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The proper timing of flowering, which is key to maximize reproductive success and
yield, relies in many plant species on the coordination between environmental cues and
endogenous developmental programs. The perception of changes in day length is one
of the most reliable cues of seasonal change, and this involves the interplay between
the sensing of light signals and the circadian clock. Here, we describe a Brachypodium
distachyon mutant allele of the evening complex protein EARLY FLOWERING 3 (ELF3).
We show that the elf3 mutant flowers more rapidly than wild type plants in short days
as well as under longer photoperiods but, in very long (20 h) days, flowering is equally
rapid in elf3 and wild type. Furthermore, flowering in the elf3 mutant is still sensitive to
vernalization, but not to ambient temperature changes. Molecular analyses revealed that
the expression of a short-day marker gene is suppressed in elf3 grown in short days,
and the expression patterns of clock genes and flowering time regulators are altered.
We also explored the mechanisms of photoperiodic perception in temperate grasses by
exposing B. distachyon plants grown under a 12 h photoperiod to a daily night break
consisting of a mixture of red and far-red light. We showed that 2 h breaks are sufficient
to accelerate flowering in B. distachyon under non-inductive photoperiods and that this
acceleration of flowering is mediated by red light. Finally, we discuss advances and
perspectives for research on the perception of photoperiod in temperate grasses.

Keywords: Brachypodium, flowering, circadian clock, photoperiod, ELF3, Pooideae, temperate grasses

INTRODUCTION

In many flowering plant species, photoperiod sensing is key to the synchronization of reproduction
with seasonal changes in order to maximize reproductive success. Sensitivity to photoperiod has
long been a major agricultural trait selected by breeders to improve yields or adapt crop varieties to
different latitudes (e.g., Turner et al., 2005; Lundqvist, 2009; Wilhelm et al., 2009; Casao et al., 2011;
Faure et al., 2012). In Pooideae, a monophyletic group of temperate grasses that includes the model
grass Brachypodium distachyon (B. distachyon) as well as important cereal crops such as wheat, oat,
and barley, the lengthening of photoperiod in the spring is a signal that stimulates flowering, so
that seeds are produced and ripen under favorable conditions (e.g., Ream et al., 2012). Although
the transduction mechanisms and pathways through which the perception of day length regulates
developmental processes remain relatively poorly understood in temperate grasses, this has been
the focus of extensive research in other groups of plants, especially in the model Brassicaceae
Arabidopsis thaliana (Arabidopsis; Song et al., 2015).
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Light signals, which are perceived by photoreceptors,
are integrated into circadian clock-regulated processes to
be translated into developmental responses (Paik and Hug,
2019). The perception of photoperiod and light quality are
achieved through complementary photoreceptors: phytochromes
are responsible for the perception of red/far-red wavelengths
while cryptochromes, phototropins, and ZEITLUPEs (ZTLs)
mediate responses to blue light (Quail, 2002; Moglich et al.,
2010). The phytochromes are photolabile photoreceptors existing
in two reversible states: the active Pfr form, which is
formed under red light, and the inactive Pr form, which
accumulates under far-red light or through the temperature-
mediated reversion of the Pfr form (Cheng et al, 2021). In
Arabidopsis, five phytochromes (PhyA-E) contribute to the
modulation of important developmental processes, such as
photomorphogenesis, gravitropism, circadian clock entrainment,
and flowering time regulation (Legris et al., 2019). Phytochromes
form dimers which, upon activation by red light, can be
translocated toward the nucleus where they modulate gene
expression through their interaction with protein partners such
as PHYTOCHROME INTERACTING PROTEINS (PIFs) (Leivar
and Quail, 2011; Cheng et al, 2021). PIFs are basic helix-
loop-helix transcription factors that typically act as regulators
of light responses by direct binding to the promoter of
target genes. PIFs are degraded upon interaction with light-
activated phytochromes, leading both to broad transcriptional
reprogramming (Lucas and Prat, 2014) and to modifications of
the chromatin landscape (Willige et al., 2021). Although five
phytochromes were identified in Arabidopsis, only PHYA, PHYB,
and PHYC are conserved in temperate grasses (Mathews, 2010),
among which PHYB and PHYC were shown to be key to control
flowering time under long days (LD; Chen et al., 2014; Woods
et al.,, 2014; Pearce et al., 2016; Kippes et al., 2020).

Photoreceptor signaling provides input into the biological
clock that controls circadian rhythms, which enables organisms
to anticipate daily changes in the environment and thus avoid
possible stresses (Johansson and Staiger, 2014). There is an
interdependent regulatory loop between photoreceptors and
the clock, photoreceptors reporting the changes in the length
of days that enable the clock to adapt to seasonal changes
(Oakenfull and Davis, 2017). Indeed, in Arabidopsis, while the
clock is reset every morning by light, the induction of PHYA
expression at night leads to the accumulation of phyA protein
in the morning, so that the pool of activated phytochrome
at dawn is sufficient to trigger morning genes (Seaton et al.,
2018). The daily oscillation of the clock is controlled through
a complex array of interactions, which is often summarized as
three interlocked feedback loops (Creux and Harmer, 2019).
The morning-expressed CIRCADIAN CLOCK ASSOCIATEDI
(CCAI) and LATE ELONGATED HYPOCOTYL (LHY) genes
encode inhibitors of the PSEUDO-RESPONSE REGULATORs
(PRRs) PRR7 and PRRY, which themselves repress CCAI and
LHY, thus forming the morning loop. The central oscillator
is formed by mutual repression between CCAI/LHY and
TIMING OF CAB EXPRESSIONI (TOCI). TOC1 also inhibits
the expression of GIGANTEA (GI) and the components of
the evening complex (EC), LUX ARRHYTHMO (LUX), EARLY

