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Abstract

The circadian clock regulates diverse aspects of plant growth and
development and promotes plant fitness. Molecular identification of
clock components, primarily in Arabidopsis, has led to recent rapid
progress in our understanding of the clock mechanism in higher plants.
Using mathematical modeling and experimental approaches, workers
in the field have developed a model of the clock that incorporates both
transcriptional and posttranscriptional regulation of clock genes. This
cell-autonomous clock, or oscillator, generates rhythmic outputs that
can be monitored at the cellular and whole-organism level. The clock
not only confers daily rhythms in growth and metabolism, but also
interacts with signaling pathways involved in plant responses to the en-
vironment. Future work will lead to a better understanding of how the
clock and other signaling networks are integrated to provide plants with
an adaptive advantage.
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INTRODUCTION

As one adage has it, the only constant is change.
A striking example is the regular alterations
in the environment caused by the daily rota-
tion of the earth on its axis. Along with the
obvious diurnal changes in light and temper-
ature, other important environmental variables
such as humidity also change on a daily ba-
sis. This periodicity in the geophysical world
is mirrored by daily periodicity in the behavior
and physiology of most organisms. Examples
include sleep/wake cycles in animals, develop-
mental transitions in filamentous fungi, the in-
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cidence of heart attacks in humans, and changes
in organ position in plants. Many of these daily
biological rhythms are controlled by the circa-
dian clock, an internal timer or oscillator that
keeps approximately 24-hour time. Less obvi-
ously, the circadian clock is also important for
processes that occur seasonally, including flow-
ering in plants, hibernation in mammals, and
long-distance migration in butterflies. In fact,
circadian clocks have been found in most organ-
isms that have been appropriately investigated,
ranging from photosynthetic bacteria to trees.

Circadian Rhythms Defined

Circadian rhythms are generated by circadian
clocks. Examples of such rhythms can be seen
at the cellular level, such as changes in gene ex-
pression, and at the whole-organism level, such
as changes in activity. Such processes are de-
fined as outputs of the circadian clock rather
than mere responses to environmental cues if
they meet the following criteria. First, circa-
dian rhythms persist with approximately (but
never exactly) 24-hour periodicity after an or-
ganism is transferred from an environment that
varies according to the time of day (entrain-
ing conditions) to an unchanging environment
(free-running conditions). Second, the time of
onset of these rhythms can be reset by appro-
priate environmental cues, such as changes in
light or temperature levels. Finally, circadian
rhythms are temperature compensated; that is,
they occur with approximately the same period-
icity across a wide range of temperatures. This
final characteristic allows the circadian system
to keep accurate time even when ambient con-
ditions are cold or hot.

Circadian rhythms often take the form of
sinusoidal waves that can be described by math-
ematical terms such as period, phase, and ampli-
tude (Figure 1). When assayed under entrain-
ing conditions, these rhythms usually assume
the same period as the changing environmental
cues. When assayed in free-running conditions,
the non-24-hour periodicity of the endogenous
circadian clock is revealed (Figure 1). Environ-
mental cues, such as light, can reset the clock
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and may also affect the rhythmic amplitude of
clock outputs (Figure 1).

By circadian convention, the time of onset
of asignal thatresets the clock is defined as zeit-
geber (“time giver”) time 0, abbreviated ZT0.
After the last transition to lights on in Figure 1,
ZT0-ZT12 represents subjective day, the time
when the organism was exposed to light dur-
ing entrainment cycles, whereas ZT12-2124
represents subjective night.

Circadian Physiology is Similar
in Diverse Organisms

Circadian rhythms have been studied inten-
sively in plants since the 18th century (animals
were not recognized to have circadian clocks
until the 20th century; see Reference 72 for
an excellent summary of the history of clock
research in plants). Physiological experiments
performed in a variety of model organisms, in-
cluding plants, animals, fungi, and cyanonobac-
teria, revealed fundamental commonalities
between the circadian systems of these diverse
species. Not only do rhythms in dissimilar or-
ganisms persist in constant environmental con-
ditions and show temperature compensation,
but they also respond similarly to clock reset-
ting stimuli. As is familiar to all who have ex-
perienced and recovered from jet lag, the phase
of the circadian clock can (eventually) be reset
by cues such as light. A less obvious character-
istic is that the sensitivity of the clock to reset-
ting cues varies according to the time of day.
Depending on what point during the subjective
day or night the stimulus occurs, light can cause
a phase delay, a phase advance, or no resetting
at all. Thus the ability of the environment to
reset the clock is itself under circadian control.
This variable resetting response to stimuli given
at different circadian times can be depicted in
phase response curves.

In addition to setting the phase of the clock,
light signals can influence the pace at which
the clock runs in constant conditions. In many
light-active organisms (including plants), expo-
sure to higher intensities of continuous light
shortens the free-running period (2). Fluence

Entrained period

Free-running period

24 hours 25 hours
1
0 12 0 12 0 12 24 36

Zeitgeber time (hours)

Figure 1

48

An idealized clock output is depicted in light/dark cycles (entraining

conditions) and constant light (free-running conditions). The period of this

output is exactly 24 hours in light/dark cycles because of clock entrainment by
light. However, in constant environmental conditions the free-running period

of 25 hours is revealed.

rate response curves display the relationship be-
tween light intensity and free-running period.
Phase and fluence rate response curves are both
useful tools for investigating light signaling to
the circadian clock.

Another point of similarity between clocks
in diverse organisms is their cell autonomy. In
both cyanobacteria and isolated mammalian fi-
broblast cells, persistent and robust circadian
rhythms in transcription are observed in single
cells, with little or no coupling of clock period
or phase between adjacent cells (79, 85, 141).
The gradual damping of circadian rhythms ob-
served in fibroblast cultures can be attributed
to a loss of rhythmic synchrony between cells
rather than to the clock “winding down” in in-
dividual cells (85, 141). Although similar ex-
periments have not yet been performed at
the single-cell level in intact plants, circadian
rhythms in gene expression are observed in
plant suspension cell cultures and calli (55,
87, 90, 110) and in isolated plant organs (133,
134). Elegant entrainment experiments exam-
ining gene expression rhythms suggest that lit-
tle or no coupling exists between the clocks
of cells located within the same organ (133).
A subsequent biophysical study using a simi-
lar experimental design found weak coupling
between cells within the same leaf, with resyn-
chronization between phase-inverted portions
of a leaf estimated to require approximately
200 days (26). Examination of a metabolic
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process in leaves also provided evidence for
weak coupling of circadian rhythms between
plant cells (104). Thus in both multicellular and
unicellular organisms, circadian rhythms occur
at the level of the single cell and do not require
strong intercellular interactions.

Why Are Circadian Clocks
Widespread in Nature?

Circadian clocks appear almost ubiquitous in
higher organisms. Why are they so prevalent?
One possible reason is that they allow or-
ganisms to anticipate regular changes in the
environment and synchronize different physio-
logical processes with each other. Evidence for
the importance of circadian clocks in optimiz-
ing growth performance has been steadily ac-
cumulating. In both cyanobacteria and higher
plants, correct matching of the periodicity of
the endogenous circadian clock with external
light/dark cycles confers a fitness advantage
(16, 95). In Arabidopsis, the short-period mu-
tant timing of cab expression 1 (tocl) outcompetes
the long-period mutant zeit/upe (z¢/) when both
genotypes are grown in short day/night cycles.
Along with enhanced survival, the zocl plants
produce more chlorophyll, fix more carbon,

and accumulate more biomass. Conversely, the
zt/ mutants outcompete focl when these plants
are both grown in long day/night cycles (16)
(Figure 2a).

Because Arabidopsis can entrain to day
lengths very different from 24 hours (108, 122,
146), the growth advantage seen when plants’
endogenous rhythms are coordinated with en-
vironmental cycles is likely due to optimal phas-
ing of clock outputs (95). In toc] mutants grown
in artificially short days, a given output would
occur at the same environmental time as in a
wild-type plant grown in a 24-hour day; in con-
trast, that output would occur inappropriately
late in the long-period z#/ mutants (Figure 25).
Similar arguments can explain the growth ad-
vantage of the long-period z#/ mutants over tocl
plants when they are maintained in artificially
long days (Figure 2c).

Therefore, clocks likely provide an adaptive
advantage by allowing proper timing of phys-
iology with respect to the environment. How-
ever, at first glance it seems that an hourglass-
type timer, one that counts down at a constant
rate from some environmental transition such
as dawn, might serve this function just as well
as a circadian clock. So why are self-sustaining
circadian clocks so prevalent? One advantage

— tocl-2
—_— ztl-27

toc1-2  ztl-27

10L/10D ’ : -9

P

5
14L/14D & -

Figure 2

10 20 O 14 28
Zeitgeber time (hours)

Plants grow best when the timing of their internal clock matches the periodicity of changes in the
environment. (#) The short-period mutant timing of cab expression 1-2 (toc1-2) and the long-period mutant
zeitlupe-27 (2tl-27) were grown in competition in either 20-hour days or 28-hour days. In both cases, the

plant with a free-running period closest to the environmental cycles showed enhanced fitness. This result is

likely due to incorrect phasing of clock outputs when the internal periodicity does not match environmental
periodicity. (b and ¢) A hypothetical clock output with a dusk phase in wild type is correctly phased in rocI-2

in 20-hour days (b) and in z#/-27 in 28-hour days (¢). Panel (#) from Reference 16, reprinted with permission
from AAAS.
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of circadian clocks over hourglass timers is
that their outputs can be differentially regu-
lated such that their peak phase always occurs
at the correct time of day, even as day length
changes with the seasons. For example, expres-
sion of some genes such as CHLOROPHYLL
A/B BINDING PROTEIN 2 (CAB2) peaks dur-
ing the middle of the day regardless of the day
length (81), whereas peak expression of others
such as TOCI closely tracks lights off (100).
This flexible regulation of the phases of vari-
ous outputs is likely an important reason that
circadian clocks are found throughout the nat-
ural world.

