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Abstract

The metalloid selenium is an essential element vaicslightly elevated concentrations is
toxic and mutagenic. In Australia the burning odicimr power generation releases selenium
into estuarine environments where it accumulategtiments. The relationship between
selenium exposure, dose and response was investigathe deposit feeding, benthic, marine
bivalve Tellina deltoidalis. Bivalves were exposed in microcosms for 28 daysdividual
selenium spiked sediments, 0, 5 and 20 pug/g drgnlagieltoidalis accumulated selenium
from spiked sediment but not in proportion to tedisent selenium concentrations. The
majority of recovered subcellular selenium was eisged with the nuclei and cellular debris
fraction, probably as protein bound selenium asgediwith plasma and selenium bound
directly to cell walls. Selenium exposed organi¢rad increased biologically detoxified
selenium burdens which were associated with bathide and metallothionein like protein
fractions, indicating selenium detoxification. Haf the biologically active selenium was
associated with the mitochondrial fraction withtapt fold increases in selenium in exposed
organisms. Selenium expos&deltoidalis had significantly reduced GSH:GSSG ratios
indicating a build-up of oxidised glutathione. &bantioxidant capacity of selenium exposed
T. deltoidalis was significantly reduced which corresponded witlteased lipid peroxidation,
lysosomal destabilisation and micronuclei frequenCiear exposure — dose — response
relationships have been demonstratedifateltoidalis exposed to selenium spiked sediments,
supporting its suitability for use in selenium toiky tests using sub-lethal endpoints.

Keywords: Biomarkers, subcellular selenium, oxidative strggsomes, lipid peroxidation,

micronuclei, bivalve.

1 Introduction
Selenium is an essential element within a fairlyoa concentration range, above which it is

both mutagenic and toxic and below which seleniaficééncy occurs (Hodson, 1988;
Hoffman, 2002). Selenium studies which examindeinsem dietary requirements, in the

trout Salmo gairdneri showed that plasma glutathione peroxidase honmsestas maintained
at intakes of up to 1.25 pg/g dry food and toxicitgurred at 13 pg/g dry food. The authors
speculated that dietary concentrations in exce8suaf/g in dry food over long time periods
might be toxic. (Hilton et al., 1980; Hodson et &4B80; Hodson and Hilton, 1983; Hicks et
al., 1984). Eisler (2000) and Puls (1994) haverieg similar responses in other fish species,
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birds and mammals in relation to selenium dietaguirements, deficiency, and toxicity.
Selenium is released into aquatic environmentautfitondustrial activity such as metal
smelting, overflow and leaching from ash dams dadksemissions associated with coal fired
power stations and through sewage effluent (DaaekLinkson, 1991; Peters et al., 1999a).
Sediments contain most of the total estuarine geglemventory because of sorption and/or
precipitation mechanisms (Peters et al., 1999a)erflum biotransformation,
bioaccumulation, and transfer through both sedimadtwater column foodwebs constitute
major biogeochemical pathways in aquatic ecosystesmly, 1999; Fan et al., 2002;
Hamilton, 2004; Luoma and Rainbow, 2008; Maheil.e2810). To acquire sufficient
essential elements from environments with low amtteencentrations, aquatic organisms
have evolved highly efficient uptake mechanismsipéed with detoxification storage and
excretion strategies (Phillips and Rainbow, 1989¢lenium accumulation by sediment
dwelling deposit feeding bivalves may be from theeistitial water, sediment ingestion or
from food (Luoma and Rainbow, 2005). The routemtiBke may influence the organism’s
metal handling and therefore its toxicity (Rainb@®07). Physiological effects and toxicity
of metals strongly depend on their intracellulardiisation and binding to organelles and
ligands (Sokolova et al., 2005) and selenium apiabe bound and incorporated differently
according to the selenium species (Ewan, 1989; Bi81; Hortensia et al., 2006).

To understand the fate and effects of such toxgcenaquatic environments the causal
relationships between contaminant exposure, intelose and associated biological effects
need to be established (Widdows and Donkin, 19@&ns et al., 2011). The evaluation of
contaminant exposure, uptake and ecotoxicologitatts is now an essential component of
sediment quality assessment in Australia (Simps$ah ,e2005) and toxicity data for local
species along with suitable routine test protootgecessary to develop relevant local
exposure dose response toxicity guidelines. Theeostidevelopments in ecotoxicological
assessment are moving to the evaluation of sublletidpoints for determining toxicant
guideline exposure concentrations. To this endithelopment of biomarkers of exposure
and effect for application in environmental assessrhave been progressively developed and
refined for a range of toxicants and aquatic sge@ajaraville et al., 2000; Adams, 2001;
van der Oost et al., 2003; Galloway et al., 2004phké et al., 2004; Farmer, 2006; Batley et
al., 2007; Damiens et al., 2007; Hagger et al.920@ylor and Maher, 2010). Biomarker
measurements can provide evidence that organiswestiegen exposed to contaminants at
levels that exceed their detoxification and repapacity establishing links between toxicant

exposure and ecologically relevant effects (Koeetaal., 1993). Proteins contain the
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majority of selenium in organisms and of the knaetenoproteins, cellular and plasma
glutathione peroxidase, which is involved in redgostabolism, has the highest selenium
content (Burk, 1991; Fan et al., 2002). The oxidasystem has been shown to be sensitive
to selenium through perturbations in the glutathioyicle (Hoffman, 2002). Lysosomes are
involved in contaminant sequestration and are susceptible to oxidative damage
(Viarengo, 1989; Winston et al., 1996; Ringwooalet2002), while the frequency of
micronuclei occurrence is an effective measure ARIamage (Burgeot et al., 1996;
Bolognesi et al., 2004).

Tellina deltoidalis is a sediment dwelling bivalve which is widelytdisuted in coastal
estuaries around Australia where it lives buriethaensediments at a depth several times the
shell length, of between 125 mm, and extends its siphons to the sedimefauto feed
(Beesley et al., 1998). It satisfies most of theibeequirements to be an effective biomonitor
being hardy, representative of the area of intexedtan accumulator of bioavailable metals
(Phillips, 1990; Phillips and Rainbow, 1994). Thetability of T. deltoidalis for use in whole
sediment toxicity tests has been investigated gt al. (2004; 2005; 2010) who found
they were tolerant of a wide range of sedimentgyg®d salinities and easy to handle in a
laboratory setting, while being sensitive to metahtamination. A protocol for the usef
deltoidalis in whole-sediment acute toxicity tests has beeluded in the Australian
Handbook for Sediment Quality Assessment (Simps$ah,e2005).

