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Abstract 

The relative concentrations of stress proteins in juvenile mangrove oysters (Crussostreu rhizophorue), from six study 
sites in Todos OS Santos Bay, Bahia, Brazil, were used to evaluate the possibility of chronic environmental impact in- 
duced by 40 years of exposure to the local petroleum industry. Replicated tissue samples from oysters at four sites asso- 
ciated with the extraction, transport and refinement of petroleum, and from two control sites, were used for stress 
protein (60 kDa) determination. The relative levels of stress proteins were statistically compared by standard methods. 
Friedman nonparametric analysis of variance, followed by multiple comparisons among samples, revealed significant 
differences in stress protein levels. Oysters from sites associated with the extraction and transport of petroleum had the 
highest relative concentrations of stress proteins, while the control areas revealed minimum concentrations. Samples 
from the refinery site, where oyster populations were severely reduced, did not differ from the control sites. Compari- 
sons with parallel studies on the toxicity of aquatic substrates at the same sites revealed that stress protein analyses were 
useful in evaluating chronic environmental impact, within the tolerance limits of C. rhizophorue, but that the stress re- 
sponse diminished significantly when conditions approached the lethal limits for this species. The stress protein re- 
sponse appears to serve as a valid biomonitoring method under chronic, sublethal exposures, before biological 
responses become evident at the organismic or population levels, but may not serve well when the stressor intensity is at 
or near the lethal tolerance level. 0 1998 Elsevier Science Ltd and AEHMS. All rights reserved. 
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1. Introduction 

Exposure of cells to stressing agents results in a 
rapidly expressed set of metabolic changes, curr- 

*Corresponding author. 

ently referred to as the ‘stress response’ (Rosen et 
al., 1986). These changes include the activation and 
elevated expression of a small set of genes, resulting 
in the increased synthesis and accumulation of 
‘stress proteins’ (SPs), and a concomitant reduction 
in the translation of most species of preexisting 
m-RNAs, and thus a reduction of the normal pro- 

1463-4988/98/$19.00 0 1998 Elsevier Science Ltd and AEHMS. All rights resewed. 
PZL S1463-4988(98)00002-5 



sula)old aq~ ‘s!sa.roqdogDala ~a)w *su!alo.rd ssa~s 
aq1 Lgguapr 01 pasn alaM splepuels J@!aM .yn 
-NlOUI MO1 ‘paU!t?lSa.Id ‘((-jL61) ~JUU.IaX?~ kj paq!IDS 
-ap uxa~slis la33nq aql 8uysn ‘(~~61) *Ir! Ia ~apyq~ 
dq paqnasap SE Ia8 2k1ppqs 0~s t? ql!~ sla8 apgue 
-11CrDeAlod O~S*ZT uo pa]eIEdas alaM su!ayold 

alaM suogequa3uoD u!alold put! ‘papallo~ uaql 
alaM syuejvuladns au T.I!III 0~ 103 3,~ be (20~s 
IapouI 3Jopuadds a%y~~ua~o.r~g@ *FJ x o@p~ 
Je pa%3yraD alaM sa~eua8owog .(ap!Iona 
~~uo3w~lirl~auvJuaqd JN I ‘8’~ Hd ‘73~~SIXL 
wu osr) la33nq 30 rd OSI ur panuasomoq 
pue paAowal alaM sanssg ayl put2 ‘apsnw lopn 
-ppv aqy %g$n:, lrg pauado aJaM way@ ‘(~66~) 
labia 30 spoqlaw aqJ8uysn pawo3Iad SBM uope.~e 

-da.rd aldtueg ys@~e u!alold ssaqs 103 1Cro$eloqeI 
aql 01 pa$lodsuel) pue ua8ogu p!nbq u! paddrp 
liIa~e!pawuq ‘uogeIs qDea me s]ooJ aAo.&wur aq3 
~1013 pal_3aljo:, alaM ‘q&q u! ~3 8.1 01 2.1 ‘XJ.KI 
-qdozyA va~~sossv~~ ‘sIa$sb a~or%wu aI!ualmy 