ORGANIZATION OF
CIRCADIAN SYSTEMS

In its simplest form, the circadian system can
be depicted as a central clock or oscillator that
generates rhythmic outputs via specific signal-
ing pathways; this oscillator can be reset by en-
vironmental signals such as light or temperature
(Figure 3a). However, we have already seen
that this depiction is an oversimplification be-
cause the circadian system influences the abil-
ity of light to reset clock phase; that is, clock
outputs regulate the light input pathway to the

()

entral
Temperature /JJ'

oscillator

Figure 3

—JM

oscillator. As will be discussed in more detail
below, there are other difficulties with this sim-
ple model: The central clock is likely com-
posed of multiple interlocked feedback loops,
clock outputs may also be directly regulated by
clock input signaling pathways, and clock com-
ponents may act both within the central clock
and in input and output signaling pathways
(Figure 3b). Thus itis more appropriate to con-
sider the circadian system as a complex network
rather than try to separate it into discrete input,
central clock, and output components.

A long-standing question in the field has
been whether biological rhythms are controlled
by one or multiple clocks within a single
organism. Because circadian rhythms are cell
autonomous, multicellular organisms indeed
contain multiple clocks. In animals, clocks in
different tissues may carry out separate func-
tions. Circadian clocks that control activity
rhythms are found in the brain, whereas clocks
in peripheral tissues are implicated in control of
metabolic processes (4). However, there are no
convincing data showing multiple clocks within
single cells in animals. Conversely, there is ev-
idence that unicellular organisms have multi-
ple oscillators (necessarily within the same cell).
In the alga Lingulodinium polyedrum (formerly

Light 4 R

4
Temperature /J\(

Interlocked
feedback loops

Models of the clock as a linear signaling pathway and as a signaling network. (#) Early models of the circadian system suggest it is made
of three discrete components: a central oscillator or clock, resetting pathways that change the phase of the clock in response to
environmental stimuli such as light and temperature, and a variety of rhythmic outputs. (b)) Accumulating data suggest instead that the
circadian system is a complex network. The oscillator consists of multiple coupled feedback loops (so/id colored lines). Clock genes often
have multiple functions, acting both within the oscillator and in clock input and output signaling pathways (dotted lines). Clock outputs
can feed back to regulate clock components and input signaling pathways (dashed lines). Likewise, input pathways can regulate multiple
clock genes and directly affect clock outputs (solid black lines).

www.annualreviews.org © The Circadian System in Higher Plants 361



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

362

Gonyaulax polyedra), circadian rhythms in bi-
oluminescence and phototaxis have different
free-running periods and respond differently
to light (109). Genetic analysis in Neurospora
suggests that this fungus contains multiple cir-
cadian oscillators that display differential de-
grees of coupling with each other (4). The ev-
idence for multiple oscillators in plants will be
considered below, after the molecular compo-
nents of the plant circadian system have been
introduced.

MONITORING THE HANDS
OF THE CLOCK IN PLANTS

Investigating the mechanisms underlying circa-
dian rhythms requires a reliable way to moni-
tor the state of the clock. In plants, the most
obvious daily rhythm is that of leaf move-
ment position; in fact, the study of leaf move-
ment rhythms led to the fundamental insights
that circadian rhythms persist in constant envi-
ronmental conditions, have a non-24-hour pe-
riodicity, and can be reset by light. Later, the
study of the control of flowering led to insights
into the roles of photoperiod, or day length,
and the circadian clock in the regulation of sea-
sonal responses (72). Many other physiologi-
cal processes such as growth, enzyme activity,
photosynthesis, control of stomatal aperture,
and release of scent were also recognized as be-
ing clock regulated (143). Another important
discovery was that the circadian clock controls
the abundance and transcription of nuclear-
encoded transcripts (57). Although these data
made it clear that the circadian clock controls
many aspects of plant physiology, the above cir-
cadian outputs did not lend themselves well to
high-throughput studies.

In contrast, the circadian clock controls eas-
ily observed rhythms in many model organisms,
including emergence from the pupal case (eclo-
sion) in Drosophila and spore formation (coni-
diation) in Newurospora. A pioneering mutant
screen by Konopka & Benzer (59) led to the dis-
covery of a single-gene mutation that affected
circadian rhythms in fruit flies, and subsequent
studies led to the identification of clock mutants
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in algae and fungi. More than a decade later,
the first clock genes were cloned in Drosophila
and Neurospora (148). Forward genetics thus
proved to be a powerful way to investigate the
molecular mechanisms underlying clock func-
tion. However, application of this method to
circadian research in plants had to await both
an appropriate model species and an easily as-
sayed clock output.

Avrabidopsis thaliana proved to be a tractable
organism for genetic dissection of complex pro-
cesses such as circadian rhythms (105). A con-
venient, nondestructive, and relatively high-
throughput assay for circadian clock function
arrived in the form of a reporter gene, fire-
fly luciferase, expressed under the control of
a clock-controlled reporter. Although a highly
sensitive camera is required to detect luciferase
activity, luciferase has many traits that make
it well suited for circadian studies. Detection
of luciferase activity does not require excita-
tion by light (which can perturb the clock) and
light emission by the luciferase enzyme closely
tracks the activity of the promoter driving its
expression. Luciferase-based genetic screens in
Arabidopsis have been a powerful tool for the
discovery of clock mutants (68, 80, 94, 121,
126).

Other assays also have important roles in the
study of clock function. Studies of natural vari-
ation in circadian clock function often make
use of medium-throughput assays monitoring
leaf movement rhythms (19, 78, 111, 129).
Quantitative reverse transcriptase—polymerase
chain reaction assays allow the expression of
many genes in diverse genetic backgrounds to
be rapidly determined without the need for
transgenics. DNA microarrays are used to sur-
vey genome-wide circadian regulation of gene
expression, leading to important insights into
clock function (8, 9, 18, 37, 76, 117). Other
platforms allow the systematic assessment of
enzyme activities, metabolite levels, and pro-
tein levels over circadian time scales (28, 29,
139). Together, these assays have set the stage
for molecular dissection of the mechanisms un-
derlying the plant clock and have led to recent
rapid progress in the field.
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MOLECULAR BASIS OF
CIRCADIAN RHYTHMS

Transcriptional Feedback Loops

Recent experimental and mathematical studies
have suggested that the plant circadian clock
consists of three interlocked transcriptional
teedback loops. The first-identified loop con-
sists of three components. TOCI, also known
as PSEUDO-RESPONSE REGULATOR 1
(PRR1I), is an evening-phased, clock-regulated
gene of unknown molecular function. The
nuclear-localized TOCI1 protein indirectly

Figure 4

promotes the expression of two dawn-
phased, Myb-related transcription factors,
CIRCADIAN CLOCK ASSOCIATED 1 (CCAI)
and LATE ELONGATED HYPOCOTYL
(LHY). The CCAIl and LHY proteins have
partially redundant functions; they bind di-
rectly to the 7OCI promoter and inhibit its
expression (1). This negative feedback loop
therefore consists of CCAl, LHY, TOCI,
and an unknown component X thought to
act between TOCI and the CCAI and LHY
promoters (Figure 4, loop A). However,
data

substantial cannot be

experimental

Model of the plant clock. The first-identified transcriptional feedback loop (loop A) consists of the
dawn-phased Myb-like factors CIRCADIAN CLOCK ASSOCIATED 1 (CCALl) and LATE ELONGATED
HYPOCOTYL (LHY), which negatively regulate expression of TIMING OF CAB EXPRESSION 1 (TOC1I).
TOCI1 is postulated to directly or indirectly activate component X, an as-yet-unidentified factor that induces
expression of CCAI and LHY. The second loop (Joop B) is thought to be composed of two or more evening-
phased genes, an unknown factor designated Y, and TOCI [note GIGANTEA (GI) may provide a portion of
Y activity]. The third loop (Joop C), consists of the morning-phased genes PSEUDO-RESPONSE
REGULATOR 7 (PRR7), PRRY, CCA1, and LHY. Posttranscriptional modifications are also very important
for clock function (D). ZTL negatively regulates TOCI protein abundance; its activity is regulated by GI
and PRR3. Other genes implicated in clock function have been omitted for clarity.
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explained by this single loop model of the
clock. Mathematical modeling suggests there is
an evening-phased negative feedback loop cou-
pled to this one, with an unknown component
Y that positively regulates TOCI expression.
The expression of Y is in turn predicted to
be negatively regulated by TOC1, CCAL,
and LHY (65) (Figure 4, loop B). Some data
suggest that a portion of Y activity is provided
by the protein GIGANTEA (GI) (64, 65);
however, other experiments indicate that GI
may only indirectly contribute to Y activity
(54, 68, 116).

The Arabidopsis genome contains four genes
encoding proteins with similarity to TOCI.
The PRR3, 5, 7, 9 proteins and TOCI all
contain a domain similar to bacterial response
regulator receiver domains but lack the con-
served aspartate residue that is phosphorylated
in canonical two-component signaling path-
ways (83). These proteins also share a con-
served CCT motif (named for the proteins
in which it was first identified: CONSTANS,
CONSTANS-LIKE, and TOCI), which con-
tains a nuclear-localization signal (66, 126). Re-
verse genetic studies revealed that these PRR
genes all play a role in the plant clock, al-
though the single mutant phenotypes are subtle
(20, 21, 48, 78, 88, 112). Higher-order mutants
generally have stronger phenotypes; in an ex-
treme case, the prr5 prr'7 prr9 triple mutants
are essentially arrhythmic (89). A combina-
tion of experimental and modeling studies sug-
gests that CCA1 and LHY promote the expres-
sion of PRR7 and PRRY, both morning-phased
genes. PRR7 and PRR9 somehow inhibit the
expression of CCAI and LHY. Thus CCAI,
LHY, PRR7, and PRRY are thought to form
one or two morning-phased feedback loops
(Figure 4, loop C) (64, 149). Together, the
three intertwined transcriptional loops de-
picted in Figure 4 form an important part of
the clock regulatory mechanism. This molec-
ular model of the plant clock was achieved
through collaborations between experimen-
tal and computational biologists, a beauti-
ful example of the power of systems biology
approaches.
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The interlocked feedback loops in the plant
clock bear marked similarities to the tran-
scriptional mechanisms implicated in circadian
function in mammals, fruit flies, and Neu-
rospora (148). However, clock components are
not conserved between plants, animals, and
Neurospora. Why then do clock networks in
these diverse organisms share similar “wiring
diagrams”? Mathematical modeling suggests
that interlinked feedback loops enhance the
robustness of a network against perturba-
tion (61, 136), which perhaps explains these
commonalities.

