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The aim of this study was to test a multi-response biomarker
approach for evaluating toxicological risk due to some of the
main contaminants in the Mediterranean (benzo(a)pyrene,
polychlorobiphenyls and methyl-mercury), using the
Mediterranean crab Carcinus aestuarii as bioindicator
organism. Forty crabs were injected with different doses of
these contaminants. Several molecular, biochemical and
genotoxic biomarkers were tested in different tissues and
biological materials. The main conclusions were: (1)
hepatopancreas, gills, haemolymph and excreta seem to be
useful for biomarker studies in this species; (2) several
biochemical, molecular and genotoxic biomarkers were found
suitable for testing in these tissues; (3) several biomarkers
were found suitable for evaluating chemical stress due to
different Mediterranean contaminants.
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Carcinus aestuarii, benzo(a)pyrene, polychlorobiphenyls, 
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Introduction
T he idea  of  measuring certain  biologica l  parameter s as

indica tors of  the health  status of  an organism  dates back to  the

origins of  m edicine.  With  p resent-day mo lecular,  biochem ical ,

cytologica l  and physio log ical  techniques,  biom ar kers are  n o w

used in  al l  f ields of  m edicine,  from  on cogenesis to

occupational  m edicine.  T he idea of  using  biom arkers  in

eco toxico logy is  f ir st  found  in  the pioneer ing studies of  Bayne

et  al. (1976) and Payne (1977) in  m ar ine enviro nm en ts .  I n  the

las t 20 years biomarkers  have been used in  a vast  range of

e nv i ronmental  si tuat ions. In  fact,  the concept  of  biom ar kers f or

evaluating r isk  in  m arine, terre str ia l  and fresh  w ater

e nv i ro nm e n ts  ha s c ap tu red the at tentio n of  contro l  agencies

an d  i s  c urren tly  being assessed by several researc h

com m issions.  T h is  interest  is confirm ed by the  in creasing

num ber of  special is t  m an uals  (McCarth y and  S h ug art  1990,

Hugge t et  al. 1992, Peakall  1992, Foss i and  L eonzio 1993,

P eak all  and Sh ugart 1993).

Various d ef in i t ions of  biom ar kers have been prop o sed  i n  th e

last  decade,  b ut  h ere  we  p ropose th e fol lowing def ini t io ns

p roposed by D epledge (1993)  who defined the

`ecotoxico log ical  biomarker’  as  a  `biochemical , ce llular,

physiological , o r  behavioural  variat ion that  can be measure d  i n

t issue or  body f luid  sam ples  or  at  the level of  whole org an i sm s

(ei ther  individ uals or  p opulat ion s)  that  pro vides ev idence of

ex p o s u re  and/or  eff ects of  one  or  more  c hem ic al  p ol luta nts

(and/or  radia tions) ’ .

In  m ost  ecotox icological  studies,  a single biomarker is  no t

ab le to  give enough informatio n on  the health  sta tus of  the

o rg anism , a nd there  is a  need for  the applica t ion of  a  num ber  of

biom arkers that can give inform ation at  diffe ren t  levels of

bio logical  organization. T his  su ite  of  di fferent  biom arkers

(m ulti- respo nse b iom a rker app ro a c h) is in fact  capab le  of

ind icat ing  rap id respo nses to  to xicant  exp osu re  a nd  p rov id ing

an ear ly  w arning  of  long- term ecological effec ts. T his

sim ultaneous use  o f  biom arkers  to  help to  determ in e  w h e re  a n

o rganism l ies o n the `health  sta tu s curve ’  il lustrates  an

im p o rta nt  pr incip le ,  nam ely, that  a su ite of  biomarkers off ers

greater  possibil it ies for  the detec tion of  effects  than do sin gle

biomarkers alone (Depledge  1993).

T he h istor ical  d ev elo pment of  the biom ar ker appro ach  is

closely l ink ed to  m edicine an d vertebra te biolo gy  (NCR 1987 ).

In  fact ,  most papers on the use of  biom arkers  in  enviro n m e n tal

h az a rd  assessmen t have focused on the use  o f  terres tr ial ,

m arin e and  f resh wa ter  vertebrates.  However, biom arker

m e as u rem ent s  a re equally  feasible  in  invert ebrate  sam ples.

T h ere  are  several  reason s w h y in vertebrates  are  p referable  in

th is eco toxico logical  area .  For example,  inv ert ebrates

co nst itute  95%  of all  animal species (Barnes 1968).  They are

major  comp onents o f  a l l  eco system s,  and  invertebrate

po p ulat i on s are  o ften  n um erous,  so  that  samp les  can b e taken

for analysis without  signif ican tly  aff ect ing pop ulat ion

dynam ics. I n  ecotoxico lo gy studies in vert eb rates have an

ad vantage over f ish in  that  they  rem ain  in  a  conf ined are a

(Depledge and Fossi 1994) .  Increa sing knowledge of  the

bioch em ist ry  of  invert ebrates (Livingstone 1991, 1992a,

St eg em an et al. 199 2) n ow p erm its  reason able interpre tat ion of

biom ar ker  respo nses in  te rm s of  eco logica l  r isk  asses sment.

