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ABSTRACT: A major problem facing those who must assess the environmental effects of the 
disposal in the ocean of industrial and municipal wastes, including dredged materials, is determin- 
ing whether given wastes elicit chronic deteriorative r~sponses in important species of organisms. 
The full importance of such low-level, nonlethal effects is not known, but it is suspected that 
repeated elicitations may result in ecosystem changes as important as those caused by more easily 
determinable acute effects. Such considerations are important to the marine environment, where 
dumped pollutants may be quickly diluted to legal nonlethal concentrations, but may still bring 
forth cumulative chronic response patterns. One objective of this study has been to develop a field 
method of assessing the impacts of the disposal of various industrial and municipal wastes. The 
measure of the impact is not mortality measured against time, but the increase or decrease in 
activity of certain metabolic enzymes that signal whether an organism is under stress from a class of 
wastes. Also, by analysing tissues of test and indigenous species for the accumulation of metals, 
PCBs, and high molecular weight hydrocarbons as well as for the enzyme activity, one gains an 
insight into the actual effect, if any, of the accumulation upon the whole organism. The test 
organisms are exposed for selected periods of time in the field in devices called Biotal Ocean 
Monitors (BOMs); they are then assayed for enzyme induction. At present the following enzymes 
are used: mitochondrial ATPase, which responds particularly to excess biphenyls in the environ- 
ment; catalase that is dissolved in the cytosol and responds to excesses of toxic metals; and 
cytochrome P-420 and P-450, which respond to cyclic and long-chain hydrocarbons. The applicabil- 
ity of the adenylate energy charge system to this problem is also studied. 

INTRODUCTION 

Regulatory call for bioassays 

In the Uni ted  States dur ing the past  two years, laboratory bioassays have  assumed a 

major  role in regu la t ing  the disposal  of va r ied  wastes  into mar ine  waterways.  The 

regu la t ing  agent  is the Envi ronmenta l  Protection Agency  (EPA), which  is d i rec ted  to 

protect  the in tegr i ty  of U. S. ocean  waters  in Sect ion 102 of Public  Law 92-532, the 

Mar ine  Protection, Research,  and Sanctuar ies  Act of 1972 (the Act). Accordingly,  EPA 
issued the final  vers ion of regula t ions  and criteria for ocean  dum ping  in the Federa l  

Register,  Vol. 42, No. 7, 11 January  1977. Sect ion 227.27(b) of the regula t ions  calls for 
bioassays of most was te  mater ia ls  prior to i ssuance of a dumping  permit .  In May 1976 
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EPA p u b l i s h e d  a m a n u a l  which  was  r ev i sed  in 1978 (U. S. EPA, 1978) de ta i l i ng  me thods  
for b ioas say ing  in the l abora to ry  was tes  o ther  than  d r e d g e d  mate r ia l s  pr ior  to i s suance  of 
a d u m p i n g  permit .  In Ju ly  1977 a m a n u a l  desc r ib ing  t echn iques  for b ioa s say ing  d r e d g e d  
mate r i a l s  was  p u b l i s h e d  jo in t ly  by  EPA and the Corps  of Engineers  (U. S. EPA & U. S. 
Army  Corps  of Engineers ,  1977). 

In most env i ronmen ta l  work  we  are  now employ ing  s t andard  phys io log ica l  b ioas-  
says that  have  b e e n  used  wi th  grea t  success  in med ica l  and  re l a t ed  research  for years .  
Charac te r i s t i ca l ly  in phys io log ica l  b ioassays  one is tes t ing  k n o w n  quant i t i es  of a g iven  
drug  or toxicant  unde r  careful ly  cont ro l led  condit ions.  In env i ronmen ta l  work  one 
ut i l izes  wha t  we  cal l  eco log ica l  b ioassays  in which  the exact  composi t ion  of the  was te  
b e i n g  a s sayed  is not  known.  For example ,  it  is not  feas ib le  to de te rmine  the exact  
composi t ion  of d r e d g e d  ma te r i a l  from a po l lu t ed  harbor .  Moreover ,  if its composi t ion  
were  known,  the  impac ts  of the  mixture  of ma te r i a l s  would  be  a g g r a v a t e d  by  synerg isms  
and  augmenta t ions .  Hence ,  one must  p red ic t  from the pe r c e n t a ge  of mor ta l i ty  found in 
the eco log ica l  b ioassay  wha t  impacts ,  if any, the ma te r i a l  wi l l  have  upon  the rece iv ing  
env i ronment  if pe rmiss ion  is g iven  to dump it at a de s igna t e d  dumpsi te .  

V a l i d i t y  of b i o a s s a y  r e s u l t s  

Some diff icul t ies  have  b e e n  encoun te red  by  var ious  labora tor ies  in a t t empt ing  to 
carry out  these  b ioassays .  This has b e e n  pa r t i cu la r ly  true of so-ca l led  sol id  phase  
b ioassays  of d r e d g e d  mater ia ls .  Part ly this  has  been  re l a t ed  to the  pa r t i cu la r  spec ies  of 
organisms  used  in the  tests. For example ,  the  smal l  e s tuar ine  mys id  Mysidopsis bahia 
was r e c o m m e n d e d  in the  m a n u a l  for use  in d r e d g e d  ma te r i a l  b ioassays ,  but  it is se ldom 
used  today  because  it p roved  to be  vu lne rab le  to the  h igh  leve l  of tu rb id i ty  in sol id  phase  
b ioassays .  Cer ta in ly  there  is as ye t  no unan imi ty  of op in ion  as to the  most  appropr i a t e  
spec ies  for these  tests. Other  diff icul t ies  wi th  survival  have  b e e n  re l a t ed  to the fact that  
most  labora tor ies  were  e q u i p p e d  to work  only with  stat ic ra ther  than  f low-through 
systems.  Gran ted  that  f low- through  systems m a y  be  super ior  to stat ic systems and  that  
o ther  t echn ica l  p rob lems  can be  overcome,  there  are  stil l  more  fundamen ta l  doubts  that  
the  eco log ica l  b ioassays  car r ied  out in the  labora tory  are  measu r ing  wha t  we  n e e d  to 
know about  d u m p i n g  pract ices .  Except  in a few ide a l l y  s i tua ted  laborator ies ,  it  is 
un l ike ly  that  l abora tory  tests can s imula te  f ie ld condit ions.  Yet major  dec is ions  on 
dumping ,  involv ing  in some case  hundreds  of thousands  of dollars,  have  to be m a d e  from 
less than  idea l  information.  

