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The circadian clock is a biological timekeeping system that provides organisms with the ability to adapt to day-night cycles.
Timing of the expression of four members of the Arabidopsis thaliana PSEUDO-RESPONSE REGULATOR (PRR) family is
crucial for proper clock function, and transcriptional control of PRRs remains incompletely defined. Here, we demonstrate
that direct regulation of PRR5 by CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) determines the repression state of PRR5 in the
morning. Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) analyses indicated that CCA1 associates
with three separate regions upstream of PRR5. CCA1 and its homolog LATE ELONGATED HYPOCOTYL (LHY) suppressed
PRR5 promoter activity in a transient assay. The regions bound by CCA1 in the PRR5 promoter gave rhythmic patterns with
troughs in the morning, when CCA1 and LHY are at high levels. Furthermore, ChiP-seq revealed that CCA1 associates with at
least 449 loci with 863 adjacent genes. Importantly, this gene set contains genes that are repressed but upregulated in cca1
Ihy double mutants in the morning. This study shows that direct binding by CCA1 in the morning provides strong repression of

PRR5, and repression by CCA1 also temporally regulates an evening-expressed gene set that includes PRR5.

INTRODUCTION

The circadian clock is a timekeeping system that provides organ-
isms with amechanism to adapt to 24-h day-night cycles. The clock
activates biological processes at specific times during the daily
cycle through synchronous expression of genes involved in related
biological processes, such as preparing for colder temperatures in
the evening or anticipating infection by pathogens at dawn (Fowler
etal., 2005; Wang et al., 2011). Recent studies indicate that there is
broad conservation among similar genetic networks in which clock-
associated transcription factors (TFs) directly regulate clock output,
despite differences in the actual clock-associated proteins (Smith
et al., 2010; Abruzzi et al., 2011; Huang et al., 2012; Koike et al.,
2012; Nakamichi et al., 2012; Liu et al., 2013; Markson et al., 2013).

In Arabidopsis thaliana, transcription and translation feedback
loops among clock-associated genes are required to maintain
circadian clock functionality (Nakamichi, 2011; Pokhilko et al.,
2012; Carré and Veflingstad, 2013; Chow and Kay, 2013;
Hsu and Harmer, 2014; McClung, 2014). Two single Myb-related
TFs, CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) and LATE
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ELONGATED HYPOCOTYL (LHY), directly repress expression of
TIMING OF CAB EXPRESSION1 (TOC1), EARLY FLOWERING4
(ELF4), and LUXARRHYTHMO (LUX), all of which are expressed
during the evening hours (Alabadi et al., 2001; Hazen et al., 2005;
Perales and Mas, 2007; Li et al., 2011). CCA1 and LHY repress
such target genes through the corepressor DE-ETIOLATED1
(DET1) (Lau etal., 2011). CCA1 and LHY are required for activating
expression of PSEUDO-RESPONSE REGULATOR9 (PRR9) and
PRR7 (Farré etal., 2005), but the molecular details of this activation
remain unknown. As part of one feedback loop, CCA7 and LHY
are directly repressed by morning-expressed PRR9, midday-
expressed PRRY7, afternoon-expressed PRR5, and evening-
expressed TOC1, thus forming a continuous set of repression
events that extends from noon until about midnight (Nakamichi
et al., 2010; Gendron et al., 2012; Huang et al., 2012; Wang et al.,
2013). Three other clock-associated proteins, NIGHT LIGHT-
INDUCIBLE AND CLOCK-REGULATED GENE1 (LNK1), LNK2,
and REVEILLE8 (RVES8), form complexes that activate PRR5
expression in the afternoon (Rawat et al., 2011; Hsu et al., 2013;
Rugnone et al., 2013; Xie et al., 2014). Induction of PRR5 by RVES
occurs in the afternoon, but not in the morning, suggesting that
repression supercedes LNK-RVES8 activation of PRR5 transcrip-
tion in the morning. The exact mechanism for this repression is
not known (Hsu et al., 2013).

TFs involved in clock feedback loops also directly regulate
clock output pathways by controlling key TFs for each bio-
logical process. Chromatin immunoprecipitation followed by
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deep sequencing (ChlP-seq) analyses combined with transcriptomics
experiments indicate that clock-associated PRR family proteins di-
rectly repress key TFs involved in photoperiodic flowering, hypocotyl
elongation, and cold stress responses (Huang et al., 2012; Nakamichi
et al., 2012; Liu et al., 2013; Liu et al., 2016). Genome-wide gene
expression analyses using a chemically induced gene expression
systemrevealed the potential targets of RVE8 and TOC1 (Gendron
et al., 2012; Hsu et al., 2013). Though it was suggested that ELF3,
ELF4, and LUX form an evening complex (EC) that directly regulates
TFs involved in hypocotyl elongation (Nusinow et al., 2011; Herrero
etal.,2012), and that CCA1 directly regulates TFsinvolvedin cold
or oxidative stress responses and flowering time regulation
(Dong et al., 2011; Lai et al., 2012; Seaton et al., 2015), a more
thorough understanding of genome-wide gene regulation me-
diated by ECs and CCA1 has been limited by a lack of data that
could be supplied by genomic approaches like ChIP-seq or
genome-wide gene expression profiling.

In this study, we performed an in silico survey of the upstream
region of PRR5 and found evening elements (EEs) that could
potentially be bound by RVEs, CCA1, and LHY. ChIP-seq indi-
cated that CCA1 associates with three separate upstream regions
of PRR5 in vivo. Time-course ChIP followed by quantitative PCR
(ChIP-gPCR), gene expression analysis in cca lhy mutants, and
promoter-reporter analyses showed that PRR5 is repressed by
CCAA1. Furthermore, ChIP-seq coupled with a genome-wide ex-
pression profile indicated that there are 113 potential target genes
of CCA1. This gene set contains genes that are known to be
repressed in the morning, suggesting that CCA1 associates with
and mostly suppresses them in the morning, which results in
evening-phased gene expression.

RESULTS

CCA1 Associates with PRR5 Upstream Regions in Vivo

To understand the circadian transcriptional regulation of PRR5,
we surveyed cis-acting elements that could be involved in circadian
expression upstream of PRR5 (5’ region to the PRR5 coding se-
quence) because theregion between —1416 and the PRR5 start
codon (where +1 indicates the adenine of the start codon) controls
the rhythmic transcriptional activation characteristic of circadian
clock cycles (Ueoka-Nakanishi et al., 2012). Anumber of potential
regulatory cis-acting elements, including the LUX binding site
(GATA/TGC) (Helfer et al., 2011), TCP binding site (GGNCCCAC)
(Pruneda-Paz et al., 2009), protein box (ATGGGCC) (Michael et al.,
2008), and morning element (AACCACGAAAA) (Harmer and Kay,
2005) were absent, whereas a G-box (CACGTG) (Schindler et al.,
1992), four EEs (AAAATATCT) (Harmer et al., 2000), and a CCA1
binding site (CBS; AACAATCT or AAAAATCT) (Wang et al., 1997)
were foundinthe region between —1416 and the start codon of PRR5
(Figure 1A). Genomic sequences that coimmunoprecipitate with
PRRs in vivo are enriched for G-boxes (Huang et al., 2012; Nakamichi
et al., 2012; Liu et al., 2013; Liu et al., 2016), and the regulatory el-
ements EE and CBS are directly recognized by RVEs/CCA1/LHY in
vitro and by REV8 in vivo (Wang et al., 1997; Alabadi et al., 2001;
Rawat et al., 2011), but previous work had left it unclear whether or
not CCA1 and LHY associate with PRR5 upstream in vivo.
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To determine whether CCA1 associates with the upstream
region of PRR5 in vivo, we performed ChIP-seq using transgenic
plants expressing CCA71-FLAG under the control of the native
promoter in a ccal Ihy double mutant background (CCA7pro:
CCA1-FLAG/ccal Ihy, namely, CCA1-F). We used ccal lhy
double mutants as parental plants because cca? single mutants
occasionally display subtle confounding phenotypes (Mizoguchi
et al., 2002; Niwa et al., 2007), which might cause difficulties in
interpreting the biological functionality of exogenous CCA1-FLAG
protein. We found CCA1-FLAG protein in five independent
transgenic lines (Figure 1C, left panel #1, 2, 3, 5, and 7). Real-time
luminescence imaging demonstrated that introduction of CCA7-
FLAG resulted in at least partial complementation of cca? lhy, thus
confirming the biological functionality of CCA1-FLAG (Figure 1C).
However, CCA1 did not form heterodimers with LHY in the
transgenic plants. CCA7-F_#3 was chosen as the representative
plant line for subsequent ChlP-seq analyses (Figure 1C). Plants
were grown under 12-h-light/12-h-dark conditions (LD) and har-
vested at Zeitgeber time 3 (ZT3; 3 h after lights were turned on), the
time when CCAT1 is normally expressed (Wang and Tobin, 1998).
DNA in the anti-FLAG antibody-immunoprecipitated fraction from
CCA1-F plants (ChIP DNA) was used to make a DNA library for
deep sequencing with the lon Personal Genetics Machine system
(lonPGM). Sequence reads were mapped to the Arabidopsis
genome TAIR10, and a mapping profile around the PRR5 locus
was visualized using the Integrative Genomics Viewer (Figure 1A).
ChIP DNAs from other biological samples were used to make an
additional DNA library for deep sequencing by lllumina GA Il
(Figure 1A). CCA1-FLAG associates with three distinct regions
upstream of PRR5 (—2754 to —2457 [region a], —1547 to —1171
[region b], and —379 to —84 [region c]; Figure 1A). Regions a, b,
and c contain 3, 2, and 2 EEs, respectively. An EE is also found at
—716, but that particular motif sequence was not bound by CCA1-
FLAG. ChIP-gPCR analysis further supported the conclusion that
CCA1-FLAG associates with the upstream regions of PRR5, but
less with the coding sequence of PRR5 or upstream regions of
ASCORBATE PEROXIDASE3 (APX3), whose expression is not
under clock control (Figure 1B). Thus, two independent ChIP-seq
experiments indicate that CCA1-FLAG associates with PRR5
upstream in vivo but does not associate with all of the EEs located
upstream of PRR5 (Figure 1A).