The purpose of this study was to examine the expostdose - response relationship to
selenium inT. deltoidalis using 28 day sediment bioaccumulation tests (USE®AO;
ASTM-E1688-10, 2010) to develop useful biomarkdrsftect, and further evaluate their
potential for sediment toxicity testing in Austealising sublethal endpoints. There are no
Australian sediment quality guideline concentragifor selenium so the exposure
concentrations, 5 and 2@/g, chosen where based on those previously mahsure
contaminated Australian estuarine sediments (Peteats, 1999a; Roach, 2005). Internal
selenium exposure was measured in whole tissudssubtellular tissue fractionation used to
determine the active and detoxified selenium. Bidtar measurements of oxidative stress
included total antioxidant scavenging capacityeifs; total glutathione concentrations, the
ratio of reduced to oxidised glutathione, glutati@geroxidise and the extent of lipid
peroxidation. Cellular damage was assessed udyspsomal destabilisation assay and
DNA damage through the presence of micronucleiaddeement of enzymatic biomarkers in
the glutathione cycle along with the cellular amehgtoxic biomarkers of lysosomal
membrane integrity and micronuclei occurrence lesia weight of evidence approach for
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selenium toxicity at the individual organism lewdlich may indicate the potential for
population level effects.

2 Materials and Methods

2.1 Organism and sediment collection

Sediments were collected from a NSW Departmentweirinmental and Climate Change
reference site in Durras Lake NSW, and stored@tuhtil use. Tellina. deltoidalis of 15 — 20
mm in size were collected from Durras Lake and La#bourie, NSW in July 2005 and
January 2006 and placed in coolers with sedimemhtraatier from the collection sites for
transportation. Organisms were maintained for aimam of two weeks at 22 in
uncontaminated sediments, depth 15 cm, in glasariaqwith filtration and aeration to allow
acclimation before experimentation. Overlying wateed in aquaria was collected from
coastal waters near Murramurrang National Park, Nf®\d/adjusted from 35%o to 28%0 with
deionised water to match the salinity of the esteawater from which organisms were
collected.

2.2 Sediment selenium spiking
Sediments were sieved through a 2 mm stainlesksstee to remove large pieces of organic

matter and organisms prior to the addition of sal@n Sub samples of the collected
sediments were measured for moisture content aid gize. To ensure the sediment matrix
was suitable for organism burrowing and feedindjraent was mixed with clean beach sand
so that the 63 um fraction was not greater than @4s/mass. To ensure added selenium
was rapidly adsorbed and strongly bound to thensexdli particles a method developed by
(Simpson et al., 2004) for producing metal spikedine sediments, was followed. Wet
sediment was added to mixing containers,3¢&} (AR grade Sigma-Aldrich) was added to
concentrations of 5 and 20 mg/kg dry mass of seaimall containers were topped up with
clean deoxygenated sea water and the final mixtasecompletely deoxygenated by
bubbling with nitrogen for 2 hours. Head spacesanitainers were filled with nitrogen prior
to sealing. Any pH adjustments were made immedjatiér the addition of the selenium
using 1M NaOH, (AR grade BDH), prepared in seawatieecked weekly and maintained at
7 - 8.2. Sediments were mixed on a Cell-produdiotier Apparatus (Belco, USA) for
several hours each day. Sediments were maintainedm temperature 22 - %5 The time
required for equilibration of added metals will dfected by the sediment properties,

equilibration pH and the concentration and propsrtif the metal (Simpson et al., 2004).
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To determine when the added selenium was completelgd to sediment particles, pore
waters were collected and acidified to 1% v/v wiitnic acid (AristaR, BDH, Australia) and
selenium was measured using an ELA6000 ICP-MS (PerkinElmer SCIEX, USA). Once
pore water selenium concentrations had fallen béhstvyument detection limits 0.001 pg/l
the sediment was ready for use. Time to full gbison was 4 to 6 weeks. Unspiked
sediments were treated in the same way and useddmol treatments. Sediment selenium
concentrations were measured by ICP-MS after dayesf 0.2 g of lyophilised sediment in 3
ml of nitric acid (AristaR, BDH, Australia) in pogghylene 50 ml centrifuge tubés 60
minutes at 11% (Maher et al., 2003). Selenium in NRCC Certifiteference Materials,
BCSS-1 marine sediment measured along with samm@e$.41 + 0.1 pg/q(= 10) and in
agreement with certified values 0.43 + 0.06 pg&ediment selenium concentrations were
measured prior to and at the end of the 28 daysaxpgeriod. Pre exposure concentrations
were < 0.001, 5.00 £ 0.05 and 20 + 1 pg/g and easbsure were < 0.001, 5.00 = 0.15 and
19 + 2 pol/g.

2.3 Microcosm Experiment Design
Procedures for conducting the exposures were adifjomm the test method for conducting 28

day sediment bioaccumulation tests (Ingersoll e2&l00). Spiked and control sediments
(500 g wet mass) were placed in each of threeaatgli770 ml polypropylene containers
(Chanrol # 01C30, Australia) per treatment. Thetamers were filled with fresh seawater
adjusted to a salinity of 28%.. Containers wereg@thin random order on a tray in an
incubator set at 22 with a day / night light cycle of 14 / 10 houesréflect spring / summer
conditions. Aeration was introduced and the treauis were left for 24 hours to allow them
settle and the temperature to equilibrate. Fiffeadeltoidalis were then introduced to each
treatment container. Organisms were not given lsapgntary food and surface water was
changed weekly during the 28 day exposure perfaglaria were continually aerated using
an air pump with valves on each line and fine tghimeach container to regulate air flow so
oxygen saturatior 100% were maintained in overlying water of eachaauym but

sediments were not agitated. Due to the naturiéting capacity of sea water and associated
sediments, pH remained relatively constant at 708+8all aquaria throughout the 28 days of
exposure. This is similar to results of other saaf this type (King et al., 2006; Strom et
al., 2011). Total tissue selenium bioaccumulati@s measured at intervals of 3, 7, 14, 21

and 28 days. A day 0 measurement was made usgagisms from the acclimation tanks to
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give the background selenium concentration. Adlamisms were placed in fresh seawater at
salinity 28%o with no sediment for 24 hours (Kingaét 2004; Simpson et al., 2005; Atkinson
et al., 2007; King et al., 2010) to allow depurataf ingested sediment particles, prior to

selenium analysis. All assays were done on whsdees of individual organisms.

