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ABSTRACT

Data f rom experiments on the growth o f  a mar ine yeast  (Rhodotorula 
r u b r a ) exposed to  var ious  concen t ra t i ons  o f  cadmium can be given as 
raw cumula t i ve data f o r  each c o ncen t ra t io n ,  o r  as mean s p e c i f i c  
growth ra t es  (R) presented as concen tra t ion- response curves,  which 
show more c l e a r l y  the i n h i b i t i o n  o f  growth above a th reshold 
c o n c e n t r a t i o n .  H o w e v e r , i t  i s in some ways more i n fo rm a t i v e  to 
cons ider  these data as R% determined at  f r equen t  i n t e r v a l s  in t ime.  
This measure o f  growth,  in the yeas t  and some o the r  organisms, 
appa ren t l y  i n d i ca te s  the ou tpu t  o f  a growth r e g u l a t o r y  mechanism, 
a l low ing  one to  i n t e r p r e t  the i n h i b i t o r y  th re sho ld  in concen tra t ion  
-  response curves as the consequence o f  over load ing  the ca pac i t y  of  
the co n t r o l  mechanism to cou n te rac t  f u r t h e r  i n h i b i t i o n .

INTRODUCTION

The work descr ibed here i s a development o f  t h a t  on the growth o f  
hydro id co lon ies exposed to  va r i ous  i n h i b i t o r y  agents (Stebbing and 
Hiby,  1979; S tebbing,  1981b) in which we have shown t h a t  temporal  
o s c i l l a t i o n s  in s p e c i f i c  growth ra t es  (R%) are l i k e l y  to  be the 
outpu t  o f  a con t r o l  mechanism re g u l a t i n g  growth processes.  Here we 
extend the approach in exper iments w i th  c e l l  suspensions o f  a yeast 
(Rhodotoru la ru b r a ) exposed to  cadmium, used here as a growth 
i n h i b i t o r  to impose a load upon the con t r o l  mechanism(s) th a t  
reg u la te  growth.  The r e s u l t s  are discussed in terms o f  c on t r o l  and 
cou n te ra c t io ns ,  '‘ l oad" and " s t r e s s "  (Stebbing,  1981a).

MATERIALS AND METHODS

The data presented here are f rom a ser ies o f  experiments on the 
mar ine yeast  Rhodotorula rubra  (NCYC 797).  Stock c u l tu re s  were f o r  
convenience maintained on agar p l a t e s ,  but f o r  experiments 
suspension c u l tu re s  were grown in 1/10 s t rength  MYGPS (Ross and 
M o r r i s ,  1965). Cu l tu res  of  750 ml were grown in 1 1 Erlenmeyer 
f l a s k s  clamped in a water bath at  18°C and c o n t in uou s ly  s t i r r e d .  
T y p i c a l l y  experiments consis ted  o f  two such c u l t u r e s ,  one t o  which 
cadmium was added and the o ther  a c o n t r o l .  Cel l  d e n s i t i e s  were 
determined f o r  each c u l t u r e  s imu l taneous ly  using two i n t e r c a l i b r a t e d
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Cou l te r  Counters,  by coun t ing  20 ml o f  the un d i l u te d  c u l t u r e  in 
specimen tubes.  The mean o f  seven counts was taken and cor rected f o r  
co incidence  and p a r t i c u l a t e  background in the c u l t u r e  medium. 
Standard e r r o rs  o f  the mean count were t y p i c a l l y  <0.5%. Dens i t i es  
were determined in t h i s  way at 30 minute i n t e r v a l s  and f rom these 
data s p e c i f i c  growth ra t es  (R) were c a l c u l a t e d .  Once R f o r  both 
c u l t u r e s  was approx imate ly  equal and s t a b l e ,  exper iments were begun 
by the a dd i t i on  o f  cadmium (as cadmium c h l o r i d e  in IN HC1) to  the 
exper imental  c u l t u r e .  S p e c i f i c  growth ra t es  o f  the experimental  
c u l t u r e  (Rexp) are expressed as percentages o f  those f o r  the con t r o l  
c u l t u r e  (Rcon) t0  f i l t e r  out changes in R due to  the t o x i c a n t  alone 
(R%).

