g-1). The CF of the soft tissue concentration and the water concentration also showed 

differences between the singularly exposed mussels to Pb and the mixtures with Cu 

(Table 4.4). This showed that when the high concentration of Pb (25 µg L-1) was exposed 

with Cu at both concentrations (5, 32 µg L-1) it decreased the CF. Therefore decreasing 

Pb ability to be accumulated in the mussels soft tissues.  

Table 4.4 The concentration factor of copper and lead in treatment groups. A ratio expressed as the soft 
tissue concentration and the metal concentration in the seawater. 

Treatment Concentration Factor for Copper Concentration Factor for Lead 

CuL 6.12 - 

CuH 23.13 - 

PbL - 47.34 

PbH - 29.48 

CuLPbL 7.08 24.33 

CuLPbH 6.99 17.19 

CuHPbL 22.41 58.86 

CuHPbH 24.89 7.80 

 

 

4.3.4 Determination of DNA damage using comet assay 

Mussels not exposed to any metal (i.e. controls) were significantly lower compared to 

all treatment groups of Cu and Pb either singularly or in combination (Fig 4.3.A). M. 

galloprovincialis exposed to the combination of Cu and Pb at the highest concentrations 

exhibited a significant induction of DNA damage (45.07 ± 4.43%) compared to the 

highest singularly exposed Pb treatment (27.51 ± 1.94 %).  
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4.3.5 Determination of neurotoxic effects using acetylcholinesterase activity  

Neurotoxic effects were determined using the AChE activity in haemolymph. No 

significant differences were found between the treatment groups. The highest 

concentration of Cu (32 µg L-1) singularly and in combination with Pb, was visually 

decreased from the other treatments. 

 

4.3.6 Determination of physiological or behavioural effects using ‘clearance 

rate’ 

All treatment groups containing the highest Cu (32 µg L-1) had a clearance rate that was 

significantly lower compared to controls, either alone or in combination with Pb (5, 25 

µg L-1, p<0.005). All other treatments were not found to be significantly different from 

the control (Fig 4.3.C).  

 

4.3.7 Total glutathione concentration  

In the digestive glands of control mussels, the glutathione (GSH) concentrations were 

significantly lower compared to those exposed to 5 μg L-1 of Cu in combination with 25 

μg L-1 of Pb (6.44 and 23.06 µmol/mg protein, respectively, Fig 4.4). Whereas, 32 μg L-1 

of Cu singular exposed to M. galloprovincialis significantly increased the GSH 

concentration in the gill tissue (18.65 µmol/mg protein) compared to the controls (1.75 

µmol/mg protein) and all other treatments (Fig 4.4). 
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 Fig 4.3. The effect of Cu and Pb water concentration (μg L-1) after a 14d exposure on M. 

galloprovincialis on (a) DNA damage represented as % tail DNA. (b) the enzyme activity of 

acetylcholinesterase (nmol/mg/min) (c) Clearance rate (L/h). Differing letter indicate 

significances (p<0.05). Error bars shows standard error (SE).  



- 206 - 
 

 

Fig 4.4. The glutathione activity of (A) digestive gland, (B) gill in M. galloprovincialis exposed to treatments of Cu and Pb, alone and in combination after a 14d 
exposure (µM/mg protein). Error bars shows standard error (SE). Different letters shows significance (p<0.05).  
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4.3.9 Multivariate analysis  

Investigation of the biomarker data using multivariate analysis indicated that the 

clearance rates were inversely correlated with comet assay and the activity of 

glutathione in the gill (R=-0.50535, -0.44583, respectively. P<0.001). Comet assay was 

also correlated with glutathione activity in the digestive gland (Fig 4.5). Principal 

component analysis (PCA) combined with cluster analysis showed that all experimental 

treatments with 32 µg L-1 Cu (i.e. Cu 32 µg L-1, Cu 32 µg L-1 + Pb 5 µg L-1, Cu µg L-1 + Pb 25 

µg L-1) were visually distinct from the control groups (Fig 4.5). The 32 µg L-1 Cu in 

combination was also observed to be distinct from the 32 µg L-1 Cu singularly, similarly 

Pb singularly was distinct from the combined treatments that contained Cu 32 µg L-1. 

The first principal component accounted for 44.8 % variation and the second principal 

component explained an additional 20.6%. Global significance of p<0.001 for all 

treatments was found via ANOSIM analysis. Pairwise analysis, however, showed no 

significance between the treatment groups.  

Biological-Environmental (BIO-ENV) routine for various combinations of biomarkers 

indicated that there were influential biomarkers when M. galloprovincialis were 

exposed to Cu and Pb (p<0.001). All biomarkers indicate a correlation of R=0.407, 

however the highest correlation came from the combination of comet assay and the 

glutathione activity in both digestive gland and gill (R2=0.481, p<0.001).  

Principal component (PCA) results for all treatments showed that Cu in combination has 

a differing effect on M. galloprovincialis than Cu singularly. 
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Fig. 4.5. Principal Component Analysis (PCA) of Comet assay, clearance rate, 
acetylcholinesterase and glutathione activity in the digestive gland and gill, with superimposed 
hierarchical Cluster Analysis.  

 

4.4 Discussion 

In the present study, when Pb was in combination with Cu, the uptake of Pb was 

significantly lower compared to M. galloprovincialis singularly exposed to Pb. This is in 

contrast to the uptake of Cu, which did not increase or decrease when combined with 

Pb compared to singularly exposed Cu. This observation has been found previously in 

the green alga, Chlamydomonas reinhardtii (Chen et al., 2010). The study suggested 

that competition between Pb and Cu occurred after the Cu concentration is above 3.2 

µg L-1. The 5 µg L-1 Cu concentration in the present study is above this level. The use of 

the BLM has been used in numerous studies, and it is frequently used to establish the 

interactions between metals in aquatic organism (Crémazy et al., 2019). This model 

integrates the water parameters/chemistry with the metal and concentration of an 

exposure to determine the interactions in the organism ligands (membrane 
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transporters). The BLM requires more inputs that other criteria i.e. pH, DOC, Ca, Mg, 

Na, SO4, K, Cl, alkalinity and temperature (Zhong et al., 2020). In this study, the ionic 

composition of seawater, along with the temperature, pH and alkalinity was processed 

through Visual MINTEQ to estimate the speciation of both Cu and Pb (Table 4.2). With 

the Cu speciation, it showed that the speciation with the highest percentage was 

CuCO3 (70.54 %). The affinity of CuCO3 was found to be 10-fold lower than that of Cu2+ 

in Daphnia magna (De Schamphelaere et al., 2002). The second highest speciation was 

Cu2+ (10.75 %), which is the form that is essential for the growth, reproduction and 

survival of organism (Gaetke et al., 2014). Similarly, in the Pb speciation, the most toxic 

form of Pb (Pb2+) was not found to be the most abundant form in seawater (Table 4.2). 

This indicates that a large proportion of these two metals were not biologically 

available in the high salinity seawater. However, this interaction does not affect the 

accumulation of Cu; and it has been suggested that the Pb has a high affinity for a Cu 

transporter, and that the increase of Cu blocks this transporter for the uptake of Pb 

(Qian et al., 2005). As Cu is an essential metal it can utilise numerous transporters, 

whereas Pb may not have as high an affinity. This could explain the CF of Cu regardless 

of the presence of Pb, but a decreased accumulation of Pb when Cu is present. 

As previously mentioned, metals can enter a cellular body by a membrane transporter 

mechanism (Chen et al., 2010), which facilitates diffusion through a carrier protein 

(Sánchez-Marín et al., 2014). It seems that although the channels have selectivity by 

physical restrictions (e.g. radius), most channels are permeable to multiple ion species 

(Simkiss and Taylor, 1995). Cu and Pb have similar hydrated radii (4.19 and 4.01, 

respectively) (Nightingale, 1959). With these parallels in physical properties, it can be 

suggested that they could utilise the same transporters (Sánchez-Marín et al., 2014). An 
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example of some transporters that could facilitate both metals includes the Ca2+ channel 

(hydrate radii- 4.12) or a Cu carrier such as the Cu transporting P-type ATPase and CTR 

family of Cu transporters (Puig and Thiele, 2002; Lutsenko and Petris, 2003; Wilkinson 

and Buffle, 2004). The Cu transport 1 (CTR1), was observed to be upregulated in the 

choroidal epithelial cell line (mammalian) when exposed to Cu and Pb (Zheng et al., 

2014). This suggests that these transporter proteins and their corresponding genes may 

have an important role in the transport and accumulation of Cu in the cell lines. Overall, 

within the scope of accumulation, Cu and Pb treatments provide evidence that mixtures 

of metals have the potential to affect marine invertebrates in more complex ways than 

in single exposures. This leads onto the possibility that regulations and models, such as 

the BLM, for the effect of single contaminants are not appropriate for more complex 

combinations of toxic metals.  

Comet assay is a well-known genotoxic endpoint which is utilised in many scientific 

fields, such as ecotoxicology and medical science (Dixon et al., 2002; Collins et al., 2008; 

Jha, 2008; He et al., 2014; Dallas et al., 2018). In this study, all concentrations of Cu and 

Pb induced an increase in DNA damage as determined by the % tail intensity (Fig 4.3.A). 

Pb at the lowest level (5 µg L-1) was significantly increased from the controls. With 

regards to mixtures there is a limited amount of sub lethal effects studied, with the 

majority investigating the accumulations and lethal (LC50) effects (Yim et al., 2006; He et 

al., 2015; Gao et al., 2017; Traudt et al., 2017). In the present study, % tail intensity 

increased with increasing concentrations of both Cu and Pb, however the combined 

highest treatment (32 µg L-1 Cu, 25 µg L-1 Pb) also indicated the potential for more 

damage to the DNA than the singular contaminations (Fig 4.3.A). Pb is a well-known 

toxicant for marine organisms, including: fish, invertebrates and aquatic plants 
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(MacFarlane and Burchett, 2002; Datta and Das, 2003; Mubiana and Blust, 2007; Kim 

and Kang, 2017; Koppel et al., 2018). There are, however, no known studies that indicate 

the induction of DNA damage by a low concentration mixture, such as Cu and Pb that 

was used in this study. There are, however, limited studies that have investigated 

combinations of different contaminants. M. galloprovincialis embryos exposed to a 

mixture of Cu and silver (Ag) increased DNA damage compared to the control and 

singularly exposed embryos (Boukadida et al., 2019). The increases were stated to be a 

result of the contribution by both Cu and Ag to the induction of oxidative stress, which 

indicates that these metals have an additive effect. Whereas, Cd and benzo-a-pyrene 

(B[a]P) in combination decreased the DNA-damage compared to when Dreissena 

polymorpha was exposed singularly (Vincent-Hubert et al., 2011). The explanation given 

for this combination effect was the potential modification of cytochrome P450 1A1 

protein, which is involved in the metabolism of organic xenobiotic compounds. In the 

present study, however, the two contaminants used were metals, which indicates that 

the increase found was possible because of the increase in oxidative stress.  

The increased percentage of the Comet tail intensity induced by the co-exposure of Cu 

and Pb indicates the need for more studies on the mechanisms involved in these 

pathological reactions induced by mixture exposures that are seen in the natural 

environment. The mechanisms frequently cited to be the cause of this DNA damage, as 

seen with the comet assay, is the production of reactive oxygen species (Gabbianelli et 

al., 2003, Boukadida et al., 2019). Glutathione has a number of known roles in 

organisms, including acting as an antioxidant defence and a copper chelator, in which 

exposure to individual metals have been demonstrated to effect (Richetti et al., 2011; 

Abarikwu et al., 2017). The increased amount of antioxidants indicates the organism has 
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protective responses to the potential effects of contaminants. Interestingly the 

combined effect of 5 µg L-1 of Cu and 25 µg L-1 of Pb increased the levels of glutathione 

in the digestive gland, whereas Cu (32 µg L-1) alone had the highest levels of glutathione 

in the gill (Fig 4.4). The increase of glutathione in the combine Cu and Pb in the digestive 

gland that is not seen in the other concentrations, could be explain that at these levels 

the organism indicates a need for an oxidative response but once the Cu concentration 

increases the glutathione is being used to detoxify the higher concentrations (Figueroa 

et al., 2020). 

Similar results have also been found in Carcinus maenas, which suggested a more 

pronounced effect of Cu and chromium (Cr) as sodium dichromate (Na2Cr2O7) on the 

total glutathione concentration (Elumalai et al., 2002). Whereas when M. 

galloprovincialis was exposed to Cu and chlorpyrifos the glutathione was only 

significantly increased in treatments containing Cu (alone and in combination) in the gill 

(Perić and Burić, 2019).  

Field studies are a good indication of potential environmental damage, as they can 

exhibit concentrations of many contaminants. It has been found that at many locations 

antioxidant defences have increased in polluted sites (Cole et al., 2014; Turja et al., 2014; 

Chen, Lam, et al., 2015; Breitwieser et al., 2016; Abarikwu et al., 2017; Defo et al., 2018). 

In healthy organisms, AChE is an enzyme that prevents overstimulation of the neurons’ 

postsynaptic clefts. AChE has been explored as a biomarker in ecotoxicology in Daphnia 

magna,  Carcinus maenas and Mytilus edulis (Elumalai et al., 2002; Canty et al., 2007; 

Rivetti et al., 2015). In the present study, Cu (32 µg L-1) was found to non-significantly 

decrease AChE activity levels (Fig 4.3.B), which have also been observed in Carcinus 

maenas when also exposed to Cu (Elumalai et al., 2002). This was in contrast to the M. 
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galloprovincialis exposed to Pb, which shows no altercation of AChE activity compared 

to the controls, suggesting that Cu has an effect on the AChE levels regardless of the 

presence of Pb. The clam, Anodonta cygnea exposed to Cu, Pb, Cr, zinc (Zn), nickel (Ni) 

and cadmium (Cd) exhibited a decrease in AChE after 4d (Butrimavičienė et al., 2019). 

This indicates that mixtures of multiple contaminants could have a differing effect on 

the AChE activity rather than single and binary mixtures.  

All of the exposures containing the highest copper treatment (32 µg-1) showed a 

decrease in clearance rate. This suggests that M. galloprovincialis could be reallocating 

energy to detoxification processes. Similar results were found when mussels exposed to 

18, 32 and 50 µg L-1  of Cu exhibited a reduction in clearance rate (Al-Subiai et al., 2011). 

The results of this study suggests that Cu at the lower concentration does not affect the 

higher level of biological organisation. It has been suggested that the feeding rate of 

aquatic organisms is affected by the metabolic changes that are exhibited after an 

exposure to contaminants. In Brown Trout, all organisms exposed to Cu and Pb showed 

a decrease in standard metabolic rate (SMR) and increases in maximum metabolic rate 

and aerobic scope (Moghimi et al., 2018). These changes can alter the behaviour of an 

organism as a high SMR is generally a sign of optimal growth and reproduction 

parameters (Auer et al., 2015).  

It has been suggested that changes in behaviour directly influence the survival of 

organisms in the environment through laboratory studies. Other behaviours affected by 

Cu and Pb include the change in locomotor and swimming behaviours in aquatic snails, 

worms and fish (Truscott et al., 1995; Gerhardt, 2007; Haverroth et al., 2015; Puglis et 

al., 2018). These behavioural effects can be an early warning indicator to the harmful 

effects of contaminants in the aquatic ecosystem (Sardo and Soares, 2010). 
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Multivariate analysis is used as a tool for integrating biomarker data into a “healthy 

status space”. The observations in this study supports previous investigations by Sforzini 

et al. (2014, 2017, 2018) that PCA can assist interpretation of multiple biomarker 

responses to environmental stressors. The only biomarker, however, that can be used 

as an indicator of health status is clearance rate as it can be used as a proxy for scope 

for growth (SFG) (van der Veer et al., 2006; Barillé et al., 2011). In the present study, 

clearance rate was found to be significantly correlated to both comet assay and 

glutathione activity in the gill, while comet assay was also correlated to the activity of 

glutathione in the digestive gland. This correlation further implies that increases of DNA 

damage has either a direct or indirect link to the decrease of clearance rate in M. 

galloprovinicalis exposed to Cu and Pb. Such a correlation has also been previously 

demonstrated in mussels exposed to the pharameutical, cyclophosphamide (Canty et 

al., 2009). The mechanisms behind this link is currently unknown, however, oxidative 

stress seems to play an important role, as clearance rate and comet are positively 

correlated with glutathione in the gill and digestive gland. There are no known studies 

that have investigated a possible link between Pb and the behavioural and genotoxic 

parameters in aquatic invertebrate studies, however, previous single exposure of Cu to 

Mytilus edulis showed a correlation between clearance rate and DNA damage (Canty et 

al., 2009; Al-Subiai et al., 2011). Furthermore, in Al-Subiai et al. (2012), Cu exposed to 

M. edulis also indicated that there was a correlation between comet assay and the 

glutathione activity in the adductor muscle.  

As stated in Section 3.4, multivariate analysis is the first stage of developing predictive 

models for the health of M. galloproivinlias and the marine ecosystem as a whole 

(Moore, 2010; Sforzini et al., 2014). The influential biomarkers in the present study are 
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the comet assay and the gluathione activity in both the digestive gland and gill. These 

biomarkers indicate a predictive approach to the exposure of Cu and Pb, either alone or 

in combination. However, because of the sparse number of biomarkers in the present 

study, more endpoints are needed to form a robust network for the impact of binary 

mixtures on M. galloprovinilias. 

 

4.5 Conclusion 

This study was the first to investigate the impact of Cu and Pb in combination on the 

marine mussel, M. galloprovincialis. It has been observed that environmental 

concentrations of Cu and Pb in combination exhibit differing effects than those that are 

seen in single exposures of M. galloprovincialis to Cu and Pb. Cu was observed to 

decrease the uptake of Pb when the metals were in combination. Singular Cu exposure, 

however, was found to decrease clearance rate and increase the production of 

glutathione in the gill of M. galloprovincialis compared to the combined Cu and Pb 

exposures.  

The present study and other mixture studies indicate that mixtures of contaminants 

depending upon exposure scenarios and chemical nature of mixtures can exhibit 

antagonistic, synergistic and additive effects. This deduces that the different mixtures 

cannot predict the outcome of the assays performed in this work and therefore, single 

contaminant exposures cannot predict the effect of environmental contaminants. This 

study highlights the requirement for further studies into the possible effect of these 

combinations, as well as the probable need to modify current environmental regulations 

to include the effects of multiple contaminants on marine organisms. Such 
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investigations will increase understanding and will lead to the possibility to predict the 

effect of future contamination on the marine ecosystem.  
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Chapter 5. -                                   

Assessing impact of tritium, copper and 

lead, either alone or in combination at 

different levels of biological 

organisations in Mytilus galloprovincialis 
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The photo on the previous page visualises the radioactive element in this exposure.  



- 221 - 
 

5.1. Introduction 

Anthropogenic contaminants are found in all aquatic environments, from local surface 

waters in towns and cities to locations previously thought to be isolated from human 

impacts, such as the Antarctic Ocean and in deep sea sediments (Bargagli, 2008; 

Louvado et al., 2015). As previously mentioned, complex mixtures of contaminants are 

found in the environment and this could range from trace amounts to concentrations 

known to affect the health of the organisms (Jitar et al., 2015; Squadrone et al., 2016; 

Trevizani et al., 2016).  These contaminants include metals, pharmaceuticals, pesticides 

and radionuclides (Beyer et al., 2014). There are limited studies assessing the interaction 

of multiple contaminants present in the environment on aquatic organisms. Some 

relevant studies have been summarised in Table 1.3.   

The radioactive isotope of hydrogen, tritium (3H; half-life 12.3 years) in the form of 

tritiated water (HTO) is released into the environment through nuclear fuel production 

and reprocessing (NFRP), nuclear power plants (NPP), research facilities, defence 

establishments and radiochemical production sites (RIFE 2018). The annual release of 

tritiated water into UK waters in 2018 was 3297 TBq; the majority is released by NPP 

with 61.37 %, followed by NFRP WITH 38.52 % (Food Standards Agency, 2019). HTO is 

considered a contaminant of interest because of its releases from NPPs and NFRPs, but 

also because of its prominence in fusion technology (Taylor and Cortes, 2014). The 

capability for potential releases and leaks of HTO from fusion technology into the 

environment indicates the risk for marine environment to become contaminated. It is 

therefore essential to understand the effects that HTO either alone or in combination 

with other contaminants, particularly the metallic ones, which are co-disposed with the 
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radionuclides has on the marine environment. This allows for protective measures for 

radionuclide discharged from different sources and for future fusion development.  

Dosimetry for ionising radiation is measured by the amount of energy absorbed into 

biological material per unit of time (i.e. Gy h-1). This differs from chemical toxicology with 

stable isotopes, which are expressed by units of mass (i.e. mg L-1). In human 

radioprotection, Sieverts (Sv) is used more frequently, which takes into account the 

relative biological effectiveness (RBE). In non-human biota, equivalent dose is used as a 

weighting factor to account for the ‘quality’ of the radiation in terms of energy 

deposition into tissue, indicating the damage the radiation (Vives i Batlle et al., 2007). 

This weighting factor is used in some dosimetry calculations (i.e. ERICA), especially using 

alpha emitters as they are 10 times more damaging than beta or gamma emitters 

(Brown et al., 2008).  

Generally, the most widespread method of estimation for the absorbed dose are 

equations that take into consideration the energy and type of radiation. The dose 

estimation equation has undergone subtle changes since it first publication in 1977 in 

rainbow trout (equation 5.1, Strand et al., 1977), which modified it to produce a Gy/h 

unit rather that in rad/h (equation 5.2 Jha et al., 2005): 

𝐷𝑏 = 2.13 ɛ𝛽 𝐶 

𝐷𝑏 =
2.13 ɛ𝛽

3.7 𝑥 10⁶
 

Db – Dose rate (equation 5.1 – rad h-1, equation 5.2- Gy h-1) 

ɛβ – The mean beta energy of tritium (0.00569 MeV) 

C – The water concentration (equation 1- µCi ml-1, equation 5.2- Bq ml-1) 

3.7 x 106 – the combined conversion factor for µCi to Bq and rad to Gy. 
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Recently dose estimation models have been used to determine the predicted absorbed 

dose rate in non-human organism. The models include factors such as the energy and 

type of radiation being measured and the medium in which the organism is receiving 

the dose (i.e. water or air). The EC-EUROTAM funded ERICA tool is a software program 

created to enable risk assessments for environmental radioactivity (Brown et al., 2008). 

It has been developed through three tiers that, along with the radiation type, the user 

can input specific details on the non-human organism and contamination site. This 

software uses a dose rate screening value (10 µGy h-1, Garnier-Laplace et al., 2010) to 

determine whether it is a “concern”, “potential concern” or of “negligible concern”. 

Estimating dose rates through the ERICA tool have been used for wildlife exposed to 

radiation after the Fukushima accident (Garnier-laplace et al., 2011) and also in marine 

and freshwater mussels, earthworms, frogs, red squirrels, birds, hares foxes, deer, boars 

and trees (Jaeschke et al., 2015; Dallas et al., 2016; Ćujić and Dragović, 2018; Karimullina 

et al., 2018; Vernon et al., 2018). 

Tritium is a weak beta emitter, which suggests minimal effects on organisms, however, 

the energy is deposited very locally around the decay point. As this is an isotope of 

hydrogen it can be incorporated into structures, such as DNA (Atzrodt et al., 2018). 

There are currently limited studies that assess the effect of HTO on aquatic organisms 

(Table 1.2). It has, however, been demonstrated that at low doses, HTO induces DNA 

and chromosome damage and alters expression of key genes involved in processing of 

stress responses in Mytilus spp. (Hagger et al., 2005; Jha et al., 2005; Jaeschke et al., 

2011; Jaeschke and Bradshaw, 2013; Dallas et al., 2016; Pearson et al., 2018). There are 

other contaminants frequently detected in the aquatic ecosystems surrounding NPPs 

and NFRPs, for example, metal concentrations found close to Sellafield in the Irish Sea 
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(Ridgway et al., 2003). These can form complex mixtures that can have differing effects 

to the environment, and aquatic organisms. The majority of studies assessing the effect 

of HTO on aquatic organisms rely on HTO as an isolated contaminant, however it has 

been observed in Mytilus galloprovincialis that Zn has a protective effect when in 

combination with HTO (Pearson et al., 2018). This indicates that different mixtures have 

the potential to affect organisms differently compared to single exposures. 

Understanding the effect of complex mixture on marine organisms is vital to assess the 

adequate protection needed for marine ecosystems. If mixtures are seen to have a 

protective effect, then regulations could be too conservative (Gagnaire et al., 2017), 

however if there is a greater risk of increased damage the regulations may not offer 

sufficient protection (Deruytter et al., 2017). 

Within the context discussed above, in the present study. M. galloprovincialis were 

exposed to high and low concentrations of HTO in a binary mixture with either copper 

(Cu) or lead (Pb). The objectives of this study include: (a) assessing the interactive effects 

of Cu, Pb and HTO on the accumulation of each contaminant in M. galloprovincialis. (b)  

To assess and compare the molecular (DNA damage, enzymatic alterations), cellular 

(Chromosomal aberrations) and behavioural (i.e. clearance rate) effects of single and 

binary mixtures of HTO with either Cu or Pb. (c) utilising multivariate analysis to 

determine the predictability the endpoints used have on the exposure to binary 

mixtures of contaminants.  

5.2. Methods and materials  

5.2.1 Radiation protection 

Prior to the start of the experimental work, appropriate radiation protection procedures 

were reviewed with the guidance of the Radiation Protection Supervisor (RPS) for the 
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University of Plymouth. As mentioned in Section 2.4, the experiment was performed in 

the University of Plymouth’s Consolidated Radioisotope Facility (CORiF, a ISO 9100 

accredited facility) or in controlled, dedicated laboratory spaces. Local rules and other 

radiation protection documents are included in Appendix 1. 

 

5.2.2 Mussel collection and maintenance   

Adult Mytilus galloprovincialis between 45-55 mm were collected from the clean 

reference site, Trebarwith stand (North Cornwall, UK, Latitude 50 38’ 40” N, longitude 4 

45’ 44”) in January 2019. M. galloprovincialis were transported and maintained at the 

University of Plymouth as described in section 2.1.  

5.2.3 Exposure condition 

After depuration, M. galloprovincialis were transferred into 2 L beakers each with 1.8 L 

of filtered, aerated seawater (two mussels per beaker). They were left to acclimatise for 

24 h prior to the exposure. Six mussels were exposed to one of 15 treatments (Table 

5.1), containing a seawater control and either 1.5 MBq L-1 or 5 MBq L-1 of HTO. These 

doses, even though they are not frequently found in the marine environment, were 

chosen to achieve the desired absorbed dose (around 10 mGy h-1). Along with the HTO, 

the mussels were exposed to either 5 µg L-1, 32 µg L-1 of Cu or 5 µg L-1, 25 µg L-1 of Pb. 

Along with the singularly exposed HTO, Cu and Pb, binary mixtures of HTO and either Cu 

(5 or 32 µg L-1) or Pb (5, 25 µg L-1) were assessed 
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Fig 5.1 A workflow chart summarising the experimental design to determine biological or biomarker responses in mussels following exposure to copper 
and lead and tritiated water (Cu, Pb, HTO). 
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Table 5.1. The treatment groups used in this study with the corresponding Cu, Pb and HTO 

concentration/doses.  

 

 

Along with the HTO, the mussels were exposed to either 5 µg L-1, 32 µg L-1 of Cu or 5 µg 

L-1, 25 µg L-1 of Pb. Binary mixtures of HTO and either Cu (5 or 32 µg L-1) or Pb (5, 25 µg 

L-1) were also assessed. M. galloprovincialis were exposed for 14 days and fed every 

three days. Two hours after feeding a 100 % water change was completed and dosing 

occurred to keep the water at a continuous dose/concentration (Pearson et al., 2018; 

Vernon et al., 2018). Water samples were taken after every dosing, to verify water 

activity for the HTO and water concentration for the metals. Water quality 

measurements were taken 2 h after every re-dosing (Section 2.3.2). Table 5.2 shows the 

speciation of Cu and Pb when combined with the ionic composition of seawater.  

 

 

 

 

Treatment 
 Copper Lead Tritium 
 (µg L-1) (µg L-1) (MBq L-1 ) 

Control  - - - 
CuL  5 - - 
CuH  32 - - 
PbL  - 5 - 
PbH  - 25 - 
TrL  - - 1.5 
TrH  - - 5 

CuLTrL  5 - 1.5 
CuLTrH  5 - 5 
CuHTrL  32 - 1.5 
CuHTrH  32 - 5 
PbLTrL  - 5 1.5 
PbLTrH  - 5 5 
PbHTrL  - 25 1.5 

PbHTrH  - 25 5 
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Table 5.2. Percentage of the different Cu and Pb speciation in natural seawater. Any speciation 
under 0.01 % was omitted from the table. 

Cu speciation 
Cu speciation 

percentage (%) Pb speciation 
Pb speciation 

percentage (%) 

CuCO3 (aq) 71.18 PbCO3 (aq) 45.69 

CuOH+ 11.47 PbCl+ 19.14 

Cu(CO3)2
-2 7.42 PbOH+ 10.50 

Cu+2 5.52 PbCl2 (aq) 7.65 

Cu(OH)2 (aq) 1.51 Pb+2 4.97 

CuCl+ 1.09 Pb(CO3)2
-2 4.55 

CuH2BO3
+ 0.92 PbCl3- 2.76 

CuSO4 (aq) 0.63 PbSO4 (aq) 1.71 

Cu(OH)3
- 0.10 PbHCO3

+ 1.19 

CuHCO3
+ 0.08 Pb(OH)2 (aq) 0.89 

CuCl2 (aq) 0.03 PbCl4-2 0.73 

Cu(H2BO3)2 (aq) 0.03 Pb(SO4)2
-2 0.10 

Cu2(OH)2
+2 0.03 PbBr+ 0.05 

  PbH2BO3
+ 0.05 

  PbF+ 0.01 

 

5.2.4 Liquid scintillation counting of water and tissue samples 

Water samples were taken immediately after every dosing of HTO. Samples were 

treated as described in Section 2.4.1 to detect the level of radioactivities in the form of 

disintegrations per minute (dpm), which was then calculated into MBq L-1. Tissue 

samples (digestive gland, gill, mantle, foot, adductor muscle and “others”) were 

solubilised as explained in Section 4.2.2 and converted into MBq kg-1. The byssal thread 

was omitted from the data because of its low weight. 

