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N orm alized specific growth rates of cultures of the yeast Rhodotorula rubra apparently  indicate 
the activity of a growth control m echanism , when growth is perturbed w ith low concentrations 
of a  toxic inh ib ito r (cadmium). D ata from  a num ber of experim ents, in w hich different 
cadm ium  concentrations were used, indicate non-linear growth control dynam ics and some 
features o f a model structure, but do not perm it it to be defined. In terpreta tion  o f the oscillatory 
behaviour as the response of a control m echanism  to perturbation suggests th a t inh ib ition  of 
m ean growth rates, indicated by a threshold on dose-response curves, is due to overloading of 
the control m echanism  or ‘sa turation’. H orm esis, the tendency of subinhibitory levels of 
typically toxic agents to stim ulate growth, is a consequence o f transien t or sustained 
overcorrections by the control m echanism  to low levels of an  inhibitory stimulus.

I N T R O D U C T I O N

Biological growth is controlled a t the biochem ical level o f organization through the  rates of 
biosynthetic reactions (Lehninger, 1975), and a t higher levels through cell num ber or population 
density, the capacity  of organs and tissues to  w ithstand physiological load or through physical 
size (Stebbing & H eath , 1984). M odels o f growth, including cell division, th a t depend on control 
theory often assume that the regulatory systems are sensitive to cell density or population size 
(Bard, 1979; Shymko & Glass, 1976).

W e exam ine here the view tha t specific grow th rate of a perturbed experim ental culture with 
respect to a control culture represents ou tput o f a growth control system. O ur proposition is that 
norm alized specific growth is inform ative for in terpreting  growth phenom ena and ultim ately 
m odelling growth control m echanism s. A price is paid for its inform ativeness, as careful 
experim ental design is essential if useful specific growth rate  responses are to  be obtained. We 
shall exam ine in detail how experim ent design constrains, and is constrained by, the 
inform ation to be extracted from the specific growth rate responses.

In earlier work w ith the colonial hydroid Campanularia (Laomedea) flexuosa, we considered 
the growth of colonies exposed to various toxic inhibitors (Stebbing, 1976). Initially, mean 
growth rates over entire experim ents (11 d) were used to determ ine concentration-response 
curves and threshold concentrations were derived from them . Subsequently, changes in  growth 
rates w ith tim e were determ ined in order to  optim ize the duration o f experim ents, and 
pronounced oscillations were found in specific growth rates o f organism s exposed to low levels of 
toxicants, w ith respect to organism s not exposed. T he oscillations invited in terpretation  as the 
response of a feedback control m echanism  to a step input (Stebbing, 1981 a) and evidence tha t 
our da ta  were capable of this in terpretation  cam e from work on a sim ulation model (Stebbing & 
Hiby, 1979). A non-linear model using p roportional plus integral control reproduced m ost of the 
features of the data.

For a num ber of reasons, hydroids were unsuitable for the further developm ent o f the work.
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The growth of the colonies was too slow, so a  m uch faster-growing system was required. 
Estim ates o f biom ass w ere based on counts o f colony m em bers and  involved approxim ations 
and assum ptions tha t reduced precision. Furtherm ore, believing biological grow th in o ther taxa 
m ight be regulated by control m echanism s whose response, and thence structure, could be 
investigated in the same way, there was good reason to  extend the w ork by using a species from 
another phylum.

The experim ents described here used the m arine yeast Rhodotorula rubra; they show the 
effects o f a  range o f cadm ium  concentrations on the growth o f the cultures, from  the lowest 
concentration tha t caused significant differences in grow th ra te  from  th a t o f the  control cultures, 
to the highest sublethal concentration. Our objectives w ere first to see w hether experim ents of 
sim ilar design to  those carried out w ith hydroids would also provide responses showing the 
action of a  control m echanism ; second, to see the effect of progressively increasing the 
inhibitory load; and th ird , to  enquire into the kind o f m odel structure necessary to  represent the 
control m echanism .

M E T H O D S

Organism and its culture. Rhodotorula rubra (N C Y C  797) was used in all experim ents. T h e  culture m edium  used 
was adap ted  from  M Y G PS (Ross & M orris, 1965). T h e  constituents (g I - 1 ) w ere yeast ex trac t (0-3), m alt ex tract 
(0-3), mycological p ep tone  (0-5), and  glucose (1). T h e  m edium  w as m ad e  up  in  sea w ater an d  deionized  w ater (3 :1 , 
v/v). T his is a 1 in 10 d ilution o f  M Y G PS as norm ally used, in o rder to reduce com plexation , w hich decreases the 
pool o f ionic and  biologically availab le  cadm ium . G row th  over th e  short periods considered  here was never lim ited 
by nutrients.