FLOWERING3 (ELF3), and ELF4, whose expression peaks at
dusk (Huang and Nusinow, 2016). The loss of any of these
components impairs the function of the EC (Hicks et al., 1996;
Covington, 2001; Doyle et al., 2002; Hazen et al., 2005) and
thus causes circadian clock malfunction by preventing the EC-
mediated repression of PRR7/9, GI, TOCI, and LUX (Huang
and Nusinow, 2016). These intricate interactions produce daily
rhythms that are synchronized with changes in the photoperiod
and/or temperature to control the expression of thousands of
genes (Covington et al., 2008).

The role of circadian rhythms in the photoperiodic induction
of flowering has been most extensively studied in Arabidopsis.
For example, the circadian clock entrains the expression of
CONSTANS (CO), whose transcripts accumulate at dusk but
whose protein is only stable in the light (Sudrez-Lopez et al., 2001;
Valverde et al., 2004). Night-break experiments demonstrated
that providing a short period of light at a specific time of the
night was sufficient to induce flowering (Goto et al., 1991) and
suggested that a process known as external coincidence (Bunning,
1937) is operating in Arabidopsis. It was later demonstrated
that the coincidence between light and sufficient CO protein
levels, which typically occurs in nature under the extended
photoperiod of the spring, leads to the stabilization of CO that
activates the expression of FLOWERING LOCUS T (FT) in
leaves (An et al, 2004). FT encodes a protein annotated as a
phosphatidylethanolamine-binding protein and now referred to
as florigen, which is transported from leaves to the shoot apical
meristem to induce the floral transition (Corbesier et al., 2007;
Tamaki et al., 2007).

In long-day flowering temperate grasses, the photoperiod-
mediated floral transition starts with the perception of light
signals by phyB and phyC, which can form heterodimers (Nishida
et al., 2013; Chen et al., 2014; Woods et al., 2014; Kippes
et al,, 2020). Active alleles of these two phytochromes are
required for the induction of the pseudo-response regulator
PHOTOPERIODI (PPDI) under LD (Chen et al., 2014; Pearce
etal., 2016). Once induced by LD, PPD1 stimulates the expression
of the florigen FT1, but whether or not this induction is direct
is not known. FT1 then interacts with the transcription factor
FD and, together, they trigger the expression of the MADS-
box protein encoding gene VERNALIZATIONI (VRNI) in the
leaves (Li and Dubcovsky, 2008). VRN1 in turn upregulates the
expression of FTI in a positive feedback loop that eventually
overcomes the repressive effect mediated by the zinc-finger-
CCT domain transcription factor VRN2 on FTI expression
(Distelfeld and Dubcovsky, 2010; Ream et al., 2014). The
FT1 protein is then thought to migrate to the shoot apical
meristem, as shown in Arabidopsis, to induce the expression of
VRNI, thus promoting flowering under favorable photoperiods
(Woods and Amasino, 2015).

The absolute requirement for inductive photoperiods for
flowering in B. distachyon suggests that this process is tightly
controlled by circadian clock mechanisms (Woods and Amasino,
2015). The EC component ELF3 is a key regulator at the
intersection of photoperiod-induced flowering and the circadian
clock, and, not surprisingly, this gene has been an important
breeding target for crop improvement (Bendix et al., 2015).
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Indeed, in LD flowering plants, natural variation in ELF3 allowed
growing seed crops in new environments, whether at latitudes
where shorter photoperiods would have otherwise prevented
flowering, or under stressful conditions in which early flowering
represents an advantage (Bendix et al., 2015). For instance, the
wild relatives of cultivated peas from temperate regions are
obligate LD plants whose domestication as spring crops was
associated with natural variation at two photoperiod-sensitivity
loci, HIGH RESPONSE and PHOTOPERIOD, which correspond
to two distinct orthologs of ELF3 (Weller et al., 2012; Rubenach
et al., 2017). Natural variation in ELF3 also allowed adaptation
of short-day flowering crops to new cultivation conditions. For
instance, in soybean, which is mostly cultivated in temperate
climates, natural variation at ELF3 delayed flowering under
the shorter photoperiod of tropical regions, thus enabling an
extended flowering phase and increased yields (Lu et al., 2017;
Bu et al,, 2021). In Arabidopsis, independently of its role as a
component of the EC, ELF3 is also able to interact with PIF4
in order to prevent the activation of its transcriptional targets
(Nieto et al., 2015). In addition to its role in mediating the
photoperiodic response, ELF3 acts as a thermosensor mediating
the interplay between the circadian clock, flowering, and ambient
temperature (Bullrich et al., 2002; Strasser et al., 2009; Thines and
Harmon, 2010; Jung et al., 2020). The Arabidopsis ELF3 protein
contains a prion-like domain that, at higher temperatures,
undergoes conformational changes that reversibly inactivate
ELF3. However, the extent to which this mechanism is conserved
across land plants remains to be established as, for instance, the
prion-like domain conferring the ambient temperature sensitivity
is absent from the B. distachyon ELF3 protein (Jung et al., 2020).
Comparative genomics led to the identification of orthologs of
circadian clock genes, including ELF3, among Arabidopsis, rice,
and B. distachyon (Higgins et al., 2010), so it is not surprising that
ELF3 is also a key photoperiod response regulator in monocots.
In rice, studies on the natural variation of flowering time between
Japanese cultivars identified a single-nucleotide polymorphism
at the ELF3 locus as a likely candidate (Matsubara et al., 2012).
Indeed, a polymorphism that delayed flowering under short-day
inductive photoperiods was caused by a change in OsELF3 that
impedes its ability to control phytochrome-mediated signaling
pathways (Saito et al., 2012; Zhao et al., 2012; Itoh et al., 2018).
Likewise, certain rapidly flowering barley mutants that were
adapted to shorter growing seasons (Gustafsson et al., 1960)
were shown to be mutated at the ELF3 locus (Faure et al,
2012; Zakhrabekova et al, 2012; Boden et al., 2014; Wang
et al., 2016). The early flowering phenotype of the barley elf3
mutant is suppressed by the inhibition of gibberellin biosynthesis,
suggesting that the contribution of this hormone is key to the
early flowering phenotype caused by the disruption of the clock
rhythmicity (Boden et al., 2014). In wheat, the thermosensitive
earliness per se locus Eps-A™1 (Bullrich et al., 2002) was shown
to be linked to mutations in ELF3 (Alvarez et al., 2016). The
conserved role of ELF3 across the monocot/eudicot divide is
indicated by the ability of the B. distachyon ELF3 gene to rescue
the hypocotyl elongation, clock arrhythmicity, and flowering
phenotypes of the Arabidopsis elf3 mutant (Huang et al., 2017).
Here, we describe a new mutant allele of elf3 that was identified

