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The circadian system in Neurospora remains a premier model

system for understanding circadian rhythms, and evidence has

now begun to accumulate suggesting broad conservation of

rhythmicity amongst the filamentous fungi. A well-described

transcription–translation-based negative feedback loop

involving the FREQUENCY, WHITE COLLAR-1 and WHITE

COLLAR-2 proteins is integral to the Neurospora system.

Recent advances include descriptions of the surprisingly

complex frequency transcription unit, an enhanced

appreciation of the roles of kinases and their regulation in the

generation of the circadian rhythm and their links to the cell

cycle, and strong evidence for an additional WHITE COLLAR-

associated feedback loop. Documentation of sequence

homologs of integral circadian and photoresponsive proteins

amongst the 42 available sequenced fungal genomes suggests

unexpected roles for circadian timing among both pathogens

and saprophytes.
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Introduction
Fungi employ a variety of lifestyles from saprophytic to

pathogenic in order to occupy an extremely wide variety

of habitats. Most fungi however, whether free-living or

residing in a plant or animal, share a dimension of their

environment that is so pervasive that it is easy to take it

for granted: this dimension is time, and for most organ-

isms the dominant aspect of time is imposed by the

earth’s rotation, the daily cycles of light and dark and

of warm and cool that influence activity or rest in animals,

and photosynthesis and carbon utilization in plants. Like

most organisms and nearly all eukaryotes, fungi express

single cell-based biological clocks that enable them to

track internal time and to anticipate dependable environ-

mental changes. The timing mechanism that facilitates

this is known as the circadian system. It is comprised of a
www.sciencedirect.com
circadian oscillator and its associated inputs and outputs,

and its product is a circadian rhythm.

Stepping back for a moment, it should be acknowledged

that fungi can express a variety of rhythms with various

period lengths and characteristics. Glycolytic oscillations,

with a period length of minutes and based on the feed-

back of metabolic products of glycolysis on enzymes,

were described decades ago (reviewed in [1]) and, more

recently, metabolic rhythms in yeast with period lengths

of hours have been generated by careful control of growth

conditions [2]. Such cycles are of interest in understand-

ing the greater principles that govern cellular metabolism.

On a longer time scale, rhythms in growth and sporulation

that have period lengths in excess of 100 h have been

produced in filamentous fungi including Aspergillus, Lepto-
sphaeria and Neurospora, by manipulation of genetic back-

ground and nutrition [3,4], and lichens can display growth

rings with period lengths exceeding decades. All these

cycles share some traits in that they are not generally

responsive to environmental signals such as light and

temperature changes and, importantly, their period

lengths are highly dependent on ambient temperature

and nutrition. Whereas the biology of such cycles is

interesting, in most cases they almost certainly reflect

some aspect of biology that is peculiar to the organism and

not shared widely with other living things [5]. Between

these extremes are circadian rhythms, all of which by

definition share characteristics that aid in their utility to

the host organism: circadian rhythms have a period length

close to 24 h, can be reset (‘entrained’ in circadian termi-

nology) to exactly 24 h through periodic light or tempera-

ture cues, and have period lengths that are relatively

insensitive to nutrition or ambient temperature within

the physiological range (‘temperature compensation’). In

the fungi, true circadian rhythms have been described in

growth rate, aerial hyphal formation and sporulation,

sexual development, CO2 evolution and in expression

or activity of a host of genes and enzymes (reviewed

in [6,7].

By far the best understood circadian system in fungi is

that of Neurospora, in which clock-mutant strains were

identified concurrently with those in Drosophila [1]. Mole-

cular analysis of the Neurospora circadian system was

initiated shortly after that of Drosophila in the mid

1980s and resulted in the cloning of the clock gene

frequency ( frq) [8] and the completion of global screens

for clock-controlled genes called ccgs [9]. In the 1990s,

molecular manipulations of frq expression showed frq to

encode a central component of the core oscillator itself,
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and many additional clock genes (now more than 10) have

