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Abstract

The circadian clock is an endogenous timer that anticipates and synchronizes biological processes
to the environment. Traditional genetic approaches identified the underlying principles and genetic
components, but new discoveries have been greatly impeded by the embedded redundancies that
confer necessary robustness to the clock architecture. To overcome this, global (omic) techniques
have provided a new depth of information about the Arabidopsis clock. Our understanding of the
factors, regulation, and mechanistic connectivity between clock genes and with output processes
has substantially broadened through genomic (cDNA libraries, yeast one-hybrid, protein binding
microarrays, and ChIP-seq), transcriptomic (microarrays, RNA-seq), proteomic (mass
spectrometry and chemical libraries), and metabolomic (mass spectrometry) approaches. This
evolution in research will undoubtedly enhance our understanding of how the circadian clock
optimizes growth and fitness.
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1. Introduction

As the saying goes, timing is everything. Since the sun rises and temperatures crescendo on
a daily basis, organisms must react to the repeating and predictable changes of the
environment. Most organisms have evolved a self-sustaining endogenous timing mechanism
called the circadian clock to anticipate and optimally synchronize biological processes with
environmental oscillations. Traditional genetic approaches have been essential for
describing the architecture of the circadian clock in organisms such as cyanobacteria, fungi,
flies, plants, and mammals. While the precise molecular components may vary, conserved
across organisms is a multilayered network of integrated transcription—translation feedback
loops that are refined by protein modifications [1,2]. In the model plant Arabidopsis thaliana
(Arabidopsis), the circadian clock drives daily rhythms of a broad range of processes
(termed outputs) that include hypocotyl growth, leaf movement, stomatal opening, hormone
and stress responses, and flowering time. While likely observed even earlier, descriptions of
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rhythmic behaviours in plants were first recorded millennia ago [3], but only recently have
their molecular bases been extensively characterized. With new advances and applications
of genome-wide technology, we are realizing that the underlying molecular signatures (from
gene expression, protein levels and activity, to metabolite profiles) show distinct differences
over the 24-h time period (Fig. 1). By expanding on the pioneering genetic studies of the
past, omic approaches provide a more comprehensive snapshot of the simultaneous events
contributing to biological processes and overall growth and fitness.

Forward genetic screens were essential for identifying key clock gene components in
Arabidopsis. Because Arabidopsis is genetically tractable, short-lived, physically compact,
and produces seeds prolifically, thousands of mutagenized individuals can be screened with
relative ease. The first circadian clock screen utilized a novel approach with a
bioluminescent reporter driven by the circadian-regulated CHLOROPHYLL A-B BINDING
PROTEIN 2 (CABZ2) gene promoter to uncover mutants with altered circadian rhythms
under constant light conditions [4]. This approach identified the evening-expressed clock
gene TIMING OF CAB EXPRESSION1 (TOCI; also known as PSEUDORESPONSE
REGULATORI1, PRR1), and along with the morning-expressed C/IRCADIAN CLOCK-
ASSOCIATEDI (CCAI) and LATE ELONGATED HYPOCOTYL (LHY)established the
first reciprocal feedback loop [5-8]. While bioluminescent reporter screens and the
incorporation of other clock-regulated phenotypes (like flowering time and hypocotyl
growth) have led to the identification of the majority of the ~30 clock-associated genes to
date [9,10], the discovery of new clock genes has slowed considerably. Independent large-
scale forward genetic screens have contributed additional alleles of known clock genes [11-
13], suggesting that this particular approach is resulting in diminished returns. Genetic
redundancy is also prevalent in the Arabidopsis circadian clock as 70C1 (encoding a DNA-
binding transcriptional repressor) and CCA1/ LHY (encoding MY B-like transcription
factors) belong to multigene families whose members also have clock activity including
PRRI/PRR7/PRR5/PRR3and RVES (REVEILLES), respectively [14-22]. Similarly,
homologs of LOV-domain Kelch-repeat F-box proteins (ZEITLUPE, ZTL; FLAVIN-
BINDING KELCH REPEAT F-BOX1, FKF1; and LOV KELCH PROTEIN2, LKP2),

MY B-like GARP transcription factors (LUX ARRHYTHMO, LUX; and NOX; also known
as PHYTOCLOCK1 and BROTHER OF LUX ARRHTYHMO, BOA respectively), and
WD repeat-containing proteins (LIGHT-REGULATED WD1/2, LWD1 and LWD?2) are all
essential for optimal performance of the circadian clock [23-26]. Of these, only 7OCJ,
ZTL, and LUX were initially recovered in forward genetic clock screens as higher order
loss-of-function mutant combinations are needed to detect clock defects in other members.
Furthermore, active compensation rather than simple redundancy has been shown to be a
property of the mammalian clock network, where knock-down of different clock genes
results in the up-regulation of their respective paralogs [27]. This may also be a property of
the Arabidopsis clock since 7O0CI RNA. plants show up-regulation of PRR9expression
during the evening [28]. As the clock consists of interconnected feedback loops, functional
redundancy can also exist between non-related clock factors such as LHY, the TCP
transcription factor CCA1-HIKING EXPEDITION (CHE), and PRR9/7/5/1, which all
repress CCAI expression [28-31]. While genetic and functional redundancies (and possibly
active compensation) provide robustness essential to maintaining the clock network, this
embedded complexity also makes the discovery of additional clock genes and the
understanding of underlying network principles inherently challenging.

