
 

 

 

 

 

This is the author(s) version of a paper that was accepted for publication: 

 

Taylor, A., & Maher, W. (2012). Exposure-dose-response of Anadara trapezia to metal 

contaminated estuarine sediments. 2. Lead spiked sediments. Aquatic Toxicology, 116-117, 

79-89. https://doi.org/10.1016/J.AQUATOX.2012.02.017 

 

 

This file was downloaded from:  

https://researchprofiles.canberra.edu.au/en/publications/exposure-dose-response-of-

anadara-trapezia-to-metal-contaminated--2 

 

©2012 Elsevier 
 
 
Notice:  

This is the author’s version of a work that was accepted for publication in Aquatic 

Toxicology. Changes resulting from the publishing process, such as peer review, editing, 

corrections, structural formatting, and other quality control mechanisms may not be 

reflected in this document. Changes may have been made to this work since it was 

submitted for publication. A definitive version was subsequently published in, Aquatic 

Toxicology, 116-117, pp. 79-89, https://doi.org/10.1016/J.AQUATOX.2012.02.017  

 

  

 

 

 

https://researchprofiles.canberra.edu.au/en/publications/exposure-dose-response-of-anadara-trapezia-to-metal-contaminated--2
https://researchprofiles.canberra.edu.au/en/publications/exposure-dose-response-of-anadara-trapezia-to-metal-contaminated--2
https://doi.org/10.1016/J.AQUATOX.2012.02.017


·Manuscript
Click here to view linked References

Exposure-dose-response of Anadara trapezia to metal contaminated estuarine sed iments

2. Lead spiked sediments

Anne M. Taylor' , and William A. Maher

'corresponding author: Email: anne.taylor((i)canberra.edu.au , Phone: +61 2 62063805

Fax: +61 2 62012328

Ecochemistry Laboratory, Institute for Appl ied Ecology, Faculty of Applied Science, University

of Canberra, ACT 260 1 Australia

Pages: 25

Tables: 2

Figures: 6

Supplementary Tables 3 and Figures 2

15/2/12



Abs tract

The com position of near shore manne environments IS increasingly being altered by

contaminants from human activ ities . The ability of lead, which has no known biological

function , to mimic biologically essential metals makes it one of the most toxic to marine biota.

The relationship between lead exposure, dose and response was invest igated in Anadara trapezia

exposed for 56 days to lead spiked sediment (100 ug/g and 300 ug/g dry mass). Lead tissu e

concentrations of the 300 ug/g exposed A. trapezia doubled in the last 2 weeks of the exposure

with fina l lead tissue concentrati ons of exposed organisms of (I ug/g and 12 ug/g respectively) .

Tissue lead accum ulation of exposed organisms followed the pattern haemolymph > gill >

hepatopancreas during much of the 56 day exposure. Betwe en 30 to 69 % of accu mulated lead in

the gill and hepatopancreas was detoxified and fairly evenly distributed between the meta l rich

granule and the meta lloth ionein like protein fractions . App roximately half of the biologically

active lead in both tissues was in the mitocho ndrial fraction which showed increased cytochrome

c oxidase act ivity in lead exposed organisms. There was a reduct ion in GPx activity, an

associated increase in total glutathione concentrations and reduced GSH:GSSG ratios due to a

build up of oxidised glutathion e. These changes in the glutathione pathway were reflec ted in the

total antioxidant capacity of lead exposed A. trapezia which were significantly reduced

compared to control organisms. Increased lead expos ure significantly increased lipid

peroxidation, lysosomal destabil isation and frequency of micronucle i. A significant exposure 

dose - response relationship for A.trapezia expose d to lead enriched sediments indicates that

elevated sediment lead conce ntrations have the potential to lead to increased biologica lly active

lead burdens and impairment of the antioxidant reduction capacity leading to a series of

associated effects from lipid peroxidation to cellu lar perturbat ion and genotoxic damage.

Keywords: Lead, Biomarkers, Biologically active meta l, Biologically detoxified metal,

Oxidative stress, Lysoso mal stability, Lipid peroxidation, Micronuclei
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1. Introduction

Coas ta l bays and estua ries in Austral ia are under increas ing pressure to assimilate toxicants, with

90 % of the popul at ion inhabit ing coastal area s and most industry situated in close proximity

(ABS, 1996). Common met als released in significant quant ities include lead, zinc, cadmium,

copper and selenium from metal refining and power generation activities (Peters et al., 1999;

Roach, 200 5). Lead is accumu lated by a range of marine organisms and whil e it has no known

biological function, its ability to mimic biologically important metals such as calc ium, iron and

zinc makes it one of the most toxic metal s in the marine envi ronment (Company et aI. , 2011) . Its

accumulation can adversely affect cellular function as lead has a high affinity for sulphydryl

groups and affec ts enzyme activity (Dafre et al., 2004). Lead is in many res pects sim ilar to

ca lcium and because of competit ion affects mit ochondri al respirat ion, neurological func tions,

prote in synthesis and red cell formation (Landi s et aI. , 20 11 ). Lead is thought to interact with a

variety of cellular lipids thus a ltering the lipid composit ion of cellular membranes. This result s

in perturbations in membrane integ rity, permeability and funct ion, thereby increasing

susceptibi lity to lipid perox idation (Ercal et al., 200 1; Viarengo et al., 1989). Lead intake also

resul ts in the production of reactive oxygen species that res ult in depletion of cell anti oxidant

defen se systems, destabilization of cell membranes and DNA damage (El-Ashmawy et al., 2006;

Farmand et aI. , 2005; Shalan et al., 2005 ; Weber et al., 1991). Physiologi cal effects of meta ls

strongly depend on their intrace llular locali sation and bind ing within organelles (Soko lova et al.,

2005). Lead accumul ation in mitoch ondria and other organelles may there fore result in serious

disturbances of tissue energy balance and eventually cell death (Morris et al., 2005), energetic

changes (Einsporn and Koehler, 2008) and genotox ic damage (Monteiro et al., 2011), and

ult imately impairment of growth, reproduction and survival (We is et al., 200 I).

