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We have established the presence of a circadian clock in Aspergillus flavus and Aspergillus nidulans by
morphological and molecular assays, respectively. In A. flavus, the clock regulates an easily assayable rhythm
in the development of sclerotia, which are large survival structures produced by many fungi. This develop-
mental rhythm exhibits all of the principal clock properties. The rhythm is maintained in constant environ-
mental conditions with a period of 33 h at 30°C, it can be entrained by environmental signals, and it is
temperature compensated. This endogenous 33-h period is one of the longest natural circadian rhythms
reported for any organism, and this likely contributes to some unique responses of the clock to environmental
signals. In A4. nidulans, no obvious rhythms in development are apparent. However, a free running and
entrainable rhythm in the accumulation of gpd4 mRNA (encoding glyceraldehyde-3-phosphate dehydrogenase)
is observed, suggesting the presence of a circadian clock in this species. We are unable to identify an Aspergillus
ortholog of frequency, a gene required for normal circadian rhythmicity in Neurospora crassa. Together, our data
indicate the existence of an Aspergillus circadian clock, which has properties that differ from that of the

well-described clock of N. crassa.

Demonstrations of circadian rhythms are widespread.
Among fungi, the ascomycete Neurospora crassa is the only
model system in which the molecular mechanisms of circadian
rhythms have been examined. Thus, we know essentially noth-
ing about the mechanism of the clock in other fungal species.
To compare the components of circadian clocks in related
fungi, we have begun an investigation of circadian clocks in the
medically and agriculturally important ascomycetes, Aspergillus
nidulans and Aspergillus flavus.

Circadian clocks (composed of one or more oscillators) pro-
vide organisms with the ability to keep in synchrony with the
external world (13). The clock generates a program with a
duration of ca. 24 h, allowing anticipation of cyclic changes in
the environment, particularly light and temperature changes.
The formal properties defining circadian rhythms are nearly
identical in all organisms studied thus far and provide the
diagnostic criteria for identifying an endogenous circadian
clock (13). By definition, a rhythm is circadian if it persists in
the absence of temporal signals (e.g., constant temperature
and darkness) with a period of ca. 24 h. A rhythm that persists
under constant conditions is called a free-running rhythm, and
its period is referred to as the free-running period (FRP).

A second fundamental characteristic of circadian rhythms is
that they can be reset (a process termed entrainment) by ex-
ternal signals, such as the daily light and temperature cycles (2,
7). Entrainment results from perception of external time cues
(zeitgebers) by one or more clock components and shifts the
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circadian clock to an appropriate phase. The magnitude and
direction of the phase change is dependent on the intensity and
duration of the zeitgeber and the phase of the internal circa-
dian clock when the pulse is given. Organisms can also entrain
to environmental cycles of greater or less than 24 h with spe-
cies-specific limits (7). In this case, the circadian clock will
systematically adopt a stable phase relationship to the imposed
cycles and the rhythm will have the same period as the entrain-
ing cycle.

Another defining characteristic of circadian rhythms is that
their FRPs are temperature compensated (16). This means
that over a physiologically defined range of temperatures, the
FRP of a circadian rhythm remains relatively unchanged with
a Q,, (the ratio of the rate at a given temperature to the rate
at a temperature that is 10° lower) ranging from 0.8 to 1.4 (16).
This is in contrast to most biochemical reactions, which typi-
cally increase in rate as the temperature increases (Q,, ~2 to
3). Yet, because circadian rhythms can be entrained by tem-
perature transitions (pulses or cycles), the system is not en-
tirely temperature independent.

A simple model of a circadian clock includes three central
components: a self-sustained oscillator(s), input pathways that
convey environmental information and synchronize the oscil-
lator(s) to the external world, and output pathways leading
from the oscillator(s) to the expressed rhythms. In N. crassa,
the circadian clock directs the daily production of asexual
spores (conidiospores) with an FRP of 22 h (34). Several pro-
teins involved in rhythmicity have been identified in N. crassa
(22). These include the FREQUENCY (FRQ), WHITE COL-
LAR-1 (WC-1), and WC-2 proteins. These clock components
form a feedback loop in which the negative element FRQ feeds
back to shut down its own expression presumably by repressing
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the activity of the positive-acting elements, WC-1 and WC-2
(22). There are functional similarities between the proteins of
the N. crassa clock and those of other kingdoms. The N. crassa
WC-1 and WC-2 proteins each contain PAS domains involved
in protein-protein interactions that are similar to those found
in the mammalian clock proteins PERIOD, CLOCK, and
BMALI1 (12). WC-1 was recently shown to be a blue-light
photoreceptor, linking the environment through an input path-
way to the circadian oscillator (15, 17). The output pathways
are less well characterized in NV. crassa, although several output
clock-controlled genes are known that are involved in general
stress responses, cellular metabolism, and development (3).