 

5.2.5 Metal analysis of water and tissue using ICP-MS 

Water samples were taken after each dosing with Cu or Pb. Samples were treated as 

stated in Section 2.3.2. All tissue types extracted (digestive gland, gill, mantle and others) 

were utilised from three M. galloprovincialis per treatment group and prepared in 
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accordance to Section 2.3.1.  The metal concentration in water and tissue was 

determined by ICP-MS, which is described in detail in Section 2.3.3.  

5.2.6 ERICA tool methods 

A custom “Mytilus galloprovincialis” model was programmed into the ERICA tool which 

consisted of the average geometry of the M. galloprovincialis used in this study (Table 

5.3). The tier 2 assessment module was used, along with the specific isotope (3H). The 

distribution co-efficient (Kd) was set to 0 L kg-1 because there was no sediment in this 

exposure. The concentration ratio was also set to 0 Bq kg-1 as the actual tissue values 

were utilised. The input variables were (a) the activity concentration in the water (Bq L-

1), (b) the activity concentration in organism (Bq kg-1). Dose rates in µGy h-1 were 

obtained from this method and converted into desired dose rate, i.e. mGy d-1. The low 

energy beta emission from 3H was also set as default to weighting factor of three.  

Table 5.3. The geometry of the M. galloprovincialis used in the present study and the 

parameter for the ERICA tool. Water-surface is the interactions between the water and the 

surface, sediment-surface is again the interactions, this was set at 0 as there was no sediment 

in this exposure, also relevant for the sediment group. Ksi-Kolmogorov-Smirnov integral. Chi-

chi squared.  

Parameter M. galloprovincialis 

Mass (kg)a 0.0021 

Height (m)a 0.024 

Width (m)a 0.024 

Length (m)a 0.057 

Water-surfacea 1 

Sediment-surfacea 0 

Sedimenta 0 

Ksib 0.42 

Chib 0.42 
  

a Input by user, b calculated by ERICA tool. 
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5.2.7 Determination of DNA damage utilising comet assay  

Extracted haemolymph from six M. galloprovincialis were kept on ice until use (Section 

2.5). Comet assay was performed including embedding, lysis, unwinding, 

electrophoresis and score, all described in Section 2.7. Slides were scored blind by 

coding and randomisation. Prior to commencing the assay, viability of the cells were 

determined by PrestoBlue™ as mentioned in Section 2.7. 100 cells were analysed per 

mussel, overall 600 cells per treatment.  

5.2.8 Determination of chromosomal aberration using micronucleus assay 

 Analysis of micronuclei (MN) was modified from (Dallas et al., 2013). MN was assessed 

in the haemolymph of six mussels with 1,000 cells per mussel (overall 6,000 cells per 

treatment), as previously explained in Section 2.9.  

5.2.9 Determination of neurotoxicologically effects using 

acetylcholinesterase activity  

The enzymatic activity of acetylcholinesterase (AChE) was determined by a colorimetric 

method modified from Ellman et al. (1961) and Galloway et al. (2002). Haemolymph was 

extracted from four M. galloprovincialis and the acetylcholinesterase activity was 

determined through the method described in Section 2.10. Three technical replicates 

were analysed per mussel, with 4 mussels per treatment. 

5.2.10 Determination of antioxidant, glutathione level 

The antioxidant, glutathione, was measured in both digestive gland and gills of three M. 

galloprovincialis per treatment group. This method was previously outlined in Section 

2.11. A protein estimation was also conducted on the same tissues to assess the amount 

of glutathione per mg of protein.  
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5.2.11 Determination of Protein Carbonyl Content 

Protein carbonyl content (PCC) was conducted using the protein carbonyl content assay 

kit (Sigma-Aldrich, MAK094). The digestive gland and gill of three M. galloprovincialis 

were utilised for this assay, which is fully described in Section 2.12. Protein estimation 

was performed on the tissue used to determine the amount of protein carbonyl per mg 

of protein.  

5.2.12 Determination of clearance rate 

The clearance rate was determined as an indicator of potential physiological or 

behavioural effect of six M. galloprovincialis per treatment group. Clearance rate is 

calculated through the amount of Isochyrsis algae particles filtered through the M. 

galloprovincialis, defined in Section 2.14.  

5.2.13 Statistical analysis  

All statistical analysis were performed with R software (Section 2.15), except for the 

multivariate analysis detailed below. Normal data distribution were analysed with 

parametric tests (i.e. ANOVA) and non-normal data were analysed with parametric tests 

(i.e. Kruskal Wallis). 

5.2.14 Multivariate analysis 

Biomarker data from Comet assay, AChE activity, MN induction, glutathione activity, PCC 

and clearance rate were analysed using non-parametric multivariate analysis software, 

PRIMER v 6.1.5 (PRIMER-Є Ltd., U. Auckland, New Zealand; Clarke, 1999). The analyses 

were performed as descripted in Section 2.16.  
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5.3. Results  

5.3.1 Water analysis: metals and tritium  

The control samples (no added contaminant) found minimal amounts of both Cu and 

Pb. All water sample concentrations were measured to be within the 20 % of the nominal 

valve recommended by OECD guidelines (OECD, 1992, Table 5.4). With the exception of 

CuL, which could be contributed to the natural levels of Cu found in the natural seawater 

used in this exposure.  

Table 5.4. Nominal and actual water concentrations of Cu and Pb for each treatment as 
determined by ICP-MS. SE- standard error for all samples.  

Treatment 
Nominal Copper 
Concentration 

Actual Copper 
Concentration  

Nominal Lead 
Concentration  

Actual Lead 
Concentration 

Control 0.00 1.64 ± 0.76 0.00 0.47 ± 0.18 

CuL 5.00 7.86 ± 0.90 0.00 0.32 ± 0.08 

CuH 32.00 30.14 ± 0.95 0.00 0.30 ± 0.12 

PbL 0.00 2.80 ± 0.99 5.00 4.95 ± 0.23 

PbH 0.00 2.54 ± 0.73 25.00 23.41 ± 1.03 

TrL 0.00 2.59 ± 0.64 0.00 0.58 ± 0.19 

TrH 0.00 2.39 ± 0.84 0.00 0.90 ± 0.35 

CuLTrL 5.00 7.88 ± 0.66 0.00 0.82 ±0.45 

 CuLTrH 5.00 7.20 ± 0.73 0.00 0.62 ± 0.36 

CuHTrL 32.00 30.39 ± 1.72 0.00 1.86 ± 1.43 

CuHTrH 32.00 30.11 ± 1.67 0.00 2.57 ± 1.32 

PbLTrL 0.00 2.88 ± 0.86 5.00 6.44 ± 1.04 

PbLTrH 0.00 3.00 ± 0.79 5.00 6.18 ± 1.24 

 PbHTrL 0.00 2.42 ± 0.60 25.00 25.05 ± 1.36 

PbHTrH 0.00 2.22 ± 0.76 25.00 25.45 ± 1.47 

Mean ± S.E.M., n=8 

5.3.2 Metal analysis in tissue samples 

5.3.2.1 Copper analysis in tissue samples 

 

Copper in the digestive gland, gill, mantle and rest of the tissue mass (i.e. “other”) 

accumulated in a dose dependant manner. Treatment groups that were not exposed to 
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Cu showed the same levels of accumulation as the controls. There were still detectable 

amounts of Cu in these tissues because of the natural occurrence of Cu in organisms as 

it is an essential metal. The accumulation in all tissues combined was significantly lower 

in the control than any treatment with 32 µg L-1 of Cu (p<0.05). Also all treatments with 

Cu in at 32 µg L-1 was significantly higher than HTO only treatments and treatment 

groups exposed to 5 µg L-1 of Cu (p<0.05) (Fig 5.2.A). The gill and digestive gland showed 

the greatest concentration of Cu, whereas the mantle and “other” showed a smaller 

increase.  

The accumulation of Cu in the digestive gland was significantly higher in the single 

exposure to 32 µg L-1 of Cu compared to the control. The binary mixtures with 32 µg L-1 

of Cu in combination with HTO, however, showed no significant uptake in the gill or 

mantle compared to the singular Cu. In the “other” tissue, accumulation of Cu (5 µg L-1) 

when combined with the lowest dose of HTO (1.5 MBq L-1) was also significantly higher 

than Cu (5µg L-1) in combination with the highest dose of HTO (5 MBq L-1). This indicates 

that HTO may have a protective effect on the accumulation of Cu in the digestive gland 

and “other”. 

5.3.2.2 Lead analysis in tissue samples 

 

The accumulation of Pb in the tissues of M. galloprovincialis also increases in a dose 

dependent manner (Fig 5.2.B). The treatment groups not exposed to Pb were not 

significantly different from the control. The accumulation of Pb in all tissues combined 

showed that all treatment groups exposed to Pb (5, 25 µg L-1) were significantly higher 

than the controls and both doses of HTO (p<0.05).  
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Fig 5.2. Accumulation of Cu (A), Pb (B) and HTO (C) in the tissue of M. galloprovincialis. Different 

letters denotes significant differences between treatment groups (p<0.05) 
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The digestive gland and gill showed the highest accumulation of Pb compared to the 

other tissues. The accumulation of Pb in “other” tissue was significantly lower when co-

exposed to Pb and the highest dose of HTO (25 µg L-1, 5 MBq L-1, respectively) compared 

to the singularly exposed Pb and Pb combined with the lower dose of HTO (25 µg L-1, 1.5 

MBq L-1, respectively). The digestive gland and gill showed no significant differences 

between the single and combined exposures of either 5 µg L-1 or 25 µg L-1 of Pb. It did, 

however, showed a non-significant increase in 5 μg L-1 Pb accumulation in the digestive 

gland compared to singularly exposed Pb treatment.  Also, when exposed to 25 µg L-1 of 

Pb with either doses of HTO showed a non-significant increase in the gill tissue 

compared to the singularly exposed Pb. This implies that HTO is linked to the increase 

of accumulation of Pb.  

5.3.3 Tritium mean concentration activity in tissue samples 

Tritium accumulation in the digestive gland, gill, mantle, foot, adductor muscle and 

“other” accumulated in a dose or concentration dependant manner. Treatment groups 

that were not exposed to HTO showed similar levels of accumulation as the controls and 

procedural blanks (Fig 5.2.C). The control accumulation in all tissues combined was 

significantly lower than any treatment that included the highest dose of HTO (5 MBq L-

1). The control was also significantly lower than the lowest HTO combined with the 

lowest Cu (1.5 MBq L-1, 5 µg L-1).  

The distribution of tritium in M. galloprovincialis between all treatment groups was 

digestive gland>foot>mantle>gill>adductor>other. The tissue with the lowest 

accumulation, i.e. gill, adductor muscle and “other”, showed no significant difference 

between treatment groups. In the treatments exposed to 5 MBq L-1, the digestive gland 

and the overall soft tissue showed an increase of accumulation. The treatment group 
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exposed to the lowest Cu combined with high HTO was significantly higher than the 

accumulation in the high Cu and Pb (32, 25 µg L-1, respectively) combined with HTO. This 

suggests that both Cu and Pb have an impact on the accumulation of HTO in the digestive 

gland, mantle and foot tissue of M. galloprovincialis. 

 

5.3.4 Determination of dose rates established by the ERICA tool 

As water concentrations for the controls and treatments not exposed to HTO (i.e. the 

single exposures to Cu and Pb), were <LOD, dose calculations were only performed on 

the HTO treatments. The ERICA tool method calculated the dose rate, which ranged 

from 5.26 to 8.34 µGy h-1 for the 1.5 MBq L-1 treatments and 12.68 to 20.17 µGy h-1 for 

the 5 MBq L-1 (Table 5.5).  

Table 5.5. Whole organism dose calculations for M. galloprovincialis exposed to HTO alone and 

in mixtures, through the ERICA tool. 

 

Nominal 
water activity 
concentration 

(MBq L-1) 

Actual water 
activity 

concentration 
(MBq L-1) 

Dose rate (µGy h-1) 
Total dose - 14d 

(mGy) 

TrL 1.5 1.43 6.11 2.05 

TrH 5 5.56 16.46 5.53 

CuLTrL 1.5 1.98 8.34 2.8 

CuLTrH 5 5.76 20.71 6.96 

CuHTrL 1.5 1.5 5.26 1.77 

CuHTrH 5 5.77 12.68 4.26 

PbLTrL 1.5 1.18 7.57 2.54 

PbLTrH 5 5.36 16.63 5.59 

PbHTrL 1.5 1.62 5.89 1.98 

PbHTrH 5 5.32 13.45 4.52 

 

. 
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Fig 5.3. The % tail intensity following the Cu (A) and the Pb (B) treatments, alone and in combination. The number of inducted MN in the treatments 

with Cu (C) and Pb (D), alone and in combination. Error bars are SE. Different letters indicates significance (p<0.05). 
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5.3.5 Induction of DNA damage  

The treatments that have 32 µg L-1 of Cu and 25 µg L-1 of Pb showed a significantly 

greater amount of % tail intensity compared to the controls (p<0.05). When both doses 

of HTO are combined with the highest Cu concentration (32 µg L-1) it showed an 

increased amount of DNA damage compared to the HTO dose as a single exposure (Fig 

5.3.A). This significant increase can also been observed with the highest dose of HTO 

and Pb (5 MBq L-1 and 25 µg L-1, respectively) (Fig 5.3.B). This suggests an antagonistic 

trend between the exposure of the highest Cu and both HTO doses compared to the 

single exposures, which can also be implied with the highest concentration of Pb and 

highest dose of HTO.  

5.3.6 Inductions of Micronuclei (MN) 

The induction of MN in the haemolymph of M. galloprovincialis responded in a dose or 

concentration dependant manner for the single exposure treatments. The mixture of 

the Cu or Pb indicated differences between the effects HTO has with these two metals 

(p<0.001). In the highest Cu and HTO exposure (32 µg L-1 Cu, 5 MBq L-1) there is a 

significantly higher number of micronucleus compared to the singularly exposed Cu at 

32 µg L-1 (p=0.0266) (Fig 5.3.C). The Pb exposure, however, exhibits a significant 

decrease of micronuclei when comparing the highest concentration of Pb (25 µg L-1) with 

the combination of high Pb with the lowest HTO dose (1.5 MBq L-1) (p=0.00163) (Fig 

5.3.D).  

The single exposure of HTO (5 MBq L-1) and Pb (25 µg L-1) and the combination of high 

Cu and High HTO, low Pb and high HTO and high Pb and high HTO showed a significant 

increase of MN per 1,000 cells compared to the controls.
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Fig 5.4. The acetylcholinesterase activity (A) found in the haemolymph of M. galloprovincialis and the clearance rate (B) after a 14 day exposure to Cu, 

Pb and HTO alone and in combination. Different letters signifies significant differences. Error bars were calculated using standard error.  
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5.3.7 Determination of AChE activities for neurotoxicologically effects 

No significant differences were found between the treatment groups for the activity of 

AChE. A trend was observed with a non-significant decrease in enzyme activity between 

the single exposures of Pb compared to the Pb combined with HTO, with the exception 

of Pb 5 µg L-1 combined with 1.5 MBq L-1 (PbLTrL). There was however, no decrease seen 

between the single exposed Pb. This suggests HTO may decrease the enzyme activity 

regardless of the combination of Pb (Fig 5.4.A). 

5.3.8 Determination of total glutathione activity for oxidative stress   

The Total glutathione in both digestive gland and gill showed no significant differences. 

A greater amount of glutathione was found in the digestive gland than the gill of M. 

galloprovincialis, possibly because the digestive gland is the primary location of 

detoxification. Glutathione in the digestive gland showed a slight peak when measured 

in M. galloprovincialis exposed to both concentrations of Pb, regardless of the presence 

of HTO. There was a high amount of variation of the glutathione in the gill tissue, 

however it also indicates there may be an increase of glutathione in the Pb treatment 

groups.  

5.3.9 Determination of protein carbonyl content (PCC) for oxidative stress   

The PCC in the digestive gland and gill found no significant difference between the 

treatment groups. Contrasting to the total glutathione, the gill tissues showed a greater 

amount of PCC than that found in the digestive gland.  
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Fig 5.5. The measured levels of total glutathione in the digestive gland (A) and gill (B) tissue of M. galloprovincialis. The amount of protein carbonyl 

content in the digestive gland (C) and gill (D) of M. galloprovincialis after 14 days exposure to Cu, Pb and HTO, alone and in binary mixtures. Error bars 

show standard error.  
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There are visual trends that suggest the highest treatments of single exposures of Cu 

and Pb induced higher levels of PCC compared to the controls (Fig 5.5.C, D).  

5.3.10 Determination of behavioural or physiological effects   

The only significance found with the clearance rate of M. galloprovincialis was between 

the combined exposure of the highest Pb and both doses of HTO (25 µg L-1 and 1.5 or 5 

MBq L-1, respectively) and the lowest concentration of Pb (5 µg L-1). A non-significant 

decrease of clearance rate values can also be seen in the combined exposure of Pb and 

HTO compared to the highest concentration of Pb and both the doses of HTO (Fig 5.4.B). 

Both these results indicate that an antagonistic relationship can be found when 

comparing single contaminant exposures compared to combined exposures. 

5.3.11 Multivariate analysis 

The results collected from the endpoints in the present study where separated into the 

single contaminant with the corresponding combination i.e. the “Cu” result consists of 

Cu (5, 32 µg L-1) and the combined Cu-HTO (5, 32 µg L-1 and 1.5, 5 MBq L-1). This was 

done because of the large amount of treatment groups and to focus in on the single 

exposures verse the combined exposures.  

5.3.11.1 Multivariate analysis for copper treatments  

The treatments that contained both 5 µg L-1 and 32 µg L-1 of Cu, singularly and in 

combination, indicated that comet assay was positively correlated with glutathione in 

the gill and MN assay (R=0.58752 and R=0.49803, respectively. P<0.05) and Clearance 

rate is inversely correlated with MN assay (R=-0.47861. p<0.05).  

The principal component analysis (PCA) combined with the hierarchal cluster analysis 

shows that the treatment groups containing 32 µg L-1 of Cu were distinct from the 



- 243 - 
 

controls when combined with HTO (Fig 5.6). The PCA showed that 30.8 % of variation 

was explained by the first principal component (PC1), and the second principal 

component (PC2) accounted for a further 21.3 % of the variation. The global significance 

(p=0.003) for all treatments was found through ANOSIM analysis, however no 

significance was found in the pairwise analysis between treatment groups.  

Biological-Environmental (BIO-ENV) routine for the combinations of biomarkers 

indicated that there were influential biomarkers when M. galloprovincialis were 

exposed to Cu and HTO (p=0.003). The highest correlation was observed in the comet 

assay, MN, PCC in the digestive gland and AChE (R=0.417).  

5.3.11.2 Multivariate analysis for lead treatments  

The Pb treatments (5, 25 µg L-1, alone and in combination) signify that comet assay was 

only positively correlation with the MN assay (R=0.59904) and Clearance rate was 

positively correlated with AChE activity and inversely correlated with glutathione in the 

digestive gland (R=0.43436 and R=-0.41878, respectively. P<0.01). The PCA combined 

with the hierarchal cluster analysis indicates that there is no distinction between any of 

the treatments groups (Fig 5.6). 

The PCA shows the PC1 accounted for 27.5 % of the variation found in these endpoints 

and the PC2 explains a further 16.9 %. Significance was found through the Global test 

(p=0.002) with ANOSIM, however no pairwise significance was found between the 

treatment groups.  
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Fig 5.6 PCA of treatments containing copper (A), lead (B) and HTO (C), both alone and in combination. Contains comet assay, clearance rate, 
acetylcholinesterase and glutathione activity and protein carbonyl content in the digestive gland and gill with superimposed hierarchical Cluster 
Analysis. 
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BIO-ENV routine indicated that there were influential biomarkers when M. 

galloprovincialis were exposed to Pb and HTO (p=0.029). The highest correlation was 

detected in the comet assay, MN assay, PCC in the gill and the clearance rate (R=0.326, 

p<0.01) 

5.3.11.3 Multivariate analysis for tritiated water treatments  

No correlation was found between the endpoints in the treatments containing HTO. PCA 

combined with the hierarchal cluster analysis shows that the treatment groups 

containing 32 µg L-1 of Cu and 25 µg L-1 of Pb in combination with HTO were distinct from 

the controls (Fig 5.6). The PCA showed that 23 % of variation was explained by the PC1, 

and the PC2 accounted for a further 19.7 % of the variation. The global significance 

(p=0.003) for all treatments was found through ANOSIM analysis, however no 

significance was found in the pairwise analysis between treatment groups.  

No endpoints were correlated with the exposure of HTO either alone or in combination 

and the BIO-ENV routine indicated that there were no influential biomarkers among the 

HTO treatment groups capable of capturing the full PCA biomarker response pattern.  

 

5.4. Discussion 

Copper concentration for both the single and combination exposures accumulated in a 

dose related manner (Fig 5.2.A). This has been observed previously (Chapters 4 and 5) 

and also in numerous studies exposing bivalves to Cu (Al-Subiai et al., 2011; 

Pytharopoulou et al., 2013; Cao and Wang, 2017). M. galloprovincialis exposed to Cu 

alone was significantly higher than the control in the digestive gland; however, the 

binary mixture of Cu and HTO did not show the same significance. This antagonistic 

interaction indicates the potential protective effect HTO has on Cu accumulation. The 



- 246 - 
 

mechanisms behind the potential effect HTO has on Cu accumulation are unknown, 

however, it is known that competition between elements can cause alterations in 

accumulation of a particular contaminant. HTO may have the potential to affect the 

transport proteins located on the cell membrane, preventing the “normal” accumulation 

to elevated Cu levels. As mentioned previously, there are a number of transport proteins 

known to be involved in the transport of Cu into cells, which include copper transport 1 

(CTR1), calcium activated chloride transport channels (Perschbacher and Wurts, 1999; 

Lee et al., 2002). These are proteins of interest for the accumulation of Cu, which could 

allow a greater understanding behind the mechanism of Cu accumulation. Another 

interesting observation in the present study is the significant difference between the 

combined Cu and HTO in the “other” tissues. When exposed to HTO and Cu (1.5 MBq L-

1, 5 µg L-1, respectively), accumulation was greater than that found in 5 MBq L-1 and 5 µg 

L-1 Cu. This also indicates, along with the digestive gland Cu accumulation, that HTO may 

have the possibility to prevent the increased accumulation under elevated Cu. “Other” 

consists of all soft tissue in the mussels except the digestive gland, gill and mantle. There 

are no currently known mechanisms to why this increased accumulation may have 

occurred. The tissue types should be separated in future studies to allow a greater 

understanding into the distribution of Cu accumulation in these tissue. There are no 

currently known mechanisms to why this increased accumulation may have occurred. 

Concerning the accumulation of Pb, the addition of HTO had a significant effect on the 

accumulation of Pb in “other” tissue. When exposed to the highest concentration and 

dose of Pb and HTO (25 µg L-1, 5 MBq L-1, respectively), the accumulation of Pb decreased 

compared to both single Pb and co-exposed to the lower HTO dose (1.5 MBq L-1). As 

mentioned with the Cu accumulation, more information is needed to establish the 
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distribution of Pb and Cu in the “other” tissue. No other significant difference was 

observed between the same concentration of metals and HTO in the digestive gland, gill 

or mantle. There was, however, an observed trend, which showed an increase in Pb 

accumulation when co-exposed to HTO in the gill tissue (Fig 5.2.B). It is hypothesised in 

fish models that uptake of Pb is primarily due to its ability to be up taken through Ca 

transport proteins along the respiratory and digestive system  (Grosell et al., 2003). This 

could indicate that mechanisms for the higher accumulation in mussels exposed to Pb 

and HTO could be the biological interactions of these contaminants on the gill 

epithelium. Furthermore, Pb and Cu seem to accumulate differently with the addition 

of HTO. This could be because of their physio-chemical properties or a biological-

response effect. With this information, however, it is apparent that these interactions 

are complex and there is an increasing need to determine the effect mixtures have on 

marine organisms, for the protection of the marine environment.  

Tritium can be located in any location where hydrogen exists. Hydrogen is the third most 

abundant element in mammalian cells (10 %) (Aversa et al., 2016). This allows the 

distribution of tritium throughout the organism, potentially allowing for greater 

universal damage. The distribution of tritium activity concentration has been 

determined in previous studies (Jha et al., 2005; Jaeschke et al., 2011; Jaeschke and 

Bradshaw, 2013; Dallas et al., 2016; Pearson et al., 2018), variation on the distribution 

are observed comparing these studies. Jaeschke and Bradshaw (2013) found the highest 

tritium accumulation in the digestive gland, which aligns with the present study, 

however this was closely followed by the gills, which was not found in this work. It has 

previously been observed in M. galloprovincialis that the foot tissue accumulated a 

surprisingly high amount of tritium (Pearson et al., 2018), which has been seen in the 
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present study (Fig 5.2.C). There is, however, a high amount of variation in the activity 

concentrations of tritium and its distribution in Mytilus spp. but this is generally related 

to the exposure concentration (Dallas et al., 2016). Specific physiology and behaviour of 

the organism is thought to account for the variation found between uptake and 

distributions between studies (Pearson et al., 2018). This indicates the need for greater 

understanding into the uptake mechanisms of HTO, Cu and Pb to allow greater 

predictability into the effect these contaminants have on a range of aquatic organisms.  

Even though there are limited studies into the effect of HTO apart from genotoxic 

endpoints, its assessment is a large proportion of the overall studies of HTO in aquatic 

organisms (Table 1.2). In the present study, a significant increase in DNA strand breaks 

as determined by the comet assay were observed in the highest concentrations of Cu 

and Pb, which was also detected in Chapter 4 when Cu and Pb were co exposed to M. 

galloprovincialis. Interestingly, HTO was not significantly different from the controls 

when exposed alone to M. galloprovincialis. This is contradictory to the majority of 

studies assessing comet assay in aquatic organism (Table 1.2), which indicated an 

increase of DNA damage when exposed to HTO. Many of these studies, however, had 

longer exposure periods. For example, Oncorhynchus mykiss was exposed to HTO for 

148 days (Festarini et al., 2016), or at greater doses, M. galloprovincialis exposed to 15 

MBq L-1 for 7 days (Dallas et al., 2016). These differing exposure times and dose may 

induce a greater amount of damage than the parameters studied in the present study. 

DNA damage was observed in HTO when in combination with Cu and Pb; however, this 

was not significantly different from the amount of DNA damage seen in single exposures 

of Cu and Pb. This indicates that Cu and Pb is the toxic factor in regards to DNA strand 

breaks, regardless of whether HTO is combined or not.  
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As mentioned previously, the main mechanism thought to induce the DNA strand breaks 

determined by comet assay could be through the production of reactive oxygen species 

(ROS). There are certain defences organisms can have that reduce the amount of ROS in 

its system. In the present study, the total glutathione levels were measured to observe 

potential increases in antioxidant defences. In addition, protein carbonyl content (PCC) 

was measured, as these are products of oxidative stress. Neither of these antioxidant 

indicators showed any significant differences between the singular and binary mixture 

treatments. Modified comet assay using bacterial enzymes (e.g. fpg or endo III), would 

have provided the clue whether generation of ROS resulted in the oxidative damage to 

the DNA, as demonstrated in other studies using mussels and fish cells (Reeves et al., 

2008; Mustafa et al., 2011, 2012, 2015; Dallas et al., 2013).  

It has also been observed that glutathione peroxidase (enzyme catalysing the reaction 

between glutathione and ROS) does not alter when Pimephales promelas are exposed 

to HTO for 60 days (Gagnaire et al., 2018). The absence of glutathione and glutathione 

peroxidase alterations may indicate that there is not an increase of gene expression 

occurring for these antioxidant defences. This could possibly be because of the low 

concentrations not triggering a response or that HTO does not affect the production of 

ROS in organisms. There is, however, interesting observations in the production of 

glutathione in the fish species Pimephales promelas, reported from field and laboratory 

studies. In the laboratory study, no alterations were found in the production of 

glutathione, however there was an increase of glutathione in the field study conducted 

in Chalk river, Ontario, Canada (Beaton et al., 2019). This was thought to be due to the 

inevitable inclusion of complex mixtures in the natural environment and not related to 

the tritium in the field study. 
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Protein carbonyls are utilised as conserved indicators of ROS damage in an organism. 

There was no significance established between the treatment group and the protein 

carbonyl content. In the gill, a non-significant increase of PPC was observed for the 

highest concentrations of Cu and Pb (32 µg L-1 and 25 µg L-1, respectively) when exposed 

to M. galloprovincialis singularly. This suggests that HTO is protective against ROS 

formed by Cu and Pb. The measurement of antioxidant defences (glutathione activity) 

and the ROS damage (PPC) is important for understanding the mechanisms behind the 

potential toxicity of HTO in complex mixtures. In the present study, the data suggest that 

HTO alone and in binary mixtures do not increase the abundance of ROS in M. 

galloprovincialis.  