in a mutagenized population grown under short days (SD),
highlighting that the role of ELF3 in circadian clock function
and mediating the photoperiodic induction of flowering genes
is conserved.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and
Phenotyping

Experiments were conducted using the Bd21-3 accession of
B. distachyon. An EMS-mutagenized M2 population used for
screening was generated as described in Woods et al. (2014).
All experiments were carried out using the elf3 mutant that
had been back-crossed twice. For phenotyping and RT-qPCR
experiments, plants were grown in 0.5 | pots containing a 4:1
mixture of soil (Brill, Germany) and perlite supplemented with
8 g 1”1 of Osmocote Exact Standard 5-6 M (ICL Specialty
Fertilizers, Israel). Seeds were stratified for 2 days in the dark
at 4°C before sowing, and plants were grown under 8, 12, 16,
or 20 h photoperiods provided by fluorescent tubes (Philips
Master TL-D Super 80 58W 4100K) at an intensity of 150
pmol.m~2.s~! (PAR), 70% humidity, 20°C day/night. For the
mean internode lengths, we dissected 10-16 plants per genotype
at a developmental stage 1-2 leaves before the estimated stage
when the elf3 mutant would transition to flowering based on
preliminary experiments (i.e., dissection was performed 43 days
after germination under 8 h, 30 days under 12 h, 21 days under 16
h, and 20 days under 20 h), and measured the distance between
each node on the main stem. Estimates of chlorophyll contents
were performed on the third emerged leaf at the fourth leaf stage
using a MC-100 probe (Apogee Instruments, United States).

Temperature and Night Break

Experiments

For vernalization treatments, seeds were stratified for 2 days
at 4°C, then placed in soil and cold treated for 3 weeks at
4°C in the dark before transfer to standard growth conditions
(150 pmol.m™2.s~! light, 70% humidity, 20°C day/night, 8
or 16 h photoperiod). For ambient temperature experiments,
Bd21-3 seeds were stratified for 2 days at 4°C and planted in
a 16 h photoperiod, 20°C day/night conditions. After 2 weeks,
seedlings were transferred to growth chambers at 15, 20, or
25°C day/night. For night-break (NB) experiments performed
using fluorescent white light (Philips Master TL-D Super 80 58W
4100K), plants were germinated for 1 week under 10 h SD before
being transferred to either 10 h SD, 10 h SD supplemented with a
2h NB, or 8 h SD supplemented with a 2 h NB. All NBs started at
Zeitgeber time (ZT) 16 h, since this time was reported to be the
most efficient in other temperate grasses (Pearce et al., 2017). For
NB experiments using a red:far-red mixture, plants were grown
in 3 1 pots under a 12 h photoperiod for 8 weeks. They were
subsequently transferred to a 12 h photoperiod supplemented
with a 2 h NB given in phytotronic cabinets equipped with
Lumiatec PHS::16 (300 W) modular LED luminaries (GDTech,
Belgium). NBs were provided at ZT16h using a red to far-red
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gradient and low light intensities (20 25 pmol.m~2.s~!). The
spectral distributions of lights (white, red, far-red) provided by
LED luminaries are in Supplementary Figure 1A. Controls were
either kept under 12 h SD without NB or exposed to a 12 h
photoperiod supplemented with a 2 h NB at ZT16h provided
by fluorescent tubes (150 pmol.m~2.s~!). For end-of-day far-
red (FR) treatments, plants were grown for 1 week under white
light with a 12-h photoperiod before transfer to either 18 h LD or
18 h LD followed by 1-h of FR (Supplementary Figure 1B). All
experiments were stopped 100 days after transfer.

