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Recently the need for development of rapid, re l iab le ,  inexpensive 
screening methods fo r  eva lua t i on  and p r e d i c t i o n  of  t o x i c i t y  o f  
chemical pol lutants has been recognized (Dickson 1980; Lang et 
al. 1980; Maciorowski 1980; Sprague 1976). Methods for testin--g 
sublethal ef fects can provide a more sens i t ive assessment of the 
p o t e n t i a l  hazards of low leve ls  of  t o x i c  mater ia l  than acute 
t o x i c i t y  tes ts ,  as sublethal concentrations u l t imate ly  may have a 
s i g n i f i c a n t  i n f l uence  on popu la t ions  of aquat ic  organisms. 
Permiss ib le  l eve ls  of  c e r t a i n  p o l l u t a n t s  determined from acute 
t o x i c i t y  tests on f ish may be well above thresholds for behavioral 
and growth responses by lower organisms. Standards fo r  water 
qua l i t y  based on f ish t o x i c i t y  data could al low for a detr imental 
impact on f i s h  popu la t ions  i f  organisms lower  in the food chain 
are unable to main ta in  p r o d u c t i v i t y  due to i n t e r f e r e n c e  w i th  
necessary behavioral patterns. Recommendations of a workshop on 
b io logical  screening requested the inc lus ion of behavioral studies 
to reveal subtle, dysfunctional ef fects of pol lutants on organisms 
(B ick ing 1979), and suggest ions for  a d d i t i o n a l  research in 
deve lopment  of  b e h a v i o r a l  t es ts  incorpora ted  i n to  t e s t i n g  
protocols were made at the ASTM Symposium on Aquatic Toxicology 
(M i l l e r  et al. 1980). The present study addresses these research 
needs by examining a rap id behaviora l  b ioassay using protozoa,  
microfauna w i th  impor tan t  ro les in microbial-based food chains, 
regeneration of nu t r ien ts ,  and regulat ion of bacter ial  populations 
in aquat ic  envi ronments.  In t h i s  s tudy,  c i l i a t e d  protozoa from 
both marine and freshwater environments were examined w i th  
respect  to t h e i r  response to an a t t r a c t a n t  in the presence of a 
v a r i e t y  o f  c o n c e n t r a t i o n s  o f  cadmium and c o p p e r .  

MATERIALS AND METHODS 

Al l  protozoa used in t h i s  study were c i l i a t e s  i s o l a t e d  from the 
natural environment. The f reshwate r  spec ies,  Tetrahymena sp., 
was isolated from water of the Rivanna River in Char lo t tesv i l l e ,  
VA. The other  c i l i a t e s  used in the study were marine species.  
Two of these were i s o l a t e d  from ocean water samples from 
Wachapreague, VAo, and were chosen on the basis of  t h e i r  
d i f f e ren t  morphologies to insure that they were d i f f e ren t  species. 
Both marine iso la tes belong to the order Scu t i coc i l i a t i da  (Small 
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1967), and one i s  a spec ies  of  Paranophrys,  a l though  the o the r  
one, des igna ted  W5, has not  ye t  been i d e n t i f i e d .  We are in  the 
process of s ta in ing  and i d e n t i f y i n g  t h i s  s t ra in .  Another marine 
spec ies ,  M iamiens is  av idus ,  o r i g i n a l l y  i s o l a t e d  from s h a l l o w  
waters of the South F l ~ r e g i o n ,  was obtained from cu l tu res  of 
Dr. A.T. Soldo. 

Mar ine c i l i a t e s  were ma in ta ined  on b a c t e r i z e d  mar ine cerophy l  
medium (Soldo and M e r l i n  1972) to which a b a c t e r i a l  s t r a i n  
i s o l a t e d  from Wachapreague, VA, was added. P r i o r  to each 
experiment, the bacter ia  were cu l tured on an agar medium (Berk et 
a l .  1977). The cerophy l  medium was i n o c u l a t e d  w i t h  a smal~ 
l o o p f u l  o f  b a c t e r i a  from the agar 24 h p r i o r  to i n o c u l a t i n g  the 
cerophy l  w i t h  c i l i a t e s .  For each expe r imen t ,  24 or 48-h o ld 
c i l i a t e  c u l t u r e s  p repared  in  t h i s  manner were used.  The 
f reshwater  species, Tetrahymena, was grown axen ica l l y  in  a medium 
c o n t a i n i n g  per l i t e r :  2 g pro teose peptone,  I g yeas t  e x t r a c t ,  
0.5 ml of O.4M MgSO 4 7H20, 1.5 ml of  2M glucose and I0 ml of  0.25M 
Na?HPO4/KH2PO 4. The g l u c o s e  and phospha te  m i x t u r e s  were 
auCoclaved separately and added asep t i ca l l y .  The f i na l  pH was 6.9. 
C i l i a t es  were o r i g i n a l l y  rendered axenic by careful  washing wi th  
p e n i c i l l i n ,  st reptomycin,  and neomycin. 

