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Abstract

The circadian clock is an ascribed regulator found in the cells of creatures,
that keeps biological and behavioral processes in sync with daily
environmental changes throughout the 24-hour cycles. When the circadian
clock in humans malfunctions or is misaligned with environmental signals,
the timing of the sleep-wake cycle is altered and several circadian rhythm
sleep disorders result. Due to the Earth's rotation on its axis, predictable
environmental changes are anticipated by complex processes. The
combined term for these systems is the circadian clock. The circadian
rhythm regulates photosynthesis and photoperiodism, making it the
"primary controller of plant life." The circadian clock is made up of post-
translational alterations to core oscillators, epigenetic tweaks to DNA and
histones, and auto regulatory feedback loops in transcription. In addition,
the circadian clock is cell-autonomous and regulates the circadian rhythms
of distinct organs. Biochemical elements such as photosynthetic products,
mineral nutrients, calcium ions, and hormones are used by the core
oscillators to communicate with one another. Arabidopsis is utilized to
identify clock-related genes that govern plant growth, germination,
pollination, flowering, abiotic and biotic stress responses, and more. The
biological cycles of all species, notably humans, are undoubtedly impacted
by other elements, including high altitude and changing ecosystems, in
addition to the ones already stated. Although it hasn't yet published any
experimental or scientific evidence to support them, the implication that
living things have lives does appear inescapable. Hence, the present study
elaborates on the higher plants related to the circadian clock.
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Introduction

The control of the circadian rhythm is essential for maintaining people's
health in a world where lifestyle choices, environmental influences (such as
light, night and day lengths, and seasons), and cosmic events relating to the
cosmos and earth all play a part (1). Changes in these elements cause the
circadian rhythm to be disrupted, which increases the prevalence of physical
conditions like cancer, cardiovascular disease, and diabetes as well as
mental illnesses like depression. Temperature, light, humidity, nutrition,
tides, gravity, and the Earth's magnetism cycle along with the rotation of the
Earth around the Sun and the orbit of the Moon around the Earth. The
circadian clock is one example of an adaptation that has helped species
thrive: the development of an internal clock (2). According to the work of
geneticists Erwin Blinning and Kurt Stern, the 24-hour leaf movement of
bean plants is regulated by a hereditary circadian clock (3). Ronald
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Konopka and Seymour Benzer uncovered the first mutant
period in Drosophila fifty years ago, connecting the
circadian clock to the regulation of genes (4). Since then,
researchers have comprehended the circadian clock's
molecular regulatory mechanism (5).

Chronobiology, the study of time in living beings,
focuses on circadian rhythms, that are endogenous and
adapted to the local environment through signals known
as Zeitgebers ZT (German for "time giver") (6). The
circadian clock facets represent the underpinning loop of
this biological clock, which governs the bulk of metabolic
and physiological processes in all 24-hour creatures,
including humans (7). Sleep-wake cycles in mammals and
plant development and photosynthesis are only two
examples of the numerous behavioral, physiological, and
metabolic activities that are orchestrated by circadian
rhythms (8). Based on the cyclical expression of 'clock'
gene products, it is contended that transcriptional-
translational feedback loops are responsible for daily
timekeeping by controlling the expression of related genes
in about 24-hour cycles (9). There is variation in the
transcriptional components of various phyla (10).

The capacity of a plant's circadian clock to maintain
time for roughly 24 hours is one of its distinguishing
characteristics, known as the "circadian period" (11). This
means that plants can anticipate and respond to daily
changes in their environment, such as the rising and
setting of the sun (12). Understanding the molecular and
biochemical mechanisms that regulate the circadian clock
in plants has important implications for plant biology and
agriculture, as it could help us to understand better and
manipulate the growth and development of crops (12). The
circadian rhythm is sometimes alluded to as the "chief
regulator of plant life" because it governs essential
activities like photosynthesis and photoperiodism (2).
Arabidopsis is a model plant that has been used to uncover
clock-related genes that govern plant growth regulation,
germination, pollination, flowering, responses to both
abiotic and biotic stress, and more (13). This review will
look at current advancements in the field of clock study as
well as our predictions for the future, starting with the
basics and briefings on the plant's rhythmic biology.

Circuitry of the Circadian Clock in Arabidopsis

Plants, like animals, have a natural internal biological
clock that regulates their development and growth, as well
as their responses to the environment. This internal clock,
also known as a "circadian clock," helps plants envision
and organize for daily and seasonal changes in their
environment (3). Plants have a multitude of molecular and
biochemical pathways that regulate their circadian clock,
including the expression of certain genes and the
production of specific proteins (14). These pathways are
impressed by a variety of environmental cues, such as light
(15), temperature (16), and humidity (17), which help to
keep the plant's internal clock in sync with the external
environment (18). The molecular pathways that regulate
circadian rhythms in Arabidopsis thaliana (a model plant
often used in genetic and molecular biology research) are
similar to those in humans (19). At the core of the

molecular machinery that drives circadian rhythms in
Arabidopsis is a group of proteins known as "clock genes,"
which include CCA1, LHY, and TOC1 among others. These
proteins work together to form a negative feedback loop
that drives the expression of clock genes in a rhythmic
manner (20).