Posttranscriptional Regulation

The transcriptional feedback loops described
above are clearly not the whole story. Mul-
tiple types of posttranscriptional regulation
play a critical role in regulation of the cir-
cadian network. The stability and translation
of some mRNAs are influenced by the circa-
dian clock and light signaling (32, 53, 63), and
the abundance of many clock proteins is un-
der posttranslational control. One of the first
clock mutants to be molecularly identified en-
codes ZTL, an F-box—containing protein thatis
part of a Skp/Cullin/F-box (SCF) E3 ubiquitin
ligase complex (34,40, 121, 147). ZTL also con-
tains a LOV domain, a flavin mononucleotide—
binding region that confers the ability to sense
blue light (44, 54). ZTL interacts with both
TOC1 and PRRS, leading to their degrada-
tion via the proteosome pathway (25, 51, 70).
This degradation is regulated by other protein-
protein interactions and by light.

Studies of ZTL have shed light on the bio-
chemical function of GI, a protein with no rec-
ognizable domains. GI and ZTL physically in-
teract in a blue light-stimulated manner. This
interaction stabilizes both ZTL and GI and
may prevent ZTL from interacting with its
substrates, leading to more rapid degradation
of ZTL, GI, and the substrates PRR5 and
TOCI in the dark than in the light (12, 25,
51, 54, 70) (Figure 4, D). GI also interacts
with the ZTL homolog FLAVIN-BINDING,
KELCH REPEAT, F-BOX 1 (FKF1) in a blue
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light-dependent manner, in this case affect-
ing the stability of a transcription factor in-
volved in flowering-time regulation (116). A
recent study adds an additional wrinkle: TOC1
binds directly to PRR3 in a manner that inter-
feres with TOC1 binding to ZTL (98). Thus
PRR3 appears to stabilize TOCI by prevent-
ing its recruitment to the SCF complex and
its subsequent degradation by the proteosome
(Figure 4, D).

There are many additional examples of
regulated degradation of clock proteins. In-
triguingly, PRR3, PRR7, and PRRY levels are
modulated by the circadian clock, but in a
ZTL-independent manner (22, 25, 45). Other
clock-associated proteins whose abundance is
regulated by light and/or the clock include
LHY, a casein kinase 2 regulatory subunit
(CASEIN KINASE 2B4; CKB4), and XAP5
CIRCADIAN TIMEKEEPER (XCT), a novel
nuclear protein (55,67, 101, 123). Phosphoryla-
tion of atleast some of these proteins likely plays
an important role in their regulated degrada-
tion (22, 25, 101). Phosphorylation affects the
clockin other ways as well, as exemplified by the
requirement of CCA1 phosphorylation for nor-
mal protein function (11) and the shortening of
circadian period upon overexpression of CK2
regulatory subunits (102, 127). Posttranscrip-
tional regulation, specifically phosphorylation,
is also of great importance in animal, fungal,
and cyanobacterial clocks (27, 86).

Challenges to the Transcriptional
Feedback Loops Model

With all these posttranscriptional modifica-
tions, is rhythmic transcription really necessary
for clock function? This question has gained ur-
gency with the discovery that although a feed-
back loop regulates rhythmic transcription of
the cyanobacterial clock genes (kaiA, kaiB, and
kaiC), purified Kai proteins drive temperature-
compensated circadian rhythms in the phos-
phorylation of KaiC in vitro (86).

Some data suggest that transcriptional feed-
back loops may not be essential for clock func-

tion in plants. In a classic study, researchers
found that circadian rhythms in the giant green
alga Acetabularia persist for several days after
removal of its nucleus (130). In higher plants,
there are cases of mutations causing changes in
period without obvious changes in the expres-
sion levels of clock genes. For example, tocl-
I and rocI-2 display similar short-period phe-
notypes (67, 126); however, only tocI-2 causes
the reduction in CCA1 and LHY mRNA levels
predicted by the transcriptional feedback loops
model (1). Similarly, mutations in the clock-
associated genes FIONAl (FIOI), LIGHT
INSENSITIVE PERIOD 1 (LIP1), and XCT
affect free-running period without noticeably
affecting expression levels of CCA1, LHY, and
TOCI in constant conditions (49, 52, 67).

Conversely, there are a number of cases
where large changes in clock gene expres-
sion levels do not cause significant changes
in free-running period. For example, rhythmic
gene expression with an approximately wild-
type period (albeit with low amplitude) occurs
in plants constitutively overexpressing CCA1
(38). Similarly, overexpression of two clock-
regulated transcription factors, MYB3R2 and
bHLHGY, strongly reduces LHY and TOCT ex-
pression but has no effect on free-running pe-
riod (36). A similar incongruity between clock
gene expression levels and period phenotype
is seen in plants mutant for SENSITIVE TO
FREEZING 6 (SFR6) (58). Data inconsistent
with the transcriptional feedback loop mod-
els have also been reported in other eukaryotes
(62).

How can these data be reconciled with the
substantial amount of data indicating transcrip-
tional feedback loops are central to clock func-
tion? Recent findings from cyanobacteria may
point the way. Although purified Kai proteins
exhibit circadian rhythms of KaiC phosphory-
lation in vitro (86), normal clock function in
cyanobacteria likely relies on both rhythmic
protein phosphorylation and gene transcription
(56). It may well be that dual biochemical and
transcriptional cycles are also required for ro-
bust circadian rhythms in higher plants.
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Pieces Still to Be Fit Into the Puzzle

Other clock-associated genes must also
be fit into the circadian network. LUX
ARRHYTHMO (LUX) is an evening-phased
gene encoding a Myb-like transcription factor
essential for rhythmicity that may act near
TOCI in the oscillator (42, 93). Mutations
in PRRS cause a short-period phenotype, but
its mode of action is currently unknown (20,
78, 145). SPINDLY (SPY), a protein with
O-linked B-N-acetylglucosamine transferase
activity, interacts with GI and affects clock
pace (137). Clock pace is also regulated by
TEJ, a poly(ADP-ribose) glycohydrolase
(97), and FIOI1, a putative S-adenosyl-L-
methionine-dependent methyltransferase (52),
via unknown mechanisms. Another locus,
TIME FOR COFFEE (TIC), is important for
maintenance of circadian period and amplitude
(14). sfr6 plants have reduced tolerance to
freezing and show altered response of free-
running period in response to sucrose (58).
Finally, overexpression of several Myb-like
and bHLH factors disrupts clock function (36,
60, 150); it will be interesting to determine
whether loss-of-function mutants also show
circadian defects. Further genetic and bio-
chemical studies are required to place these
genes within the clock network.

Conservation of Clock Genes

Despite the similarities in circadian physiology
and transcriptional feedback loops in diverse or-
ganisms, genes with proposed primary roles in
the clock are not conserved across higher taxa.
However, cryptochromes mediate blue light in-
put into the clocks of both plants and insects,
while CK2 phosphorylates clock proteins in
animals, plants, and Newrospora (see Reference
131 for a review). Notably, these proteins play
important roles in diverse signaling pathways,
suggesting that their involvement in circadian
clocks in diverse species may represent conver-
gent evolution.

What about conservation of clock genes in
photosynthetic organisms? Homologs of the
molecular components of the circadian network
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described above can be found in both monocot
and dicot plant species, including crassulacean
acid metabolism (CAM) plants, chestnut, Phar-
bitis, poplar, rice, and Lemna (7,41, 76, 84, 103,
118). Studies in the green alga Chlamydomonas
reinbardtii have revealed that Myb-like tran-
scription factors and a component of the SCF
E3 ubiquitin ligase complex are important for
clock function, suggesting some similarities to
the Arabidopsis clock (71). However, obvious ho-
mologs of TOC1, GI, and ZTL are not found in
this alga, and many Chlamydomonas genes impli-
cated in clock function are not known to play
a role in the clock in higher plants (71, 138).
Further investigation of the molecular makeup
of the circadian system in algae and nonvascular
plants will provide interesting insights into the
evolution of the plant clock.

THE CIRCADIAN SIGNALING
NETWORK

As noted above, clock genes cannot be neatly
classified as input, central clock, and output
components. Instead, they tend to have multi-
ple functions within the circadian system. Many
genes thought of as clock components also play
roles in light signaling. For example, TOCI1
has biochemically separable roles in light sig-
naling and control of clock pace (67, 69). ZTL,
in addition to regulating TOC1 levelsin a light-
dependent manner, is important for clock func-
tion in constant darkness (120). ZTL also plays
separable roles in red light-dependent signal-
ing and the central clock (50). Similarly, GI,
LIP1, and XCT appear to have discrete func-
tions in light regulation of photomorphogene-
sis and clock function (49, 67, 92). PRRS and
PRR7 have also been suggested to act in phy-
tochrome signaling pathways (46, 48).

Clock genes can also directly regulate clock
output pathways. GI plays biochemically sepa-
rable roles in clock function and the regulation
of flowering time (68, 82). This finding may in-
dicate thatits interactions with ZTL and FKF1,
the F-box proteins influencing these two pro-
cesses, rely upon different amino acid residues
(54, 116). CCAl and LHY likely directly
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control expression of many clock output genes
(see below). Thus it is quite common for clock
genes to have multiple functions within the
plant circadian system (Figure 3b). Similar
multifunctionality can be seen for clock com-
ponents in other organisms (148).

HOW MANY CLOCKS?

One way to assess the number of clocks in an
organism is to compare the rhythmicity of mul-
tiple circadian outputs; different free-running
periods imply these rhythms are controlled by
different oscillators. Leaf movement rhythms
have alonger free-running period than rhythms
in stomatal conductance, photosynthesis, or
expression of the CAB2 gene (80, 122). Follow-
up studies revealed that rhythmic changes in
cytosolic free calcium levels and CAB2 expres-
sion also have different periods, as do rhyth-
mic expression of the CAB2 and CHALCONE
SYNTHASE (CHS) genes (110, 134). A com-
parison of clock regulation of the CAB2 and
CATALASE3 (CAT3) promoters also suggests
they are controlled by oscillators with different
properties (77). These data imply that plants
are composed of oscillators with different bio-
chemical properties. However, because these
rhythmic outputs are primarily generated by
different cell types, it may be that clock com-
position varies between cells rather than dis-
tinct clock mechanisms existing within a single
cell.

