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Abstract. Halobacteria spontaneously reverse their 
swimming direction about every 10 s. This periodicity 
can be altered by light stimuli. We found that temporal 
exponential changes in light intensity, depending on 
wavelength and sign, lengthened or shortened the 
intervals between reversals. Within a limited range of 
steepness, light gradients enforced a new stable period- 
icity upon the system. Outside this range, they caused 
period doubling or induced a sequence of reversal 
events without any obvious regularity. An analysis of 
a functional relationship between apparently irregular 
periods by plotting each period as a function of the 
preceding one yielded a clearly discernible non-ran- 
dom structure, which shows some similarities to the 
one obtained by a model calculation for a periodically 
perturbed limit cycle oscillator. These results indicate 
that external forcing of the system may generate chaos. 
When the decay of intracellular sensory signals is de- 
layed by inhibition of protein methylation the transi- 
tion from periodic to aperiodic behavior occurs at a 
lower steepness of the gradient. We therefore assume 
that the generation of either periodic or deterministic 
chaotic behavior is determined by the relation between 
the signal lifetime and the frequency of stimulus inputs. 
The strong indications for transitions from periodic to 
chaotic behavior can be regarded as a further support 
of our hypothesis that the behavioral pattern of Halo- 
bacterium is controlled by an endogeneous oscillator. 

Key words" Oscillation, chaotic behavior, photosens- 
ing, signal processing, HaIobacterium 

Introduction 

Halobacteria swim by means of polarly inserted flagel- 
la. Owing to a change of flagellar rotation from clock- 
wise (CW) to counterclockwise (CCW) or vice versa, 

* To whom offprint requests should be sent 

the cells spontaneously reverse their swimming direc- 
tion about every 10 s on the average (Alam and Oster- 
helt 1984; Schimz and Hildebrand 1985). 

In Halobacterium, three sensory photosystems, 
PS 565, PS 370 (Hildebrand and Dencher 1975), and 
PS 480 (Takahashi et al. /985; Wolff et al. 1986; 
Marwan and Oesterhelt 1987) are known. Changes of 
light intensity act as external stimuli and transiently 
disturb the behavioral pattern. A sudden increase of 
yellow-green light prolongs a swimming interval, inde- 
pendently of whether the flagella are rotating CW or 
CCW. This response is defined as the attractant re- 
sponse. An increase of UV or blue light leads to a 
shortened interval, which is defined as the repellent 
response. A decrease of yellow-green (attractant) light, 
on the other hand, elicits a repellent response, whereas 
a decrease of UV or blue (repellent) light leads to an 
attractant response (Hildebrand and Dencher 1975; 
Spudich and Stoeckenius 1979; Hildebrand and 
Schimz 1983; Takahashi et al. 1985; Wolff et al . /986; 
Marwan and Oesterhelt 1987). After one changed 
swimming interval the bacteria normally resume their 
autonomous reversal rhythm (Schimz and Hildebrand 
1985). 

The frequency distribution of interval lengths can 
be fitted by a log normal distribution which points to 
a regulated process rather than to a stochastic one 
(Schimz and Hildebrand 1985). We have proposed a n  
oscillatory mechanism as the basis of the rhythmic 
reversals for the following reasons: 1. The responsive- 
ness during an interval is not constant. Stimulation at 
different times yields a saw-tooth shaped phase re- 
sponse curve (Schimz and Hildebrand 1985, 1987); 
2. The system can be entrained by periodic stimula- 
tion. UV-light pulses enforce a new faster reversal 
rhythm upon the system, which, in a limited frequency 
range, matches the stimulation frequency (phase-lock- 
ing), and becomes aperiodic above this frequency 
range (Schimz and Hildebrand 1986); 3. Weak stimuli 
cause normal or inverted responses in a phase-depen- 
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dent manner (Hildebrand and Schimz 1987). Our 
model assumes that an oscillating regulatory compo- 
nent controls the directional changes of flagellar rota- 
tion (Schimz and Hildebrand 1985). Cellular attrac- 
tant and repellent signals would shift the phase of 
oscillation in one or the other direction to delay or 
advance the next reversal (Hildebrand and Schimz 
1986; Schimz and Hildebrand 1987). On the basis of 
this model one would expect that repetitive stimula- 
tion by attractants can lead to a slower reversal 
rhythm. The present paper shows that halobacteria 
respond to temporal gradients of light intensity, at- 
tractants as well as repellents. Temporal gradients can 
be regarded as a borderline case of periodic stimula- 
tion, which, depending on their steepness, lead to new 
stable periodicities or to chaotic behavior. 