Since components within the clock structure remain unidentified along with their
connections to output processes, alternative initiatives are necessary for more timely gene
discovery and characterization. The use of omic technologies is especially suited for clock
studies because of the multi-loop feedback architecture, involvement of a large number of
genes, time-varying effects, and regulation at multiple levels. A basic definition of omics is
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the cataloguing of comprehensive sets of biological information from a given sample
including genes (genomics), transcripts (transcriptomics), proteins (proteomics), and
metabolites (metabolomics). However, the challenge is utilizing this data to gain insight into
complex processes such as the circadian clock. Over the last decade, a number of omic-
based approaches have been used to identify new clock genes and substantially expand our
understanding of clock principles. In this review, we focus on recent contributions that omic
approaches have made towards understanding mechanisms underlying the circadian clock in
Arabidopsis and speculate on directions of future research.

2. Genomics

One of the most basic questions in circadian clock biology is: what are the genes moderating
circadian rhythms? With the sequencing and annotation of the complete Arabidopsis
genome [32], we had the first list of parts to begin addressing this question in a
comprehensive and curated manner. What the genome revealed is that there is extensive
gene duplication relative to non-plant genomes, and distinct genome differences exist when
gene categories known to be important to the Arabidopsis clock are examined closely. For
example only 8-23% of Arabidopsis proteins involved in transcription have related
counterparts in other eukaryotes even though 48-60% of protein synthesis genes are
common [32]. Of the ~2000 transcription factors, Arabidopsis has devoted a larger percent
to transcriptional regulators than yeast, Caenorhabditis elegans, and Drosophila [33—-35]
with almost half belonging to plant-specific families. In addition, F-box domain proteins,
which are the substrate specifying module of the canonical SCF-type cullin-RING ligase
complex, are over-represented relative to yeast and Drosophila [32,36]. While these
observations echo what we have learned from traditional forward genetics, they also
foreshadow that reverse genomic approaches may be necessary for dissecting multifaceted
processes such as the circadian clock. To test this with three of the largest transcription
factor families in Arabidopsis, a reverse genetic screen for altered circadian leaf movement
was performed using overexpression lines of MYB, basic helix-loop-helix (bHLH), and
bZIP family members (39, 29, and 4 members tested out of 131, 162, and 75 predicted
members respectively) [37]. Overexpression of MYB3R2and bHLH6E9 altered the phase of
a CCAI promoter-driven LUCIFERASE reporter (CCAI:LUC) and the expression levels of
several clock transcripts. This suggests that these factors influence a clock-regulated output
and also modulate clock function itself. It is unknown whether loss-of-function mutants of
MYB3RZ2and bHLH69 have clock defects, but due to the large number of related family
members, they may exhibit weak phenotypes if at all. The molecular mechanisms by which
MYB3RZ2 and bHLH69 affect the clock remain unknown. A different genomic approach was
used to directly identify a molecular mechanism regulating CCA1 expression [29]. CCA1
plays a prominent role in the clock as loss-of-function (in combination with LAY loss-of-
function) and overexpression mutants exhibit obvious defects in many clock-related
phenotypes [5,38,39]. Since most known clock genes exhibit circadian expression, a
collection of ~200 cycling transcription factors was tested in a high throughput yeast one-
hybrid screen against fragments of the CCA1 promoter. CHE, belonging to the 23-member
TCP transcription factor family, was found to bind the promoter of CCAZ but interestingly
not LAY which shows similar expression patterns. Consistent with CHE functioning as a
repressor, its overexpression results in down-regulation of CCAZ: L UC expression (which is
dependent on the TCP binding site, TBS), and c/e loss-of-function mutants showed general
up-regulation of CCAZ:LUC. Since CHE expression is also regulated by CCAL, another
reciprocal feedback loop was established within the clock structure. Interestingly CHE
physically interacts with TOCL, and both are associated with the TBS in the CCAl
promoter; however CHE antagonizes the effect of TOC1 on period length suggesting this
interaction involves more than simple recruitment to the promoter. The cycling transcription
factor library that recovered CHE was also used to identify a family of bHLH transcription
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factors (FLOWERING BHLHSs, FBHS) as regulators of the photoperiodic flowering time
gene CONSTANS (CO) [40] supporting that this collection will be valuable for identifying
both clock and output regulators that are members of large protein families.