A recent study provides support for the idea
that the biochemical nature of the circadian sys-
tem differs between cell types. In pr73 plants,
genes with widespread expression patterns have
a modest short-period phenotype, whereas a
stronger phenotype is seen for genes preferen-
tially expressed in the vasculature (98). PRR3
is expressed most strongly in the vasculature,
supporting the idea that it acts primarily in
this tissue and raising the possibility that other
clock genes have cell-specific functions. In ad-
dition, some allele-specific period phenotypes
have been reported. tocI-1 has differential ef-
fects on rhythms in free cytosolic calcium con-
centration and gene expression, whereas rocI-2

causes similar period-shortening of these out-
puts (142). Similarly, the gi-2 mutation has dif-
ferential effects on leaf movement and gene ex-
pression rhythms, whereas the gi-1 allele has a
similar effect on both (99). Despite these find-
ings, clock composition is likely broadly similar
in different cell types. In most circadian mu-
tants, multiple clock outputs are affected in a
similar manner (97, 134). These data suggest
the clocks driving rhythmicity in diverse cell
types are fundamentally similar, sharing many
components but exhibiting some biochemical
differences.

The presence of multiple clocks within a sin-
gle organism leads to the question of how these
oscillators are coordinated with each other.
This coordination may occur via entrainment
by external cues. The presence of photorecep-
tors in many plant cell types and the light-
piping properties of leaf and vascular tissues
may allow light signals to coordinately entrain
most of the plant, even in woody species (128).
Similarly, temperature entrainment could co-
ordinate clocks in diverse plant tissues. The
lack of strong coupling between transcriptional
rhythms in a single organ (26, 133) suggests that
entrainment by environmental cues, rather than
by an endogenous signal, is important for co-
ordinate regulation of rhythms throughout an
individual plant.

LIGHT, TEMPERATURE,
AND THE CLOCK

Environmental cues set the phase of the clock to
the appropriate time of day. Are such cues nec-
essary to start the clock as well? Recent studies
have demonstrated circadian rhythms in tran-
scription that can be detected within two days
after imbibition, around the time the emerg-
ing radicle breaks the seed coat (114). These
rhythms can be entrained by imbibition, release
from stratification, or a light pulse (77, 114,
151). Circadian rhythms can even be observed
in etiolated seedlings that have never been ex-
posed to a temperature step or light treatment,
indicating that the circadian clock in plants is
truly endogenous (114).
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Nonetheless, changes in light and temper-
ature can have strong effects on the circadian
system; light effects in particular have been
intensively studied. Light input to the clock
occurs via multiple types of photoreceptors. As
described above, ZTL is a photoreceptor
that controls TOCI stability in a blue light—
regulated manner. The phytochrome and
cryptochrome  photoreceptors also control
red and blue light signaling to the clock (13,
119). The signaling pathways downstream of
these photoreceptors are less clear. EARLY
FLOWERING 3 (ELF3) and EARLY
FLOWERING 4 (ELF4), two unrelated
proteins of unknown function, both negatively
regulate light input to the clock and help main-
tain robust rhythms in constant conditions via
unknown mechanisms (10, 17, 73, 74). A third
pioneer protein, SENSITIVITY TO RED
LIGHT REDUCED 1 (SRR1), is a positive
regulator of signaling in response to red and
white light and plays an unspecified role in the
setting of clock pace (124). A recently identified
gene, LIP], has distinct roles in light signaling
to the clock and photomorphogenesis. LIPI
encodes a plant-specific GTPase localized
to both the cytoplasm and the nucleus (49).
Finally, XCT 1is a ubiquitously expressed
protein of unknown function that acts both
in light input and clock function in constant
conditions (67).

Although the light signaling pathways re-
sponsible for clock resetting are still unclear, a
number of targets have been identified. Expres-
sion of CCAI, LHY, PRRY, and GI, all genes
thought to act within the clock transcriptional
teedback loops (Figure 4), is induced by light
(53, 65, 132, 140). Light also promotes degra-
dation of CCA1 mRNA and increases the trans-
lation rate of LHY mRNA (53, 144). Finally, as
noted above, the stability of many clock pro-
teins is light regulated. These data suggest light
resetting of the clock occurs via modulation
of multiple clock genes at multiple regulatory
levels.

Less well studied is the mechanism by which
temperature affects the plant clock. Transcrip-
tion of CCAI, LHY, TOCI, and GI is tem-
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perature sensitive (31, 96, 112), although the
underlying mechanisms are unknown. How-
ever, PRR7 and PRR9 are clearly important for
responding to temperature signals. prr7 prr9
mutants do not entrain to temperature cycles
and do notrespond to temperature pulses (112),
suggesting a role in response to temperature
signaling. Temperature regulation of gene ex-
pression may also play an important role in
temperature compensation. The maintenance
of similar free-running periods at different tem-
peratures may be achieved by an antagonis-
tic balance of differential expression between
morning- and evening-phased genes (31).

DAILY AND SEASONAL RHYTHMS

Many, perhaps most, aspects of plant growth
and development are influenced by the clock.
These include processes that occur with daily
rhythms, such as photosynthesis, stem growth,
and scent emission (143). Seasonal processes,
such as the transition from vegetative to repro-
ductive growth and the onset of dormancy, are
also regulated by the circadian clock (72). In ad-
dition, many signaling pathways are modulated
by the clock so that plant sensitivity to stim-
uli varies across the circadian cycle, a process
known as gating. How is clock modulation of
these processes achieved?

Clock Regulation of Gene Expression

A large fraction of the plant transcriptome
is regulated by the circadian clock, which
likely plays an important role in clock regula-
tion of plant physiology. A recent microarray
study suggests that approximately one-third of
expressed genes are clock controlled in Ara-
bidopsis (9); this estimate correlates well with re-
sults from an enhancer trap screen suggesting
that 36% of Arabidopsis promoters are circadian
regulated (75). The fraction of clock-regulated
genes may be even higher because these studies
were performed using whole seedlings. Tissue-
specific circadian regulation is prevalent in an-
imals (125); an examination of rhythmic gene
expression in isolated plant tissues or cell types
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is likely to reveal many more clock-regulated
genes.

How is clock regulation of these hundreds
of genes, with peak phases of expression occur-
ring at all times of the subjective day and night,
achieved? Several promoter motifs associated
with phase-specific expression have been iden-
tified. The evening element, or EE, is found in
the promoters of approximately one-quarter of
dusk-phased genes and confers evening-phased
expression on a reporter (9, 18, 37, 38, 76).
The EE is present in the promoters of evening-
phased clock genes such as TOC1, GI, and LUX
and is thought to play a role in the transcrip-
tional loops of the central clock. The dawn-
phased CCA1 and LHY proteins bind to these
EE promoter sequences, leading to repression
of evening-expressed genes (1, 38, 42, 100).
A small family of clock-regulated CCAI-like
genes can bind the EE in vitro (30, 60, 150);
however, their relative contributions to clock
regulation of evening-phased genes remain
unclear.

A few other regulatory motifs have been
implicated in phase-specific expression. The
morning element, or ME, is overrepresented
in the promoters of morning-phased genes and
confers dawn-phased rhythms on a reporter
gene (9, 38, 76), whereas the protein box (PBX)
is prevalent in the promoters of night-phased
genes and confers midnight-phased rhythms
on a luciferase reporter (76). The GATA and
G-boxes have been implicated in the regulation
of afternoon-phased and morning-phased gene
expression, respectively (9, 18,43, 76), although
these predictions need experimental validation.
The identification of the transcription factors
that bind to these circadian promoter motifs
will shed light on the mechanisms underlying
clock function and how the circadian system in-
fluences plant physiology.

Interactions with Other
Signaling Networks

Perhaps not surprisingly considering the large
fraction of the genome under clock control, the
circadian system influences and is influenced by

many signaling and metabolic pathways. The
interactions between light and clock signaling
pathways are particularly intimate, because not
only is plant sensitivity to light gated by the
clock, but also many clock genes play roles
in light signaling (described above). This phe-
nomenon is seen in multiple species and may
be due to light signaling genes having been co-
opted by the circadian system during evolution
(39). Temperature-sensing pathways are mod-
ulated by the clock as well. Both clock reset-
ting in response to changes in temperature and
plant susceptibility to extreme heat or cold vary
in a circadian manner (77, 106, 107). Rhythmic
cold resistance is likely due to circadian gat-
ing of cold-induced transcription factors that
confer freezing tolerance (23). More complex
interactions between pathways have also been
reported. For example, the ability of low tem-
perature to induce cold acclimation is regulated
by light quality in a clock-dependent manner
(24). Thus there is cross talk between the clock,
cold, and light signaling networks.

The clock modulates many hormone
pathways as well. The abundance of ethy-
lene, brassinosteroids, gibberellins, and auxin,
all hormones implicated in stem elongation, is
modified by the clock (3, 6, 47, 135). Plant
responsiveness to endogenous and exogenous
auxin is also under circadian control (8). More-
over, analysis of genes regulated by both the
clock and various hormone signaling pathways
suggests that the clock influences the abscisic
acid, cytokinin, methyl jasmonate, and salicylic
acid signaling pathways, with important impli-
cations for plant development and responses to
biotic and abiotic stresses (9). Data suggest that
cytokinin signaling feeds back to regulate the
clockitself (35, 113), another example of a clock
output also acting as an input.

Recent studies are exploring the relation-
ships between light, hormone, and clock sig-
naling pathways in the control of plant growth.
REVEILLE1 (RVEI), a CCAI homolog and
clock output gene, has been implicated in the
auxin-mediated control of hypocotyl elonga-
tion (R. Rawat, J. Schwartz I. Sairanen, Y.
Cheng, C.R. Andersson, Y. Zhao, K. Ljung,
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& S.L. Harmer, manuscript submitted). The
rapid growth of plant hypocotyls in response
to simulated shading by neighbors is gated by
the clock via induction of a transcription factor
in a time-of-day sensitive manner (115). Clock
and light signaling also cooperate in the regu-
lation of plant growth by controlling the tran-
scription and protein degradation, respectively,
of two basic helix-loop-helix transcription fac-
tors (91). The combined action of these path-
ways results in different phasing of peak stem
growth depending on day length (91).
Complex relationships between the clock
and other signaling pathways are being revealed
in other studies as well. Light, temperature,
and sugar availability all alter the pattern of ex-

SUMMARY POINTS

pression of clock-regulated genes (5, 58, 76). A
clock component, CCAL, regulates expression
of key genes involved in nitrogen assimilation;
in turn, a pulse of organic nitrogen can mod-
ify the phase of CCAI expression (33). Simi-
larly, the abundance of the cytosolic signaling
molecules Ca** and cyclic adenosine diphos-
phate ribose is clock regulated, and perturba-
tion of these cycles alters circadian parameters
(15). Thus metabolites and second messengers
can feed back to modify clock function, another
example of circadian regulation of physiological
processes thatin turn affect clock function. The
circadian system can therefore be considered an
integral part of a large signaling network that
optimizes plant responses to the environment.

