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Negative Feedback Defining a 
Circadian Clock: Autoregulation 

of the Clock Gene frequency 
Benjamin D. Aronson, Keith A. Johnson, Jennifer J. Loros, 

Jay C. Dunlap* 
The frequency (frq) locus of Neurospora crassa was originally identified in searches for 
loci encoding components of the circadian clock. The frq gene is now shown to encode 
a central component in a molecular feedback loop in which the product of frq negatively 
regulated its own transcript, which resulted in a daily oscillation in the amount of frq 
transcript. Rhythmic messenger RNA expression was essential for overt rhythmicity in 
the organism and no amount of constitutive expression rescued normal rhythmicity in 
frq loss-of-function mutants. Step reductions'in the amount of FRQ-encoding transcript 
set the clock to a specific and predicted phase. These results establish frq as encoding 
a central component in a circadian oscillator. 

Circadian rhythms are widespread phylo- 
genetically (1) and are essential for proper 
temporal regulation of a variety of phenom- 
ena, ranging from microbial growth and 
development (2), to plant and animal re- 
production, and to human sleep-wake cy- 
cles and cognitive function (3). The cellu- 
lar machinery that generates this capability 
is known as the biological clock. Such 
clocks are intrinsic to the cell (2, 4. 5). are 
endogenous and self-sustaining, and can be 
reset in response to time cues such as daily 
light-dark or temperature cycles (I) .  

The molecular mechanisms that consti- 
tute clocks are not well described. There- 
fore, investigators have searched for clock 
components in genetically and biochemi- 
cally manipulable microbial systems. Much 
effort has focused on dissection of the cir- 
cadian system of Neurospora crassa, a fila- 
mentous fungus in which the clock regu- 
lates a clearly expressed overt rhythm in 
developmental potential and morphology 
(2, 6). This rhythmicity is manifest through 
the cyclical production of asexual spores 
known as conidia. Genetic approaches to 
the identification of components of the 
clock in N .  crassa have identified seven 
loci, one of which, frequency ( f rq) ,  was 
repeatedly identified. The frq gene is a 
likely candidate for encoding a central com- 
ponent of the oscillator: strains carrying 
different frq alleles are differentially altered 
in multiple clock properties, including pe- 
riod length and temperature compensation 

(the ability to maintain period length over 
a wide range of physiological temperatures), 
but are otherwise generally morphologically 
and developmentally normal. Cloning of 
the locus (7) allowed identification of a 
long open reading frame (8, 9) that is 
phylogenetically conserved (8) and that 
encodes the protein FRQ, the key transact- 
ing product of the frq gene (9, 10). A 
frameshift mutation within the open read- 
ing frame mimics the deletion of frq and 
results in complete loss of stable rhythmic- 
ity and compensation (9). These observa- 
tions are compatible with the inclusion of 
frq in the feedback loop that comprises the 
clock. 

A tenet bf chronobioloev is that feed- -, 
back-is central to the generation of circa- 
dian rhythms (11). However, although 
some biochemical and genetic feedback os- 
cillator will likely be a part of the clock, the 
simple description of a feedback loop does 
not constitute proof of its involvement in 
the clack (2). Criteria have thus been 

\ ,  

established for candidate clock components 
and oscillators (12). Briefly, (i) mutations 
in the component should affect canonical 
clock properties and null mutations should 
abolish normal rhythmicity; (ii) the 
amount (activity) of the component must 
oscillate in a self-sustained manner with an 
appropriate periodicity; (iii) induced 
changes in the amount (activity) of the 
component must (by feedback) act to 
change the amount (activity) of the com- 
ponent; (iv) the phase of the component's 
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degree of constitutive expression that will 
support rhythmicity. Thus, to establish the 
identitv of a clock comoonent, it is neces- 
sary to demonstrate that an oscillation in 
the component is necessary for the overt 
rhythm, that the activity of the component 
feeds back to affect its own activity, and 
that step changes in the components activ- 
ity set the phase of the clock. 

Two candidate clock genes fulfill several - 
of the criteria listed above, frq and the 
Drosophila gene period (1 3). Although feed- 
back regulation of these genes was suspect- 
ed, the first reported cycling of a candidate 
clock comuonent involved the PER   rote in 
(14), which was then extended to the per 
transcriot (15). These data establish the 
potential df feedback, but this was not 
explicitly shown and the other points have 
not been established. Particularlv. in no , , 
case has cycling of a putative clock compo- 
nent been established as necessarv for cir- 
cadian function. 