These pilot approaches [29,37] will undoubtedly expand to include all transcription factors,
if not all genes, in the Arabidopsis genome. Such systematic surveys are currently limited by
the collections of cloned cDNAs available. As transcriptional regulation can precede
regulation at the protein and metabolite levels, transcription factors are of special interest to
many research fields. In fact, several transcription factor collections have been
independently created for Arabidopsis research. The three largest collections to date include
up to ~1600 transcription factors and together include nearly all Arabidopsis transcription
factors [41-43]. These were all created in recombinase-compatible vectors that allow for
easy transfer to expression vectors such as those used for /n planta overexpression or yeast
one-hybrid studies. A recent application of these collections, termed the Protoplast
TransActivation (PTA) screen, utilized transiently transformed Arabidopsis mesophyll
protoplasts to test the capabilities of a high throughput screening protocol for transactivation
of promoter::L UC reporters in a 96-well microtiter plate format [44]. Screening was
relatively rapid and reproducible, and more than 700 transcription factors have been
transferred to this system for future screening. Protoplasts have been shown to be especially
well suited for clock studies since they maintain high amplitude oscillations of clock
promoter:: LUC reporters after 6 days under constant light [45]. Interestingly, artificial
microRNAs (amiRNAS) can effectively target endogenous clock gene expression in
protoplasts and confer transcriptional defects consistent with the respective stable loss-of-
function mutants. In fact, an amiRNA that targets all four casein kinase 11 p-subunits
(CKBs) was shown to cause period lengthening, which is opposite to the short period defect
previously observed in CKB overexpression transgenic lines [46,47]. The period
lengthening in the transient experiment was further confirmed in stable transgenic
Arabidopsis lines. Together, these studies indicate that the combination of a complete
Arabidopsis transcription factor collection and amenable transient in planta expression
systems may be especially useful for reverse genomic studies because they can overcome
genetic redundancy issues rapidly. Furthermore, these types of screens will ultimately be
enhanced by genome-wide cDNA collections [48], tissue-specific collections [49], and
automated screening procedures [50].

Other systematic approaches to characterize the Arabidopsis circadian clock have involved
the identification of direct (and ultimately genome-wide) targets of clock-associated
transcription factors. Here, complementary /n vitro and in vivo approaches have been
pursued. A recent /n vitro study involved the analysis of LUX;, one of the few clock genes
that when mutated causes arrhythmicity in clock reporter gene expression and severe defects
in hypocotyl growth and flowering time [51,52]. Although LUX was known to
transcriptionally regulate CCA1 and LAY and, conversely, be transcriptionally regulated by
CCALl and LHY, placement of LUX within the core clock mechanism was uncertain. Based
on its protein sequence, LUX was predicted to possess a GARP DNA-binding domain. As a
first step towards identifying target genes, the DNA-binding motif of LUX was determined
by an /in vitro approach where GST-tagged LUX was expressed and hybridized to a
universal protein binding microarray (PBM) consisting of all possible 10 bp DNA sequences
[24]. The LUX binding site (LBS) was determined to be GATWCG (where W is A or T).
Subsequently, /n vivo binding to regions that include the LBS in the PRR9and LUX
promoters was confirmed by chromatin immunoprecipitation followed by PCR (ChIP-PCR).
Binding to these regions has functional consequences since up-regulation of PRR9occurs in
the Juxloss-of-function mutant and LUX overexpression represses endogenous LUX
expression [24,52]. The mechanistic connection between LUX and PRRIsuggests that
CCA1is indirectly activated by LUX through repression of its transcriptional repressor
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PRR9, illustrating an example of a complex feed-forward connection within the clock [53].
The non-homologous proteins EARLY FLOWERING 3 (ELF3) and EARLY
FLOWERING4 (ELF4), which lack domains of known function, also associate with LUX in
the Evening Complex at the PRR9 promoter where ELF3 recruitment is dependent on both
LUX and its homolog NOX [54-57]. Whether LUX also directly binds the CCAZ promoter
(which possesses an LBS motif within its 5"UTR) like NOX [25] is unknown. With the
binding motif of LUX clearly established, the genome-wide targets of LUX will be the next
obvious step towards understanding how it regulates such a large suite of clock phenotypes.