Materials and methods 

Halobaaerium halobium, "wild type" strain WS, was 
used for experiments. Cells in a suspension were ob- 
served through a microscope connected to a video 
system (Hildebrand and Schimz 1986). A single bac- 
terium was chosen, and successive intervals between 
reversals of the swimming direction were measured 
with an electronic stopwatch connected to a printer. 
The behavior of the same cell was registered before, 
during, and after its exposure to temporal gradients of 
light intensity. Exponential gradients of different 
steepness were obtained by driving an optical wedge 
through the beam of stimulating light at given rates. A 
linear gradient was achieved by using an arrangement 
of small strips of a film which had been exposed for 
different times to obtain a linearly increasing optical 
transmission. 

The three photosystems differ in their absolute sen- 
sitivity (Hildebrand and Dencher 1975). Therefore, for 
exponential gradients, the total change in fluence rate 
was from 4 x 101° to 1 x ]014  photons x mm -2 s -1 at 
565 nm wavelength, from 1.4x 101° to 3 x  1013 at 
480 nm, and from 4.7 x 108 to 2.8 x 1012 at 380 nm. 
For  linear gradients, it was from 1 x 1013 to 8 x 1013 
photons x m m  -z  s -1 at 565 nm, and from 3 x 1011 to 
3.4x 1012 at 380 nm. Observation light was white 
light, 250 pW x mm -2, in the case of stimulation at 
565 nm and 380nm, and red light >715 nm during 
stimulation at 480 nm. Temperature was 22 °C. 

Inhibition of protein methylation was achieved by 
suspending the cells in peptone-free medium contain- 
ing 10mmol/1 of DL-homocysteine obtained from 
Fluka. The intracellular level of cyclic G M P  was in- 
creased by addition of NZ-2'-O-dibutyrylguanosine 
3':5'-cyclic monophosphate  (Sigma) dissolved in 
ethanol, to the cell suspension. The final concentration 
was 50 pmol/1. 
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Fig. 1. Mean length of swimming intervals as a function of the 
steepness of temporal exponential light gradients. Attractant  
gradients (solid lines) were realized by an increase of fluence rate 
at 565 nm, or a decrease of fluence rate at 480 and 380 nm. 
Repellent gradients (dashed lines) were a decrease of fluence rate 
at 565 nm, or an increase at 480 and 380 nm. The steepness of 
the gradient is given in Alog I x s-1 (I = intensity in photons x 
mm - 2 s - 1). During the application of gradients, successive in- 
tervals between reversals of the swimming direction of a single 
cell were measured, and the data obtained from several cells were 
averaged. Squares indicate spontaneous interval lengths in the 
absence of a light gradient. Each point is the mean + SEM of 
30-100 intervals 

Results and discussion 

Mean length of swimming intervals 
as a function of the steepness of temporal exponential 
gradients of light intensity 

With attractant gradients (either light increase at 
565 nm or light decrease at 480 and 380 nm), the first 
detectable response occurred when the steepness of the 
gradient, given in AlogI x s -1, reached about 0.03 
(Fig. 1, solid lines). The resulting interval lengths were 
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Fig. 2a-k .  Length of successive intervals during application of 
exponential gradients. Successive swimming intervals of a single 
bacterium were measured before, during, and after a gradient. 
For each gradient two to three runs with different ceils out of 4 
to 10 runs are shown. Open circles give the intervals before or 
after the gradient, closed circles the intervals during the gradient. 
The gradients were turned on immediately after a spontaneous 
reversal. The dashed lines indicate the change in light intensity. 
Repellent gradients were achieved by decreasing the fluence 
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shor ter  than  the spon taneous  intervals (repellent re- 
sponses). Such inverse responses  have also been ob- 
served for weak  step-like stimuli (Hi ldebrand  and 
Schimz 1987). A fur ther  increase of  the gradient  
changed  the response  into an a t t r ac tan t  one;  the inter- 
vals became  longer  until the max ima l  length was 
reached at a steepness of  a b o u t  0.05 to 0.06. Addi t ional  
increase in the steepness resulted in a slight decrease of  
the m e a n  interval  lengths. 

The  threshold  for repellent gradients  (Fig. 1, 
dashed  lines) was slightly higher. Again the first detect- 
able response,  which occurred  at a steepness of  a b o u t  
0.035 to 0.045 was an "inverse" response.  Increas ing  
the gradient  changed the response  into a repellent  one. 
Nei ther  with a t t rac tan t  nor  with repellent  gradients  
was the response,  i.e. the interval  lengths dur ing the 
gradient,  a l inear funct ion of the steepness, as has been 
shown for the response  of Escherichia coli to exponen-  
tial gradients  of  chemical  substances  (Block et al. 
1983). 