M ost  studies on biom arkers  in  inverteb rates , esp ec ial ly

c rustaceans,  have focused on  mixed fu nct ion o xygenase (MF O)

(Burns 1976, Payne 1977, Singer and L ee  1977, James et al.

1979, Singer et al . 198 0, Lee 1981 , Lee et al . 1981, O ’ Hara et  al .

1982, Bihari et  al.  198 4, Q uat troch i  and L ee  1984a, b , Batel  e t

al . 1988, Jam es  1989),  because  the MFO system  is  the main

sy stem  d etoxifying l ipop hil ic  co mp ound s in  al l  an im als.

Althoug h MF O capacity  is lo wer in  m arine inv ert ebrates than

in ve rtebrates , i t  has  been shown to play a  signif icant  ro l e  i n

the m etabolizat ion of  xenobio tics  in  the former  (Lee et al . 1981 ,

Livingstone  1981).

A  few  studies have evaluated other  biom ar kers  in

in v e rtebrates,  part icular ly  the genotoxic  eff ect s of

con tam inan ts (M ort im er  and H ughes 1991),  in ter ac t ions with

es terase  enzym es  (Day and S co tt  1990, Reddy and Ven u g o p al

1990, Bocquen… and Galgan i  1991, Maheswari  and Selvarajan

1991),  ch anges in  porphyrin metabolism (Brock 1992 ,

Ch am b er la nd  et al . 1994)  and m icronuclei  freq uencies.  H ere

we al so  exam ine th ese aspects .

I n  t he p resent  study we tested a  m ult i- tr ia l  biom arker

a p p roach  for  evaluat ing toxicological  r isk  due to  the main
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co ntam inan ts  in  th e M ed iterranean (b enzo(a )pyrene, (B(a )P),

p olyc hlorobiphenyls (PCBs)  and m ethyl-merc u ry (MeHg))

usin g an i nvertebrate,  the cr ab  Carc inus aestua ri i  N ardo , 1847

(Crustacea :  Decapoda) as  bioindicator  organ ism. B(a )P,  a

c arc ino gen ic co m po un d in  m am m al s,  is  w idesp read in  aq uatic

e nv i ro nm e nt s  a nd  a ccu m u la tes  m o re  readily  in  inv ert eb rates

than  in f ish  (Stegm an 1981,  Van d er  O ost  et al . 1991) due to  the

lower rate of  biot ransformation of  the former  (L iv ings tone e t

al. 1992 b) . PCBs are toxic  to  m any m arine inverteb rat es and

v ertebrates (Duke et  al.  1 970, Nim m o et al. 1971) and are

m etabol ized  very  slowly or  not a t  a l l.  T he higher

co ncent rat io ns are  foun d in  organisms at  the top of  the food

chain (L ivingstone et  al. 1992b).  MeHg is a pro duct  o f

biotransform ation  of  inorg anic m erc u ry  an d i t  is a  toxic  and

easi ly  b iocon centr ated co mp oun d th at  po tential ly  is

biom agnif ied through the m ar ine foo d-chains. Th e

M ed it erranean, a semi- en closed sea,  is a  zone containing som e

of the r iches t  natural  res erves  of  m erc u ry.  Contam inat ion fro m

b oth an thro pog enic and  natura l  sou rces could  generate

p ol lu t i on  pro blem s in  the who le M editerranean basin (Bacci

1989).

Several  biochem ical ,  m olecular  and cytogenetic bio markers

a re  exam ined  in  this  s tud y; they includ ed: mixed fun ction

oxygenase (MFO), B esterases,  porphyrins, DNA-based  assays

(m icronu clei , a lkal ine u nwin ding assay) an d som e general

condit ion indices .  T he m ain  objectiv es  of  this s tudy w ere: (1)

to  identify  the t issues and biologica l  mater ials  useful for

bio marker stu dies in  C. aestuari i;  (2 )  to  evalua te  var ious

biochem ical ,  molecular  and genotoxic  biom arkers in  diffe re n t

t issues;  (3)  to  ident ify  the m ost su i table  biomarkers for

evaluating  chemical  s tress d ue t o  th e m ain M editerr a n e a n

con tam inants:  b enzo(a )pyren e,  po lych loro b ip h e ny l s  an d

m ethy l-m e rc u ry.

