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ABSTRACT

Studies on the circadian rhythm of conidiation in the bd strain of
Neurespera crass Sbear and Dodge have shown that temperature step-up
and step-down perturbations produce phase advances and delays, respec-
tively. Pue-p a ud treatments lead to both pbase advances
and delays. The resultig phase shifts can be very large, and few to no
transients are observed.

Smnafl am e temperature cycles are capable of entraing the cir-
cadian rhythm, and holding bd at low temperatures appears to stop the
circadian oscillator late in the subjective night (circadian time 2200).
Aspects of the temerature reponses that are somewhat unusual include
the high seivity, the lack of transients, and the phae at whkh the
oscillator stops under low temperatures.

Although the effects of steady-state temperature on the period
of the circadian rhythm of conidiation in Neurospora crassa have
previously been established (21, 24), the effects of temperature
perturbations on this system have not been studied. Such an
investigation is desirable in view of the increasing evidence (27)
that membranes are components of circadian oscillators, and the
speculation that temperature-induced alterations of membrane
lipid composition may be related to temperature conpensation of
biological rhythms (16). In addition, there are reports (1, 7) that
microwaves shift the phase of the biological clock. Knowing the
sensitivity of the clock to temperature perturbations is critical for
the interpretation of these presumed microwave effects.

Previous work concerning the effects of temperature perturba-
tions on circadian rhythms has been reviewed by Sweeney and
Hastings (28), Wilkins (31), and Bunning (4) with most of the
detailed information coming from studies on Drosophila pseu-
doobscura and Phaseolus. Three primary generalizations from this
earlier research follow. First, step-up treatments cause primarily
phase-shift advances while step-down treatments cause primarily
phase-shift delays. The circadian oscillator apparently shifts phase
immediately after the temperature step (13), but the driven
rhythms of some organisms exhibit major transients after such a
perturbation (20). Second, pulse-up and pulse-down treatments
cause both phase advances and delays, and the direction and
amount of the phase shift are reasonably predictable from the
step-up and step-down phase response curves (34). The phase
response curves from temperature pulses are similar in shape to
those obtained with light or dark pulses, with sensitivity to light
and high temperature being greatest during the subjective night,
and sensitivity to darkness and low temperature being greatest
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during the subjective day. Third, temperature steps or pulses can
start the clock of some organisms in which it has apparently
stopped (33) and, furthermore, temperature cycles close to 24 h
and of small increment (0.9 C; ref. 10) can entrain circadian
rhythms to the temperature cycle. There is also increasing evidence
from several species (15, 29) that holding an organism at a low,
steady-state temperature may stop the circadian oscillator.
The experiments described in this paper were designed to

evaluate the above generalizations with respect to the Neurospora
system. The effects of temperature steps (up and down), pulses
(up and down), and cycles on circadian conidiation in Neurospora
were measured, as well as the effects of long term low tempera-
tures.

MATERIALS AND METHODS

Culture Procedures. The band (bd) strain (MLS 41-4; Fungal
Genetics Stock Center No. 1859, Humboldt State University
Foundation, Arcata, Calif.) of N. crassa Shear and Dodge was
used throughout. Stock maintenance and medium composition
have been described elsewhere (24). Conidia were inoculated onto
8 ml of glucose-arginine medium in 55-cm Pyrex growth tubes.
The tubes were incubated for 20 h at room temperature in
fluorescent light, then placed in a light-tight darkroom at 25.5 ±
0.5 C. The growth front was marked at this time and at 24-h
intervals. Brief illumination was provided by ruby-red safelights
(GE BBX, 40-w) which have no effect on the bd conidiation
rhythm (24). Temperature perturbations were conducted in either
a growth chamber (Percival I-30L; ± 0.3 C) or an incubator (Lab-
Line/CS&E model 600; ± 0.5 C) housed in the darkroom.
Temperature Monitoring. Temperature was recorded with a

copper-constantan thermocouple that was inserted into the agar
ofone of the growth tubes and connected to an amplifier-recorder
(Heath-Schlumberger EU-200-01 plus EU-205-1 1). The system
was calibrated against a thermometer (Parr Certified Calorimetric
Thermometer model 1601; i 0.01 C) maintained at various tem-
peratures in an equilibrated water bath. At 1 mv full scale, the
average deflection was 1.04 cm/C. After stabilization and calibra-
tion, temperature recording was generally accurate to within + 0.1
C, although transient electrical noise occasionally reduced the
accuracy to + 0.5 C. After temperature changes of 5 and 10 C, the
agar temperature equilibrated within about 10 and 20 min, re-
spectively.