While N. crassa has greatly contributed to a molecular un-
derstanding of clock function, this has not been extended to
other fungal genera. One genus of immense medical, indus-
trial, and agricultural importance is Aspergillus. A. flavus is a
toxigenic fungus that contaminates plants such as corn and
peanuts with the carcinogenic metabolite aflatoxin and is re-
sponsible for billions of dollars of crop losses each year. Fur-
thermore, infection by Aspergillus spp. (aspergillosis), including
A. flavus, can lead to allergic, superficial, saprophytic, or inva-
sive disease, particularly in immunocompromised patients.
This genus also includes the model eukaryote A. nidulans,
which has been used to address several fundamental questions
of biology (24). The asexual Aspergillus spp., such as A. flavus,
produce two types of reproductive structures: conidiospores,
which are small dispersal spores, and larger survival structures
called sclerotia (5). Both conidiospore and sclerotium produc-
tion are photoinducible (9), and recent studies have shown a
link between sclerotium production and aflatoxin biosynthesis
(11). The sexual Aspergillus spp., including A. nidulans, gener-
ally do not produce sclerotia but produce asexual conidios-
pores and sexual ascospores (1).

Several observations prompted our initial investigation of
circadian rhythmicity in Aspergillus. First, we noticed that A.
flavus exhibits a rhythm in sclerotial development; however, it
was not known whether this rhythm is endogenously generated.
Second, although both A. flavus and A. nidulans possess or-
thologs of the N. crassa we-1 and we-2 genes, no ortholog of frg
appears to be present in either species. These data suggested
that an Aspergillus clock might be constructed of some compo-
nents that are different from those of N. crassa and indicated
that investigation of the circadian system in Aspergillus could
provide important information regarding clock mechanisms
and their evolution.

MATERIALS AND METHODS

Strains and growth conditions. The strain of A. flavus used in the present study
was 128, a field isolate obtained from P. Cotty. Strains of A. nidulans include A4
(ve™) and PW1 (argB2 methG1 biAl veAI) (Fungal Genetic Stock Center, Kan-
sas City, Mo.). Unless otherwise indicated, strains were grown at 30°C on race
tubes (34) containing 14 ml of Aspergillus complete medium (CM), comprised of
2% glucose, 1X Aspergillus salts plus trace elements, 0.2% peptone, 0.1% yeast
extract, 0.1% Casamino Acids, and 1.5% agar at pH 6.5 (www.fgsc.net/methods
/anidmed.html). Race tubes were 30-cm-long glass tubes bent up at both ends
with an inner diameter of 1.5 cm. Conidia (~5 X 10°) from 3- to 14-day-old plate
cultures were suspended in 1 ml of water, and 2 pl of this spore suspension was
used to inoculate the race tubes. Race tube cultures were incubated in a 24-h
light-dark cycle (12:12 LD) for 3 to 7 days prior to transfer to constant darkness
(DD) or constant light (LL) in controlled environmental chambers (Percival
Scientific, Inc.) containing broad-spectrum fluorescent lights (Phillips F20T12
CW 20W). The light intensity was 45 pmol of photons/m?/s (ca. 2,300 Ix).
Previous studies have shown that Aspergillus is responsive to both red and blue
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light but not to green light (28, 38). When cultures were grown in DD, a green
safe light was used to observe and mark the growth front at the same time each
day. The green safe light consisted of a green light bulb (Sylvania, 25 W) in a
Kodak adjustable Safelight lamp covered with 20 layers of green cellophane. The
emission spectrum of the green light bulb was measured by using a USB2000
spectroradiometer (Ocean Optics, Inc.) in which a single peak was observed at
540 nm. In 12:12 LD cycles with the green light as the light source, the cultures
were not entrained, and the growth rate of the cultures was not affected (data not
shown). Digital photographs of race tubes were analyzed with the CHRONO
program (33) generously provided by Till Roenneberg, and traces were gener-
ated by using NIH Image 1.61.