We now show the existence of a molec- 
ular feedback loop in which the product of 
frq satisfies all of the criteria expected for a 
central clock component. The frq gene 
encodes a product that negatively feeds 
back to regulate its own transcript, resulting 
in a daily oscillation of frq transcript 
amount with a peak in the subjective morn- 
ing. Because frq and its product function 
within individual cells or syncytia rather 
than intercellularly, these results establish 
frq as encoding a central component, a state 
variable, in a cellular circadian oscillator. 

Rhythmic expression of frq mRNA. 
Northern (RNA) analvsis was done to ex- 
amine frq ARNA at khour intervals over 
48 hours under constant conditions (Fig. 
1A). In a clock wild-type genetic back- 
ground (1 6), the transcript showed a rhyth- 
mic accumulation that peaked at 12 to 16 
and 32 to 36 hours in the dark. This 
corres~onds to circadian time (CT) 0 to 5. ~, 

that is, subjective morning (17). Converse- 
ly, the trough in mRNA abundance was at 
0 to 4 hours and again at 24 to 28 hours in 
the dark (subjective early evening). The 
period length of the mRNA rhythm was 
approximately 22 hours, the same period as 
the N .  crassa conidiation rhy~hm (2). If frq 
cycling is regulated by the celfular oscilla- 
tor, then the period length of the frq RNA 
rhythm should reflect the period length of 
the overt conidiation rhythm. This was 
shown to be the case when RNA isolated 
from a frq7 strain (29-hour period length) 
was used in an identical RNA hybridization 
experiment (Fig. IB). Under the culture 
conditions used, the amount of frq tran- 
script at the peak was about 5 to 10 times 
the amount at the troueh in both fro+ and - " A 

frq7, although expression in frq7 was repro- 
ducibly greater than in frq+. The amplitude 
and phase of the RNA rhythm of frq was 
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similar to that of two other N. nassa clock- 
controlled genes, ccg-1 and ccg-2 (18). 
Thus, frq is a morning-specific clock-con- 
trolled gene that acts to control the period 
length of the clock, and thus the timing of 
its own expression. 

If frq RNA cycling is necessary for overt 
rhythmicity, then mutations in frq that 
result in loss of normal rhythmicity should 
result in loss of frq RNA cycling. This was 
confirmed with RNA harvested from a 
strain bearing frqg, a recessive loss-of-func- 
tion allele that displays reduced conidiation 
and no stable circadian rhythmicity (1 9). 
The pattern of frq mRNA expression in this 
strain was distinct from the frq+ and frq7 
cases; frq RNA did not cycle in the frqg 
background, although the amounts did fluc- 
tuate (Fig. 1B) in a manner reminiscent of 
the unstable conidial rhythms observed in 
such frq null backgrounds (9, 19). In frqg, 
frq mRNA was two to three times more 
plentiful than the peak amounts in a frq+ 
strain (Fig. 1B). The observation that frq 
mRNA in a loss-of-function mutant did not 
show a stable rhythm and was elevated as 
compared to the peak of wild-type expres- 
sion was consistent with a model in which 
the cycling of the frq transcript is the result 
of negative feedback regulation, in a man- 
ner similar to that suggested for the per 
transcript (1 4, 15). Here then, the protein 
FRQ appears to act directly or indirectly to 
depress the abundance of its own mRNA, 
thus creating a feedback loop with a period 
length of approximately 1 day. 

Because frq was a central component in 
this feedback loop, and mutations in frq 
lead to alterations in the circadian clock 
(2), frq is a candidate for being or encoding 
a state variable in the circadian oscillator. 
However, these and similar data (15, 20) 
are equally compatible with genes such as 
frq providing a necessary support function 
to a separate oscillator, analogous to an 
enzyme supplying a critical substrate for a 
clock protein or a channel required to 
maintain a necessary intracellular ionic en- 
vironment. If frq is a central component of 
the clock rather than an auxiliary gene, 
then normal rhythmic expression should be 
required for overt rhythmicity. Three pre- 
dictions follow from this: (i) just as loss-of- 
function mutations eliminate normal circa- 
dian rhythmicity, constitutive elevated ex- 
pression from a heterologous inducible frq 
gene should eliminate rhythmicity by si- 
lencing expression from the endogenous, 
feedback-regulated copy, thereby short-cir- 
cuiting the autoregulatory loop; (ii) consti- 
tutive frq expression, in any amount, 
should not rescue overt rhythmicity in a 
frq-null strain; (iii) the phase of the rhyth- 
mic expression of frq must define the phase 
of the overt rhythm. Thus, in a frq+ strain 
bearing a second inducible copy of a FRQ- 

encoding gene, a step from constitutive 
elevated inducible frq expression to the 
normal feedback-regulated amount of frq 
mRNA should reset the clock to a phase 
corresponding to the low point in the nor- 
mal oscillation. Each of these three predic- 
tions was tested. 