Lead concentratio ns In sediments of up to 300 f1 g/g dry mass have been reported in

contaminated Australian estuaries (Roach , 2005). The Au stralian interim sediment quality

guide lines for Fresh and Marine Water Quality (ANZECC and ARMCANZ, 2000) low and high

effe cts for lead, are 50 and 220 f1g/g dry mass. To establish relat ionsh ips between sediment lead

exposure, organism dose and biological response for benth ic dwelling molluscs, a common

benth ic marine bivalve mo llusc, Anadara lrapezia was exposed for 56 days to d ifferent
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conce ntrat ions of lead spiked estuarine sediments in laboratory aquaria and compared to

unexposed organisms. Anadara trapezia is a common sed iment dwell ing estuarine bivalve

which satisfies most of the bas ic requ irements to be an effective biomonitor (Phillips and

Rainbow, 1994). It has a cream to white heavy equ ivalve shell with broad flat radia l ribs whic h

in mat ure organisms ranges in length from 300 - 800 mm. Unlike other marine bivalves the

haemolymph of A. trapezia contains haemoglobin as a respiratory pigment (Sullivan, 196 1). A.

trapezia is a filter feeder which has no siphon to extend beyond its shell, therefore, it neve r

buries enti rely below the sediment surface as it must keep its posterior end expo sed to enable

feeding . (Bees ley et al., 1998). The concentrations of lead chosen for the sed iment sp iking were

an intermediate value between the low and high sediment quality guideline concentration (100

ug/g dry mass) and the highest sediment lead concentrations prev iously measured in

contaminated Australian estuarine sediments (300 flg /g dry mass). Organism internal expo sure

was measured by tota l lead burden while internal tissue dose was examined by subcellular

fractionation of whole tissues to determine what fract ion of the total accumulated lead was in a

metabolically available form. Oxidative stress was determined by measuring tota l antioxidant

scavenging capaci ty of cells, cellular concentrations of oxidised and reduced glutathione,

glutathione peroxidase activity and the extent of lipid peroxidat ion . Cellular damage was

determined by meas uring lysosomal membrane stability and a micronucleus assay used to asse ss

genot oxic damage.

4



2. M a terials and Methods

2.1. Sediment and Anadara trapezia collection

Estuar ine ediments wer e coll ected from a NS W Department of Environme ntal and Climate

Change reference site in Durras Lake NSW. A. trapezia used in the laboratory exposure

experiments were co llected from Burrill Lake on the south coast ofNSW. They were placed in

coolers with sed iment and water from the collecti on s ites for transportation . Organisms were

maintained for a maximum of two weeks, in clea n sediments, to allow accl imation befo re

experimentation. Overlying water used in aquaria was collected from coastal waters near

Murramurrang Nat ional Park, NSW and adj usted from 35 %0 to 30 %0 with filtered deionised

water adj usted to pH 7.8 to match the salinity of the estuarine water from which organisms were

collected.

2.2. Sediment spiking

Sediments were sieved through a 2 mm stainless stee l sieve to remove large pieces of organic

matter and organisms prior to the addi tion of lead. Sub samples of the collected sediments were

measured fo r moisture content and gra in size. To create a sediment matrix suitable for organism

burrowing and feed ing, fine sediment was mixed with clean beach sand so that the 63 urn

fraction was not greater than 20 % mass/mass. Wet sedimen t was added to glas s mixin g

containers and , PbCI2, (AR grade Sigma-Aldrich, USA), add ed to a concentrati on of 0, 100 and

300 mglkg dry mass of sediment. To ensure added lead was rapidl y adsorbed and strongly bound

to the sediment parti cles a method developed by (Simpson et al., 2004) was followed. Briefly,

all conta iner s were topped up with clea n deoxygenated sea water and the fina l mixture was

completely deoxygenated by bubbling with nitrogen for 2 hours. Head spaces of containers were

filled with nitrogen prior to sealing. Any pH adj ustments were made immediately after the

addition of the PbCb using 1M NaO H, (AR grade BDH ), prepared in seawa ter. pH was checked

weekly and maintained at 7.5 - 8.2 pH. Sed ime nts were mixed on a Cell-production Roller

App aratus (Belco, USA) for several hours eac h day. Sediments were main tained at roo m

temperature 22 - 25°C. The time required for equ ilibrati on of add ed metals wi ll be affecte d by

the sed iment properties, equ ilibration pH and the concentration and prop erties of the metal

(Simpson et al., 2004). To determine when the added PbCb was completely bound to sediment
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particles , pore waters were collected, acidified to I % (v/v) with nitric acid (AristaR, BDH,

Austral ia) and lead measured using an ELAN~ 6000 ICP-MS (PerkinElmer SCIEX , USA). Once

pore water lead concentrations had fallen below instrument detection limits (0.001 ug/L) the

sediment was ready for use. Time to full adsorpt ion was 4 to 6 weeks. Sediment lead

concentrations were measured prior to and at the end of the 56 exposure period , concent rations

were < 0.00 1,100.0 ± 5.1 and 300 .0 ± 10.3 ug/L on each occasion.

2.3. Microcosm experiments

Procedures for conducting the exposures were adapted from methods recommended for

conduc ting sediment bioaccu mulation tests (Ingerso ll et al., 2000). Sediment (1000 g wet wt.)

was placed in each of 3 replicate 12 L polystyrene aquariums per treatment and allowed to sett le

for 24 hours. The containers were filled with seawater adjusted to a salinity of 30 %0.

