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I. Introduction: Neurospora crassa is
an Important Model Organism for
Research in Circadian Rhythms

Many organisms have evolved an anticipatory
mechanism called the circadian clock to predict
the consistent and dramatic daily changes in the
levels of light, temperature, and UV radiation
imposed by the Earth’s rotation. Importantly,
there is a strong correlation between the mainte-
nance of a molecular clock that generates circa-
dian (around 24 h) oscillations in a variety of
behavioral and molecular processes and the
biological fitness of an organism. For example,
when different cyanobacteria strains are grown
together, the strain whose circadian period is
most closely aligned to an artificially generated
light-dark cycle will outcompete the other
strains to become the predominant organism in
the environment (Ouyang et al. 1998). In addi-
tion, squirrels and chipmunks with functioning
clocks have a higher survival rate against preda-
tors as compared to those with a dysfunctional
circadian clock (DeCoursey et al. 1997, 2000;
DeCoursey 2014). Proper circadian timing
also increases the virulence of some fungi during
plant infection (Hevia et al. 2015). Indeed, we
know that innumerable biological functions are
timed by the clock to occur at their optimal
phase of the day (e.g., Hurley et al. 2014, 2018;
Panda et al. 2002), and the benefits of these
circadian rhythms have led them to be conserved
in almost all branches of life (Dunlap 1999).
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In identifying the behaviors that are regu-
lated by the circadian clock, researchers have
set four main criteria for an oscillation to be
defined as truly circadian (Johnson et al. 2004).
First, the period of the rhythm must be at or
near 24 h, thereby coinciding with the external
24 h day/night cycle on Earth. Second, the
rhythm must be entrainable, meaning that it is
responsive to external cues, such as light, which
can reset its phase relative to the current envi-
ronment. For example, when traveling to a dif-
ferent time zone, a person will gradually begin
to wake up at the local dawn time as a result of
their internal clock adjusting to local lighting
cues, rather than continue to wake up during
the dawn phase of their previous time zone.
Third, the rhythm must be able to persist with-
out external cues. This characteristic demon-
strates that the rhythm is an endogenous,
anticipatory process and not simply a response
to changes in the environment. Finally, the
rhythm must be able to maintain a consistent
period under different environmental condi-
tions, a property called compensation. Since

biochemical reactions speed up at higher tem-
peratures, if the circadian clock were not buff-
ered, then it would yield a shorter period and
would not be a good pacemaker. While there
are numerous biological oscillations in organ-
isms, only those rhythms that meet these four
criteria are considered circadian (Johnson et al.
2004).

As circadian clocks appear to have evolved
independently in only a few cases, there is a
high degree of similarity between the mechan-
isms that time the clocks of fungi and other
higher eukaryotes, e.g., mammals and the fruit
fly Drosophila, making N. crassa an excellent
model system in which to study these clock
mechanisms (Crosthwaite et al. 1997; Dunlap
1999; Bell-Pedersen et al. 2005; Dunlap and
Loros 2017). Much of the foundational research
into the molecular mechanism underlying cir-
cadian clocks in higher eukaryotes occurred in
the filamentous fungus N. crassa (Dunlap 2008;
Dunlap and Loros 2017; Loros 2019). A mutant
in N. crassa, which displayed a “banding” devel-
opmental growth pattern on race tubes was
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Fig. 4.1 Race tubes and the bd mutation enable period
and phase analysis in Neurospora crassa. A race tube is
a tool used to measure the overt phenotypic rhythm of
banding strains of N. crassa. A hollow glass tube is bent
upward at both ends and filled with molten agar growth
media, as shown at top. Once the media has cooled and
solidified, an N. crassa strain with a band (bd) back-
ground is inoculated at one end and then grows later-
ally down the tube. As the bd strain grows, it will
periodically (in time with the circadian cycle) form

U

aerial hyphae and conidia, shown here as the orange
clumps. The race tube is marked once every 24 h at the
growth front. The periodicity of the aerial hyphal for-
mations is directly tied to the period of the clock. Race
tubes can be scanned and densitometric analysis of
these race tube images can be used to measure the
time between successive bands to predict the period
of the strain, as shown at bottom. Image courtesy of
Joshua Thomas
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among the earliest observable evidence that
organisms have an internal circadian clock
(Fig. 4.1) (Brandt 1953; Pittendrigh et al
1959). This band (bd) strain is characterized
by zones of hyphal growth alternating with
daily “bands” or clumps of conidia during con-
stant dark conditions. We now know that this
banding phenotype is related to an increase in
the expression of some genes (e.g., the conidial
regulation protein fluffy) in response to an
increase in reactive oxygen species (ROS), due
to a mutation in the gene ras-1 (Fig. 4.1) (Bel-
den et al. 2007a).

A rapidly growing and non-pathogenic
fungus that is easy to genetically manipulate,
N. crassa has been a strong genetic model sys-
tem since the work of George W. Beadle and
Edward Tatum on metabolic mutants (Beadle
and Tatum 1941). N. crassa can reproduce both
sexually and asexually, depending on environ-
mental cues such as light and nutrient availabil-
ity, allowing for its efficient use in genetic
research (Tan et al. 2004; Filippovich et al.
2015). With its strength as a genetic system, as
well as the bd mutant phenotype allowing for
easy detection of rhythms, N. crassa has served
as an important model organism in the clocks
field for over half a century (Dunlap et al. 2007;
Dunlap and Loros 2017). In more recent years,
technological advancements have yielded a
fully sequenced genome and the development
of further molecular tools will ensure that N.
crassa remains an important model organism
in the clocks field for years to come (Galagan
et al. 2003; McCluskey et al. 2010).

The conserved circadian timekeeping appa-
ratus in higher eukaryotes, uncovered in large
part due to research in N. crassa, appears to be a
transcriptional-translational negative feedback
loop (TTFL) that forms a molecular oscillator
or core clock (Dunlap and Loros 2018; Hurley
et al. 2016a). At subjective dawn, the transcrip-
tional apparatus of the TTFL, the positive arm
protein complex (in N. crassa  White Collar-1
(WC-1) and White Collar-2 (WC-2)), binds to
the promoter region of one of the genes
involved in the repressive part of the TTFL,
the negative arm protein complex (in N. crassa
Frequency (FRQ) and Frequency-interacting

RNA helicase (FRH)), and activates its tran-
scription (Fig. 4.2). The positive arm also acti-
vates a host of other gene promoters that are
not involved in the regulation of the TTFL,
generating oscillations in 10-40% or more of
transcripts to effect the coordination of many
cellular processes (Hurley et al. 2014, 2018;
Sancar et al. 2015; Mure et al. 2018). Once
translated, the negative arm enters the nucleus
and interacts with the positive arm proteins to
repress their transcriptional activity. As the day
progresses, the negative arm proteins are phos-
phorylated by many different kinases (e.g.,
Casein Kinase-la (CK-1a) and Casein Kinase-
2 (CK-2)), which leads to their inactivation and
degradation, allowing the positive arm proteins
to resume transcriptional activity, starting the
cycle anew. The clock is also able to incorporate
environmental inputs (such as light, tempera-
ture, and nutrients) into the core oscillator to
optimally time the circadian cycle, with the ear-
liest examples of this integration in higher
eukaryotes first demonstrated in N. crassa (Gar-
ceau et al. 1997; Crosthwaite et al. 1997; Liu
et al. 1998; Sancar et al. 2012; Loros 2019).

In this review, we summarize the key inves-
tigations that use the genetic model organism
N. crassa to create an understanding of the
molecular underpinnings of circadian regula-
tion. As the research in the clocks’ field from
N. crassa is substantial, and our space short, we
focus our review into five broad contributions
to clock research. The first three sections will
describe what is known about N. crassa circa-
dian timekeeping at the three basic levels of a
molecular clock, the input, the core oscillator,
and the output, and how these discoveries
have informed an understanding of clocks in
higher eukaryotes. The fourth section covers
how circadian oscillations are measured in N.
crassa, and the final section will address N.
crassa as a model organism for clocks in other
fungi. Where important research has
occurred beyond the scope of these contribu-
tions, or at a depth our mandate did not
allow for, we point the reader to previously
published reviews focusing on that topic
specifically.
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II. Input: Various Inputs to the Core
Clock Allow Phase Entrainment to
the External Environment

One of the tenets of circadian rhythms is that
their period is buffered against different con-
stant conditions but is still able to incorporate
signals from the environment, allowing the
clock phase to align, or “entrain,” to changes
in the external environment. The most obvious
of these signals is the light from the sun, a cue
to which circadian rhythms were adapted (Hut
and Beersma 2011). However, in recent years,
the circadian field has discovered that the clock
is responsive to many other environmental
cues, such as temperature and glucose (Garceau
et al. 1997; Liu et al. 1998; Sancar et al. 2012).
For this review, we have grouped these signals,
and the pathways that respond to them, into
three basic categories: light, temperature, and
nutrients.