P o t e n t i a l  of f i e l d  b i o a s s a y s  

At  present ,  mor ta l i ty  is the  end-po in t  of most  eco log ica l  b ioassays  conduc ted  in the 
U. S. laborator ies .  In fact, this is m a n d a t e d  in the  m a n u a l  (U. S. EPA & U. S. Army Corps 
of Engineers ,  1977). Those who  ques t ion  w he the r  this is the p rope r  g a u g e  of the 
accep tab i l i t y  of mate r ia l s  for d u m p i n g  or of the  w a y  in which  the d u m p i n g  is car r ied  out 
cite the  rea l  poss ib i l i ty  that  some wastes  app roved  for d u m p i n g  m a y  elici t  chronic 
de te r iora t ive  responses  in  impor tan t  spec ies  of organisms.  We are uncer ta in  as to the 
u l t imate  impor tance  of such low-level ,  non le tha l  effects on the b io ta  of the  rece iv ing  
ecosystem,  inc lud ing  man.  Still  such poss ib i l i t i es  are impor tan t  to those m a n a g e r s  of the  
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marine environment who feel that even though dumped pollutants may be di luted to 
legal, nonlethal  concentrations in prescribed time periods they are still capable  of 
evoking cumulative, chronic response patterns in important organisms. Three technical 
changes in the bioassay routine discussed here can overcome several of the present 
problems with laboratory bioassays. These are, first, that the bioassays be conducted in 
the field at the dumpsite during actual dumping operations; second, that indigenous 
species be exposed alongside of usual bioassay species; and, third, that metabolic 
enzyme activity be uti l ized to detect the potential  of a waste to elicit chronic responses in 
test organisms. 

S t u d y  o b j e c t i v e s  

Stimulated by the above considerations, the principal  objective of the present study 
has been  to develop an early warning system to reveal  when organisms are being 
seriously stressed by particular wastes and disposal practices well  before fatality occurs 
or is inevitable.  Chronic effects cannot be gauged by mortality unless tests are carried 
out for such long periods that costs become a controlling factor. Thus, if chronic effects 
impinge seriously upon human welfare, it is to our advantage to develop in situ tests that 
can be carried out in a short time, and in which the severity of the impact is measured by 
changes in the induction of selected metabolic enzymes that will  signal that test 
organisms are under stress as compared with controls. Since most enzyme levels cannot 
be measured in the field, the method that TerEco Corporation has developed over the 
past five years is actually a f ield/laboratory technique. 

MATERIALS AND METHODS 

D e v e l o p m e n t  of Bio ta l  O c e a n  M o n i t o r s  

During the course of monitoring the physical  impacts of the ocean incineration of 
organochlorine wastes by the incinerator ship M/T Vulcanus in 1974 and 1975 (Wastler 
et al., 1975), TerEco Corporation saw the need  for a free-floating device in which 
organisms could be held in contact with the ambient  environment containing waste 
products long enough for the possible development  of subtle metabolic responses that 
would foreshadow chronic impacts. Since incineration was carried out in deep water, it 
was concluded that only organisms living in the water column would be impacted by 
unburned organochlorines carried to the sea surface in the plume of stack gases. Hence 
the floating monitoring laboratories that TerEco des igned were cal led Pelagic Biotal 
Ocean Monitors or P-BOMs (Fig. 1). It is to be emphasized that the mesh bags of the P- 
BOMs permit  exchange of water  in both directions across the walls of the bag. This is 
unlike the bags used in the CEPEX program where the walls were impervious to water  
exchange. By placing dye inside the P-BOM bag, we determined that under  even 
moderate sea conditions exchange between inside- the-bag and ambient  waters took 
place immediate ly  and was complete in no more than 1 to 2 rain. When it was evident 
that the pelagic  units formed the basis for a viable monitoring program, work was started 
in 1976 on a very different type of BOM that could be deployed to monitor high-densi ty 
wastes such as dredged material  that would tend to impact benthic organisms. These 
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Fig. 1. Pelagic Biotal Ocean Monitors (P-BOMs) of two sizes (4 and 20 feet in diameter) deployed to 
monitor the incineration of toxic organochlorine residues of the manufacture of polyvinylchloride 
and other compounds. The BOMs, both controlled and exposed, contain a variety of organisms that 

are analysed after the 5-7 day exposure 

units  were  named  Benthic Biotal Ocean Monitors or B-BOMs (Fig. 2). Both units are not 
only  equipped  to hold a w ide  range of species,  but are also des igned  to capture and hold 
ind igenous  species  (Pequegnat  et al., 1978, 1979). 

F i e l d  a c t i v i t i e s  

The f ield tests during wh i c h  organisms were  exposed to pol luted dredged material  
and s e w a g e  s ludge  were  conducted in the northwestern Atlantic  Ocean off the coasts of 
N e w  York and N e w  Jersey in the N e w  York Bight (Fig. 3). The test organisms in the 
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Fig. 2. Schematic of a Benthic Biotal Ocean Monitor (B-BOM). The stainless steel mesh base is 4 feet 
on edge and the nylon mesh cone is 6 feet tall. The device is designed to hold a variety of organisms 
in steel drawers, nylon pockets, and free spaces. It is effective in trapping and holding apart various 

indigenous species 

p e l a g i c  uni ts  i nc luded  bo th  shel l f ish  and  finfish. The mas te r  cy l inder  of the  P-BOM is 
m a d e  of monof i l amen t  nylon  woven  into a 2-ram mesh.  Smal le r  organisms,  such as grass  
shr imp and  commerc ia l  shrimp,  are  housed  in  sma l l -mesh  nets  hung  in the  mas te r  
cyl inder .  Larger  fish are  free to swim in the  l a r g e - m e s h  cyl inder .  Al l  tests  r equ i re  the  
l aunch ing  of a control  BOM at an  app rop r i a t e  s ta t ion outs ide  the  po l lu t ed  zone. 