Length of  successive intervals 
during application of  exponential gradients 

Dur ing  appl ica t ion  of a relatively low repellent  gradi-  
ent the f luctuat ions of the interval  lengths became  
m u c h  larger than  in the spon taneous  case; very long 
and  shor t  intervals  occurred  wi thout  any obvious  reg- 
ular i ty  (Fig. 2a). A slight increase of  the gradient  re- 
sulted in a fairly regular  sequence of a l te rnat ing  shor t  
and  m e d i u m  length intervals  (Fig. 2 b). W h e n  a repel- 
lent gradient  of  a steepness of  Alog I x s -1  = 0.132 was 
turned  on, the interval  length was immedia te ly  cut in 
half  and  persisted so for the dura t ion  of the gradient  
(Fig. 2c). After the gradient  had  ended, the cell re- 
tu rned  to its a u t o n o m o u s  per iodici ty  within a b o u t  
10 s. A further  increase of  the steepness did not  fur ther  
shor ten  the intervals but  caused aper iodic  behav io r  
(Fig. 2 d). 

Stable per iodici ty  dur ing a repellent  gradient  oc- 
curred only when  the interval  length was a b o u t  cut in 
half. This is in accordance  with our  previous  da ta  ob- 
ta ined with per iodic  repellent  light pulses (Schimz and 
Hi ldeb rand  1986). U n d e r  the lat ter  condit ions,  the pe- 
r iodicity was also stable when the per iod length be- 
came cut in half, and  it became  aper iodic  at higher 

rate at 565 nm. The steepness of the gradient expressed in 
Alogl x s 1 was (a) 0.037, (b) 0.050, (e) 0.132, (d) 0.230, (e) 0.132, 
after protein methylation had been inhibited. Similar results 
were obtained with an increasing fluence rate at 480 or 380 nm. 
Attractant gradients were an increase of fluence rate at 565 nm. 
The steepness of the gradient was (f) 0.032, (g) 0.042, (h) 0.050, (i) 
0.132, (k) 0.050, after protein methylation had been inhibited. 
Similar results were obtained with a decreasing fluence rate at 
480 or 380 nm 
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Fig. 3 a - d .  Length  of successive intervals  dur ing  s t imula t ion  
with periodic UV-pulses.  Light  pulses of 1 s du ra t ion  at  370 nm 
(1 x 10 ~ 3 p h o t o n s  x r a m - z  s-1)  were applied with given frequen- 
cies: (a) 0.17 x s -  1, (b) 0.2 x s - 1, (e) 0.3 x s - 1, (d) 0.4 x s - 1. Each  
set shows da ta  of a single cell; (o) dur ing  s t imulat ion,  (o) wi thou t  
s t imula t ion  

stimulation frequencies (Fig. 3). We therefore assume 
that an exponential temporal change in light intensity 
can be regarded as a borderline case of periodic stimu- 
lation which acts as a Zeitgeber for the system within 
a limited range. 

The effect of repetitive attractant stimuli cannot be 
measured by use of periodic pulses because a light 
pulse consists of an attractant and a repellent flank, 
and the bacterium always integrates two subsequent 
opposite stimuli to give a net repellent response 
(Hildebrand and Schimz 1986). Experiments with 
attractant stimuli, therefore, were done with light 
gradients only. 

A low exponential attractant gradient also caused 
large fluctuations in the interval lengths (Fig. 20. An 
increase of the steepness increased and stabilized the 
interval lengths (Fig. 2g) until, at a steepness of 
AlogI x s-1 of 0.05 the interval lengths were doubled 
and remained rather regular during the gradient 
(Fig. 2 h). When the gradient was turned off, other than 
after a repellent gradient it lasted for about 50 s until 
the interval length had gradually decreased to the 
autonomous value (Fig. 2h). A further increase of the 
gradient again caused aperiodic behavior (Fig. 2i). 

The results show that an exponential attraetant 
gradient could also enforce a stable periodicity upon 
the system, in this case in the range where it caused the 
interval length to be doubled. Outside this range, the 
gradient induced aperiodic behavior. 