A. Neurospora crassa, the Circadian Clock, and
Photoreception

While fungi are not photosynthetic organisms,
the ability to sense different colors and inten-
sities of light still contributes to their overall
fitness (Idnurm et al. 2010). N. crassa has con-

though not all of these proteins are functional
photoreceptors (for more complete reviews, see
Fuller et al. 2015; Yu and Fischer 2019). The
primary external timing cue for the clock in N.
crassa is blue light, which is sensed through the
positive arm protein WC-1 (Fig. 4.2a). WC-1 is
a transcription factor that utilizes Per-Arnt-
Sim (PAS) domains for transcriptional activa-
tion. The PAS domain located toward the pro-
tein’s N-terminal end is of a special class called
a “light oxygen voltage” (LOV) domain (Bal-
lario and Macino 1997; Ballario et al. 1998). The
LOV domain is able to form a transient cystei-
nyl adduct with a blue light-absorbing chromo-
phore flavin adenine dinucleotide (FAD) when
exposed to blue light (Ballario et al. 1998; Lin-
den et al. 1997). Along with its partner protein,
WC-2, WC-1 hetero-dimerizes to form the
white collar complex (WCC) (Cheng et al.
2002). When the WCC is exposed to blue light,
a conformational change occurs which creates a
transcriptionally active WCC (Froehlich et al.
2002; He et al. 2002; Zoltowski et al. 2007; Mal-
zahn et al. 2010). The WCC transcriptionally
activates genes that have a light-responsive ele-
ment (LRE) in their promoters, with hundreds
of genes affected, either directly or indirectly,
by WCC binding (Chen et al. 2009; Collett et al.
2002; Froehlich et al. 2003; Hurley et al. 2014;
Smith et al. 2010; Wu et al. 2014). As the WCC
contains both a light-sensitive element and

served proteins that are essential for the detec-
tion of red light, green light, and blue light,

forms the positive arm of the circadian clock
(see Sect. III.A), research in N. crassa was foun-

<
«

Fig. 4.2 (continued) numerous genes, including frequency (frq). In order to do this, the promoter regions of these
genes must be accessible and numerous chromatin remodeling factors (dark blue) work with the WCC to effect
remodeling at these promoters. The transcriptional activation of frq leads to the transcription and translation of
FRQ (light orange), which then dimerizes and associates with Frequency-interacting RNA helicase (FRH, dark
orange), forming the FFC. FRQ is then phosphorylated (cyan stars) by numerous kinases (light blue) until the FFC
can interact with the WCC, repressing WCC activation. The WCC is phosphorylated by several kinases, decreasing
transcription at the frq locus and other loci regulated by the WCC, and then potentially removed from the nucleus.
FRQ undergoes further phosphorylation until it can no longer interact with the WCC and it is recognized by FWD-
1 (pink) for degradation. Without the FFC, the WCC is dephosphorylated by phosphatases (blue) and returns to
the nucleus to restart the cycle. The genes under the influence of the WCC that do not play a role in the core clock
are called clock-controlled genes (ccgs, red) and are the drivers of circadian behavior. Some of these ccgs can act
back on the core circadian loop. In addition, inputs from the environment (yellow) are able to entrain the clock,
such as light, temperature, and nutrients (e.g., glucose). (b) Negative arm turnover via phosphorylation triggered
degradation was previously believed to relieve positive arm (WCC, green) repression. However, new evidence
suggests that the negative arm (FFC, orange) undergoes two types of phosphorylation, a clock-specific phosphor-
ylation, which alters the ability of the FFC to suppress WCC activity, and degradation-specific phosphorylation,
which targets the negative arm proteins for degradation. This degradation occurs only after the FFC has lost its
ability to repress the WCC, and this highly phosphorylated FFC does not impact the clock
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dational in demonstrating that the positive arm
serves the crucial function of integrating light
cues into the clock.

While the WCC is the point protein for
clock entrainment to light cues, the activity of
another protein, Vivid (VVD), is also crucial for
proper clock phase timing based on light in the
environment (Fig. 4.2a). A small protein, only
containing an N-terminal cap and a LOV
domain, VVD plays an important role in light
integration into the clock by altering the activ-
ity of the WCC (Zoltowski et al. 2007; Hunt
et al. 2010; Chen et al. 2010). The WCC induces
vvd expression in response to light, after which
VVD interacts with WC-1’s LOV domain and
blocks the transcriptional capabilities of WC-1
(Zoltowski et al. 2007; Hunt et al. 2010; Malzahn
et al. 2010; Chen et al. 2010; Dasgupta et al.
2015). The action of VVD on the WCC is an
important example of photoadaptation, ensur-
ing that light-induced genes are only transiently
upregulated (Hunt et al. 2010; Chen et al. 2010).
VVD’s photoadaptive activities are not only
important for keeping the clock from resetting
inappropriately, such as during nights with
bright moonlight, but also in supporting the
optimal timing of light responses by the WCC
(Heintzen et al. 2001; Malzahn et al. 2010).

B. The Effect of Temperature on the Negative
Arm of the Clock

Though it is logical to think of light as the
primary environmental input for the clock, sur-
prisingly many other factors, such as tempera-
ture, can strongly impact the circadian
mechanism. For example, temperature changes
can reset the phase of the clock, such as an
increase from a low to a high temperature.
While light input is chiefly transduced via the
positive arm (see Sects. ILA and IIL.A), evi-
dence from N. crassa shows that temperature
input is primarily conveyed by changes in the
molecular dynamics of the negative arm of the
clock (Liu et al. 1997; Pregueiro et al. 2005,
2006; Diernfellner et al. 2005), particularly the
dynamics of the levels of the core negative arm
protein frequency (FRQ) (see Sect. III.B.1 and
Fig. 4.2a). The current understanding of the

response to temperature shifts is that while
the level of frg mRNA remains stable at differ-
ent temperatures, FRQ protein levels oscillate
around a higher midline at higher tempera-
tures, with the peak and trough of FRQ levels
falling above the peak level of FRQ in a strain
grown at a low enough temperature (Liu et al.
1997). Due to the difference in FRQ levels at
different temperatures, the comparatively low
levels of FRQ at a lower temperature will create
an artificial “trough” from which FRQ levels
rise when the organism is shifted to a higher
temperature, thereby resetting the phase of the
clock (Liu et al. 1998). A decrease in tempera-
ture can have the same resetting effect, as FRQ
levels decrease from an artificial “peak” time in
higher temperatures to start oscillating around
a lower midline of protein levels (Liu et al.
1998). Extreme temperature changes (+10 °C)
have a strong effect on setting the phase of the
clock, so much so that it supersedes the effects
of light, re-entraining the molecular clock even
in a conflicting light-dark regime (Liu et al.
1998). This research paved the way for similar
discoveries in higher eukaryotes. Temperature
has subsequently been shown to be an impor-
tant phase resetting cue in mammal peripheral
tissues, such that daily temperature changes
within physiological ranges (36-37.5 °C) can
entrain mouse peripheral tissues (Buhr et al.
2010). Moreover, within Drosophila, the muta-
tion of all detected phosphorylation sites to
alanine on the positive arm clock protein
dCLOCK led to compromised temperature
resetting, but unaffected light resetting, sug-
gesting that temperature is more important
than light as a timing cue for Drosophila tissues
as well (Lee et al. 2014).