CCA1 and LHY Repress PRR5 Transcription

Since CCA1 protein expression is mostly limited in the morning
(Wang and Tobin, 1998), we investigated the amount of associ-
ation between CCA1 and the upstream region of PRR5 in CCA1-
F_#3 plants grown under LD (Figure 2A). CCA1-FLAG protein
accumulated from ZT0 to ZT6, and the protein associated with the
upstream region of PRR5 during the same time frame (Figure 2A,
top and middle panels), indicating that the timing of CCA1
expression is mostly responsible for limiting the association
between CCA1 and PRR5. To understand the effect of CCA1 on
PRR5 expression in vivo, PRR5 expression was measured
from the same biological samples used for ChIP-gPCR (Figure 2A,
bottom). PRR5 was suppressed from ZT0 and ZT3 and induced
from ZT6 to a maximum at ZT9, followed by a decrease from
ZT12. The temporal pattern of association between CCA1 and
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Figure 1. CCA1 Associates with PRR5 Upstream.

(A) Position of ChIP peak reads determined by ChIP-seq assaysin CCA7-F_#3 plants and potential cis-elements upstream of PRR5. Upper and lower panels
were determined by lonPGM and GAIll sequencing, respectively. Horizontal bar indicates 1 kb, and vertical bars indicate 50 reads.

(B) ChIP-gPCR assays around PRR5. White and gray bars show percentages of amplicons in ChIP DNA relative to input DNA from wild-type and CCA7-F_#3
plants, respectively. APX3pro indicates the amplicon located upstream of APX3. Error bars are the sp of three technical replicates. Similar results were

obtained from independent experiments.

(C) CCA1-FLAG protein expressed under CCA1 promoter in cca lhy mutant (left, CCA7-F). The arrow and asterisk show CCA1-FLAG fusion protein and
nonspecific bands, respectively. Circadian rhythm determined by bioluminescence of luciferase under the control of CCA1 (CCA1pro:LUC)in CCAT-F_#3
plants (right). Error bars indicate sp. Periods of the wild type, cca? lhy, and CCA7-F_#3 were 25.4 + 0.28 (n=16),17.5 = 0.14(n=10),and 23.7 = 0.40h(n =
11), respectively. Note that CCAT-F_#1, 2, 5, and 7 also complemented the short period of cca? Ihy.

PRR5 as well as the timing of expression of PRR5 suggested
either that CCA1 binding represses PRR5 transcription from ZT0
until ZT3, or CCA1 binding triggers activation of PRR5 tran-
scription at ZT6. PRR5 expression in cca lhy double mutants was
measured to determine which of these hypotheses was appro-
priate. Plants were initially grown under LD conditions and then
transferred to constant light conditions (LL). Expression of PRR5
reached its maximum at ZT9 under LD, and subjective afternoon
under LL, in wild-type plants (Figure 2B), whereas PRR5 peaks
were temporally advanced under both LD and LL conditions in
ccal lhy plants. We also found that trough levels of PRR5 were
elevated in the cca? Ihy background compared with the wild
type under both LD and LL, suggesting that CCA1 and LHY
downregulate PRR5 in the morning.

We next examined the extent of CCA1 and LHY regulation on
PRRY5 transcription activity in Arabidopsis mesophyll protoplasts.
The circadian clock is maintained in these cells, as indicated
by luciferase activity under the control of the PRR5 promoter
(PRR5pro:LUC) or CCA1 promoter (CCA1pro:LUC), as reported
previously (Kim and Somers, 2010) (Supplemental Figure 1). Then,

reporter plasmid PRR5pro:LUC and effector plasmids harbor-
ing CCA1-FLAG, LHY-FLAG, or a negative control plasmid
containing FLAG only, all under the control of the CaMV 35S
promoter (35Spro:CCA1-F, LHY-F, or F) were cotransfected into
mesophyll protoplasts. Cotransfection with 35Spro:CCA1-F or
35Spro:LHY-F resulted in lower PRR5pro:LUC activity than the
control plasmid, suggesting that CCA1 and LHY independently
suppress PRR5 transcription (Figure 2C, top).

To determine whether CCA1 and LHY affect PRR5 transcription
indirectly via transcriptional activators of PRR5, LNK1, and LNK2
(Rugnone et al., 2013; Xie et al., 2014), 35Spro:CCA1-F or LHY-F
was cotransfected into protoplasts prepared from Ink1 Ink2
double mutant plants (Ink7-4 Ink2-1). These plants have long
circadian periods and elongated hypocotyls, resembling phe-
notypes reported in previous studies (Rugnone et al., 2013; Xie
etal.,2014), due to alack of full-length LNK7 and LNK2 transcripts
(Supplemental Figure 2). Both 35Spro:CCA1-F and LHY-F
reduced PRR5pro:LUC activity in the Ink1 Ink2 background
(Figure 2C, middle). To further examine the relationship between
CCA1 and LNK1 in determining PRR5 transcriptional activity, we
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Figure 2. CCA1 and LHY Repress PRR5 Expression.

(A) Expression of CCA1-FLAG protein (top) by immunoblot, association between CCA1-FLAG and PRR5 upstream (middle), and expression of PRR5
(bottom) in CCA7-F_#3 plants harvested simultaneously. CCA1-FLAG was determined by probing with anti-FLAG antibody. Arrow and asterisk are CCA1-
FLAG and nonspecific bands, respectively (top). The ChIP-qPCR for APX3pro was performed as negative control on the CCA1-FLAG-bound locus (middle).
Regions b and c are upstream of PRR5 as in Figure 1B. Expression of PRR5 was normalized to IPP2 expression, and its maxim value was set to 1 (bottom).
White and gray areas indicate light (day) and dark (night) periods.

(B) PRR5 expression in ccal Ihy under LD and LL conditions. Gray area indicates the period of darkness.

(C) Effect of CCAT-FLAG (CCA1-F) and LHY-FLAG (LHY-F) on PRR5 promoter activity in wild-type protoplasts (top), Ink7 Ink2 double mutants protoplasts
(middle), and with overexpression of LNK1 (bottom).