2.4 Selenium Measurements

2.4.1 Total selenium

Lyophilised ground tissue 0.1 g was digested in 1 ml of nitric acid (ArRt&DH,

Australia) in polytetra-fluroacetate digestion vassin a 630 watt microwave oven (CEM
MDS-2000, USA) for 2 min at 630 W, 2 min 0 W, arilmin at 315 W (Baldwin et al.,

1994). Prior to analysis samples were diluted w#lonised water to 1% v/v HNQCand an
ICP-MS mixed 7element internal standard (EM Science) was addetbtator for variations
due to instrument drift and/or matrix effects. e3glim was measured using an ELASD0O0
ICP-MS (PerkinElmer, SCIEX) following the methodM#&her et al. (2001). NRCC

Certified Reference Material, NIST 1566a oystesuesand acid blanks were routinely
digested and diluted in the same way as the sarapteanalysed along with them to verify
accuracy and precision of selenium analysis. Teasured CRM mean selenium value; 2.1 +

0.3 nug/g 0 = 50) was not significantly different from the tged value 2.21 £ 0.24 pg/g.

2.4.2 Subcellular selenium

The subcellular tissue selenium distribution waaneixed in tissues of day 28 exposed
organisms using a procedure adapted from Sokoloakh €005) and Wallace et al. (2003).
The dissected tissues were placed in polypropwels, snap frozen in liquid nitrogen and
stored at -8%C until processed. The tissue was thawed and mhioogéce with a blade. A
sub samples 0.1 g wet wt., was taken for total tissue selenamalysis. The remainder,

0.5 g wet wt., was homogenised in €& Mg** free saline buffer pH 7.35 on ice using an
IKA® Labortechnick Ultra-turrax-T25 homogeniser equippéth an S25-UT dispersing tool
at 9,500 rpmit (Janke & Kunkel, Germany). Homogenised tissue sudected to
differential centrifugation and tissue digestiongedures according to the protocol outlined
in Taylor (2009), using an Eppendorf 5804R cenggfand a Himac CP90WX preparative
ultracentrifuge (Hitachi, Japan). The mitochondiyaosomes-microsomes and heat sensitive
protein pellets were grouped as biologically acteenium fractions while the granule and

heat stable metallothionein like proteins were gexlias biologically detoxified selenium



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

230

231

232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

fractions (Taylor and Maher, 2013). The superrndtam the granule pellet isolation
contained the nuclei-cellular debris. To deternthreemitochondrial and lysosomal content of
the fractions obtained the concentration of enzyspesific for these organelles, cytochrome
c oxidase and acid phosphatase, respectively, weasuned in each of the total tissue,
mitochondrial and lysosome-microsome pellets usmmgmercial colorimetric assays
(CYTOC-OX1 Sigma-Aldrich, USA and CS0740 Sigma-Adtl; USA, respectively). This
showed that the mitochondrial fraction was enriciwéti mitochondria and in the lysosome-
microsome fraction there was some enrichment afldlgmes compared to the mitochondrial
fraction (Supplementary Figure 1). Fractions walified to 10% v/v with nitric acid
(AristaR BDH, Australia) and placed in a water batl80C for 4 hours. NIST CRM 1566a
oyster tissue, buffer and acid blanks were digeatetdiluted in the same way as the samples
and analysed along with them. Analysis of selenas as previously described above. The
measured CRM selenium value 2.25 + 0.3 pug/g §) were in good agreement with certified
value 2.21 + 0.24 pg/g.

2.5 Biomarker Measurements

2.5.1 Total antioxidant capacity and lipid peroxidation

Tissues were homogenised on ice in a 5 mM potasghosphate buffer containing 0.9%
(w/v) sodium chloride and 0.1% (w/v) glucose, pH {:5 w/v) using a motorised
microcentrifuge pellet pestle, sonicated on icelfoiseconds at 40 V (VibraCell™ Sonics
Materials, USA) and centrifuged, in a 5804R ceuag# (Eppendorf, Germany), at 10,000 x g
for 15 minutes at% (Cayman, 2011). The supernatant was store&80%E until analysis.
Total antioxidant capacity was measured using aayasased on the ability of the tissue
lysate antioxidant system to inhibit the oxidat@drABTS (2,2’-azino-di-[3-
ethylbenzthiazoline sulphonate]) to ABTSy metmyoglobin in the presence of hydrogen
peroxide. This was compared with the antioxidapacity of a standard, Trolox (Cayman,
2011). Samples were pipetted into a 96 well phate metmyoglobin and ABTS. The
reactions were initiated with a 44l solution of hydrogen peroxide. The plate wasksha

for 5 minutes at Z& and the amount of ABTSproduced was measured by the suppression
of absorbance at 750 nm on a BioRad BenchmarkrRicr®plate spectrophotometer. This is
proportional to the final total antioxidant capgiabncentration, expressed in millimolar
Trolox equivalents. The Thiobarbituric Acid ReaetiSubstances (TBARS) assay was used

to measure lipid peroxidation by measuring the mailmdehyde (MDA) concentration in
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each tissue lysate. The end product of lipid pelation, MDA, forms a 1:2 adduct with
TBARS and produces a colour reaction that can & spectrophotometrically at 532 nm and
compared to an MDA standard curve (ZepoMetrix, 30Ihe samples were incubated in a
solution of sodium dodecyl sulphate, thiobarbitwoid and sodium hydroxide dissolved in
acetic acid at 9 for 60 minutes. After cooling on ice and cenigihg at 3000 rpm for 10
minutes at room temperature, the colour reactios measured, on a BioRad Benchmark Plus

microplate spectrophotometer at 532 nm.

