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The frequency (frq) gene of Neurospora crassa has long been considered essential to the function of this
organism’s circadian rhythm. Increasingly, deciphering the coupling of core oscillator genes such as frq
to the output pathways of the circadian rhythm has become a major focus of circadian research. To
address this coupling it is critical to have a reporter of circadian activity that can deliver high resolution
spatial and temporal information about the dynamics of core oscillatory proteins such as FRQ. However,
due to the difficulty of studying the expression of circadian rhythm genes in aerobic N. crassa cultures,
little is known about the dynamics of this gene under physiologically realistic conditions. To address
these issues we report a fluorescent fusion to the frq gene using a codon optimized version of the
mCherry gene. To trace the expression and accumulation of FRQ–mCherryNC (FRQ–mCh) during the cir-
cadian rhythm, growing vegetative hyphae were scanned every hour under confocal microscopy (100�).
Fluorescence of FRQ–mCh was detected only at the growing edge of the colony, and located in the cyto-
plasm and nuclei of vegetative hyphae for a distance of approximately 150–200 lm from the apices of
leading hyphae. When driven by the frq promoter, apparently there was also a second FRQ entrance into
the nucleus during the circadian cycle; however the second entrance had a lower accumulation level than
the first entrance. Thus this fluorescent fusion protein has proven useful in tracking the spatial dynamics
of the frq protein and has indicated that the dynamics of the FRQ protein’s nuclear trafficking may be
more complex than previously realized.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Circadian rhythms are a widely-occuring part of the biological
landscape, particularly for eukaryotic organisms. The generally
agreed upon features of a circadian rhythm are: (1) a period of
�24 h (circa-dian); (2) an endogenous or self-sustaining rhythm
when all external stimuli, such as light/dark cycles, are removed;
(3) entrainability by external signals such as a daylength of 24 h;
and (4) a period that remains relatively constant with respect to
ambient temperature, particularly in those organisms that cannot
regulate their internal temperature. The occurrence of circadian
rhythms has been documented from micro-organisms both pro-
karyotic (Dunlap et al., 2004) and eukaryotic all the way up the
taxonomic scale to humans (Aschoff, 1965). The occurrence of
ll rights reserved.
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circadian rhythms in fungi has been known for some time (Sargent
et al., 1966; Bell-Pedersen et al., 1996a; Loros and Dunlap, 2001;
Lakin-Thomas and Brody, 2004; Dunlap and Loros, 2006).

For circadian rhythms, the most widely-studied fungus has
been Neurospora crassa, primarily because of its well-known genet-
ics and biochemistry. Significant advances in understanding the
mechanism of a core oscillator as well as its input and output com-
ponents have been extensively documented (Aronson et al., 1994a;
Lee et al., 2000; Liu et al., 2000). The Neurospora clock is expressed
on solid agar media as a series of conidiating rings (asexual spore
formation) designated as ‘‘bands” alternating with areas of thin fil-
amentous growth. The macroscopic effect of this binary develop-
mental lifestyle is to produce on agar media, either in long linear
glass tubes (race tubes) or in Petri plates, bands that develop
�22 h apart. Moreover, since periods can be measured for many
days, a large number of cultures can be simultaneously monitored
and manipulated. The Neurospora clock system has all of the prop-
erties of the circadian rhythm definition listed above and is one of
the handful of organisms where a reasonable amount of molecular
understanding is known (Bell-Pedersen et al., 2001a,b; Loros and
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Dunlap, 2001; Dunlap, 2006). All of the formal aspects of the
Neurospora clock have been worked out from cultures growing
on the surface of an agar medium, either in race tubes or plates,
and most of the details of the molecular biology of the Neurospora
clock system have been obtained from a mycelial disk system in a
shaking liquid culture (Nakashima, 1981). Despite the differences
in culture conditions in liquid and solid cultures, the clock keeps
the same time in both instances (Perlman et al., 1981). However,
since growth is often limited in liquid cultures, the traditional Neu-
rospora clock output phenotype (conidiation) is suppressed by the
submerged growth environment. While developmental pathways
are suppressed intentionally to examine only the circadian cycling
of clock components, the conditions of the disk are unlike any fungi
normally encounter. Consequently this has led some to question
whether the data gained through such experiments can be directly
applied to those when Neurospora is cultured on agar media. Fur-
thermore, although macroscopic development is suppressed, it is
interesting that many clock-controlled genes are still expressed
in the disk system, including those involved in the formation of
conidia (ccg-2). Thus although the final morphological output of
the clock, conidiating regions of a culture, is not seen in the disk
culture system, many of the downstream processes still are.

Increasingly it will be important to address what differences, if
any, occur in the Neurospora clock between the surface and sub-
merged systems if the clock regulation of the output processes,
such as conidiation, are to be understood. To gain insight into the
dynamics of the Neurospora clock gene components, newer online
reporter tools (Morgan et al., 2003; Gooch et al., 2008) have been
developed allowing the assessment of some clock components
while the culture is growing on the surface of an agar media. Other
studies on the Neurospora clock (Brody and Harris, 1973; Ramsdale
and Lakin-Thomas, 2000) have involved extracting and analyzing
components directly from surface-grown cultures. However,
although the output of the circadian rhythm can be followed at a
macroscopic level using clock-controlled production of luciferase,
for example, no previous tool has been able to follow the dynamics
of a N. crassa clock gene at the cellular level. Consequently our fu-
sion protein has allowed us to determine the cellular localization of
the FRQ protein in aerobic conditions with higher temporal resolu-
tion than previous techniques could achieve.

The system we have developed is based on a fluorescent protein
fused in frame to the core oscillatory protein Frequency (FRQ). FRQ
was chosen due to its critical importance in generating the Neuros-
pora clock’s rhythms since deletion of the frq gene abolishes all cir-
cadian rhythms in Neurospora (Aronson et al., 1994a,b). Moreover
certain mutations in the frq gene retain expression but can alter
the period of the rhythm from as low as 16 h to as much as 29 h
(Feldman and Hoyle, 1973). Due to its importance, the temporal
profile of the expression of FRQ has been extensively studied in
the liquid disk system. However the spatial and temporal distribu-
tion of FRQ in an actively-growing, aerobic Neurospora culture has
been difficult to determine due to the previously mentioned prob-
lems. The fluorescent fusion system we describe here is an attempt
to overcome these limitations and is useful for determining frq
gene dynamics both spatially and temporally. Advantages of this
system include reporter output for more than 2 days of an
actively-growing culture, allowing correlations with the visible
conidiation rhythm. The system is an aerobic one, has high sensi-
tivity, and can be sampled with high temporal resolution. Further-
more the response of the clock to phase shifting stimuli or other
environmental changes can be rapidly observed.