Requirement for oscillating quantities 
of fiq mRNA. The prediction that frq 
RNA cycling, rather than simply its expres- 
sion, is necessary for proper operation of the 
circadian clock was tested by fusion of the 
heterologous, inducible N. crassa promoter, 
qa-2 (21), to the frq open reading frame 
(Fig. 2A) (22). A construct, designated 
qa-ZpFRQ, was made in which expression 
of the FRQ open reading frame was depen- 
dent on the presence of an inducer, quinic 
acid. The qa-2pFRQ construct was trans- 
formed (23) into a frq+ strain and examined 
for a conditional quinic acid-dependent 
phenotype by the race tube assay (Fig. 2B). 
Nine transformed strains were extensively 
analyzed (24) to test if constitutive expres- 
sion of FRQ-encoding RNA eliminated 
overt rhythmicity. All nine were internally 
consistent: frq+ strains transformed with 
the qa-2pFRQ construct showed wild-type 
rhythmicity in the absence of the inducer; 
however, in the presence of M quinic 
acid (Fig. 2B) or greater (up to M was 
tested), no rhythmic conidial banding was 
observed in any of nine independent qa- 
ZpFRQ transformants. Instead there was 
constant conidiation down the length of 
the race tube. This confirms the first pre- 

diction, that constitutive elevated expres- 
sion of FRQ-encoding RNA should result 
in arrhvthmicitv. 

The' threshoid concentration of inducer 
that was required to observe the constant 
conidiation phenotype was determined. 
Complete arrhythmicity of all frq+ (qa- 
ZpFRQ) isolates (24) (Fig. 2B) was observed 
at quinate concentrations M) that 
induced the heterologous qa-2pFRQ tran- 
script to concentrations lower than the 
trough amounts of endogenous frq. The phe- 
notypic response to increasing amounts of 
inducer is shown for one representative 
strain, fq+ (qa-2pFRp"'0) (Fig. 2B). In 
some cases, at inducer concentrations below 

M, several days of growth on the race 
tube were required before arrhythmic con- 
stant conidiation was evident. At inducer 
concentrations below the threshold value 
required to observe complete arrhythmicity, 
the period length and phase of conidial 
banding was unaffected by the inducer. 

To test the second prediction, frq9 null 
mutants transformed with the qa-2pFRQ 
construct were examined for inducer-de- 
pendent rescue of normal rhythmicity (23, 
24). Four his-3-targeted transformants and 
four ectopic insertion strains were exam- 
ined for conditional rhythmicity by serially 
diluting the inducer over a range of concen- 
trations M to M) that s~anned 
the dynamic range of the promoter (21, 
25); rhythmicity was not restored under 
these conditions. The four his-3-targeted 
strains (24) were then subjected to a more 
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Fig. 1. Circadian clock-dependent expression of frq mRNA. Tissue was harvested at 4-hour 
intervals after transfer from light to dark, total RNA was isolated, and RNA (10 wg) was separated 
by electrophoresis on formaldehyde-agarose gels and blotted (18.30). (A) Northern (RNA) analysis 
of frq+ RNA with probes specific for frq, sodl (Cu2+-W+ superoxide dismutase), and ribosomal 
RNA (45). Signals were quantitated by densitometry. The frq+ rhythm was normalized to the 
constitutively expressed sod1 transcript and to ribosomal RNA. The final lane in each panel, Afrq, 
is RNA-isolated from a frqstrain in which the open reading frame was deleted by gene replacement 
(9, 46). (B) Expression of the frq mRNA in the frq7 (29-hour mutant strain) and frqs (frq null strain) 
genetic background. Northern signals were generated by hybridization with the frq-specific RNA 
probe as in (A), quantitated by densitometry, and normalized to ribosomal RNA. Densitometry of the 
frq+ data in (A) is plotted in (B) for ease of comparison. 
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refined analysis. The inducer concentration 
was gradually raised in twofold steps, from a 
.basal concentration of 3 x M quinic 
acid to M; this covered the entire 
range of inducer in which the conditional 
phenotype of frq+ (qa-2pFRQhis-3) strains 
was observed. There were no concentra- 
tions of inducer at which stable overt rhyth- 
micity was seen (Fig. 2B). These data sug- 
gest that the lack of complementation of 
the frq9 phenotype by the qa-2pFRQ con- 
struct results from a lack of rhythmic ex- 
pression of the mRNA, consistent with the 
second prediction that rhythmic expression 
i s  essential for overt rhythmicity. 