As we could show, the lifetime of the intracellular 
attractant signal is about 3 times as long as that of the 
repellent signal (submitted for publication). Conse- 
quently, the cell can integrate repetitive attractant 

stimuli over a longer period of time. This may account 
for the observation that the threshold for attractant 
gradients was lower than for repellent gradients 
(Fig. 1), which has also been reported for E. coli ex- 
posed to gradients of chemical substances (Block et al. 
1983). It may also be the reason for the finding that a 
small increase in the steepness of an attractant gradi- 
ent was sufficient to cause the interval length to be 
doubled while a much higher repellent gradient was 
required to cut the interval length in half. The lifetime 
both of the repellent (Schimz and Hildebrand 1987) 
and of the attractant signal (submitted) can be signifi- 
cantly extended by inhibition of protein methylation. 
Under these conditions the spontaneous intervals re- 
main unchanged, but a repellent (Fig. 2 e) or an attrac- 
tant gradient (Fig. 2 k), which normally caused a stable 
periodicity, now led to aperiodic behavior. Extending 
the signal lifetime thus had a similar effect as a strong 
increase in the steepness of the gradient. 

The induction of stable periodicity or aperiodic 
sequences required an exponential change in light in- 
tensity. This became obvious when linear temporal 
gradients were used instead. A linear increase of repel- 
lent light caused a gradual decrease of the interval 
lengths (Fig. 4 a), while a linear increase of attractant 
light resulted in a gradual increase of the interval 
length (Fig. 4b). These input-output relations are sup- 
posed to be caused by the mode of signal transduction 
at the receptor level, since a logarithmic increase of 
incident light would lead to a linear increase of photon 
absorption. Similar conclusions have been drawn for 
the chemoreceptors of E. coli (Block et al. 1983). 
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Evidence for the generation of chaos 
at certain magnitudes of exponential gradients 

We have reported previously that the frequency distri- 
bution of spontaneous interval lengths can be fitted by 
a log normal distribution (Schimz and Hildebrand 
1985). Also the interval lengths obtained during expo- 
nential gradients which cause a new stable periodicity 
(Fig. 2 c and h) can be described by a log normal distri- 
bution (data not shown). We suggest that under these 
conditions we have to deal with periodic oscillations of 
the system, comparable to the phase-locking observed 
with periodic UV-pulses (Schimz and Hildebrand 
1986). 

The aperiodic intervals occuring during gradients 
of lower or higher steepness can be fitted neither by a 
log normal distribution nor by a Poisson distribution. 
Our hypothesis of an oscillatory mechanism suggests 
that even under these conditions the behavior may 
have some functional regularity, i.e. that it may be 
chaotic. It seems to be the rule rather than the excep- 
tion that exposing an oscillator to repetitive perturba- 
tions causes the oscillation to be chaotic (Tomita 
1982). A stable predictable periodicity can be de- 
scribed by a simple 2-dimensional limit cycle of two 
variables, e.g. the concentration changes of two chemi- 
cal components of the oscillator system. By addition of 
periodic perturbations a third variable is added, and 
the limit cycle can be changed into a "strange attrac- 
tor" of a complex geometrical structure (R6ssler 1976 a 
and b; Tomita 1982) which gives rise to deterministic 
chaos, i.e. to a cyclic phenomenon without a fixed pe- 
riod, which nevertheless does not develop at random 
but according to certain laws based on feedback loops 
(Decroly and Goldbeter 1982; Olsen 1984; Markus 
and Hess 1984). 

Periodic and chaotic oscillations have been ob- 
served in several biological systems (for review see 
Olsen and Degn 1985). In order to diagnose chaos 
without having a mathematical model of the system, 
one important sign to look for is period doubling, i.e. 
bifurcation from a fixed interval into two alternating 
intervals. There is a good chance that changing a pa- 
rameter in the direction of period doubling will lead to 
chaos. If under these conditions a sequence of events 
without any obvious regularity is measured, one can 
see if there is a functional relationship between succes- 
sive periods by plotting each period as a function of 
the preceding one. If this "next period plot" is a well 
defined curve or shows some non-random structure 
the system is most probably governed by a determinis- 
tic dynamical law. A period-one oscillatory behavior, 
on the other hand, would become a single point in this 
plot (for review see Shaw 1984; Olsen and Degn 1985). 

In our system distinct period doubling was caused 
by the exponential repellent gradient at a certain 

steepness (Fig. 2 b). The next period plot of these data 
(Fig. 5b) shows two distinct spots. A decrease in the 
steepness of the gradient (Fig. 2 a) or a strong increase 
(Fig. 2d) led to aperiodic interval lengths. This could 
be interpreted as a period doubling route to chaotic 
oscillations. The next period plots of the data from 
Fig. 2 a and d are shown in Fig. 5 a and d, where a 
non-random structure is discernible. Attractant gradi- 
ents could, depending on their steepness, also cause 
aperiodic behavior. The next period plot of the data in 
Fig. 2 f (low gradient) is shown in Fig. 5 f, that of the 
data from Fig. 2i (high gradient) in Fig. 5i. In both 
cases the plot shows a clearly discernible structure. For 
some of the data the three-dimensional representation 
of the next period plots is given in Fig. 6. 