M ATERIALS AND METHODS

Treatment of the animals
Forty specimens of the marine crab, C. aestuarii, were collected in Orbetello

lagoon (Grosseto, Tuscany, Italy) in the summer of 1994 and brought to the

laboratory in containers kept at low temperature. The crabs, all male (average

diameter of carapace 6 cm), were then divided into groups of five and placed in

glass tanks with 10 litres of constantly oxygenated artificial marine water (37½

salinity). They were kept at a temperature of 20 °C with a light period from 6 am

to 8 pm. The crabs were left to acclimatize for 1 week. During this period they

were fed every 3 days with mussels. The water was changed every 3 days.

After 1 week the groups were allocated different treatments: control (C), 50 m l

DMSO (dimethyl sulphoxide) (CD), 1 m g benzo(a)pyrene (BPL), 10 m g

benzo(a)pyrene (BPH), 10 m g polychlorobiphenyls (PCBL), 100 m g

polychlorobiphenyls (PCBH), 1 m g methyl-mercury (HGL) and 10 m g methyl-

mercury (HGH).

All the compounds were diluted in DMSO. The dose for each crab was

contained in 50 m l of DMSO vehicle which was injected. After 3 days the crabs

were sacrificed by pinching their nervous system very quickly. Before sacrificing

the crabs, haemolymph was drawn and stored at ± 80 °C. Weight, carapace

diameter and any limbs missing were noted for each specimen. Hepatopancreas

and gills were removed and stored at ± 80 °C. We collected the faeces (pooled) of

the group from every tank and stored at ± 80 °C as well. Biochemical, metabolic

and genotoxic biomarkers were evaluated in these biological materials, as

detailed in Figure 1.

Biochemical assays

Microsomal preparation

One to two grams of tissue (hepatopancreas or gills) were weighed and

homogenized in 10 mM Tris, 0.5 M sucrose, 0.15 M KCl, 1 mM EDTA, 1 mM DTT

and 400 m M PMSF buffer (pH 7.6) in 1:4 (w/v) proportion. The homogenization

was carried out with 10 passages in a Wheaton potter homogenizer. Gills were cut

with scissors before homogenizing them for 1 min in a Turrax blender and eight

passages in a Wheaton potter homogenizer. The homogenates were also

sonicated for 30 s, and centrifuged at 9000 ́  g for 20 min at 4 °C. The

supernatant centrifuged again at 100 000 ́ g for 60 min at 4 °C. A 0.5 ml aliquot

of resuspension buffer (10 mM Tris, 20% glycerol, pH 7.6) was added to the pellet

and the suspension stored at ± 20 °C for about half an hour and then at ± 80 °C

until analysis. Before analysis, the microsomes were resuspended (five passages

in a potter homogenizer) in 2.6 ml resuspension buffer per g of tissue. Gill

microsomes were also sonicated for 30 s.

Microsomal enzyme activities

Mixed function oxygenase activity was evaluated in the microsomal fraction of

hepatopancreas and gills by assaying: ethoxyresorufin-O-deethylase (EROD) and

benzo(a)pyrene monooxygenase (BPMO) activities. In the same fraction were also

detected the reductase enzyme activities (NADPH cytochrome C reductase, NADH

cytochrome C reductase and NADH ferricyanide reductase). All the tests were

carried out at 30 °C.

Ethoxyresorufin-O-deethylase (EROD) activity. EROD activity was measured by the

method of Lubet et al. (1985), using 300 m l of resuspended microsomes and 5 m l

of ethoxyresorufin in the incubation mixture. The incubation time was 15 min. The

activity was expressed as pmol mg± 1 prot min± 1.

Benzo(a)pyrene monooxygenase (BPMO) activity. BPMO activity was measured

by the method of Kurelec et al. (1977), using 400 m l of microsomes as source of

M. C. Fossi et al.312

Figure 1. Biochemical, metabolic and genotoxic biomarkers detected in different

biological materials of Carcinus aestuarii experimentally treated with

benzo(a)pyrene, polychlorobiphenyls and methyl-mercury. BPMO, benzopyrene

mono-oxygenase activity, EROD, ethoxyresorufin-O-deethylase activity; NADPH-

CYT-C, NADPH cytochrome C reductase activity; NADH-CYT-C, NADH cytochrome

C reductase activity; NADH-Ferr., NADH ferricyanide reductase activity; SDS-page,

SDS± polyacrylamide gel electrophoresis; A.U., alkaline unwinding assay; AChE,

acetylcholinesterase activity; BChE, butyrylcholinesterase activity; S.H.I., somatic

hepatopancreas index; S.G.I., somatic gill index.

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



enzymes and incubating the reaction mixture for 1 h. The activity was expressed

as FU mg± 1 prot h± 1.

Reductase enzyme activities. NADPH cytochrome C reductase, NADH

cytochrome C reductase and NADH ferricyanide reductase were assayed by the

method of Livingstone and Farrar (1984).

