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Abstract: The aim of this study was to evaluate the effedtscloemically dispersed oil on an
economically and ecologically important speciesaliting coasts and estuaries, the Pacific oyster
Crassostrea gigasStudies were carried out with juveniles, knowngenerally be more sensitive to
environmental stress than adults. A set of enzyehigities involved in immune defence mechanisms and
detoxification processes, i.e. superoxide dismutgd®D), catalase, glutathione peroxidase (GPx),
catecholase-type phenoloxidase (PO), laccase-tgpail lysozyme were analysed in different oyster
tissues, i.e. the gills, digestive gland and matiel in the plasma and the haemoycte lysate saijaein
(HLS) of the haemolymph. Results indicated thaalt®AH body burdens were 2.7 times higher in the
presence than in the absence of the chemical despierAfter 2 days of exposure to chemically dispdr
oil, alkylated naphthalenes accounted for 55% efttital PAH body burden, whereas alkylated fluogsene
and alkylated dibenzothiophenes accounted for 80%&nwthe chemical dispersant was absent.
Importantly, a higher number of enzyme activitiesrev modified when oil was chemically dispersed,
especially in the plasma and gills. Moreover, iratefently of the presence or absence of chemical
dispersant, oil exposure generally inhibited enzyaosvities in the gills and plasma, while they wer
generally activated in the mantle and haemocytdesd results suggest that the gills and plasma
constitute sensitive compartments@n gigas and that mantle and haemocytes may play an iport
role in protection against xenobiotics. Among theenzyme activities that were analysed in thesgybo
compartments, five were modulated in the chemidsphatsion (CD) treatment while only half of the
enzyme activities were modulated in the mechardcgpersion treatment. Furthermore, CD treatment
effects were often observed following exposure,disth during depuration periods. These resultsestgg
that immune and/or detoxification responses amdliko be affected when dispersants are usedabare

spills in shallow waters.

Key words: chemical dispersion, oil spill, bivalve, defencecmenisms, tissue-dependent response
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1. Introduction
The biological and economical consequences of nomseaccidental oil spills that have occurred during
the last 40 years are concrete proof of the neatbtelop reliable oil spill countermeasures. Lange
spills (> 100 tonnes) represent only 6% of thel totaoduction of oil into the environment (NCR, 2%).
Indeed, most oil spills are relatively small (~f)niThey occur close to the shore and oil slicks hit
shorelines relatively quickly. As a result of therfley Canyon incident, where large amounts of toxic
dispersants were used and caused severe long-telogibal impacts, research efforts have focused on
the mechanical clean-up and containment of floatihgHowever, these types of techniques in special
areas, such as estuaries and closed bays, caceats® additional harm to oil-impacted zones (Mardha
1998). During the same period, chemical dispersavitfred from first generation products, effectbe
highly toxic, to third generation products, withwlotoxicity and high biodegradability. Chemical
dispersants are complex mixtures, primarily comtgnsurfactants and solvents, which reduce the
interfacial tension at the oil-water interface, dhdrefore facilitate the downward mixing of oitanthe
water (Canevari, 1973; Li and Garrett, 1998). lis thay, oil can be dispersed to concentrationsvibelo
toxicity threshold limits (Lessard and DeMarco, @0®age et al., 2000), become more accessible to
hydrocarbon-degrading bacteria (Venosa and Zhu3)08nd have a lower impact on shorelines.
Moreover, third generation dispersants are consgleon-toxic and biodegradable. Unfortunatelylelitt
is known about the behavior and effects of dismkre# in the nearshore environment (ASTM
Committee, 1984). Indeed, because of the higheosxp of organisms to petroleum compounds that
may be triggered by the use of chemical dispersartsnes with low water-column depth, e.g. coastal
areas and estuaries, most countries that allowuskeeof dispersants have strict rules: minimum water
depth (normally 20 m), minimum current speed (ndlynh meter per second), and minimum distance
from the shore or from offshore islands (normallkr2) (Ramachandran et al., 2004). Recently, a Net
Environmental Benefit Analysis (NEBA) carried ouy Baca et al. (2006) on a 20-year field study,
revealed the lack of long-term environmental impa€tdispersed oil in nearshore tropical areas.
However, dispersants are a wide-ranging group efmitals with varying chemical properties and relate

toxicities. Therefore, many questions remain unamed about the possible direct or indirect effedts
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their use in other nearshore zones, in responseilt@pills, where human activities are heavily
concentrated, such as in the case of the Transd@egowater Horizon oil rig explosion.

Coasts and estuaries are considered to be seraigige since they provide habitats for a large murab
organisms, constitute nursery grounds for juverdlieseveral commercially important species, and bea
very high productivity. Sessile and filter-feedaganisms inhabiting these zones, such as the Pacifi
oysterCrassostrea giga§Thunberg, 1753)are constantly in contact with various chemicalauoles.
Environmental stress from pollutants is likely ®dn important determining factor in weakening deée
mechanisms in these organisms and therefore pnogndtie occurrence or increase in diseases,
particularly at early life stages, i.e. larvae @neeniles (Perdue et al., 1981, Lacoste et al. 1208mong
immune defence mechanisms in bivalves, antioxidamtyme activities, e.g. superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx), endyme activities involved in humoral innate
defences, e.g. phenoloxidase (PO) and lysozymes haen shown to be modulated by the presence of
several types of pollutants (Verlecar et al., 2aBaglo-Nilles et al., 2008; Stabili and PagliaraQ20 In

this respect, these responses have been showntigsbe-dependent (Cheung et al., 2001; Luna-Acosta
et al., 2010a).

In this general context, the aim of this study waexperimentally assess 1) the bioaccumulationZzand
the effects of chemically-dispersed oil on immumdedce and/or detoxification mechanisms, i.e. SOD,
catalase, GPx, catecholase- and laccase-type RDlysozyme activities of Pacific oyst€l. gigas
juveniles. For this purpose, enzyme activities weegermined in different tissues, i.e. gills, dipes
gland, mantle, and in the haemocytes and plasmaceadlular fraction, of the haemolymph. To this end
comparisons were made between oysters exposed! teulgiected to chemical dispersion (CD) or

mechanical dispersion (MD), to the water solubbetion of the oil (WSF) and to the dispersant alone

(D).

