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The response of the glutathione S-transferase (GST, EC
2.5.1.18) and related proteins of Mytilus edulis to
environmental pollution load was assessed. Mussels were
reciprocally transplanted between an industrial estuary
(Douglas), a rural estuary (Youghal) and a marine site
(Bantry). In addition, mussels were sampled along a pollution
gradient in an estuary receiving leather tannery effluent
(Colligan). These latter mussels were previously shown to be
subject to oxidative stress resulting from the discharges. GST
specific activity of cytosolic extracts from the gill and
digestive gland tissues was determined for all animals.
Specific activity was shown to vary significantly in animals
from different sites, with highest specific activity always
observed in samples (local and transplanted) taken from the
industrial site. By comparison, the mussels exposed to
tannery discharges displayed no significant alteration in GST
specific activity. Total intracellular glutathione (GSH) was also
determined for samples taken from the Douglas and Youghal
estuaries but no correlation with pollution load was observed.
Using FPLC analysis, we observed no specific effect on the
relative levels of the GST and the individual GST related
proteins in gill or digestive gland samples from local or
reciprocally transplanted animals from Douglas or Youghal.
The increase in GST specific activity observed in samples
from the industrial estuary are indicative of a possible,
specific inductive agent at this site. The results from the
tannery site, by comparison, indicate that general oxidative
stress does not result in elevated GST specific activity in 
M. edulis. 

Keywords: glutathione S-transferase, Mytilus edulis, gill, digestive
gland, specific activity, oxidative stress.

Introduction
S om e com m o n b iochem ical  and ce l lular  resp o n ses w h ich  

hav e been used  as indices of  exp osu re  to  enviro n m e n ta l

contamination include (1)  variat ions of  specif ic enzym e

activi t ies  such as cy tochrome P-450 (Stegeman and Lech 

1991,  Goksù yr  and Förlin  1992), (2)  pro te in  leve ls,  e .g .

metal lo thioneins (Kille  et al. 1992) and st ress  pro t ein s

[in i tia lly  referr ed to  as h ea t  shock  pro teins]  (Sanders 1993) and

(3) lysosom al  membrane stabi l ity  (Moore 1991) . Detoxif ication

en zym es a re  p otential ly  useful  in  the assessm ent of  the

response of  an  anim al  to  environ m enta l  po llu t ion ,  as  th ese

en zym es a re  usual ly  r apid ly ind uced and  sensi t ive,  they  m ay

th e refore be used  to  detect  the presence of  bioact ive pollu tants.  

T h e detox if icat ion  enzym es have been d ivided  into phases 

I, I I, and III , genera lly ref lec t ing the ord er  in  w h ic h a

xenobiotic is m etabolized by them  (Ish ikawa 1992) .  T he  GSTs

(g lu ta thione S-t ransferase, EC 2.5.1 .18)  are  quanti ta t iv ely  the

most  ubiquitous of  the phase  II  detoxif ica t ion enzym es.  As

p red om inan tly  cyto so l ic  enzy m es,  the ease with  w hich the

GSTs m ay be assayed has allo wed a detai led  stud y of  th ei r

dist r ibutio n. T hese  enzym es cata lyse  the conjugation of  a  larg e

varie ty of  xenobiotics  as  well  as endogenous subst rates to

glu ta th ione (GSH). Almost a ll  organ ism s invest igated possess

this m ech anism of detoxif icat io n (Stenersen  et al. 1987) .

Com p arison s betw een o rganism s may be rea di ly  m a d e w h en

th e c om p ou nd  1 -c hloro-2,4-din itrobenzene (CDNB) is used  as

su bstrate .  T h is com pou nd is very  ac tive as a  subs trate  for  most

GSTs tes ted.  I ts use  in  the screen ing of  organ ism s for  GST

act iv ity  is l ikely to give a reasonable estim ation  of  the sum  of

the catalytic act iv i ties  of  most  GSTs p resent  in  a  pre pa rat i on

(Ma nn erv ik and Danielson 1988).  

E levat ion of  m olluscan GST  ac tivity as a resu lt of  exp osu re

to cert ain  co m po und s has b een dem on st r ated  (Boryslaw skyj 

et  al . 1988) . Incre ases in  G ST  ac tiv i ty  have also  been

dem o nstrat ed in  oth er  inve rtebrates such as crabs (Lee et al.

