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Highlights

e 32P accumulation and depuration studied in two bivalve species
e 32P showed a concentration dependant uptake in bivalves

e Tissue specificity evident, independent of species

e Digestive gland showed the highest 3P bioaccumulation

e Tissue specific dose rates in some cases significantly higher than whole-body averages



Abstract

With respect to environmental protection, understanding radionuclide bioconcentration is necessary to relate exposure to radiation
dose and hence to biological responses. Few studies are available on tissue specific accumulation of short- lived radionuclides in
aquatic invertebrates. Short-lived radionuclides such as 3?Phosphorus (32P), although occurring in small quantities in the environment,
are capable of concentrating in the biota, especially if they are chronically exposed. In this study, we firstly compared tissue specific
bioaccumulation and release (depuration) of 32P in adult marine (Mytilus galloprovincialis, MG) and freshwater bivalve molluscs
(Dreissena polymorpha, DP). Secondly, using the Environmental Risk from lonising Contaminants Assessment and Management
(ERICA) tool, we calculated tissue specific doses following determination of radionuclide concentration. Marine and freshwater
bivalves, were exposed for 10 days to varying 3?P concentrations to acquire desired whole body average dose rates of 0.10, 1.0 and
10 mGy d. Dose rates encompass a screening dose rate value of 10 uGy h* (0.24 mGy d), in accordance with the ERICA tool.
This study is the first to relate tissue specific uptake and release (via excretion) of 2P from two anatomically similar bivalve species.
Results showed highly tissue specific accumulation of this radionuclide and similarity of accumulation pattern between the two species.
Our data, which highlights preferential *>P accumulation in specific tissues such as digestive gland, demonstrates that in some cases,
tissue-specific dose rates may be required to fully evaluate the potential effects of radiation exposure on non-human biota. Differential
sensitivity between biological tissues could result in detrimental biological responses at levels presumed to be acceptable when

adopting a ‘whole-body’ approach.
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1. Introduction

Short lived radionuclides such as *?Phosphorus (3?P, radiophosphorus), although occurring in small quantities in the environment,
may be capable of accumulating in aquatic biota (Smith et al. 2011). This is particularly so if the radionuclide is continuously
discharged in the environment, and the biota is chronically exposed. In this context, 3?P is discharged into aquatic systems from
various sources. For example, in England and Wales, 7, 5.2 and 5.7 GBq of 3°P was discharged in 2015 as liquid waste from
educational, medical (i.e. hospitals) and other establishments (e.g. research, manufacturing and public sector) respectively (RIFE
2015). In terms of environmental concentrations, 3?P reference conditions in Scotland (i.e. concentrations that result in a total ingested
dose for humans of 0.10 mSv y? if consumed at 2 L day?), are set at 57 Bq L' (DWQR 2014), with recorded values (2005-2013)
averaging 0.27 + 0.21 Bq Lt in the River Clyde (Erskine Habour, King George V Dock), Scotland (SEPA 2013). 3°P was chosen due
to ease of use in an experimental setting and as a surrogate for beta/ gamma emitting radionuclides **Cs and ®°Sr. Phosphorus in
the natural environment serves as an essential nutrient, and in common with non-radioactive counterpart, radioactive phosphorus

(32P) would have similar exposure pathways and bioaccumulation pattern in the tissues.

In terms of human health protection, contaminated organisms could pose a risk to health via the food chain (Jha 2004, 2008; Aoun
et al. 2015; Yang et al. 2015). 3°P uptake in humans may occur via dietary pathways, with dose being higher in the foetus and
breastfed infants, than the adult (Oatway et al. 2008). Understanding radionuclide concentration patterns in biota allows for the
development of adequate protection strategies, with the aim of reducing potential human dose while maintaining environmental
sustainability. Despite continuous and prolonged use in industry, and subsequent discharges, no studies to our knowledge have

investigated tissue specific accumulation of 32P in aquatic biota.



Bioaccumulative abilities in aquatic bivalves, an important group of invertebrates of ecological and economic importance, has been
identified in scientific literature. This is notably to ubiquitous, long-lived radionuclides such as 3*Cs, 21°Po, ?1°Pb and °H (Evans 1984;
Jha et al. 2005; Kalayci et al. 2013; Feroz Khan et al. 2014; Dallas et al. 2016a; Metian et al. 2016; Pearson et al. 2018). However
whole body accumulation and dose are often (but not always) the focus of such studies. Sufficient data are not available for tissue
specific accumulation of short-lived radionuclides. It is well accepted that in common with other contaminants (Al-Subiai et al., 2011,
2012; Dallas et al., 2013; Di et al., 2011, 2017), radionuclides accumulate in the biota in a tissue specific manner. Whole-body
determination of radionuclide bioaccumulation levels is important for risk assessments, however for biomonitoring and biological
response studies (including sensitive transcriptomics and proteomics studies), it is important that tissue specific information is
generated. Radionuclide uptake disparity amongst tissues has been highlighted in studies from Jha et al (2005), Jaeschke et al
(2011), Dallas et al (2016a) and Pearson et al (2018) where tritium accumulation in bivalve (Mytilus sp.) tissues were observed to be
highly specific. Digestive gland (hepatopancreas/gut), gill and foot showed higher concentrations following exposure to varying
amounts of tritium (5-15 MBq L™1). Such trends are followed in green and brown mussels (P. perna, P. indica), where digestive gland
showed maximum 21°Po/219Pb activity over other biological soft tissue and shell (Feroz Khan and Godwin Wesley 2012). Furthermore,
in scallop (Pecten maximus) soft tissue, 2!Am was predominantly concentrated in the mantle and digestive gland, whereas 3*Cs
was mainly present in the adductor muscle and mantle (Metian et al. 2011). In environmental protection terms, understanding
radionuclide accumulation is necessary to relate exposure, to radiation dose and to determine potential biological responses.
Exposure to ionising radiations (IR) can occur via multiple aqueous and dietary pathways, the behaviour and fate of radionuclides
when accumulated in specific biological tissues or organs in the aquatic biota could be influenced by many factors and may vary
significantly under different exposure scenarios (Pearson et al., 2018). Given that radionuclides accumulate differentially in the tissues,
from a biomonitoring perspective, whole-body bioaccumulation monitoring is therefore not necessarily sufficient in fully protecting
aquatic biota from the exposure. This is particularly important as differential tissue sensitivity could result in a detrimental biological

response at levels presumed to be acceptable.



Dosimetry models, such as the Environmental Risk from lonising Contaminants Assessment and Management (ERICA) Tool have
been developed to evaluate radiological risk to aquatic and terrestrial biota (Brown et al. 2008). Risk is assessed by comparing a
dose rate in a reference organism to a dose rate of 10 yGy h! (0.24 mGy d1), a “screening dose rate” whereby no effect to populations
of biota is expected (Garnier-Laplace and Gilbin 2006; Garnier-Laplace et al. 2008). Though dosimetry models are of great assistance
in radiobiological research, ERICA tool predicted dose rates presume homogeneous radionuclide distribution within biota, which are
represented as ellipsoidal shapes (Beresford et al. 2007). In order to adequately estimate radiological risk to biota, we require a
greater knowledge of tissue specific radionuclide concentrations in a range of organisms, the transfer pathways, concentration factor,
dose rate and an evaluation of any possible biological effects are required. Such data may also help pinpoint key tissues of interest
for biomonitoring purposes.

