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Abstract
The plant circadian clock is involved in the regulation of numerous processes. It serves as a
timekeeper to ensure that the onset of key developmental events coincides with the appropriate
conditions. Although internal oscillating clock mechanisms likely evolved in response to the
earth’s predictable day and night cycles, organisms must integrate a range of external and internal
cues to adjust development and physiology. Here we introduce three different clock outputs to
illustrate the complexity of clock control. Clock-regulated diurnal growth is altered by
environmental stimuli. The complexity of the photoperiodic flowering pathway highlights
numerous nodes through which plants may integrate information to modulate the timing of
phenological outputs. Comparative analyses among ecotypes that differ in flowering response
reveal additional environmental cues and molecular processes that have developed to influence
flowering. We also explore the process of cold acclimation, where circadian inputs, light quality,
and stress responses converge to improve freezing tolerance in anticipation of colder temperatures.
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1. INTRODUCTION
Numerous physiological and growth processes show daily oscillation patterns, which are
often controlled by the circadian clock. In Arabidopsis, about one third of all genes are clock
regulated [1]. Likely to have evolved initially in response to the earth’s predictable day and
night cycles [2], the circadian clock sets the timing of various transcriptional and
posttranscriptional events to specific times of day. This mechanism changes the organisms’
sensitivities and/or responses to various external stimuli throughout the day, thus enabling
them to extract specific information that occurred at certain times of the day or year. This
clock role is called circadian gating. A well-understood example of this is the external
coincidence model of photoperiodic flowering control. To accurately measure differences in
day length in the facultative long-day plant, Arabidopsis, regulation of the timing of diurnal
CONSTANS (CO) expression is crucial [3]. The circadian clock sets the timing of CO
transcription from the late afternoon to night. During the short days of winter, the CO peak
occurs at night, and its protein is degraded. In early summer’s long days, the peak coincides

© 2013 Elsevier Ltd. All rights reserved.

Corresponding author at: Department of Biology, University of Washington, Seattle, WA 98195-1800, USA.. *Tel: +1 206 543 8709
takato@u.washington.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Semin Cell Dev Biol. 2013 May ; 24(5): 407–413. doi:10.1016/j.semcdb.2013.02.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with daylight, and CO protein is stabilized to activate transcription of FLOWERING
LOCUS T (FT), resulting in earlier flowering [3, 4]. This type of time-keeping mechanism
helps guarantee that phenological changes like flowering occur during favorable times of the
year.

The circadian clock-regulated biological processes are stable but also adaptable. Dicot
leaves maintain a consistent oscillatory diurnal growth pattern despite external temperature
changes [5]. Yet, there is growing recognition that diurnal growth oscillations are
changeable within the lifetime of a plant, susceptible to external and internal limitations [6,
7]. Among populations and across generations within the same species, clock outputs like
flowering, bud break, or onset of dormancy differ [8-10]. The differences persist when
growing conditions are the same, indicating genetic adaptations to regional environmental
variation. We have a general molecular understanding of how each output is induced as well
as how the circadian clock affects them. We still lack information on how endogenous
control of clock outputs is adjusted from individual to individual and species to species.

The aim of this review is to address these complexities. We utilize diurnal plant growth to
highlight the plasticity of endogenous circadian control and to illustrate that the degree of
control is dependent on variation in the immediate environment. We capitalize on the in-
depth mechanistic knowledge of seasonal flowering control to explore how numerous
external and endogenous cues can modulate a clock-mediated output. We use recent multi-
population, genome-wide analyses, which demonstrate underlying genetic differences
among phenotypically different populations, to highlight genes and molecular pathways
under selective pressure. Finally, we explore the molecular processes of cold-tolerance and
highlight areas of uncertainty regarding stress-induced versus clock-mediated
cryoprotection.