2.5.2 Reduced:oxidised glutathione ratio and glutathiongperoxidase

Tissue lysates were produced by homogenisatiocemia 50 mM Tris-HCI buffer
containing 5 mM EDTA and 1 mM DTT, pH 7.5 (1:5 wiyging the technique outlined
above. A thiol scavenging agent 1-methyl-2-vinyhgium trifluoromethane sulfonate in
HCI (Calbiocherfi, Merck, Germany) was added to GSSG tissue homogetmremove
GSH, prior to the addition of buffer and productmfrthe final supernatant. The remaining
GSSG is then reduced to GSH and determined byetmion with Ellman’s reagent
(Calbiochem, 2004). Supernatants were stored03€-8ntil analysis of reduced glutathione
(GSH), glutathione peroxidise (GPx) and proteinli@ehem, 2004). The ratio of reduced to
oxidised glutathione (GSH:GSSG) was measured wsingnzymatic method based on one
developed by (Tietze, 1969). The method uses Elkr@agent 5,5'-dithiobis-gitrobenzoic
acid (DTNB) which reacts with GSH to form a colauich is detected at 412 nm
(Calbiocher, Merck, Germany). The samples were acidifiedHgyaddition of a 5%
solution of metaphosphoric acid, vortexed for 1&sels and centrifuged at 1000 x g for 10
minutes at room temperature. The metaphosphoidcextracts were diluted with a sodium
phosphate buffer and mixed at room temperaturenm duvettes with DTNB and glutathione
reductase enzyme at (1:1:1 v/v/v). The reactios weiated with 3 nicotinamide adenine
dinucleotide phosphate (NADPH) and absorbanceaedd2 nm for 3 minutes at intervals of
15 seconds on a Unicam Helios Gamma UV-Vis spebttmmeter (Spectronic, UK).
Absorbance rates were calculated and GSH and G86¢&wtrations calculated using a 6
point GSH calibration curve. A GSSG buffer blankswun for interference correction.
Glutathione peroxidise activity (GPx) was measuwsitig a coupled reaction with glutathione
reductase (GR) (Cayman Chemicals, USA). The oxidaif NADPH to NADP is
accompanied by a decrease in absorbance at 34@nder conditions where GPx activity is
rate limiting, the rate of decrease in thg®s directly proportional to the GPx activity ineth
sample. Assay buffer 50 mM Tris-HCI, pH 7.6, 5 nrEATA was added to sample wells of a
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flat bottomed 96 well plate with a co-substrate tomi& NADPH, glutathione and GR (2:1

v/v). Samples were added to each well and thdiogawas initiated by the addition of
cumene hydroperoxide. The plate was shaken brgitlithe decrease in absorbance read at
340 nm for 5 minutes at intervals of 30 second254E on a BioRad Benchmark Plus
microplate spectrophotometer. Rates were calalite samples were compared with a
bovine erythrocyte GPx positive control. Buffeatks run with the samples were used to
correct for interferences and GPx activity was aialied using the NADPH extinction
coefficient, adjusted for the pathlength of theusioh, of 0.00373 pM. One unit is defined

as the amount of enzyme that will cause oxidatfoh @ nmol of NADPH to NADP per

minute at 25C.

2.5.3 Protein

All tissue lysates used for enzymatic assays weaéyaed for protein concentration and
enzyme concentration / activity is expressed as afgrotein in the sample. The
FluoroProfile” (Sigma #FP0010, Sigma-Aldrich, USA) protein asssgd is a fluorescent
assay based on Epiccoconone, a biodegradable Inartodaict. The fluorescence intensity
was read at 485 nm excitation and 620 nm emissio, Luminoskan Ascent Fluorescence
Plate Reader (Thermo Electrical Corp., USA). Bewerum (BSA) calibration curve

standards used were made up in sample buffer.
2.6  Cellular and Genotoxic Biomarkers

2.6.1 Lysosomal Stability

Lysosomal stability was assessed using a methoelajesd by (Ringwood et al., 2003) for
oysters. The assay uses neutral red (NR) dyeti@teio assess the integrity of the lysosomal
membrane. Cells incubated in neutral red accumtitet lipophilic dye in the lysosomes.
Healthy cells retain the dye in the lysosomes wéene cells with damaged lysosomal
membranes it leaks out into the cytoplasm. Miniteziie was shaken in CMFS buffer pH
7.35 salinity 30%0 on a reciprocating shaker at 8 for 20 minutes. Trypsin (T4799
Sigma, USA), 325 pl at 1 mg/ml in CMFS buffer, veatled and samples shaken for a further
20 minutes. Cells were then collected by centiifggamples through a 20 um screen at 250
- 500x g at 15C for 5 - 15 minutes. Cells were incubated in redued (Sigma, USA), 0.04
mg/ml in CMFS for 1 hour and one hundred cellsgbiele were counted using a light
microscope with 40x lens and scored as stable stable, based on dye retained in the

lysosomes or present in the cytosol, respectivélyo slides per sample were counted.

10
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2.6.2 Micronuclei Frequency

The micronuclei assay used was based on a techdeyatoped on the musddistilus
galloprovincialis (Gorbi et al., 2008). The assay uses DAPI (digvidine-2’-phenylindole
dihydrochloride), a fluorescent dye specific foclaic material, to stain the nuclei.
Micronuclei are defined as small round structuess ithan one third the diameter and in the
same optical plan as the main nucleus, with a bayndistinct from the nuclear boundary.
Tissue preparation for the collection of cells ez same as that used for the neutral red
retention assay. The rinsed cells were fixed im@gs solution (methanol:glacial acetic acid
3:1) and stored at’@ until counted. A drop of the fixed cell suspemsivas placed on a slide
and air dried. A drop of the DAPI (# 32670 Sigid&A) working solution was added to
each slide and a cover-slip added. Slides wenrgbeted in the dark for 5 minutes and
observed under an inverted epifluorescent micras¢hjkon, Eclipse TE 300, Japan) with
the appropriate filter for DAPI, excitation wavetgh 350 nm magnification 40x. Two slides

per sample were counted with 1000 cells per skdeesl as micronuclei present or absent.

2.7  Statistical analyses

A Mixed Linear Model analysis of variance (ANOVASIPSSr 14.0) was used to
simultaneously analyse the effects of time (day) a@atment (selenium exposure
concentration) on organism tissue selenium accumualaA Mixed Linear Model ANOVA
was used to analyse the effects of treatment (s@heexposure concentration) on the effect
measurement variables antioxidant capacity, tdtahthione, GSH:GSSG ratio, glutathione
peroxidase, lipid peroxidation, lysosomal stabiétyd micronuclei frequency.
(Supplementary Tables 1 — 3). Regressions of sediggtenium and mean tissue selenium
concentrations and means of effects variablesxddtat capacity, lipid peroxidation,
lysosomal stability and micronuclei frequency weaéculated using EXCEL™ 2003
(Supplementary Table 4).