SDS± PAGE of microsomal proteins

The microsomal fraction of hepatopancreas and gills was denatured with Laemmli

buffer in 1:4 (w/v) proportion and the isoforms of Cyt-P450 analysed by the

method of Laemmli (1970) using SDS± PAGE, Phase System apparatus and 12.5%

PhastGel Homogeneous. The amount of microsomal proteins in each sample was

approximately 7.5 m g. Molecular weight was evaluated using bio-rad SDS± PAGE

standards (High), containing proteins with molecular weights ranging from 40 000

to 200 000 Da. Densitometric analysis of the gels was performed using Gel 

Image Software by Pharmacia. Molecular weight (MW) and absorbance unit (AU)

are reported for the proteins in the range between 45 and 60 kDa, and 60 and 

97 kDa.

B esterase activities

Haemolymph was centrifuged at 8000 ́ g for 10 min and the pellet containing

impurities from sampling, eliminated. Acetylcholinesterase (AChE) and

butyrylcholinesterase (BChE) activities were determined by the method of Ellman

et al. (1961) and Westslake et al. (1981), using 10± 20 m l of centrifuged

haemolymph as enzyme source (30 °C). AChE and BChE activities were

expressed in m mol min± 1 ml± 1.

Protein concentrations

The concentrations of microsomal proteins were calculated using the bio-rad

Protein Assay and expressed in mg ml± 1. Haemolymph was sonicated for 15 min

and diluted 1:500 in resuspension buffer. The protein concentration was then

calculated using the bio-rad Protein Assay and expressed in mg ml± 1.

Porphyrin concentrations

Porphyrin concentrations were determined in hepatopancreas and excreta. In

hepatopancreas, about 300 mg of tissue was homogenized 1:10 with distilled

water using a Turrax homogenizer; 0.2 ml of homogenate was then transferred to

glass tubes and spiked with 1.6 ml of 50:50 methanol/perchloric acid mixture.

After a vortex-mixing, the samples were kept in the dark for 10 min and then

centrifuged for 5 min at a low speed. The porphyrin extract in the upper layer was

then used for spectrofluorimetric quantitative determination (Grandchamp et al.

1980). The method of Lockwood et al. (1985) was used for the extraction of

porphyrins from the pools of excreta: 1 ml of 5N HCl was added to a graduated

centrifuge tube containing an accurately weighed excreta sample (100 mg, dry

weight) and vortex-mixed. Diethyl ether (3 ml) was added and thoroughly mixed to

give an emulsion, followed by water (3 ml) and further mixing. The mixture was

then centrifuged at 700 ́  g for 10 min. The lower layer of aqueous acid

containing the porphyrins was then taken for fluorimetric determination.

Quantitative determination of porphyrins was performed by the method of

Grandchamp et al. (1980). This fluorimetric procedure is used to determine the

percentages and concentrations of uroporphyrin, coproporphyrin and

protoporphyrin in a mixture of porphyrins in the nanomolar range. The procedure

is based on the three different excitation/emission wavelength couples of each

porphyrin (uroporphyrin: 405± 595 nm; coproporphyrin: 400± 595 nm;

protoporphyrin: 410± 605 nm). By recording the fluorescence emission of the

mixture at the three different couples of values it is possible to obtain three linear

functions representing the concentrations of each porphyrin in the mixture,

expressed as pmol g± 1 biological material extracted.

Genotoxic assays

Alkaline unwinding assay

The alkaline unwinding test involves the binding of Hoechst 33258 fluorescent dye.

The intensity of fluorescence is different for double and single strand DNA. Three

different values of fluorescence are measured to obtain the rate of unwinding under

alkaline and heat treatment. The number of breaks is directly proportional to the

speed of unwinding. The three fluorescence values are that of the intact double

strand (dsDNA) (maximum fluorescence), an intermediate value after alkaline

treatment (auDNA) and that of single strand DNA (ssDNA) (minimum fluorescence).

From these three values it is possible to determine the value of F, the residual DNA

still in double strand form after alkaline treatment (Cesarone et al. 1979, Birnboim

and Jevcak 1981, Daniel et al. 1985, Morris and Shertzer 1985, Shugart 1988):

(1)

A high F value indicates that the DNA unwound slowly and therefore has few

breaks; a low F value means that the DNA unwound fast and therefore has many

breaks. A measure of the number of breaks, in fluorescence units, is obtained by

comparing the F values of a control organism with those of the stressed animal:

(2)

where Fe and Fo are the F values of exposed animals and controls, respectively.

Micronuclei

Micronuclei were determined by the method of Scarpato et al. (1990; modified). A

small piece of gill was lacerated and digested with a solution of dispase in Hank’s

Balanced Salt Solution for 20 min then filtered with a plankton net to obtain a cell

suspension. The pellet was centrifuged at 1000 rpm for 10 min and fixed in

Carnoy’s solution (acetic acid:methanol 3:1) for 20 min. After another

centrifugation at 1000 rpm for 10 min, the cells were dropped onto clean glass

slides and stained with 5% Giemsa/distilled water for at least 20 min, rinsed in

distilled water, air dried and mounted in Eukitt. All slides were coded and analysed

blindly. Gill cells were examined using a microscope with an oil-immersion

objective at a magnification of 1000. Only cells with intact cell and nuclear

membranes were scored. Two thousand gill cells per crab were scored and the

results expressed as number of micronucleated cells per 1000 gill cells (MN½ ).