2. DIURNAL PLANT GROWTH: PLASTICITY OF CIRCADIAN CONTROL
The sensitivity of plants to external and internal stimuli, which regulate diurnal growth, can
change depending on growth conditions, plant age, type of organ, and time of day. Dicot
leaves and stems display diurnal rhythmic growth that is maintained under constant
environmental conditions, indicating the involvement of the circadian clock [5, 11, 12].
However, the timing of peak growth changes from day to night with the developmental age
of the leaf, attributable to a shift from metabolic-limited growth in younger leaves to
hydraulic-limited growth in mature leaves [13]. Dicot leaves maintain a stable oscillatory
growth pattern even under daily temperature cycles [5], perhaps through the ability of the
circadian clock to adjust metabolic rates throughout the day. Roots do not show the same
degree of circadian growth-rate regulation, as they must quickly alter growth to take
advantage of available soil resources and water [14]. The daily rate and pattern of leaf
growth is also maintained similarly even under low-light conditions where the carbon source
is limited [13]. Arabidopsis can continue growing with carbon limitations by decreasing leaf
thickness and maintaining surface area. Conversely, water stress causes growth to slow
during the day such that peak growth occurs at night even in very young leaves. Under this
condition, decreasing leaf surface area by slowing growth can help reduce water lost through
transpiration [13]. The molecular mechanisms by which external and internal factors
coordinate to regulate leaf growth and development and how the circadian clock affects this
regulation remain largely unknown.

In comparison to the diurnal leaf growth mechanism, we have a better understanding of the
mechanisms of diurnal hypocotyl growth. Seedlings respond to changes in light quality and
quantity, carbon reserves, and temperature in a time-dependent fashion. During the growth
phase, in which Arabidopsis cotyledons fully expand, a change in light intensity most affects
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hypocotyl growth around dusk (Fig. 1A) [7]. In contrast, the effect of sucrose in the growth
media is most pronounced around dawn (Fig. 1B). The mechanisms for diurnal control of
growth, best understood in Arabidopsis hypocotyls and reviewed extensively [12, 15], are
beginning to shed light on the changes in sensitivity over the course of the day to various
parameters regulated by the circadian clock (Fig. 1C). The bHLH transcription factors
known as PHYTOCHROME INTERACTING FACTORs (PIFs) are expressed in a clock-
dependent manner [16]. The circadian clock components, EARLY FLOWERING 3 (ELF3),
ELF4, and LUX ARRHYTHMO (LUX, also known as PHYTOCLOCK1) directly regulate
the expression of PIF4 and PIF5 transcription [17]. ELF3, ELF4, and LUX form a protein
complex named the evening complex, which directly represses the expression of PIF4 and
PIF5 transcripts around dusk, limiting the expression of PIF4 and PIF5 to dawn [17] (Fig.
1C).

In addition to clock-dependent transcriptional regulation, time-dependent posttranslational
regulation also plays a role. PIF4 and PIF5 proteins are degraded under red light, which is
absorbed by PHYTOCHROME B (PHYB) photoreceptor. This light-dependent regulation
restricts the activity of these growth-promoting PIF transcription factors into shaded
conditions in long days or a period around dawn in short days (reviewed in [12]). The PIF4
proteins are further activated during the night in short days, partly due to the interaction of
gibberellin (GA) and its receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), both of
which are modulated by the circadian clock. The clock regulates the timing expression of
GA synthetic enzyme gene GA20ox1 and GID1 genes [18, 19]. GID1 binds to GA and this
interaction triggers DELLA proteins for proteasomal degradation [20]. The DELLA proteins
bind to PIF4 and inhibit its DNA binding ability [21]. DELLA proteins are degraded around
dawn in short days [19]. Thus, removing the DELLA proteins enables PIF4 to bind to the G-
box to induce the expression of genes involved in hypocotyl growth around dawn [21] (Fig.
1C). Sucrose also stabilizes PIF5 protein throughout the day [7]. This, together with
transcriptional regulation, ensures that diurnal hypocotyl growth occurs at a certain time of
day (Fig. 1C).