Though temperature changes can shift the
phase of the clock, one of the key tenets of a
circadian rhythm is that its period is compen-
sated and regulated at different growing tem-
peratures. However, the underlying mechanism
for temperature regulation in the clock is
poorly understood. What is known is that tem-
perature impacts the choice of FRQ start
codons during translation (Colot et al. 2005;
Diernfellner et al. 2007; Liu et al. 1997). A
temperature-sensitive alternate splicing mech-
anism occurs in frq mRNA, leading to different
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ratios of the two isoforms of FRQ: long FRQ (L-
FRQ; 1-989 aa) and short FRQ (S-FRQ; 100-989
aa). At higher temperatures, L-FRQ levels
increase relative to S-FRQ (Liu et al. 1997;
Colot et al. 2005; Diernfellner et al. 2007).
L-FRQ-only strains have a shorter clock period
than S-FRQ-only strains (Liu et al. 1997; Diern-
fellner et al. 2007). Therefore, the temperature-
based ratio of L- to S-FRQ levels is believed to
contribute to the robustness of the clock and
the fine-tuning of the clock period at different
ambient temperatures (Liu et al. 1997; Diern-
fellner et al. 2005, 2007). Evidence also suggests
that post-translational mechanisms are
involved in temperature compensation, e.g.,
the phosphorylation of FRQ. The mutation of
phosphorylation sites that exist only on L-FRQ
yield a strain with a longer period, similar to the
period of a S-FRQ-only strain (Diernfellner
et al. 2007; Baker et al. 2009). In addition, muta-
tions in kinases that phosphorylate FRQ (i.e.,
CK2) have been shown to impact temperature
compensation (Mehra et al. 2009b). While dif-
ferent FRQ isoform ratios and changes in FRQ
phosphorylation contribute to temperature reg-
ulation, further work is necessary to uncover
the underlying mechanisms that provide tem-
perature compensation to the clock.

C. The Impact of Nutrient Sensing on the
Circadian Clock

Though a great deal of research has gone into
the understanding of how light and tempera-
ture align the molecular clock, recent data from
N. crassa has shown that levels of nutrients,
such as glucose and lipids, can also affect the
clock and must be compensated for, termed
metabolic or nutritional compensation (Hurley
et al. 2016b; Sancar et al. 2012; Starkey et al.
2013). The best studied type of nutritional com-
pensation is glucose compensation, which
includes a known circadian-auxiliary loop that
utilizes Conidial Separation Protein 1 (CSP-1)
(Fig. 4.2a). When glucose levels are high, the
core clock proteins and many of their down-
stream targets, including CSP-1, are translated
at an increased rate (Sancar et al. 2012). To
compensate for the increased clock protein

levels, the resulting higher levels of CSP-1 inter-
act with additional clock-regulated proteins,
Regulation of Conidiation 1 (RCO-1) and Reg-
ulation of Conidiation and Morphology-1
(RCM-1), to repress wc-1 expression and com-
plete a negative feedback loop that provides
glucose compensation (Sancar et al. 2012;
Dovzhenok et al. 2015; Olivares-Yafiez et al.
2016). Other proteins are also recognized for
their impact on glucose compensation, includ-
ing Period-1 (PRD-1/DBP-2) and Ras-like-
2 (RAS-2). PRD-1 is an ATP-dependent
DEAD-box RNA helicase, and the clock in
prd-1 mutants is not compensated against glu-
cose changes, leading to longer periods when
glucose is not limited (Starkey et al. 2013;
Emerson et al. 2015; Adhvaryu et al. 2016).
Like prd-1 mutants, the clock in a Aras2 strain
displays longer periods and is not glucose-
compensated (Gyongyosi et al. 2017). Further
work is needed to fully understand how glucose
compensation is imparted, either by multiple
feedback loops including CSP-1, RCO-1, RCM-
1, PRD-1, and RAS-2, or through an underlying
mechanism yet to be discovered. Nutrient com-
pensation has long been shown to be an impor-
tant element of the mammalian circadian clock
and the research into the mechanisms that reg-
ulate nutrient compensation in N. crassa has
enabled an appreciation of how these might
work in higher eukaryotes (Peek et al. 2012).
Beyond glucose compensation, there is evi-
dence that the clock can be affected by lipid
levels. Longevity assurance gene (LAG-1) is
thought to be part of a ceramide synthase com-
plex and likely plays a role in metabolic clock
regulation through stress responses involving
sphingolipid metabolism (Case et al. 2014).In a
lag-1 mutant, the clock period lengthens to
41 h, suggesting that changes in sphingolipid
levels can affect clock period. Further evidence
that the clock is sensitive and responsive to
lipid levels includes the relationship between
high levels of DAG (sn-1,2-diacylglycerol) and
longer clock periods (Ramsdale and Lakin-
Thomas 2000; Case et al. 2014). With the extent
of reported metabolic effects on the clock
through glucose and lipid levels, it is likely
that other cell components that play a role in
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clock nutritional compensation are still to be
determined.

III. Core Oscillator: The N. crassa Core
Circadian Timekeeping
Mechanism

The circadian inputs described above feed into
the architecturally-conserved circadian tran-
scriptional-translational negative feedback
loop (TTFL) (Hurley et al. 2016a; Dunlap and
Loros 2017). In addition to the conservation of
the underlying architecture of the TTFL across
higher eukaryotes, there is sequence homology
between WC-1 and WC-2, the positive arm
transcription factors in N. crassa, and tran-
scription factors in other fungal and mamma-
lian systems (Dunlap and Loros 2017).
Furthermore, conformational heterogeneity
and post-translational regulation of the clock
proteins by phosphorylation, especially of neg-
ative arm proteins such as FRQ, are also con-
served (Lee et al. 2009; Chiu et al. 2011; Hurley
et al. 2016a; Pelham et al. 2018). Finally,
phosphorylation-dependent ubiquitination
and degradation of the negative components
supports the functioning of most eukaryotic
clocks (Grima et al. 2002; Ko et al. 2002; He
et al. 2003; Eide et al. 2005). All of these con-
served features of the clock were, at least in
part, discovered in N. crassa. In this section,
we review the abovementioned key elements
of the N. crassa core clock mechanism, which
have contributed greatly to the understanding
of the TTFL in other fungi and higher eukar-
yotes.

A. The Transcriptionally Active Positive Arm
of the Clock

In N. crassa, the circadian cycle is initiated by
the positive arm of the clock, a heterodimeric
GATA-like transcription factor complex
termed the White Collar Complex (WCC) com-
prising two proteins, WC-1 and WC-2 (Belden
et al. 2007b; Hurley et al. 2014). WCC transcrip-
tional activity peaks around subjective dawn,

commencing the circadian cycle (Belden et al.
2007b; Hurley et al. 2014). WC-1 is a 1167
amino acid (aa) long protein that contains a
circadian transactivation domain, three Per-
Arnt-Sim (PAS) domains (including the light-
responsive LOV domain and a “defective in
binding” (DBD) region involved in DNA bind-
ing and mediating interactions with the nega-
tive arm), and a single zinc finger domain
involved in DNA binding (Ballario et al. 1996;
Lee et al. 2000; Cheng et al. 2002; Wang et al.
2014, 2016). As mentioned previously in Sect.
II.A, WC-1 is the primary blue-light photore-
ceptor in N. crassa and is responsible for the
integration of light signaling into the circadian
clock.

WC-2 is a 530 aa-long protein that contains
a single zinc finger domain, a single PAS
domain and, unlike WC-1, is unable to sense
light (Linden and Macino 1997; Collett et al.
2002). WC-1 and WC-2 exhibit strong oscilla-
tions at the transcriptional level, but neither
show strong oscillations at the protein level
(Hurley et al. 2018). Interestingly, the negative
arm protein, FRQ, is needed for proper levels of
WC-1 to accumulate (Schafmeier et al. 2006).
WC-1 and WC-2 interact with each other
through their PAS domains to form the
White-Collar Complex (WCC), which promotes
the expression of genes in the negative arm as
well as other genes not involved in maintaining
the core clock, termed clock-controlled genes
(ccgs) (Fig. 4.2a) (Linden and Macino 1997;
Crosthwaite et al. 1997; Cheng et al. 2002; Hur-
ley et al. 2014; Wu et al. 2014).