1988)  and crayfish  (Lindst röm -Seppä  and Hänninen 1986).  In

add it i on ,  t here  is evid ence which  sugges ts that  GS T activ i ty

does n ot  v ary  signif ican tly  un der  th e influence of

en v i ronm ental  par am eters  such as sex ,  age and seaso nali ty

(S h eeh an  et al. 1991, Power and Sh eehan 1995).  T hese f ea ture s

a re  very  desi rable  of  any par am eter  to  be used as a  poss ib le

bio m arker.  In  contrast , the cy tochrom e P-4 50 isoenzym es  have

been  clear ly  shown to be influenced by seasonali ty  (Kirc h in  

et  al . 1992) ,  thereb y m aking interpre tat ion of  v ar iat io ns in  the

lev els  of  these enzym es m ore  diff icu lt .  However,  po llu t io n

co rrelated  differences in  P 450-re lated p ar am eter s but  n ot  GST

have been o bserv ed  in  M . edulis in  c ertain  f ie ld  s tud ies

(Fitzpat r ick  et al. 1995a,  Livingstone et al . 1995). 

In  this paper we assess  the feasibi li ty  of  using the GS Ts of  

M . edu lis as  potential  biom arkers  of  ch em ical  pollut ion load in

th e e nv ironment. G ST  specif ic  act ivi ty  was  determ in ed  in  t h e

gil l  and diges tive gland ti ssues of  M . edu lis from  a n um ber of

sit es of  vary ing pollut ion load , i .e.  (1)  Douglas Estuary,

adjacent  to  an area rece iv ing  eff luents  from  a nu mb er of

p h a rm aceutical  plants , (2)  Bantry, a  prist ine marine si te , a lso

the location of  a  comm ercial  m usse l  farm and  (3)  You ghal ,  a

re l at ively u np ollu ted est uary.  I n  add it ion,  m usse ls  w ere

re c ip rocally  transplanted  betw een  the s i tes  to  s tudy  short  

te rm  ind u ction .  Fu rt h e rm o re , as oxidative st ress  h as

p rev iously been  sh own  to in duce G ST  expressi on in  various

mam malian cel l  l ines (D anie l  1993 ), musse ls were  co llected

along a  pollu t ion gradient  in  the Coll igan Estuary  (see  Figure

1).  T hese mu ssels  have previou sly been show n to be subject  

to  oxid at ive st ress  resu lt ing fro m  the d isch arges (Wa l sh  a n d
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O’ H al loran  1996).  T he causa tive agent  was  dem onst rated to  be

th e aromatic  fungicide Busan  30WB containin g the act ive

in gredient 2-( thioocyanomethylth io)-benzoth iazole  (TCMT B).

In ad dit io n, the pollut ion gradient  a lso  corre spo nd s t o  a

sal ini ty  g radien t,  and as  su ch  the eff ect of sal in ity on GST

specif ic  ac t iv i ty  in  M . edulis was also  invest igated.

T h e e xp res sion of  sp ec if ic  enzym e activi ty  in  this s tudy w as

m e a su red  u sin g t issu e d ry  weight  as  the denom inator  of

e x p ression as  both cytoso lic  pro tein and t issu e w et w eight

w e re  fou nd to  b e unsuitab le for  use  u nder f ield  condit ions

(Fitzpatr ick et al . in  p rep .) .  T his w as  due to  the f inding that

t issue  w ater  an d part icularly  cytosolic  pro tein con cent rat i ons

varied signif icantly  in  th e t issues of  m usse ls between  si tes .

MATERIALS AND METHODS

Mussel transplantation experiments
Mussels were reciprocally transplanted from reference sites to more

contaminated sites. Over 200 mussels between 50 and 60 mm in length were

collected from each site (see Figure 1). Mussels sampled from Bantry Bay were

taken from a rope grown cultivated population, while samples from Douglas,

Youghal and Colligan estuaries were collected intertidally. Within 24 h of collection

(having been maintained in static 25 l tanks of filtered aerated sea water in the

interim), the mussels were placed in polypropylene baskets and distributed to the

relevant sites. All baskets were placed 1 m above the Mean Low Water Mark

(MLW) at the sites. Indigenous mussels from each site (the locals) were also

placed in baskets and treated similarly to the transplants.