1. The circadian clock provides plants with a growth advantage, likely due to correct phasing
of clock outputs to the most suitable time of day.

2. The plant clock s cell autonomous; plant clock genes act in self-sustaining transcriptional

and posttranscriptional feedback loops. Clock genes are conserved within angiosperms

but not across higher taxa.

3. The circadian system is best described as a network, with extensive feedback regulation
between the oscillator and clock input and output pathways.

4. Lightand clocksignaling pathways are closely linked. Almost all known clock components

are either transcriptionally or posttranscriptionally light regulated. In addition, many

clock genes also act in light signaling pathways.

5. The circadian system acts as a signal integrator, interacting with many other signaling

networks to restrict plant responses to environmental stimuli to the most appropriate
time of day. These signaling pathways in turn can feed back to affect clock function.

FUTURE ISSUES

1. The current model of the plant clock needs refinement. The predicted but currently
unidentified clock components must be found and characterized, and the interlocked
transcriptional feedback loop model needs to be modified to accommodate discrepant

data.

2. Many genes implicated in central clock function encode pioneer proteins with no known

biochemical functions. An understanding of their molecular functions will tremendously

improve our understanding of the circadian system.
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3. Data suggest the molecular make-up of the clock varies between different organs and
tissues. The field will need to move beyond the whole-plant level to define the molecular
composition of the clock and related signaling pathways in single cell types.

4. Finally, we need to further investigate interactions between the circadian clock and other
signaling and developmental networks to better understand how the clock modifies en-
vironmental responses. These studies will help us understand how the circadian clock
provides an adaptive advantage.
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NOTE ADDED IN PROOF

A recent paper (1) shows that when plants are grown so that the shoots but not roots are exposed
to light, only a subset of the central clock-associated genes are rhythmically expressed in roots.
This suggests that clock composition depends both upon environment and organ type.

1. James AB, Monreal JA, Nimmo GA, Kelly CL, Herzyk P, et al. 2008. The circadian clock in
Arabidopsis roots is a simplified slave version of the clock in shoots. Science 322:1832-35

LITERATURE CITED

1. Alabadi D, Oyama T, Yanovsky MJ, Harmon FG, Mas P, Kay SA. 2001. Reciprocal regulation
between TOC1 and LHY/CCA1 within the Arabidopsis circadian clock. Science 293:880-83

2. Aschoff]. 1960. Exogenous and endogenous components in circadian rhythms. Cold Spring Harb. Symp.
Quant. Biol. 25:11-28

3. Bancos S, Szatmari AM, Castle J, Kozma-Bognar L, Shibata K, et al. 2006. Diurnal regulation of the
brassinosteroid-biosynthetic CPD gene in Arabidopsis. Plant Physiol. 141:299-309

4. Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, et al. 2005. Circadian rhythms from
multiple oscillators: lessons from diverse organisms. Nat. Rev. Genet. 6:544-56

5. Blasing OE, Gibon Y, Gunther M, Hohne M, Morcuende R, etal. 2005. Sugars and circadian regulation
make major contributions to the global regulation of diurnal gene expression in Arabidopsis. Plant Cell
17:3257-81

6. Blazquez MA, Trenor M, Weigel D. 2002. Independent control of gibberellin biosynthesis and flowering
time by the circadian clock in Arabidopsis. Plant Physiol. 130:1770-75

7. Boxall SF, Foster JM, Bohnert HJ, Cushman JC, Nimmo HG, Hartwell J. 2005. Conservation and
divergence of circadian clock operation in a stress-inducible Crassulacean acid metabolism species reveals
clock compensation against stress. Plant Physiol. 137:969-82

8. Covington MF, Harmer SL. 2007. The circadian clock regulates auxin signaling and responses
in Arabidopsis. PLoS Biol. 5:€222

9. Covington MF, Maloof JN, Straume M, Kay SA, Harmer SL. 2008. Global transcriptome analysis
reveals circadian regulation of key pathways in plant growth and development. Genome Biol. 9:R130

www.annualreviews.org o The Circadian System in Higher Plants

1. Presented the first
plausible model for the
plant circadian
oscillator.

8. Shows that
transcriptional and
growth responses to

auxin are both regulated
by the clock.

371



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

16. Demonstrates that

the clock provides a
growth advantage,

presumably via correct

phasing of outputs.

372

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Covington MF, Panda S, Liu XL, Strayer CA, Wagner DR, Kay SA. 2001. ELF3 modulates resetting of
the circadian clock in Arabidopsis. Plant Cell 13:1305-15

Daniel X, Sugano S, Tobin EM. 2004. CK2 phosphorylation of CCAL is necessary for its circadian
oscillator function in Arabidopsis. Proc. Natl. Acad. Sci. USA 101:3292-97

David KM, Armbruster U, Tama N, Putterill J. 2006. Arabidopsis GIGANTEA protein is post-
transcriptionally regulated by light and dark. FEBS Lett. 580:1193-97

Devlin PF, Kay SA. 2000. Cryptochromes are required for phytochrome signaling to the circadian clock
but not for rhythmicity. Plant Cell 12:2499-510

Ding Z, Millar AJ, Davis AM, Davis SJ. 2007. TIME FOR COFFEE encodes a nuclear regulator in the
Arabidopsis thaliana circadian clock. Plant Cell 19:1522-36

Dodd AN, Gardner MJ, Hotta CT, Hubbard KE, Dalchau N, et al. 2007. The Arabidopsis circadian
clock incorporates a cADPR-based feedback loop. Science 318:1789-92

Dodd AN, Salathia N, Hall A, Kevei E, Toth R, et al. 2005. Plant circadian clocks increase
photosynthesis, growth, survival, and competitive advantage. Science 309:630-33

. Doyle MR, Davis SJ, Bastow RM, McWatters HG, Kozma-Bognar L, et al. 2002. The ELF4 gene

controls circadian rhythms and flowering time in Arabidopsis thaliana. Nature 419:74-77

Edwards KD, Anderson PE, Hall A, Salathia NS, Locke JC, et al. 2006. FLOWERING LOCUS C
mediates natural variation in the high-temperature response of the Arabidopsis circadian clock. Plant Cell
18:639-50

Edwards KD, Lynn JR, Gyula P, Nagy F, Millar AJ. 2005. Natural allelic variation in the temperature-
compensation mechanisms of the Arabidopsis thaliana circadian clock. Genetics 170:387-400

Eriksson ME, Hanano S, Southern MM, Hall A, Millar AJ. 2003. Response regulator homologues have
complementary, light-dependent functions in the Arabidopsis circadian clock. Planta 218:159-62

Farre EM, Harmer SL, Harmon FG, Yanovsky M], Kay SA. 2005. Overlapping and distinct roles of
PRR7 and PRRY in the Arabidopsis circadian clock. Curv. Biol. 15:47-54

Farre EM, Kay SA. 2007. PRR7 protein levels are regulated by light and the circadian clock in Arabidopsis.
Plant §. 52:548-60

Fowler SG, Cook D, Thomashow MF. 2005. Low temperature induction of Arabidopsis CBFI, 2, and 3
is gated by the circadian clock. Plant Physiol. 137:961-68

Franklin KA, Whitelam GC. 2007. Light-quality regulation of freezing tolerance in Arabidopsis thaliana.
Nat. Genet. 39:1410-13

Fujiwara S, Wang L, Han L, Suh SS, Salome PA, et al. 2008. Post-translational regulation of the Ara-
bidopsis circadian clock through selective proteolysis and phosphorylation of pseudo-response regulator
proteins. 7. Biol. Chem. 283:23073-83

Fukuda H, Nakamichi N, Hisatsune M, Murase H, Mizuno T. 2007. Synchronization of plant circadian
oscillators with a phase delay effect of the vein network. Phys. Rev. Lett. 99:098102

Gallego M, Virshup DM. 2007. Post-translational modifications regulate the ticking of the circadian
clock. Nat. Rev. Mol. Cell Biol. 8:139-48

Gibon Y, Blaesing OE, Hannemann J, Carillo P, Hohne M, et al. 2004. A robot-based platform to
measure multiple enzyme activities in Arabidopsis using a set of cycling assays: comparison of changes
of enzyme activities and transcript levels during diurnal cycles and in prolonged darkness. Plant Cell
16:3304-25

Gibon Y, Usadel B, Blaesing OE, Kamlage B, Hoehne M, et al. 2006. Integration of metabolite with
transcript and enzyme activity profiling during diurnal cycles in Arabidopsis rosettes. Genome Biol. 7:R76
Gong W, He K, Covington M, Dinesh-Kumar SP, Snyder M, et al. 2008. The development of protein
microarrays and their applications in DNA-protein and protein-protein interaction analyses of Arabidopsis
transcription factors. Mol. Plant 1:27-41

Gould PD, Locke JC, Larue C, Southern MM, Davis S]J, et al. 2006. The molecular basis of temperature
compensation in the Arabidopsis circadian clock. Plant Cell 18:1177-87

Guderrez RA, Ewing RM, Cherry JM, Green PJ. 2002. Identification of unstable transcripts in
Arabidopsis by cDNA microarray analysis: rapid decay is associated with a group of touch- and specific
clock-controlled genes. Proc. Natl. Acad. Sci. USA 99:11513-18

Harmer



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Guderrez RA, Stokes TL, Thum K, Xu X, Obertello M, et al. 2008. Systems approach identifies an
organic nitrogen-responsive gene network that is regulated by the master clock control gene CCAI.
Proc. Natl. Acad. Sci. USA 105:4939-44

Han L, Mason M, Risseeuw EP, Crosby WL, Somers DE. 2004. Formation of an SCF(ZTL) complex
is required for proper regulation of circadian timing. Plant 7. 40:291-301

Hanano S, Domagalska MA, Nagy F, Davis SJ. 2006. Multiple phytohormones influence distinct pa-
rameters of the plant circadian clock. Genes Cells 11:1381-92