Stock cultures w ere m ain ta ined  in Petri d ishes on M Y G PS m ade up w ith  1-5% (w/v) ag ar a t  room  tem perature. 
F or experim ents, stock suspension cultures were in itia ted  and  equ ilib ra ted  in the experim ental regim e, c lam ped in 
a w ater bath  a t 18-5 °C under a lam inar flow hood. Cells were k e p t as a hom ogeneous suspension w ith m agnetic 
stirrers.

Inocula from  stock suspensions w ere tak en  a fter 24 h  o r m ore to  in itia te  experim ental cultures w hich w ere then  
allowed to grow  for a  fu rther 17 h  before beginning an experim ent. U n d er these cond itions cell num bers doubled 
approxim ately  every 2-5 h and th e  n um ber used to  inoculate experim ental cultures w as calculated  to give a density 
o f  20000 cells m l-1 at th e  beginn ing  o f  an experim ent.

In  p relim inary  experim ents it was found th a t the sensitivity  o f  our m ethod  of m easuring  grow th was such that 
specific grow th rates w ere noticeab ly  pertu rbed  if  th e  cultures w ere knocked, o r if  sam pled by pouring out the 
required volumes. W e therefo re  clam ped flasks in the w ater b a th  and  sam pled w ith  a  p ipette , avoiding any 
m ovem ent o f  the cultures th a t m igh t p ertu rb  grow th. T he experim ents w ere conducted  in  a  lam in ar flow hood, not 
only to avoid contam ination , bu t also so th a t the flasks could be le f t w ithout tops to  m in im ize d istu rbance  when 
sam pling.

Replication, sampling and counting. E xperim ents typically consisted o f a  single contro l culture and an 
experim ental culture, each  o f  750 ml. Initially, experim ents were carried  out with th ree  o r m ore sm aller replicate 
cultures for each  trea tm en t, bu t as we learned how critical it was to tim e th e  sam pling  precisely  (see below), we 
increased the total volum e o f  culture  and  lim ited the num ber o f  cultures per trea tm en t to  one.

Sim ilarly, we began by tak in g  ten  subsam ples o f  each  culture fo r each  count, b u t the erro rs in troduced by the 
tim e involved in tak ing  th e  subsam ples w ere greater than  th e  reduction  in error ach ieved by subsam pling. W e 
therefore opted to take  single large sam ples o f  20 ml, ra th er th a n  10 subsam ples.

Sam ples w ere tak en  a t 30 m in  in tervals, and it  becam e clear th a t, w ith  th e  rate  o f  g row th  o f  R. rubra and  our 
m ethod o f  treating  the d ata , th e  exact tim ing of sam pling  was im portan t. A 1 min e rro r in p erform ing  a count from 
a population grow ing exponentially , w ith  a tim e constan t o f abou t 5 h , caused 0 '3%  e rro r  in the count. Such errors 
are  quite significant in th e ir  effect on calculated specific rates (see later).

A lthough th e  required  n u m b er o f  counts for each density  d eterm ination  took abo u t 15 m in, errors were 
introduced by the variab ility  o f  th is period o r delays caused by blockages in the partic le  counters. W e a ttem pted  to 
find the ap p rop ria te  concen tra tions o f  several preservatives (Lugol’s iodine, cupric chloride) th a t m ight arrest 
grow th instantaneously to rem ove th is source o f error, bu t it proved difficult to find concen tra tions th a t d id so 
w ithout causing the cells to sh rin k  o r lyse to an exten t th a t resulted in inaccurate counts.

T h e  density  o f cells w as d eterm ined  directly  by counting  the suspension in plastic d isposab le ‘U n iversa l’ bottles. 
Sam ples from  control and  experim ental cultures were counted sim ultaneously using in ter-calib rated  Coulter 
counters (a m odel ZB and  a  m odel D). E ight counts w ere necessary to reduce standard  erro rs to below 0-5%. A fter 
the app ro p ria te  coincidence corrections, population  densities (cells m l-1 ) were determ ined , from  w hich specific 
grow th rates could be calculated.
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Fig. 1. G row th  o f  R. rubra exposed to cadm ium  (3 m g I -1 ), added  a t zero tim e, show ing th e  derivations 
o f  norm alized specific grow th rates (K % ) from  counts (N ). T h e  d a ta  fo r the experim ental culture  are  
indicated  by a solid line and those for the control culture by a b roken  line. T he d a ta  are  show n as 
num bers o f  cells (N ) a t 30 m in in tervals (a), m ean rates (b), m ean  specific rates (c) and norm alized m ean 
specific rates (d) for 30 m in periods.

