This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

©

ACS AuthorChoice

pubs.acs.org/biochemistry

BIOCHEMISTRY

including biophysical chemistry & molecular biology

Circadian Clock and Photoperiodic Response in Arabidopsis: From
Seasonal Flowering to Redox Homeostasis

Jae Sung Shim and Takato Imaizumi*

Department of Biology, University of Washington, Seattle, Washington 98195-1800, United States

ABSTRACT: Many of the developmental responses and behaviors in plants that
occur throughout the year are controlled by photoperiod; among these, seasonal
flowering is the most characterized. Molecular genetic and biochemical analyses have
revealed the mechanisms by which plants sense changes in day length to regulate
seasonal flowering. In Arabidopsis thaliana, induction of the expression of a florigen,
FLOWERING LOCUS T (FT) protein, is a major output of the photoperiodic
flowering pathway. The circadian clock coordinates the expression profiles and
activities of the components in this pathway. Light-dependent control of
CONSTANS (CO) transcription factor activity is a crucial part of the induction of
the photoperiodic expression of FT. CO protein is stabilized only in the long day
afternoon, which is when FT is induced. In this review, we summarize recent progress
in the determination of the molecular architecture of the circadian clock and
mechanisms underlying photoperiodic flowering. In addition, we introduce the
molecular mechanisms of other biological processes, such as hypocotyl growth and

reactive oxygen species production, which are also controlled by alterations in photoperiod.

here are seasonal latitude-dependent fluctuations in

photoperiod due to the rotation of the earth on its tilted
axis and its revolution around the sun. Because the degree of
day length change increases as one moves away from the
equator toward the poles, photoperiod correlates with and can
serve as an indicator of seasonal change.

Plants use photoperiodic information to predict environ-
mental change and to regulate their developmental processes so
that they occur under favorable conditions. To maximize
reproductive success, molecular mechanisms that are regulated
through the integration of environmental and endogenous cues
to control the timing of flowering have evolved. Plants measure
changes in day length using their circadian clocks and by
sensing the surrounding light environment.' ™ Circadian clock-
controlled transcription and light perception by the photo-
receptor must coincide to allow photoperiodic responses.”
Here we summarize recent advances regarding the molecular
mechanisms of the circadian clock and photoperiodic responses
such as flowering time and hypocotyl elongation. Lastly, we
introduce recent findings that reactive oxygen species (ROS)
homeostasis is also modulated by photoperiod.

B MOLECULAR MECHANISMS OF THE CIRCADIAN
CLOCK IN ARABIDOPSIS

The circadian clock is an endogenous molecular oscillator with
period of approximately 24 h. There are a wide range of
processes in plants that show circadian rhythms, including the
movement of leaves, stomatal opening, stem elongation,
metabolic processes, such as photorespiration and photosyn-
thesis, and the expression of a large set of genes.l’3_5 Thus, the
circadian clock plays an important role as a pacemaker for
various physiological events that occur throughout the day.
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Plants also use their circadian clocks to pace changes that occur
throughout the year and to regulate developmental transitions,
such as flowering and dormancy."® Initially, the circadian clock
was described as a single loop comprising CIRCADIAN
CLOCK ASSOCIATED 1 (CCAl), LATE ELONGATED
HYPOCOTYL (LHY), and TIMING OF CAB EXPRESSION
1 (TOC1).”7" The current view of the Arabidopsis clock is
more complex. The original loop is one part of interconnected
multiple feedback loops that contain the morning- and evening-
expressed clock proteins. Our view of the clock architecture is
also constantly improving. For instance, recent identification of
transcriptional activators/coactivators for the evening element
(EE)-regulated genes, REVEILLE8 (RVES), NIGHT LIGHT-
INDUCIBLE AND CLOCK-REGULATED GENES 1
(LNK1), and LNK2, has helped us to create a more accurate
explanation of the induction of evening-expressed clock
genes.n_14 Here, we describe our current understanding of
the complex transcriptional, posttranscriptional, and posttrans-
lational regulatory mechanisms that make up the circadian
clock in Arabidopsis.

Transcriptional Regulation of the Circadian Clock.
Similar to biological clocks in other organisms, the Arabidopsis
circadian clock consists of multiple interlocking feedback
loops."™*® The first characterized feedback loop, which connects
morning clock components with evening ones, consists of two
related morning MYB transcription factors, CCAl and LHY,
and evening-expressed TOC1 proteins (Figure 1). During the
daytime, CCAI and LHY form a negative-feedback loop with
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Figure 1. Expression of circadian clock proteins and the architecture of
the clock in Arabidopsis thaliana. (A) Daily protein expression profiles
of circadian clock components. The expression profiles of the clock
proteins are based on the following: CCAL® RVES8** PRR9*
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Figure 1. continued

PRR7,*'ZTL,*® PRRS,*' Evening Complex (ELF4—ELF3—LUX),*®
and TOC1.”” The peak expression levels of these proteins were set to
100%, and the rest of the expression levels were calculated against the
peak levels. The levels of expression are plotted at 2 h intervals
throughout the day. (B) Molecular events occurring from morning to
afternoon in the circadian clock. The interactions of clock components
and their transcriptional targets, which mainly happen from morning
to afternoon, are depicted. In the morning, CIRCADIAN CLOCK
ASSOCIATED 1 (CCAl) and LATE ELONGATED HYPOCOTYL
(LHY) activate the expression of PSEUDO-RESPONSE REGULATOR
9 (PRR9) and PRR7 and suppress the expression of most evening
phase genes such as PRRS, TIMING OF CAB EXPRESSION 1
(TOCI1), LUX ARRHYTHMO (LUX), and EARLY FLOWERING 4
(ELF4). CCAl and LHY form a repressor complex with the
CONSTITUTIVE PHOTOMORPHOGENIC 10 (COP10)-DE-
ETIOLATED 1 (DET1)-DAMAGED DNA BINDING 1 (DDBI)
complex (CDD) to suppress the expression of the evening genes.
CCAl and LHY also suppress their own expression. In the early
afternoon, PRR9 and PRR7 suppress the expression of CCAI and LHY
using TOPLESS (TPL) as a corepressor. Downregulation of CCAI
and LHY expression results in derepression of evening phase genes.
RVES, together with NIGHT LIGHT-INDUCIBLE AND CLOCK-
REGULATED GENES 1 and 2 (LNK1/2) as coactivators, directly
activates expression of evening phase genes, such as PRRS, TOCI,
ELF4, and LUX. (C) Molecular events occurring from evening to
night in the circadian clock. The interactions of clock components and
their transcriptional targets, which mainly happen from evening to the
end of the night, are depicted. PRRS protein continuously suppresses
the expression of CCAl and LHY. PRRS also represses its own
expression. TOC1 suppresses the expression of CCAI and LHY by
itself or interacting with CCA1 HIKING EXPEDITION (CHE).
TOCI1 also suppresses the expression of other clock components,
PRRY, PRR7, TOC1, GI, LUX, and ELF4. ZTL interacts with PRRS
and TOCI1 to degrade them in the dark. The Evening Complex
(ELF4—ELF3—LUX) suppresses the expression of PRR9 to complete
the cycle by induction of CCAI and LHY. The positions of the circles
in panels B and C indicate the timing of peak protein accumulation
(based on panel A) of each component.