A powerful /n vivo genomics strategy for analyzing the nature of the circadian clock
involves the use of ChlIP to identify genes directly targeted by transcriptional regulators.
However, since ChlIP identifies association with large chromatin regions, this method is
currently not sensitive enough to determine the precise DNA-binding motif of a given
protein. Another consideration is that ChlP involves cross-linking that stabilizes both
protein~-DNA and protein—protein interactions, so that immunoprecipitated DNA may reflect
a pool of direct and indirect associations with DNA. While ChIP-PCR has been used to
identify specific /n vivotargets for many clock proteins [21,22,24,25,29,30,55,57-69],
genome-wide associations using ChlP-followed by high throughput sequencing (ChlIP-seq)
have only been reported for TOC1 and PRR5 [28,70]. Loss-of-function mutants of PRR5 (in
combination with PRR7)and TOCI exhibit short period defects in gene expression and
altered flowering time [7,18]. Both genes are circadian-expressed with a peak near
subjective dusk, with PRR5 expression preceding 7OCI (http://diurnal.mocklerlab.org;
[71]). TOC1 and PRR5 both possess repressor activity and associate with DNA through
their CCT (CONSTANS, CONSTANS-LIKE, and TOC1) domains, but only TOC1 has
been shown to directly bind DNA /n vitro [28,30,31,70]. ChlP-seq was performed using
transgenic lines expressing functional TOC1-and PRR5-GFP translational fusions, and 772
and 1024 potential target genes were reported respectively. Both datasets showed
enrichment for morning-phased genes that included the previously identified CCA1[29,30].
Consistent with morning phase enrichment, genes with G-box/G-box-expanded motifs were
prevalent in both datasets. TOC1 and PRR5 both associate with other clock promoters
including PRRY, PRR7, and PRR5, but TOC1 alone was reported to associate with the
evening-expressed G/ (GIGAN-TEA), ELF4, and LUX promoters and only PRR5 associates
with the morning-expressed RVES promoter (as previously proposed [21]). This is
consistent with only the TOC1 dataset showing enrichment for an Evening-Element (EE)-
like expanded motif. Interestingly, TOC1 and PRR5 also associate with their own promoters
which could support auto-regulation as previously shown for LUX and proposed for both
CCA1and LHY [5,6,24]. Transcriptional consequences of promoter occupation were
confirmed for many targets by analyzing lines with altered 7OCI or PRR5 expression
[28,30,31,70]. TOC1, PRR9, PRR7, and PRR5 share several target genes supporting their
coordinated functions as a wave of inhibitors as proposed initially based on transcription and
genetic data [18,28,70,72]. While this genome-wide data is essential for clarifying
connectivity between known clock genes, it can also explore new nodes of output regulation
from the clock. For example, using a stringent list of 64 PRRS5 direct target genes,
enrichment was seen for GO annotations associated with “transcription” and included
transcription factors that regulate auxin biosynthesis, cotyledon opening, flowering time,
hypocotyl elongation, and cold responsiveness [70]. The contribution of PRRS5 to these
diverse processes remains for future studies.

3. Transcriptomics

Transcriptome studies were the first global experiments to provide hints about how
molecular rhythms could translate into rhythmic activities at the whole plant level [73,74].
Time—course studies have generally been performed using whole plants under ambient
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temperature and constant light with sampling at various intervals over a two-day period.
Early time—course studies estimated that 2-16% of the steady state transcriptome is
regulated by the circadian clock with peak phases occurring throughout the day [73-76].
However, the integration of multiple datasets and improved methods has increased estimates
up to approximately one-third of the expressed genome [77-79]. The combination of phase
data and promoter analysis has identified regulatory elements sufficient for circadian
expression. These are phased to dusk (Hormone Up at Dawn, HUD, CACATG), early-night
(Evening Element, EE, AAAATATCT), and mid-night (Protein Box, PBX, ATGGGCC)
[73,77,80]. The Morning Element (ME, AACCAC-GAAAAT), which was identified
serendipitously by mutation of the EE, shows peak expression at dawn and is the only other
motif sufficient to confer circadian rhythms in reporter assays [81]. While these motifs
confer expression peaks throughout the 24-hour period, other motifs are likely required to
generate the complete phase diversity observed in circadian expression. Motifs including the
G-box, GATA, and others were found to be overrepresented in genes expressed at particular
phases but additional studies are required to clarify their role in regulating expression
[77,78,82]. Regulatory functions of the ME, G-box, GATA, EE, and PBX motifs appear
conserved across plants as transcriptome analysis of rice and poplar also identified
enrichment during the same phases of expression [83]. Of note, a tissue-specific circadian
time—course has been reported for dark-shielded root tissue where only a subset of the clock
genes oscillated and a smaller proportion of expressed genes were rhythmic compared to
light-grown shoot tissue [84]. Within the same organ, subsets of cells have also shown
differences in clock regulation [85-87] suggesting that future transcriptome studies will
need to address the importance of cellular coupling and the control of output regulation
across cell types.

A common strategy employed in the circadian clock field is transcript clustering to identify
output processes. In parallel, links between the clock and other processes have arisen by
comparing independent gene expression data with circadian microarray datasets. While
many processes have been associated by transcript data alone, only a subset has been
confirmed to be mechanistically linked to the clock. For example, using ChIP-PCR, CCAl
was found to associate with several promoter regions to regulate chlorophyll biosynthesis
and starch metabolism, cold sensitivity, and reactive oxygen species (ROS) homeostasis
[59,61,64,73,88,89]. In each case, researchers were led to focus on these genes based on
information gathered from gene expression microarrays and were able to further show that
altered expression of CCA1 affects these biological processes. Together these studies
suggest that CCA1 may be a transcriptional hub connecting the clock to output regulation.
Reciprocally, temperature and ROS also function as signals that regulate clock and output
oscillations; however, the direct mechanisms underlying these arms of regulation remain
unknown [16,64,85,90].