Containers were placed in a random order in a water bath set at 22°C with a day / night light

cycle of 14 / 10 hours to reflect spring / summer conditions . Aeration was introduced and the

treatments were left for 24 hours to allow them settle and the temperature to equi librate. Twe lve

A. trapezia were added to each treatment aquar ium. Organisms were fed daily with a

commerc ial powdered comp lete food suitable for marine bivalves (Sera Micron, Germany),

made up in seawate r. Half water changes were done twice weekly. Aquaria were continually

aerated using an air pump with valves on each line to regu late air flow such that oxygen

saturation levels ('" 100 %) , were maintained in individua l aquaria but sediments were not

agitated. Due to the natural buffering capacity of sea water and associated sediments pH

remained relatively constant at pH 7.8-8.0 in all aquaria througho ut the 56 days of exposu re. This

is similar to resu lts of other studies of this type (King et al., 2006; Strom et al., 201 1). Lead

tissue accumulation was measured in haemolymph, gill and hepatopancreas of 2 organisms from

each treatment replicate at 14 day intervals to investigate the pattern of lead accumulation over

time. Lead subcellular distribution and biomarker assays were measured after 56 days to

determine end point effects.
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2.4. Lead Meas urements

2.4.1. Total lead

Lyophilised ground gill/mantle, hepatopancreas and haemolymph tissue was microwave digested

in I ml of nitric acid (AristaR BDH, Australia) in a 630 W microwave oven (CEM MDS-2000 ,

USA) for 2 min at 630 W, 2 min 0 W, and 45 min at 3 J5 W (Baldwin et al., 1994). Lead

concentrat ions were measured using the ELAN~ 6000 ICP-MS (Maher et al., 2001). NRCC

Certified Reference Material s, BCSS-I marine sediment and NIST I566a oyster tissue and acid

blanks were routinely digested and diluted in the same way as the samples and analysed along

with them. The measured lead values were: 21 ± 4 and 0.36 ± 0.02 ug/g respectively were in

good agreement with cert ified values (22.7 ± 3.4 and 0.37 ± 0.014 ug/g respectively). Whole

organism tissue metal concentra tion s were calcu lated from individual tissue meta l concentrations

and the tota l tissue mass.

2.4.2. Subcellular Lead

The subcellular tissue lead distr ibution was exami ned in gill/mantle and hepatopancreas tissues

of day 56 exposed A. trapezia using a procedure adapted from Soklova et al., (2005) and

Wallace et al., (2003). The dissected tissues were placed in polypropylene vials, snap frozen in

liquid nitrogen and stored at -80°C until proces sed. The tissue was homogenised in Ca 2+ / Mg2
+

free saline buffer on ice using an IKA~ Labortechnick Ultra-turrax-T25 homogeniser equipped

with an S25-UT dispersing tool at 9,500 rpm (Janke & Kunkel , Germany) . Homogenised tissue

was subjected to differential centrifugation and tissue digestion procedures accord ing to the

protocol outlined in Taylor and Maher (2010) using a 5804R centri fuge (Eppendorf, Germany)

and a Himac CP90WX preparative ultracentrifuge (Hitachi, Japan) (Figure 1). Two organelle

pellets, mitochondria (P3) and Iysosomes and microsomes (P4) and one enzyme pellet, heat

sensitive proteins (P5) , were grouped as biologically active metal (BAM) fractions while the

granule pellet , (P2) and final supernatant, containing heat stable metallothionein like proteins

(S5) were grouped as biologicall y detoxified metal (BDM) fractions (Figure I). The supernatant,

(S2) contained the nuclei and cellular debris (Wallace et 01., 2003 ). In order to determine

mitochondrial and lysosomal content of the fractions obtained from the differential

centr ifugation the activity of enzymes specific for these organelles, cytochrome c oxidase and
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acid phos phatase respectively, were measured in each of the following fractions, PI, P3 and P4

using commercial colourimetric assays (CYTOC-OX I Sigma-A ldric h, USA and CS0740 Sigma

Aldrich, USA respectively). This sho wed that the P3 fracti on was enri ched with mitochondria,

and the P4 with lysosome s (Supp Figure 2). Fractions were acidified to 10 % v/v with nitric acid

(AristaR BDH) and placed in a wate r bath at 80°C for 4 hours. N IST CRM 1566a oyster tissue,

buffer and acid blanks were digested and diluted in the same way as the samples and analysed

along with them. Lead analysis was as previously described.

2.5. Enzymatic and Oxidative Damage Biomarkers

All enzymatic biomarkers were mea sured in gill tissue , an act ive site for metal accumu lation

(Ringwood et a/., 2003).

2.5.1. Total Antioxidant Capacity & Lipid Peroxidation

Dissected tissu e was hom ogenised in a 5 mM potassium pho sphate buffer containing 0.9 % w/v

sod ium chloride and 0.1 % w/v gluc ose, pH 7.4 (l :5 w/v) . Tissue was homogenised on ice using

a motor ised microcentrifuge pellet pestle, sonicated for 15 seconds at 40 V and centrifuged , in a

5804R centr ifuge (Eppendorf, Germany), at 10,000 x g for 15 minutes at 4°C. The supernatant

was stored at 80°C unt il analysis of total antioxidant capacity (TAOC) , lipid peroxidation

(TBARS) and protein analysis. TAOC was measured using an assay based on the abi lity of the

tissue lysate antiox idant system to inhibit the oxidation of ABTS® (2,2'-Azino-di-[3

ethylbenzthiazo line sulphonate]) to AB TS ®.+ by metmyoglobin in the presence of hydrogen

peroxide. This was compared with the antioxidant capacity of a standard, Trolox (Cayman

Chemicals, USA). The Thiobarbituric Acid Reactive Sub stances (TB AR S) assay was used to

measure lipid peroxidation by mea suring the malondialdehyde (MDA) concentration in each

tissue lysate . The end product of lipid peroxidation, MDA, form s a 1:2 addu ct with TBARS and

produces a colour reaction that can be read spectrophotometrically at 532 nm and compared to an

MDA standard curve (ZeptoMetrix Corporat ion, USA) .

2.5.2. Reduced:Oxidised Glutathione Ratio & Glutathione Peroxidase

Dissected tissue was homogenised in a 50 mM Tris-HCI buffer containing 5 mM EDTA and

I mM OTT, pH 7.5 (1:5 w/v) on ice and supernatants produced using the technique out lined

above. A thiol scavenging agent l-methyl-2-vinyl-pyridium tr ifluo romethane sulfonate (M2VP)
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was added to GSSG tissue homogenates to remove GSH, prior to the addition of buffer and

production of the final supernatant. Supernatants were stored at 80aC until analysis of reduced

glutathione (GSH), glutathione peroxi dise (GPx) and protein (Calb iochem, 2004). The ratio of

reduced to oxidised glutathione (GSH:GSSG) was measured using an enzymatic method

developed by (Tietze, 1969). The method uses Ellman's reagent (5,5 ' -dithiobis-(2 nitrobenzoic

acid) (OTN B» which reacts with GSH to form a colour which is detected at 412 nm, read over 3

minutes at intervals of 15 seconds ( Calbiochem", Merck, Germany). Glutathione peroxidise

activity (GPx) was measured using a coupled reaction with glutathione reductase (GR) (Cayman

Chemicals, USA). The oxidation of NAOPH to NAOP + is accompanied by a decrease in

absorbance at 340 nm, read for 5 minutes at intervals of 30 seconds. Under conditions where

GPx activity is rate limiting, the rate of decrease in the A340 is directly proportional to the GPx

activ ity in the sample. Samples were compared with a bovine erythrocyte GPx positive control.