PSEUDO-RESPONSE REGULATOR 7 (PRR7) and PRR9.'>'
CCA1l and LHY directly induce the expression of PRR7 and
PRR9 genes. PRR7 and PRR9 encode proteins that directly
repress CCAI and LHY expression during the daytime,
although the timing of the peak expression of PRR7 and
PRRY proteins differs (Figure 1A,B). CCAl and LHY also act
as transcriptional repressors. During the morning, they
concomitantly suppress the expression of afternoon- and
evening-phased circadian clock genes, such as PRRS, TOCI,
GIGANTEA (GI), LUX ARRHYTHMO (LUX), and EARLY
FLOWERING 4 (ELF4)'%'7~" (Figure 1B). To repress the
expression of TOCI, GI, and most likely other evening genes,
CCAl and LHY bind to the CONSTITUTIVE PHOTO-
MORPHOGENIC 10 (COP10)—DE-ETIOLATED 1
(DET1)-DAMAGED DNA BINDING 1 (DDB1) complex
(the CDD complex). DET1 serves as a transcriptional
corepressor necessary for CCAl and LHY to inhibit TOCI
and GI expression, and the recruitment of DET1 to the TOCI
promoter is dependent on the presence of CCAl and LHY°
(Figure 1B). As DET1 is a part of the CCA1/LHY repressor
complex, the det] mutant demonstrates a short period
phenotype similar to that of ccal or lhy mutants. Although
CCAl and LHY likely confer repressive activity through
interaction with the CDD complex, an understanding of how
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CCAl and LHY act as transcriptional activators (for PRRY,
PRR?7, and other genes) at the molecular level remains elusive.

Throughout the day, the sequential expression of PRRY,
PRR7, and PRRS reciprocally contributes to the regulation of
CCAI and LHY expression (Figure 1A,B). PRR9, PRR7, and
PRRS physically associate with the promoters of CCAI and
LHY to repress their expression.”' PRR9, PRR7, and PRRS also
repress their own expression and that of each other by directly
binding to their promoters.”" This repression occurs through
the direct interaction of these PRRs with TOPLESS/TOP-
LESS-RELATED (TPL/TPR) corepressors’> (Figure 1B,C).
As a consequence, PRR-dependent suppression of CCAl and
LHY during the day results in the derepression of the evening
phase genes. Once TOC1, a founding member of the PRRs, can
be expressed during the night, TOC1 physically associates with
the promoters of CCAI and LHY to suppress their expression”>
(Figure 1A,C). TOC1 binds to the TOC1 morning element
(TIME) present in the CCAI and LHY promoter.”> TOCI also
physically associates with the CCAl promoter by interacting
with CCAl HIKING EXPEDITION (CHE), the TCP
transcription factor that represses the expression of CCAI
and LHY (Figure 1C). Similar to TOCI, the expression of CHE
is also directly repressed by CCAl and LHY during the
morning.”* Recently, a genomic-scale chromatin immunopre-
cipitation assay revealed that TOCI binds to and represses not
only CCAI and LHY but also many other clock genes, such as
PRRY, PRR7, TOCI, GI, LUX, and ELF4>* (Figure 1C). This
clearly shows that TOC1 forms an important hub structure in
the clock from evening to night.

In addition to TOCI, the Evening Complex (EC, ELF4—
ELF3—LUX) also indirectly contributes to the dawn expression
of CCAI and LHY during the night.*® The Evening Complex is
formed using ELF3 as an adaptor protein between ELF4 and
LUX whenever these three components are expressed. The
LUX transcription factor contains the GARP domain that binds
to the GATWCG site in the PRR9 promoter and recruits the
Evening Complex to the promoter region. The Evening
Complex suppresses the expression of PRR9, which in turn
activates expression of CCAI and LHY**™* (Figure 1B,C).
Expression of LUX and ELF4 is also under the control of CCA1
and LHY, as CCA1 and LHY directly bind to the promoters of
LUX and ELF4 to suppress their expression'®** (Figure 1B). In
addition, the self-negative-feedback regulation of LUX forms an
additional loop of the Evening Complex”® (Figure 1C).

As discussed above, multiple intertwined negative-feedback
loops exist in the architecture of the circadian clock. Several
positive regulators of the clock have been identified, and the
characterization of these factors has provided a better
understanding of the molecular architecture of the circadian
clock. LIGHT REGULATED WD1 (LWDI1) and LWD2
genetically function as activators in the light input pathway as
well as in the central oscillator.'**' In the lwdl lwd2 mutant,
the amplitudes of the daily PRR9, PRR7, and PRRS oscillations
are reduced and the period length is shorter than that of the
wild-type plants. LWD1, a nuclear localized WD repeat protein,
directly binds to the promoters of PRR9, PRRS, and TOCI and
positively regulates their expression. In addition, PRR9 and
PRR?7 positively regulate the expression levels of LWDI and
LWD2."* Therefore, LWDs and PRRs form a positive-feedback
loop in the regulation of the circadian clock. Interestingly, in
the lwdl lwd2 double mutant, the expression of CCAl and LHY
also shows a reduced degree of oscillation under continuous
light conditions and an arrhythmic expression pattern under
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constant dark conditions. It seems as though LWDs affect the
expression of CCAI and LHY through a PRR-independent
mechanism."* RVES has been identified as an EE binding
transcri3ptional activator that functions as a positive regu-
lator'*** (Figure 1A,B). The RVE genes belong to the MYB
transcri})tion factor gene family that includes CCAI and LHY
genes.”” Even though the EE is regarded as the CCAl and LHY
binding site for negative-feedback regulation of the circadian
clock, it was suggested that an unknown transcriptional
activator(s) could also bind to the EE to activate the afternoon-
and evening-phased gene expression.”> RVE§ mRNA peaks at
the subjective dawn, similar to CCAl and LHY, but RVES8
protein accumulates 3—6 h after the subjective dawn, which is
later than the CCAl and LHY peak3 (Figure 1A). RVES
induces the expression of afternoon- and evening-phased genes,
such as PRRS, TOCI, GI, ELF4, and LUX. The expression of
RVES is reciprocally controlled by PRRS, as PRRS suppresses
the expression of RVES> (Figure 1B). Similar to RVES, LNK1
and LNK2 also contribute to the activation of afternoon- and
evening-phased genes, such as PRRS, ELF4, and FKFI 12
(Figure 1B). Both rve4 rve6 rve8 and Inkl Ink2 mutants shows
similar long period phenotypes with a lower amplitude of PRRS
and TOCI oscillations."*"® In addition, recent work revealed
that LNK1 and LNK2 form complexes with RVE8, RVE4,
CCAl, and LHY in vivo.'! Together with RVE8, LNKI and
LNK?2 directly contribute to the regulation of PRRS and TOCI
expression as transcriptional coactivators (Figure 1B). Interest-
ingly, LNK1 and LNK2 also interact with CCA1l and LHY. It
will be of interest to know the function of the LNKI1/2—
CCA1/LHY complexes. PRRS and TOCI1 form negative-
feedback loops with LNK1/2. PRRS and TOCI (as well as
PRRY and PRR?7) bind to the LNK promoters to repress the
expression of LNKs.'”** Therefore, PRRs and TOCI regulate
the expression patterns of both positive and negative factors,
both of which reciprocally control their expression. As the
Arabidopsis circadian clock is operated by multiple negative and
positive-feedback loops throughout the day, it is important to
study the kinetic changes of their interactions as well as to
integrate more precise spatial (tissue-specific) and temporal
expression profiles of these factors.

