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Light signaling pathways and circadian clocks are inextricably linked and have profound effects on behavior
in most organisms. Here, we used chromatin immunoprecipitation (ChIP) sequencing to uncover direct targets
of the Neurospora crassa circadian regulator White Collar Complex (WCC). The WCC is a blue-light receptor
and the key transcription factor of the circadian oscillator. It controls a transcriptional network that regulates
�20% of all genes, generating daily rhythms and responses to light. We found that in response to light, WCC
binds to hundreds of genomic regions, including the promoters of previously identified clock- and light-
regulated genes. We show that WCC directly controls the expression of 24 transcription factor genes, including
the clock-controlled adv-1 gene, which controls a circadian output pathway required for daily rhythms in
development. Our findings provide links between the key circadian activator and effectors in downstream
regulatory pathways.

Light perception leads to changes in gene expression that
ultimately alter physiology. Even after extensive research, little
is known about mechanisms that directly link photoreceptor
activation to signaling pathways eliciting light responses. Typ-
ically, these regulatory modules are tightly coupled to endog-
enous circadian clocks (5). In Neurospora crassa, a eukaryotic
model for light responses and the circadian clock, the blue-
light receptor and PAS domain GATA-type transcription fac-
tor (TF) WHITE COLLAR-1 (WC-1) dimerizes with a second
PAS domain GATA TF, WC-2, to form the White Collar
Complex (WCC) (1, 31). In the FRQ/WCC oscillator, the
WCC is the positive element that directly activates frequency
(frq) transcription in the morning by binding the frq promoter
at the proximal light response element (pLRE), required for

light regulation of frq, and the distal LRE (dLRE) or “clock
box” (C box), which is required for clock and light regulation
(2, 18, 19, 24). This regulation results in rhythmic expression of
frq mRNA and FRQ protein. FRQ protein dimerizes and
binds to the FRQ-RNA helicase (FRH). The FRQ/FRH com-
plex (FFC) functions as the negative element in the circadian
negative-feedback loop (8, 23). Once FRQ protein is made, it
becomes progressively phosphorylated, and when fully phos-
phorylated, it is degraded, allowing the cycle to restart the next
morning (16, 32, 40).

The WCC is also required for all known blue-light re-
sponses, including resetting the circadian clock, carotenoid
synthesis, asexual spore development, formation of female sex-
ual structures, and ascospore release (47). In response to light,
activated WCC functions as a TF and binds to LREs to regu-
late the expression of target genes. More than 100 light-re-
sponsive genes have been identified in neurospora, primarily
through transcript microarray studies. Importantly, not all of
these genes contain an obvious LRE (6, 28, 29, 31), which
implies that a genetic regulatory cascade orchestrates expres-
sion of the light-responsive gene network. Furthermore, most
light-regulated genes are also clock regulated. The identifica-
tion of key molecules that function in light-regulated/circadian
output pathways and control rhythms in target gene expression
is one major goal of circadian biology. Despite significant ef-
forts, these molecules have been difficult to identify. While the
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predicted functions of the neurospora light-inducible genes
suggest which processes are regulated by light, microarray
studies have failed to directly link the action of the WCC to
these genes. Identifying the genes directly regulated by the
WCC is an essential step toward generating hierarchical or
network models to describe the molecular and physiological
responses to light and the circadian clock.

To identify the direct targets of the light-activated WCC, we
used chromatin immunoprecipitation (ChIP), followed by
high-throughput sequencing of bound DNA on an Illumina
genome analyzer (ChIP sequencing [ChIP-seq]) (25, 34). We
found that the WCC binds to hundreds of sites, predominantly
upstream of genes. WCC targets fell into various functional
categories, but genes encoding TFs were overrepresented. We
tested all TF genes and numerous other genes with WCC
binding sites in their promoters for light induction and found
that, as expected, most, but not all, responded to light. We
show that one of the genes encoding a TF, adv-1, is a clock-
controlled gene that is necessary for circadian rhythms in de-
velopment. Our data suggest a “flat” hierarchical network in
which �20% of all annotated neurospora TFs are regulated
during the early light response by the WCC, the key TF factor
of the circadian clock.