2.5.3. Protein

All tissue lysates used for enzymatic assays were analysed for protein concentration and enzyme

concentration I activi ty is expressed as mg" of protein . The FluoroProfile'" (Sigma #FPOO 10,

Sigma-Aldrich, USA) protein assay used is a fluorescent assay based on Epiccoconone, a

biodegradable natural product. The fluorescence intensity was read at 485 nm excitat ion and 620

nm emission, on a Luminoskan Ascent Fluorescence Plate Reader (Thermo Electrical Corp.,

USA). Bovine serum (BSA) calibration curve standards used were made up in sample buffer.

2.6. Cellular and Genotoxic Biomarkers

The cellular biomarker lysosomal stability was measured in the hepato pancreas, one of the most

important sites of contaminant deposition and effects , which has large cells with numerous

lysosomes which act as an important detoxification pathway in these organisms (Ringwoo d et

aI., 2003). The genotoxic biomarker micronuclei frequency was measured in gill tissues of A.

trapezi which are another important site for meta l uptake and accumulation.

2.6.1. Lysosomal Stability

Lysosomal stability was assessed using a method developed by (Ringwood et al., 2003) for

oysters . The assay uses neutral red (NR) dye retention to assess the integrity of the lysosomal

membrane. Cells incubated in neutral red accumulate the lipophili c dye in the Iysosomes.
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Healthy cells retain the dye in the lysosomes whereas in cells with damaged lysosomal

membranes it leaks out into the cytoplasm. Minced tissue was shaken in CMFS buffer pH 7.35

salinity 30 %0 on a reciprocating shaker at 100 rpm for 20 minutes. Trypsin (T4799 Sigma ,

USA), 325 fil at 1 mg/ml in CM FS buffer , was added and samples shaken for a further 20

minutes. Cells were then collected by centrifuging samples through a 20 urn screen 250 - 500 g

at 15°C for 5 - 15 minutes . Cells were incubated in neutral red (Sigma, USA), 0.04 mg/ml in

CMFS for I hour and one hundred cells per slide were counted using a light microscope with

40x lens and scored as stable or unstable. Two slides per sample were counted.

2.6.2. Micronuclei Frequency

The micronuclei assay used was based on a technique developed on the mussel Mytilus

galloprovincialis (Gorbi et al., 2008). The assay uses DAPI (4 ',6 -diamidine-2' -phenylindo le

dihydrochloride), a fluorescent dye specific for nucleic material, to stain the nuclei. Micronuclei

are defined as small round structures less than one third the diameter and in the same optical plan

as the main nucleus, with a boundary distinct from the nuclear boundary. Tissue preparation for

the collection of cells was the same as that used for the neutral red retention assay . A drop of the

cell suspension was placed on a slide and air dried . A drop of the DAPI (# 32670 Sigma, USA)

working solution was added to each slide and a cover-slip added. Slides were incubated in the

dark for 5 minutes and observed under an inverted epifluorescent microscope (Nikon, Eclipse TE

300, Japan) with the appropriate filter for DAPI , excitation wavelength 350 nm magnification

40x. Two slides per sample were counted with 1000 cells per slide scored as micronuclei present

or absent.

2.7. Statistical analyses

A mixed linear model analysis of variance with repeated measures (ANOYA) (SPSS v 14.0) was

used to analyse the effects of time and treatment on whole organism tissue lead accumulation,

and treatment on TAOC, GSH +2GSSG, GSH :GSSG ratio, GPx, TSARS, lysosomal stability and

micronuclei frequency . (Supp Tables 1 - 3). Regressions of sediment lead and mean tissue lead

concentrations and means of effects variables TAOC , TSARS, lysosomal stability and

micronuclei frequency were calculated using EXCELTM v 2003 .
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3. Results

3.1. Lead accumulation

Lead accum ulation by A. trapezia was dependent on sed iment lead concentrat ion (p :s 0.001 ;

Supplementary Table I) . Tissue lead concentrat ions were in the order 300 ug/g ;.- 100 ug/g ;-.

control for each analysis time (Figure 2). The tissue lead concentration of the control organisms

remained the same over the course of the exposu re (Figure 2). The lead exposed organisms

reached the highest tissue concentrations at day 56, with a rapid increase from day 42 to day 56

in the 300 ug/g exposure suggesting increased lead bioavailability (Figure 2) . Final tissue

concentrations were considerably lower than that of the exposure concentrations, the 100 ug/g

and the 300 ug/g lead exposed organisms had O.O land 0.04 respectively, that of the sediment

lead. Regression between lead conc entrations in sediments and org anisms afte r 56 days shows a

significant positive (r = 0.89) , but not proportional, relationship (Figure 2). T issue lead

accumulation of exposed organisms generally followed the pattern haem olymph 2: gi ll/mantle >

hepatopancreas during the 56 day exposure. At day 56 lead accumu lation in the 300 ug/g

exposed organisms was significantly different between tissue s (p :s 0.00 I; Supplementary Table

2b) with tissue lead concentrations at day 56 being in the order gi ll/mantle > hepatopancreas >

haemolymph (Figure 3). This was not the case for the 100 ug/g exposed organisms where at day

56 lead was significantly lower in the hepatopancreas than the other tissues (p :s 0.001 ; 0.0 I ;

Supp lementary Table 2b) wh ich were not significantly different from each other (Figure 3) .

