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Abstract. We investigate how the introduction of cells oscillating periodically affects the behaviour of  a suspension 
of Dictyostelium discoideum amoebae undergoing chaotic oscillations of cyclic AMP. The analysis of a model 
indicates that a tiny proportion of periodic cells suffices to transform chaos into periodic oscillations in such 
suspensions. A similar result is obtained by forcing the aperiodic oscillations by a small-amplitude, periodic input of 
cyclic AMP. The results provide an explanation for the observation of regular oscillations in suspensions of a 
putatively chaotic mutant of DictyosteIium discoideum 12. More generally, the results show how chaos in biological 
systems may disappear through the coupling with periodic oscillations. 
Key words. Dictyostelium discoideum; cAMP oscillations; biological rhythms; coupled oscillators; chaos; nonlinear 
dynamics. 

In contrast to wild type Dictyostelium diseoideum amoe- 
bae which display periodic waves of chemotactic move- 
ment in response to pulses of cyclic AMP (cAMP) emit- 
ted at regular intervals by aggregation centers after 
starvation 1-4, the mutant Fr 17 aggregates in an aperi- 
odic manner 5. Preliminary studies of suspensions of the 
related mutant HH 201 provided evidence for erratic os- 
cillations of cAMP 6. The occurrence of chaotic oscilla- 
tions in a model for cAMP signalling in D. discoideum 
suggested that the aperiodic behaviour of the mutants 
Fr 17 and HH201 might provide an example of au- 
tonomous chaos at the cellular level 7, s (in most exam- 
ples known in biology 9 - 1 1 ,  chaos is nonautonomous as 
it results from the periodic forcing of an oscillatory sys- 
tem). The possible occurrence of chaos in Dictyostelium 
was tested by studying light scattering changes, which 
accompany cAMP oscillations, in suspensions of the mu- 
tant HH 201 12. Regular oscillations similar to those oc- 
curring in the wild type were observed in these experi- 
ments instead of chaos. By analyzing the model for 
cAMP oscillations we show that these observations 
might be explained by the fact that a tiny proportion of 
periodic cells suffices to suppress chaos in cell suspen- 
sions. This result is of general significance as it shows 

how chaos in chemical or biological systems can disap- 
pear through the coupling with periodic oscillations. 
The model for cAMP oscillations in Dictyostelium 13 is 
based on the positive feedback exerted by extracellular 
cAMP on its intracellular production 14, and on desensi- 
tization of the cAMP receptor through reversible phos- 
phorylation 1 s (for a scheme of the model, see also fig. 1 
in Martiel and Goldbeter v). In addition to accounting 
for periodic oscillations of cAMP and for the relay of 
suprathreshold cAMP pulses TM 16, this model predicts 
the occurrence of more complex phenomena such as the 
coexistence of two stable rhythms 17, and complex oscil- 
lations in the form of bursting or chaos 7, 8. The model 
has also been used to simulate propagating waves of 
cAMP in the course of slime mould aggregation on 
agar 1 s, 19 

To examine the effect of the presence of periodic cells in 
a suspension of chaotic amoebae, we consider the sim- 
plest case of  mixing two populations, one periodic and 
the other chaotic (the results generalize to the mixing of 
a larger number of distinct populations); the situation 
considered is schematized in figure 1. The two popula- 
tions differ by the value of a single parameter, which is 
either the net rate of ATP supply within the cells (v), or 
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Figure 1. Schematic representation of the mixing of various proportions 
of D. discoideum amoebae behaving (initially) in a chaotic or periodic 
manner. Cells from population 1 undergo aperiodic oscillations of 
cAMP, while cells from population 2 oscillate periodically. Cells from 
population I (black circles) are mixed with cells from population 2 (empty 
circles); the fraction of the two types of cells in the final mixed suspension 
is denoted by F 1 and F z, respectively (Fa + F 2 = 1). The volume of the 
mixed suspension as well as the number of cells it contains are the same 
as those of each of the two populations before mixing. 