Microarray studies have also been used to link several evening-phased clock proteins
directly to output genes. PIF4 (PHY TOCHROME-INTERACTING FACTOR4)and PIF5
encode bHLH transcription factors that control the rhythmic growth of hypocotyls under
light/dark growth regimes [89]. These genes were selected for characterization from
microarray studies by their correlation of expression with hypocotyl elongation. Clock-
regulation of P/F4and PIF5 expression is essential for proper rhythmic growth, and
subsequently members of the Evening Complex (LUX, ELF3, and ELF4) were found to
directly regulate their expression [54,91].

To identify TOC1-regulated processes, comparisons between microarray datasets from a
TOC1 overexpressor and the focI-2loss-of-function mutant discovered significant overlap
between mis-regulated genes and those associated with ABA signalling [69]. This overlap
included the circadian-regulated ABAR gene which encodes a putative ABA-receptor.
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TOC1 was found to regulate ABA-regulated drought sensitivity by binding the promoter of
ABAR in a time-of-day specific manner to repress expression [69]. Mis-regulation of 70C1
affects dehydration tolerance, stomatal aperture and conductance, and water loss (all
regulated by ABAR), and genetic analysis confirmed that TOC1 regulation of these
responses is dependent on the presence of ABAR. In addition to this, other clock outputs
have also been proposed by microarray studies and supported by follow-up biological
studies. However in these cases, direct mechanistic connections to the clock have yet to be
established. These outputs include auxin responsiveness, nitrogen metabolism, fungal and
bacterial defence, glucosinolate metabolism, and insect herbivory [76,92-99].

Circadian time—course array studies have focused on characterizing wildtype or mis-
expression lines under a variety of steady state conditions following entrainment. While
extremely informative in the general sense, they lack specific insight into the immediate and
direct consequences of particular clock proteins. Since the majority of clock proteins
regulate transcription and fluctuate daily in abundance, novel insight can be obtained by
coupling microarray studies with gene-inducible expression lines such as the established
alcohol-inducible CCA1, LHY;, and TOCI lines [100]. For clock studies, inducible lines
offer the distinct advantage of precisely controlling the timing and level of transgene
expression. This approach was recently taken to identify potential clock and output targets
regulated by TOC1 on a genome-wide scale through microarray analysis [31]. Seedlings
were induced and collected near dawn and subjective-dawn under light/dark and constant
light conditions. Correlating with its own oscillating expression, the genes altered by 70CZ
induction (2566 in total) include more genes known to cycle than expected by chance alone.
Analysis of the mis-regulated gene set showed that the corresponding promoter regions were
enriched for three DNA motifs: the G-box and GA element in up-regulated genes, and the
TBS in down-regulated genes. Since the GA element has not been previously associated
with clock regulation, it will be of interest to determine how TOC1 affects gene expression
through this motif. Although TOC1 was found to bind a short sequence from the CCA1
promoter called the TIME motif (TGTG) /n vitro, it was not recovered in the 7OCZ
induction dataset suggesting the motif and/or dataset may be incomplete. Output genes
associated with 7OCZ induction included those involved in metabolism, and biotic and
abiotic stress responses. Whether TOC1 regulates these processes directly or indirectly will
require additional studies including comparison with genes identified by TOC1 ChIP-seq
[28].

The profiling of gene expression through microarrays has made the greatest contribution to
Arabidopsis circadian research to date, but recently has been complemented by direct RNA
sequencing (RNA-seq). RNA-seq offers greater depth of information for transcripts that are
unannotated or indiscernible by microarrays such as newly annotated genes and splice
variants. With this approach, alternative splicing was revealed as a new mode of clock gene
regulation in Arabidopsis. The first description of alternative splicing identified CCA1
transcripts which retain portions of intron 4 to produce two splice isoforms with premature
termination codons [101,102]. Relative to the reference isoform, these transcript variants
were substantially increased by high light treatment but decreased in the cold. These splice
variants were also detected in poplar and the monocots Brachypodium and rice, indicating
that their production is likely conserved across plant species. The functional consequence of
CCA1 alternative splicing in the cold was shown more recently with the characterization of
a third splice variant (CCA1p) which upon translation retains all domains encoded by the
full-length transcript (CCA1 a) except the MYB DNA-binding domain [90]. As the CCA1
a protein forms dimers [103,104] and CCALp retains its dimerization domain, CCA1p
functions as a dominant-negative regulator of CCAla protein—protein interactions as well as
its ability to bind DNA. CCA1p suppresses CCAla overexpression phenotypes, and causes
period-shortening of clock and output genes similar to the ccal /hy double loss-of-function
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mutant. As reported for the other CCAZ splice variants, the production of CCAIB is
suppressed by the cold, and this suppression is necessary for freezing tolerance since
CCA1p overexpression lines are sensitive to freezing [90]. In addition to CCAZ, many other
clock gene transcripts undergo alternative splicing events [105-110]. Interestingly, the often
co-regulated gene pairs CCAl-LHY and PRR9-PRR7 undergo differential alternative
splicing in response to temperature changes [106], however, the significance of these
observations is unknown.