2. Material and methods
2.1.Chemicals
Oil « A Brut Arabian Light crude oil (BAL 110) was usedrfthis study. The crude oil was topped at

110°C to remove the most volatile components, deoto simulate the natural weathering of the ftédra
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its release at sea (evaporation of most volatilapmments), before it reaches coastal zones. BAL 110
possesses the following physico-chemical charatiesi similar to the oil spilled by the Amoco Cadh
1978: density of 0.860 at 20°C, viscosity of 60 n#Pat 15°C, 12% polar compounds, 34% aromatic
hydrocarbons and 54% saturated hydrocarbons.

Dispersants The chemical dispersant used in this study wastaldollowing an evaluation carried out
by the Centre of Documentation, Research and Exgatiation on Accidental Water Pollution (Cedre),
which defines it as 1) effective for use in the marenvironment, 2) non-toxic at the concentration
recommended by the manufacturer Total Fluides 6%. v/v) and (3)biodegradable. Its physico-

chemical characteristics were not available fosoea of confidentiality.

2.2 Biological material

Pacific oystelC. gigasjuveniles (3-4 cm in height, less than 1 year oldje purchased from the hatchery
France Naissain, located in Bouin (France). Thdepgsvere acclimatised in the laboratory at 15 & 1°
for two weeks before starting the experiments. Tiveye fed daily with an algal diet (5 x “1€ell mr?)
composed ofHeteroskeletonemasp. (Bacillariophyceae) purchased from the hatch83TMAR

(Normandie, France).

2.3.Experimental design

The experiment, consisting of an exposure peritldvied by a depuration period, was carried outeéhre
times to provide analysis replicates.

Experimental system The experimental system consisted of 300 L statiter tanks. Because of the
hydrophobic character of the oil, a funnel (at sueface of each tank) was connected to a submersed
Johnson L450 water pump (at the bottom of the tamk)order to maintain the mixture of oil and
dispersant as a homogenous solution. Preliminasts teonfirmed that total petroleum hydrocarbon
concentrations in the water column were depth-irddpnt, suggesting that small petroleum droplets
were homogeneously dispersed in the water colurata (dot shown). The oxygen saturation of water in

each tank was maintained at around 96% by a cosmrebat injected aivia an air stone. The
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experimental system was placed in a thermoregulzteehhouse, in order to maintain the temperatiure o
the exposure studies at 15+ 1 °C.

Exposurer One experimental system was used per conditiakjnmg a total of five experimental systems.
Thirty oysters were transferred into each expertadesystem. The different exposure conditions are
summarized in Table 1. The exposure period lastddy®. The seawater used for this study (pH: 7.95 +
0.05, salinity: 35.2 £ 0.1 p.s.u.) was providedgeanopolis, Brest (France). This seawater watettea
by UV-light and filtrated at 0.45m before use. In the first tank, the control expestondition was set
up with clean seawater. For the amount of BAL gelbcthe aim of this study was to obtain a
concentration of dispersed oil in the same rank thase reporteth sity, following an oil spill, such as
reported by Lunel (1995) following the Braer oiilsprhus, in the second tank, the chemical disipers
(CD) condition was set up by pouring 20 g of BALO1dnd the volume of dispersant recommended by
the manufacturer, i.e. 1.2 g of dispersant, ineoftinnel of the experimental system. In the thénakt the
mechanical dispersion (MD) condition was set uppbwuring 20 g of BAL 110 into the funnel. In the
fourth tank, the toxicity of molecules that natlyalissolve in seawater was tested, by exposinteoys

to a water-soluble fraction (WSF) of BAL 110. Totain the WSF, a plastic circle was set on the serfa
of the seawater in the experimental system. The BAL (20 g) was then poured into the plastic cjricle
order to contain the oil slick at the surface, withmixing. The oysters were therefore only expased
the soluble fraction of the oil, i.e. free of pektis of bulk material, and, contrary to the water-
accommodated fraction (WAF), free of soluble andatie compounds that can naturally evaporate
(Anderson et al., 1974; Singer et al., 2000). Infifth tank, an internal control for the CD conaiit was

set up by pouring 1.2 g of chemical dispersant ithte funnel (i.e., dispersant condition, D). All
experimental systems contained a funnel conneotadstibmersed water pump. All exposure media were
added to the tanks 13h before adding the oysthestine needed to obtain a relatively stable oil
concentration in the water column. The oysters wetded during the exposure period.

Depuratione Ten oysters per treatment condition were placed decontamination tank, located in the
thermoregulated greenhouse (T = 15 + 1°C) and cuntpclean seawater, for a recovery period of 15
days. The oysters were fed daily with an algal (et 1d cell mI*) composed oHeteroskeletonemsp.

(Bacillariophyceae).
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2.4.Sampling procedure

Pooled gills, digestive glands, mantles, haemofigietion and plasma of ten oysters were used foh ea
replicate sample, and three replicates were prdpagee treatment. After opening the oyster shells by
cutting off the adductor muscle, approx. 0.3-0.5afhaemolymph was withdrawn from the pericardial
cavity using a 1-ml syringe equipped with a neef@l® x 25 mm). Haemolymph samples were
centrifuged at 260 x g for 10 min at 4°C in ordeiseparate the cellular (haemocytes) fraction ftioen
plasma. The gills, digestive gland and mantle weneoved from the soft tissues and homogenizedGt 4°
in 0.1 M Tris HCI buffer pH 7.0 (0.45 M NaCl, 26 mMgCl,, 10 mM CaCJ; 0.5 ml of buffer.g of
fresh weight for the gills and the mantle, and igrhbf fresh weight for the digestive gland), using an
Ultra Turrax (T25 basic, IKA-WERKE) and a Thomast#eohomogenizer (IKA-Labortechnik RW 20.n,
size 0.13-0.18 mm, BB). The homogenates were ¢egéd at 10 000 x g for 10 min at 4°C. The

resulting supernatant was collected for enzymaitidiss.

2.5.Biochemical analysis

Superoxide dismutase assa$OD was determined as described previously (lAcsta et al., 2010a)
based on competition of SOD with iodonitrotetraaoli(INT) for dismutation of superoxide anion,{(O

In the presence of OINT is reduced into a red formazan dye that cameasured at 505 nm at 25°C
(Kit Ransod SD 125, Randox, France). One unit oDS® defined as the amount of enzyme that
promotes a 50% decrease in the rate of INT reductio

Glutathione peroxidase assaysPx activity was determined as described preWofisina-Acosta et al.,
2010a). In the presence of glutathione reductaskesabstrates (i.e. reduced glutathione and cumene
hydroperoxide), the decrease of absorbance at 8d@as proportional to the reduction of the oxidised
glutathione by NADPH, H(Kit Ransel RS 504, Randox, France). One unit Bk ®xidises 1 pmol of
NADPH (enappH = 6.22 mM! cmi®) per minute.