The presence of radionuclides is of concern for both marine and freshwater environments. The marine species Mytilus
galloprovincialis (MG) and freshwater Dreissena polymorpha (DP) were therefore selected in this study (Figure 1). Although marine
species might not be used to assess the risk in the freshwater environment or vice-versa, it is nevertheless important to estimate
relative radionuclide accumulation in the biota belonging to same biological or taxonomic group. This would help to identify the most
sensitive species for environmental protection. These two species exhibit anatomical similarities, prevalence within respective water
bodies and have known ability to concentrate contaminants within tissues. They are widely distributed and extensively used for
ecotoxicological studies (Bayne 1976; Chatel et al. 2012; Dallas et al. 2012, 2013; Binelli et al. 2015; Jaeschke et al. 2015; Banni et
al. 2017). They serve as important monitoring systems in coastal and inland water systems (Viarengo et al. 2007; Bourgeault et al.
2010; Binelli et al. 2015; Sforzini et al. 2018), and are important components in marine and freshwater food chains (Bayne 1976;
Prejs et al. 1990). In addition, marine bivalves such as Mytilus sp. are considered an important protein source to humans.
Consumption of contaminated mussels may result in higher human radiation doses (Macklin Rani et al. 2014; Cho et al. 2016), from
isotopes such as ?19Pb, ?1%Po, 49K and 3’Cs (Alonso-Hernandez et al. 2002; Assunta Meli et al. 2008; Kili¢ et al. 2014).



The present study had the following aims and objectives: (a) to determine tissue specific accumulation and depuration (release via
excretion) of 32P in two different species of mussels (i.e. marine and freshwater) (b) to evaluate the application of the ERICA tool in
determining tissue specific radiation doses and (c) to identify the accumulation pattern of 3P, as to highlight key tissues of interest
for future experiments investigating potential biological responses. It was hypothesised that whole body concentration of 2P would

be comparable in freshwater and marine bivalves, and that accumulation would be tissue specific.
2. Materials and methods
2.1. Chemicals and suppliers

Commercially available, radiolabelled-ATP (Adenosine triphosphate, y-32P) was obtained from Perkin Elmer (PerkinElmer, UK) in
batches of 9.25 MBq (specific activity: 370 MBg mL™?) and used as the source of radioactive 3°P for our experimental purposes.
Radiolabelled ATP was utilised in our experiments as (a) due to its readily, bioavailable form would be accumulated readily into
tissues, (b) the ATP itself would not cause biological damage as the radioisotope is almost chemically identical to the stable isotope,
it therefore would not affect future experiments and (c) it would not affect the chemical composition (i.e. pH, salinity) of the
seal/freshwater. Radiolabelled-ATP was diluted with DI water to form appropriate working solutions. Working solution added to
beakers was decay adjusted. Nitric acid was obtained from Fisher Scientific UK (Nitric acid 68%, Primar Plus™) and scintillation
cocktail from LabLogic systems Ltd. UK (ScintLogic, UK). All other chemicals and reagents were purchased from Anachem Ltd. UK,
Sigma-Aldrich Company Ltd UK, VWR International Ltd USA or Greiner Bio-One Ltd UK, unless stated otherwise. Additional product

details are mentioned in text as appropriate.

2.2. Mussel exposure conditions



Two ten-day exposures were performed between December-February 2016-17. Adult MG and DP were collected from Trebarwith
strand (Dallas et al., 2013) and Bude, Cornwall, UK (50.828059, -4.549053), respectively. Maintenance of the mussels has been
described in detail in previous publications (Dallas et al. 2013; Dallas et al. 2016a; Pearson et al. 2018). As Hilbish et al. (2002)
reported the occurrence and distribution of Mytilus edulis, M. galloproviancialis and their hybrids in the coastal regions of south-west
England, we ensured species homogeneity in our experiments based on the method of Inoue et al. (1995). This technique, which
used polymerase chain reaction (PCR) primers to amplify a specific region of the Glu-5’ gene (Gene Bank accession no. D63778),
confirmed the species used in our laboratory to be M. galloprovincialis (Pearson et al., 2018). We further confirmed the species prior

to the present set of experiments using the same methodology (data not included).

MG was maintained in UV treated, filtered (< 10 um), aerated seawater and DP in an artificial river water solution, both species were
maintained at a 12:12 photoperiod at 15 °C. Three MG and fourteen DP individuals per beaker (total weight of 35 g/beaker) were
exposed to the following activity concentrations of 2P in triplicate: 709, 7090 or 70900 and 571, 5710 or 57100 Bq L™, respectively,
along with control treatments. The sample size (number of individuals) used in the study was decided to obtain a statistically robust
set of data and was in line with previous studies (Dallas et al. 2016b). Activity concentrations in water were calculated from preliminary
experiments (data not included). Water changes (50 %) were carried out on days 3, 5, 7 and 9 and mussels were fed during this
exposure (2 hours before each water change), as described in detail elsewhere (Dallas et al. 2016a). MG were fed a solution of
Isochrysis galbana algae (1.05 x 10° cells mL?, Reed Mariculture, Campbell, CA, USA), DP fed on dried Chlorella powder (3.2
mg/mussel per feed, Naturya, Bath, UK). Water samples (1 mL, in duplicate) were taken around 30 minutes after each water change,

and processed for liquid scintillation counting (LSC) to determine water activity concentrations.

Water quality parameters were measured routinely, before and after water changes. Parameters were found to be within acceptable
range (pH 8.7 + 1.2, temperature 14.5 + 1.8 °C, dissolved oxygen (DO) 96.9 * 8 % and salinity 36.7 £ 0.6 for MG and pH 8.1 =+ 0.3,
temperature 14.8 + 0.9 °C, DO 92.3 £ 4.1 % and salinity 0.3 £ O for DP).



2.3. Sampling procedures and Liquid scintillation counting

At the end of the exposure period, water from beakers was drained through a sieve (Fisherbrand, ISO 3310/1 250 uM). Faeces and
pseudo faeces were collected from sieve on a weighed section of tissue, and placed into pre-weighed tubes (Punt et al. 1998; Jha et
al. 2005). Samples were freeze dried (< 12 h, or until pressure is constant at 50-60 ubar), re-weighed and rehydrated (1 mL, DI water).
Mussels were dissected and separated into soft tissue (i.e. gill, mantle, adductor muscle, digestive gland and ‘other’ tissue), shell and
internal mussel water (IMW). IMW refers to all water within mantle cavity. To collect IMW, the shell was opened with scissors, and
the individual rested over a tube as to drain internal fluid. Samples were re-weighed to get mL/individual. Soft tissues were dissected
and placed into pre-weighed tubes, re-weighed and then homogenised in DI water (10 mL). Shells were placed into pre-weighed
tubes and re-weighed, then rinsed thoroughly, scrubbed using a sponge and crushed using a hammer and/or pestle and mortar.
Shells were solubilised in concentrated nitric acid (5 mL, <5 hr) at room temperature with occasional shaking (200 rpm), and then
diluted in DI water (15 mL).

Soft tissue, shell, IMW or faeces solution (1 mL, in duplicate) were mixed with 4 mL scintillation cocktail (ScintLogic U) in sealed
scintillation vials (Fisherbrand™ Borosilicate Glass). 4 mL cocktail was also added to water samples. Samples were left in dark for ~
2 hours prior to counting (Hidex 300SL), samples were read (10 seconds) in triplicate. Activity concentrations were background
corrected by blank subtracting from each sample, the blank was non-spiked fresh or seawater. In accordance with Jaeschke and

Bradshaw (2013), CPM values that fell below the blank were assigned an activity of 0.000. All samples were decay corrected.
2.4. Dosimetry and the ERICA TOOL

The Tier 2 assessment module of the ERICA tool was used for dose estimation. 3°P was chosen as one of the ERICA tool's default
isotopes (Brown et al. 2008). Custom MG geometry parameters were adopted from Dallas et al. (2016b), for DP, custom parameters

were used for accurate dosimetry (data not included). Tissue specific dose rate (e.g. 3P dose to digestive gland) was determined by
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taking mean measurements during sampling (i.e. mass, height, width, length), and developing custom geometry parameters on the
ERICA tool (Table 1). A radiation-weighting factor of 1 (ERICA tool's default for high energy beta emitters) was used. The sediment-
water distribution co-efficient (Kd) was set to 0 L kg™, as no sediment was present in the experimental design. Concentration ratio
was set to 0 as actual measured tissue activity concentrations were used. Variable inputs required to calculate total dose rate per
organism (UGy h't) were activity concentration in water (Bqg L), activity concentration in sediment (Bq kg?), this is set to 0, and the
activity concentration in organism (Bq kg?). For the latter, total activity (Bq) per beaker was divided by total mussel weight (g, including

shell) per beaker, and then multiplied by 1000 to acquire Bq kg™.
2.5. Statistical analysis