the total  activity of  the membrane-bound  and extracellu- 
lar forms of  phosphodiesterase (k~) which hydrolyze ex- 
tracellular cAMP.  Cont inuous variat ion of  either v or k~ 
elicits the transi t ion from periodic oscillations to chaos 
within a given populat ion.  The values of  the two parame-  
ters for populat ions  I and 2 will be denoted by v l ,  k~t 
and v z, k~2, respectively. 
We wish to determine the behaviour  of  a suspension in 
which various propor t ions  of  chaotic and periodic cells 
are mixed (see fig. 1). The dynamics of  the mixed suspen- 
sion is governed by five kinetic equations 2~ Four  of  
these relate to the evolution within each popula t ion  of  
the two intracellular variables, namely, ATP (c 0, which 
serves as substrate for c A M P  synthesis, and the fraction 
of  active, dephosphoryla ted  c A M P  receptor (PT). The 
fifth equation governs the evolution of  extracellular 
cAMP (7) through which coupling occurs between the 
two popula t ions  present within the mixed suspension. 
Thus, in contrast  to the connection of  cells through diffu- 
sion that  is generally considered in studies of  coupled 
oscillators, coupling occurs here through an extracellular 
signal that  is released by all amoebae  in the stirred sus- 
pension and modulates  their behaviour  upon binding to 
specific membrane  receptors. 
The chaotic behaviour  of  popula t ion  1 and the periodic 
behaviour  of  popula t ion  2 pr ior  to mixing are represent- 
ed in figure 2 (upper panels). The dynamic behaviour  of  
the mixed suspension markedly  depends on the relative 
propor t ions  of  cells from the two populat ions.  Mos t  
striking is the result that  a tiny propor t ion  of  cells from 
popula t ion  2 sometimes suffices to impose its periodic 
propert ies  on a suspension containing a large major i ty  of  
cells from chaotic popula t ion  1. Thus, in the specific case 
considered in figure 2, the mixing of  5 % periodic cells 
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Figure 2. The coupling of 5 % periodic cells with 95 % chaotic cells re- 
sults in periodic oscillations of cAMP whose normalized, extracellular 
concentration (y) is shown as a function of time (lower panel). The 
chaotic behaviour of the homogeneous population 1 (upper panel, left) is 
obtained for kel = 2.6257min -I while the periodic behaviour of the 
homogeneous population 2 (upper panel, right) is obtained for 
ke2 = 2.4257 min - 1. The dynamics of each homogeneous population is 
governed by three kinetic equations 17. The curve in the lower panel was 
obtained by numerical integration of the five kinetic equations which 
govern cAMP synthesis in the mixed suspension 20, after elimination of 
transients. Initial conditions were Pva = 0.124, ,072 = 0.112, ea = 1.063, 
c~ 2 = 1.048 and 7=0.538. Parameter values are k~ = 1.125rain -1, 
k 2=0.45rain-I, k i=4.5min-1, k t=3min-1, v l = v  2=4.39807 
x 10 -3 min -1, a = 0.75 min -1, L~ = 316.2277, L 2 = 1 0  - 4  L a ,  0 = ,~ 
= 0.01, e = 0.2, C = 100, q = 4000, h = 5. 