Treatment o f  the raw counts. G row th  o f  cell populations is often considered  sim ply in term s o f  increases in 
population  density  o f  a  culture w ith  tim e (Fig. 1 a). T h e  effect o f  any  in h ib ition  is m ost ap p aren t as a decrease in 
slope com pared  w ith  th e  control culture. I f  it  is assum ed th a t rates o f  grow th are physiologically m ore significant 
than  the cum ulative p roduct o f biosynthesis (Fig. 1 b), the fact th a t ra tes increase as a  function  o f  density  im plies 
th a t specific rates (R) independen t o f density  are m ore ap p rop ria te  (Fig. 1 c). W ith in  the experim ental regim e used 
here, the specific ra te  o f  the unpertu rbed  culture was approxim ately  constan t, w hile th a t o f th e  pertu rbed  
experim ental culture fluctuated above and below th a t o f  the controls. T h e  m ean specific ra tes  o f  the experim ental 
culture were expressed as percentages o f  R  o f  those o f  the control culture (Fig. 1 d).

Sm all and  unavoidable  env ironm ental differences betw een the experim ental and  control cultures m ay also be 
expected to contribute  to  errors in R. T o  assess overall reliability  o f  the R  sam ples, three runs w ere perfo rm ed  w ith 
no cadm ium  addition . T he standard  dev iation  o f  a to tal o f 42 specific rates for 30 m in periods w as 11-1%. I f  th is 
were the only evidence o f  accuracy, one would have to in fer th a t the finer structu ral features o f  specific-grow th- 
ra te  response cannot be detected  reliably. H ow ever, we shall see th a t not only do several m ajor features ap p ear 
clearly in a succession o f  responses, but so also do som e m inor o r short-term  features w hich  seem to vary  in a 
system atic way as the concen tration  o f  cadm ium  is changed. A lthough it is n o t feasible to fit a  detailed  m odel to  the 
responses observed so fa r, we conclude th a t som e qualita tive features are  ap p a ren t w hich any can d id a te  m odel 
should reproduce.

A n im portan t experim ental constra in t is th e  need to avoid excessive e rro r am plification in the calculation  o f 
specific rate  from  m easurem ents o f cell concentration . T h e  concen tration  c(t) in th e  experim ental (perturbed) 
culture and c0(t) in the control (unpertu rbed) culture are  both  sam pled regularly a t tim e in tervals T.

T he grow th m odel relating  concen tration  to  the grow th-rate  ‘constan t’ R (t) is

c(t) =  c(o) eR(,)1

for the pertu rbed  culture, and  the sam e m odel relating  c0 and  R 0 for the unpertu rbed  culture. The specific grow th 
rate o f  th e  pertu rbed  cultu re , norm alized  by th a t o f the control culture, is calculated for each  sam pling interval.
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T he m ean  value Ri o f R (t)/R 0(t) over the in terval from  sam ple i -  1 at tim e (i -  1)T to sam ple i a t iT  can be 
calculated as:

In (c(iT)/c[(i — 1)T1)

In (c0(iT)/c0[(i — 1)T|)

In c(iT) — b  c[(i — 1)T]

In c0(iT) — In c0[ (i — 1)T]

From  first principles, o r by using the expression fo r the derivative  o f a  quo tien t, it is easy to  see th a t the 
proportional error in the calculated R | is the algeb ra ic  sum  of the proportional errors in th e  num era to r and 
denom inator o f  this expression. T h is p a r t o f  th e  calculation consequently  does no t have a very serious effect on 
to tal error. Serious am plification o f  errors m ay, how ever, occur earlier in the calculation . I f  In c(iT) — In c[(i — 
1)T] is denoted  by x¡, stra ightforw ard  d ifferen tia tion  gives:

Sx, 1 dx, 1

3c(iT) ~  cCÎT) an 0 c [ ( i -  1)T) _ _  c [ ( i -  1)T]

so sm all errors <5c(iT) and  <5c[(i — 1)T] in the cell concen tra tion  would cause an error