Alternative Splicing Regulation of the Circadian Clock
Transcripts. Although the transcriptional network of the
Arabidopsis clock is complicated, posttranscriptional and
posttranslational regulation in the system provides additional
complexity and contributes to the precision and robustness of
the circadian clock.>® One type of posttranscriptional
regulation, alternative splicing, operates widely in eukaryotic
organisms and greatly increases both transcriptional and
translational diversity. In the transcription process, precursor
mRNAs undergo splicing events to remove the introns and join
exons to generate mature mRNAs. Through alternative splicing,
different mRNA variants can be produced from the same gene.
These mRNA variants can give rise to protein variants, which
may have different functions by altering protein activity, cellular
localization, and posttranslational modification.*®

Alternative splicing modulates the function of the circadian
clock components.>>>” The Arabidopsis PROTEIN ARGININE
METHYL TRANSFERASE S (AtPRMTS) gene encodes a type
II protein, arginine methyltransferase, that mediates the
methylation of diverse substrates, including components of
the spliceosome. Defects in the spliceosome caused by the
atprmtS mutation result in splicing defects in PRR7 and PRR9
transcripts and alter the output of the circadian clock.>*~** Two
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other splicing factors, SNW/SKI-INTERACTING PROTEIN
(SKIP) and SPLICEOSOMAL TIMEKEEPER LOCUS 1
(STIPL1), also affect the regulation of the circadian clock in
Arabidopsis.*"** The level of alternative splicing of PRR7 and
PRRY transcripts is reduced in the skip mutant, and the
expression of CCAl, LHY, PRRY, GI, and TOCI is altered in
this mutant. In the skip mutant, longer period length changes
were observed when the surrounding temperature was
reduced.>® This indicates that alternative splicing may
contribute to the temperature compensation function of the
clock. Other results also indicate the presence of this
mechanism. The CCAI locus generates two alternative splicing
isoforms, CCAla and CCAlf. CCA1pB encodes a protein that
has a dimerization domain with CCA1 and LHY but lacks the
DNA binding domain. The abundance of the CCAIf variant
increases with heat (37 °C) exposure but decreases with cold (4
°C) treatment under continuous light conditions.* The protein
translated from the CCAIf transcript competes with the one
derived from CCAla to form a CCAla—CCA1f homodimer
and CCAla—LHY heterodimer. The formation of the
CCA1p—CCAla and CCAl1p—LHY dimers weakens their
DNA binding affinity, thus affecting the activity of the dimer,
and subsequently changing the pace of the clock. The
alternative splicing variants derived from the LHY, PRR7,
PRRS, and TOCI loci also affect the overall transcripts or
protein levels.** Some splice variants of these genes are targeted
for the nonsense-mediated mRNA decay (NMD) pathway.**
These findings suggest that alternative splicing gives an
additional regulatory mechanism in the circadian clock and is
likely involved in attaining the temperature compensation
characteristic of the clock.

Phosphorylation and Degradation of the Circadian
Clock Proteins. In addition to the complex transcriptional and
posttranscriptional regulation, posttranslational regulation also
plays an important role in the clock mechanism by changing the
stability, activity, and cellular localization of clock compo-
nents.”~* One typical protein modification is phosphoryla-
tion. Within the plant clock, CCAl is phosphorylated by
CASEIN KINASE 2 (CK2). CCA1 phosphorylation affects its
DNA binding activity.*** The CK2-dependent phosphoryla-
tion of CCAL interferes with the binding of CCAL to its target
gene promoter.** Overexpression of CK2 f-subunit 3 (CKB3)
or CKB4 leads to a short period phenotype similar to that of
the ccal mutant.>® Phosphorylation of clock components by
CK seems to be a conserved mechanism in both the animal and
plant clocks. In both cases, this regulation influences the period
length of the clock.

Another important posttranslational regulation is protein
stability regulation. The regulation of clock protein stability is
an essential part of proper clock progress. For instance, the
single-cell green alga Ostreococcus tauri possesses a clock
simpler than that in Arabidopsis in which CCAl and TOCI1
homologues form a single negative-feedback loop,s'1 and thus, it
became the model for analyzing the minimal requirements for
circadian oscillation. Pharmacological inhibition of proteasomal
function stopped circadian oscillation, suggesting that proteol-
ysis of clock components is required to maintain the function of
the biological clock.*”

In Arabidopsis, ZEITLUPE (ZTL) protein plays an important
role in the regulation of period length.>*~** ZTL is a blue light
photoreceptor F-box protein that is unique to plants, and blue
light regulates ZTL stability throughout the day.>® Even though
ZTL mRNA is constitutively expressed, the amount of ZTL
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protein oscillates with the peak at the end of the day*® (Figure
1A). This daily oscillation of ZTL abundance is regulated by
the blue light-dependent interaction with GL>> ZTL absorbs
blue light with its LOV (light, oxygen, or voltage) domain, and
absorbing blue light triggers the interaction with GI though the
LOV domain. The ZTL—GI complex stabilizes ZTL by
protecting it from proteasome-dependent degradation. This
interaction also helps to keep GI in the cytosol.’® The daily
ZTL stability change controls the abundance of clock
components that are degraded by ZTL.>*">*%7 ZTL physically
interacts with the pseudoreceiver domains of TOC1 and PRRS
throu§h its LOV domain and degrades these proteins in the
dark®*~>* (Figure 1C). This light-dependent posttranslational
regulation controls the period length and amplitude of the
circadian clock gene expression.>*~

In addition to ZTL, its homologues, FLAVIN-BINDING,
KELCH REPEAT, F-BOX1 (FKF1), and LOV KELCH
RPOTEIN2 (LKP2), also participate in this posttranslational
regulation by directly interacting with both TOC1 and PRRS.>’
In the ztl fkfl and ztl fkfl lkp2 mutants, TOC1 and PRRS
proteins are more stable than in the z#l single mutant.
Moreover, both the zt! fkfl and ztl fkfl Ikp2 mutants show a
period phenotype longer than that of the ztl single mutant,
indicating that both FKF1 and LKP2 contribute to regulate the
stability of TOC1 and PRRS.*” Thus, ZTL, FKF1, and LKP2
regulate TOC1 and PRRS degradation to determine the period
length of circadian oscillation. Phosphorylation of TOC1 and
PRRs also affects their interactions with ZTL.>® Phosphor-
ylation of TOCI leads to its nuclear localization.’® As ZTL
exists in the cytosol, this regulation prevents ZTL-mediated
degradation of TOC1.>® The direct interaction of TOCI with
PRR3 and/or PRRS also stabilizes TOC1.*>* Interaction of
TOC1 with PRRS also enhances the nuclear localization of
TOCL.% Light and the circadian clock regulate ZTL protein
abundance, which in turn regulates the stability of TOCI and
PRRS and controls the periodicity and robustness of the clock.