with 95 % chaotic cells results in periodic oscillations of  
c A M P  (lower panel). 
The value of  the min imum fraction, F2mi,, of  cells from 
the periodic popula t ion  capable of  suppressing chaos in 
the mixed suspension depends on the parameters  of  the 
model. Thus Fzml. decreases from a value above 70 % to 
less than 15 % as parameters  koz and v 2 of  the periodic 
popula t ion  move further away from the values kel and vl 
which give rise to chaos in popula t ion  1. Numerical  sim- 
ulations show that  when popula t ion  2 is sufficiently far 
away from the domain  of  aperiodic oscillations, a tiny 
fraction of  periodic cells, sometimes as small as a few 
percent,  suffices to suppress chaos in the mixed suspen- 
sion; such a si tuation is exemplified in figure 2. 
Wha t  is the origin of  the unequal  influence of  periodic 
and chaotic cells on the behaviour  of  the mixed suspen- 
sion? The analysis of  the model  (Li et al., manuscr ipt  in 
preparat ion)  indicates that  the stronger effect of  periodic 
cells directly results from the smallness of  the domain  of  
chaos in parameter  space. Thus, mixing two populat ions  
which differ only by the activity of  phosphodiesterase 
(kea =t = ke2 ) will produce a synchronized popula t ion  with 
an effective value for k e equal to ke tF  ~ + ke2F2, where 
F~ and F 2 denote, respectively, the fraction of  cells from 
popula t ion  1 and popula t ion  2 in the mixed suspension. 
Given that  the range of  ko values corresponding to peri- 
odic behaviour  is much larger than that  corresponding to 
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Figure 3. Suppression of chaos by a small-amplitude, periodic input of 
cAMP. The chaotic oscillations of cAMP (middle panel) are the same as 
those considered for population 1 in fig. 2. The system is subjected to a 
sinusoidal input of cAMP (top panel); this input corresponds to a term 
of the form All + sin (2 ~ t/T)]/2 which is added into the right-hand side 
of the kinetic equation for variable ~ (see equations [1] in Goldbeter and 
Martie117). Parameter values are A = 0.025 and T = 6 min; the latter 
value compares with the period of oscillations in population 2 in fig. 2. 

chaos, the chance that the value of ke resulting from 
mixing will lie in the periodic domain is higher. Hence, 
the tilting of the mixed suspension towards periodic 
rather than chaotic oscillations. Similar results are ob- 
served for parameter v, although these cannot be shown 
analytically as for k e. The above discussion in terms of k e 
further explains why the coupling of two distinct chaotic 
populations, instead of suppressing chaos, generally 
leads to the synchronization of the two populations to an 
intermediary regime of aperiodic oscillations. 
An alternative way of looking at the results of figure 2 is 
to interpret the effect of the small proportion of periodic 
cells as equivalent to the forcing of the chaotic popula- 
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tion by a small-amplitude periodic input. To test this 
hypothesis, we have considered the behaviour of a homo- 
geneous aperiodic cell population (middle panel of fig. 3) 
and subjected it to a sinusoidal input by adding to the 
evolution equation for extracellular cAMP (7) a term of 
the form A[1 + sin(2~t/T)]/2, where A and T denote, 
respectively, the amplitude and the period of the periodic 
input. The value of T was chosen so as to be close to the 
period of the periodic population in the situation consid- 
ered in figure 2. 
The results of the numerical simulations indicate that a 
periodic forcing of reduced amplitude is capable of trans- 
forming chaos into periodic oscillations (see bottom pan- 
el of fig. 3). The amplitude of the sinusoidal input consid- 
ered in figure 3 is smaller than the amplitude of chaotic 
oscillations by nearly two orders of magnitude (compare 
top and middle panels in fig. 3); it is of the order of the 
periodic contribution of population 2 in figure 2 when 
cells from the latter population are only a small percent- 
age of the cells in the mixed suspension. These results 
support the view that the suppression of chaos by a small 
proportion of cells from the periodic population is equiv- 
alent to the transformation of chaos into periodic behav- 
ior by the small-amplitude, periodic forcing of a strange 
attractor. Such a quenching of aperiodic by periodic os- 
cillations can be regarded as one possible method for 
controlling chaos 21. 
The present results suggest an explanation for the occur- 
rence of rather regular oscillations of light scattering in 
suspensions of the putatively chaotic mutant HH20112. 
In a suspension containing a majority of chaotic cells, the 
presence of a small proportion of periodic cells could 
arise from a natural heterogeneity in biochemical 
parameters such as receptor or enzyme concentrations. If 
the suspension contained a tiny proportion of periodic 
cells and a majority of cells which would, on their own, 
oscillate aperiodically, then the strong coupling between 
the cells in the stirred suspension could well suppress 
chaotic behaviour. Cell suspension studies would there- 
fore not be appropriate for demonstrating chaos in Die- 
tyostelium, in contrast to studies of aperiodic aggregation 
on agar s, in which centers would presumably be capable 
of expressing their chaotic properties in the absence of 
the strong coupling that exists in stirred suspensions. 
An alternative explanation for the absence of chaos in 
suspensions of HH20! is of course that mutant cells 
tested in the light scattering experiments 12 could have 
developed so as to reach the domain of periodic be- 
haviour in parameter space, which, as mentioned above, 
is much more extended than the domain of chaos. 
The question arises as to the physiological relevance of 
the present results to other biological systems. Although 
this study provides a plausible explanation for the sup- 
pression of chaos by periodic oscillations in continuously 
stirred cells suspensions, such a strong coupling may sel- 
dom be realized in vivo. It can be expected, however, that 
the cell suspension situation provides a first approxima- 
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t ion  of  the behav iour  of  cells which co mmu n i ca t e  by 
means  of  chemical  or electrical signals acting as synchro-  
nizing factors. In  this light, the present  results bear  on  the 
occurrence of  a u t o n o m o u s  chaos in  other  biological  sys- 
tems such as neu rona l  or cardiac tissues in  which there is 
a d i s t r ibu t ion  of  cellular propert ies  as well as intercel lular  
communica t i on .  Given  that  it is of ten a rare event  in  
pa ramete r  space as compared  to periodic be- 
hav iour  16'22, chaos could be affected and  even sup- 

