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Gearing Up the Clock of Hypocotyl Growth!

To anticipate daily changes imposed by Earth’s ro-
tation, organisms from all domains of life have evolved
an endogenous 24-h timer with daily rhythmic func-
tions: the circadian clock. In plants, the first organisms
where circadian dynamics were observed, the circadian
clock processes daylength information to regulate a
wide range of physiological and developmental re-
sponses (Greenham and McClung, 2015). Under nor-
mal photoperiodic conditions, hypocotyl elongation
is a robust response that can be observed to monitor
the circadian regulation of plant growth (Nusinow
et al,, 2011). However, the regulatory networks con-
trolling this physiological mechanism remain poorly
understood.

In this issue of Plant Physiology, Li et al. (2020) ap-
proach this topic by demonstrating coordinated action
of specific components of the Arabidopsis (Arabidopsis
thaliana) circadian clock to regulate photoperiodic hy-
pocotyl growth (Li et al., 2020). They focused on the
Evening Complex (EC), which is composed of EARLY
FLOWERING4 (ELF4), ELF3, and LUX ARRHYTHMO;
and the Pseudo Response Regulators (PRRs) gene
family composed of five members (PRR3, PRR5, PRR?,
PRRY, and TIMING OF CAB EXPRESSION1 [TOC1]),
all components of the circadian clock. One of the func-
tions of the EC and PRRs in plant photoperiodic growth
dynamics is to regulate the abundance and activity
of PHYTOCHROME-INTERACTING FACTOR (PIF)
transcription factors, which are positive regulators of
plant cell elongation (Nusinow et al., 2011; Martin et al.,
2018). Previous work has demonstrated that, whereas
EC components (ELF3, ELF4, and LUX ARRHYTHMO)
inhibit PIF expression in the early evening and the be-
ginning of the night (thus directly allowing the circa-
dian clock to diurnally regulate hypocotyl growth),
PRR proteins (PRR3, PRR5, PRR7, PRR9, and TOC1)
are proposed to modulate photoperiodic hypocotyl
elongation via transcriptional regulation and post-
transcriptional control of PIF4 and PIF5 (Liu et al,
2013; Martin et al., 2018). Because PIF proteins pro-
mote cell elongation, any conditions that promote PIF
expression and accumulation, such as short days and
high temperature, induce long hypocotyl phenotypes.

Li et al. (2020) used a series of higher-order mutants
to evaluate the genetic interactions of PRRs and EC
components on hypocotyl length upon different light
regimes (short day, long day, and continuous light).
They found that the hypocotyls of toc1 prr5 elf3 and tocl
prr5 Ix triple mutants were significantly longer than
those of lower-order mutants, both in short day and
long day, suggesting that PRR and EC additively
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regulate this growth response under photoperiodic
conditions. Remarkably, continuous light conditions
abolished any hypocotyl growth difference indicating
that daylight cycling is required to reveal the role of
clock genes on hypocotyl growth.

How do the EC and PRRs additively control PIF
and what is the impact on the hypocotyl elongation?
To address this, the authors carried out a tran-
scriptomic study of various PRR mutants, which
revealed that PRRs regulate PIF expression, as PIFs
have been previously shown to be transcriptional
targets of the EC. Previous studies have indicated
that TOC1 protein also interacts with PIFs through
direct protein—protein interactions. Here, the authors
demonstrated that although the protein—protein in-
teraction occurs independently of TOC1’s DNA
binding domain, TOC1 requires its DNA binding
domain to rescue a toc1 knockout mutant. These data
support an important transcriptional role for TOC1
in regulating PIF expression levels and hypocotyl
growth. The authors also showed that TOC1/PRR5s
are able to directly bind PIF promoter regions and
repress them.

More important, the authors showed that the circa-
dian expression of PIF4 and PIF5 is cooperatively or-
chestrated by PRRs and EC acting at slightly different
times of the evening, with PRRs repressing PIFs ex-
pression earlier than EC components. Using the focl
prr5 elf3 triple mutant, the authors showed that day-
length imposes dynamic changes on the expression of
PIF4 and PIF5, depending on the presence of specific
PRRs and EC. In doing so, PRRs and EC proteins ad-
just daylength information by affecting the cyclic ex-
pression of PIFs. Additionally, the toclprr5 pif4 pifs
quadruple mutant showed that PRR-mediated clock
regulation of hypocotyl elongation requires a func-
tional PIF4 and PIF5 and hence PIF4 and PIF5 act
downstream of PRRs. In other words, the coordination
of the hypocotyl-growth response mediated by PIF4
and PIF5 is synchronized with daylength by the clock
elements PRRs and EC.

Molecular characterization of the plant circadian
clock is helping us to understand how plants regulate a
plethora of daily rhythmic physiological events. As
interconnected mechanical gears that control the func-
tioning of a true physical clock, authors demonstrated
that EC and PRR work additively to regulate circadian
dynamics of photoperiodic hypocotyl growth. Given
that hypocotyl growth is critical for the success of
seedling establishment, work by Li et al. (2020) may
allow us to understand the physiological processes
controlling seedling establishment and plant survival
in natural conditions. In this regard, synchrony be-
tween the external light-dark cycle and the internal
plant clock results in improved growth and survival
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parameters (Green et al., 2002; Dodd et al., 2005).
Besides photoperiodic growth, the described mecha-
nism of work for the PRRs-EC-PIF signaling module
may serve as a tool to explore other clock-modulated
responses in plants, such as metabolites accumula-
tion (Dodd et al., 2015), foraging for light (Salter et al.,
2003) and defense against pests and pathogens
(Goodspeed et al., 2013). The clock keeps ticking and
the time to move circadian research into the wild is
gearing up!
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