Catalase assay €atalase activity was determined according tontie¢éhod of Fossati et al. (1980). This
method is based on the measurement of the hydrpgexide substrate remaining after the action of

catalase. First, catalase converts hydrogen pezoixith water and oxygen and then this enzymatic
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reaction is stopped with sodium azide. An aliguathe reaction mix was then assayed for the amofunt
hydrogen peroxide remaining using a colorimetri¢hod (Kit Catalase CAT-100, Sigma).
Catecholase-type and laccase-type phenoloxidasgyas€atecholase- and laccase-type phenoloxidase
(PO) activities were determined according to thehwo@ described previously (Luna-Acosta et al.,
2010b). For PO assays, 100 mM of dopamine or 500hRIPD were used as substrates and the increase
of absorbance at 490 and 420 nm was monitored fand} 2h for catecholase- and laccase-type PO
activity, respectively. Nonenzymatic oxidation betsubstrate was monitored in wells without oyster
sample and subtracted from oxidation of the sutestngth oyster sample. One unit of catecholase- and
laccase-type PO activities corresponds to the atmfuenzyme that catalyzes the production of 1 jemol
of product £=3300 M* crmi* and 43 160 M cmi?, respectively), per minute.

Lysozyme assayLysozyme was determined as described previousing-Acosta et al., 2010a). The
lysozyme assay was done in triplicate for each &mmapd compared to hen egg white lysozyme
standards (2.5-20 pug M| in the presence dilicrococcus lysodeikticugSigma-Aldrich, France). One
unit of lysozyme corresponds to the amount of eryinat diminishes absorbance at 450 nm by 0.001
per minute at pH 7.0, at 25°C.

Protein assay All activities were expressed in relation to fh®tein concentration measured according
to the Lowry method with slight modifications, ugibicinchoninic acid and copper sulphate 4% (Smith
et al., 1985). Serum albumin was used as protaimdstrd (Sigma-Aldrich, France).

All enzyme activities were measured in the gillgedtive gland, mantle, plasma and HLS, except for

lysozyme that was not measured in the HLS, makituged of 29 enzymatic analyses.

2.6.Chemical analysis in oysters

The levels of polycyclic aromatic hydrocarbons (PAlh oysters were determined with a Varian Saturn
2100 T GC-MS device, using the procedure of Baunedradl. (1997) with some modifications. Three

pools of five oysters were analysed per treatmémior to extraction, each oyster sample was
homogenized using an Ultra Turrax (Janke and KyrikeA®-Labortechnik). 150 pl of perdeuterated

internal standards (CUS-7249, Ultra Scientific, Ktiaal solutions) were added to 3 g of homogenized

oyster samples and the mixtures obtained were téigder 4 h under reflux in 50 ml of an ethanolic
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solution of potassium hydroxide (2 M, Fisher Cheats. After cooling, settling and addition of 20 ail
demineralised water, the digest was extracted2B0aml funnel twice with 20 ml of pentane (Carldb&r
Reactifs, SDS). The extract was evaporated withihdVap 500 concentrator (Zyman, Hopkinton, MA,
USA, at 880 mbar and 50 °C) to obtain 1 ml of conticeed extract. The purification of the extractswa
performed by transfer to a silica column (5 g tita). Hydrocarbons were eluted with 50 ml of paeta
dichloromethane (80:20, v:v, SDS) and concentraae2D0 pl by means of a TurboVap 500 concentrator
(Zyman, 880 mbar, 50°C). Aromatic compounds weralymed by GC-MS, with a detection limit of
0.005 pg @ of dry weight, and PAHs were quantified relatigethe perdeuterated internal standards
introduced at the beginning of the sample prepamgiRoy et al., 2005). Five perdeuterated standard
compounds, i.e. Naphthalene d8, Biphenyl d10, Riterene d10, Chrysene d12, and Benzo[a]pyrene
d12, representative of all the PAHs analysed, wsegl as internal standards. A total of 20 parerisPA
and 25 alkylated compounds were quantified. The RP&tbvery was > 60% and the relative standard

deviation (RSD, i.e. (standard error / mean x 1083 < 15%.

2.7 .Statistical analysis

All values are reported as mean + standard dewig8D). Statistical analysis was carried out with
STATISTICA 7.0. Values were tested for normalith@piro test) and homogeneity of variances (Bartlett
test). In some cases, logarithmic transformatitwas),() were used to meet the underlying assumptions of
normality and homogeneity of variances. Two-wayte@dANOVA were used to analyse results, with
treatment and period as fixed factors, and poa eendom factor. The period factor correspond#i¢o t
exposure period and the depuration period. Pool ves$ed within each combination of treatment and
time (Zar, 1984). When the null hypothesis:(Ho difference between treatments or within tresatirat
different time intervals) was rejected, significaifferences were tested using Tukey's HSD testnbo
normal values, i.e. to compare oysters’ PAH conbetiveen different treatments, a Kruskal-Wallig tes
was used, followed by a Dunn's multiple comparistesd. Statistical significance was determined as
being at the level gb < 0.05. The relationships between body burdenshirdifferent PAH categories
(HMW PAHs, LMW PAHSs, parent PAHs and alkylated PAlsd the responses of the enzyme activities

were analysed using principal component analysdAjPand redundancy analysis (RDA) (Leps and
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Smilauer, 1999). Separate analyses were perforaethé different organs. Data for enzyme activities
were centered and standardized before analysis. &@ARDA were performed using CANOCO for

