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Choosing which models best explain
photoperiodic time measurement
mechanisms in plants

M| Check for updates

Takato Imaizumi

Seasonal responses can be triggered by photoperiod changes. To explain photoperiodic time
measurement, three main models (hourglass, external coincidence, and internal coincidence) have
been proposed based on physiological observations in plants and animals. It has been discussed
which model fits best to explain each response. Studies in model plants like Arabidopsis and rice
suggest their photoperiodic mechanisms incorporate features that fit more than one of these models.

“Photoperiodism,” meaning the response to relative photoperiods or length
of day and night, was coined more than 100 years ago to originally describe
the day-length dependent flowering responses first characterized in soy-
beans, tobacco, and several other agronomic plants'. After the findings in
plants in the early 20th century, animal physiologists discerned that many
seasonal animal behaviors and development were also regulated by
photoperiods™. Thus, photoperiodism has been recognized as a universal
phenomenon in multicellular eukaryotes adapted to yearly changing
environments. A recent finding has further expanded the extensive list of
species demonstrating photoperiodism to the unicellular photosynthetic
cyanobacteria, Synechococcus elongatus, as short-day conditions enhance
resistance to cold temperature by increasing the membrane-lipid desa-
turation rates in preparation for winter®.

In plants, in addition to flowering regulation, various responses, such as
stem elongation, onset of bud dormancy and bud break, formation of sto-
rage organs (tubers and bulbs) and root nodules, leaf growth, etc., are subject
to photoperiodism in a large variety of species***. Because of the physio-
logical implications of the mechanistic links between circadian rhythms and
photoperiodic responses, the photoperiodic time measurement mechanism
has been one of the fundamental questions in chronology for decades”.

Unlike other seasonal environmental factors, such as temperature and
precipitation, photoperiod changes occur in a predictable manner from year
to year, and the rates of change in photoperiods are highest around equi-
noxes and the lowest during summer and winter’. It is estimated that
organisms in temperate regions should be able to discriminate changes in
photoperiod as short as 30 minutes around the equinoxes’. Indeed, short-
day plants, such as cocklebur (Xanthium strumarium/Xanthium sacchar-
atum/Xanthium orientale, related Xanthium), morning glory (Pharbitis nil),
soybean (Glycine max), etc., can often distinctly differentiate a less than
30 min difference in photoperiod around its critical day or night length to
initiate flowering’. How do organisms precisely sense the difference in
photoperiods? Classical physiological studies have long sought to explain
the underlying mechanisms of photoperiodism. To explain the time sensing

mechanisms, broadly speaking, three principal models have been proposed:
the hourglass model, which posits a unidirectional timer initiated by dawn
or dusk; Biinning’s hypothesis and its extended model, the external coin-
cidence model, where a light signal coincides with a circadian-regulated
phase to trigger a response; and the internal coincidence model, involving
the phase relationship between two internal oscillators entrained indepen-
dently at dawn and dusk. These models have provided critical conceptual
frameworks that guided decades of experimental research and shaped our
understanding of how organisms control photoperiodism. Our way of
discussing the underlying mechanism has often been which model best
explains specific photoperiodic responses in each species. In the molecular
genetic era, the results from both plant and animal-model organisms for
photoperiodism have confirmed the significance of circadian clock-
associated timing mechanisms to measure photoperiodic time
differences’. Currently, the external coincidence model is being discussed as
the model that best fits the molecular mechanisms of photoperiodism in
these model organisms*’. But these detailed molecular genetic results also
indicate that some aspects are a better fit with other models. Therefore, the
three theoretical models might not be mutually exclusive. This review
mainly focuses on the discussion of photoperiod time measurement
mechanisms in plants. Detailed updates on the molecular interactions of
photoperiodism mechanisms in plants can be found in several recent
reviews' "%,

Classical models of photoperiodic time measurement
Classical models of photoperiodic time measurement provided conceptual
foundations for decades of experimental research. All the models discussed
here can explain the qualitative (whether response occurs or not) and
quantitative (different degrees of responses) nature of photoperiodic
responses. Here, I first revisit the three conceptual photoperiodic time
measurement mechanisms [the hourglass, Biinning’s hypothesis, and the
external coincidence, and internal coincidence (two-oscillator) models],
including brief historical aspects and some limitations.
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The hourglass model

The hourglass theory posits a simple mechanism: the transition from dark to
light or light to dark initiates a chemical reaction, and once it reaches a
certain threshold, the photoperiodic reaction will be induced. For plant
physiological research, this model has been particularly supported by
photobiologists who work on light responses for plant flowering. In 1960,
Richard Hendrick proposed that the hourglass-type time measurement
mechanism could be based on the general photochemical characteristic of a
red/far-red light phototeceptor, phytochrome'”. The onset of darkness
initiates a reversion of the physiologically active phytochrome Pfr form to
the inactive Pr form, called thermal reversion (Fig. 1a). (This used to be
called dark reversion™.) It was hypothesized that the amount of Pfr
decreasing during nighttime constitutes an hourglass timer*"”. Soon after
this, the theory was supported by the photoperiodic responses of seasonal
morphotype conversion of insects, such as aphids (Megoura viciae)*">.
Thus, it became a more generalized model in which the onset of light or dark
periods initiated count-up or count-down timer mechanisms. The key ideas
of this model are that the timing of light on/off initiates the processes and
that the photoperiodic reactions are not influenced by circadian-time
modulated biochemical mechanisms.

In plants, the original mechanistic explanation for this model was
mainly based on photoperiodism studies using short-day plants, such as
Xanthium and soybean. The results of studying the action spectra of pho-
toperiodic flowering—red light (660 nm) inhibits flowering in short-day
plants while far-red light (730 nm) cancels the effect—together with pho-
tochemical characterization of phytochrome that controls other physiolo-
gical responses (germination, anthocyanin accumulation, etc.), contributed
to the formation of the hypothesis. Soon after the finding of photoperiodism,
the presence of a threshold day length, referred to as the “critical day length”,
which triggers photoperiodic flowering, was recognized in many plant
species. Short-day plants often displayed abrupt changes in photoperiodic
responses when the photoperiods became shorter than their critical day
length. Further studies with altering the length of either light (day) or dark
(night) duration revealed that the length of night is more critical than the
length of day; hence, the “critical night length,” rather than day length,
determines photoperiodic responses in these plants. In addition, a short
exposure (often only a few minutes) of light interruption in the middle of the
night, technically known as “night break”, inhibits flowering in many short-
day plants™. Moreover, the action spectra of dark-period-interrupting light
to control Xanthium saccharatum flowering demonstrated red light inhibits
flowering while far-red light promotes it*', which was later known as phy-
tochrome photoreversibility.