MATERIALS AND METHODS

ChIP. Neurospora cultures (FGSC2489) were grown at 25°C in minimal me-
dium (1� Vogel’s salts, 2% glucose) in the light for 2 days, transferred to the
dark for 12 h, light induced (160 �E) for 8 min, and cross-linked in constant light
with 1% paraformaldehyde for 15 min. We isolated nuclei (33) and performed
ChIP as described previously (26) on 6 mg of nuclear fraction with �2 �g of
WC-2 antibody (polyclonal antibody raised to a WC-2 protein fragment ex-
pressed in Escherichia coli) (44). Histone ChIPs were performed on germinated
conidia with dimethylated H3 lysine 4 (H3K4me2) (Upstate; 07-030) antibodies
as described previously (45). All ChIP experiments were validated by ChIP-PCR
before (not shown) and after (see Fig. S1 in the supplemental material) ChIP-seq
library construction to verify previously described results.

ChIP-seq library construction and high-throughput sequencing. DNA was
end repaired and ligated to adapters (38). The 200- to 500-bp fragments were gel
purified and amplified with 20 cycles of PCR using Phusion polymerase
(Finnzymes Oy). the PCR products were gel purified and sequenced on an
Illumina 1G sequencer in the Oregon State University Center for Genome
Research and Biocomputing (OSU CGRB) core laboratories.

Region-specific ChIP PCR. Duplex PCR with [�32P]dCTP was performed to
determine enrichment in the ChIP samples relative to input DNA with region-
specific oligonucleotide primers (see Table S1 in the supplemental material) (38,
45). An hH4-1 segment was used as a control. Phosphorimager screens were
exposed to dried gels and analyzed with a GE Storm 820 imager.

Data analysis and visualization. Illumina reads were mapped to the neuros-
pora assembly 7 (http://www.broadinstitute.org/annotation/genome/neurospora
/MultiHome.html) genome with SOAP (30), with the following parameters: -s 10
-c 41 -r 1 -g 1 -w 10,000 (seed size, 10; per-read incremental trimming of 3�
basepairs to remove low-quality or nonaligning bases, choosing randomly for
equal best locations for a read; only a single random location placement of reads;
a maximum gap size of 1; and a maximum of 10,000 mapped locations).

A second analysis used CASHX (17) to map perfect 36-nucleotide (nt)
matches to the genome, calculate reads per window across the whole genome,
and assign significance values to areas defined as peaks. Only reads matching the
genome 1 or 2 times were included in the analysis. We calculated the average
read number per 500-bp sliding window, the standard deviation, and a z score for
each window. ChIP-seq of the relatively compact neurospora genome (�42 Mb)
typically results in some background coverage (e.g., ChIP-seq data for H3K4me2
[see Fig. S2 in the supplemental material]), which yields fewer false-negative calls
than in larger, more complex genomes. Thus, complete absence of reads with
respect to a given region of the reference genome strongly suggests that the
region has been deleted from the resequenced strain (J. E. Stajich, K. M. Smith,
and M. Freitag, unpublished data).

The updated N. crassa annotation tracks (Fig. 1 and 2; see Fig. S2 in the

supplemental material) include extended transcript predictions of untranslated
regions (UTRs) by using 279,323 Neurospora tetrasperma and 453,559 Neurospora
discreta expressed sequence tags (ESTs) generated with 454 technology for the
respective genome projects (Joint Genome Institute and J. E. Stajich, D. J.
Jacobson, D. O. Natvig, N. L. Glass, and J. W. Taylor, unpublished data), as well
as 84,309 N. crassa ESTs and full-length cDNAs available from GenBank and the
NCBI Trace archive. This updated N. crassa annotation was produced with the
PASA annotation system (3) with assembly 7 and annotation from GenBank
(AABX02000000; 10 September 2007). Visualization of annotations and mapped
read densities was done with Gbrowse (42) with wiggle track format.