Little is known about the precise mechanisms that connect alternative splicing and the
Arabidopsis circadian clock. Alternative splicing of PRR9is regulated by PRMT5
(PROTEIN ARGININE METHYL TRANSFERASES) which is known to transfer methyl
groups to histones, components of the transcriptional complex, and spliceosomal proteins in
Arabidopsis and other systems [102,105,108]. Mutation of PRMT5 causes an increase in the
amount of a PRRI splice variant that retains intron 3 but decreases the amount of the normal
full length PRRI transcript [105]. In addition, full-length PRR7transcript is mis-regulated in
prmit5but without alterations in splicing. As overexpression of the PRR9intron 3 variant
had no effect on circadian rhythms, the decrease in both PRR9and PRR7transcripts may
explain the long period defects of prmit5 mutants. Using tiling microarrays, the effect of
PRMT5 mutation was found to extend beyond known clock genes and affect splicing events
at a global level [105]. Recently a direct mechanistic link between the clock and splicing
was reported when SKIP (a conserved SNW/Ski-interacting protein (SKIP) domain protein)
was identified as an interactor of PRR7and PRRIpre-mRNAs [109]. SKIP interacts with
the spliceosome machinery to regulate alternative splicing. Like prmt5, skip mutants exhibit
period lengthening of clock gene expression and outputs, which can again be explained at
least in part by a reduction of full length PRR7and PRRItranscripts. RNA-seq was used to
determine the extent of alternative splicing in the skip mutant, which revealed splicing
variation in many clock gene transcripts, as well as other genes involved in a diverse range
of functions suggesting that SKIP also regulates general splicing events of mMRNAs.
Mutation of ST/PL1 (SPLICEOSOMAL TIMEKEEPER LOCUS1), encoding a putative
RNA binding protein, was also recently shown to affect splicing of several clock transcripts
and cause a long period defect [110]. Whether the alternative splice products of any of the
known clock genes affects period lengthening in skip or stipZ remains for future studies. The
identification of splicing regulators that impinge on clock parameters as well as alternative
splice variants of clock transcripts supports that alternative splicing has an essential function
within the circadian clock.

4. Proteomics and metabolomics

Relatively few circadian studies in Arabidopsis have utilized proteomic or metabolomic
approaches even though both have great potential to reveal new information about the
Arabidopsis circadian clock. This can be inferred from mammalian studies where a
significant disconnect exists between steady state MRNA and protein levels, and many
metabolites form reciprocal feedback loops within the clock [111-114]. In part, the lack of
data may reflect the relative technical difficulties associated with obtaining proteomic and
metabolomics data.

A variety of approaches have been taken to describe the spectrum of Arabidopsis proteins
involved in circadian regulation. The most general is to identify those with rhythmic
changes in abundance from bulk tissues collected during a circadian time—course. With this
approach, the first characterization of the circadian proteome in a higher plant was obtained
using two-dimensional gel electrophoresis followed by mass spectrometry [115]. Fifty-three
protein spots from rice shoots showed oscillations in constant darkness. Ten were identified
by mass spectrometry, and found to be associated with functions in photosynthesis, central
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metabolism, amino acid synthesis, and oxidative stress. Since this experimental approach
biased towards highly abundant proteins, it may not be surprising that the identified proteins
have enzymatic rather than transcriptional or signalling functions. The transcript profile of
only one circadian protein (a putative phosphoribulokinase precursor) was measured and
found to mirror that of the protein. However, phase comparisons between 84 diurnally-
expressed proteins and those reported from microarray studies showed very little correlation
[115], suggesting extensive post-transcriptional or post-translational events occur to
generate fluctuations in daily protein levels.