Windows® software package, Version 4.5 (CenterBametry, Wageningen, The Netherlands). For
RDA analyses, the significance of the relationdbgtween enzyme activities and PAH body burdens

were tested using a global Monte Carlo permutggsh

3. Results
3.1.Chemical analyses
After 2 days of exposure, PAHs had been efficiebtbaccumulated in the soft tissuesfgigas The
total PAH content in oyster§' (PAHs) was equal to 7 + 1, 530 + 75, 198 + 22, 30+and 8 + 3 ugy
dry weight for the control, the chemically dispets@l (CD), the mechanically dispersed oil (MD)eth
water soluble fraction (WSF) and the dispersantt{€gtments, respectivelfignificant differences were
found between the control and the CD or the MD, rimit with the WSF conditions {f== 12.83, p =
0.01). This lack of significant difference could &eplained by the high variation in total PAH lev@h
the WSF condition. Importantly, the total PAH cantan oysters in the CD condition was almost 3 8me
higher than in the MD condition.
After 15 days of depuration, tie PAHs was equal to 3+ 0, 15+ 6, 14 +6, 2 + 0 andl2 pg ¢ dry
weight in control, CD, MD, WSF and D treatmentspectively. Even if the PAH content in oysters had
decreased by 97 and 93% in CD and MD conditiorspaetively, it remained significantly higher than
the control condition (5= 10.27, p = 0.03).
Independently of time and treatment, light PAKS3(rings) and their alkylated homologues accounted
for at least 90% of the total PAHSs in oyster tiss(leig. 1). After 2 days of exposure to the CD d¢ton,
alkylated naphthalenes (NaF), alkylated dibenzgtiémes (DBT) and alkylated fluorenes (FI) accounted
for most of the PAH content in oyster soft tissuath 55 + 6, 19 + 1, 18 + 8% for alkylated NaF,
alkylated DBT and alkylated FI, respectively (F1. In the MD condition, alkylated DBT and alkyldte
Fl accounted for most of the PAH content in thetenss soft tissues, representing 38 + 2 and 40 102%
the total PAHSs, respectively. Alkylated DBT (22 %P and alkylated Fl (53 + 0%) also accounted for a

large proportion of the PAH content in the oystat tissues in the WSF condition. For the D ctadi



265 alkylated DBT (45 + 6%) and anthracene (30 + 7% paated for most of the PAH content in oyster soft
266  tissues.

267  After 15 days of depuration, alkylated DBT were gredominant PAH compounds in oyster tissues of
268 the CD, MD, WSF and D conditions, representing 50%, 48 + 7%, 40 + 5% and 50 * 16% of the total
269  PAHs, respectively (Fig. 1).

270

271  3.2.Enzymatic analysis

272 Overall, no significant differences in enzymatidivities were observed between the control condgio
273 from both exposure and depuration periods, whatévertissue (Figs. 2-7). In contrast, all enzyme
274  activities were affected by both treatment andqukrindependently of the considered tissue, exfmpt
275  catecholase and laccase activities in the mantishwvere only affected by the treatment (Figsné ).
276  No significant effect was observed for treatmemtlysozyme activity in the gills and plasma (data n
277  shown).

278  After 2 days of exposure for the CD condition, ael@tive to the control condition, catalase (Fipa8d
279  GPx (Fig. 4) activities were completely inhibiteddalaccase activity (Fig. 6) was 1.4-fold highethie
280 gills. SOD (Fig. 2) and GPx (Fig. 4) activities weB0% and 50% lower in the digestive gland,
281  respectively. Catalase activity (Fig. 3) was 75%doin the mantle. Interestingly, results from theS
282  and the plasma differed. While no significant effeas observed in the HLS, SOD activity (Fig. 2)swa
283  2-fold higher and catalase (Fig. 3) and laccasg. @)i activities were completely inhibited in thagma.
284  For the MD condition, SOD (Fig. 2) and laccase (Bigactivities were 2.5-fold and 1.4-fold higherthe
285  gills, respectively. GPx activity (Fig. 4) was ¥dld higher in the mantle. While SOD (Fig. 2), Gf&ig.
286  4), catecholase (Fig. 5) and laccase (Fig. 6) iieivwere 2-4-fold higher in the HLS, catalase\atgt
287  (Fig. 3) was completely inhibited in the plasmar @ WSF condition, SOD (Fig. 2) and laccase (B)g.
288  activities were 2.5- and 1.7-fold higher in thegjirespectively. SOD (Fig. 2) and catecholase.(b)g
289  activities were 4- and 2-fold higher in the HLSsgpectively. It is important to notice that the disgant
290 alone (D condition), which is considered as a hessilproduct, also modulated different enzyme

291  activities inC. gigas laccase activity (Fig. 6) was 1.4-fold highethe gills; SOD (Fig. 2) and lysozyme
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(Fig. 7) activities (Fig. 2) were 70 and 55% lovirethe digestive gland, respectively, and SOD (Rig.
catecholase (Fig. 5) and laccase (Fig. 6) acts/itiere 2.5- to 3-fold higher in the HLS.

After 15 days of depuration, some activities re¢arno control levels, depending on the tissue aed t
treatment. In some tissues and for some activigfiects were observed only at this period, e.gDSO
activity (Fig. 2) was 1.3-fold higher in the mantte the MD condition; catalase activity (Fig. 3psv2-
to 2.5-fold higher in the digestive gland for th®,GNSF and D conditions; SOD activity (Fig. 2) was
1.3-fold higher for the MD condition; lysozyme aaty (Fig. 7) was 1.4- to 1.6-fold higher for thédC
WSF and D conditions in the mantle; catecholas#&igctFig. 5) was inhibited by 20 to 30% in the
plasma for the CD, MD and WSF conditions, and bld-higher in the D condition.

In addition to these results, a significant treattméut not period, effect was observed in the teaior
catecholase (Fig. 5) and laccase (Fig. 6) actszitie this tissue, catecholase activity was inbibiby
20% for the CD and MD conditions and laccase agtiwas 1.2-fold higher for the CD and the D

conditions.

3.3.Relationships between PAH contents in oyster sofissues and enzyme activities

At the end of the exposure period, significant elations were observed between different enzyme
activities and PAH contents in oyster stofisues and responses varied according to theetibsu was
analysed. The results of PCA and RDA are presdnt&ih. 8 and Table 2, respectively. RDA indicated
PAH body burdens as the significant variable exytg 49%, 43%, 43%, 39%, 44% of total variation in
enzyme activities in the gills, digestive gland,n@, plasma and HLS, respectively. Enzyme actisitn

the gills, plasma and mantle were significantlyretated to parent PAHs. Enzyme activities in trespla
were also significantly correlated to LMW PAHSs. Faut of six enzyme activities analysed in thesgill
and plasma were negatively correlated to body msdd the various PAH categories: catalase, GPXx,
lysozyme, and catecholase or laccase, in the aidsplasma, respectively (Fig. 8, Table 2). SODx,GP
catecholase and lysozyme in the mantle were pebijtisorrelated to body burdens of the various PAH
categories (Fig. 8, Table 2). Four out of five eneyactivities analysed in the HLS, i.e. SOD, GPx,
catecholase and laccase, were negatively correlatbddy burdens of the various PAH categories, but

were positively correlated to parent PAHs (FigT8ble 2). Enzyme activities in the digestive glavete
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significantly correlated to HMW PAHSs. Five out ak €nzyme activities analysed in the digestive dlan
were positively correlated to body burdens of theious PAH categories: SOD, catalase, catecholase,

laccase and lysozyme (Fig. 8, Table 2).