RESULTS

Growth data dep ic ted as cumulat ive increases in c e l l  d e n s i t i es  show 
th a t  normal growth i s  l o g - l i n e a r  and s p e c i f i c  growth ra tes  are 
th e r e fo r e  constant  (F i g .  1 l e f t ) ,  at  l eas t  f o r  the d e n s i t i e s  and 
per iods involved here.  The cumulat ive data do show progress ive 
decreases in slope o f  c u l t u r e s  grown in h igher  concen t ra t ions  o f  
cadmium (F i g .  1 m i d d le ) ,  a l though i t  i s d i f f i c u l t  to  determine the 
lowest  concen t ra t ions  at  which i n h i b i t i o n  becomes s i g n i f i c a n t .  For 
t h i s  purpose i t  i s  b e t t e r  t o  p l o t  the mean R% f o r  the du ra t ion  of  
exposure to  cadmium aga ins t  c o nce n t ra t io n ;  t h i s  provides the t y p i c a l  
concen t ra t ion  -  response curve w i th  a c l e a r l y  de f ined  th resho ld ,  
i n d i c a t i n g  at  what leve l  cadmium begins t o  i n h i b i t  growth ra t e  
(F i g .  2 ) .

When R% is ca lc u la te d  at  f r equen t  i n t e r v a l s  in t ime ,  temporal  
f l u c t u a t i o n s  become apparent t h a t  have the c h a r a c t e r i s t i c  form o f  
the ou tpu t  o f  an underdamped feedback mechanism f o l l o w i n g  p e r t u r ­
ba t i on  (F i g .  1 r i g h t ) .  At lower cadmium con cen t ra t i ons ,  o s c i l l a t i o n s  
have less ampl i tude and ther e  i s  a tendency to overshoo t ,  and Rexp 
i s  f o r  much o f  the du ra t io n  o f  the exper iments g rea te r  than RCOn- 
Above 2 .0  mg/1 t h i s  ceases t o  be the case; the ampl i tude o f  
f l u c t u a t i o n s  increases and Rexp va r i e s  about a leve l  t h a t  becomes 
less than Rcon at  successive h igher  l e v e l s .  Nevertheless at  2.5 and 
4 .0  mg/1 i t  can be seen t h a t  the leve l  about which ReXp var ies  
increases as the exper iment proceeds,  but  at  6.0 mg/1 t h i s  i s  not so 
and a t  8 .0  mg/1 the de c l in e  i s  ra p id  and there  are no o s c i l l a t i o n s  
at  al 1.

When these data are i n t e r p r e t e d  in terms o f  the ca pac i t y  o f  a 
c on t ro l  mechanism to  coun te rac t  i n h i b i t i o n  i t  appears t h a t  at  the 
lower l e v e ls  ( 0 .3 -2 .0  mg/1) the re i s  e f f e c t i v e  cou n te rac t ion  of  the 
i n h i b i t i o n  and Rexg would p robab ly  s t a b i l i z e  at  the leve l  o f  the 
c o n t r o l s  in t ime . At in te rm ed ia te  l e v e ls  (2 . 0 -4 .0  mg/1) the capac i t y  
o f  the c on t r o l  mechanism t o  coun te rac t  i s  i n i t i a l l y  exceeded, but 
increases in the leve l  about which RgXp o s c i l l a t e s  may i n d ic a te  a 
recovery .  At 8 .0  mg/1 or more there  i s c l e a r l y  immediate over load ing  
o f  the c on t r o l  mechanism and susta ined i n h i b i t i o n  o f  growth from 
which the c u l t u r e  does not rec over .

These data and the behaviour  o f  the con t r o l  mechanism can be used 
to  exp la in  fea tu re s  o f  conce n t ra t i on  -  response curves t h a t  are not  
obvious from the curves themselves (F i g .  2 ) .  At lower le v e ls  of  
cadmium, below those t h a t  cause a l a s t i n g  i n h i b i t i o n  o f  growth,
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o s c i l l a t i o n s  in Rexp i n d i ca te  the opera t ion  o f  the con t ro l  
mechanism, whose response i s  presumably necessary to  ma inta in  Rexp 
at  o r  about the leve l  o f  the c o n t r o l s .  In f a c t  the c on t r o l  mechanism 
tends t o  ov e rc o r re c t  and w i t h i n  a narrow range o f  concen t r a t i ons ,  
c u l t u r e s  may grow s i g n i f i c a n t l y  la rg e r  than the c on t r o l  c u l tu re s

co n t ro l exp er im e n ta l
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F ig .  1. Rhodotorula r u b r a . The growth o f  c u l tu re s  exposed 
t o  d i f f e r e n t  concen t ra t ions  o f  cadmium. Cumulat ive growth 
curves show the increase in c e l l  d e n s i t y  w i t h  t ime of  
co n t r o l  ( l e f t )  and exper imental  c u l t u r e s  (middle)  to  which 
cadmium was added. The data are also expressed as s p e c i f i c  
growth ra t es  o f  the exper imental  c u l t u r e s  as a percentage 
of  those o f  the c on t r o l  c u l t u r e s  (R%) at  30 min i n t e r v a l s  
f o r  each leve l  o f  cadmium ( r i g h t ) .



