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ABSTRACT

ARTICLE HISTORY

The circadian clock is synchronized by the day-night cycle to allow plants to anticipate daily environmental changes and to recognize annual changes in day length enabling seasonal flowering. This clock
system has been extensively studied in Arabidopsis thaliana and was found to be reset by the dark to
light transition at dawn. By contrast, studies on photoperiodic flowering of Pharbitis nil revealed the
presence of a clock system reset by the transition from light to dark at dusk to measure the duration of
the night. However, a Pharbitis photosynthetic gene was also shown to be insensitive to this dusk
transition and to be set by dawn. Thus Pharbitis appeared to have two clock systems, one set by dusk
that controls photoperiodic flowering and a second controlling photosynthetic gene expression similar
to that of Arabidopsis. Here, we show that circadian mRNA expression of Pharbitis homologs of a series
of Arabidopsis clock or clock-controlled genes are insensitive to the dusk transition. These data further
define the presence in Pharbitis of a clock system that is analogous to the Arabidopsis system, which coexists and functions with the dusk-set system dedicated to the control of photoperiodic flowering.

Received 17 April 2018
Accepted 27 April 2018

The circadian clock confers endogenous timing information
to allow organisms to anticipate daily environmental changes
such as light and temperature by triggering behavior and
physiology at the appropriate time of the day. The circadian
clock is a self-sustaining system that generates an autonomous
rhythm with a period length of approximately 24 hours in
constant conditions, but this rhythm is also influenced by
environmental cues such as changes in light and temperature.
In natural conditions the circadian clock therefore synchronizes with day/night cycles.1,2 Synchronization not only allows
organisms to accommodate the daily cycles, but also enables
them to detect changes in the duration of the day and night
that fluctuate regularly throughout the year. Therefore, the
circadian clock also represents a seasonal timer that allows
organisms to anticipate seasonal climatic changes especially at
higher latitudes.3
sRecognition of changes in day length confers seasonal flowering in plants. This mechanism involves a dedicated time-keeping
mechanism that integrates information on the light environment
to measure duration of the day or night. Its time-keeping activity
is derived from the circadian clock. In Arabidopsis, promotion of
flowering under long days (LDs) occurs through transcriptional
induction of the florigen gene FLOWERING LOCUS T (FT)
specifically under these conditions.4,5 The CONSTANS (CO)
transcription factor binds to the FT promoter to directly confer
its LD-specific induction.6-8 CO represents a photoperiodic-timer
gene with its transcript levels being controlled by the circadian
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clock. CO protein accumulates in response to exposure to light.9,10
Information on light exposure is thereby integrated at CO, leading
to its accumulation under LDs and accomplishing measurement
of day length.7,8,10–12 Temporal regulation of CO transcription
through the clock-controlled blue light photoreceptor FLAVINBINDING, KELCH REPEAT, F-BOX1 (FKF1), clock-controlled
flowering regulators CYCLING DOF FACTORs (CDFs), and the
clock protein GIGANTEA (GI) determines the proper daily accumulation pattern of CO transcript, ensuring that its accumulation
coincides with light exposure only under LDs and CO accumulation occurs specifically under these conditions.13-15 These proteins
thereby link CO transcription and the circadian clock, which
comprises transcriptional negative feedback-loops with particular
clock genes such as LATE ELONGATED HYPOCOTYL (LHY)
and TIMING OF CAB EXPRESSION 1 (TOC1) in Arabidopsis.16
The fact that CO is stabilized by light exposure indicates that
Arabidopsis triggers photoperiodic flowering responses by
measuring the duration of the day. Transcription of FT also
occurs only during the day.13 On the other hand, Pharbitis nil,
a member of the Convolvulaceae and widely used as a model
short day plants (SDP), measures the duration of the night.17 In
Pharbitis, darkness is required for inducing expression of the
florigen-related gene FT1 (P. nil FT1 or Pn FT1), the functional
ortholog of Arabidopsis FT.17 Moreover, the circadian phase of
Pn FT1 expression in Pharbitis is strongly set by the light-todark transition at dusk or light-off in day/night cycles, which
allows its expression to proceed only when plants are exposed
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to sufficiently long nights and eventually to accumulate specifically under SDs.17 Such a phase setting manner in Pn FT1
expression indicates presence of a dusk-set photoperiodic timekeeping rhythm and a clock system reset by the light-to-dark
transition. However, the clock in Arabidopsis appears to be
rather reset by the light-on at dawn without being affected by
the light-to-dark transition at dusk. Circadian phases in expression rhythms of the photosynthetic-gene CAB is strongly set by
light exposure at dawn without being strongly affected by the
timing of lights off.18,19 Therefore, Pharbitis is likely to contain
a clock system that controls photoperiodic flowering whose
manner of light resetting is inconsistent with that of
Arabidopsis.17
On the other hand, like in Arabidopsis the circadian
phase in expression of Pharbitis CAB is not strongly
affected by light-to-dark transitions, suggesting that other
than the clock system reset by light-off, Pharbitis retains
another clock system of the Arabidopsis type.17 Here, we
strengthen and extend this idea by further illustrating
effects of light-to-dark transitions on circadian expression
of Pharbitis homologs of a series of Arabidopsis clock and
clock-controlled genes. Circadian phases in expression of
these genes are set by the dark-to-light transition at dawn
without being affected by dusk transitions, further supporting the concept that Pharbitis retains a clock system similar
to that in Arabidopsis as well as the system a differently
regulated system dedicated to control of photoperiodic
flowering.
In Arabidopsis both LHY and TOC1 act in the clock to
confer circadian rhythms in expression of a wide range of
genes, including that of photosynthetic genes such as
CAB.16 We therefore checked the effects of light-to-dark
transitions on circadian phases in expression of LHY- and
TOC1- related genes in Pharbitis. The Pharbitis TOC1related gene or PnTOC1 was identified by a BLAST search
against the database “Japanese Morning Glory Genome
Database” (http://ipomoeanil.nibb.ac.jp/). The LHY-related
gene, termed PnLHY, was previously isolated and its circadian expression with a phase similar to that of LHY
reported, although its protein function is still unknown.20
Comparison of the deduced amino acid sequence of the
protein encoded by PnTOC1 against TOC1 and the
Arabidopsis paralogs is illustrated in the Supplementary
Figure 1. The highest similarity of PnTOC1 is to TOC1,
with the pseudo-receiver and CO, COL and TOC1 (CCT)
domains also being conserved in its amino acid sequence.6,8,21–23