Along with comet assay, the determination of the induction of MN was utilised to assess 

contaminants induced genotoxic effects. The single exposure of HTO (5 MBq L-1) and Pb 

(25 µg L-1) showed a significant increase of MN per 1,000 cells compared to the controls. 

Studies show that MN has largely been induced by HTO exposure in aquatic organism 

(Table 1.2). For example, MNs are seen at lower doses (3.7 MBq L-1) after acute 

exposures in Mytilus edulis (Jha et al., 2005) and also in Pimephales promelas after 

chronic exposures (Gagnaire et al., 2018). An antagonistic relationship in MN induction 

was found between the singular and combined exposures. Singular Pb exposure induced 

a significantly higher amount of MN compared to the combination of Pb and HTO (1.5 

MBq L-1), whereas the singular Cu had a significantly lower amount of MN compared to 

Cu and HTO (5 MBq L-1). This indicates the potential for HTO to have a protective effect 

(when combined with Pb) and a damaging effect (when combined with Cu). The results 

suggest there is a requirement to analyses mixtures in further detail to achieve a greater 

understanding of the mechanisms of action for the variation observed between 
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different mixtures. This will allow a more robust prediction of complex mixtures and the 

effect they have on marine organisms.  

Neurological processes are vital for the health of an organism, and this includes the 

abundance of neurological enzymes, such as AChE. No significance was found between 

the treatments and the abundance of AChE, this has also been observed in other studies 

using HTO. Pimephales promelas exposed to HTO for 60 days show not effect on AChE 

(Gagnaire et al., 2018; Beaton et al., 2019). A non-significant decrease was seen with the 

combination of Pb and HTO compared to the single Pb exposure (Fig 5.4.A). This suggests 

that AChE is potentially affected by the HTO regardless of whether Pb is present or not. 

This may be explained by the ability HTO has to integrate into any compound that 

contains hydrogen, which includes enzymes (Atzrodt et al., 2018). The addition of tritium 

to enzymes could induce potential damage because of the close proximity to ionising 

radiation.  

M. galloprovincialis food consumption is a crucial insight into the health of the organism 

because of its direct link to the growth, reproduction and survival (Ren and Ross, 2005). 

Behavioural endpoints are observed to be one of the first biological levels of 

organisation to alter when an organism is exposed to contaminants. Avoidance is an 

essential behaviour observed in bivalves, fish, amphipods and echinoderms when 

exposed to contaminants (Ryder et al., 2004; De Lange et al., 2006; Hellou et al., 2009; 

Araújo et al., 2016). A decrease in clearance rate is another form of avoidance; if the 

organism does not consume the contaminant then it prevents further damage, with a 

trade off with consumption for energy production. In the present study, a significant 

decrease can be seen when M. galloprovincialis are exposed to Cu and Pb in combination 

with HTO, compared to the single exposures. This indicates a behavioural response to 
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the contaminants. Overall avoidance behaviour is a defence against the exposure to 

HTO, Cu and Pb. This defence may have influenced the absence of significant damage 

seen in this study regarding endpoints lower in the levels of biological organisation (i.e. 

glutathione, PPC and AChE). In Crassostrea gigas, clearance rate was also determined 

after a 14 day exposure to 1 and 15 MBq L-1, this showed no significant different 

between the control and treatments (Devos et al., 2015). This complements the present 

study because no difference was observed when HTO was exposed singularly to M. 

galloprovincialis. The avoidance behaviour seems to be adapted once M. 

galloprovincialis are exposed to complex mixtures. This indicates that mixtures of HTO 

with either Cu or Pb induce a stress response, increasing the risk of damage to the 

growth, reproduction and survival of M. galloprovincialis. 

In regards to the multivariate analysis, there was limited predictability between the 

endpoints assessed and the exposure to Cu, Pb and HTO, either alone or in combination. 

As previously mentioned, PCA has enabled previous studies to model the integrated 

responses of multiple biomarkers in context of “health status space” (Allen and Moore, 

2004). Cu and Pb showed there were some biomarkers that were correlated. For 

example, both metals showed correlation between the increased DNA damage through 

comet assay and the induction of MN. These two endpoints are recognized to be linked 

to each other, as both detect genotoxicity (Canty et al., 2009; Kang et al., 2013). It has 

been observed that in mammalian cell lines, the MN test has a greater sensitivity to 

carcinogenic contaminants compared to comet assay nevertheless, both have the ability 

to detect carcinogenic contaminants (Kawaguchi et al., 2010; Sasaki, 2017). The 

multivariate analysis conducted on M. galloprovincialis exposed to HTO and its mixtures 

found no correlation between endpoints, along with no influential biomarkers.  This 



- 253 - 
 

indicates that sub lethal effects found in these endpoints are not sensitive enough to be 

used as predictive biomarkers for HTO exposure to marine mussels. Further studies are 

needed to assess what biomarkers are needed for the development of numeral and 

network models for the impact of HTO on the health of marine organisms.  

 

5.5. Conclusion 

In the present study, there was a high amount of variation between the endpoints 

measured when contaminants where used in combination. For example, Cu was seen to 

induce more MN in combination with HTO at the highest concentration/dose, whereas 

the combination of Pb and HTO was seen to reduce it. The clearance rate also indicated 

an increase when M. galloprovincialis were exposed to Pb and HTO in combination. 

Through the variation found between this study and previous studies, a requirement has 

arisen to analyse the effect of combined exposures including HTO in detail. 

Understanding the effect a mixture of contaminants has on the marine environment is 

essential for the prediction of potential leaks and releases of HTO from the current 

nuclear establishments and the future developments of nuclear fusion technology. This 

study demonstrates the need for more information into combined contamination 

effects of contaminants to deduce the mechanisms effects by multiple contaminations. 

This would help the development of environmental models to predict combinations of 

contaminants without the need to test every possible combination.  
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Chapter 6. -                                   

Detection of alterations in the proteome 

of Mytilus galloprovincialis following 

exposure to copper, lead and tritium, 

either alone or in combination. 
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The photo on the previous page shows a word map of the DEPs altered in marine mussels 

exposed to copper lead and tritium in binary combinations. 
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6.1 Introduction 

Metals and radionuclides have been a topic of interest for decades with numerous 

studies investigating the effect that these individual pollutants have on aquatic 

environments. Environmental protection and regulation is based on single contaminant 

studies  (Connon et al., 2012), however, these pollutants are not found in isolation in 

the environment. Instead, they form complex mixtures both in the water column, 

sediment and within organisms. Mixtures in marine organisms have been found to 

exhibit differing effects compared to the single contaminant exposures. These 

differences between single and multiple contaminant exposures can have either a less 

than additive (antagonistic), additive or more than additive (synergistic) effect on 

biological responses. Currently whist generating the ‘safe’ level or benchmark for water 

quality, there are safety factors applied to account for the lack of knowledge about a 

contaminant or exposure scenario. It is, however, preferable to know the mechanisms 

that a particular contaminant has to provide the best response to these contaminations 

that the safe level may not account for (Johnson et al., 2016). Mytilus edulis were found 

to produce a synergistic effect on the effect concentration at 50 % (EC50) when exposed 

to Copper (Cu) and Nickel (Ni) in combination compared to the single exposure metals 

(Deruytter et al., 2017). When Mytilus galloprovincialis are exposed to tritiated water 

(HTO) and Zn in combination, however, an antagonistic effect is observed in the 

induction of DNA damage (Pearson et al., 2018). It is important to investigate 

environmentally relevant conditions and their effects on aquatic organisms when 

evaluating the regulations to protect the marine ecosystem.  

Proteomics is a powerful tool, which enables the investigation into changes occurring at 

the protein levels in aquatic organisms. The omics approach has been used in numerous 



- 258 - 
 

studies regarding the effect contaminants have on the marine environment to identify 

early warning biomarkers of exposure, such as genomics and transcriptomics 

(Wernersson et al., 2015). The genome and transcriptome, however, account for less 

than half of the variation seen at protein levels (Feder and Walser, 2005). In the last 10 

years, an increased interest in utilising proteomics for the field of ecotoxicology has 

arisen because proteins have a greater potential to indicate alterations that may affect 

the physiology of an organism than the genome or transcriptome (Tomanek et al., 2012).  

Changes in the proteome have been observed to affect the overall health of an organism 

(Bahamonde et al., 2016). Proteins are either up or downregulated because of the cells 

response to contamination stress. The alterations are hypothesised to occur because of 

a trade-off between cellular processes such as energy metabolism and oxidative stress 

resistance (Fields et al., 2012). This trade-off could reduce the organism’s ability for 

growth and reproduction, instead leading to cell cycle arrest and cell death. To maintain 

regular cellular processes, the organism undergoes compensatory responses to limit 

cellular damage and maintain homeostasis (Tomanek, 2011).   

Two known studies investigate the effect mixtures have on the proteome of aquatic 

organisms. Saccostrea glomerata exposed to 100 µg L-1 of Zinc (Zn), Cu and lead (Pb) in 

binary and tertiary mixtures showed alterations in the up and downregulation of 

proteins utilised in stress response (glucose-regulation protein), ATP 

synthesis/hydrolysis couple transport (ATP synthase) and cell redox homeostasis 

(Peroxiredoxin). In Mytilus galloprovincialis, a stress response protein (major vault 

protein) was detected in the mixture of Cu and B[a]P compared to the single exposures 

along with alterations in the regulation of proteins (Maria et al., 2013). These responses 

can be used to detect pollutants in the environment, allowing for greater protection in 
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areas previously overlooked due to variation in traditional biomarkers. Investigating the 

alterations of proteins in mixture scenarios are important to establish early warning 

biomarkers. These biomarkers can then be used to develop a dose response of mixtures 

to predict risks and effects. Along with the detection of environmental health, 

proteomics also allows a greater understanding of the possible mechanisms of action 

particular contaminants have on organisms. This is essential in interpreting full impact 

contaminants have on organisms, from uptake to transgenerational effects.  

In light of the information above, the aims of this study were: (a) to investigate the 

differentially expressed proteins (DEPs) observed in the digestive gland and gill tissues 

of M. galloprovincialis, exposed to Cu, Pb and HTO. (b) Assess the proteomic differences 

binary mixtures of Cu, Pb and HTO have on M. galloprovincialis compared to single 

exposures of the same contaminants. (c) Lastly, connect those protein differences into 

biological functions to understand the likely mechanisms of damage these contaminants 

have on M. galloprovincialis.  

6.2 Materials and methods 

6.2.1 Exposure scenarios  

Proteomic analysis was performed on M. galloprovincialis obtained from three 

individual experiments. For all the experiments, M. galloprovincialis were collected from 

Trebarwith Strand, North Cornwall (latitude 50 38’ 41" N, longitude 4 45’ 43.5" W) 

transported, and acclimatised in the laboratory for two weeks with filtered seawater (as 

detailed din Section 2.1).  M. galloprovincialis were exposed to copper (Chapter 3) lead 

(Chapter 4) and tritium (Chapter 5), alone and in binary mixtures for 14 days. M. 

galloprovincialis exposed to the highest concentrations of Cu, Pb and HTO proteomes 
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were further investigated. The concentrations/dose were 32 µg L-1 Cu, 25 µg L-1 Pb and 

5 MBq L-1 HTO (Table 6.1).  

Table 6.1. The concentration/doses used in the present study and the abbreviations used for the 
single and combined exposures.  

Concentration/dose 
Single 
treatments 

Combined treatments 

Copper High- 32 µg L-1 Cu 

Cu-Pb, Cu-HTO, Pb-HTO Lead High- 25 µg L-1 Pb 

Tritiated water- 5 MBq L-1 HTO 

 

The abiotic conditions of the exposures were kept as conservative as possible to enable 

comparison of these samples (Table 6.2). The highest variation was observed with lower 

salinity in the third exposure (tritium, copper and lead).  

Table 6.2. The water quality parameters in all exposures in the present thesis. ± Standard 
deviation 

Exposure Start date 
Salinity 
(PSU) 

Temperature 
(°C) 

DO % mmHg pH 

Cu 24/03/2017 34.9 ± 0.11 15.24 ± 0.26 
99.06 ± 

1.34 
768.08 ± 4.84 7.85 ± 0.04 

Cu-Pb 07/10/2017 32.92 ± 0.06 15.13 ± 0.07 99 ± 0.26 768.64 ± 2.52 8.1 ± 0.58 

Cu-Pb-
HTO 

18/02/2019 25.95 ± 0.22 14.63 ± 0.48 99.4 ± 0.47 768.08 ± 2.79 8.47 ± 0.05 

 

The abiotic conditions were then analysed along with the concentrations of metals to 

estimate the speciation of each metal in the exposure. Table 6.3 and 6.4 shows that the 

first exposure had a higher amount of free ions (Cu) and the percentage of ions 

decreased with each exposure. This could be accounted for by the increase of pH and 

decrease of salinity in the sequential exposures.  
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Table 6.3. Percentage of the different Cu speciation in natural seawater. Any speciation under 
0.01 % was omitted from the table. 

Cu speciation Exposure 1 Exposure 2 Exposure 3 

CuCO3 (aq) 65.74 70.54 71.18 

Cu+2 16.71 10.75 5.52 

CuOH+ 8.58 9.77 11.47 

CuCl+ 3.33 2.14 1.09 

Cu(CO3)2
-2 2.10 3.75 7.42 

CuSO4 (aq) 1.92 1.24 0.63 

CuH2BO3
+ 0.89 0.94 0.92 

Cu(OH)2 (aq) 0.28 0.57 1.51 

CuHCO3
+ 0.33 0.20 0.08 

CuCl2 (aq) 0.09 0.06 0.03 

Cu(H2BO3)2 (aq) 0.01 0.01 0.03 

CuF+ 0.01 <0.01 <0.01 

Cu(OH)3
- <0.01 0.02 0.10 

Cu2(OH)2
+2 <0.01 0.02 0.03 

 

Table 6.4. Percentage of the different Pb speciation in natural seawater. Any speciation under 
0.01 % was omitted from the table. 

 

6.2.2 Tissue preparation  

Digestive gland and gill tissues were dissected from three biological replicates per 

treatment group, flash frozen with liquid nitrogen and stored at -80 oC until use. The 

Pb speciation Exposure 2 Exposure 3 

PbCO3 (aq) 34.25 45.69 

PbCl+ 28.33 19.14 

PbCl2 (aq) 11.35 7.65 

Pb+2 7.32 4.97 

PbOH+ 6.70 10.50 

PbCl3- 4.10 2.76 

PbSO4 (aq) 2.52 1.71 

PbHCO3
+ 2.10 1.19 

Pb(CO3)2
-2 1.74 4.55 

PbCl4-2 1.09 0.73 

Pb(OH)2 (aq) 0.24 0.89 

Pb(SO4)2
-2 0.15 0.10 

PbBr+ 0.07 0.05 

PbH2BO3
+ 0.04 0.05 

PbF+ 0.01 0.01 
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digestive gland was chosen because it is the site of detoxification, and known to 

accumulate a high percentage of the contaminants. The gill was chosen because of it is 

highly valuable to the mussels health, but also because is it one of the first points of 

contact to contaminated seawater. Protein concentration measurement, visualisation 

through SDS-PAGE gels and staining were carried out in accordance to Section 2.13.  

Proteins were extracted through filter aided sample preparation (FASP) protocol, 

desalted and purified using the stop-and-go-extraction (STAGE) tip procedure (Section 

2.13). The resulting tryptic peptides were analysed using LC-MS (Orbitrap, ThermoFisher 

Scientific). 

6.2.3 Data analysis of peptides  

Peptide and protein identification was performed by MaxQuant (1.6.6.0, Cox and Mann 

2008). LCMS data were searched against a “Bivalvia” protein database obtained from 

uniprot (http://www.uniprot.org/, released June 2019). N-acetyl protein, deamidated 

NQ, and oxidized methionine were searched as a variable modification, and Cysteine 

carbamidomethylation (Barranger et al., 2019). Hierarchal cluster analysis was perform 

to visualise individual proteins that were up or downregulated in all combined treatment 

groups (i.e. Cu-Pb, Cu-HTO, and Pb-HTO). This analysis was conducted in Perseus 

software (1.6.2.3, Tyanova et al., 2016), primarily used for bioinformatics. The label-free 

quantification obtained from through MaxQuant was transformed, filtered and assessed 

for significant protein alteration between treatment groups. Only proteins significant 

from the controls were utilised for additional analyses (ANOVA, Tukey pairwise 

comparison, p<0.05). Enrichment analysis (fisher exact test) was conducting with 

proteins in the combined treatments that exhibited fold changes from the single 

exposed samples with Omicsbox (1.2, FDR<0.05, Conesa et al., 2005), which produced 
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enriched gene oncology (GO) annotations. This is achieved from matching the sequences 

from various databases to provide the closest possible match to annotated proteins in 

the database.  

6.2.3 KEGG pathway analysis  

Significantly altered proteins found in the binary mixtures of Cu, Pb and HTO were 

analysed further through the Kyoto Encyclopaedia of Genes and Genomes (KEGG). The 

pathway was obtained through GhostKoala (Kanehisa et al., 2016), which uses the KEGG 

database to highlight cellular processes the proteins have an effect on (Barranger et al., 

2019) . The resulting figures were individually visualised and highly altered KEGG 

pathways were selected for interpretation. The KEGG pathway maps were then colour 

coded to distinguish digestive gland and gill proteins.  

6.3 Results 

In all the treatment groups, 831 proteins were identified by LC-MS. A total of 338 

proteins changed significantly in expression in response to the exposures compared to 

control (p<0.05). These DEPs either were up or down regulated in each treatment group 

(Table 6.5). The digestive gland showed similarities between treatments with the 

number of up and down regulated proteins. The gill, however, showed a significant 

increase of up regulated proteins in the HTO treatments. The Cu and Pb treatments also 

showed a significant increase of down regulated proteins compared to HTO treatments. 

For the analysis of the proteins for this study, only proteins that had a significant 

increase or decrease compared to the controls were further investigated. Once these 

were found, the combined treatments were then analysed against the single exposure 
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treatments (e.g. only significantly increase or decrease proteins from Cu-Pb and Cu-HTO 

compared to Cu were utilised). 

Table 6.5. The differentially expressed proteins (DEP), upregulated and downregulated proteins 
found in each treatment group when M. galloprovincialis are exposed to Cu, Pb and HTO in single 
and in binary combinations. 

Tissue Treatment  DEP Up Down 

Digestive gland 

Cu 181 69 -112 

Pb 172 81 -91 

HTO 150 72 -78 

Cu-Pb 162 70 -92 

Cu-HTO 143 76 -67 

Pb-HTO 173 107 -66 

Gill 

Cu 187 55 -132 

Pb 177 50 -127 

HTO 101 74 -27 

Cu-Pb 209 76 -133 

Cu-HTO 154 81 -73 

Pb-HTO 137 93 -44 
 

6.3.1 Proteins identified in the digestive gland and gill of M. galloprovincialis  

In the combined exposures, 201 altered proteins were found in the digestive gland, with 

100 up and 101 downregulated, compared to M. galloprovincialis exposed to the single 

contaminant treatment groups (Fig 6.1). Whereas, there were 175 proteins altered in 

the gill, 89 up and 86 downregulated compared to the single exposure (Fig 6.1, Full list 

of proteins can be found in Appendix 2).  In the digestive gland, there were greater 

numbers of DEPs found in all combined treatments compared to the gill (23, 5, 

respectively, Table 6.6). 

 



- 265 - 
 

Table 6.6. All proteins found in all binary combinations of exposures to Cu, Pb and HTO. Each protein contains information on the GO IDs, annotations, 
categories discovered through Omicsbox, along with the primary function the protein and the p-value from the ANOVA performed in Perseus.  

Proteins Names Species 
Annotation 

GO ID 
Annotation GO Term 

Annotation GO 
Category 

Primary 
function 

p-value 

Digestive gland 

60S ribosomal 
protein L13 

Mytilus trossulus GO:0002181 
Cytoplasmic 
translation 

Biological Process 
Protein 

synthesis 
0.001 

Calmodulin   Isognomon nucleus GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological Process Signalling 0 

Transgelin Mytilus coruscus GO:0001725 Stress fiber Cellular Component Cytoskeleton 0 

Collagen-like 
protein-8   

Mytilus galloprovincialis GO:0003429 

Growth plate 
cartilage 

chondrocyte 
morphogenesis 

Biological Process Cytoskeleton 0 

Putative 40S 
ribosomal 

protein S14 
Pinctada fucata GO:0000028 

Ribosomal small 
subunit assembly 

Biological Process 
Protein 

synthesis 
0 

Calmodulin  Sinanodonta woodiana GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological Process Signalling 0 

Ribosomal 
protein L1   

Mytilus trossulus GO:0000184 

Nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological Process 
Protein 

synthesis 
0.005 

Fc-e cd23 
receptor   

Mytilus galloprovincialis GO:0001530 
Lipopolysaccharide 

binding 
Molecular Function Transport 0 

Neuronal alpha-2 
acetylcholine 

receptor subunit   
Mytilus galloprovincialis GO:0000187 

Activation of MAPK 
activity 

Biological Process Signalling 0.001 
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Macrophage 
migration 

inhibitory factor-
like protein 

Mytilus galloprovincialis    Immune system 0 

Heat shock 
protein 70   

Mytilus galloprovincialis GO:0000082 
G1/S transition of 
mitotic cell cycle 

Biological Process 
Response to 

stress 
0 

Glutathione s-
transferase   

Mytilus galloprovincialis GO:0000287 
Magnesium ion 

binding 
Molecular Function Oxidative stress 0 

Calreticulin Pinctada fucata GO:0000122 
Negative regulation 
of transcription by 
RNA polymerase II 

Biological Process Signalling 0.005 

Glutathione S-
transferase 

sigma 3 
Mytilus galloprovincialis GO:0000287 

Magnesium ion 
binding 

Molecular Function Oxidative stress 0.001 

14-3-3 protein 
zeta 

Crassostrea gigas GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological Process Signalling 0 

Non-neuronal 
cytoplasmic 

intermediate 
filament protein 

Crassostrea gigas GO:0005515 Protein binding Molecular Function Cytoskeleton 0 

Transport 
protein Sec61 
subunit beta 

Crassostrea gigas GO:0005086 
ARF guanyl-

nucleotide exchange 
factor activity 

Molecular Function Transport 0 

Clathrin heavy 
chain 

Crassostrea gigas GO:0000281 Mitotic cytokinesis Biological Process Transport 0 

Transport 
protein Sec61 
subunit alpha 

isoform 2   

Crassostrea gigas GO:0005048 
Signal sequence 

binding 
Molecular Function Transport 0 

Actin-1/3 Crassostrea gigas GO:0000281 Mitotic cytokinesis Biological Process Cytoskeleton 0 
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CuZn superoxide 
dismutase 

Mytilus galloprovincialis GO:0000187 
Activation of MAPK 

activity 
Biological Process Oxidative stress 0 

Ribosomal 
protein S17   

Crassostrea gigas GO:0000028 
Ribosomal small 
subunit assembly 

Biological Process 
Protein 

synthesis 
0.006 

Actin Mytilus galloprovincialis GO:0000281 Mitotic cytokinesis Biological Process Cytoskeleton 0 

Gill 

Glucose-
regulated protein 

94 
Mizuhopecten yessoensis GO:0001666 Response to hypoxia Biological Process Metabolism 0.003 

Putative 
aminopeptidase   

Mytilus galloprovincialis GO:0004177 
Aminopeptidase 

activity 
Molecular Function Cellular process 0.006 

Isocitrate 
dehydrogenase 

[NADP] 
Mytilus galloprovincialis GO:0000287 

Magnesium ion 
binding 

Molecular Function Metabolism 0.005 

Actin Crassostrea gigas GO:0000281 Mitotic cytokinesis Biological Process Cytoskeleton 0.014 

Fructose-
bisphosphate 

aldolase   
Mytilus edulis GO:0001666 Response to hypoxia Biological Process Metabolism 0 
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Once these proteins were identified, they were categorised into biological processes 

(BP). The category with the highest abundance of proteins for the digestive gland was 

cytoskeleton at 20.9 %, closely followed by transcription at 19.4 % (Fig 6.1). Other 

major categories include; signalling (11.4 %), transport (10 %), oxidative stress (9 %), 

Metabolism (8.5 %) and response to stress (7 %). The most frequently altered BP in gill; 

however, was the metabolism at 21.1 %, followed by transcription with 19.4 % and 

cytoskeleton at 18.9 % (Fig 6.1). Other notable BP in the gill were cellular process (9.1 

%), transport (6.3 %), response to stress (5.7 %), signalling (5.1 %) and protein 

synthesis (4.57 %). 

 

Fig 6.1. The categorisation of DEP in the digestive gland and gill tissue of M. galloprovincialis, 
after a 14d exposure to binary combinations of Cu, Pb and HTO. 

 

6.3.2 Enrichment analysis 

Enrichment analysis was performed using Omicsbox on these proteins to identify a 

function from a set of proteins, through this; the top 10 enriched GO annotations were 
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found (Appendix 3). Each contaminant (Cu, Pb or HTO) and tissue was analysed 

separately to get contaminant specific enrichment. All GO annotations that exceeded 

100-fold enrichment are shown in Fig 6.2. 100-fold enrichment was chosen to assess the 

most varied functions found in the exposed mussels compared to the controls. The 

digestive gland showed a greater amount of GO annotations, which exceeded 100-fold 

enrichment with 35, compared to the gill with 23. Within the digestive gland, the 

mussels exposed to mixtures including HTO found the greatest amount of GO 

annotations that had exceeded the 100-fold enrichment with 22 GO terms compared to 

Cu and Pb with eight and five, respectively. The highest GO terms in the HTO mixtures 

included naphthalene sulfonate metabolic process and malate oxidase activity both with 

the fold enrichment 769.98 (p<0.001).  

All mixtures contained the GO term Sec61 translocon complex with the fold enrichment 

274.14, 295.65 and 320.83 for Cu, Pb and HTO mixtures, respectively (p<0.001).  

In the gill, the Pb has the greatest amount of GO annotations that exceeded 100-fold 

enrichment with 12 compared to nine and two (Cu and HTO, respectively. The GO term 

‘glutamine-fructose-6-phosphate transaminase (isomerizing) activity’ was found to have 

the greatest fold enrichment with 1206.27 (p<0.001), in the exposure mixtures 

containing Cu (Fig 6.2). Similar to the HTO combined exposures in the digestive gland, 

the combined exposure with Pb showed a large fold enrichment of the GO annotation-

naphthalene sulfonate metabolic process.  
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Fig 6.2. GO annotations that were significantly upregulated in the digestive gland (A) and gill (B) of M. galloprovincialis after being exposed to Cu, Pb 
and HTO in binary mixtures for 14d. Blue bar are from mussels exposed to Cu mixtures (Cu-Pb, Cu-HTO), red bars were Pb mixtures (Cu-Pb, Pb-HTO) 
and yellow bars are from HTO mixtures (Cu-HTO. Pb-HTO). Abbreviations: BP- biological processes, CC- Cellular components, MF- molecular function.
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6.3.3 Hierarchal cluster analysis of expression data sets  

Hierarchal clustering heatmaps were created using proteins that occurred in all 

combination exposures in (a) the digestive gland and (b) the gill (Fig 6.3). The digestive 

gland had 23 proteins found in all binary contaminants compared the gill which had five. 

The proteins in the digestive gland include; Glutathione S-transferase, actin, ribosomal 

proteins, calmodulin, heat shock proteins and CuZn superoxide dismutase.  

In the gills, the proteins altered in all binary combinations were fructose-bisphosphate 

aldolase, putative aminopeptides, actin, Isocitrate dehydrogenase and glucose-

regulated protein.  

The cluster analysis also show the correlation between both proteins (left side) and 

treatment groups (top) through a dendogram (Pearson’s correlation p<0.05). The 

digestive gland correlation between treatment groups shows that the singular and 

combined Cu and Pb have a higher correlation to each other compared to the 

treatments exposed to HTO. In the gill, however, there is more variation between the 

exposures and the correlation, i.e. Pb-HTO is more closely related to Cu-Pb than HTO.  
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Fig 6.3. Hierarchal clustering heatmaps of DEPs found in all combined treatments when M. 
galloprovincialis were exposed to combinations of Cu, Pb and HTO, performed by Perseus. The 
top and left side show a dendogram to visualise the correlation between treatment 
groups/protein in (a) digestive gland and (b) gill. 
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Fig 6.4. Pathways in protein processing in endothelial reticulum effected by up and down regulated proteins in the combined exposures of Cu, Pb and 

HTO compared to the single exposures of the same contaminants. Abbreviations: CALR-Calreticulin, SEC61-Transport protein SEC61, BiP-Heatshock 

70kDa protein, GRP94-Heat shock 90kDa protein, PDIs-protein disulphide-isomerase, HSP70-Heat shock 70kDa protein, HSP90-Molecular chaperone. 
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Fig 6.5. Pathways in Leukocyte transendothelial migration effected by up and down regulated proteins in the combined exposures of Cu, Pb and HTO 

compared to the single exposures of the same contaminants. Abbreviations: Actin- Actin beta/gamma, Rac1-Ras related botulinum, Vinculin-vinculin, 

RhoA-Ras homolog gene, Rap1-Ras related protein, Cdc42-cell division control protein.  
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6.3.4. KEGG pathway analysis 

There were vast amounts of cellular and biological pathways that involved the identified 

proteins from the combined exposures of Cu, Pb and HTO in both the digestive gland 

and gill tissue of M. galloprovincialis. These include the two cellular pathways 

highlighted in Fig 6.4 and 6.5, protein processing in the endoplasmic reticulum and 

Leukocyte Transendothelial migration. In both pathways, the digestive gland and gill 

shared a number of the same pathways, for example they both had heat shock protein 

70 effected in the protein processing in the endoplasmic reticulum (Fig 6.4).  