If the hourglass timer is used to measure time, the photoperiodic
responses (for plants, mainly photoperiodic flowering) should be trig-
gered after a certain length of day or night (Fig. 1a and b). By the com-
bination of night-break experiments and extending night length (for
several days), it has been shown that sensitivity to the light that causes
flowering inhibition oscillates in a circadian fashion, rather than reaching
a plateau after a certain amount of dark hours*****, indicating the
photoperiodic timing mechanism is not regulated by the hourglass timer.
The experimental procedure with various night lengths to study the
contribution of circadian oscillators on photoperiodic responses has been
commonly utilized for various species in the chronobiology field**”. This
procedure, later established as the “Nanda-Hamner protocols”, has been
used to investigate the presence of circadian resonance on the response
(Fig. Icand d)****. Unlike in animal chronobiology experiments, skeleton
photoperiod experiments (applying two light pulses a day that define
dawn and dusk at various timing combinations) have not been widely
utilized in plant photoperiodism research, possibly because of their light-
dependent autotroph nature.

In addition to a significant amount of evidence of the contribution of
circadian mechanisms to photoperiodic time measurement, the thermal
reversion rates of phytochrome in vitro (using extracts derived from etio-
lated tissues) and in vivo did not always fit the time scale to differentiate long
and short nights’. Because of these observations, support for the hourglass

model as a photoperiodic time mechanism in plants faded away during the
1960s-70s.

Biinning’s hypothesis and the external coincidence model

In 1936, based on the observation of circadian leaf movement of Phaseolus
plants, Erwin Biinning was the first to propose that the endogenous daily
rhythm (circadian oscillator) was the foundation for controlling photo-
periodic responses, although his model was not widely known to animal
chronobiologists until the Cold Spring Harbor Symposium on Biological
Clocks in 1959>**. In this model, often referred to as “Biinning’s hypoth-
esis,” the photoperiodic time measurement mechanism consists of two
twelve-hour-long half-cycles, upon each of which the circadian clock confers
different light sensitivities (Fig. 1e)*”. The morning half-cycle is named the
photophil (light-loving) phase, while the evening one is named the scotophil
(dark-loving) phase. Light in the scotophil phase induces photoperiodic
responses (Fig. le and f). Biinning also recognized the role of light in
entrainment of the circadian oscillator. The entrainment was thought to
occur at dawn to accurately set the 24-hour rhythm. Based on the obser-
vation of light sensitivity changes in night break experiments in Namda-
Hamner cycles, he proposed that the oscillations of these two phases become
dampened, and the period length of the circadian rhythm becomes less
accurate under continuous dark (or light) conditions (Fig. 1e)”.

Based on Biinning’s hypothesis and also mainly circadian phase-
adjustment responses of Drosophila pseudoobscura eclosion rhythms
induced by light pulses (in skeleton photoperiods), Colin Pittendrigh and
Dorothea Minis proposed the external coincidence model in 1964 In this
model, photoperiodic responses are triggered only if light exposure occurs
when a certain level of the circadian-regulated substrates exists (Fig. 1g).
There are two differences between Biinning’s hypothesis and the external
coincidence model. The first one is the way of entraining the rhythms
important for photoperiodic time measurement. Entrainment was thought
to happen at dawn in Biinning’s hypothesis (Fig. 1f). In contrast, in the
external coincidence model, entrainment (both phase advance and phase
delay of the rhythms) occurs at both dawn and dusk in response to internal
circadian time (Fig. 1h). The external coincidence model incorporates the
phases of circadian rhythms into the explanation of photoperiodic
responses. The second difference is the length of the light-sensitive phase.
Biinning’s hypothesis postulated a 12-hour-long scotophil to induce pho-
toperiodic responses, while the timing of the light-sensitive period (hypo-
thesized to be defined by a threshold of diel oscillation of a substrate
coinciding with a light-activated enzyme) is limited to a shorter window in
the external coincidence model (Fig. 1g).

These two models also exhibit contrast in the impact of night break
treatments. As the onset of light (dawn) initiates the rhythm in Biinning’s
hypothesis (Fig. 1f), whether the light pulse in the dark works or not depends
on whether it is given during the scotophil. On the contrary, in the external
coincidence model, the night break treatment would activate the light
coincidence mechanism if it is given around the substrate max (s-max), but
it would also induce phase change in the rhythms depending on the night-
break timing applied (Fig. 1h). In actual observations, plant sensitivity to the
night-break treatment varies. Short-day plants often respond to shorter
night-break treatments (only a few minutes of light is enough to delay
flowering, and 30 min is usually sufficient to prevent flowering in Perilla,
Kalanchoe, soybean, and Xanthium), but many long-day plants require
more prolonged exposure (hours). However, some long-day plants like
barley and Hyoscyamus niger also responded to short (30 min or less)
exposure. Others like carnation and Brassica campestris require hours, and
the night-break effects did not saturate the flowering induction rates’.

The internal coincidence model (two-oscillator model)

The internal coincidence model proposes that photoperiodic responses are
regulated by the phase relationship between two (or more) internal circa-
dian oscillators entrained on either dawn or dusk (Fig. 11)*>. A response is
induced when these internal rhythms achieve a specific phase alignment
under certain photoperiods. This model is more widely supported by
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physiological and molecular biological observations in animals, especially
insects. In this model, changes in light or dark conditions only function as
Zeitgebers (cues to entrain at least two circadian oscillators), each entrained
or responded to at dawn or dusk.

This model originated based on one of the theoretical interpretations of
light and temperature effects on Drosophila pseudoobscura eclosion

rhythms—two distinct oscillators exist, and one is sensitive to light while the
other is sensitive to temperature changes, but both are coupled to entrain the
phases of the eclosion rhythms”. This two-oscillator internal coincidence
model was further discussed and generalized with several observations in
birds, rodents, and fish*. In addition, a difference only in thermoperiod
(durations of 23 and 13° C periods with 24-hour cycles in complete
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Fig. 1 | The classical theoretical time measurement models for photoperiodism.
a How the hourglass model works in plants. Phytochrome is a photoreceptor that
controls photoperiodic flowering. During the light period, a majority of phyto-
chrome becomes the active FR-absorbing form (Pfr). Thus, the ratio of Pfr over the
total amount of phytochrome (Ptot) becomes higher. When the light is turned off,
Pfr becomes the inactive R-absorbing form (Pr) through thermal reversion. This
process is the night-length measurement mechanism. In this model, if Pfr exists at
the end of the night, it inhibits flowering (the threshold for Pfr-dependent repression
is very low). In short days, the night is long enough to revert all Pfr to Pr, releasing the
repression of flowering; therefore, short-day plants can flower. The thermal rever-
sion rate slows down under colder temperatures. In all figures throughout this
review, light periods are indicated by shades of pale blue, while shades of purple
indicate dark (night) periods. b How the night break works in the hourglass model.
Night break treatment converts Pr to Pfr, so the thermal reversion process is reset by
the light pulse. ¢ An experimental procedure example for the Nanda-Hamner
protocol. The Nanda-Hamner protocol has been utilized to investigate the potential
contribution of the circadian oscillator to photoperiodic responses. This protocol is
usually used to study short-day plants and animals. In this protocol, the length of the
day is fixed, and only the night length was varied, typically ranging from 16 hours
with increments of 4-6 hours. The example drawing shows 10 different cycle lengths
(donated T), conditions of which contain 8 hours of light (L) followed by 10 hours to
64 hours of dark (D). The different cycle lengths are repeated a certain number of
times (e.g., 7 times, as originally chosen by Nanda and Hamner*) and then returned
to non-inductive long-day photoperiods. The effects of each T on photoperiodic
response are assessed. The theoretical endogenous circadian rhythm, which exhibits
a 24-hour rhythm (denoted t: tau) over three days, is illustrated below. d Possible
interpretations of the Nanda-Hamner protocol results. The results of the Nanda-
Hamner protocol could indicate whether the subject’s photoperiodic response is
controlled by the mechanism explained by the hourglass model or regulated by the
circadian oscillator. If the hourglass-type mechanism regulates the photoperiodic
response, short-day organisms will exhibit photoperiodic responses when the night
is equal to or longer than 16 hours in duration. Therefore, the response should be
similar to the one shown by the open circles. If the response is regulated by the
circadian clock, when the cycle length (T) is close to (or a multiple of) endogenous
rhythms (v, 21, 31, etc.), stronger responses can be induced (as shown by solid