The approach employed for the fluorescent labeling of clock
proteins was a multi-faceted one. The first step was to use a fluo-
rescent protein, mCherry, that emits in the red wavelengths of the
visible spectrum and whose excitation wavelength is far away
from the blue light range, which would have reset the Neurospora
clock (Liu et al., 2003). Unfortunately, the more commonly used
GFP (green fluorescent protein) variants have this as a built-in lim-
itation. The second step was to optimize the codons of mCherry for
expression in Neurospora since there have been numerous reports
about poor translation efficiencies for foreign genes in this organ-
ism (Kinnaird et al., 1991; Gustafsson et al., 2004). The third step
was to drive the mCherry protein with various promoters in order
to assess the time course, strength, and localization of the signal.
The fourth step was to localize the FRQ protein and observe its
kinetics by fusing the mCherry reporter to the C-terminal end of
the FRQ protein (we call this fusion FRQ–mCh). The fifth step
was to put FRQ–mCh under the control of different promoters,
i.e. ccg-2 or frq. The ccg-2 promoter was chosen since it is one of
the strongest promoters of N. crassa and would serve as a useful
control to ensure that FRQ–mCh was detectable. However an argu-
ment could be made that data obtained with the ccg-2 promoter
driving FRQ–mCh is complicated to decipher since there may be
feedback from a clock protein being regulated by a clock promoter.
Therefore our final step was to fuse the mCherry gene to the native
frq gene using a novel technique based on the ‘‘tk-blaster” method
(Pratt and Aramayo, 2002). This technique allowed us to study the
dynamics of the frq gene in its native genomic context with no dis-
ruption to its promoter, 50 or 30 UTR. Consequently our results with
this strain removed any doubt about the functionality of our fusion
protein since the circadian rhythm had a period near that of the
wild type.

At the cellular level, our objective was to analyze the dynamics
and spatial localization of the FRQ–mCh fusion protein to deter-
mine possible novel organelle localization, localization in tips vs.
older areas, and if these processes were under circadian control.
We were particularly interested in this promoter’s spatial specific-
ity (i.e. aerial hyphae vs. mycelia) and when it was activated during
the circadian cycle and the conidiation process. Furthermore we
have described previously (Castro-Longoria et al., 2007) some of
the intracellular details of the Neurospora conidiation rhythm and
these fluorescent strains gave us a new dimension to employ for
this type of study. Using these tools we have discovered that the
FRQ protein makes a second, previously-unknown entry into the
nucleus during the circadian cycle. This entry appears to be related
to the conidiation process due to its timing and thus is evidence of
the utility of our system for studying the Neurospora clock in an
aerobic environment.
2. Materials and methods

2.1. Strain and culture conditions

Neurospora crassa strains used in this study are listed in Table 1.
Unless otherwise stated, N. crassa strains were cultured and main-
tained in Vogel’s minimal medium N (VMM) (Vogel, 1956) with 2%
sucrose as a carbon source and 1.5% agar. Strains MFNC23 and
MFNC30 were grown in Petri plates at 28 �C to obtain a higher
expression of fluorescence. To determine the fluorescence signal
from whole Petri plate cultures, the plates were illuminated using
a halogen spot light bulb and a band pass excitation filter
(580 nm ± 20 nm). The fluorescent emissions signal was captured
using a standard digital camera (Canon A510) with an emission fil-
ter (610 nm ± 10 nm) placed in front of the lens. Hyphal extension
rate and period of strains were calculated from cultures on race
tubes. Cultures in special chambers were grown at 25 �C as previ-
ously described (Castro-Longoria et al., 2007). All cultures were
incubated in a VWR

�
Diurnal Growth Incubator, Model 2015. Clon-

ing steps necessary to produce the Pccg2–mCherry, Pccg2–FRQ–
mCherry and Pfrq–FRQ–mCherry constructs are given in the sup-
plementary methods. Moreover complete lists of the strains and



Table 1
Period length and hyphal extension rate of the N. crassa strains used in this study.

Strain Promoter Protein Period (h) (n) Growth rate (mm/h)

bd (control) frq FRQ 22.4 ± 3.2 (41) 1.2
bd (MFNC9) ccg-2 mCherryNC 21.1 ± 2.0 (17) 1.0
bd (MFNC23) ccg-2 FRQ–FLEX–mCherryNC 16.4 ± 1.8 (26) 0.9
bd (MFNC22) frq FRQ–FLEX–mCherryNC (ectopic integration) 19.6 ± 2.1 (21) 1.0
bd (MFNC30) frq FRQ–FLEX–mCherryNC 24.5 ± 2.0 (18) 1.1
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plasmids produced in this study are given in Supplementary tables
S3 and S4 respectively.

2.2. Insertion of the mCherryNC gene at the native frq locus using a
modified ‘‘tk-blaster” technique

Since the regulation of the FRQ gene is complex, containing reg-
ulatory elements both 50 and 30 of the actual FRQ coding sequence
(Crosthwaite, 2004; Colot et al., 2005), we decided to fuse mCher-
ryNC to the FRQ gene in its native genomic locus. We reasoned this
fusion gene might capture the intricate regulation of FRQ more
completely than an ectopic FRQ construct like that described in
the supplementary methods section. Moreover our strategy
allowed for the selectable marker gene’s complete removal, result-
ing in a minimum of DNA being added to the genome (essentially
being only a linker and mCherry sequences). Our strategy was sim-
ilar to the ‘‘tk-blaster” strategy described in Pratt and Aramayo
(2002), which itself is based on the URA-blaster strategy of Saccha-
romyces (Alani et al., 1987). The ‘‘tk-blaster” strategy is essentially
a technique to knockout a gene without a permanent marker being
left behind. This enables the recycling of the marker gene in subse-
quent knockout experiments and is therefore useful in building
strains with multiple gene knockouts. We have extended this tech-
nique beyond knockouts by modifying it to fuse fluorescent protein
genes to the genomic copy of a gene of interest. Unlike a knockout,
this strategy retains the function of the native gene and allows the
fusion gene’s regulation to be studied in its native context with a
minimal amount of inserted DNA. Importantly this removes any
ambiguity about regulation being altered by an ectopic genome
location.

To accomplish this fusion, our method, like the ‘‘tk-blaster”
technique, makes use of the hygromycin–thymidine kinase fusion
gene from the plasmid pHyTK (Lupton et al., 1991). This construct
confers resistance to hygromycin B and sensitivity to 5-Fluoro-20-
deoxyuridine (FUDR) and thus enables dominant positive and
negative selection of transformants (Pratt and Aramayo, 2002). In
the ‘‘tk-blaster” technique a sequence is placed flanking the marker
sequence on both the 50 and 30 ends, creating a direct repeat. This
construct is then targeted to the genomic region of interest, select-
ing for hygromycin resistance. In the next step, marker removal is
selected by plating cells on media containing FUDR. This removal
process occurs due to the high frequency of mitotic recombination
between direct repeats in the genome of Neurospora and other
organisms (Pratt and Aramayo, 2002). In the ‘‘tk-blaster” strategy
(Pratt and Aramayo, 2002), one of the repeat sequences remains
as essentially unwanted DNA after the marker’s removal (Pratt
and Aramayo, 2002) this sequence was known as a ‘‘lambda scar”.
In our strategy we have made the mCherry fusion sequence itself
the repeat, hence when the marker gene is removed all that re-
mains is the desired fusion sequence and no extraneous DNA is
leftover. Importantly, the minimal disturbance to the native gene
is made: the end result is an insertion of the fluorescent protein
gene only between the second to last codon of the gene and the
stop codon; no other part of the gene, including the promoter, 50

or 30 UTR, is altered. In our case with the frq gene, we ended up
inserting only 711 base pairs into the N. crassa genome at the
end of frq. An overview of our strategy is shown in Fig. 1 and a
detailed overview of the cloning steps taken to produce the re-
quired construct is given in the supplementary methods.