*(M,LP~~E 
‘s,Eo,E~-) I@ soluyj so sopor 30 qlnos awall 
-xa aq$ $e ‘~!~px? urnaloqad 30 ea.w aq$ ap!s$no 
papayas aJaM (9 pue s suoyr?~~) s10quoD 0~ ‘swal 
-sk paq.rtwadun ~J!M swalslis paltylod Llqyssod aql 
Qredwo:, uo saga1 ys UT s~ueu~u~e~uo~ 30 &pyxo~ 
aql Byssasse asnwaa *r_unaloqad 30 (p uoy~s) 
uorpeqxa puv (E uogels) auej I.rodsuel) ‘(2 uoy 
-ens) Ieuruual llodsueq ‘(1 uo!ygs) Oaugar aqj st? 
yens ‘(I %a) sapyys pglsnpu;r .I~@XU aq330 suoy 
-Eros pue sulawd walrn3 laleMt?as aq, uo pawq 
pa4DaIas aJaM (M,LE& ‘s,ztm-) @I sow% 
so sopor uralseaqllou u! suoge~s %uqdures 

‘(966~ ‘epfatuw pue +Gv ap osad) eyea 
30 4rslaAyun lelapad ‘&OIO~IJ 30 ayn$gsuI aq4 
~0.13 surea) pIag hrvugdps!pyqnw Lq )no paple:, 
Ou!aq Lppeaqe sarpnls %po~your aql IuauraIduroD 
01 pa$waxa WM lipn)S s!qL -&snpu! wnajoqad aql 
dq &etu!ld palelaua2 ‘pedw! 30 .~o~e~!pu! ue se 
~a 09 uralold ssaqs 8uysn 30 bg~qe~gdde aql ale 
-njeAa 01 SBM dpn)s iuasald aql30 asodrnd au 

*wdur! LUE 30 uorsuawa aql au!wzalap 
01 lo/pue IuaAaId 01 agwadur! $1 ayew uog 
-enrasald XrassaDau pue sgspape~eq~ asoqM ‘sayu 

-nuuuo3 aAo_&reur aA!suava Aq palapioq sy uo$?al 
au .popad s!ql Zuunp pawaua8 wa33a uoyqIod 
D!uolqD alqissod aql awqeaa 01 eale s!ql II! lno pap 
-IKI uaaq seq damns ou ‘sII!ds I!O 111013 IDedw! altve 
aumualap 01 saypnls pazge~I‘3a!lq Ma3 e .103 IdaDxa 
‘pue 0% S.IE?ah ()p pawqdw! SCM ]I ‘&A~JX Iq.IJ 

-snpu! snoncydsuw ~sour aq) s! wnaIogad 30 luauI 
-augaJ pue $.rodsuw ‘uoycwxa aqj ‘I!ZE.I~ %!qvg 
‘kg soJucg so sopor, 30 earn rrralseaqyou aql uI 