Feedback repression by qa-2pFRQ. 
The effect of  expression of the inducible frq 
gene on endogenous frq mRNA was exam- 
ined in both a frq+ and a frq9 background 
(Fig. 3). At 1.5 x M quinic acid and 
2 percent glucose the inducible transcript 
was present and expression of the endoge- 
nous gene was depressed by approximately 
70 percent; this concentration of inducer 
had no effect on the frq mRNA in the frq+ 
control (Fig. 3A). A sharper but similar 
repression of frq mRNA by induction of 
qa-2pFRQ was observed in the frq9 back- 
ground (Fig. 3B) although higher concen- 
trations of inducer were needed. The en- 
dogenous transcript was not detected at the 
highest inducing conditions (1.5 x lo-' M 

quinic acid, no glucose) in any of the three 
f$(qa-2pFRQhis-3) isolates examined. 
The higher concentrations of inducer nec- 
essary to observe the repression of the en- 
dogenous frq mRNA in the frqg background 
may be related to the higher endogenous frq 
expression in the frqg strain (Fig. 1B). Also, 
unlike the frq+ case, there was no conni- 
bution to overall functional FRQ concen- 
trations by the endogenous frqg gene. In- 
duction offrq from a heterologous promoter 
thus acted to repress expression of the 
endogenous copy, a finding consistent with 
the frq9 rhythmic Northern blot result (Fig. 
1B) and in support of the interpretation 
that frq i s  regulating i t s  own expression. 
The frq mRNA i s  part of  a feedback loop, 
apparently with the protein FRQ acting in a 
negative fashion to control the abundance 
of its own mRNA. 

Appropriate conditional production of 
the qa-2pFRQ transcript in the frq9 back- 
ground is shown in Fig. 3C; similar results 
were observed in the frq+ background. The 
production of an inducible transcript at 
amounts as great as the peak of wild-type frq 
mRNA, a conditional circadian clock phe- 
notype, and repression of the endogenous 
frqg mRNA all show that a functional FRQ- 
encoding mRNA must be produced by the 
qa-2pFRQ construct in the frqg background. 
Therefore it i s  most likely that the lack of 

Fig. 2. Expression of FRQ-encod- A Quinic acid + QA-l 
ing RNA from the inducible qa- (inducer) (activator) 
2pFRQ construct. (A) To generate protein 
a strain in which an FRQ-encod- 
ing RNA transcript could be both 
inducible and adjustable, the qui- _A- -- / (3.5 kb) 
nic acid-inducible N. crassa pro- qa-2pFRQ 

moter, qa-2, was positioned in - - -- - -- (4.5 kb) 
front of the frq open reading fq+ - - 
frame (ORF) (22). In the presence (vIIR) fq 5' UTR frq ORF 

prote~n 
of inducer, the qa-2 promoter is 
activated by the protein QA-IF 
121). which binds DNA elements a 
depicted by small boxes shown in 
the qa-2 promoter region. Here 
the presence of inducer led to the 
production of an mRNA product 
encoding the FRQ protein. This 
heterologous frq mRNA lacked 
the frq 5' untranslated region 
(UTR), and its size is 3.5 kb, 
whereas the endogenous frq 
mRNA is about 4.5 kb. The en- 
dogenous feedback-regulated frq 
is located on VIIR. IB) Emression 

f@ 
fr$(qa-2pFRQ) 

.!-A No inducer 

of heterologous f& ' ~ R N A  in a 
frq+ strain results in an arrhythmic phenotype, but constitutive expression in frq9 cannot rescue 
normal rhythmicity. Rhythmicity of strains bearing ectopic insertions of the qa-2pFRQ construct was 
analyzed (19, 47) by inoculating strains onto race tubes containing increasing amounts of inducer 
(quinic acid. QA). Normal rhythmic expression of the experimental strain, frq+(qa-2pFRQBC#l0), 
labeled as frq+(qa-2pFRQ), was observed under conditions where inducer was below 6 x M. 
As the concentration of inducer increased, expression of the overt rhythm of conidiation was 
gradually lost. Arrhythmic behavior of the strain can be observed at inducer concentrations of 6 x 

M and greater. Control frq+ and frq9 strains, as well as a representative frq9(qa-2pFRQ) strain, 
frq9(qa-2pFRQhis-3#6), are also shown under the boundary conditions (no inducer and M 
inducer) used in this experiment (47). 