All values are mean = SE unless otherwise stated. Statistical analyses were performed in R (1.0.136; www.r-project.org). Data was

checked for normality (Shapiro-Wilk test) and homogeneity of variances (Levene’s test), the non-parametric Kruskal-Wallice test was
used to evaluate effects of treatment on bioconcentration. Comparison between treatment groups was determined using a pairwise

Wilcox test with Holm-Bonferroni correction. Level of significance for all tests was set at p < 0.05 unless otherwise stated.
3. Results
3.1. Activity concentrations in water

Activity concentrations in water (Table. 2) showed good agreement with nominal values at 535, 6911 and 70253 Bq L for MG and
492, 4089 and 45611 Bq L™* for DP. Control water sample activities were below the LOD.

3.2.1. Activity concentrations in bivalve soft tissue, shell and IMW
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In general, there appears to be a fairly high degree of variability between biological tissues (Fig. 2). Order of 3P accumulation, in
terms of total activity (Bq) per gram of tissue, is illustrated in Table 3. Digestive gland showed the highest degree of accumulation
over all treatments but DP control (Table. 3), independent of species. 87% (MG) and 45% (DP) of total activity within soft tissue is
located in the digestive gland (10 mGy d* treatment). MG digestive gland showed significantly higher values than DP across all

treatments.
3.2.1.1. Soft tissue

Apart from adductor mussel (AM) values between DP control and 0.1 mGy d (p = 1), bioconcentration increased in a dose dependant
manner across all the tissues (Fig. 2), difference between treatments was not always statistically significant. In DP mantle and gill,
no significance was noted between the control and 0.1 mGy d-* treatment (p = 0.27 and 0.16), this trend was not evident in MG mantle
(p < 0.01). Mantle and gill values in 1 and 10 mGy d treatments showed a greater degree of 3?P activity than in controls and 0.1
mGy d* treatments, independent of species. In all ‘other’ soft tissue, no variation is evident between species control (p = 1), or
between the DP 0.1 mGy d! and MG control treatments (p = 0.11).

3.2.1.2. Internal mussel water (IMW) and shell

In all *2P treatments, the lowest activity concentration was found in the IMW, followed by the shell (Table. 3). The activity concentration
in IMW of both species is comparable to the nominal activity in water (Bq mL™). In terms of disparity between species, there is no
significant difference in control samples (p = 0.96), this is also true between the DP 1 and MG 0.1 mGy d* (p = 0.96), and DP 10 and
MG 1 mGy d* treatments (p = 0.57). There is a clear dose dependant response in the bivalve shell (p < 0.01), with the highest 10

mGy d? treatments showing the greatest activity concentration. From the 1 to 10 mGy d treatment, there is an increase in total
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activity of 98% (MG) and 90% (DP). In terms of species comparison, there is no significant variance between shell bioconcentration

in control treatments (p = 0.1).
3.2.1.3. Tissue specific *P accumulation

In terms of species, MG had a significantly higher degree of 32P accumulation in all individual tissues (p < 0.05), for all the treatments.
Bioconcentration of 3°P was more varied amongst DP tissue compared to MG. Proportionately (Fig. 3), in the 10 mGy d! treatment
accumulation was as followed in MG; digestive gland (87 %)>gill (4.5 %)>other (3.9 %)>mantle (2.3 %)>adductor muscle
(2.9 %)>shell (0.3 %)>IMW (0.1 %), and digestive gland (44.6 %)>other (16.2 %)> gill (12.5 %)>mantle (10 %)>adductor muscle
(9.7)> shell (4.8 %) >IMW (2.1 %) in DP (Table 3).

3.2.2. Faecal matter and pseudofaeces

32p release (Fig. 4) was determined by activity concentrations in faeces and pseudo-faeces. Due to the experimental set-up it was
not feasible to distinguish between the two. In both species, activity concentrations (Bg g faeces) rise in a dose dependant manner
(p < 0.001). *°p concentration in faeces and pseudo-faeces from the 10 mGy d treatment, was significantly higher than in all
treatments (p < 0.001), with DP faeces having the greatest total activity at 625.1 Bq g* compared to 466.1 Bq g*. There is however,
no statistical variation (p = 0.2). Both species independently displayed significant differences between radioactive treatments, but no
variation was seen between species; 0.1 mGy d* (p =0.9), 1 mGy d* (p =0.09) and 10 mGy d* (p = 0.2). No variance was observed

in control bivalves.
3.3. Dosimetry

Tissue activity concentrations of 32P reached 41+3% of the value of the surrounding water in MG, as opposed to 17+3% by DP. Using

tier 2 of the ERICA tool, the average achieved total body dose rates were calculated to be 0.07, 0.68 and 7.25 mGy d* for MG, and
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0.02, 0.24 and 2.62 mGy d* for DP, falling short of the expected values of 0.1, 1 and 10 mGy d (Table 4). Table 4 demonstrates
water activity concentrations that give the correct dose (Bq L), corrected to 35 g whole mussel tissue (Inc. soft tissue, shell and
IMW)/beaker. Whole mussel tissues (i.e. soft tissue, shell and IMW), as opposed to just soft tissue, were used in dose rate calculations
as to more accurately reflect internal dose rate. This is particularly important for future experiments were biological effects are

determined in mussel species.

In consideration to the significant degree of accumulation found in the digestive gland, independent of species, a tissue specific dose
rate was calculated using the ERICA tool. Dose was determined by creating two new organisms; D. polymorpha (DG) and M.
galloprovincialis (DG), occupancy factors and tissue specific organism geometry are listed in Table 1. Input parameters were mean
measurements taken from experimental samples from bioaccumulation experiments. The average achieved dose rates in digestive
gland were calculated to be 20.76, 35.28 and 468 mGy d! for the MG, and 0.07, 1.16 and 9.22 mGy d! for DP (Table 5).

To confirm and validate data analysis using the ERICA tool, tissue specific dosimetry calculations were compared to data showing
total activity per gram of tissue (Bg g?). In MG, there was a 41% and 92% increase between the 0.1 and 1, and 1 and 10 mGy d*!
treatment groups in both activity concentrations in tissue (Bq g*) and dose rate. In DP, there was a 94% and 87% increase between

the 0.10 and 1, and 1 and 10 mGy d! treatment groups in both activity concentrations in tissue (Bq g*) and dose rate.

Concentration factor values, calculated by dividing tissue-specific 3P activity concentrations (Bq kg?, wet weight) by activity
concentrations of the spiked water, were as follows; 11.7, 11.2 and 11.9 in MG and 3.6, 4.6 and 5 for DP (in 0.1, 1 and 10 mGy d*

treatments).

4. Discussions
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From this study, it is evident that 3P accumulation is highly tissue specific, and variable between bivalve species. It is important to
note that in this study, 3P was introduced in a highly bioavailable form (i.e. radiolabelled ATP), demonstrated bioaccumulation
patterns in this study may be reflective of this. MG, which accumulated 41+3% of 3?P present in the surrounding media as opposed
to 17+3% by DP, showed a greater degree of 3P accumulation across all biological tissues. Despite variance in uptake and
accumulation, 32P excretion was comparable between species. It could be assumed that the measured activity concentration takes
into account absorption, metabolism of ATP, subsequent dispersal and partitioning of phosphorus in tissue specific manner at a given
sampling time. This phenomenon as a whole could be considered as tissue specific accumulation of radiophosphorus. It is also
possible that the tissues could have achieved equilibrium over the exposure period. It would, however, be difficult to predict tissue
dose delivered by the available radionuclide concentration in the surrounding media. Furthermore, equilibrium status is often regarded
as a flaw in the ERICA tool. In terms of dosimetry, the ERICA tool proved valuable in calculating whole body and tissue specific dose
rates. Average achieved dose rates were 0.07, 0.68 and 7.25 mGy d* for MG, and 0.02, 0.24 and 2.62 mGy d* for DP, below
expected values of 0.10, 1 and 10 mGy d1. The dose dependant nature of 2P accumulation gives evidence that both marine and

freshwater bivalves are suitable bioindicators of radioactive pollution.