Error bars indicate the sp of three technical replicates in (A) and three biological replicates in (B) and (C). Asterisks show a significant difference in PRR5
activity compared with coexpression with FLAG only (F) (Student’s t test; P < 0.05). The “a” and “b” indicate statistical differences (P < 0.05) determined by
one-way ANOVA compared with F and LNK1, respectively.

cotransfected the PRR5pro:LUC reporter, 35Spro:CCA1-F, and —1416 to —686 [PRR5pro_(2)], —686 to the start codon
35Spro:LNK1 into wild-type mesophyll protoplasts and measured [PRR5pro_(4)], and —425 to the start codon [PRR5pro_(5)]
PRR5 promoter activity. Introduction of 35Spro:LNK1 resulted gave robust rhythmic luciferase activities with peaks in the
in activation of PRR5 promoter activity at twice the levels of that evening (CT10.9 to 15.5) and troughs in the morning (Figures 3A
of the FLAG control (Figure 2C, bottom), which was consistent and 3B). All of these constructs containregions b or c (Figure 1A).
with previous studies (Rugnone et al., 2013; Xie et al., 2014). Although the region from —1049 to —359 contains an EE
Cointroduction of 356Spro:CCA1-F and 35Spro:LNK1 suppressed [PRR5pro_(3)], this construct conferred constant luciferase
PRR5 promoter activity to a similar level as the 35Spro:CCA1-F expression. Intransient assays, introduction of CCA7-Fresultedin
construct by itself (Figure 2C, bottom), implying that CCAT7 is suppression of promoter activity under the control of PRR5pro_(1),

epistatic to LNK17 in PRR5 transcriptional regulation. PRR5pro_(2), PRR5pro_(4), and PRR5pro_(5) but did not affect

promoter activity of PRR5pro_(3) (Figure 3C). Regions b and c,
Association of CCA1 with the Promoter Region of PRR5 both of which contain EEs that are bound by CCA1 in vivo, thus
Relates to Circadian Expression may act as cis-regulatory regions for evening-phase activation

and morning-phase repression of PRR5.
The region between —1416 and the start codon of PRR5 confers

circadian transcriptional activation (Ueoka-Nakanishi et al., 2012).
To further examine the transcriptional regulation of this region,
we introduced a series of truncations of the PRR5 upstream Although CCA1 binds to EE and CBS motifs in vitro, our ChlP-
region fused to a luciferase reporter into Arabidopsis (Figure 3). seq analyses combined with promoter analyses indicate that
Constructions from —1416 to the start codon [PRR5pro_(1)], CCA1 does not associate with every EE motif located in the

CCA1-Bound Genes on a Genomic Scale
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Figure 3. Regions b and ¢ Upstream of PRR5 Give Robust Evening-Phase Rhythmic Expression.

(A) Bioluminescence pattern of luciferase fusion constructs. PRR5pro_(3) was arrhythmic.

(B) Real-time bioluminescence of PRR5pro:LUC transgenic plants under LL. The error bars indicate sp of biological replicates (n > 12).

(C) Effect of CCA1-FLAG (CCAT1-F)on PRR5pro:LUC reporters. The error bars represent the se of three biological replicates. Asterisks indicate a significant
change in LUC/RLUC activity compared with coexpression with FLAG (F) (Student’s t test; P < 0.05).

PRR5 promoter region in vivo (Figures 1A and 3). To identify in vivo
CCA1 binding regions on a genomic scale and to examine whether
they are involved in circadian gene expression, we identified ge-
nomic loci bound by CCA1 according to a false discovery rate (FDR)
g-value < 10720 in two ChlP-seq data sets (Supplemental Figure 3
and Supplemental Data Sets 1A to 1C) and examined expression
patterns of genes adjacent to these loci.

As indicated by two independent ChIP-seq studies, 449 loci
were bound by CCA1, with 863 adjacent genes (Supplemental
Data Sets 1C and 1D). A Multiple Moitif Elicitation tool (Machanick
and Bailey, 2011) found that 449 CCA1-bound loci were signifi-
cantly enriched for G-box expanded, EE expanded, CT repeated,
and TCP binding sequences (Figure 4A). EE expanded sequences
contain typical EE (AAAATATCT), but not CBS (AACAATCT or
AAAAATCT) motifs. CCA1 was originally identified as a tran-
scription factor that binds to a CBS in the promoter region of a
gene encoding chlorophyll a/b binding protein 1 (CAB1,
At1929930) in vitro (Wang et al., 1997). In our ChIP-seq analyses,
CCA1 associates with the promoter regions of CAB7 and CAB2
(At1929920), but binding values (g-value = 10748-55 and 102353
by PGM and GAll, respectively) were not as high as for other sites.
For example, region b of the region upstream of PRR5 upstream
has g-values of 10712104 by PGM and 1010563 py GAII

(Supplemental Data Set 1). CCA1 binds less efficiently to up-
stream regions of the other CAB genes containing CBS
(i.e., At19g29910, At2g34420, At2g34430, At3g54890, and
At5g01530, each with g-values > 10729). These results suggest
that CCA1 binds to CBS in vitro, but prefers to bind to EE than to
CBS in vivo. CCA1 also associates with EE-like sequences with
higher binding affinity than with CBS-like sequences in vivo, as
demonstrated recently by a ChIP-seq study with CCA1-GFP-
expressing Wassilewskija accession plants (Nagel et al., 2015). To
further understand CCA1 binding on a genomic scale, we com-
pared our ChlP-seq data with that generated by Nagel et al. and
found that 254 of 449-CCA1 binding loci were found in common
with Nagel et al. (Figure 4B), suggesting that these two inde-
pendent ChlP-seq studies are complementary and confirmatory
despite the different genetic backgrounds used.

There are 517 CCA1 binding sites located within the upstream
regions of transcriptional start sites (TSSs), which excludes the 5’
untranslated region (UTR) (Figure 4C). Moreover, 191 of the 517
CCA1 binding sites are within 500 bp upstream of the TSS. A total
of 346 CCA1 binding sites are found in the downstream regions of
TSSs, including the 5’ UTR, coding sequence, and 3’ UTR (Figure
4C). These data imply that CCA1 preferentially associates within
regulatory sequences, most often located upstream of TSSs.
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Figure 4. CCA1-Bound Genes on a Genomic Scale.

(A) Enriched sequences in CCA1-bound loci.

(B) Concordance between CCA1-bound loci in this study and 1607 CCA1-bound loci under LD by Nagel et al. (2015).

(C) Positions of ChIP peaks relative to TSS in CCA1-bound genes.

(D) Phase enrichment of expression peaks of 863 CCA1-bound genes, calculated by Phaser under LDHH_ST and LL12_LDHH conditions.

(E) Overlap between CCA1-bound genes and genes whose expression differed from cca Ihy double mutants. Fisher’s exact test indicates significant
overlap between CCA1-bound genes and upregulated genes in cca? lhy.

(F) eGO analysis for CCA1 target genes.

An analysis of the expression patterns of the 863 CCA1-bound
genes was performed using a public microarray database with the
Web-based tool Phaser (Mockler et al., 2007) (Figure 4D). The set of
863 genes was enriched for evening-phased genes but also
contained morning-phased genes. Together, these 863 genes
make up the set of CCA1-bound genes in vivo, a group that
potentially contains CCA1 target genes, but may contain several
false-positive targets due to the inherent technical limitations of
ChIP, deep sequencing, and mapping procedures.

To discover genes directly targeted by CCA1 in another way,
genes whose expression was altered in the cca7 lhy compared
with the wild type were explored. There were 535 upregulated and
289 downregulated genes in ccal lhy plants compared with the
wild type (FDR q < 0.01) at ZT1, at a time when native CCA1 and
LHY proteins are expressed (Supplemental Data Set 2). This set
of genes contains direct targets of CCA1, but also includes
genes that are indirect targets of CCA1. Overlap between upre-
gulatedgenesincca? lhy and CCA1-bound genes was statistically
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significant (Fisher’s exact test P = 2 * 1016, 104 genes), whereas
overlap between downregulated genes and CCA1-bound genes
was not (P = 0.4, nine genes), suggesting that CCA1 and LHY
downregulate CCA1-bound genes (Figure 4E; Supplemental Data
Set 3). The 113 genes whose expression was altered in ccal lhy
mutants and bound by CCA1 have been annotated as potential
CCAT1 target genes (Figure 4E; Supplemental Data Set 3).