The ratio of the frequency of the average FRP at 40°C (28.4 h) to that at 30°C
(33.4 h) was used to calculate the Q,, for the sclerotial rhythm between these
temperatures. The estimated Q,, for the sclerotial rhythm at between 28 and
30°C was calculated as the ratio of the frequency of the average FRP at 30°C
(33.4 h) to that at 28°C (51.4 h) multiplied by 5.

Environmental entrainment. For LD entrainment assays, A. flavus 12S was
grown on CM in a 10:10 LD cycle, a 12:12 LD cycle, or an 18:18 LD cycle at 30°C.
For each cycle length, the race tubes were marked at the mycelial growth front
at the dark-to-light transition for reference. For temperature entrainment assays,
the cultures were inoculated onto CM race tubes and incubated in DD with 24-h
cycles of 30°C (12 h) and 38°C (12 h). The race tubes were marked at the
transition from 30 to 38°C.

To examine the phase response of A. flavus to external signals, strain 12S was
cultured on race tubes and transferred to DD at 30°C after 3 days of growth in
12:12 LD at 30°C at the end of the last dark phase in the LD cycle. Cultures of
A. flavus strain 12S were given a light pulse of 45 pumol of photons/m?/s (ca. 2,300
Ix) for 1 h before transfer back to DD 30°C. If we assume a 33-h FRP (see Results
for details), the pulses were given starting at circadian time zero (CTO) of
circadian day 3. Circadian time is a way to normalize biological time in strains or
organisms with different endogenous period lengths to 24 circadian hours per
cycle. By definition, CTO is subjective dawn and CT12 is subjective dusk. Light
pulses were given to a subset of race tubes at intervals of 4 circadian hours (every
5.5 local hours) over one circadian day (33 h). Thus, one set of tubes remained
in the dark for the entire time, and other sets of tubes were pulsed at CT0, CT4,
etc. After the pulse, the race tubes were returned to DD at 30°C for 4 days. The
change in phase of the sclerotial rhythm after the light pulse was determined 3
days after the pulse compared to the nonpulsed control, and the data are plotted
as a phase-response curve (PRC) (30).

Rhythmic RNA analysis. A. nidulans strain A4 was inoculated into petri dish
cultures of minimal medium, comprised of 1X Aspergillus salts plus 1% glucose
and trace elements (www.fgsc.net/methods/anidmed.html). After 16 to 20 h of
growth at 37°C in DD, sections of the resulting mycelial mat were cut with a
7-mm cork borer. Individual sections were transferred to liquid shaking cultures
of low-glucose medium (0.1% glucose and 1X Aspergillus salts plus trace ele-
ments) to inhibit development (21) and then incubated at 30°C in LL for 24 h.
For free-running experiments, cultures were transferred from LL to DD at 4-h
intervals so that, at the subsequent time of harvest, the cultures were all of the
same age but represented different phases in the circadian cycle. For entrainment
experiments, cultures were transferred to alternating 12-h light at 38°C and 12-h
dark at 30°C cycles and harvested after one full cycle every 4 h for 2 days. At
harvest, the mycelia were frozen in liquid nitrogen. To extract RNA, frozen
mycelia were ground with a mortar and pestle in RNA extraction buffer (0.1 M
sodium acetate, I mM EDTA, and 4% sodium dodecyl sulfate [SDS] at pH 8).
After four phenol extractions, total RNA was precipitated with ethanol. North-
ern analysis (10 pg of RNA/lane) was performed as described previously (4).
Hybridization was to a probe made from a 500-bp exon of the Aspergillus gpdA
gene, which was amplified from A. nidulans genomic DNA by using the upstream
PCR primer 5'-GCCTTAAGCACCATTGAGACCTACGACGA-3' and the
downstream primer 5'-GCCCTAGGTCAACTAGTTAGTCGAAGATG-3'.
The upstream primer was designed to add an EcoRI restriction site (underlined),
whereas the downstream primer was designed to add a BamHI site (underlined)
to facilitate cloning into a vector for sequence verification and maintenance. The
PCR cycles were 94°C for 5 min, 50°C for 2 min, and 72°C for 3 min for a total
of 30 cycles. The probe was labeled with [**P]dCTP (6,000 Ci/mmol) by using the
DECAprime II kit (Ambion, Austin, Tex.). Ethidium bromide-stained rRNA
was used as a control for RNA loading.