After  l aunch ing  the BOM a longs ide  the  ship, each  compar tmen t  is l o a d e d  wi th  
suff icient  o rgan isms  to p rov ide  a s ta t i s t ica l ly  a d e q u a t e  sample  for analysis .  Fur thermore ,  
as each  spec ies  is i n t roduced  into the BOM, a s amp le  is i m m e d i a t e l y  sacr i f iced for the  
l abora to ry  analys is  of the  pre tes t  condi t ion  of the  organisms.  W h e n  l o a d e d  the test  P- 
B O M  is p l a c e d  w h e r e  it wi l l  be  exposed  to the  po l lu tan t  invo lved  and  then,  d e p e n d i n g  
on the objec t ive  of the  exper imen t ,  e i ther  s~t adrif t  or anchored  in a p l ace  w h e r e  it wi l l  
r ece ive  further  exposure.  The  control  is p l a c e d  in a pos i t ion  that  wi l l  r e m a i n  free of the  
pol lu tan ts  for the  5-10  days  of the  moni tor ing.  W h e n  set adrift ,  the  P-BOMs are  e q u i p p e d  
wi th  rad io  beacons  for easy  retr ieval .  

Load ing  of the  ben th ic  uni ts  is done  e i ther  a longs ide  the ship  or, in sha l low water ,  
by  d ivers  after  it  has  b e e n  p l a c e d  on the  bottom. The  bo t tom of the  B-BOMs is m a d e  of 
s ta in less  s tee l  mesh  (2-mm) a l lowing  the floor to be  covered  wi th  a venee r  of sed iment .  
The  d rawers  in  the  ben th ic  uni ts  a re  l oaded  wi th  po lychae tes ,  b ivalves ,  and  grass  
shrimp, whe rea s  the  ny lon  u p p e r  compar tmen t  conta ins  finfish. The t raps in the  base  
gene ra l l y  cap ture  d iverse  spec ies  of fish, crabs,  lobsters ,  and  starfish, a l l  of which  can be  
a n a l y s e d  for me ta l s  and  hydrocarbons  to ascer ta in  wha t  ma te r i a l s  are  b e i n g  accumula -  
t ed  in  the i r  t issues.  

Upon re t r i eva l  of both  the  P-BOMs and  the B-BOMs, the  organisms  are  p r e p a r e d  
i m m e d i a t e l y  for l abora to ry  analysis .  In some cases  the  whole  o rgan i sm is qu ick  frozen in  
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Fig. 3. Bathymetric map of the New York Bight showing the location of the Mud Dumpsite and 
Sewage Sludge Dumpsite where both P-BOMs and B-BOMs were used in monitoring impacts 

l iquid  ni trogen,  whereas  in  others the l iver is removed and  frozen separately for enzyme 
analysis  and  other t issues prepared  for trace metal  or hydrocarbon analyses.  By compa- 
r ing  the concentrat ion of, say, toxic metals  such as cadmium in  the tissues of indiv iduals  
of a species l iv ing (a) at the dumpsite ,  {b} held at the dumpsi te  in  BOMs, and  {c) 
indiv iduals  of the same species at the control site, one can de termine  whether  or not 
b ioaccumula t ion  of critical compounds  is t ak ing  place in  key species. We know that 
b ioaccumula t ion  is a normal  function, but  what  is not so easy to de termine  is whether  or 
not the accumula t ion  is stressing the organism. In other words, we are lacking  a 
calibrator; the metabol ic  enzyme approach promises to fill this need.  

L a b o r a t o r y  a n a l y s e s  

The ini t ial  laboratory analyses  of organisms exposed to organochlorine wastes in  P- 
BOMs at tempted to discern the presence  of organochlorine wastes in  exposed organ- 
isms. Later histological  studies of various tissues of exposed and control organisms were 
added  to the routine, bu t  both endeavors  requi red  longer  periods of exposure than  were 
deemed  pract icable for moni tor ing  work. Therefore, more subtle means  of detect ing 
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stress ea r ly  on in the  exposure  were  sought.  As a result ,  in i t ia l  tests  were  run  on a sui te  
of me tabo l i c  enzymes  that  it  was  an t i c ipa ted  wou ld  r e s p o n d  to pa r t i cu la r  c lasses  of 
chemicals .  The ra t iona le  for this search  was  s imply  that  any  l iv ing  cel l  ma in ta ins  i tself  
by  ex t rac t ing  ene rgy  from its env i ronmen t  and  t ransforming  it into chemica l  ene rgy  to 
dr ive  b iosyn the t i c  reac t ions  and  many  other  ene rgy - r equ i r i ng  react ions  of which  the 
var ious  spec i a l i zed  cel ls  of the  body  are  c apab l e  (Atkinson, 1969). Al l  of these  act iv i t ies  
are  m e d i a t e d  th rough  enzymes  that  are  qui te  funct ional ly  specific.  It is we l l  k n o w n  that  
changes  occur at var ious  poin ts  in the  enzyme systems w h e n  an  o rgan i sm is unde r  
env i ronmen ta l  stress (Bend & Hook,  1977). The in i t ia l  r esponse  m a y  be  e i t he r  an  
inc rease  or dec rease  of enzyme act ivi ty  in  cells,  say, of the  l iver  (Chambers  & Yarbrough,  
1976). It should  be  po in t ed  out, however ,  that  the  methods  of ana lys i s  fo l lowed in our 
work  measu re  enzyme  activity,  not  ac tua l  concentrat ions .  In some ins tances  there  is 
u n d o u b t e d l y  a direct  p ropor t ion  b e t w e e n  act ivi ty  and  concentrat ion,  bu t  this  is b e y o n d  
the scope  of the  p re sen t  inves t iga t ion .  Even tua l ly  there  m a y  be  a fa i lure  of the  cel l  
funct ion ca t a ly sed  by  the pa r t i cu la r  enzyme  unde r  study; pr ior  to this the  o rgan i sm is 
l ike ly  to exhib i t  a chronic  non le tha l  response .  Thus, the  d i sposa l  of toxic chemica l  
was tes  in the  aqua t ic  envi ronment ,  wh ich  is often per iodic ,  wi l l  serve as the  s t imulus  for 