Initially, mussels were transplanted from Bantry Bay to Douglas Estuary,

referred to as Bantry/Douglas Transplants and from Douglas Estuary to Bantry

Bay, referred to as Douglas/Bantry Transplants. These mussels were left in situ

for 44 days. This period was considered to be more than sufficient for the

mussels to acclimatize to their new environment (Bayne et al. 1976).

Mussels were also transplanted from Youghal Estuary to Douglas Estuary,

referred to as Youghal/Douglas Transplants, and from Douglas Estuary to Youghal

Estuary, referred to as Douglas/Youghal Transplants for 72 days. In the case of

the Colligan Estuary, mussels were collected from four different sites within the

Colligan Estuary (sites 1± 4, see Figure 1). Two of these sites (1,2) were above the

tannery outflow point while two (3,4) were below. The pollution gradient was

defined by digestive gland lipofuscin density and total tissue chromium

concentrations (a primary contaminant in the effluent) (Walsh and O’Halloran

1996). Tissue TCMTB concentrations were not measured. Mussels were also

transplanted from Youghal Estuary to site 3 in the Colligan Estuary, referred to as

Youghal/Colligan Transplants. The reciprocal transplantation was not conducted.

Sample collection
After the respective exposure periods, the mussels were collected from the sites and

transported directly to the laboratory in clean plastic containers. Gill and digestive

gland tissues were dissected within 24 h of collection and immediately frozen in liquid

nitrogen. The tissues were subsequently stored at ± 70°C until required.

Preparation of cytosol
Typically 4g of each tissue (pooled from a number of individuals, the number

required depending on the tissue being studied, i.e. digestive gland : 8± 12; gill:

24± 32 individuals) was used for preparation of cytosol for GST enzymatic assays

or further purification. Tissue homogenization was performed at 4°C using 3± 4

volumes of homogenization buffer [10 mM sodium phosphate (pH 7.2), 0.5 M

sucrose, 0.15 M KCl, 1.00 mM EDTA and 1.00 mM dithiothreitol (DTT)] with a

polytron homogenizer (3000 rpm ́ 30 s). The homogenate was subsequently

centrifuged for 1 h at 4°C, 23000 g, using a Sorvall Superspeed RC2-B automatic

refrigerated centrifuge. The resulting supernatant (cytosol) was retained for

further purification.

Affinity purification procedure
Column chromatography was carried out at 4°C. Cytosol was filtered through

glass wool and the filtrate rapidly desalted using a Sephadex G-25 column (17 ́

3.0 cm) pre-equilibrated in 10 mM sodium phosphate buffer (pH 7.2). The resulting

eluate, with conductivity equal to that of the buffer, was passed through a

GSH± agarose affinity (5 ́ 1 cm) column pre-equilibrated with the same buffer.

Non-specifically bound material was eluted by passing five column volumes of

10 mM sodium phosphate buffer (pH 7.2) containing 200 mM NaCl through the

column. The specifically-bound material was removed using 10 mM Tris-Cl buffer

(pH 9.0) containing 200 mM NaCl and 30 mM GSH. All the specifically-bound

material typically eluted in 15± 20 ml, and this was subsequently passed through a

second G-25 column (16 ́ 3.0 cm) pre-equilibrated with 10 mM Tris-Cl buffer (pH

8.5) to remove the GSH and salt. The eluate was collected in 5 ml fractions. The

fractions displaying GST activity (using CDNB as substrate) were pooled and

stored at ± 70°C in 10± 15 ml fractions until required for further chromatography.

P. J. Fitzpatrick et al.52

Figure 1. ( A) Indicates the location of the areas from which mussels were

sampled on the South coast of Ireland. B) Blow up of the Colligan Estuary showing

the location of sites 1± 4 (C1± C4). Site 1 (Colligan 1) is the most upstream and

therefore has the lowest salinity and site 4 (Colligan 4) is nearest the mouth of the

estuary and hence has the highest salinity. The shaded areas represent the land

around the estuary and the white areas represent the waterbody of the estuary.
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Fast protein liquid chromatography (FPLC)
FPLC has previously been widely used in purification of GSTs from mammalian

sources (Ålin et al. 1985, Meyer et al. 1991). Ten ml (3± 5 mg) desalted, affinity-

purified extract was applied to the FPLC (Pharmacia). Separation was achieved

using Mono Q (HR 5/5) anion exchange chromatography at room temperature.