Condition indices
The somatic hepatopancreas index (SHI) and the somatic gill index (SGI) were

calculated for every sample [(weight of hepatopancreas or gills/crab weight) ́

100].

Statistical analysis
All the data were processed by parametric statistical analysis using Statistica

software (Microsoft) to obtain mean, standard deviation, standard error,

correlation matrix and variance.

Results
T h e m a in resu lts of  this  experim en t are  di scu ssed  separately

for  each  of  the biological m aterials  analysed:  hepatopancre a s

(Figures 2,  3  and  4) , gill s (Figure  5) ,  haem olymph (Figure 6)

an d  e xc reta  (Figure 7).

  
n = lnFe

lnFo

± 1

  
F = fauDNA - fssDNA

fdsDNA - fssDNA
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Hepatopancreas
BPMO ac tiv i ty  in  this ti ssue (Figure  2(A ))  w as  highly enhan ced

in the BPL, PCBH and HGH grou ps. EROD ac tivit y (Figu re 2(B))

wa s indu ced only in  th e g rou p  treated w ith PCBs.  NADPH

cy to chrom e C reductase  (F ig ure 2(C))  was  induced in  the 

BPH and HGH grou p s,  w h ereas NADH ferr icyan ide re d u c ta se

and th e NA DH cytochrome C redu ctase  (Figure 2(D and E)) 

did n ot  di ffer  stat is tica l ly  between  group s.  Molecul ar  w eight

d et e rmination by S DS±PAGE of  the micro som al  f ract ion

(Figure  3 )  show ed ind uction of  p ro teins in  the area betw een  

66  and 97  kDa in  the  CD (AU 0.02 ) and  BPL (AU 0.02 and  0.03)

gro up s,  and  i n  t he area  be tween 66 and 97 kDa in  CD (AU

0.03 ), BPL (AU 0.04 and 0.12) , BPH (AU 0.01  and  0.06 ), PCBL

(AU 0.04 and  0.13) , PCBH (AU 0.02  and 0.09 ), HGL (AU 0.06

and 0.23) and  HGH (AU 0.05  and 0.26)  groups.  DN A d am age

(Figure  4(A) )  assayed by alkaline unwinding was stat is t ical ly

significant (p < 0.05)  in all  treated gro u ps  w i th  resp ect  t o

co n t ro ls .  A ll  com po und s assay ed prod uc ed a  si m ila r  nu m be r

of  breaks, w hile D MSO  decreased  D NA breaks.  T hese resu l t s

p resent  som e diff icult ies in  the interpre tat ion re lated to  the

co nc om i tan t  p resence of  posit ive and negat ive effec ts re l a te d

to the d ifferen t  exp erim ental  t reatm ent s.  Tota l  p o rp hy r in

concen tration s (F igure 4(C))  decre ased in  al l  t re atm en t 

gro u ps,  pa rti cularly  in  tho se  treated  w ith m ethy l-m erc u ry,

w h i le  u ro po rp hy rin con cent rat ion s dec reased  in  the BPH,

PCBH and HGL gro up s (p < 0.05).  To tal  p ro tein c once ntr at io ns

in c reased  in  the BPL, PCBL and  HGL grou ps bu t  th e d iffe re n c e

was not  s ta t ist ica l ly  signif ican t  w ith respect  to  co ntro ls  

(Figure 4(D)).

Gills
Gills (F igure  5)  were  found su itab le  for  MFO assay.  T he

exper im ent co nfirm ed that  BP MO  and the redu ctase  act ivi t ies

(Figure  5(A and B))  can be tested in  this t issu e. BPMO ac tivity

was indu ced in  the BPL  and H GH gro ups. One of  the m ost

in t erest ing resu lts was that  of  the an alysis  of  the m icron u cle i .

F requ encies  of  micro nu cle i  i nc reased  in the BPL, BPH, PCBH,

HGL and HGH grou p s a nd  t h e in crease was s tatis t ica l ly

significant (p < 0.05)  in all  treated gro u ps  w i th  resp ect  t o

co n t rol s (Figure 5(C)).

Haemolymph
I t  was  possible  to  test  AChE  ac tivi ty  in  haem olym ph (Figure

6(A)).  AChE ac tivity was  m uch lower  in  the BPH group.  BChE

activi ty  (Figure 6(B))  did  not show any sta t ist ica lly  signi f icant

d ifference betw een  treated  gro u p s a nd  co n tro ls. To tal  p ro t e in

concen tr at ion (Figure  6(C)) was higher  in the PCBH, HGL and

HGH gro u p s.