RESULTS

A. flavus displays an endogenous rhythm in sclerotium pro-
duction. Preliminary experiments with petri dish cultures of A4.
flavus 128 indicated that the organism exhibits rings of sclero-
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FIG. 1. A. flavus forms bands of sclerotia in constant darkness. A.
flavus strain 12S was inoculated onto race tubes containing CM and
grown in 12:12 LD cycles for 5 days at 30°C before transfer into DD
(A) or LL (B). The time of transfer is marked with a heavy black line.
Bars below the race tubes represent the times that the cultures were in
the light (white bars) or dark (black bars). Representative race tubes
are shown. The direction of growth is from left to right. The mycelial
growth front was marked at the same time each day (black lines) for
reference. (C) A. flavus strain 12S was inoculated onto race tubes
containing PDA medium and grown in 12:12 LD cycles for 7 days at
30°C before transfer into DD. In each panel, an intensity tracing of the
race tubes is shown below, with the lines on the x axis representing the
24-h growth front marks.

tia when a spore suspension is point inoculated and allowed to
grow in the absence of temporal cues. To investigate whether
this developmental behavior was under control of the circadian
clock, A. flavus 12S was grown on race tubes half-filled with
CM (see Materials and Methods) in constant environmental
conditions. We found that 12S cultures that were synchronized
to 12:12 LD at 30°C and then transferred to DD consistently
exhibited a free-running rhythm of sclerotium development
with a period of 33.4 £ 0.2 h (mean * the standard error of the
mean [SEM]; n = 56) (Fig. 1A). The peak in sclerotium pro-
duction occurred in the early evening, at ca. CT14. A stable
33-h free-running rhythm began immediately after transfer
into DD; thus, there is no transient behavior. In addition, the
rhythm persisted for up to 3 weeks in DD, until the time at
which the cultures reached the end of the race tube (data not
shown). When cultures were transferred from 12:12 LD cycles
to LL at 30°C they formed sclerotia continuously for several
days (Fig. 1B); however, we observed that ca. 20% cultures
showed broad bands of sclerotia in LL after 5 days (data not
shown).

In N. crassa, the period of the conidiation rhythm is essen-
tially unchanged when cultures are grown on different media
(35). We examined A. flavus sclerotial rhythms when strain 12S
was grown on potato dextrose agar (PDA), Champe’s medium
(2% glucose—0.5% yeast extract), and minimal medium (http:
/www fgsc.net/methods/anidmed.html). 4. flavus grew more
slowly on these media (0.58 = 0.04 cm/day [#» = 11],0.51% 0.03
cm/day [n = 12], and 0.33 = 0.02 cm/day [n = 6] on PDA,
Champe’s medium, and minimal medium, respectively) com-
pared to CM (0.93 = 0.02 cm/day [n = 33]). Sclerotial rhythms
were observed on minimal medium in DD; however, no free-
running rhythms in development were detected on PDA or

ASPERGILLUS CIRCADIAN RHYTHMS 233

Champe’s medium (Fig. 1C and data not shown). These data
indicated that the circadian rhythm in sclerotium development,
unlike the N. crassa conidiation rhythm, is not well nutrition-
ally compensated.

A. flavus developmental rhythms are entrained by environ-
mental cycles. A defining property of circadian rhythms is that
they are able to synchronize, or entrain, in response to cyclical
cues in the environment (2). We examined A. flavus strain 128
to determine whether the sclerotial rhythm could be entrained
by light or temperature cycles. Cultures were grown on race
tubes in LD cycles that were 20, 24, or 36 h in duration. In each
case, the period of the rhythm matched the entraining cycle
(Fig. 2A). For example, the 12:12 LD cycle resulted in short-
ening the 33-h FRP to 24 h. Importantly, the phasing of the
peak of sclerotium formation differed with cycle length (Fig.
2A). In the 10:10 LD cycle, the peaks of sclerotia occurred ca.
3h (2.7 = 0.1 h [n = 38]) prior to the dark-to-light transition.
In the 12:12 LD cycle the peaks of sclerotia occurred slightly
after the time of the dark-to-light transition (—0.75 = 0.2 h [n
= 23]), whereas in the 18:18 LD cycle the peaks of sclerotia
occurred 3 h (—=2.9 = 1.64 h [n = 38]) after the dark-to-light
transition. These observations demonstrated that the clock
which controls the developmental rhythm is synchronized by
the LD cycle and is not merely driven by the exogenous time
cues since the phase of a driven rhythm would not change with
respect to the length of the cycle.