diamonds). This coincidence of external cycles and internal rhythms is often
described as circadian resonance. e How Biinning’s hypothesis works. When light
exists in the scotophil in long-day conditions, a photoperiodic response (i.e., an
inhibition of flowering in short-day plants) is induced. The endogenous oscillator
(circadian oscillator) that controls these phases becomes dampened under con-
tinuous dark/light conditions, and the period length of the oscillation lengthens. Due
to these changes in circadian rhythm, the circadian impact of night break treatment
often became lengthened and weakened when plants were kept for a long time in
continuous dark conditions. f How the night break works in Biinning’s hypothesis.
When the night break is applied during the scotophil phase, the photoperiodic
response is induced. The strength of the induction is thought to often depend on the
light intensity and duration. g How the external coincidence model works. In this
model, the timing and the maxima of the substrate (s-max) are controlled by the
circadian oscillator. Light controls the activity of the enzyme (Ea or Ei) that catalyzes
the substrate. The photoperiodic reaction is only induced when Ea coincides above
the threshold of the substrate (depicted by the pink area). h How the night break
works in the external coincidence model. The night break treatment has two roles.
One is resetting the clock depending on the timing of the light applied. The phase
response curve (PRC) depicts the impact of the light break given at different times.
Generally speaking, a light pulse induces a phase delay during the early night and a
phase advance at the end of the night. External coincidence could occur between the
presence of night break light and the adjusted substrate rhythm. Depending on the
timing of the night break treatment on the first day, the phase of the theoretical
substrate’s rhythm is reset from its original phase (shown by dotted lines) to a new
phase (solid lines) on the second day. The blue arrows from the night break timing to
the PRC indicate the effects of night break treatments on the circadian entrainment.
The pale blue arrows in the diagrams show the direction of changes in phases
(advance or delay) of the substrate rhythms. i How the internal coincidence model
(two-oscillator model) works. Two circadian oscillators control photoperiodic
responses (i.e., a long-day specific bimodal activity). One controls activities at dawn
(M cells) and the other controls activities at dusk (E cells). M and E cells are entrained
only at dawn or dusk. The photoperiodic response can be induced when the
amplitudes of theoretical inducers reach certain thresholds (depicted by the

pick areas).

darkness) was sufficient to induce larval diapause under the short-day
version of thermoperiod in the parasitic wasp Nasonia vitripennis. This
indicates that the external coincidence mechanism with light is not essential
for this photoperiodic response, and possibly supporting the presence of an
internal coincidence mechanism”.

At the molecular level in Drosophila melanogaster, we now know that
circadian morning and evening oscillators that reside in neuropeptide
Pigment Dispersing Factor (PDF)-expressing small ventral lateral neurons
(s-LNv) and dorsal lateral neurons (LNd), respectively, (often called M and
E cells/neurons), control morning and evening locomotor activities
independently™*”. Both M and E cells are functionally coupled and share the
same downstream neuronal targets* ", indicating internal coincidence
could happen with M and E cells, where dawn and dusk signals are sepa-
rately integrated to regulate a specific photoperiodic target. This model can
explain the photoperiodic difference in crepuscular bimodal activities of
many animals. Recently, the two-oscillator model has been further devel-
oped into the four-oscillator model (with two activity oscillators and two
sleep oscillators) to more precisely explain Drosophila’s acute bimodal
locomotor activities™.

Although clear evidence of the presence of morning and evening
oscillators was shown in insects and some other animals (which do not
require light for survival), some plants may have a similar regulatory
mechanism. Classical evidence suggests that photoperiodic flowering
responses in morning glory could be regulated by time measurement
mechanisms reset by two theoretical circadian oscillators, each entrained by
either dawn or dusk”’. Based on a circadian gene reporter assay and the fine-
scale transcriptional analysis of various clock genes under several photo-
periods in Arabidopsis, it is known that the plant circadian oscillator is
dominantly reset at dawn (light onset), although the timing of dusk also
influences phases of some clock and clock-controlled genes*'*. In morning
glory, it has been shown that the phases of the expression peaks of

photoperiodic flowering florigen genes [Pharbitis nil FLOWERING LOCUS
T 1 (Pn FTI) and Pn FT2] strictly follow the timing of dark onset", sug-
gesting the presence of an oscillatory mechanism solely entrained by dusk.
The phases of other circadian clock output genes [Pharbitis nil CONSTANS
(PnCO) and PnCAB2] in the same species are controlled by light and dark
transitions®. Interestingly, the phases of Pharbitis nil homologs of morning
and evening core clock genes (PnLHY and PnTOCI) and Arabidopsis
photoperiodic flowering genes (PnFKFI and PnCDF?2) are all entrained by
the dawn, dark-to-light transition*’. Does this support the possibility of two
circadian oscillators resetting at dawn or dusk? Of course, we cannot rule out
the possibility (as Hayama et al. also discussed*), that the early flowering 3
(elf3) mutant, which shows continuous light-specific arrhythmicity, can
follow the timing of dark onset to control circadian phases'**’. Similar to
animals, plants have tissue-specific variations of circadian oscillators**™.
Therefore, this phenomenon could be explained by variation in the circa-
dian light input pathway (i.e., lack of ELF3 expression) in the cells where
Pharbitis nil florigen genes are induced. With some variations, the single
oscillators could explain photoperiodic phenomena that fit internal coin-
cidence. Although not as extensively explored, the internal coincidence
model provides a plausible explanation in cases where external light cues
seem less directly involved in triggering the response.