The expression patterns of the 113 CCA1-potential targets were
also examined using Phaser. The genes whose expression peaked
between time 10 and 14 under LL conditions were significantly
enriched among the 113 genes (Supplemental Figure 4). Evening-
phased genes were also significantly enriched in the 535 upre-
gulated genes of cca? lhy double mutants. Onthe other hand, genes
expressed in the late nighttime and early morning were enriched
among the downregulated genes of cca? Ihy (Supplemental Figure
4). Taken together, these results indicate that direct regulation of
CCAT1 is crucial for diurnal and circadian expression patterns
with troughs in the morning.

To explore the biological functions of each of the 113 CCA1-
potential target genes, significantly enriched Gene Ontology
(eGO) analysis was performed. “Circadian rhythm” was the most
enriched category in the gene set (P < 10~'") (Figure 4F).
“Transcription factor activity,” “response to cold,” “nucleus,”
and “DNA binding” were also enriched (P < 107%). There was
enrichment of TF-related terms when eGO analysis was per-
formed for the 863 CCA1 binding genes (Supplemental Figure 5).
Because eGO terms indicate a relationship to TF, we further
focused on the TF set of genes (Table 1). CCA1-potential target
TFs include five AP2 genes (DEHYDRATION-RESPONSIVE
ELEMENT BINDINAG 2A [DREB2A], DREB2B, DREB2C,
DREB2H, and DECREASE WAX BIOSYNTHESIS [DEWAX]),
three PRRs (TOC1, PRR7, and PRR5), three MYB (RVE?7,
myeloblastosis family transcription factor like-2 [MYBL2], and
At1917460), two B-BOX DOMAIN PROTEIN (BBX8 and BBX13),
two GARP (LUX and BROTHER OF LUX ARRHYTHMO [BOA;
also known as NOX]), two bHLH (ABSCISIC ACID-RESPONSIVE
KINASE SUBSTRATE2 [AKS2]and ACTIVATION-TAGGED BRI 1
SUPRESSOR1-INTERACTING FACTORT1 [AIF1]), a bZIP (JABA
INSENSITIVE5S [ABI5]), a TCP (CCA1 HIKING EXPEDITION
[CHE]), C2H2 (BALDIBIS [BIB]), ARF6 (a DNA binding auxin
response factor), a NAC (NACO019), a HSF (HSFC1),a CCAAT TF
(NF-YB2), GAI, RGA, and SCR (GRAS) (SCR-LIKE13 [SCL13]).
Three PRRs, LUX, BOA, and CHE, are all involved in circadian
clock control (Pruneda-Pazet al., 2009; Daiet al.,2011). DREB2A
and DREB2B are drought stress response proteins (Liu et al.,
1998), DREB2C, AKS2, and ABI5 are involved in ABA signaling
(Finkelstein and Lynch, 2000; Lee et al., 2010; Takahashi et al.,
2013), DREB2C is also in heat stress response (Lim et al., 2007),
DEWAX is involved in wax biosynthesis regulation (Go et al.,
2014), ARF6 is required for flower maturation (Nagpal et al.,
2005), AIF1 and MYBL2 are brassinosteroid signaling proteins
(Wang et al., 2009; Ye et al., 2012), MYBL2 is important for
anthocyanin biosynthesis (Matsui et al., 2008), BIB is involved
in root development (Long et al., 2015), SNF-YB2 helps control
flowering time (Cai et al., 2007), SCL13 is a part of red light
signaling (Torres-Galea et al., 2006), RVE7 regulates cotyle-
don opening and flowering time (Kuno et al., 2003), NAC019 is a
water stress regulator (Tran et al., 2004), and HSFC1 responds to

heat stress (Guan et al., 2014). These data imply that CCA1 in-
fluences diverse physiological processes partly through regu-
lating this set of TFs.

CCA1 Represses Several Clock-Associated Genes

Among the 113 potential CCA1 target genes, we found several
clock-associated genes: PRR7, PRR5, TOC1, ELF4, G, LUX,
BOA/NOX, and CHE (Figure 5A; Supplemental Figure 6 and
Supplemental Data Set 3). TOC1, ELF4, Gl, LUX, BOA, and CHE
are repressed by CCA1 and LHY (Alabadi et al., 2001; Hazen
et al., 2005; Mizoguchi et al., 2005; Pruneda-Paz et al., 2009;
Dai et al., 2011; Li et al.,, 2011), and expression of these
genes was significantly elevated in ccal /hy plants at ZT 1
(Supplemental Figure 7). PRR7 may be activated by CCA1 and
LHY (Farré et al., 2005). We also found that PRR9 was bound by
CCA1 (Figure 5A), though PRR9 expressionin ccat lhy at ZT1 was
comparable to the wild type (Supplemental Figure 7). To un-
derstand the effects of CCA1 and LHY activity on PRR7 and PRR9,
expression was measured in ccal lhy plants under LD and LL
conditions (Figure 5B). PRR7 expression was upregulated around
dawn, but downregulated from noon to evening relative to the
wild type under LD (Figure 5B). PRR7 peak levels were lower and
trough levels were higher in ccal Ihy mutants than in wild-type
plants under LL conditions. PRR9 expression was highly sup-
pressed in ccal lhy plants, except at 1 h after lights were turned
on (Figure 5B). To further understand the effect of CCA1 on PRR7
and PRRY expression, CCA1 was transiently induced under the
control of an ethanol-inducible promoter system (Alc:CCAT;
Knowles et al., 2008). Alc:CCA1 seedlings were initially grown
under LD and transferred to LL. Seedlings were then treated
with ethanol for 20 min at the following subjective noon (i.e.,
30 h after lights on), when native CCA1 is less expressed, and
PRR9 and PRR7 expression was analyzed 2 h after ethanol
treatment (Figure 5C). Ethanol treatment resulted in higher
CCA1 expression (Supplemental Figure 8) and lower PRR9
and PRR7 expression compared with the control treatment
(Figure 5C). Expression of the CCA1 targets PRR5 and TOC1
was also downregulated by ethanol treatment at subjective
noon (Supplemental Figure 8). We found that expression of
PRR9, PRR7, PRR5, and TOC1 was significantly decreased
with ethanol treatment at subjective midnight (i.e., 42 h after
lights on) (Figure 5C; Supplemental Figure 8). These results
indicate that CCA1 does not directly activate PRR9 and
PRR7, but it potentially suppresses them. To understand the
effect of CCA1 and LHY on PRR7 and PRR9 transcription, we
performed transient expression assays using PRR9pro:LUC
or PRR7pro:LUC reporters and 35Spro:CCA17-F and LHY-F
effectors (Figure 5D). Expression of CCA7-F and LHY-F did
notresultin any activation of PRR7 or PRR9 promoter activity.
Rather, CCA1-F and LHY-F significantly decreased PRR7
and PRR9 promoter activities (Figure 5D), but the degrees of
CCA1-F- or LHY-F-dependent suppression of these pro-
moter activities were relatively small compared with PRR5
promoter activity (Figure 2C). These results suggest that
CCA1 and LHY do not activate PRR7 and PRR9 transcrip-
tion, but rather that CCA1 and LHY directly suppress PRR7
and PRR9.
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Table 1. CCA1 Potential Direct Target Genes Encoding TFs

Gene Name

Physiological Processes

Reference

DREB2A (At5g05410)
DREB2B (At3g11020)
DREB2C (At2g40340)

DEWAX (At5g61590)
TOC1 (At5g61380)
PRRY7 (At5g02810)
PRRS5 (At5g24470)
LUX (At3g46640)
BOA (At5g59570)
CHE (At5g08330)
AKS?2 (At1905805)
ABI5 (At2g36270)
ARF6 (At1g30330)
AIFT (At3g05800)
MYBL2 (At1g71030)

BIB (At3g45260)
SCL13 (Atdg17230)
RVE7 (At1918330)

NACO19 (At1952890)
HSFC1 (At3g24520)

NF-YB2 (At5g47640)
DREB2H (At2g40350)

Drought stress response

Heat stress response
ABA signaling

Wax synthesis regulation
Circadian clock

ABA signaling

Flower maturation

BR signaling

BR signaling
Anthocyanin biosynthesis
Root development
Red light signaling
Cotyledon opening
Flowering time

Water stress response
Heat stress response
Flowering time
Unknown

BBX8 (At5g48250)
BBX13 (At1928050)
TRF-like 3 (At1g17460)

Liu et al. (1998)

Lim et al. (2007)

Lee et al. (2010)

Go et al. (2014)

Gendron et al. (2012)
Nakamichi et al. (2010)
Hazen et al. (2005)

Dai et al. (2011)
Pruneda-Paz et al. (2009)

Takahashi et al. (2013)
Finkelstein and Lynch (2000)
Nagpal et al. (2005)

Wang et al. (2009)

Ye et al. (2012)

Matsui et al. (2008)

Long et al. (2015)
Torres-Galea et al. (2006)
Kuno et al. (2003)

Tran et al. (2004)
Guan et al. (2014)
Cai et al. (2007)

BR, brassinosteroid; ABA, abscisic acid.