Sequence analysis to find WCC consensus binding sites. Known WCC-bound
promoters of light-induced genes (frq, vvd, and al-3), plus an additional 26 WCC
binding sites found in this study at genes confirmed to be light induced, were
extracted from assembly 7. One-kilobase regions centered on each peak were
searched de novo for consensus cis elements with Weeder version 1.3.1 (param-
eters, NC large A M S T15) (37) and SCOPE (4; http://genie.dartmouth.edu
/scope/). The consensus motif logos in Fig. 1B were generated using WebLogo
version 2 (http://weblogo.berkeley.edu/logo.cgi).

Reverse transcription (RT)-PCR to assay light induction. We used standard
laboratory rasbd (22) clock strains and �wc2 rasbd (10) mutant strains for light
induction experiments. The rasbd mutation enhances the developmental rhythm
in cultures (39) but does not affect light responses or molecular rhythms in gene
expression. The strains were grown for 24 h in 200 ml of Vogel’s minimal medium
(14) with 2% glucose and 0.5% arginine in constant dark and subjected to 15 min
of full-spectrum light (160 �E). We chose a 15-min time point to better compare
our results with published results and to allow time for RNA accumulation. Total
RNA was prepared using the peqGOLD TriFAST kit (peqLab, Erlangen, Ger-
many). We generated cDNA by reverse transcription with primers supplied with
the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. Expression was analyzed by quantitative real-
time PCR (22) with the primers listed in Table S2 in the supplemental material.
We amplified cDNA for act, frq, and frq antisense RNA with specific primers (see
Table S2 in the supplemental material).

Circadian rhythm assays. We crossed �adv-1 to rasbd to generate rasbd �adv-1
strains. The rasbd �adv-1 strain was assayed on standard race tube medium
containing 1� Vogel’s salts, 0.1% glucose, 0.5% arginine, and 1.5% agar. Race
tube assays were performed in controlled environmental chambers in constant
darkness at 25°C. For RNA and protein analyses, mycelial mats were grown in
shaking liquid culture (100 rpm) in 25 ml of Vogel’s minimal medium (1�
Vogel’s salts, 2% glucose, 0.5% arginine) and processed as described previously
(21). Transfer of cultures was performed so that the cultures were approximately
the same age (within 8 h) at the time of harvest but the circadian times of the
cultures varied (12). The ADV-1:V5-tagged strain was a generous gift from Jay
Dunlap’s laboratory and the Neurospora Program Project Grant and contained
a C-terminal V5 tag. The tagged gene was recombined into the endogenous adv-1
locus. Antibody for V5 was obtained from Invitrogen (Carlsbad, CA).

RESULTS AND DISCUSSION

WCC ChIP. To identify direct targets of the WCC, we per-
formed ChIP-seq with anti-WC-2 antibody on cultures sub-
jected to an 8-min light pulse. We verified that the ChIP-seq
library was enriched for known targets of the WCC (see Fig. S1
in the supplemental material). Of 4,866,015 32-nt-long
ELAND-processed (25) sequences, 92% were mapped to as-
sembly 7 of the neurospora genome by SOAP (30). Sequence
reads are available through the NCBI sequence read archive
(SRA010801.1).

The WCC binding sites were compared to ChIP-seq data for
H3K4me2 (K. M. Smith, C. M. Sullivan, K. R. Pomraning, and
M. Freitag, unpublished data) because the presence of this
epigenetic modification is correlated with transcriptional activ-
ity. To establish a cutoff value for statistically significant WCC
binding sites, we used the CASHX mapping algorithm (17) and
sliding-window read counts to calculate the mean and standard
deviation of reads per 500 bp for the entire genome. A count
of 83 reads per 500-bp window was significantly above the
mean level of background signal (P � 0.001 and z � 3.09).
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In previous studies, only the frq, vvd, al-3, fl, and sub-1
promoters had been identified as direct targets for the WCC
(6, 18, 24, 36). By ChIP-seq, we identified 	400 significant
regions of WCC enrichment, with 	200 falling in known or
predicted promoters of at least one gene. Here, we focus on
two groups: (i) the most significant peaks located in promoters
and (ii) peaks in promoters of TF genes (Table 1). We also

compiled a complete list of regions with significant reads, in-
cluding genes involved in the circadian clock, chromatin func-
tion, kinases, phosphatases, cell cycle, DNA replication, DNA
repair, and metabolism (see Table S1 in the supplemental
material). Target genes were summarized according to their
functional categories. While almost half of all target genes
encode unclassified proteins, we noticed an enrichment for