Hypocotyl growth is also susceptible to changes in ambient temperature. High ambient
temperatures cause pre-dawn expression of PIF4 in long days similar to that observed for
short days, helping to explain why hypocotyl growth occurs in such conditions [16]. The
presence of PIF4 and PIF5 proteins are required both in short days and in 28 °C long days
for pre-dawn expression of a suite of genes associated with gibberellin, auxin,
brassinosteroid, ethylene, and cytokinin, and which are also important for the shade
avoidance response [16, 22]. In sum, we are beginning to get a picture of a flexible, clock-
mediated system that coordinates growth-regulating genes, turgor, and resource availability
with external and internal stimuli.

3. SEASONAL FLOWERING
3.1 THE PHOTOPERIODIC FLOWERING PATHWAY IN ARABIDOPSIS

In addition to diurnal growth regulation, the circadian clock plays an important role in the
regulation of photoperiodic flowering. The photoperiodic flowering pathway controls the
amount of florigen, which determines flowering time. In Arabidopsis, FT protein is a major
part of florigen synthesized in the leaf vasculature [23]. FT protein is translocated to the
shoot apical meristem and, together with FD and 14-3-3 [24], initiates transcription of floral
identity genes that regulate floral development [23, 25]. To selectively induce FT
transcription in long days, restricting CO expression by the circadian clock to the long-day
afternoon is essential. In the morning, CYCLING DOF FACTORs (CDFs) are highly
expressed and directly repress CO transcription [26, 27]. At the same time, the core clock
components, CCA1 and LHY, repress the transcription of FLAVIN-BINDING, KELCH
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REPEAT, F-BOX 1 (FKF1) and GIGANTEA (GI), both of which negatively regulate CDFs
[28]. FKF1 and GI proteins peak in the afternoon and form a complex in a blue-light
dependent manner [28]. The FKF1-GI complex removes CDF repressors by proteasomal
degradation in the long-day afternoon [28]. Simultaneously, the levels of CDF transcripts
also decrease due to repression by other clock components, PSEUDO RESPONSE
REGULATOR 9 (PRR9), PRR7, and PRR5 [29, 30]. These mechanisms determine the
timing of daytime CO gene expression in long days. Recently, four transcriptional activators
of CO, named FLOWERING BHLH (FBH), were identified [31]. Interestingly, FBH
transcriptional activators control the amplitude of CO expression, which also affects the
expression levels of FT [31].

Another important mechanism for day-length sensing is specific stabilization of CO protein
[4]. Light signals perceived by phytochromes (PHY) and cryptochromes (CRY) stabilize CO
protein only in long-day afternoons [4]. This time-dependent stabilization of CO protein is
regulated by the combinational regulation of light and the clock. The PHYB signal and the
E3 ubiquitin ligase HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES1
(HOS1) are involved in the degradation of CO during the morning [4, 32], although it is not
known whether the PHYB signal regulates CO through HOS1. CRY2 binds to
SUPPRESSOR OF PHYA-105 1 (SPA1) and the CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) E3 ubiquitin ligase complex under blue light to
suppress the activity of the complex [33]. In the dark, even though CO mRNA is highly
accumulated, CO protein is actively degraded by the COP1/SPA1 complex [4, 34, 35]. The
clock-regulated blue-light photoreceptor, FKF1, stabilizes CO in the long-day afternoon.
When FKF1 is expressed under light, FKF1 binds to and stabilizes CO protein in a blue
light-dependent manner [36]. The complex interplay between light and clock ensures that
CO protein exists only in long day afternoons when FT is induced. Thus, the circadian clock
controls CO transcriptional and posttranscriptional mechanisms to achieve proper day-length
sensing for flowering.