<5c (iT) (5c[(i — 1)T]

c(iT) c[(i — 1)T]

in x¡. T h a t is to say, the absolute error in the num era to r o f  th e  expression fo r R  is de term ined  by th e  p roportional 
errors in tw o successive cell-concentration sam ples and  would no t, on average, be reduced by sam pling a t shorter 
intervals. H ence, if  the in terval were shortened, reducing c(iT)/c[(i -  1)T] by som e factor, th e  p roportional 
error in the num erato r o f R¡ would increase by som e factor (and sim ilarly fo r the denom inator). T he sam pling 
in terval m ust therefore no t be too short.

W ith  sam pling at 30 m in  in tervals in these experim ents, In c(iT) -  In c[(i — 1)T] is a round 0-1, and the 
m easurem ent o f  c(t) and c0(t) w ith  s tandard  dev iations o f abo u t 0-25% results in th e  calculated  R  having  a 
s tandard  deviation  o f abou t 5%, assum ing zero-m ean uncorre la ted  m easurem ent errors. H alving th e  sam pling 
in tervals w ould multiply th e  s tandard  dev ia tion  o f  R  by i j l .

I f  the responses are to  yield a com prehensive p ic tu re  o f  grow th control, a  w ide range o f  response speeds is likely 
to be o f  in terest. In  particu lar, one would w ish to  d istinguish  rap id  bu t short-lived im m ediate  control action and 
m uch slow er ‘trim m ing’ as the steady sta te  is approached . To th in k  for a m om ent in term s o f signal spectra , it is 
theoretically  necessary to sam ple at least tw ice per cycle o f  th e  highest-frequency com ponent p resen t in the 
response signal, i.e. to sam ple a t the so-called N yquist frequency. T h is is in o rder to avoid ‘aliasing’, i.e. 
indistinguishability  o f contributions from  m ore th a n  one frequency in th e  response spectrum , w ith  consequent 
am biguity  in signal structure (Z iem er et al., 1983). In  practice, signals are no t usually strongly band-lim ited  in 
frequency, and noise (all variation  no t explicable by a m odel) is significant. A s a result a  m uch higher sam pling 
rate  is required . As a rule o f  thum b, a rate  o f  five to  ten  sam ples per cycle o f  the highest-frequency com ponent o f 
in terest is advisable. H ow ever, w ithou t know ledge o f  th e  effective signal bandw id th , the m in im al acceptable 
sam pling  rate  cannot be determ ined ; since o f  th e  response signal itself is the sole source o f  such know ledge, the 
b andw id th  can  only be estim ated  from  it  if  the sam pling  rate  is h igh  enough for aliasing  to be ignored. Som e doubt 
will rem ain  about the adequacy o f  th e  sam pling  ra te  unless the response is so sm ooth, and  the noise so small, that 
one can  be certain  th a t no significant behav iour is being m issed or scram bled. T his is seldom  the case in an in itial 
investigation.

Experimental design and constraints in relation to m odel structure. T he first experim ental a im  in th e  selection o f  
m odel s truc tu re  was to check w hether th e  responses indicated  non-linear dynam ics in g row th control. N on-linear 
dynam ics correspond to behav iour no t describable by one o r m ore constant-coefficient linear differential 
equations. T h e  significance o f  non-linearity  is th a t  a lthough a coheren t body of effective techn ique exists for 
constructing  and analysing m odels o f linear dynam ical system s, m uch less is availab le  for non-linear systems. 
A lso, because o f the greater d iversity  o f non-linear behav iour, those techniques th a t  do exist for specific types o f  
non-linear systems tend no t to  be very widely app licable. Identification  o f m odels for significantly  non-linear 
dynam ics tends consequently to be an ad hoc process. In  the experim ents, non-linear dynam ics will be revealed by 
any d ifferences betw een the shapes o f  th e  response to  d ifferen t cadm ium  concentrations. Entirely  linear dynam ics 
would give responses identical bu t for am plitudes proportional to concentration .