In addition to the ZTL group proteins, several other E3
ubiquitin ligases also participate in the regulation of circadian
clock protein stability. CONSTITUTIVE PHOTOMORPHO-
GENIC 1 (COP1) physically interacts with ELF3 to degrade
it.*" This degradation allows the recruitment of newly
synthesized ELF3 into the COP1—ELF3 complex. Formation
of the COP1-ELF3—GI complex at night leads to the
destabilization of GI. Another E3 ligase, SINATS, participates
in the regulation of LHY protein stability.’ SINATS, an
Arabidopsis homologue of the Drosophila SINA ring-finger
protein, physically interacts with LHY. Ubiquitination of LHY
by SINATS is suppressed by nuclear protein DETL.%® In
addition to ubiquitination, the deubiquitination enzymes
UBPI12 and UBPI13 also affect clock progression. Expression
of UBP12 and UBPI3 is under the control of the circadian
clock, and the ubpl2 ubpl3 double mutant shows a short
period phenotype, indicating that the deubiquitination process
of clock proteins may fine-tune the degradation kinetics.”> As
described in this section, the proper dynamics of posttransla-
tional regulation of the clock proteins determine the proper
pace of the circadian oscillation.

B PHOTOPERIODIC FLOWERING IN ARABIDOPSIS

The intricate networks of the circadian clock allow plants to
regulate diverse diurnal and seasonal physiological and
developmental events. Within the circadian clock-regulated
responses, one of the most characterized is the photoperiodic
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flowering response. Arabidopsis is a facultative long-day (LD)
plant, in which flowering is accelerated under LD conditions
through the function of FLOWERING LOCUS T (FT)
protein.®*® FT is a small mobile protein regarded as a florigen
(flowering hormone).®® It is synthesized from the leaf
vasculature and transported to the shoot apical meristem
through the phloem.’” The amount of FT transcript influences
the floral induction of Arabidopsis thaliana.’® Induction of FT
transcription occurs under LD conditions, and this induction is
regulated by the CONSTANS (CO) transcriptional activator.®®
The circadian clock and light signaling tightly regulate the
timing of CO transcript expression and CO protein activity in
LD.*7° In this section, we summarize recent advances in the
mechanisms by which photoperiodic information regulates
expression of CO and FT. Many recent reviews cover the floral
induction initiated by FT at the shoot apical meristem in
detail;**”"7? therefore, we will not discuss those mechanisms
here.

Transcriptional Regulation of the CO Gene. Similar to
circadian clock regulation, both transcriptional and posttransla-
tional regulation of CO are crucial for plants to measure
changes in day length for photoperiodic flowering. To regulate
daily CO expression patterns, the circadian clock-regulated
FKF1, GI, and CYCLING DOF FACTORs (CDFs) play major
roles”> ™7 (Figure 2). CO expression profiles are at trough level
in the morning and then show a daytime peak in the late
afternoon, with the highest peak at night under LD conditions.
This rhythmic expression pattern of CO is regulated by time-
dependent expression and degradation of CDF (CDF1-CDF3
and CDFS) transcriptional repressors. CDF1 protein directly
binds to the CO promoter to repress the expression of CO and
contributes to reducing the level of expression in the early part
of the day.”*”” Expression of the CDFI transcript is under
control of the circadian clock. CCAl and LHY positively
regulate the expression of CDFI at dawn,’® and in the
afternoon, PRRY, PRR7, and PRRS negatively regulate
expression of CDFI, CDF2, CDF3, and CDF5.'** Con-
sequently, circadian clock-dependent transcriptional regulation
of CDFs consists of a basal regulatory loop to determine the
timing of CO expression.

Expression of CO in the afternoon is important for inducing
FT expression and is induced by an interaction between FKF1
and GL” GI is a plant-specific large nuclear protein without
any known functional domains.”® FKF1 interacts with GI in a
blue light-dependent manner in the LD afternoon, and the
FKF1—-GI complex degrades CDF proteins in the afternoon,
resulting in the derepression of the CO promoter under LD
conditions (Figure 2). Under short day (SD) conditions, the
expression peaks of FKF1 and GI do not coincide, and the
FKF1 peak occurs at night. Without forming the light-
dependent FKF1-GI complex during the daytime, CDF
proteins continuously repress CO expression during the day
in SD” (Figure 2). ZTL and LKP2, which interact with FKF1
and GI, are involved in the destabilization of the CDF2
protein.”” Once CDF repressors are removed by the FKF1—GI
complex, the bHLH (basic helix—loop—helix) transcription
factors, FLOWERING BHLH1 (FBH1), FBH2, FBH3, and
FBH4, activate the transcription of CO. These FBH proteins
bind to the E-box elements located in the CO promoter.
Chemically induced expression of FBHI and FBH2 leads to an
increased amount of CO transcript in the late afternoon and the
dark under both LD and SD.”
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Figure 2. Photoperiodic regulation of FLOWERING LOCUS T (FT)
expression. In LD, FLAVIN-BINDING, KELCH REPEAT, F-BOX1
(FKF1), and GIGANTEA (GI) form a complex, when their expression
patterns coincide and FKF1 absorbs blue light. The FKF1-GI
complex degrades CYCLING DOF FACTOR (CDF) proteins on the
CONSTANS (CO) promoter in the afternoon. FKF1—GI-dependent
degradation of CDFs results in derepression of CONSTANS (CO)
expression. The same mechanism of degradation of CDFs by the
FKF1—GI complex also exists on the FT promoter. FKF1 physically
interacts with CO protein to stabilize it. Far-red light-absorbed
PHYTOCHROME A (PHYA) also stabilizes CO protein. Stabilized
CO protein binds to the FT promoter to activate FT expression. The
NUCLEAR FACTOR-Y (NF-Y) complex enhances the binding of CO
protein to the FT promoter. CO protein antagonizes the function of
the EMBRYONIC FLOWERING 1 complex (EMFlc) and the
FLOWERING LOCUS C (FLC) complex that suppresses the
expression of FT. CRYPTOCHROME-INTERACTING BASIC
HELIX—LOOP—HELIX 1 (CIB1) is activated by blue light absorbed
by CRYPTOCHROME 2 (CRY2) and stabilized by blue light
absorbed by ZEITLUPE (ZTL). CIB1 directly activates the expression
of FT in the afternoon. In the morning, PHYB that has absorbed red
light and HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE
GENE 1 (HOS1) degrade CO protein. At night, the CONSTITU-
TIVE PHOTOMORPHOGENIC 1 (COP1)-SUPPRESSOR OF
PHYA-105s (SPAs) complex degrades CO protein. They prevent
flowering under unfavorable conditions, such as SD. In SD, the
expression peaks of FKF1 and GI do not coincide. Without the FKF—
GI complex, CO expression is continuously suppressed by CDF
proteins during the daytime.