Protein was detected by measuring absorbance at 280 nm using a single path,

dual beam flow-through UV-1 monitor (Pharmacia). The buffers used were as

follows: buffer A, 10 mM Tris-Cl (pH 8.5), buffer B: 10 mM Tris-Cl (pH 8.5)

containing 1.0 M NaCl. A gradient of 0 to 40% B over 17 min was used to achieve

separation of the isoenzymes. As the protein peaks eluted from FPLC they were

collected and immediately placed on ice.

Measurement of GST enzymatic activity
GST catalytic activity using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate was

determined using the method of Habig et al. (1974). The buffer used was 0.1 M

sodium phosphate. The GSH required for these assays was dissolved in 0.1 M

disodium hydrogen phosphate solution. The CDNB was dissolved in ethanol. In all

cases the final concentration of ethanol in the assay mixture was 5% (v/v).

Determination of intracellular GSH concentration
GSH concentrations were determined by the method of Griffith (1980) in which

GSH is sequentially oxidized by 5,5’-dithiobis-(2-nitrobenzoic acid) [DTNB] and

reduced by NADPH in the presence of GSH reductase (EC 1.6.4.2). The rate of 2-

nitro-5-thiobenzoic acid formation was monitored at 412 nm and the GSH

concentration was determined utilizing a standard curve. Both reduced (GSH) and

oxidized (GSSG) GSH are detected by this method. Solutions of 3 mM NADPH

(solution I) and 6mM DTNB (solution II) were prepared in 125 mM sodium phosphate

buffer (pH 7.5) containing 6.3mM EDTA. GSH reductase solution containing 

50 units per ml was made up in water. The assay was performed at 30°C. 

Estimation of dry/wet weight ratios
A sub-sample of the pooled tissue used for biochemical analysis was taken from

the respective sites and its wet weight determined. The tissues were subsequently

dried at 70°C to a constant weight using a Gallenkamp OV-160 oven. The tissues

were then re-weighed and the dry/wet weight ratio calculated. This dry/wet weight

ratio was determined at least in triplicate for each tissue sample from the

respective sites.

The dry/wet weight ratios were determined for all tissue samples. These ratios

were used to calculate the GST specific activity g± 1 dry weight.

Statistical analysis
Comparison of mean values where appropriate were analysed by Student’s t-test

or one-way analysis of variance using the minitab statistical package (Ryan et al.

1985). 

Results

Influence of site pollution status on GST specific activity
T h e resu lts for  differences  in  G ST  specif ic  act ivi t ies between

si tes are  sum m a riz ed in  Table 1 .  T he mean digest ive gland

GST  speci f ic act ivi ty  was found to be similar  between Douglas

(locals 1)  and Bantry  ( locals) . By compar ison,  speci f ic  ac tivi ty

in the gi l l was higher in  Douglas ( loca l)  sam ples rel at ive to

Ban try ( locals ) (p <0.05).  Transplan tat ion  fro m Bantry  to

Douglas also  resu lted in  a  s ignif icant  increa se in  gil l  spec if ic

act ivi ty  samp les (p <0.01) . Conversel y,  wh en  m ussel s  w ere

tr ansplan ted from Douglas to  Bantry,  i.e Douglas/Bantry

Transplants, the GST  speci f ic  ac t iv i ty  in  the gil l  was

signif ican tly  re d u c ed  re lat ive to  the Douglas locals and

a p p roached  a  value sim ilar  to  that  of  the Ban try  locals

(p <0.05). Unfort u n at ely, as  in suff ic ient  t issue was available to

d et e rm in e  t h e w et /d ry  weight  t issue ratio  of  digest ive gland

from  th e Bantry  Transplant  anim als , the changes in  G ST

speci f ic  ac t ivity  could not be asse ssed for  digest ive gland in

this  gro u p .

In the subsequent  comparison between Douglas estuary  a nd

Youghal  estuary,  a sim ilar  pa ttern  was ev iden t , i.e. inc re ase d

enzyme act ivi t ies were recorded  in  Douglas gil l ti ssue in  bo th

local s (p <0.001)  and transp lan ts (p <0.001) relativ e to Youg hal

mussels.  This pattern  was m irro red  in  the digestiv e gland (Table

1) . In addi tion , transp lantation  of  mussels from the Douglas

estuary to Youghal led  to  a ne t decrea se in  enzyme act ivi ty  in

both  tissu es, i.e. g ill (p <0.001) ; digest ive gland (p <0.001). 

