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Summary. The application of sublethal temperature gradients offers
a simple, non-invasive means for in vivo studies of thermotaxis and
other temperature-dependent processes in various organisms. Devel-
opment, for instance, can be dramatically desynchronized, and the
resulting development gradients allow to analyze physiological inter-
dependencies between locally separated subsystems. For this pur-
pose a simple device has been developed, by which a stable linear
gradient of 8 °C/cm is established on an inert metal sheet with the aid
of Peltier clements. The effects of linear temperature gradients on
fusion, growth, and migration of plasmodia of the slime mold Phy-
sarum polycephalum was filmed by 16 mm film time-lapse tech-
nique, and their local contraction-relaxation cycles analysed by
“multistrip kymography”, which represents a graphic documentation
of the spatio-temporal pattern of protoplasmic movements that occur
along well-defined regions within the giant cell. Physarum plasmo-
dia preferentially fuse, and grow, in the range of 24-26 °C. Different
parts of a single macroplasmodium can simultaneously show posi-
tive and negative thermotaxis. The contraction—relaxation cycles
generating the protoplasmic shuttle streaming within the network of
veins essentially depend on local temperatures and are instantane-
ously desynchronized by the temperature gradient. Thus they cannot
be controlled by a central pacemaker or an overall electric signal.
However, there is a strong tendency to locally synchronize the vari-
ous oscillation frequencies present within the giant cell if tempera-
ture differences do not exceed 2 °C,
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Introduction

Biochemical processes generally depend on tempera-
ture. As poikilothermic organisms never had to adapt

* Correspondence and reprints: Biozentrum, Universitit Wiirzburg,
Am Hubland, D-97074 Wiirzburg, Federal Republic of Germany.

to wide temperature differences within their bodies,
artificially applied sublethal temperature gradients
represent a unique, non-invasive means to locally
retard, or accelerate, physiological processes and thus
to desynchronize development (Wolf 1985, Niemuth
and Wolf 1995). With the aid of temperature gradients
it can be also investigated whether or not a tempera-
ture-dependent physiological process is governed by
some central control system or, alternatively, by
localized controls.

Temperature gradients may also serve to find out the
optimum temperature range of thermotactic organ-
isms. In many laboratories, the multinucleate macro-
plasmodia of Physarum are cultivated at 26 °C (Sauer
1982). In this paper we asked whether this tempera-
ture is actually preferred by growing plasmodia. In
addition, the effect of a temperature gradient on the
oscillating contractions of the plasmodium was inves-
tigated, and we asked whether there might be some
central pacemaker that governs the characteristic con-
traction—relaxation cycle (Achenbach and Wohlfarth-
Bottermann 1980a, b). For this purpose we have ana-
lyzed the well known contraction-relaxation oscilla-
tions in the ectoplasm of the plasmodium which gen-
erate the shuttle streaming. These oscillations can be
monitored as the changes in transparency of the plas-
modium by time-lapse cinematography and analyzed
by kymography. Film analysis has been successfully
used to study the degree of synchrony of contraction
cycles in veins throughout the plasmodium by
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Grebecki and Cieslawska (1978a, b). Finally we ask
whether there is a temperature optimum for the fusion
process of microplasmodia.

For these experiments the temperature gradient appa-
ratus described by Wolf and Wolf (1974) has been
substantially improved, thus allowing to maintain the
gradient over virtually any time required. Recently
our apparatus also served to analyze thermotactic
orientation of parasitic trematodes within their host’s
bodies (Haas 1994, Haas et al. 1987).

Material and methods
Apparatus to generate stable temperature gradients

Steep linear temperature gradients of 8-80 °C/mm (or K/mm) had
been formerly established within a 1 mm thick agar block in the
transparent temperature gradient apparatus designed by Wolf and
Wolf (1974), which could be attached to the stage of any inverted
microscope for monitoring temperature effects on small organisms
embedded in the agar. Recently, this apparatus was improved by
installing two 19 W Peltier elements which served as heat pumps
(Niemuth and Wolf 1995). The temperatures generated at the two
sides of the Peltier elements were transmitted by 5 mm copper strips,
which served as “temperature poles” for the temperature gradient
established between them (Fig. 1).