Inducer - + - + - + - 
Fig. 3. The amount of endogenous frq mRNA is 
reduced after induction of qa-2pFRQ (48). (A) 
Repression by qa-2pFRQ of endogenous frq+ 
mRNA. RNA from frq+(qa-2pFRQBCl1O) was in 
lanes 1 to 5; RNA from Afrq, a frqdeletion strain 
(frqlo) (9) grown in the absence of inducer, is in 
lane 6; and RNA from a control frq+ strain is in 
lanes 7 to 11. Northern hybridizations were 
done with a riboprobe that detects endogenous 
frq mRNA, but not qa-2pFRQ mRNA (48). In- 
ducer concentrations were as follows: Lanes 1 
and 7, no inducer; lanes 2 and 8,3 x lo-= M; 
lanes 3 and 9,10-= M; lanes 4 and 10,3 x 1 0-5 
M; lanes 5 and 11, 1.5 x lo-' M. The frq+(qa- 
2pFRQ) strain used in this experiment is the 
same isolate used in Figs. 2 and 4. (B) Repres- 
sion by qa-2pFRQ of the endogenous frqg 
mRNA. RNA from strains grown in the presence 
of increasing inducer concentration was sepa- 
rated and hybridized with the same probe as in 
(A). Lanes 1 to 4, frq9; lane 5, the frq deletion 
strain Afrq; lanes 6 to 9, frq9(qa-2pFRQhis-3- 
6); lanes 10 and 11, two additional isolates 
of frqg(qa-2pFRQhis-3), numbers 1 and 4. All 
cultures, with the exception of lanes 4 and 9 to 
11, were grown in 2.0 percent glucose; inducer 
concentrations were: lanes 1 and 6, no inducer; 
lanes 2 and 7, 3 x M; lanes 3 and 8, 1.5 
x 10-'M; lanes4and9to 11, 1.5 x 10-'M 
(no glucose). The frqg(qa-2pFRQhis3#6) iso- 
late in lanes 6 to 9 is the same strain as in Fig. 
28. (C) Expression of qa-2pFRQ mRNA. Cul- 
tures were grown the same as in (A). The RNA 
was harvested from uninduced and induced 
(1.5 x lo-' M quinic acid, no glucose) cultures 
of three isolates of frqg(qa-2pFRQhis3) and 
hybridized with an RNA probe that detected 
both endogenous and qa-2pFRQ mRNA: Isolate 
number 1, uninduced (lane 1) and induced (lane 
2); isolate number 4 uninduced (lane 3) and 
induced (lane 4); isolate number 6, uninduced 
(lane 5) and induced (lane 6); frq+(qa- 
2pFRQhis-3) uninduced (lane 7). 
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complementation of the frq9 phenotype by 
qa-2pFRQ was the result of expression that is 
not subject to feedback regulation; these 
data confirm the second prediction. 

Setting the phase of the rhythm with 
step changes of inducer. The third predic- 
tion of the feedback model was that, in a 
frq+ strain bearing an inducible copy of 
qa-ZpFRQ, a step from constitutive induced 
frq expression to the normal, feedback- 
regulated amounts, should reset the phase 
of the clock. The new phase established at 
the time of inducer withdrawal should cor- 

respond to the low point in the normal frq 
mRNA oscillation (CT 12, subjective 
evening). Additionally, it was important to 
eliminate the possibility that the elevated 
expression of frq was simply inducing conid- 
iation, thereby masking the normal expres- 
sion of the clock. To test the third predic- 
tion and to rule out the masking possibility, 
liquid culture experiments (26) were done. 
This enabled the addition and subsequent 
withdrawal of the inducer from the culture 
under conditions in which the clock could 
be monitored (Fig. 4). The experimental 