The photoperiodic pathway also serves to integrate numerous signals, and many of these
signals act through independent or partially independent pathways to regulate flowering.
Members of the PHY and CRY photoreceptor families not only regulate flowering under
different light conditions, but also differentially control flowering depending on ambient
temperature (reviewed in [37]). One of the components that integrates photoreceptor
signaling with flowering time regulation is PHYTOCHROME AND FLOWERING TIME 1
(PFT1). Acting downstream of PHYB, PHYD, and PHYE, PFT1, a component (MED25) of
the Mediator complex, integrates light quality and possibly temperature signals for a subset
of flowering genes [38]. In response to changes in ambient temperature, HOS1 regulates FT
and TWIN SISTER OF FT (TSF) independently of CO through the autonomous pathway
genes, FVE and FLK [39]. The expression of some of the genes listed above is regulated by
abiotic and biotic stimuli. For instance, the simultaneous application of drought and heat
stresses induces the expression of FBH3 [40]. A carbon supplement in the growth media
reduces PRR5 and CDF2 expression [41]. Metabolic sucrose seems to adjust the circadian
clock through GI activity [42]. As the addition of 5% sucrose to the growth media represses
FT expression and delays flowering [43], GI may also regulate flowering via sucrose
signaling (see details in Haydon et al. in this issue). These findings indicate that precise
environmental information can be integrated into the photoperiodic flowering pathway to
fine tune flowering time in nature.

3.2 DIFFERENCES IN FLOWERING TIME WITHIN AND BETWEEN POPULATIONS
Numerous field studies have reported variations among individuals and populations in the
timing of key phenological events. Early studies noted significant site and regional
differences in the timing of bud break [8, 9], which in Populus shares components of the
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Arabidopsis photoperiodic flowering pathway [44]. Some of these differences could be
explained by environmental differences like photoperiod or temperature [8, 9]. Others
persisted when plants of the same species were collected from different sites and grown
together [8, 9]. These observations indicate that adaptation to regional climates contributes
to genetic variation in internal regulatory mechanisms among populations. The capacity of a
population to adapt depends on the genetic material available, and some studies have noted
within population variation as well. Mertensia fusiformis correlates its flowering to
snowmelt, displaying a skewed population distribution [10]. End-of-season drought selects
for early-flowering plants, while the chance of late spring frost favors maintenance of a few
that flower later.

Much remains to be learned about the mechanisms underlying flowering time modulation by
parameters other than photoperiod and vernalization. However, it is likely the circadian
clock plays a role in regulating responses to other predictable environmental cues. For
instance, daytime temperatures better correlate with flowering times than nighttime
temperatures for Arabidopsis strains planted in the field, except for populations sown in fall
[45]. This implies that the clock may influence the timing of temperature sensitivity within a
day, and that the circadian gating function differs by seasons. Plant size, which itself is
affected by the environment, also impacts timing of flowering in biennial species (see [46]
for further discussion). For biennial species, plant size likely correlates to a threshold level
of resources needed to induce flowering. Consistent with this idea, flowering in Arabidopsis
and Sinapis alba is coupled with an increase in sucrose and the carbon:nitrogen ratio at the
shoot apical meristem [47, 48]. Taken together, these examples indicate there are
adaptations among individuals and populations that modulate clock outputs. Yet few studies
have demonstrated concrete mechanistic differences among them [44].

With the available data of single nucleotide polymorphisms (SNPs) from a large number of
wild-type Arabidopsis accessions, comparative analyses of natural populations provide clues
by which to understand the environmental drivers of adaptation [49-51]. Several
environmental parameters correlate with an enrichment of amino acid-changing SNPs [50,
51]. After removing SNPs related to specific geographic locations, representative SNPs in
early-flowering plant populations correlated to summer precipitation, whereas growing-
season temperatures drove most of the explained SNP variation in late-flowering plants [50].
These findings are supported by a reciprocal transplant between Swedish and Italian
Arabidopsis populations [52]. The strains had higher fitness in their home sites than
representatives from the other population. The authors postulate that the Swedish plants
were better able to tolerate cold temperatures while Italian plants could flower early to avoid
late-season droughts. Similar early- and late-flowering differentiation can occur within a
population over time. Seeds of Brassica Rapa plants collected from the same site after multi-
year periods of above-then below-average rainfall were grown together in a common garden
experiment [53, 54]. The drought years selected for plants that flowered earlier when they
were smaller in stature. These results demonstrate that selection can rapidly occur, and that
flowering times are affected when growing seasons are curtailed by drought. These data also
provide clues by which to understand the molecular events that plants must simultaneously
integrate when they flower in natural settings.