A heat-conducting support with sufficient thermal conductivity is
required to maintain stable linear temperature gradients within large
organisms. As the heat-conducting parts in our apparatus were not
insulated, heat transport was not restricted to the direction of
decreasing temperature within the gradient, but there was a consider-
able loss by thermal radiation and by heat exchange with the sur-
rounding air. If the support, along which the temperature gradient is
established, is conducting heat very well, there will only result a flat,
yet very precise, linear gradient. If heat conductivity is poor, howev-
er, the arising gradient will be steep, but no more linear. To optimize
the conditions we connected the “temperature poles” generated by
the Peltier elements through a 0.6 mm metal sheet of 21.5 X 32 mm
size made of copper or silver (Fig. 1). Within that metal sheet the
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Fig. 1. Apparatus for establishing a stable linear temperature gradi-
ent within an intact macroplasmodium of Physarum, which allows
for simultaneous monitoring of behavior by filming. Cu Copper
sheet connecting the “temperature poles™; dotted area, sheet of
expanded plastics for thermal insulation; striped area, nutrient agar.
Sideview, drawn to scale
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temperature dropped linearly as measured with a calibrated contact
thermometer.

Air conditioning and circulation kept the room temperature at
26 £ 0.2 °C. Throughout the experiments the stability of the temper-
ature gradient was guaranteed by continuous registration of the tem-
peratures at the “temperature poles”. 3 min after the Peltier elements
had been switched on, a stable gradient of 7 ° C/cm ranging from 13
to 30 °C was established over the 21.5 mm distance within the layer
of nutrient agar (see below), which covered the 0.6 mm copper sheet
between the “temperature poles”. Deviations from linearity amounted
to 0.2 °C maximum, as measured with a calibrated 0.08 mm cop-
per/constantan thermocouple.

In order not to interfere with the gradient, heat conductivity of the
investigated organism must be considerably lower than that of the
heat-conducting support, which was the case in our apparatus. As the
mass of the protoplasm streaming in the veins is tiny (20-21.5% the
total cell mass; Grebecki and Cieslawska 1978a) compared to the rest
of the plasmodium plus the agar support, the temperature gradient
remained virtually undisturbed by the shuttle streaming.

Photographic technique used for documentation
of Physarum plasmodia

Physarum polycephalum (strain CL) was grown as a shaken suspen-
sion of microplasmodia in axenic medium (Daniel and Rusch 1961,
Daniel and Baldwin 1964). Macroplasmodia were obtained as usual
by allowing microplasmodia, which had been harvested during their
exponential growth phase 24 h after inoculation into fresh medivm,
to fuse on a 2 mm layer of 4% agar made with axenic growth medi-
um (Daniel and Baldwin 1964) as a nutrient substratum which also
served to support normal growth.

To monitor the effects of temperature gradients on Physarum plas-
modia and their contraction—relaxation cycles, developing micro-
and macroplasmodia were continuously filmed at 15-300 frames/h
with Kodak technical pan. 15-300 frames/h were taken with a Bolex
16 mm camera equipped with a Zeiss Luminar lens (f = 63 mm). A
single 30 W low-voltage lamp was used to provide an oblique dark
field epi-illumination switched on for 2 s only during each frame
exposure, while heat radiation was virtually eliminated by appropri-
ate filtering. To minimize light reflection from the agar support the
metal sheet had been covered with black paint. The agar layer also
served to avoid uncontrolled flow of heated liquid between the tem-
perature poles. To protect the agar against desiccation the air space
above it was isolated by a glass cover (Fig. 1) provided with anti-
condensation medium, which is normally used for spectacles.

