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In the 24 years since the first plant circadian oscillator genes
were cloned (Schaffer et al., 1998; Wang and Tobin, 1998),
there has been a concerted effort to identify the mechanistic
basis of circadian rhythms and to understand how the circa-
dian system impacts the biology of plants. Progress has been
so great that there is now a good understanding of the cir-
cadian biology of Arabidopsis and insight into the circadian
biology of the major crops is developing. For this Focus
Issue on Circadian Rhythms, we encouraged submission of
articles that emphasize less understood aspects, such as
interactions between the circadian system and the natural
environment, cell-specific function, setting of the circadian
clock by environmental signals, and evolution of plant
circadian oscillators.

The Arabidopsis circadian oscillator was first modeled as a
simple negative feedback loop, with two Myb-like transcrip-
tion factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1)
and LATE ELONGATED HYPOCOTYL (LHY), directly inhibit-
ing expression of TIMING OF CAB EXPRESSION 1 (TOC1).
TOC1, a member of the PSEUDO-RESPONSE REGULATOR
family, was first proposed to promote CCA1 and LHY ex-
pression (Alabadi et al., 2001). However, later studies
revealed that TOC1 directly represses CCA1 and LHY expres-
sion (Gendron et al., 2012; Huang et al., 2012; Pokhilko et al.,
2012), with these three genes forming a double negative
feedback loop. Subsequent work by many laboratories has
revealed that the circadian oscillator mechanism in
Arabidopsis is instead actually composed of dozens of genes
that regulate each other’s expression, forming a very
complex interconnected network (Nakamichi, 2020). Post-
translational regulation of circadian proteins is also perva-
sive, enhancing the robustness of the circadian system and
fine-tuning circadian period (Yan et al., 2021).

In addition to controlling each other’s expression, this
slew of circadian oscillator transcription factors regulate a

large fraction of the plant transcriptome, with up to 40% of
Arabidopsis genes reported to be under circadian regulation
(Romanowski et al., 2020). Given the widespread influence
of circadian oscillators on gene expression, it is not surpris-
ing that many aspects of physiology, including photosynthe-
sis, abiotic and biotic stress responses, and the transition
from vegetative to reproductive growth are modulated by
the circadian system (Sanchez and Kay, 2016). Indeed, breed-
ing during domestication has selected for allelic variants in
circadian clock genes in a large number of crop species
(Steed et al., 2021; Maeda and Nakamichi, 2022). Future
improvements in crop germplasm and agronomic practices
will depend upon a better understanding of the circadian
system and its interactions with the environment.

While circadian clocks are present in most living organ-
isms, they have independently arisen in different lineages
(Jabbur and Johnson, 2022). In this issue, Peterson et al. pro-
vide an Update on recent advances in understanding the
evolution of circadian components in the green lineage.
Genomic surveys indicate deep conservation of core ele-
ments of circadian oscillators, not only in land plants but
also in Chlorophyte and Charophyte algae. Moreover,
Peterson and colleagues summarize our current understand-
ing of the function of circadian components in several land
plants and algae (Petersen et al., 2022). Maeda and
Nakamichi (2022) provide an excellent Update covering hu-
man selection of varieties suited for local conditions (includ-
ing photoperiod and other climatic features) which allowed
the cultivation of plants outside the ecological range of their
wild ancestors. These authors present examples from long-
day plants, such as wheat and barley, and short-day plants,
such as rice and sorghum. How this process led to the selec-
tion of alleles that either flower early, or late, to avoid par-
ticularly dry, or wet times of the year, is well illustrated
(Maeda and Nakamichi, 2022). Greenham et al. (2022)
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contribute an Update that discusses the adaptive nature of
circadian clocks more broadly. This Update describes the
complex interrelationship between temperature and light
cycles that organisms must cope with both on a daily and a
seasonal basis. The authors also emphasize the importance
of performing more studies in natural conditions due to the
difficulties of properly mimicking such conditions in con-
trolled environments (Greenham et al., 2022). Close genetic
linkage between some circadian oscillator and photosensing
genes might be important for robust circadian function and
appropriate growth in specific natural environments. In an
analysis of chromosome-resolved plant genomes and syn-
tenic orthologs, Todd Michael found high conservation of
specific genetic linkages across most angiosperms and he
suggests these linkages might predate the land plants
(Michael, 2022). These linkages may help promote the inher-
itance of a robust and site-appropriate circadian system in
both inbreeding and outbreeding species.