6.4 Discussion 

There are limited investigations into the impact mixtures of contaminants have on the 

proteome of aquatic organisms. This is the first known study to assess the mixture 

effects of the nuclide, tritium, and the metals, Cu and Pb on an aquatic organism. The 

main aim of the present study was to address potential differences in the proteome of 

M. galloprovincialis exposed to Cu, Pb and HTO in binary mixture compared to their 

single contaminant exposure counterparts. These contaminants are found in the 

environment together and the increasing development of fusion technology lead to the 

potential of HTO becoming more prevalent in the environment (Dallas et al., 2012). 

Significant alterations were observed between mixture and single exposures. 

Differences were also found between the digestive gland and gills of M. galloprovincialis 

(Fig 6.1).  Overall, there were 201 DEP in the digestive gland with 98 upregulated and 

103 down regulated, whereas in the gill 175 DEP with 89 up and 86 downregulated 

proteins. The gill is the first organ of contact with the surrounding water, which makes 

it vulnerable to the contaminants in waterborne and dietary exposures of contaminants 
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(Gomes et al., 2013). Whereas the digestive gland is the primary location of 

detoxification of xenobiotic compounds in the Mytilus spp (Fernández et al., 2012). 

Enrichment analysis was performed on all DEP in the digestive gland and gill. The result 

was a list of GO annotations, which were significantly altered. Since all proteins usually 

have more than one function, enrichment analysis provides a useful visualisation into 

the functions, which could be altered when organisms are exposed to contaminants. For 

example, glutathione is a protein found in the digestive gland (Table 6.6). The primary 

function in this case was classified as an oxidative stress. Glutathione, however, is also 

utilised by organisms for metabolic detoxification, redox balance and regulation of 

immune system (Minich and Brown, 2019). GO annotations are a good indication of the 

overall effect a protein has on an organism as it assesses all functions of the protein and 

classifies them in multiple roles (Zhou et al., 2013). 

Each binary combination of Cu, Pb and HTO were analysed to assess the functional 

alterations in each exposure scenario. For example, “Cu combined” indicates that all the 

proteins were altered in the treatment groups containing Cu and either Pb or HTO 

against the control and single Cu exposure (Fig 6.2). Identification of proteins showed 

significant alterations in the biological functions, including: Cytoskeleton, protein 

regulation, cellular signalling, transport, oxidative stress, metabolism and response to 

stress. 

6.4.1 Cytoskeleton 

In both the digestive gland and gill of M. galloprovincialis exposed to mixtures of Cu, Pb 

and HTO showed frequent alterations to the biological function, cytoskeleton (20.5 and 

18.9 %, respectively). This includes proteins that were found in all of the binary 

exposures in digestive gland and gill, such as actin and transgelin (Table 6.6).  Usually 
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the proteins are found in organs that are composed mainly of muscular tissue, where it 

is used to regulate structure, regulation of microtubule polymerization and cell 

transport and mortality (Apraiz, 2006; Maria et al., 2013). It has been observed, 

however, that proteins related to the cytoskeleton are the first target for oxidative stress 

in bivalves (Miura et al., 2005; Gomes et al., 2014). Another function related to 

cytoskeletal proteins is the formation of stress fiber for mechanical maintenance to 

cellular structure (Smith et al., 2014). This includes tropomyosin, which is found in the 

gill of M. galloprovincialis exposed to Pb and HTO in combination. This protein 

undergoes phosphorylation, which is involved in the regulation of stress fiber formation, 

also detected in Nacella concinna exposed to singular Pb (Piechnik et al., 2017). 

In M. galloprovincialis exposed to binary mixtures of metals (Cu and Pb), the majority of 

proteins with the primary function of cytoskeleton where down regulated, including a 

4.98 fold decrease of tubulin in the combination of Cu and Pb compared to Cu singularly 

(Appendix 2). Decreases to cytoskeletal proteins have been found in previous studies 

when aquatic organisms are exposed to a number of metals, such as Cd and Zn (Silvestre 

et al., 2006, Thompson et al., 2012; Piechnik et al., 2017). Proteins relating to 

cytoskeleton functions were also observed to decrease binary mixtures of Cu and Cu 

nanoparticles (CuNP) in the digestive gland of M. galloprovincialis (Gomez et al., 2014). 

In the present study, Cu and Pb when in combination with HTO exhibited both increases 

and decreases of cytoskeleton proteins (Appendix 2). Both up and down regulations of 

cytoskeleton proteins have been observed in Bathymodiolus azoricus exposed to Cd 

(Company et al., 2019), S. glomerata exposed to Pb, Zn (Muralidharan et al., 2012) and 

M. galloprovincialis exposed to Cu (Maria et al., 2013). Many cytoskeleton proteins are 

known as housekeeping proteins, however in this situation they undergo substantial 
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alterations when aquatic organisms are exposed to contaminants. This therefore 

decreases their potential to be used as biomarkers of multiple contaminant exposures 

because it is not specific to multiple pollutants. 

6.4.2 Protein synthesis 

This category includes all proteins involved in the synthesis of proteins and include 

proteins from transcription, translation and protein regulation. This function was highly 

altered in both the gill and digestive gland of M. galloprovincialis (25.1, 23.3 %, 

respectively, Fig 6.1), in combination of Cu, Pb and HTO compared to single exposures. 

The most frequent alterations to protein regulation in the present study were observed 

in ribosomal proteins (Table 6.6, Appendix 2), which the majority were down regulated 

(Appendix 2). This is in contrast to S. glomera exposed to Cu, Pb and Zn where the 

combination of Cu and Pb showed no alterations in protein regulation (Muralidharan et 

al., 2012). Ribosomal proteins detected in S. glomera exposed to singular Pb were also 

found in all exposure combinations in the present study, ribosomal protein S17 (Table 

6.6). In both studies, this protein was upregulated, suggesting Pb singularly could have 

a similar mechanism of damage as Cu, Pb and HTO combined. 

Ribosomes are essential in the transcription and translation of DNA to functional 

proteins. Ribosomal biogensis is an energy intensive process were up and 

downregulation of these proteins have been found to be indications of disease in human 

cell lines (Turi et al., 2019). Upregulation is thought to be indicative of certain types of 

cancers and accelerated aging, whereas downregulation promotes signalling pathways 

that lead to cell cycle arrest and apoptosis (Montanaro et al., 2008; Golomb et al., 2014). 

Ribosome biosynthesis has been demonstrated in human cell lines to be vulnerable to 

internal and external stressors (Zhou et al., 2015), which makes it a good indicator of 
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cellular damage induced by exposure to multiple contaminants. The role of ribosomes 

in aquatic organisms is thought to be similar to that in humans, as shown in a study on 

Danio rerio, which indicated that mutations in ribosomal genes produce known cancer 

genes (Amsterdam et al., 2004). Nevertheless, further studies should be conducted on 

the mechanism of ribosomes to establish species variation.  

It was observed through KEGG pathway analysis that protein processing in the 

endoplasmic reticulum had a number of pathways that potentially could be altered from 

exposure to combined mixtures in both the gill and digestive gland (Fig 6.4). Similar 

pathways were also affected when M. galloprovincialis were exposed to 1 mg L-1 of 

fullerenes (Barranger et al., 2019). This includes protein pathways associated with 

protein recognition by luminal chaperones (BiP) and the mechanism for correctly folding 

proteins (CRT). The alterations of the proteins in these pathways, particularly in the gill, 

could suggest M. galloprovincialis modification in protein production to tolerate the 

combined contamination compared to a single exposure. Proteins are important in the 

health of an organism, even so far to be called the building blocks of life. Alterations to 

the production can effect a range of processes in an organism, such as the immune 

system, endocrine system, growth and repair (Verburg-van Kemenade et al., 2012; 

Chondrogianni et al., 2014). 

6.4.3 Metabolism 

Metabolic regulation is an essential process, which plays a key role in environmental 

stress tolerance, which is defined by the production or consumption of energy. It has 

been suggested that tolerating environmental stressors is an energy expensive process, 

which decreases energy levels available for other processes (Chora et al., 2009). 

Metabolic changes in the proteomes of aquatic organisms exposed to metals has been 
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well documented with Pb, Cu , Cd, Zn, Cr and Ag (Thompson et al., et al., 2012; Gomes 

et al., 2013; Le et al., 2017; Company et al., 2019; Li et al., 2019). In the present study, 

32 upregulated and 22 downregulated metabolic proteins were altered in the digestive 

gland and gill of M. galloprovincialis (Appendix 2). Among these proteins, Fructose-

bisphosphate aldolase, Isocitrate dehydrogenase [NADP] and a glucose related protein 

were found in all combinations of Cu, Pb and HTO in the gill tissue compared to the 

single exposures (Table 6.6). 

The tricarboxylic acid cycle (TCA) is the primary centre of carbon metabolism within 

organisms (Ji et al., 2019). Isocitrate dehydrogenase (ISDH) is an enzyme that catalyses 

the third step of the TCA cycle, in which provides NADH that is used for a number of 

different reactions including antioxidant defences (Fields et al., 2012). In all combined 

exposures in the gill containing HTO, ISDH was found to be increased up to 3.4 fold. An 

increase in this enzyme has also been observed in Penaeus vannamei gills infected with 

yellow head virus (Rattanarojpong et al., 2007) and Mytilus edulis after an exposure to 

the pharmaceutical diclofenac with a 1.4 fold increase (Jaafar et al., 2015). In 

mammalian studies, the decline of ISDH has been associated with 4-hydroxynonenal-

NADP-ISDH (HNE-NADP-ISDH) adducts, which induce inflammation and trigger 

apoptosis in oxidative stress conditions (Benderdour et al., 2004; Breitzig et al., 2016). 

There is limited knowledge, however, on the mechanisms of ISDH reduction in aquatic 

organisms, which would have to be investigated before the use of this protein as a 

biomarker of effect. 

Fructose-bisphosphate aldolase (FBA) is a metabolic enzyme that catalyses the cleavage 

of fructose-1, 6-bisphosphate into dihydroxyacetone and glyceraldehyde-3-phosphate 

in glycolysis or gluconeogenesis (Lv et al., 2017). The downregulation of this protein and 
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its associated genes have been suggested biomarkers for human gastric and liver 

cancers (Liu et al., 2011; He et al., 2016). The mechanism behind the downregulation of 

FBA and its effect on organisms is not known, however, it is thought to be associated 

with the fructose intolerance caused by the accumulation of fructose 1-phophate (Liu 

and Zhang, 2018). In the present study, the combination of Cu and HTO compared to 

both single exposures of Cu, Pb and HTO show a 2.0, 0.6 and 2.7 fold decrease in the gill 

of M. galloprovincialis (respectively, Table 6.6). This indicates that this species 

undergoes metabolic stress when exposed to combination of Cu, Pb and HTO, which has 

not been found in previous studies on these individual contaminants in aquatic 

organisms. This indicate that this protein could be an important biomarker for 

environmentally relevant mixture exposures. 

6.4.4 Signalling 

Signalling pathways control many biological processes, such as metabolism, cell cycle 

and response to stress (Lu et al., 2019). In particular, activation of signalling pathways 

may lead to alterations in the metabolism, which would decrease the the ability for an 

organism tolerate or adapt to the stressor (Nemmiche, 2017). There was a higher 

amount of alteration of signalling in the digestive gland with nine up and 14 

downregulated proteins compared to the gill, which included five up and four 

downregulated proteins (Appendix 2). The digestive gland of aquatic invertebrates is the 

primary organ involved in the detoxification of contaminants (Fernández et al., 2012), a 

process with high energy demands, therefore an increased requirement for signalling 

under stress. Specific proteins found in the digestive gland of M. galloprovincialis 

exposed to all combinations of Cu, Pb and HTO includes calmodulin, Calreticulin, 14-3-3 

protein zeta and neuronal alpha-2 acetylcholine receptor (Table 6.6). 
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Although calmodulin (CaM) is a calcium binding protein, its main function is as a 

mediator in calcium signalling in eukaryotic cells (Ca+/Calmodulin-dependant protein 

kinase II, Clapham 2007). This protein was upregulated 2.8 fold in Cu-HTO compared to 

Cu single exposures and 2.8-fold increase was found in Pb-HTO compared to Pb single 

exposures (Table 6.6). An increase in the Ca+/Calmodulin-dependant protein kinase II 

signalling has been observed to be an important component for numerous cellular 

processes, including inflammation (Suetomi et al., 2018), apoptosis (Park et al., 2018) 

and smooth muscle contractions (Saddouk et al., 2017). Futhermore, the levels of CaM 

has also been found to correlate to the morphology and dimension of the beak of 

Fringillidae spp (aka Darwin’s finches). When regulation of the CaM pathway is 

artificially increased, it induces the same morphological changes compared to controls 

(Abzhanov et al., 2006). This demonstrates the importance of this molecule to link 

proteomic changes to phenotypical changes in organisms. CaM should be considered to 

be investigated further to identify whether up or down regulation induces phenotype 

changes. 

6.4.5 Transport 

The main function of transporter proteins is to regulate the amount of molecules and 

compounds, such as metals, within cellular bodies. This is important for maintain 

homeostasis in the cell, within the digestive gland there were 7 up and 11 

downregulated proteins (Appendix 2). Included in that are 3 transport proteins that are 

present in all combinations of Cu, Pb, HTO, fc-e cd23 receptor, Clathrin heavy chain and 

transport protein Sec61 (Table 6.6). The fc-e cd23 receptor is a transporter in antibody 

regulation, up to 2.9 fold decrease was found in all combined treatments containing 

HTO, whereas a 2.8 increase was detected in Cu and HTO combined treatment 
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compared to single Cu (Appendix 2). There is limited information on the role of Fc 

receptors in aquatic organisms, however in humans they have been seen to be 

important in controlling the humoral and innate immunity associated with responses to 

infections and reduction of chronic inflammation (Nimmerjahn and Ravetch, 2007). The 

increase in fc-e-cd23 receptors in the combined exposure of Cu and HTO indicates an 

increased immune response often found in human diseases, such as AIDs (Miller et al., 

2001) and leukaemia (Kaaks et al., 2015) and malaria (Kumsiri et al., 2016). Additionally, 

this protein was found to increase in combinations including HTO compared to single 

exposures, which has been suggested as a potential therapeutic approach for 

autoimmune diseases (Mkaddem et al., 2019). Although these studies are conducted in 

humans, the mechanisms for the ability to use these protein as therapeutic approaches 

to autoimmune disease, and are based on the molecular interactions between this 

protein and immune complex-mediated cell effects (Mkaddem et al., 2019). Immune 

system proteins have been found in previous studies on mussels (Leprêtre et al., 2020), 

and it is suggested that molecular defence systems are similar between plants, animals 

and insects (Nürnberger and Brunner, 2002). 

There were also connections between the GO fold enrichments and the KEGG pathway 

analysis both indicated an alteration in SEC61, which is a transport protein. As illustrated 

in Fig 6.4, this transporter protein has an important role in the processing of proteins in 

the endoplasmic reticulum. As mentioned previously in section 6.4.2, the processing of 

proteins is a vital component in the health of an organism. The exposure of Cu, Pb and 

HTO in the present study also showed a downregulation of calcium-transporting ATPase 

in the gill tissue. This transporter usually allows the M. galloprovincialis to control the 

Calcium (Ca) levels in the cell, which is essential for Ca2+ signalling, and shell formation 
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(Burlando et al., 2004; Thomsen et al., 2018). The gill is known as an important target 

organ for water-borne metals (Ling et al., 2009), and influx of ions into the circulatory 

system of fish are influenced by Ca2+ transport through the gills of Salmo salar (Devos et 

al., 1998). Although calcium-transporting ATPase proteins were not affected in all 

combined exposures, its downregulation in Cu combined with Pb compared to the single 

exposures indicates a potential insight into the effect metals have on M. galloprovincialis 

gills. 

Linking to the immune response transportation in marine mussel, KEGG pathway 

analysis has found that leukocyte transendothelial migration may be affected by the 

combined exposures of Cu, Pb and HTO in the gill and digestive gland. A number of 

pathways are associated with the alteration of proteins affected by these 

contaminations, including, the endothelial docking structure and the direction sensing 

of the leukocyte (Fig 6.5). The migration of these leukocytes in vital for both the innate 

and adaptive immune system of marine mussels (Zannella et al., 2017). The main 

internal defence response of marine mussels is the recognition, engulfment and 

demolition of foreign particles, either abiotic or biotic, by leukocytes (Bachère et al., 

1995). 

It has been found in the Pacific red snapper (Lutjanus peru) exposed to methylmercury, 

cadmium and arsenic decreased the production of leukocytes in the spleen (Reyes-

Becerril et al., 2019). The alteration to the migration of leukocytes in the marine mussels 

exposed to the combination of Cu, Pb and HTO suggests that the leukocytes are not 

being transported to the tissue. It is also well known that a decrease in the leukocytes 

in an organism is an indication of a weakened immune system; the organism is then 

susceptible to disease (Yada and Tort, 2016).  
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6.4.6 Oxidative stress 

Overproduction of free radicals and oxidant species is well established to induce damage 

to DNA, lipids and proteins (Neeraj et al., 2013). Cellular regulation is vital for its 

protection against these reactive oxygen species (ROS). Oxidative stress proteins are 

produced in organisms as a defence mechanism, and increase or decrease in these 

proteins have been found to indicate the presents of ROS (Lushchak, 2014). Within the 

gill of M. galloprovincialis exposed to Cu, Pb and HTO in binary combinations, one 

protein was upregulated and five were downregulated (Appendix 2). Whereas the 

digestive gland had 10 up and five down regulated proteins. These include two 

glutathione s-transferase (GST) and CuZn superoxide dismutase found in all 

combinations of Cu, Pb and HTO in the digestive gland. 

A GST protein found in the digestive gland was found to have increases up to 2.3 folds 

compared to the single exposures (Appendix 2). Another oxidative stress protein found 

in the digestive gland was CuZn Superoxide dismutase, which was increased by 2.6 and 

2.3 folds in the combined exposure of Cu-HTO and Pb-HTO, respectively.  Both oxidative 

stress molecules are known as scavenger molecules because they catalyse reactions that 

detoxify reactive oxygen species (ROS, McDonagh and Sheehan, 2006; Gomes et al., 

2014). The upregulation of GST is well established to be connected with the increase of 

oxidative stress in aquatic organisms exposed to metals, including  Cu, Pb, Zn, Cd and Ag 

(Liu et al., 2011; Thompson et al., 2012; Rainville et al., 2014; Piechnik et al., 2017). 

Interestingly metallothionein was not found in the combined exposures. These proteins 

have multifaceted roles in aquatic organisms, including regulation of homeostasis, heavy 

metal binding and protection against oxidative stress (Wang et al, 2014). These would 

therefore be expected in metal exposures, however, in the present study these proteins 
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may have been altered in both the singularly and combined exposures, therefore not 

specific to metal mixtures. The majority of oxidative stress proteins detected in the 

present study occurred within the digestive gland (Appendix 2). This is potentially 

because the digestive gland is the primary location of detoxification in Mytilus spp, 

increasing the requirement for oxidative stress defences (Shanmuganathan et al., 2004). 

This indicates that the combined mixtures of Cu, Pb and HTO could induce a higher level 

of oxidative stress compared to single contaminant exposures. 

6.4.7 Response to stress 

Response to stress proteins is important in prediction of damage at higher levels of 

organisation as they are well known to be caused by stress in the cell. Both gill and 

digestive gland in the present study showed significant alteration in response to stress 

proteins in the combined exposure of Cu, Pb and HTO. The gill showed three upregulated 

and seven downregulated responses to stress proteins, whereas the digestive gland had 

seven up and seven downregulated proteins. 

These responses to stress proteins mainly consisted of Heat Shock Proteins (HSP), Ras 

Protein and Major Vault Protein (MVP). Traditional response to stress proteins, such as 

heat shock protein, have been used to indicate potential impacts of environmental 

contaminants since the 1990s (Feder and Hofmann, 1999). In the present study, HSP70 

was downregulated in all combined treatment of Cu, Pb and HTO. The most prominent 

downregulation indicated a 4.5 fold change in the Cu-HTO digestive gland compared to 

the single Cu exposure (Appendix 2). HSP are molecular chaperones that modulate stress 

response as protection against cell damage (Company et al., 2019). Downregulation of 

this protein could indicate a high amount of ROS formation within the cells and lead to 

apoptosis through the activation of caspases (Takayama et al., 2003). It has been 
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observed that S. glomera exposed to single isolation upregulated HSP70, which 

corresponds with the present study indicating this protein, could have different effects 

between single and combined exposures of Cu (Thompson et al., 2012). 

6.5 Conclusion 

The present study demonstrates the first use of proteomics to analyse the protein 

expression of M. galloprovincialis exposed to Cu, Pb and HTO in binary combinations. 

The impact of Cu, Pb and HTO investigated in this study could potentially determine 

whether the proteins found in the binary mixtures were having an impact on the 

chemical reactions in marine mussels. The different sets of proteins obtained by the 

digestive gland and gill compared to both the control and single contaminant exposures 

indicates different mechanisms of damage in the combined contaminant exposures. 

There are a number of proteins of interest that were found in this study in M. 

galloprovincialis exposed to binary mixtures of Cu, Pb and HTO that were also not found 

in other singularly exposed aquatic organisms. This includes; the transporter protein Fc-

e-cd23, which has been found to have an important role in immune system in humans, 

calmodulin (CaM) which is a cell signalling proteins that is suggested to be linked with 

morphological changes in finches, and lastly fructose-bisphosphate-aldolase (FBA) 

which is a metabolism enzyme associated with gastric and liver cancers in humans. 

There is limited amount of information and understanding about these proteins in 

invertebrates and are rarely or not found in other singularly exposed studies on marine 

mussels. These could lead to a greater understanding into the mechanisms that mixtures 

affect but also development of new biomarkers of effect previously overlooked by 

exposure to single contaminants 
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These signify that exposures with single contaminants do not fully represent the 

exposure conditions found in the environment. This implies environmental policies that 

indicate safe levels in the environment, through evidence from single contaminant 

exposures, may not protect the organisms, as there are distinctive alterations. Even 

though there are safety factors that are applied for the releases of contaminants in the 

marine environment, it is advisable to have an understanding of the mechanisms 

affected so that future monitoring can be more precise. Proteomics is a quickly 

expanding field in ecotoxicology and this study demonstrates its potential to uncover 

previously overlooked mechanisms through the detection of specific proteins into the 

effect of more environmentally relevant exposures on marine mussels. 
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Chapter 7. -                  

General discussion 
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The photo on the previous page shows a collection of marine mussels found at the “clean” 

reference site, Trebarwith Strand, Cornwall, UK. 
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7.1 Introduction  

There were several central questions that were identified and investigated in this thesis 

surrounding the potential impact that mixtures of contaminants (i.e. metals and 

radionuclides) have on a representative marine organism. The main objectives were to 

convey the need for more investigative studies and fill the knowledge gaps on the likely 

impact of mixtures of contaminants for a more robust prediction for the health of the 

environment. To address these broader questions, several smaller questions had to be 

analysed. Firstly, to add to the existing evidence that marine mussels, Mytilus 

galloprovincialis, are efficient organisms for assessing the impact of contaminants, 

either alone or in combinations. The second objective was to investigate multiple 

“traditional” biomarkers at different levels of biological organisation and assess their 

influence on the health of M. galloprovincialis linking levels of organisation. Finally, 

Chapter 6 aimed to identify the differences of proteome of M. galloprovincialis for 

different exposure scenarios to establish this omics approach as sensitive biomarkers.  

 

7.2 Marine mussels and its relevance in ecotoxicological studies  

One of the principal aims of ecotoxicological studies is to find suitable sentinel and 

surrogate organisms that will allow a robust prediction of the affect contaminants have 

on them and consequently on the entire ecosystem and on human health. With regards 

to test organisms, there are numerous alternatives, particularly the invertebrates which 

constitute over 90% of the extant species. In the present work, the marine mussel, 

Mytilus galloprovincialis, was used for the experimental purposes. Although M. 

galloprovincialis has many practical and logical benefits for its choice of use, there are a 

number of disadvantages for using a single species. Sensitivities between species vary 
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widely, for example, in a study that assessed the impact of cadmium (Cd) on four 

difference species of Bivalvia significant differences were detected for their proteomes 

(Liu et al., 2012). Different sensitivities have also been observed in a uptake study that 

had multiple species from different trophic levels, including fish (European perch) and 

invertebrates  (damsel larvae, may fly larvae, water louse and ramshorn snail) and the 

accumulation patterns of the pharmaceuticals; diphenhydramine, oxazepam, 

trimethoprim, diclofenac, and hydroxyzine (Lagesson et al., 2016). These differences 

could be attributed to their phylogenetic origin, physiological status and life stages.  

Variation in sensitivity is not only found between species (i.e. interspecies), but also 

within the same species (i.e. intraspecies) at different ecological niches and geographical 

locations (Jha, 2004, 2008). Apart from the genotype or genetic makeup, this differential 

sensitivity is because organisms at different locations are exposed to differing physio-

chemical factors. This could range from pollution to abiotic influences, such as pH, 

temperature and salinity, which are known to influence the biological responses 

following exposure to contaminants (Gasith and Resh, 1999; Gagnaire et al., 2006). To 

reduce this variability to determine accurately the hazard and risk posed by the 

pollutants, species that are sensitive to environmental changes should be used as a 

model organism. In this context, we should bear in mind that different species could 

exhibit differential sensitivity following exposure to different types of contaminants, 

with differing mode or mechanisms of action. In addition, the limited amount of 

information on the impact of ionising radiation on the biota, either alone or in 

combination with other contaminants makes it important to carry out multiple species 

comparisons to provide a robust assessment for potential impact on the environment 

(Dallas, 2012). An organism with a short life span is also desirable as this can allow for 
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either the assessment of the effect a contaminant has on multiple life cycle stages or for 

transgenerational studies. It has been observed that different life cycles of organisms 

have different sensitivities to exposure to contaminants (Bour et al., 2015). Mytilus spp. 

are not frequently used in life cycle studies as it take 2 years to sexually mature. This is 

a relatively long developmental phase and there are other organisms, such as Daphnia 

magna and Tisbe battagliai (Koivisto, 1995; Barata et al., 2002) that mature within a 

shorter period.  

In light of above information, from the present work it is evident that M. 

galloprovincialis had varying tolerances to the same contamination depending on the 

exposure scenarios of various contaminants. In the first exposure (Chapter 3), the 

mussels exposed to copper (Cu) at different concentrations showed a clear dose 

dependant effect. When exposed to mixture of contaminants (Chapters 4 and 5), this 

effect was not found for a number of endpoints. As reproductive stage of the mussels 

are known to influence biological responses (Schmidt et al., 2014), such variation could 

be due to differences in time of the year when mussels were collected for experimental 

purposes. The first exposure (Chapter 3) to Cu alone was conducted in the spring, 

around the time mussels normally prepare to spawn. This is a crucial time of year, a lot 

of energy is used for the development of gametes and the physical release of 

spermatozoa and oocytes (Williams and Bentley, 2002).  The other two experiments 

were conducted in the winter months, these are more dormant periods of time for M. 

galloprovincialis, as they are conserving energy because of the colder sea temperatures 

(Briant et al., 2018). The differences between exposures may also be due to the abiotic 

conditions. As the water was collected at different time points they exhibited 

differences in water chemistry, such as salinity and pH. The water quality from the 
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exposures were all within the natural seawater range.  The seawater used in the first 

exposure, with Cu alone, had a lower overall pH (7.85 ± 0.04) and higher salinity range 

(34.9 ± 0.11) than the other two exposures, Cu-Pb and Cu-Pb-HTO (Table 6.2.). A low pH 

has been observed to increase the toxicity of some compounds, for example, Pb2+ ions 

are highly toxic to organisms and the percentage of this speciation is greater at a lower 

pH (Carolin et al., 2017). This suggests that the dose dependant relationship found in 

the Cu exposure may be effected by the water parameters. This is also found when 

marine mussels were exposed to Cu at different temperatures (Boukadida et al., 2019), 

which observed an increase of DNA damage through comet assay when mussels were 

exposed to the Cu combined with higher temperatures.  

It has been shown that gene expression rhythms in mussels show variations in different 

seasons (Banni et al., 2011). In future work, however, it would be beneficial for either, 

specific studies on the effect season has on Mytilus spp. or for all the studies to be 

conducted at the same time of year for a more robust comparison.  

 

7.3 Environmental relevance of contaminants used 

Copper, lead and tritiated water were selected as the relevant contaminants in this 

study for a number of reasons. The first being that they are present in the marine 

environment from a number of sources, such as industrial effluents, nuclear power plant 

(NPP) and nuclear fuel reprocessing plants (NFRP). Tritiated water is a particular 

contaminant of interest for its future application in fusion power, along with current 

uses, including NPPs, electronics manufacturing and radiolabelling in medicine (Dallas et 

al., 2018). In addition, the contaminants chosen are also representatives of two separate 
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classes of materials (metals and radionuclides), which could have different mechanisms 

for the induction of biological damage.  

The contaminants selected were assessed as binary mixtures, which adds a level of 

complexity that individual contaminants in ecotoxicological studies do not possess. 

Although this exposure scenario is far from the realistic exposures marine organisms will 

encounter in nature, it can help aid the understanding of more environmental exposure 

conditions. In the present study, differences can be observed for the same endpoint but 

in different combinations of contaminants. For example in Chapters 4 and 5, Pb co-

exposed with Cu decreased the uptake of Pb in the M. galloprovincialis compared to the 

single exposure of Pb. In contrast when co-exposed with HTO, there was no statistical 

difference compared to the single exposure. This indicates that the types of available 

contaminants in a marine ecosystem could have an impact on the mechanisms of 

uptake. Although there are a number of mixture studies that observe the effect of 

tertiary mixtures of contaminants (Batool and Javed, 2015; Traudt et al., 2017), each 

added contaminant into the experimental design decreases the practicality of the study. 