CCA1 and PRR5 Interact to Shape Target Gene
Expression Phases

ChlP-seq studies suggest that the target genes of PRR7, PRR5,
and TOC1 are mostly expressed from dawn until early morning
(Huangetal.,2012; Nakamichietal.,2012; Liuetal.,2013). Inorder
to examine whether CCA1 and PRR5 interact within the circadian
clock transcriptional network, we compared potential CCA1
targets (Supplemental Data Set 3) and PRR5 targets (Nakamichi
et al., 2012) (Figure 6). The expression peaks of genes preferen-
tially bound by PRR5 occurred between dawn and early morning
(pink and red dots in Figure 6). Genes preferentially bound by
CCA1 were expressed around evening (green and blue dots in
Figure 6). Notably, genes bound by both CCA1 and PRR5 tend to
be expressed toward the middle of the day (yellow dots in Figure 6).
These patterns suggest that binding by different classes of
TFs, namely, CCA1 and PRRS5, shape and refine temporal gene
expression in the clock transcriptional network.

DISCUSSION

CCA1 Represses PRR5 in the Arabidopsis Circadian Clock

The Arabidopsis circadian clock operates through a system of
transcriptional feedback loops composed of clock-associated
transcriptional factors, including the PRRs. Expression timing of

the PRR family (PRR9, PRR7,PRR5, and TOC1) differs throughout
the day (Matsushika et al., 2000), suggesting that there are dif-
ferent molecular mechanisms underlying regulation of PRR genes
inthe clock genetic circuit. Based on earlier data, TOC1 and PRR5
were proposed as nighttime repressors of PRR5 (Huang et al.,
2012; Nakamichietal.,2012). More recent studies suggest that the
RVES8-LNK complex activates PRR5 transcription (Rugnone et al.,
2013; Xie et al., 2014), but RVE8- and LNK-dependent PRR5
activation is highly attenuated in the morning (Hsu et al., 2013). In
this study, we found that CCA1 associates with the PRR5 pro-
moter in the morning, CCA1 and LHY suppress PRR5 tran-
scription, and morning repression of PRR5 is attenuated in cca7
Ihy double mutant plants (Figure 2). In addition, CCA1 and LHY
suppress PRR5 promoter activity eveninnk1 Ink2 double mutants
and in cells cotransfected with LNK7 (Figure 2C). These data
suggest that CCA1 and LHY are strong repressors of PRR5 in the
morning, as well as candidates for the molecular masking of RVES8-
and LNK-dependent transcriptional activation of PRR5 (Hsu et al.,
2013).

PRR9 and PRRY7 are regulated by environmental cues such as
light and temperature changes, which may continually reset the
phase of the clock to coincide with external growth conditions and
the plant’s internal energy state (lto et al., 2005; Haydon et al.,
2013; Kolmos et al., 2014; Mizuno et al., 2014). PRR9 and PRR7
are expressed in the morning, and these genes are directly re-
pressed by components of the EC (Dixon et al., 2011; Helfer et al.,
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Figure 5. CCA1 and LHY Do Not Activate PRR9 and PRR7 Transcription.
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(A) Visualization of ChIP-seq data around PRR7 and PRR9. Upper and lower panels were determined by lonPGM and GAIl sequencer, respectively.

Horizontal bar indicates 1 kb, and vertical bars indicate 50 reads.
(B) PRR7 and PRR9 mRNA expression in ccal lhy under LD and LL.

(C) Effect of transient induction of CCA7 on PRR7 and PRR9 expression. CCAT was transiently expressed by 20 min exposure to ethanol vapor at subjective
noon (30 hinLL) ormidnight (42 hinLL). Gene expression before treatment (labeled as 30 hin LL or42 hin LL), control treatment (water), and ethanol treatment

was analyzed.

(D) Effect of CCAT-FLAG (CCA1-F) and LHY-FLAG (LHY-F) on PRR7 and PRR9 promoter activity. Error bars indicate the st of three biological replicates in
(B) and (D) and four biological replicates in (C). Asterisks indicate a significant difference (Student’s t test; P < 0.05) in (C) and compared with coexpression

with FLAG (F) (Student’s t test; P < 0.05) in (D).

2011; Mizuno et al., 2014). In addition, given that PRR9 and PRR7
transcript levels are lower in the cca? lhy double mutant and that
CCA1 binds to the PRR9 and PRR7 upstream regions in vitro,
CCA1 and LHY were assumed to be implicated in activation of
PRR9 and PRR7 expression (Farré et al., 2005). In this study, we
found that CCA1 associates with the upstream regions of PRR9
and PRR7,and peak levels of PRR9 and PRR7 under LL were lower
in ccal lhy plants than in the wild type (Figure 5B). However,
transient induction of CCA7 by the ethanol-inducible system
resulted in downregulation of PRR9 and PRR7 at subjective noon
or midnight (Figure 5C), and CCA1 and LHY suppressed PRR9
and PRR7 promoters in transient assays (Figure 5D). In addition,

transient induction of CCA7 and LHY alone did not result in any
activation of PRR9 and PRR7 (Knowles et al., 2008), and induction
of LHY alone resulted in lower expression of these PRRs (Adams
et al., 2015). These studies suggest that CCA1 and LHY act as
transcriptional repressors of PRR9 and PRR7.

Although transcription of PRR9 and PRRY7 is suppressed by
CCA1 and LHY (Figure 5D), PRR9 mRNA contents are down-
regulated in cca Ihy, and continuous induction of LHY increases
these PRR mRNAs, indicating that CCA1 and LHY indirectly
activate PRR9 and PRR7 inaclock genetic network system (Figure
5B) (Farré et al., 2005; Adams et al., 2015). It is possible to imagine
that CCA1 and LHY activate PRR9 and PRR7 expression through
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Figure 6. CCA1 and PRR5 Shape Expression Timing of Potential Targets.

Sequence reads in counts per million in each ChIP peak responsible for
CCA1 or PRR5 target genes were determined and plotted on x and y axes,
respectively. Expression peaks of these genes are colored with red (for
early morning), yellow (around noon), green (afternoon), blue (evening),
purple (before midnight), and pink (dawn). Gene expression data for (A) and
(B) are LL12_LDHH and LDHH_ST, respectively.

direct repression of PRR5, TOC1, LUX, and ELF4 (Figure 1;
Supplemental Figure 7), all of which encode transcriptional
repressors of PRR9 and PRR7 (Dixon et al., 2011; Helfer et al.,
2011; Huang et al., 2012; Nakamichi et al., 2012). A similar
molecular model was developed recently (Fogelmark and Troein,
2014). In addition, ELF3, which encodes a component of the EC,
is epistatic to CCA71 and LHY for PRR9 and PRR7 expression
(Dixon et al., 2011).