Other components also participate in the regulation of CO
expression. RED AND FAR-RED INSENSITIVE 2 (RFI2) is a
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nuclear protein that possesses a C;H,C;-type zinc finger and
RING domains. RFI2 might work together with GI to
negatively regulate the evening and night expression of CO.*°
LONG VEGETATIVE PHASE1 (LOVI1) is a NAC domain
protein. Its mutation affects flowering time under LD. LOV1
represses the expression of CO at the end of day and during the
night.*" FIONAI also represses the expression of CO in both
LD and SD.** DAY NEUTRAL FLOWERING (DNF) is a
membrane-bound E3 ligase that represses CO expression in
morning and early afternoon in SD.*> The chromatin
remodeling component MULTICOPY SUPPRESSOR OF IRA
1 (MSI1) also participates in the regulation of CO expression.
MSI1 is a component of the Polycomb Group Repressive
Complex 2 (PRC2) and also interacts with LIKE HETERO-
CHROMATIN PROTEIN 1 (LHP1) and FVE, all of which
participate in chromatin remodeling. MSI1 positively re§ulates
expression of CO and GI in response to photoperiod.”* CO-
EXPRESSED WITH CLOCK GENES LHY AND CCAl 1
(CECI) (also known as LNK2) and CEC2/LNK3 negatively
regulate expression of CO and FT. This is interesting because
LNK1 and LNK2 were originally characterized as activators of
the evening clock genes as well as FT, as the level of FT
expression is diminished in the InkI-1 Ink2-1 allele.'” On the
other hand, in the cecl (=Ink2-2) and cec2 (Ink3) single
mutants, the level of CO and FT expression in the afternoon
and night is elevated.®> Some of the difference in CO and FT
expression may be caused by a Ink2 allele difference. These
results indicate that LNKs may function as activators (LNKI
and LNK2) and repressors (LNK3, and potentially LNK4).
Taken together, CO expression throughout the day is tightly
controlled by complex transcriptional regulation.
Posttranslational Regulation of CO Protein. Posttrans-
lational regulation of CO protein is crucial for photoperiod-
dependent activation of FT.>’®’® Even though the CO
transcript is strongly expressed at night in both LD and SD,
the induction of FT expression occurs only at dusk in LD. At
night, CO protein is actively degraded by COP1 and the
SUPPRESSOR OF PHYA-105 1 (SPA1) complex®*~** (Figure
2). HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE
GENE 1 (HOSI) encodes a RING finger containing E3
ubiquitin ligase. Similar to COP1 and SPA1, HOSI binds to the
CO CCT motif to degrade CO protein during the early hours
of the day® (Figure 2). Two red/far-red light photoreceptors,
phytochrome A (PHYA) and PHYB, antagonistically regulate
the stability of CO protein.”® CO protein is degraded in the
morning and stabilized in the late afternoon. PHYB mediates
the degradation of CO in the morning, whereas PHYA
stabilizes CO protein in the afternoon” (Figure 2). Recently,
PHYTOCHROME-DEPENDENT LATE FLOWERING (PHL)
was characterized as an interacting partner of PHYB and CO.
PHL accumulates in the nucleus in the afternoon to suppress
PHYB-mediated degradation of CO protein.”* Two blue light
photoreceptors, cryptochrome 1 (CRY1) and CRY2, also
participate in the regulation of CO protein stability.”*~"* CRY1
physically interacts with SPA1 to interrupt the formation of the
COP1-SPA1 complexgz”94 (Figure 2). CRY2 also interacts
with SPAL1 in response to blue light. Light-dependent CRY2—
SPALI interaction enhances the CRY2—COPI interaction to
suppress the function of COP1 in CO degradation® (Figure
2). Several photoreceptors and E3 ubiquitin ligases control the
stability of CO protein. However, the molecular mechanism of
late afternoon-specific stabilization of CO protein is not clearly
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understood, because those regulators are constitutively ex-
pressed throughout the day.

The daytime-specific stabilization of CO protein is regulated
by the blue light photoreceptor FKF1.”*~7® EKF1 protein
accumulates from the afternoon to the end of the day. FKF1
interacts with CO protein through its LOV domain to stabilize
CO protein in a blue light-dependent manner. Both FKF1 and
CO exist on the FT promoter region where the CORE
sequences are located. Therefore, FKF1 and light determine the
timing of accumulation of CO protein within a day, and this is
crucial for the induction of FT” (Figure 2).

Transcriptional Regulation of the FT Gene. The
circadian clock and light signaling coordinate to control CO
protein activity and FT expression.””®’® Several classes of
transcriptional repressors participate in the regulation of FT
expression. MADS-box proteins, FLOWERING LOCUS C
(FLC) and SHORT VEGETATIVE PHASE (SVP), form a
heterodimer. The FLC—SVP complex directly suppresses the
expression of FT and another flowering gene, SUPPRESSOR
OF OVEREXPRESSION OF CO 1 (SOC1).”® FLC also forms a
nuclear protein complex with its homologue FLOWERING
LOCUS M (FLM) and MADS AFFECTING FLOWERINGs
(MAFs) to suppress the expression of FT.”® The Polycomb
group (PcG) complex also participates in FLC clade-mediated
repression of FT expression. EMBRYONIC FLOWERI
(EMF1), LHP1, and histone H3 lysine-4 demethylase form a
distinct Polycomb group complex (PRC1-like complex) and act
as a transcriptional repressor complex. The EMF1 complex
physically associates with FT chromatin and represses the
expression of FT.”” EMF1 directly interacts with FLC and
FLM.”” Thus, even though the EMF complex lacks a DNA
binding protein, FLC and FLM may recruit the PcG complex to
the FT promoter. FLC clade- and PcG-mediated repression
prevents the induction of FT under noninductive SD
conditions. The binding of EMF1 to the FT promoter is
disrupted in the afternoon by CO overexpression. Thus,
daytime-specific stabilization of CO may antagonize the binding
of the EMF complex to the FT chromatin at dusk, leading to
proper activation of FT®” (Figure 2).