Excreta
Excre t a  w ere  foun d to  be part icularly sui tab le for  the  assay  of

porphyr ins (F igure  7 ) .  All  th e co ntamin an ts tested  and

especial ly  M eH g prod uced  a  dr ast ic  d ecrease in  p orp hy r in

con cent rat i ons with respect  to  th e contro l gro u p .

P ro top orph yr in con centr at io ns d ecreased in  the HGH gro u p ,

a n d  u ro porp hyr in  co ncen tr at io ns decreased in  the BPL , 

PCBH and HGL gro ups in  a  s tat is t ical ly  sign if icant  m anner 

(p < 0.05).
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Figure 2. Biomarkers: benzopyrene monooxygenase activity (A), ethoxyresorufin-

O-deethylase activity (B), NADPH cytochrome C reductase activity (C), NADH

cytochrome C reductase activity (D), NADH ferricyanide reductase activity (E), in

hepatopancreas of Carcinus aestuarii experimentally treated with benzo(a)pyrene,

polychlorobiphenyls and methyl-mercury. C, control (n = 4); CD, control + 50 m l

DMSO (n = 2); BPL, 1 m g benzo(a)pyrene (n = 3); BPH, 10 m g benzo(a)pyrene 

(n = 4); PCBL, 1 m g polychlorobiphenyls (n = 4); PCBH, 10 m g polychlorobiphenyls

(n = 4); HGL, 1 m g methyl-mercury (n = 3); HGH, 10 m g methyl-mercury (n = 3).
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Discussion
Com paring the data  of  th e present  ex perim ent with  that  o f

o ther  au thor s in  crustacea the fol lowin g points  em erge: the

values of  NADPH cytochrom e C red u cta se w ere  in  the sam e

range as  the data  in  other  spec ies (James 1989);  the resu lts of

the SDS±PAGE are sim ilar  to  those of  Quattro cchi  and  L ee

(1984a,b)  w ho identif ied the Cyt.P450 in  cr abs w ith the

m olecu lar  weight  of  49.5  and  54 kD a;  our result s are  in  l i ne

w ith those  of  Bihar i  et  al. (1984)  who re p o rted sim ilar  or

high er  MF O activi ty  in  gi l ls th an  in  the hepatopancreas.

S everal  biom arkers  tested in  th is s tudy,  such as NA DH

c yto ch rom e C, NADH-ferr icy anid e redu ctases,  AC hE  and

BChE  act iv it ies, to tal pro te in c onte nt  a nd total  po rp hy rin

content ,  do  not  show an y stat ist ical  differen ce w ith  respec t  to

c o n tro l  w ith  the co ndit ions o f  t reatm ent  u sed  in  thi s

ex perim ent.  Nevertheless  the ut i li ty  o f  these  data  consist  in  the

abil i ty  to  detect these biom arkers in  this species.

Two  m ain m ethod olo gical  p oin ts m ust  be considere d  i n  t he

in te rpre tat ion of  the  above resu lts.  The f irst  is re lated to  th e

m ethod of  adm inistrat ion o f  the con tam inants .  A cr i tic ism can

be made o n the po ten tia l  eff ects  of  the  vehic le in  som e

biom arker responses and the lack  of  u niform ity of  t rea tm e nt ,

p oss ibly  responsib le  for  the absence of  sta tist ica l ly  s ignif icant

d ifferen ces wi th  resp ect  to  con tro ls . T his observation confirm s

th e d ata  p rev iously obtained by Calleja  and Persoone (1993)

w ho  ob served that  the organic so lvents such as D MSO  can

influence the acute  toxici ty  of  som e l ipophil ic  chem icals  in

inv e rtebrates.

T h e second  m etho dological  problem  is re lated to  th e

p resence  o f  pro teolytic  act ivi ty  in  the hepatopan creas that  m ay

in t erfere  with the detect ion of  MF O act ivi ty.  Inhib itors of

monoo xygenase  act ivi ty  aff ect ing NADH cytochrom e P -450

re du ctase are  kn own  to exist  in  th e microsom al  frac tion of

h ep a to p an c reas (Jam es et al. 1979).  T hese inhibito rs,  that  do

not act  w hen the t issue is  intact ,  are  re leased  d ur in g

ho mo genizat ion of  the h epato pancreas (Jam es 1989). In ord e r

to  so lve th is k ind of  prob lem, Lee et  al. (1 981) underl ine the

im p o rtance  of  using reag en ts that  s tabil ize  M FO co mp onents,

p a rt icularly  cytochrome P -450 in  microso m al pre parat io ns.

MFO activi ty  can be drast ically  red u ce d w i th ou t  a nt ip ro tease

in the hom ogenizing buffer. Bihar i  et al . (1984) also suggest

that  pho sph olip ase in hibi tor  in  h om ogen izing buffer  incre ase s

the enzym e activi ty  from 2.5-  to  14- fold  in  the crab  M aja

crispata.