Mapping the elf3 Mutation and RT-qPCR

Analyses

To map the mutation, an M3 homozygous mutant line was
crossed with the Bd3-1 accession. The mapping was performed
using PCR-amplified InDel markers (Woods et al., 2014) on
40 plants segregating for early flowering under 8 h SD. The
candidate genes in this interval were identified using Phytozome
(Goodstein et al., 2012), and the coding region of the most
likely candidate, ELF3, was analyzed by Sanger sequencing. For
RT-qPCR, the third leaf at the three-leaf stage of WT and
elf3 plants were harvested every 2 h and pooled separately
(n = 6-8). RNA was extracted using the NucleoSpin RNA plant
kit (Macherey-Nigel, Germany) and reverse transcription was
carried out on 1.5 pg of RNA using MMLV RT (Promega,
United States), following the manufacturer’s instructions. The
RT-qPCR was performed with Takyon Low Rox MasterMix
(Eurogentec, Belgium) using 40 cycles of amplification: 10 at
95°C for denaturation, 20" at 57°C for hybridization, and 30"
at 72°C for elongation. The geometric mean of ACT3 and UBC18
was used to normalize data (Vandesompele et al., 2002). Primers
are listed in Supplementary Table 1.

Generation of UBI: EARLY FLOWERING 3

Transgenic elf3 Plants

The ELF3 coding region cloned into the pENTR/D-TOPO
vector, originally published in Huang et al. (2017), was obtained
from Dmitri Nusinow. Cloning of ELF3 into pANICI0a
was done as described in Ream et al. (2014). Clones were
verified by sequencing and then transformed into chemically
competent Agrobacterium tumefaciens strain Agl-1. Plant callus
transformation of elf3 with the pANIC10a vector containing the
wild type ELF3 gene was performed as described in Vogel and
Hill (2008) by the Great Lakes Bioenergy Research Center for
Brachypodium transformation facility. Independent transgenic
lines were genotyped for the transgene using a gene-specific
ELF3 forward primer and a pANIC10a specific reverse primer
(Supplementary Table 1).

RESULTS

Identification of the e/f3 Mutation

B. distachyon is an obligate LD species, requiring photoperiods
of 14 h or more to flower rapidly (Ream et al.,, 2014; Woods
et al., 2017). In order to further understand the mechanisms
controlling this requirement, we screened M2 EMS-mutagenized

lines for flowering phenotypes under 8 h SD and identified one
rapidly flowering mutant (Figure 1A). To test whether the rapid
flowering phenotype was specific to SD, we grew the homozygous
mutant lines under a 16 h photoperiod and found that the
mutant was also rapid flowering in LD compared to WT plants
(Figure 1B). We crossed M3 homozygous mutant lines with the
Bd3-1 accession in order to obtain a mapping population. The 1:3
segregation of the rapid flowering phenotype in the F2 population
indicated a recessive causative mutation. We used InDel markers
(Woods et al., 2014) to locate the mutation within a 2 Mb region
on chromosome 2 (Figure 1C). Analysis of candidate genes in
the Bd21-3 genome revealed that this genomic region contained
a homolog of EARLY FLOWERING 3 (Bradi2g14290). Because
mutations in this gene were known to cause rapid flowering in
other species (Hicks et al., 1996, 2001; Zagotta et al., 1996; Faure
et al,, 2012; Yang et al., 2013; Boden et al,, 2014; Alvarez et al,,
2016; Rubenach et al., 2017), we sequenced the coding region of
ELF3 and found a single base pair mutation in the fourth exon of
the gene that resulted in a premature STOP codon (Figure 1D)
and is predicted to result in a truncated protein that lacks the
fourth conserved domain of ELF3 (Figure 1E). The genotyping
of a segregating population originating from a cross of the
elf3 mutant using dCAPS primers showed that the segregation
of the phenotype was 100% linked with the presence of the
elf3 mutation (Supplementary Figure 2). To further confirm
that the elf3 mutation is causative, we were able to rescue the
rapid flowering mutant phenotype by overexpressing the ELF3
cDNA using the maize ubiquitin promoter (UBL:ELF3) in the elf3
mutant background (Supplementary Figure 3). The mutant was
back-crossed twice with Bd21-3 before further characterization.

The elf3 Phenotypes Mimic Long-Day

Grown Plants
We further characterized the elf3 mutant by growing it under
8, 12, 16, and 20 h photoperiods. The mutant flowered earlier
than WT plants under all photoperiods except 20 h, under
which both genotypes flowered very rapidly (Figure 2A). We
also observed increased internode lengths (Figure 2B) and
a lower estimated chlorophyll content in the elf3 mutant
(Figure 2C). The difference in mean internode lengths was
dependent on the photoperiod as the length of internodes
increased with longer photoperiods in WT plants and decreased
in elf3 plants, such that no difference was measured under
20 h photoperiod. The estimated chlorophyll content, on the
contrary, was significatively lower in the mutant under all
photoperiods, which is in accordance with the color of the
leaves that were visibly paler in the mutant. Because increased
RNA level of FT-Like9 (FTL9) was shown to be a marker of
SD in B. distachyon (Qin et al, 2019; Woods et al, 2019),
we tested whether its expression was altered in the mutant
under a 12 h photoperiod. We observed that FTL9 transcripts
were undetectable at all-time points in the elf3 mutant under
conditions in which the gene was highly expressed in Bd21-
3 (Figure 2D).