4. Discussion
4.1.PAH bioaccumulation and depuration in oyster tissus
The aim of this study was to assess 1) the bioagtation and 2) the effects of chemically dispersed
hydrocarbons on a species inhabiting coastal aindriise zones, the Pacific oyster gigas This marine
bivalve is a good indicator of the presence andadability of oil in the water column and benthic
sediments. In this species, bioconcentration fac{BCF) of petroleum hydrocarbons range from 10 to
50 000 (Michel and Henry, 1997), so even low lew#l®xposure are likely to be detectable in oyster
tissues. PAHs, with high octanol-water partitiorefficients (log K, > 3.5), are readily taken up by
organisms (Meador, 2003). Thus, evaluating PAH dBaenulation plays an important part in assessing
the risk that chemical dispersants are likely tegpto marine organisms inhabiting coasts and esgjar
especially carcinogenic, mutagenic or teratogeAiEl® Because no PAH measurements were carried out
in seawater, we were not able to calculate BCFPAH body burden analysis was conducted in oyster
soft tissues. Results showed that, independenttijeofreatment (i.e. CD, MD, WSF or D), heavy PAHs
were poorly accumulated in oyster tissues (0-3%heftotal PAH content), while light PAHs and mainly
their alkylated homologues, which are generally enimxic than the parent compounds, were present in
large proportions in all the treatment conditiolredeed, PAHs with low molecular weight (178.2
g mol*) such as NaF, DBT and Fl are more likely to beabammulated due to high water solubility and
higher bioavailability for organisms (Neff, 2002).
A high heterogeneity in PAH body burden was obsiifee the WSF treatment. The WSF corresponds to
hydrocarbon molecules that are liable to naturdi§solve, meaning that the solution can be conster
as homogeneous. Therefore, the heterogeneity atsder the WSF treatment suggests that 1) orgasis
depurate at different rates and/or that 2) orgasigocumulate at different rates (Neff, 2002).
Interestingly, for the same amount of dispersedwiih (CD condition) or without (MD condition) a

chemical dispersant, and for the same exposure time2 days, oysters bioaccumulated approximately



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

2.7 times more PAHSs in the presence of the cherdispersant, showing that the dispersant incretimed
bioavailability of PAHs and thus their uptake rate€C. gigas The bioaccumulated PAH compounds were
completely different between both CD and MD comisi. In the CD condition, 55% of the total PAH
content was composed of high alkylated NaF. Thesgpounds were poorly bioaccumulated in the MD
and WSF conditions (Fig. 1), whereas alkylatedrd alkylated DBT represented between 70 and 80%
of the total PAH content (Fig. 1). Our results foe CD condition but not for the MD condition are i
agreement with a recent study carried out on tledahc scallopChlamys islandicavhere C3-NaF
accounted for a large proportion of the PAHs tharevaccumulated in the tissues after 15 days of
exposure to mechanically dispersed oil (Hannamlet2809). In the present study, the exposure
experiment was carried out for only 2 days, andcesiuptake rate constants of PAHs in bivalves
generally increase with molecular weight or molacutomplexity (McLeese and Burridge, 1987), it
cannot be excluded that a longer exposure periaddvesult in a higher alkylated NaF uptake in eyst
tissues. Nonetheless, our results clearly demdesdtrehat the presence of the chemical dispersant
increased the bioaccumulation rate of alkylated Nabyster soft tissues. However, the processds tha
could alter 1) the bioconcentration and/or 2) ghpetof components accumulated, when oil is chetyical
dispersed, have been poorly described in the siefiterature. A possible contributing factor for
bioaccumulation of some components is that disperspilled oil converts the oil from a surface lslio

a plume of small oil droplets dispersed in the wat@umn. These oil droplets might be more easily
ingested by filter-feeding organisms, such as egs{Baussant et al., 2001). Additionally, particles
trapped on the oysters’ gills are directed intogheand later incorporated into endocytic vacuaiehe
digestive gland. Oil particles retained in intrdglelr vacuoles can also be assimilated to the gidigids
(Baussant et al., 2001). Thus, in the CD treatmargignificant amount of the larger PAHs bound to
particles could be retained and accumulated iradefiular vacuoles or in tissue lipids during the
exposure period.

After 15 days of depuration, more than 90% of théiRurden had been depurated from oysters’ soft
tissues. Even if PAH contents in CD and MD condsiavere still significantly higher than the control
condition, this result clearly shows that oysteas ®liminate high quantities of PAHs very rapidly.

Interestingly, no differences in the total PAH amttbetween CD and MD were found for the depuration



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

period. This result is in agreement with a previetidy carried out on mussels (Gilfillan et al.84%
Among PAHSs, alkylated DBTs were the most persisilts in all treatments (Fig. 1). This result is in
agreement with Berthou et al. (1987) who report DBRT persist in oyster tissues for at least onarye
As in the present study, C3-DBT was among the rpessistent PAHs (Berthou et al., 1987), raising
questions about its potential toxic effects. Furftadies are therefore needed in order to askedeng-

term toxicity of this compound.

4.2 Effect on enzyme activities

Disease emergence and organism survival are detednpartly by the condition of the immune system.
Therefore, the measurement of defence mechanismproaide important early warning signals of the
sub-lethal effects of exposure to contaminants taedsusceptibility of animals to infectious disease
(Hannam et al., 2009).