Molecular coincidence timers in photoperiodic
flowering

In contrast to the large numbers of physiological analyses performed in
various plant species*’, molecular insights into photoperiodic time mea-
surement have been limited to only a few species. We have learned the most
about time measurement mechanisms from the photoperiodic flowering
response of a facultative long-day plant, Arabidopsis thaliana. The final
output of the photoperiodic time measurement mechanism for flowering is
long-day specific expression of the florigen FT gene**”. There are at least
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Fig. 2 | Time measurement mechanisms in the photoperiodic flowering pathway
in Arabidopsis. a The coincidence mechanisms control the formation of the FKF1-
GI complex. The timing of FKF1 and GI protein expression coincides in long days
but not in short days. With blue-light dependent FKF1 binding to GI, the FKF1-GI
complex formation (shown in purple) is maximized in long-day afternoon. Thus,
this regulation contains aspects that fit the internal and external coincidence
models. In the long-day afternoon, the FKF1-GI complex degrades CDF and
DELLA proteins and represses TOEI function and simultaneously stabilizes CO
protein. FKF1 can form a homodimer, but the one in the FKF1-GI complex is a
monomer. FKF1 monomer also binds to COP1 monomer to prevent COP1 homo-
dimerization, which requires its E3 ubiquitin ligase activity. COP1 degrades many
transcription factors, including CO during the nighttime. b The external coin-
cidence mechanism controls the stabilization of CO protein in long days. The
diurnal oscillation patterns of CO are regulated by the circadian clock. CO
expression occurs from the afternoon to evening in long days and at night in short
days. Once CO protein is synthesized under light in long-day afternoons, CO
protein stability is regulated by red, blue, and far-red light perceived by phyA, phyB,

cryl, cry2, ZTL, and FKF1 proteins. The presence of each photoreceptor in long days
is shown by different color bars corresponding to each absorbance. phyB and ZTL
are negative regulators of CO, while the rest are positive regulators. FKF1 and PRR5
bind to CO in the long-day afternoon to stabilize CO, which in turn induces the
expression of FT, leading to floral induction. The external coincidence between light
signaling and CO protein only occurs in long days. Note that there is a short window
at the beginning of the day in which CO is also stabilized. ¢ The mechanism for
generating bimodal expression of FT. In long days in which the red/far-red light
ratio (R/FR) is adjusted to approximately 1 to mimic sunlight (denoted LD + FR),
FT expression shows a bimodal pattern with morning and evening peaks. The
evening peak is regulated by the external coincidence mechanism between CO and
light signaling discussed in Fig.2b, and the morning peak is controlled by the phyA-
mediated HIR (High Irradiance Response). In addition to CO, which is required for
the morning FT induction, other factors (PIF7, ZTL, TOE], and GI) are also
involved in this regulation. CO protein is more stabilized in the morning in LD + FR
than in LD.

two layers of light coincidence mechanisms in the photoperiodic flowering
pathway. One regulates FKF1-GI complex formation, and the other CO
protein stability (Fig. 2a, b)°. The former influences the latter, so they are
connected, but light information is integrated mainly through the different
photoreceptors. In addition, recent work has suggested that the hourglass-
type mechanism also exists to control photoperiodic flowering in Arabi-
dopsis (Fig. 2¢).

External and internal coincidence mechanisms regulate FKF1-Gi
complex in long-day plants

The timing of flowering is a critical determinant of vegetative growth and
reproductive success (including fruit and seed yields), particularly in annual
plants, which include most crop species. Plants are adapted to specific
locations where certain day length changes are anticipated during the
growth seasons. This intrinsic ability to precisely measure photoperiod
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changes has been problematic when we grow plants at different locations
with different latitudes. Domestication is closely linked to photoperiodism
as one of the important parts of domestication is suppressing photoperiodic
flowering’"”*

In Arabidopsis, the components of photoperiodic time measurement
found originally were the causal genes of flowering mutants. The gigantea
(gi) mutant was one of the earliest identified mutants before the molecular
genetic era®. It was recognized for its vigorous vegetative growth (a
“supervital” mutant), and it turned out that its growth phenotype was
caused by late flowering’**. The flavin-binding, kelch repeat, f-box 1 (fkfI)
mutant also displays similar late flowering, especially under long-day
conditions™, underscoring the importance of these genes in photoperiodic
flowering regulation. FKF1 belongs to a small gene family and comprises
three distinct functional domains: N-terminal LOV (Light, Oxygen or
Voltage), F-box, and C-terminal Kelch repeat. The LOV domain is known as
a blue light-sensing module, also found in the blue-light photoreceptors
phototropin and aureochrome, and plays essential roles in various light-
mediated processes, such as phototropism, stomatal opening, chloroplast
movements for phototropins, and photomorphogenesis of algae for
aureochromes™*. In chronobiology, it has been well known that the LOV
domain-containing proteins WHITE COLLAR-1 (WC-1) and VIVID
(VVD) play important roles in the entrainment of the fungus (Neurospora
crassa) circadian clock””, indicating the commonality of usage of blue light
to sense surrounding diel environmental light conditions. Similar to the
other LOV domains, the FKF1 LOV domain binds to flavin mononucleo-
tide (FMN) to absorb blue light and exhibits an unusually long photocycle,
maintaining a light-activated state for days in vitro®. This blue-light per-
ception is crucial for FKF1’s function as an E3 ubiquitin ligase that targets
CYCLING DOF FACTORs (CDFs) and DELLA proteins for degradation,
both of which are negative regulators of flowering™ .

Importantly, FKF1 interacts with GI through its LOV domain in a blue
light-dependent manner, and this interaction is essential for FKFI
function®. Because the circadian expression of both FKFI and GI peaks at
the end of the day under long-day conditions, their light-induced interaction
mainly happens in the long-day afternoon, and this mechanism fits the
external coincidence model well (Fig. 2a)*®. Interestingly, under short-day
conditions, the peak expressions of FKF1 and GI proteins are desynchro-
nized, indicating the presence of an additional layer of regulation through
internal coincidence mechanisms that modulate their expression phases
independently depending on photoperiods®. This misalignment of peak
timing reduces the chance of light-induced FKF1-GI complex formation.
Thus, the photoperiodic FKF1-GI formation mechanism operates with
regulations that fit both the external and internal coincidence models
(Fig. 2a).

In the afternoon of long days, FKF1 also stabilizes CO protein, a key
activator of FT, by directly binding through the LOV domain in response to
blue light”, and additionally interacts with PSEUDO RESPONSE REG-
ULATOR 5 (PRR5)®, which also physically contributes to CO
stabilization”. One of the mechanisms by which FKF1 stabilizes CO is
directly inhibiting CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)
function, an E3 ligase responsible for CO degradation, by capturing a
monomer of COP1”. This is a common molecular strategy for many
photoreceptors to control photomorphogenesis. Once phyA, phyB, cryp-
tochrome 1 (cryl), cry2, and UV RESISTANCE LOCUS 8 (UVR8) are
activated by absorbing different wavelengths of light, they all physically
suppress the COPI1 function to prevent either COP1 dimerization or
complex formation with SUPPRESSOR OF PHYA-105 1 (SPA1)""".
Although FKF1 can form homo- and heterodimers within the ZTL/FKF1/
LKP2 protein family, its interaction with Gl is specifically as a monomer”*”.
It is unclear whether light regulates FKF1 monomerization or modulates the
interaction between its LOV and Kelch domains, although similar LOV-
Kelch interactions are observed in ZEITLUPE (ZTL)”. Light-induced
monomer/dimer exchange and interdomain interactions (i.e., LOV vs Kelch
repeats) are also likely common structure changes observed in the LOV
domains of LOV domain-containing photoreceptor proteins™ ™.