chronic  stress responses .  Be tween  d isposa ls  the  o rgan i sm may  be  ab le  to r id  i tself  of 
sufficient  toxic ma te r i a l  to exhib i t  only  non le tha l  responses .  Even so, its subnormal  
response  is s igna l l i ng  that  if it  is sub j ec t ed  to an  in tens i f ica t ion  of the d i sposa l  act ivi t ies ,  
by  inc reas ing  amounts  pe r  dump or b y  shor ten ing  the  t ime b e t w e e n  dumps,  acute  and  
l e tha l  responses  m a y  be  e v o k e d  (Pequegnat ,  1978). 

E n z y m e s  s e l e c t e d  for  m o n i t o r i n g  

After  tes t ing a dozen  or so enzymes ,  TerEco se lec ted  th ree  for f ie ld work. At  p resen t  
w e  are us ing  ATPase,  wh ich  is found in cel l  mi tochondr ia  and  responds  pa r t i cu la r ly  wel l  
to excess  b ipheny l s  in the  envi ronment ;  cata lase ,  which  is d i s so lved  in the cytosol  and  
r e sponds  to excesses  of toxic meta ls ;  and  cytochromes P-420/450, which  r e spond  to 
meta l s  bu t  pa r t i cu la r ly  to cycl ic  and  long-cha in  hydrocarbons .  In addi t ion,  TerEco has 
e m p l o y e d  the  a d e n y l a t e  ene rgy  charge  sys tem in a few f ie ld  tests. The a d v a n t a g e  of this 
la t te r  t echnique ,  which  involves  analys is  of ATP, ADP, and  AMP, is that  a compl i ca t ed  
set of enzyme  reac t ions  is r e d u c e d  to a s ingle  p a r a m e t e r  that  re la tes  al l  control  
mechan i sms  to the  ene rgy  leve l  of the  cel l  (Atkinson, 1969), which  is then  expres sed  as 
the  fo l lowing ratio:  

ATP + 1/2 ADP (adenos ind iphospha te )  
E . C . =  

ATP + ADP + a d e n o s i n m o n o p h o s p h a t e  (AMP) 

The ene rgy  charge  of a hea l t hy  cel l  centers  a round  0.85. Only  at and  above  this l eve l  
can  growth  and  reproduc t ion  occur. Viab i l i ty  is m a i n t a i n e d  b e t w e e n  0.8 and  0.5, but  
dea th  occurs at leve ls  b e l o w  0.5. Ch lo r ina ted  hydrocarbons  and  some meta l s  act as 
inhibi tors  of the  e lec t ron  t ranspor t  sys tem enzymes  wi th  a consequen t  lower ing  of the 
ene rgy  charge  ratio. 
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RESULTS 

ATPase analyses 

During the summer  of 1978 tests of the effectiveness of ATPase as an  indicator  of 
stress were run  on fish (Fundulus grandis) kept  in  B-BOMs at the Mud Dumpsi te  in  the 

New York Bight (Fig. 3). Dur ing  this period dredged mater ia l  t aken  from pol lu ted  New 
York Harbor was be ing  dumped  three t imes daily throughout  the seven days of the test. 
B-BOMs were p laced  ups t ream of the dumpsi te  (control), in  the site, and one mile 
downst ream of it in  the ex tended  impact  zone (Fig. 4). The results are shown in Table  1. 
The method employed  to est imate ATPase activity was derived from Pul lman  et al. 
(1960) and  Fritz & Harick (1966). As indicated  above, only mitochondrial  ATPase activity 
is be ing  measured.  The differences among  the three sites ana lysed  in  Table  1 are 
s ignif icant  at the 95 % confidence limit. 

Tests of sediments  showed the presence  of PCBs in  the dumpsi te  and  well  down- 
stream of it. This is reflected in  the lower ATPase values  in  fish held in  the dumpsi te  and  
downst ream BOMs as compared with the ups t ream site. The differences in  ATPase 
activity among  the three sites are s ignif icant  at the 95 % confidence l imit  (P = .05). 
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Fig. 4. Conceptualization of the fate of dredged material released from a hopper dredge and the 
placement of control and test B-BOMs to monitor potential impacts 
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Table 1. ATPase levels in Fundulus grandis liver after 7 days exposure in B-BOMs in the New York 
Mud Durnpsite* 

Location No. of fish ATPase Standard 
analyzed units** x 10.4/mg protein deviation �9 10 .4 

B-BOM upstream of Dumpsite 33 
B-BOM in Dumpsite 35 
1 Mile downstream of Dumpsite 32 

12.400 .0004 
4.000 .0002 
9.100 .0003 

* In this and the following tables, analysis of variance was used to evaluate the data 
* * Bergmeyer Unit for ATPase = amount of enzyme needed to decompose I g of NADH 

(Nicotinamide adenine dinucleotide reduced form) in 1 rain 

C y t o c h r o m e  P-420  a n d  P -450  

Values  for this enzyme  are expressed  in terms of n Mole  P-450 per  mg  of l iver  

protein.  Aga in  tests were  run at the N e w  York Mud Dumpsite ,  the S e w a g e  S ludge  

Dumpsi te ,  and at the control. At the lat ter  dumpsi te  s e w a g e  s ludge is d u m p e d  by barge  

several  t imes a day. B-BOMs and P-BOMs were  uged in the sites and at the control site 

we l l  east  of dumpsites .  The  results of this summer  1978 test are shown in Table  2. 