580 18th European Marine B io lo g y  Symposium

120

100

80

R %
60

40

2 0

ca d m iu m  ( m g /l )

F ig .  2. Rhodotorula r u b r a . The growth o f  c u l t u r e s  exposed 
to  d i f f e r e n t  concen t ra t ions  o f  cadmium. The data are 
presented as mean s p e c i f i c  growth ra t es  as percentages 
(R%) f o r  the dura t ion  o f  each exper iment .  The p l o ts  
showing temporal  v a r i a t i o n s  in R% w i th  t ime f rom Figure 1 
r i g h t  are given as in se ts  to a s s i s t  i n t e r p r e t a t i o n .

(F i g .  2 ) .  This phenomenon i s  termed hormesis and i s  common in the 
t o x i c o l o g i c a l  l i t e r a t u r e  (Stebb ing,  1982).  Experiments w i th  the 
c o l o n i a l  hydro id  Laomedea ( Campanular ia) f l e x u o s a , showing hormesis 
r e s u l t i n g  f rom exposure to  a number o f  t o x i c a n t s ,  i n d ic a te d  th a t  the 
s t i m u l a t i o n  o f  growth can be exp la ined as a consequence o f  the 
i n t e g r a t i o n  o f  adapt i ve o v e rc o r re c t io ns  by a r a t e - s e n s i t i v e  growth 
c on t r o l  mechanism (S tebbing ,  1981b).

A t  concen t ra t i ons  from 2-6 mg/ l  o s c i l l a t i o n s  are at t h e i r  
g re a t e s t  amp l i tude ,  but  there  i s  s i g n i f i c a n t  i n h i b i t i o n  o f  the mean 
R% which in'creases as the degree to  which the c a pa c i t y  o f  the 
c on t r o l  mechanism to  counteract  i n h i b i t i o n  i s  exceeded. The recovery 
a t  2.5 and 4.0 mg/l  i s  probab ly  due to  a decrease in the leve l  of  
a v a i l a b l e  cadmium, al though an inc rease in counter  response could 
also exp la in  the recovery.  At 6 mg/ l  the degree o f  over load i s  even 
more marked and so the i n h i b i t i o n  o f  mean R% becomes g r ea te r ,  whi le  
at  8 mg/ l  a l l  c e l l  d i v i s i o n  i s q u i c k l y  a r rested and the mean growth 
r a t e  i s  almost zero.
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DISCUSSION

The c h a r a c t e r i s t i c  form o f  our data from experiments w i th  
Rhodotoru la,  and the development o f  s i m u la t io n  models (Stebbing et  
a l . ,  1984),  i n d ic a t e s  t h a t  the most p l a u s i b l e  exp lana t ion  i s t h a t  
They represent  the ou tpu t  o f  a con t r o l  mechanism r e g u l a t i n g  growth.
A s i m i l a r  i n v e s t i g a t i o n  o f  growth in a c o l o n i a l  hydroid led us to  
the same conc lus ion  (Stebbing and Hiby,  1979).  Th is  hypothesis 
prov ides the most l i k e l y  exp lana t ion  o f  our data in i t s  d i f f e r e n t  
forms, i nc lu d i ng  the  paradox ical  s t i m u l a t i o n  o f  growth by low lev e ls  
o f  t o x i c a n ts  (Stebb ing,  1982).

L i t t l e  importance should be at tached t o  the th res ho ld  concen­
t r a t i o n  i t s e l f  ( F i g .  2) as t o t a l  l e v e ls  o f  metal  added do not 
in d ic a t e  the i o n ic  a c t i v i t y  o f  cadmium t o  which a v a i l a b i l i t y  and 
th e r e fo r e  t o x i c i t y  are re l a t e d  (Engel and Fowler ,  1979).  Most o f  the 
metal  i s  p robably  bound t o  o rganic  c o n s t i t u e n t s  in the medium and to 
ino rgan ic  l igands  in seawater.  I o n i c  a c t i v i t y  i s  a lso l i k e l y  to  
decrease as metal  ions are bound by c e l l s  w i th  the growth o f  the 
c u l t u r e .  In the envi ronment where the b i nd ing  ca p a c i t i e s  are 
o bv io us l y  les s ,  i n h i b i t i o n  would p robab ly  occur at  concen t ra t ions  an 
o rder  o f  magni tude lower than those observed here ( F i g .  2 ) .