Hanano S, Stracke R, Jakoby M, Merkle T, Domagalska MA, etal. 2008. A systematic survey in Arabidopsis
thaliana of transcription factors that modulate circadian parameters. BMC Genomics 9:182

Harmer SL, Hogenesch J B, Straume M, Chang HS, Han B, et al. 2000. Orchestrated transcription
of key pathways in Arabidopsis by the circadian clock. Science 290:2110-13

Harmer SL, Kay S. 2005. Positive and negative factors confer phase-specific circadian regulation of
transcription in Arabidopsis. Plant Cell 17:1926-40

Harmer SL, Panda S, Kay SA. 2001. Molecular bases of circadian rhythms. Annu. Rev. Cell Dev. Biol.
17:215-53

Harmon F, Imaizumi T, Gray WM. 2008. CUL1 regulates TOCI protein stability in the Arabidopsis
circadian clock. Plant . 55:568-79

Hayama R, Agashe B, Luley E, King R, Coupland G. 2007. A circadian rhythm set by dusk determines
the expression of FT homologs and the short-day photoperiodic flowering response in Pharbitis. Plant
Cell 19:2988-3000

Hazen SP, Schultz TF, Pruneda-Paz JL, Borevitz JO, Ecker JR, Kay SA. 2005. LUX ARRHYTHMO
encodes a Myb domain protein essential for circadian rhythms. Proc. Natl. Acad. Sci. USA 102:10387-92
Hudson ME, Quail PH. 2003. Identification of promoter motifs involved in the network of phytochrome
A-regulated gene expression by combined analysis of genomic sequence and microarray data. Plant Physiol.
133:1605-16

Imaizumi T, Tran HG, Swartz TE, Briggs WR, Kay SA. 2003. FKF1 is essential for photoperiodic-
specific light signalling in Arabidopsis. Nature 426:302-6

Ito S, Nakamichi N, Kiba T, Yamashino T, Mizuno T. 2007. Rhythmic and light-inducible appearance
of clock-associated pseudoresponse regulator protein PRRY through programmed degradation in the
dark in Arabidopsis thaliana. Plant Cell Physiol. 48:1644-51

Tto S, Nakamichi N, Nakamura Y, Niwa Y, Kato T, et al. 2007. Genetic linkages between circadian
clock-associated components and phytochrome-dependent red light signal transduction in Arabidopsis
thaliana. Plant Cell Physiol. 48:971-83

Jouve L, Gaspar T, Kevers C, Greppin H, Degli Agosti R. 1999. Involvement of indole-3-acetic acid in
the circadian growth of the first internode of Arabidopsis. Planta 209:136-42

Kaczorowski KA, Quail PH. 2003. Arabidopsis PSEUDO-RESPONSE REGULATORY is a signaling
intermediate in phytochrome-regulated seedling deetiolation and phasing of the circadian clock. Plant
Cell 15:2654-65

Kevei E, Gyula P, Feher B, Toth R, Viczian A, et al. 2007. Arabidopsis thaliana circadian clock is regulated
by the small GTPase LIP1. Cusr: Biol. 17:1456-64

Kevei E, Gyula P, Hall A, Kozma-Bognar L, Kim WY, et al. 2006. Forward genetic analysis of the
circadian clock separates the multiple functions of ZEITLUPE. Plant Physiol. 140:933-45

Kiba T, Henriques R, Sakakibara H, Chua NH. 2007. Targeted degradation of PSEUDO-RESPONSE
REGULATORS by an SCFZTL complex regulates clock function and photomorphogenesis in Arabidopsis
thaliana. Plant Cell 19:2516-30

Kim J, Kim Y, Yeom M, Kim JH, Nam HG. 2008. FIONAL is essential for regulating period length in
the Arabidopsis circadian clock. Plant Cell 20:307-19

Kim JY, Song HR, Taylor BL, Carre IA. 2003. Light-regulated translation mediates gated induction of
the Arabidopsis clock protein LHY. EMBO 7. 22:935-44

Kim WY, Fujiwara S, Suh SS, Kim J, Kim Y, et al. 2007. ZEITLUPE is a circadian photoreceptor
stabilized by GIGANTEA in blue light. Nature 449:356-60

Kim WY, Geng R, Somers DE. 2003. Circadian phase-specific degradation of the F-box protein ZTL
is mediated by the proteasome. Proc. Natl. Acad. Sci. USA 100:4933-38

www.annualreviews.org o The Circadian System in Higher Plants

37. The expression of
hundreds of genes is
clock regulated; the EE
is an important
regulatory motif.

54. Shows ZTL is a
blue-light
photoreceptor and that
GI regulates ZTL-
mediated degradation of
TOCI.

373



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

65. Combined modeling

and experimental
approaches lead to

modified clock model;

role for GI proposed.

70. Genetics and
biochemistry used to

demonstrate TOCl is a

target of the F-box
protein ZTL.

80. First study reporting
circadian clock mutants

in Arabidopsis.

374

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

67.

68.

69.

70.

72.
73.

74.

75.

76.

77.

78.

79.

80.

Kitayama Y, Nishiwaki T, Terauchi K, Kondo T. 2008. Dual KaiC-based oscillations constitute the
circadian system of cyanobacteria. Genes Dev. 22:1513-21

Kloppstech K. 1985. Diurnal and circadian rhythmicity in the expression of light-induced plant nuclear
messenger RNAs. Planta 165:502-6

Knight H, Thomson AJ, McWatters HG. 2008. SENSITIVE TO FREEZING 6 (SFR6) integrates
cellular and environmental inputs to the plant circadian clock. Plant Physiol. 148:293-303

KonopkaR], Benzer S. 1971. Clock mutants of Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 68:2112—
16

Kuno N, Moller SG, Shinomura T, Xu X, Chua NH, Furuya M. 2003. The novel MYB protein EARLY-
PHYTOCHROME-RESPONSIVEI is a component of a slave circadian oscillator in Arabidopsis. Plant
Cell 15:2476-88

Kwon YK, Cho KH. 2007. Analysis of feedback loops and robustness in network evolution based on
Boolean models. BMC Bioinformatics 8:430

Lakin-Thomas PL. 2006. Transcriptional feedback oscillators: maybe, maybe not. 7. Biol. Rhythm. 21:83—
92

Lidder P, Gutierrez RA, Salome PA, McClung CR, Green PJ. 2005. Circadian control of messenger RNA
stability. Association with a sequence-specific messenger RNA decay pathway. Plant Physiol. 138:2374-85
Locke JC, Kozma-Bognar L, Gould PD, Feher B, Kevei E, et al. 2006. Experimental validation of a
predicted feedback loop in the multi-oscillator clock of Arabidopsis thaliana. Mol. Syst. Biol. 2:59

Locke JC, Southern MM, Kozma-Bognar L, Hibberd V, Brown PE, et al. 2005. Extension of a
genetic network model by iterative experimentation and mathematical analysis. Mol. Syst. Biol.
1:2005.0013

. Makino S, Kiba T, Imamura A, Hanaki N, Nakamura A, et al. 2000. Genes encoding pseudoresponse

regulators: insight into His-to-Asp phosphorelay and circadian rhythm in Arabidopsis thaliana. Plant Cell
Physiol. 41:791-803

Martin-Tryon EL, Harmer SL. 2008. XAP5 CIRCADIAN TIMEKEEPER coordinates light signals to
properly time the circadian clock and photomorphogenesis. Plant Cell 20:1244-59

Martin-Tryon EL, Kreps JA, Harmer SL. 2007. GIGANTEA acts in blue light signaling and has bio-
chemically separable roles in circadian clock and flowering time regulation. Plant Physiol. 143:473-86
Mas P, Alabadi D, Yanovsky MJ, Oyama T, Kay SA. 2003. Dual role of TOC1 in the control of circadian
and photomorphogenic responses in Arabidopsis. Plant Cell 15:223-36

Mas P, Kim WY, Somers DE, Kay SA. 2003. Targeted degradation of TOC1 by ZTL modulates
circadian function in Arabidopsis thaliana. Nature 426:567-70

. Matsuo T, Okamoto K, Onai K, Niwa Y, Shimogawara K, Ishiura M. 2008. A systematic forward genetic

analysis identified components of the Chlamydomonas circadian system. Genes Dev. 22:918-30

McClung CR. 2006. Plant circadian rhythms. Plant Cell 18:792-803

McWatters HG, Bastow RM, Hall A, Millar AJ. 2000. The ELF3 zeitnehmer regulates light signalling
to the circadian clock. Nature 408:716-20

McWatters HG, Kolmos E, Hall A, Doyle MR, Amasino RM, etal. 2007. ELF4 is required for oscillatory
properties of the circadian clock. Plant Physiol. 144:391-401

Michael TP, McClung CR. 2003. Enhancer trapping reveals widespread circadian clock transcriptional
control in Arabidopsis. Plant Physiol. 132:629-39

Michael TP, Mockler TC, Breton G, McEntee C, Byer A, et al. 2008. Network discovery pipeline
elucidates conserved time-of-day-specific cis-regulatory modules. PLoS Genet. 4:e14

Michael TP, Salomé PA, McClung CR. 2003. Two Arabidopsis circadian oscillators can be distinguished
by differential temperature sensitivity. Proc. Natl. Acad. Sci. USA 100:6878-83

Michael TP, Salome PA, Yu HJ, Spencer TR, Sharp EL, et al. 2003. Enhanced fitness conferred by
naturally occurring variation in the circadian clock. Science 302:1049-53

Mihalcescu I, Hsing W, Leibler S. 2004. Resilient circadian oscillator revealed in individual cyanobac-
teria. Nature 430:81-85

Millar AJ, Carre IA, Strayer CA, Chua NH, Kay SA. 1995. Circadian clock mutants in Arabidopsis
identified by luciferase imaging. Science 267:1161-63

Harmer



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Millar AJ, Kay SA. 1996. Integration of circadian and phototransduction pathways in the network con-
trolling CAB gene transcription in Arabidopsis. Proc. Natl. Acad. Sci. USA 93:15491-96

Mizoguchi T, Wright L, Fujiwara S, Cremer F, Lee K, et al. 2005. Distinct roles of GIGANTEA in
promoting flowering and regulating circadian rhythms in Arabidopsis. Plant Cell 17:2255-70

Mizuno T, Nakamichi N. 2005. Pseudo-response regulators (PRRs) or #rue oscillator components
(TOCs). Plant Cell Physiol. 46:677-85