since been characterized and cloned. With a genetic

framework in place, steady progress has been made in

understanding the molecular bases for sustainability of

the rhythm, period length, resetting of the circadian

system by light and temperature cues, and for gating of

input cues (reviewed in [10–13]). Recently, Neurospora
has been suggested as a useful model for understanding

photoperiodism [14], and is proving to be a valuable

system for examining the role of coupled feedback loops

in clocks, and for defining global features of circadian

output. The presently advanced state of understanding of

the Neurospora clock system provides a base from which

to view clocks in other fungal systems. This review

presents an overview of the known components of the

Neurospora circadian oscillatory system, and looks at how

some of these components are conserved amongst other

fungi. From this perspective it is possible to step back and

look at the entire circadian system in Neurospora.

How the molecular elements in the circadian
oscillator of Neurospora keep time
The Neurospora clock includes a genuine timekeeper in

which a slow molecular negative feedback loop based on

transcription and translation operates in real time over

the course of approximately a day. The principal com-

ponents of this loop are two proteins, WHITE COL-

LAR-1 (WC-1) and WHITE COLLAR-2 (WC-2), that

act together as a transcription factor (the WCC) in order

to drive expression of another protein, FREQUENCY

(FRQ) that, once made, acts to repress the activity of

WC-1 and WC-2. Very recently, a second feedback loop

also using the WCC but not FRQ has been observed

[15��] and is discussed below, following description of the

better-understood mechanisms. These core elements

operate in the context of and are supported by many

other proteins, and most investigators believe that this

feedback loop actually generates time information. In

this way, the state of the various molecular components,

as seen in Figure 1, provides a glimpse of the subjective

time in the cell.

frq is transcribed

By late subjective night (Figure 1, around point D), most

of the FRQ protein in the cell has become unstable and is

being degraded and frq mRNA levels are low. WC-1 and

WC-2 act together by binding to a specific sequence (the

Clock Box [16]) on the frq promoter in order to drive

transcription, and protein-encoding frq transcripts appear

by between late night and morning (Figure 1, between E

and A). The transcription and processing of the protein-

encoding frq transcripts is itself an interesting topic

because frq represents one of the most complex loci

known in microbes. A long but non-coding antisense

frq transcript, qrf (for frq backwards), is rhythmically

expressed at low levels with a peak phase opposite to

that of frq, is light-induced and appears to play a role in
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ensuring precise entrainment to light and dark cues [17].

Sense frq RNAs arise from two distinct start sites driven

by a promoter that can be regulated both by light and time

of day [16,18]. A first intron can be spliced using one of

two 50 donor sites with the same 30 acceptor, and the

second intron is alternatively spliced in a temperature-

dependent manner, altogether giving rise to six major

identifiable transcripts the abundance of which reflects

the environmental conditions [19�,20�]. The alternatively

spliced second intron contains the first AUG codon of the

FRQ ORF, so this temperature-influenced splicing deter-

mines the mix of long (989 amino acids) and short (889

amino acids) FRQ proteins that are translated

[19�,20�,21,22], and their amount also varies with tem-

perature. Both long and short FRQ proteins are needed

for the best robust rhythmicity, but at temperatures below

22 8C, more short FRQ is used and, overall, less FRQ is

needed, whereas at temperatures above 26 8C, higher

overall levels FRQ are needed, and long FRQ is pre-

dominantly used [22]. Despite this regulation, distinct

molecular functions for the FRQ isoforms are not yet

described. Both forms are equally stable, and modulation

of translation by temperature is governed by upstream

ORFs in the 50 untranslated region of frq [19�,20�].
Although this complicated temperature regulation of

the forms and amounts of FRQ does not play a role in

temperature compensation, it does seem to help in keep-

ing the phase of the rhythm steady across a temperature

range (A Diernfellner, H Colot, J Dunlap and M Brunner,

in preparation). Instead, temperature compensation

appears to derive from a balance between transcript

synthesis and turnover of clock components, especially

FRQ [23�], and is strongly influenced by levels of certain

kinases (A Mehra, M Shi, J Loros and J Dunlap, unpub-

lished).