A no ther significant aspect o f linear dynam ical m odels is th a t pow erful graphical aids to  u n derstand ing  their 
behav iour are  available, largely developed in electrical and contro l engineering. W ith  th is in m ind, th e  results will 
be discussed, when possible, in  term s o f  linear-m odel behav iou r; m ore specifically, the location and  m otion of
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poles will be used to  sum m arize th e  behaviour. To see th e  po in t o f  doing so, it  is necessary to  review  briefly the 
m ean ing  o f  poles (Z iem er et al., 1983) and the idea o f  a  roo t locus (D 'A zzo & H oupis, 1975).

W hen a system  w ith linear, tim e-in v arian t dynam ics is perturbed, its response is th e  sum  of a num ber o f 
exponential com ponents, o f th e  form  e01, and com ponents reflecting the na tu re  o f  th e  p ertu rbation . T h e  e“' 
com ponents are related to the s tructu re o f  the system  through  th e  d ifferential equation  connecting  the pertu rbed  
inpu t u(t) and the observed response y(t). I f  this equation  is

d ny  d n~ ' y  d n - 2 y  d n' n
 + a ,  + a ,    + • • • + a„v =  b„ + • • • + b u
d t n d t n _ l  d t n~ 2 d t m

th en  the values a  in  the exponentials are  the n  roots o f  a polynom ial equation

s" + a ,sn_1 + a2s"-2 + • • • + a„ =  0

and are called the poles o f the system . N orm ally  th e  coefficients to an are  real, so each  pole a is e ither real, 
m aking  e“' an  o rd inary  exponential, o r  ha lf  o f  a com plex-conjugate p a ir  a  =  /? ±  iy. In  th e  la tte r  case th e  two 
exponen tial com ponents have com plex-conjugate am plitudes A +  jB  say, and  their sum  is 2  eßt (A  eos yt — B sin 
yt), w hich  is an  oscillation w ith  frequency y/2n  and  a n  envelope proportional to eßt. I f  th e  system  is stable (in  a 
techn ical ra th e r  th a n  colloquial sense) none o f  th e  exponentials has a  positive com ponent, so all th e  exponents 
decay  w ith tim e, o r a t  w orst rem ain  constan t in am plitude. A ny oscillations a re  dam ped , at a  ra te  th a t increases as 
ß  goes farther negative. T h e  decay ra te  o f such oscillations m ay  be indicated  by quoting  the tim e constant — l/ß,  
an d  sim ilarly the tim e constan t — 1/a o f  a  real exponential is often  quoted.

A convenient w ay to  keep track  o f  n poles is to d isp lay  th em  in th e  com plex plane. I f  the dynam ics o f  th e  system 
vary  as some param eter (in these experim ents th e  cadm ium  concentration) is varied , the poles w ill m ove around in 
th e  plane, generating a root locus. Such root loci are w idely used in control-system  design in  engineering  to see the 
effects on  the overall behav iour o f  a  feedback  system  o f  varying a design p aram eter such as a  gain. In  th is context, 
there  is som e hope th a t th e  roo t locus g enerated  as th e  cadm ium  concen tration  is varied  will suggest th e  structure 
o f  the underlying feedback grow th-contro l system , and  will indicate  w hich  o f  its param eters  depend  on the 
concentration .

Even w ith  these aids to in terp re ta tion , and even a fte r tak in g  som e care in selecting a su itab le  cell culture and 
refining observational technique, experim ental constra in ts lim it considerably  the in form ation  th a t can  be 
extracted  from  the responses. T h e  m ost fundam enta l are  th e  overall experim ent length  and, as discussed above, 
sam pling  rate  and accuracy (w hich in te rac t because o f  th e  tim e tak en  to count a sam ple th a t is con tinu ing  to grow) 
and  the am plification of errors in th e  course o f calculating  specific grow th rate  from  cell counts.

T h e  du ration  o f the experim ent is im p o rtan t in two respects. A t the sta rt, a period  m ust b e  allowed for the 
culture to settle into an unpertu rbed  steady  grow th sta te  before the cadm ium  is added. In  the series reported  below, 
it  was not always easy to do so, and  the effects o f  env ironm en ta l d istu rbances som etim es persisted. Secondly, the 
ta il o f the response should ideally be observed un til it  is c lear th a t all significant features o f  the grow th control 
action  have been seen. T h is also w as not always possible. Extension  of the experim ent leng th  w ith  the p resent 
m ethods is no t necessarily helpful, as fatigue can  increase errors, or a lter th e  error characteristics.