Bivalve molluscs possess two types of innate resgginl) cellular, i.e. phagocytosis and encapsulati
and 2) humoral, e.g. PO and lysozyme enzyme aesv{iryphonas et al., 2005). During phagocytosis,
reactive oxygen species (ROS), such as the supleraxiion (@) and hydrogen peroxide {8,), play an
important role in protection against pathogens. elm®r, ROS can also interact with hosts’ biological
macromolecules which can result in enzyme inadowatipid peroxidation, DNA damage or cell death
(Cazenave et al., 2006). The extent to which oxgeddjeneration produces biological damage depends
on the effectiveness of antioxidant defences, sisc8OD, which participates in the transformatio®@of
into H,O, and HO, and of catalase and GPx, which participate énttAnsformation of D, into O, and
H,O (Neumann et al., 2001).

Environmental contaminants, such as PAHs, can featie formation of ROS and enhance oxidative
stress in aquatic organisms (Winston, 1991). Re$utn the present study showed a positive coroglat
between PAH contents and SOD activities. Such aioslship has already been reported for different
bivalve species exposed to hydrocarbons (Sole.,e1295; Orbea et al., 2002; Richardson et al.3200
and suggests that hydrocarbons induce oxidatiessstoy producing ROS such ag. Blowever, in the
present study, catalase and GPx activities werergly negatively correlated with different PAH lyod

burdens. This may be due to the inhibition of eneysgnthesis by PAHs or to enzyme inactivation



404  caused by high tissue contaminant concentrationsg(Bnd Schaich, 1983). Moreover, since GPx and
405 catalase catalyze the transformation @DHinto HO, they may act on common substrates, and thus
406  competition may exist for the same group of substrgKappus, 1985). This may explain the positive
407  correlations of catalase activity and negative elatrons of GPx activity with PAH content for thanse

408  tissues in the present study (Table 2).

409 Among enzymes involved in humoral immune defencedivalves, POs are the key enzymes of
410 melanization, participating in the entrapment afefgn material in a melanin capsule or in the direc
411  killing of microbes by the toxic quinone intermetgig produced during the melanin production cascade
412  (Soderhall and Cerenius, 1998). Tyrosinases, calasds, and laccases belong to the family of POs.
413  While tyrosinase possesses monophenolase (hydtmxylaf monophenols) and catecholase (oxidation
414  of diphenols) activities, catecholase only possess#echolase activities and laccase possesses both
415 catecholase and laccase activities (oxidation ppoand m-diphenols and other non phenolic sulestra
416  such as diamines). In a recent study, two typeRB®factivity, catecholase and laccase, were detétted
417  C. gigas(Luna-Acosta et al., 2010b). In the present stedyecholase activities were generally inhibited
418 in the presence of hydrocarbons, except for HL8atailase activity. These results are in agreemiht w
419  other studies o€. gigaswhere exposure to hydrocarbons induced an inmbidfect in PO activities
420 (Bado-Nilles et al., 2008). Moreover, when usindPd3 a substrate for PO assays in this study, dacca
421  activities were generally stimulated in the preseoichydrocarbons, except for laccase activitylasma.

422  These results are in agreement with previous studieere the exposure 6f. gigasto a light cycle oil

423  (LCO) soluble fraction induced an increase in tHeNA expression of a laccase (multicopper oxidase)
424  gene in haemocytes after 7 days of exposure (BallsNet al., 2010). Since laccases can catalyze
425  oxidation of aromatics, such as PAHs, by an indimeechanism involving the participation of an
426  oxidative mediator (Dodor et al., 2004), an incesslaccase gene transcriptionGn gigasmay enable
427  protection against bioaccumulated PAHs. Laccasddctherefore be a potential defence biomarker
428  candidate in ecotoxicological studies.

429  Lysozyme is one of the most important bacteriolgijents against several species of Gram-positige an
430 Gram-negative bacteria, and has been recordeddioous bivalve species (McHenery et al., 1986).

431 During phagocytosis, the release of lysosomal eesynsuch as lysozymes, participates in the



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

inactivation of invading pathogens. In the presnty, inhibition of lysozyme activity was obsenied
the digestive gland in the D condition. Previousdss have shown inhibition of lysozyme activity or
lysozyme gene expression in organisms exposeddmbgrbons (Boutet et al., 2004; Gopalakrishnan et
al., 2009). However, in this study no lysozyme loition was observed in the presence of hydrocarbons
except in the digestive gland for the D conditidativation of mantle lysozyme activity was observed
during the depuration period. Although generallflytant exposure has shown to inhibit lysozyme
activity in bivalves (for review, see Giron-Peré)10), some studies have shown an induction of
lysozyme activity (e.g., Oliver et al., 2003; Ordztsal., 2003; Hannam et al., 2009). However, to ou
knowledge, no studies have shown the modulatidysozyme activity during the depuration period. The
activation of this enzyme activity suggests a pideimmunostimulation during the depuration period
Uptake of xenobiotics from seawater is generallgoamplished by filtration over the gill structure,
although diffusion through the integument may atsotribute to tissue concentrations (Landrum and
Stubblefield, 1991). As the organism directs seanaver the gill surface to extract oxygen, hydmlyb
contaminants are very efficiently taken up becaafsthe large surface area and lipid-rich membranes.
Moreover, bivalves possess an open circulatoryesystnd are thus continually exposed to fluctuatains
environmental factors including contaminants (Cher@$1). As a general trend, enzyme activitieden t
plasma and gills were generally inhibited, espéciml the CD condition (Figs. 2-7), suggesting that
compartments that are the more exposed to the enarimironment, such as the gills and plasma, are
likely to be more affected by the presence of hgdrbons, in comparison to tissues less exposdukto t
marine environment, such as the digestive glandtlmand HLS (Cheng, 1981; Frouin et al., 2007).
Enzyme activities in the digestive gland were lesglulated than in the other tissues but were slyong
correlated with PAH contents in this tissue, highting its role in xenobiotic detoxification (Chatal
Alaoui, 1994; Chu et al., 2003).

Enzyme activities in the mantle and haemocyteschviare known to play an important role in defence
mechanisms in oysters (Cheng, 1981), were genexatiyated in comparison to the control.