T he influence of  b oth these  interf erence factors , v eh ic le  and

p ro teo lytic  act iv i ty  in  hepatop ancreas, can be taken into

con sid erat ion in  the interpre tat ion  of  the re su l ts ,  an d

p a rt icular ly  in  the h ig h variab il i ty  detected in  the MFO
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Figure 3. SDS± PAGE of microsomal fraction of hepatopancreas of Carcinus aestuarii experimentally treated with benzo(a)pyrene, polychlorobiphenyls and methyl-mercury.

The results of densitometric analysis are reported in the table. For the proteins in the range between 45 and 60 kDa and 60 and 97 kDa molecular weight (MW) and

absorbance unit (AU) are reported. C, control; CD, control + 50 m l DMSO; BPL, 1 m g benzo(a)pyrene; BPH, 10 m g benzo(a)pyrene; PCBL, 1 m g polychlorobiphenyls; PCBH,

10 m g polychlorobiphenyls; HGL, 1 m g methyl-mercury; HGH, 10 m g methyl-mercury.
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Figure 4. Biomarkers: DNA A.U. (alkaline unwinding assay) (A), uroporphyrin

concentration (B), total porphyrin concentrations (C) and total protein

concentrations (D) in hepatopancreas of Carcinus aestuarii experimentally treated

with benzo(a)pyrene, polychlorobiphenyls and methyl-mercury. C, control (n = 4);

CD, control + 50 m l DMSO (n = 2); 1 m g benzo(a)pyrene (n = 3); BPH, 10 m g

benzo(a)pyrene (n = 4); PCBL, 1 m g polychlorobiphenyls (n = 4); PCBH, 10 m g

polychlorobiphenyls (n = 4); HGL, 1 m g methyl-mercury (n = 3); HGH, 10 m g

methyl-mercury (n = 3).

Figure 5. Biomarkers: benzopyrene monooxygenase activity (A), NADH

ferricyanide reductase activity (B), micronuclei (C) and total proteins (D) in gills of

Carcinus aestuarii experimentally treated with benzo(a)pyrene, polychorobiphenyls

and methyl-mercury C, control (n = 4); CD, control + 50 m l DMSO (n = 2); 

BPL, 1 m g benzo(a)pyrene (n = 3); BPH, 10 m g benzo(a)pyrene (n = 4); 

PCBL, 1 m g polychlorobiphenyls (n = 4); PCBH, 10 m g polychlorobiphenyls 

(n = 4); HGL, 1 m g methyl-mercury (n = 3); HGH, 10 m g methyl-mercury 

(n = 3).
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activi ty  in  the sam e group of  treatm ent.  T he m ain quest ion of

this study was the  iden ti fica tion  of  the m ost  su i table biomarkers

for  evaluat ing chem ica l  st ress due to  th e three  co nt am in an ts .

T he  p ercentage varia t ions of  the biomarker  re sp o n ses w i th

resp ec t  to  con tro ls,  w ere ca lculated using the average values

o btained in  the two dose treatm ents  fo r  each  contam in ant ,

ac cord ing to  the formula:  ( trea t e d - c on t ro l/ co nt rol)  ́  1 0 0

(Figure 8) . In the case of B(a )P  co ntam ination the m ost

sensi t ive biomarker w as  BPMO  ind uct ion in  gi l ls fol lowed by

BP M O in duc tio n in  hep ato pan creas,  po rp hy rins an d 

induction of  E ROD activ i ty  in  hepatopancreas (Figure 8(A)). In

the case  of PCBs, the highest  re spo nse  w ith resp ec t  to  con tro l s

was again the induct ion of  MFO  ac tivit ies, especial ly  BPMO

and E ROD  in h epatopancreas (Figure 8(B)) . In  the MeHg
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Figure 6. Biomarkers: acetylcholinesterase activity (A), butirylcholinesterase

activity (B) and total protein concentrations (C) in haemolymph of Carcinus

aestuarii experimentally treated with benzo(a)pyrene, polychlorobiphenyls and

methyl-mercury. C, control (n = 4); CD, control + 50 m l DMSO (n = 2); BPL, 1 m g

benzo(a)pyrene (n = 3); BPH, 10 m g benzo(a)pyrene (n = 4); PCBL, 1 m g

polychlorobiphenyls (n = 4); PCBH, 10 m g polychlorobiphenyls (n = 4); HGL, 1 m g

methyl-mercury (n = 3); HGH, 10 m g methyl-mercury (n = 3).

Figure 7. Biomarkers: coproporphyrin, uroporphyrin, protoporphyrin and total

porphyrins in excreta of Carcinus aestuarii experimentally treated with

benzo(a)pyrene, polychorobiphenyls and methyl-mercury (the samples of each

treatment are pooled). C, control (n = 4); CD, control + 50 m l DMSO (n = 2); BPL, 1

m g benzo(a)pyrene (n = 3); BPH, 10 m g benzo(a)pyrene (n = 4); PCBL, 1 m g

polychlorobiphenyls (n = 4); PCBH, 10 m g polychorobiphenyls (n = 4); HGL, 1 m g

methyl-mercury (n = 3); HGH, 10 m g methyl-mercury (n = 3).