Indirect strip microkymography of the contraction-relaxation
cycles within Physarum macroplasmodia

Kymograms essentially represent a graph showing every change of
brightness, or visible movements that occur along a well-defined,
freely selectable spatial axis of the filmed organisms (Kamiya 1959).
Kymograms are made by projecting a (iime-lapse) film through a
narrow slit onto photographic paper mounted on the rotating drum of
a kymograph (Wolf 1976, Wolf and Nuss 1976, Grebecki and Moc-
zori 1978). This technique was modified to record motions that
occurred simultaneously at different sites of a single macroplasmodi-
um. Synchronic records of contraction-relaxation cycles at different
sites of a plasmodium had been done by Grebecki and Cieslawska
(1978b) by a photocell mounted at different sites of the image during
repeated projections of the same film. In our approach the running
film was projected onto a black metal sheet, which contained 35 slits
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of 4.5 X 0.6 mm arranged in a regular pattern (Fig. 5), each of them
giving rise to a single, slim strip kymogram. Although the slits were
designed to cover the range of local temperatures all over the macro-
plasmodium, multistrip kymography is not an optimum technique.
The local oscillation did not show up in every slim strip because the
positions of the slits could not be adapted to veins locally present in
the image, or to their orientation. Nevertheless the oscillation pat-
terns over the plasmodia were well captured in the resulting multi-
strip kymograms (Fig. 6).

The kymographic record of movements always started at the same
time but at different regions of the filmed object. To calibrate the
time scale, every onchundredth frame of the time-lapse film was
matked in black. The resulting white bars on the (negative) multistrip
kymogram served to rearrange the single strip kymograms in order to
generate a unitary time scale. For this purpose the resulting multistrip
kymogram was cut into small strips parallel to the time axis, and the
strips were rearranged so that all individual kymograms started at the
origin of the abscissa (Fig. 6). Processes that took place simultane-
ously at diverse regions of a macroplasmodium thus were represented
at identical values of the abscissa.

The cyclic contraction of veins in a macroplasmodium shows up in
subtle changes in brightness, due to changes of local light reflection,
within each of the single kymograms. The pattern of dark and bright
stripes recorded in diverse regions of the macroplasmodium thus
mirrors the local contraction-relaxation cycles in the space—time dia-
gram.

Results

Growth of Physarum macroplasmodia on nutrient
agar

Macroplasmodia represent a vigorous vegetative
stage within the life cycle of Physarum. They can
migrate up to 5 cm/h over a moist substratum while
establishing a distinct anterior—posterior polarity. The
posterior lobe mainly consists of a network of strands
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which extend and fuse into a rather homogeneous sys-
tem of veins towards the fan-like anterior region with
its characteristic leading ridge. Within the strands and
the veins a vivid rhythmical shuttle streaming pro-
vides for an exchange of cytoplasm and millions of
nuclei within the giant cell. The subcellular constitu-
ents are shifted at speeds up to 1.3 mm/s by the shut-
tle streaming, which usually changes its direction
every 60 to 75 s, i.e., the normal cycle length at 22 °C
is 120-150 s (Achenbach and Wohlfarth-Bottermann
1980a, b).

In the absence of a temperature gradient, plasmodia
expanding under optimal growth conditions on the
agar layer of our apparatus generally did not develop
an anterior—posterior polarity, but rather extended in
all directions (Fig. 2). Such spreading as a flat disk is
typical for balanced growth of macroplasmodia on
solid support and is utilized for cell cycle studies with
homogeneous starting material (Sauer 1982). In this
control experiment, which was performed twice, plas-
modia grew out continuously over 48 h, with the ex-
ception of 10 min interruptions which took place
every 9.2-9.5 h. Presumably, the synchronous mitoses,
which reportedly occur about every 10 h under these
conditions, correlate with the transient growth arrest
(Miller et al. 1968).

Thermotaxis of Physarum macroplasmodia

In 25 experiments the migration of one to three mac-
roplasmodia, which had been cultivated 8-24 h on
nutrient agar, was filmed under the influence of a
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Fig. 2. Normal macroplasmodium growing on a layer of nutrient agar in the temperature gradient apparatus, but with the gradient switched off.