Molecular Mechanisms of CCA1-Dependent
Transcriptional Control

In the circadian clock system, PRR9, PRR7, and PRR5 proteins
repress transcription of target genes in concert with TOPLESS-
related proteins as corepressors, along with histone deacetylase
(Wang et al., 2013). EAR (ethylene-responsive element binding
factor-associated amphiphilic repression)-like motifs within the
three PRR proteins are sufficient to bind to TOPLESS-related
proteins, which subsequently recruit histone deacetylases to
suppress target gene transcription (Nakamichi et al., 2010; Wang
etal.,2013). However, there are no known archetypal repression or
activation domains in CCA1 or LHY, implying that these proteins
are not active transcriptional repressors or activators, though
CCA1 represses TOC1 by accelerating histone deacetylation
around the TOC17 promoter (Perales and Mas, 2007). This work

Direct Regulation by CCA1 705

demonstrates that CCA1 and LHY also repress transcription of
PRR5, PRR7, and PRR9 (Figures 2 and 5). CCA1 and LHY ap-
parently regulate gene transcription by interacting with other
classes of regulators like DET1 as a corepressor for TOC1 tran-
scription (Lau et al., 2011). This type of property may give CCA1
and LHY molecular plasticity (i.e., as a weak or strong repressor
or activator of transcription) with regulatory control in a context-
dependent manner. This ability to fine-tune a number of co-
ordinated processes may explain the results of a recent article
describing CCA1 suppression and/or activation of an un-
expectedly high number of genes, including noncycling genes
(Nagel et al., 2015).

Binding Preference of CCA1 on a Genomic Scale in Vivo

Although CCA1 and LHY form heterodimers (Lu et al., 2009),
expression of CCA1-FLAG mostly complemented the short-
period phenotype of cca Ihy (Figure 1C), implying that CCA1-LHY
heterodimers are not necessary for normal clock functioning.
Because the CCA7-F transgenic line for ChIP-seq was generated
in a ccal Ihy genetic background, our ChlP-seq data exclude loci
bound by CCA1-LHY heterodimers. The absence of CCA1-LHY
heterodimers could explain at least part of the difference between
the set of loci identified in our ChlP-seq data and the set identified
by Nagel et al. (2015). The set from Nagel et al. likely contains loci
bound by CCA1-LHY heterodimers, as wellas CCA1 homodimers,
which would account for the many loci that were not found in our
ChlP-seq study (Figure 4B). It may thus be possible to determine
which of the loci are dependent on CCA1-LHY heterodimers
versus CCA1 homodimers for expression by comparing the two
data sets. However, a caveat would be that these two ChiIP-seq
studies were performed using different procedures, which may
influence CCA1 binding on a genomic scale.

It was previously demonstrated that CCA1 binds to EE or CBSin
vitro (Wang et al., 1997; Farré et al., 2005). However, our ChIP-seq
analyses showed that CCA1 does not associate with all of the EE
or CBS, indicating that there are differences in CCA1 binding
preferences in vivo (Figures 1A and 4A). This is likely due to
sequence-dependent contexts within the broader regulatory re-
gion or to the requirement for competitive binding elements
that might be present in vivo but not in vitro. Preferential binding at
EE sites by CCA1 was also detected in a ChIP-seq study using
CCA1-GFP-expressing plants in a wild-type Wassilewskija
accession background (Nagel et al., 2015).

Association of CCA1 with the EEs of PRR5 is efficient at regions
a, b, and c, but less so with the EE between regions b and c (Figure
1). In addition, regions containing EE bound by CCA1 were suf-
ficient to confer a rhythmic pattern, but EE not bound by CCA1
were not (Figure 3). These data indicate that binding of the trans-
factor CCA1 to EE cis-elements is crucial for forming or main-
taining a rhythmic pattern. EEs located upstream of TOC7 and G/
are crucial for maintaining a rhythmic pattern with peaks in the
evening (Harmer et al., 2000; Berns et al., 2014). Our ChIP-seq
analyses indicated that there are high-resolution CCA1 binding
profiles at TOC1 and GI, as well as at ELF4, LUX, and BOX, all of
which are implicated in circadian clock functions (Supplemental
Figure 6). Upstream regions of TOC7 and G/, which were pre-
viously shown to be sufficient for rhythmic patterning (Harmer
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et al., 2000; Berns et al., 2014), were also bound by CCA1 in vivo
(Supplemental Figure 6). There are also CCA1 binding site pref-
erences around these clock-associated genes (Supplemental
Figure 6). The distribution and locations of these CCA1 prefer-
ence sites on a genomic scale can be assessed using ChIP-seq
studies. A thorough understanding of which loci are regulated by
clock-associated transcription factors can provide a better un-
derstanding of global regulation by clock-associated transcription
factors and, thus, the overall mechanism of circadian rhythms in
plants. The expression of many CCA1-bound genes was not
significantly different between in the cca? /hy double mutant and
the wild type at ZT1 (Figure 4C, 749 genes). To explain this ap-
parent paradox, at least two possibilities should be considered.
First, although we performed two different types of ChIP-seq
analysis, using lonPGM and lllumina GA |l pipelines to minimize
the inherent limitations associated with ChIP, deep sequenc-
ing, and mapping procedures, there may still be false positives
among targeted loci. Second, CCA1 binding may be only one of a
number of regulatory constraints on expression of target genes.
In fact, G-box and TCP binding sites were also enriched in
DNA coimmunoprecipitated with CCA1, suggesting that CCA1
interacts with additional transcription factors that recognize these
elements (Figure 4A). Nagel et al. (2015) also reported that DNA
sequences containing G-box, protein box, and E-box, presumably
bound by other classes of TFs, are enriched in the ChlIP fraction of
CCA1-GFP. Because our RNA-seq methodology used whole
seedlings, neither tissue-specific nor age-specific gene expression
could be determined. Different plant tissues have their own specific
diurnal transcriptomes (Endo et al., 2014); thus, tissue-specific
CCAT1 targets may be assessed in future studies by examining the
individual tissue-specific transcriptomes of cca? /hy mutants.

The Circadian Clock Transcriptional Network Involves Other
Transcription Factors, and Additional Layers of Regulation

This study demonstrated that CCA1 and PRR5, which are different
types of clock-associated proteins expressed at different times of
day (Wang and Tobin, 1998; Nakamichi et al., 2010), share some
target loci (Figure 6). Our data suggest that combinatorial bind-
ing of these proteins may cause shifts in the timing of gene ex-
pression of many of the target genes (Figure 6). Given that other
classes of clock-associated transcription factors (e.g., LUX, RVEs,
and LNKs) are expressed at various times of day, further analyses
ofthesetranscription factors, and their interactions with CCA1 and
with the PRRs, may reveal mechanisms underlying a variety of
gene expression timing events on a genomic scale.

The Arabidopsis circadian clock coordinates genome-wide
gene expression within the plant’s daily cycle. Comparative gene
expression profiles indicate that evening-phase genes are ex-
pressed under many diurnal and circadian conditions (Michael
et al., 2008). ChlP-seq revealed that CCA1 directly represses
a set of evening-phase genes, including genes involved in
circadian clock, ABA signaling, brassinosteroid signaling, wax
biosynthesis, drought stress response, flowering time regulation,
flower maturation, anthocyanin biosynthesis, and root development
(Supplemental Data Set 3), implying that CCA1 regulates these
processes via its direct targets. The number of potential CCA1
targets and CCA1-bound genes (113 and 863 genes, respectively)