3 Results
3.1 Selenium Accumulation

Selenium tissue concentrations in organisms froth belenium treatments differed
significantly from the unexposed and control orgars f < 0.0005) but not from each other
(Figure 1; Supplementary Tables 1 & 2). The higsetenium concentrations for both
treatments were at day 21 with a slight but natificant decrease to day 28 (Figure 1). At
day 28, selenium tissue concentrations in the tvetitments were higher than the selenium

11
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spiked sediment with the 5 pg/g treatment organisaving 5 times and the 20 pg/g 1.5 times
the sediment selenium concentration (Figure 1)XerAt8 days of exposure there was a
significant positive relationship € 0.46;p < 0.0001;n = 41) between sediment and organism

tissue selenium concentrations (Supplementary T4ble
3.1.1 Subcellular Tissue Selenium Distribution

Approximately 75% the total selenium from the orgars exposed to sediment
concentrations of 5 and 20 pg/g selenium was reedvie the fractions with 82% recovered
from the controls (Table 1). Of the recovered siele, up to 60% was in the nuclei-cell
debris fraction in the selenium treatments (TableThe biologically active selenium burden
was 1.8 and 2.8 times respectively, greater irbthad 20 pug/g selenium exposed organisms
than the controls (Table 1). The mitochondriatfi@n contained the highest percentage of
biologically active selenium in the 5 and 20 pgétesium exposed organisms, followed by
the heat sensitive protein fraction, with only aafimercentage in the lysosome-microsome
fraction (Figure 2; Table 2). The control organssatso had the lowest percentage of
biologically active selenium in the lysosome-miawe fraction while the heat sensitive
protein fraction had the highest percentage witihtly less in the mitochondria (Figure 2;
Table 2). The majority of biologically detoxifiexdlenium was in the granule fraction
accounting for 97% in the control organisms an&eé 77%, respectively, in the 5 and
20ug/g selenium exposed organisms (Figure 2; TAbl&elenium exposed organisms had a
higher concentration of the mitochondrial enzym®cliromec oxidase than the control
organisms (Supplementary Figure 1). At the higeelnium exposure the concentration of
the lysosomal enzyme acid phosphatase was incr@abeth whole tissue and in the

lysosome-microsome fraction (Supplementary Figigre 1

3.2 Biomarkers
The total antioxidant capacity (TAOC) of the selaniexposed organisms was significantly

reduced f < 0.01; Supplementary Table 3a) compared to thahekposed organisms,
however, the TAOC of each of the selenium treatsiergre not significantly different to
each other (Figure 3A; Supplementary Table 3b)m@Qared to control organisms the
glutathione peroxidase (GPx) activity and totaltgimione concentrations were enhanced in
the selenium treatments (Figure 3B) but the difieeawas not significanp(> 0.05;
Supplementary Table 3b). The ratio of reducedaadised glutathione was significantly

reduced in selenium exposed organisms comparéa@t@t unexposed organisnms< 0.01,;
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Supplementary Table 3a); however, the ratios of @fithe selenium treatments were not
significantly different to each other (Figure 3BJ)hiobarbituric acid reactive substances were
significantly higher in selenium exposed organigh@s in unexposed organisns<( 0.05;
Supplementary Table 3a). The organisms from tlemgen exposures both had significantly
higher lipid peroxidation (TBARS) than the contrblst not from each other (Figure 4A;
Supplementary Table 3b). Selenium exposed organied significantly more unstable
lysosomes and a higher frequency of micronuclei tha control organismg € 0.001;
Supplementary Tables 3a). The 20 pg/g seleniurasedgorganisms had significantly more
unstable lysosomes and a higher frequency of mimienthan both the control and 5 pug/g
selenium exposed organisnps{0.001; Supplementary Tables 3b; Figures 5B & C).
Regression analysis showed that when selenium axposduced the TAOC within cells this
corresponded with an increase in the effects measaff TBARS ( = 0.37;p < 0.0001;n =

36), lysosomal destabilisation£ 0.41;p < 0.01;n = 18) and micronuclei frequency £
0.51;p<0.001;n = 18) (Supplementary Table 4). As TBARS incredbede was a
corresponding increase in lysosomal destabilisgtion0.32;p < 0.01;n = 18) and the

frequency of micronucler (= 0.35;p < 0.01;n = 18) (Supplementary Table 4).

4 Discussion
4.1 Selenium Accumulation and Subcellular Distribution

4.1.1 Whole tissue

The variation in tissue selenium concentrationg ¢ivee in the control organisms was in the
order of a few micrograms per gram (Figure 1). &lgsium is an essential element some
basal concentration is expected (Hamilton, 20Ghs would be indicative of natural
variation. Selenium accumulation was rapid duthmgfirst three days of exposure in
organisms from both selenium treatments, with thgfy selenium exposed organisms
accumulating twice the exposure concentration bad0 pg/g equalling it in this time
(Figure 1). A similar equilibrium tissue concetitva for organisms from both treatments
appears to have been reached after four weeksr@igu Peters et al. (1999b) found native
T. deltoidalis exposed to sediment selenium concentrations gi@/g in Lake Macquarie
NSW accumulated tissue concentrations of 32 pgighwik a considerably higher exposure
to tissue selenium ratio than observed forfthaeltoidalis in this experiment. Selenite is
taken up rapidly by the aquatic microflora and fatimat is consumed directly by deposit

feeding bivalves from the sediment surface or asqfahe detritus. In addition selenite
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adsorbed to sediment particles may be ingesteddfaln, 2002; Hamilton, 2004)T.

deltoidalis in our experiments may have had a change in sgteakposure route from an

initial direct absorption from ingested sedimenttigkes to a later additional dietary exposure
as microfauna and flora, present in the naturahsexts and water used, assimilated selenium
and were consumed. The major route of seleniumkegh aquatic systems is via food rather
than as the free ions in solution (Luoma and Rain&908), therefore the final greater than
ambient selenium tissue concentrations observéusrexperiment after 21 days exposure

may be related to the generation of a source ¢duigieselenium.