The  cytochrome P-450 levels  of the Fundulus grandis indiv iduals  exposed  in P- 

BOMs are s ignif icant ly  h igher  than levels  of ben th ic  fish in B-BOMs at both  the Control  

and Mud  Dumpsi te  (MD) (P = .05), whereas  at the S e w a g e  S ludge  Site (SSS) the two 

va lues  are re la t ive ly  close (P = .10). W h e n  compared  to the control site values,  the SSS 

fish show similar  P-450 va lues  at the pe lag ic  level ,  whe reas  benth ic  levels  are signifi-  

cantly h igher  (P = .05). Pe lag ic  fish at MD show the h ighes t  P-450 levels,  whe reas  

ben th ic  fish show leve ls  close to those of the control site benth ic  fish. Cytochrome P-420 

levels  are s ignif icant ly h igher  in pe lag ic  fish than  benthics  at both  the SSS and MD, 

whereas  at the control site the two va lues  are re la t ive ly  close. Moreover ,  we  note that P- 

420 levels  in pe lag ic  fish at both  dumpsi tes  are grea ter  than levels  at the control, Since 

Table 2. Cytochrome P-450 values from Fundulus grandis livers exposed at New York Bight 
Dumpsites and control (July-August 1978) 

Site & BOM type No. of livers 
analyzed 

nanomoles P--450 § 420 per mg 
liver protein 

x '  10 .2 Standard deviation 

Control Site 
P-BOM 45 0.63 0.10 
B-BOM 45 0.35 0.08 

Sewage Sludge Site 
P-BOM 45 1.10 0.16 
B-BOM 45 0.68 0.09 

Mud Dumpsite 
P-BOM 45 2.36 0.70 
B-BOM 45 0.34 0.16 
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cytochrome P-420 is a solubi l ized form of P-450, the h igh  P-420 levels  in the pe lag ic  fish 

of the dumpsi tes  is perhaps  indicat ive  of e v e n  s tronger  induct ion  of the P-450 system at 

these two sites whe re  exper imenta l  fish were  undoub ted ly  exposed  to re la t ively  h igh  

levels  of pe t ro leum hydrocarbons  due to heavy  ship traffic. 

C a t a l a s e  

Tests for cata lase  change  in the kill ifish (Fundulus grandis) w h e n  exposed  to results 

of the dumping  of s ewage  s ludge  and d redged  mater ia l  were  also carr ied out in the N e w  

York Bight in Ju ly -Augus t  1978. The results are shown in Table  3. The  lower  va lues  of 

cata lase  in fish at the s e w a g e  and m u d  dumpsi tes  compared  to the ups t ream control site 

reflect  stresses on the organism in response  to excess toxic metals  in these  disposal  

environments .  

Table 3. Catalase values from iZundulus grandis livers exposed at New York Bight Dumpsites and 
control (July-August 1978) 

Site & BOM type No. of livers Catalase 
analyzed units* 

x 10-4/mg protein 

Standard deviation 

Control Site 
P-BOM 45 1.20" * .004 
B-BOM 45 1.80 .003 

Sewage Sludge Site 
P-BOM 45 0.9 .0009 
B-BOM 45 1.4 .002 

Mud Dumpsite 
P-BOM 45 0.5 .0002 
B-BOM 45 0.9 .0001 

* Bergmeyer Unit = amount of enzyme needed to catalyze the breakdown of 1 g of H202 per 
min 

* * The differences between the P-BOM of control and mud dumpsite are significant (P= .01). 
The difference betwen the B-BOM of control and sewage site is significant (P=. 10) as is the 
difference between control and mud site (P=.01) 

A d e n y l a t e  e n e r g y  c h a r g e  

The fo l lowing data are the first f ield data that  TerEco has der ived  from appl ica t ion of 

an ene rgy  charge  analysis. They  were  ob ta ined  from the 1978 N e w  York Bight study 

us ing the grass shrimp Palaemonetes pugio as the test organism. Data are insufficient  to 
permit  d rawing  f i r m  conclusions,  but  the fo l lowing observat ions  can be made  from 

examina t ion  of Table  4. 
First, all ene rgy  charge  values  are 0.67 or above. Life can be susta ined b e t w e e n  0.5 

and 0.8, but  only at 0.85 can growth and reproduct ion  occur. All of the smal ler  shrimp (< 

200 mg) ave raged  an E. C. of 0.85 or above,  but  the larger  shrimp did not. In fact, in all 
cases the older  shrimp had  low E. C. values,  but  not to the point  of lethality.  The  B-BOM 
values  are uniformly lower  than those from P-BOMs. In addi t ion to pol lutant  effects, the 
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T a b l e  4. A d e n y l a t e  e n e r g y  c h a r g e  P - B O M  a n d  B - B O M  s a m p l e s  N e w  York B igh t  Control ,  S e w a g e  
S ludge ,  a n d  M u d  Site. T e s t  o r g a n i s m :  Palaemonetespugio ( J u l y - A u g u s t  1978; a v e r a g e  40 s h r i m p s /  

BOM) 

Site & B O M  type  P opu l a t i on  s e g m e n t  M e a n  
w e t  w e i g h t  (mg) e n e r g y  c h a r g e  