pressed at the cell popu la t ion  level in  such heterogeneous  
systems by the coupl ing  between aperiodic  a n d  periodic 
oscillations. 

Note added in proof: The possibility of eliminating chaos by applying a 
weak periodic forcing has recently been considered in a theoretical study 
of the periodically driven pendulum (Braiman, Y., and Goldhirsch, I., 
Phys. Rev. Lett. 66 (1991) 2545). 

Acknowledgments. This work was supported by the Belgian National 
Incentive Program for Fundamental Research in the Life Sciences (Con- 
vention BIO/08) launched by the Science Programming Policy Unit of the 
Prime Minister's Office (SPPS), and by the NATO collaborative research 
grant n ~ 890203. J. H. was supported by an IRSIA fellowship. We thank 
the referees for helpful suggestions. 

* Author for correspondence. 

1 Alcantara, F., and Monk, M., J. gen. Microbiol. 85 (1974) 321. 
2 Newell, P. C., in: Microbial Interactions, Receptors and Recognition, 

Ser. B, vol. 3, p. 3-57. Ed. J. L. Reissig. Chapman and Hall, London 
1977. 

3 Tomchik, K. J., and Devreotes, P. N., Science 212 (1981) 443. 

Research Articles 

4 Gerisch, G., A. Rev. Biochem. 56 (1987) 853. 
5 Durston, A. J., Devl. Biol. 38 (1974) 308. 
6 Coukell, M. B., and Chan, E K., FEBS Lett. 110 (1980) 39. 
7 Martiel, J. L., and Goldbeter, A., Nature 313 (1985) 590. 
8 Goldbeter, A., and Martiel, J. L., in: Chaos in Biological Systems, 

pp. 79-89. Eds. H. Degn, A. V. Holden and L. E Olsen. Plenum 
Press, New York 1987. 