3.3 FLOWERING AND THE CLOCK: MOLECULAR TARGETS OF SELECTION
Comparative analyses of natural populations that vary in their phenotypic responses to
environmental cues are tools by which to identify molecular pathways under selective
pressure in nature [49-51]. Hormone signaling pathways may be targets for natural selection
and have some links to the circadian clock. A recent comprehensive microarray study
compared the expression levels in response to photoperiod among three Arabidopsis
populations from locales with different photoperiods, light quality, winter severity, and
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precipitation in Norway [55]. They differed in their photoperiodic sensitivity when grown
together, indicating underlying genetic differences in phenological regulation. Genes
involved in biosynthesis of and response to abscisic acid (ABA), a drought-signaling
molecule, were differentially regulated among populations. There are also surprising
correlations among the expression patterns of genes involved in ethylene and auxin response
and flowering [55]. The transcription of EIN3-BINDING F-BOX PROTEIN 1 (EBF1) and
EBF2, both involved in circadian control of ethylene response [56], was the highest in the
population showing the greatest sensitivity to photoperiod [55].

Not surprisingly, known components of the photoperiod pathway are represented in
population studies that examine flowering [49, 55]. CRY2, GI, LHY, FKF1, FT and PHYA,
PHYB, and PHYC, as well as SPA2 and SPA4 are highlighted. PHYA, GI, and FT are
mentioned in more than one study. As we described above, many of these play roles in
temperature and light quality perception along with photoperiod. DWARF IN LIGHT 2
(DFL2) has no known role in flowering; however, it was implicated as a target candidate in
two studies [49, 55]. Both studies also highlight SHORT VEGETATIVE PHASE (SVP).
SVP, a MADS-domain transcription factor, is a known mediator of ambient temperature
response and an upstream regulator of FT [57]. An area of interest for molecular studies is
analyzing the molecular natures of representative synonymous and non-synonymous
(=amino-acid-changing) SNPs associated with climate [50, 51]. Synonymous mutations
represent changes in DNA sequence that could affect cis-acting elements, whereas non-
synonymous mutations may alter protein function. Many downstream flowering integrators
are differentially expressed among populations of Arabidopsis [55], thus this is an area
warranting further research.

4. DIURNAL AND SEASONAL COLD RESPONSE
4.1 CIRCADIAN REGULATION OF COLD RESPONSE

Cold temperatures have a drastic impact on survival for plants in temperate or boreal
environments. While the adaptive response that allows plants to survive freezing conditions
is well understood, only recently has a comprehensive mechanism for cold acclimation come
into focus. Circadian regulation, light quality perception, and stress responses all converge
to activate cold response. Adaptation to freezing temperatures is accomplished through cold
acclimation, the process by which exposure to cold, non-freezing temperatures instills
subsequent freezing tolerance. The canonical cold-response pathway has been studied
extensively [58] and involves the C-REPEAT BINDING FACTOR (CBF also known as
DREB) genes, which are transcriptional activators of their COLD REGULATED (COR)
downstream targets [59] (Fig. 2A). Overexpression of the three CBF genes in Arabidopsis
resulted in enhanced freezing tolerance upon induction of cold treatment [58]. A global
transcriptome analysis revealed that nearly a quarter of cold inducible genes have CBF/
DREB cis-regulatory elements in their promoters, implying that CBFs have a broad class of
targets in initiating cold tolerance [60]. Cold-inducible transcriptome contains genes
involved in processes including biosynthesis of secondary metabolites (raffinose, proline,
antioxidants etc.), lipid desaturation and biosynthesis, cryoprotective compounds as well as
drought stress [58, 60].