‘(~661 “112 Ia 0luatupseN) 
IaAal ur+.n&o aql me luap!Aa auroDaq seq ‘sagads 
aql30 jp_uq acwelajol p2qlaI aql leau 10 0~ ‘.rossaqs 
aq4 30 spa33a aql alaqM suoyenqs ul asea ~XII 
asuodsal styI qZnoq$ uaAa ‘slossaI$s Ie~uatuuo+ua 
01 asuodsal u! aIqpnpu! LIq%q y cay 09 u!alold 
ssaqs aqL -suralold ssaqs 30 uo!pnpu! aql saAIo 
-AU! asuodsar asua3ap paA.Iasuo:, IIaM au0 *sJIns 
-u! IejuatuuoqAua u10.13 sIIa3 aqj kpua3ap pue 
%npa~o~d u! palrloAu! ale q3”qM sjuaaa Ies!waqD 
-o!q Ln+-rd aql WO~KN~U~ se IDalas 01 s! a%wq:, 
leDpuaqDo!q B 30 saDuanbasuo3 p+SoIo!q [anal 
laq%q aql Ougaldralu! 30 4InD!33!p aqi az!uIgu 04 
LEM au0 )eql parsa%%s (2661) *It2 Ia slapwg ‘(9861 
‘ynbpug) slDa33a lec@olo!q asIaApe 30 s~ow!p 
-u! .wIn3aIow se pa$ctpggA aq 01 ‘slaaal uopqndod 
pue p~11syeX10 aql me spa33a asIaApe IDaDa qD!qM 
slalauwed laqlo qy!M pa$elaIlo:, aq plnoqs sasuod 
-sal jw!tuaqDoyq ‘snqL ‘(pf361 ‘33aN) a8ueqD Iecy 
-uIaqDo!q IZ 30 saDuanbasuo3 la$3oIo!q IaAaI laq%q 
aql jaAalu;r 01 3In3gyp I! BU~XII Ivapun uaaq 
uayo aAeq stua~dso~a put! suogrqndod uo spa33a 
asIaApt! pue sasuodsar p+uaqDoyq uaawaq sd!qs 
-uogelal Dgpads aq) ‘IaAaMoH *laAaj Iv-[nljaD aqy 
w poowapun pue u~ouy jsaq ale waga 3~0~ 

*s&upuno~~ns qaq, u! suoypuo:, p2luawuoqa 
-ua jnoqe saDuaJa3uy ayer.u 01 su1s!w8.10 uy uorpnp 
-II! uralold ssaqs 30 uopDa$ap aql sasn q3eoldde 
s!qL *sa%u_wp paDnpur k~~v~uauruo+wa awqeha 
01 qDeoJdde ut! st! palsa%Ins uaaq (066~ ‘slapues) 
@aDal scq asuodsal ssaqs aql ‘s!ql 30 tiara UI 
‘(2661 ‘uo&I!Au~~=) $86~ ‘*IV Ia sareqesaa) sakeq:, 
IwuauIuor~ua asIaApe 01 asuodsal snoVnb!qn 
pue paluasuo3 LIq%q c s! I! $eqi s!saqlodLq aql 03 
%.upvaI ‘sIossal)s luaragrp .rapun ‘S~IS~.IB~I~ lay40 
30 IClayA e u! payoda1 uaaq seq asuodsa1 ssaqs aql 
‘(6~6~ ‘Iauuog pw lawnqqsv) ssa_rls amlwadwal 
0) pasodxa vpqdosoq II! ‘paNasqo $s.u3 SBM I! aXuS 
‘(0661 ‘sJaput?s f9g61 ‘JaZ!~saIq~s) s!saqluLs uyal 



LA. Nascimento et al. I Aquatic Ecosystem Health and Management l(1998) 101-108 103 

OCEAN 

Fig. 1. Sampling stations at Todos OS Santos Bay, Bahia, Brazil. 1 = Refinery; 2 = transport terminal; 3 = transport lane; 4 = 
extraction; 5 = control; 6 = control (reference). 

were transferred to nitrocellulose by Western Blot- 
ting using a transfer buffer containing SDS (l%), 
0.192 M glycine in 0.025 M-TRIS and methanol 
(20% v/v), at pH 8.3. The gels were subjected to 25 
v for 15 h at 4°C. Transfers were blocked in 2.5 mM 
TRIS-HCl buffer (pH 8.0) containing BSA (3%), 
137 mM NaCl, and 2.7 mM KC1 (TBS). Transfers 
were then washed with TBS containing Tween-20 
(0.5% TTBS). 