The developmental rhythm was also entrained to tempera-
ture cycles. In a 12:12 temperature cycle of 30 and 38°C, the
period of the rhythm was 24 h (Fig. 2B). The sclerotial bands
occurred ca. 3 h (—2.6 = 0.1 h [r = 20]) after the transition
from low to high temperature. When race tubes were placed in
DD at 30°C after a few days in the temperature cycles, the
cultures immediately returned to a 33-h period (Fig. 2B).

Light pulses reset the sclerotium developmental rhythm. A
fundamental property of circadian oscillators is that short
pulses of light and/or temperature can advance or delay the
observed rhythm, depending on the phase of the oscillator at
the time of the pulse. We examined the A. flavus sclerotial
rhythm growing at 30°C in DD for phase shifting by using a 1-h
light pulse given every 5.5 h for 33 h. The rhythm was respon-
sive to the light pulses at all of the times tested and, as ex-
pected for a circadian rhythm, the magnitude of response var-
ied over the course of the day. The data are plotted as a PRC
(Fig. 3). A light pulse given to cultures from mid-day to the
early evening resulted in a phase advance of the rhythm com-
pared to the nonpulsed control, with the largest advances oc-
curring at subjective dusk (CT12). Phase delays were observed
from subjective late night to dawn (CT20 to CTO0), but only
small changes in the phase were observed at these times. These
data demonstrate that phase resetting occurs primarily by
phase advances in 4. flavus, since phase delays were very weak
and infrequently observed.

The rhythms of sclerotium development are temperature
compensated. Another defining feature of circadian rhythms,
but one that is poorly understood, is that the FRP remains
relatively constant (compensated) over a range of physiologi-
cally relevant temperatures; thus, we sought to determine
whether the rhythm in sclerotium production is temperature
compensated. The optimal growth temperature for A. flavus is
30 to 32°C, with a minimum of 10°C and maximum of 42°C (N.
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FIG. 2. A. flavus 12S entrains to different light and temperature cycles. (A) A. flavus 12S was inoculated onto CM race tubes and allowed to
grow for 3 days in LL at 30°C (not shown). Race tubes were then transferred into 20-, 24-, or 36-h LD cycles at 30°C. Representative race tubes
are shown on the left, with bars and intensity tracings as in Fig. 1. The mycelial growth fronts were marked daily at the dark-to-light transition (black
lines). The direction of growth is from left to right. The phase of the center of the sclerotial band relative to the dark-to-light transition was
measured in hours and plotted (top right side of figure). Positive numbers indicate that the band occurred prior to the dark-to-light transition, and
negative numbers indicate that the band occurred after the dark-to-light transition. Values are means = the SEM (n = 23). (B) A. flavus strain
12S was inoculated onto CM race tubes and grown for 3 days in 12:12 LD at 30°C (not shown) and then transferred to DD with 24-h (12:12) cycles
of 30 and 38°C. The mycelial growth front was marked at the transition from low to high temperature. The heavy line indicates when the cultures
were transferred to constant 30°C. The bar below the race tubes indicates the time at 30°C (white) and 38°C (gray shaded). Tracings of the image

are shown below the race tube.

Keller, unpublished data). Temperatures below 28°C were not
tested because A. flavus produces very few sclerotia below 28°C
(data not shown). Cultures were grown on race tubes in DD at
temperatures ranging from 28 to 40°C (Fig. 4A). Between 30

Phase shift (h)
A

T T T T

0 5 10 15 20 1
Circadian Time (CT)

FIG. 3. The sclerotial rthythm in A. flavus is reset by environmental
signals. A PRC was generated as described in Materials and Methods.
The phase response was calculated as the difference in position of the
sclerotial band after light treatment compared to the untreated con-
trols. The x axis indicates the circadian time (CT) as calculated from
the 33-h FRP of 4. flavus 12S on CM medium at 30°C; the y axis shows
the phase shift measured in hours of advance (positive numbers) or
delay (negative numbers). Values are means * the SEM (n = 5).

and 40°C the period and phase of the sclerotial rhythm re-
mained essentially the same (Q,, 30 to 40°C = 1.2 [see Mate-
rials and Methods]), whereas the growth rate changed with
culture temperature (Fig. 4B). At <30°C, the period of the
sclerotial rhythm was longer than at higher temperatures (es-
timated Q,, at 28 to 30°C = 7.7), indicating that this is the
lower limit of compensation.