0 1 2 3 4 5 6 7 8 

Posltlon of conldlal band center In clrcadlan days after flrst L-D transfer 

Ughtdark Anhythicity Inducer-release 
drivenphase driven phase 

+ Inducer - Inducer 

Fig. 4. Step decreases in the concentration of qa-2pFRQ inducer completely reset the phase of the 
rhythm. (A) After growth in the presence or absence of inducer as appropriate, mycelial pads were 
transferred from light to dark (L to D) to set the clock and then inoculated onto race tubes to monitor 
the expression of the circadian conidial banding rhythm (49). The times (in circadian days) of the 
centers of the conidial bands are plotted against the transfer number where the transfer number 
describes a set of cultures transferred from L to D at the same time (transfer 1 = first L to D transfer, 
transfer 5 = last L to D transfer). The negatively sloped solid line plots the expected center of the 
conidial bands of the cultures if the L to D transfer is setting the phase to subjective dusk (CT 12) 
as expected (below). The dashed line marks the time of quinic acid withdrawal (+QA, -QA) and 
parallels the expected phase of banding if the step-down of QA has reset the phase of the rhythm. 
Strains and conditions used were: 0, frq+ with no QA; A,  frqt(qa-2pFRQ) .with no QA; 0, frq+ with 

M QA; and H, frq+(qa-2pFRQ) with M QA, where the distance between the bars of the 
H represents r 1 standard deviation. Error bars are not shown for the control strains for the sake 
of clarity, but in all cases were less than or equal to those of the experimental strain. (B) Schematic 
of the phase setting effects of a step decrease in FRQ inducer. Because the L to D transition sets 
the phase of the rhythm, the five groups of light to dark transfers will have 5-hour staggered phases. 
However, the addition of inducer results in an increase in ectopic FRQ-encoding transcript (solid 
black line). This acts to repress the endogenous frq rhythm and maintain constitutive and low 
amounts of endogenous frq mRNA. Release from the inducer allows re-initiation of the oscillation in 
the amount of frq transcript, beginning from the low point in the endogenous frq cycle, which 
corresponds to subjective evening (Fig. 1) .  

genotype and condition was frq+ (qa- 
2pFRQ) grown in medium containing qui- 
nic acid. The controls were frq+ grown in 
the presence or absence of quinic acid and 
frq+(qa-2pFRQ) grown in the absence of 
quinic acid. Groups of all four cultures were 
transferred from light to dark at successive 
5-hour intervals, and then all of the cul- 
tures were washed in fresh medium to re- 
move the inducer and transferred to race 
tubes to measure the phase of the rhythm 
(26, 27). The phase of control cultures 
[frq+ strain with and without inducer as 
well as the frqt (qa-2pFRQ) strain with no 
inducer] was set by the light to dark transi- 
tion, as shown by the 5-hoLr staggered 
phasing of the banding of the successive 
light-dark cultures (Fig. 4A). The final 
phase of the inducible frq strain, however, 
was not set by light. Instead, all of these 
cultures, regardless of the time of light to 
dark transfer, recovered from the quinic 
acid treatment in synchrony at an identical 
phase, the inducer release-driven phase 
(Fig. 4B). This shows that the withdrawal 
of inducer from the media, not the light to 
dark transition, dictated the phase of the 
rhythm in the experimental strain; this 
would not be the case if elevated frq was 
simply acting to mask the normal rhythm. 
Because the center of a conidial band oc- 
curs at approximately CT 0 (28), the phase 
of the rhythm at the time of quinic acid 
release could be calculated in independent 
experiments to fall between CT 9 and CT 
11.5 (subjective evening), close to the ob- 
served minimum in the normal frq oscilla- 
tion, and at the phase predicted by a feed- 
back model. Thus, induction of the qa- 
2pFRQ gene fusion strongly affected the 
phase of the rhythm; the phase was fully set 
by the withdrawal of the inducer, rather 
than the light-dark transfer. The phase was 
set to the early evening hours, similar to the 
phase established by a light to dark transfer. 
These data confirm the third prediction. 

Clock components, feedback cycles, 
and circadian rhythms. We have estab- 
lished that frq RNA and, by extension, 
FRQ lie within the feedback loop compris- 
ing the circadian oscillator. The amount of 
frq transcript in the cell is regulated by the 
clock, frq mRNA encodeslFfiQ, and point 
mutations in FRQ set the period- of the 
clock; frq must therefore determine the 
timing of its own expression through regu- 
lation of transcript synthesis or turnover. 
The characteristic loss of stable rhythmicity 
in frq loss-of-function mutations shows that 
this gene is critical for circadian rhythmic- 
ity, and the observation of high amounts of 
transcript in frq9 suggests autoregulation by 
negative feedback. We found that, elevated 
expression of qa-2pFRQ RNA depressed the 
amount of frq transcript, consistent with 
the operation of negative feedback. These 
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characteristics, however, could equally ap- 
ply to a gene or gene product that is 
feedback-regulated independent of the 
clock and acts to supply a critical substrate 
for the (separate) circadian oscillator, or to 
maintain an intracellular milieu compatible 
with rhythmicity (29). To resolve this is- 
sue, it was additionally determined that 
rhythmic expression of frq, rather than 
simple constitutive expression, was essen- 
tial for rhvthmicitv: this result is inconsis- , , 
tent with frq playing a support role. Finally, 
it was shown that steo reductions in aa- 
2pFRQ expression were sufficient to set the 
phase of the circadian clock to a unique 
point corresponding to subjective dusk, the 
point predicted for a circadian oscillator 
bearing frq transcript as a component. Col- 
lectively these data satisfy the essential re- 
quirements needed to establish that a puta- 
tive clock factor is a bona fide component, a 
state variable. of a circadian oscillator. 