The nitrocellulose membranes were probed 
using a polyclonal rabbit antibody raised against 
SP60 from the moth Heliothis sp. (StressGen Bio- 

technology Corp., Victoria, B.C., Canada). Blots 
were incubated for 90 min at room temperature 
with SP60 antibody and rinsed several times with 
TBS containing 0.5% Tween-20 (TTBS). The blots 
were incubated with goat anti-rabbit alkaline phos- 
phatase conjugated antibody for 90 min. They were 
then washed several times with TTBS and TBS. 
Colour development of the immunoreactive bands 
was initiated with 5-bromo 4-chloro 4-indolyl phos- 
phatase t-toluidine salt and p-nitro blue tetra- 
zolium chloride in 100 mM NaHCO, buffer 
containing 1 mM MgCb, pH 9.8. 
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To make a relative quantification of the immuno- 
reactive bands, gels were loaded with a serial dilu- 
tion of an initial volume of sample buffer containing 
100 ug of total protein with a range of 100 to 1.56 ug 
distributed in seven concentrations. Stress protein 
concentrations of each sample, relative to control 
values, were expressed as the inverse of the total 
protein at detection limit of the sample, divided by 
the total protein at detection limit of the control ac- 
cording to the following equation (Sanders et al., 
1991) 

Relative [hsp60] = (Xsample /XcontrJ1 

where X is ug total protein. 
After quantification, total values for each sam- 

ple and control, over all the dilutions, were com- 
pared using Friedman nonparametric ANOVA 
and a subsequent multiple comparison procedure, 
both based on ranked responses (Conover, 1971). 
This approach led not only to an ordination of the 
stations in terms of stress protein responses, but 
also showed the significance of the differences 
among stations. Finally, a cluster analysis based on 
Gower’s general similarity coefficient and cluster 
algorithm UPGMA (Unweighted Pair-Group 
Method using Arithmetic means; Sneath and 
Sokal, 1973) was made to illustrate similarities and 
distances among stations. 

3. Results and discussion 

Immunoblotting with the SP60 polyclonal anti- 
body showed specific immunoreactivity in the oys- 
ter tissues, as indicated by standard markers, at the 
detection limits of the samples in the serial dilution 
adopted in this study (Table 1). By using the stress 
protein quantification method described by Sanders 
et al. (1991), the relative stress protein reactions 
were represented as discrete, whole number multi- 
ples of control station (Station 6) reaction. Paramet- 
ric ANOVA was consequently inappropriate for 
comparisons among stations. The Friedman non- 
parametric ANOVA, and subsequent multiple 
comparisons procedure, both based on ranked re- 
sponses, was appropriate and efficient in comparing 
the results among stations. Separate tests were 
treated as independent blocks for the purpose of 
analysis (Table 2). 

Based on ranked results, the mean SP response 
was highest at Station 4 (extraction), which dif- 
fered significantly from the control Stations 5 and 6 
(p = 0.036 andp = 0.001, respectively) and from 
Station 1 (refinery;p = 0.012), but not from Sta- 
tions 2 (terminal) and 3 (transport). The reference 
control (Station 6) was significantly below all the 
other stations except for Station 1 and Station 5 
(Table 3). 

A cluster analysis based on Gower’s general simi- 
larity coefficient and clustering algorithm UPGMA, 
revealed Stations 2 and 3 to be most similar in their 
responses (Sg = 0.786), followed by Station 4 with 
Sg = 0.593 to Group 2, 3. A second cluster was 
formed by Stations 1 and 5 (Sg = 0.710), followed by 
Station 6, the reference control (Sg = 0.664). These 
two clusters subsequently joined with a between 
group similarity of Sg = 0.459 (Table 4). 