The CCAl1 and LHY proteins activate the
transcription of clock genes, including the TOC1 gene,
which encodes for the TOC1 protein (15). The cell's TOC1
protein swells up and hampers the function of LHY and
CCALl, leading to a decrease in the interpretation of clock
genes. As the amount of TOC1 protein goes down, the
activity of LHY and CCA1 goes back up, and the cycle starts
all over again (21) (Fig. 1).

Other signaling pathways, such as those involving
hormones and external indicators like luminance and
temperature, which can affect the expression and stability of
clock genes and proteins, further regulate this negative
feedback loop (20). Abnormalities in the molecular
pathways that regulate circadian rhythms in plants can
influence a broad spectrum of physiologic processes, such
as development, growth, and reaction times to the
environment.

Circadian Rhythms in Plants

A plant's circadian clock is an imperative biological
timepiece that helps the plant uphold regular growth,
fitness, and healthy development. The three main modules
that make up the endogenous oscillator (22) are the
"canonical clock gene" and other parts that make up the
central oscillator, the "input pathway," which gives
information about the environment, and the "output
pathway," which is made up of clock-driven processes that
happen after the clock (22). Complex Transcription-
Translation Feedback Loops (TTFLs) are incorporated into
the central oscillator when they are combined with post-

transcriptional  alterations  and post-translational
modifications (23). The circadian rhythm has been
extensively  studied in the exemplary plant

Arabidopsis, notably in rice and potato crops, and may be
used to regulate their metabolic processes (19). The
circadian clock has a mechanism that is independent of

Fig. 1. Basic circuitry of -the circadian clock in plants.
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itself, and this has also been researched in the past.

The circadian rhythm is an approximately 24-hour
oscillation that is induced by both biotic (24) and abiotic factors
such as light, temperature and humidity (15-17). It follows a
cycle of light and darkness (6). One study showed that the
exemplar organism Arabidopsis thaliana comprises three
feedback loops that emanate from the central oscillator. These
loops are referred to as the morning loop, the center loop, and
the evening loop, respectively. The central loop contains the
MYB-related transcription factors that are encoded by the genes
Circadian Clock Associated 1 (CCAl) and Late Elongated
Hypocotyl (LHY). These genes are regarded as manifesting
themselves in the morning (20). CCAL is involved in adjusting
clock-dependent and clock-independent responses (25). TOC1,
also known as Timing of Cab Expression, is a gene that is
expressed in the evening and comes from the central loop. It
belongs to the family of Pseudo-Response Regulators (PRR) (26).
As a result, the morning and evening loops, as well as these core
loops, contribute to the fundamental formation of circadian
rhythms in plants (Fig. 2).

Studies have shown that the LHY or CCA1 gene starts a
cycle of negative feedback in the morning by working with PRR9
or PRRTY to stop the production of CCAl and LHY (27). In the
same way, the TOC1 gene and Gigantea (Gl) create a negative
feedback loop in the evening loop. In this loop, TOC1 stops an
unknown Y factor from working, which makes more TOC1
molecules. Gigantea causes the Zeitlupe (ZLT) protein to be
made, which then works with Gl to break down the TOC1
protein (Fig. 3). LUX Arrhythmo (LUX) is another gene implicated
in negative feedback loops; it interacts with Early Flowering
(ELF) proteins such as ELF4 and ELF3 (29). These proteins
constitute the evening complex (EC). The Reveille (RVE) genes,
the Light-Regulated WD (LWD) 1 and 2 and the Night Light-
Inducible and Clock-Regulated (LNK) genes (transcriptional
coactivators) genes have been discovered as positive regulators
in the circadian oscillator's feedback loops (30).