Another more targeted proteomic approach was taken to reveal the role of REVEILLES
(RVES) within the clock [21]. Using a semi-/n vivo technique, plant extracts collected in the
afternoon were assayed for proteins that selectively bound immobilized oligonucleotides
containing the EE motif. Among the identified transcription factors (which belonged to

MY B-like, B3 domain, Basic-leucine zipper, Trihelix, Wrky, and Whirly families), only
RVES was recovered consistently across replicate experiments. Binding was specific, as
RVES was not recovered with a mutagenized EE motif. RVESEexpression was found to peak
at dawn with protein levels lagging by several hours [21,22]. While RVES exhibited similar
binding properties as the previously characterized and closely-related CCA1 and RVEL in
yeast one-hybrid and electrophoretic mobility shift assays, genetic analysis of RVE&loss-of-
function and overexpression lines showed distinct differences from its homologs in the
misregulation of clock gene expression [21,22]. For instance, unlike the ccaZ and rvel loss-
of-function mutants which have a short-period and no effect on clock gene expression
respectively, RVE8 mutation causes long period defects [21,22,92,116]. Functions in
temperature compensation also differ as RVES, like LHY, has impacts on period length
under high temperatures while CCA1 plays a more dominant role under lower temperatures
[21,117]. RVES appears to impact PRR5 by binding its promoter, and RVEE overexpression
up-regulates the trough level of PRR5 expression. In turn, PRR5 associates with the RVES
promoter, and PRR5 mis-expression affects RVEStranscript levels [21,70] revealing
another integral feedback loop within the clock. The loss-of-function phenotypes of RVES
include subtle sensitivity to light and temperature conditions, consistent with redundancy
between its homologs CCA1 and LHY, and supporting that characterization of higher order
mutants will likely be informative. RVES also regulates 7OCZ expression by associating
with its promoter and regulating histone H3 acetylation to promote expression [22].

Chemical genetic screens are another strategy to identify regulatory mechanisms of the
Arabidopsis circadian clock. In this approach, alterations in biological processes are assayed
for by testing chemical effectors that may bind to regulatory proteins and alter their
activities, interactions, or stability. This approach may be especially useful in overcoming
the genetic redundancy inherent in the circadian clock as chemicals may target a set of
related proteins. A natural compound library of 720 chemicals (enriched in steroids,
flavonoids, terpenes, limonoids, and coumarins) was screened for perturbations in G/:LUC
rhythms under constant darkness [118]. Prieurianin (Pri) and prieurianin acetate (Pri-Ac)
were identified as two related compounds that caused period shortening, dampening, and
reduced expression of Gl::LUCand CCAZ:LUC. In addition to affecting circadian
expression, both Pri and Pri-Ac caused polarity alterations in different cell types that
suggested actin cytoskeletal defects. In fact the known actin inhibitors LatB, CytD, and Jpk
shortened the period length of Gl::LUC in the dark in a dose-dependent manner. However
LatB treatment under red and blue light conditions caused distinct effects on period length
suggesting the photoreceptors regulating the circadian clock are differentially affected by
actin impairment. Together these results establish a new link between actin dynamics and
the regulation of the circadian clock. Determining the protein target(s) of Pri/Pri-Ac will be
the next challenge.
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Many protein—protein interactions are essential for circadian clock function. Protein
complexes that regulate both clock gene transcription [29,54,56,57,65,103] and protein
stability [23,118-120,20,121-124] have been reported. These interactions were identified
primarily through detailed genetic and mechanistic studies based on a priori knowledge. To
gain an unbiased view of protein—protein interactions relevant to the circadian clock,
comprehensive proteomic studies will be required. One approach to generally characterize
the binary interactions in the Arabidopsis proteome utilized a high throughput yeast two-
hybrid system [48]. In total, ~8000 proteins were tested in pairwise combinations and the
resulting interactome consisted of ~6200 protein—protein interactions between ~2700
proteins. This was estimated to represent ~2% of the interactions occurring in Arabidopsis.
Biological relevance for these interactions was supported by enrichment in co-expression
and gene ontology (GO) annotations between protein pairs. Interestingly, fourteen clock
proteins were included in the screen and are illustrated in Fig. 2. Although most clock
proteins did not recover new interactions, CHE and TOC1 each formed communities within
the network, with 26 and 10 new interactors, respectively. Interacting proteins have GO
annotations associated with transcription, RNA-regulation, and protein modifications (http://
www.arabidopsis.org; [125]), and the majority exhibit circadian regulation at the transcript
level (http://diurnal.mocklerlab.org; [71]. These features suggest they may have important
regulatory functions in the clock network. The depiction shown in Fig. 2 should not be
considered a comprehensive clock protein—protein network but rather serves to illustrate the
advantages of systematic legacy data and provides examples of protein—protein interactions
that should be further characterized by detailed /n vivo studies.