Based on results of toxicity tests reported else- 
where (Nascimento, 1996) the refinery (Station 1) 
was the most impacted of the six study sites. The 
oyster banks there are depleted and the remaining 
individuals have low condition indices. The level of 
stress protein response at Station 1, however, is 
similar to the controls (Stations 5 and 6), indicating 
that the stress response had ceased at Station 1. 
The data support the hypothesis of increasing con- 
centrations of stress protein (at Stations 2,3 and 4) 
until the stress factors approach the response limit 
of the species (at Station 1), and agree with previ- 
ous data from Nascimento et al. (1994) and 
Nascimento (1996) who showed that continuous 
exposure to severe environmental conditions may 
lead to a physiological state in which the animal 
can no longer maintain the stress response and 
recover. 

One must bear in mind that the stress protein 
response is an adaptation which indicates the oc- 
currence of primary biochemical events involved in 
protecting and defending the cells from environ- 
mental insults. Consequently, this response is sev- 
eral steps away from the secondary effects which 
lead to abnormalities or mortality. There should 
therefore be a temporal gap between the different 
biological response levels. Biotic responses to envi- 
ronmental perturbations begin at the molecular/ 
cellular level, extending upward to tissues and or- 
gans, whose responses occur before changes are 
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Detection limits of SP60 observed at serial dilutions of total proteins from 1.56 to 100 kg for juvenile oyster (Crassostrea 
rhizophorae) tissue samples from four sampling stations exposed to activities of the petroleum industry and two controls (n = 4 
specimens per test). 

Stations Cone (pg) 

100 50 25 12.5 6.25 3.12 1.56 

RI 
St. 6 (control) 
St. 5 (control) 
St. 4 (marine extraction) 
St. 3 (marine transport lane) 
St. 2 (marine terminal) 
St. 1 (shoreline refinery) 

R2 
St. 6 (control) 
St. 5 (control) 
St. 4 (marine extraction) 
St. 3 (marine transport lane) 
St. 2 (marine terminal) 
St. 1 (shoreline refinery) 

R3 
St. 6 (control) 
St. 5 (control) 
St. 4 (marine extraction) 
St. 3 (marine transport lane) 

St. 2 (shoreline terminal) 
St. 1 (refinery) 

R4 
St. 6 (control) 
St. 5 (control) 
St. 4 (marine extraction) 
St. 3 (marine transport lane) 
St. 2 (marine terminal) 
St. 1 (shoreline refinery) 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X X X X X 

X X X X 

X X X X X X 

X X X X X 

X X X X X X 

X X X X X 

X 

X 

observed in populations and ecosystems (Sanders, It is known that the demand for SPs increases 
1990). Thus, the major advantage of this indicator under adverse conditions, when they perform func- 
approach is that the events at a cellular level tend tions of renaturing damaged peptides and 
to be more sensitive than stress indices at the org- resolubilizing protein aggregates that could be 
anismal level and may provide an early warning of formed as a consequence of environmentally in- 
higher order biological effects. duced damages (Rothman, 1989). Even though 
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Table 2 
Relative values of minimum stress protein level (MSPL), determined as the inverse of total protein at the detection limit of 
samples, divided by the total protein at detection limit of the control 

Stations 

1 2 3 4 5 6 

MSPL 4.0 2.0 2.0 4.0 2.0 1.0 
0.5 4.0 4.0 8.0 1.0 1.0 
4.0 8.0 8.0 8.0 4.0 1.0 
1.0 8.0 2.0 4.0 4.0 1.0 

x 2.37 5.50 4.00 6.00 2.75 1.00 
5, 1.63 2.59 2.44 2.00 1.29 0.00 

Table 3 
Results of multiple comparisons, based on Friedman’s Test, of the ranked stress protein values among sampling stations: Sta- 
tion 1: shoreline refinery; Station 2: marine transport terminal; Station 3: marine transport lane; Station 4: marine extraction 
site; Station 5: control 1; Station 6: control 2 (reference). The stations are ordered by their mean ranks from four replicate 
tests. 