90lsen, L. E, and Degn, H., Q. Rev. Biophys. 18 (1985) 165. 
10 Holden, A. V. (Ed.), Chaos. Manchester Univ. Press, Manchester, 

UK, 1986. 
11 Glass, L., and Mackey, M. C., From Clocks to Chaos: The Rhythms 

of Life, Princeton Univ. Press, Princeton, NJ, 1988. 
12 Goldbeter, A., and Wurster, B., Experientia 45 (1989) 363. 
13 Martiel, J. L., and Goldbeter, A., Biophys. J, 52 (1987) 807. 
14 Roos, W., Nanjundiah, V., Malchow, D., and Gerisch, G., FEBS Lett. 

53 (1975) 139. 
15 Vaughan, R., and Devreotes, P. N., J. biol. Chem. 263 (1988) 14538. 
16 Goldbeter, A., Rythmes et Chaos dans les Syst~mes Biochimiques et 

Cellulaires. Masson, Paris 1990. 
17 Goldbeter, A., and Martiel, J. L., FEBS Lett. 191 (1985) 149. 
18 Tyson, J. J., in: Cell to Cell Signalling: From Experiments to Theoret- 

ical Models, p. 521 537. Ed. A. Goldbeter. Academic Press, London 
1989. 

19 Tyson, J. J., and Murray, J. D., Development 106 (1989) 421. 
20 Halloy, J., Li, Y. X., Martiel, J. L., Wurster, B., and Goldbeter, A., 

Phys. Lett. A 151 (1990) 33 and 159 (1991) 442. 
21 Ott, E., Grebogi, C., and Yorke, J. A., Phys. Rev. Lett. 64 (1990) 

1196. 
22 Decroly, O., and Goldbeter, A., Proc. natl Acad. Sci. USA 79 (1982) 

6917. 

0014-4754/92/060603-0451.50 + 0.20/0 
�9 Birkh/iuser Verlag Basel, 1992 

Juvenile hormone I is the principal juvenile hormone in a hemipteran insect, Riptortus clavatus 
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Abstract. Juvenile  h o r m o n e  I (JH I) was identif ied by  combined  gas ch roma tog raphy /mass  spect rometry  as the 
p r e d o m i n a n t  JH in the h e m o l y m p h  of  female adul ts  of  the bean  bug,  Riptortus clavatus (Thunberg)  (Hemiptera :  
Alydidae).  A m o n g  JH I, II,  and  III ,  JH I was the mos t  effective h o r m o n e  for induc ing  the synthesis of  yolk proteins  

in d iapause  adults.  
Key words. Juvenile  h o r m o n e  I;  Riptortus clavatus; cyanopro te in ;  vi te l logenin;  adul t  diapause.  

Five different juveni le  ho rmones  (JHs) have been identi-  
fied in insects, i.e. JH I, II,  III ,  0, and  4-methyl  JH 11 - 5. 
In  Hemip te ra ,  however,  little has been reported abou t  
the precise ident i f icat ion of  the JH molecules present,  
a l though  there have been m a n y  endocr inologia l  stud- 
ies in this order, such as the p ioneer  work  on  the role 
of  the corpus  a l l a tum by Wigglesworth  6. In  the 
Hemiptera ,  JH II I  was identif ied in the developing 
embryo  of  Oneopeltus fasciatus 5, bu t  more  recently 
the same research group  repor ted  the absence of  sig- 
ni f icant  levels of  the k n o w n  JHs in  eggs and  adults  

o f  this species 7. The corpora  al la ta  of Dysdercusfasciatus 
were shown to synthesize on ly  JH I I I  in vitro 8. Fur ther -  
more,  on ly  JH II I  was identif ied f rom the whole body  
of  Megoura viciae and  Aphis fabae 9. Thus the few 
existing reports  all showed JH II I  as the only  na tu ra l  
JH in Hemiptera .  Nevertheless,  Schooley et al. to po in t -  
ed ou t  the possibi l i ty of  the existence of  u n k n o w n  JH 
molecules in this order,  because of  its endocr inologi -  
cal peculiar i ty a m o n g  insects. Therefore,  it is wor th-  
while to make  fur ther  a t tempts  to identify JHs in 
Hemiptera .  