Light-dar Cycles. In experiments requiring light, the growth
tubes were incubated in the growth chamber (I-30L) described
above. Two fluorescent bulbs (cool-white F20T12-CW, Sylvania)
provided an intensity of about 3,000 lux. Temperature was main-
tained at 25.5 ± 0.7 C.

Perturbation Experiments. Temperature perturbations were
started on the 5th day of incubation in the dark at 25.5 C. Sets of
three growth tubes were placed at higher or lower temperatures at
appropriate intervals, and either maintained at those temperatures
or returned to 25.5 C at suitable intervals. Incubation was contin-
ued for 4 to 5 days after the perturbation, so that the phase of the
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rhythm on the 8th to 9th days could be used to measure any phase
shift that might have been induced.
Data Analysis. At the end of an experiment a piece of tape

(Scotch Brand Magic Transparent) was affixed to the bottom of
each growth tube, and a permanent record was obtained by
marking the position ofthe 24-h marks, the center ofeach conidial
band, and the band shapes on the tape. Because growth of the bd
strain along an agar surface is essentially linear with time (24),
growth distance can be related to real time and to the circadian
time of Neurospora (CT3; the normal period, about 22 h, normal-
ized to 24.0 h; the band center defined as 2200 CT).
The CT of a perturbation was calculated by determining the

CT at the previous 24-h mark, and adding to it the number of
hours (normalized to CT) from that mark to the growth front at
the start of the perturbation. Phase shifts (in hours normalized to
CT) were determined by comparing the position of the ninth band
center of an experimental tube with the averaged position of the
equivalent band centers of the control tubes (a minimum of five
tubes for each experiment).

Since there are major changes in the growth rate and minor
changes in period at different temperatures (24), appropriate
corrections were made when analyzing the experimental tubes.
The greatest variability occurred near the breakpoints in the phase
response curves where both the average phase shifts and the CT
positions ofthe breakpoint were within 3 h ofeach other in similar
experiments. Unless otherwise noted each data point in the figures
represents one growth tube.

RESULTS

Redefinition of Neurospora CT. In the original report of circa-
dian conidiation in the bd strain of N. crassa (24), CT was defined
such that the middle of a conidial band occurred at 0800. To
conform with the standard usage that has developed since then
(19, 25), we are redefining CT in the bd strain to reflect the phase
relationships that occur when the beginning of the dark period
(subjective night) is taken as CT 1200. When bd was incubated in
a 12:12 light:dark cycle at 25.5 C (Fig. IA), the band center
occurred about 10 h after the light to dark transition, ie. at 2200
CT by the new definition. Under these entraining conditions the
growth rate was 39 mm/day, and the period was 24 h.
Temperature Steps. When 5 C step-up treatments (25.5-30.5 C)

were imposed on separate sets of cultures at 2-h intervals, the
results shown in Figure 2 were obtained. This phase response
curve shows predominantly phase advances, with a few small
phase delays of questionable significance, and the phase advances
could be very large, i.e. up to 15 h. These phase shifts were
determined on the basis of the position of the ninth conidial band;
however, when the phase shifts were plotted for successive bands,
significant transients were not apparent (data not shown).
The results from step-down experiments (30.5-25.5 C) as a

function of CT (Fig. 3) demonstrate predominantly phase delays
(up to 14 h) with a few small, perhaps insignificant, phase ad-
vances. Preliminary experiments indicate that the amount ofphase
shift is dependent upon the absolute temperature of the step as
well as upon the temperature increment. The general shape of
these other response curves is, however, similar to that presented
here.
Temperature Pulses. The effects of 6-h pulse-up treatments (5

C; 25.5 to 30.5 to 25.5 C) given at 2-h intervals are seen in Figure
4. In contrast to the step experiments, both phase advances and
delays of considerable magnitude were seen. As with the step-up
treatments, the new steady-state phase relationships were reached
within 1, or at most 2, days (data not shown).
The amount of phase shift is a function of the magnitude of the

temperature pulse (Fig. 5). When bd was pulsed for 6 h with the

3Abbreviation: CT: circadian time.
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FIG. 1. Growth curves for entrainment of a bdculture by a 12:12 light-

dark cycle (A) or by a 12:12 temperature cycle (B). The light intensity was
3,000 lux for A, and the temperatures for B were 25 and 20 C. Shaded
regions indicate the dark (A) or cool (B) portions of the cycles. 0: band
center, dark bar: conidiation; A: position of growth front at lights-on and
lights-off (A), or the start of the high and low portions of the temperature
cycle (B).
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FIG. 2. Phase response curve for temperature step-up perturbations.