In consideration of species, MG accumulated a higher degree of 3?P in biological tissue across all treatments. Such disparity may be
a result of several biotic and abiotic variables, including physiology (filtration rates, population density, metabolism, and reproductive
stage), biochemistry and water chemistry (salinity, pH, dissolved oxygen, radionuclide speciation) (Nalepa et al. 1991; Reinfelder et
al. 1998; Konovalenko et al. 2016; Pearson et al. 2018). The underlying mechanism which leads to differences between freshwater
and marine bivalves is unclear, differential radionuclide accumulation between bivalves is a topic with little attention to date. In terms
of stable phosphorus (P), tissue bioconcentration has been found to vary dependant on reproductive processes, high P concentrations

are evident during periods of spawning in Mytilus sp. and DP. (Kuenzler 1961; Jurkiewicz-Karnkowska 2002). Jurkiewicz-Karnkowska
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(2002) noted variability in soft tissue P concentrations between three freshwater bivalves (DP, Anodonta anatina and A. cygnea)

inhabiting the Zegrzynski Reservoir, Poland, suggesting species specificity in terms of stable P accumulation.

Feeding and digestion is often regarded as a predominant route of radionuclide intake (McDonald et al. 1993). The digestive gland
in bivalves plays a central role in metabolism. It is important for intracellular digestion, as a storage site for metabolic reserves during
periods of stress, and as a site of nutrient distribution to other organs, particularly reproductive tissue (Cartier et al. 2004). Under all
treatment groups the greatest 3P concentration was present in the digestive gland, at 87% in MG and 45% in DP of the total activity
within soft tissue (10 mGy d1), suggesting a dietary route of exposure. The findings are supported by earlier studies by Jaeschke et
al (2011) and Jha et al (2005) who reported preferential tritium accumulation in Mytilus sp. digestive gland (tritiated glycine,
1.48 MBg L™ and tritiated water, 3.7, 37 and 147 MBqg L™). This trend is continued in Mytilus spp. following exposure to 24*Am, 32°Pu,
23’"Np and ®3Ni, (McDonald et al. 1993; Punt et al. 1998) and in marine amphipods exposed to 2P (Johannes 2003). Variance between
marine and freshwater bivalves may result from differential physiological and genetic characteristics. In terms of physiology, filtration
rates have been noted as comparable between species, at 76.6 (DP) and 87.5 ml mussel? h*? (Mytilus edulis), along with valve
movement at 90.1 (DP) and 92 (ME) % of open valves under ambient conditions (Rajagopal et al. 2003). While neither parameter
were measured in this study; it is possible that DP individuals are more inclined to close their valves when exposed to 2P, as a stress
response. This behaviour is documented in biofouling control research, where bivalves close valves during periods of water
chlorination as a protective strategy (Rajagopal et al. 2003). Observed differences may also result from variable feeding regimes (i.e.
species fed different food types) and/or gut physiology. Factors involved with digestion such as food density or quality, gut passage
time, volume or retention rate, enzymatic composition, digestive partitioning and chemistry may effect 3°P assimilation (Wang et al.
1995). Despite the disparity in CF values between MG and DP, the trend between biological tissues is similar, suggesting

comparability in 3°P accumulation pathways.
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Average achieved dose rates in digestive gland were calculated at 20.76, 35.28 and 468 mGy d* for MG, and 0.07, 1.16 and 9.22
mGy d! for DP. This specific tissue dose is substantially greater then calculated whole body doses, suggesting that whole-body dose
monitoring may be insufficient in wholly protecting aquatic organisms from radionuclide exposure. Tissue specificity, in terms of
accumulation is well documented for many radionuclides. Strontium-90 for example is a ‘bone seeker’, due to its biochemically similar
behaviour to calcium, following ingestion a large proportion will attach to the surface, or be absorbed into bone (ATSDR 2004). In the
context of biomonitoring and adequate environmental protection, an understanding of tissue specific dose rates is of high importance.
Calculated whole body dose for MG and DP (0.1 and 1 mGy d* treatments) fell below the predicted ‘no effects’ screening value of
10 uGy ht (0.24 mGy d), suggesting a minimal risk to the individual or population. However, in all but the DP 0.1 mGy d-! treatment,
digestive gland dose was above the screening benchmark. The risk to humans via the food chain is dependent on the consumption

pattern and duration of radionuclide exposures. This could be influenced by many physico-chemical and biological factors.

In the 10 mGy d! treatment, gill tissue had 1816% (MG) and 255% (DP) less concentrated 2P then in the digestive gland (Bq g?).
As filter feeding organisms, particulates within the water column are captured within cilia on the gills, particulate matter is then carried
via mucous strings to the mouth (Riisg et al. 2011). Gill tissue may therefore act as a major pathway for contaminants to enter other
biological tissue. IMW activity concentrations are comparable to the expected activity in water (Bg mL™) in both species, suggesting
that bivalves are unable to regulate 3?P uptake via aqueous pathways. Past studies have often highlighted gill as a tissue of key
concern due to proximity to the surrounding media, high surface area and water content. The relatively low activity in Mytilus sp. gill
tissue relative to the digestive gland is a trend found in other studies following exposure to tritium (12 to 485 uGy h™) and nickel (¢3Ni)
(Punt et al. 1998; Jha et al. 2005). In terms of subsequent biological response, it is important to note that while 3P may have
accumulated to a lesser degree in some tissues, the beta emission can penetrate approximately 0.76 cm of tissue/water (Terrance

2017). By proximity, higher dose rates may be evident in tissue or cells not directly accumulating 2P to a high degree. In terms of gill
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tissue, while a relatively low contaminant concentration is observed, its large surface area and proximity to surrounding media may

result in a higher absorbed dose.

In the natural environment, many factors may influence the filtration rate of bivalves, along with feeding and depuration rate. Changing
environmental factors, such as water quality conditions, food availability, reproduction and physiological condition may affect feeding
behaviour (Riisg et al. 2011). Laboratory conditions may not accurately reflect feeding, and therefore uptake and depuration patterns
of %2P in bivalves may vary. It is also possible that due to different habitats, certain bivalve species are either more adapted to, or
have experienced more disturbances or stresses in the wild, and are therefore more resilient to stresses under laboratory conditions.
However relative response to a particular stressor of similar magnitude in two different species, representing different habitats, is
difficult to estimate in the natural environment. From an environmental protection perspective, an understanding of radionuclide
transfer pathways under environmentally realistic conditions, whether uptake is dietary (ingestion of contaminated food) or through
direct transfer from surrounding media is important. One of the limitations of the study is that these laboratory-based experiments
were carried out in static exposure conditions, which differs from real environmental situations. A flow-through exposure set-up would
have been a more realistic experimental design but due to health, safety, logistics and economic reasons (requiring large amounts
of radionuclides), a flow-through experimental design was not feasible. Further studies using a wider range of radionuclides and
exposure conditions, which better reflect environmental exposure conditions (e.g. flow through system) would be of great benefit.
Knowledge of the behaviour and transfer of radionuclides within aquatic systems allows for an assessment of potential impacts and

subsequent management strategies.