A clock in A. nidulans regulates gene expression. In A. nidu-
lans, red light is required for conidiation during a critical pe-
riod of development. Wild-type strains will conidiate in the
light, but they are aconidial in the dark. Strains harboring the
veAl mutation conidiate in the absence of light (28). There-
fore, we examined wild-type and veA! strains of A. nidulans on
race tubes in LD cycles, in DD, and in LL at 30°C for rhythmic
conidiation. Developmental rhythms were observed only in the
wild-type A4 strain in the LD cycles; however, no developmen-
tal rhythms were observed under constant conditions. These
data suggested that, unlike A. flavus, the observed A. nidulans
developmental rhythm does not run free and is likely con-
trolled directly by the environmental cycle and not by an en-
dogenous circadian clock under these conditions.

To further investigate possible circadian rhythmicity in A.
nidulans, we isolated RNA from wild-type cultures grown in
LL for 1 day and then transferred to DD and harvested at 4-h
intervals over two consecutive days. Total RNA was probed
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FIG. 4. The sclerotial rhythm in 4. flavus is temperature compen-
sated. (A) A. flavus strain 12S was inoculated onto CM race tubes and
allowed to grow at 30°C in 12:12 LD cycles for 3 days. Cultures were
then transferred to the indicated temperatures in DD for 7 days. The
data are plotted as the average FRP versus temperature. (B) The
growth rate of A. flavus is plotted versus the temperature. In panels A
and B, values are means =+ the standard deviation (n = 14).

with the A. nidulans gpdA gene encoding GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase). Homologs of gpdA have
been shown to be rhythmically expressed in several organisms
(14, 37), including N. crassa (36). We observed a rhythm in the
accumulation of gpdA transcripts that has a period of 28 to 32 h
(Fig. 5A). Similar to the variability observed between experi-
ments in the time of peak message accumulation for N. crassa
clock-controlled genes (4), the phase of the A. nidulans gpdA
rhythm can vary up to 8 h in separate experiments (Fig. 5A).
These data suggested the presence of a functioning circadian
clock in A. nidulans with an FRP similar to that of A. flavus. To
determine whether this rhythm could be entrained, we exam-
ined the gpdA rhythm in strains grown in cycles of 12 h of light
at 38°C and 12 h of dark at 30°C (Fig. 5B). Simultaneous light
and temperature cycles were used because neither light nor
temperature alone was sufficient to entrain the rhythm. In the
24-h light and temperature cycle, the gpdA4 rhythm was en-
trained with a period of 24 h, with peaks of mRNA occurring
at the end of the dark-cold phase.

Identification of clock gene orthologs in Aspergillus. To in-
vestigate the conservation of clock components in Aspergillus
that are required for robust circadian rhythmicity in N. crassa,
we cloned and sequenced A. nidulans orthologs of N. crassa
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FIG. 5. gpdA mRNA accumulates rhythmically in A. nidulans strain
A4. (A) Total RNA was isolated from A. nidulans strain A4 grown in
DD (black bar) and harvested every 4 h for 2 consecutive days. Two
independent experiments are shown. The Northern blots were probed
with a PCR product derived from the A. nidulans gpdA gene to identify
the 1-kb gpd4 mRNA. Ethidium bromide-stained 25S rRNA is shown
as an RNA loading control. A plot of the relative band intensities from
the Northern blot is shown below. This experiment was repeated four
times with similar results; however, as revealed in a comparison of the
two experiments shown, the phasing of the peak of expression varied
over eight circadian hours. (B) Total RNA was isolated from A. nidu-
lans strain A4 grown in cycles of 12 h of light at 38°C (white bar) and
12 h of dark at 30°C (black bar) and then harvested every 4 h for 48 h.
Northern blots were probed as in A. The zeitgeber time (ZT) is the
time in hours from the start of a 12:12 LD cycle. The lights were turned
on at ZT0 and turned off at ZT12. The relative band intensities are
plotted below.