This FKF1-GI coincidence mechanism for photoperiodic time mea-
surement seems evolutionarily conserved in land plants. In Marchantia
polymorpha, a basal land plant, far-red-light-enriched long-day conditions
induce the formation of gametangiophores (reproductive organs containing
either male or female gametophytes). Transcripts of MpFKF and MpGI
show diel oscillation with peaks coinciding at the end of long days, and
MpFKF and MpGI proteins form a complex like their Arabidopsis coun-
terparts. In addition, they are essential for gametangiophore formation
under long-day conditions™, although how they control gametangiophore
formation is currently unknown. Unlike Arabidopsis, Marchantia displays
weaker diel transcriptional oscillations under continuous light conditions,
and MpGI lacks rhythmic expression in such conditions™ ", reflecting a
simpler regulatory architecture with fewer redundant components in the
circadian oscillator. Notably, the Marchantia genome lacks a homolog of the
morning clock genes but retains homologs of other core clock components
such as REVEILLE (RVE), TIMING OF CAB2 EXPRESSION 1 (TOCI),
PRRs, GI, and the evening complex (although all of them are single copies)*’.
Despite its simplified signal transduction system, Marchantia contains two
DOF genes, including a homolog of CDF", possibly suggesting an ancestral
role of the FKF1-GI-CDF module in photoperiodic time measurement in
bryophytes. Thus, MpGI and MpFKEF (the circadian clock protein and the
Ist order clock-regulated photoreceptor) are also required for game-
tangiophore formation in Marchantia, suggesting the requirement of both
light and the circadian clock for photoperiod measurement. However, the
recent study of the circadian clock gene mutants as well as classical Nanda-
Hamner protocol experiments indicated that the duration of light periods
rather than circadian timing is critical for photoperiod measurement in
Marchantia®, indicating the hourglass-type measurement mechanism
might be sufficient for time measurement in Marchantia.

The FKF1-GI complex has been repurposed during land plant evolu-
tion to regulate diverse photoperiodic responses. In short-day plants like
soybean, the soybean GmFKF1 and GmGI (also known as E2) form a
complex and interact with J (a homolog of ELF3) protein to promote its
degradation under long-day conditions. Since ] represses EI (a repressor of
GmFT2 and GmFT5), this degradation pathway activates flowering-related
genes™. In contrast, in wild potato, which tuberizes under short days,
domestication selected for a mutation in StCDFI that renders it con-
stitutively stable, decoupling tuberization from day length®. StFKF1 and
StGI promote tuberization by targeting StCDF1 for degradation”. In
addition, a recent work demonstrated that leaf senescence (or maturity),
which tightly links the onset of tuberization and affects tuber yields and
quality, is regulated by StCDF1*, revealing their conserved yet flexible roles
in diverse seasonal developmental processes. Together, these findings
highlight the FKF1-GI complex as one of the core photoperiodic time
measurement modules, shaped often by both external and internal coin-
cidence mechanisms, and co-opted for various adaptive functions in sea-
sonal responses across land plant evolution.

External coincidence mechanism to stabilize the CO protein
The targets of the FKF1-GI complex-mediated photoperiodic time mea-
surement mechanism are the CO transcript and protein expression patterns.
Various reports describe the transcriptional and posttranslational regula-
tion of CO. Here, I will focus on the mechanisms related to seasonal time
measurement. CO interacts with many proteins, including several tran-
scription factors, which co-activate or repress FT transcription (see more
comprehensive details of CO-interacting proteins in recent reviews"'®).
Both classes of blue-light photoreceptors (crys and the ZTL/FKF1/
LKP2 family) and red/far-red light photoreceptors (phyA and phyB) are
involved in the regulation of CO protein stabilization happening at the end
of long days (around ZT12-ZT16). They are not involved in short days®,
which comprise another layer of the external coincidence mechanisms
(Fig. 2b). phyB and ZTL destabilize CO from morning to early afternoon,
while the rest of the photoreceptors (crys, FKF1, and phyA) stabilize CO in
the afternoon®”. As all photoreceptors except for FKF1 are expressed
throughout the day, it has been proposed that the FKFI-GI complex
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discussed above, together with PRR5, conveys the daily time information in
this regulation. A homolog of FKF1, ZTL, also plays an antagonistic role
with FKF1. CO is degraded with the ZTL-GI complex in the morning”. GI,
which has molecular chaperone activity, can stabilize both FKF1 and ZTL"".

Even though CO protein levels are kept very low during the night in
short days by being actively degraded by the COP1/SPA1 complex***”,
there might be an additional mechanism to ensure that the activity of CO is
repressed during nighttime. That would ensure that FT won’t be induced
during the night in short days under more natural light conditions,
including UV-B spectrum™.

A recent report showed that CO also provides feedback to adjust cir-
cadian clock gene expression”. CO associates with the promoter regions
(mainly where G-box motifs exist) of many circadian clock genes and affects
the gene expression profiles of some. CO likely works as a protein complex
with PRR5 and ELONGATED HYPOCOTYL 5 (HY5). CO overexpression
caused short circadian rhythms, indicating that CO could contribute to
phase advance under a light-dark cycle. CO is mainly expressed in vascular
tissues and shoot apical meristems (although CO expressed only in phloem
is functionally relevant for flowering regulation)’*”, and stabilized in early
morning and late afternoon, particularly in long days®. Therefore, CO is not
likely to be a general regulator for the circadian clock. Rather, CO’s function
may specifically affect photoperiodic time measurement. CO may provide
positive feedback for photoperiodic flowering by slightly advancing the
phases of the circadian oscillator or particular genes, such as FKFI, GI and
PRR5 (as de Los Reyes et al. also discussed™), particularly in CO-expressing
phloem companion cells to expand the time windows of external coin-
cidence happening.

Hourglass mechanisms to induce morning FT

In addition to the photoperiodic time measurement mechanisms discussed
above, a recent finding indicates the presence of a mechanism that fits more
with the idea of the hourglass model within the photoperiodic time mea-
surement mechanisms in Arabidopsis. The expression pattern of FT in the
plants grown under natural long days shows a bimodal pattern with peaks in
the morning (ZT4) and evening (ZT16), which is different from that grown
in the lab®. The difference in FT profiles was caused by a difference in the
red/far-red light (R/FR) ratio—the R/FR ratio equals approximately 1 in
nature, while the ratio was more than 2 in the lab— and diurnal temperature
changes. Adjusting the R/FR ratio to the same as the natural conditions was
crucial to induce FT in the morning (Fig. 2¢). Importantly, these bimodal
expression patterns of FT are unique to photoperiods longer than 14 hours”,
indicating that a photoperiodic time measurement mechanism can generate
this unique pattern. Interestingly, even in animals (in the pars tuberalis in
the sheep pituitary), an early long-photoperiod responsive gene, Eyes absent
3 (Eya3), which is involved in the induction of thyroid-stimulating hormone
B (TSHP) transcription—an essential hormone for seasonal gonad
maturation—shows a similar long-day specific bimodal expression pattern
with peaks in the morning and at the end of the day'**'"". Therefore,
potentially, this potentially suggests that animals may have also evolved a
similar network architecture to measure long-day photoperiods.