Understanding excretion of contaminants is important firstly as a means of determining possible chronic effects of assimilated
contaminants, and secondly in respects to human consumption. In terms of public health, depuration is mandatory in bivalves
harvested for human consumption as to remove contaminants, predominantly bacteria (Lee et al. 2008). The effectiveness of

depuration in removing radionuclides is yet to be fully understood. Suspension feeding bivalves produce faeces and pseudofaeces,
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the latter of which refers to particles rejected before entering the gut. Excretion of 3P, measured in a combination of faeces (from
alimentary tract) and pseudofaeces (from mantle cavity), do not appear to be consistent with that observed from uptake. In irradiated
treatments (0.10, 1 and 10 mGy d1), 0.31%, 0.15% and 0.08% (MG) and 0.4%, 0.15%, 0.34% (DP) of 32P from surrounding media
was excreted; significantly lower than the 41+3% (MG) and 17+3% (DP) of 32P accumulated within biological tissue. While our findings
suggest a slow depuration rate during IR exposure, results are limited in showing a brief snapshot in time. It would be of interest to

monitor uptake and excretion, and therefore depuration rates over both a longer duration, and following the removal of 3?P in water.

The shell surface of aquatic bivalves is known to absorb dissolved contaminants from surrounding media (Zuykov et al. 2012), thus
why in this study whole body dose was not limited to just soft tissue. When removing both IMW and shell concentrations from the
data before ERICA tool analysis, the results follow exactly the same pattern due to the influence of vast °P concentrations in the
digestive gland. 3?P biosorption in whole shell was concentration dependant in both species, with an increase in total activity of 98%
(MG) and 90% (DP) between 1 and 10 mGy d? treatments. Proportionately DP showed higher incorporation into shell, over all
treatments, whereas per gram of shell, MG has significantly greater 32P present. Mollusc shell is formed of a few calcified layers and
the periostracum, one thin, organic coating layer (Marin et al. 2012; Zuykov et al. 2012). Species variation may be a result of differing
shell microstructure and topography, chemical and macromolecule composition (Marin et al. 2012). As noted by (Zuykov et al. 2012),
MG and DP do show disparity in shell topography, where DP has a thinner periostracum and a lamellate surface (Immel et al. 2016).
In this study, the content of 3?P in shell was far lower than in soft tissue, this data contrasts to findings by Koide et al. (1982), Metian
et al (2011) and Clifton et al (1989) following exposure to radionuclides or heavy metals. As an example, in scallop (Pecten maximus),
biosorption of 2*!Am into the shell was far greater than soft tissue, however in the same species, ¥*Cs showed preferential
accumulation in soft tissue over shell (Metian et al. 2011). Bivalve shells are widely used to monitor pollutants in the aquatic
environment (Zuykov et al. 2013). It is relevant to note that bioconcentration values taken from shell are not reflective of soft tissue

values.
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5. Conclusions

With respect to species comparison between marine and freshwater bivalves, there is limited information available in the scientific
literature. This is the first study to compare uptake and depuration (via excretion) of short-lived radionuclide, 3?P in two anatomically
similar bivalve species. 3P accumulation is highly tissue specific, with the majority located within the digestive gland. This is
particularly important in the context of biomonitoring and adequate environmental protection, where whole-body dose monitoring may
not always be sufficient to protect aquatic organisms from radionuclide exposure. Differential sensitivity between biological tissues
could result in harmful biological response at activity levels presumed to be safe. The next step is to link radioactive exposure,
accumulation and dose rate, to consequent biological responses. Accumulation within mussel tissues, even for short durations may
potentially have long lasting effects in both exposed individuals and subsequent generations. Lastly, considering species variation in
32p accumulation, it is not necessarily accurate to evaluate accumulation or biological hazard of ionising radiations to the marine

environment by using information gathered from freshwater systems, and vice versa.

Acknowledgments

We thank Mr Nick Crocker, Dr Alex Taylor and Profs William Blake, Geoff Millward (University of Plymouth) for their technical
assistance and advice during experimentation. We also thank technical staff at University of Portsmouth. This work was jointly funded
by the Natural Environment Research Council (NERC), the Environment Agency (EA), Radioactive Waste Management Limited
(RWM) and Science and Technology Facilities Council under the Radioactivity and the Environment (RATE) programme (Grant no.:
NE/L0O00393/1).

19



References

Alonso-Hernandez C, Diaz-Asencio M, Munos-Caravaca A, Suarez-Morell E, Avila-Moreno R (2002) *Cs and 2!°Po dose assessment from
marine food in Cienfuegos Bay (Cuba). Journal of Environmental Radioactivity 61: 203-211. doi http://dx.doi.org/10.1016/S0265-
931X(01)00127-8

Al-Subiai SN, Arlt VM, Frickers PE, Readman JW, Stolpe B, Lead JR, Moody AJ, Jha AN (2012) Merging hano-genotoxicology with eco-
genotoxicology: An integrated approach to determine interactive genotoxic and sub-lethal toxic effects of Ceo fullerenes and
fluoranthene in marine mussels, Mytilus sp. Mutation Research (Genetic Toxicology and Environmental Mutagenesis) 745, 92-103.

Al-Subiai SN, Moody AJ, Mustafa SA, Jha AN (2011) A multiple biomarker approach to investigate the effects of copper on the marine bivalve
mollusc, Mytilus edulis. Ecotoxicology & Environmental Safety 74, 1913-1920.

Aoun M, El Samad O, Bou Khozam R, Lobinski R (2015) Assessment of committed effective dose due to the ingestion of 2°Po and ?'°Pb in
consumed Lebanese fish affected by a phosphate fertilizer plant. Journal of Environmental Radioactivity 140: 25-29. doi
https://doi.org/10.1016/j.jenvrad.2014.10.014

Assunta Meli M, Desideri D, Roselli C, Feduzi L (2008) Natural Radioactivity in the Mussel Mytilus Galloprovincialis Derived from the Central
Adriatic Sea (Italy). Journal of Toxicology and Environmental Health, Part A 71: 1270-1278. doi 10.1080/01932690801934562

ATSDR (2004) Toxicological profile for strontium. Agency for Toxic Substances and Disease Registry.

Banni M, Sforzini S, Arlt VM, Barranger A, Dallas LJ, Oliveri C, Aminot Y, Pacchioni B, Millino C, Lanfranchi G, Readman JW, Moore MN,
Viarengo A, Jha AN (2017) Assessing the impact of Benzo[a]pyrene on Marine Mussels: Application of a novel targeted low density
microarray complementing classical biomarker responses. PLOS ONE 12: e0178460. doi 10.1371/journal.pone.0178460

Bayne BL (1976) Marine mussels: their ecology and physiology. Cambridge University Press.

Beresford NA, Brown J, Copplestone D, Garnier-Laplace J, Howard BJ, Larsson CM, Oughton D, Prohl G, Zinger | (2007) D-ERICA: An
integrated approach to the assessment and management of environmental risks from ionising radiation. European Commision. 1-82.