Cont ro l  Site 
P - B O M  

B - B O M  

S e w a g e  S l u d g e  
P -B OM  

B - B O M  

M u d  D u m p s i t e  
P -BOM  

B - B O M  

< 200 .85 • .06 
> 200 .70 • .11 
< 200 .77 • .12 
> 200 .69 • .11 

< 200 .85 • .05 
> 200 .67 • .04 
< 200 .80 • .04 
> 200 .73 • .05 

< 200 .87 • .04 
> 200 .72 • .05 
< 200 .77 • .01 
> 200 .68 • .08 

T a b l e  5. E n z y m e  l eve l s  ( m e a n s  a n d  s t a n d a r d  dev ia t ions )  in  Fundutus l iver  t i s sue .  F i sh  e x p o s e d  in  
Biotal  O c e a n  Moni to r s  off L o u i s i a n a  1979. 15 f i sh  w e r e  a n a l y z e d  at  e a c h  s t a t ion  

S ta t ion  C y t o c h r o m e  C a t a l a s e  A T P a s e  
No. P-450 + 420 un i t s*  un i t s**  

n a n o m o l e s  P - 4 5 0 / m g  p ro t e i n  x 10-2/mg p ro t e in  + x 10 .4 /mg p ro t e in  ++ 

1 .1202 • .0557 2.951 • .010 7.666 • .0002 
2 .1168 • .0732 3.371 • .015 7.901 • .0005 
3 .1504 • .0731 2.255 • .009 4.573 • .0002 
4 .1464 • .0671 3.588 • .011 9.106 • .0006 
5 .1142 • .0459 3.559 • .015 7.725 • .0004 
6 .2072 • .0540 4.120 • .017 7.34 • .0001 
7 .2047 • .0969 2.813 • .008 6.151 • .0002 
8B .1520 • .0346 3.891 • .018 5.045 • .0002 
8P .2688 • .1358 2.297 • .007 4.243 • .0002 

M e a n  of m e a n s  .1600 '  .0700 3.210 .010 6.640 .0003 

* B e r g m e y e r  Uni t  (Cata lase)  = a m o u n t  of e n z y m e  n e e d e d  to ca ta lyze  t he  b r e a k d o w n  of 1 g of 
H202 pe r  ra in  

* * B e r m e y e r  Un i t  (ATPase)  = a m o u n t  of e n z y m e  n e e d e d  to ca t a lyze  t h e  b r e a k d o w n  of 1 g of 
N A D H  ( N i c o t i n a m i d e  a d e n i n e  d i n u c l e o t i d e  r e d u c e d  form) pe r  m i n  

+ S t a n d a r d  d e v i a t i o n  x 10 -2 
++ S t a n d a r d  d e v i a t i o n  x 10 .4 
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Table 6. Adenylate energy charge ratios for whole grass shrimp Palaemonetes pugio and commer- 
cial shrimp (Abdominal Muscle) exposed in Biotal Ocean Monitors for seven days (LOOP 1, 

September 1979) 

Station Grass shrimp (avg. 40 animals/station) 
No. Mean ratio Standard deviation 

1 (B-BOM) .75 .12 
2 (B-BOM} .73 .12 
3 (P-BOM, diffuser) .72 .07 
4 (B-BOM} .86 .08 
5 (B-BOM) .82 .12 
6 (B-BOM) .79 .11 
7 (B-BOM) .84 .13 
8 (B-BOM) Controls .73 .17 
8 (P-BOM) .77 .12 
Reference control .77 .12 
Stations as above commercial shrimp (avg. 10 animals/station) 
1 .81 .08 
2 .85 .14 
3 (no sample) 
4 .83 .09 
5 .83 .10 
6 .87 .01 
7 .78 .11 
(B-BOM only) .77 .07 
Reference control .77 .13 

lower  B-BOM values  may also be re la ted  to a factor of depth  at and be low the 

thermocl ine  where  t empera tu re  is depressed  with  increas ing  depth. 

In Sep tember  1979 the enzyme  levels  in Pundulus grandis and the energy  charge  (E. 

C.) were  ana lysed  in grass shrimp (Palaemonetespugio) and the commerc ia l ly  important  

brown shrimp (Penaeus aztecus) he ld  in BOMs for seven  days at e ight  stations in an area 

of re la t ive ly  unpol lu ted  waters  off the Louisiana coast. This base l ine  study is sponsored 

by Louisiana Offshore Oil Platform, Inc. (LOOP) and is re la ted  to the p l anned  discharge  

(in 1980) of large  quant i t ies  of concent ra ted  br ine (265 ppt) into coastal  waters  w h e n  the 

deep  wate r  port is operational .  The  results for the enzymes  are shown in Table  5 and for 

E. C. in Table  6. The  enzyme and E. C. results are comparab le  to those obta ined  in the 

N e w  York Bight but  do ref lect  a c leaner  environment .  Note  also in Table  6, which  is 

based  on the same data, that  the E. C. of the penae id  shrimp (commercial  species), which  
were  captured in the vicini ty  of the stations and were  adap ted  to the environment ,  

ave raged  h igher  than that  of the grass shrimp, which  is character is t ical ly  an estuar ine 

organism. 

DISCUSSION 

Catalase a n d  ATPase 

The uses of catalase and ATPase as measures  of response to excess toxic metals  and 

b iphenyls  in the env i ronment  are sufficiently s traightforward as to n e e d  no further 
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discuss ion  at this t ime.  However ,  w e  do p l an  to ma in t a in  t hem in our Biotal  O c e a n  
Moni to r ing  Sys tem a long  wi th  E. C. and  cytochrome P-450, which  are  jus t  now coming  
into more  gene ra l  use.  