we-1 and we-2 (M. Schoeser and H. Haas, unpublished data).
LreA (accession no. 470313; 836 amino acids [aa]) is 37%
identical and 55% similar over 758 aa to WC-1 (accession no.
X9430; 1,168 aa), and LreB (accession no. 82072; 417 aa) is
35% identical and 51% similar over 333 aa to WC-2 (accession
no. Y09119; 530 aa) (data not shown). In both cases, the
overall similarity extends beyond the PAS domains of WC-1
and WC-2. No similar sequences were found in the current
limited A. flavus database; however, in Southern analyses DNA
hybridizing to IreA and lreB was detected (data not shown).
Several different attempts were made in the present study and
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in other studies (27; M. Merrow and J. C. Dunlap, unpublished
data) to identify an FRQ ortholog in Aspergillus. Based on se-
quence information, no putative ortholog was apparent in the A4.
nidulans genome sequence database (http:/www-genome.wi.mit
.edu), the A. flavus EST database, or in the newly released A.
fumigatus database (www.tigr.org/tdb/e2k1/aful/). Furthermore,
efforts to amplify an FRQ-specific band by PCR were unsuccess-
ful, as were attempts to identify a band by low-stringency South-
ern assays in both species. Based on these data, we conclude that
Aspergillus lacks an obvious FRQ ortholog. This suggests that the
Aspergillus circadian clock does not require a protein with strong
similarity to FRQ.

DISCUSSION

Our data demonstrate that the observed rhythm in sclero-
tium formation in 4. flavus strain 128 is under the control of an
endogenous circadian oscillator. The rhythm persists in con-
stant conditions, is entrained and reset by environmental sig-
nals, and is temperature compensated. However, although the
canonical clock properties are present in the 4. flavus clock,
several features of the rhythm differ from those of other eu-
karyotes.

The FRP of the A. flavus developmental rhythm at 30°C is
33 h and thus is significantly longer than a typical circadian
rhythm, which is usually close to 24 h. The longest documented
circadian rhythms to date are 29 h in the bean plant Phaseolus
(8) and ~30 h for the rhythm of promoter activity of the
Arabidopsis chlorophyll a/b-binding protein (cab2) in DD (27).
It has generally been assumed that circadian clocks have FRPs
close to 24 h in order to maintain a stable phase relationship to
the earth’s 24-h rotational cycle; the inherent cycle cannot be
too far away from the environmentally driven cycle for optimal
performance (30). However, our data suggest that this assump-
tion may require reevaluation and strongly support the impor-
tance of investigating circadian rhythms in more organisms.
Thus, the long FRP in A. flavus suggests that the clock in this
organism operates differently than clocks in other well-studied
organisms that run closer to 24 h, such that it runs more slowly
when environmental cues are absent.

A circadian oscillation can be phased correctly to local time
by resetting (entraining) the clock every day to precisely 24 h.
Thus, despite the long FRP of A. flavus, the sclerotial rhythm
is entrained by light and temperature cycles, as would be ex-
pected to occur in the natural environment. The steady-state
phase relationship between an entrained circadian rhythm and
the zeitgeber has been shown to be dependent on the FRP and
the period of the zeitgeber, such that the phase relationship of
the entrained rhythm to the zeitgeber will change as the period
of the zeitgeber is shortened or lengthened (2, 29). In all other
organisms examined, when the FRP is shorter than the zeitge-
ber period, the peak of the entrained rhythm occurs before the
time cue (positive number), whereas when the FRP is longer
than the entraining cycle, the peak of the entrained rhythm
occurs after the time cue (negative number). This is the case
for wild-type N. crassa strains grown in temperature cycles,
whereby conidial development occurs after a warm to cold
transition when the entraining cycle is shorter than the FRP
and occurs before a warm-to-cold transition when the entrain-
ing cycle is longer than the FRP (25). However, clock-con-
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trolled sclerotium development in A. flavus occurs after the
lights are turned on (negative value), when the LD cycle is
greater than the FRP, and occurs before lights are turned on
(positive value), when the cycle is shorter than the FRP. The
difference between the phase of the rhythm during entrain-
ment in A. flavus and all other organisms examined to date may
be directly related to the extremely long FRP in A. flavus.
Furthermore, the unusual steady-state phase relationship dur-
ing entrainment in 4. flavus is close to what would be theoret-
ically predicted based on the long FRP and the PRC to light
(32).