Among tissues that were analysed, haemolymph cacobsidered as a key tissue because this fluid
irrigates the whole body and, therefore, it catritigste contaminants and/or their metabolites thhmut

the organism (Cheng, 1981). Interestingly, enzyuatesities differed notably from the plasma and HLS



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

of the haemolymph. These differences could be dugterations in the membrane integrity by PAHs
and/or their metabolites, as suggestedrbyitro andin vivo investigations in the blue musddtilus
edulis(Grundy et al., 1996). The extent of membraneaitens could be dependent on the physical (e.g.
linear versus angular or branched configuratiomsoimers) and/or chemical (e.g. low molecular weight
with high solubility versus high molecular weighttlvlow solubility) properties of the compounds. In
addition, modulation of enzyme activities in thagsha can be attributed to 1) normal mechanismg, suc
as secretion or 2) pathological features, such ek lgsis. Indeed, PAHs can cause cytolysis in
haemocytes (McCormick-Ray, 1987), due to 1) a diepleor stimulation of metabolites or coenzymes, 2)
an inhibition or stimulation of enzymes and otheedfic proteins, 3) an activation of a xenobidbca
more toxic molecular species, or 4) membrane dianures (for review, see Moore 1985). Cytolysis may
lead to 1) an increase in haemocyte number indigatompensation for cell lysis and/or 2) the redeais
cell contents in the plasma and consequently, aifsignt increase in plasma enzyme activities.
Alternatively, direct induction or repression by IR&\ of humoral factors, such as lysozyme (Luna-
Gonzalez et al., 2004) and pro-phenoloxidase ($dtleand Cerenius, 1998), may contribute to the

modulation of enzyme activities found in the plasma

4.3.Effect of chemical dispersion (CD) and dispersantY) conditions

Increased activity of an enzyme involved in defemmehanisms can be interpreted as a response of the
organism to protect itself against a non-self makece.g. xenobiotics. Persistent or excessiveyatbin

can lead to overstimulation of the immune systefmictv can be detrimental to the organism. Inhibition
of the enzyme activity can be interpreted as satureof the system because of the presence of a
xenobiotic, overpowering of antioxidant enzymesdsygen radicals, or an immunodeficiency resulting
in direct or an indirect inhibition of mechanisrhat modulate this enzyme activity (Huggett et 992).

In both cases, changes in defencive enzymes magtaffe survival of the organisms when challenged
with infectious pathogens (Thiagarajan et al., 3006

Twenty nine enzymatic analyses were carried ouhis study. As a general trend and relative to the
control, CD modulated a higher number of enzymévidies than D, following the exposure period.

Indeed, an equal or greater effect was observd@®/it8 (i.e. 13 out of 18) enzyme activities modediat
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by CD and/or D: 5/5, 2/3, 3/3, 3/3 and 0/4 enzyrotivdies modulated by CD and/or D in the gills,
digestive gland, mantle, plasma and HLS, respdgti{€igs. 2-7). When comparing CD and MD
conditions, following the exposure period, CD madetl a higher number of enzyme activities than MD,
relative to the control condition, with an equalgoeater effect observed in 13/19 activities motady
CD and/or MD: 4/5, 2/2, 3/4, 4/5 and 0/4 enzymevitids modulated by CD and/or MD in the qills,
digestive gland, mantle, plasma and HLS, respdgtiffeigs. 2-6). Moreover, CD exerted an equal or
greater effect in a higher number of enzyme aawiin the gills and plasma in comparison to other
tissues, i.e. 4/5 enzyme activities modulated bya@b/or MD (Figs. 2-6) , suggesting that the giltel
plasma are sensitive compartment€irgigas Moreover, some enzyme activities that were maddlay

the CD treatment following the exposure period wals® modulated following the depuration period,
e.g. SOD activity in the gills, mantle and plasnég( 2), or laccase activity in the plasma (Fig.6),
suggesting that CD may exert long-term effects. drtgntly, D also modulated enzyme activities,
especially at the end of the depuration period, 8@D activity in the plasma and HLS (Fig. 2), tada
activity in the digestive gland (Fig. 3), GPx adfvin the plasma (Fig. 4), catecholase activitytlie
plasma and HLS (Fig. 5), laccase activity in tHes gind digestive gland (Fig. 6) and lysozyme afstiin

the mantle (Fig. 7), suggesting that the dispergaad in the present study could also induce leng-t
effects, i.e. following 15 days of depuration. @esults are thus in agreement with previous stuithias
have shown the effects of other third generatiospalisants on biological functions in marine
invertebrates (Gilfillan et al., 1984; Shafir et £007).

Differences between oysters from the control arditbatment conditions resided only in the presefice
oil and/or dispersants in the water column (i.g@pezknental devices and acclimatization conditiomsev
identical in the control and the treatment condijo Additionally, the D treatment (i.e. in the abse of
oil) induced effects in enzyme activities suchascase in the gills, SOD, catalase and lysozynthdn
digestive gland, and SOD in the plasma, followihg exposure or the depuration periods. Therefore,
significant differences in biological responseswmn the control and the different treatments coiotd

be considered as specific to contamination by hyahtwons, but rather as indicators of unspecifiesstin
oysters, induced by chemicals (oil and/or dispesjatnat have entered the organism from the water

column. It is important to notice that transierfeefs were observed for different enzyme activites
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thus longer periods of exposure should be studimteover, not all the enzyme activities returned to
control levels after the 15-day depuration period #hus longer depuration periods could give better

insight into long-term effects.

5. Conclusions

Responses of enzyme activities involved in immune d@etoxification mechanisms in juveniles
of the Pacific oyste€. gigaswere highly variable depending on the treatmdrd,time and the
tissue that was studied, highlighting the imporéaatcarrying out studies in different tissues and
with multiple enzymes involved in crucial biologicasponses.

Enzyme activities were generally inhibited in thiisgand plasma, while they were generally
activated in the mantle and haemocytes, suggestiagthe gills and the plasma are sensitive
compartments ilC. gigasand that the mantle and the haemocytes are ltkghyay an important
role in protection against PAHs.