Bar: 1 cm
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stable gradient of 7 °C/cm. In each case plasmodia
showed a characteristic thermotactic behavior. When
a small macroplasmodium of 2-3 mm size was posi-
tioned between 13 and 24 °C, pseudopodia developed
in the direction towards the warmer pole, and the
whole organism started to move in that direction.
However, it did not enter regions warmer than
26-27 °C but rather grew sidewards, i.e., in isother-
mic directions, thus forming a sharp linear front
towards the warmer regions. Maximum growth took
place between 26 and 24 °C. However, plasmodia
also were observed to migrate towards a region of
somewhat lower temperature, between 22 and 26 °C,
and to grow out from there. Small macroplasmodia,
which had been transferred to various regions be-
tween 16 and 28 °C within the gradient, grew towards
the optimum region where the temperature of the agar
was between 24 and 26 °C. In this region they tended
to fuse spontaneously, thus forming a syncytium. Nei-
ther growth nor migration could be observed in plas-
modia which were originally positioned within re-
gions above 29 °C, or lower than 15 °C. When a mac-
roplasmodium had been arranged to form a strand
ranging all over the temperature gradient from 13 to
30 °C, it started to grow sidewards, i.e., in an isother-
mic direction, within the 23-27 °C range (Fig. 3 a).

Fusion of Physarum microplasmodia within
the temperature gradient

At 26 °C a cluster of 1000-2000 Physarum micro-
plasmodia transferred onto a layer of nutrient agar
readily fused into a single macroplasmodium within
1 h. A different pattern, however, was observed in
microplasmodia exposed to a temperature gradient. In
a series of five experiments 1000-2000 microplasmo-
dia harvested from a shaken suspension during expo-
nential growth were transferred on the agar layer and
submitted to a temperature gradient of 7 °C/cm. Un-
der these conditions the fusion process started some-
where between the 27 and 29 °C isotherm and pro-
ceeded from there as a unidirectional fusion wave into
the colder regions at a rate of 0.8-1.4 cm/h (Fig. 4).
After 4h the fused protoplasm was concentrated
between 24 and 27 °C and had established a pattern of
veins (Fig. 3 b). During the following 18 h the proto-
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Fig. 4. Spatiotemporal pattern of the fusion wave observed within
microplasmodia distributed all over the temperature gradient (cf. Fig.
3b)

plasm slowly moved to and fro between the 20 and
27 °C isotherm, thereby changing its migration direc-
tion every 5-8 h.

When 1000-2000 microplasmodia were arranged as a
narrow strip between the temperature poles, fusion
again occurred almost simultaneously between 27 and
29°C and proceeded from there into the colder
regions. After 67 h the first protoplasmic fans of the
resulting macroplasmodium grew out somewhere
between the 22 and 25 °C isotherm (Fig. 3 ¢).

Desynchronization of the contraction—relaxation
cycle by the temperature gradient

Temperature dependence of the contraction-relaxa-
tion cycle was filmed in a total of 12 macroplasmodia
of 16-20 mm diameter. In each of these experiments
two small supplementary macroplasmodia of 3-4 mm
diameter were added, one of them located close to
warm pole, and the other one close to the cold pole of
the forthcoming temperature gradient. The plasmodia
were first grown on a 2 mm layer of nutrient agar.
When the macroplasmodia had reached their appro-
priate size they were transferred, together with their

Fig. 3. a Protoplasmic strand of a Physarum macroplasmodium exposed to a linear temperature gradient. Migrating fans are seen to grow out
within the temperature range of 24--26 °C. b Fusion wave of microplasmodia distributed all over the temperature gradient. A net of veins starts
to develop 8 h after the beginning of the experiment. ¢ Fusion process in a strand of microplasmodia, with the first protoplasmic fan growing

out at 23-25 °C after 8 h. Bar: 1 cm
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Fig. 5. The multislit metal sheet used to record the local contrac-
tion-relaxation cycle within a plasmodium documented in a time-
lapse film. Abscissa: spatial axis of the record. Ordinate: range of
local temperatures in a macroplasmodium, the shape of which is
indicated by dotted lines .

substratum, onto the 0.6 mm copper sheet with the
temperature gradient still switched off, and filmed at
5 frames/min. After the transfer procedure the con-
traction-relaxation cycle generally had been inter-
rupted, but was readily resumed within 5-10 min.
30 min after the transfer the temperature gradient of
7 °C/cm was established, and its effects were contin-
uously monitored on time-lapse film.