Binelli A, Della Torre C, Magni S, Parolini M (2015) Does zebra mussel (Dreissena polymorpha) represent the freshwater counterpart of Mytilus
in ecotoxicological studies? A critical review. Environmental Pollution 196: 386-403. doi http://dx.doi.org/10.1016/j.envpol.2014.10.023

Bourgeault A, Gourlay-France C, Vincent-Hubert F, Palais F, Geffard A, Biagianti-Risbourg S, Pain-Devin S, Tusseau-Vuillemin MH (2010)
Lessons from a transplantation of zebra mussels into a small urban river: An integrated ecotoxicological assessment. Environ Toxicol
25: 468-478. doi 10.1002/tox.20591

Brown JE, Alfonso B, Avila R, Beresford NA, Copplestone D, Prohl G, Ulanovsky A (2008) The ERICA Tool. Journal of Environmental
Radioactivity 99: 1371-1383. doi http://dx.doi.org/10.1016/|.jenvrad.2008.01.008

Cartier S, Pellerin J, Fournier M, Tamigneaux E, Girault L, Lemaire N (2004) Use of an index based on the blue mussel (Mytilus edulis and
Mytilus trossulus) digestive gland weight to assess the nutritional quality of mussel farm sites. Aquaculture 241: 633-654. doi
http://dx.doi.org/10.1016/j.aquaculture.2004.08.015

Chatel A, Faucet-Marquis V, Perret M, Gourlay-France C, Uher E, Pfohl-Leszkowicz A, Vincent-Hubert F (2012) Genotoxicity assessment and
detoxification induction in Dreissena polymorpha exposed to benzo[a]pyrene. Mutagenesis 27: 703-711. doi 10.1093/mutage/ges036

20


http://dx.doi.org/10.1016/S0265-931X(01)00127-8
http://dx.doi.org/10.1016/S0265-931X(01)00127-8
https://doi.org/10.1016/j.jenvrad.2014.10.014
http://dx.doi.org/10.1016/j.envpol.2014.10.023
http://dx.doi.org/10.1016/j.jenvrad.2008.01.008
http://dx.doi.org/10.1016/j.aquaculture.2004.08.015

Cho B, Hong G-H, Kim SH, Lee H (2016) Annual Effective Dose of 2!°Po from Sea Food Origin (Oysters and Mussels) in Korea. J Radiat Prot
Res 41: 245-252. doi 10.14407/jrpr.2016.41.3.245

Clifton RJ, Stevens HE, Hamilton EI (1989) Uptake and depuration of 2*Am, 239+240py, 238py, 13’Cs and °Ru by Mytilus edulis under natural
stress. Marine Ecology Progress Series 54: 91-98.

Dallas LJ, Bean TP, Turner A, Lyons BP, Jha AN (2013) Oxidative DNA damage may not mediate Ni-induced genotoxicity in marine mussels:
Assessment of genotoxic biomarkers and transcriptional responses of key stress genes. Mutation Research/Genetic Toxicology and
Environmental Mutagenesis 754: 22-31. doi http://dx.doi.org/10.1016/j.mrgentox.2013.03.009

Dallas LJ, Bean TP, Turner A, Lyons BP, Jha AN (2016a) Exposure to tritiated water at an elevated temperature: Genotoxic and transcriptomic
effects in  marine mussels (M. galloprovincialis). Journal of Environmental Radioactivity 164: 325-336. doi
https://doi.org/10.1016/j.jenvrad.2016.07.034

Dallas LJ, Devos A, Fievet B, Turner A, Lyons BP, Jha AN (2016b) Radiation dose estimation for marine mussels following exposure to tritium:
Best practice for use of the ERICA tool in ecotoxicological studies. Journal of Environmental Radioactivity 155-156: 1-6. doi
http://dx.doi.org/10.1016/j.jenvrad.2016.01.019

Dallas LJ, Keith-Roach M, Lyons BP, Jha AN (2012) Assessing the impact of ionizing radiation on aquatic invertebrates: a critical review.
Radiat Res 177: 693-716.

Di Y, Y Aminot, Schroeder DC, Readman JW, Jha AN (2017) Integrated biological responses and tissue-specific expression of p53 and ras
genes in marine mussels following exposure to benzo(a)pyrene and Ceo fullerenes, either alone or in combination. Mutagenesis 32, 77-
90.

Di Y, Schroeder DC, Highfield A, Readman JW, Jha AN (2011) Tissue specific expression of p° and ras genes in response to the
environmental genotoxicants Benzo(a)pyrene in marine mussels. Environmental Science and Technology 45, 8974-8981.

DWQR (2014) Drinking water quality regulator for Scotland: Monitoring of radioactivity in Scottish drinking water. In: Millican D (ed.). URL:
http://dwqr.scot/media/12749/dwgr-information-letter-2014-1-monitoring-of-radioactivity-in-scottish-drinking-water.pdf. Last accessed
21.04.18.

Evans S (1984) Uptake and loss of $**Cs and ®°Co by the Baltic bivalve Macoma baltica in a laboratory microcosmos. Journal of Environmental
Radioactivity 1: 133-150. doi http://dx.doi.org/10.1016/0265-931X(84)90004-3

Feroz Khan M, Godwin Wesley S (2012) Radionuclide monitoring in molluscs inhabiting intertidal region near a nuclear installation, Gulf of
Mannar, India. Marine pollution bulletin 64: 436-444. doi https://doi.org/10.1016/j.marpolbul.2011.11.010

Feroz Khan M, Godwin Wesley S, Rajan MP (2014) Polonium-210 in marine mussels (bivalve molluscs) inhabiting the southern coast of India.
Journal of Environmental Radioactivity 138: 410-416. doi https://doi.org/10.1016/j.jenvrad.2014.06.023

Garnier-Laplace J, Copplestone D, Gilbin R, Alonzo F, Ciffroy P, Gilek M, Aguero A, Bjork M, Oughton DH, Jaworska A, Larsson CM, Hingston
JL (2008) Issues and practices in the use of effects data from FREDERICA in the ERICA Integrated Approach. J Environ Radioact 99:
1474-1483. doi 10.1016/j.jenvrad.2008.04.012

Garnier-Laplace J, Gilbin R (2006) Derivation of Predicted-No-Effect-Dose-Rate values for ecosystems (and their sub-organisational levels)
exposed to radioactive substances. Swedish Radiation Protection Authority

21


http://dx.doi.org/10.1016/j.mrgentox.2013.03.009
https://doi.org/10.1016/j.jenvrad.2016.07.034
http://dx.doi.org/10.1016/j.jenvrad.2016.01.019
http://dx.doi.org/10.1016/0265-931X(84)90004-3
https://doi.org/10.1016/j.marpolbul.2011.11.010
https://doi.org/10.1016/j.jenvrad.2014.06.023

Hilbish TJ, Carson EW, Plante JR, Weaver LA, Gilg MR (2002) Distribution of Mytilus edulis, M. galloprovincialis and their hybrids in open-coast
populations of mussels in southwestern England. Marine Biology 140, 137-142.

Immel F, Broussard C, Catherinet B, Plasseraud L, Alcaraz G, Bundeleva I, Marin F (2016) The Shell of the Invasive Bivalve Species
Dreissena polymorpha: Biochemical, Elemental and Textural Investigations. PLoS ONE 11: e0154264. doi
10.1371/journal.pone.0154264

Inoue K., Waite JH, Matsuoka M, Odo S, Harayama S (1995) Interspecific variations in adhesive protein sequence of Mytilus edulis, M.
galloproviancialis, and M. trossulus. The Biological Bulletin 189, 370-375.

Jaeschke BC, Bradshaw C (2013) Bioaccumulation of tritiated water in phytoplankton and trophic transfer of organically bound tritium to the
blue mussel, Mytilus edulis. J Environ Radioact 115: 28-33. doi 10.1016/j.jenvrad.2012.07.008

Jaeschke BC, Lind OC, Bradshaw C, Salbu B (2015) Retention of radioactive particles and associated effects in the filter-feeding marine
mollusc Mytilus edulis. Science of The Total Environment 502: 1-7. doi https://doi.org/10.1016/j.scitotenv.2014.09.007

Jaeschke BC, Millward GE, Moody AJ, Jha AN (2011) Tissue-specific incorporation and genotoxicity of different forms of tritium in the marine
mussel, Mytilus edulis. Environmental Pollution 159: 274-280. doi http://dx.doi.org/10.1016/j.envpol.2010.08.033

Jha AN (2004) Genotoxicological studies in aquatic organisms: an overview. Mutation Research/Fundamental and Molecular Mechanisms of
Mutagenesis 552: 1-17. doi http://dx.doi.org/10.1016/j.mrfmmm.2004.06.034

Jha AN (2008) Ecotoxicological applications and significance of the comet assay. Mutagenesis 23: 207-221. doi 10.1093/mutage/gen014

Jha AN, Dogra Y, Turner A, Millward GE (2005) Impact of low doses of tritium on the marine mussel, Mytilus edulis: Genotoxic effects and
tissue-specific bioconcentration. Mutation Research/Genetic Toxicology and Environmental Mutagenesis 586: 47-57. doi
http://dx.doi.org/10.1016/j.mrgentox.2005.05.008

Johannes RE (2003) Uptake and release of phosphorus by a benthic marine anthropod. Limnology and Oceanography 9. doi
10.4319/10.1964.9.2.0235.