T h ese  la t ter  samp les w ere also  analysed  for  total

intr acellular  GSH  concentr at ion (Table 2) .  How ever,  n o

a p p a ren t  p at tern  in  intr ace llular  GS H con cen trat ions was

ob serv e d .

GSTs as potential biomarkers 53

Digestive gland Gill

IU g ± 1 dry wt Dry/wet wt IU g ± 1 dry wt Dry/wet wt

Site Mean ± s.e. Conversion ratio Mean ± s.e. Conversion ratio 

Bantry locals 6.29 ± 0.14 3.75 15.62 ± 0.43 9.07

Bantry/Douglas Transplants ND ND 21.18 ± 0.30** 11.73

Douglas locals 1 6.46 ± 0.37 4.62 18.22 ± 0.85* 11.39

Douglas/Bantry Transplants ND ND 14.37 ± 0.46* 9.43

Youghal locals 7.15 ± 0.35 4.26 9.46 ± 0.40 9.19

Youghal/Douglas Transplants 10.42 ± 0.26*** 5.04 22.75 ± 0.90*** 11.00

Douglas locals 2 9.16 ± 0.28*** 5.16 22.89 ± 1.16*** 10.15

Douglas/Youghal Transplants 7.21 ± 0.38*** 4.31 12.78 ± 0.02*** 8.48

Table 1. GST specific activity of cytosolic extracts (IU g ± 1 dry weight) for tissues of M.edulis locals and transplants from Douglas, Youghal and Bantry sites.

The results are expressed as mean values ± s.e. (n = 4). Douglas locals 1 refer to samples taken during the Douglas/Bantry comparison and Douglas locals 2 to

those sampled during the Douglas/Youghal comparison. Factors to convert values, by division, to IU g ± 1 wet weight are also given. ND = Not determined; IU =

International Unit; transplants are given as source/destination. Significance values: *p<0.05; **p<0.01; ***p<0.001 refer to changes between source and

corresponding transplant or between corresponding sources, e.g. Douglas locals 1/Bantry locals.
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FPLC analysis of gill and digestive gland affinity-purified

extracts from M. edulis
T he GS Ts from  the gil l  and digest ive gland of  M . ed ulis h a v e

p reviously b een pu rif ied and b iochem ically  character ized

(F itzpatr ick an d Sheehan  1993, Fitzpat r ick et  al . 1995b) . FPLC

analysi s of  GSH agarose  aff in i ty-purif ied  ex tract s fro m  th ese

t issues rev eals the p rese nce of  four pro tein p eaks,  1±4

(F itzpatr ick and S heeh an  1993).  T he m ean ‰s.e . values for  the

p eak area s from  sam ples tak en  from  Douglas and You gh al

locals  and  the rec ip ro ca l  t ransplants between th ese  s i tes are

su m m ar iz ed  i n  Table 3 . No signi f ican t  diffe renc e b etw ee n th e

relative leve ls of  the GST-like pro teins was o bserv e d .

Effects of oxidative stress on GST specific activity
T h e results of  the leather  tan nery eff lu ent  ex po su re  s tud y are

su m m ar iz ed  i n  Table 4 . Higher GST  speci f ic  ac tivi ty  was

o bserved in  the gi l l  samples from  You gh al  m usse ls  th an in  an y

of the four si tes from the Colligan Estuary (p < 0.01).

Conversely in  the digest ive gland samples,  lower activi ty  was

o bserved in  Youg hal  sam p les co m pared  w ith sam p les fro m  th e

Coll igan E stuary (p <0.01) . In  part icu lar,  no pattern  in  the GST

specif ic  act ivi ty  w as  observed in  ei ther  gi l l or  diges tive gland

tissue in  re lat ion to  th e pollut ion o r  sal ini ty  gradient  w ithin

th e c on tam in ated  e st uary.  Furt h e rm o re ,  w h en m u ssels  we re

tr ansplan ted from  Youghal  to  s ite  3 in  the Colligan es tuary

(n earest  to  the  eff luen t  outfal l) ,  no increa se  in  GS T activi ty  was

detec table  in  ei ther  t issue. 