We analyzed the contraction—relaxation cycle in four
experiments, where all three macroplasmodia origi-
nally happened to oscillate at rather similar frequen-
cies, with cycle lengths ranging from 58 to 65 s. The
result of one of these experiments is shown in Figs. 6
and 7. A characteristic desynchronization of the pro-
toplasmic oscillations was observed as soon as the
temperature gradient had been established. As indi-
cated by the rhythmical changes in brightness of the
veins, the frequency of the contraction-relaxation
cycles initially decreased in those parts of the same
giant cell which were colder than 26 °C, but simulta-
neously increased in the warmer regions. Specifically,
between 27.5 and 29 °C the cycle length initially
decreased to 4753 s during the first 40 min, but then
again slightly increased to 50-58 s. Simultaneously,
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the cycle length initially increased dramatically be-
tween 19 and 25 °C, but then increased again (Fig. 7).
In the region below 17-18 °C the oscillations stopped
completely 10-20 min after the temperature gradient
had been established, and were not resumed before
further 30-50 min. Only after a total of 80~90 min the
contraction-relaxation cycles had stabilized and dis-
played a stable frequency gradient as a response to the
stable temperature gradient constantly present.

As shown in Fig. 7, different domains of a single
macroplasmodium, which were exposed to different
local temperatures (26 and 28 °C), oscillated at
increasingly different frequencies during the first
40 min after the gradient had been established (cycle
lengths: 60 and 49 s, respectively). Thereafter these
domains virtually resynchronized their contrac-
tion—-relaxation cycles over a period of half an hour
(final cycle length: 51 s). Remarkably, the oscillation
frequency initially decreased by 16-25% during the
first 40 min, but then increased again and eventually
was the same as at the beginning of the temperature
gradient. Finally, in the 26 °C region the frequency of
the contraction—relaxation cycle was approximately
20% higher than at the beginning of the gradient, even
though it occurred in an isothermic region.

The contraction—relaxation cycles in the supplemen-
tary small plasmodia, which developed within a nar-
row temperature range of the gradient, differed signif-
icantly from the final frequencies measured in iso-
thermic regions of large macroplasmodia (Fig. 7). On
average, small plasmodia oscillated 14% faster than
the isothermic regions of large plasmodia when situ-
ated close to the warm pole of the gradient (between
27 and 29 °C), but 11% slower when growing in the
cold region (between 15 and 18 °C).

When the temperature gradient had been switched off
after it had acted on the plasmodia for 2-3 h, temper-
atures within the giant cell adjusted to ambient tem-
perature (26 °C) within 2 min. As a consequence, the
contraction—relaxation cycles were slowly resyn-
chronized throughout the protoplasm within 16 to
30 min.

Discussion

General aspects of developmental desynchronization
by a temperature gradient

Being exposed to a temperature gradient, a poikilother-
mic organism has to adapt to an entirely novel situa-
tion. Recently, temperature gradients were applied to
induce developmental gradients which served as a
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Fig. 6. Multistrip kymogram of the contraction-relaxation cycles within a Physarum macroplasmodium with the oscillation desynchronized by
a linear temperature gradient of 7 °C/cm. The original kymogram has been cut into strips which were rearranged to obtain a unitary time scale.
The frequency of the contraction—relaxation cycle can be read off from the local changes in brightness, which appear as a regular stripe pattern
in many of the small single kymograms. a—g Details from various regions of the multistrip kymogram

valuable tool to investigate physiological interdepen-
dencies, for example, between locally separated sub-
systems inside early insect embryos. There is a
remarkable capacity in insects to regulate, despite
development being widely perturbed, a normal em-
bryo. The early development of the parasitic hyme-
nopteron, Pimpla turionella, has been dramatically
desynchronized, with nuclear division cycles being
out of phase by seven generations. While gastrulation
had started in the warm region, midblastula transition

and cellularization were in progress in the middle of
the egg, whereas intravitelline nuclear multiplication
occurred at the cold pole by rapid, and still biphasic,
cell cycles comprising mitosis and S-phase only (Nie-
muth and Wolf 1995).