The axen ica l l y  cu l tured Tetrahymena were cent r i fuged in a tab le -  
top cent r i fuge  wi th conical lO-ml tubes and r insed twice wi th  IOX 
Osterhout's medium (Taylor and St r ick land 1935). Al l  t es t i ng  wi th  
Tetrahymena was car r ied  out using IOX concentrat ion of Osterhout's 
medium. 

The bacter ized marine cu l tu res  were cleaned and concentrated by a 
m i g r a t i o n  method s i m i l a r  to t h a t  of  Van Wagtendonk and Soldo 
(1970) f o r  Paramecium c u l t u r e s .  The f i n a l  washed stock of  
c i l i a t e s  was suspended in f i l t e r - s t e r i l i z e d  seawater  from 
Wachapreague, adjusted to 26 o/oo s a l i n i t y .  

Cadmium in the form of CdCI~ and Cu in CuSO 4, were dissolved in 
seawater  and mixed w i t h  the c i l i a t e  suspens ion to ach ieve the 
des i red  f i n a l  metal c o n c e n t r a t i o n  in  the c i l i a t e  suspens ion .  
Seawater w i t h o u t  meta ls  was added to the c o n t r o l  c i l i a t e  
suspension to maintain equal c i l i a t e  numbers in both the contro l  
and experimental suspensions. For tes ts  wi th  f reshwater  c i l i a t e s ,  
Os te rhou t ' s  medium was used to d i s s o l v e  meta ls  and to d i l u t e  
contro l  c i l i a t e  suspensions. One ml of each suspension was placed 
in  t r i p l i c a t e  chambers made from I dram v i a l s  cut  in h a l f  
v e r t i c a l l y  to  r e s u l t  i n  smal l  g lass  t roughs .  P r i o r  to t e s t i n g ,  
the t roughs  were ac id  washed, r i nsed  w i t h  de ion i zed  wate r ,  and 
coated wi th  S i l i c l a d ,  a s i l i c o n e  compound. 

Yeast ex t rac t  (0.15%) served as a good a t t r ac tan t  for  a l l  c i l i a t e  
spec ies  and was prepared in  e i t h e r  seawater  at  26 o/oo s a l i n i t y  
for  marine species, or in Osterhout's for  the f reshwater  species. 
A 0.3% yeas t  e x t r a c t  s o l u t i o n  was prepared and d i l u t e d  to 0.15% 
wi th the metal so lu t i on ,  to provide the same metal concentrat ion 
in  the a t t r ac tan t  as in the experimental c i l i a t e  so lu t ion  in order 
to ru le  out any c i l i a t e  escape to a meta l - f ree environment. Acid- 
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washed 5-ul c a p i l l a r y  tubes were f i l l e d  wi th  the a t t rac tan ts  and 
placed i n t o  the a p p r o p r i a t e  expe r imen ta l  or  c o n t r o l  t r oughs  
conta in ing the c i l i a t e  suspensions. 

The c i l i a t e s  were exposed for  15 min, a f te r  which the c a p i l l a r i e s  
were removed, and the contents of each were expel led in to  separate 
small drops of water on a glass microscope s l ide .  A small drop of  
acid Lugol's so lu t i on  was added to each drop to f i x  and s ta in  the 
c i l i a t e s  for  count ing by d i r ec t  microscopic examination at i00 X 
m a g n i f i c a t i o n .  Numbers o f  c i l i a t e s  in  the  c o n t r o l  and 
experimental c a p i l l a r i e s  were compared, and the % i n h i b i t i o n  of  
chemotax is  was c a l c u l a t e d .  A t - t e s t  was per formed on raw data.  
The EC~ 0 fo r  each metal was d e ~ r m i n e d  by g raph ing  % i n h i b i t i o n  
agains~ c o n c e n t r a t i o n  on l o g - p r o b i t  paper (Jouber t  1980) and 
reading the concentrat ion for  50% i n h i b i t i o n .  Confidence l i m i t s  
were not ca lcu la ted,  however, the en t i r e  range of  EC50 values fo r  
repeated experiments was determined, and ranges are presented in  
Table 1. 