The WCC exists in two conformations, a
light-activated conformation and a dark con-
formation, which serve to control the DNA
binding of the WCC. The light-activated com-
plex is composed of two WC-1s and one WC-2,
binding to a subset of genes that are considered
to be light-responsive (Froehlich et al. 2002;
Cheng et al. 2003). In contrast, the dark confor-
mation comprises a single WC-1 and WC-2 and
is essential for the expression of frq and other
ccgs under “free-running” or constant dark
conditions (Froehlich et al. 2002; Cheng et al.
2003). The zinc fingers of both WC-1 and WC-
2 are essential for binding DNA in the dark,
aided by the DBD motif on WC-1 (Wang et al.
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2016). The ability of the WCC to bind DNA is
also dependent on its phosphorylation state, as
has been shown for Drosophila and mouse pos-
itive arm CLOCK protein, with daily rhythms in
phosphorylation occurring (He et al. 2005;
Baker et al. 2009; Yoshitane et al. 2009; Lee
et al. 2014; Wang et al. 2019). There are 80
phosphorylation sites on WC-1, with phos-
phorylations near its zinc-finger domain play-
ing an important role in closing the negative
feedback loop (He et al. 2005; Baker et al. 2009;
Sancar et al. 2009; Wang et al. 2019). WC-
2 phosphorylation peaks around late subjective
day, with 15 phosphorylation sites detected in
2 different clusters, with 1 cluster near its zinc
finger domain, as in WC-1 (Schafmeier et al.
2005; Wang et al. 2019). While earlier work
suggested that the mutation of 5 phosphoryla-
tion sites in WC-1 leads to arrhythmicity, it is
now evident that phosphorylations on both WC-
1 and WC-2 are needed to close the clock’s
negative feedback loop and support circadian
rhythmicity (He et al. 2005; Wang et al. 2019).
Plainly, both the light-dependent change in
WCC structure and the overall phosphorylation
state of the WCC play an important role in deli-
neating the WCC’s function in the light response
pathway from its role in the positive arm of the
circadian clock (Wang et al. 2016, 2019).

While the WCC is the primary transcrip-
tional activator of the negative arm gene frg,
there are other proteins that influence frg tran-
scription through modifications of the chroma-
tin structure at the frq locus. The frq promoter
has two unique elements, the proximal LRE
(pLRE) and the Clock Box (c-box) (Froehlich
et al. 2003). The heterotrimeric, light-activated
WCC binds to the pLRE in response to light,
but the heterodimeric, dark-active WCC binds
to the c-box to regulate the rhythmic expres-
sion of frq that is necessary for proper clock
function in continual darkness (Froehlich et al.
2003; Gooch et al. 2014). This binding is facili-
tated by chromatin remodelers, including the
positive regulators Clock ATPase (CATP),
SWItch/SucroseNonFermentable (SWI-SNF),
Chromodomain helicase DNA-binding (CHD-
1), and Defective in methylation (DIM-2), and
the negative regulators Clockswitch (CSW-1)
and Su(var)3-9-enhancer-of-zeste-trithorax-1

and 2 (SET-1 and SET-2) (Fig. 4.2a). CATP
positively regulates frq expression via its pro-
motion of the removal of histones at the frq
locus, allowing for WCC binding (Cha et al.
2013). Once the WCC binds to the c-box, it
recruits the SWI-SNF complex, which removes
a nucleosome that partially covers the c-box
and likely loops the DNA, bringing the WCC
closer to the transcription start site (Zhang
et al. 2006; Wang et al. 2014). CHD-1 also con-
tributes to necessary changes in frq chromatin
structure to aid transcription, and DIM-2-
catalyzes the removal of transient DNA meth-
ylation that helps set clock phase timing
(Belden et al. 2011). The protein CSW-1 is
involved in the final stages of closing the clock’s
feedback loop, compacting the chromatin
structure at the c-box to down-regulate frq
expression (Belden et al. 2007b). SET-1 and
SET-2 further this process by methylating his-
tones H3K4 and H3K36, respectively, making
the chromatin less accessible (Raduwan et al.
2013; Sun et al. 2016). Only when these support-
ing proteins properly maintain the chromatin
architecture of the frq locus can the WCC com-
plete its positive activation of frq transcription
to maintain rhythmicity. Circadian rhythms in
histone modifications have also been detected
in mammal systems, and chromatin-modifying
proteins are important for the repression of
positive arm clock proteins (Koike et al. 2012;
Takahashi 2017).

B. The Negative Arm of the Clock

1. Oscillations in FRQ Protein and
Phosphorylation Levels Determine Clock
Period

Frequency’s role in determining clock period
was originally discovered through the isolation
of “banding” (bd) mutants with different period
lengths (Aronson et al. 1994; Feldman and
Hoyle 1973; Gardner and Feldman 1980; Loros
et al. 1986). In constant conditions (25 °C and
constant darkness), the bd strain displays a
conidial band once every 21.6 (£ 0.5)
h (Fig. 4.1). However, mutants in the bd strain
were discovered to have periods ranging from
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16.5-19.0 h (short-period mutants) to 24.0-
29.0 h (long-period mutants) or to be
completely arrhythmic (Feldman and Hoyle
1973; Gardner and Feldman 1980; Aronson
et al. 1994). Many of the mutations in these
short- and long-period strains mapped to a
single locus, which was dubbed frequency (frq)
(Feldman and Hoyle 1973; Gardner and Feld-
man 1980, 1981; Loros et al. 1986).

Full-length FRQ is a largely disordered 989
aa long protein containing several smaller
potentially well-ordered domains that are
involved in the formation of the negative arm
protein complex. Due to the low proportion of
in silico predicted structure, FRQ was believed
to be an intrinsically disordered protein (IDP),
a protein that lacks a fixed or ordered three-
dimensional structure instead sampling a
hetergenous ensemble of conformations. This
prediction of disorder was demonstrated bio-
chemically as FRQ remained soluble after heat
treatment and was more quickly digested by
proteases (Hurley et al. 2013). While FRQ does
not have sequence homologs amongst all higher
eukaryotes, intrinsic disorder does appear to be
conserved among negative arm proteins, sug-
gesting that disorder is a key feature of negative
arm proteins (Hurley et al. 2013).

There are two isoforms of FRQ that are the products of
alternate translation start sites, Long-FRQ (989 aa) and
Short-FRQ (889 aa, missing the first 100 amino acids),
which are thought to contribute to temperature com-
pensation of the clock (Garceau et al. 1997), as previ-
ously discussed in Sect. IL.B. Both FRQ isoforms
encompass several key protein-protein interaction
domains, including the coiled-coil interaction domain
that allows for the dimerization of FRQ (necessary for
rhythmicity; Cheng et al. 2001a), the nuclear localiza-
tion region (Luo et al. 1998), and the FRQ-CK1 inter-
acting domains FCD1 and FCD2 (Querfurth et al. 2011).
In addition, both isoforms contain two predicted pro-
line, glutamic acid, serine, threonine (PEST) domains
that may be important for protein turnover, PEST-1
and PEST-2 (Merrow and Dunlap 1994). Thus far, the
only in vivo evidence that these domains act in protein
turnover is that the PEST-1 region is phosphorylated
before FRQ is degraded (Liu et al. 2000; Gorl et al. 2001;
Baker et al. 2009). Finally, the isoforms include an FRQ-
FRH interacting domain called the FFD (Guo et al.
2010). These interaction domains contribute to the
formation of the larger negative arm complex, the
Frequency-FRH Complex (FFC) (Baker et al. 2009;

Guo et al. 2010; Querfurth et al. 2011; Hurley et al.
2013).

FRQ transcript and protein levels oscillate
on a daily basis as a result of the activity of the
WCC. At the beginning of the circadian cycle,
WCC activates frq expression, and approxi-
mately 4 h later there is a peak in translated
FRQ levels (Garceau et al. 1997; Merrow et al.
1997). Shortly after translation, FRQ dimerizes
with itself and binds to FRQ-interacting RNA
Helicase (FRH) to form the FRQ/FRH complex
(FEC); all FRQ is found in complex with FRH in
a two to one ratio (Cheng et al. 2001a, 2005;
Baker et al. 2009). This interaction helps to
stabilize FRQ and is discussed further in Sect.
III.B.2 (Cheng et al. 2005; Hurley et al. 2013).
Many kinases act to phosphorylate FRQ (see
Sect. IIL.D for more details) and this phosphor-
ylation allows the FFC to enter the nucleus early
on in the cycle to repress WCC activation of frq
transcription, closing the negative feedback
loop (Fig. 4.2) (Cheng et al. 2005; Hong et al.
2008; Baker et al. 2009; Cha et al. 2011). Phos-
phorylation eventually leads to FRQ degrada-
tion via the ubiquitin-proteasome pathway
(Fig. 4.2), and a new wave of FRQ protein is
translated as the circadian cycle continues (He
and Liu 2005a; Larrondo et al. 2015).

In addition to direct WCC regulation, fur-
ther transcriptional regulation supports robust
oscillations in frg mRNA levels. The WCC acti-
vates transcription of frq’s long non-coding
antisense transcript, qrf (frq spelled back-
wards) in response to light by utilizing a pro-
moter in the 3’ UTR of frq, and this aids in light
resetting of the clock (Kramer et al. 2003). In
constant darkness, grf expression is also regu-
lated by another unknown mechanism (Xue
et al. 2014). Data suggests that grf silences frq
expression to tune the timing and period of the
clock, yielding more robust oscillations of frq
by counteracting any “leaky” frq expression
that would lead to dampening of the central
oscillator. However, two competing models
suggest two distinct mechanisms as to how
this occurs. These include either the stalling/
collision of the RNA polymerases transcribing
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frq and qrf (Xue et al. 2014) or transcriptional
permissiveness at the frq locus (Li et al. 2015).
As the mammalian clock also contains an anti-
sense RNA to the negative arm proteins, the
answer to this debate has implications for
clock regulation in higher eukaryotes (Li et al.
2015; Xue et al. 2014).