Discussion
In creases in  G ST  speci f ic ac t ivi ty  have been do cum ented in

lab orato ry  ex po sures of  bivalves to  var ious orga no chem ical s

(L ivingstone 1991 ) such as dieldrin  and l indane (Bory slaw sk yj

et  al . 1988) .  In  con trast , there  is no evidence to  suggest  that

e x p o su re of musse ls to  metals (e .g . Cu, Mn, Fe, and Pb)  re su lt s

in  elevated  GST levels (Regoli and Princ ipa to  1995) .  There fore ,

the potential exists for  their  use as a  poss ib le  speci f ic index of

o rg anic chem ical  p ollut ion  in  the env iron m en t.  

O xidative st ress  is  be l ieved to result  in  elevated  levels  of

GST  in  mamm al ian  ce l l l ines (Daniel 1993) .  To invest igate this

possibi l i ty  in  M . edul is w e analysed m ussels  e xp osed to

t a n n e ry eff luen t  contain ing th e probable aro m ati c  p ro-oxid ant

TCMTB (Walsh  and O ’ Hal loran  1996).  As no pat tern  of

in d u ct io n  w a s a p pa rent  in  exp osed  anim als ,  this  leads u s t o

conclu de that  oxid ative s tress  per se d oes no t  ap pea r to  in duc e

GST speci f ic  act iv i ty  in  M . ed ulis.  In  addit ion, it  is  app are n t

that  the elevation in  act ivi ty  observed in  m usse ls  f rom D ouglas

E stu ary  (Table  1)  is sim ilar ly not a  resu lt  of  oxidative st ress  as

no evid en ce of  incre ased  pe roxidatio n w as d etected in  the

t issues of  these  anim als , as  indicated  by the low  incidence  o f

l ipofusc in  in  the digest ive ce l ls of  these  an im als (Wa ls h  a n d

F itzpatr ick,  un pub lished ob servatio ns) .

T h e refore,  as regards the cause  of  th is e levated  G ST spec if ic

act ivity  observ ed  i n  sam p les fro m Douglas Estuary, i t might be

suggested that  sa l inity  s tres s m ay play a  ro le .  How ever,  as th e

resu lts of  the Colligan  Estuary  s tud y  sho w, no change in  GS T

activi ty  was evident  in  m usse ls  samp led fro m  th eir  u ppe r l im it

of  dist r ibu tion (Coll igan 1)  in  the estuary  to  an alm ost  ful ly

marine si te (Colligan  4) . This therefore  sug ges ts  th at  sa l inity

variation is  an unlikely influence.  Alterna tiv ely,  the in cre a se

ob served may be a  tru e re flec t ion of  exposure  to  a  chem ica l  or

chem ic als in  the est uary  w h ich  h av e prev iou sl y b een sh ow n to

specif ically  induce G ST  ac tivity  in  invertebrates,  e.g . l indane,

dieldr in  (Boryslawskyj et  al . 1988) , PAHs and PCBs (Lee 1988).

P. J. Fitzpatrick et al.54

GSH concentration

(nmoles g± 1 dry wt.

Mean ± s.e.)

Site Gill Digestive gland

Douglas locals 2039.9 ± 230.9 2595.5 ± 40.7

Douglas/Youghal Transplants 1709.0 ± 130.4 2530.6 ± 153.2

Youghal locals 1912.4 ± 227.6 2914.8 ± 138.5*

Youghal/Douglas Transplants 2979.4 ± 477.9** 3981.8 ± 219.2*

Table 2. GSH concentrations (nmoles g± 1 dry weight) for tissues of M. edulis

from the sites used in the transplantation experiments.

Site descriptions as in Table 1. The results are given as the mean values ±
s.e. (n = 4). Significance values: *p<0.05; **p<0.01 refer to changes

between source and corresponding transplant or between corresponding

sources, i.e. Douglas/Youghal.