are fewer than the previously estimated 1000 to 2000 evening-
phase genes (Michael et al., 2008), indicating that other tran-
scriptional regulators and posttranscriptional control elements
may involve evening-phase transcript accumulation. Control of
cyclic genes by different regulatory layers (e.g., histone modifi-
cation, transcription, splicing, and mRNA degradation) seem to
be crucial for the accurate expression of output pathways in
mammals and fungi (Sanchezetal., 2010; Koike etal.,2012; Hurley
et al., 2014), each of which has a different type of central clock
mechanism than plants.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana Col-0 accession plants were used as the wild type.
CCA1pro:LUC plant construction was reported previously (Nakamichi
et al., 2005). ccat lhy CCA1pro:LUC (ccal-1 Ihy-11 CCA1pro:LUC) was
reported previously (Mizoguchi et al., 2002; Yamashino et al., 2008).
T-DNA insertion lines Ink1-1 (SALK_024353), Ink1-4 (SALK_142366), Ink2-1
(GABI_484F07), and Ink2-2 (SALK_116103) were obtained from the ABRC
and GABI Kat T-DNA insertion collections. PCR amplification (primers are
listed in Supplemental Table 1) followed by reverse transcription suggested
that these four lines were knockout mutants (Supplemental Figure 2). Ink1
Ink2 double mutants were generated by crossing Ink71-4 and Ink2-1. Alc:
CCAT1 (CS67790) (Knowles et al., 2008) was obtained from the ABRC. To
obtain CCA1pro:CCA1-FLAG/ccal Ihy CCA1pro:LUC plants (CCAT-F),
aregion containing the CCA1 promoter and coding sequences from 863 bp
upstream of the inferred start codon through the coding region was am-
plified with KOD-Plus-Neo DNA polymerase (Toyobo) from the genomic
DNA of Col-0 using primers listed in Supplemental Table 1. To obtain
genomic DNA, 200 mg of Col-0 seedlings was flash-frozen in liquid ni-
trogen and crushed with zirconia beads (ZB-50; Tomy) in a Tissue Lyser Il
(Qiagen). The resulting powdered sample was suspended in 100 pL of TE
buffer and the supernatant was processed with NucleoSpin Gel and PCR
cleanup (Takara). Amplified DNA was cloned into pENTR/D-TOPO (Life
Technologies), generating entry plasmid pENTR/D-CCA1pro:CCAT. The
DNA sequence of pENTR/D-CCA1pro:CCA1 was validated by Sanger
sequencing. The pENTR/D-CCA1pro:CCA1 plasmid was incubated with
Gateway LR clonase (Life Technologies) and modified pBA-PF5
binary vector (Kiba et al., 2007), generating a C-terminal 3*FLAG fusion
construct (pBA-CCA1pro:CCA1-FLAG). pBA-CCA1pro:CCA1-FLAG was
then transferred into cca? Ihy CCA1pro:LUC plants by an Agrobacterium
tumefaciens-mediated method (Bechtold et al., 1993). Ten independent T1
transformants were selected on MS media (Murashige and Skoog, 1962)
containing 10 mg L~ of bialaphos sodium salt (022-15413; Wako), and
exogenous CCA1-FLAG protein in T2 plants was detected by immuno-
blotting using anti-FLAG antibody (F3165; Sigma-Aldrich). Although
At5g24470.1 can serve as one gene model for PRR5, our RNA-seq analysis
showed that the first 220 bp of At5g24470.1 are not transcribed. In addition,
we previously overexpressed PRR5 (the first candidate start codon in the
transcriptis 328to 330 bp downstream of the 5’ end of At5g24470.1), which
resulted in altered phenotypes related to circadian function (Sato et al.,
2002; Nakamichi et al., 2012). Based on these observations, we used the
chromosomal sequence of PRR5, rather than At5g24470.1. To gener-
ate PRR5pro_(1):LUC transgenic plants, the PRR5 promoter (PRR5pro;
1413 bp upstream of the inferred start codon) was amplified by PCR from
Col-0 genomic DNA and cloned into the Hindlll and Ncol sites of amodified
pSP-luc+ vector (originally from Promega) using an In-Fusion HD cloning
kit (Takara). Theresulting PRR5pro_(1):LUC region was then cloned into the
Hindlll and Sacl sites of binary vector pABH (Nakamichi et al., 2004).
Truncated PRR5pro:LUC sequences were also cloned into pABH. pABH
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vectors were transformed into Col-0 by Agrobacterium as above. Plants
were grown on MS containing 2% sucrose and 0.3% gellangumunder 12 h
white light by bulb (70 ymol s~ m~2)/12-h-dark conditions.

Bioluminescence-Based Circadian Rhythm of Transgenic Plants

Bioluminescence-based circadian rhythms of T3 CCA7-F plants were
analyzed by autoluminescence (CL96; Churitsu) as described previously
(Figure 1) (Onai and Ishiura, 2005). Briefly, Arabidopsis seedlings were
grown on MS plates without sucrose under 12 h light/12 h dark for 4 d,
and each seedling was transferred into a well of a 96-well plate.
Twenty microliters of MS liquid medium containing 2% sucrose and
250 uM p-Luciferin potassium salt (Wako) was added to each well. The
96-well plate was further incubated under 12-h-light/12-h-dark con-
ditions for 1 d and transferred to LL conditions in a CL96 platform at ZTO
of the next day. Period length and amplitude values were automati-
cally calculated using the CL96 platform with embedded software.
Amplitudes lowerthan 0.1 were annotated as noncyclic. Maximum values
of individual luciferase activities were normalized to unity. T1 plants
resistant to 20 mg L~ hygromycin were analyzed by CL96 (Figure 3).

Immunoblotting

Two hundred milligrams of whole CCA7-F plants were flash-frozen with
liquid nitrogen at ZT1 and crushed with zirconia beads in a Tissue Lyser II.
The resulting powdered sample was suspended in 200 p.L of 2X SM buffer,
incubated at 95°C for 5 min, and centrifuged for 5 min at 14,000 rpm.
Supernatants were loaded onto a Super Sep Ace 10 to 20% gradient gel
(Wako) and blotted onto Hybond-P (GE Healthcare). Anti-FLAG antibody
(F3165; Sigma-Aldrich) and goat anti-mouse IgG conjugated with alkaline
phosphatase (170-6520; Bio-Rad) were used as primary and secondary
antibodies to detect FLAG-fusion protein.

ChIP-Seq Analysis

ChIP-seq was performed as described previously with lllumina GA I
(Nakamichi et al., 2012). A 5-g sample of CCA7-F_#3 plants flash-frozen
at ZT3 was used for ChIP-seq analysis. DNA library construction was
performed with a ChIP-Seq Sample Prep Kit (lllumina) as described pre-
viously (Nakamichi et al., 2012). To prepare a ChIP DNA library for lonPGM,
ChlIP was performed on a 5-g ZT3 sample of CCA7-F_#3 plants. ChIP DNA
was used to generate a DNA library with an lon Plus Fragment library
kit (4471252; Life Technologies). The resulting DNA library was then an-
alyzed by lonPGM with an lon PGM Template OT2 200 kit (4480974; Life
Technologies), lon PGM Sequencing 200 Kit version 2 (4482006; Life
Technologies), and lon 318 Chip Kit version 2 (4484354; Life Technologies).

ChiIP-Seq Data Analysis

Base-calling of sequence reads obtained by lllumina GA Il was performed
with GA Il pipeline software. ChIP DNA sequence reads in the FASTQ
format were compared against the reference genome TAIR10 and mapped
to the Arabidopsis genome using Bowtie software (Langmead et al., 2009),
with the parameter ‘-t -p 8 -n 3 -m 1 —a -best —strata—sam’. The resulting
sequence alignment/map (SAM) file was converted into a binary alignment/
map (BAM) format file by Samtools 0.1.18 (Li et al., 2009). Base-calling of
sequence reads obtained by lonPGM was performed with lonPGM pipeline
software. Mapping of these sequence reads was performed by Torrent
Suite Software (Life Technologies) using default parameters. Significant
ChlIP DNA peaks (FDR g < 10729 were annotated as CCA1-FLAG bind-
ing loci using Model-based Analysis of ChIP-Seq (MACS2) software
(Zhang et al., 2008), with the genome size parameter dm (1.8 * 108). For-
ward- and reverse-peak distributions were validated by MACS2 and drawn
by R (http://www.r-project.org/). Peaks from forward and reverse strands
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were within 200 bp, indicating that DNA fragment size in the ChIP library
was acceptable. BAM and indexed BAM files were used for visualization of
mapping patterns using the Integrative Genomics Viewer 1.5.64. The
nearest gene for each peak was found by ChIPpeakAnno (Zhu et al., 2010),
and the other side of each peak was searched manually. Sequences of
ChIP peaks (Supplemental Data Set 1) were analyzed with the MEME-ChIP
open Web tool (http://meme-suite.org) (Machanick and Bailey, 2011)
to identify enriched DNA sequences in ChIP-DNA (Figure 4A). The data set
of 1607 CCA1-bound loci under LD described by Nagel et al. (2015)
(Supplemental Table 2 in their article) was compared with 449 CCA1-
bound loci (Figure 4B; Supplemental Data Set 1). ChlP-seq data have
been deposited with NCBI under accession number GSE67903.

ChIP-qPCR Analysis

ChIP-gPCR analyses were performed as described previously (Nakamichi
et al., 2010) using an Eco Real-Time PCR system (lllumina). Primers for
ChIP-gPCR are listed in Supplemental Table 1.