~ncreasin~amounts of frq mRNA in the 
frqf, frq7, and frq9 allelic series is consistent 
with the proposal that long period length 
mutants are hypomorphic (9). Thus, one 
function of frq is to regulate its own expres- 
sion. Loss of this function results in run- 
away expression of frq mRNA as shown in 
the frq9 case. From this perspective, the frq7 
mutation would result in a protein with 
partial loss of this autoregulatory function. 
More mRNA must accumulate before the 
requisite amount of protein activity is pro- 
duced for autoregulation, resulting in a 
longer cycle (29 hours instead of 21.5 
hours). 

The phase of peak frq mRNA occurs at 
CT 0 to 5, which corresponds to subjective 
earlv morning. This coincides with oeak 
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mRNA amounts of the morning-specific 
clock-controlled genes targeted for regula- 
tion by the clock: ccg-1, ccg-2 (18, 30), 
ccg-4 (3 I) ,  and ccg-7 (32). It is not clear 
whether FRQ is acting directly or indirectly 
(through the clock) to regulate these clock- 
controlled genes. The similarity of peak 
times of mRNA accumulation is consistent 

with rapid translation of frq mRNA and the 
subsequent direct action of FRQ upon ex- 
pression of the clock-controlled genes. Be- 
cause the products of several morning-spe- 
cific ccg's have been associated with the 
conidiation process (31, 33), a develop- 
mental pattern regulated by the clock, the 
observation that constitutive elevated ex- 
pression of frq tended to promote more 
conidiation (Fig. 2) is consistent with a 
direct role of FRQ in activating these 
genes. Alternatively, the near coincidence 
of the peaks of frq and ccg expression could 
reflect the simultaneous action of other 
factors that oromote the exoression of both 
frq and the ;lock-controllei genes. 

The time of day at which steady-state 
amounts of frq mRNA reach a peak coin- 
cides with the phase at which the N. crassa 
clock shows maximum sensitivitv to inhib- 
itors of transcription and translation (27, 
34, 35). This suggests that it may be the 
RNA and protein products of frq that are 
the direct targets of these clock-resetting 
agents and that the generalized resetting 
effects of chemicals such as these (36) may 
be visualized in terms of their effects in dis- 
rupting a feedback loop. Two effects seen at 
low frq induction in the frqf background, the 
gradual loss of rhythmicity observed during 
continuous exoosure to low concentrations of 
inducer and tLe lack of period effects, remain 
unexplained. It may be that FRQ is quite 
unstable and requires more than a day to 
reach an effective concentration. Although 
effects on the period might have been expect- 
ed based on per gene dosage studies in Dro- 
sophila (37), N. crassa heterokaryons carrying 
a nuclear ratio of 10 percent frqf and 90 
percent frq9 have normal period lengths (19). 
Generally, dosage effects on period length are 
not reauired bv all multicomoonent mathe- 
matical models describing temperature-com- 
oensated oscillators. 

On the basis of our data on the regula- 
tion of frq, we propose a model of the 
feedback oscillator generating the N. crassa 
circadian rhythm (Fig. 5) in which frq 

Fia. 5. A schemat~c diaaram of a cell Cell \ 

exLressing a circadian r iy thm.  The frq 
gene encodes the FRQ protein that has 
multiple roles, of which the best estab- 
lished is to regulate, probably through 
intermediates, the amount of frq mRNA 
as a part of the negative feedback loop 
that constitutes the circadian oscillator. 
The other role is to activate (perhaps 
directly or more probably indirectly 
through other clock components) genes 

/ protein IC 

- Nucleus - 

such as the clock-controlled genes 
(ccg's) that are transcriptionally regulat- 
ed (30), and other processes required 
for the overt expression of the rhythm. 
CCRE, the circadian clock responsive element or "clock box" (2, 5), is the DNA element that 
mediates the action of clock-regulated transcription factors on clock-controlled genes; these are 
associated with the ccg's, inferred for frq, and may be different for different genes. 