In the present study temperature perturbations were
introduced in a single cell. From the behavior of Phy-
sarum macroplasmodia within a temperature gradi-
ent, the main characteristics of their temperature-
dependence have been derived: the growth minimum
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Fig. 7. Desynchronization and local resynchronization of the con-
traction—relaxation cycles within a large Physarum macroplasmodi-
um exposed to a linear temperature gradient (see text). The plasmo-
dia were left at 26° for 30 min to allow the establishment of a stable
confraction-relaxation rhythm at a constant temperature, and then
the temperature gradient was applied. S, and S,, contraction frequen-
cies of the two small supplementary plasmodia, at 26 °C (left) and at
27-29 °C and 16-17.5 °C, respectively (right). In S, the contraction
frequency is higher than in the isothermic domain of the large plas-
modium, in S, it is lower

at 15 °C, the maximum at 29 °C, and the optimum
preferred by Physarum (as concluded from the migra-
tion behavior) at 26 °C. This is actually the tempera-
ture selected for cultivation in many laboratories
(Sauer 1982).

In our experiments we cannot distinguish whether the
observed thermotactic movements of the macroplas-
modia actually resulted from preferential growth, or
exclusively from migration. It has previously been
shown that it is impossible to distinguish between
growth and pure migration in Physarum (Knowles
and Carlile 1978).

Plasmodia growing towards their temperature opti-
mum from colder regions tend to move “too far”.
They generally overshoot their optimum and reverse
migration direction close to the 27 °C isotherm, i.e., at
only one degree above their optimum. Similarly,
when approaching the optimum from warmer regions,
the point of return is at about 23 °C which is 3 °C
below optimum. Positive and negative thermotaxis
thus forces the plasmodium migrate to and fro within
23-27 °C range of the gradient. This observation con-
firms and extends the results of Tso and Mansour
(1975) who found out that a 3 °C interval is the mini-
mal thermal gradient upon which a thermotactic re-
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sponse can be observed in Physarum. Our experi-
ments indicate that at least in one direction the level
of discrimination might be only 1 °C.

The fusion wave observed within a population of
microplasmodia distributed all over the temperature
gradient correlates with the general dependency of
physiological processes on temperature. It remains
unclear, however, why that wave decreased signifi-
cantly between 25 and 23 °C, but then was accelerat-
ed while advancing into the colder regions (Fig. 4).
These suboptimal temperatures for growth may repre-
sent a range that is critical for fusion. This may also
explain why the fusion wave is asymmetrical and
propagates only from warm to cold.

Effects of the temperature gradient on
the contraction~relaxation cycles

The shuttle streaming, which is generated by the vein’s
contraction-relaxation cycles, is a unique feature of
plasmodial slime moulds. It serves to homogenize a
large plasmodium, which may be necessary for the
precise natural synchrony of nuclear divisions.

Time correlation of vein contraction and protoplasmic
streaming cycles was analyzed in many investiga-
tions. Oscillations of streaming direction do not sim-
ply reflect the contraction—relaxation rhythm. Con-
traction promotes outflow of endoplasm, but the in-
flow favors expansion. Previous authors detected dif-
ferent phase shifts between these two oscillatory phe-
nomena. Moreover, utilizing numerous non-invasive
techniques including time-lapse cinematography, pho-
tometry and strip kymograhy, it had been demonstrat-
ed that synchronization of contractions in a plasmo-
dium is much more precise than the synchronization
of the streaming (Sachsenmaier and Blessing 1973,
Baranowski 1976, Mustatich and Ware 1977, Grgbecki
and Moczori 1978, Grebecki and Kolodziejczyk
1983, Kolodziejczyk and Grebecki 1982).