Jurkiewicz-Karnkowska E (2002) Differentiation of Phosphorus Concentration in Selected Mollusc Species from the Zegrzynski Reservoir
(Central Poland): Implications for P Accumulation in Mollusc Communities. Polish Journal of Environmental Studies 11: 355-359.

Kalayci G, Belivermis M, Kilig O, Topcuoglu S, Cotuk Y (2013) Investigation of radiocesium biokinetics in Manila clam (Ruditapes
philippinarum). Journal of Radioanalytical and Nuclear Chemistry 295: 239-244. doi 10.1007/s10967-012-1880-1

Kilig O, Belivermis M, Cotuk Y, Topguoglu S (2014) Radioactivity concentrations in mussel (Mytilus galloprovincialis) of Turkish Sea coast and
contribution of 2!°Po to the radiation dose. Marine pollution bulletin 80: 325-329. doi http://dx.doi.org/10.1016/j.marpolbul.2013.12.037

Koide M, Lee DS, Goldberg ED (1982) Metal and transuranic records in mussel shells, byssal threads and tissues. Estuarine, Coastal and
Shelf Science 15: 679-695. doi http://dx.doi.org/10.1016/0272-7714(82)90079-8

Konovalenko L, Bradshaw C, Andersson E, Lindqvist D, Kautsky U (2016) Evaluation of factors influencing accumulation of stable Sr and Cs in
lake and coastal fish. Journal of Environmental Radioactivity 160: 64-79. doi http://dx.doi.org/10.1016/j.jenvrad.2016.04.022

Kuenzler EJ (1961) Phosphorus budget of a mussel population. Limnology and Oceanography 6: 400-415. doi 10.4319/10.1961.6.4.0400

Lee R, Lovatelli A, Ababouch L (2008) Bivalve depuration: fundamental and practical aspects. FAO Fisheries Technical Paper, Rome. URL.:
http://www.fao.org/docrep/011/i0201e/i0201e00.htm. Last accessed 02.03.2018

22


https://doi.org/10.1016/j.scitotenv.2014.09.007
http://dx.doi.org/10.1016/j.envpol.2010.08.033
http://dx.doi.org/10.1016/j.mrfmmm.2004.06.034
http://dx.doi.org/10.1016/j.mrgentox.2005.05.008
http://dx.doi.org/10.1016/j.marpolbul.2013.12.037
http://dx.doi.org/10.1016/0272-7714(82)90079-8
http://dx.doi.org/10.1016/j.jenvrad.2016.04.022

Macklin Rani L, Jeevanram RK, Kannan V, Govindaraju M (2014) Estimation of Polonium-210 activity in marine and terrestrial samples and
computation of ingestion dose to the public in and around Kanyakumari coast, India. Journal of Radiation Research and Applied
Sciences 7: 207-213. doi https://doi.org/10.1016/j.jrras.2014.02.006

Marin F, Le Roy N, Marie B (2012) The formation and mineralization of mollusk shell. Frontiers in bioscience (Scholar edition) 4: 1099-1125.

McDonald P, Baxter MS, Fowler SW (1993) Distribution of radionuclides in mussels, winkles and prawns. Part 2. Study of organisms under
laboratory conditions using alpha-autoradiography. Journal of Environmental Radioactivity 18: 203-228. doi
http://dx.doi.org/10.1016/0265-931X(93)90028-6

Metian M, Pouil S, Hédouin L, Oberhansli F, Teyssié J-L, Bustamante P, Warnau M (2016) Differential bioaccumulation of $**Cs in tropical
marine organisms and the relative importance of exposure pathways. Journal of Environmental Radioactivity 152: 127-135. doi
https://doi.org/10.1016/j.jenvrad.2015.11.012

Metian M, Warnau M, Teyssié J-L, Bustamante P (2011) Characterization of 2#!Am and **Cs bioaccumulation in the king scallop Pecten
maximus: investigation via three exposure pathways. Journal of Environmental Radioactivity 102: 543-550. doi
https://doi.org/10.1016/j.jenvrad.2011.02.008

Nalepa TF, Gardner WS, Malczyk JM (1991) Phosphorus cycling by mussels (Unionidae : Bivalvia) in Lake St. Clair. Hydrobiologia 219: 239-
250.

Oatway WB, Simmonds JR, Harrison JD (2008) Guidance on the application of dose coefficients for the embryo, fetus and breastfed infant in
dose assessments for members of the public. Advice from the Health Protection Agency. Health Protection Agency. URL:
https://www.orau.org/ptp/PTP%20Library/library/International/rce-5_dosecoef.pdf. Last accessed 02.03.2018

Pearson HBC, Dallas LJ, Comber SDW, Braungardt CB, Worsfold PJ, Jha AN (2018) Mixtures of tritiated water, zinc and dissolved organic
carbon: Assessing interactive bioaccumulation and genotoxic effects in marine mussels, Mytilus galloprovincialis. Journal of
Environmental Radioactivity 187: 133-143. doi https://doi.org/10.1016/j.jenvrad.2017.12.018

Prejs A, Lewandowski K, Stanczykowska-Piotrowska A (1990) Size-selective predation by roach (Rutilus rutilus) on zebra mussel (Dreissena
polymorpha): field stuides. Oecologia 83: 378-384. doi 10.1007/bf00317563

Punt AG, Millward GE, Jones MB (1998) Uptake and depuration of ®Ni by Mytilus edulis. Sci Total Environ 214: 71-78.

Rajagopal S, Van der Velde G, Van der Gaag M, Jenner HA (2003) How effective is intermittent chlorination to control adult mussel fouling in
cooling water systems? Water research 37: 329-338. doi https://doi.org/10.1016/S0043-1354(02)00270-1

Reinfelder JR, Fisher NS, Luoma SN, Nichols JW, Wang WX (1998) Trace element trophic transfer in aquatic organisms: A critique of the
kinetic model approach. Science of The Total Environment 219: 117-135. doi https://doi.org/10.1016/S0048-9697(98)00225-3

RIFE (2015) Radioactivity in Food and the Environment. Radioactivity in Food and the Environment.

Riisgard HU, Egede PP, Saavedra IB (2011) Feeding Behaviour of the Mussel, Mytilus edulis: New Observations, with a Minireview of Current

Knowledge. Journal of Marine Biology 2011. doi 10.1155/2011/312459
SEPA (2013) Phosphorus-32 concentrations in the River Clyde, Scotland between 2005-2013. Scottish Environment Protection Agency.
Personal communication.

23


https://doi.org/10.1016/j.jrras.2014.02.006
http://dx.doi.org/10.1016/0265-931X(93)90028-6
https://doi.org/10.1016/j.jenvrad.2015.11.012
https://doi.org/10.1016/j.jenvrad.2011.02.008
https://doi.org/10.1016/j.jenvrad.2017.12.018
https://doi.org/10.1016/S0043-1354(02)00270-1
https://doi.org/10.1016/S0048-9697(98)00225-3

Sforzini S, Oliveri C, Orru A, Chessa G, Pacchioni B, Millino C, Jha AN, Viarengo A, Banni M (2018) Application of a new targeted low density
microarray and conventional biomarkers to evaluate the health status of marine mussels: A field study in Sardinian coast, Italy. The
Science of the total environment 628-629: 319-328. doi 10.1016/j.scitotenv.2018.01.293

Smith JT, Bowes MJ, Cailes CR (2011) A review and model assessment of (32)P and (33)P uptake to biota in freshwater systems. J Environ
Radioact 102: 317-325. doi 10.1016/j.jenvrad.2010.12.006

Terrance A (2017) Phosphorus-32. In: Terrance A (ed) Occupational safety and environmental health. University of Michigan.