We next tested the effect of temperature on the flowering
time of the elf3 mutant. Both higher (25°C) and lower (15°C)
ambient temperatures accelerated flowering of WT plants grown
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FIGURE 1 | Identification of the elf3 mutant. Phenotype of the elf3 mutant and wild-type (WT) Brachypodium distachyon plants under (A) 8 h (80 days) and (B) 16 h
photoperiods (50 days). The red arrows indicate early emerging spikes. (C) InDel mapping of the segregation of the early flowering phenotype in an M2 mapping
population (Bd21-3 and Bd3-1). (D,E) Schematic representation of the ELF3 gene (D; E1 to E4 indicate exons) and the ELF3 protein (E; regions | to IV indicate

under a 16 h photoperiod compared to the 20°C standard in
terms of leaf number on the primary culm (Figure 2E). In
contrast, the number of leaves at flowering was not altered
by temperature changes in the elf3 mutant (Figure 2E). We
then tested the effect of vernalization on the elf3 mutant by
exposing seeds to 3 weeks of cold (4°C; a saturating vernalization
treatment for Bd21-3, as shown in Ream et al.,, 2014) before
growing them in either 8 or 16 h photoperiods (Figure 2F). The
early flowering of elf3 was further accelerated by vernalization
under both photoperiods, suggesting that the mutation of ELF3
does not affect the vernalization response. Because vernalization
provides the competence to flower through the up-regulation of
VRNI in B. distachyon (Ream et al., 2014), we tested whether
elevated VRNI mRNA levels affected the flowering time of the elf3
mutant without vernalization. We found that homozygous lines
overexpressing VRNI (UBI:VRNI lines originally developed and
characterized in Ream et al., 2014) in the elf3 mutant background
displayed an even more rapid flowering phenotype than the elf3
mutant (Supplementary Figure 4).

Role of EARLY FLOWERING 3 in
Controlling Circadian Clock and

Flowering Time Genes

The ELF3 protein is a component of the EC of the circadian
clock, which controls the expression of other clock genes, as
well as flowering genes (Huang and Nusinow, 2016). We thus
analyzed the expression patterns of a set of those targets in the
leaves of the elf3 mutant under different photoperiods (Figure 3).
In WT plants, the peak of CCAI expression occurs in the
morning in all photoperiods, except under 20 h LD, in which it
occurs at midday (Figure 3A). In the elf3 mutant, these peaks
were strongly damped under all photoperiods, indicating that

ELF3 is required for proper induction of CCAI expression.
Alterations were also visible in the expression kinetics of GI,
another clock gene that participates in Arabidopsis flowering
induction (Figure 3B). The expression peak of GI was advanced
by about 4 h in the elf3 mutant under all photoperiods.
Interestingly, whereas GI expression was undetectable during
the nights under photoperiods shorter than 20 h in WT plants,
it could be detected at most time points in the elf3 mutant
independently of the photoperiod. The expression of PPDI, a
clock-regulated flowering time regulator in temperate grasses
(Turner et al., 2005), was also altered: it was much stronger
at all-time points in the elf3 mutant except at the end of
the day when the expression level was similar to that in
WT (Figure 3C). On the contrary, the expression of COI,
another output of the circadian clock (Shaw et al, 2020),
seemed to be downregulated at night in the mutant under
photoperiods shorter than 20 h LD (Supplementary Figure 5).
Overall, these results show the strong impact that mutation
of ELF3 has on circadian clock-regulated gene expression in
B. distachyon.

We then analyzed the expression patterns of the flowering
time genes VRNI and VRN2. Although the expression of the
floral inducer VRNI seemed slightly down-regulated in the
elf3 mutant under 8 h SD during daytime, we observed an
increase in its expression in all other photoperiods (Figure 3D).
Interestingly, the expression of the floral repressor VRN2
was also stimulated at most time points in the mutant
(Figure 3E). Because VRNI and VRN2 play antagonistic roles
in controlling the expression of the florigen FTI1 (Woods et al.,
2016) and were both up-regulated in elf3, we examined FT1
expression. Consistent with the rapid flowering elf3 phenotype,
FT1 expression was higher in the mutant than in WT
plants (Figure 3F).
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Links Between EARLY FLOWERING 3,
Photoreceptors, and Night Breaks

To test whether night breaks (NBs) could accelerate flowering in
the elf3 mutant as in WT plants, we exposed plants grown in 8 or
10 h SD to a 2 h NB from ZT16h to ZT18h (Figure 4A). While
most of the control plants had not flowered after 150 days, the
exposure to NBs accelerated flowering of WT plants both in 8
h SD, in which plants flowered 100-125 days after germination,
and even more in 10 h SD, in which they flowered after around
70 days (Figure 4B). In the elf3 mutant, we also observed
a very slight acceleration of flowering upon NB exposure—
about 4 days when NBs were provided in 8 h SD and 7 days
under 10 h SD—indicating that the elf3 mutation attenuates the
flowering response to NB.

We then decided to test the effect of varying red to far-red
ratios on the NB efficiency. Accordingly, wild-type plants grown
under 12 h SD for 8 weeks were exposed daily to a 2 h NB
from ZT16h to ZT18h, provided as a mixture of red and far-
red light (Figure 4C). Different red:far-red ratios were provided
using an LED light gradient during the NB, with low light
intensities to limit photosynthetic effects. Control plants were
either maintained under SD without NB or exposed to 2 h NBs of
white light. We observed a strong correlation between flowering
induction and higher red:far-red ratios. Indeed, red:far-red ratios
over 3 led to the strongest acceleration of flowering, whereas
ratios between 0.3 and 1.3 provided only a slight acceleration of
flowering, and lower ratios did not induce flowering (Figure 4D).
Finally, we performed end-of-day far-red treatments to see
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whether switching phytochromes to their inactive Pr form before
night-time would affect flowering. We therefore provided a 1-h
far-red treatment to plants grown under 18 h LD and observed
that the far-red treatment at the end of the day did not affect
flowering time (Figure 4E).