Douglas Douglas Youghal Youghal

Site: Locals (2) Transplants (2) Locals Transplants

Digestive Digestive Digestive Digestive

Tissue: gland Gill gland Gill gland Gill gland Gill

Peak 1 5.1 ± 1.0 4.1 ± 3.2 7.9 ± 2.2 2.6 ± 0.2 7.1 ± 1.1 2.2 ± 0.1 7.1 ± 2.2 2.0 ± 0.2

Peak 2 70.4 ± 4.9 64.0 ± 2.8 63.6 ± 2.4 72.4 ± 3.3 66.9 ± 0.8 60.8 ± 3.8 66.6 ± 7.6 62.2 ± 5.7

Peak 3 16.5 ± 3.3 24.6 ± 0.1 20.4 ± 1.8 16.4 ± 1.9 17.6 ± 1.1 27.3 ± 4.6 15.1 ± 1.7 24.8 ± 4.6

Peak 4 7.9 ± 1.6 7.2 ± 0.5 8.0 ± 0.7 8.6 ± 1.3 8.4 ± 0.9 9.7 ± 1.0 11.2 ± 5.9 11.0 ± 1.4

Table 3. The relative amount (%) of each GST-like protein present in the affinity-purified extracts of M. edulis digestive gland and gill tissue from the respective

sites (mean ± s.e.).

The total area of the four peaks was taken as 100%. The individual peak areas were measured by the FPLC programme controller (n = 3). Site descriptions as in

Table 1.
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In  this context,  e levated  concentr at ions of  org an och lo rines an d

P CBs have been  re p o rted  in  t issues of  musse ls taken from  Cork

H arbou r com p ared w ith other  si tes  aroun d th e Ir ish coast

(Dineen  1989). Altern ativ ely,  the ac tive ingred ien t  in  so m e

ant ifouling paints,  i .e . tr i -bu tyl tin  (T BT ), may also  be

responsible.  Douglas E stuary  is  located  ad jacent  to  the m ain

c o m m erc ial  shipp ing ch annel  in  Cork  Harbour  and  there b y

p robab ly has increa sed levels of  TBT due to  leach ing  of  this

c om p ou n d  f ro m su ch p aints .  S tud ies on the m o rph olog ical

d ef ects in  m usse ls  and  oysters  in  and aro und  th e D oug las

E stuary  ind icate  elevated levels o f  this  com pound  are  p re se n t

h e re (D. Manchin, pers.  com m.) .  More ove r,  as GSTs h ave been

im plicated  in  th e detox if icat ion m et ab olism of this com pou nd

in many marine anim als includ in g m ussels  (L ee 199 1),  the

elevated GS T act iv i ty  observed could  be a  resu lt  of  org an ot in

e x p o su re .  Ho wever,  al thoug h the ev id ence for  the presence of

a GST  inducer is good, the identi f ica t ion of  the causa tive agent

req u i res  further  c lar if ica tion. 

Co m pa red  w ith the ev idence for  var iat ion in  G ST  speci f ic

act ivity  betw een si tes , there  appears  to  be no spec if ic effect 

o n the re lat ive am ount of  the individual  GS T-like pro t ein s

based  on F PLC analysis (Table 2). Of the four  GST-like 

p ro teins isolated fro m  M . ed ulis ti ssues,  only  peak  1 (GST  1)

displays detectab le  catalyt ic act ivity  w ith  any of  the

com mon ly  used GS T subst r ates (Fitzpatr ick et  al . 1995b) .

H o w ev er, as the speci f ic  act ivi ty  var ies signif icant ly for  both

gil l  and digestive gland samples,  part icu lar ly  for  the

Douglas/Yough al  and  re cip ro cal transplan ts (Table 1) , it  

w as surpr ising that  no chang e in  enzym e levels ( part icular ly

for  peak 1)  was observ ed .  T his m ay  be due to  the fact  that

rela t ive levels w ere  m ea su red, hence  if  a ll  the  GST-like

p ro t ein s w ere  ind uced to  the sam e extent  no d iffe ren ce s in

these levels  wou ld  have been detected.  U ptake of  xeno biotics

b y m u ssels  h as bee n w ell  doc um ente d.  H ow ever,  the

xeno biotics are  metabolized at  a  very  s low rate  com pare d  

with that  in  mamm als (Livingstone 1991).  Possible re aso ns 

for  this could be  very  low ca ta lyt ic eff ic iency  of  the

detox if icat io n enzym es in  th ese organism s or  that  they re ly

m o re  on bin din g p ro teins to  sequester  xenobiotics  as a

m echanism  of detoxif ica t ion.  Despite h av ing no catalyt ic

act ivi ty,  th e pro tein  correspondin g to  peak 2 (GS H-binding

p ro te in) ,  accounts f or  approximately 70%  of the pro tein fro m

GST aff inity-purif ied  ext rac ts from  several differe n t  M . edulis

t issues (Fitzpatr ick 1994).  I n addit ion,  rece nt  w o rk  h as sho w n

th at  th is  p ro tein bind s several  l ip oph il ic  com po und s (A .