For example, with an increased amount of treatment groups come the need for 

compromise for biological replicates against the time and space it occupies. In the 

present work, the biological replicates (i.e. the number of mussels used per treatment) 

decreased in the Cu, Pb and HTO compared to the Cu and Cu-Pb exposure due to 

logistical reasons i.e. large number of treatments and the need to minimise radiation 

exposure to all persons involved.  

In contrast to laboratory studies, field studies take into consideration the complexity of 

combined exposure of contaminants in the natural environment. A study on HTO in 

Pimephales promelas, which had both a laboratory and field study aspect to it, found 
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differing results for identical endpoints, such as phagocytosis and glutathione activity 

(Beaton et al., 2019). Nevertheless, with field studies it is challenging to extrapolate the 

direct cause of effects observed because it could be any number of confounding factors 

and chemicals found in the environment (Farcy et al., 2007). There are different 

methods to detect contaminants in environmental matrices, generally with metals being 

ICP techniques used whereas radionuclides have to be detected by other methods, such 

as liquid scintillation counting. In addition, field studies focused on metal contamination, 

radionuclides are rarely measured in field studies compared to metals. Radionuclides 

could be having an impact on an environment; however, without measuring the water 

it is impossible to distinguish it as a factor.  

Another fundamental aspect to consider is the concentration of the contaminants used. 

In this work, there were two Cu and Pb concentrations used in the exposures. A low 

concentration (within environmental levels) were chosen to fully assess the impact of 

environmental mixtures, along with a higher concentration to act as either a positive 

control (32 µg L-1, Cu) or as the level considered safe in the marine environment (25 µg 

L-1, Pb). Generally, greater impacts where observed at the higher concentrations, 

however, there were still significant differences found in the more environmentally 

realistic concentrations. For future work on these contaminants, it could be suggested 

that only the environmental concentrations should be used, either to downscale the 

experimental design or to focus on a lower range of concentrations to find the threshold 

of multiple contaminants.  

The tritiated water (HTO), however, was used at concentrations higher than observed in 

natural marine environments, not affected by nuclear accidents. The concentration of 

HTO is estimated to be around 10 Bq L-1 in the English Channel (Bailly du Bois and Dumas, 
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2005), which is 5x105 times less than the highest concentration used in this study. These 

concentrations were closer to those found in the water pipes surrounding Fukushima 

during the 2011 nuclear accident (TEPCO 2013, Dallas, 2012). These concentrations, 

however, were chosen to align with the recommended 10 µGy h-1 dose rate at which an 

organism should not observe any detrimental effects (Andersson et al., 2009). Although 

it is important to assess the effects major nuclear accidents have on the surrounding 

biota, more environmentally relevant levels of radionuclides should be used on a range 

of species to verify the potential impact of recommended dose levels and to get insights 

into the impact of their releases from NPPs and NFRPs. 

 

7.4 The utilisation of network modelling to identify biomarkers of 

exposure.  

Biomarkers have previously been found to accurately determine endocrine disruptors in 

aquatic fish species because of the particular mechanism of damage that these specific 

contaminants have on organisms (Simon et al., 2010) . Endocrine disruptors have been 

found to increase the production of female-specific yolk protein precursor, vitellogenin, 

in the blood and liver of male fish (García-Reyero et al., 2004). This allows the detection 

of harmful effects in endocrine disruptors have on aquatic environments. Finding 

biomarkers for the contamination of other classes of contaminants, other than 

endocrine disruptors such as metals and pesticides, has been the objective in the field 

of ecotoxicology. This includes more broad biomarkers that could be used for the 

identification of generally polluted areas. In this work, there were a number of 

endpoints used in each exposure to attempt to assess the validity of using these 

biomarkers in M. galloprovincialis for multivariate analysis. Contaminants could 
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manifest their toxicity in a variety of ways simultaneously (i.e. same chemical could be 

genotoxic, neurotoxic, immunotoxic, endocrine disrupting chemicals (Jha, 2008).  

Although there was an effort to pick endpoints that spanned the levels of biological 

organisation, the practicality of conducting numerous endpoints from the same 

exposure is often difficult to achieve. For this reason, it is important to conduct multiple 

studies with alternative endpoints to attain a more robust analysis of combination 

exposures. The multivariate analysis for Chapter 3 and 4 indicates that there was a 

correlation between glutathione activity and comet assay. These endpoints would be 

essential for any future studies.  

Network modelling for the prediction of the biological effects contaminants on the 

marine environment has been the focus of many scientific studies (Moore, et al., 2004; 

Lega et al., 2016; dos Santos et al., 2018; Everaert et al., 2018). The modelling of a 

biological system can be completed by mathematical equations, along with assumptions 

of protein-protein interactions (PPI). Identifying the interactions that are linked to 

phenotypical effects in biological systems exposed to contaminants could push for 

research that is more specific for particular biomarkers. A robust model will also need 

to include factors such as (a) abiotic (e.g. temperature and salinity), (b) biotic (e.g. 

trophic chain) and (c) anthropogenic contaminants. The complexity of biological systems 

means it is difficult to have a well-fitted model for all reactions in a cell or tissue 

(Memisevic et al., 2010). To limit the amount of information (therefore assumptions) it 

has been suggested that the biological networks should be restricted to one omics level, 

such as proteomics (Janowski et al., 2014). Future progressions into network modelling, 

however, are quickly developing and the use of these models can identify biomarkers of 

effect by specific or broad contaminants (Hook et al., 2014).  
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As stated previously, multivariate analysis was used to visualise the complexity of 

interactions between varieties of biomarkers when exposed to contaminants. This 

provides a detailed analysis of endpoints which have the potential to be influential 

biomarkers in these types of exposures. The addition of multiple contaminants in the 

exposure showed an interesting effect on the different aspects of multivariate analysis, 

such as a decreased amount of overall correlation between endpoints found in the 

binary contaminant exposures. Another key observation found in the Cu, Pb exposure 

combined with HTO was the limited amount of influential biomarkers found compared 

to Cu and Cu-Pb exposures. This implies that the predictability of these endpoints are 

also decreased, which further indicates that binary mixtures of contaminants would not 

be predicted by network modelling development for the use of single contaminant 

exposures. 

Future ecotoxicology studies would benefit from the use of multivariate analysis for the 

identification of robust biomarkers. For example, acetylcholinesterase activity was not 

found to be an influential biomarker in the mixture exposures within this work, 

therefore it should not be included in further studies. Secondly, conducting a meta-

analysis of mixture studies on aquatic organisms with multivariate analysis creates a 

more robust assessment of the overall effects these types of exposures have on the 

marine environment. This could generate enough understanding of the effects of 

contaminants have on organism without the need for individual studies on specific 

abiotic conditions. It would require a lot of statistical expertise, however, the result 

could vastly increase the understanding of the effects mixtures have on an ecosystem.  
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7.5 Future recommendations  

 7.5.1 The use of transcriptomics in ecotoxicology  

Transcriptomics is used for the identification of expressed genes through the analysis of 

messenger RNA (mRNA) of biological samples (i.e. tissue or cells). The use of 

transcriptomics is widespread throughout the field of ecotoxicology. This includes single 

gene PCRs, microarrays and RNA-seq (Diatchenko et al., 1999; Horgan and Kenny, 2011; 

Glaus et al., 2012; Dallas et al., 2013; Banni et al., 2017). Transcriptomics of specific 

genes is useful to identify effects to well-established genes known to have an effect at 

higher levels of biological organisation, i.e. housekeeping genes (Bai et al., 2014). An 

upregulation of ras and p53 was observed with M. edulis after exposure to B[a]P (Di et 

al., 2011, 2017). Upregulation of heat shock proteins was also found in marine mussels 

when exposed to Nickel (Ni) (Dallas et al., 2013). This technique is inexpensive and quick, 

which allows for fast analysis beneficial in environmental monitoring, however the 

number of genes that can be analysed simultaneously is limited. A greater in-depth 

insight into gene expression can, however, be obtained by using microarrays, which is a 

tool to detect expression of thousands of genes (Dondero et al., 2011). Microarray slides 

contain thousands of defined positions that are imprinted with known DNA sequences 

or genes. A fluorescence probe is added to the cDNA to detect the presence of the 

specific gene or sequence (Missoum, 2018). As this technique can identify thousands of 

genes and sequences, a more robust analysis into the effect on molecular functions can 

be achieved. M. galloprovincialis exposed to Ni and heat were found to significantly 

upregulate in the processes involved in ribosomal biogenesis and regulation of cellular 

metabolic processes compared to controls (Banni et al., 2014).  
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Whilst microarrays analysis relies on a predetermined set of genes or sequences, other 

techniques, such as RNA-seq, have the potential for global analysis of the expressed 

genes in a biological sample (Finotello and Di Camillo, 2015). Contrasting to microarrays, 

the use of RNA-seq does not require known genes or sequences to detect alterations to 

the differently expressed genes. De novo sequencing (i.e. sequencing without a full 

genome) has been utilised for marine mussels exposed to B[a]P (Jiang et al 2016). In this 

study stress response related genes were selected for single gene quantitative real-time 

PCR (qPCR), which validated the RNA-seq procedure with the marine mussels. The use 

of both RNA-seq and the qPCR demonstrates the use of multiple techniques to create a 

greater understanding of the genes expressed in organisms exposed to contaminants. 

This can also be extended to the use of multiple omics approaches (i.e. transcriptomics, 

proteomics and metabolomics) for the ability to derive robust conclusions to the effect 

contaminants have on phenotypical changes in organisms (Simmons et al., 2015). In the 

present study, transcriptomics, particularly qPCR, could be used to complement the 

proteomic result observed when marine mussels were exposed to binary combinations 

of Cu, Pb and HTO. This would firstly allow validation of the proteomics preformed but 

also investigate the identity of specific genes that may attribute to the proteomic results. 

Once these genes are potentially detected, biomarkers of exposure could be 

established, creating an inexpensive method of identifying potential contaminations in 

the environment.  

7.5.2 The use of proteomics in ecotoxicology 

Proteomics is an exciting quantification approach, which is used in numerous 

applications. This “omics” approach is relativity new in the field of ecotoxicology and 

focuses on the proteins identified in organism exposed to environmental contaminants. 
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Enrichment analysis is also usually performed to increase the understanding of the 

general alterations in protein function.  

In the present study, the proteomic data indicated a few proteins of interest that could 

potentially be used as biomarkers of exposure for M. galloprovincialis exposed to the 

binary mixtures of Cu, Pb and HTO. This includes; the transporter protein Fc-e-cd23, 

which has been found to have an important role in immune system in humans, 

calmodulin (CaM) which is a cell signalling protein that is suggested to be linked with 

morphological changes in finches, and lastly fructose-bisphosphate-aldolase (FBA) 

which is a metabolism enzyme associated with gastric and liver cancers in humans. 

There is limited information and understanding about these proteins in invertebrates, 

they are rarely or not found in other singularly exposed studies on marine mussels. 

These could lead to a greater understanding into the mechanisms that mixtures affect 

but also development of new biomarkers of effect previously overlooked by exposure 

to single contaminants. These observed alterations, similar to many biological studies, 

create more questions than answers and further work should be focused into 

discovering the mechanisms of damage these contaminants have on biological 

pathways. 

As previously mentioned, there are numerous definitions of the term biomarkers, 

however they can be simply defined as biological characteristics that identify pathology, 

physical physiological processes or disease (Margaritelis et al., 2016). This definition is 

broad enough to initially suggest any reproducible detectable difference found in a 

proteome of an organism in contaminated areas could be considered a biomarker. It is 

proposed, however, that the most robust biomarkers have a known role in the alteration 

of the physiological changes induced by a pollutant (Viarengo et al., 2007).  
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There numerous methods used in cell biology that increase the understanding of the 

cellular importance of proteins interest, which would be interesting to use in 

ecotoxicology. One method is immunoprecipitation, which is used to extract interacting 

proteins of interest to establish their role in cellular pathways (Boeynaems et al., 2018). 

This method could potentially give more information on the impact of contaminants 

have on specific mechanisms of marine mussels. The proteins of interest that are related 

to specific mechanisms can be extracted via antibodies with the expectation that some 

of the interacting molecules will remain bound to the antibodies along with the proteins 

of interest. Then the complexes can be dissociated by electrophoresis and the proteins 

identified. Although this method has been used in a number of mammalian studies, it 

has the potential to produce false positives (Mering et al., 2002) and can only be used 

with stable protein complexes (Voshol et al., 2007). Nevertheless, this is an interesting 

aspect of human proteomics that could be developed to be utilised in the field of 

ecotoxicology.  

Another disadvantage to the sole use of proteomics to identify differently expressed 

proteins is that negatively charged modifications are underrepresented in mass 

spectrometry because of its affinity for positively charged ions (Asakawa et al., 2018). 

An example of this would be modifications such as phosphorylation, which are vital for 

the regulation of proteins (Oliveira and Sauer, 2012). Although the proteomics approach 

has high potential in the discovery of biomarkers and the mechanism of damage in 

ecotoxicology, an inclusive understanding of biological systems requires an integration 

of experimental data from genes, proteins and metabolites (Voshol et al., 2007). 

Proteomics is a quickly expanding field in ecotoxicology and this study demonstrates its 

potential to uncover previously overlooked mechanisms through the detection of 
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specific proteins into the effect of more environmentally relevant exposures on marine 

mussels.  

7.5.3 Metabolomics and its potential for future developments 

Proteomics has often been said to be linked more closely to the physiological changes 

within an organism compared to genomics or transcriptomics, as stated in Chapter 6.1. 

There has been development, however, that explores the role of metabolites in 

alterations from potential xenobiotic compounds. Metabolomics is essentially a step 

closer in identifying changes to a phenotypical change observed in organisms and it 

refers to the study of the metabolome or metabolites. Metabolites are low molecular 

weight compounds that are products and substrates of chemical reactions in biological 

systems (Liu and Locasale, 2017). This omics approach can also provide information 

about the underlying biological health of an organism, which can then be useful in 

determining the effect of contaminants on marine organisms. Metabolomics has been 

applied to many scientific fields including understanding of metabolic diseases, drug 

discovery, cancer metabolism and nutrition (Ebrahim, 2016; Wishart, 2016; Bruntz et al., 

2017; Newgard, 2017). It has also been utilised in a number of ecotoxicological studies 

assessing the changes in metabolites and the effect this has on the phenotype of an 

organism exposed to contaminants (Nagato et al., 2013; Ji et al., 2016; Yu et al., 2016). 

There are also a number of different methods in metabolomics, which can be targeted 

or a broader overlook into the metabolites.  

Metabolomics has a number of advantages over the other omics approached, genomics, 

transcriptomics and proteomics. Firstly, as mentioned above, metabolomics is the next 

or final step after proteomics which signifies that this approach has a greater potential 

for identifying alterations in organisms that represent functional and phenotypical 
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changes (Johnson et al., 2016). The different methods descripted above allow for either 

the identification of a biomarker (non-targeted) or development into the understanding 

of the biological processes a contaminant has on an organism (targeted). In addition the 

sensitivity and high sample throughout of this approach leads to the ability to carry out 

large scale studies. This would take considerably longer to achieve using traditional 

biochemical assays (Hensley et al., 2016). Lastly, the metabolites have been observed to 

be highly conserved across different species (Nielsen et al., 2017). This provides this 

approach with the ability to compare between aquatic organisms found within the same 

ecosystem.  

Metabolomics has been used in ecotoxicology for the determination of alterations to 

metabolites after organisms are exposed to contaminants. This includes a number of 

studies assessing different contaminants on aquatic organisms, including; metals 

(Cappello et al., 2016; Ji et al., 2016; Melvin et al., 2018; Yanagihara et al., 2018), 

nanoparticles (Li et al., 2015; Cappello et al., 2017; Zhang et al., 2017), pharmaceuticals 

(Sotto et al., 2017; Huang et al., 2019; Serra-Compte et al., 2019), flame retardants 

(Scanlan et al., 2015; Ji, Wang, et al., 2016) and pesticides (Nagato et al., 2016; Tufi et 

al., 2016; Habotta et al., 2017). Metabolomics, however, has not been utilised for any 

studies regarding environmental radiobiology. This could become an important addition 

to this field in the future as it is already being used to determine responses to radiation 

in non-humans models (Chen et al., 2016; Pannkuk et al., 2018). 

Although metabolomics is an exciting and developing scientific field, there are some 

disadvantages to this approach. Firstly, the specialised instruments and equipment 

needed for this approach require expertise and is relatively expensive to purchase 

(Gomez-Casati et al., 2016). Additionally, it requires an in-depth understanding of 
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bioinformatics to interpret the large amounts of data that can be obtained from the non-

target method (Kaever et al., 2015). The use of metabolomics, however, compensates 

from its disadvantages because of its potential of determining reliable biomarkers within 

ecotoxicology and for its ability to provide greater understand to biological systems 

under chronic contamination stress. This approach could potentially increase the 

understanding in the differences between multiple and single contaminant exposures 

because the metabolites could be identified with either similar or different mechanisms 

of damage. The impact of Cu, Pb and HTO investigated in this study could potentially 

determine whether the proteins found in the binary mixtures were having an impact on 

the chemical reactions in marine mussels. With the understanding you could gain from 

these studies, policies could be adapted to include multiple contaminant exposures if 

the multiple contamination is found out to be distinctive from single contaminant 

exposures. Once there is an increased understanding of the effect contaminants have 

on the metabolites of marine organisms, it could be used as a sole biomarker; this would 

decrease the overall cost and time of determining safe levels in the environment.  

 

7.5.4 Epigenetics in ecotoxicology 

Epigenetics is the study of changes in gene function that happen without a change to 

the DNA sequence (Jablonka, 2017). This endpoint was not used in the present study; 

however, it has the potential to benefit future ecotoxicological studies. There are several 

mechanisms that are known to be involved in epigenetics, including histone 

modifications, non-coding RNAs and lastly the most frequently assessed, DNA 

methylation (Vandegehuchte and Janssen, 2011). DNA methylation can be measured 

through multiple different methods, each exhibiting pros and cons. This includes 
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methods for when the candidate genes are known, such as PCR or pyrosequencing, or, 

when they are not known, such as ELISA, microarrays and mass spectrometry 

(Kurdyukov and Bullock, 2016). 

It has been suggested that this rapidly expanding field plays an important role in the 

tolerance and adaption of organisms to environmental pollution (Horemans et al., 

2019). It has been observed that alterations to DNA methylation have an increased 

probability to induce changes the phenotype of organisms compared to other genome 

changes, such as DNA damage through single and double strand breaks (Baerwald et al., 

2016). Interestingly, epigenetic markers have also been found to persist over 

generations, which increases its appeal to be used as environmental biomarkers (Shaw 

et al., 2017). Changes in the epigenetic markers have previously been associated with 

environmental stressors, including metals (Wang et al., 2009; Wang et al., 2018), flame 

retardants (Aniagu et al., 2008), pharmaceuticals (Godoy and Kummrow, 2017; Nogueira 

et al., 2019) and ionising radiation (Gombeau et al., 2017; Hurem et al., 2018) in non-

human organisms. 

Although there are exciting developments in this field, there are some drawbacks. 

Firstly, there are different DNA methylation responses between different tissues, 

species and ecosystems. This decreases the ability to compare results for different 

environmental studies, increasing the requirement for a greater understanding of 

methylation in individual species, tissues or ecosystems. It has also been observed that 

long-term exposure to a contaminant (e.g. radiation) results in the expression of genes 

that are linked to tolerance and potentially lead to genetic adaption (Horemans et al., 

2019). This could negate differences in the DNA methylation of an organism (Bräutigam 

et al., 2013). There is also a requirement to find the direct mechanism for the cause of 
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phenotypical changes from the alteration of epigenetic markers (Vandegehuchte and 

Janssen, 2011). Despite these challenges, there is a large potential to use epigenetics as 

biomarkers for the indications of environmental contaminants because of the 

phenotypical changes that it has been observed to alter. It would be interesting for 

future developments to combine the epigenetic data with other endpoints to assess the 

predictability of contaminants through multivariate analysis.  

 

7.6 Conclusion 

Throughout the present studies, it has been demonstrated that combined exposures 

exhibit different mechanisms of damage within M. galloprovincialis compared to single 

exposures. This was firstly determined through the differences found between the 

traditional biomarkers, i.e. comet and MN asssay, AChE activity, glutathione activity, PCC 

and clearance rate. Furthermore, these were the first studies to utilise proteomics and 

network modelling for the assessment into the impact of Cu, Pb and HTO in mixtures on 

an aquatic organism, i.e. M. galloprovincialis. The results obtained from investigating 

the proteome of mussels exposed to binary combinations of Cu, Pb and HTO identified 

a number of proteins of interest that were not observed in single exposures in the 

present or other studies with aquatic invertebrates. This includes the transport immune 

response protein, Fc-e-cd23, the metabolic protein, fructose-bisphosphate-aldose and 

the cell signalling protein, calmodulin. Further investigations of these proteins could be 

completed using western blots or PCR to determine the ability of these proteins to 

become biomarkers for multiple contaminant exposures.  

It was established through network modelling, however, that the traditional biomarkers 

have a less influential biomarker when marine mussels are exposed to Cu, Pb and HTO 
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in binary combinations compared to the single exposures. This could be due to the 

added complexity the multiple contaminants have on a biological system compared to 

single exposures. The proteins of interest found, in the proteomics studies, once 

established, could be utilised for network modelling to create a robust, molecular 

endpoints to indicate the impact of multiple contaminants in the environment. These 

future studies would benefit the determination of regulation in the marine 

environment, either to establish lower environmental levels of each individual 

contaminant or to conclude that the current “safe” levels are sufficient or over 

protective. This will provide information on the effect of these contaminants have on 

marine organisms but also indicate potential economic issues and public health risks to 

humans. Overall, this study provides novel investigations into the effect multiple 

contaminations have on a range of biological endpoints, which highlights the need for 

further work to determine the impact of these contaminants to protect the 

environment.  
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CORIF Local Rules 

 
 
Researcher: Miss C.L. Crowther Supervisor: Prof A. Jha 
School of Biological and Marine Sciences School of Biological and Marine science 
Tel: 07872923047 Tel. 01752 584633 
Email: charlotte.crowther@plymouth.ac.uk Email: a.jha@plymouth.ac.uk 
Date: 29 November 2018  

 

Local rules: To determine the physiological and molecular responses of adult marine 

bivalves (Mytilus galloprovincialis) following exposure to tritiated water and metals. 

 

Laboratories:  

Davy 110, 110a, 104 (CORIF Laboratory) 

Davy 420:  Designated / Control room for mussel exposure  

Derriford Research Facility (DRF): Room 103 (Processing of mussel tissue homogenates 

in mg quantity).  

 

1.1 General 

These Local Rules are provided in accordance with Regulation 18 of the Ionising 

Radiations Regulations 2017 (IRR17). The aim of the experiment is to determine and 

compare the molecular and physiological effects and accumulation of tritium (3H or T) 

in mussels (Mytilus sp) after chronic exposure. This will involve in vivo exposure of 

mussels to tritiated water (T2O) for 14d, collection analysis of haemocytes using 

standard practice by the comet assay, micronucleus test and acetylcholinesterase 

activity. Assessment of feeding behaviour via clearance rate, and dissection and analysis 

of tissue samples using scintillation techniques along with proteomics.  

Training in the dispensing of the radioisotopes and in the use of peripheral equipment 

has been given by the Technical Director of CORIF. Inhalation of airborne contamination 

and absorption of tritium contamination through the skin has been taken into 

consideration when producing an in depth experimental plan (further information in 

section 1.6). It should be noted that all practicable steps will be taken to minimise the 

generation of airborne or surface contamination for the duration of the project. During 
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the exposure, the room used will be a Contaminated Controlled Area, further detailed 

in section 1.2. 

The required record keeping and contamination monitoring of the work areas were 

included in the training and will be provided, as appropriate, by the Radiation Protection 

Supervisor (RPS) and assistant RPS. Monitoring includes the performance of indirect 

monitoring of appropriate areas/items using “smears” which will then be analysed, as 

soon as practicable using liquid scintillation analysis.  

The researcher maintain good laboratory practice when handling radioactive materials 

e.g. making sure that spills are dealt with efficiently and promptly, ensure samples are 

labelled so that co-workers are fully aware of the presence of any radioactive substances 

and comply with mandatory rules to use a dedicated laboratory coat, gloves, overshoes 

and safety glasses at all times. The researchers have received instruction as to the proper 

method for disposal of solid and liquid waste. A full survey of the laboratory areas used 

will be undertaken on completion of the experimental programme and the results 

documented together with any remedial work (e.g. decontamination) required before 

the room is de-classified. 

Previous studies in regards to ecological radiation protection have indicated the need 

for benchmark doses to screen out unnecessary exposures for radiological risk 

assessments. Using multiple different organisms and exposure studies to 

mathematically determine a predicted no-effect dose rate (PNEDR), a screening dose of 

10 µGy/h has been derived (Garnier-Laplace et al. 2010). The main aim of this 

experiment is to determine whether there is still an effect to marine mussels at a dose 

lower than the screening rate with multiple stressors included (metals). To coincide with 

these aims it has been decided to use one concentration (i.e. 1.5 MBq/L) which imparts 

the dose that is below the screening value and one concentration (i.e. 5 MBq/L) that 

provides the dose to mussels above the screening value. These concentrations have also 

been found in the environment (TEPCO 2013). Furthermore, in our laboratory conditions 

Jaeschke et al. (2011) exposed mussels 24 MBq for 14 days and 37 MBq of tritium for 7 

days. Subsequently, Dallas et al. (2016 a, b) used 15 MBq of tritium for 7 and 14 days 

respectively. All these concentrations were used following the local rules.  Regular 

monitoring of the same experimental facilities could not detect any level of 
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contamination in these experiments. These information have been included in the local 

rules for present study.  

Overall, the aim is to minimise the total amount of tritium used over the experimental 

period.   

There are three factors that influence the amount of tritium used for this exposure:  

1. Amount of tritium: Two doses of tritium are to be used in this exposure, one is 

slightly below the dose rate screening value for marine organisms, 10 µGy/h (1.5 

MBq/L). This is to assess the effect of current levels of tritium in some 

environments. The second dose being slightly higher than the screening value (5 

MBq/L). This is to evaluate the dose effect of tritium.  

2. Biological replicates: Six biological replicates (mussels) are needed for each 

treatment group. This is to ensure enough tissue can be collected to assess the 

potential damage to these organisms on multiple levels of biological organisation 

(i.e. molecules and tissues). 

3. Volume of water: Due to the filter feeding behaviour of marine mussels, optimal 

volume of water per mussel should be 1 litre. Within this exposure there are two 

mussels in 1.8 L of water. This is in line with previous published work (Dallas et 

al., 2016 a, b). If the mussel/water volume decreases it may impact the normal 

health of the mussels over the exposure period.  

 

1.2 Area description  

Dilutions of tritium (tritiated water-HTO) from the stock solution will be performed in a 

fume cupboard, designated for use with radionuclides, in Room 314a of the Davy 

Building by the assistant RPS, Nick Crocker. Exposure of mussels will be carried out in a 

controlled temperature room (CR2) adjacent to Davy 420. This will be a Contaminated 

Controlled Area, with assess to the area limited to Nick Croker and Charlotte Crowther. 

When the room is empty, a padlock will be used on the door to prevent any 

accidental/deliberate access from unauthorised personnel. A hazard map will be placed 

on the door of the controlled room, which indicates where radioactive material will be 

within the room (See appendix 1). A suitable ‘controlled area’ warning sign will be placed 
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on the door of the room until the area is de-designated on completion of the 

experimental programme. A barrier will be placed at the entry/exit to the Controlled 

Area which demarcates the “active” and “clean” side of the entry point. All consumable 

PPE that is removed before exiting the area must be placed in bins on the active side of 

the barrier prior to ultimate disposal via an authorised route. A suitable location for 

active area lab coats must be provided on the active side, close to the barrier.  

When entering the controlled room, disposable shoe covers and gloves will be put on, 

as well as a lab coat specific to that area. When exiting the room all these PPE items will 

be removed with the disposable items being sealed in two radiation waste bin liners and 

disposed of in Davy 110. The lab coat will be disposed once the exposure and sample 

days are complete. As previously mentioned, cold room 2 (Davy 420) will be a 

Contamination Controlled Area as it has controlled temperature, assess to a seawater 

tap and a set photoperiod timer. It is impractical to carry this work out in Davy 110 as it 

does not have access to these necessities. Tritium exposure has been conducted 

previously in this cold room (See appendix 2), swabs were taken during these exposures 

and found there was no detectable traces of tritium contamination.  There will be daily 

swabs (10 swabs per day at various locations in the area) taken before, during and after 

the exposure to determine whether there has been a tritium contamination. If tritium is 

detected in these swabs, the RPS and Radiation Protection Adviser (RPA) will be 

consulted immediately so that an appropriate course of action may be determined.  

Prior to commencement of the experimental work, a dummy experimental design will 

be set-up to ensure that there is no possible contamination in the surrounding area. RPS 

and RPA will be invited to view and confirm the arrangements. 

Dissection will also take place in CR2, to minimise transport of contaminated animals. 

Further processing of tissue samples (e.g. digestion of tissues into cell suspensions) will 

take place in Davy 110 or 420. Whilst tissue and water samples are being transported 

from one location in Davy to another (e.g. 420 to 110), the containers will be placed in 

over packs with absorbent material as an extra precaution to prevent spillage. 