Murakami M, Tago Y, Yamashino T, Mizuno T. 2007. Comparative overviews of clock-associated genes
of Arabidopsis thaliana and Oryza sativa. Plant Cell Physiol. 48:110-21

Nagoshi E, Saini C, Bauer C, Laroche T, Naef F, Schibler U. 2004. Circadian gene expression in
individual fibroblasts: cell-autonomous and self-sustained oscillators pass time to daughter cells. Ce//
119:693-705

Nakajima M, Imai K, Ito H, Nishiwaki T, Murayama Y, et al. 2005. Reconstitution of circadian
oscillation of cyanobacterial KaiC phosphorylation in vitro. Science 308:414-15

Nakamichi N, Ito S, Oyama T, Yamashino T, Kondo T, Mizuno T. 2004. Characterization of plant
circadian rhythms by employing Arabidopsis cultured cells with bioluminescence reporters. Plant Cell
Physiol. 45:57-67

Nakamichi N, Kita M, Ito S, Sato E, Yamashino T, Mizuno T. 2005. The Arabidopsis pseudoresponse
regulators, PRR5 and PRR7, coordinately play essential roles for circadian clock function. Plant Cell
Physiol. 46:609-19

Nakamichi N, Kita M, Ito S, Yamashino T, Mizuno T. 2005. PSEUDO-RESPONSE REGULATORS,
PRRY, PRR7 and PRRS, together play essential roles close to the circadian clock of Arabidopsis thaliana.
Plant Cell Physiol. 46:686-98

Nakamichi N, Matsushika A, Yamashino T, Mizuno T. 2003. Cell autonomous circadian waves of the
APRR1/TOCI quintet in an established cell line of Arabidopsis thaliana. Plant Cell Physiol. 44:360-65
Nozue K, Covington MF, Duek PD, Lorrain S, Fankhauser C, et al. 2007. Rhythmic growth
explained by coincidence between internal and external cues. Nature 448:358-61

Oliverio KA, Crepy M, Martin-Tryon EL, Milich R, Harmer SL, et al. 2007. GIGANTEA regulates
phytochrome A-mediated photomorphogenesis independently of its role in the circadian clock. Plant
Physiol. 144:495-502

Onai K, Ishiura M. 2005. PHYTOCLOCK I encoding a novel GARP protein essential for the Arabidopsis
circadian clock. Genes Cells 10:963-72

Onai K, Okamoto K, Nishimoto H, Morioka C, Hirano M, et al. 2004. Large-scale screening of
Arabidopsis circadian clock mutants by a high-throughput real-time bioluminescence monitoring sys-
tem. Plant 7. 40:1-11

Ouyang Y, Andersson CR, Kondo T, Golden SS, Johnson CH. 1998. Resonating circadian clocks
enhance fitness in cyanobacteria. Proc. Natl. Acad. Sci. USA 95:8660-64

Paltiel ], Amin R, Gover A, Ori N, Samach A. 2006. Novel roles for GIGANTEA revealed under environ-
mental conditions that modify its expression in Arabidopsis and Medicago truncatula. Planta 224:1255-68
Panda S, Poirier GG, Kay SA. 2002. t¢j defines a role for poly(ADP-ribosyl)ation in establishing period
length of the Arabidopsis circadian oscillator. Dev. Cell 3:51-61

Para A, Farre EM, Imaizumi T, Pruneda-PazJL, Harmon FG, Kay SA. 2007. PRR3 is a vascular regulator
of TOCI stability in the Arabidopsis circadian clock. Plant Cell 19:3462-73

Park DH, Somers DE, Kim YS, Choy YH, Lim HK|, et al. 1999. Control of circadian rhythms and
photoperiodic flowering by the Arabidopsis GIGANTEA gene. Science 285:1579-82

Perales M, Mas P. 2007. A functional link between rhythmic changes in chromatin structure and the
Arabidopsis biological clock. Plant Cell 19:2111-23

Perales M, Portoles S, Mas P. 2006. The proteasome-dependent degradation of CKB4 is regulated by
the Arabidopsis biological clock. Plant 7. 46:849-60

Portoles S, Mas P. 2007. Altered oscillator function affects clock resonance and is responsible for the
reduced day-length sensitivity of CKB4 overexpressing plants. Plant 7. 51:966-77

Ramos A, Perez-Solis E, Ibanez C, Casado R, Collada C, et al. 2005. Winter disruption of the circadian
clock in chestnut. Proc. Natl. Acad. Sci. USA 102:7037-42

www.annualreviews.org o The Circadian System in Higher Plants

86. Purified
cyanobacterial KaiA,
KaiB, and KaiC proteins
can be combined to
create a clock in a test
tube.

91. Clock and light
signaling pathways
converge on two
transcription factors to
regulate plant growth.

375



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

376

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Rascher U, Hutt MT, Siebke K, Osmond B, Beck F, Luttge U. 2001. Spatiotemporal variation of
metabolism in a plant circadian rhythm: the biological clock as an assembly of coupled individual oscil-
lators. Proc. Natl. Acad. Sci. USA 98:11801-5

Redei GP. 1975. Arabidopsis as a genetic tool. Annu. Rev. Genet. 9:111-27

Rikin A. 1992. Circadian rhythm of heat resistance in cotton seedlings: synthesis of heat-shock proteins.
Eur. J. Cell Biol. 59:160-65

Rikin A, Dillwith JW, Bergman DK. 1993. Correlation between the circadian rhythm of resistance to
extreme temperatures and changes in fatty acid composition in cotton seedlings. Plant Physiol. 101:31-36
Roden LC, Song HR, Jackson S, Morris K, Carre IA. 2002. Floral responses to photoperiod are correlated
with the timing of rhythmic expression relative to dawn and dusk in Arabidopsis. Proc. Natl. Acad. Sci.
USA 99:13313-18

Roenneberg T, Morse D. 1993. Two circadian oscillators in one cell. Nature 362:362-64

Sai J, Johnson CH. 1999. Different circadian oscillators control Ca?* fluxes and Lhch gene expression.
Proc. Natl. Acad. Sci. USA 96:11659-63

Salathia N, Lynn JR, Millar AJ, King GJ. 2007. Detection and resolution of genetic loci affecting circadian
period in Brassica oleracea. Theor. Appl. Genet. 114:683-92

Salome PA, McClung CR. 2005. PSEUDO-RESPONSE REGULATOR 7 and 9 are partially redundant
genes essential for the temperature responsiveness of the Arabidopsis circadian clock. Plant Cell 17:791—
803

Salome PA, To JP, Kieber JJ, McClung CR. 2006. Arabidopsis response regulators ARR3 and ARR4 play
cytokinin-independent roles in the control of circadian period. Plant Cell 18:55-69

Salome PA, Xie Q, McClung CR. 2008. Circadian timekeeping during early Arabidopsis development.
Plant Physiol. 147:1110-25

Salter MG, Franklin KA, Whitelam GC. 2003. Gating of the rapid shade-avoidance response by the
circadian clock in plants. Nazure 426:680-83

Sawa M, Nusinow DA, Kay SA, Imaizumi T. 2007. FKF1 and GIGANTEA complex formation is
required for day-length measurement in Arabidopsis. Science 318:261-65

Schaffer R, Landgraf ], Accerbi M, Simon V, Larson M, Wisman E. 2001. Microarray analysis of diurnal
and circadian-regulated genes in Arabidopsis. Plant Cell 13:113-23

Serikawa M, Miwa K, Kondo T, Oyama T. 2008. Functional conservation of clock-related genes in
flowering plants: overexpression and RNA interference analyses of the circadian rhythm in the mono-
cotyledon Lemna gibba. Plant Physiol. 146:1952-63

Somers DE, Devlin PF, Kay SA. 1998. Phytochromes and cryptochromes in the entrainment of the
Arabidopsis circadian clock. Science 282:1488-90

Somers DE, Kim WY, Geng R. 2004. The F-box protein ZEITLUPE confers dosage-dependent control
on the circadian clock, photomorphogenesis, and flowering time. Plant Cell 16:769-82

Somers DE, Schultz TF, Milnamow M, Kay SA. 2000. ZEITLUPE encodes a novel clock-associated PAS
protein from Arabidopsis. Cell 101:319-29

Somers DE, Webb AA, Pearson M, Kay SA. 1998. The short-period mutant, tocl-1, alters circadian clock
regulation of multiple outputs throughout development in Arabidopsis thaliana. Development 125:485-94
Song HR, Carre IA. 2005. DET'1 regulates the proteasomal degradation of LHY, a component of the
Arabidopsis circadian clock. Plant Mol. Biol. 57:761-71

Staiger D, Allenbach L, Salathia N, Fiechter V, Davis S], etal. 2003. The Arabidopsis SRR1 gene mediates
phyB signaling and is required for normal circadian clock function. Genes Dev. 17:256-68

Stratmann M, Schibler U. 2006. Properties, entrainment, and physiological functions of mammalian
peripheral oscillators. 7. Biol. Rbythm. 21:494-506

Strayer C, Oyama T, Schultz TF, Raman R, Somers DE, et al. 2000. Cloning of the Arabidopsis clock
gene TOC1, an autoregulatory response regulator homolog. Science 289:768-71

Sugano S, Andronis C, Ong MS, Green RM, Tobin EM. 1999. The protein kinase CK2 is involved in
regulation of circadian rhythms in Arabidopsis. Proc. Natl. Acad. Sci. USA 96:12362-66

Sun Q, Yoda K, Suzuki M, Suzuki H. 2003. Vascular tissue in the stem and roots of woody plants can
conduct light. 7. Exp. Bot. 54:1627-35

Harmer



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annuareviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Swarup K, Alonso-Blanco C, Lynn JR, Michaels SD, Amasino RM, et al. 1999. Natural allelic variation
identifies new genes in the Arabidopsis circadian system. Plant . 20:67-77

Sweeney BM, Haxo FT. 1961. Persistence of a photosynthetic rhythm in enucleated Acetabularia. Science
134:1361-63

Tauber E, Last KS, Olive PJ, Kyriacou CP. 2004. Clock gene evolution and functional divergence.
7. Biol. Rbhythm. 19:445-58

Tepperman JM, Zhu T, Chang HS, Wang X, Quail PH. 2001. Multiple transcription-factor genes are
early targets of phytochrome A signaling. Proc. Natl. Acad. Sci. USA 98:9437-42