FRQ is made, acts and is acted upon

By early subjective morning, within a few hours of when

its transcript appears, FRQ proteins are synthesized [21],

and they dimerize [24] and interact with the RNA heli-

case FRH [25��] before entering the nucleus [26] where

they fulfill their first and major role in the biological clock.

FRH is a member of the SKI2 subfamily of RNA heli-

cases, and its closest homolog is the Mtr4/Dob1 helicase

found in the Saccharomyces exosome, a complex of 30–50

exonucleases involved in RNA maturation and quality

control [27]. Within the nucleus, specific interactions

occur between the FRQ–FRH complex and the WCC

(Figure 1, point B) [28–30] that block the activity of the

WCC [16], probably by affecting the phosphorylation

status of either or both WC-1 and WC-2 (see Update)

[31��,32��,33�]. As a result, by mid-subjective day WCC

activity declines to its lowest level [16,34], and this

dampened expression of frq RNA also causes its level

to begin to fall. FRQ synthesis continues as long as frq
mRNA is present, and so the peak in FRQ levels occurs

near the end of the day.
www.sciencedirect.com
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Figure 1

Molecular events in the FRQ–WCC based oscillator over the course of a circadian cycle. On the top are shown the daily cycles in levels of frq

mRNA, FRQ protein and WC-1 protein in constant darkness; subjective day and night are marked by white and black bars. The bottom panel

shows the sequential molecular actions and interactions in the oscillator; dotted lines connecting the top with the bottom panel show when

these events happen over the course of a day. ‘P’ indicates phosphorylation of a protein. Straight solid arrows show positive action, dashed

arrows show negative effects, and wavy arrows show activation by light. See text for more details. Figure adapted from [12] and from National

Academies Keck Futures Initiative Signaling National Conference, http://63.251.167.36/nakfi/progressive/GeneticandMolecularDissectionofE/

index.htm.
As soon as FRQ appears, it begins to be phosphorylated

by several kinases — CKI, CKII (casein kinase I and II),

CAMK1 (calcium/calmodulin-dependent protein kinase

1) and conditionally by PRD-4 (period-4) — that deter-

mine its stability [35–39,40��]. Phosphorylation of FRQ

serves to facilitate interaction of FRQ with the SCF

(Skp1-Cul1-F-box-protein)-type ubiquitin ligase FWD-

1 that eventually targets FRQ for turnover in the nucleo-

some (Figure 1, around point D) [41], and FWD-1 is later

recycled through the action of the COP9 signalosome

[42�]. FRQ phosphorylation might also influence FRQ–

WCC interactions [37]. Overall, frq mRNA levels peak in

the subjective mid-morning [43,44], about 6 h before the

peak of total FRQ that occurs in the late afternoon [21].
www.sciencedirect.com
The rate of phosphorylation of FRQ is an important

determinant of period length, and it’s now clear that

environmentally induced changes in phosphorylation

can affect period and can also reset the clock (e.g. see

[40��]). This came to light when a mutant clock gene, prd-
4 was cloned and shown to encode the important cell

cycle regulator checkpoint kinase-2 (CHK2). Expression

of prd-4 is clock-regulated, and when activated by DNA

damage, PRD-4 phosphorylates FRQ (to reset the clock),

as well as cell cycle regulators to stop the cell cycle. The

clock thus gates both its own response and the response of

the cell cycle to DNA damage, an observation that might

help to explain the role of the circadian system in tumor-

igenesis in mammals (e.g. see [40��]).
Current Opinion in Microbiology 2006, 9:579–587
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Although FRQ enters the nucleus soon after its synthesis

in order to fulfill its initial and perhaps dominant clock

role in depressing its own synthesis, a third role of FRQ

relies on its continued presence in the cytoplasm, as well

as on its phosphorylation. Later (Figure 1, around point

C), probably triggered by previous phosphorylation

events of FRQ at different sites, FRQ becomes phos-

phorylated at Ser885 and Ser887, and this enables it to

promote accumulation of WC-1 [45�]. Because WC-1 is

stabilized by its interaction with WC-2, an attractive

model is that appropriately phosphorylated FRQ fosters

the assembly of the WCC. In this way, a relatively

invariant pool of spliced wc-1 mRNA arising from several

promoters [46] yields a low amplitude (and apparently

dispensable) rhythm in WC-1 [28,34]. It should be noted,

however, that additional mechanisms must contribute to

this low-amplitude dispensable rhythm as it is still seen in

frq-null strains [15��]. If this was not enough for one

protein to do, FRQ also promotes the expression of wc-
2 mRNA [28,31��,47], although WC-2 levels are consti-

tutively high in any case [29].