Preparation for scintillation counting will be conducted in Davy 314c and CR2, with 

analysis in Davy 110A. For disposal, tritiated water will be transported in sealed 

containers to Room 110, where a special sink without seals is present, designated for 

the disposal of radioactive liquids. The liquid will be moved via a trolley down a lift to 
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minimise the possibility of spillages. The sealed containers will be labelled with trefoil. 

The effective dilution and disposal of the tritiated water will be achieved by a constant 

supply of tap water. Any solids (gloves, tissues etc.) will be put into two bin bags, labelled 

with trefoil and transported to Davy 110 via a lift. The solid waste will be disposed of in 

the specific solid waste bin. The liquid disposal records sheets will be completed 

immediately afterwards, see also the section on Disposals. Tissue samples are to be 

transported to Derriford research facility for proteomics analysis; samples will be 

immediately processed to reduce any contamination. Once complete all liquid waste will 

be transported to Davy room 110 for proper disposal.  

1.3 Storage of radioactive material 

Tritiated water will be purchased from Perkin Elmer in batches of 185 MBq. We intend 

to purchase 6 batches, with a total activity of 1,110 MBq. This is considerably less than 

the University’s storage limit for tritium of 10 GBq. Tritium is stored and controlled by 

the assistant RPS, Nick Crocker, (Room 314a, Davy Building). The paperwork will be 

completed when isotopes are used or taken away from storage. The elements of record 

keeping are: (i) Isotope store stock record, completed and kept in Davy 314c, which will 

detail the remaining stock solution for each batch purchased (decay corrected to 

certified date); (ii) CT room current holdings record, completed and kept in CT2, will 

contain details of the activity currently present in the cold room; (iii) the disposal record 

in 110 will be maintained and reconciled with stock and CT room records at the end of 

each batch run and reported to the RPS prior to next aliquot being drawn. All record 

sheets will be returned to Nick Crocker on completion of the experiment. 

 

1.4 Working Instructions 

Methods. All reagents will be kept in Room 420. Beakers, Perspex, pipettes, air pumps, 

siphon hoses, water containers, measuring cylinders, pipettes and pipette used for 

haemolymph extraction and dissection will be kept in Room 420 CR2. Plastic gloves will 

be kept outside as a precaution for contamination. Scintillation counting will be 

conducted using the scintillation counter in Davy 110. Weighing will be conducted using 

the balances in Rooms 110 and 422.   
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Exposure scenario. Two mussels per beaker (1.8 L) and 3 beakers per treatment will be 

exposed to the following activity concentrations of HTO: 0, 1.5, or 5 MBq L-1(overall 30 

beakers and 60 mussels exposed to tritium). The exposure period will be staggered over 

a period of 19 days however each individual exposure will last for 14 days (See appendix 

4). Staggering the exposure of mussels to HTO will allow us to assess whether there is a 

risk with contamination when the activity levels are lower (First day= 58.5 MBq). All 

dilutions will be made with seawater obtained from the tap in Davy 420 CR2. The each 

exposure will have 5 100% water changes.  At each water change the contaminated 

seawater will be drained by an electronic siphon (which does not require holding during 

use, and exposed of as contaminated waste at the end of the exposure) into a large (50 

L), sealable container and taken to Room 110 for disposal. Fresh HTO concentrations will 

then be made up and added to the appropriate beakers until the next water change. On 

day 14 of each exposure there will be no renewal of HTO. At each water change, water 

samples will be taken before removal of contaminated seawater and after renewal with 

fresh HTO, this will allow calculation of the activity concentration so that disposed 

activities can be recorded accurately. All equipment used in the exposure will be kept in 

the sealed off room (Davy 420 CR2) until completion. As previously mentioned, 10 swabs 

will be taken per day from different locations in the room to insure there is no HTO 

contamination in the designated area. Once the exposure is finished, the equipment will 

be thoroughly washed and swabs analysed via liquid scintillation to determine whether 

there is any lasting contamination. This exposure scenario results in a maximum activity 

of 175.5 MBq in Davy 420 CR2 at any one time, which is lower than the total ALI (740 

MBq). The aqueous waste is also below the monthly waste limit for tritium on the 

Plymouth campus (4 GBq). 

Sampling: On day 14 of each exposure all the mussels will be removed and dried (to 

minimise contamination from drops of tritiated water). All dissections and haemolymph 

extracts will take place in Davy 420 CR2. Haemolymph will be extracted and transferred 

to pre-prepared slides. Potentially radiolabelled tissue (haemolymph) will be taken into 

Davy 420 for the comet assay, MN test and acetylcholinesterase assay and will be clearly 

labelled. Previous work indicates haemolymph has an activity below the limit of 

detection for liquid scintillation counting. Animals will then be dissected into their 

individual organs for determination of radioactive activity, metal concentration and 
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protein content. The tissue for the use of proteomics will be snap frozen in liquid 

nitrogen and stored in the -80 ℃ freezer in Room 110, Eppendorf tubes are more than 

adequate shielding for 3H, which requires <0.1 mm plastic for total absorption. After 

dissection, any waste mussel tissue (shells) will be placed in a plastic bag, sealed in a box 

(again this is adequate shielding from 3H) and frozen before disposal as solid waste in 

Davy 110.  

 

Determination of radioactivity within mussel tissues. Mussels will be dissected into four 

tissues; the digestive gland, mantle, gills and ‘other’ (samples from each tissue will go to 

liquid scintillation, metal content and protein content). Shells will be disposed of as 

stated above. Each tissue sample will be transferred to pre-weighed, pre-labelled 

scintillation vials, weighed (to obtain wet weight for dose calculations), freeze-dried and 

re-weighed (to obtain dry weight for accumulation calculations). Samples will be 

homogenised in a fume hood, and then rehydrated by addition of 100 µl milli-Q water 

and incubation for 30 min at room temperature. After rehydration, 1 ml of Soluene-350 

is added to each vial. Once solubilisation is achieved, 10 ml Optiphase Trisafe liquid 

scintillation cocktail and 100 µl glacial acetic acid are added. The freeze-dryer will then 

be cleaned and swabbed to check for lasting contamination via liquid scintillation 

counter. Samples are transferred to the liquid scintillation counter and left in the dark 

for 90 min before counting for 2 hours. Beta emissions for each sample are determined 

using a Beckman 65,000 liquid scintillation counter (Room 110a), with a 

chemiluminescence quench correction curve. The data will then be converted to MBq 

kg-1 using the dry weight of the tissue samples and to a dose rate in μGy h-1 using wet 

weights and the ERICA tool. In order to ensure that there is no contamination in the 

freeze-dryer, swabs will be taken in the area surrounding the freeze-dryer and inside of 

the freeze-dryer where the samples will be processed. If there is a contamination the 

RPS will be contacted and the contingency plan (Appendix 3) will be carried out until no 

contamination is detected.  

 

Determination of metals within mussel tissues. The mussels will be dissected for three 

tissues (i.e. digestive gland, gill and mantle). Each tissue will be placed into pre-weighed 

and pre-labelled centrifuge tubes. These samples will then be freeze dried in room 110. 

1 mL of 70 % nitric acid will be added and placed in a water bath in Room 420. Once the 
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tissue is digested, 4 mL of distilled water will be added. 1 ml of these samples will then 

be run through the ICP-MS in Room 104. ~95% of the waste from this instrument is liquid 

and therefore will be collected by a container which will then be sealed and transported 

to Room 110 for disposal. A maximum of 0.05 % of the sample will be gaseous waste, 

which is vented out of the building via air vents. The vent outlets are located on the west 

side of Davy building between the 1st and 2nd floor. All of these samples are estimated 

to contain 5 Bq. During the discharge of the gaseous waste, windows within close 

proximity to the air vents will be kept closed and locked to prevent the discharge from 

entering the building. The ICP-MS instrument will be flushed through with 2 % nitric acid 

until the waste liquid comes out clear of radioactivity. Excess liquid not ran will be 

disposed of in room 110.  

 

Determination of proteins within tissue samples. Two tissues will be dissected from the 

mussels (digestive gland and gill). Each tissue will be placed into pre-weighed and pre-

labelled centrifuge tubes (tubes centrifuge tubes are more than adequate shielding for 

3H, which requires <0.1 mm plastic for total absorption). These will then be snap frozen 

in liquid nitrogen and stored in the -80°C freezer in room 110. These samples will then 

be transported on dry ice (via car) to the Derriford research facility (DRF), room 103. 

Once the typical activity concentration/total activity of the samples has been estimated, 

advice will be sought from RPA regarding transport arrangements (e.g. labelling and 

packing of the samples). Once at this facility the tissue samples will be processed 

immediately by being run through the LC-MS. This instrument only produces liquid 

waste, which will be collected and stored in a sealed container. Sample will be taken 

once the tissue has been ran through the LC-MS to determine whether there is any 

contamination. If there is any contamination the RPS will be called, the area will be not 

be opened to any unauthorised personal and further decontamination will ensue until 

no contamination is detected. Once complete the waste will be transported back to Davy 

room 110 for proper disposal.  

 

1.5 Disposal 

The exposure scenario described above will result in a total liquid disposal activity of 

760.5 MBq T2O. This will be spread out over 2 weeks (as a result of 4 individual water 



 

- 414 - 
 

changes, plus the waste after the sample day. Daily amounts of activity and disposal can 

be seen in Appendix 4) is within the university’s monthly aqueous disposal limit for 3H 

of 4 GBq and weekly limit of 1 GBq. The low radioactivity involved allows disposal of 

liquid down the drain whilst a tap is running in a designated sink (Davy 110). Small 

amounts of solid radioactive waste (animal tissues and shell) will also be disposed of 

using the designated solid waste disposal bin in Davy 110 once it has been assessed that 

all items are within the “dustbin” disposal limits reference below. Any broken glass from 

beakers containing radioactive material will be poured into a sieve, washed several 

times to remove any contamination, and disposed of as solid waste. Water from such 

washing will be disposed of in the designated sink. The solid waste limit is 400 kBq in 0.1 

m3 of waste, with any one item having a maximum activity of 40 kBq. The levels of 

activity associated with the solid waste will be below the disposal limit of solid Very Low 

Level Waste (VLLW). The sealed scintillation vials and other contaminated apparatus (i.e. 

pipette tips) will be disposed of as solid waste. The remaining isotopes can be removed 

by rinsing and washed down the sink with plenty of water. All disposals will be recorded. 

Any liquid waste produced during the exposure will be stored in a sealed water 

container, after every day the container will be transported via a designated trolley 

down the elevator (North side Davy building) to room 110 and disposed of down the 

designated radiation sink. All solid waste produced will also be transported on a trolley 

down the elevator to room 110, where it will be disposed of in the radioactive “dustbin” 

previously mentioned.  

1.6 Restricting exposure 

The potential exposure from this experiment is low. All siphoning will performed 

manually so there will be nil by mouth. Therefore, the amount of HTO ingested should 

be negligible. Other possible routes of exposure could be inhalation and through skin 

absorption. The maximum inhalation activity across the experimental period (assuming 

a release and intake of 1%) will be 0.00 μSv. Maximum skin absorbance has been 

calculated to be 10.5 μSv (Delacroix et al., 2002). Ingestion, inhalation and skin absorbs 

is considerably less than the total 6 mSv ALIinhalation of 490 MBq. 

The individual dose constraint for this project is 1 mSv for the duration of the work and 

advice will be sought from the RPS/RPA during the project. Copies of all monitoring 

results must be forwarded to the RPS and RPA for review.  
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Direct monitoring of doses to individuals working with tritium is only possible via 

appropriate bioassay techniques. All work will be performed to minimise contamination, 

potential cross contamination and hence internal exposure of individuals using tritium. 

A key indicator of the effectiveness of the techniques to minimise exposure will be via 

review of the indirect contamination monitoring for tritium contamination. Advice must 

be sought from the RPS/RPA as the experiment continues. The RPA may arrange 

bioassay via an accredited facility if necessary. If a contamination does occur all personal 

exposed to the radiation activity will undergo a urine test.  

One particular precaution to be undertaken will be the covering of beakers with para 

film (instead of cling film) to prevent contamination through the aeration producing 

water droplets. After use, the para film will be rinsed in the designated sink (to remove 

any droplets of tritiated water) and will be disposed of as solid waste in Davy 110. The 

second precaution for the skin absorption is the mandatory wearing of a labcoat, gloves, 

overshoes and safety glasses at all time in the controlled room. The proposed safety 

practices should be sufficient in maintaining a safe working environment for the 

researchers. It is necessary to exercise extreme care when handling the radioactive 

material, especially when in the concentrated state prior to dilution. The safety record 

will be signed by the RPS. The researchers will wear a designated lab coat, safety glasses, 

overshoes and gloves at all times when working in Rooms 110, 110a, 104 and 420 CR2. 

The surfaces of the constant temperature room will be routinely monitored by the 

Assistant RPS who will take swabs to assess any increases in activity above background. 

1.7 Contingency arrangements 

During the exposure period and at all water changes the beakers will be kept in plastic 

trays large enough to contain all contents if a leak should occur. In case of any spillages 

a vermiculite spill kit will be kept in the lab, this will be used when any spill of liquid 

thought to contain radioactive material is encountered. Any spillage onto skin will 

treated by washing with copious amounts of water, and the RPS/RPA will be contacted 

as soon as possible. The researchers will leave mobile phones on the clean side of the 

barrier at all times when handling radioactive material and will contact the RPS for 

assistance without leaving the affected area in the event of a spill, otherwise mobiles 

phones will not be taken out within the exposure room. After clean up the Assistant RPS 

will take swabs to measure 3H levels, these will be counted in Davy 110a. In the event of 
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minor emergency or accident the RPS will be contacted, in the case of more significant 

events, the RPA will be contacted immediately. In the case of fire, the alarm will be 

activated, lab coats and gloves removed and the researchers will evacuate the building 

and call the RPA via the emergency number. In the event of a major flood via a leak from 

a normal water system, researcher will remove lab coat, gloves and shoe covers before 

evacuate the area and calling the RPS. The emergency protocols detailed in the 

handbook will be applied; including minor accidents and fire risk, essential safety 

procedures will be printed and readily available in the CR2 (Contingency plans from 

handbook in Appendix 3). 

Step by step action  

Accidental spill on floor or bench  

1. Limit contamination area by placing absorbent pads from vermiculite spill kit 

over the spill 

2. Remove all PPE to leave the room 

3. Leave the room and lock 

4. Call RPS and RPA 

 

Small spill on skin 

1. Place contaminated area under running tap in cold room 2  

2. Remain for a few minutes  

3. Remove all PPE to leave the room 

4. Leave the room and lock 

5. Call RPS and RPA 

Larger spill on personnel 

1. Removal of contaminated clothes 

2. Put on paper overalls  

3. Bag items of clothing that have been contaminated  

4. Call Rob Clough or Andy fisher to get access to emergency showers 

5. Go to emergency shower in 113 or 502   

Contaminated room. 

If a spill has occurred or contamination has been detected from swabs, the following 

should be carried out: 
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1. Stop exposure 

2. Call RPS and RPA  

3. Secure door with padlock 

Once it has been discussed with the RPS and RPA, clean-up will follow: 

1. Using the vermiculite spill kit, all liquid (not in containers) will be absorbed using 

the absorbent pads. 

2.  All water from beakers will be siphoned into the liquid container and disposed 

of in room 110.  

3. While wearing PPE, all surfaces will be cleaned using scrubbing and water. All 

cleaning materials will then be disposed of in solid waste in room 110. 

4. More swabs will be analysed after cleaning to detect activity, once no activity is 

detected the room can be decommissioned  

 

1.8 RADIOLOGICAL SAFETY CONTACTS –  

The Radiation Protection Advisor (RPA), available 24/7 for emergencies, is:  

Cliff Ellis (BSc, MSc, MSRP)  

HP2 Radiation Protection Services (www.hp2radiationprotectionservices.co.uk/)  

Office: 01305 858506  

Mobile: 07786 405769  

Emergency Bleep: 07623 971247  

Backup RPA: Robert Truman mobile 07786 405767  

The Radiation Protection Supervisor (RPS) is:  

Dr Richard Billington,  

School of Biological and Marine Sciences  

University of Plymouth  

Drake Circus, Plymouth PL4 8AA  

tel. +44 (0)1752 584659 

Email: richard.billington@plymouth.ac.uk  

The Deputy Radiation Protection Supervisor is:  

Dr Alex Taylor  

SoGEES,  

University of Plymouth 
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Tel: 01752 585940  

The Radioactive Materials Supervisor is:  

Mr. N. Crocker  

School of Biomedical & Biological Sciences  

Faculty of Science and Technology  

University of Plymouth  

Drake Circus  

Plymouth  

Devon  

PL4 8AA 11  

 

Tel: 01752 232928  

Fax: 01752 232927  

Email: N.Crocker-1@plymouth.ac.uk  

All emergency contact details are held by Security.  

SUPPORTING INFORMATION  

Appropriate Risk Assessment/COSHH forms approved by the relevant authority must be 

attached to validate Local Rules.  

REVIEW STATUS AND FREQUENCY  

The Local Rules will be reviewed annually by the study team, in consultation with RPS, 

as appropriate 
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Additional information 1 
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A Cold Room 2 

B Workspaces  

C Door to 420 

D Sliding door (locked/labelled) when running radioactive exposures) 

 Radioactive materials sometimes present (during exposure)– door locked/labelled 

with trefoil when radioactive exposures are running 
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Cold room 2 (CR2) radiation hazard map 
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Hazard map key 

A Laboratory bench (left) or shelving unit (right)  

B Sink – No radioactive water to be poured down here 

C Walkway 

D Seawater butt  

E Sliding door (locked/labelled) when running radioactive exposures) 

F Location of exposure 

G Sealed plastic carboy – radioactive water to be stored in here until disposal 

H Storage of working stock solutions  and waste (pipette tips etc.) in tray 

I Printed hazard map and safety instructions (appropriate COSHH forms) 

 Radioactive materials sometimes present (during exposure)– door 

locked/labelled with trefoil when radioactive exposures are running 

 Radioactive materials sometimes present – short duration during tissue 

dissection  
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Additional information 2 

 

 

Table 1. Students using tritium in an exposure similar to the one proposed in this 

document. All conducted in cold room 2 (CR2).  

 

The above mentioned work carried out at the University of Plymouth has been published 

in peer-reviewed international journals, as listed below: 

Pearson et al., 2018 

Dallas et al., 2016 

Devos et al., 2015 

Hagger, Atienzar and Jha, 2005 

Jha et al., 2005 

 

Researcher Date Activity used in 

treatments 

Activity in 

the cold 

room at one 

time 

Contamination from 

swabs? 

Holly Pearson 2015 5 MBq 40 MBq No 

Lorna Dallas Oct-12 1, 15 MBq  96 MBq No 

Alexandre 

Devos 

2012 1, 15 MBq 432 MBq No 

Ben Jaeschke  2008 37 MBq 185 MBq No 

Ben Jaeschke  2008 1.48 MBq  14.8 MBq No 

Josephine 

Hagger  

2005 0.37, 3.7, 37, 147 

kBq 

188.07 kBq No 

Awadhesh Jha 2005 3.7, 37, 147 MBq 187.7 MBq No 
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Additional information 3 

CONTINGENCY PLANS 

General 

Written instructions should be prepared, and may be included in the Local Rules, which 

describe the action to be taken following any foreseeable incident, e.g. fire or personal 

contamination. 

In addition, whenever an unsealed radioactive material is to be used, or there is the 

possibility of contamination of the work area, the following should be provided: 

 methods to prevent the spread of contamination, including easy to 

decontaminate work surfaces, drip trays 

 dedicated monitoring and washing facilities 

 spill packs 

Planning is required for all reasonably foreseeable accidents, even where the doses 

which could be received are small, e.g. following a spill in a laboratory. The involvement 

of radioactive materials in fires is normally reasonably foreseeable. The purpose of the 

contingency plan is to restrict the exposure to ionising radiation and secure the health 

and safety of persons who may be affected by the accident. 

The level of detail required in the plan will depend on the accident scenario. However, 

plans should normally identify: 

(i) who will put the plan into effect 

(ii) the immediate actions for assessing the seriousness of the accident 

(iii) the immediate actions required to bring the accident under control 

(iv) what PPE is required and where it may be found 

(v) whether any additional dosimetry is required 

(vi) what training is required for persons involved in or affected by the accident 

(vii) who to contact for expert advice, e.g. contact details for the appointed RPA 

(viii)whether and when to call emergency services 
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(ix) how exposures received by individuals involved in the accident and accident 

response will be assessed 

Where the contingency plans apply to work within a designated area, a copy or summary 

of the contingency plans must be contained within the Local Rules for that area. 

In most cases contingency plans must be rehearsed. The nature and frequency of the 

rehearsals will depend on: 

 the potential severity of the accident 

 the likely doses that could be received 

 the complexity of the plant 

 the number of people involved in the implementation 

 whether the emergency services are involved 

Advice should be sought from the appointed RPA regarding the setting up and testing of 

contingency plans. 

Spills of radioactive material 

In the event of an accident causing radioactive contamination of personnel or a work 

area the following general procedures apply: 

 Summon assistance immediately, preferably from the RPS and/or the Assistant 

RPS. The RPS should notify the RPA, using the emergency bleeper number (07623 

971247) if necessary (minor spills may not require immediate assistance from 

the RPA). 

 Contain the spillage (using spill kit), spread paper towelling or sand to absorb 

liquids (use gloves at all times), identify area of spill with marker pen and display 

notice of contamination. NOTE: A spill kit should be provided at each worksite 

(e.g. vermiculite) for emergency use. 

 Do not leave the room until help arrives, (unless absolutely necessary i.e. in case 

of injury, fire, toxic hazard etc.). 

 Contaminated persons should be given priority and should not leave the 

radioactive laboratory until all attempts to reduce levels of contamination 
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(discarding of clothing, washing with soap or detergent (do NOT scrub any areas 

of exposed contaminated skin) etc.) and subsequent monitoring have been 

completed. Contaminated clothing, paper tissues, towelling and other 

absorbents should be placed in plastic bags. The affected person may, on the 

advice of the RPA, require further specialist treatment. Advice to the hospital 

staff will be necessary if an individual is contaminated with radioactive material. 

It should be noted that conventional injuries such as shock, bleeding, fractures 

etc. take preference over any potential radiological consequences such as 

intakes of radioactive material. 

 Keep all other individuals away from the contaminated area 

 Clean up spill immediately and re-monitor the area to confirm that the spill has 

been effectively removed. If contamination cannot be removed, the affected 

area must be carefully monitored, clearly demarcated e.g. with radioactive 

hazard warning tape 

 and a risk assessment carried out by the RPS and RPA to determine what future 

actions may be required to render the area safe. 

 Do not resume work until the room/area and personnel concerned have been 

pronounced fit by the RPS/RPA 

Fires Involving Radioactive Materials 

The University Fire Code must be displayed in all laboratories and should be strictly 

observed. If possible and if fire safety is not compromised during a fire: 

 Return all radio-isotopes to the store and lock it, on your way out of the building 

 Clear the laboratory of personnel 

 Switch off and close any ventilation systems 

 Inform the RPS and the Fire Officer of the hazard and any actions taken (the 

Devon & Somerset Fire & Rescue Service should be informed of the nature of any 

radioactive material known to be in the fire-affected area). 

Personal Contamination 

External Contamination 
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Contaminated clothing should be carefully removed (summon help if necessary), placed 

in plastic bags and disposed of as solid radioactive waste. 

Contaminated skin (face, hands etc.) should be washed with soap/detergent at the 

washbasin in the radio-isotope laboratory suite. A soft brush may be used to dislodge 

contamination, but do not rub vigorously with a hard brush, the skin may be damaged 

and contamination could enter the bloodstream. 

Check the suspect areas with a suitable contamination monitor (beta or gamma 

detector). Use wipe test samples and liquid scintillation counting if checking for tritium 

contamination. Obtain further advice from the RPS/RPA as necessary 

Puncture Wounds 

Immediately wash with copious amounts of water at the washbasin in the radioactive 

laboratory. Do not lick or suck the wound. 

Monitor the wound for contamination. 

Stimulate bleeding if the wound is caused by entry of a needle tip. If bleeding has been 

stimulated, try to collect a sample of blood to monitor any radioactive material removed 

from the wound. If blood loss is serious, then the priority is to stop the bleeding. 

After treating the wound, check the object that caused the wound for radioactivity. This 

will indicate the amount of radioactive material likely to have entered the wound. 

Contact the RPA for further advice 

Intakes via Inhalation or Ingestion 

If ingestion of radioactive material is suspected then the RPS and/or the Assistant RPS 

must be informed immediately. 

If the person requires removal to a hospital then a member of staff (preferably an RPS) 

should accompany them with a radiation monitor to advise hospital staff of the 

circumstances of the accident. The RPA should be notified immediately. 
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Note: There may be a requirement to notify the HSE/RPA following certain incidents 

involving radioactive materials. The RPA should be contacted first for further advice as 

necessary. 
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Additional information 4 

Daily activity in CR2 and liquid disposal  

 

 

 

 

 

Mon Tue Wed Thu Fri Sat Sun 

  1 2 3 4 5 6 

7 0 

Start exposure 

A 

58.5 MBq 

8 1 

  

58.5 MBq 

9 2 0 

Start exposure B 

117.5 MBq 

10 3 1 

 Water change 

117.5 MBq 

Disposal—58.5 

MBq 

11 4 2 0 

Start exposure C 

175.5 MBq 

12 5 3 1 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

13 6 4 2 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

14 7 5 3 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

15 8 6 4 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

16  9 7 5 

  Water change 

175.5 MBq 

Disposal—58.5 

MBq 

1710 8 6 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

18 11 9 7 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

19 12 10 8 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

20 13 11 9 

 Water change 

175.5 MBq 

Disposal—58.5 

MBq 

21 14 12 10 

Sample day A 

117.5 MBq 

Disposal—58.5 

MBq 

22 13 11 

Clearance rate A 

117.5 MBq 

23 14 12 

Sample day B 

58.5 MBq 

Disposal—58.5 

MBq 

24 13 

Clearance rate 

B 

58.5 MBq 

25 14 

Sample day C 

  

Disposal—58.5 

MBq 

26  

Clearance rate C 

27 
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Additional information 5 

Contamination by spillage onto the skin  
 

Contamination via inhalation or ingestion  

Maximum 

concentration of 

radioactivity in 

solution 

(MBq/ml) 0.0050000 
 

Exposure time  120.0 min 

    
 

  2.00 hr 

Droplet size (ml) 0.0500000 
 

    

    
 

Breathing rate 1.20 m3/hr 

Radioactivity in 

Droplet (MBq) 0.0002500 
 

    

(Bq) 250.0000000 
 

Radioactivity 2385000 Bq 

(Bq) 0.2500000 
 

  0.002 GBq 

    
 

Room volume  12 m3 

Esposure time 

(min) 10.0000000 
 

    

    
 

Volume air breathed  2.4 m3 

Dose rate (for 

1000 Bq) (mSv/h) 0.0000000 
 

  0.040000 mSv/min 

(mSv/min) 0.0000000 
 

    

    
 

Maximum activity in 

the air  198750 Bq/m3 

Dose (mSv) 0.0000000 
 

    

    
 

Maximum activity 

breathed   477000 Bq 

Tissue weighting 

factor for skin  0.0100000 
 

    

    
 

Ingestion dose 

coefficient  0.00000000004 Sv Bq 
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Efective Dose 

(mSv) 0.0000000 
 

    

    
 

Effective Dose  0.000020 Sv 

(µSv) 0.0000000 
 

  0.0200 mSv 

    
 

    

Assumming 0.1% 

inadvertent 

intake (µSv) 0.0000000 
 

Assumming a release 

and intake of 1%  0.0000002 Sv 

   
    

   
  0.0002 mSv 

   
    

   
  0.20 µSv 

 

 

 

 

Contamination through skin to body  

Radioactivity in 

Droplet  250 Bq 

    

Ingestion dose 

coefficient  0.00000000004 Sv Bq 

    

Dose  0.0000 Sv 

    

  0.0000 mSv 

    

  0.01 µSv 
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Appendix 2 - Identified proteins 
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Table 9.1 All differentially expressed proteins identified in the digestive gland and gill tissues of M. galloprovincialis after an combined exposure of 

copper (Cu), lead (Pb) and tritiated water (HTO).  