FIG. 1. Genomewide analysis of WCC binding. (A) Genes with WCC binding sites fall into diverse functional categories (indicated by the
percentage of genes with binding sites within a class). Only the most significant 109 WCC binding sites (z score 	 5; P � 2.9e
7) were included
here, but a comparison between functional categories of the best targets and all targets is shown in Fig. S3 in the supplemental material.
(B) Analyses of WCC binding sites found by ChIP-seq with Weeder (37) (left) and SCOPE (4) (right) revealed a consensus binding site for the
WCC. The relative height of each nucleotide (shown in 5�-to-3� direction on the x axis) indicates the degree of sequence conservation, with a
maximal score of 2 (as indicated on the y axis). (C) ChIP-seq verified known light response elements (dLRE and pLRE) and revealed a novel
binding site (aLRE) for the WCC in the frq region. SOAP-mapped sequence reads from the WC-2 ChIP library were plotted as a histogram of
sequence coverage per base along a 10-kb fragment containing the frq locus (the negative strand of contig 7.10; nt 270,000 to 280,000) in a
customized genome browser to integrate ChIP-seq results with gene annotation data (http://gb.fungalgenomes.org/gb/gbrowse/neurospora_crassa
_OR74A_7/). The y axis has a maximum value of 20 reads per base, and regions with 	10 reads are shown in black, with others in gray. Gene
annotations are based on known or predicted cDNAs (UTRs are shown in light green, coding regions in dark green, and introns as thin lines).
(D) WCC binding results in light induction of frq, antisense frq, and NCU02264 transcripts and is dependent on WC-2. Quantitative RT-PCR was
performed on RNA isolated from control (black bars) and �wc-2 (white bars) strains grown in the dark (D) or following a 15-min light induction
(L). The values shown are the averages of two replicates, normalized to the level of actin expression (y axis). The error bars indicate standard
deviations.
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genes with functions in the cell cycle, transcription, protein
binding, response to the environment, and cellular components
when we compared the best 109 targets (z score 	 5; P �
2.9e
7) to all 584 targets (z score 	 3.09; P � 0.001) (Fig. 1A;
see Fig. S3 in the supplemental material).

The Weeder (37) and SCOPE (4) algorithms were used to
derive a consensus binding site for WCC based on 1-kb regions
centered on the WCC ChIP-seq peak at 29 genes that were
confirmed to be light induced (Fig. 1B). Both algorithms iden-
tified a common consensus binding site, GATCGA (with vari-
ability in the first and last bases), which extends the most
recently published consensus (GATC) that was derived from
studies with expression arrays (6). Every 1-kb fragment used to
generate the consensus contained at least one, but often two or
more, copies of this motif interrupted by a variable number of
nucleotides.

For a known WCC target gene, frq, we observed peaks in two
regions of the frq promoter that corresponded exactly to the
previously identified pLRE and dLRE sites (18, 24) (Fig. 1C).
Enrichment at the frq dLRE (or C box), which deviates from
the consensus WCC binding motif, was less pronounced than
at the pLRE. WCC binding at the pLRE correlated with in-
creased frq transcription in response to light (Fig. 1D, black
bars). This induction was absent in a �wc-2 strain (Fig. 1D,

white bars). We found an additional peak downstream of the
frq coding sequence, which we named the “antisense LRE”
(aLRE) because we predicted it would control light-induced
expression of the antisense frq transcript (13).