Among the various parameters and during the expgseriod, enzyme activities in the digestive
gland, mantle and haemocytes were generally pesitigorrelated with PAH body burdens.
Enzyme activities in the gills and plasma were galhe negatively correlated with PAH body
burdens, suggesting potential suppressive effdctoltutants in immune and/or detoxification
mechanisms through the inhibition of enzyme acésitnvolved in these biological responses.
Finally, the presence of dispersants or of cheryichspersed oil modulates different biological
responses irC. gigas.These results raise questions as to the poterifedt® of chemically
dispersed oil in nearshore areas on immune andatmxification responses for this estuarine
species, such as in the case of the Deepwater dthooit spill, in which a high percentage of oil
was dispersed in the water column, with a largebemof unknowns on the long-term impact of

the oil-dispersant association.
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Figure 1. Proportion (%, mean + SD, n=3) of the mai PAHs contained in oyster tissues after 2 days of
exposure to chemical dispersion (CD), mechanical spersion (MD), water soluble fraction (WSF) and
dispersant (D) treatments, followed by 15 days ofepuration. PAHs: polycyclic aromatic hydrocarbons; NaF:

naphthalene; Ac: acenaphtylene; Fl: fluorene; plienanthrene; Ant: anthracene; DBT: dibenzothiophen
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Figure 2. Superoxide dismutase activity in the g#l, digestive gland, mantle, plasma and haemocytesbte
supernatant (HLS) in C. gigas after 2 days of exposure to chemical dispersion (@), mechanical dispersion
(MD), water soluble fraction (WSF) and dispersant D) treatments, followed by 15 days of depurationData
are expressed as mean + SD U.mghrot9 (i.e. 3 sample replicates from 3 experimeplicates). For clarity of

results, only significant differences between colrtind treatment and for a given time (after 2 dxqfosure or after

15 d of depuration) are shown; * p<0.05, ** p<0.8%,p<0.001.
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Figure 3. Catalase activity in the gills, digestivegland, mantle, plasma and haemocyte lysate supertaat

(HLS) in C. gigas after 2 days of exposure to chemical dispersion ), mechanical dispersion (MD), water

soluble fraction (WSF) and dispersant (D) treatmerg, followed by 15 days of depurationData are expressed

as mean = SD U.mg prtn=9 (i.e. 3 sample replicates from 3 experimeplicates). For clarity of results, only

significant differences between control and treairand for a given time (after 2 d of exposure fberal5 d of

depuration) are shown; * p<0.05, ** p<0.01, *** p<01.
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Figure 4. Glutathione peroxidase activity in the dis, digestive gland, mantle, plasma and haemocytgsate
supernatant (HLS) in C. gigas after 2 days of exposure to chemical dispersion (@), mechanical dispersion
(MD), water soluble fraction (WSF) and dispersant D) treatments, followed by 15 days of depurationData
are expressed as mean + SD U.mghrot9 (i.e. 3 sample replicates from 3 experimeplicates). For clarity of
results, only significant differences between colrtind treatment and for a given time (after 2 dxqfosure or after

15 d of depuration) are shown; * p<0.05, ** <p0.8%,p<0.001.
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Figure 5. Catecholase-type phenoloxidase activity ithe gills, digestive gland, mantle, plasma and leanocyte

lysate supernatant (HLS) in C. gigas after 2 days of exposure to chemical dispersion (@), mechanical

dispersion (MD), water soluble fraction (WSF) and dpersant (D) treatments, followed by 15 days of

depuration. Data are expressed as mean + SD U.mg’pnot9 (i.e. 3 sample replicates from 3 experiment

replicates). For clarity of results, only signifitadifferences between control and treatment amcafgiven time

(after 2 d of exposure or after 15 d of depuratne) shown. For the mantle, the enzyme activity nedisaffected by

both treatment and period, but only by treatmerter€&fore, results represent the mean of overah dam

exposure and depuration periods. * p<0.05, ** p&20?0* p<0.001.
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Figure 6. Laccase-type phenoloxidase activity in th gills, digestive gland, mantle, plasma and haemge
lysate supernatant (HLS) in C. gigas after 2 days of exposure to chemical dispersion (@), mechanical
dispersion (MD), water soluble fraction (WSF) and dpersant (D) treatments, followed by 15 days of
depuration. Data are expressed as mean + SD U.mg’pnot9 (i.e. 3 sample replicates from 3 experiment
replicates). For clarity of results, only signifitadifferences between control and treatment amcafgiven time
(after 2 d of exposure or after 15 d of depuratne) shown. For the mantle, the enzyme activity nedisaffected by

both treatment and period, but only by treatmerter€&fore, results represent the mean of overah dam

exposure and depuration periods. * p<0.05, ** p&20?0* p<0.001.
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Figure 7. Lysozyme activity in the digestive glandand the mantle in C. gigas after 2 days of exposure to
chemical dispersion (CD), mechanical dispersion (M) water soluble fraction (WSF) and dispersant (D)
treatments, followed by 15 days of depurationData are expressed as mean + SD U.mg"prot9 (i.e. 3 sample
replicates from 3 experiment replicates). For tjadf results, only significant differences betwesmntrol and

treatment and for a given time (after 2 d of expesur after 15 d of depuration) are shown; * p<0Q:05<0.01,

*¥»** p<0.001.
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777  Table 1. Experimental conditions used in the studyCD: chemical dispersion, MD: mechanical dispers\mgF:
778  water soluble fraction and D: dispersant. BAL 1B@ut Arabian Light crude oil topped at 110°C.
779

Quantity of the product added to the water columg.(®)”
BAL 110 Dispersant
Control 0 0
CD 67 4
MD 67 0
WSF 67 0
D ( (internal control of CD) 0 4

780  *In order to have a stable concentration of thelpets in the water column, the products were addedours
781 before introducing animals in the tanks
782



783  Table 2 Relationships between enzyme activities itissues and haemolymphatic compartments and body
784 burdens of the various PAH categories measured imhé whole organism.

785

Gills Digestive gland Mantle Plasma HLS
Significance of enzyme activities-PAH body burdelationship (RDA; Monte Carlo tegivalue)

0.002 0.009 0.001 0.021 0.025
Amount of total variation in enzyme activities exipled by PAH body burdens (%)

48.6 425 43.3 38.7 435
Correlation with RDA 1st axis
HMW PAHs 0.778 0.822 0.382 0.673 0.183
LMW PAHs 0.631 0.756 0.620 0.776 0.369
Parent PAHs 0.871 0.618 0.873 0.623 -0.216
Alkylated PAHs 0.630 0.758 0.380 0.774 0.373
Trend with increasing body burden of the variousHRategories, i.e. HMW, LMW, parent and alkylatedH3
SOD 2 2 2 2 N (2)?
Catalase N 2 A} N 72 (N)
GPx N N 2 N N (7)
Catecholase A 2 2 2 N (7)
Laccase 2 2 N N N (2)
Lysozyme N 2 2 N No data

T

786 & The arrows between parenthesis show the trendiasst with body burden of parent PAHs