Proteins 
Names 

Species Annotation GO ID 
Annotation GO 

Term 
Annotation 

GO Category 
Function 

Up/Down 
regulated 

Fold 
change 
(Log) 

p-value 

Digestive gland 

Cu vs Cu-Pb 

Ribosomal 
protein L28   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 2.20 0.00 

Calmodulin  
Sinanodonta 

woodiana 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down -0.83 0.00 

Ribosomal 
protein L1   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.61 0.01 

Fc-e cd23 
receptor   

Mytilus 
galloprovincialis 

GO:0001530 
lipopolysaccharide 

binding 
Molecular 
Function 

Transport Up 2.80 0.00 

Neuronal 
alpha-2 

acetylcholine 
receptor 
subunit   

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Signalling Down -2.91 0.00 
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Macrophage 
migration 
inhibitory 
factor-like 

protein 

Mytilus 
galloprovincialis 

-   -  - 
Immune 
system 

Down -2.60 0.00 

Heat shock 
protein 70   

Mytilus 
galloprovincialis 

GO:0000082 
G1/S transition of 
mitotic cell cycle 

Biological 
Process 

Response to 
stress 

Down -0.62 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism Down -0.94 0.01 

Glutathione S-
transferase 

sigma 3 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Down -1.25 0.00 

14-3-3 protein 
zeta 

Crassostrea 
gigas 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down -0.52 0.00 

Eukaryotic 
initiation 

factor 4A-III 

Crassostrea 
gigas 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Translation Up 1.67 0.00 

Phosphoenolp
yruvate 

carboxykinase 
[GTP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism Down -2.73 0.00 

Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -3.02 0.00 

Actin, 
cytoplasmic 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down -0.52 0.01 

Actin   
Ruditapes 
decussatus 

GO:0005524 ATP binding 
Molecular 
Function 

Cytoskeleton Down -1.20 0.00 

Cu vs Cu-HTO 
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Ribosomal 
protein L28   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up -1.15 0.00 

60S ribosomal 
protein L13 

Mytilus 
trossulus 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Down 3.43 0.00 

Ribosomal 
protein S20 

Mytilus 
trossulus 

GO:0000049 tRNA binding 
Molecular 
Function 

Transcription Up 3.88 0.00 

Calmodulin   
Isognomon 

nucleus 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up 3.00 0.00 

Transgelin Mytilus coruscus GO:0001725 stress fiber 
Cellular 

Component 
Cytoskeleton Up 2.56 0.00 

Cathepsin-like 
protein-2   

Mytilus 
galloprovincialis 

GO:0001957 
intramembranous 

ossification 
Biological 
Process 

Protein 
synthesis 

Up -1.86 0.00 

Collagen-like 
protein-8   

Mytilus 
galloprovincialis 

GO:0003429 

growth plate 
cartilage 

chondrocyte 
morphogenesis 

Biological 
Process 

Cytoskeleton Down -0.79 0.00 

Putative 40S 
ribosomal 

protein S14 
Pinctada fucata GO:0000028 

ribosomal small 
subunit assembly 

Biological 
Process 

Transcription Up -1.48 0.00 

40S ribosomal 
protein S5 

Mizuhopecten 
yessoensis 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Down -4.18 0.00 

Retinal 
dehydrogenas

e 2 

Mizuhopecten 
yessoensis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Biosynthesis Up 2.82 0.00 

60S ribosomal 
protein L26 

Mizuhopecten 
yessoensis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 1.92 0.00 

Tubulin alpha 
chain 

Mizuhopecten 
yessoensis 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down 2.14 0.00 
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Calmodulin  
Sinanodonta 

woodiana 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up -1.37 0.00 

Nascent 
polypeptide-
associated 
complex 

subunit alpha  

Mytilus 
trossulus 

GO:0003231 
cardiac ventricle 

development 
Biological 
Process 

Signalling Up 2.16 0.00 

Ribosomal 
protein L1   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.69 0.01 

Ribosomal 
protein L30   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up -2.55 0.00 

Fc-e cd23 
receptor   

Mytilus 
galloprovincialis 

GO:0001530 
lipopolysaccharide 

binding 
Molecular 
Function 

Transport Down -1.46 0.00 

Uncharacteriz
ed protein   

Mytilus 
galloprovincialis 

GO:0001501 
skeletal system 
development 

Biological 
Process 

Cytoskeleton Down -1.60 0.02 

Atp gamma 
synthase   

Mytilus 
galloprovincialis 

GO:0005515 protein binding 
Molecular 
Function 

Metabolism Up 1.67 0.00 

Macrophage 
migration 
inhibitory 

factor 

Mytilus 
galloprovincialis 

 -  - -  
Immune 
system 

Down -4.59 0.00 

Heat shock 
protein 70   

Mytilus 
galloprovincialis 

GO:0000082 
G1/S transition of 
mitotic cell cycle 

Biological 
Process 

Response to 
stress 

Down 2.39 0.00 

Chitinase-like 
protein-1   

Mytilus chilensis GO:0000272 
polysaccharide 

catabolic process 
Biological 
Process 

Cellular 
process 

Down -5.53 0.00 
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Glutathione s-
transferase   

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up -2.14 0.00 

Calreticulin Pinctada fucata GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Signalling Down -1.18 0.01 

Calmodulin   
Crassostrea 

gigas 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up 4.15 0.00 

Cell division 
cycle 42   

Mytilus sp. ZED-
2008 

GO:0000131 
incipient cellular 

bud site 
Cellular 

Component 
Cellular cycle Up 1.78 0.00 

Tubulin beta 
chain   

Malletia 
abyssorum 

GO:0000226 
microtubule 
cytoskeleton 
organization 

Biological 
Process 

Cytoskeleton Up 2.98 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism Up 2.34 0.01 

Glutathione S-
transferase 

sigma 2 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up 1.99 0.00 

14-3-3 protein 
zeta 

Crassostrea 
gigas 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up 3.19 0.00 

Non-neuronal 
cytoplasmic 

intermediate 
filament 
protein 

Crassostrea 
gigas 

GO:0005515 protein binding 
Molecular 
Function 

Cytoskeleton Down -2.13 0.00 

Transport 
protein Sec61 
subunit beta 

Crassostrea 
gigas 

GO:0005086 

ARF guanyl-
nucleotide 

exchange factor 
activity 

Molecular 
Function 

Transport Up 2.24 0.00 
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Clathrin heavy 
chain 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down 4.47 0.00 

Peptidyl-prolyl 
cis-trans 

isomerase 

Crassostrea 
gigas 

GO:0000413 
protein peptidyl-

prolyl 
isomerization 

Biological 
Process 

Protein 
synthesis 

Up -4.07 0.00 

Transport 
protein Sec61 
subunit alpha 

isoform 2   

Crassostrea 
gigas 

GO:0005048 
signal sequence 

binding 
Molecular 
Function 

Transport Up -3.11 0.00 

Phosphoenolp
yruvate 

carboxykinase 
[GTP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism Down 3.33 0.00 

V-type proton 
ATPase 

subunit B 

Crassostrea 
gigas 

GO:0000221 
vacuolar proton-

transporting V-type 
ATPase, V1 domain 

Cellular 
Component 

Transport Down -3.77 0.00 

T-complex 
protein 1 
subunit 
gamma 

Crassostrea 
gigas 

GO:0002199 
zona pellucida 

receptor complex 
Cellular 

Component 
Protein 

synthesis 
Down 2.46 0.01 

Ras-related 
protein Rab-

6B 

Crassostrea 
gigas 

GO:0000138 Golgi trans cisterna 
Cellular 

Component 
Response to 

stress 
Up 3.51 0.00 

Actin, 
cytoplasmic 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down -1.97 0.01 

Isocitrate 
dehydrogenas

e [NADP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism Up 2.59 0.00 
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CuZn 
superoxide 
dismutase 

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Oxidative 
stress 

Up 2.77 0.00 

Cytoplasmic 
actin 

Dreissena 
polymorpha 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Up 3.89 0.00 

Ribosomal 
protein 

Codakia 
orbicularis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up -1.96 0.00 

Ribosomal 
protein S15   

Mytilus edulis GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 2.92 0.00 

Heat shock 
protein 70 

Mytilus 
galloprovincialis 

GO:0000795 
synaptonemal 

complex 
Cellular 

Component 
Response to 

stress 
Down -3.26 0.00 

Actin   
Ruditapes 
decussatus 

GO:0005524 ATP binding 
Molecular 
Function 

Cytoskeleton Down 2.82 0.00 

Ribosomal 
protein S17   

Crassostrea 
gigas 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 2.64 0.01 

Ribosomal 
protein L12   

Azumapecten 
farreri 

GO:0000027 
ribosomal large 

subunit assembly 
Biological 
Process 

Transcription Up 1.89 0.00 

Major vault 
protein   

Mytilus edulis GO:0001654 eye development 
Biological 
Process 

Response to 
stress 

Down 3.13 0.00 

Actin 
Mytilus 

galloprovincialis 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down 3.22 0.00 

Pb vs Pb-Cu 

Collagen-like 
protein-8   

Mytilus 
galloprovincialis 

GO:0003429 

growth plate 
cartilage 

chondrocyte 
morphogenesis 

Biological 
Process 

Cytoskeleton Down -0.95 0.00 

Protein 
disulfide-
isomerase   

Pinctada fucata GO:0003756 
protein disulfide 

isomerase activity 
Molecular 
Function 

Oxidative 
stress 

Down -4.30 0.04 
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Transmembra
ne emp24 
domain-

containing 
protein eca 

Mizuhopecten 
yessoensis 

GO:0000139 Golgi membrane 
Cellular 

Component 
Protein 

synthesis 
Down -1.68 0.00 

Calmodulin  
Sinanodonta 

woodiana 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling  Down -0.56 0.00 

Ribosomal 
protein L1   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.59 0.01 

Profilin   
Mytilus 

trossulus 
GO:0003785 

actin monomer 
binding 

Molecular 
Function 

Cytoskeleton Down -0.61 0.00 

Neuronal 
alpha-2 

acetylcholine 
receptor 
subunit   

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Signalling Down -4.12 0.00 

Macrophage 
migration 
inhibitory 

factor 

Mytilus 
galloprovincialis 

 -  - -  
Immune 
system 

Up 2.25 0.00 

Glutathione S-
transferase 

sigma 3 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Immune 
system 

Down -2.87 0.00 

60S ribosomal 
protein L4 

Crassostrea 
gigas 

GO:0000184 
nuclear-transcribed 

mRNA catabolic 
Biological 
Process 

Transcription Up 1.87 0.03 
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process, nonsense-
mediated decay 

14-3-3 protein 
zeta 

Crassostrea 
gigas 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down -2.13 0.00 

3-oxoacyl-
[acyl-carrier-

protein] 
reductase 

Crassostrea 
gigas 

GO:0004090 
carbonyl reductase 

(NADPH) activity 
Molecular 
Function 

Metabolism  Down -0.94 0.02 

Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -2.93 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Down -1.79 0.00 

CuZn 
superoxide 
dismutase 

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Oxidative 
stress 

Down -0.82 0.00 

Actin   
Ruditapes 
decussatus 

GO:0005524 ATP binding 
Molecular 
Function 

Cytoskeleton Down -2.89 0.00 

Ribosomal 
protein L12   

Azumapecten 
farreri 

GO:0000027 
ribosomal large 

subunit assembly 
Biological 
Process 

Transcription Down -0.72 0.00 

Ribosomal 
protein L9 

Argopecten 
irradians 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.69 0.00 

Pb vs Pb-HTO 

CoA-binding 
protein   

Mytilus 
trossulus 

GO:0004550 
nucleoside 

diphosphate kinase 
activity 

Molecular 
Function 

Binding-
transport 

Up 1.57 0.00 

60S ribosomal 
protein L13 

Mytilus 
trossulus 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Down -3.40 0.00 
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Ribosomal 
protein S20 

Mytilus 
trossulus 

GO:0000049 tRNA binding 
Molecular 
Function 

Transcription Up 3.77 0.00 

Ribosomal 
protein L7a   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -1.30 0.00 

Calmodulin   
Isognomon 

nucleus 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up -0.87 0.00 

Transgelin Mytilus coruscus GO:0001725 stress fiber 
Cellular 

Component 
Cytoskeleton Up 1.47 0.00 

Collagen-like 
protein-8   

Mytilus 
galloprovincialis 

GO:0003429 

growth plate 
cartilage 

chondrocyte 
morphogenesis 

Biological 
Process 

Cytoskeleton Down -3.62 0.00 

THY domain-
containing 
protein-1   

Mytilus 
galloprovincialis 

GO:0001649 
osteoblast 

differentiation 
Biological 
Process 

Cellular 
process 

Up 1.67 0.00 

GTP-binding 
nuclear 
protein 

Mytilus 
galloprovincialis 

GO:0000055 
ribosomal large 
subunit export 
from nucleus 

Biological 
Process 

Metabolism  Up 2.62 0.00 

Putative 40S 
ribosomal 

protein S14 
Pinctada fucata GO:0000028 

ribosomal small 
subunit assembly 

Biological 
Process 

Transcription Up 2.86 0.00 

Retinal 
dehydrogenas

e 2 

Mizuhopecten 
yessoensis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Biosynthesis Up 2.91 0.00 

40S ribosomal 
protein S7 

Mizuhopecten 
yessoensis 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 2.13 0.00 
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60S ribosomal 
protein L26 

Mizuhopecten 
yessoensis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 3.72 0.00 

Calmodulin  
Sinanodonta 

woodiana 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up 1.94 0.00 

Ribosomal 
protein L1   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -1.84 0.01 

Profilin   
Mytilus 

trossulus 
GO:0003785 

actin monomer 
binding 

Molecular 
Function 

Cytoskeleton Up 2.18 0.00 

Fc-e cd23 
receptor   

Mytilus 
galloprovincialis 

GO:0001530 
lipopolysaccharide 

binding 
Molecular 
Function 

Transport Down -3.00 0.00 

Tubulin beta 
chain   

Mytilus 
galloprovincialis 

GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -1.95 0.00 

Troponin c   
Mytilus 

galloprovincialis 
GO:0005509 calcium ion binding 

Molecular 
Function 

Binding-
Cytoskeleton 

Up 1.53 0.00 

Uncharacteriz
ed protein   

Mytilus 
galloprovincialis 

GO:0005515 protein binding 
Molecular 
Function 

Binding Up 1.55 0.00 

Atp gamma 
synthase   

Mytilus 
galloprovincialis 

GO:0005515 protein binding 
Molecular 
Function 

Metabolism  Up 3.38 0.00 

Macrophage 
migration 
inhibitory 
factor-like 

protein 

Mytilus 
galloprovincialis 

 -  - -  
Immune 
system 

Up 2.91 0.00 

Heat shock 
protein 70   

Mytilus 
galloprovincialis 

GO:0000082 
G1/S transition of 
mitotic cell cycle 

Biological 
Process 

Response to 
stress 

Down -1.64 0.00 
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Glutathione s-
transferase   

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up 2.24 0.00 

Calreticulin Pinctada fucata GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Signalling Down 2.76 0.01 

Peptidyl-prolyl 
cis-trans 

isomerase 

Ruditapes 
philippinarum 

GO:0000413 
protein peptidyl-

prolyl 
isomerization 

Biological 
Process 

Protein 
synthesis 

Down -1.22 0.00 

Glutathione S-
transferase 

sigma 3 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Down -1.52 0.00 

Glutathione S-
transferase 

sigma 2 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up 2.31 0.00 

60S ribosomal 
protein L4 

Crassostrea 
gigas 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.65 0.03 

14-3-3 protein 
zeta 

Crassostrea 
gigas 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down -2.07 0.00 

Non-neuronal 
cytoplasmic 

intermediate 
filament 
protein 

Crassostrea 
gigas 

GO:0005515 protein binding 
Molecular 
Function 

Cytoskeleton Down -2.30 0.00 

Transport 
protein Sec61 
subunit beta 

Crassostrea 
gigas 

GO:0005086 

ARF guanyl-
nucleotide 

exchange factor 
activity 

Molecular 
Function 

Transport Up 3.22 0.00 
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Clathrin heavy 
chain 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down -1.85 0.00 

Transport 
protein Sec61 
subunit alpha 

isoform 2   

Crassostrea 
gigas 

GO:0005048 
signal sequence 

binding 
Molecular 
Function 

Transport Up 2.36 0.00 

Ras-like GTP-
binding 

protein Rho1 

Crassostrea 
gigas 

GO:0000915 
actomyosin 

contractile ring 
assembly 

Biological 
Process 

Response to 
stress 

Up 1.60 0.00 

Ras-related 
protein Rap-1b 

Crassostrea 
gigas 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Response to 
stress 

Up 1.78 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 1.67 0.00 

CuZn 
superoxide 
dismutase 

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Oxidative 
stress 

Up 2.30 0.00 

Cytoplasmic 
actin 

Dreissena 
polymorpha 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Up 3.22 0.00 

Ribosomal 
protein 

Codakia 
orbicularis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 3.19 0.00 

Ribosomal 
protein S15   

Mytilus edulis GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 2.78 0.00 

Actin   
Ruditapes 
decussatus 

GO:0005524 ATP binding 
Molecular 
Function 

Cytoskeleton Down -3.49 0.00 

Ribosomal 
protein S17   

Crassostrea 
gigas 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 2.33 0.01 

Ribosomal 
protein L12   

Azumapecten 
farreri 

GO:0000027 
ribosomal large 

subunit assembly 
Biological 
Process 

Transcription Up 2.61 0.00 
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Ribosomal 
protein L9 

Argopecten 
irradians 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 2.68 0.00 

Actin 
Mytilus 

galloprovincialis 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -2.87 0.00 

HTO vs Cu-HTO 

60S ribosomal 
protein L13 

Mytilus 
trossulus 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Down -2.90 0.00 

Calmodulin 
(Fragment) 

Isognomon 
nucleus 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down -2.09 0.00 

Transgelin Mytilus coruscus GO:0001725 stress fiber 
Cellular 

Component 
Cytoskeleton Down -0.37 0.00 

Collagen-like 
protein-8 

(Fragment) 

Mytilus 
galloprovincialis 

GO:0003429 

growth plate 
cartilage 

chondrocyte 
morphogenesis 

Biological 
Process 

Cytoskeleton Up 1.16 0.00 

Carbonic 
anhydrase II 

Mytilus 
galloprovincialis 

GO:0001822 
kidney 

development 
Biological 
Process 

Metabolism  Up 0.99 0.00 

Putative 40S 
ribosomal 

protein S14 
Pinctada fucata GO:0000028 

ribosomal small 
subunit assembly 

Biological 
Process 

Transcription Down -0.35 0.00 

Transmembra
ne emp24 
domain-

containing 
protein eca 

Mizuhopecten 
yessoensis 

GO:0000139 Golgi membrane 
Cellular 

Component 
Protein 

synthesis 
Up 0.92 0.00 
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Ribosomal 
protein L1 
(Fragment) 

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.47 0.01 

Fc-e cd23 
receptor 

(Fragment) 

Mytilus 
galloprovincialis 

GO:0001530 
lipopolysaccharide 

binding 
Molecular 
Function 

Transport Down -1.05 0.00 

Troponin c 
(Fragment) 

Mytilus 
galloprovincialis 

GO:0005509 calcium ion binding 
Molecular 
Function 

Cytoskeleton Down -0.46 0.00 

Uncharacteriz
ed protein 
(Fragment) 

Mytilus 
galloprovincialis 

GO:0001501 
skeletal system 
development 

Biological 
Process 

Cytoskeleton Down -0.60 0.02 

Aldehyde 
mitochondrial 

(Fragment) 

Mytilus 
galloprovincialis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Oxidative 
stress 

Down -0.70 0.00 

Neuronal 
alpha-2 

acetylcholine 
receptor 
subunit 

(Fragment) 

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Signalling Down -2.90 0.00 

Macrophage 
migration 
inhibitory 
factor-like 

protein 

Mytilus 
galloprovincialis 

-  -   - 
Immune 
system 

Down -0.97 0.00 

Heat shock 
protein 70   

Mytilus 
galloprovincialis 

GO:0000082 
G1/S transition of 
mitotic cell cycle 

Biological 
Process 

Response to 
stress 

Down -0.61 0.00 
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Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -0.23 0.01 

Beta-actin 
Meretrix 
meretrix 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down -2.48 0.00 

Glutathione S-
transferase 

sigma 3 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up 0.95 0.00 

14-3-3 protein 
zeta 

Crassostrea 
gigas 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up 3.65 0.00 

Non-neuronal 
cytoplasmic 

intermediate 
filament 
protein 

Crassostrea 
gigas 

GO:0005515 protein binding 
Molecular 
Function 

Cytoskeleton Up 0.57 0.00 

Actin-related 
protein 2/3 

complex 
subunit 4 

Crassostrea 
gigas 

GO:0000001 
mitochondrion 

inheritance 
Biological 
Process 

Cytoskeleton Up 1.25 0.00 

60 kDa heat 
shock protein, 
mitochondrial 

Crassostrea 
gigas 

GO:0000373 
Group II intron 

splicing 
Biological 
Process 

Response to 
stress 

Down -0.37 0.00 

Phosphoglycer
ate kinase 

Crassostrea 
gigas 

GO:0004618 
phosphoglycerate 

kinase activity 
Molecular 
Function 

Metabolism  Down -0.28 0.00 

V-type proton 
ATPase 

subunit B 

Crassostrea 
gigas 

GO:0000221 
vacuolar proton-

transporting V-type 
ATPase, V1 domain 

Cellular 
Component 

Transport Up 2.00 0.00 



 

- 451 - 
 

Histone H4 
Crassostrea 

gigas 
GO:0000228 

nuclear 
chromosome 

Cellular 
Component 

Cellular 
process 

Down -1.15 0.00 

Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -0.28 0.00 

CuZn 
superoxide 
dismutase 

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Oxidative 
stress 

Down -0.42 0.00 

Ribosomal 
protein S18 

Crassostrea 
gigas 

GO:0000228 
nuclear 

chromosome 
Cellular 

Component 
Transcription Down -2.07 0.02 

Histone H2B 
Mimachlamys 

varia 
GO:0000786 nucleosome 

Cellular 
Component 

Cellular 
process 

Down -0.29 0.03 

HTO vs Pb-HTO 

60S ribosomal 
protein L13 

Mytilus 
trossulus 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Down -2.63 0.00 

Calmodulin   
Isognomon 

nucleus 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down 2.39 0.00 

Shell 
myostracum 
collagen-like 

protein 1   

Mytilus 
galloprovincialis 

GO:0003429 

growth plate 
cartilage 

chondrocyte 
morphogenesis 

Biological 
Process 

Cellular 
process 

Up 2.69 0.00 

Transgelin Mytilus coruscus GO:0001725 stress fiber 
Cellular 

Component 
Cytoskeleton Down -1.70 0.00 

Carbonic 
anhydrase II 

Mytilus 
galloprovincialis 

GO:0001822 
kidney 

development 
Biological 
Process 

Metabolism  Up 1.29 0.00 

Protein 
disulfide-
isomerase   

Pinctada fucata GO:0003756 
protein disulfide 

isomerase activity 
Molecular 
Function 

Oxidative 
stress 

Up 4.37 0.04 

Transmembra
ne emp24 

Mizuhopecten 
yessoensis 

GO:0000139 Golgi membrane 
Cellular 

Component 
Protein 

synthesis 
Up 3.01 0.00 
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domain-
containing 

protein 

Clathrin heavy 
chain 

Mizuhopecten 
yessoensis 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down -0.47 0.00 

Gq-alpha 
Argopecten 

irradians 
GO:0001501 

skeletal system 
development 

Biological 
Process 

Cytoskeleton Up 0.93 0.00 

Calmodulin  
Sinanodonta 

woodiana 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling  Down -1.81 0.00 

Fc-e cd23 
receptor   

Mytilus 
galloprovincialis 

GO:0001530 
lipopolysaccharide 

binding 
Molecular 
Function 

Transport Down -1.09 0.00 

Aldehyde 
mitochondrial   

Mytilus 
galloprovincialis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Oxidative 
stress 

Up 0.67 0.00 

Neuronal 
alpha-2 

acetylcholine 
receptor 
subunit   

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Signalling Down -2.49 0.00 

Macrophage 
migration 
inhibitory 
factor-like 

protein 

Mytilus 
galloprovincialis 

 -  -  - 
Immune 
system 

Up 1.15 0.00 

Heat shock 
protein 70   

Mytilus 
galloprovincialis 

GO:0000082 
G1/S transition of 
mitotic cell cycle 

Biological 
Process 

Response to 
stress 

Up 1.17 0.00 

Glutathione s-
transferase   

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up 0.68 0.00 
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Calreticulin Pinctada fucata GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Signalling Up -0.49 0.01 

Ribosomal 
protein 

Mytilus 
galloprovincialis 

GO:0000036 acyl carrier activity 
Molecular 
Function 

Transcription Up 0.82 0.00 

Beta-actin 
Meretrix 
meretrix 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Up 1.22 0.00 

Phosphoenolp
yruvate 

carboxykinase   

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 1.23 0.00 

Glutathione S-
transferase 

sigma 3 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Oxidative 
stress 

Up 0.95 0.00 

60S ribosomal 
protein L4 

Crassostrea 
gigas 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -2.36 0.03 

Non-neuronal 
cytoplasmic 

intermediate 
filament 
protein 

Crassostrea 
gigas 

GO:0005515 protein binding 
Molecular 
Function 

Cytoskeleton Up 0.82 0.00 

Transport 
protein Sec61 
subunit beta 

Crassostrea 
gigas 

GO:0005086 

ARF guanyl-
nucleotide 

exchange factor 
activity 

Molecular 
Function 

Transport Down -0.23 0.00 

Clathrin heavy 
chain 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down -0.56 0.00 

Actin-related 
protein 2/3 

Crassostrea 
gigas 

GO:0000001 
mitochondrion 

inheritance 
Biological 
Process 

Cytoskeleton Up 2.53 0.00 
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complex 
subunit 4 

60 kDa heat 
shock protein, 
mitochondrial 

Crassostrea 
gigas 

GO:0000373 
Group II intron 

splicing 
Biological 
Process 

Response to 
stress 

Up 1.62 0.00 

Phosphoglycer
ate kinase 

Crassostrea 
gigas 

GO:0004618 
phosphoglycerate 

kinase activity 
Molecular 
Function 

Metabolism  Up 1.18 0.00 

Transport 
protein Sec61 
subunit alpha 

isoform 2   

Crassostrea 
gigas 

GO:0005048 
signal sequence 

binding 
Molecular 
Function 

Transport Up 0.91 0.00 

Phosphoenolp
yruvate 

carboxykinase 
[GTP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 1.08 0.00 

V-type proton 
ATPase 

subunit B 

Crassostrea 
gigas 

GO:0000221 
vacuolar proton-

transporting V-type 
ATPase, V1 domain 

Cellular 
Component 

Transport Up 3.39 0.00 

Rotatin 
Crassostrea 

gigas 
GO:0005814 centriole 

Cellular 
Component 

Cellular cycle Up 0.99 0.00 

Sodium/potass
ium-

transporting 
ATPase 

subunit alpha 

Crassostrea 
gigas 

GO:0001504 
neurotransmitter 

uptake 
Biological 
Process 

Transport Down -0.32 0.00 

Histone H4 
Crassostrea 

gigas 
GO:0000228 

nuclear 
chromosome 

Cellular 
Component 

Cellular 
process 

Down -0.46 0.00 

Ras-related 
protein Rab-

6B 

Crassostrea 
gigas 

GO:0000138 Golgi trans cisterna 
Cellular 

Component 
Response to 

stress 
Up 0.86 0.00 
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Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -0.96 0.00 

Actin, 
cytoplasmic 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Up 4.21 0.01 

CuZn 
superoxide 
dismutase 

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Oxidative 
stress 

Down -0.31 0.00 

Heat shock 
protein 70 

Mytilus 
galloprovincialis 

GO:0000795 
synaptonemal 

complex 
Cellular 

Component 
Response to 

stress 
Up 1.19 0.00 

Ribosomal 
protein S17   

Crassostrea 
gigas 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 0.61 0.01 

Actin 
Mytilus 

galloprovincialis 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Up 0.80 0.00 

Histone H2B 
Mimachlamys 

varia 
GO:0000786 nucleosome 

Cellular 
Component 

Cellular 
process 

Down -4.36 0.03 

Gill 

Cu vs Cu-Pb 

Ribosomal 
protein L28   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 2.24 0.00 

Putative 40S 
ribosomal 

protein S14 
Pinctada fucata GO:0000028 

ribosomal small 
subunit assembly 

Biological 
Process 

Transcription Up 2.67 0.00 

40S ribosomal 
protein S5 

Mizuhopecten 
yessoensis 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Down -3.03 0.00 

40S ribosomal 
protein S7 

Mizuhopecten 
yessoensis 

GO:0000184 
nuclear-transcribed 

mRNA catabolic 
Biological 
Process 

Transcription Up 2.63 0.00 
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process, nonsense-
mediated decay 

60S ribosomal 
protein L26 

Mizuhopecten 
yessoensis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 2.26 0.00 

Glutamine--
fructose-6-
phosphate 

aminotransfer
ase 

[isomerizing] 2 

Mizuhopecten 
yessoensis 

GO:0004360 

glutamine-
fructose-6-
phosphate 

transaminase 
(isomerizing) 

activity 

Molecular 
Function 

Protein 
synthesis 

Down -3.07 0.00 

Clathrin heavy 
chain 

Mizuhopecten 
yessoensis 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down -3.32 0.00 

26S protease 
regulatory 

subunit 10B 

Mizuhopecten 
yessoensis 

GO:0000165 MAPK cascade 
Biological 
Process 

Protein 
regulation 

Up 2.22 0.00 

NAD(P) 
transhydrogen

ase, 
mitochondrial 

Mizuhopecten 
yessoensis 

GO:0000286 
alanine 

dehydrogenase 
activity 

Molecular 
Function 

Metabolism  Down -1.36 0.00 

Glucose-
regulated 
protein 94 

Mizuhopecten 
yessoensis 

GO:0001666 
response to 

hypoxia 
Biological 
Process 

Metabolism  Down -0.68 0.00 

Ribosomal 
protein L30   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 3.79 0.00 
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Heat 2-like 
repeat-

containing 
protein   

Mytilus 
galloprovincialis 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Response to 
stress 

Down -0.99 0.00 

Aldehyde 
mitochondrial   

Mytilus 
galloprovincialis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Oxidative 
stress 

Down -0.90 0.00 

Chitinase-like 
protein-1   

Mytilus chilensis GO:0000272 
polysaccharide 

catabolic process 
Biological 
Process 

Cellular 
process 

Down -1.25 0.00 

Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -1.00 0.01 

Calmodulin   
Crassostrea 

gigas 
GO:0000086 

G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Down -1.09 0.00 

Calcium-
transporting 

ATPase 
Pinctada fucata GO:0002026 

regulation of the 
force of heart 

contraction 

Biological 
Process 

Transport Down -4.48 0.00 

Cytochrome c   Mytilus edulis GO:0002931 
response to 

ischemia 
Biological 
Process 

Metabolism  Up 3.13 0.00 

40S ribosomal 
protein S26   

Crassostrea 
gigas 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 1.73 0.03 