Cultures were grown 5 days at 25.5 C and then transferred to 30.5 C for
the remainder of the experiment.
temperature increment varying from 3 to 15 C (Fig. 5A), the
amount of phase delay was reasonably proportional to the incre-
ment with a possibility of saturation at the larger increments. If a
5 C temperature increment were used while the duration of the
pulse was varied from 1to 10h starting at 1100 CT, then maximum
phase shifts were produced with a 3- to 4-h pulse, and longer
pulses had little additional effect (data not shown).
A pulse-down response curve (Fig. 6) generated in response to

6-h pulsesofa 5 C increment (25.5 to 20.5 to 25.5 C) also exhibited
both phase advances and delays. Phase response curves for pulses
of larger increment (10 or 15 C) were similarto Figure 6, but the
phase shifts were larger, and there was less scatter in the data
points. As with the previous treatments, no significant transients
were observed.
To determine the dependence of phase shift on the increment

of a pulse-down treatment, appropriate data points were taken
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FIG. 3. Phase response curve for temperature step-down treatments.
Cultures were grown 5 days at 30.5 C and then transferred to 25.5 C for
the remainder of the experiment.
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FIG. 4. Phase response curve for temperature pulse-up perturbations.
Cultures were grown 5 days at 25.5 C, exposed to 30.5 C for 6 h, and then
returned to 25.5 C for the duration of the experiment. Dotted line
represents predicted values based on summation of step-up followed by
step-down effects.

from the complete phase response curves described above. The
results seen in Figure SB indicate that for the two portions of the
phase response curves studied, the amount ofphase shift increases
with increasing temperature increment. In the delay portion ofthe
response curve, the increase in phase shift is rather minor with
increments larger than 5 C, whereas in the advance portion
saturation is reached only with larger increments. The amount of
phase shift also inaeased with increasing pulse length (2-8 h).
The response (data not shown) was quite linear, the amount of
phase shift being less than the duration of the treatment.

Since in Drosophila the effects of pulse treatments can be
predicted rather accurately in terms of a step-up followed by a

step-down perturbation (34), we calculated expected phase shifts
for 5 C pulses from 5 C step-up data (Fig. 2) and 5 C step-down
data (Fig. 3). The calculations (dotted line in Fig. 4) show that the
form of the pulse-up phase response curve is as predicted but the
experimental curve is displaced vertically (4-6 h).
Entrinment to Tempeature Cycles. When bd was put in a 12:

12 temperature cycle (24.2:20.0 C) in constant darkness, it en-

trained and showed a conidiation period of 24 h (Fig. IB). The
band centers occurred about 8 h after the temperature decrease, in
comparison to about 10 h after "dusk" in a light-dark cycle. A
25.5:23.5 C cycle (12:12) also entrained the rhythm, demonstrating
that bd is sensitive to 2 C temperature increments.
"Stoppig" the Clock with Low Temperature. With 0.5-h ex-
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FIG. 5. Effect of temperature increment on the phase shift produced
by a pulse-up or pulse-down of 6 h. A: cultures were grown 5 days at 25.5
C, exposed to the higher temperature at 1100 CT for 6 h, and then returned
to 25.5C. B: points were taken from complete phase response curves for
pulses to 20, 15, and 10 C. Phase shift advances were those from pulses
started at 0800 CT, while the phase shift delays were from pulses started
at 0300 CT.
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FIG. 6. Phase response curve for temperature pulse-down treatments.
Cultures were grown 5 days at 25.5 C, exposed to 20.5 C for 6 h, and then
retumed to 25.5 C for the duration of the experiment.
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posures to 4 C starting at 1100 CT the first and second band
centers occurred about 10 and 32 h after the end of the pulse,
respectively (Fig. 7), ie. there was no phase shift. As the length of
the pulse was increased, the band centers occurred at progressively
shorter times after the end of the pulse indicating phase advances
as seen in Figure 6. As the phase advances became larger and
approached 10 h, the first conidial band formed closer and closer
to the termination of the cold intervaL became narrower, and
finally was not evident at all. There was no additional phase-
shifting effect with exposures longer than 6 to 8 h, and the
"second" band center ("first" band center usually not visible)
consistently appeared 22 to 24 h after the return to 25.5 C with
the subsequent bands at circadian intervals. Similar results (data
not shown) were obtained for pulses to 10.5 C. It is as if the clock
"stops" at CT 2200 during long exposures to cdd temperatures.

DISCUSSION

The results reported here demonstrate that the biological clock
of Neurospora responds to temperature perturbations in much the
same manner as the clocks of other species. For example, temper-
ature step-up and step-down treatments provoke predominantly
phase advances and phase delays, respectively, and the amount of
phase shift is a function of the CT of the step. Temperature pulses,
likewise, induce phase shifts with the direction and amount of the
phase shift being dependent upon the temperature increment,
pulse duration, and CT of the pulse.
The phase response curves from these experiments were type 0

(strong; 32), but it is possible that weaker perturbations would
produce type I (weak) response curves. Indeed, response curves
from a 5 C pulse-down treatment (Fig. 6) and treatments of
smaller increment (not illustrated), seem to approach a type I
response curve. Drosophila (6) and Kalanchoe (8) demonstrate
both type 0 and type 1 steady-state response curves with strong
and weak temperature perturbations, respectively.