DISCUSSION AND PERSPECTIVES

Interplay Between EARLY FLOWERING 3,
the Photoperiod, and the Circadian Clock

Although much is known about the many genes whose
mutations affect flowering in Arabidopsis (Bouché et al., 2016),

substantially fewer flowering control genes have been identified
to date in temperate grasses, and many of these genes do
not have homologs involved in flowering in Arabidopsis
(Higgins et al,, 2010; Ream et al., 2012). However, ELF3 has
been described as a key hub between photoperiodic signals
and the circadian clock in both eudicots and monocots
(Huang and Nusinow, 2016) and the results presented in
this paper strongly support this interpretation and extend the
characterization of the role of ELF3 to B. distachyon. Indeed,
a mutation in ELF3 severely reduces the requirement for
LD exposure to induce flowering in the Bd21-3 accession,
similar to the phenotype described in a preprint from
Gao et al. (2019).
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That flowering in the elf3 mutant occurs rapidly in all
photoperiods including 8 h SD indicates that elf3 mutants
perceive all photoperiods as LD. In some plants, including
B. distachyon and other temperate grasses, the exposure to the
shorter photoperiods of winter can substitute for the exposure to
cold temperature as a winter cue providing floral competence, a
process known as SD vernalization (Purvis and Gregory, 1937).
Recently, FTL9 was shown to be key in establishing the SD-
vernalization ability of B. distachyon, and FTL9 transcript levels
exhibit a diurnal oscillation with a high peak in SD but are
always low in LD (Woods et al., 2019). We observed that the
expression of FTL9 was undetectable in the elf3 mutant in SD
throughout a diurnal cycle. Interestingly, this expression pattern

is opposite to that observed in the late flowering phyC mutant,
in which flowering is insensitive to LD (Woods et al., 2014,
2019). Therefore, the disruption of the EC complex caused by
the absence of functional ELF3 mimics constitutive exposure to
LD like the absence of phyC mimics constitutive exposure to
SD. Furthermore, these mutants show opposite transcriptomic
profiles for several gene clusters (Gao et al., 2019). The specific
pathways through which ELF3 and phyC exert their opposite
roles remain to be determined. ELF3 might also act through
FT1-independent pathways; for example, in Arabidopsis, the
elf3;co double mutant is early flowering but does not display any
increase in FT expression (Kim et al., 2005; Song et al., 2018). In
B. distachyon, it was shown that the phyC mutant does not display
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Flowering

FIGURE 5 | Summary of the current understanding of the photoperiodic
regulation of flowering in B. distachyon. Colored circles represent the ambient
temperature (red), the photoperiod (yellow), the circadian clock (gray), and the
vernalization (blue) pathways.

any difference in ELF3 expression (Woods et al., 2014), but a large
part of the regulation of ELF3 function occurs at the protein level
(Huang and Nusinow, 2016). The physical interaction between
ELF3 and PHYC, which has been reported (Gao et al., 2019),
could thus be critical in the regulatory process.

Interactions Between the elf3 Mutation
and Other Flowering Pathways

The elf3 mutant was found to be insensitive to SD but still
responded to vernalization by cold. Indeed, a 3-week exposure
to 4°C further accelerated the flowering of the mutant in all
tested photoperiods. At the molecular level, we found that the
expression of the positive regulator of flowering VRNI was low
under 8 h SD in the elf3 mutant, which seems in contrast with
its rapid flowering phenotype. However, the rapid flowering but
low VRNI RNA levels could be caused by the increase in the
expression of PPDI under SD that we observed in the mutant.
Indeed, in wheat, the ppdl mutation causes increased VRNI
mRNA levels specifically under short photoperiods, indicating
that PPD1 is a negative regulator of VRNI under SD (Shaw
et al., 2020); thus, the increased PPDI expression levels in
the elf3 mutant in SD could be responsible for the observed
repression of VRNI. The VRNI-independent acceleration of
flowering in elf3 could also be due to the increase in PPDI which
is itself a flowering promoter (Shaw et al, 2013, 2020). It is
noteworthy that the elf3 mutant is responsive to VRNI because
the overexpression of VRNI in the elf3 background results in a
very rapid flowering under SD, highlighting the additive roles
played by the vernalization and the photoperiodic pathways. In
16 h LD, we found higher VRNI expression levels in the elf3
background in the absence of cold. However, the vernalization
treatment also accelerated flowering in the elf3 mutant under 16 h
LD, suggesting that cold exposure accelerates flowering either by
further activation of VRN or by the regulation of other targets.
Further experiments are required to test these possibilities.
Ambient temperature also plays a role in flowering time
control in many species (Capovilla et al., 2015). In B. distachyon,
earlier reports showed that increasing the ambient temperature
cannot substitute for LD to induce flowering (Boden et al., 2013),