RT-qPCR Analysis

Two hundred milligrams of tissue was frozen with liquid nitrogen and
crushed with zirconia beads in a Tissue Lyser Il. Powdered samples were
then used for RNA isolation with lllustra RNAspin (25-0500-72; GE
Healthcare). RT-gPCR was performed as described previously (Nakamichi
et al., 2010) using an Eco Real-Time PCR system. Gene expression was
normalized against /PP2, and maximal values were set to 1. Primers for RT-
gPCRare listed in Supplemental Table 1. Estimation of period length of Ink 1
Ink2 (Supplemental Figure 2) was done by R with a script as previously
reported (Yoshida et al., 2009).

Transient Expression Assays

pSP-PRR5pro_(1):LUC was used as a reporter plasmid to measure PRR5
promoter activity. To generate a reporter plasmid harboring luciferase
under the control of the PRR7 promoter, an 898-bp fragment upstream of
the inferred start codon of PRR7 was amplified and cloned into Hindlll and
Ncol sites in a modified pSP-luc+ vector. To generate a reporter plasmid
harboring luciferase under the control of the PRR9 promoter, a 760-bp
fragment upstream of the inferred initiation codon of PRR9 was amplified
and cloned into the Hindlll and Ncol sites of a modified pSP-luc+ vector by
In-fusion reaction. To make an effector plasmid harboring CCA7 under the
control of the 35S CaMV promoter (35Spro:CCA1-FLAG), CCA1 cDNA
without the stop codon was amplified and cloned into pBS-FLAG (in which
the 35S CaMV promoter, 3-FLAG, and NOS terminator were assembled
5’ to 3’ in pBluescript) between its Xbal and BamH] sites. Similarly, LHY
cDNA was amplified and cloned into pBS-FLAG between BamHI and Ncol,
generating 35Spro:LHY-FLAG. LNK1, including its stop codon, was cloned
into pENTR/D-TOPO (pENTR/D-LNKT). pENTR/D-LNK1 was incubated
with Gateway LR clonase and modified pBS-GW-FLAG vector (Nakamichi
et al., 2012), generating 35Spro:LNK1. Transient expression assays
using mesophyll protoplasts were performed as previously described (Yoo
et al., 2007), with minor modifications. Arabidopsis plants grown under
16-h-light/8-h-dark conditions for 18 to 21 d were used for preparing
protoplasts. Expression buffer (0.5X MS, 2 mM MES, pH 5.7, and 0.4 M
mannitol) was used instead of WI. After incubation of protoplasts in ex-
pression buffer for 20 h under 16-h-light/8-h-dark conditions, lumines-
cence was measured with the Dual-Luciferase Reporter Assay System
(Promega) in an EnSpire Multimode Plate Reader (Perkin-Elmer). Usually,
dual-luciferase assays were performed between ZT6 and ZT8. Data were
obtained from at least three biological replicates. To analyze circadian
rhythms in isolated mesophyll protoplasts, protoplasts were transfected
with CCA1pro:LUC (Nakamichi et al., 2010) or PRR5pro:LUC plasmids at
a concentration of 2 pg for each transfection and incubated in a 96-well
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plate in the dark for 12 h. After incubation, protoplasts were transferred to
constant light and bioluminescence was measured by CL96. Primers for
cloning are listed in Supplemental Table 1.

Measurement of Hypocotyl Lengths

Wild-type and Ink1 Ink2 plants were sown on MS plates containing 2%
sucrose. After 2 d of incubation in the dark at 4°C, plates were incubated
under 12 h white light (70 to 80 umol m~2s~)/12 h dark for 6 d. Hypocotyl
lengths were measured with Image J (http://imagej.nih.gov/ij).

RNA-Seq Analysis

Wild-type and ccat lhy plants were grown on MS plates containing 2%
sucrose under LD for 2 weeks after germination. Three biological replicates
of whole plants were harvested at ZT1, and RNA was extracted for RNA-
seq with lllustra RNAspin (25-0500-72; GE Healthcare). Two micrograms of
total RNA was used to generate an RNA-seq library using TruSeq RNA
sample Preparation Kits v2 (lllumina). Libraries were then sequenced by
lllumina GA Il. Base-calling of sequence reads was performed using lllu-
mina GA Il pipeline software. The reads were mapped to Arabidopsis
TAIR10 (http://www.arabidopsis.org/) by Bowtie (Langmead et al., 2009),
and the number of reads mapped to the reference was counted. Reads
were then normalized to counts per million. Genes whose expression in
ccal Ihy was different from those in the wild type (FDR q < 0.01) were
annotated as “upregulated genes in cca? lhy” (Supplemental Data Set 2A)
or “downregulated genes in cca? lhy” (Supplemental Data Set 2B) by
EdgeR (Robinson et al., 2010). Overlaps between CCA1-bound genes
and upregulated or downregulated genes in cca? lhy were analyzed by
Fisher's exact one-tailed test in R (http://www.r-project.org/). RNA-seq
data were deposited in DDBJ (http://www.ddbj.nig.ac.jp/) under the
BioProject ID PRJDB3468 and accession ID DRA003474.

eGO Analysis

eGO analysis was done as previously described (Tsukagoshi et al., 2010).

Determination of Gene Expression Peaks

Phaser was used to examine the expression peaks of gene sets (113
potential CCA1 targets, 863 CCA1 binding genes, 535 upregulated genes
inccat lhy, and 289 downregulated genes in cca? lhy) using LL12_LDLL or
LDHH_ST (http://mocklerlab.org/tools) (Figure 4; Supplemental Figure 4).
The correction cutoff value was set to 0.7 in Phaser. To examine the
relationship between expression peaks and CCA1- or PRR5-bound loci,
sequence reads for each peak of the locus were set to counts per million,
andthe peak phase of the target locus was determined by Phaser (Figure 6).

Ethanol Induction in Alc:CCA1 Plants

Seeds were plated on MS containing 2% sucrose and kept in the dark
at 4°C for 2 d. Seedlings were then grown under LD for 12 d and transferred
to LL. Filter papers soaked in 1% ethanol in water (v/v) or water only
were adhered to the underside of the plate lid for 20 min at 30 or 42 h after
lights were turned on. Plants were harvested 2 h after ethanol treatment.

Accession Numbers

Sequence data for the genes described in this article have been deposited
in The Arabidopsis Information Resource under the following accession
numbers: APX3 (At4g35000), BOA/NOX (At5g59570), CCAT (At2g46830),
CHE (At5g08330), ELF3 (At2g25930), ELF4 (At2g40080), G/ (At1922770),
IPP2 (At3g02780), LHY (At1g01060), LNK1 (At5964170), LNK2
(At3g54500), LUX (At3g46640), PRR9I (At2g46790), PRR7 (At5902810),

PRR5 (At5g24470), and TOCT7 (At5g61380). Accession numbers of
CCAT1 potential targets are listed in Table 1 and in Supplemental Data
Set 3.

Supplemental Data

Supplemental Figure 1. PRR5 and CCA7 promoter activities in
Arabidopsis mesophyll protoplasts.

Supplemental Figure 2. The Ink1 Ink2 mutants used in this study.

Supplemental Figure 3. Overlap between CCA1 binding loci de-
termined by lonPGM and lllumina GAII.

Supplemental Figure 4. Peak-phase enrichment in the sets of 113
CCA1-potential target genes, 535 upregulated genes in cca lhy, and
289 downregulated genes in ccal lhy.

Supplemental Figure 5. eGO analysis for CCA1-bound genes.

Supplemental Figure 6. CCA1 binding profiles around clock-associated
genes.

Supplemental Figure 7. Expression of clock-associated genes in
ccal lhy at ZT1.

Supplemental Figure 8. Expression of CCA7, TOC1, and PRR5 upon
ethanol in Alc:CCAT.

Supplemental Table 1. Primers used in this study.

Supplemental Data Set 1. CCA1-bound loci determined by lonPGM
and lllumina GA Il, and CCA1-bound genes.

Supplemental Data Set 2. Genes up- and downregulated in cca? lhy
mutants compared with the wild type at ZT1.

Supplemental Data Set 3. Potential CCA1 target genes.
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