In addition to the transcriptional regulation
of frq, there is also regulation that occurs at the
level of translation. One mechanism arises from
the presence of non-optimal codons within
frq’s open reading frame. Among the codons
used to code for the same amino acid, some
codons occur less often than others genome-
wide and these are termed non-optimal codons.
Non-optimal codons correlate to low copy
numbers of a given tRNA and therefore are
thought to result in slower translation elonga-
tion rates (Zhou et al. 2013). The sequence of
frq is biased toward more non-optimal codons
and evidence suggests that this codon bias is
important for the stability of the resulting FRQ
protein. When more frequently occurring
codons were substituted into the N-terminus
of the frq open reading frame, the clock no
longer functioned (Zhou et al. 2013). As more
optimal codons are thought to lead to faster
rates of translation elongation, the loss of
rhythmicity was attributed to the improper
folding of FRQ, similar to results obtained
from the codon optimization of the negative
arm protein PER in Drosophila (Zhou et al.
2013; Fu et al. 2016). Alternatively, and to
include the more recent data showing that
FRQ is an IDP, if FRQ is translated too quickly,
it may not have a chance to bind with its stabi-
lizing “Nanny” FRH (see also Sect. IIL.B.2),
which could lead to rapid degradation (Hurley
et al. 2013). Regardless of the mechanism, the
conservation of non-optimal codons within frq
appears to be essential for circadian regulation
in N. crassa and other organisms (Xu et al. 2013;
Fu et al. 2016).

A second mechanism of FRQ translational
regulation lies in the many upstream Open
Reading Frames (uORFs) of frq. The frq tran-
script contains an approximate 1.5 kb untrans-
lated region at its 5" end (5" UTR) that includes
six uORFs (Garceau et al. 1997; Liu et al. 1997).

When most of the 5 UTR was deleted, FRQ
levels increased, suggesting that ribosome scan-
ning through uORFs could decrease levels of
FRQ under some conditions (Liu et al. 1997).
However, unpublished experiments suggest
that the deletion of those six uORFs had no
effect on the clock’s overall rhythmicity and
did not shorten the 4 h lag between peak frq
mRNA and peak FRQ protein levels (Garceau
et al. 1997). Interestingly, uORFs are also con-
served in multiple clock proteins as a regu-
latory mechanism in mammals (Janich et al.
2015).

2. FRQ-Interacting RNA Helicase (FRH)
Supports FRQ as a “Nanny” Protein

While all FRQ is associated with FRH, only
~40% of FRH within the cell is bound to FRQ,
with the other ~60% presumably carrying out
other functions within the cell (Cheng et al.
2005). These functions are likely related to
RNA surveillance, as FRH is a DEAD-box-type
RNA Helicase protein and is homologous to
Mtrdp in Saccharomyces cerevisiae, which
assists in RNA metabolism via its interaction
with the exosome (Lykke-Andersen et al. 2011).
FRH interacts with exosome proteins in N.
crassa (e.g., RRP44), has been found to bind
frq mRNA and influence its stability, and is
also a functional RNA helicase (Guo et al.
2009; Morales et al. 2018).

FRH has many homologs among fungal and animal
species, including some involved in the clock complex
(Cheng et al. 2005; Padmanabhan et al. 2012), and has a
well-characterized and conserved overall structure
(Conrad et al. 2016; Morales et al. 2018). Four domains
form a ring-like structure (two canonical RecA-like
domains, a small winged helix domain, and a helical
DSHCT domain) and a fifth domain forms an arch
domain or “arm” that spans across one side of the
ring and ends in a KOW or “fist” module (Conrad
et al. 2016; Morales et al. 2018). A known binding
region for FRQ is found in an additional domain (aa
100-150) within the largely unstructured N-terminus,
and the KOW/fist domain includes a binding site for
WCC interaction that can be further modulated by an
interaction with VVD (Hunt et al. 2010; Shi et al. 2010;
Hurley et al. 2013; Conrad et al. 2016; Morales et al.
2018).
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Given the clear homology in structure with
other RNA helicases and the demonstrated
ATPase RNA Helicase function, it was
surprising when a strain with a point mutation
(R806H) in the KOW domain of FRH had
healthy growth but an arrhythmic clock
(Shi et al. 2010). This suggested that FRH’s
ATPase function did not explain its role in
the core clock. Further support for FRH play-
ing dual roles within the cell came from an
additional mutant strain where FRH lost its
ATPase function yet still supported a func-
tional clock (Hurley et al. 2013). Moreover,
the downregulation of FRH caused an ~80%
reduction in FRQ protein levels (Cheng et al.
2005). In total, this suggested that FRH plays a
structural function to support or act as a
“Nanny” protein for the intrinsically disor-
dered protein FRQ and protect it from prema-
ture turnover (Hurley et al. 2013). Without the
stabilizing influence of FRH, FRQ phosphory-
lation profiles are impacted and FRQ becomes
more prevalent in the nucleus rather than the
cytoplasm, highlighting the importance of
FRH’s Nanny role for FRQ to function in the
clock (Cheng et al. 2005; Guo et al. 2010;
Cha et al. 2011; Hurley et al. 2013).

C. The Negative Arm Represses the Positive
Arm to Close the TTFL

While a great deal is known about the activa-
tion that drives the transcriptional portion of
the TTFL, the mechanistic underpinnings of
WCC repression, the “closing of the loop,” is
not as well understood. What is known is that
the FFC represses WCC transcriptional activity
at the frq locus via a direct interaction which
involves at least three key regions of FRQ
(Aronson et al. 1994; Cheng et al. 2005; He
and Liu 2005a; He et al. 2006; Guo et al. 2010).
Within the clock complex, WC-2 can interact
independently with WC-1 and FRQ and is
thought to be required for the interaction
between WC-1 and FRQ (Denault et al. 2001).
In addition, recent evidence shows that in the
dark, the “DBD” motif in WC-1 is also neces-
sary for the interaction with the FFC (Wang
et al. 2016). Finally, FRH has also been shown

to interact independently with the WCC (Hunt
et al. 2010), highlighting the complexity of the
interactions within and between the core clock
complexes.

However, direct interactions do not
explain the functional mechanism of repres-
sion, and until recently there were two com-
peting theories of how repression occurs. The
first potential mechanism involves the deacti-
vation of the WCC via phosphorylation by
FRQ-associated kinases, which is thought to
lead to the repression of WCC transcriptional
activation of frq (Cheng et al. 2001b; Froehlich
et al. 2003; Schafmeier et al. 2005; He et al.
2006; Wang et al. 2019). It is known that
hyper-phosphorylated WCC has a weaker
affinity for DNA and that the WCC is not
phosphorylated unless it interacts with FRQ
(Schafmeier et al. 2005; He et al. 2006; Wang
et al. 2019). Recently, the specific clusters of
phosphorylation sites that are important for
decreased DNA binding have been identified,
with phosphorylations near the zinc-finger
binding domains of both WC-1 and WC-
2 being important for repression of WCC
activity (Wang et al. 2019). Additionally,
there is some support for a second, “clear-
ance-based” model of repression. Research
has shown that oscillations in WCC phosphor-
ylation and de-phosphorylation may also be
important for the localization of the WCC
complex (Schafmeier et al. 2008; Wang et al.
2016). There is evidence that FFC binding to
the WCC in the nucleus leads to the export of
the WCC to the cytoplasm (Hong et al. 2008).
This would suggest that repression could
occur via degradation or nuclear exclusion of
the WCC due to the physical interaction
between the WCC and the FFC (Hong et al.
2008). In the end, neither mechanism is mutu-
ally exclusive, and a two-step process has been
suggested where the WCC is removed from the
DNA (by phosphorylation) and then exported
to the cytoplasm and thereby sequestered
(Fig. 4.2) (Cha et al. 2008). Whether closure
of the clock’s negative feedback loop is
restricted to WCC phosphorylation, or also
includes nuclear export, the study of these
repression mechanisms in N. crassa has, and
will continue, to inform the understanding of
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similar mechanisms in higher eukaryotic clock
systems (Yoshitane et al. 2009; Mahesh et al.
2014).