3.1.1. Subcellular Tissue Lead

In lead exposed A. trapezia , between 44 and 64 % of the tota l gill /mantle and 74 and 90 % of the

tota l hepatopancreas lead was recovered in the fracti ons (Table 1). Of the lead recovered,

between 66 and 69 % in the gill/mantle and 49 and 56 % in the hepatopancreas, was in the

biologically detoxified metal (BOM) fraction (Table I; Figure 4). The BOM in both tissues was

distributed fairly evenly between the metallothione in like proteins (MTLP) and meta l rich

granule (M RG) fractions for all treatments (Figure 4) . Both the percentage of lead and total lead

burden in the MRG fract ion increased with lead exposure with an asso ciated decrease in the

MTLP fractio n (Ta ble 2) . The highest percentage of lead in the biologically act ive metal (BAM)

fraction s was in the mitochond ria e 50 % with the remainder equ ally distributed between the
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heat sensit ive proteins (H SP) " 25% and Iysosome+microsome fracti ons " 25 % in all tissues

and treatments, with the exception of the 300 ug/g exposed hepatopancreas tissue where the

Iysosome+microsome frac tion had " 50 % with the rema inde r fa irly evenly distributed between

the mitochondria and HSP (Figure 4; Table 2) .

3.2. Biomarkers

Cell TAO C was significantly reduced (p :.; 0.00 I; Supp lementary Table 3a) in both the lead

treatments, relative to the control organ isms (Figure 5). OPx activity was reduced in lead

exposed organisms relative to the controls (Figure 5) and in the 100 ug/g lead treatment this was

signifi cant (p :0; 0.01 ; Supplementary Tab le 3b) . Mean tota l glutathione (OSH + 20SS0)

concentrations of lead exposed A. trapezia were higher than but not significantly different to

controls (Figure 5). The mean ratio of reduced to oxidised glutath ione in the 100 and 300 ug/g

lead exposed organisms were both 0.5 of and significantly lowe r (p :0; 0.0 I ; Supp lementary Table

3b) than those of controls (Figure 5). Mean TBARS increased with exposure to increased

sediment lead concentrations (Fig ure 6) and both were significantly different (p :0; 0.05;

Supplementary Table 3b) to contro l organisms. Lyso somal stability significantly decreased and

micronuclei frequency signi fica ntly increased wit h exposure to increased lead concentrations

(Figure 6, Supplementary Tables 3a & 3b). Regression analysis showed that the reduced TAOC

within cells had a negative relationship with the effects measures of TBARS (r = 0.99) ,

lysosomal stability (r = 0.91) and micronuclei frequency (r = 0.92) for lead exposure (Figures 5

& 6). There was a positive relationship between TBARS and lysosomal stability (r = 0.84) and

micronuclei frequency (r = 0.97) (Figure 6).

4. Discussion

4.1. Lead Accumulation and Subcellu lar Distribution

4.1.1. Whole Organism and individual tissues

The most striking feature of the lead accumulation pattern was the doubling of lead tissue

concentratio n between the 42nd and 56th day in organisms from the 30 0 flg/g lead treatment

(Figure 2). The lack of significant lead accum ulation prior to the 42nd day and lower than

ambient lead tissue concentrations ga ined (Figure 2) are indicat ive of low lead bioavailability .
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The change in accumulation pattern observed could relate to a chan ge in exposure route from

food and sediment to dissolved lead as the oxidation of the sed iments over time released the

sed iment bound lead into pore wate r. Whate ver the cause there are important implications for

exposure time when conducting expe riments of this kind. A longer exposure time may have

resu lted in the organisms reaching equil ibrium with the ir expos ure concentration, whereas a

shorter exposure may have resulted in an erroneous conclusion about lead uptake . Previous

studies using bivalves have found that equi librium lead concentrations are reached between 28

and 60 days. Mytilus galloprovincia lis. for example, transplanted into a lead contaminated area

reached a steady state of tissue lead after 4 week s exposure (Regoli and Orlando, 1993). Burt et

01 (2007) found that after 60 days exposure, A. trapezia reached the max imum tissue lead

concentration and a steady state with the expo sure env ironment. Their study measured

conce ntrations of around 2 and I0 ug/g, respectively, in A. trapez ia after 90 days of exposure in

Lake Macquarie NSW, to lead sediment conce ntrat ions of 120 and 225 ug/g, which are similar to

the tissue concentrations measured in the present study.

In mammals, blood is the init ial site of lead absorption and distribution to other tissues. The

half-life of lead in blood is estimated to be 28 - 36 days with 95 - 99 % found in haemo globin

(lin et 01. , 2008) . A. trapezia haemolymph, unlike other bivalves, contain s haemoglobin as a

respiratory pigment (Sullivan, 1961). The higher concentrations of lead in the haemolymph

relat ive to the other two tissues for much of the exposure time may be related to the affinity for

lead to bind to haemoglobin. Previous bivalve studies have found that gills accumu lated higher

(Blasco and Puppo, 1999; Domo uhtsidou et 01., 2004 ; l ing et 01., 2007) or equal (Riba et 01.,

2004) concentrations of lead to the hepatopancreas . l ing et 01 (2007) found the mantle of the

pearl oyster Pinetada Jucata was secondary to the gill but higher than the hepatopancreas in lead

accumulat ion and they suggest the mantle may play an important role in lead detox ification and

storage in this oyster. The mant le was included with the gill tissue in the present study so wou ld

have contributed to the gill lead concentrations measured . In particular the rapid increase in the

gil l/mantle tissue lead concentrations compared to the other tissues in the 300 ug/g lead exposed

organisms during the last two weeks of the exp osure may be related as much to the mantle as to

the gill (Figure 3). As lead transportation is known to occur via analogous pathways to calcium

ions it is feasible that in the process of shell formation where the transpo rt of calcium ions are

regu lated via the mantle (Li, 2004) , lead may be transported and accum ulated in the mantle by
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the same pathway. Lead was found to be fairly evenly distr ibuted between the gill and

hepatopancreas tissues, in native populations of the scallop Chamys varia from a contaminated

bay, but with increased size the pattern was reversed suggesting that with time lead is transported

to the hepatopancreas for detoxification and storage thus increasing the lead burden in this tissue

relative to the gills (Bustamante and Miramand, 2005). The present experiment was conducted

with previously unexposed A. trapezia exposed to reasonably high lead concentrations over a

relatively short period, so these longer term adaptive patterns to chronic lead exposure cannot be

observed.