Recent studies have highlighted the importance of the circadian clock in gating cold
acclimation in Arabidopsis. Clock control in genome-wide cold response was first inferred
when transcriptome surveys differed significantly based on time of sampling [61]. Expanded
analysis of the promoter regions of cold-inducible genes showed the prevalence of Evening
Elements (EE), cis-elements recognized by CCA1 and LHY. The EE elements in CBF
promoters are often coupled to ABA responsive cis-elements (ABRE) and both elements are
necessary for cold-inducibility of COR genes [62], indicating the clock components are
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indispensible pieces in the cold response mechanism (Fig. 2A). CBF expression levels
oscillate throughout the day with a peak at midday [63]. In cca1 lhy double mutant
backgrounds, CBF genes have significantly reduced expression, which results in diminished
freezing tolerance [64]. Temperature-dependent alternative splicing of CCA1 also plays a
role in the establishment of cold tolerance [65]. CCA1 and LHY form homodimers or
CCA1/LHY heterodimers; the formation of the paired transcriptional complex increases
their DNA binding affinity and ability to activate or repress transcription through the EE.
Functional CCA1 alternative splice variants are preferentially produced at lower
temperatures, which allows for increased induction of CBF genes under cold acclimation
conditions [65]. LHY is also affected by temperature dependent alternative splicing, but the
active variant is preferentially transcribed at higher temperatures [66]. How the alternative
splicing of these genes in concert functionally affects the cold acclimation process is not
known (for further discussion, see Henriquez and Mas in this issue).

While CCA1/LHY is the best-characterized link between the clock and cold-acclimation,
other clock genes also affect the response. PRR5 binds to the CBF promoter regions and
represses their transcription (Fig 2A and B) [30]. In addition, prr5 prr7 prr9 triple mutants,
which have an arrhythmic clock phenotype, constitutively express CBFs and have increased
freezing tolerance [67]. The gi-3 mutants have freezing susceptibility, which may be linked
to a decrease in endogenous sugar concentrations [68]. The circadian clock-regulated
CONSTANS-LIKE genes, COL1 and COL2, are implicated in cold-tolerance in genome-
wide transcriptome studies [60]. Furthermore, ABA responses, which influence cold
acclimation, are also regulated by the core clock protein TOC1 [69]. TOC1 also directly
binds to the CBF1 and CBF2 promoters [70], so TOC1 may regulate CBFs in both ABA-
dependent and independent manners (Fig 2A and B). Additional connections between
known clock components and cold acclimation are likely to be established.

4.2 PHOTOPERIOD, LIGHT QUALITY, AND COLD RESPONSE
In addition to the circadian clock, light perceived by PHYs affects cold response. Sensing
changes in the red/far-red ratio may be important for coordinating cold responses in
anticipation of cold nighttime temperatures or seasonally cold temperatures. Interestingly, a
16 °C growth condition coupled with a low red/far-red ratio is sufficient to induce CBF
expression [63]. PHYB and PHYD mediate this light specific CBF induction at ambient
temperatures [63]. PHYB regulation of the transcription of CBF genes occurs through PIF4
and PIF7 [71] (Fig. 2A). Additionally, exposure to shorter photoperiods also induces the
cold acclimation response in temperate zone perennial species [72, 73]. Even in Arabidopsis,
the amplitude of CBF gene oscillations in short days is higher than in long days [71]. Either
the phyB or the pif4 pif7 double mutations abolish the higher amplitude in CBF expression
in short days, indicating the same components were recruited to sense changes in red/far-red
ratio, temperature and day length, all of which occur when winter is approaching [71].
Furthermore, PIF7 binds to G-box elements in CBF promoters [71, 74]. Thus, integration
between light, temperature and clock output pathways at the CBF promoter through EE and
G-box elements constitutes a novel mechanism by which these pathways assimilate various
environmental information to prepare for winter by initiating cold acclimation.