We have shown that an increase in the intracellular 
level of cGMP increases the interval length in the 
absence of stimulus inputs (Schimz and Hildebrand 
1987). Successive spontaneous intervals measured un- 
der these conditions also yielded a discernible struc- 
ture in the next period plot (Fig. 5 m). We have pro- 
posed previously that cGMP may be a component of 
the oscillatory system (Schimz and Hildebrand 1987). 

According to these data we suggest that in halo- 
bacterial behavior chaos may arise as a consequence of 
periodic perturbation of a limit cycle oscillation. Such 
a phenomenon can be described by the following 
model, which is a linear approximation to the non- 
linear system (Olsen and Degn 1985): 

Pn+l = A (p,-0.5) + 0.5 + R sin(27cF t,),  

tn+ 1 = t, +Pn+l,  

where p is the period (corresponding to the swimming 
interval), t is the time, and A is a constant which deter- 
mines the stability of the limit cycle oscillation. R de- 
notes the strength and F the frequency of the perturba- 
tion. 

The model calculation given in Fig. 7a shows 
chaotic behavior, the parameters being A = - 0 . 2 ;  
R = 0.21; F = 2.5. When Gaussian noise is added 
multiplicatively to p, and t,, the fine structure of the 
plot changes, whereas the overall structure is generally 
preserved (Fig. 7b). Small amounts of noise obviously 
do not obscure the chaotic structure, but create some 
additional structure which looks similar to the struc- 
tures in Fig. 5 i, k, and m. The structural similarities of 
the experimental data and the calculated plot can be 
taken as a further indication that a functional regular- 
ity exists also in the aperiodic and apparently irregular 
regions. The question whether the aperiodic behavior 
is caused by a noisy chaotic motion or by a higher 
period limit cycle oscillation, which, by addition of 
noise, can assume a motion similar to chaos, cannot be 
decided from the present data. In the latter case, the 
motion is not chaotic in a strict mathematical sense, 
but there are nearby parameters, which will yield 
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Fig. 7a and b. Model calculations of 
next period plots for a periodically 
perturbed limit cycle oscillation 
(Olsen and Degn 1985). For details 
see text. a Without noise; b with 2% 
noise 
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chaotic motion, and thus the motion can be called 
"prechaotic" (Schaffer et al. 1986). 

For  spontaneous intervals, unless the level of 
c G M P  was increased, no clear structure was observ- 
able (Fig. 51). Also the data obtained during gradients 
which led to a stable division in half of the period 
length (Fig. 2c) or to a doubling (Fig. 2h) lacked a 
structure in the next period plot (Fig. 5 a and h). Espe- 
cially in Fig. 5c the fluctuations were very small. 
Chaotic motion is rather stable against noise, in con- 
trast to limit cycle oscillations which can readily be 
destroyed by noise (Schaffer et al. 1986). The absence 
of structure in Fig. 5 c, h, and 1 could therefore be ex- 
plained by the assumption that the oscillation is peri- 
odic under these conditions, and that the fluctuations 
are caused by stochastic processes due to additional 
steps in the transduction chain, which may be located 
between the oscillator and the flagellar motor. Kinetic 
models for transitions between different states of the 
flagellar motor  have been proposed (Marwan and 
Oesterhelt 1987; McCain et al. 1987) which include 
one deterministic and 2 to 3 stochastic steps. 

The data presented here suggest that exponential 
attractant and repellent light gradients, within a limit- 
ed range of steepness, can enforce highly predictable 
periodic dynamics upon the system. Outside this range 
the predictability is lost due to either chaotic or 
prechaotic motion, but the functional regularity is still 
preserved. 

We have proposed that methylation of specific 
membrane proteins is a feedback loop to extinguish 
the cellular sensory signals and thereby to allow the 
system to return to its autonomous reversal rhythm 
(Schimz and Hildebrand 1987). When the decay of the 
signal was delayed biochemically by inhibition of 
methylation, a lower gradient was sufficient to induce 
chaotic behavior (Figs. 5 k and 6 k). The change from 
periodic to chaotic oscillations therefore may be deter- 
mined by a relation between the rate of stimulation 
and the signal lifetime. 

We take the indications for chaotic behavior as a 
further support of our hypothesis that in Halobacteri- 

um reversal events are determined by an oscillator or 
a system of coupled oscillators. 
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