4.1.2. Subcellular Lead Distribution

Metallothionein induction in marine molluscs has been reported for zinc , copper, cadmium and

mercury (George et al., 2000; Hamza-Chaffai et aI., 1995; Langston et al., 1989; Roesijadi,

1992; Roesijadi, 1996), and it is generally assumed that other metals such as lead would be

bound and transported by similar MTLP, however, no specific MTLP for lead has been described

in molluscs. The percentage of lead in the BOM fractions of organisms from both lead treatments

more than doubled in the gill/mantle tissues and roughly doubled in the hepatopancreas tissues

compared to these tissues in the control organisms with a fairly even distribution of lead between

the MRG and MTLP indicating lead detoxification (Table 1). In mammals, MT biosynthesis is

induced by and is a major cytosolic binding site for lead and it is thought to play an important

role in regulating the intracellular toxicity of lead (Chu et al. , 2000) . An increased lead burden

in the heat stable MTLP fraction of lead exposed organisms in this study indicates the presence

of a lead binding protein in A. trapezia. The increased lead associated with the MRG fraction in

the hepatopancreas of the lead exposed A. trapezia (Figure 4) is in agreement with a study of

lead accumulation in the digestive gland of mussels transplanted to a lead contaminated area by

Regoli and Orlando (1994). Lead associated with MRG in mussels Mytilus edulis is thought to

be accumulated by endocytosis in a colloidal or particulate form and precipitated as a sulphur or

phosphate salt inside the digestive cells as well as in the extracellular compartments (George,

1990). The higher percentage of lead in the MRG fraction in the gill /mantle compared to the

hepatopancreas of A. trapezia in this study is in agreement with that found for copper, zinc and

cadmium in the freshwater bivalve Pyganodon grandis collected from metal contaminated lakes

by Bonneris et al (2005) . These MRG are like ly to be extracellularly bound in the gill filaments
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or associated with storage in the mantle (Jing et 01., 2007) and reflect the higher accumulation of

lead in the gi ll tissue.

Higher acid phosphatase activity (Supplementary Figure I) in the hepatopancreas indicates that

this tissue was enriched with Iysosomes compared to the gills . Lysosomal enrichment in oyster

hepatopancreas has previously been reported (Sokolova et 01., 2005). The epithelium of the

hepatopancreatic diverticula of bivalves contain digestive cells which are characterised by a well

deve loped endo-lysosmal system (Marig6mez et 01., 2002). These cells are primarily involved in

intracellular food digestion but also accumulate metals coming from the internal medium via

haemolymph or from food and sediment particles (Viarengo et 01., 1988; Viarengo and Nott ,

1993). In A. trapezia in this experiment , interna l transport of lead via haemolymph to lysosomal

rich digestive cells is likely, given the higher lead conce ntratio ns in the haemolymph relative to

the other tissues during the much of the exposure (Figure 3). A higher percentage of lead in the

Iysosoma l+mic rosome fractio n of the hepatopancreas of exposed organisms compared to the

gill/mantle was also seen (Figure 4) . Lead accumulation in Iysosomes of both gill and

hepatopancreas tissues of mussels Mytilus edulis has also been demonstrated (Einspom and

Koeh ler, 2008), after 10 days lead exposure . Lead in the micro somes of the lead exposed A.

trapezia, which made up part of this fraction, may be associated with fragmented endoplasmic

reticulum, which is generall y responsible for the synthesis and transport of proteins (Bonneri s et

al., 2005; Jaro sch et al., 2002).

The activity of cytochrome c oxidase in the gill/mantle tissue was higher than that of the

hepatopancreas tissue in all treatments and was enhan ced in the lead exposed organisms

compared to the control organisms (Supplementary Figure I). This was associated with a

considerable increase in lead concentration (Table I) in the mitochond rial fraction of both tissues

of the lead exposed organ isms. The tendency for lead associated with the BAM fractions in the

lead exposed A. trapezia to increase in line with the increase in lead concentrations of whole

tissue indicates that lead is not being complete ly detoxified and the potential for lead tox icity

exists. Local isatio n of lead in mussel gill and hepatopancreas mitochondria after 10 days

exposure, for example, resulted in a reduct ion in mitochondria l cristae (Einspom and Koehler,

2008) .
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4.2. Enzymatic Biomarkers - Oxidative Enzymes

Lead exposed A. trapezia had significant ly reduced TAOe which may be related to the increased

lead burdens in the mitochondrial fraction affecting oxygen reduction in this organelle (Figure

5). The TAOe of the lead exposed organisms was virtually the same, desp ite the gilllmantle

total and mitochondria l lead burdens being higher in organisms from the 300 ug/g lead exposu re

(Figures 3 & 4). It is possible that there is a critical lead concen tration at which TAOe is

impaired that may actua lly be lower than the lead concen trat ions measured here. Mussels ,

Mytilus galloprovincialis exposed for 4 weeks in cages in harbour waters following sediment

dredgi ng accumulated significant tissue lead over time with a subsequent decrease in the GPx

activity and peroxyl and hydroxy l radical reduction capability (TAOC) (Bocchetti et 01. , 2008).

The mussels in the Bocchetti et 01., (2008) study were also exposed to PAHs and other metals

but only lead showe d significant accumulation. The results for A. trapezia oxidative impairment

in response to lead suggest that lead may have been the most sign ificant toxicant in the

Boccehetti et 01. , (2008) study. The GPx activity ofA. trapezia was also significantly reduced in

the lead exposed organisms, compared to the contro ls (Figure 5). This was reflected in increased

GSH+2GSSG concentrations which the significantly reduced GSH:GSSG ratios of the lead

exposed organisms indicate was due to a build up of oxid ised glutathione (Figure 5;

Supplementary Tab le 3b) . Decreased GSH:GSSG ratios in response to increased tissue lead has

previously been demonstrated in earthworms Lampito mauritii after 2 and 7 days exposure to soil

spiked with 75 to 300 mgikg Pb2
+ (Maity et 01., 2008) demo nstrating lead's capaci ty to disrupt

the antioxidant system.