Thain SC, Hall A, Millar AJ. 2000. Functional independence of circadian clocks that regulate plant gene
expression. Curv: Biol. 10:951-56

Thain SC, Murtas G, Lynn JR, McGrath RB, Millar AJ. 2002. The circadian clock that controls gene
expression in Arabidopsis is tissue specific. Plant Physiol. 130:102-10

Thain SC, Vandenbussche F, Laarhoven L], Dowson-Day M]J, Wang ZY, et al. 2004. Circadian rhythms
of ethylene emission in Arabidopsis. Plant Physiol. 136:3751-61

Tsai TY, Choi YS, Ma W, Pomerening JR, Tang C, Ferrell JE Jr. 2008. Robust, tunable biological
oscillations from interlinked positive and negative feedback loops. Science 321:126-29

Tseng TS, Salome PA, McClung CR, Olszewski NE. 2004. SPINDLY and GIGANTEA interact and
act in Arabidopsis thaliana pathways involved in light responses, flowering, and rhythms in cotyledon
movements. Plant Cell 16:1550-63

Voytsekh O, Seitz SB, Iliev D, Mittag M. 2008. Both subunits of the circadian RNA-binding protein
CHLAMY]1 can integrate temperature information. Plant Physiol. 147:2179-93

Wagner V, Fiedler M, Markert C, Hippler M, Mittag M. 2004. Functional proteomics of circadian
expressed proteins from Chlamydomonas reinhardtii. FEBS Lett. 559:129-35

Wang ZY, Tobin EM. 1998. Constitutive expression of the CIRCADIAN CLOCK ASSOCIATED 1
(CCAI) gene disrupts circadian rhythms and suppresses its own expression. Ce// 93:1207-17

Welsh DK, Yoo SH, Liu AC, Takahashi JS, Kay SA. 2004. Bioluminescence imaging of individ-
ual fibroblasts reveals persistent, independently phased circadian rhythms of clock gene expression.
Curr: Biol. 14:2289-95

Xu X, Hotta CT, Dodd AN, Love ], Sharrock R, et al. 2007. Distinct light and clock modulation of
cytosolic free Ca®>* oscillations and rhythmic CHLOROPHYLL A/B BINDING PROTEIN2 promoter
activity in Arabidopsis. Plant Cell 19:3474-90

Yakir E, Hilman D, Harir Y, Green RM. 2007. Regulation of output from the plant circadian clock.
FEBS 7. 274:335-45

Yakir E, Hilman D, Hassidim M, Green RM. 2007. CIRCADIAN CLOCK ASSOCIATED] transcript
stability and the entrainment of the circadian clock in Arabidopsis. Plant Physiol. 145:925-32

Yamamoto Y, Sato E, Shimizu T, Nakamich N, Sato S, et al. 2003. Comparative genetic studies on
the APRRS and APRR7 genes belonging to the APRR1/TOCI quintet implicated in circadian rhythm,
control of flowering time, and early photomorphogenesis. Plant Cell Physiol. 44:1119-30

Yanovsky MJ, Kay SA. 2002. Molecular basis of seasonal time measurement in Arabidopsis. Nature
419:308-12

Yasuhara M, Mitsui S, Hirano H, Takanabe R, Tokioka Y, et al. 2004. Identification of ASK and clock-
associated proteins as molecular partners of LKP2 (LOV kelch protein 2) in Arabidopsis. J. Exp. Bot.
55:2015-27

Young MW, Kay SA. 2001. Time zones: a comparative genetics of circadian clocks. Nat. Rev. Genet.
2:702-15

Zeilinger MN, Farre EM, Taylor SR, Kay SA, Doyle EJ 3rd. 2006. A novel computational model of the
circadian clock in Arabidopsis that incorporates PRR7 and PRR9. Mol. Syst. Biol. 2:58

Zhang X, Chen Y, Wang ZY, Chen Z, Gu H, Qu LJ. 2007. Constitutive expression of CIRI (RVE2)
affects several circadian-regulated processes and seed germination in Arabidopsis. Plant 7. 51:512-25
Zhong HH, Painter JE, Salome PA, Straume M, McClung CR. 1998. Imbibition, but not release from
stratification, sets the circadian clock in Arabidopsis seedlings. Plant Cell 10:2005-17

www.annualreviews.org o The Circadian System in Higher Plants

377



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annualreviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

Contents

My Journey From Horticulture to Plant Biology
Fan A.D. Zeevaart .................. ... . i

Roles of Proteolysis in Plant Self-Incompatibility
Yijing Zbang, Zhonghua Zhao, and Yongbiao Xue ............................cocooia..

Epigenetic Regulation of Transposable Elements in Plants
Damon Lisch ..............0.

14-3-3 and FHA Domains Mediate Phosphoprotein Interactions
David Chevalier; Erin R. Morris, and Fohn C. Walker ...................................

Quantitative Genomics: Analyzing Intraspecific Variation Using
Global Gene Expression Polymorphisms or eQTLs
Dan Kliebenstein ...

DNA Transfer from Organelles to the Nucleus: The Idiosyncratic
Genetics of Endosymbiosis
Tatjana Kleine, Uwe G. Maier; and Dario Leister ..........................cocoiiin...

The HSP90-SGT'1 Chaperone Complex for NLR Immune Sensors
Ken Shirasu ......... ... ..

Cellulosic Biofuels
Andrew Carroll and Chris Somerville ........ ... .. i,

Jasmonate Passes Muster: A Receptor and Targets
for the Defense Hormone
JOB1 Browse ... .. .

Phloem Transport: Cellular Pathways and Molecular Trafficking
Robert Turgeon and Shimuel Wolf ... ...,

Selaginella and 400 Million Years of Separation
FoAnn Bamks ...

Sensing and Responding to Excess Light
Zhirong Li, Setsuko Wakao, Beat B. Fischer, and Krishna K. Niyogi ....................

Aquilegia: A New Model for Plant Development, Ecology, and
Evolution
Elena M. Kramer .......... ..o

i
Annual Review of

Plant Biology
Volume 60, 2009



Annu. Rev. Plant Biol. 2009.60:357-377. Downloaded from arjournals.annualreviews.org
by Universitadegli Studi di Roma, Tor Vergata on 03/15/10. For personal use only

vi

Environmental Effects on Spatial and Temporal Patterns of Leaf
and Root Growth
Achim Walter, Wendy K. Silk, and Ulrich Schurr ..............................co.. . 279

Short-Read Sequencing Technologies for Transcriptional Analyses
Stacey A. Simon, Fixian Zbai, Raja Sekbar Nandety, Kevin P. McCormick,

Jia Zeng, Diego Mejia, and Blake C. Meyers .................ccccciiiiiiiiiiiiiniii. 305
Biosynthesis of Plant Isoprenoids: Perspectives for Microbial

Engineering

Fames Kirby and Jay D. Keasling ......................cccciiiiiiiiiiii 335

The Circadian System in Higher Plants
Stacey L. HATTIET ... e 357

A Renaissance of Elicitors: Perception of Microbe-Associated
Molecular Patterns and Danger Signals by Pattern-Recognition
Receptors
Thomas Boller and Georg Felioe ..........................ciiiiiiiii 379

Signal Transduction in Responses to UV-B Radiation
Gareth L Fenkins ... ... . 407

Bias in Plant Gene Content Following Different Sorts of Duplication:
Tandem, Whole-Genome, Segmental, or by Transposition

Michael Freeling ......... ... 433
Photorespiratory Metabolism: Genes, Mutants, Energetics,

and Redox Signaling

Christine H. Foyer; Arnold Bloom, Guillaume Queval, and Grabam Noctor ........... 455

Roles of Plant Small RNAs in Biotic Stress Responses
Virginia Ruiz-Ferver and Olivier Voinnet ..........................cciiiii. 485

Genetically Engineered Plants and Foods: A Scientist’s Analysis
of the Issues (Part II)

Peggy G. Lemaux .................oooiiiiiiiiiiiiiiiiii i 511
The Role of Hybridization in Plant Speciation

Pamela S. Soltis and Douglas E. Soltis .........................ccciiiiiii, 561
Indexes
Cumulative Index of Contributing Authors, Volumes 5060 ........................... 589
Cumulative Index of Chapter Titles, Volumes 50-60 .........................coooi. 594
Errata

An online log of corrections to Annual Review of Plant Biology articles may be found at
http://plant.annualreviews.org/

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Plant Biology Online
	Most Downloaded Plant Biology Reviews
	Most Cited Plant Biology Reviews
	Annual Review of Plant Biology Errata
	View Current Editorial Committee

	All Articles in the Annual Review of Plant Biology, Vol. 60
	My Journey From Horticulture to Plant Biology
	Roles of Proteolysis in Plant Self-Incompatibility
	Epigenetic Regulation of Transposable Elements in Plants
	14-3-3 and FHA Domains Mediate Phosphoprotein Interactions
	Quantitative Genomics: Analyzing Intraspecific Variation Using Global Gene Expression Polymorphisms or eQTLs
	DNA Transfer from Organelles to the Nucleus: The Idiosyncratic Genetics of Endosymbiosis
	The HSP90-SGT1 Chaperone Complex for NLR Immune Sensors
	Cellulosic Biofuels
	Jasmonate Passes Muster: A Receptor and Targets for the Defense Hormone
	Phloem Transport: Cellular Pathways and Molecular Trafficking
	Selaginella and 400 Million Years of Separation
	Sensing and Responding to Excess Light
	Aquilegia: A New Model for Plant Development, Ecology, and Evolution
	Environmental Effects on Spatial and Temporal Patterns of Leaf and Root Growth
	Short-Read Sequencing Technologies for Transcriptional Analyses
	Biosynthesis of Plant Isoprenoids: Perspectives for Microbial Engineering
	The Circadian System in Higher Plants
	A Renaissance of Elicitors: Perception of Microbe-Associated Molecular Patterns and Danger Signals by Pattern-Recognition Receptors
	Signal Transduction in Responses to UV-B Radiation
	Bias in Plant Gene Content Following Different Sorts of Duplication: Tandem, Whole-Genome, Segmental, or by Transposition
	Photorespiratory Metabolism: Genes, Mutants, Energetics, and Redox Signaling
	Roles of Plant Small RNAs in Biotic Stress Responses
	Genetically Engineered Plants and Foods: A Scientist’s Analysis of the Issues (Part II)
	The Role of Hybridization in Plant Speciation