The overexpression of the transcription factors BBX19,
18, and 32 (B-Box) in the model plant A. thaliana significantly
lengthens the circadian cycle (31); BBX18 increases the pace of
the biological cycle and overexpression of BBX32 results in
delayed flower induction (31). Due to circadian gating, a plant's
response is time-dependent on the day of the week rather than
the hour of the day (22). The management of the circadian clock
is intricately tied to temperature responses. Cold adaptation is
regulated by proteins such as C-Repeat/DRE Binding Factor
(CBF) (32). Entraining signals, detected by photoreceptors such
as Cryptochromes and Phytochrome B (PHY B), reveal to
increase the input route's temperature and negative loop
components to synchronize the circadian oscillator's phase and
waveform (33). The output pathway regulates several tasks,
including reproduction (22), hormone synthesis (34),
immunological responses (35), and genome expression level
(35). Many physiological processes, including stress
acclimatization (36), hormone signaling (34), morphogenesis
(37), carbon metabolism, and defensive reactions (38), as well as
phenotypic, genomic, and metabolic studies (39), include
interaction with this circadian clock. A biological clock that is
determined by the rhythms of the day and night. Plant circadian
direction is a critical system for environmental adaptability (32).
A major understanding of the molecular processes governing
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Fig. 2. Diagrammatic representation of looped molecular circadian
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Fig. 3. Modified circuitry of the circadian clock in plants.

circadian rhythm in plants comes from experiments conducted
in laboratories. Nonetheless, it has now become obvious that in
both wild and farmed plant populations, the circadian clock
coordinates transcriptomes in complex ways under natural
conditions.

Importance of Circadian Rhythms in Plants

Systems plant physiology has a profound impact on the
circadian clock and provides an important screening advantage
(29). A non-rhythmic circadian clock (CCAl-ox) in Arabidopsis
results in plants with 53% less biomass than their wild-type
counterparts. When compared to 24-hour days, wild-type plants
produce considerably less biomass when cultivated under 20- or
28-hour days, suggesting that the internal oscillator's frequency
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ought to be similar to that of its natural setting for optimum
development (40). As a result, the success of a plant depends on
the accuracy of its circadian clock.

The circadian schedule influences a variety of aspects of
plant existence. According to transcriptome analysis, the 24-
hour cycle is responsible for controlling a sizable portion of the
genetic makeup of Arabidopsis (41). In steady-state conditions,
cyclical expression has been seen in anywhere from one-tenth
to one-third of the transcriptome, depending on the approach
employed. Many species, including rice (Oryza sativa) (42),
soybean (Glycine max) (43), sugarcane (Saccharum officinarum)
(44), tomato (Solanum lycopersicum) (45) and popular (Populus
trichocarpa) (46), exhibit circadian patterns in transcript
abundance. As it controls multiple genes involved in
metabolism, the clock plays a pivotal role in plant biochemistry
regulation (20). In plants cultivated under sustained light, the
circadian clock modulates leaf gas exchange (47) by causing
stomata to open more during the instinctive day than the
instinctive night (29). The circadian oscillator regulates not just
metabolism but also growth and development (19). The
hypocotyls of Arabidopsis seedlings grow and the cotyledons
move in predictable patterns, as shown in time-lapse videos
taken of seedlings growing under constant light (48). Although it
is unclear whether or not the clock regulates cell division in
higher plants, circadian regulation of water and carbon
availability does participate in the periodicity of growth (18).

The oscillator uses several processes to control growth in
response to gibberellin and auxin (49). Circadian clock mutants
typically blossom later or earlier than wild-type plants when
cultivated under extended daylight, suggesting that the
circadian clock regulates more than just the timing of daily light
and dark cycles (50). The circadian cycle influences many
biological processes in plants and is essential for plants to
function properly (51) (Fig. 4.). As a result of the evolutionary
advantage afforded by the circadian clock, circadian oscillators
have independently evolved several times in various kingdoms
of life (52). It is feasible to demonstrate this advantage in plants
by utilizing the model plant Arabidopsis in competitive
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experiments. When grown under 20-hour-long days, plants with
a brief circadian period (tocl) (53) accumulate more biomass
than plants with a long circadian period (ztl-1), 10-hour evenings
and days. Under 28-hour days, mutant plants with a protracted
circadian period (14 h LD) flourish (54). This comparison of
mortality rates supports the idea that the circadian oscillator
whose dynamics are in tune with those of the external
environment confers a substantial fitness advantage (55). An in-
depth molecular examination of the connection between
photoperiodic rhythms and abiotic stress situations is
practicable both in vitro and in vivo (Table 1).

Conclusion

In response to seasonal and daily environmental cues, the
plant's cell-independent circadian rhythm supports the
stimulant-traverse response. The components of the
endogenous clock will be synchronized during
transcription or after. It is possible to demonstrate that
LHY and CCA1, the two crucial clock components in light
signaling, regulate flowering plant circadian timing and
control by extracting and displaying clock genes in a
specific way. Genes control chlorophyll after sunrise, and
clock elements maintain biodiversity and resistance for
optimum performance. To assist scientists in more
effectively comprehending how the genes of the circadian
clock are expressed and work, we explain plant biological
processes using the circadian clock in this paper. However,
a variety of growing and food crops are abundantly
available. Additionally, it offers a comprehensive picture of
circadian biology. Chronoculture employs the circadian
clock as well as time-associated cultivation and
management. The timing of your body's biological clock
(amplitude, phase, and period length), and circadian
variables, particularly their vulnerability to stress, will be
purposefully altered in the future via gene editing
technology. Improved circadian clocks in novel germplasm
resources will aid agricultural adaptability.