The aLRE also falls in the promoter of NCU02264, encod-
ing a predicted protein with a prefoldin chaperone domain.
Binding of WCC to the aLRE is associated with induction of
both the antisense frq transcript and the divergently tran-
scribed NCU02264 (Fig. 1D). Approximately 15% of all WCC
binding sites in promoters occur between two divergently tran-
scribed genes, and most often, both genes are regulated by one
shared binding site (Table 1). We measured the light induction
of transcription by quantitative PCR (qPCR) and compared
our results to previous results from microarray experiments (6)
performed under similar conditions (Table 1). This list in-
cluded known clock- and light-regulated genes and several
novel genes. A replicate WC-2 ChIP was used to validate the
ChIP-seq results by using duplex ChIP-PCRs for numerous
regions. In all cases, enrichment shown by ChIP-PCR validated
the WC-2 ChIP-seq results.

Of the other known WCC binding sites, both vvd and
sub-1, listed in Table 1, have highly significant WCC binding
sites in their promoters. Both were also light induced (Table
1; see Fig. S2A in the supplemental material for sub-1). The

FIG. 2. ChIP-seq reveals new targets of the WCC in the promoters of TF genes, and these genes are light inducible. (A) The hsf-2 gene has
a single WCC binding site and is light induced in a WC-2-dependent manner. (B) The wc-1 gene, an early light-induced gene, has three upstream
WCC binding sites, one close to and two 3 to 4 kb upstream of the transcriptional start site. (C) The sah-1 gene has a single WCC binding site
�9 kb upstream of its predicted transcriptional start site. Tracks, colors, and conditions for qRT-PCR are the same as for Fig. 1C and D. The error
bars indicate standard deviations.
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vvd and al-3 promoter fragments were used in ChIP-PCRs
to check the quality of the ChIP libraries prior to sequencing
(see Fig. S1 in the supplemental material), and both were
enriched in the library. Even though al-3 promoter sequence
was present in the library, the number of reads sequenced

from this region fell below our cutoff for significance. The fl
promoter was recently shown to be a target of WCC (36),
but we did not find enrichment at this promoter by ChIP-
seq. The al-3 PCR product band was much fainter than the
frq and vvd bands (see Fig. S1 in the supplemental material).

TABLE 1. Regions of WCC enrichment after 8 min of light induction

Contiga Start
nt

No.
of

reads
z scoreb Gene(s)c Array

inductiond qPCRe

Largest peaksf

7.10 277601 738 45.66 NCU02265 frq 2.35 (10) 13
7.12 422401 696 42.93 NCU03967 vvd 4.4 (15) 130
7.2 298501 657 40.40 NCU00582 cry 4.8 (15) 269
7.57 14601 415 24.68 NCU08699 bli-4 4.9 (15) ND
7.9 872451 387 22.87 NCU03071 os-4/NCU03072 1.6 (10)/2.3 (15) 4.2/7.1
7.10 272251 378 22.28 NCU02264/NCU02265 frqAS 2.3 (15)/frqASg 2.6/13.4
7.48 193601 321 18.58 NCU10063 6.5 (10) ND
7.12 623601 298 17.09 NCU04021 NF 2.7
7.22 197301 262 14.75 NCU05594 8 (15) ND
7.7 782201 253 14.17 NCU02800/NCU02801 NF/3.8 (15) 2.4/ND
7.45 138451 235 13.00 NCU07541 2.8 (30) ND
7.2 196651 230 12.67 NCU00552 al-1 14.3 (15) ND
7.12 426151 226 12.41 NCU03968 1.8 (30) ND
7.21 6451 210 11.37 NCU11300/NCU06017 NF 4.7/1.7
7.2 305951 200 10.72 NCU00584/NCU00585 al-2 3.7 (15)/5.1 (45) ND

Peaks close to transcription
factor genesh

7.13 558401 340 19.81 NCU04179 sah-1 TF 3.4 (30) 4.1
7.10 644051 245 13.65 NCU02356 wc-1 TF 3.1 (10) 4.7
7.13 125751 236 13.06 NCU04295 TF 1.4 (10) 1.2
7.81 66601 203 10.92 NCU09615 TF NF 7.1
7.59 47101 182 9.56 NCU09068 nit-2 TF NF NI
7.4 336501 171 8.84 NCU05964 TF NF 2.2
7.88 31301 170 8.78 NCU09829/NCU09830 TF NF/11.6 (15) 7.2
7.15 93601 162 8.27 NCU01242/NCU01243 TF NF/1.8 (10) 2.4/1.3
7.66 66151 158 8.00 NCU01871 TF/NCU01873 NF NI/1.4i