4.3. Oxidative Damage Biomarker - Thiobarbituric A cid Reactive Substances

A lead induced increase in TBARS associated with increased GSSG concentrations has

previously been show in rat kidneys (Pande and Flora, 2002), mice brains (Flora and Seth, 1999),

in the livers of mallard ducks (Mateo et 01. , 2003) and in the gill, digestive gland and mantle of

the marine bivalve Perna viridis (Prakas h and Rao, 1995). The TBARS concen tration of A.

trapezia was highly negatively correlated with TAOe (Figure 6) which supports an interaction

between increased ROS and lipid peroxidation . Investig ations into the toxic effects of lead on

human cell membrane components have determined that lead induces ROS generation which

reduces the ant ioxidant defence system of cells via glutathione depletion . This alters the lipid
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compos ition, changing mem brane integrity, permeability and function, thereby increasing their

susceptibility to lipid peroxidation (Ercal et al., 200 I; Gurer and Ercal, 2000 ). Ercal et al .,

(200 I) sugge sts that as lead cannot initiate lipid peroxidation of memb ranes directly it might

induce oxidative stress by interacting with oxyhaemogJobin, leading to peroxidative haemolys is

in red blood cell membranes. As A. trapezia has haemoglobin as a respiratory pigment (Sullivan ,

1961), this may have been a pathway for the production of the significantly higher TBARS

measured in the lead expo sed organisms (Figure 6).

4.4. Cellular Biomarker - Lysosomal Stability

Lysosomal destab ilisation in the A. trapezia exposed to lead was negatively correlated with

TAO C, and pos itively correlated with TBA RS concentrat ion suggesting that the destabil isation

of the lysosomal membrane was probably twofold: direct attack from ROS; and through unstable

lipid radicals, from excess oxyradical production, destabili sing the lysosomal membrane (Figure s

5 & 6). The percentage of destabi lised Iysosomes in the 100 ug/g and 300 ug/g lead exposed

organisms was 45 % and 61 %, respectively, which puts them in the high ly stressed range and

would be expected to cause significant impairme nt of physiological functions includ ing growth

and reproduct ion, potentially resulting in mortality (Ringwood et al., 2003) . Severe disturbance

in lysosom al membrane stab ility has previously been reported for mussels Mytilus

gallop rovincialis with increasing concentrations of tissue lead (Regoli and Orlando, 1993). Lead

accumulation in the Iysosomes of the digestive gland of the mussel Mytilus edulis was found to

cause specific alterations including aggregatio n of residual bodies, proliferation of

auto phagosomes and an increase in multi-larnellated aggregates which all have the potential to

contr ibute to impairment of lysosomal function (Einsporn and Koehler, 2008) .

4.5. Genotoxic Biomarker - Micronuclei Frequency

The significant increase in micronucleus frequency in the lead exposed A. trape zia compared to

control organisms (Fig ure 6) indicates lead accumulation in cells had a genotoxic effect. This

could be a direct effect of lead in the cell DNA or an indirect effect of oxygen radica ls reacting

with cell ular macromolecules. Sign ificant tissue lead accumulation in mussels Mytilus

galloprovincialis, exposed to harbour waters following sediment dredging, showed significant
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impairment of the TAOC with a subsequent increase in both lysosomal destabi lisation and

micronuclei frequency over a period of 4 weeks (Bocchetti et al. , 2008). The micronuclei

frequency of lead exposed A. trapezia was negat ively correlated with TAOC and positively

correlated with TBARS indicat ing both a direct and indirect influence of reduced antioxidant

reduction capacity. Micronuclei frequency in chronically expose d M galloprovincialis has

shown stronger correlations with tissue chem ical residues than short term caged exposures

(Bolognesi et al., 2004). M galloprovincialis transplanted into metal contaminated waters

accumula ted similar concentrations of all metal s, after 30 days exposure, to those found in native

mussels from the area, with the exception of lead which was twice that of native mussels (Nigro

et al., 2006) . Despite this, the frequency of micronuclei, which doubled in the transp lanted

mussels after 30 days, did not equal that of the native mussels which were 4 times that of pre

exposu re mussels (Nigro et al., 2006). The differences in micronuclei frequency observed

between chronically exposed and short term exposures supports the usefulness of the assay for

time-integrated response to toxic exposure. That the lead exposed A. lrapezia after 56 days

exposure had significant genotoxic alterations indicates that long term exposure to lead has the

potential to reduce population viabil ity.

5. Conclusions

Final tissue concentrat ions were considerably lower than that of the sediment lead exposure

concentrations and a lack of significant lead accumulation during the first 42 days of exposure

and the lower than ambient tissue lead concentrations at day 56 are indicativ e of low lead

bioavai labili ty. The doubling of gill/mantle tissue lead concentrations in the final two weeks of

the exposure in organisms from the highest lead treatment indicate s lead bioavailability increased

at this time. The higher concentrations of lead in the haemolymph relative to the other two

tissues for much of the exposure time may be related to the affinity of lead binding to

haemoglobin. The higher lead burden in the gill/mantle mitochondria probab ly relates to

dissolved lead exposure and rapid transport into cells via haemolymph while the higher

proportion in the lysosome s in the hepatopancreas relates to it being the main absorption site of

food associated lead which is normally enriched in Iysosomes. The perturbations in the

antioxidant system, with increasing lead exposure, were associated with increases in lipid

peroxidation, lysosomal destab ilisation and micronuclei frequency.
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A signific ant exposure - dose - response relationship for lead has been established in this study

which indicates that sediment lead at these concent rations leads to increased BAM burdens with

significant impairment of the oxidative reduction pathwa y leading to a cascade of effects at a

cellula r and subcellular level which has the potential to impair A. trapezia reproductive success.
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Table(s)

Table 1: Lead concentrations (ug wet mass) in gill/man tle and hepatopancreas tissue and the
total lead, with percentage recov ered from subcellular fractions of A. trapezia after 56 days
exposure to lead spiked sediments. Total lead in subcellular fractions (Ilg wet mass) and
percentage distribution of total recovered lead in fractions are grouped as nuclei+ce llular debris
and biologically active and detoxified metal (Figure 4).