D. Post-translational Modifications in Clock
Regulation

1. Kinases Play an Essential Role in Circadian
Timing

Post-translational modifications, such as phos-
phorylation, are central to the functioning of the
positive and negative arm of the core clock in N.
crassa and other clock systems (for more com-
plete reviews of the role of post-translational
modifications in higher eukaryotic systems, see
Mehra et al. 2009a; Weber et al. 2011; Hirano
et al. 2016). The addition of phosphate groups
by numerous kinases has been shown to affect
circadian timing by altering the stability of the
protein and its ability to form protein-protein
interactions. In N. crassa, these modifications
are carried out by the kinases CAMKI1, CHK2
(PRD-4), CKla, CK1b, CK2, GSK, and PKA,
which act on the core proteins of the negative
and positive arms of the clock (Fig. 4.2a).

As mentioned previously, FRQ is progres-
sively phosphorylated in a circadian manner
with over 85 different residues phosphorylated,
making FRQ one of the most highly phosphory-
lated proteins ever documented (Baker et al.
2009; Tang et al. 2009). CKla has been sug-
gested to carry out much of this phosphoryla-
tion, as CKla is found in complex with FRQ
and FRH throughout a large proportion of the
circadian day (Baker et al. 2009). Moreover,
when FRQ is not able to interact with CKla,
FRQ is in a hypo-phosphorylated state and
shows increased stability (He et al. 2006; Quer-
furth et al. 2011). In addition, other kinases
such as CK2, PKA, CHK2 (PRD-4), CK1b, and
CAMK-1 interact more transiently with FRQ
and likely play a smaller role in its phosphory-
lation and circadian regulation (Yang et al.
2001, 2002; Pregueiro et al. 2006; He et al.
2006; Huang et al. 2007).

Throughout the daily cycle, different
regions of FRQ are phosphorylated in a clus-

tered manner by interacting kinases, and the
phosphorylation of these different FRQ seg-
ments can variously stabilize or de-stabilize
this protein (Baker et al. 2009). The kinase
PKA increases FRQ stability, while CK1a, CK2,
and CHK2 decrease FRQ stability over a circa-
dian cycle (Pregueiro et al. 2006; Huang et al.
2007). Phosphorylation also regulates FRQ’s
ability to interact with other proteins. The
extensive phosphorylation of FRQ affects its
half-life through increased affinity with ubiqui-
tin ligases, such as FWD-1 (He et al. 2003; also
see Sect. IIL.D). In addition, FRQ’s phosphory-
lation by CK2 decreases its ability to interact
with the WCC, necessary for the start of another
round of transcription in the circadian loop
(Cheng et al. 2001b; Yang et al. 2002). Besides
targeting FRQ for eventual degradation via the
ubiquitin-proteasome pathway (Fig. 4.2a),
these phosphorylations may affect FRQ’s IDP
conformation to regulate the time-specific
binding of its different interaction partners to
complete the negative feedback loop that deter-
mines clock period (He et al. 2006; Baker et al.
2009; Querfurth et al. 2011; Hurley et al. 2013;
Pelham et al. 2018).

There is also evidence that phosphorylation
regulates the positive arm of the clock, influen-
cing the activity, interactions, and degradation
of the WCC. The WCC is able to bind to the frq
c-box promoter when hypo-phosphorylated,
but its transcriptional activity is reduced when
the WCC is phosphorylated first by PKA, which
acts as a priming kinase, followed by CK1la and
CK2 in a FRQ-dependent manner (He et al.
2006; Huang et al. 2007; Wang et al. 2019).
Beyond the canonical circadian kinases, Glyco-
gen synthase kinase (GSK) phosphorylates both
WC-1 and WC-2, presumably promoting WCC
degradation via phosphorylation, and the resul-
tant decrease in WCC levels lengthens the cir-
cadian period (Tataroglu et al. 2012). Like WC-
1, WC-2 shows a circadian oscillation in phos-
phorylation (Schafmeier et al. 2005), with
increasing WC-2 phosphorylation leading to a
decrease in overall WCC activity.
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2. Phosphatases Support the Proper Timing of
Circadian Period and Phase

Phosphatases are a group of widely conserved
post-transcriptional modifiers that remove
phosphate groups and have demonstrated
importance for proper clock function. Three
protein phosphatases, PP1, PP2A, and PP4, all
play a role in supporting the core clock (Cha
et al. 2008; Yang et al. 2004). PP1 and PP4
support FRQ stability and therefore proper
phase timing and period length, and PP2A is
important for maintaining the proper frg
mRNA level (Yang et al. 2004; Cha et al. 2008).
However, the most detailed study of FRQ phos-
phorylation showed only progressive phos-
phorylation. Without in vivo evidence for de-
phosphorylation, the effects of phosphatases on
FRQ may thus be indirect (Baker et al. 2009).
Indeed, some of these phosphatases also act on
the WCC and thereby may affect frq levels and
FRQ protein via the core feedback loop. For
example, PP2A and PP4 de-phosphorylate the
WCC, while it is in the cytosol. This is impor-
tant as this de-phosphorylation potentially
impacts the ability of the WCC to re-enter the
nucleus and start a new round of transcription,
suggesting that the major impact of phospha-
tases on FRQ is via the positive arm (Fig. 4.2a)
(Cha et al. 2008; Schafmeier et al. 2005, 2008).
Phosphatases also play an important role in the
circadian clocks of Drosophila and mammals,
modulating the phosphorylation state of clock
proteins such that an approximately 24 h
period is maintained (Reischl and Kramer
2011).

E. Ubiquitination and Degradation Contribute
to a Robust Circadian Clock

While not all phosphorylation leads to degra-
dation, the overall progressive phosphorylation
of FRQ is associated with its regulated turnover
by the ubiquitin-proteasome pathway (Gar-
ceau et al. 1997; Liu et al. 2000; Baker et al.
2009; Guo et al. 2010). Following the phosphor-
ylation of FRQ, particularly in the PEST-1

region, FRQ is ubiquitinated by the F-box/
WD40 repeat-containing protein FWD-1,
which promotes FRQ’s degradation via the pro-
teasome (Fig. 4.2a) (He et al. 2003). FWD-1 is
part of an SKP/Cullin/F-box (SCF)-type E3 ubi-
quitin ligase complex that can bind phosphory-
lated FRQ motifs, with more FRQ
phosphorylation presenting more potential
FWD-1 binding sites (He et al. 2003; He and
Liu 2005a). When fwd-1 is knocked out, the
resulting strain is overtly arrhythmic; hyper-
phosphorylated FRQ accumulates to high levels
and conidial banding is lost (He et al. 2003; He
and Liu 2005a). However, recent work using a
luciferase reporter system has shown that FRQ
degradation is not strictly required for the com-
pletion of the circadian feedback loop and the
maintenance of period length (Fig. 4.2b) (Lar-
rondo et al. 2015). By measuring in vivo lumi-
nescence from a strain expressing luciferase
under the control of a segment from the pro-
moter of frq that contains the c-box, circadian
rhythms in frq transcriptional activation were
found even when fwd-1 was knocked out (Lar-
rondo et al. 2015). This suggests that negative
arm protein degradation is not required for the
core circadian oscillator and is not actually a
determinant of clock period, and has since been
confirmed in a mammalian system (Larrondo
et al. 2015; Ode et al. 2017).

Even though FRQ degradation may not be
required for clock functionality, premature
FRQ degradation still leads to arrhythmic
strains (Guo et al. 2010; Hurley et al. 2013). As
an intrinsically disordered protein (IDP), with-
out its stabilizing FRH “Nanny,” FRQ is rapidly
degraded within 3 h through a passive “degra-
dation by default” pathway that does not
involve ubiquitination (Tsvetkov et al. 2009;
Guo et al. 2010; Hurley et al. 2013). Only when
protected by FRH can FRQ have a chance to
mature and carry out its circadian functions
before undergoing ubiquitination and targeted
degradation. This degradation by default path-
way also has implications for mammal clock
systems, since the negative arm PER proteins
are also predicted to be IDPs (Hurley et al.
2013).
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IV. Output: Clock Output Regulates
Cellular Physiology at the
Transcriptional and Post-
transcriptional Levels

The core circadian oscillator affects many pro-
cesses within the cell via transcriptional and
post-transcriptional regulation, termed the
clock’s “output” (Vitalini et al. 2006; Hurley
et al. 2014, 2018; Sancar et al. 2015). Regulation
occurs at multiple levels, including the regula-
tion of transcriptional cascades by the positive
arm of the clock and the more recent evidence
of post-transcriptional regulation of protein
levels (Smith et al. 2010; Hurley et al. 2014,
2018). For the purposes of this review, we will
discuss output in two sections: transcriptional
output and post-transcriptional output.