and that different accessions have distinct optimal temperatures
for floral induction (Li et al., 2019). In our conditions, Bd21-3
flowered much more rapidly at 15°C than at 20 or 25°C. A similar
observation was made in winter wheat cultivars, in which bolting
occurred earlier at 11°C than at 25°C (Dixon et al., 2019).
However, we did not see any effect of ambient temperature on
the flowering time of the elf3 mutant. This lack of temperature-
response might either be due to the rapid flowering phenotype of
the mutant, which would mask the temperature effect, or could
indicate that ELF3 plays a role in the temperature-dependent
flowering response, as suggested earlier in barley (Ford et al,
2016). In Arabidopsis, the ELF3 protein acts as a thermosensor:
at high temperature it is sequestered in liquid droplets and
is prevented from exerting its transcriptional repressor role,
resulting in accelerated flowering (Jung et al., 2020). However,
the prion-like domain required for this behavior is absent in
the B. distachyon ELF3 protein (Jung et al., 2020); moreover, the
acceleration of flowering in the Bd21-3 accession is observed at
lower rather than higher temperatures as in Arabidopsis. Because
phyC and ELF3 proteins were shown to interact physically (Gao
et al., 2019), one hypothesis would be that changes in ambient
temperatures affect their interaction to modulate the repressing
effect of ELF3 on the phyC-mediated induction of flowering.
It would be interesting to test whether natural variation in
ELF3, phyC, and PIFs among B. distachyon accessions affects
temperature sensitivity for flowering induction.

Perception of the Photoperiodic Pathway
The pathways through which photoperiodic signals are perceived
and implemented into developmental responses in temperate
grasses are not fully understood, and NB experiments can shed
light on underlying mechanisms. Consistent with a previous
study (Gao et al., 2019), we observed that the exposure of Bd21-3
plants to NBs was sufficient to accelerate flowering in SD. In
wheat, the induction of flowering can also be triggered by NBs
provided at different time points to plants grown in SD, and
this acceleration of flowering was shown to require a functional
PPDI allele (Pearce et al., 2017). When applying daily NBs to
the elf3 mutant, we observed only a very slight acceleration
of flowering, suggesting that NBs act mainly through ELF3-
mediated processes, although parallel pathways might also play a
minor role, possibly through GI, CO, or yet unknown pathways.
Further molecular work is required to establish the pathway that
is triggered under such conditions.

Phytochromes can switch between the inactive Pr form, which
accumulates under darkness or far-red light, and the active
Pfr form, which is stimulated by red light (Quail, 2002). In
Arabidopsis, lower red:far-red ratios, which indicate the presence
of proximate plants that compete for light exposure, results in the
acceleration of flowering (Casal, 2013). On the contrary, in wheat,
lower red:far-red ratios were shown to reduce yields through
delayed spike development and reduced floret numbers (Ugarte
et al., 2010). Here we provided NBs using a varying mixture
of low intensity red and far-red lights to B. distachyon plants
grown under 12 h non-inductive conditions, and we observed
a positive correlation between the induction of flowering and
higher red:far-red ratios. These results suggest that phytochromes
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in their Pfr form stimulate floral induction although they do not
preclude the participation of other molecular pathways in the
induction of flowering.

The promotion of flowering by NBs supports the external
coincidence model of the photoperiodic control of flowering
in which the inductive pathways are activated when light is
perceived at the appropriate circadian time. Flowering of LD
plants can indeed be induced without increasing the length of the
photoperiod but by displacing SD at the appropriate circadian
time. These “displaced SD” can be reduced in length and still
induce flowering, as shown for example in Lolium temulentum
(Périlleux et al., 1994). An alternative explanation was proposed
in which the photoperiod-mediated induction of flowering in
temperate grasses relies on the hourglass model (Borthwick and
Hendricks, 1960). In this model, the effect of LD is due to the
shorter nights that do not allow a full reversion of the pool of
active Pfr into the inactive Pr form, so that flowering is eventually
triggered by the accumulation of the active Pfr form. However,
a previous report in wheat indicated that far-red light, which
induces full reversion of Pfr into Pr, diminishes the effect of
1 h NBs when given during the NB but not after, indicating
that 1 h NBs are sufficient to irreversibly activate flowering
(Pearce et al.,, 2017). Here, in B. distachyon, we showed that
when exposing the WT and the elf3 mutant to a 1 h far-red
treatment at the end of each 18 h photoperiod, flowering was
not delayed. Collectively, these results suggest that neither the
day-to-day accumulation of active Pfr nor its role during night-
time are key to floral induction, and rather indicate that Pfr
plays its inductive role before the end of the light period in LD.
Complementary experiments using transgenics constitutively
expressing active phytochromes or experimental designs in which
far-red light is provided during the daytime to reduce the
accumulation of the active Pfr would help to further elucidate
the underlying mechanisms. Recently, the introduction of a
constitutively active, light-insensitive, allele of the rice phyB into
B. distachyon led to a mild acceleration (4 days) of flowering in
16 h LD grown plants (Hu et al., 2020). The lack of a strong rapid
flowering phenotype in these transgenics might be the indirect
consequence of phyB mode of action, which could require the
formation of an heterodimer with limiting levels of active phyC,
or due to the heterologous rice phytochrome being used instead
of the B. distachyon phytochrome. However, testing whether
flowering is also accelerated under non-inductive photoperiods
and whether these transgenics remain sensitive to NB would
provide valuable insights. In any case, the current knowledge
acquired through both physiological and transgenic experiments
indicates that the external coincidence model does play a role in
the photoperiodic induction of flowering in temperate grasses.