4.1.2 Subcellular selenium distribution

A large proportion of the selenium recovered ingbbcellular fractions was in the nuclei-
cellular debris fraction, increasing from 36% ie tontrols to 56 and 60%, respectively, in
the 5 and 20 pug/g exposed organisms (Table 1; &@ur Selenite is bound to plasma
proteins for transport to tissues. It has beemyassigd that selenite is taken up by
haemolymph, reduced to selenide, released intplsgna and rapidly bound by plasma
proteins (Ewan, 1989). The majority of accumulaelnate and selenomethionine occurs in
the plasma (Ewan, 1989). Selenomethionine has $ie@nn to bind to glutathione
peroxidase extracellularly as well as intracellyi@éBurk, 1991). Mycelia of the fungus
Pleurotus ostreatus enriched with selenium had 56% of accumulatechaate associated

with the cell wall (Hortensia et al., 2006). A coimation of protein bound selenium
associated with plasma and selenium bound dirézttell walls would account for the high
proportion of selenium associated with this fractamd therefore it would be comprised of
both biologically active and detoxified seleniu@f the remaining selenium recovered in the
fractions, the control organisms had 11% and tip@sad organisms 20% in the detoxified
selenium fractions (Table 1; Figure 2), but therdistion within this portion differed. The
control organisms had most selenium in the grafratgion while the 5 and 20 pug/g exposed
organisms had 66 and 77%, respectively, in theuyearwith the remainder in the
metallothionein like proteins (Table 2). Seleniassociated with metallothionein like
proteins has not previously been reported in aguaanisms, although there is evidence
from mammalian studies that suggests selenite expasduces metallothionein production
(lwai et al., 1988; Chen and Whanger, 1994). Tlagonty of selenium not associated with
selenoproteins of the glutathione peroxidase fahmly been found bound to selenoamino
acids and other low molecular weight selenium commgls analogous to metallothioneins
and it is presumed that these act as storage amspwort proteins and intermediaries in the
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synthesis of selenoproteins (Akesson and Srikut®¥4). The metallothionein like protein
fraction may therefore represent a pool of detegiselenium. Like metallothioneins,
selenium associated with granules has not prewidaestn described. The operational
fraction defined as granules in this procedureldess examined in fractions obtained from
cadmium exposed oligochaetes by Wallatal. (1998), with a compound microscope, and
shown to contain numerous metal rich granules ofing sizes. The fraction obtained in the
present study using the same technique as desdnjb@thllaceet al. (1998) was not
examined visually for granules so it can only beuased that the fraction contained
detoxified selenium rich concretions. Using a famiractionation procedure Zhang and
Wang (2006) found 40% and 60% of accumulated satem crustaceans and bivalves,
respectively, was associated with the granuleifyast while Dubois and Hare (2009)
obtained only 1 - 2% of selenium in the granuleticas of the oligochaetBubifex tubifex

and the insedChironomusriparius. George, (1983) showed that granules of cadmium
exposedvytilus edulis contained high concentrations of protein, calcamd sulphur.
Selenium is known to substitute for sulphur in pnoe$ as it has similarities with the
chemistry of sulphur (Ewan, 1989). The presencgetdnium in a protein is always related to
the presence of sulphur, the selenium atom israiicerporated in the place of a sulphur
atom in a sulphur amino acid, or it is attacheth®sulphur atoms of cysteine residues
(Ganther, 1974). It is possible that seleniunmg®iporated into granule like structures via a
similar process to that postulated for cadmium lepi@e (1983), due to an increase in
lysosomal protein degradation, following enzymectnaation by intracellular selenium,
causing an increase in intracellular protein tugroVAlternatively the granule fraction may
represent selenium associated with incompletelgsdegl tissue and cell debris in the NaOH
digestion step of the fractionation procedure (dagind Maher, 2013). The fractionation
procedure used by Zhang and Wang (2006) which fd@nand 60% of selenium in
crustaceans and bivalves associated with the grdradtion used a shorter NaOH digestion
step, 10 minutes rather than the 60 minutes ustdsarstudy, so incomplete digestion of the
tissue and cell debris fraction in their studylsaa possibility. If this is the case then it is
still a reasonable assumption that a fair proportibthis fraction represents detoxified
selenium. The increased percentage of seleniuatiassd with the detoxified selenium
fractions (Figure 2) demonstrates that seleniurodtation processes are operating.

The concentration of the mitochondrial enzyme dytomec oxidase was increased in the
total homogenate and mitochondrial fractions ofgkenium exposed organisms

(Supplementary Figure 1) indicating an increassegaase in this organelle to selenium
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accumulation. This is in agreement with the ordlarszlenium distribution results (Table 2;
Figure 2) which show a 3 and 4 fold increase, retspay, in mitochondrial selenium in the 5
and 20 pg/g exposed organisms. As selenium issengal component of the glutathione
peroxidase enzyme it is expected that it will bespnt in the mitochondria where oxygen
reduction and cellular energy production occursydaer, selenium toxicity can arise at
concentrations only slightly greater than thos¢ #éna required (Palace et al., 2004). The
percentage of selenium in the heat sensitive prdtaction was slightly lower than that of the
mitochondria in the selenium exposed organismshagiter in the controls (Table 2). This
fraction contains enzymes, high and low moleculeight proteins and other target molecules
which are sensitive to metals (Wallace et al., 2003e increased binding of selenium in this
fraction is not unexpected as selenium is largedpaiated with protein complexes (Ganther,
1974). The activity of the lysosomal enzyme adidgphatase was only increased in the 20
Kng/g exposure while the 5 pg/g organisms remainedgame as the control organisms
(Supplementary Figure 1). The percentage of bickllyi active selenium in the lysosomal-
microsomal fraction of the selenium exposed orgasig/as around half that of the controls
(Table 2) but the selenium concentration was 1dl1aé times higher in the 5 and 20 ug/g
treatments, respectively, than the controls. Theeaeomal component of the cell includes
fragmented endoplasmic reticulum, which is gengrasponsible for protein synthesis and
transport, selenium in this fraction may be astediavith microsomes rather than lysosomes
which could be indicative of essential activity legfually could have implications for toxicity
(Bonneris et al., 2005).