Although much evidence supports the regulation of metabolites by the clock [126], few
studies have undertaken a global analysis. The metabolomes of the two arrhythmic clock
mutants d975 (the triple mutant for PRR9, PRR7, and PRR5)and CCA1-OX (overexpressor
of CCAI) have been compared [127]. While both mutants have similar general morphology,
their underlying metabolite profiles are quite distinct. The ¢975 mutant exhibits a
pronounced increase in tricarboxylic acid (TCA) intermediates including citrate and malate,
as well as an increase in the secondary metabolite shikimate. Corresponding transcript levels
for enzymes involved in the TCA cycle were found to support the changes in metabolite
levels in d975. The effects of these metabolites in CCAZ-OX were less or not obvious
suggesting PRRI/7/5have a greater impact on these metabolic pathways. In addition
transcriptome analysis of d975 suggested the expression of genes involved in carotenoid and
ABA biosynthesis is increased which correlated with an increased ABA level and tolerance
to ABA-regulated processes including cold, salt and drought [127,128]. Metabolome
analysis has also been used to compare clock regulation under constant light with a
simultaneous 4°C cold treatment [88]. Under 20°C constant light, 19 metabolites oscillated
but only maltose continued to cycle upon transfer to the cold, albeit for a single day. As
these analyses focused on compounds including sugars, amino acids and organic acids, it is
possible other rhythmic metabolites remain to be linked to the circadian clock. Metabolite
profiling has also been used to characterize the effect of clock gene mutation in rice [129].
Mutation of the only G/ortholog in rice (Os-G/) altered the levels of 73 metabolites relative
to wildtype under diurnal field conditions. Interestingly, TCA intermediates show increases
(aconitate and isocitrate) and decreases (citrate and malate) in abundance which were not
supported by transcriptome data collected in parallel. This lack of correlation between
transcript and metabolite levels suggests that additional layers of post-transcriptional
regulation are involved or that metabolites are indirectly regulated by the clock.

5. Conclusions

The circadian clock displays intricate regulation at multiple levels from transcriptional to
post-translational. Traditionally, the principles and molecular components underlying clock
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regulation were identified on a gene-to-gene basis through classic genetic analyses. Much
was learned, but discovery in this vein has slowed considerably. With the proliferation of
information from omic technologies including gene expression profiling, yeast-based assays,
ChlP-seq, mass spectrometry, and combinations thereof, broader insight has been gained
about the mechanisms of clock gene connectivity as well as the control of output processes.
Nonetheless, key omic datasets remain uncharacterized. For example, global epigenetic
studies over a circadian time—course will be very informative as changes in histone
acetylation, methylation, and ubiquitination have been correlated with altered clock gene
expression [22,58,59,130-132]. In mouse models, substantial desynchrony has been
observed between the nascent and steady state circadian transcriptomes, implying that post-
transcriptional regulation is widespread [133-135]; comparable studies in Arabidopsis will
determine whether this is conserved across circadian systems. While several RNA-based
modes of circadian regulation have been reported, as well as differences in protein
translation rates [136-138], their contributions at the global level and mechanistic insights
remain unknown. Finally, since protein modifications such as phosphorylation and
ubiquitination regulate the activities of key clock proteins [139-141], knowledge about the
global circadian changes in protein modifications and the identification of clock protein
modifiers will be of great value. Insight into the latter has been gained in mammalian studies
using high-throughput RNAI and chemical screens, and the development of omic tools like
kinase panels to directly test the phosphorylation of clock proteins will also be useful [142—
147]. Key to these and already published omic datasets will be the overlaying of cell-
specific information. Ultimately, the integration of all these datasets will provide
unprecedented insight into how the circadian clock confers fitness and optimal growth in
Arabidopsis.
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CORE CIRCADIAN CLOCK BIOLOGICAL
AND OUTPUT
MOLECULAR PROPERTIES
Fig. 1.

Simplified model of the Arabidopsis circadian clock. The core circadian clock is drawn with
representative components to illustrate regulatory features including integrated transcription-
translation based feed-back loops, alternative splicing, and protein phosphorylation and
degradation. The core circadian clock regulates molecular properties including those
identified by omic approaches depicted by microarrays and RNA-seq (transcripts), ChlP-seq
(protein-DNA interactions), yeast-based screening (protein—protein and protein-DNA
interactions), and mass spectrometry (proteins and metabolites). Some molecular rhythms
feedback to regulate the core clock while others control overt biological outputs like
hypocotyl elongation, leaf movement, and flowering time. Entrainment of the core clock
occurs through environmental input pathways including those regulated by light and
temperature.
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Fig. 2.

protein—protein interactions reported for clock proteins by the Arabidopsis Interactome
Mapping Consortium (AIMC) [48]. Known clock proteins are denoted by larger circles
while others are represented by smaller circles. GO annotations associated with node
colours: blue, transcription; yellow, RNA-binding; green, protein modification; and red,
other annotations. Edge styles: thin line, yeast two-hybrid interaction from AIMC; medium
line, interaction supported by other literature; and thick line, supported by both AIMC yeast
two-hybrid interaction and other literature. Asterisks depict proteins that have a circadian-
regulated transcript identified by DIURNAL (correlation cutoff value of 0.8 in at least one
circadian array; http://diurnal.mocklerlab.org; [71]. Note: individual HSP90 homologs were
not included as the specific member(s) involved in clock function have not been reported.
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