Beta-actin 
Meretrix 
meretrix 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down -8.92 0.00 

Beta tubulin   Silicula rouchi GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -4.76 0.00 

Cytochrome 
b5 

Ostrea edulis GO:0004768 
stearoyl-CoA 9-

desaturase activity 
Molecular 
Function 

Metabolism  Down -1.34 0.00 
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Transport 
protein Sec61 
subunit beta 

Crassostrea 
gigas 

GO:0005086 

ARF guanyl-
nucleotide 

exchange factor 
activity 

Molecular 
Function 

Transport Up 2.39 0.00 

Heat shock 
protein HSP 
90-alpha 1 

Crassostrea 
gigas 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Response to 
stress 

Down -5.08 0.00 

33 kDa inner 
dynein arm 
light chain, 
axonemal 

Crassostrea 
gigas 

GO:0003774 motor activity 
Molecular 
Function 

Cytoskeleton Down -1.19 0.00 

V-type proton 
ATPase 

subunit B 

Crassostrea 
gigas 

GO:0000221 
vacuolar proton-

transporting V-type 
ATPase, V1 domain 

Cellular 
Component 

Transport Down -2.37 0.00 

Enolase 
Crassostrea 

gigas 
GO:0000015 

phosphopyruvate 
hydratase complex 

Cellular 
Component 

Metabolism  Up 1.34 0.00 

Glucosamine--
fructose-6-
phosphate 

aminotransfer
ase 

[isomerizing] 1 

Crassostrea 
gigas 

GO:0004360 

glutamine-
fructose-6-
phosphate 

transaminase 
(isomerizing) 

activity 

Molecular 
Function 

Metabolism  Down -2.53 0.00 

Histone H4 
Crassostrea 

gigas 
GO:0000228 

nuclear 
chromosome 

Cellular 
Component 

Cellular 
process 

Down -1.23 0.00 

Transketolase-
like protein 2 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Down -1.20 0.00 
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Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -5.07 0.00 

Cytoplasmic 
actin 

Dreissena 
polymorpha 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down -2.70 0.00 

Ribosomal 
protein S15   

Mytilus edulis GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 3.37 0.00 

Tubulin beta 
chain 

Crassostrea 
gigas 

GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -4.98 0.00 

Fructose-
bisphosphate 

aldolase   
Mytilus edulis GO:0001666 

response to 
hypoxia 

Biological 
Process 

Metabolism  Down -2.01 0.00 

40S ribosomal 
protein S27 

Azumapecten 
farreri 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 1.58 0.00 

Cu vs Cu-HTO 

Ribosomal 
protein L19   

Mytilus 
trossulus 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 1.45 0.00 

Ribosomal 
protein L28   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 3.83 0.00 

Transgelin-like 
protein-6 

Mytilus 
galloprovincialis 

GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Cytoskeleton Up 2.76 0.00 

Putative 40S 
ribosomal 

protein S14 
Pinctada fucata GO:0000028 

ribosomal small 
subunit assembly 

Biological 
Process 

Transcription Up 3.09 0.00 

40S ribosomal 
protein S7 

Mizuhopecten 
yessoensis 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 3.11 0.00 
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60S ribosomal 
protein L26 

Mizuhopecten 
yessoensis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 4.11 0.00 

Glutamine--
fructose-6-
phosphate 

aminotransfer
ase 

[isomerizing] 2 

Mizuhopecten 
yessoensis 

GO:0004360 

glutamine-
fructose-6-
phosphate 

transaminase 
(isomerizing) 

activity 

Molecular 
Function 

Protein 
synthesis 

Down -3.34 0.00 

Clathrin heavy 
chain 

Mizuhopecten 
yessoensis 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down -4.14 0.00 

26S protease 
regulatory 

subunit 10B 

Mizuhopecten 
yessoensis 

GO:0000165 MAPK cascade 
Biological 
Process 

Protein 
regulation 

Up 2.00 0.00 

NAD(P) 
transhydrogen

ase, 
mitochondrial 

Mizuhopecten 
yessoensis 

GO:0000286 
alanine 

dehydrogenase 
activity 

Molecular 
Function 

Metabolism  Down -2.27 0.00 

Profilin   
Mytilus 

trossulus 
GO:0003785 

actin monomer 
binding 

Molecular 
Function 

Cytoskeleton Up 1.38 0.00 

NADH:ubiquin
one 

oxidoreductas
e, 

NDUFB6/B17 
subunit   

Mytilus 
trossulus 

GO:0005747 
mitochondrial 

respiratory chain 
complex I 

Cellular 
Component 

Metabolism  Down -0.95 0.00 

Ribosomal 
protein L30   

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 3.65 0.00 
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Tubulin beta 
chain   

Mytilus 
galloprovincialis 

GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Up 2.51 0.00 

Chitinase-like 
protein-1   

Mytilus chilensis GO:0000272 
polysaccharide 

catabolic process 
Biological 
Process 

Cellular 
process 

Up 3.27 0.00 

Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -1.74 0.01 

Glucose-
regulated 
protein 94 

Crassostrea 
gigas 

GO:0001666 
response to 

hypoxia 
Biological 
Process 

Metabolism  Up 1.26 0.01 

Calcium-
transporting 

ATPase 
Pinctada fucata GO:0002026 

regulation of the 
force of heart 

contraction 

Biological 
Process 

Transport Down -2.79 0.00 

Cytochrome c   Mytilus edulis GO:0002931 
response to 

ischemia 
Biological 
Process 

Metabolism  Up 2.24 0.00 

40S ribosomal 
protein S26   

Crassostrea 
gigas 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 2.08 0.03 

Beta-actin 
Meretrix 
meretrix 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Down -8.90 0.00 

Beta tubulin   Silicula rouchi GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -4.67 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 3.45 0.01 

Dihydropyrimi
dinase 

Crassostrea 
gigas 

GO:0000226 
microtubule 
cytoskeleton 
organization 

Biological 
Process 

Metabolism  Up 2.92 0.00 

Transport 
protein Sec61 
subunit beta 

Crassostrea 
gigas 

GO:0005086 
ARF guanyl-
nucleotide 

Molecular 
Function 

Transport Up 4.22 0.00 
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exchange factor 
activity 

Heat shock 
protein HSP 
90-alpha 1 

Crassostrea 
gigas 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Response to 
stress 

Down -2.83 0.00 

Actin 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Up 6.15 0.01 

Enolase 
Crassostrea 

gigas 
GO:0000015 

phosphopyruvate 
hydratase complex 

Cellular 
Component 

Metabolism  Up 2.38 0.00 

Histone H4 
Crassostrea 

gigas 
GO:0000228 

nuclear 
chromosome 

Cellular 
Component 

Cellular 
process 

Down -1.51 0.00 

Malate 
dehydrogenas

e, 
mitochondrial 

Crassostrea 
gigas 

GO:0005507 copper ion binding 
Molecular 
Function 

Metabolism  Up 2.18 0.00 

Eukaryotic 
translation 
initiation 
factor 3 

subunit B 

Crassostrea 
gigas 

GO:0001732 

formation of 
cytoplasmic 
translation 

initiation complex 

Biological 
Process 

Translation Up 1.62 0.05 

Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -1.61 0.00 

Alanine 
aminotransfer

ase 2 

Crassostrea 
gigas 

GO:0001300 
chronological cell 

aging 
Biological 
Process 

Protein 
synthesis 

Down -0.78 0.00 

Ribosomal 
protein 

Codakia 
orbicularis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 4.40 0.00 

Ribosomal 
protein S15   

Mytilus edulis GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 3.25 0.00 
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Tubulin beta 
chain 

Crassostrea 
gigas 

GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -5.73 0.00 

40S ribosomal 
protein S27 

Azumapecten 
farreri 

GO:0000028 
ribosomal small 

subunit assembly 
Biological 
Process 

Transcription Up 2.14 0.00 

Transgelin 
Mytilus 

galloprovincialis 
GO:0001725 stress fiber 

Cellular 
Component 

Cytoskeleton Up 1.74 0.00 

Pb vs Cu-Pb 

Ribosomal 
protein L17 

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.78 0.00 

Nacre c1q 
domain-

containing 
protein 1   

Mytilus 
galloprovincialis 

GO:0001819 
positive regulation 

of cytokine 
production 

Biological 
Process 

Immune 
system 

Down -1.03 0.00 

Rho GTPase 
Azumapecten 

farreri 
GO:0000132 

establishment of 
mitotic spindle 

orientation 

Biological 
Process 

Cellular 
process 

Down -0.51 0.00 

Heat shock 
protein 60 

Ruditapes 
philippinarum 

GO:0000373 
Group II intron 

splicing 
Biological 
Process 

Response to 
stress 

Down -0.62 0.00 

Prohibitin-2 
Mizuhopecten 

yessoensis 
GO:0000001 

mitochondrion 
inheritance 

Biological 
Process 

Transcription Down -0.70 0.02 

40S ribosomal 
protein S7 

Mizuhopecten 
yessoensis 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 2.80 0.00 

Gq-alpha 
Argopecten 

irradians 
GO:0001501 

skeletal system 
development 

Biological 
Process 

Signalling Down -0.42 0.00 
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Glucose-
regulated 
protein 94 

Mizuhopecten 
yessoensis 

GO:0001666 
response to 

hypoxia 
Biological 
Process 

Metabolism  Down -1.00 0.00 

Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -0.54 0.01 

Calcium-
transporting 

ATPase 
Pinctada fucata GO:0002026 

regulation of the 
force of heart 

contraction 

Biological 
Process 

Transport Down -2.49 0.00 

Beta tubulin   Silicula rouchi GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -0.58 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Down -0.38 0.01 

Dihydropyrimi
dinase 

Crassostrea 
gigas 

GO:0000226 
microtubule 
cytoskeleton 
organization 

Biological 
Process 

Cellular 
process 

Down -0.35 0.00 

33 kDa inner 
dynein arm 
light chain, 
axonemal 

Crassostrea 
gigas 

GO:0003774 motor activity 
Molecular 
Function 

Cytoskeleton Down -2.19 0.00 

ADP-
ribosylation 

factor 

Crassostrea 
gigas 

GO:0001745 
compound eye 
morphogenesis 

Biological 
Process 

Metabolism  Down -0.36 0.00 

Actin 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -0.59 0.01 

Glucosamine--
fructose-6-
phosphate 

aminotransfer

Crassostrea 
gigas 

GO:0004360 

glutamine-
fructose-6-
phosphate 

transaminase 

Molecular 
Function 

Metabolism  Down -1.32 0.00 
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ase 
[isomerizing] 1 

(isomerizing) 
activity 

Actin, 
cytoplasmic 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Up 7.99 0.01 

Ribosomal 
protein L9 

Argopecten 
irradians 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.59 0.00 

Pb vs Pb-HTO 

Glyceraldehyd
e-3-phosphate 
dehydrogenas

e   

Mytilus edulis GO:0000226 
microtubule 
cytoskeleton 
organization 

Biological 
Process 

Metabolism  Down -0.37 0.00 

Cold-shock 
domain 
protein 

Mytilus 
trossulus 

GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Response to 
stress 

Down -0.97 0.00 

60S ribosomal 
protein L13 

Mytilus 
trossulus 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Down -0.70 0.00 

Ribosomal 
protein L17 

Mytilus 
trossulus 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.66 0.00 

Nacre c1q 
domain-

containing 
protein 1   

Mytilus 
galloprovincialis 

GO:0001819 
positive regulation 

of cytokine 
production 

Biological 
Process 

Immune 
system 

Up 2.62 0.00 
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THY domain-
containing 
protein-1   

Mytilus 
galloprovincialis 

GO:0001649 
osteoblast 

differentiation 
Biological 
Process 

Cellular 
process 

Up 4.61 0.00 

Rho GTPase 
Azumapecten 

farreri 
GO:0000132 

establishment of 
mitotic spindle 

orientation 

Biological 
Process 

Cellular 
process 

Down -0.41 0.00 

Heat shock 
protein 60 

Ruditapes 
philippinarum 

GO:0000373 
Group II intron 

splicing 
Biological 
Process 

Response to 
stress 

Up 2.31 0.00 

Protein 
disulfide-
isomerase   

Pinctada fucata GO:0003756 
protein disulfide 

isomerase activity 
Molecular 
Function 

Oxidative 
stress 

Down -0.96 0.04 

Catalase Mytilus coruscus GO:0001657 
ureteric bud 
development 

Biological 
Process 

Oxidative 
stress 

Up 2.01 0.00 

Retinal 
dehydrogenas

e 2 

Mizuhopecten 
yessoensis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Biosynthesis Up 2.49 0.00 

40S ribosomal 
protein S7 

Mizuhopecten 
yessoensis 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 2.19 0.00 

60S ribosomal 
protein L26 

Mizuhopecten 
yessoensis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 3.36 0.00 

Clathrin heavy 
chain 

Mizuhopecten 
yessoensis 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Transport Down -0.70 0.00 

Gq-alpha 
Argopecten 

irradians 
GO:0001501 

skeletal system 
development 

Biological 
Process 

Signalling Up 1.62 0.00 
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Glucose-
regulated 
protein 94 

Mizuhopecten 
yessoensis 

GO:0001666 
response to 

hypoxia 
Biological 
Process 

Metabolism  Up 1.76 0.00 

Profilin   
Mytilus 

trossulus 
GO:0003785 

actin monomer 
binding 

Molecular 
Function 

Cytoskeleton Up 3.99 0.00 

Uncharacteriz
ed protein   

Mytilus 
galloprovincialis 

GO:0001725 stress fiber 
Cellular 

Component 
Cytoskeleton Up 2.86 0.00 

60s protein 
ribosomal   

Mytilus 
galloprovincialis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Down -1.13 0.00 

Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -1.04 0.01 

Calreticulin Pinctada fucata GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Signalling Up 2.54 0.01 

Cytochrome c   Mytilus edulis GO:0002931 
response to 

ischemia 
Biological 
Process 

Metabolism  Down -0.91 0.00 

Tubulin beta 
chain   

Malletia 
abyssorum 

GO:0000226 
microtubule 
cytoskeleton 
organization 

Biological 
Process 

Cytoskeleton Up 2.32 0.00 

Phosphoenolp
yruvate 

carboxykinase   

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 4.83 0.00 

Tropomyosin 
Tegillarca 
granosa 

GO:0006937 
regulation of 

muscle contraction 
Biological 
Process 

Cytoskeleton Down -1.16 0.00 

Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 2.62 0.01 
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GDP-mannose 
4,6 

dehydratase 

Crassostrea 
gigas 

GO:0005829 cytosol 
Cellular 

Component 
Signalling Down -0.48 0.00 

Actin 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Up 2.74 0.01 

Phosphoenolp
yruvate 

carboxykinase 
[GTP] 

Crassostrea 
gigas 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 3.83 0.00 

40S ribosomal 
protein S4 

Crassostrea 
gigas 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Up 1.71 0.01 

Major vault 
protein 

Crassostrea 
gigas 

GO:0001654 eye development 
Biological 
Process 

Response to 
stress 

Down -3.40 0.00 

Rotatin 
Crassostrea 

gigas 
GO:0005814 centriole 

Cellular 
Component 

Cell cycle Up 3.17 0.00 

Glutamate 
dehydrogenas

e 1, 
mitochondrial 

Crassostrea 
gigas 

GO:0004352 
glutamate 

dehydrogenase 
(NAD+) activity 

Molecular 
Function 

Cellular 
process 

Up 2.25 0.00 

Actin-2 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Up 6.38 0.01 

Enolase 
Crassostrea 

gigas 
GO:0000015 

phosphopyruvate 
hydratase complex 

Cellular 
Component 

Metabolism  Up 2.33 0.00 

Glucosamine--
fructose-6-
phosphate 

aminotransfer

Crassostrea 
gigas 

GO:0004360 

glutamine-
fructose-6-
phosphate 

transaminase 

Molecular 
Function 

Metabolism  Up 2.81 0.00 
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ase 
[isomerizing] 1 

(isomerizing) 
activity 

Ras-related 
protein Rab-

6B 

Crassostrea 
gigas 

GO:0000138 Golgi trans cisterna 
Cellular 

Component 
Response to 

stress 
Up 2.49 0.00 

Actin-1/3 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Up 6.59 0.00 

Nucleoside 
diphosphate 

kinase 

Crassostrea 
gigas 

GO:0000278 mitotic cell cycle 
Biological 
Process 

Metabolism  Up 2.52 0.01 

Adenosylhomo
cysteinase 

Crassostrea 
gigas 

GO:0001666 
response to 

hypoxia 
Biological 
Process 

Cellular 
process 

Up 2.38 0.00 

Actin, 
cytoplasmic 

Crassostrea 
gigas 

GO:0000281 mitotic cytokinesis 
Biological 
Process 

Cytoskeleton Up 6.79 0.01 

Ribosomal 
protein 

Codakia 
orbicularis 

GO:0002181 
cytoplasmic 
translation 

Biological 
Process 

Transcription Up 2.67 0.00 

Heat shock 
protein 70 

Mytilus 
galloprovincialis 

GO:0000795 
synaptonemal 

complex 
Cellular 

Component 
Response to 

stress 
Down -0.55 0.00 

Fructose-
bisphosphate 

aldolase   
Mytilus edulis GO:0001666 

response to 
hypoxia 

Biological 
Process 

Metabolism  Down -0.64 0.00 

78kDa glucose 
regulated 

protein 

Crassostrea 
gigas 

GO:0001085 
RNA polymerase II 
transcription factor 

binding 

Molecular 
Function 

Metabolism  Up 3.77 0.00 

Ribosomal 
protein L9 

Argopecten 
irradians 

GO:0000184 

nuclear-transcribed 
mRNA catabolic 

process, nonsense-
mediated decay 

Biological 
Process 

Transcription Down -0.53 0.00 

HTO vs Cu-HTO 
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eIF4G   
Mytilus 

galloprovincialis 
GO:0000339 RNA cap binding 

Molecular 
Function 

Translation Up 1.70 0.02 

Putative actin, 
cytoplasmic 

Pinctada fucata GO:0005524 ATP binding 
Molecular 
Function 

Cytoskeleton Up 1.68 0.00 

Spliceosome 
RNA helicase 

DDX39B 

Mizuhopecten 
yessoensis 

GO:0000245 
spliceosomal 

complex assembly 
Biological 
Process 

Transcription Down -2.20 0.01 

Retinal 
dehydrogenas

e 2 

Mizuhopecten 
yessoensis 

GO:0001568 
blood vessel 
development 

Biological 
Process 

Biosynthesis Down -2.27 0.00 

Glucose-
regulated 
protein 94 

Mizuhopecten 
yessoensis 

GO:0001666 
response to 

hypoxia 
Biological 
Process 

Metabolism  Down -2.07 0.00 

Uncharacteriz
ed protein   

Mytilus 
galloprovincialis 

GO:0001726 ruffle 
Cellular 

Component 
Protein 

synthesis 
Down -1.67 0.01 

Neuronal 
alpha-2 

acetylcholine 
receptor 
subunit   

Mytilus 
galloprovincialis 

GO:0000187 
activation of MAPK 

activity 
Biological 
Process 

Signalling Down -1.03 0.00 

Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -1.40 0.01 

Calreticulin Pinctada fucata GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Signalling Up 6.02 0.01 
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Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 2.86 0.01 

14-3-3 protein 
zeta 

Crassostrea 
gigas 

GO:0000086 
G2/M transition of 
mitotic cell cycle 

Biological 
Process 

Signalling Up 5.33 0.00 

Transport 
protein Sec61 
subunit beta 

Crassostrea 
gigas 

GO:0005086 

ARF guanyl-
nucleotide 

exchange factor 
activity 

Molecular 
Function 

Transport Up 1.99 0.00 

Actin 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Up 1.12 0.01 

26S protease 
regulatory 
subunit 7 

Crassostrea 
gigas 

GO:0000165 MAPK cascade 
Biological 
Process 

Protein 
regulation 

Up 0.96 0.00 

Peptidyl-prolyl 
cis-trans 

isomerase 

Crassostrea 
gigas 

GO:0000413 
protein peptidyl-

prolyl 
isomerization 

Biological 
Process 

Protein 
synthesis 

Up 1.76 0.00 

Alanine 
aminotransfer

ase 2 

Crassostrea 
gigas 

GO:0001300 
chronological cell 

aging 
Biological 
Process 

Protein 
synthesis 

Down -2.05 0.02 

Rootletin 
Crassostrea 

gigas 
GO:0000776 kinetochore 

Cellular 
Component 

Cell cycle Down -2.83 0.01 

V-type proton 
ATPase 

subunit B 

Crassostrea 
gigas 

GO:0000221 
vacuolar proton-

transporting V-type 
ATPase, V1 domain 

Cellular 
Component 

Transport Up 2.37 0.00 

Major vault 
protein 

Crassostrea 
gigas 

GO:0001654 eye development 
Biological 
Process 

Response to 
stress 

Up 1.67 0.00 
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Rotatin 
Crassostrea 

gigas 
GO:0005814 centriole 

Cellular 
Component 

Cell cycle Down -4.18 0.00 

ADP,ATP 
carrier protein 

Crassostrea 
gigas 

GO:0005471 
ATP:ADP antiporter 

activity 
Molecular 
Function 

Metabolism  Up 0.74 0.00 

Tubulin beta 
chain 

Crassostrea 
gigas 

GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Down -2.05 0.00 

HTO vs Pb-HTO 

Putative actin, 
cytoplasmic 

Pinctada fucata GO:0005524 ATP binding 
Molecular 
Function 

Cytoskeleton Up 0.79 0.00 

Prohibitin-2 
Mizuhopecten 

yessoensis 
GO:0000001 

mitochondrion 
inheritance 

Biological 
Process 

Transcription Up 1.71 0.02 

Spliceosome 
RNA helicase 

DDX39B 

Mizuhopecten 
yessoensis 

GO:0000245 
spliceosomal 

complex assembly 
Biological 
Process 

Transcription Down -2.26 0.01 

Uncharacteriz
ed protein   

Mytilus 
galloprovincialis 

GO:0001726 ruffle 
Cellular 

Component 
Protein 

synthesis 
Down -1.52 0.01 

Putative 
aminopeptidas

e   

Mytilus 
galloprovincialis 

GO:0004177 
aminopeptidase 

activity 
Molecular 
Function 

Cellular 
process 

Down -1.16 0.01 

Calreticulin Pinctada fucata GO:0000122 
negative regulation 
of transcription by 
RNA polymerase II 

Biological 
Process 

Signalling Up 2.74 0.01 

Isocitrate 
dehydrogenas

e [NADP] 

Mytilus 
galloprovincialis 

GO:0000287 
magnesium ion 

binding 
Molecular 
Function 

Metabolism  Up 2.42 0.01 

Actin 
Crassostrea 

gigas 
GO:0000281 mitotic cytokinesis 

Biological 
Process 

Cytoskeleton Down -1.76 0.01 
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Peptidyl-prolyl 
cis-trans 

isomerase 

Crassostrea 
gigas 

GO:0000413 
protein peptidyl-

prolyl 
isomerization 

Biological 
Process 

Protein 
synthesis 

Up 2.01 0.00 

Rootletin 
Crassostrea 

gigas 
GO:0000776 kinetochore 

Cellular 
Component 

Cell cycle Down -2.51 0.01 

Rotatin 
Crassostrea 

gigas 
GO:0005814 centriole 

Cellular 
Component 

Cell cycle Down -1.02 0.00 

ADP,ATP 
carrier protein 

Crassostrea 
gigas 

GO:0005471 
ATP:ADP antiporter 

activity 
Molecular 
Function 

Metabolism  Up 0.71 0.00 

Tubulin beta 
chain 

Crassostrea 
gigas 

GO:0001764 neuron migration 
Biological 
Process 

Cytoskeleton Up -1.83 0.00 

Fructose-
bisphosphate 

aldolase   
Mytilus edulis GO:0001666 

response to 
hypoxia 

Biological 
Process 

Metabolism  Up -2.72 0.00 
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Appendix 3 - Top 10 GO fold enrichment  
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Table 9.3.1 The top ten GO fold enrichment annotations observed in the digestive gland of M. galloprovincialis exposed to a binary combinations including copper. 

0 50 100 150 200 250 300

negative regulation of matrix metallopeptidase secretion

NADP biosynthetic process

negative regulation of male germ cell proliferation

SRP-dependent cotranslational protein targeting to membrane,…

regulation of phospholipid catabolic process

Sec61 translocon complex

brahma complex

zona pellucida receptor complex

dense body

striated muscle thin filament

isocitrate dehydrogenase (NADP+) activity

prostaglandin-D synthase activity

N-terminal myristoylation domain binding

structural constituent of postsynaptic actin cytoskeleton

adenylate cyclase activator activity

B
io

lo
gi

ca
l P

ro
ce

ss
C

e
llu

la
r 

C
o

m
p

o
n

e
n

t
M

o
le

cu
la

r 
Fu

n
ct

io
n

Fold Enrichment in digestive gland exposed to copper 
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Table 9.3.2 The top ten GO fold enrichment annotations observed in the digestive gland of M. galloprovincialis exposed to a binary combinations including lead. 

0 50 100 150 200 250 300 350

negative regulation of male germ cell proliferation

SRP-dependent cotranslational protein targeting to membrane, translocation

ribosomal small subunit export from nucleus

ribosomal small subunit assembly

cytoplasmic translation

Sec61 translocon complex

polysomal ribosome

cytosolic small ribosomal subunit

striated muscle thin filament

melanosome

prostaglandin-D synthase activity

myosin VI head/neck binding

glutathione transferase activity

rRNA binding

structural constituent of cytoskeleton

B
io

lo
gi

ca
l P

ro
ce

ss
C

e
llu

la
r 

C
o

m
p

o
n

e
n

t
M

o
le

cu
la

r 
Fu

n
ct

io
n

Fold enrichment in digestive gland exposed to lead
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Table 9.3.3 The top ten GO fold enrichment annotations observed in the digestive gland of M. galloprovincialis exposed to a binary combinations including tritiated water. 

0 100 200 300 400 500 600 700 800 900

naphthalenesulfonate metabolic process

glycerol biosynthetic process from pyruvate

lactate oxidation

kidney interstitial fibroblast differentiation

cellular response to potassium ion starvation

Sec61 translocon complex

clathrin complex

extrinsic component of synaptic vesicle membrane

Ino80 complex

dense body

malate oxidase activity

inosine kinase activity

protein-disulfide reductase activity

P-P-bond-hydrolysis-driven protein transmembrane transporter activity

nucleoside diphosphate kinase activity

B
io

lo
gi

ca
l P

ro
ce

ss
C

e
llu

la
r 

C
o

m
p

o
n

e
n

t
M

o
le

cu
la

r 
Fu

n
ct

io
n

Fold enrichment in digestive gland exposed to tritated water
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Table 9.3.4 The top ten GO fold enrichment annotations observed in the gill of M. galloprovincialis exposed to a binary combinations including copper 

0 200 400 600 800 1000 1200 1400

fungal-type cell wall chitin biosynthetic process

ATF6-mediated unfolded protein response

rRNA export from nucleus

regulation of meristem structural organization

sarcomerogenesis

sarcoplasmic reticulum lumen

axonemal microtubule

polysomal ribosome

cytosolic small ribosomal subunit

dense body

glutamine-fructose-6-phosphate transaminase (isomerizing) activity

structural constituent of postsynaptic actin cytoskeleton

structural constituent of ribosome

rRNA binding

disordered domain specific binding

B
io

lo
gi

ca
l P

ro
ce

ss
C

e
llu

la
r 

C
o

m
p

o
n

e
n

t
M

o
le

cu
la

r 
Fu

n
ct

io
n

Fold enrichment in gill exposed to copper
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Table 9.3.5 The top ten GO fold enrichment annotations observed in the gill of M. galloprovincialis exposed to a binary combinations including lead 

0 100 200 300 400 500 600 700 800

naphthalenesulfonate metabolic process

positive regulation of transcription from RNA polymerase II promoter in…

malate transport

propionate catabolic process

cellular response to fructose stimulus

sarcoplasmic reticulum lumen

brahma complex

dense body

smooth endoplasmic reticulum

polysomal ribosome

malate oxidase activity

inosine kinase activity

nucleoside diphosphate kinase activity

epinephrine binding

structural constituent of postsynaptic actin cytoskeleton

B
io

lo
gi

ca
l P

ro
ce

ss
C

e
llu

la
r 

C
o

m
p

o
n

e
n

t
M

o
le

cu
la

r 
Fu

n
ct

io
n

Fold Enrichment in gill exposed to lead
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Table 9.3.6 The top ten GO fold enrichment annotations observed in the gill of M. galloprovincialis exposed to a binary combinations including tritiated water 

0 50 100 150 200 250 300 350 400

ciliary basal body organization

negative regulation of supramolecular fiber organization

response to cadmium ion

negative regulation of cytoskeleton organization

regulation of protein-containing complex assembly

response to hypoxia

intracellular protein transport

cellular protein-containing complex assembly

regulation of biological quality

system development

sarcoplasmic reticulum lumen

apoplast

smooth endoplasmic reticulum

melanosome

plasmodesma

obsolete chloroplast part

ribonucleoprotein complex

perinuclear region of cytoplasm

vacuole

cytosol

unfolded protein binding

ATP binding

enzyme binding

B
io

lo
gi

ca
l P

ro
ce

ss
C

e
llu

la
r 

C
o

m
p

o
n

e
n

t
M

o
le

cu
la

r
Fu

n
ct

io
n

Fold enrichment in gill exposed to tritiated water 