P -450  M F O  s y s t e m  

Evidence  is a ccumula t i ng  that  the P-450 m i x e d  funct ion ox idase  (MFO) sys tem can  
be  a useful  ind ica tor  of the  sub le tha l  effects of pe t ro l eum hydroca rbon  po l lu t ion  on a 
var ie ty  of mar ine  o rgan i sms  (Stegemann,  1978). If so, it  wi l l  become  an  impor tan t  
moni tor  of env i ronmen ta l  impacts .  Buhler  (1966) p rov ided  the bas is  for this  by  demon-  
s t ra t ing tha t  de toxi f ica t ion  of o rganic  xenobio t ics  in  fish can  be  r e l a t e d  he pa t i c  
me tabo l i c  activity.  Since then  ev idence  has  a c c u m u l a t e d  that  the  cytochrome P-450 
d e p e n d e n t  MFO enzyme sys tem is the  m e c h a n i s m  by which  a var ie ty  of env i ronmen ta l  
po l lu tan ts  (especia l ly  pe t ro l eum hydrocarbons  and  PCBs) are  de tox i f ied  in the  l ivers  of 
fish. Componen t s  of the  cytochrome P-450 l i nked  MFO sys tem are  b o u n d  to the  
m e m b r a n e s  of e n d o p l a s m i c  re t i cu lum wi th  h ighes t  leve ls  in the  l iver.  W h e n  a n a l y s e d  
spec t rophotomet r ica l ly ,  the  cytochrome P-450 hemopro te ins  in a C O - b o u n d  r e d u c e d  
s tate  d i sp l ay  a Soret  absorp t ion  m a x i m u m  p e a k  near  450 nm, whi le  the  so lub i l i zed  P-420 
exhib i t s  a Soret  p e a k  at 420 nm (Omura & Sato, 1964). 

The  b io t ransformat ion  of sub le tha l  concentra t ions  of env i ronmen ta l  pol lu tants  by  
the MFO sys tem is in te res t ing  due  to the  appa ren t  induc ib i l i ty  of the  system. L idman  et 
al. (1976) and  S ta tham et al. (1978) demons t r a t e d  induc t ion  of i nc reased  P-450 and  MFO 
enzyme  levels  in r a i nbow trout upon  exposure  to PCBs a n d  polycyc l ic  a romat ic  hyd-  
rocarbons,  respect ive ly .  In  a s tudy of the es tuar ine  fish Fundulus heteroclitus, Burns 
(1976) found induc t ion  of P-450 in l abora to ry  fish exposed  to p h e n y l b u t a z o n e  and some 
ev idence  of e l eva t ed  P-450 levels  in fish from po l lu t ed  na tu ra l  env i ronments  re la t ive  to 
popu la t ions  from nonpo l lu t ed  areas.  Of pa r t i cu la r  in teres t  to us is that  Yarbrough  & 
C h a m b e r s  (1977) showed  induc t ion  of the  MFO sys tem in mul le t  e xpose d  to crude oil 
extract  for only  four days,  and  S t e g e m a n  (1978), moni tor ing  P-450 in na tu ra l  fish from an  
o i l - con tamina t ed  marsh  re la t ive  to fish from unpo l l u t e d  envi ronments ,  found signif i-  
cant ly  h ighe r  P-450 levels  in po l lu t ed  fish. 

Results  of the  p resen t  enzyme  ana lyses  sugges t  that  b ipheny l s  ave rage  h ighe r  in the  
sed imen t s  of the  Mud  Dumpsi te  than  off the  Louis iana  coast. It appea r s  that  t race meta l s  
in  sed imen t s  of the  m u d  and  s e w a g e  dumps i t e s  in the  New York Bight  are  hav ing  
g rea te r  impac t  on ben th i c  o rgan i sms  than  off Louisiana.  More  surpr is ing,  however ,  is the  
observa t ion  b a s e d  on cytochrome P-450 levels  that  pe t ro l eum hydrocarbons  are  a more  
s igni f icant  impac t  in the  N e w  York Bight  than  off Louis iana  where  offshore oil  p la t forms 
abound.  

A d e n y l a t e  e n e r g y  c h a r g e  

F e w  reports  exist  on the app l i ca t ion  of the adeny la t e  ene rgy  charge  sys tem (E. C.} to 
po l lu t ion  studies.  But the  gene ra l i t y  of its po ten t i a l  use  should  m a k e  it a very  sens i t ive  
and  useful  a s say  for low- leve l  or chronic  responses  to toxicants.  Brezonik  et al. (1975) 
discuss  the  r a p i d  response  of ATP to add i t ions  of toxic subs tances  and  sugges t  the  use  of 
ATP in toxici ty  s tudiesl  hence  the  po ten t ia l  for po l lu t ion  s tudies  of cer ta in  types  is we l l  
founded.  The  r a p i d  drop in E. C. rat ios  no ted  by  C h a p m a n  et  at. (1971} as a r e sponse  to 
ox ida t ive  phosphory la t i on  inhib i tors  w o u l d  sugges t  the  use  of this  assay  for ch lo r ina ted  
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h y d r o c a r b o n s  or  PCBs,  s i n c e  P a r d i n i  (1971) n o t e s  t h a t  t h e i r  tox ic  e f fec t  is o b s e r v e d  m o s t  

r e a d i l y  a s  i n h i b i t i o n  of e l e c t r o n  t r a n s p o r t  s y s t e m  e n z y m e s .  S i n c e  a r a t i o  is  d i m e n s i o n l e s s ,  

a d i r e c t  c o m p a r i s i o n  c a n  b e  m a d e  f r o m  b a s e l i n e  to t e s t  to con t ro l  c o n d i t i o n s  a n d  f r o m  o n e  

c o l l e c t i n g  s t a t i o n  to a n o t h e r  w i t h o u t  t h e  a n c i l l a r y  s a m p l e  s e r i e s  r e q u i r e d  w e r e  o n e  to u s e  

A T P  v a l u e s  a l o n e .  A c c o r d i n g l y ,  t h e  a d v a n t a g e s  of i ts  u s e  w o u l d  b e  i ts  s e n s i t i v i t y  for  

a s s a y i n g  d e t r i m e n t a l  e f fec t s  of l o w  l e v e l s  of t o x i c a n t s  a n d  t h e  s i m p l i f i c a t i o n  of f i e l d  

s a m p l i n g  log is t i cs .  