7.54 127201 150 7.48 NCU08480 hsf-2 TF NF 1.8
7.6 191451 124 5.79 NCU02713 csp-1 TF 4.4 (10) 16.4
7.60 44551 122 5.66 NCU08807 cre-1 TF/NCU08806 rhp-55 NF 1.3/2.1
7.38 129051 115 5.20 NCU07392 adv-1 TF NF 3.8
7.1 389051 115 5.20 NCU00097 bek-1TF NF 5.5
7.47 109401 107 4.69 NCU07705 TF NF 1.2
7.15 391951 96 3.97 NCU01154 sub-1 TF 1.8 (15) 8.1
7.28 101201 92 3.71 NCU06534 TF/NCU06536 NF NI/NI
7.16 202151 91 3.61 NCU04731 sah-2 TF NF 1.2
7.47 25201 90 3.58 NCU07728 sre TF NF 3.1
7.4 173001 89 3.52 NCU07846 TF NF 2
7.1 1039001 87 3.39 NCU00275 TF/NCU00276 mip-1 NF/1.7 (30) 2.5
7.3 949151 86 3.32 NCU02094 vad-2 TF/NCU02095 NF 2.3/NI
7.4 200401 86 3.32 NCU05994 TF NF NI
7.9 175701 85 3.26 NCU03273 TF/NCU03271 NF NI/NI
7.9 498501 85 3.26 NCU03184 TF NF 1.7
7.51 99701 84 3.19 NCU08000 TF NF NI
7.52 161651 83 3.13 NCU08159 TF NF 1.9
7.21 260701 83 3.13 NCU06095 TF 1.8 (10) 6.2

a Assembly 7 of the neurospora genome (http://www.broadinstitute.org/annotation/genome/neurospora/MultiHome.html).
b z score calculated as described in Materials and Methods.
c If binding sites were located between two divergently transcribed genes, both locus names are listed.
d Level of induction (x-fold) calculated from raw data (6) at the time in minutes shown in parentheses. If two genes were near WC-2 binding sites, the fold induction

levels are separated by a slash. NF, not found in array experiments.
e Expression level changes determined in this study by qPCR. If genes were known to be light induced from earlier studies and reference 6, qPCR was usually not

done. NI, not induced; ND, not determined because there was previous evidence for light induction.
f Only regions with 200 or more reads/500-bp sliding window are listed (all peaks are shown in Table S1 in the supplemental material).
g The antisense frq transcript was not tested in the array experiments.
h Transcription factors are named or identified by their locus numbers and indicated by “TF.” The WCC is enriched in promoter regions of 28 TFs, 24 of which are

induced by light and/or their regulation is altered in a wc-2 deletion mutant (Fig. 2; see Fig. S2 in the supplemental material).
i Large standard deviation.
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These disparities may be explained by weak and/or transient
binding in these regions.

Identification of novel WCC binding sites in promoters of
transcription factors. We chose to focus on WCC binding
near TF genes as the first step in unraveling transcriptional
networks that respond to light and are controlled by the
circadian clock. We initially predicted that light signaling by
the WCC would involve the activation of a few key down-
stream TFs that would, in turn, control a network of target
genes. Instead, we identified 28 known or putative TF genes
with significant (P � 0.001) WCC binding in their promoters
(Table 1; see Fig. S2 in the supplemental material). To
discover if these TF genes were true targets for the WCC,
we analyzed transcript levels by quantitative RT-PCR in
response to a 15-min light exposure in wc-2� (bd) and wc-2
deletion (bd �wc-2) strains because we expected that direct
targets of WCC would be induced by light and that light
induction requires WC-2, an obligatory subunit of the WCC
(9, 18, 24, 44).