To examine whether there is a light-sensitive phase for the morning FT'
induction within a day, circadian gating experiments using the R/FR ratio
adjustments with different timing and duration were performed. The results
indicated that the duration of the light treatment rather than the timing was
important to determine the levels of morning FT, although some time-
dependent sensitivity differences existed”. Because this response demon-
strated clear far-red-light (FR)-duration dependency and also regulation by
phyA [a photoreceptor controlling FR-high irradiation response (HIR)'"],
we concluded that FR-HIR controls the level of morning FT expression.
Although it is different from the originally proposed hourglass mechanism
based on R/FR reversibility and thermal reversion of phyB (Fig. 1a), the
induction levels of morning FT expression can be interpreted as an hour-
glass mechanism because the morning FT levels highly correlate with the
duration (but not so much the timing) of FR exposure perceived by phyA.
phyA has a very slow thermal reversion rate'”, so that FR-activated phyA

can structurally keep the light information throughout the night in long
days. On the contrary, the afternoon peak level was purely controlled by the
external coincidence mechanism that we already knew.

Classical physiological analyses in various long-day plants showed that
they often required longer exposure of light. FR-enriched light was parti-
cularly effective for early flowering, and later these responses were con-
sidered to be FR-HIR responses controlled by phyA®'*. However, the
Arabidopsis phyA mutant grown under white light (provided by cool white
fluorescence tubes) in long days resembled wild-type plants, and it showed a
delayed flowering phenotype only under short-day conditions with addi-
tional 8 hours of low-fluence FR enriched light extension'”, indicating the
contribution of phyA on photoperiodic flowering regulation is limited to
specific light conditions in Arabidopsis. Importantly, finding the bimodal
expression pattern of FT' and underlying FR-HIR mediated morning FT'
induction under natural R/FR conditions clearly demonstrated that Ara-
bidopsis also controls flowering using phyA-mediated FR-HIR in sunlight,
and it also has another mechanism that fits the external coincidence model
(Fig. 2c). The previous observation of the lack of flowering phenotype in the
phyA mutant under white light'* is likely due to the scarcity of FR spectrum
when using fluorescence tubes as a white light source. Although morning FT'
is controlled by FR-HIR, CO is still required, as FT expression is depressed
throughout the day in the co mutant™. CO protein stability increases under
natural R/FR conditions, and CO protein exists in the morning and after-
noon, when FT expression peaks, although the presence of CO protein
without the activation of the FR-HIR mechanism is not sufficient to induce
FT in the morning™”. How phyA mechanistically induces FT in the
morning still remains largely unknown. However, several known photo-
periodic flowering regulators, including GI, ZTL, and TARGET OF EAT 1
(TOE1), are involved in the regulation (Fig. 2c)’***'**. G1 and ZTL physically
regulate CO stability, and TOE1 directly affects CO activity, indicating that
one of the mechanisms of morning FT induction might be the direct control
of CO protein stability and activity. In short days, CO protein is degraded
throughout the day”. This photoperiod-dependent CO protein stability
regulation might still be the basis of long-day specific induction of FT under
natural light conditions. Interestingly, blue-light receptors, FKF1 and cry2,
are more specific in regulating the afternoon peak of FT*.

Similar to the FKF1-GI module, the involvement of phytochrome-
mediated FR-HIR in the photoperiodic response was discovered in
Marchantia. There is only one phytochrome (Mpphy) and PHYTO-
CHROME INTERACTING FACTOR (MpPIF) in Marchantia'”’. The only
phytochrome possesses characteristics of both phyA and phyB in Arabi-
dopsis, and the phytochrome FR HIR responses to induce gametangiophore
formation'”. Land plant phytochrome originates from a common ancestor
in charophytic algae (freshwater green algae). The basal lineage of land
plants, including liverwort (Marchantia), contains only one phytochrome'”.
Indeed, the expression profiles of FT homologs in other long-day plants,
such as wheat, Medicago, strawberry, and hybrid aspen, also demonstrated
similar bimodal expression patterns'”™"'. In addition, in the short-day plant
soybean, the expression pattern of EI (the most important repressor of
soybean florigen), shows a similar long-day specific bimodal expression
pattern'”, indicating that the same mechanism was used to express the
repressor in long days to make soybean a short-day plant. These observa-
tions indicate that the same hourglass (phyA FR-HIR) and coincidence
(FKF1-GI module) mechanisms are likely utilized for these plants to
respond to long-day conditions.

Twilight influence on biomass and flowering time

Recently, in another attempt to study more natural responses of plants
growing at different latitudes in spring, the effects of simulated twilight at
dawn and dusk on photoperiodic responses were studied under lab long-day
conditions'". Introducing various durations of gradual changes in light
intensity at dawn and dusk into growth conditions (without changing the
total daily light energy) altered biomass and flowering time independently,
compared to plants grown under a standard square-shaped light regime. For
example, a 60-minute-long twilight treatment increased the median biomass
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of 25-day-old Arabidopsis plants by 16%, while a 90-minute-long twilight
had no significant effect, compared to control plants grown without twilight.
Independently, flowering time was more delayed under the 90-minute-long
twilight treatment than under the 60-minute-long (or shorter) ones, indi-
cating that twilight duration affects plant development differently through
multiple pathways. To modulate flowering time in response to twilight
changes, known photoreceptors (phyB, phyD, phyE, and cry2), certain
circadian clock components (CCA1, LHY, and GI), and FT are involved,
further confirming the significance of light/circadian control of florigen
expression under more natural conditions. Different photoreceptors (phys
and crys), which have varying sensitivities to light intensity'*, are involved in
the entrainment of the circadian clock'°. Thus, intriguing questions are how
and when plants reset their clock in response to gradually changing light, and
how various photoreceptors coordinate the resetting to influence the
expression patterns of clock and clock-associated output genes. In analyzing
the effects of twilight on long-day-induced flowering, it would be informative
to analyze how twilight conditions affect the bimodal expression pattern of
FTin wild-type and clock mutant plants. The result may help understand the
roles of the clock genes in twilight sensing. Answering these questions will
further elucidate how plants recognize the beginning and the end of the day
and how the changes in twilight regulate photoperiodic responses in natural
environments.

Night break effects at a molecular level

Performing night break experiments has been instrumental in determining
critical day length in plant photoperiodism investigations. Although there are
limited reports regarding the molecular mechanisms underlying the night
break effects, here I introduce what we have learned at the molecular level.

The effects of night breaks (1 hour of either red, far-red, or blue light
exposure given around ZT16 in short days) on flowering time were studied
in Arabidopsis photomorphogenesis mutants'"”. Far-red light exposure was
the most effective on the acceleration of flowering, although the flowering
time ended up being between long-day-grown and short-day-grown plants.
Also, phytochrome chromophore biosynthesis mutants did not exhibit
much response to the night break treatments. This observation is now
understandable considering the contribution of phyA HIR for morning FT'
expression and phyA-dependent stabilization of CO protein around that
time (Fig. 2b and c).