Perspectives on the Photoperiodic

Research in Brachypodium distachyon

The current model of the photoperiodic induction of flowering
in B. distachyon involves the phyC-mediated activation of
PPDI expression, possibly in part through ELF3 (Figure 5).
In turn, PPDI induces the expression of FTI in leaves,
which forms a positive regulatory loop with VRNI before FT1

protein moves toward the shoot apical meristem to induce
flowering (Woods and Amasino, 2015). The elucidation of the
exact pathway—or pathways—triggering flowering, however, will
require more genetic work, including the creation of multiple
mutants and transgenic lines, and the new mutant allele of
ELF3 described here provides an additional tool toward this
goal. For example, phyC;elf3 or phyB;elf3 double mutants would
be informative to evaluate if indeed most of the light signal
from the phytochromes is mediated through ELF3. Furthermore,
ELF3 plays a repressive role on PPDI but is PPDI the main
target impacting photoperiodic flowering or is ELF3 involved
in repressing other important components of the photoperiod
pathway? The elf3;ppdl double mutants would be well suited
to address this important question. Also, coupling these lines
with mutants and overexpressors for GI, COI, and CO2 will
help to test the epistatic interactions between these genes as
well as their involvement in the photoperiodic pathway of
floral induction. Indeed, exploring the impact these genes have
on flowering has already led to some insights. For example,
knock-down of COI in B. distachyon via RNAi results in lower
VRN2 mRNA levels yet plants are delayed in flowering, whereas
overexpression of COI results in higher VRN2 mRNA levels
but interestingly more rapid flowering (Qin et al., 2019). This
is consistent with studies from barley where the overexpression
of HvCO1/CO2 results in more rapid flowering even though
HvVRN2 is elevated (Mulki and von Korff, 2015). However,
in barley, when comparing UBI:HvCO2 lines in a segregating
population with and without HvVRN2, plants with a functional
HvVRN? allele are more delayed in flowering than those where
HvVRN?2 is deleted, despite the presence of UBL:HvCO2 in both
segregating plants (Mulki and von Korff, 2015). The studies above
highlight the importance of comparative genetic studies which,
together with the development of new tools for B. distachyon (e.g.,
tissue-specific promoters, interactome maps, etc.), will help us
to decipher the spatio-temporal regulation of flowering time in
temperate grasses.

Finally, the recent improvements in LED technology will
help to better understand the genetic regulations occurring
in natural environments. Often, the lighting and temperature
conditions used to grow plants in culture chambers do not
reflect actual outdoor conditions. In A. thaliana, the expression
of florigen/FT shows a different pattern in the field— with a
peak in the morning—than previously described in the literature
(Song et al., 2018). Exposing plants to daily temperature rhythms
as well as changing red:far-red ratios in growth chambers was
sufficient to mimic its natural expression pattern (Song et al.,
2018). In B. distachyon, most of the diurnal gene regulation is
caused by changes in the ambient temperature rather than light
(Matos et al., 2014; MacKinnon et al., 2020), and phytochromes
are known to act as thermosensors as well as photoreceptors
(Franklin et al., 2014). Custom LED lighting systems associated
with phytotronic cabinets now provide the possibility to better
reproduce daily and seasonal cycles of temperature and daylight
spectrum in any region of the planet (Wilson et al, 2015),
thus opening new areas of exploration regarding the genetic
mechanisms governing the adaptation to local environments, an
evolutionary process to which ELF3 could be key.
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Supplementary Figure 1 | Spectra and light conditions records. (A) Spectral
distribution of white, red, and far-red lights used during night breaks and
end-of-day far-red treatments. (B) Diurnal monitoring of far-red, total light, and
photosynthetically active radiations (PAR) intensities for plants exposed to 18 h
long day (LD) followed by 1 h end-of-day far-red (FR) treatment (left) or

not (right).

Supplementary Figure 2 | Example of a Derived Cleaved Amplified Polymorphic
Sequence for elf3 genotyping. The PCR was performed using the dCAPS primer
pair shown in Supplementary Table 1. The PCR product was digested using the
hpy166ii restriction enzyme (NEB, United States), which cuts only into the WT (+)
sequences, creating shorter fragments than in mutated ELF3 sequences (-). The
elf3 mutant phenotypes segregated perfectly with the homozygous

elf3 mutation.

Supplementary Figure 3 | Complementation of elf3 mutant with the UBI:ELF3
construct. Six independent transgenic lines exhibited rescue of the rapid flowering
phenotype in the TO generation under 16-h LD. Controls were sown 3 weeks
before transplantation of TO lines to soil. The picture was taken 45 days after
transplantation to soil.

Supplementary Figure 4 | Flowering phenotype of e/f3 mutants overexpressing
VRN1. Individuals were segregated from the elf3;UBI:VRN1 F2 population. The
picture was taken 110 days after germination under 8 h SD. elf3 mutant flowered
after 86.5 + 13.7 days (n = 15), elf3;UBI:VRN1 flowered after 36.3 + 2.9 days

(n =27). WT and UBI:VRN1 plants had not flowered after 180 days.

Supplementary Figure 5 | Expression kinetics of CO7 in the elf3 mutant. Relative
expression of CO7 during a 24 h time course for WT plants (black triangles) and
elf3 mutants (blue circle) cultivated under 8, 12, 16, and 20 h photoperiods. Error
bars represent the standard error of the mean. Data were normalized using the
geometric mean of ACT3 and UBC18. The white background indicates the light
period, and the gray background shows the dark period. Time is expressed as the
number of hours following the start of the light period (Zeitgeber
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