Experimental procedure. A fter equ ilib ra tion  for 17 h, th e  g row th  o f  a  p a ir  o f  cultures was follow ed w ith  counts at 
30 m in intervals to establish w hen specific rates h ad  stabilized , w hereupon cadm ium  w as added (as C d C l2, 
1 m g m l - 1 in  1 m-HCI) to give a  p redeterm ined  concen tration . Som etim es, th is resulted in  delaying th e  add ition  o f 
cadm ium  for several hours w ith the result th a t the du ra tions o f som e experim ents -  a fte r ad d ing  th e  cadm ium  -  
w ere rather short (e.g. a t 0 '3 and  1 '0 m g 1 ~1 ). E xperim ents w ere usually term inated  a fte r 8 h. O verall experim ent 
length  was one o f the ch ief constra in ts in deriv ing  a m odel struc tu re  from  the data , and  au tom ation  of sam pling 
and  counting would be a great advan tage  in fu rther experim ents.

R E S U L T S  A N D  D I S C U S S I O N  

Features o f  specific growth rate responses 
A m ounts o f cadm ium  ranging from 0-3 to 8 mg 1~’ were added to cultures o f R. rubra, and 

population densities were determ ined a t 30 m in intervals for 4 to 6 h. F rom  these data, 
cum ulative growth curves (Fig. 1 a), overall specific growth rates (Fig. 2) and specific rates for 
30 m in periods (Fig. 3) w ere plotted.

W hen presented as cum ulative increase in  num bers of cells w ith tim e, the da ta  are 
uninform ative, showing decreasing slopes w ith  increasing cadm ium  concentration  (Fig. 1 a). 
Fiowever, when m ean specific rates for en tire  experim ents are considered in relation to 
cadm ium  concentration there is a clearly defined threshold at which the overall inh ib ition  of
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Fig. 2. Inh ib itio n  o f grow th o f  R. rubra by cadm ium  a t concen tra tions above 2 m g 1 "1. D a ta  a re  given 
as norm alized  specific rates (R % ) for en tire  experim ents.

specific rate begins to  becom e significant (Fig. 2). This form  is typical o f concen tra tion - 
response curves from experim ents involving a  range o f concentrations o f a toxic inhibitor. 
However, analysis o f the  evolution o f R %  throughout each experim ent allows enough features to 
be extracted for a  reason for the sharp threshold to  be postulated. W e now review those features.

Fig. 3 shows the  responses of specific growth rate to  a  range of concentrations of cadm ium  
added a t zero tim e, after a  settling period o f 1 to  3 h. In  every case an  in itial fall is followed by a 
recovery. E xcept perhaps a t 8 mg 1_ 1, the recovery is not m onotonic but oscillatory. To say m ore 
about the oscillations one m ust decide how m uch notice to  take_of the apparen t short-term  
behaviour, in  view  o f the standard  deviation o f the order o f 10% for R. F or concentrations below 
2 mg I-1 , the com bination o f very short records in some cases, the small am plitude of the 
oscillation and lack of sim ple and consistent response structure prevents any firm conclusions on 
the  presence or characteristics o f sustained rap id  oscillations. Furtherm ore, a t 1 and  1 -75 mg 1“ 1 
the apparen t oscillation frequency is close to 0-5 cycles per sam ple, reason for d isquiet both 
because (i) it is close to  the two-samples-per-cycle theoretical m inim um  frequency (the N yquist 
frequency) to  avoid_aliasing and (ii) any isolated errors in  cell count each give rise to  two 
successive errors in  R  w ith  opposite signs. In  Fig. 3 the pu ta tive  oscillations are shown by a  
broken line, and the underlying trend  by an unbroken line, w here it is discernible, for 
concentrations up  to 2 mg I-1 .

F or the low cadm ium  concentrations, the  recovery includes a  large overcorrection, well 
beyond the bounds o f m easurem ent error even a t 1 mg 1_ 1, retarded  m ore and  m ore as the 
concentration was increased. T he final steady state, e ither quiescent or possibly sustained 
oscillations, was not reached by the end o f the observations.

A t 2 mg cadm ium  I-1 there was a  sharp transition  to  responses showing m ore definite 
oscillations about a  linear recovery trend. A  repeat experim ent a t 2 mg 1“ 1 (not show n in Fig. 3) 
gave a response w ith m uch m ore regular oscillations, like those a t h igher concentrations bu t a t a 
higher frequency, 0-67 cycles h r 1. W e in terpreted  this as corroboration  o f the rap id  change in 
response character a t such concentrations ra the r than  inconsistency, as another experim ent at 
4 mg I - 1 agreed m oderately well w ith the original response a t th a t concentration. Physically, the 
sharp  transition  seems to  indicate a change in control m ode as the capability  o f the small 
pertu rbation  control system was exceeded, and this was reflected in the m arked  threshold at 
2 m g I " 1 in  the concentration-response curve for overall R %  (Fig. 2).