We entrained Pharbitis plants in light/dark cycles and
transferred them to constant light (LL), and released populations into continuous darkness (DD) at 8 h intervals to
check the rhythm of PnLHY and PnTOC1 expression. If the
clock system that comprises these genes or controls their
transcription is reset by dark-to-light transition at dawn,
then expression of these genes should rise at a constant
time after the transfer to LL regardless of when DD begins.
However, if the clock system is reset by the light-to-dark
transition at dusk, expression of these genes should rise at a
constant time after transfer to DD regardless of when LL
begins. Expression of PnLHY and PnTOC1 exhibited

circadian rhythms peaking approximately at circadian time
(CT) 0 in the subjective morning and CT 8 in the subjective evening, respectively, consistent with peak times in
circadian
expression
of
LHY
and
TOC1
in
Arabidopsis,24,25 (Figure 1B,E, H, K, Supplementary
Figure 1A-D). Expression of both of these genes also
began to rise constantly from transfer to LL, indicating
that circadian phases in expression of PnLHY and
PnTOC1 are set by the dark-to-light transition without
being affected by light-to-dark transitions (Figure 1B,E, H,
K, Supplementary Figure 1A-D). For the control experiment we also checked circadian expression of Pn FT1 and
its paralog Pn FT2 in the same RNA samples. Pn FT2 has
been reported to be expressed with a circadian pattern
similar to Pn FT1,17 although its role in flowering has not
been uncovered. Consistent with previous data, expression
of these genes consistently began to rise approximately
12–16 h after transfer to DD, clearly demonstrating that
light-off sets expression of these rhythms (Figure1A, D,
G, J).
The observed dusk-set circadian phases in Pn FT expression
leads to the idea that expression of genes that generate the Pn FT
rhythms might also be set by light-to-dark transitions. In
Arabidopsis FKF1 and CDFs affect FT expression through transcriptional control of the photoperiodic time-keeping gene
CO.13,14 FKF1 and a particular CDF have also been reported to
directly affect FT transcription through their association with its
promoter.7 We therefore isolated Pharbitis homologs of FKF1
and a CDF by BLAST searches against the database to test effects
of light-to-dark transitions on circadian expression of these
genes. Comparison of the deduced amino acid sequence of the
protein encoded by PnFKF1 with Arabidopsis FKF1 and other
related proteins is illustrated in Supplementary Figure 2. The
highest similarity of Pn FKF1 is to Arabidopsis FKF1 rather than
to other FKF1-related proteins including the Arabidopsis paralogs such as ZEITLUPE (ZTL) and LKP2, which are mainly
involved in the control of clock functions in this plant.16,26–28
The deduced amino acid sequence of the protein encoded by
PnCDF2 was also most similar to those of Arabidopsis CDFs and
related proteins, that also contain the conserved DOF DNAbinding domain in their deduced amino acid sequence14,29
(Supplementary fig. 3).
Expression of PnFKF1 and PnCDF2 exhibited circadian
rhythms peaking approximately at CT8 in the subjective evening and at CT 0 in the subjective morning, respectively
(Figure 1C, F, I, L, Supplementary Figure 1E, F, G, H), consistent with circadian expression patterns of FKF1 and CDF2
in Arabidopsis.14,29 Also, expression of both of these genes
began to rise constantly from transfer to LL regardless of
when plants were shifted to DD (Figure 1C, F, I, L,
Supplementary Figure 1E, F, G, H). This indicates that despite
dusk-set circadian expression of Pn FT, circadian expression
of PnFKF1 and PnCDF2 is not affected by light-to-dark
transitions.
The circadian clock in Arabidopsis is reset by red, blue,
and far-red light.30 However, the Arabidopsis clock is mainly