transcript and its product are envisioned as 
components, state variables, of the clock. 
The clock is functional in single germinated 
conidiospores on both solid and liquid me- 
dia (38) and is thus a product of intracellu- 
lar regulation. The frq gene and product 
have multiple roles; although autoregula- 
tion of frq transcript is seen as central to the 
clock mechanism and our data confirm the 
importance of transcript cycling for the 
rhythm, they do not yet prove that this 
cycling is derived solely through regulation 
of the frq promoter as suggested in Fig. 5. In 
no case is the actual number of regulatory 
steos within the clock or from the clock to 
a controlled process known; specifically the 
existence of other state variables within the 
clock is anticipated (39). Although all 
transcriptionally regulated clock-controlled 
genes will possess circadian clock respon- 
sive elements (CCRE's) (Fig. 5) (2, 5), 
these DNA elementi mav be different for 
different genes activated at different times. 
Several of the clock-regulated genes are also 
regulated by light, both acutely and indi- 
rectly through light regulation of the clock 
(4, 31, 33, 40). 

The feedback loop defined here is distin- 
guishable from one involving the Drosophila 
gene period (15, 41). First, although per 
mRNA oscillates with a periodicity regulat- 
ed by the clock, its peak in expression is in 
the early evening, roughly antiphase to that 
seen- here for frq. Second, the negative 
feedback of clock protein-encoding RNA 
on the amount of clock gene transcript that 
was shown explicitly here for frq and FRQ 
has only been inferred for per (41), whereas 
the clock protein rhythm known for PER 
(14) has only been inferred for FRQ. Third, 
the feedback regulation of FRQ (either 
transcriptional or post-transcriptional) that 
results in the cycling offrq transcript is seen 
here as central to the oscillator. Production 
of PER from a heat shock promoter under 
constant elevated temperature is sufficient 
to complement a per null mutation (42); 
these and other data have suggested that 
rhvthmicitv in transcriot concentration 
may not be required for rhythmicity. How- 
ever, the protein coding region of the per 
gene may cany DNA elements sufficient to 
direct rhythmicity in its transciipt (43). If 
so, it may be that expression of PER,fr?im a 
heat shock promoter is not constitutive, but 
rhythmic after all, a finding that would serve 
to reemphasize the importance of the RNA 
transcript oscillations here shown to be es- 
sential for the Neurospora clock. Last, be- 
cause rhythms in N. crassa are seen in dilute 
freshly germinated spore cultures and in 
undifferentiated syncytia (2, 38), the frq 
feedback loop is intracellular, whereas it has 
not yet been possible to determine whether 
the proposed per-associated loop is complete- 
ly contained within individual cells. 
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Despite these distinctions, however, 
several important common features describ- 
ing circadian rhythms and clock genes re- 
main. Both of the genetically pertinent 
clock genes, frq and per, are self-regulating 
in terms of their transcripts, and in the case 
of frq we have shown that this self-regula- 
tion naturally follows from the position of 
FRQ within the loop comprising the clock. 
In frq and per, these rhythms in transcript 
cycling are associated with, and at least for 
frq, essential for, the overt rhythms. Other 
regulation, post-transcriptional and transla- 
tional (44), will surely be required for the 
assembly of a compensated, entrainable 
clock, as these transcripts are turned into 
trans-active proteins that are, in time, 
turned over. These transcript and protein 
cycles provide a ready explanation for the 
universal effectiveness of transcriptional 
and translational inhibitors in clock reset- 
ting. This universality, in turn, suggests 
that the clock-gene transcript and protein 
cycling seen and implied here may be a 
universal feature of circadian oscillators. 
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spanning approximately one circadian cycle. 
Three hours after the last light to dark transfer, the 
pads were blotted of excess media and were 
washed in 75 ml of 0.1 percent glucose, 0.17 
percent arginine, I x Vogel's salts (pH 6.0) [R. 
Davis and D. deserres, Methods Enzymol. 27A, 
79 (1970)l. After blotting excess wash media, the 
pads were inoculated onto race tubes containing 
the same media used to wash the pads plus 1.5 
percent agar. The sidereal time of the center of 
conidial bands was determined with an automat- 
ed program (7) and was then normalized to 
circadian days to adjust for small differences in 
period length (7) [in this experiment, T of frqf(qa- 
2pFRQ) = 23.2 and T of frqf strain = 23.01. 
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