TEMPRANILLO1 (TEM1) and TEM2 belong to the RAV
subfamily of transcription factors and bind to the FT promoter
and negatively regulate its expression.”® SCHLAFMUTZE
(SMZ) encodes the APETALA 2 (AP2)-related transcription
factor. SMZ directly binds to the FT promoter and represses its
expression.”” The microRNAs, miR156 and miR172, participate
in the control of SMZ expression to determine the timing of FT
expression.'” miR156 is expressed strongly in early devel-
opmental stages and weakly in late developmental stages.
miR156 targets SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL) transcription factors, suppressing
their expression by transcriptional cleavage. Thus, the age-
dependent decrease in miR156 is accompanied by an increase
in the level of SPL expression. SPL9 and SPL10 directly activate
the expression of miR172 in an age-dependent manner. miR172
accumulates to high levels in the leaves and floral buds.'" The
amount of miR172 is more abundant in LD than in SD. In
addition, GI promotes the accumulation of miRNA172 under
LD conditions.'” miR172 suppresses the expression of AP2-
type floral repressor transcripts, such as AP2, TARGET OF EAT
1 (TOE1), TOE2, TOE3, SMZ, and SCHNARCHZAPFEN
(SNZ).'%%'9* CDF1, a transcriptional repressor of CO, also
associates with the promoter of FT and represses the expression
of FT in the morning. Repression of FT by CDF1 is removed
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by the blue light-dependent FKF—GI complex in the afternoon
under LD conditions.”® Thus, FKF1 determines the daytime-
specific expression of FT by removing the CDF transcriptional
repressors and stabilizing the CO transcriptional activator
(Figure 2).

In the activation of FT expression, two transcriptional
activators, CO and CRYPTOCHROME-INTERACTING
BASIC HELIX—LOOP—HELIX 1 (CIB1), play major
roles.””'*71% CO directly binds to the CONSTANS
responsive element (CORE) in the FT promoter but its
binding activity to the FT promoter is weak in vitro.'% Tt is
suggested that CO interacts with other proteins and this
interaction increases the binding affinity of CO for the FT
promoter. CO and CO-like protein physically associate with
NUCLEAR FACTOR-Y (NF-Y)/HEME ACTIVATOR PRO-
TEIN (HAP).'”” The NE-Y/HAP complex consists of NF-YA,
NF-YB, and NF-YC and binds to the CCAAT site located in
the FT promoter. Chromatin looping of the FT promoter is
accelerated in the late afternoon and keeps the NF-Y complex
very close to the CORE. The NF-Y complex physically interacts
with CO protein to stabilize the binding of CO protein to the
CORE in the FT promoter108 (Figure 2).

CIB1, together with CIB2, CIB4, and CIBS, is also involved
in FT induction.'®* CIB1 directly binds to the promoter of FT
and activates its expression (Figure 2). CIB proteins form
heterodimer complexes, and the heterodimerization increases
the DNA binding activity of CIBs with the FT promoter. The
function of CIB1 is restricted from the afternoon to early night.
CIB1 protein forms a complex with CRY2 in a blue light-
dependent manner; CIB protein accumulates only in the
presence of blue light, whereas it is actively degraded without
blue light. Interestingly, blue light-dependent stabilization of
CIB1 is mediated by ZTL and LKP2, not CRY2. ZTL and
LKP2 stabilize CIB1 under blue light. Therefore, CIB1 is
activated by CRY2 and stabilized by ZTL and LKP2 under blue
light to promote FT expression'"> (Figure 2). In summary,
information about changing photoperiods in growing con-
ditions is monitored using large numbers of components, many
of which are regulated by the circadian clock. The information
is utilized by plants to precisely determine the expression of FT
protein, which consequently determines the timing of flower-

ng.

B PHOTOPERIODIC REGULATION OF HYPOCOTYL
GROWTH

In addition to the timing of flowering, the growth rates of
hypocotyls and petioles also differ depending on photoperiod.
LD-grown seedlings show hypocotyls and petioles much
shorter than those of SD-grown seedlings.'” To regulate day
length-dependent differences in hypocotyl growth rates, plants
also use the circadian clock to sense photoperiod changes. In
Arabidopsis, phytochromes and their downstream components
PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) and its
homologue PIFS play prominent roles in determining the
timing of hypocotyl growth within a day."'°~""> PIF4 and PIF5
are bHLH transcription factors that promote elongation of the
hypocotyl. PIF4 and PIFS proteins are stable in the dark and
destabilized under light mainly by PHYB. SD-induced
elongation of the hypocotyl is diminished in the pif4 pifS
double mutants, indicating that photoperiodic information is
transmitted through PIF4 and PIFS function to regulate
hypocotyl length. PIF4 and PIFS induce the expression of
ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2
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(ATHB2) and other genes that are involved in hypocotyl
elongation.""> PHYB acts as a repressor of hypocotyl
elongation by degrading PIF4 protein under light."'* Therefore,
the hypocotyl length of the phyB mutant in LD and SD is
always longer than that of wild-type plants, regardless of
photoperiod.'”

The circadian clock contributes to photoperiodic hypocotyl
growth regulation in part by regulating the timing of the
expression of PIF4 and PIFS. The expression patterns of both
PIF4 and PIFS transcripts show diurnal oscillation with peaks in
the daytime.'” During the evening, the Evening Complex
(ELF4—ELF3—LUX) directly represses the expression of PIF4
and PIFS transcription®® (Figure 3). Following the changes in
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Figure 3. Photoperiodic regulation of hypocotyl elongation. The
hypocotyl elongation rate of plants is determined by a combination of
the internal circadian clock and external photoperiodic information.
Expression of PHYTOCHROME-INTERACTING FACTOR 4 (PIF4)
is controlled by the circadian clock. The Evening Complex (ELF4—
ELF3—LUX) directly suppresses the expression of PIF4. Under LD
conditions, both transcription and translation of PIF4 occur during the
day. PIF4 that accumulates during the daytime is inactivated by PHYB
and DELLA protein. PHYB interacts with PIF4 to degrade it, and
DELLAEs interact with residual PIF4 to inactivate it by interrupting its
DNA binding activity. Under SD conditions, PIF4 transcription and
translation occur during day and night. PIF4 that accumulates during
the nighttime activates its downstream target genes, which regulate
hormonal responses that trigger hypocotyl elongation. We used the
experimental data of DELLA protein expression under SD
conditions""” to illustrate DELLA protein expression in both LD
and SD.

mRNA expression levels, PIF4 protein accumulates at a high
level at the end of the night in SD, while the PIF4 protein level
is low at night in LD.'® As elongation occurs around dusk,"'°
this may cause the difference in growth.

Phytohormone gibberellin (GA) signaling regulates the
activity of PIF proteins. DELLA proteins, repressors of GA
signaling, bind to PIF4 to interrupt its DNA binding activity."®
The expression of DELLA proteins is also regulated by the
circadian clock and peaks at the end of the day.''” This
expression pattern contributes to the weakening of the DNA
binding ability of PIF4 during the daytime"'*'"” (Figure 3).
Therefore, the mechanism governing photoperiodic hypocotyl
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growth also can be explained by the coincidence between the
interaction of internal clock components and external light
cues.