These cloning steps eventually yielded plasmid pMFP18 contain-
ing appropriate targeting vector with repeating copies of mCher-
ryNC flanking the HyTK marker. To transform Neurospora the
pMFP18 vector was linearized with the XmnI restriction enzyme
and used to transform Neurospora strain FGSC #9718 (Dmus-
51 bar a+) by electroporation. The resulting Neurospora colonies
were transferred to 10 � 75 mm test tubes and screened for the
presence of the pMFP18 derived construct by PCR. Conidia from po-
sitive isolates were streaked onto plates containing FUDR to select
those that had undergone recombination between the mCherry re-
peats. Colonies were transferred to 10 � 75 mm test tubes and
screened for the recombination event by PCR. The PCR products from
isolates positive for the desired recombination product were then
cloned into the pCR-Blunt vector (Invitrogen) and sequenced. The
sequencing reaction indicated the desired recombination had oc-
curred perfectly in at least some of the isolates. We named one of
these isolates MFNC4 (FRQ–FLEX–mCherry, Dmus-51 bar a+) and
crossed it to the bd strain (bd A SG#2105) to remove the Dmus-
51 bar marker, add the bd allele, and generate a homokaryon. Please
note that FLEX refers to the linker used to fuse FRQ to mCherry and is
described in the supplementary methods. The cross yielded 72 iso-
lates, which were screened for basta resistance (conferred by the
Dmus-51 bar marker), the bd allele and the presence of the FRQ–
mCh fusion gene. One isolate was chosen from this cross and named
MFNC29 (bd, FRQ–mCh, Dmus-51 bar). This strain was then back
crossed to bd A SG#2105 to generate MFNC30 (bd FRQ–FLEX–
mCherryNC).

2.3. Fluorescence microscopy

Expression of fluorescence (strain MFNC9) was monitored from
live cultures grown in special chambers (Castro-Longoria et al.,
2007) under fluorescence microscopy (Carl Zeiss Axiovert 200 M
inverted microscope) equipped with a Texas Red filter and in com-
plete darkness. Observations of vegetative hyphae were done each
hour at low magnification (using a 10� objective) once the colony
had grown and formed the first conidiation band. Developing col-
onies were scanned and photographed from the growing edge
inwards. Micrographs from cultures were assembled to obtain
the whole region at which the mCherryNC fluorescence was ex-
pressed during the circadian cycle.

2.4. Confocal live-cell imaging

Vegetative hyphae at the edge of growing colonies of strains
MFNC9, MFNC23 and MFNC30 were scanned every hour under con-
focal microscopy. Living hyphae were imaged at 25 �C (strain
MFNC9) and 28 �C (strains MFNC23 and MFNC30) on VMM using
an inverted Zeiss Laser Scanning Confocal Microscope LSM-510
META (Carl Zeiss, Göttingen, Germany). Cultures were scanned dur-
ing subjective day and subjective night using the inverted agar block
method (Hickey et al., 2005). Every hour an independent culture was
scanned and at least three complete sets of observations were done



Fig. 1. Diagram depicting the modified ‘‘tk-blaster” technique. (A) The construct containing the HyTK marker gene flanked by two repeating sequences (in this case the mCh
gene) is targeted to the genomic FRQ locus of Neurospora. Integration of this construct creates the FRQ–mCh fusion gene followed by the HyTK resistance gene and another
copy of the mCh gene. (B) Mitotic recombination between the two mCh repeats is selected for by plating conidia on FUDR containing media. Only those cells which have
removed the HyTK gene from their genome will be able to survive in this media. (C) The final result is an insertion of only the mCh gene following the FRQ gene. No other DNA,
such as a marker is inserted. Moreover the promoter, 50 UTR and 30 UTR’s remain intact.
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for each strain. Also, additional observations were done at times at
which the peak of fluorescence was detected in order to corroborate
results. An oil immersion objective 100� (PH3) 1.3 N.A. plan neofl-
uar was used. While scanning vegetative hyphae, the pinhole was
set to 2.3 airy units. A photomultiplier module allowed us to com-
bine fluorescence with phase-contrast channels to provide a simul-
taneous view of the fluorescently-labeled organelles and the entire
cell. Confocal images were captured using LSM-510 software (ver-
sion 3.2; Carl Zeiss) and evaluated with an LSM-510 Image Examiner
(version 3.2). Some of the image series were converted into anima-
tion movies using the same software. Fluorescence intensity was
measured with Image Pro Plus

�
and the obtained measurements

were exported into Microsoft Excel spreadsheets and analyzed.
3. Results

3.1. Expression of the RFP mCherryNC under the control of the ccg-2
promoter in N. crassa

All transformed ccg-2-mCherry strains (MFNC5 to MFNC9) were
scanned under fluorescence microscopy and strain MFNC9 (bd,
His3::Pccg2-mCherryNC-tTrpC) was chosen to continue further
observations. The strain was first grown in standard Petri plates to
monitor the circadian banding pattern (Fig. 2A) and then examined
using a fluorescence lamp optimized for viewing the fluorescence
signal from a Petri plate (see Section 2.1). We observed strong pro-
duction of mCherry in bands of conidiation (Fig. 2B), while any accu-
mulation of mCherry in the vegetative hyphae (inter-band region)
was too low to detect using this setup. To further examine fluores-
cence at the microscopic level, fully-grown cultures in special cham-
bers (Castro-Longoria et al., 2007) were scanned using confocal
microscopy. Using this technique we observed a strong accumula-
tion of mCherry in the conidiation bands as had been previously seen
in culture plates (Fig. 2B). For example in Fig. 2C–E a conidiation
band section examined using epifluorescence microscopy illustrates
the strong fluorescence found in conidia.

To trace the dynamics of Pccg2–mCherryNC in growing MFNC9
colonies and to assess circadian control of the construct, we scanned
cultures every hour at low magnification using fluorescence micros-
copy after an initial 11-h period of continuous darkness. All observa-
tions were carried out in vegetative hyphae growing on an agar
surface. Furthermore, to examine Pccg2–mCherryNC’s circadian
regulation (if any) we adjusted all time units to circadian time
(CT). Circadian time is a formalism used under constant conditions
to normalize the rhythm lengths among organisms with different
endogenous periods to 24 circadian hours per cycle. This adjustment
allows for easier comparisons among different organisms clocks. By
convention CT0 corresponds to subjective dawn and CT12 to subjec-
tive dusk.

Near subjective dawn (CT1–3) the hyphal fluorescence at the
growing edge of the MFNC9 colony was low compared with fluo-
rescence detected in conidia from the previous band (B1)
(Fig. 3A). A rapid increase in fluorescence was detected from CT4
to CT7 (Fig. 3B and 3 lower panel) and after CT8 fluorescence grad-
ually decreased. After CT11 fluorescence in vegetative hyphae re-
mained at very low, but detectable levels for the following 11 h
(Fig. 3C–D). During this time nascent aerial hyphae were moni-
tored in the developing future band (FB2) and a very strong fluo-
rescence signal was observed in aerial hyphae and conidia (Fig. 3E).