In wheat, a long-day plant, the night break effect was studied for
flowering induction at the molecular level'"*. Night break treatments (1 hour
of white light) were given at different times during the night in short days.
Although the night break given in the middle of the night was the most
effective, all night break treatments given at different times of night induced
similar flowering earlier than in short day-grown plants in wheat. Unlike the
classical example in short-day plants, repetitive night break treatments were
more effective than the single night break treatment. The treatment
immediately induced the expression of PHOTOPERIOD 1 (PPDI) gene, a
key positive regulator of wheat photoperiodic flowering that induces FT1
expression. This induction is controlled by phyB and phyC photoreceptors,
and the light effects are only partly R/FR photoreversible. Interestingly, the
night break treatment that induced PPD1 and FT'1 did not change the phases
of the circadian clock genes. These observations indicate that the night break
mechanism in wheat fits Biinning’s hypothesis better than the external
coincidence model.

The classical textbook examples of the night break effects—a single
short-duration (minutes) treatment completely inhibits short-day induced
flowering and the effect is R/FR reversible—were mainly obtained from
short-day plants’. At least we have learned the molecular mechanisms of
night-break effects in a short-day rice plant. Although repetitive 10-min
light pulses per day were required to see a change in rice flowering time, the
single exposure was enough to see the gene expression changes'”. The night
break clearly shows the inhibition of FT-homolog in rice Heading day 3a
(Hd3a) expression, and the inhibitory effects show obvious time-
dependency. The light given in the middle of the night (around ZT17 in
10-h light/14-h dark short days) is the most effective and this light signal is

perceived mainly by phyB (with R/FR photoreversibility)''*'*. This treat-
ment also caused slight phase delays in some circadian clock-regulated
genes'”, fitting the external coincidence model. At the beginning of our
understanding of the photoperiodic flowering mechanism in rice, its simi-
larity to the one in Arabidopsis was discussed. Soon, identification of various
rice-specific mechanisms'*' lead to recognition that the photoperiodic time
measurement mechanism in rice is different from the one in Arabidopsis"’.

Based on extensive night break experiments using either blue or red light
pulses, rice has two light sensitive phases—one for blue light and the other for
red light— to induce rice specific flowering activators and repressors,
respectively (Fig. 3a)'”. Blue light induces the expression of Early heading
date 1 (Ehdl) in an Oryza sativa GI (OsGI)-dependent manner. Blue light
sensitivity spans a wider time window than red-light sensitivity. Red light
absorbed mainly by the phyB photoreceptor induces Ghd7 (Grain number,
plant height, and heading date 7) expression, and the peak timing of red-light
sensitivity coincides with blue-light sensitivity in long days but happens in the
middle of the night in short days (Fig. 3a). Because Ghd7 protein represses the
expression of Ehd] transcription, it has been proposed that Ehd1 expression
level is lower in long day because of the presence of Ghd7-dependent sup-
pression (Fig. 3a, b). A recent work showed that phyB physically binds to
Ghd7 protein and stabilizes it in long days'”. Ghd7 stability is negatively
regulated through a proteasome-dependent degradation mechanism by
direct binding of OsGI, and phyB physically competes with OsGI binding to
Ghd?7, stabilizing it'*’. Ghd7 protein is unstable throughout the entire day in
short days, releasing Ghd7-dependent repression. This facilitates the induc-
tion of Ehdl, a rice-specific transcriptional activator of florigens (Hd3a and
RICE FLOWERING LOCUS T I: RFT1) in short days (Fig. 3b)'**"**. Thus, the
photoperiodic time measurement mechanism is composed of two external
coincidence regulations, which are independently controlled by red and blue
light, respectively, but also have a hierarchal relationship (i.e., Ghd7 repres-
sing EhdI), which is altered by the internal coincidence mechanism of con-
trolling the phases of these two light-induced regulations (Fig. 3a). Because of
this hierarchy, the night break effect is mainly controlled by red light, which
activates phyB-specific Ghd7 induction and the Ghd7 stabilization pathway
(Fig. 3¢). It is noteworthy that the strength of night break effects correlates
with red-light intensities'”’.

In the rice photoperiodic flowering pathway, the CO homolog, Hdl,
also plays a critical role as a direct regulator of Hd3a expression to control
heading dates'”'*’. However, unlike CO, Hd1 protein is stable even in the
dark, but changes its function from an activator to a repressor of florigen
expression depending on photoperiod'”’. This photoperiodic conversion of
Hd1 function is controlled by Ghd?7. In long days, Ghd7 physically binds to
Hd1 to convert the Hd1 complex into a repressor of both Ehd1 and Hd3a'*.
Although the clear coincidence mechanism has not been directly described
as related to Hdl-related regulation, to precisely control flowering time
under specific photoperiods, the balance (timing of expression and levels
and their interactions) among one transcriptional repressor (Ghd7) and two
activators (Ehd1 and Hd1) of florigen (Hd3a and RFT) is crucial'”.

A metabolic daylength measurement mechanism that
controls photoperiodic growth

Although photoperiodic changes in florigen homolog levels control various
seasonal developments in many plant species'*'*'>"*’, recent work revealed
the presence of a different seasonal time measurement mechanism. The
interplay between photosynthesis-derived sucrose/sugar metabolic signal-
ing and the circadian clock regulates photoperiodic vegetative growth in
long days and short days in Arabidopsis™"'*’. As some plants do not show
photoperiodic flowering responses and the CO-FT photoperiodic flowering
module is not mainly active in short days in Arabidopsis, the Joshua Gen-
dron group has sought other photoperiodic mechanisms that possibly exist
in short days by identifying genes with short-day specific expression from
the comparison of transcriptome datasets of long-day and short-day grown
plants'”'. The mutant of one of these genes, PHLOEM PROTEIN 2 -A13
(PP2-A13), showed short-day specific defects in growth and flowering
(i.e, lower biomass, leaf senescence initiation before bolting, bolting
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Fig. 3 | The photoperiodic time measurement mechanisms and night break
effects in rice. a Photoperiodic flowering in rice is regulated by red and blue light.
The light sensitivity for red and blue light oscillates throughout the day. Red light
perceived by phyB induces Ghd7 expression, while blue light induces Ehd1
expression in an OsGI-dependent manner. The phases of maximum sensitivity of
red and blue light coincide in long days, but not in short days. These mechanisms
have features that fit both external and internal coincidence models. b At the
molecular level, phyB signaling forms a feedforward loop in long days to induce
Ghd7 and stabilize Ghd7 protein by physical interaction in the morning. Ghd7
represses Edh1 expression; therefore, even though blue light is present, the Edh1 level
islower in long days than in short days. Ghd7 binds to Hd1 protein to convert Hd1 to

a repressor of Edhl and Hd3a. OsGI binds to the Ghd7 protein to degrade it in the
afternoon. In short days, the red-light sensitive window for Ghd” induction is in the
middle of night, so the Ghd? level stays low. In addition, Ghd7 protein is actively
degraded in short days. Without Ghd7, blue light can induce EhdI in the morning.
Both Ehd1 and HdI induce the expression of florigen genes (Hd3a and RFT). In
short days, the night break treatment in the middle of the night induces Ghd? to
repress flowering. (Note that the precise diel expression patterns of Ghd7and Ehd1
vary among reports, possibly due to usage of different cultivars and growth condi-
tions, and their patterns in the night break panel are predicted ones). ¢ The summary
of the night break cascade. PhyB-mediated Ghd7 activation is the key to the night
break treatment.