set by the dark-to-light transition at dawn,18,19 so light qualities that mediate light-off resetting are still unknown in plants.
To understand this, we checked the effects of transitions from
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Figure 1. Effects of light-to-dark transitions on circadian expression of Pharbitis clock-controlled genes. Plants were grown under 12h light + 12 h dark for 4 days and
were transferred to continuous light at time 0. Plants were then divided into four populations and transferred to continuous dark at 8, 16, 24, and 32 h after the lighton. Cotyledons were harvested from these populations every 4 hours. (A-F) Circadian expression of Pn FT1, PnLHY, PnFKF1, Pn FT2, PnTOC1, and PnCDF2 in DD,
respectively. The horizontal axes represent time after dawn from the fifth days. The vertical axes indicate levels of these transcripts relative to ubq. Error bars show SD
among two technical replicates in real-time PCR. Two biological replicates were performed (also see supplementary data). (G-L) Diagrams illustrating peak phases in
circadian expression of these genes in DD. Peak times in expression of the genes relative to dawn were plotted. The horizontal axes represent time after dawn from
the fifth days. The vertical axes represent the time after dawn at which each population was transferred to darkness (e.g., L8-DD spent 8 h in light before transfer to
darkness). The results for the four populations of plants shifted to darkness 8, 16, 24, and 32 h after dawn were plotted, and the time that each population was
transferred to DD was illustrated in the diagram by the transition from light to shade.

each of these wavelengths of light to darkness on phase setting
in circadian expression of Pn FTs. We entrained plants in LD
cycles and the next morning exposed the plants to 8 h white
light. We then transferred them to continuous red, far-red, or
blue light and released to DD at different times to check
expression rhythms of Pn FT1 and Pn FT2. In any light

conditions tested, Pn FT1 and Pn FT2 expression constantly
began to rise approximately 12–16 h after transfer to DD
(Figure 2A-L). These results indicate that any of these light
qualities function as determinants for setting the clock to the
timing of lights-off. In these experiments reduced peak levels
in Pn FT expression in DD were also observed when plants
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Figure 2. Red, blue and far-red lights function as determinants to reset the clock at lights-off. Plants were grown under 8 h light + 16 h darkness for four days. On
the fifth day plants kept in 8 h WL in the morning were further exposed to either red, blue or far-red light of various durations (0, 8, 16, 24 h), and thereafter
transferred to DD. Plants were harvested every 4 hours within the period of only 28 hours from transfer to DD. (A-F) Circadian expression of Pn FT1 and Pn FT2 in DD
after transfer from red light (A and D), blue light (B and E), or far-red light (C and F). Transcript levels of Pn FT1, Pn FT2, and ubq was analyzed in DD by real-time
PCR. The horizontal axes represent hours from dawn on the 5th day. The vertical axes indicate transcript levels of Pn FTs relative to ubq based on obtained data from
real-time PCR. Error bars show SD among two biological replicates. (G-L) Diagrams illustrating peak phases in circadian expression of Pn FT1 and Pn FT2 in DD. Peak
times in expression of these genes relative to dawn were plotted. The horizontal axes represent time after dawn from the fifth days. The vertical axes represent the
duration (h) of red, blue or far-red light that each population received before transfer to darkness (e.g., L8-DD spent 8 h in either one of these lights before transfer to
darkness).