A t higher cadm ium  concentrations, the oscillation frequency varied only in the range 0-3 to 
0-45 cycles h " 1, and w as well below the N yquist frequency. T he phase varied very little ; the first 
overshoot peak (in the sense of overcorrection) occurred w ith in  0-25 h  of 2-15 h for 
concentrations from 2-5 to  6 mg I- 1 . D am ping o f the oscillations increased w ith  concentration, 
although the records are too short for the dam ping tim e constan t to  be estim ated. In  term s of 
pole positions, the  oscillatory com ponent a t concentrations above 2 mg 1"1 m ay be a ttribu ted  to 
tw o com plex-conjugate poles, m oving leftw ards because th e  oscillations becom e m ore rapidly
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F ig. 3. D a ta  from  experim ents w ith  R. rubra in w hich various concen trations o f  cadm ium  (indicated  
in th e  figure) w ere added  at zero tim e, show ing th e  fluctuations in norm alized m ean  specific grow th ra te  
(R % ) determ ined  for 30 m in  periods. T he pu ta tive  oscillations are  show n by a  b roken line and the 
underly ing  trend  by an unbroken  line, w here it is discernible.

dam ped. Since the oscillation frequency was near-constant, these poles m ove alm ost parallel to 
the real axis.

Estim ation o f the underlying trend, w hich appeared linear over the record length, is 
com plicated by uncertainty as to  w hether the  cell count ju s t before the perturbation  should be 
included in the calculation. A t 2-5, 3 and probably 4 mg cadm ium  I-1 , the value im m ediately 
before perturbation  is consistent w ith the succeeding dam ped-oscillation-plus-linear trend, 
bu t a t 6 mg 1“ 1 the initial fall is too large for this to  be so. A t 8 mg I -1 , there is no difficulty since 
the oscillation, if  present, is o f small am plitude, and the trend is well defined by the post­
pertu rbation  points. Including the initial condition for 2-5, 3 and  4 mg I-1 but not for 6 or 
8 mg I-1 and  finding the ordinary-least-squares linear fit to the responses, rather
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Fig. 4. D a ta  from  experim ents w ith R. rubra a t cadm ium  concen trations from  2-5 to 8 m g 1_ 1 show ing 
fluctuations in R %  as in Fig. 3 and superim posed trend  lines. T h e ir significance w ith respect to possible 
m odels is discussed in the text.

Fig. 5. D a ta  from  experim ents w ith_/?. rubra a t cadm ium  concentrations from  4 to 8 m g I -1 . 
Superim posed upon the fluctuations in R %  is indicated  a tendency, w hich is particularly  no ticeab le  a t 4 
and 6 m g 1" for points to lie on  straigh t-line sections w ith  sim ilar negative slopes jo ined  by sh a rp  rises. 
T he possible im plications o f  th is a re  considered  in th e  text.



Growth control in a yeast 1807

unconvincing trends w ith noticeable biases were obtained. T he reason is paucity  o f points, two 
cycles coarsely sam pled being too few to guarantee a representative d istribution  about the trend  
line. T rends were finally fitted by eye, and are shown in Fig. 4. The variation  in trend  slope and 
initial value with concentration  m ay be interpreted as a com ponent due to m ovem ent o f a  pole 
no t far from the origin and on the negative real axis. The near-linearity  o f the trends im plies that 
if  an exponential settling transien t is present, it has an extrem ely long tim e constant, i.e. it 
corresponds to  a  pole w ith a real, negative and small.

Substracting the oscillatory and trend  com ponents, all th a t rem ains a t cadm ium  
concentrations above 2 mg I-1 is p a rt o f the initial negative excursion, i.e. the  com ponent due 
to  a fast (large negative) real pole, in a linear-dynam ics in terpretation.