The end results of all these functions of FRQ result in a

stable and robust cycle: early action results in negative

feedback (Figure 1, point B), late action promotes the

appearance of both WC-1 and WC-2 (Figure 1, point C) so

that WCC is maintained at an elevated level but, more-

over, is held inactive [16,29,34] through the action of FRQ

in promoting the phosphorylation of the WCC [31��].
Eventually the precipitous phosphorylation-mediated

turnover of FRQ (Figure 1, point D) releases the WCC

and it can then be recycled to an active state through the

action of protein phosphatases. Once active it is able to

reinitiate the transcription of frq mRNA in the next cycle

(Figure 1, point E).

Light and temperature changes can reset the clock

(reviewed in [11,48–50]). Temperature appears to act

within the oscillator by affecting the levels of components

[51], whereas light resets the clock by acting on and

through the blue light photoreceptor WC-1 [18,52],

apparently causing a change in the quaternary state of

the WCC at the frq promoter [18]. When cells are held in

darkness and then exposed to light, there is a sudden

burst of frq transcription [44] that pushes the clock from

any point in the cycle to around point A in Figure 1.

Under natural light–dark cycles the VVD (a flavoprotein

and auxiliary photoreceptor) protein [53] dampens this

response at dawn, thereby enabling the clock to continue

keeping time during the day so that the clock is reset at

dusk [54�].

Modeling the Neurospora clock

The overall kinetics of the circadian cycle fits remarkably

well with this simple conceptual model. A time of 3–6 h is

required for FRQ synthesis and 14–18 h for recovery from

FRQ repression by processing and degradation [55]. This
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consistency, in addition to the advanced state of under-

standing of interrelationships among components of the

Neurospora clock, has fostered development of mathema-

tical models that enable critical analysis of the assump-

tions which underlie the intuitive models the original

molecular experiments were driven by [56–59]. These

models have underscored the similarities between fungal

and animal circadian systems [60], and are providing

insights into some of the more cryptic clock properties,

such as temperature compensation [23�,61,62].

Roles for other oscillators?

As noted in the introduction, if cultured in just the right

way, many fungi including Neurospora, are able to exhibit

long period oscillations that, nonetheless, fail several of

the essential criteria for being classed as circadian. These

rhythms do not require FRQ and are collectively known

as FRQ-less oscillators or FLOs [63]. The question of

whether these rhythms are the key to understanding

circadian clocks or just a manifestation of organism-spe-

cific biology that can operate in parallel to the circadian

oscillator is difficult, and perhaps irresolvable (e.g. see

[64�–66�]). Having been summarized elsewhere [11,67] it

won’t be further discussed here because of space con-

straints.

Very recently though, evidence has emerged for a novel

oscillator in Neurospora that requires the WC proteins but

not FRQ. A microarray study [68] identified several genes

encoding cycling transcripts with unusual phases, and one

of these (now called ccg-16) cycles in constant light and in

frq-null strains, but not in Dwc-1 or Dwc-2 strains [15��].
Although the evidence for temperature and nutritional

compensation are not yet robust — period lengths can

only be estimated from time-series samples of RNA

assayed by Northern blot analysis — the data suggest

the presence of an additional feedback loop (initially

called the WC-FLO) involving the WC proteins and

possessing circadian properties. The mechanism of such

an oscillator is anyone’s guess, but as FRQ is not required,

we might (tentatively) call this new oscillator the un-FRQ

oscillator (yes, the UFO!).