In addition to epifluorescence microscopy, we scanned growing
MFNC9 colonies at higher magnification (100�) using confocal
microscopy yielding similar results to those previously obtained.
The mCherryNC protein was detected in vegetative hyphae at the
growing edge of the colony and at CT1 fluorescence was low
(Fig. 3, lower panel and Supplementary movie 1). The level of expres-
sion increased gradually and reached a maximum of intensity at CT4
(Fig. 3, lower panel, Fig. 4 and Supplementary movie 2). The intensity
remained high for the following 5 h and then decreased rapidly dur-
ing the next 3 h. During the following 11 h, the expression of mCher-
ryNC in vegetative peripheral hyphae was very low. Furthermore the
Pccg2 promoter displayed an impressively high dynamic range dur-
ing the course of the circadian cycle, reaching a maximum expres-
sion level at CT3–6 of at least 240 times that during CT11–CT22
(Fig. 4). Moreover when the low state cultures (those between
CT11 and CT22) where exposed to continuous light, we detected a
very high production of mCherryNC after 1 h (data not shown).
3.2. Kinetics of the protein FRQ under the control of the ccg-2 promoter
in N. crassa

The use of the mCherryNC reporter proved to be a powerful tool
for observing the Pccg2 promoter’s dynamics at the cellular level.
Moreover this strain served as a control, ensuring that the mCher-
ryNC protein was detectable in Neurospora. Our next step was to
expand upon this initial strain by having the Pccg2 promoter drive
a FRQ–mCh fusion protein instead of the mCherryNC protein alone.



Fig. 2. Phenotype of strain MFNC9 (Pccg2–mCheryyNC) of N. crassa. (A) Banding pattern on a culture plate viewed under transmitted light. (B) View of the same culture under
a fluorescent lamp (see Section 2 for excitation and emission wavelengths); note the strong expression of mCherryNC on bands of conidiation. (C–E) Close up of a condiation
band from a fully-grown Neurospora strain MFNC9 colony grown in a special chamber and scanned under confocal microscopy. (C) Transmitted light channel. (D) mCherryNC
fluorescence. (E) Merged images. (A–B) Scale bar = 2 cm. (C–E) Scale bar = 200 lm.

Fig. 3. Expression of mCherryNC driven by the ccg-2 promoter during colony development of N. crassa, strain MFNC9. (A–E) Colony examined under fluorescence microscopy
(10�) after the formation of the first band. (A–D) Vegetative hyphae. (E) Aerial hyphae. Lower panel: rhythmic expression of mCherryNC fluorescence in peripheral vegetative
hyphae from CT1 to CT11 examined under confocal microscopy (100�). Upper row of images are the phase contrast and fluorescence channels merged; lower row,
fluorescence channel. Scale bar upper panel 1 mm.
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We then used this reporter to determine the spatial and temporal
distribution of FRQ in living hyphae using the transformant strain
MFNC23 (bd, His3:Pccg2–FRQ–mCh). This strain was monitored
using confocal microscopy for an entire circadian cycle to follow
the expression and intracellular localization of FRQ–mCh driven by
the ccg-2 promoter. The conidiation (banding) pattern of strain
MFNC23 was clear with a period length of 16.4 h and hyphal exten-
sion rate of 1.0 mm/h.

Fluorescence was detected only in the colony’s growth front, for a
distance of approximately 150–300 lm from the apices of leading
hyphae; beyond that distance only a diffuse signal was detected.
Accordingly all observations were carried out in individual hyphae
situated at the growth front’s edge of the colony. Expression of
FRQ–mCh was generally very low during most of the circadian cycle
and some hyphae in the same culture did not demonstrate a detect-
able fluorescence signal. However, using only hyphae expressing
detectable levels of fluorescence, a consistent pattern of FRQ–mCh
localization was observed.

The nuclear entrance of FRQ–mCh was clear (Fig. 5) and during
the first hours of subjective day (CT0–CT7) FRQ–mCh was localized



Fig. 4. Profile of fluorescence intensity of the protein mCherryNC driven by the
ccg-2 promoter during the circadian cycle of N. crassa, strain MFNC9. Only
individual vegetative hyphae at the edge of the colony were considered. Mean
and standard deviation were calculated from measurements on the subapical area
of three different hyphae.
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inside the nucleus at very low levels (Fig. 5A and Supplementary
movie 3). A gradual increase of fluorescence inside the nucleus
was detected from CT8 (Fig. 5B) until a strong accumulation was
observed at CT11 (Fig. 5C and Supplementary movie 4). After the
period of strong accumulation, levels of FRQ–mCh decreased and
stayed at a low level until another nuclear entry cycle occurred,
from CT18 to CT21, peaking at CT19. Both of these fluorescence
peaks exhibited comparable signal levels. Moreover this nuclear
entrance of FRQ–mCh was observed only in nuclei localized subap-
ically; no entry was detected past 150–200 lm from the apices of
leading hyphae.
3.3. Kinetics of the protein FRQ under the control of the frq promoter in
N. crassa

Strain MFNC30 (bd, basS, FRQ–mCh) contains the mCherryNC
gene inserted into the end of the native frq gene, enabling the
Fig. 5. Nuclear entrance of FRQ–mCh under the ccg-2 promoter in vegetative
hyphae of N. crassa, strain MFNC23. (A) A low accumulation of FRQ–mCh in nuclei
was detected during early subjective day and night, image taken at CT2. (B) Gradual
accumulation of FRQ–mCh in nuclei, image taken at CT9. (C) Maximum of
fluorescence detected in nuclei at CT11 and CT19, image taken at CT11. White
arrows point to selected nuclei. Images are the phase contrast and fluorescence
channels merged. Scale bar = 10 lm.
production of the FRQ–mCh fusion by the native frq promoter, at
the native frq locus. Confocal microscopy was again used to follow
the production and localization of FRQ–mCh during the circadian
cycle. The strain’s growth was also monitored in race tubes and
the circadian conidiation pattern was even clearer than that seen
in MFNC23 with a period length of 24.5 h and hyphal extension
rate of 1.06 mm/h.

Fluorescence in the colony was detected only in peripheral hy-
phae, as in strain MFNC23, therefore only individual leading hy-
phae in the growing region of the colony were examined. Very
low accumulation of FRQ–mCh was detected inside the nucleus
at CT1, followed by a period of rapid accumulation, which resulted
in a high signal at CT4 (Fig. 6A and Supplementary movie 5). Fol-
lowing the strong accumulation of FRQ–mCh in nuclei, a gradual
decrease in fluorescence intensity inside the nucleus was observed.
At CT10 some fluorescence was also present outside the nucleus
(Fig. 6B) in the subapical region. A strong fluorescence outside
the nuclei was more evident after CT10 with almost undetectable
levels inside the nucleus (Fig. 6C and Supplementary movie 6). Be-
hind the subapical region (where FRQ–mCh was localized to the
nucleus) an accumulation of fluorescence in the cytoplasm was
present (as in Fig. 6C and Supplementary movie 7) and beyond this
area the fluorescence signal was very low and diffuse (Supplemen-
tary movie 8). Prior to being released into D/D, the fluorescence
signal in L/L was relatively strong but was localized completely
to the cytoplasm.