To de te rm ine  whether  the e f f e c t s  o f  meta ls  cou ld  be removed by 
washing,  suspens ions of  c i l i a t e s  were tes ted  fo r  chemo tac t i c  
responses in the presence of metals as described. Then add i t iona l  
suspens ions  o f  c i l i a t e s  were exposed to meta ls  f o r  15 min and 
subsequently washed free of the metal by repeated cen t r i f uga t i on .  
Control c i l i a t e  suspensions were also cent r i fuged in t h i s  manner 
to r u l e  out any e f f e c t  due to c e n t r i f u g a t i o n .  Cel l  numbers in  
f i na l  contro l  and experimental suspensions were adjusted to y i e l d  
equal numbers p r i o r  to tes t ing .  The suspensions were then placed 
in  the g lass  t r oughs ,  and the chemo tac t i c  responses were t e s t e d  
again. However, the a t t r ac tan t  in the washed metal suspension was 
now the same as the a t t r a c t a n t  in the c o n t r o l  suspens ion ,  i . e . ,  
w i thou t  metal added. Af ter  15 min, ce l l s  in a l l  c a p i l l a r i e s  were 
enumera ted  as d e s c r i b e d  above,  and the  % i n h i b i t i o n  and 
s i g n i f i c a n t  d i f fe rences from cont ro ls  were determined. 

RESULTS AND DISCUSSION 

Since experiments were repeated in  t r i p l i c a t e  several t imes over a 
per iod  of  months, t he re  was a range in  EC50 va lues ,  which are 
presented in Table I. Copper posed a problem wi th  a l l  the marine 
spec ies w i t h  respec t  to o b t a i n i n g  EC50 va lues ,  because h igh 
s u b l e t h a l  c o n c e n t r a t i o n s  appeared to s t imu la te  chemotaxis, i .e . ,  
more c i l i a t e s  went i n t o  the c a p i l l a r i e s  when the c i l i a t e s  were 
exposed to the copper. The high copper c o n c e n t r a t i o n ,  in  f a c t ,  
caused c i l i a t e s  to swim fas te r ,  thereby a l low ing  these c i l i a t e s  to 
reach c a p i l l a r i e s  sooner than contro l  c i l i a t e s .  This e f fec t  s t i l l  
appears to be d e t r i m e n t a l ;  however,  i t  led to n o n - l i n e a r  I o g -  
p r o b i t  graphs f o r  EC50, such t h a t  EC50 va lues  were mean ing less .  
Therefore, for  copper, we repor t  only copper concentrat ions which 
y ie lded s i g n i f i c a n t  i n h i b i t i o n  of  chemotaxis as determined from t -  
tes ts ,  Table 2. Results ind ica te  that  copper was more tox i c  than 
cadmium fo r  mar ine c i l i a t e s ,  but  t h a t  both meta ls  were e q u a l l y  
t o x i c  f o r  the f r e s h w a t e r  spec ies .  The mar ine spec ies were more 
sens i t i ve  to copper than the f reshwater  species, as a l l  the marine 
species were s i g n i f i c a n t l y  af fected by concentrat ions of 0oi ppm 

899 



and below, whereas Tetrahymena was not a f fec ted  by these 
concentrations; however, the freshwater species was more sens i t i ve  
to cadmium than the marine c i l i a t e s .  

Table 1. Fifteen min EC5o ranges for copper and cadmium on 
i n h i b i t i o n  of c i l i a t e  chemotactic responses. 

Organism Metal EC50 range (ppm) 

Tetrahymena sp. Cadmium O. 35-0.70 
Copper 0.15-0.16 

Paranophrys sp. Cadmium 2.0-3.1 

Miami ensi s Cadmium 5.1-7.0 
avidus 

W5 Cadmium 3.5-3.7 

Table 2. Metal concentrations s i g n i f i c a n t l y  (p<O.05) i n h i b i t o r y  
to chemotactic responses of c i l i a t e s .  

Metal Concentration (ppm) i n h i b i t i n g :  

Tetrahymena Miamiensis Paranophrys W5 

Copper 1.00 
0.80 

0.25 0.25 
0.10 0.10 
0.05 0.05 
0.005 

1.00 

0.50 

0.25 
0. i0  
0.05 

Cadmium 

1.00 
0.50 
0.25 

25.0 25.0 25.0 
20.0 

10.0 10.0 10.0 
5~ 5.0 
4.0 
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The i n h i b i t o r y  e f fec ts  of a 15 min exposure of 0.5 ppm Cu on 
Miamiensis were nu l l i f i ed  by washing the cel ls as described above, 
a f t e r  which no s i g n i f i c a n t  d i f fe rence between control  and 
experimental suspensions was found. Likewise, the effect of Cd on 
Miamiensis was reversed. The e f fec t  of Cu on the f reshwater 
c i l i a t e ,  Tetrahymena, however, was not removed by washing the 
ce l l s  a f t e r  exposure to 0.25 ppm Cu, whereas the e f fec t  of I ppm 
Cd was nu l l i f i ed  after washing. 