Further comments on model structure
As this set o f responses is sufficient to suggest some features o f a model structure bu t no t to 

define it completely, two further rem arks about possible m odel structures are in order. F irst, the 
response shape varies strongly w ith cadm ium  concentration, indicating non-linear dynam ics, 
bu t the response to high concentrations give little evidence o f tim e-varying dynam ics w ith in  any 
one response. W hether th is is true also a t lower concentrations will not be clear until longer 
records, and perhaps greater experim ental precision, can  be obtained, Second, and 
speculatively, in spite o f the relatively high standard  deviation indicated for the specific-growth- 
rate samples, points on the responses a t 4 and 6 mg 1“ 1 show an interesting disposition to  lie on 
straight-line sections w ith sim ilar negative slopes, joined by sharp  rises. Fig. 5 illustrates this, 
and includes a  sim ilar construction for the response at 8 mg I- 1 , w hich could not be justified if 
tha t response were viewed in  isolation. If  such sharp rises are indeed present, they suggest 
abrupt transitions from one m etastable state to another, by way of an  unstable region. They also 
imply the existence o f some conditioning variable, w hich determ ines the potential for rapid 
growth, but is no t directly observed.

Hormesis
A t certain subinhibitory concentrations of cadm ium , cell densities becom e significantly 

greater than  those in  the control cultures (Fig. 2). S tim ulation by low levels o f typically 
inhibitory agents is a com m on occurrence in toxicological experim ents (Stebbing, 1982), and is 
term ed hormesis. The suggestion arising from our experim ents w ith hydroids, th a t it m ay be 
attributed  to overcorrections by a  growth control m echanism  in response to  low levels o f 
inhibitory load (Stebbing, 1981 b), can be re-exam ined here. I t  is unfortunate th a t hormesis 
occurs in  those experim ents w here the small oscillation am plitude and overall irregularity m akes 
their interpretation less certain  than  at higher concentrations of cadm ium  (Fig. 3). Longer 
experim ents a t these concentrations would be desirable, since the responses appear no t to have 
reached a  final steady state by the end. H ow ever, even the shorter experim ents cover a t least one 
oscillation cycle, so the results provide another instance of hormesis, in a d ifferen t organism , 
which is apparently  due to a  tendency to overcorrect in response to low levels o f toxic inhibition.

A mechanism fo r  inhibitory thresholds
Even a superficial exam ination  o f the results shows tha t the threshold concentration  a t which 

there is overall inhibition o f growth by cadm ium  coincides w ith a d iscontinuity in the qualitative 
behaviour of the norm alized specific-growth-rate responses and its trend  as cadm ium  
concentration is increased. A t about 2 m g I- 1 , not only do oscillations tend to becom e more 
regular and increase sharply in am plitude, but the capacity o f the control m echanism  to regulate 
adequately against d isturbance begins to  be exceeded (Fig. 3). The sim plest explanation  is that, 
in control engineering term s, saturation is occurring, i.e. some m aterial or energy resource or 
some rate process is encountering a lim it. Consequently a strong non-linearity is introduced. If  
th is is so, and bearing in m ind tha t above the threshold the oscillation frequency and am plitude 
vary little with either tim e or cadm ium  concentration, the oscillations may well be in terpre ted  as 
lim it cycling (A usländer et al., 1974).
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C O N C L U S IO N S

Evidence is presented from perturbation experim ents w ith  Rhodotorula rubra th a t norm alized 
specific growth rates indicate the output o f a growth control m echanism . C adm ium  was used to 
provide the perturbation , but prelim inary experim ents w ith  other agents (e.g. tem perature 
change and copper; A. R. D. Stebbing, unpublished data) suggest th a t the response of the 
m echanism  is non-specific. The dynam ics are non-linear, bu t the experim ents lack the length 
and  the da ta  lack the precision necessary to indicate clearly a single m odel (Figs. 3 and 5). 
N evertheless, the data strongly indicate the output o f a control m echanism  th a t regulates 
specific grow th rate  a t some preferred level, counteracting  perturbations w hatever the ir cause. 
T his in terpretation  provides an explanation for the inhibitory  threshold (Fig. 2) w hich is due to 
sa turation  or overloading of the control m echanism . A nother consequence is th a t low 
concentrations o f cadm ium  cause hormesis, the paradoxical stim ulation of grow th by low levels 
o f inhibitors. T his is due to  large or sustained over-corrections by the grow th control m echanism  
to low levels o f inhibitory load.

W e are gratefu l to  M rs B. K irsop for her help in finding a  su itab le  species o f yeast w ith  w hich  to do th is w ork, 
and  to Professor D . Lloyd for reading and im proving the paper.
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