After the first nuclear entry, apparently a second entrance of
FRQ into the nucleus was detected at CT19 as a low accumulation
of nuclear fluorescence, compared with the levels found at CT4–5.
This second entrance of FRQ to the nucleus coincided with the
higher expression of cytoplasmic FRQ localized near the subapical
region of the cell. Also some hyphae did not have much cytoplas-
mic FRQ in the subapical area and the fluorescence inside the
nucleus was clearly observed (Fig. 7A–C). Although the fluores-
cence of FRQ–mCh detected inside the nucleus at CT19 was low,
this entrance to the nucleus was also detected by measuring the
Fig. 6. Nuclear entry of FRQ–mCh expressed under the frq promoter in vegetative
hyphae of N. crassa, strain MFNC30. (A) Peak of fluorescence detected in nuclei at
CT4. (B) FRQ–mCh detected inside and outside the nucleus, image taken at CT10. (C)
Accumulation of FRQ–mCh in cytoplasm at the subapical region of the cell, image
taken at CT18. White arrows point to selected nuclei. Images are the phase contrast
and fluorescence channels merged. Scale bar = 10 lm.



Fig. 7. Accumulation of FRQ–mCh in cytoplasm and nuclei of N. crassa, strain
MFNC30. (A–C) Second entrance of FRQ–mCh in the nucleus, images taken at CT19.
White arrows point to selected nuclei. Images are the phase contrast and
fluorescence channels merged. Scale bar = 10 lm.

Fig. 9. Nuclear localization of FRQ–mCh in N. crassa, strain MFNC30. (A) Fluores-
cence channel, image taken at CT7. (B) Phase-contrast channel. (C) Merged images
with fluorescence in red. White arrows indicate selected nuclei and black arrows
point to selected vacuoles. Scale bar = 10 lm.
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fluorescence intensity in individual nuclei (Fig. 8). The second
accumulation of FRQ–mCh can be seen as a smaller peak of fluores-
cence intensity at CT19 (Fig. 8).

To ensure that FRQ–mCh localization was nuclear, we were able
to obtain an image of two growing hyphae in which one of them
had vacuoles showing no fluorescence. Furthermore both hyphae
possess several nuclei with a strong fluorescence signal and in
some the nucleolus can be clearly observed (Fig. 9A–C). Moreover
as a control to ensure that mCherryNC alone does not enter the
nucleus of N. crassa hyphae during the cycle, we used strain MFNC9
expressing mCherryNC alone driven by the ccg-2 promoter. As
demonstrated in Fig. 10, fluorescence seems to be dispersed in
the cytoplasm without any visible nuclear accumulation. At CT4
fluorescence intensity is very high in strain MFNC9 (Fig. 4), and
therefore we used a lower laser intensity to get a fluorescence
Fig. 8. Variation of fluorescence intensity in nuclei of the protein mCherryNC driven
by the frq promoter during the circadian cycle of N. crassa, strain MFNC30. Note that
only vegetative hyphae at the edge of the colony were considered. Mean and
standard error were calculated from measurements on three different hyphae.
Dotted line indicates the general trendline.
signal comparable to that seen in MFNC30. Nuclear size and distri-
bution of strain MFNC30 (data not shown) were similar to those of
a strain with nuclei labeled with GFP (Ramos-García et al., 2009).

While nuclear localization of the FRQ–mCh protein was clear in
MFNC30, fluorescence intensity varied between the examined
hyphae, possibly due to the disturbance created while being exam-
ined under the microscope. Despite such variability, a general trend
in nuclear fluorescence was observed (Fig. 8). The first peak of fluo-
rescence was the result of the strong accumulation of FRQ–mCh in-
side the nuclei and the second peak apparently was caused by a
much lower accumulation. Cytoplasmic fluorescence accumulation
Fig. 10. Control showing the expression of mCherryNC alone driven by the ccg-2
promoter in individual hyphae of N. crassa, strain MFNC9. (A) Fluorescence channel,
image taken at CT4. (B) Phase contrast channel. Note that fluorescence is evenly
distributed throughout the cytoplasm; there is no indication of accumulation in
nuclei. Arrows indicate some nuclei. Scale bar = 10 lm.
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also showed some variability; it was present during the complete
circadian cycle, but followed a differential pattern of expression. At
CT1–CT17 the accumulation of cytoplasmic FRQ–mCh was located
further from the apices of leading hyphae (150–250 lm) and from
CT17 to CT23 this accumulation was closest to the subapical region
(Fig. 6C and Supplementary movie 6).
3.4. Clock effects in the N. crassa constructs

While the fluorescent reporters were useful for measuring the
dynamics of the FRQ–mCh protein, we also wanted to ensure that
the clock still functioned normally in these strains. Towards this
end we measured the period and growth rate for each of the strains
used in this study. We find that expressing mCherry under the con-
trol of the ccg-2 promoter (strain MFNC9) had little effect on the free-
running period of a bd culture when grown in constant darkness (Ta-
ble 1). This result was expected since mutations in the ccg-2 gene do
not affect the period of the clock. Secondly, results with strain
MFNC23 indicate that overexpressing FRQ–mCh using the ccg-2 pro-
moter, which is a strong promoter, reduces the Neurospora clock per-
iod by six hours.

Similar to the period effects observed driving FRQ–mCh with the
ccg-2 promoter, using the native frq promoter at an ectopic location
to drive production also resulted in a shortening of the clock period.
However, when mCherry was fused to the resident frq promoter in
strain MFNC30, one could see a 2-h lengthening of the period. The
period difference observed between strains MFNC22 and MFNC30
may be due to the two copies of the frq gene present in the former
(native and FRQ–mCh integrated ectopically). The similarity in peri-
ods between MFNC30 and the bd control strain indicates that the
FRQ–mCh fusion protein was generally capable of replacing the nor-
mal FRQ protein in terms of clock function under these conditions.
This can be viewed as a validation of our approach of employing
the mCherry protein as a useful reporter.
4. Discussion

One of the most ancient forms of biological regulation is the
circadian rhythmicity found in almost all groups of organisms.
The fungus Neurospora crassa has been used as a model organism
to investigate the components of the circadian clock that regulate
molecular, physiological and behavioral activities (Dunlap, 2006).
Several properties of Neurospora, such as a straightforward han-
dling in the laboratory, an easily-observable macroscopic rhythm
(banding pattern) and the availability of the complete genome
sequence, make this organism an ideal one for clock research
(Bell-Pedersen et al., 2001a). To improve the understanding of
how the clock operates in this organism we have created tools that
have already proven useful for monitoring the dynamics of the frq
gene under physiological conditions. The frq gene is one of the
most important genes involved in the circadian rhythm of N. crassa,
and consequently it has been intensely studied as one of the cen-
tral components of the circadian negative feedback loop (Dunlap,
1999). The frq gene encodes central components of the circadian
oscillator, the frq mRNA and two forms of the FRQ protein (Dunlap,
1993, 1996; Loros, 1995; Garceau et al., 1997; Liu et al., 1997). Each
form of the FRQ protein enters the nucleus soon after its synthesis
in the early subjective day and depresses the levels of its own tran-
script (Luo et al., 1998).