4.2 Enzymatic Biomarkers — Oxidative Enzymes
Selenium is an essential element involved in teicBon of peroxide in the glutathione cycle

(Micallef and Tyler, 1987; Hodson, 1988; Hoffmaf02). Total antioxidant capacity was
significantly reduced in the selenium expo3edeltoidalis compared to the control
organisms but there was no difference in antioxdidapacity between selenium treatments
(Figure 3A). The similarity in the antioxidant pesse between selenium treatments may be
explained by the similarity in the final seleniuisstie concentrations between the two
treatments (Figure 1). Changes in activity andceotration of enzymes within the
glutathione cycle indicate an imbalance in theaicgtlular glutathione redox status. The
activity of the glutathione peroxidase (GPx) enzymas enhanced in thie deltoidalis from

both selenium exposures although not significaciypared to control organisms (Figure

3B). The increase in GPx activity may have incedabe rate of oxidation of GSH as seen in
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the increased GSH+2GSSG concentration and thefiseymily reduced GSH:GSSG ratio
(Figure 3B; Supplementary Table 3b). The increaseSSG may also be a result of the
direct reaction of selenite with GSH, which hasrbslkeown in the troudncorhynchus mykiss

to produce increased reactive oxygen species,ralgltecreased GSH/GSSG ratio and
increased membrane lipid peroxidation (Misra amgbiyi, 2009). Studies in mallard ducks
showed that increased dietary and subsequent geldiisue concentrations resulted in
increases in plasma and hepatic GPx activity and G centrations, followed by a dose-
dependent decrease in the ratio of hepatic GSH®&concentrations which ultimately led
to increased hepatic lipid peroxidation (Hoffma@02). Excess GSSG can react with protein
sulfhydryls, contributing to the total thiol andopein bound thiol depletions, by the formation
of mixed glutathione:protein disulphides. Formatad mixed disulphides may be part of a
significant mechanism in regulating metabolic atgias well as the integrity of the cell
membranes in response to oxidative stress (Hoff2@02). An examination of
selenomethionine metabolism in embryos of the t@naor hynchus mykiss showed oxidative
stress, which appeared to be generated by methismienzyme activity, liberating
methylselenol from-Selenomethionine (Palace et al., 2004). The nhe&thgnol is able to
undergo redox cycling in the presence of glutathiproducing superoxide and likely
accounts for oxidative stress measured in aqueg@nsms environmentally exposed to
excess selenomethionine (Palace et al., 2004hoidth the sediment in this study was
spiked with sodium selenite, which is readily bioamulated by animals and bound to
proteins following assimilation into cells, animalg not have the capacity to transform it into
selenomethionine (Suzuki and Ogra, 2002; Suzuii.eP006). Marine algae and bacteria,
however, are known to convert selenite mainly sgtenomethionine (Fan et al., 2002; Orr et
al., 2006) and this secondary pathway of dietanwdd selenium may have resulted in

selenomethionine exposure fordeltoidalis during the course of the experiment.

4.3 Oxidative Damage Biomarker — Thiobarbituric Acid Retive Substances
Thiobarbituric acid reactive substances (TBARS)aameasure of lipid peroxidation, a

widely recognised consequence of excess oxyragroduction which destabilises cell
membranes leading to loss of lysosomal integrity thie leaking of the lysosomal contents
into the cytoplasm (Winston, 1991; Winston and ul®, 1991). The concentration of
TBARS increased significantly if. deltoidalis from both selenium treatments compared to
the control organisms (Figure 4A). Increased hepigid peroxidation related to effects of

accumulated selenium on glutathione metabolism bae& measured in a number of wild
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aquatic birds, including their hatchlings and efigsffman, 2002). The TBARS

concentration of the selenium exposed organismdwghdy negatively correlated with the
total antioxidant capacity, indicating that thergased tissue selenium resulted in a reduction
in the capacity to reduce reactive oxygen spedigs.likely that their subsequent increase

directly influenced the build-up of lipid peroxidan by-products.

4.4 Cellular Biomarker — Lysosomal Stability
Metal accumulation in the lysosomes can inducel Iggroxidation through redox cycling or

by direct reaction with cellular molecules to gexterreactive oxygen species (Ercal et al.,
2001). This can destabilise the lysosomal membecansing the contents to leak out into the
cytosol thereby reducing the cells capacity to reenmaste which will ultimately lead to cell
death (Viarengo et al., 1987). Similarftodeltoidalis exposed to cadmium and lead (Taylor
and Maher, 2013; 2014), the selenium expdsefditoidalis had significantly higher

lysosomal destabilisation than the control orgasigRigure 4B). The 5 pg/g selenium
exposedr. deltoidalis were in the ‘concern range’ with 30% destabilisesthsomes, while the
20 ng/g selenium exposed organisms would be class&dressed’ with 68% lysosomal
destabilisation based on the Ringwood et al. (2@€68ria. The biologically active selenium
burden of the 20 pg/g selenium exposed organisrss-Web times that of the 5 pg/g

selenium exposed organisms and this may accouthédaignificantly higher lysosomal
membrane damage. The lysosomal fraction of thengeh exposed organisms did not have a
marked selenium burden increase, the majority tiweselenium was associated with the
mitochondrial and heat sensitive protein fractipreble 2). Selenium binding to molecules
present in the heat sensitive proteins of the oytosy contribute to the total thiol and

protein bound thiol depletions, which may be p&m significant mechanism in regulating
metabolic activity as well as the integrity of ttedl membranes in response to oxidative stress
(Hoffman, 2002).

4.5 Genotoxic Biomarker — Micronuclei Frequency
The micronuclei test is a sensitive test to degectomic damage due to both clastogenic

effects and alterations to the mitotic spindle (Mige et al., 1987). It has been used in
bivalves to examine the genotoxicity of a ranget@micals (Scarpato et al., 1990; Williams
and Metcalfe, 1992; Burgeot et al., 1996; Bologmeesil., 2004). The occurrence of
micronuclei increased significantly with seleniurpesure (Figure 4C). Induction of
micronuclei in response to selenium bioaccumulatias not previously been investigated in

bivalves, however, these results fit the pattetmébfor metal induced genotoxic damage as
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increased frequency of micronuclei shownNbytilus galloprovincialis (Dailianis et al.,
2003; Bolognesi et al., 2004; Kalpaxis et al., 20Bdrbi et al., 2008) and fdr. deltoidalis
exposed to cadmium and lead (Taylor and Maher, ;280B4). Increased micronuclei
frequency in response to selenium exposure hasdiesamved in fish erythrocyte cells (al
Sabti, 1994) and mice bone marrow (Itoh and Shima@86). The frequency of micronuclei
in the selenium exposdd deltoidalis corresponded with a decrease in antioxidant cgpaci
and an increase in lipid peroxidation (Supplemgniable 4) indicating that an increase in
ROS contributed to an increase in genotoxic dameitfeer through interaction of reactive
oxygen intermediates and lipid peroxidation prodweith DNA or direct interaction of
selenium with cellular macromolecules forming addpalkaline labile sites and strand
breaks (Regoli et al., 2004).