A. Transcriptional Regulation of Cellular
Output via the Circadian Clock

1. Circadian Transcriptional Activation of
Clock-Controlled Genes (ccgs)

The positive arm of the TTFL in animal and
fungal clocks acts as a “pioneer-like” transcrip-
tion factor to remodel chromatin and activate
the transcription of the negative arm as well as a
host of other genes, including other transcrip-
tion factors (Hurley et al. 2014; Menet et al.
2014; Smith et al. 2010). Chromatin-
immunoprecipitation (ChIP) sequencing iden-
tified that the WCC directly targets ~300 genes
near circadian dawn (Smith et al. 2010; Hurley
et al. 2014). Included in these WCC targets are
additional transcription factors that regulate
further groups of genes, creating a circadian
transcription factor cascade. Among the
detected WCC targets, a total of 28 transcrip-
tion factors were found, including ccg-9, sah-1,
nit-2, hsf-2, adv-1, bek-1, sub-1, sah-2, sre, mip-
1, and vad-2 (Smith et al. 2010). The binding
motif for the WCC is “GATCGA,” a sequence
that is also found in the c-box and LRE of the
frq promoter (Froehlich et al. 2002; Pavesi et al.
2004; He and Liu 2005b; Carlson et al. 2007;
Smith et al. 2010).

Deep sequencing has shown that the tran-
scriptional regulation stemming from the posi-
tive arm leads to up to 40% of genes within N.
crassa undergoing rhythmic changes in tran-
script levels under constant conditions; these
genes are termed clock-controlled genes or ccgs
(Fig. 4.2a) (Hurley et al. 2014; Loros et al. 1989;
Sancar et al. 2015). When the promoter
sequences of all detected ccgs were analyzed,
four motifs were found to be significantly
enriched at certain times of day: STACASTA,
GCRCTAAC, GRCGGGA, and GVCAGCCA,
with each motif associated with essential cellu-
lar processes (Hurley et al. 2014). It is impor-
tant to note that the set of ccgs varies to some
extent depending on what growth media is
used, showing that the clock can adjust its out-
put to current metabolic conditions (Hurley
et al. 2014). The extent and diversity of ccgs
highlights the broad effect of circadian regula-
tion in the cell and how the clock can fine-tune
cellular output based on its metabolic environ-
ment. The diversity of output is also seen in
higher eukaryotes, where as much as 80% of
genes fell under circadian regulation when a
wide variety of tissues were analyzed (Mure
et al. 2018).

2. Circadian Transcriptional Repression of ccgs
Is Vital to Clock Output

While the positive arm is generally considered a
transcriptional activator, some of its direct or
indirect targets are known transcriptional
repressors. We have already reviewed some of
these transcriptional repressors in the context
of input signals to the clock (see Sect. II for
discussions of VVD, CSP-1, RCO-1, and RCM-
1). In addition to being a clock nutrient sensor
and WC-1 transcriptional repressor, CSP-1 is
also a direct target of the WCC and is expressed
in a rhythmic fashion (Lambreghts et al. 2009;
Smith et al. 2010). Forming a complex with
RCO-1 and RCM-1, it modulates the expression
of ~800, mostly evening-specific, genes in N.
crassa that are predominantly involved in the
metabolism of lipids and glucose (Sancar et al.
2011; see Sect. II). It is predicted that CSP-1
regulates evening-specific gene expression by
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morning-specific repression of CSP-1 target
genes (Sancar et al. 2011).

Carbon catabolite regulation-1 (CRE-1) is
also a WCC-regulated repressor that interacts
with RCO-1 and RCM-1 to inhibit the transcrip-
tion of genes related to the use of alternative
carbon sources when glucose is present, other-
wise known as carbon catabolite repression
(Bailey and Arst 1975; Hurley et al. 2014; Cuper-
tino et al. 2015; Adnan et al. 2017). Among
other things, CRE-1 is an inhibitor of glycogen
synthesis and represses glycogenic genes, such
as gsn, gbn, and gnn (Cupertino et al. 2015).
Interestingly, the WCC and other WCC-target
transcription factors, such as Viability Of
Spores-1 (VOS-1) and CSP-1, also target these
glycogenic genes, highlighting the complexity
of clock regulation of ccgs (Smith et al. 2010;
Baek et al. 2019). An additional example, the
NOT1-CCR4 (negative on TATA 1-carbon
catabolite repression 4) complex regulates
WCC stability and is important for circadian
phase determination (Fig. 4.2a) (Huang et al.
2013). NOT1 acts directly on the WCC and its
mRNA displays circadian oscillations in a simi-
lar phase to frq (Huang et al. 2013). When
NOT1 or CCR4 levels are reduced, the clock’s
phase is delayed by 3-4 h (Huang et al. 2013).
These examples show that not all clock output
involves transcriptional activation but that
transcriptional repressors are also important
for the clock, including some clock-regulated
repressors that feedback onto the core clock
itself.

B. Post-transcriptional Regulation via the
Circadian Clock

While transcriptional regulation has long been
considered the primary output of the circadian
clock, recent research suggests that clock out-
put is also regulated post-transcriptionally. The
initial evidence for this post-transcriptional
regulation is the mismatch between promoter
activation and steady state mRNA levels for a
given gene (Fig. 4.3a). There are many genes
whose promoters are rhythmically activated

but whose steady-state mRNA levels remain
constant and vice versa (Hurley et al. 2014).
This post-transcriptional regulation occurs at
the protein level as well, as approximately one
quarter of reliably detected proteins oscillate
with a circadian period but 40% of these arise
from transcripts that are not oscillating
(Fig. 4.3a) (Hurley et al. 2018). Moreover,
post-transcriptional regulation appears to be
circadianly directed. For example, differential
peak phase timing of enzymes that are rhyth-
mic only at the protein level within central
metabolic pathways yields a coordination of
peak timing within pathways such as glycolysis
and the TCA cycle that peak anti-phase to the
alternate pentose-phosphate pathway (Hurley
et al. 2018). Many similar studies in higher
eukaryotes demonstrate that circadian post-
transcriptional regulation is conserved (Beck-
with and Yanovsky 2014; Koike et al. 2012;
Kojima et al. 2011).

There are several circadianly regulated
mechanisms that impart circadian post-
transcriptional output, including mRNA degra-
dation, translation rates, and protein degrada-
tion. The FFC interacts with components of the
exosome, which facilitate a circadian influence
over mRNA degradation (Guo et al. 2009). The
clock also regulates MAPK pathways that
impact the phosphorylation state of translation
factors, such as translation elongation factor
eEF-2 (Lamb et al. 2011, 2012; Bennett et al.
2013; Caster et al. 2016). eEF-2 has lower phos-
phorylation levels and therefore higher activity
near subjective dusk, a time when there seems
to be more energy available for translation, as
well as more translation initiation factors and
ribosomes (Fig. 4.3b) (Caster et al. 2016; Hurley
et al. 2018; Kafri et al. 2016). Finally, circadian
regulation of E3 ubiquitin ligases could yield
rhythms in protein degradation (Liick et al.
2014; Hurley et al. 2018). As clock regulation
affects numerous additional cell regulatory sys-
tems, there may be many other avenues
through which the clock can direct post-
transcriptional regulation (Hurley et al. 2014,
2018; Sancar et al. 2015).
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Fig. 4.3 Circadian output is highly impacted by post-
transcriptional regulation. (a) Circadianly regulated/
rhythmic promoter activity or steady-state mRNA
levels do not necessarily lead to oscillations at the
level of the mRNA or protein. Similarly, oscillations at
the level of mRNA or protein can happen despite con-
stitutive promoter activity or steady-state mRNA levels.
This suggests there is a significant amount of post-
transcriptional regulation on circadian output. (b)
There are some proposed mechanisms that may under-