Hormonal Signalling

Metabolic activities

" e E Growth

* Stes (i Abot]

Fig. 4. A diagrammatic representation of the molecular mechanism of the external zeitgebers on the growth and development of plants.
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Table 1. Comprehensive table of the novel research in circadian regulation of plants
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;t’ Experiment Aim Plant system Major findings Conclusion Year  Reference
the circadian regulation of
To ascertain the photosynthetic biochemistry
effects of circadian Light-dark cycles synchronize the .
- . - Terrestrial plants have well
regulation on Marchantia phase of photosynthesis's 24-hour . !
1. N -preserved circadian 2022 (56)
photosynthetic polymorpha cycles. .
. . g control of photosynthesis.
facets of Marchantia For light harvesting to be controlled
polymorpha by a clock, chloroplast translation is
required.
To fixate into the An erratic function of the plant .
way ArqbldopS/s Rhizosphere circadian clock corresponds with - The aberrgnt fgnctlon of
plant rhizosphere of altered rhvthmicity of rhizosphere the plant circadian clock is
2. bacterial and fungal Arabidopsi funy us andybacteria P associated with altered 2022 (57)
rhythms are rabiaopsts . g . ) . rhythmicity of rhizosphere
affected by plant thaliana changes in rhizosphere microbial bacteria and fungi.
circadian rhythms diversity
To determine how the trait of early blossoming
the molecular LATE ELONGATED HYPOCOTYL A brand-new regulatory
3 regulatory system of Arabidopsis (AtLHY) expression was mechanism for managing ., (58)
) SEPALLATA3's thaliana dramatically reduced. blooming time is the
(SEP3) functions in ZjSEP3 suppressed AtLHY ZjSEP3-AtLHY pathway.
flowering time. transcription
To investigate the
role of stomatal
conductance and Marsilea Lycophytes and ferns have
i azorica
phot.o§ynthv.et|c Stomatal regulation by light in ferns fundamentally different
4. efficiency in and 2023 (59)
e and lycophytes control of gas exchange
lycophytes and Regnellidium :
L - / than angiosperms.
ferns' circadian diphyllum
regulation of gas
exchange.
To delve into the
promoter: luciferase
system's ability to Arabidopsis Metal salts in the root-interaction Classified broad sets of
5. detect the addition hali environment may exert an effect on responses to the metal 2022 (60)
of metal salts to the thatiana rhythms. salts
root-interaction
environment.
Crepis i i -
To examine the intra .”p ri At the aggregated (full-day) The Q|el dypam|cs 9f plant
. capitiaris AT pollinator interactions are
-day dynamics of network level, minimizing -
6. - and : . profoundly impacted by 2021 (61)
plant-pollinator modularity and enhancing plant .
Leontodon . the transient shortage of
networks e generality.
hispidus floral resources.
Glyphosate, s-Metolachlor,
he circadi fenclorim, metcamifen, and GA3 h . ‘ l
Do the circadian response genes have consistent The expression of several
clock and the circadian cycles of the rice circadian clock's
7. herbicide response Oryza sativa Al bindi K ) found key oscillator genes may 2023 (62)
in rice interact cross OSCC. 1 binding peaks were foun be impacted by herbicide
talk? in the promoter regions use
’ of OsCYP81A12, OsCYP81E22, ’
0sCYP76C2, and OsCYP76C4 genes
To asgerta:n if The increase in CCA1 promoter Mg ?jf‘fects ltra.nsc[iptilon
magnesium limits Arabidopsis (pCCA1:LUC) activity caused by Mg and translation levels
8. the Arabidopsis hali dearth was light-dependent rather than just one 2021 (63)
circadian period's thaliana ' component of the
periodic movement circadian oscillator.
SOS1, the plasma membrane Na+/
To ascertain that H+ antiporter, acts as a salt-specific
plants have evolved circadian clock regulator via Under high or daily
5 the SALT OVERLY Arabidopsis GIGANTEA (Gl). variable salt levels, SOS1 2022 (64)
: SENSITIVE (SOS) thaliana SOS1 interacts with Gl in a salt- maintains salt response
pathway for dependent manner, stabilizing it to homeostasis.
halotolerant. maintain a healthy clock period
under salinity conditions.
To indicate that K+ T}r;e-serles observatlo?sd
transfer from roots : ; . with prr7 mutants reveale
e Arabidopsis Root clock gene expression is that root PRR7 controls K+
10. reduces variation in . . 2023 (65)
thaliana regulated by shoot-derived sucrose. transport and decreases

period duration in
shoots.

variation in shoot period
duration.
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