were exposed to prolonged blue or far-red light before DD,
although the significance and mechanisms are unclear
(Figure 2B, C, E, F, H, I, K, L).
In this study we further examined the effects of light-todark transitions on phase setting in circadian expression of

the Pharbitis homologs of a series of Arabidopsis clock and
clock-controlled genes. We found that expression of the
Pharbitis homologs of Arabidopsis clock genes LHY and
TOC1 is set by the dark-to-light transition at dawn without
being affected by light-to-dark transitions, clearly
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demonstrating the presence in Pharbitis of a clock system that
resembles the Arabidopsis clock in terms of the manner of
light resetting. Like in Arabidopsis, the circadian rhythm in
expression of CAB in Pharbitis is also presumed to be
mediated by this circadian system, as in this plant its expression is mainly set by the dark-to-light transition without being
strongly affected by light-to-dark transitions.17 Considering
that anticipating the light-on at dawn by triggering gene
expression during the night is crucial for maximizing photosynthetic activity, and that photosynthesis is vital for plant
survival, insensitivity to light-to-dark transitions at dusk
might be expected to be a significant and common feature
in plant circadian clocks. Especially at higher latitudes where
the timing of dusk alters due to fluctuation in day length
within the year, this insensitivity has the potential to allow
the clock system and its control of photosynthesis to accurately anticipate lights-on at dawn. It is unclear whether the
dusk-insensitive Pharbitis clock system comprises genes
orthologous to Arabidopsis clock genes. However, since
PnLHY and PnTOC1 appeared to be expressed with circadian
phases similar to LHY and TOC1, respectively, the clock
system could potentially be orthologous to the Arabidopsis
system. Related to this, overexpression of the Pharbitis orthologue of Arabidopsis GI causes alterations in various circadian
rhythms such as leaf movement in Pharbitis.20 This observation is also consistent with the idea that Pharbitis retains a
clock system orthologous to that in Arabidopsis.
Other than the observed dusk-insensitive clock system that
is similar to that of Arabidopsis, Pharbitis also retains a
system strongly reset by the dusk transition to generate a
dusk-set photoperiodic time-keeping rhythm.17 Based on
genetic and molecular studies on light resetting of the circadian clock in Arabidopsis, dusk resetting of the clock in
Pharbitis may involve loss of a mechanism that limits the
activity of light input to the clock component to dawn, causing its activity to be always on and suspending the activity of
the clock at the particular phase during the light period till the
dark period begins.18,19 Red, far-red and blue light are likely
to be responsible for dusk resetting of the Pharbitis clock,
since transitions from any of these wavelengths of light to
darkness could set circadian expression of Pn FTs (Figure 2AL). These light qualities are responsible for entrainment of the
Arabidopsis circadian clock as well, but in this plant activities
of light input pathways that mediate between these wavelengths of light and the clock components are limited to
dawn allowing it to be specifically reset at this time.30
The core clock that mediates photoperiodic flowering in
Pharbitis probably shares most of the Arabidopsis clock genes
because, as was observed in several Arabidopsis mutants such
as early flowering 3 (elf3), 19 the lack of only a single gene
function can cause deficiency in the mechanism that temporarily restricts the activity of light input to the clock. Therefore,
in Pharbitis an orthologous clock system could remain linked
to the same photoperiodic-flowering genes as in Arabidopsis
but lack the restriction mechanism against light input, and
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thereby provide dusk-set rhythms. However, circadian
rhythms in expression of PnFKF1 and PnCDF2 were insensitive to light-to-dark transitions in Pharbitis (Figure 1C, F, I, L,
Supplementary Figure 1E-H), despite observed clear light-off
setting in Pn FT rhythms17,(Figure1A,D, G, J). This inconsistency implies that unlike in Arabidopsis, functions of
Pharbitis FKF1 and CDF2 are not coupled with control of
FT transcription. Circadian expression of PnCO, a close
homolog of CO in Pharbitis whose overexpression can induce
flowering in Arabidopsis, has also been reported to be insensitive to light-to-dark transitions,31. The photoperiodic pathway that controls expression of Pn FTs in Pharbitis might
therefore involve genes different from FKF1, CDFs and CO in
Arabidopsis. Alternatively, there might be other Pharbitis
genes whose functions are more closely related to FKF1,
CDFs and CO, whose circadian rhythms in expression are
affected by light-to-dark transitions.
In this study we further supported the presence of two
distinct clock systems in Pharbitis. These presumed clock
systems are insensitive to or strongly reset by light-to-dark
transitions in daily cycles, carrying the potential to generate
distinct circadian rhythms with their phases originating from
either the timing of dawn or dusk, respectively. Co-existence
of these clock systems could therefore provide significant
adaptive advantage to natural day/night cycles especially at
higher latitudes. The clock system insensitive to the light-todark transition at dusk has the potential to enable accurate
anticipation of lights-on at dawn regardless of changes in the
timing of dusk within the year. At the same time, the circadian system strongly reset by this transition enables to generate dusk-set circadian rhythms throughout the year without
being affected by changes in the timing of dawn. Although,
like in Arabidopsis, expression and activities of a number of
Pharbitis genes and the physiological processes are presumed
to exhibit circadian rhythms, those specifically affected by the
clock system reset by the light-to-dark transition at dusk are
still poorly understood because genes whose circadian expression was reported to be set by the dusk transition are currently limited to Pn FT1 and Pn FT2. Unmasking genes whose
circadian expression is set by lights-off by using genome-wide
techniques such as RNAseq and knowledge on the recently
uncovered whole genomic sequence in Pharbitis,32 may help
us to understand this physiological processes more deeply.
Such a study may provide information on the significance of
the dusk-set clock in adaptation to natural day/night cycles
where the timing of sunrise and sunset annually changes with
fluctuating day length.