Recently, the relationship between oscillation fre-
quencies and temperature was investigated by Hal-
vorsrud et al. (1995b) who employed a very sensitive
technique to a single plasmodium over a period of
several days. Electrical cell-substrate impedance sens-
ing (ECIS) allows to monitor changes in the distance
between the cell surface and an electrode, down to
0.1 nm. In this procedure a constant AC voltage of
1V at 4 kHz, in series with a resistor of 1 MQ, is
applied to the plasmodium, and fluctuations of the
impedance are measured and analysed. It is assumed
that the changes of the impedance reflect normal con-
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traction-relaxation cycles of the whole plasmodium,
as no physiological effect by a 1 uA alternating cur-
rent on the plasmodium has been detected. Beginning
at 30 °C, the temperature was altered in steps of 1 °C
down to 1 °C and then back up again to 30 °C. As
expected, there was a general decrease in the oscilla-
tion frequency correlated with a lower temperature. In
the physiological range the period lasted about 2 min
at 16 °C and 1.25 min at 28 °C. These are average
values, and individual plasmodia may have slightly
(£20 s) different rhythms. Similar average values
(2.31 min at 14 °C and 1.26 min at 30 °C) were mea-
sured by Wohlfahrt-Bottermann (1977). In our exper-
iments the small separate plasmodia at about 16.5 °C
and 28 °C, respectively, and the single larger plasmo-
dium that was exposed to the temperature gradient of
that range, reveal a similar trend, although the differ-
ence in the period is greater (about three-fold, ranging
from 2.5 min at 16 °C to 0.8 min at 28 °C; Fig. 7). We
suspect that culture conditions and/or the age of the
stock cultures may be responsible for the differences
between the periods measured in different laborato-
ries.

Remarkably, at unphysiological temperatures, below
10-15 °C, where previous studies (Kamyia 1959,
Wohlfahrt-Bottermann 1977) had not described oscil-
lations and the present study has revealed neither
oscillations nor outgrowth or spreading of a plasmo-
dium, impedance fluctuations could still be detected
down to 1 °C. At that temperature the period lasted
over 13 min. It is probable that the oscillations of the
plasmodium at unphysiological temperatures have
been overlooked by the traditional methods and could
only be discovered by the highly sensitive ECIS tech-
nique. However, it cannot be excluded that the low
alternating currency passed through the cell may have
provoked a physiological effect and somehow sensi-
tized the plasmodium to oscillate. This possibility can
only be addressed when the contraction—relaxation
cycles and the shuitle streaming of a single plasmo-
dium will have been analyzed simultaneously by
ECIS and another non-invasive procedure.

In normal plasmodia the contraction-relaxation cycle
occurs at an almost constant frequency, and the oscil-
lation is approximately in phase throughout the cell,
with the exception of a small frontal region. Physarum
plasmodia thus are considered “imperfect synchron-
ized monorhythmic contractile systems” (Grebecki
and Cieslawska 1978b; Hiilsmann and Wohlfarth-
Bottermann 1978a, b; Grebecki 1979). Despite dec-
ades of analyses (Stockem and Brix 1994, Sauer
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1982) the identity of the oscillator has remained elu-
sive. It is clear, however, that the shuttle streaming is
a passive flow of endoplasm driven by the contraction
cycles of the ectoplasm. The rhythm is generated by
actomyosin contraction and relaxation cycles. The
actomyosin cortex generates motive force which is
transformed into hydraulic pressure gradients that
result in protoplasmic streaming via gel-sol transi-
tions. Intracellular Ca** is involved in both microfila-
ment assembly and contractile activities. Free Ca**
levels control myosin ATPase activity through the
Ca**-binding myosin light chain and via myosin and
actin kinases. The oscillator triggering the protoplas-
mic streaming with a period of the 1 min range has
been claimed to involve an internal Ca/cyclic AMP
loop rather than periodic transport of ions through the
plasma membrane (for review, see Stockem and Brix
1994). As shown here, the clock governing the con-
traction and shuttle streaming rhythm within one
macroplasmodium can be forced to run at significant-
ly different rates, according to local temperature
effects within the physiological range of 15-29 °C,
with the contraction frequencies differing up to the
four-fold (see Fig. 7, at 90 min). This strongly argues
against a master oscillator hypothesis. The tempera-
ture coefficient of local frequency roughly amounts to
Q1o = 2, which indicates that the still unknown oscil-
lator is based on chemical, rather than on electric,
processes. .
Achenbach and Wohlfarth-Bottermann (1980b) have
analyzed thermally induced phase and frequency
shifts of the shuttle streaming in isolated protoplas-
mic strands of 33 mm length which were exposed to a
step-like temperature gradient. One third of the strand
was kept at low temperature (17.7-21 °C), the middle
third at medium temperature (22 °C), and the rest at
high temperature (23.2-26.3 °C). The authors re-
ported phase regulation of the shuttle streaming to
occur up to a stepwise temperature gradient of 9 °C
along a distance of 25 mm, which is half the value
applied in our investigation.