Gill/Mantle Hepatopancreas

Pb control
Pb 100""'"

Pb 300 J,lg/g Pb control Pb 100 ~g Pb 300 J!g/g

Total Tissue Lead. ()lg) 0.04 ± 0.02 3.4 ± 0.6 11.5 ± 0.03 0.Q2 ± 0.01 0.2 ± 0.04 5.3 ± 0.2

Total Recovered Lead (,..g) 0.03 ± 0.03 1.5 ± 0.3 7.3 ± 3.1 0.02 ± 0.01 0.1 ± 0.04 4.8 ±O.I
Proportion oftoral recovered in

88 ± 16 44 ± 15 64 ±27 62 ± 41 74 ± 9 90 ± 2fractions (%)

Lead Distribution

:\ucJei + Cell ular debris (~g) 0.004 ± 0 0.3 ± 0.2 I ± 0.3 0.001 ± 0 0.02 ± 0.01 1 ± 0.1

Nuclei + Cellular debris (% ) 15 ±9 19 ± 7 17± I I 15 ± 14 15 ± 0.4 23 ± I

Blologfcally Active Metal (ug ) 0.02 ± 0.01 0.2 ± 0.1 I ± 0.2 0.01 ± 0.01 0.04 ± 0.01 I ± 0.2

Biologically Active Metal (%) 55 ± 22 15 ±7 15 ± 3 57 ± 7 36 ± 5 21 ± 0.2

Biologicall)' Detoxified Metal (J.lg) 0.01 ± 0.02 I ± 0.2 5±3 0.01 ± 0.01 0.1 ± 0.03 3 ± 0.2

Biologically Detoxified Metal (%) 30 ± 31 66 ± 0.5 69 ± 14 28 ± 21 49 ± 5 56 ± 4

Mean ± SD, 11- 2.



Table 2: Mean percentage of lead in the debris, biologically detoxi fied metal (BDM) and
biologically active metal (BAM) with the percentage of lead, each of the fractions wit hin,
contributes to BDM or BAM fraction of A. trapezia subcellular fractions afte r 56 days exposure
to lead spiked sediments, n = 2.

C HUM ant ie Hepat onancreas

Pb control Pb 100 uet Pb 300 W!. /p. Pb control Pb 100 ""'. Pb 300 " "'.

l'iuclei + Cellular debris % of total 15 19 17 15 15 23

BU!\1 % or tota l 30 66 69 28 49 56

Metal Rich Granules % of BOM 28 55 58 33 44 52
HeatStable MT Like Proteins% of
8DM 72 45 42 67 56 48

8AM % of tota l 55 15 15 57 36 21

Mitochondria % of BAM 49 52 49 47 45 28

Lysosomes+ Microsomes %of BAM 27 24 27 22 35 53

Heat Sensitive Proteins %of BAM 25 24 24 31 21 19



Figure(s)

Figure Captions

Figure 1: Procedure for subcell ular fractionation of bivalve tissues by differential centrifugation.
The shaded boxes show details of the centrifugation and digestion / heating steps used to obtain
the spec ific fraction s. The final fractions , four pellets P2, P3, P4 & P5 and two supernatants S2
& S5 are groupe d as: biologically detoxified (BDM) P2 & S5; biologically active (BAM) P3, P4
& P5 metals or S2 which conta ins metal assoc iated with dissolved tissues.

Figure 2: Lead accumulati on in whol e tissue ofA. trapezia at 2 weekly intervals over 56 days of
exposure to sediments conta ining lead at a (control), l Oa & 300 Ilg/g dry mass. Mean ± SE, n =

8, 7 and 7 respectively. Day a are unexposed organ isms n=5.

Figure 3: Lead accumulation in gill/mantle, hepatopancreas and haemolymph tissues of
A. trapez ia at 2 weekly intervals for 56 days expo sure to sediments spiked with lead at;
a (control), 100 and 300 ug/g dry mass . Mean ± SE. Day a are unexposed organisms, n=5.

Figure 4: Distribution (%) of lead in the subce llular fractions ofA. trap ezia giIllmantle and
hepatopancreas tissues following 56 days of exposure to lead spiked sediments. Subcellular
fractions are: nuclei+ cellular debri s (N & C.d); metal rich granules (MRG); heat stable
meta llothionein like proteins (MTLP); mitochondria (Mit); lysosomes+ microsomes (Lys &
Mic) ; heat sensitive prote ins (HSP) . Red fract ions (. ) make up the biologically active metal
(BAM), green fract ions ~ ) make up the biologica lly detox ified metal (BDM), n = 2.

Figure 5: Antioxidant enzyme biomarkers: total antioxidant capacity; glutathione peroxidase
(GPx) ; tota l glutathione (GSH+2GSSG) ; and ratio of reduced to oxid ised glutathione
(GSH/GS SG Ratio) of A. trap ezia gill tissue following 56 days of expo sure to lead spiked
sediments: a Pb (control) , Pb 100 ug/g; and Pb 300 ug/g dry mass. Mean ± SE, n = 8, 7 and 7
respecti vely. Different letters indicate significant differences between means (Bonferroni test ; p
< 0.05).

Figure 6: Changes in oxidative damage, cellular and genotoxic biomarkers ofA. trap ez ia gill,
hepatopancreas and gill tissues respectively following 56 days exposure to lead spiked
sediments, Pb a (control) ,Pb 100 ug/g and Pb 300 ug/g; dry mass . Mean ± SE. Different letters
indicate significant differences between means (Bonferroni test; p -: 0.05).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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' Highlights

Highlights

>We describe an exposure-dose-response approach to assessing lead exposure in Anadara

trapezia. >The haemolymph was significant in lead accumulation. > Accumulated lead was

detoxified in meta llothio nein like proteins and granules or as active meta l in mitochondr ia. ;.

Increased lead dose resulted in reduced antioxidant capacity with an associated increase in

lipid peroxidation, increased lysosomal destabi lisation and geno toxic damage. > Elevated

sed iment lead concentrations can signi ficantly impa ir A. trapezia cellular processes.>
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