We found that of the 28 TF genes with significant WCC
binding sites upstream of their transcriptional start sites, 21
were induced by light in a WC-2-dependent fashion (Table
1; see Fig. S2A in the supplemental material). Three genes
(nit-2, NCU06534, and NCU08000) were not regulated by
light under our conditions, but expression at wild-type levels
was dependent on WC-2 (see Fig. S2B in the supplemental
material). Four TF genes (NCU05994, NCU03273,
NCU01871, and cre-1) were excluded as WCC targets, at
least under our conditions (see Fig. S2C in the supplemental
material). No target has been identified for the peaks in the
promoters of NCU05994 and NCU03273, but for
NCU01871 and cre-1, the neighboring genes (NCU01873
and rhp55, respectively) were light inducible in a WC-2-
dependent manner, suggesting that they are the actual tar-
gets for the WCC.

Of the 21 TF genes we identified here as WCC targets, only
4 (wc-1, sub-1, csp-1, and sah-1) had been previously identified
as light regulated (6), and sub-1, csp-1, and sah-1 were not
known to be involved in circadian output pathways. Con-
versely, two TF genes identified as light induced in the micro-
array study lacked high-confidence WCC binding sites in their
promoters in our study (NCU06407 vad-3 and NCU03643, the
gene encoding cutinase TF-1�). However, both genes had a
single perfect match to the WCC consensus site (GATCGA)
and several sites with a single mismatch (GATCCA) within 1
kb of their predicted initiation codons. Thus, while the two
studies were largely congruent, ChIP-seq identified more
direct first-tier targets and was more suitable for detecting
regulation of TF genes, which are often expressed at low
levels, or whose expression levels are changed within a nar-
row range.

Examples of genes regulated by single or multiple WCC bind-
ing sites are shown in Fig. 2, and data for the most significant
peaks are summarized in Table 1. We found a single WCC bind-
ing site upstream of the gene for heat shock factor 2, hsf-2, and
transcription of hsf-2 was light inducible and dependent on WC-2
(Fig. 2A). We found three WCC binding sites upstream of the
wc-1 gene (Fig. 2B), which encodes the limiting subunit of the
WCC. Transcription of wc-1 was induced by light and dependent
on WC-2, in agreement with previous reports (1). Our data show

that wc-1 is directly regulated by the WCC in a positive-feedback
loop, as had been suggested by previous work (27). Transcrip-
tional start sites of the wc-1 gene have been mapped at 
924 and

1,222 bp (27). One WCC binding site is close to the transcrip-
tional start site at 
924. The other WCC binding sites at 
3 and

4 kb are, however, located far upstream of the mapped tran-
scriptional start sites.

WCC binds to sites far upstream of predicted transcriptional
start sites in additional TF genes, e.g., sah-1, sub-1, nit-2, bek-1,
and NCU05964 (see Fig. S2A in the supplemental material). In
particular, a single strong WCC binding site is located about 10 kb
upstream of the open reading frame (ORF) of sah-1 (Fig. 2C),
which is light inducible in a WC-2-dependent manner. Thus,
WCC binding appears to be capable of exerting long-range effects
in the relatively compact neurospora genome, where promoters
are typically short and sometimes overlapping (20). The precise
mechanism of the enhancer-like effects of WCC merits further
investigation.

Developmental stages that have been associated with light reg-
ulation, i.e., asexual sporulation (conidiation) and sexual devel-
opment, are represented by nine TFs whose mutation results in
developmental phenotypes (hsf-2, adv-1, sub-1, sah-1, sah-2,
bek-1, vad-2, csp-1, and ghh) (11, 46). All nine genes are induced
by light, and this response is abolished in a wc-2 deletion strain
(Table 1; see Fig. S2A in the supplemental material).