Figure 8. Identification of the most sensitive biomarkers in Carcinus aestuarii for

the detection of B(a)P(A), PCBs and MeHg (C) contamination. (*) = More sensitive

biomarkers that can be allowed to identify specific class of contaminants

( D̀iscriminant’ biomarkers). BPMO, benzopyrene monoxygenase activity; MICRON,

micronuclei; URO, uroporphyrin; EROD, ethoxyresorufin-O-deethylase activity;

COPRO, coproporphyrin; BChE, butyrylcholinesterase activity; PROTO,

protoporphyrin; DNA A.U., alkaline unwinding assay; TOT.PROT., total proteins;

AChE, acetylcholinesterase activity; TOT.PORPH; total porphyrins.
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t reatm ent gro ups,  th e m ost  re l iable  biomarkers  for

co n tam ina tio n  w ere  BP MO ac tivi ty  in  hepato pancre as,

fol lowed  by BPMO  in  gi l ls  and uro p o rp h y r in  in

h e p ato p a n creas (Figure 8(C)).

T hese results a l low  us to  se lect  th e most  sensi t ive

biom arkers and  the most  su i table  t issu es  for  th e identif icat ion

of the diffe rent  chem ica l  insults .  BPMO  ac tivi ty  in

h e p ato p a n creas  is a  good biom arker of  exposure  of  PCBs and

B(a )P  contam inatio n in  this  sp eci es ,  and  could  be u sed,  in

field  studies , to  identify  general  st ress  due to  l ip oph il ic

co ntam inan ts .  M oreover  the abili ty  of  m ethyl-merc u ry  to

ind uce MF O  activi ty,  as  fou nd in  the pre sen t  s t ud y,  w as

p reviously re p o rted by L eonzio  et al . (1996) in  bi rd s

exp erim ental ly  expo sed to  th is contam inant . More  spec if ic

identif ica t ion of  the m olecules responsible  fo r  the ch em ical

st ress can  be done with  a  su i te  of  `discr im inan t ’  b iomarkers.

B(a )P contam ination can  be detected b y the co ncom itant

p resence of  induction of  BPMO activi ty in  gi l ls  and

h ep ato p an creas ,  with an increase in  m icronu cleus f req uen cies.

P CB contam inat ion seem s to  be mainly characterized by MF O

induction (BP MO and E ROD activi t ies )  in  hepatopancrea s a n d

gills. `Discrim inant’  b iomarkers for  MeHg con tam ina tion could

be the con com itan t  presence of  B PMO  induction  in

h e p ato p a n crea s and  a n inc rea se  of  m icro nuc leus f req ue nc ies.

In  the to tal of  the four biologica l  materials analysed in  this

experim ent the mo st  usef ul  for  the detect ion of  the m ain

biom arker resp on ses are  h ep ato pa nc reas  and gil ls,  wh ile  th e

h ae m o ly m p h  a nd  ex cre ta seem to be less su i tab le  for  these

c o m p o u n d s .

Conclusion
T he m ain conclusions of  this  f ir st  exper iment in  the

M ed it erra nean  sp ecies Carc inus aestuari i  can  b e sum m ar iz ed

as fol low s:

(1) Som e t issues and biological  m aterials seem to be useful  for

bio m arker  s tudies in  this  species:  hepato pancreas, gill s,

h ae m o ly m p h  a nd  ex cre ta . The m ost  sui tab le  t issues  in  terms of

sensi tivi ty  of  biom arker resp on ses a re  he p atop an cre a s a n d

gil ls.

(2) A n umb er  of  b io ch em ical,  m olecular  and geno to xic

bio m arker s w ere  found to  be detec tab le  in  several  t issues.

Biom arker s,  such as BPMO  in hep ato pancreas and gill s, E ROD

activ i ty  in  hep atopa ncreas and ester ase act ivi ty  in

h aem oly m p h,  a re confirmed to  be su itable  biom arkers  in

c rustaceans.  A series of  biom arkers very  seld om  m ea su re d  i n

in ve rtebrates,  such as m icronucle i  in  gil ls,  DNA  dam age tested

b y alkali ne u nw in din g a ssay in  hep ato pan creas an d  p o rph y r in

co nce ntr at ion s i n  hep ato pa ncreas a nd excre ta,  can  also  be

u sed  in  th is  spec ies.

(3) T he se  results  wil l  enable  the defini t ion of  a  sim ple  su ite  of

biomarker  tests for  the three co ntam in ants  to  be  app lied in

field  stu dies in  the M ed iterranea n S ea.
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