5. CONCLUSION
Each clock output that we have described provides insight into the complexity and
adaptability of circadian control tempered by external and internal stimuli. To help us
understand how external and internal limitations interact in modulating circadian outputs, an
interesting avenue of research would be to pair ecophysiological estimates of respiration and
stomatal conductance with diurnal growth and molecular assays. As different climate
variables affect early-versus late-flowering accessions of Arabidopsis, genome-wide
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association studies that separate these groups could be useful [49, 55]. Several downstream
flowering integrators have been implicated in population-based studies, and both
synonymous and non-synonymous SNPs are enriched with climate [50, 51]. It is possible
this is due to linkage disequilibrium among synonymous and non-synonymous mutations.
However, QTL analysis of two parental lines mapped ambient temperature and photoperiod
sensitivity to the FT promoter [75]. A feasible next step is to sequence the promoters of
these genes as well as measure the expression levels of these genes to determine whether
these SNPs alter gene expression by mutating cis-acting elements. We do not understand
how the circadian clock works in the ABA pathway to directly or indirectly affect cold
acclimation, nor do we understand how ABA, the circadian clock, and light-quality sensing
through PHYB interact to regulate cold response. It is likely that each factor of the cold-
response pathway plays a greater or lesser role in activation of CBFs depending on the
length of cold exposure. Mechanistic studies that assess the effects of both short- and long-
term cold treatments on each of these components could help clarify their roles. In nature,
plants must integrate information about external variables like climate, light intensity and
surrounding vegetation, as well as endogenous carbon, nutrients, hydraulic status, and
developmental age. To understand the complex regulation of physiology and development
that occurs in nature, further experiments should be carried out under a wide variety of
conditions, including those that more closely reflect the natural environment.
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Highlights

1. The circadian clock regulates various physiological and developmental
processes.

2. Circadian clock-controlled diurnal growth is adaptive and responsive to various
stimuli.

3. The photoperiodic flowering pathway can integrate other environmental signals.

4. Circadian clock, light, and abiotic stress converge to regulate freezing tolerance.
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Fig. 1. Circadian clock-mediated diurnal hypocotyl growth
(A, B) Arabidopsis hypocotyl growth for 4 to 5-day-old seedlings, before their cotyledons
are fully expanded, is regulated by different inputs at different parts of the day. (A)
Hypocotyl growth rate is most affected by light intensity at dusk. (B) Carbon source
availability most affects the growth rate at dawn (dusk and dawn are indicated by open
arrowheads). The graphs were modified from [7]. (C) The circadian clock coordinates
various pathways involved in diurnal growth regulation. These pathways include
phytochrome, sucrose and GA signaling, and the components (ELF3, ELF4, and LUX) of
the evening complex, ultimately resulting in transcriptional or post-translational regulation
of PIF4 and PIF5. Higher sucrose levels reduce the degradation rate of PIF5 resulting in an
enlarged morning response to growth. PHYB signals keep PIF levels low under light. The
evening complex represses the expression of PIF4 and PIF5 at dusk. Higher amounts of GA-
GID1 complex around dawn induces degradation of DELLA proteins, which prevent PIF4
(and possibly PIF5) from binding to target DNA. PIF4/PIF5 mRNA profile is shown by a
pink line. Coordinated regulation by the clock contributes to temporally confined growth
that occurs at dawn and dusk through convergence of light, hormone, and metabolic
signaling.

Kinmonth-Schultz et al. Page 14

Semin Cell Dev Biol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Circadian clock regulation of the cold acclimation pathway in Arabidopsis
(A) Inputs from the circadian clock, light signaling, and temperature activate COR genes
through the CBF transcriptional activators, which induce the process of cold acclimation in
Arabidopsis. In the diagram, colored lines are given to help distinguish interactions between
different components. Cold temperatures induce CBF expression through CCA1 alternative
splicing. The accumulation of the functional CCA1α splice variant in low temperatures
increases CBF expression. Competition for the non-functional CCA1β variant at higher
temperatures attenuates the cold response. TOC1 and PRR5 directly repress CBF expression
in the evening and PRR7 and PRR9 likely act in a similar manner. Changes in the red/far-
red light ratio are sensed through PHYB and PHYD, which in low red/far-red conditions
drive transcriptional activation of CBF genes through PIF4 and PIF7. TOC1 protein binds to
the PIF4 promoter and may physically interact with PIF7 protein [70, 74]. Through these
mechanisms, the circadian clock, temperature, and light inputs mediate and amplify
environmental signals to induce cold acclimation. (B) Relative abundance of clock
component proteins at different times of the day dictates temporal CBF expression. In the
morning, CCA1 activates CBFs, which in turn activate COR downstream genes. In the
evening, TOC1 and PRR5 repress CBF expression. Schematic protein and mRNA levels are
drawn from data in which plants were grown in continuous light conditions [64, 76, 77].
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