B PHOTOPERIODIC REGULATION OF ROS
HOMEOSTASIS

Daily environmental changes regulate not only plant develop-
ment but also cellular homeostasis, such as metabolism. In the
final section, we introduce recent advances in circadian clock-
regulated redox homeostasis and the effect of photoperiod
changes on this regulation, as an example of photoperiodic
regulation of cellular homeostasis. Reactive oxygen species
(ROS), which include hydroxyl radical (HO~), superoxide
(0,7), and hydrogen peroxide (H,0,), are oxygen-containing
molecules that have chemical reactivity higher than that of
molecular oxygen (O,). ROS is a byproduct of many cellular
metabolic processes, such as photosynthesis and respiration.
Recent evidence suggests that ROS are not only byproducts but
also signaling molecules in various biological processes,
including biotic and abiotic stress responses, stomatal move-
ment, development, and cell expansion.ng_120 Inside cells,
ROS are generated in chloroplasts, peroxisomes, and
mitochondria."'® Despite their importance as signaling
molecules, the ways in which plants regulate the status of
cellular ROS throughout the day remain elusive.

Circadian Regulation of ROS Homeostasis and Their
Roles in Plant Development. Cellular ROS homeostasis is
tightly regulated by several antioxidant systems for protecting
cell function. Failure to regulate cellular ROS levels results in
severe cellular damage, such as excessive oxidative stresses.'*!
There is emerging evidence that the circadian clock contributes
to cellular processes that maintain ROS at physiological levels
in diverse organisms. Peroxiredoxins (PRXs) are highly
conserved antioxidant proteins that contain Cys residues,
which can be oxidized by peroxide. PRX oxidation patterns
show circadian oscillation from bacteria to mammals."*>'**
Oxidation patterns of other antioxidants, such as glutathione
and ascorbic acid, also show circadian oscillation and contribute
to the determination of the excitability of neurons in the mouse
suprachiasmatic nucleus (SCN)."** Transcriptional regulation
of nuclear factor erythroid-derived 2-like 2 (NRF2) is another
example of circadian clock-dependent regulation of cellular
ROS homeostasis.'>' Disruption of NRF2 expression by
mutations in Clock®" results in decreasing levels of cellular
reduced glutathione as well as increasing levels of protein
oxidative damage.121 In the case of zebrafish, cellular ROS act as
input signals for the circadian clock.'*® Light-dependent
accumulation of hydrogen peroxide, which is controlled by a
diurnal change in catalase activity, induces the expression of
zebrafish Cryptochrome 1a (zCryla) and Period (zPer2).">® This
mechanism is part of the light-dependent induction of zCryla
and zPer2 that entrains the circadian clock.'*® As the enzymatic
activity of the catalase involved in this regulation diurnally
oscillates, the circadian clock and ROS homeostasis regulate
each other through complicated feedback mechanisms under
daily light—dark cycles.

The plant circadian clock also regulates ROS homeostasis. In
the case of Arabidopsis, hydrogen peroxide (H,O,) levels
diurnally oscillate and this oscillation is sustained under
constant light conditions,'?¢ indicating the involvement of the
circadian clock in this regulation. In constant light, H,O,
production peaks during the afternoon following the peak
expression of photosynthesis genes and reaches trough level at
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midnight. The mutation or overexpression of the CCAI gene
abolishes the rhythmicity of endogenous H,O, levels, catalase
activity, and ROS-related gene expression. Mutations in other
circadian clock components, such as ELF3, LUX, and TOCI,
also disrupt the rhythmic expression patterns of CAT genes and
ROS-related genes.'>

The oscillation of cellular H,0, levels is closely linked to the
antioxidant enzyme catalase. Diurnal catalase activitzr patterns
are similar to the patterns of cellular H,0, levels' 6 (Figure
4A). Hydrogen peroxide is generated in peroxisomes via
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Figure 4. Circadian regulation of ROS homeostasis. (A) Circadian
regulation of ROS homeostasis. The circadian clock regulates the daily
expression patterns of three catalase genes (CATI—CAT3) and their
activities to maintain cellular hydrogen peroxide (H,0,) levels. (B)
Day length-dependent phenotype of the cat2 mutant. The cat2 mutant
shows the lesion (cell death) phenotype when it is grown only under
LD conditions.

enzymatic reactions catalyzed by glycolate oxidase and/or
superoxide dismutase. Catalase is the first peroxisomal
antioxidant enzyme that detoxifies cellular hydrogen peroxide
to be characterized.''” There are three catalase genes (CATI,
CAT2, and CAT3) in Arabidopsis.'>” Expression of all three is
controlled by the circadian clock.'*® Circadian oscillation of
catalase expression is diminished in the CCAI overexpressor
and the ccal lhy double mutant."*® The daily production of
H,0, also becomes constant in these plants. In addition, the
expression patterns of multiple ROS responsive genes are also
regulated by CCAL, indicating that the circadian clock gates the
sensitivity of ROS signaling through CCAl function in
Arabidopsis.

Circadian clock-dependent apoplastic ROS homeostasis also
regulates leaf growth."*'* Leaves show diurnal %rowth
patterns with maximal expansion in the morning."*° One
circadian clock-regulated mechanism of leaf growth is
associated with the function of the MYB-like transcriptional
regulator KUODA1 (KUA1)."*'* The diurnal expression
pattern of the KUAI gene shows a morning peak. The morning
expression of KUAI is directly controlled by CCAl and
LHY,"*®"° both of which affect the leaf growth rate.">® Leaf
size is reduced in the kual mutant, and this is due to the
reduction of the cell expansion rate. The KUALI protein directly
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binds to the promoters of seven apoplastic peroxidase genes to
repress their expression. Consequently, the level of H,O, in the
kual mutant is higher than that in the wild-type plant. In
addition, the small leaf size phenotype of the kual mutant is
rescued by exogenous application of either the peroxidase
inhibitor or the hydrogen peroxide scavenger, indicating that
the basal cellular H,O, levels that are controlled by the
circadian clock influence the cell expansion rate during leaf
development. In the roots, the regulation of apoplastic ROS
homeostasis controlled by the UPBEAT1 (UPB1) bHLH
transcription factor is the most important mechanism for
modulatin§ the balance between cell proliferation and differ-
entiation.">" Although it is still underexplored, the findings
introduced here imply that the circadian clock regulates various
plant developmental processes in part by modulating H,O,
levels. As H,O, mediates plant development, defense responses,
and abiotic stress responses,'*”'** the circadian regulation of
H,0, production described above could contribute to the
appropriate time-of-day production of ROS signals in these
biological responses.