In contrast to their experiments, our results have been
obtained from freely moving macroplasmodia ex-
posed to a smooth linear temperature gradient. Never-
theless our results fit well with the observations of
Achenbach and Wohlfarth-Bottermann (1980b). The
different frequencies of the contraction-relaxation
cycles of large and small plasmodia located along the
same isotherm indicate some kind of homeostasis.
Possibly the plasmodia integrate temperature percep-
tion by thermoreceptors yet to be identified, relative
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to the total area or mass. This argues again for a glo-
bal distribution of the oscillator. As an effect of the
temperature gradient, our multistrip kymographic
analysis revealed an immediate response of the con-
traction-relaxation cycles, with a progressive fre-
quency decrease in the colder domains, and an
increase in the warmer domains. As documented in
Fig. 7, there are significant changes of the contraction
frequency even in those domains of the macroplasmo-
dium which maintained their local temperature of
26 °C when the gradient was established. Both the
resynchronization and desynchronization processes
involved here indicate that the applied temperature
gradient has a long range effect.

Interestingly, the final local contraction frequency
within the domains of the macroplasmodia located
close to the warm pole was significantly lower than
that observed in the small macroplasmodia located
within the same temperature range. This finding again
indicates that macroplasmodia can sense temperature
differences of 2 °C over a distance of 3 mm, and it
suggests that the mass of the protoplasm collectively
controls the capacity of the oscillating system as a
whole. Accordingly, frequency shifts caused by dif-
ferences in local temperature up to 2 °C were com-
pletely equalized within 1 h (Fig. 7). In steeper gra-
dients, however, resynchronization was prevented.
The resynchronization process of the contrac-
tion-relaxation cycle within the plasmodium suggests
that the oscillation is driven by numerous omnipres-
ent dispersed independent oscillators that can be
entrained in a common global temperature domain,
but can be uncoupled by a step of just 2 °C, or more.

In addition to the 1 min oscillator affecting actomyo-
sin contraction cycles, a mitotic oscillator operates in
the plasmodium with a period of about 10 h, which is
leading to transient activation of the ubiquitous mitot-
ic regulator, CDC2 kinase. On several occasions a
correlation between nuclear division and a reduced
frequency and/or amplitude of the contraction-relax-
ation cycles has been noted (Sauer 1982). These
results, however, are not consistent. With the ECIS
technique (see above) applied over a long period
which included three synchronous mitoses, a tight
correlation between the two oscillatory activities in
Physarum could not be confirmed (Halvorsrud et al.
1995a). In this respect it is interesting to note that
there is a transient growth arrest at intervals of 9.3 h,
as revealed by time-lapse filming. This period is very
similar to the rhythm of synchronous mitoses under
these conditions. However, it was not possible to
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establish concordance between the two events for the
same plasmodium, because nuclei must be immobi-
lized to a large extent in order to determine mitosis by
film analysis, a procedure which precludes the obser-
vation of several mitotic cycles in one plasmodium
(Wolf and Sauer 1978, 1982; Wolf et al. 1979). How-
ever, this observation may indicate that the oscillator
may not influence directly the mitotic cycle, whereas
the brief growth arrest may suggest that the activation
and inactivation of the CDC2 kinase at mitosis (Cho
and Sauer 1994) is associated with a global shift in
the activity state of an elusive growth regulator.
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