C. Circadian Output Interfaces with Many
Cellular Systems

The output generated from the circadian oscil-
lator regulates many vital processes within the
cell, the foremost of which is cellular metabo-
lism. There are connections between the clock
and metabolism that result in changes in clock
output depending on the type of growth media,
as discussed in Sect. IV.A.1, as well as some ion
cycles that may in fact be circadianly-regulated
(Hurley et al. 2014, 2016b; Feeney et al. 2016;
Dunlap and Loros 2016). Overall, gene ontolo-
gies related to metabolic functions are highly

lie circadian post-transcriptional regulation. First,
excess amounts of high energy compounds, active ribo-
somes, and eukaryotic initiation factors (eIF) are avail-
able in the subjective circadian evening in Neurospora
crassa, when rhythmic proteins reach peak levels. Sec-
ond, the N. crassa translation factor eukaryotic elonga-
tion factor 2 (eEF-2) is less phosphorylated (cyan stars)
in the circadian evening, which increases the transla-
tion elongation rate, likely yielding more proteins
reaching peak levels at this time

enriched for ccgs at both the transcript and
protein levels (Hurley et al. 2014, 2018; Sancar
et al. 2015). These include, at the transcrip-
tional level, the division between anabolic and
catabolic pathways between subjective night
and subjective day, while at the protein level,
there is an overall peak in enzymes in many
energy pathways near circadian dusk (Hurley
et al. 2014, 2018; Sancar et al. 2015). Other
studies have looked at oscillations within the
cell that may occur outside the circadian feed-
back loop involving the WCC and the FFC,
though many of these oscillations are not in
fact compensated and so cannot be considered
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truly circadian (see Dunlap and Loros 2017 for
a recent review). While there is much more to
learn about these cellular oscillations, it is
interesting that studies continue to find previ-
ously unknown links between these oscillations
and the circadian clock, such as a widely con-
served daily oscillation in Mg**, which can now
be explained by clock regulation of genes
involved in both active ion transport (via
pumps) and passive ion channels (Feeney
et al. 2016; Dunlap and Loros 2016).

In addition, the clock plays a role in the
regulation of the cell cycle. Hong et al. (2014)
found that there was an overall circadian
rhythm in mitosis, with most cells dividing in
the evening, while morning is the peak time for
cells to be in interphase. The circadian clock
rhythmically regulates the kinase STK-29 and
the G1 and G2 cyclins, CLN-1 and CLB-1, which
in turn regulate entry into mitosis (Hong et al.
2014). The clock and cell cycle are also
interconnected by Chk2 (PRD-4 in N. crassa),
a key kinase in both processes, and it is through
this kinase that the cell cycle can impact the
clock (Pregueiro et al. 2006). Chk2 binds to
FRQ and phosphorylates it in a DNA damage-
dependent manner, triggering destabilization
and leading to FRQ degradation, shifting the
phase of the clock and enabling circadian
responsiveness to DNA damage (Gamsby et al.
2009; Pregueiro et al. 2006). This research in N.
crassa demonstrates that the cross-talk between
the circadian clock and cellular systems contri-
butes to the optimal timing of cellular growth
and development, important relationships that
are conserved and are now being elucidated in
higher eukaryotes (e.g., Gaucher et al. 2018;
Reinke and Asher 2019).

V. Methods for Detecting Circadian
Rhythms

As noted earlier (see Sect. I), for something to
be defined as a circadian rhythm, the period
must be free running and at or near 24 h. There-
fore, to identify circadian rhythms in Neuros-
pora crassa, it is standard procedure to collect a
time series of regularly recorded observations

under constant conditions, after a strong reset-
ting cue is given. From this time series, the
period, amplitude, and phase can be calculated,
as it can be for any oscillatory wave. To look at
rhythms in vivo in N. crassa, two common
methods are utilized: the “band” or bd mutant
strain background and a luciferase reporter
system. To track the period of the clock using
the bd mutant background, the strain of inter-
est with a bd background is grown in constant
conditions on a race-tube, a long glass tube
with agar media in the bottom (Fig. 4.1).
Bands of conidia and aerial hyphae form at
regular intervals as the strain grows and the
periodicity of this banding is linked to the cir-
cadian clock (Brandt 1953; Pittendrigh et al.
1959). This banding is used as a proxy for the
clock but in reality is a measure of the period-
icity of the clock’s output.

To look more directly at the core clock, a
luciferase reporter system was developed using
an N. crassa codon-optimized luciferase gene
from fireflies fused to a promoter region or
gene of interest. When fused to the core clock
gene frq or its promoter, this system allows for
the tracking of changes in steady-state protein
levels or transcriptional activity, respectively,
over the course of multiple days (Gooch et al.
2008; Larrondo et al. 2012; Morgan et al. 2003).
With the advent of RNA microarrays, RNA-
sequencing and mass spectrometry, ex vivo
methods of tracking rhythms in mRNA or pro-
tein levels have allowed further investigation of
circadian regulation within the cell. Samples are
extracted from tissue grown under constant
conditions, which has been shown to preserve
the oscillations in clock genes and proteins in
N. crassa (Loros et al. 1989). From the extracted
samples, a variety of assays and computational
approaches can be performed to measure
rhythms in the core clock and identify clock
output, including Western blots, qPCR, RNA-
seq, and proteomics (e.g., Hurley et al. 2014,
2018). Novel techniques and technologies are
developed in N. crassa on a regular basis to
allow circadian biologists to learn more about
the core clock and its regulation of cellular
output (e.g., De los Santos et al. 2017; Pelham
et al. 2018).
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VI. Clock Conservation in Fungi

Neurospora crassa is not only a model for
clocks in higher eukaryotes but is a model for
clocks in other fungi. An analysis of 64 fungal
genomes based on the N. crassa circadian genes
frq, we-1, we-2, frh, and fwd-1 (Salichos and
Rokas 2010) showed that FRH and FWD-1
were the earliest conserved clock proteins, not
surprising based on their other essential func-
tions in the organism (Jonkers and Rep 2009;
Putnam and Jankowsky 2013). WC-1 and WC-
2 are further along the evolutionary tree and
FRQ is the most recently evolved protein, with
sequential homologs appearing in only three
classes within the Ascomycetes: Sordariomy-
cetes, Leotiomycetes, and Dothideomycetes
(Salichos and Rokas 2010). However, as FRQ
is a known IDP, and it has been documented
that there is little conservation of sequence
among IDPs, it is likely that the functional
homologs of FRQ may not have sequence
homology and that other negative arm proteins
exist in the wider fungal families (Hurley et al.
2013). Though many species contain homologs
of clock proteins, and some even display oscil-
latory phenotypes (e.g., Podospora anserina),
so far only a few fungi that display measurable
phenotypic or molecular rhythms have been
shown to be truly circadian, such as the
rhythms in Ascomycetes Sordaria fimicola, Pyr-
onema confluens, Botrytis cinerea, Aspergillus
flavus, and Cercospora kikuchii and the Basid-
iomycete Neonothopanus gardneri (Brandt
1953; Austin 1968; Lysek and Esser 1970;
Greene et al. 2003; Bluhm et al. 2010; Hevia
et al. 2015, 2016; Traeger and Nowrousian
2015).

B. cinerea has the best molecular and phe-
notypic evidence for a fungal circadian clock
outside of N. crassa (Montenegro-Montero et al.
2015). It has orthologues of frq, wc-1, and wc-
2 (bcfrql, bewcll, and bewcl2, respectively), and
the clock has been shown to maximize viru-
lence through the control of its sexual and
asexual cycle (Schumacher and Tudzynski
2012; Canessa et al. 2013; Hevia et al. 2015). In
contrast, while the Aspergillus family does not
contain a recognized frq homolog, they do have
we-1 and we-2 homologs and evidence of circa-

dian regulation. The level of the gpdA gene may
oscillate under free running conditions in A.
nidulans, and A. flavus has rhythms in sclerotia
formation (Greene et al. 2003). Cercospora
kikuchii, of the Dothideomycetes subclass, dis-
plays phenotypic rhythms through concentric
hyphal rings which persist on Petri dishes
under free-running conditions for several days
that are both temperature-compensated and
dependent on a white collar-like gene (Bluhm
et al. 2010). Through these examples it can be
seen that the clock of N. crassa can be used to
gain further insights into the clocks of other
fungi.

VII. Summary

Neurospora crassa is a key model organism for
research into the molecular mechanism of the
circadian clock. All of the above discussed ele-
ments of clock function were, at least in part,
discovered through the use of molecular and
genetic techniques in N. crassa. The more that
is understood about the clock in N. crassa,
including the similarity of its basic architecture
and circadian output to the clocks in higher
eukaryotes, the more we understand what this
organism has to contribute as a model system
to studies of clocks in other eukaryotes. It is
therefore likely that N. crassa will continue to
contribute as a model for circadian and fungal
research for years to come.
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