Acknowledgements. The Biotal Ocean  Monitor System was developed wi th  support  of the U. S. 
Environmenta l  Protection Agency under  Contract  Nos. 68-01-2893 and  68-01-4797, Office of Water  
Program Operations. 

L I T E R A T U R E  C I T E D  

Atkinson, D. E., 1969. Regulat ion of enzyme function. - A. Rev. Microbiol. 23, 47-68. 
Bend, J. R. & Hook, G. E. R., 1977. Hepat ic  and  extrahepat ic  mixed function oxidases. In: Handbook  

of physiology. Sect. 9: Reactions to envi ronmenta l  agents.  Ed. by. S. R. Geiger. Waverly Press, 
Baltimore, 419-440. 

Brezonik, P. C., Browne, F. W., & Fox, J. L., 1975. Applicat ion of ATP to p lankton and  bioassay 
studies. - Wat. Res. 9, 155-162. 

Buhler, D. R., 1966. Hepat ic  drug metabol ism in fishes. - Pedn Proc. Fedn  Am. Socs exp. Biol. 25, 
343. 

Burns, K. A., 1976. Microsomal mixed function oxidases in  an  estuar ine fish, Pundulus heteroclitus, 
and their  induct ion as a result  of envi ronmenta l  contamination.  - Comp. Biochem. Physiol. 53B, 
443-446. 

Chambers ,  J. E. & Yarbrough, J. D., 1976. Xenobiot ic  biotransformation systems in fishes. - Comp. 
Biochem. Physiol. 55C, 77-84. 

Chapman,  A. G., Pall, L. & Atkinson, D. E., 1971. Adenylate  energy charge in Escherichia coli 
during growth and  starvation. - J. Bact. 108, 1072-1086. 

Fritz, P. J. & Hamrick, M. E., 1966. Enzymatic  analysis of adenosintr iphosphatase .  - Enzymologia 
30, 57. 

Lidman, U., Forlin, L., Molander, O. & Axelson, G., 1976. Induction of the drug metabolizing system 
in ra inbow trout (Salmo gairdneri 0 l iver by polychlorinated b iphenyls  (PCBs). - Acta pharmac.  
tox. 39, 262-272. 

Omura, T. & Sato, T., 1964. The carbon monoxide-b ind ing  p igment  of l iver microsomes II. 
Solubilization, purification, and  properties. - J. biol. Chem. 239, 2379-2385. 

Pardini, R. S., 1971. Polychlorinated biphenyls  (PCB): effect on mitochondrial  enzyme systems. - 
Bull. environ. Contain. Toxicol. 6, 539. 

Pequegnat ,  W. E., 1978. Combined  field-laboratory approaches  to detect ing impacts  of waste  
materials  on aquatic  organisms. Ini Third annua l  conference on t rea tment  and  disposal of 
industrial  wastewaters  and  residues, Houston. Information Transfer Inc., Rockville, Md., 6 pp. 

Pequegnat ,  W. E., James,  B. M., Kennedy,  E. A., Predericks, A. D. & Pay, R. R., 1978. Development  
and  applicat ion of a biotal  ocean monitor  system to studies of the impact  of ocean dumping.  - 
TerEco Corporation Report to U. S. Environmenta l  Protection Agency, 143 pp. 

Pequegnat ,  W. E., James,  B. M., Kennedy, E. A., Fredericks, A. D., Pay, R. R. & Hubbard,  F., 1979. 
Applicat ion of the biotal  ocean monitor  system to a pre l iminary study of the impacts  of ocean 
dumping  of dredged  mater ia l  in  the New York Bight. - TerEco Corporation Report to U. S. Army 
Engineer  Waterways Experiment  Station, Vicksburg,  76 pp. 

Pullman, M. E., Penefsky, H. S., Datta, A., & Racker, E., 1960. The assay of ATPase activity. - J. biol. 
Chem. 235, 3322. 

Statham, C. N., Elcombe, C. R., Szyjka, S. P. & Lech, J. J., 1978. Effect of polycyclic aromatic 
hydrocarbons on hepat ic  microsomal enzymes and disposit ion of me thy lnaph tha lene  in ra inbow 
trout in  vivo. - Xenobiot ica 8, 65-71. 



F i e l d  b i o a s s a y s  545  

Stegeman,  J. J., 1978. Influence of envi ronmenta l  contaminat ion  on cytochrome P-450 mixed 
function oxygenases in  fish: Implications for recovery in the Wild Harbor  Marsh. - J. Fish. Res. 
Bd Can. 35, 668-674. 

U. S. Environmenta l  Protection Agency, 1978. B!oassay procedures  for the ocean disposal permit  
program. Envi ronmenta l  Research Laboratory, Office of Research and  Development ,  U. S. 
Environmenta l  Protection Agency, Gulf Breeze, Florida 3256~, ~PA-600/9-78-010, 4-121. 

U. S. Envi ronmenta l  Protection Agency & U. S. Army Corps 0~ Engineers,  1977. Ecological 
evaluat ion of proposed discharge of dredged  material  into ocean waters. Implementa t ion  
manua l  for Section 103 of Public Law 92-532 (Marine Protection, Research, and  Sanctuaries Act 
of 1972). Environmenta l  Effects Laboratory, U. S. Army Engineer  Waterways Experiment  
Station, Vicksburg,  Miss., 84 pp. 

Wastler, T. A., Offutt, C. K. Fitzsimmons C.K. & Des Rosiers, P. E., 1975. Disposal of organochlor ine 
wastes  by  incinerat ion at sea. Office of Water  and  Harzardous Materials,  Washington,  D. C., 
EPA-430/9-75-014, 1-226. 

Yarbrongh, J. D. & Chambers ,  J. E., 1977. Crude oil effects on miCrosoma~ mixed function oxidase 
system components  in  the  str iped mullet  (Mug11 cephalus). - Life Sci. 21, 1095-1100. 