Pulses of light reset the A. flavus sclerotial rhythm and only
large advances, but not large phase delays, were observed. This
finding contrasts with the remarkable similarity in PRCs to
light in other organisms, in which phase advances of the
rhythm occur in the late subjective night and early subjective
day and phase delays occur in the late subjective day and early
subjective night (30). In fact, the PRC for light in A. flavus most
closely resembles the phase response of organisms grown in
the light to a short dark pulse (18). Typically, species with
FRPs longer than 24 h tend to show larger advances than
delays, whereas the reverse is true for species and individuals
with FRPs shorter than 24 h (7, 31). For example, if an organ-
ism has an FRP of 26 h, a daily light exposure would need to
produce a 2-h advance each cycle in order for the entrained
rhythm to have a period of 24 h. The A4. flavus rhythm may be
an extreme example of this phenomenon, whereby the oscilla-
tor may be primarily phase advanced by light in order to keep
pace with the environment due to its naturally long FRP.

Our data demonstrating an endogenous circadian clock are
not as well developed for A. nidulans due to a lack of an easily
observable rhythm in this species. However, our experiments
demonstrating a free-running and entrainable rhythm in the
accumulation of gpdA provide support for the existence of a
circadian clock. The long period of the free-running rhythm
also suggests that similarities may exist between the clocks of
A. nidulans and A. flavus.

The Ascomycete subgroup Euascomycete radiated into sev-
eral monophyletic groups (estimated at ca. 240 million years
ago), including the Plectomycetes, which include Aspergillus,
and the Pyrenomycetes, which include Neurospora (6). frq or-
thologs are present in several species of Pyrenomycetes (19, 20,
26), but frg has not been found in members of the Plectomy-
cetes. Aspergillus spp. lack a detectable frg gene, suggesting that
the FRQ-based oscillator in N. crassa is not conserved among
the ascomycetes. Orthologs of N. crassa we-1, which encodes a
blue-light photoreceptor (15, 17), and we-2 are present in A.
nidulans and A. fumigatus and are predicted in 4. flavus. In
preliminary data, we observed that gpdA was rhythmic in A.
nidulans strains lacking the wc-1 ortholog IreA (data not
shown). Aspergillus displays blue-light responses (10, 38). To-
gether, these data imply that the primary evolutionary force for
maintaining the wc genes in the Ascomycetes was to allow
blue-light-sensing, rather than circadian rhythms.

The apparent absence of FRQ in Aspergillus, along with the
unusual properties of the circadian clock in A. flavus, suggests
that the Aspergillus clock differs from the well-described N.
crassa clock. Furthermore, we have been unable to demon-
strate rhythms in gpdA in A. flavus, suggesting that outputs
from the clock differ in A. nidulans and A. flavus. This differ-
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ence in output gene expression may reflect the different devel-
opmental programs and ecological niches of these two closely
related fungal species. The difference in outputs from the clock
may also be reflected in the lack of an observable developmen-
tal rhythm in A. nidulans. Alternatively, the conditions needed
to observe the developmental rhythm in A. nidulans may not
have been met by our experiments. In either case, our data
support the notion that the lack of developmental rhythms in
different fungal species or isolates does not rule out the exis-
tence of a circadian clock and is consistent with the idea that
circadian rhythmicity is a general phenomenon in Aspergillus.
A well-described case in point is in N. crassa. Here, the
conidiation rhythm is normally obscured in wild-type strains
grown in closed culture tubes due to high CO, concentrations.
However, strains harboring the band mutation display conidia-
tion rhythms under the same culture conditions (34).

Evidence now exists for a FRQ-less oscillator (FLO) in N.
crassa that can be entrained by temperature cycles (25). It is
tempting to speculate that the Aspergillus clock and the FLO
are related and that the FLO is ancestral to the N. crassa
FRQ-based oscillator since both oscillators display canonical
clock properties and yet have several unusual features, includ-
ing poor nutritional compensation (23, 25). Ultimately, com-
parisons between the N. crassa and Aspergillus oscillators will
allow investigation of whether circadian clocks have diverse
evolutionary origins or whether molecular adornments have
been added to a common ancestral mechanism.
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