As t o x i c o l o g i c a l  data are u s u a l l y  presented in such a way as to 
demonstrate i n h i b i t o r y  th re sho ld s  and as the b i o l o g i c a l  response 
measured i s  o f t en  one t h a t  i s  home os ta t i ca l1 y c o n t r o l l e d ,  i t  i s  
h e l p f u l  to  a t tempt  t o  gene ra l i se  the i n t e r p r e t a t i o n  we have used 
here to  exp l a in  the e f f e c t s  o f  t o x i c  i n h i b i t i o n  on growth.  S im i l a r  
evidence f o r  c o n t r o l ,  when growth data are t r e a te d  in the same way, 
has been found in  young M y t i l us  e d u l i s (Almada-Vi1 l e l  a e t  a l . ,  1982) 
and Rhi thropanopeus h a r r i s i i  (Sanders and Cost low, 198177

We also wish to  l i n k  t h i s  i n t e r p r e t a t i o n  t o  the r e l a te d  concepts 
o f  l oad ,  s t ress  and h e a l th .  In the  sense t h a t  Selye (1950) f i r s t  
used i t ,  s t ress  can be considered as any ex te rna l  fo r ce  or s t imu lus  
t h a t  e l i c i t s  the genera l ised adapt i ve responses o f  organisms 
(Stebb ing,  1981a).  The responses o f  homeostat i c or homeorhet ic 
c on t r o l  mechanisms are a p a r t i c u l a r  kind o f  adapt i ve response, 
a l though they are genera l i sed  in t h a t  the response i s the same, 
whatever agent i s  used t o  cause an i n h i b i t o r y  p e r t u r b a t i o n .

The concen tra t ion - response  curve (F i g .  3 top)  can be considered 
in terms o f  the counter  response t h a t  operates to  n e u t r a l i s e  the 
i n h i b i t o r y  e f f e c t  o f  a t o x i c a n t  upon growth (F i g .  3 bot tom) .  At 
subthreshold le v e ls  n e a r l y  an o rder o f  magni tude below those t h a t  
i n h i b i t  growth,  the i n h i b i t o r y  chal lenge i s  s u f f i c i e n t  t o  i n i t i a t e  a 
response o f  the c on t r o l  mechanism, as the o s c i l l a t i o n s  at  these 
l e v e ls  i n d ic a t e .  The coun te r  response increases due to  the i n h i b i ­
t o r y  load caused by h igher  l e v e ls  o f  t o x i c a n t ,  but  once the l i m i t s  
o f  the c a p ac i t y  o f  the co n t r o l  mechanism to  counteract  i n h i b i t i o n  - 
o r  susta in  the i n h i b i t o r y  load -  are reached (F i g .  3 bot tom),  
f u r t h e r  increases in leve l  r e s u l t  i n s i g n i f i c a n t  growth i n h i b i t i o n  
(F i g .  3 t o p ) .  The th resh o ld  con cen t ra t ion  not  on ly  co inc ides  w i t h ,  
but  i s  exp la ined by the onset  o f  over load ing  o f  the con t r o l  
mechanism. Since t h i s  r e l a t e s  to  one d e f i n i t i o n  o f  s t r ess  (Shor ter  
Oxford Eng l i sh D i c t i o n a r y )  as " th e  overpowering pressure o f  some 
adverse fo r ce  or i n f l u e n c e " ,  we cons ider  t h a t  super threshold l eve ls  
o f  a t o x i c a n t  impose s t ress  wh i le  subthreshold l eve ls  may impose 
load ( F i g . 3 ) .
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F ig .  3. The r e l a t i o n s h i p  between a t y p i c a l  
concen tra t ion - response  curve ( top)  and the 
counter  response (bot tom) due to  some homeostat ic 
o r  homeorhet ic c on t r o l  mechanism.

Whi le " s t r e s s "  as a concept  i s  use fu l  in t o x i c o l o g y ,  o f  more 
p r a c t i c a l  . u t i l i t y  would be ready means o f  q u a n t i f y i n g  and es t ima t ing  
the hea l th  o f  organisms. The use o f  load to l e r anc e  te s t s  in medicine 
prov ides j u s t  such a means because hea l th  i s measured in terms o f  
the c a p ac i t y  o f  a process t o  w i thstand  load (F re n s t e r ,  1962). Thus a 
h e a l t h i e r  organism has a g re a te r  capac i t y  t o  sus ta in  load,  and the 
hea l th  o f  an organism from the environment a l ready  under some 
unknown load i s i t s  re s i d u a l  ca pac i t y  to  w i ths tand  f u r t h e r  load 
before over load occurs .  In t h i s  way the hea l th o f  an organism 
brought in to  the l a b o r a t o r y  from the environment can be q u a n t i f i e d  
in terms o f  the leve l  o f  some load f a c t o r  t h a t  can be sus ta ined,  and 
can be measured e x p e r i m e n ta l l y  by determining the re s id ua l  ca pac i t y  
to  sus ta in  imposed loads.
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