WCC binding sites were associated with six TF genes in-
volved in metabolism or stress response (nit-2, NCU05994, sre
[regulator of iron uptake] [48], cre-1, NCU08000, and
NCU05964 [homolog of Aspergillus vosA] [35]). Three (cre-1,
vosA, and sre) were light induced, and this response was abol-
ished in the �wc-2 mutant, but the other three genes showed
no light induction under our conditions (see Fig. S2C and D in
the supplemental material). The expression levels of these
genes in the �wc-2 strain were decreased. These results suggest
that WCC directly impinges on metabolic pathways.

The downstream targets of 11 TFs identified here remain com-
pletely unknown. These putative TF genes (NCU00275, NCU01243,
NCU03184, NCU03273, NCU04295, NCU06534, NCU07705,
NCU07846, NCU08159, NCU09615, and NCU09829) have no pre-
viously described function, but they encode motifs that match well-
studied DNA binding domains (11). NCU00275, NCU01243,
NCU03184, NCU04295, NCU07705, NCU07846, NCU08159,
NCU09615, and NCU09829 were light induced, a response abol-
ished in the �wc-2 mutant (see Fig. S2A in the supplemental mate-
rial).

The WCC activates an output pathway required for rhyth-
mic spore development. To investigate the link between light
and circadian clock pathways regulated by the WCC, we as-
sayed available knockout mutants of the WCC target TFs for
changes in circadian rhythms in development (data not shown).
The most striking phenotype was observed in the �adv-1 mu-
tant, so we investigated this mutant further for clock defects.
Loss of adv-1 had only minor effects on the development of
spores, but development was no longer under the control of
the clock (Fig. 3A).

To determine if arrhythmicity of the �adv-1 mutant was due
to an effect on the FRQ/WCC oscillator, we assayed rhythms in
the accumulation of the FRQ protein in control and �adv-1
strains over the course of 2 days in cultures grown in the dark
(Fig. 3B and data not shown). No differences were observed in
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the FRQ rhythms in the mutant strains, suggesting that ADV-1
functions downstream of the oscillator within an output path-
way from the clock. In support of this idea and consistent with
previous microarray results (15), we observed that the accu-
mulation of adv-1 mRNA is rhythmic, peaking in the subjective
morning (Fig. 3C). This is similar to the time of peak WCC
activity in the circadian clock (41). Furthermore, we found that
ADV-1 protein tagged with a V5 epitope accumulated with a
circadian rhythm (Fig. 3D). Future efforts will determine if the

WCC consensus binding site present in the adv-1 promoter (at

735 from the predicted start of transcription) is essential for
circadian rhythmicity of adv-1 mRNA accumulation and for
the developmental rhythm.

Conclusions. In summary, we have identified a large number
of direct targets of the WCC, the key regulator of the circadian
clock. These targets include 24 TFs that have the potential to
control downstream target genes on a second hierarchical level.
Genomewide identification of target genes for these second-tier
TFs, together with genomewide expression studies by RNA-seq,
will allow us to build a detailed network of the early and late light
responses, as well as circadian clock output pathways. Substantial
effort over the past several years has been spent on identifying key
components of circadian output pathways in neurospora and
other organisms, with only limited success (7, 43, 47). By applying
WCC ChIP-seq to this effort, we have now uncovered excellent
candidates for output pathway components, such as ADV-1, that
lie directly downstream of the oscillator and that regulate distinct
overt rhythms. In addition to gene products that may mediate
posttranslational clock and light effects, we also found many
WCC binding sites in promoters of metabolic genes that act in
various anabolic and catabolic pathways.

Most, but not all, of the genes that are direct targets of the
WCC were found in our experiments to be light induced. This
may not be surprising for genes that are subject to complex
regulation. For example, a gene may be repressed under most
growth conditions and be activated by light and the bound
WCC only when these conditions are not met and repression is
removed. Similarly, while we expect most, if not all, genes
directly regulated by the WCC to be rhythmically transcribed,
other regulatory elements may take precedence under certain
growth conditions.

While many of the downstream genes regulated by the WCC
are not well studied or are uncharacterized, most of them have
homologs in plants and mammals. Thus, our work provides key
information to refine the growing network of light- and clock-
regulated genes in a genetically and biochemically tractable
model organism.
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