To elucidate the molecular details of the frq gene’s dynamics in
Neurospora a mycelial disk liquid culture has been extensively used
(Nakashima, 1981). However some researchers have questioned the
relevance this system has to understanding how the rhythm oper-
ates in an aerial environment, which is presumably the most similar
to natural conditions. Now, by the use of a fluorescent fusion protein,
we were able to follow clock gene dynamics while the culture is
growing on the surface of agar media. While others have used lumi-
nescent proteins to follow the circadian rhythmicity in N. crassa,
these tools are limited to monitoring the cycle at a macroscopic level
(Morgan et al., 2003; Gooch et al., 2008). Our tool, however, facili-
tates examination of rhythm components at the microscopic level,
which allows us to gain insight into the intracellular transport
dynamics of these proteins during the circadian cycle.

Specifically we used our first construct containing the ccg-2
promoter driving the expression of the mCherryNC protein to gain
insight into both the spatial and temporal dynamics of this
promoter’s activity during the circadian cycle. The Neurospora
ccg-2 (eas) gene encodes a fungal hydrophobin (Bell-Pedersen
et al., 1992; Lauter et al., 1992) that is transcriptionally regulated
by the circadian clock and other developmental pathways (Bell-
Pedersen et al., 1996b,c, 2001b). Transcripts of the ccg-2 gene accu-
mulate during the late night to early morning in liquid cultures
(Bell-Pedersen et al., 1996c).

At least two independent pathways are involved in the regula-
tion of ccg-2, one from the endogenous clock to control rhythmic
expression and another through an asexual development pathway
(Bell-Pedersen et al., 1996c). The circadian rhythm and develop-
ment are therefore major activators of the ccg-2 promoter, how-
ever it is also induced by several additional factors, such as light
and carbon source availability (Lauter et al., 1992; Arpaia et al.,
1993; Bell-Pedersen et al., 1996b). Previous reports stated that
endogenous ccg-2 message levels increase and reach maximum
accumulation after 60 min of continuous light (Bell-Pedersen
et al., 1996b). We also detected a high production of mCherryNC
from the ccg-2 promoter after exposing cultures in the subjective
night phase of the circadian rhythm (which normally has a low
expression of ccg-2 in vegetative hyphae) for one hour of continu-
ous light (data not shown). Moreover the expression of the mCher-
ryNC protein driven by the ccg-2 promoter was rhythmic; leading
us to conclude that the control of the ccg-2 gene’s expression could
be observed using the mCherryNC fluorescence signal. In two
developmental stages, aerial hyphae and conidia, there was a high
expression of the mCherryNC protein. While we cannot rule out
transport of mCherry from vegetative hyphae to the aerial hyphae
and conidia using our microscopic results, previous reports on the
ccg-2 promoter make it highly likely that the ccg-2 promoter is
active in these regions (Lauter et al., 1992; Castro-Longoria et al.,
2007). Since developmental regulation of the Pccg2-mCherryNC
construct was so clear we expect this will become a powerful tool
to study the dynamics of conidiation and other developmental pro-
cesses. Once we determined that the mCherryNC protein reporter
functioned well in N. crassa, we tagged the FRQ protein with
mCherryNC to follow its intracellular localization during the circa-
dian cycle. The expression of the FRQ–mCh fusion protein under
the control of the ccg-2 promoter was detected in nuclei of vegeta-
tive hyphae at very low levels during most of the circadian cycle.
However two peaks of fluorescence in the nuclei were observed
at CT11 and CT19 indicating that the fusion protein was being
translocated into the nucleus. Although the same rhythmic pattern
of fluorescence was generally observed, some of the examined
hyphae did not express any fluorescence at all. This could have
been due to the fact that this strain had two copies of the frq gene
(the native copy and the ectopic fusion copy), which possibly af-
fected its typical behavior. Moreover since the ectopic copy was
driven by the ccg-2 promoter, which is a much stronger promoter
than the native frq promoter, we were surprised to see a macro-
scopic conidiation rhythm at all given previously-published
reports on the over expression of frq abolishing the circadian
rhythm (Aronson et al., 1994b). However this may be due to the
fact that the ccg-2 promoter is a clock-controlled promoter while
the qa-2 promoter used by Aronson et al. (1994b) was not.
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When we compared the ectopic FRQ–mCh fusion (strain
MFNC22) to our native FRQ–mCh fusion strain (MFNC30) we found
that the macroscopic rhythm had a period of 24 h, closer to the typ-
ical 22 h of a wild-type strain, and that the banding pattern was very
clear, at least for the first 4 days. While the signal was weaker than
that observed using the ccg-2 promoter driving the fusion protein
(as expected due to the differences in promoter strengths) the nucle-
ar localization of FRQ during the circadian cycle was similar to re-
sults previously obtained (Luo, et al., 1998). The FRQ protein
reached a maximum inside the nucleus at CT4 followed by a decrease
through the rest of the cycle as previously reported (Luo et al., 1998).
During the gradual decrease of nuclear FRQ that we observed, appar-
ently another second smaller peak was detected at CT19. It has been
suggested that the FRQ protein levels decrease after they are exten-
sively phosphorylated, suggesting that phosphorylation of FRQ may
lead to its degradation (He et al., 2003; He and Liu, 2005). Moreover
recently the phosphorylation sites of FRQ have been shown influ-
ence its interactions with other components of the circadian oscilla-
tor in a phase dependent manner (Baker et al., 2009). Quantitative
analysis of the FRQ protein by nuclear extractions during the circa-
dian cycle revealed that the protein FRQ, together with FRH [FRE-
QUENCY (FRQ)-interacting RNA helicase], enters the nucleus soon
after its synthesis to repress its own transcript and that nuclear local-
ization is required for its proper function (Aronson et al., 1994a; Gar-
ceau et al., 1997; Liu et al., 1997; Cheng et al., 2001, 2005; Denault
et al., 2001; Froehlich et al., 2003). The protein FRQ enters the nu-
cleus since a nuclear localization signal (NLS) exists for the small
and large forms of FRQ and this signal is necessary and sufficient to
direct the FRQ protein into the nucleus (Luo et al., 1998). The appar-
ent second nuclear entrance of FRQ during the subjective night is a
novel result and several possible explanations can be listed: (a)
FRQ has a function outside the circadian feedback loops as previ-
ously suggested (Cheng et al., 2005); (b) FRQ has a role in the regula-
tion of conidiation, independent of its role in the circadian rhythm;
(c) FRQ enters in response to a signal from another oscillator, sort
of a ‘‘cross-talk” with the FRQ-less oscillator; or (d) the second en-
trance of FRQ may be the long form of FRQ, since these experiments
were done at 28 �C, where the long form of FRQ is at a higher level.
Earlier studies also suggest that FRQ could be acting outside the feed-
back loop. For example, strain frq11, which has only the small FRQ
protein, exhibited different responses to light–dark cycles, suggest-
ing that the two FRQ proteins have different functions in entrain-
ment to light–dark cycles (Chang and Nakashima, 1997). It has
been proposed that FRQ is part of a clock-regulated light input path-
way to the temperature entrainable oscillator (Merrow et al., 1999).
Other explanations are possible, and at this time, there are no con-
vincing data to distinguish these alternatives.