Viarengo A, Lowe D, Bolognesi C, Fabbri E, Koehler A (2007) The use of biomarkers in biomonitoring: A 2-tier approach assessing the level of
pollutant-induced stress syndrome in sentinel organisms. Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology 146: 281-300. doi https://doi.org/10.1016/j.cbpc.2007.04.011

Wang W, NS. F, Luoma S (1995) Assimilation of trace elements ingested by the mussel Mytilus edulis: effects of algal food abundance Marine
Ecology Progress Series 129: 165-176.

Yang B, Ha Y, Jin J (2015) Assessment of radiological risk for marine biota and human consumers of seafood in the coast of Qingdao, China.
Chemosphere 135: 363-369. doi https://doi.org/10.1016/j.chemosphere.2015.04.097

Zuykov M, Pelletier E, Harper DAT (2013) Bivalve mollusks in metal pollution studies: From bioaccumulation to biomonitoring. Chemosphere
93: 201-208. doi https://doi.org/10.1016/j.chemosphere.2013.05.001

Zuykov M, Pelletier E, Saint-Louis R, Checa A, Demers S (2012) Biosorption of thorium on the external shell surface of bivalve mollusks: The
role of shell surface microtopography. Chemosphere 86: 680-683. doi https://doi.org/10.1016/j.chemosphere.2011.11.023

24


https://doi.org/10.1016/j.cbpc.2007.04.011
https://doi.org/10.1016/j.chemosphere.2015.04.097
https://doi.org/10.1016/j.chemosphere.2013.05.001
https://doi.org/10.1016/j.chemosphere.2011.11.023

Figure legends and table captions

Figure Legends

Figure 1. Comparative external features and anatomy of Mytilus galloprovincialis (left) and Dreissena polymorpha (right).

Figure 2. Tissue specific accumulation of 32P in M.galloprovincialis (MG, left) and D.polymorpha (DP, right), total activity per gram of
mussel tissue in control and irradiated treatment groups. Asterisks (*, ** or ***) are indicative of significant differences (p <
0.05, 0.01, 0.001) from the corresponding control. Lower case letters denote variation between similar tissues (species specific,
i.e. there is a significant difference in 3P bioconcentration in digestive gland between each treatment group). Upper case
letters denote significant variation in similar tissue and treatment group between species (e.g. MG digestive gland tissue values
[0.1, 1 and 10 mGy/d treatments] are significantly different than DP values in the corresponding treatment, there is no difference
in control samples). SD is standard deviation of mean data. IMW: Internal mussel water.

Figure 3. Proportion of 32P in tissue after 10 day exposure in M.galloprovincialis (left) and D.polymorpha (right). IMW: Internal mussel
water.

Figure 4. Activity levels (Bq g1) in M.galloprovincialis and D.polymorpha faecal matter (dry weight), following 3?P exposure. Asterisks
(*, ** or ***) are indicative of significant differences (p < 0.05, 0.01, 0.001) from the corresponding control. SD is standard
deviation of mean data.

Table Captions

Table 1. Table illustrating custom organism option in the ERICA tool; D.polymorpha digestive gland (DG) and M.galloprovincialis DG,
occupancy factors and organism geometry. Ksib and Chi are scaling parameters, representing the lengths of the minor axes
in terms of length of the major axis of the ellipsoid.

Table 2. Activity levels in water samples (Bq L) per treatment in M.galloprovincialis and D.polymorpha (SD is standard deviation of
mean data). Asterisks (*) denote nominal.

Table 3. Order of 3P accumulation in soft tissue, shell and IMW in M.galloprovincialis and D.polymorpha individuals, order shows
tissue with the highest to lowest bioconcentration (Bq g) in all treatment groups.

Table 4. Table to show (a) the expected dose rates in mGy d*and uGy d* (for the ERICA tool), (b) the water activity concentrations
that give the correct dose rate (Bg L) for both species *as calculated from preliminary experiments, (c) the average dose rate
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achieved in mGy d* and (d) ERICA tool water activity concentrations that give the correct dose (Bg L), corrected to 35 g
whole mussel weight beaker.

Table 5. Table to show the expected and achieved dose rates (mGy d1) in M. galloprovincialis and D.polymorpha digestive gland
using custom geometry in the ERICA tool (Tier 2).

26



Table 1. Table illustrating custom organism option in the ERICA tool; D. polymorpha
digestive gland (DG) and M. galloprovincialis DG, occupancy factors and organism
geometry. Ksib and Chi are scaling parameters, representing the lengths of the

Marine Freshwater
Parameter M.galloprovincialis: DG D.polymorpha: DG
Mass (kg) 0.000176527 9.64833E-05
Height (m) 0.006 0.003
Width (m) 0.007 0.003
Length (m) 0.01 0.004

Occupancy

Water-surface 0 0
Water 1 1
Sediment-surface 0 0
Sediment 0 0
Ksib 0.6 0.75
Chib 0.7 0.75

minor axes in terms of length of the major axis of the ellipsoid.

Table 2. Activity levels in water samples (Bq L) per treatment in M. galloprovincialis
and D. polymorpha (SD is standard deviation of mean data). Asterisks (*) denote
nominal.

Control 0.1 mGy d+? 1 mGyd! 10 mGy d!
MG* 0 709 7090 70900
MG 0.1£0.0 535.3+105.6 6911.4+1101.4 70252.8 +£5617.1

DpP* 0 571 5710 57100



Table 3. Order of 3P accumulation in soft tissue, shell and IMW in M. galloprovincialis and D. polymorpha individuals, order shows
tissue with the highest to lowest bioconcentration (Bq g*) in all treatment groups.

M.galloprovincialis D.polymorpha

Treatment (mGy d')  Control 0.1 1 10 Control 0.1 1 10

Highest DG DG DG DG AM DG DG DG
(Bgg™) Mantle Gill Other Gill Mantle Shell Other Other

Gill Mantle Gill Other DG Gill AM Gill
AM Other Mantle Mantle Gill Other Mantle Mantle

Other AM AM AM Other Mantle Shell AM

Shell Shell Shell Shell Shell AM Gill Shell

Lowest MW MW IMW IMW IMW IMW IMW IMW

Table 4. Table to show (a) the expected dose rates in mGy d*and uGy d (for the ERICA tool), (b) the water activity
concentrations that give the correct dose rate (Bg L) for both species *as calculated from preliminary experiments, (c) the average
dose rate achieved in mGy d* and (d) ERICA tool water activity concentrations that give the correct dose (Bq L), corrected to 35 g
whole mussel weight/beaker.

Expected ERICA tool water Average ERICA tool water
dose rate concentrations that give Dose rate concentrations that give correct
mGy d* uGy d™* (ERICA) correct dose rate (BqL™")* mGyd* dose rate (Bq L) -35¢g
0.1 4.17 709 0.07 993
MG 1 41.7 7090 0.68 9930
10 417 70900 7.25 99300
0.1 4.17 571 0.02 2250
DP 1 41.7 5710 0.24 22500
10 417 57100 2.62 225000
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Table 5. Table to show the expected and achieved dose rates (mGy d!) in M. galloprovincialis and D. polymorpha digestive gland
using custom geometry in the ERICA tool (Tier 2).

Expected dose rate Av. Achieved dose rate
mGy d? mGy d?

M.galloprovincialis 0.1 20.76

1 35.28

10 468
D.polymorpha 0.1 0.07

1 1.16

10 9.22
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Figure 1. Comparative external features and anatomy of Mytilus galloprovincialis
(left) and Dreissena polymorpha (right).
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Figure 3.

Mean % of 32P accumulation in tissue
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Figure 4.
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