Conservation of the transcription–translation
feedback loop circadian mechanism
The basic layout of the transcription–translation feedback

loop described above is well conserved between Neuro-
spora and the animals (reviewed in [1,69]), and WC-1 is

both a functional homolog and a weak sequence homolog

of mammalian BMAL1 (brain and muscle Arnt-like pro-

tein-1) [34,70]. This mechanism is also consistent with

another universal observation from the pre-molecular era:

that in all circadian clocks examined there is a time of day

when proteins must be made (e.g. see [71]). Both plant

and cyanobacterial clocks, however, appear to be distinct

from the fungal and animals clocks, both in terms of

components and, perhaps more compellingly, in the
www.sciencedirect.com
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general layout of the loops (reviewed in [1,72]). The

existing models cannot of course explain every detail

from every circadian system, and this is interpreted by

some [73] to mean that the true mechanism has yet to be

elucidated. Nonetheless, the success of conceptual mod-

els lies in their ability to explain and predict, and by these

criteria the existing transcription–translation models are

eminently successful.

How conserved are these clocks amongst the fungi?

A large amount of environmental biology exists describ-

ing daily and annual cycles of airborne spores for instance

[5], but such rhythms could easily be environmentally

driven by winds or the light–dark cycle and cannot be

taken as evidence of biological rhythms. Although older

surveys exist [4,74], the literature describing genuine

circadian rhythms amongst the fungi is both limited
Figure 2

Conservation of FRQ, WC-1 and WC-2 amongst the fungi. Shown is a phylo

fungi with sequenced genomes positioned. BLAST scores — precomputed

individually through the Broad Institute (http://www.broad.mit.edu/annotatio

sequences in sequenced genomes to Neurospora FRQ, WC-1 and WC-2. O

and a score of �200 reflects greater similarity than a score of �100. When

is noted. No attempt was made to further examine similarities in domains o

parentheses reflect similarities than may not extend over the entire protein a

www.sciencedirect.com
and largely several years old (predating PubMed), and

so it’s largely inaccessible to today’s computer-tethered

armchair scholars. Well-studied bona fide circadian

rhythms exist in the Zygomycete Pilobolus [75], and

growth or developmental rhythms are known in a variety

of filamentous Ascomycetes (reviewed in [4]), although

most of these fail several of the requisite tests for being

classed as a circadian clock (discussed in [11,67]). The

only novel true fungal circadian rhythm described

recently is an entrainable temperature-compensated

rhythm of sclerotia formation in Aspergillus flavus [76],

and in the same study an enzyme rhythm was also

described in Aspergillus nidulans.

Given this paucity of literature and the contrasting depth

of knowledge describing the Neurospora clock, a better

approach might be to look for conservation of known
genetic tree of the fungi with major groups noted and all filamentous

by SIMAP at MIPS (http://mips.gsf.de/genre/proj/fungi/) or done

n/genome/neurospora/Blast.html) — reflect homologies of protein

nly the exponents of scores are marked, thus 0 reflects near identity

paralogs were found in some species only the highest scoring member

r to confirm the biological significance of the relatedness. Numbers in

nd might therefore not be biologically informative.
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http://63.251.167.36/nakfi/progressive/GeneticandMolecularDissectionofE/index.htm
http://www.broad.mit.edu/annotation/genome/neurospora/Blast.html


584 Growth and development
clock components. This has been pursued at various

levels from full functional complementation, using homo-

logs from different genera [77], to simple sequence com-

parisons [78–80]; but, given the precedent from the

former, the sequence comparisons might be a reasonably

valid basis for comparison — and are much easier to

perform. An update of this for the 42 sequenced fungal

genomes (Figure 2) revealed some solid and interesting

evolutionary trends.