In addition to nuclear entrance we observed differential accumu-
lation of FRQ–mCh in the cytoplasm as well. Similar to recently pub-
lished reports we detected that the subcellular distribution of FRQ
shifted from mainly nuclear to mainly cytosolic as recently found
(Diernfellner et al., 2009). In our results we generally, detected an
accumulation of cytoplasmic FRQ–mCh 150 lm from the apices of
leading hyphae. This accumulation of FRQ–mCh apparently was
nearer the apices for several hours after CT17. By that time the
FRQ–mCh expression levels in the subapical area of the cytoplasm
were higher, compared with those observed during the first hours
of the cycle. A possible explanation for this phenomenon could be
that cytosolic FRQ behind the apices is entering the nucleus to inac-
tivate the transcriptional activator WCC. On the other hand, an accu-
mulation of hyperphosphorylated cytosolic FRQ is required to
support the WCC accumulation (Schafmeier et al., 2006). It has been
reported that while low levels of FRQ are required to drive efficient
phosphorylation of WCC in the nucleus, a substantially higher con-
centration of FRQ is required to support accumulation and hyp-
herphosphorylation of WCC in the cytosol (Schafmeier et al.,
2008); these findings are consistent with our observations. It has
been shown that these conflicting functions are confined to distinct
subcellular compartments and coordinated in temporal fashion
(Schafmeier et al., 2006) as seen in our experiments.

Acknowledgments

This work was supported by a SEP-CONACYT Grant (CB-2006-1-
61524), an NSF Grant MCB0212190 to S.B. and an NSF Pre-doctoral
fellowship (2005022837) to M.F. We thank Robert Pratt for kindly
sending the pHyTK plasmid and also thank K. Schneider, M. Yañez-
Gutiérrez and E. Sánchez-León Hing for technical assistance.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fgb.2009.12.013.

References

Alani, E., Cao, L., Kleckner, N., 1987. A method for gene disruption that allows
repeated use of URA3 selection in the construction of multiply disrupted yeast
strains. Genetics 116 (4), 541–545.

Aronson, B.D., Johnson, K., Dunlap, J.C., 1994a. Circadian clock locus frequency:
protein encoded by a single open reading frame defines period length and
temperature compensation. Proceedings of the National Academy of Sciences of
the United States of America 91 (16), 7683–7687.

Aronson, B., Johnson, K., Loros, J.J., Dunlap, J.C., 1994b. Negative feedback defining a
circadian clock: autoregulation in the clock gene frequency. Science 263, 1578–
1584.

Arpaia, G., Loros, J.J., Dunlap, J.C., Morelli, G., Macino, G., 1993. The interplay of light
and the circadian clock: independent dual regulation of clock-controlled gene
ccg-2 (eas). Plant Physiology 102, 1299–1305.

Aschoff, J., 1965. Circadian rhythms in man. Science 148, 1427–1432.
Baker, C.L., Kettenbach, A.N., Loros, J., Gerber, S., Dunlap, J., 2009. Quantitative

proteomics reveals a dynamic interactome and phase-specific phosphorylation
in the Neurospora circadian clock. Molecular Cell 34 (3), 354–363.

Bell-Pedersen, D., Dunlap, J.C., Loros, J.J., 1992. The Neurospora circadian clock, ccg-2,
is allelic to eas and encodes a fungal hydrophobin required for formation of the
conidial rodlet layer. Genes and Development 6, 2382–2394.

Bell-Pedersen, D., Garceau, N., Loros, J.J., 1996a. Circadian rhythms in fungi. Journal
of Genetics 75, 387–401.

Bell-Pedersen, D., Dunlap, J.C., Loros, J.J., 1996b. Distinct cis-acting elements
mediate clock, light and developmental regulation of the Neurospora crassa
eas (ccg-2) gene. Molecular and Cellular Biology 16, 513–521.

Bell-Pedersen, D., Shinohara, M., Loros, J.J., Dunlap, J.C., 1996c. Circadian clock-
controlled genes isolated from Neurospora crassa are late night- to morning-
specific. Proceedings of the National Academy of Sciences of the United States of
America 93, 13096–13101.

Bell-Pedersen, D., Crosthwaite, S.K., Lakin-Thomas, P.L., Merrow, M., Økland, M.,
2001a. The Neurospora circadian clock: simple or complex? Philosophical
Transactions of the Royal Society of London Series B – Biological Sciences 356,
1697–1709.

Bell-Pedersen, D., Lewis, Z.A., Loros, J.J., Dunlap, J.C., 2001b. The Neurospora
circadian clock regulates a transcription factor that controls rhythmic
expression of the output eas (ccg-2) gene. Molecular Microbiology 41, 897–909.

Brody, S., Harris, S., 1973. Circadian rhythms in Neurospora crassa: spatial
differences in pyridine nucleotide levels. Science 180, 498–502.

Castro-Longoria, E., Brody, S., Bartnicki-Garcia, S., 2007. Kinetics of circadian band
development in Neurospora crassa. Fungal Genetics and Biology 44, 672–681.

Chang, B., Nakashima, H., 1997. Effects of light-dark cycles on the circadian
conidiation rhythm in Neurospora crassa. Journal of Plant Research 110, 449–
453.

Cheng, P., Yang, Y., Heintzen, C., Liu, Y., 2001. Coiled-coil domain mediated FRQ–FRQ
interaction is essential for its circadian clock function in Neurospora. EMBO
Journal 20, 101–108.

Cheng, P., He, Q., He, Q., Wang, L., Liu, Y., 2005. Regulation of the Neurospora
circadian clock by an RNA helicase. Genes and Development 19, 234–241.

Colot, H.V., Loros, J.J., Dunlap, J.C., 2005. Temperature-modulated alternative
splicing and promoter use in the circadian clock gene frequency. Molecular
Biology of the Cell 16 (12), 5563–5571.

Crosthwaite, S.K., 2004. Circadian clocks and natural antisense RNA. FEBS Letters
567 (1), 49–54.

Denault, D.L., Loros, J.J., Dunlap, J.C., 2001. WC-2 mediates WC-1–FRQ interaction
within the PAS protein-linked circadian feedback loop of Neurospora. EMBO
Journal 20, 109–117.

Diernfellner, A.C.R., Querfurth, C., Salazar, C., Höfer, T., Brunner, M., 2009.
Phosphorylation modulates rapid nucleocytoplasmic shuttling and
cytoplasmic accumulation of Neurospora clock protein FRQ on a circadian
time scale. Genes and Development 23, 2192–2200.

http://dx.doi.org/10.1016/j.fgb.2009.12.013


E. Castro-Longoria et al. / Fungal Genetics and Biology 47 (2010) 332–341 341
Dunlap, J.C., 1993. Genetic analysis of circadian clocks. Annual Review of Physiology
55, 683–728.

Dunlap, J.C., 1996. Genetic and molecular analysis of circadian rhythms. Annual
Review of Genetics 30, 579–601.