Results of the present study demonstrate that chemotaxis of both 
marine and freshwater c i l ia ted  protozoa is s ign i f i can t l y  affected 
by the presence of c e r t a i n  heavy meta ls .  In the na tu ra l  
environment i t  is  possible that  populat ions of t h i s  important  
group of microorganisms may eventually be eliminated or reduced by 
sublethal metal pol lut ion i f  they are unable to chemically locate 
areas of high food concentrat ions necessary for  maintenance of 
population growth. 

In the present study the freshwater and marine species exhibited 
d i f ferent  sens i t i v i t i es  toward the metals tested. This may be a 
r e f l e c t i o n  of the d i f fe rences in ion ic  composit ion between 
freshwater and seawater and interactions of the water with metals, 
s ince mechanisms of c i l i a r y  movement have an u n d e r l y i n g  
e l e c t r o p h y s i o l o g i c a l  bas i s .  The i n t r a c e l l u l a r  ca lc ium 
concentrat ion contro ls  the rate and d i r ec t i on  of c i l i a r y  beats 
(Nelson and Kung 1978), therefore the ion ic  composit ion of the 
surrounding medium can influence movement. The divalent metal 
cat ions used in the present study may i n t e r f e r e  wi th protozoan 
movement and, thus, t h e i r  a b i l i t y  to fo l low the gradient  of the 
a t t r a c t a n t .  Furthermore, removal of the t ox i c  e f fec t  a f t e r  
washing the c i l i a t e s  suggests that  the mechanism of i n h i b i t i o n  
after only 15 min may not involve i r revers ib le  binding of metals 
with components of the cells. 

At high sublethal concentrat ions copper appeared to s t imu la te  
chemotaxis for the marine c i l i a t e s .  The apparent s t imu la t i on  
probably resulted from increased swimming speed observed for these 
c i l i a t e s  exposed to high sublethal copper concentrat ions.  Such 
observations demonstrate the importance of test ing a wide range of 
sublethal concentrat ions wi th narrow i n t e r v a l s ,  as misleading 
conclusions may be drawn from using only a few concentrations. 

In the study reported here c i l i a tes  appear to be a very sensit ive 
group of organisms wi th respect to metal t o x i c i t y ,  and t h e i r  
behavioral responses may be measured in a very short time. Their 
usefulness as bioassay tools needs fur ther  evaluation; however, 
information on toxic effects to these organisms can be gathered in 
a r e l a t i v e l y  short t ime. I t  is  d i f f i c u l t  to make meaningful 
comparisons between toxic metal concentrat ions determined from 
studies with other organisms and those used in the present study, 
as few other studies have examined effects af ter  only 15 min, and 
few studies have included behavioral e f fec ts .  Bruins (1980) 
showed that  40 ppb Cu af fected phototax ic  responses of Daphnia 
a f te r  4 days exposure. In the present study 50 ppb Cu (and for  
one species, 5 ppb Cu) s ign i f i can t l y  inhib i ted chemotaxis of the 
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marine c i l i a t e s  a f te r  only 15 min exposure to the metal, 
indicating that these c i l i a tes  are more sensit ive to copper than 
Daphnia. Ci l iates also appear to be more sensit ive than bacteria, 
as Quershi, et a l . ,  (1982) using the Microtox assay, found the 
EC50 of copper to be 7.4 ppm a f te r  a 5 min exposure, whereas in 
our study a 15-min exposure of only 0.05 and 0.005 ppm Cu 
i n h i b i t e d  marine c i l i a t e s .  I n h i b i t o r y  copper concentrations of 
the present invest igat ion fe l l  into the same range as those found 
to be i n h i b i t o r y  fo r  photo tac t ic  responses of barnacle naup l i i ,  
which were affected by 50 and i00 ppb Cu in 30 o/oo sa l i n i t y  (Lang 
et al. 1980). In that study, however, the barnacle naupli i were 
exposed to copper for 24 hr. The sublethal metal concentrations 
determined from the present study general ly  f a l l  in to  ranges of 
lethal or sublethal concentrations found by other i nves t i ga to rs  
for other groups of organisms, but for these studies much longer 
exposure times have been used. Protozoa appear to be more 
sens i t i ve  than other groups of organisms wi th respect to metal 
t ox i c i t y .  Our laboratory is currently in the process of examining 
the predict ive value of rapid assays with c i l i a tes  for the outcome 
of longer-term chronic exposures to pollutants. 
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