5 Summary and Conclusions
This study has demonstrated a significant exposuiese — response relationship for

selenium inT. deltoidalis. Exposure to selenium contaminated sedimentsteelsim selenium
bioaccumulation but not in proportion to the seditreelenium concentrations. Up to 60% of
the accumulated selenium was in the nuclei-celldédaris fraction probably comprised of a
combination of protein bound selenium associatet plasma and selenium bound directly
to cell walls and therefore effectively removednfractive sites within the cell. The
percentage of selenium increased in the biologiatoxified fraction of selenium exposed
organisms and was associated with both granulesnatallothionein like proteins, which has
not previously reported for marine bivalves. Selenassociated with low molecular weight
proteins is likely to act as storage and transgod intermediaries in the synthesis of
selenoproteins and therefore may represent a pai@toxified selenium. The strong
association of selenium with sulphur is a likelyam&nism for the incorporation of selenium
into granules as has been demonstrated for cadmBiohogically active selenium burdens
increased with selenium exposure and this led fmirment of the antioxidant system which
may have initiated the observed increase in ligicbgpidation, lysosomal destabilisation and

micronuclei frequency.
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Figure & Table Legends

Figure 1. Tissue selenium concentrations (ug/g dry mas$) aditoidalis exposed to
selenium spiked sediments of 0 (control), Se 52dy/g dry mass. Mean + Skz 12.
Day 0 are unexposed organisms 6. Different letters indicate significant diféerces
between means within treatments among collectign(Banferroni testp < 0.05).

Figure 2: Distribution (%) of selenium in each of the suhdar fractions ofT. deltoidalis
following 28 days exposure to selenium spiked sedisi Subcellular fractions are: Nuclei-
cellular debris; granules; heat stable, metallatéio like proteins (MTLP); mitochondria
(Mit); lysosomes- microsomes (Lys & Mic); heat séime proteins (HSP). Stippled fractions
(EE=E] ) make up the biologically active seleni(BA), dashed fractiongz ) make up the
biologically detoxified selenium (BDj = 2.

Figure 3: Antioxidant enzyme biomarkers ©f deltoidalis after 28 days exposure to
selenium spiked sediments of 0 (control), Se 5&®m@0ug/g dry mass. Mean * & 12.
3A: TAOC (Total Antioxidant CapacityBB: GPx (glutathione peroxidise); GSH+2GSSG
(total glutathione); GSH/GSSG (ratio of reducedxalised glutathione). Different letters
indicate significant differences between means {8wani test;p < 0.05).

Figure 4: Changes in oxidative damage biomarkéss: MDA (lipid peroxidation);4B:
cellular (lysosomal destabilisation); a#@: genotoxic (micronuclei) of. deltoidalis after
28 days exposure to selenium spiked sedimentgrir@d), Se 5 and Se 20ug/g dry mass.
Mean + SEn = 12. Different letters indicate significant difences between means
(Bonferroni testp < 0.05).

Table 1 Total selenium concentrations (ug/g wet massyhole tissue and subcellular
fractions with the percentage of total seleniunoveced in all fractions of. deltoidalis after
28 days exposure to selenium spiked sedimenteniteh subcellular concentrations (1 g/g
wet mass) and percentage distribution of totalversd selenium fractions are grouped as
nuclei-cellular debris and biologically active andlogically detoxified selenium. Mean *
SE,n=2.

Table 2 Mean percentage of selenium in the debris, biolily detoxified selenium (BD)
and biologically active selenium (BA) with the pentage of selenium each of the fractions
contributes to BD or BA of. deltoidalis subcellular fractions after 28 days exposure to
selenium spiked sediments. Mean + 8E, 2.
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1019 Table &

Sediment Treatments (ug/g)
control Seb5 Se 20
Total Tissue Selenium (ug/g) 0.42+ 0.07 1.9 0.5 3.4+ 0.7
Total Recovered Selenium (pg/g) 0.34+ 0.01 1.4+ 0.5 2.5+0.2
Proportion of total recovered in fractions (%) 82+ 12 75+ 4 74+ 10
Selenium Subcellular Distribution
Nuclei - Cellular debris (ug/g) 0.12+ 0.004 0.78 0.21 1.5:0.2
Nuclei - Cellular debris (%) 36+ 1 56+ 5 60+ 4
Biologically Active Selenium (BA) (ug/g) 0.18+ 0.001 0.320.1 0.51+ 0.05
Biologically Active Selenium (%) 53+ 0.8 23+ 1 20+ 4
Biologically Detoxified Selenium (BD) (ug/g) | 0.04 + 0.0003 0.29+0.14 0.51+0.08
Biologically Detoxified Selenium (%) 11+ 0.5 21+ 4 20+ 2
1020 Meanx£SDn=2
1021
1022 Table 2
Sediment Treatments (ug/g)
control Seb5 Se 20
Nuclei - Cellular debris % of total 36+1 56+ 5 60+ 4
Biologically Detoxified Selenium % of total 11+ 05 21+ 4 20+ 2
Selenium Rich Granules % of BD 97+ 0.5 66+ 5 TH6
Heat Stable MT Like Proteins % of BD 3+0.5 34+ 4 23+ 3
Biologically Active Selenium % of total 53+ 0.8 23+ 1 20+ 4
Mitochondria % of BA 34+ 4 53+ 1 48+ 2
Lysosomes - Microsomes % of BA 22+ 0.1 14+ 2 12+ 0.4
Heat Sensitive Proteins % of BA 44+ 4 34+ 1 40+ 3
1023
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