P o w e r,  pers.  comm .) . I t  is  possible  therefore,  th at  this p ro te in

m ay be involved in  non-ca talytic  binding of  var io us

xeno biotics  w hich en ter  t he cel l  an d there by  p re v e n t

interact ion  with  DN A an d oth er  pro teins (Ketterer  et  al . 196 7,

S m i th et al. 1977) .  T he various GS T-like pro tein s m ay hav e

d ifferent  b ind in g pro p ert ies  for  m any diffe ren t typ es  of

ch em ica ls  a nd  as such  h elp  pro tect  the cel l  fro m  this  threat . In

view of this , i t m ay  be more  ap p ropriate to  invest igate changes

in the actu al  levels of  pro tein s such as the G SH -binding

p ro tein as a  m ore  sen si t ive index of  expo sure  of  these

o rg anism s to  chem ical  po llut ion.  T h erefore ,  i t  wou ld be

in t erest ing to  m easure  the actual  lev els  of  th e in dividual

p ro teins for  example  via HPL C (Pascual et  al . 1991) . In  order  to

c arry ou t such a  stud y i t  is  im perat ive that  an equ ivalent

amo unt of  samp le be an aly sed in  each case .  T his is  not  easy

given th e variat ion in  w et weight  an d pro tein co ntent  (as

m e as u red by the L ow ry  assay p ro c ed u re), fro m si te  to  si te

(F itzpatr ick,  unp ublished observat ions) . H owever,  by using

DN A content  as an index o f  cell  n umber,  th is prob le m  co uld

poss ibly be overco m e .

In conc lusion  the evid ence prov ided  in dic ates  th at  som e

factor  in  the indu st r ial ized Douglas E stuary  results  i n  elev ated

GST  speci f ic  ac t iv i ty  in  m usse l  gil l  and  digest ive gland t issues.

T h e resu lts fro m  th e tan ne ry  stud y su ggest  th at  sa l ini ty  and

oxidative s tre ss , in  p art icu lar,  are  not  facto rs in  this ind uctio n.

F u rth er  wo rk is  therefore  p ro m pted  i n  order  to  verify  wh ether

the induction  in  Do uglas E stuary  is speci f ic  to  a  xenobio tic  at

the s ite . I n  addit ion,  the F PL C study suggests that  quantita t ive

m e as u rem ent o f  the GST  concentrat ions present  m ay also  be

useful  as  indices of  the induction of  non-catalytic  GST

p ro teins.
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Gill Digestive gland

IU g± 1 dry wt Dry/wet wt IU g± 1 dry wt Dry/wet wt

Site (mean ± s.e.) conversion ratio (mean ± s.e.) conversion ratio

Youghal locals 21.68 + 1.11 12.42 5.64 ± 0.18 4.05

Youghal/Colligan Transplants 15.92 ± 0.22** 10.02 5.76 ± 0.28 4.08

Colligan 1 19.15 ± 1.52 9.91 6.58 ± 0.10** 3.98

Colligan 2 17.92 ± 0.64** 9.57 7.16 ± 0.22** 4.24

Colligan 3 15.73 ± 0.79** 9.29 6.36 ± 0.07** 4.17

Colligan 4 16.23 ± 0.57** 9.10 6.50 ± 0.23** 4.26

Table 4. GST specific activity (IU g ± 1 dry weight; mean ± s.e.; n = 4) of gill and digestive gland tissues of M.edulis sampled from tannery contaminated sites in the

Colligan Estuary and from the Youghal Estuary reference site. 

Colligan sites 1± 4 refer to a gradient along the Colligan Estuary (see Figure 1). Factors to convert values, by division, to IU g ± 1 wet weight are also given.

Transplants are given as source/destination. Differences between mean values: **p<0.01 refer to differences relative to Youghal reference values.
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