Adjusting circadian timing in response to environment
signals in processes summarized as entrainment is an impor-
tant aspect of circadian biology, because while the oscillator
generates the rhythms, it is entrainment that ensures that
internal events occur at the right time of day to ensure
beneficial outcomes. Wang et al. (2022) update the latest
advances in understanding how the Arabidopsis circadian
oscillator entrains to the cycles of light and dark, and warm
and cold, that are part of the daily experience for plants and
other organisms in the wild. Additionally, Wang et al. (2022)
describe the molecular players recently found to be involved
in entrainment to internal metabolic cycles. These authors
conclude that the basic processes of entrainment are rela-
tively poorly understood because of the complexity of
the problem and because the network architecture of the
circadian oscillator changes over time. Further insight into
entrainment mechanisms might be aided by formal descrip-
tion of the processes in mathematical models. New clues
about potential mechanisms by which light information is
transmitted to the circadian oscillator are provided by
experimental research findings in this issue. Ronald et al.
(2022) report that both red and blue light affect the localiza-
tion of the key circadian oscillator protein ELF3 in nuclear
foci, with the former process mediated by phytochrome
B-dependent and -independent pathways. The downstream
effects of changes in the sub-nuclear localization of ELF3 re-
main unclear and will no doubt be the topic of future
research.

Cell-type differences in entrainment pathways could ex-
plain the spatial differences in circadian timing found across
the plant body, as described in an Update by Davis et al.
(2022). In considering the spatial aspects of circadian timing,
Davis et al. (2022) describe how new single cell-type se-
quencing and imaging innovations have revealed that circa-
dian oscillators in different cell types can run at different
speeds and that in some tissues communication between
neighboring cells coordinates circadian timing through weak
coupling. While entrainment effects might explain why

circadian oscillators in different tissues have different behav-
iors, it is also possible that the network properties of the
oscillators vary between cell types. Differences in network
properties might also account for the different dynamics in
different tissues. Davis and colleagues conclude that to fully
understand the mechanism and purpose of cell-type differ-
ences in circadian timing, the full extent of coupling needs
to be resolved and there needs to be a fuller characteriza-
tion of the extent of the differences in circadian timing
across cell types.

It is the regulation of circadian clock outputs shaping
plant physiology and development that give meaning to the
intricacies of circadian regulation. Scandola et al. (2022)
used transcriptomics, proteomics, and metabolomics to de-
termine how the core circadian oscillator Myb-like REVEILLE
(RVE) transcription factors affect plant physiology. They
made the surprising finding that not only are critical ele-
ments of primary metabolism altered in plants mutant for
rve4 rve6 rve8, but that these plants have reduced levels of
subunits of the 20S core proteasome and impaired protea-
some activity. This reduced proteasome activity may help
explain the previously reported enhanced growth phenotype
of rve4 rve6 rve8 mutants (Gray et al., 2017). In another in-
vestigation of links between core oscillator components and
plant physiology, Wei et al. (2022) use whole-genome
approaches to identify direct targets of the Myb-like circa-
dian oscillator protein CCA1 in rice. They report that CCA1
regulates abscisic acid (ABA) signaling to affect stress
responses through its role as a transcriptional regulator of
many output genes, including those involved in ABA signal-
ing. The importance of this regulatory role in stress
responses of rice is indicated by their discovery of reduced
survival in loss-of-function lines in response to NaCl stress.
Indeed, the circadian oscillator has an important role in
modulating plant responses to a range of environmental
stresses (Panter et al., 2019). One such stress is high temper-
ature. In this issue, Bonnot et al. (2022) present a tool,
CAST-R, that allows the easy visualization of circadian and
heat stress-responsive genes. Using CAST-R, users can: dy-
namically visualize connections between selected circadian
proteins and their output genes; generate diel and circadian
profiles of transcript abundance from Arabidopsis, Brassica
rapa, barley, and rice; and perform phase enrichment analy-
sis for both user-supplied and previously published rhythmic
datasets. This tool provides an excellent resource for scien-
tists interested in understanding linkages between the
circadian system and plant environmental responses.

In closing, the updates and research articles presented in
this issue reflect both the profound influence of the circa-
dian system on plant physiology and the impressive progress
made in this field over the past few decades. We thank the
authors, editors, and reviewers for efforts that have contrib-
uted to the papers that are collected in the Focus Issue and
will be associated over the coming months.
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