Stations > 

Stn. Mean rank 6 1 5 3 2 4 

6 1.50 - 
1 2.63 NS - 

5 3.13 NS NS - 

3 3.88 * NS NS 
2 4.63 ** * NS NS 

4 5.25 ** * * NS NS 

***P < 0.001; **P 2 0.01; *P S 0.05; NS = Not significant. 

some previous works (Heikkila et al., 1982; 
Gedamu et al., 1983; Lindquist, 1986; Pascoe, 
1990) suggest the transiency of heat shock re- 
sponse under mildly stressful conditions, it seems 
more logical, based on the already known functions 
of the SPs, to expect that they keep increasing in 
concentration, within certain limits, as has been 
demonstrated in Myths under temperature stress 
by Sanders et al. (1992). This approach has much 
support, while the intensity of the stress is not le- 
thal and it is possible for the animal to adapt. In 
this case, the persistence of the stress response may 
correlate with the intensity of the stressor. How- 
ever, continuous exposure to severe environmental 

conditions may lead to a state in which the animal 
can no longer maintain the stress protein response. 
In this case, the damages would already be noticed 
at the organismal level but the stress response 
would have disappeared. Nascimento et al. (1994) 
showed that the clam Corbicula jluminea, when 
subjected to extreme temperature shock (38”C), 
suffers a depression in SP60 synthesis after 8 h of 
exposure and ultimately dies, while at 35°C the 
stress protein response persists over time. The 
higher toxicities of aquatic substrates at Stations 1 
and 4 (Nascimento, 1996) are evidence of chronic 
stress, but the high values of stress response at Sta- 
tion 4 are probably evidence of a perturbed physio- 
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Table 4 
Dendogram, using average linkage (UPGMA) between groups and Gower’s general similarity coefficient, of the similarities 
among the six sampling stations based on the relative concentrations of stress proteins in juvenile mangrove oysters 
(Crussostrea rhizophorae) 

Clusters 
Stages 

Combined 
Cluster 1 Cluster 2 

Distance 
(D8) 

Similarity 
(S8) 

1 2 3 .2143 
2 1 5 .290.5 
3 1 6 .3357 
4 2 4 4071 
5 1 2 .5415 
Distance (D8) 0.0 0.2 0.4 
Similarity (Sg) 1.0 0.8 0.6 
Station Se9 +_________+_________ + ___ 

Station 2 
Station 3 
Station 4 
Station 1 

2 _____________+_______ + 
3 __-__________+ +___ 
4 __-__-______-_________ + 
1 ________________+_+ 

.7857 

.7095 

.6643 

.5929 

.4585 
0.6 0.8 1.0 
0.4 0.2 0.0 

_+__________+_________ + 

Station 5 5 ________________+ +_________+ 
Station 6 6 _-__--__-___-_______ t 

+_________+_________+______+--__________+_________ + 
Distance (D8) 0.0 0.2 0.4 0.6 0.8 1.0 

Similarity (S8) 1.0 0.8 0.6 0.4 0.2 0.0 

logical state from which the animal can still 
recover. The same conclusions can be drawn in re- 
lation to Stations 2 and 3, where the concentrations 
of SP60 were also elevated. 

Other cellular parameters, such as changes in 
the frequency of micronuclei in response to pollu- 
tion, have been reported as being limited to situa- 
tions in which sample stations lie within a range of 
environmental conditions which do not induce 
mortality (Brunetti et al., 1988). When the animals 
are subjected to extremely disturbed conditions, 
these genetic damages cannot be manifested since 
the polluting agents are probably causing premi- 
totic cell death. 

4. Conclusions 

The results of this research suggest that the use 
of stress proteins may not serve as an indicator of 
environmental perturbation in situations where 

the response to stress, at or near the lethal toler- 
ance limit, is evident at the organismal level (as in 
Station 1). The stress protein response may serve 
as a valid biomonitoring tool under chronic, sub- 
lethal exposures (as observed at Stations 4, 3 and 
2), when it is still possible to prevent the biological 
consequences of exposures which affect organis- 
ma1 or higher organizational levels. 
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