Elements of the entire FRQ–WCC feedback loop are

found sporadically, but not universally among the Pezi-

zomycetes (formerly the Euascomycetes), and as far afield

as Stagonospora and Leptosphaeria in the Loculoascomy-

cetes. At first glance it appears that all the components for

complete FRQ–WCC-based feedback loops are univer-

sally seen among the Sordariaceae, with the possible

exception of Chaetomium (although given the otherwise

strong conservation there is cause to suspect a sequencing

error in this case). Thus, we might expect clocks like that

seen in Neurospora in a variety of important plant patho-

gens (e.g. Fusarium, Sclerotinia, Cochliobolus and Magna-
porthe), and a few opportunistic animal pathogens such as

Fusarium oxysporum). Genes involved in biological clocks,

as well those involved in light perception appear to have

been lost in the wholesale reduction in genome size seen

in the yeasts.
Figure 3

An overview of the Neurospora circadian system showing the oscillators ge

environmental cues in order to coordinate the life of the organism. Solid line

lines those that are predicted, or that might reasonably exist. Adapted from

Conference (http://63.251.167.36/nakfi/progressive/GeneticandMolecularDis
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Light-sensing mechanisms appear to be widely con-

served amongst the fungi. Although Neurospora [81]

and Aspergillus [82�] contain phytochromes sensitive to

red light, only blue light is known to reset the clock, and

this is detected by the flavin-based circadian and blue-

light photoreceptor WC-1 [18,52]. WC-1 is strongly con-

served at the level of sequence, not just in the Pezizo-

mycetes but throughout the fungi as far afield as the

Basidiomycetes (mushrooms) and Zygomycetes (e.g.

Mucor, Phycomyces and the black bread mold Rhizopus)
and even in the Hemiascomycete yeast Yarrowia. And

the conservation isn’t just in the sequences: recently, a

cottage industry has grown up around proof of functional

conservation, with genuine blue-light photoreception

seen to be the function of WC-1 homologs in the Asco-

mycetes Magnaporthe [83�] and Trichoderma [84], the

Basidiomycetes Cryptococcus [85�,86��] and Coprinus
[87�], and the Zygomycetes Phycomyces [88��] and Mucor
[89�], demonstrating that indeed, in the fungal kingdom,

light is sensed through a conserved mechanism [86��].
Lastly, given wide phylogenetic conservation of the WC

proteins and the recent identification of circadian

rhythms in strains lacking FRQ (Aspergillus [76] or Neu-
rospora mutants [15��]), it might be that rhythms in the

fungi can also be based in part on an oscillator, in some

ways distinct from the well understood FRQ–WCC

oscillator, for instance the UFO.
nerating time information and the networks integrating this with

s reflect known feedback loops or regulatory relationships and dotted

National Academies Keck Futures Initiative Signaling National

sectionofE/index.htm).
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Conclusions: the circadian system
The circadian oscillator that has been discussed here

receives inputs of ambient light and temperature, which

enable it to adjust its phase so that the internal day

matches the external day, and then uses the time infor-

mation it generates to regulate the life of the cell and of

the organism as a whole. This circadian system generates

the circadian rhythm.

Much is known about output and is reviewed elsewhere

[6,7], so its full description is beyond the scope of this

review. An important point, however, is that when the

FRQ–WCC loop is functional, outputs such as conidia-

tion or enzyme activities tend to be circadianly regulated,

whereas when FRQ is lost, the outputs lose their circadian

rhythmicity (e.g. compensation, light entrainment and

persistence) although in some cases retaining some rhyth-

micity. A good example is a rhythm in nitrate reductase

activity that is circadian in wild type cells but persists in

Dfrq and in Dwc strains, albeit having lost some circadian

characteristics [90]. A satisfying and possibly correct way

to view such rhythmic output in the context of the

circadian the system is shown in Figure 3. Here the well

known FRQ–WCC oscillator and the plausible newly

described UFO are at the core, and serve both to directly

drive some gene expression and enzyme rhythms as well

as to coordinate the activities of various FLOs involved in

output, rendering their activities truly circadian. Light

input is mediated through FRQ and temperature input

through both the FRQ–WCC and UFO. Collectively,

these drive rhythms then govern the biology of the whole

organism in a coordinated way.

Update
After submission of this review an additional paper has

appeared documenting the importance of phosphoryla-

tion to the operation of the negative feedback loop [91�].
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