Photoperiodic Regulation of Hydrogen Peroxide
Levels. Although oscillation of hydrogen peroxide levels and
catalase activity are regulated by the circadian clock,'*
differences in photoperiod also affect these levels. In the
presence of light, the inactivation of antioxidant enzyme
(catalase) activity enhances hydrogen peroxide accumulation
and increases the level of expression of ROS-regulated genes in
green algae."* In rye leaves, light accelerates the inactivation of
catalase.’** Catalase is degraded under light, and the
degradation is clearly observed from 16 h after the onset of
light."** These examples suggest that the duration of light
within a day can be an important factor that affects the activity
of catalase. In addition, prior to the exposure of ROS-inductive
conditions, growing plants under different day length
conditions (LD vs SD) changes how plants deal with new
ROS-inductive conditions by chan§ing both leaf catalase
activity and antioxidant content.'> In plants that were
previously grown in LD but not in SD, the activity of catalase
is increased to cope with the increase in the level of ROS. This
indicates that, between LD and SD conditions, different
mechanisms are utilized to regulate daily ROS homeostasis.
As expected, the catalase activity in LD is higher than that in
SD.

Among the three Arabidopsis catalases, CAT2 is the major
one that deals with LD-dependent oxidative stresses.'*® The
leaves of cat2 mutants show lesions (H,O,-induced cell death)
when they are grown in LD, but the phenotype is not visible in
SD (Figure 4B), indicating that the H,O, level in cat2 increases
in LD. In addition, this phenotype is also regulated by light
intensity, as higher light levels during the first half of the day
enhance the phenotype. Similar to the day length-specific lesion
formation observed in the cat2 mutant, pathogenesis-related
genes such as PRI and camalexin, both of which are induced by
increasing H,0, levels, are induced only in LD."” Another
lesion formation mutant, lesion simulating disease 1 (Isd1), also
shows a similar photoperiod-dependent phenotype. LSDI
encodes a novel zinc finger protein. Under LD conditions,
low light intensity is enough to develop lesions in Isd] mutant
leaves.'® In contrast, under SD conditions, lesion formation is
not observed even under high-light conditions. Interestingly,
LSD1 interacts with catalases through its zinc finger domain. In
the Isdl mutant, catalase activity is lower than that in wild-type
plants,"* indicating that LSD1 enhances the activity of
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catalases. These observations suggest that photoperiod
information can affect cellular ROS signal generation in part
through the day length-specific regulation of catalase activity.

H CONCLUSION

In this review, we discuss recent advances in our understanding
of the molecular mechanisms of the circadian clock and
photoperiodic response in Arabidopsis. Within the last several
years, identification of positive regulators (RVE8 and LNK1/2)
for EE-regulated genes, as well as comprehensive genome-scale
analyses of the DNA binding sites of PRRs and TOC1 proteins,
has drastically changed our view of the molecular architecture
of the circadian clock. Additionally, characterizing new
posttranscriptional regulatory mechanisms, such as alternative
splicing of clock gene transcripts, has allowed us to understand
that the circadian clock is composed of many layers of
regulation. Although our knowledge regarding the molecular
clock is improving rapidly, unidentified mechanisms and
regulators within the circadian clock still exist. For instance,
we do not know the identities of the positive regulator(s) that
induce the expression of morning components such as CCAI,
LHY, and RVES. In addition, PRR7, PRRS, and TOCI repress
the gene expression of many clock components simultaneously
around the end of the day and the beginning of the night. We
are not yet sure if they act additively, repressing the same
targets, or if any synergistic functional interactions exist (in
addition to the PRRS-dependent TOCI activity regulation
described here). It is of great interest to us to perform more
quantitative analyses of spatial and temporal expression
patterns of the clock components and the interactions among
them. Currently, both phosphorylation of CCAl protein and
alternative splicing of CCAI transcripts are implicated in the
temperature compensation mechanism of the circadian
clock.** Are these mechanisms equally important for
temperature compensation? A more comprehensive under-
standing of the timing of each modification would be helpful to
help us develop an entire view of how the clock times its 24 h
rthythms regardless of ambient temperature changes. Moreover,
insights into molecular clock structures and mechanisms in
plants other than Arabidopsis are still lacking. Studying the
circadian clock in other plants at molecular levels will facilitate
the determination of the similarities and differences in clocks
among plant species. It will also help us to understand how
plants regulate the timing of various species-specific responses
and/or development, which do not exist in Arabidopsis.

Our current understanding of the molecular mechanisms of
photoperiodic flowering and hypocotyl growth regulation has
given us seminal examples of how environmental (photo-
periodic) information is integrated into internal regulatory
networks (which are regulated by the circadian clock). These
coordinate the timing of crucial developmental processes that
occur over longer time scales. In the regulatory pathway of
photoperiodic flowering, the presence of circadian clock-
controlled components and light at the same time are critical
to induce the expression of CO and FT. Recent findings in
photoperiod-dependent activation and stabilization of CO
protein and in the alteration of the chromatin structure of
the FT promoter suggest that multilayers of regulatory
mechanisms concomitantly control the timing of flowering to
make it occur under the most favorable conditions. One of the
next challenges will be investigating the combinational effects of
various environmental stimuli, such as light, temperature,
nutrient availability, humidity, and pathogen attacks.
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In addition to flowering and growth rate regulation, there is a
growing body of evidence that metabolic pathways, such as
carbon allocation, starch metabolism, and cellular ROS
homeostasis, could also be under the control of photoperiod
differences."*”***'*! Currently, we have little understanding of
the molecular mechanisms underlying these responses.
Unveiling the mechanisms of the photoperiodic regulation of
metabolic pathways will provide new insights into the
physiological strategies of plants as they adapt to seasonal
environmental changes. Some of the known components in
photoperiodic responses may also function in the metabolic
pathways. For instance, LD-specific activation of CO protein
contributes to photoperiodic starch accumulation through
direct induction of GRANULE BOUND STARCH SYNTHASE
gene expression.'** In addition, differences in photoperiod
affect the generation of ROS signals that regulate several
biological processes under control of the circadian clock.
Therefore, we are likely to be able to apply our current
knowledge of the circadian clock and photoperiodic flowering
to further understand how other biological processes could be
regulated under different photoperiods.

Adapting to seasonal environmental change must have been a
challenge for land plants. Many plants, including major crops,
possess similar molecular mechanisms that allow them to
determine the timing of flowering using photoperiod as an
indicator of seasonal change.l’z’142 In addition, similar
mechanisms are utilized to control seasonal responses in tree
species. In poplar, for example, FT homologues regulate not
only the timing of flowering but also that of growth
cessation.

We do not know when the photoperiodic time measurement
mechanism was generated during the history of land plant
evolution. Interestingly, a recent report demonstrated that
FKF1 and GI are conserved in not only angiosperm species but
also nonvascular bryophyte species."** The FKF1—GI complex
controls the photoperiodic growth phase transition in the
liverwort Marchantia polymorpha.'** This suggests that this
photoperiod-sensing module developed in the early lineage of
land plants. Together with comparative genomic analyses, this
type of analysis will help us speculate how plants have obtained
the ability to use photoperiodic differences as seasonal cues for
adjusting their developmental programs to fit their surrounding
environments.

In summary, we are in the middle of a very exciting time in
which we are able to understand the complex but sophisticated
molecular mechanisms by which plants adapt to dynamic
changes that occur daily and seasonally, using their time-
keeping mechanisms, the circadian clocks.
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