delay, etc.)". The expression pattern of PP2-A13 shows a bimodal
expression profile with a unique short-day specific early night peak (Fig. 4).
The PP2-A13 expression is repressed by photosynthesis-derived sucrose
signaling during the long-day afternoon (around ZT8-16), and this pho-
tosynthesis/sucrose-dependent repression of PP2-A13 is negatively gated by
the circadian clock during the subjective night, so that sensitivity to
photosynthesis-derived sucrose metabolic signaling is higher during the
ZT8-16 time window than near dusk'”". In this pathway, light information
(its quality and quantity) is integrated through photosynthesis activity, and
the presence of sucrose (or its derived sugars) is critical for controlling the
transcription of PP2-A13, although the mechanisms of this sucrose signaling
and PP2-A13-dependent growth regulation remain elusive.

The Gendron group further found that a similar photosynthesis/
sucrose metabolic pathway also regulates vegetative growth in long days'”.
The gene MYO-INOSITOL-1-PHOSPHATE SYNTHASE 1 (MIPS1) shows
a long-day specific bimodal expression pattern with morning (at ZT4) and
dusk (at ZT16) peaks (Fig. 4), and the mips1 mutant grows slowly only under
long-day conditions. Photosynthesis-derived sucrose signaling induces
MIPS] expression in the long-day afternoon, and this regulation is inde-
pendent of the photoperiodic flowering mechanism. Although the
mechanism of MIPSI action in long-day specific growth regulation is
unknown, it is proposed that the long-day afternoon expression of MIPSI is
crucial for growth activation. Importantly, exposing plants to weak light,
which is enough to entrain the circadian clock but lower than the photo-
synthesis compensation point, failed to induce MIPSI expression in the
long-day afternoon. Therefore, Wang et al. proposed that plants may
measure the duration of photosynthesis activity above the compensation
point to control photoperiodic growth'*.

The photoperiodic regulation of both PP2-A13 and MIPSI expression
shares various similarities. Both are regulated by photosynthesis-derived
sucrose metabolic signaling. The crucial changes in gene expression for both
genes for the regulation of plant growth happen in the ZT8-16 window.

Because of the circadian gating mechanism, this window has higher sensi-
tivity to sucrose-mediated signaling for photoperiodic growth regulation
than at other times of the day. Although it is merely one possibility, based on
their findings, the photoperiodic expression of these genes might be con-
trolled by the external coincidence mechanism between light signals pro-
cessed through photosynthesis activity and clock-controlled sucrose/sugar
signal sensitivity (Fig. 4). In this regulation, sucrose signaling could induce
MIPS1, while it could repress PP2-A13 (Fig. 4).

It has been well-characterized that plants precisely adjust starch
degradation kinetics during nighttime through the circadian clock-associated
mechanism, depending on photoperiods™'*™'*, so that they won’t starve
from a lack of sugar at the end of nights of varying lengths. Although starch
accumulation and degradation kinetics show photoperiod-specific distinct
patterns (Fig. 4), starch by itself doesn’t seem to be essential for photoperiodic
growth regulation, because photosynthesis/sucrose signaling still regulates
MIPS1 and PP2-A13 in the starchless mutant (although the expression pat-
terns of both genes are affected). In addition to photoperiodic adjustment of
starch degradation rates, photosynthesis-derived sugar signals are known to
regulate several developmental transitions. The photosynthetic glucose
adjusts the timing of juvenile-to-adult leaf developmental transition (known
as heteroblasty), which may affect the overall biomass of plants, by partly
controlling the expression of microRNA156 (miR156)". Trehalose-6-
phosphate, a signaling intermediate of a sugar metabolic pathway'”, is
involved in flowering regulation as an important factor for FT induction in
leaves and miR156 repression at the shoot apex'”. It is of great interest to
investigate whether the photoperiodic growth mechanisms discussed here
share metabolic signaling networks with either starch degradation kinetic
regulation or other sugar-controlled developmental regulation. Also, because
both MIPSI and PP2-A13 genes showed photoperiod-specific bimodal
expression patterns, similar to the FT bimodal expression pattern in long
days, these genes may also be controlled by at least two light-dependent
mechanisms, which may fit different day-length measurement mechanisms
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Fig. 4 | A possible model for the metabolic day
length measurement mechanism for photo-
periodic growth regulation. This diagram depicts
one of the possibilities that may explain the
expression patterns of PP2-A13 and MIPSI genes in
long days and short days. In this mechanism, the
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repression of PP2-A13 do not happen. This helps
plants to induce PP2-A13 in the time window of
short days. Afternoon (ZT8-16) expression of
MIPSI and PP2-A13 induces growth in long days
and short days, respectively. The starch production
and degradation are controlled by photoperiods, but
the amounts of starch changes might not directly
regulate photoperiodic growth. The photoperiodic
accumulation patterns of starch and sucrose are

PP2-A13 mRNA

MIPS1 mRNA

based on ref."* and ref."”, respectively.

LD growth SD growth

discussed in this review. As we have just begun to learn about this new
regulation, we anticipate learning more about how plants measure photo-
periods using the photosynthesis-derived sucrose metabolic pathway.

Future perspective

The classical models have profoundly shaped our understanding of photo-
periodism, guiding both experimental design and theoretical frameworks in
plant photobiology and chronobiology. They provided testable predictions,
conceptual clarity, and a basis for investigating seasonal responses across
diverse plant taxa. However, as our molecular understanding of photo-
periodic flowering mechanisms deepens, it becomes clear that molecular
findings often reflect features from more than one model as discussed in this
article. Finding that a photosynthesis-associated metabolic pathway controls
photoperiodic growth widens our view of daylength-sensing mechanisms
from interactions between conventional photoreceptors and transcriptional
regulators. Our more comprehensive understanding of photoperiodic time
measurement is still limited to several species, like Arabidopsis and rice.
Classical physiological work as well as recent molecular biological work in
photoperiodism using different plants clearly indicates the presence of some
variations in the photoperiodic time measurement mechanisms, confirming
the importance of studying multiple species. To understand the more
species-specific mechanisms, classical models will guide our molecular
biology experiments by providing physiological knowledge and theoretical
framework related to their responses, but we no longer need to choose only
one representative model to discuss possible underlying mechanisms as we
now have tools and resources to explore the mechanisms in depth that
control diversity in photoperiodism in various plants.
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