Dunlap, J.C., 1999. Molecular bases for circadian clocks. Cell 96, 271–290.
Dunlap, J.C., Loros, J., DeCoursey, P.J. (Eds.), 2004. Chronobiology: Biological

Timekeeping. Sinauer Associates, Sunderland, Mass.
Dunlap, J.C., 2006. Proteins in the Neurospora circadian clockworks. Journal of

Biological Chemistry 281 (39), 28489–28493.
Dunlap, J.C., Loros, J., 2006. How fungi keep time: circadian system in Neurospora

and other fungi. Current Opinion in Microbiology 8, 579–587.
Feldman, J.F., Hoyle, M.N., 1973. Isolation of circadian clock mutants of Neurospora

crassa. Genetics 75, 605–613.
Froehlich, A.C., Loros, J.J., Dunlap, J.C., 2003. Rhythmic binding of a WHITE COLLAR-

containing complex to the frequency promoter is inhibited by FREQUENCY.
Proceedings of the National Academy of Science 100, 5914–5919.

Garceau, N., Liu, Y., Loros, J.J., Dunlap, J.C., 1997. Alternative initiation of translation
and time-specific phosphorylation yield multiple forms of the essential clock
protein FREQUENCY. Cell 89, 469–476.

Gooch, V.D., Mehra, A., Larrondo, L., Fox, J., Touroutoutoudis, M., Loros, J.J., Dunlap,
J.J., 2008. Fully codon optimized luciferase uncovers novel temperature
characteristics of the Neurospora clock. Eukaryotic Cell 7, 28–37.

Gustafsson, C., Govindarajan, S., Minshull, J., 2004. Codon bias and heterologous
protein expression. Trends in Biotechnology 22, 346–353.

He, Q., Cheng, P., Yang, Y., He, Q., Yu, H., Liu, Y., 2003. FWD1-mediated degradation
of FREQUENCY in Neurospora establishes a conserved mechanism for circadian
clock regulation. EMBO Journal 22, 4421–4430.

He, Q., Liu, Y., 2005. Degradation of the Neurospora circadian clock protein
FREQUENCY through the ubiquitin–proteasome pathway. Biochemical Society
Transactions 33, 953–956.

Hickey, P.C., Swift, S.R., Roca, M.G., Read, N.D., 2005. Live-cell imaging of
filamentous fungi using vital fluorescent dyes and confocal microscopy. In:
Savidge, T., Pothoulakis, C. (Eds.), Methods Microbiol, Microbial Imaging, vol. 35.
Elsevier, London, pp. 63–87.

Kinnaird, J.H., Burns, P.A., Fincham, J.R., 1991. An apparent rare-codon effect on the
rate of translation of a Neurospora gene. Journal of Molecular Biology 5, 733–736.

Lakin-Thomas, P.L., Brody, S., 2004. Circadian rhythms in microorganisms: new
complexities. Annual Review of Microbiology 58, 489–519.

Lauter, F.-R., Russo, V.E., Yanofsky, C., 1992. Developmental and light regulation of
eas, the structural gene for the rodlet protein of Neurospora. Genes and
Development 6, 2373–2381.

Lee, K., Loros, J.J., Dunlap, J.C., 2000. Interconnected feedback loops in the
Neurospora circadian system. Science 289, 107–110.

Liu, Y., Garceau, N.Y., Loros, J.J., Dunlap, J.C., 1997. Thermally regulated translational
control of FRQ mediates aspects of temperature responses in the Neurospora
circadian clock. Cell 89, 477–486.
Liu, Y., Loros, J.J., Dunlap, J.C., 2000. Phosphorylation of the Neurospora clock protein
frequency determines its degradation rate and strongly influences the period
length of the circadian clock. Proceedings of the National Academy of Sciences
of the United States of America 97, 234–239.

Liu, Y., He, Q., Cheng, P., 2003. Photoreception in Neurospora: a tale of two white
collar proteins. Cellular and Molecular Life Sciences 60, 2131–2138.

Loros, J.J., 1995. The molecular basis of the Neurospora clock. Seminars in
Neuroscience 7, 3–13.

Loros, J.J., Dunlap, J.C., 2001. Genetic and molecular analysis of circadian rhythms in
Neurospora. Annual Review of Physiology 63, 757–794.

Luo, C., Loros, J.J., Dunlap, J.C., 1998. Nuclear localization is required for function of
the essential clock protein FRQ. EMBO Journal 17, 1228–1235.

Lupton, S.D., Brunton, L.L., Kalberg, V.A., Overell, R.W., 1991. Dominant positive and
negative selection using a hygromycin phosphotransferase–thymidine kinase
fusion gene. Molecular and Cellular Biology 11 (6), 3374–3378.

Merrow, M., Brunner, M., Roenneberg, T., 1999. Assignment of circadian function for
the Neurospora clock gene frequency. Nature 399, 584–586.

Morgan, L.W., Greene, A.V., Bell-Pedersen, D., 2003. Circadian and light-induced
expression of luciferase in Neurospora crassa. Fungal Genetics and Biology 38,
327–332.

Nakashima, H., 1981. A liquid culture system for the biochemical analysis of the
circadian clock of Neurospora. Plant and Cell Physiology 22, 231–238.

Perlman, J., Nakashima, H., Feldman, J.F., 1981. Assay and characteristics of
circadian rhythmicity in liquid cultures of Neurospora crassa. Plant Physiology
67 (3), 404–407.

Pratt, R.J., Aramayo, R., 2002. Improving the efficiency of gene replacements in
Neurospora crassa: a first step towards a large-scale functional genomics
project. Fungal Genetics and Biology 37 (1), 56–71.

Ramos-García, S.L., Roberson, R.W., Freitag, M., Bartnicki-Garcia, S., Mouriño-Pérez,
R., 2009. Cytoplasmic bulk flow propels nuclei in mature hyphae of Neurospora
crassa. Eukaryotic Cell 8, 1880–1890.

Ramsdale, M., Lakin-Thomas, P.L., 2000. sn-1,2-diacylglycerol levels in the fungus
Neurospora crassa display circadian rhythmicity. Journal of Biological Chemistry
275 (36), 27541–27550.

Sargent, M.L., Briggs, W.R., Woodward, D.O., 1966. Circadian nature of a rhythm
expressed by an invertaseless strain of Neurospora crassa. Plant Physiology 41,
1343–1349.

Schafmeier, T., Kaldi, K., Diernfellner, A., Mohr, C., Brunner, M., 2006.
Phosphorylation-dependent maturation of Neurospora circadian clock protein
from a nuclear repressor toward a cytoplasmic activator. Genes and
Development 20, 297–306.

Schafmeier, T., Diernfellner, A., Schäfer, A., Dintsis, O., Neiss, A., Brunner, M., 2008.
Circadian activity and abundance rhythms of the Neurospora clock transcription
factor WCC associated with rapid nucleo-cytoplasmic shuttling. Genes and
Development 22, 3397–3402.


	Circadian rhythms in Neurospora crassa: Dynamics of the clock component frequency visualized using a fluorescent reporter
	Introduction
	Materials and methods
	Strain and culture conditions
	Insertion of the mCherryNC gene at the native frq locus using a modified “tk-blaster” technique
	Fluorescence microscopy
	Confocal live-cell imaging

	Results
	Expression of the RFP mCherryNC under the control of the ccg-2 promoter in N. crassa
	Kinetics of the protein FRQ under the control of the ccg-2 promoter in N. crassa
	Kinetics of the protein FRQ under the control of the frq promoter in N. crassa
	Clock effects in the N. crassa constructs

	Discussion
	Acknowledgments
	Supplementary material
	References