Material and methods
Plant material and growth condition
Pharbitis nil seed of Ipomoea nil Choisy cv Violet were purchased from Marutane, Japan. Seeds were treated with sulfuric
acid for 1 h for, washed with sterilized water, and slowly
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agitated with water for overnight. Germinated seeds were
sown on MS agar media and grown in climate chambers at
22 °C. For experiments with red, blue far-red light LED
chambers were used.

2.

RNA isolation, cdna synthesis, and expression analysis

4.

RNA was isolated using RNeasy Plant Mini Kit (Qiagen).
cDNA synthesis was performed with SuperScript II reverse
transcriptase (Life Technologies) with oligo-dT primer. All
protocols were performed according to the manufacture’s
instructions. Expression analyses were performed with
quantitative real-time PCR using Light Cycler 480 II
(Roche) and AriaMx Real-Time PCR System (Agilent
Technologies). Each RNA analysis was performed twice
with independent plant samples. Primers used for the
PCR are Pn FT1 (5ʹ-ACCCTGAGGGAATACCTCCACT-3’
and 5’-GGAAGGAGCAGGGTAATTAATCGG-3ʹ), Pn FT2
(5ʹ-TGAGGGAGTACCTACACTGGTTG-3ʹ and 5ʹ-AGGGT
GCGTCATTACGCATT-3’), ubq (5’-GGAGTCGACTCTTCACTT
GG- 3’ and 5’-TGGGACATTAGGGGATTCAG-3’), PnLHY (5’AGGAAGTAGTACGGGCTGTCAA-3’ and 5’-CCTACACGACAA
GTTTCGTGATCT-3’), PnFKF1 (5’-TATAGAGATCCCCGGGCTC
AAA-3’ and 5’-TAATGGGGTACCGTCCTTCCT-3’), and PnCD
F2 (5’-GTGACAGTATGGACACCAAGT-3’ and 5’-ACCAACAG
GCAAGTTCCTC-3’).

Accession numbers of genes isolated and analyzed in
this present work
PnPIF4; KJ605441
PnFKF1; KJ605442
PnCDF2; KJ605443
PnTOC1; KM521244
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