In generaL the shapes of the phase response curves for Neuro-
spora correspond closely to those for other species, especially for
those with recent, detailed response curves. More specifically, the
Neurospora step-up response curve (Fig. 2) demonstrates highest
sensitivity during the night, and resembles the response curves for
Phaseolus (14) and Drosophila (34).
The Neurospora pulse-up response curve (Fig. 4) is nearly

identical to response curves from Kalanchoe (8), Phaseolus (5, 14),
Solanum (11), and corresponds well to the steady-state response
curves from Drosophila (6, 34) and Lycopersicum (11). With the
Neurospora pulse-down response curve (Fig. 6), maximum sensi-
tivity occurs during the subjective day as with other species (31).
There is good correspondence with the response curves from
Drosophila (6, 34), Phaseolus (29), and Leucophaea (22). As was
previously noted in Kalanchoe (8), the pulse-up response curve of
Neurospora (Fig. 4) is nearly identical to the response curve for

20 40 60 80 100

Time at 4C (h )
Phaserelationships of cultures held at 4 C for various intervals.

Cultures were grown 5 days at 25.5 C, exposed to 4 C at 1100 CT for the
intervals indicated, and then returned to 25.5 C.

light-induced phase shifts (Fig. 4 of ref. 23; note change in
definition of 2400 CT). The Neurospora pulse-down response
curve is also remarkably similar to the two published response
curves for dark pulses, those ofAcetabularia and Gonyaulax (12),
and is shifted one-half cycle along the CT axis in comparison with
the pulse-up response curve as was predicted (30) on the basis of
work with Bryophyllum.
Two other effects of temperature perturbations on the Neuro-

spora rhythm clearly fit patterns found in other species (4, 10, 28,
31). First, temperature cycles of rather narrow increments are able
to entrain the circadian rhythm (Fig. IB), and second, pulses to
low temperatures are able to stop or reset the clock (Fig. 7). For
unknown reasons the Neurospora system seems to be different in
that the clock appears to "stop" near 2200, rather than near 1200
as is ture for Gonyaulax (15), Chlorella (9), Phaseolus (29), and
Leucophaea (22). Unfortunately, none of the above work has
resolved the question as to whether the clock is arrested or actually
running at the low temperature. It could be that the expression of
the clock is suppressed, although the clock itself is still running.
The clock might then be reset to the same phase, regardless of the
CT, by the large temperature increment used to terminate the cold
interval.
Two other aspects of the Neurospora response to temperature

perturbations that do not simply support established generaliza-
tions include the lack of significant transients and the high sensi-
tivity to temperature change. The circadian rhythms of many
species, e.g. Euglena (2), Phaseolus (14), Solanum (11), Lycopersi-
cum (11), and especially Drosophila (20), demonstrate large and
complex transients after a temperature perturbation. Such behav-
ior has been the basis for an influential model concerning circadian
organization (20). Neurospora, however, is an example of a second
group including Bryophyllum (31), Kalanchoe (8), Uca (26), and
Leucophaea (22), in which transients are absent or very small. The
significance of the difference between these two groups of species
is not yet clear.
The reason for high sensitivity to temperature in Neurospora is

not known, but it may be related to the fact that the growing tips
are responsible for the expression of the monitored rhythmicity,
and that the young, actively growing tips may be particularly
sensitive to temperature. Euglena (2) seems to have similar tem-
perature sensitivity, but the only other species that approach
Neurospora in sensitivity, e.g. Kalanchoe (8) and Leucophaea (22),
experience large phase shifts only with perturbations of greater
increment or duration.

In generaL the results presented in this paper support the
conclusion (23, 24) that the basic circadian system in Neurospora
is similar to other such systems in eukaryotic organisms. The
results, unfortunately, are not unique or different enough to
support or contradict the major models (4, 17, 18, 20) that have
been proposed to account for the effects of temperature pertur-
bations. Of significance, however, is the discovery that the phase
of the Neurospora rhythm is extremely sensitive to changes in a
common laboratory variable, since many investigators are adopt-
ing Neurospora as a test system for the study of circadian rhythms.
The results, furthermore, provide a data base for experiments
underway in this and other laboratories (3) to study the relation-
ships, if any, between temperature, membrane composition and
the operation of circadian oscillators.
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