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ABSTRACT

Daylength sensing in many plants is critical for coinciding the timing of flowering with the
appropriate season. Temperate-climate-adapted grasses such as Brachypodium
distachyon flower during the spring when days are becoming longer. The photoreceptor
PHYTOCHROME C is essential for long-day (LD) flowering in B. distachyon. PHYC is
required for the LD activation of a suite of genes in the photoperiod pathway including
PHOTOPERIOD1 (PPD1) that, in turn, result in the activation of FLOWERING LOCUS
T (FT1)/FLORIGEN, which causes flowering. Thus, phyC mutants are extremely
delayed in flowering. Here we show that PHYC-mediated activation of PPD1 occurs via
EARLY FLOWERING 3 (ELF3), a component of the evening complex in the circadian
clock. The extreme delay of flowering of the phyC mutant disappears when combined
with an elf3 loss-of-function mutation. Moreover, the dampened PPD1 expression in
phyC mutant plants is elevated in phyC/elf3 mutant plants consistent with the rapid
flowering of the double mutant. We show that loss of PPD1 function also results in
reduced FT1 expression levels and extremely delayed flowering consistent with reports
from wheat and barley. Additionally, elf3 mutant plants have elevated expression levels
of PPD1 and we show that overexpression of ELF3 results in delayed flowering, which
is associated with a reduction of PPD1 and FT1, demonstrating ELF3 represses PPD1
transcription, consistent with previous studies showing that ELF3

binds to the PPD1 promoter. Indeed, PPD1 is the main target of ELF3-mediated
flowering as elf3/ppd1 double mutant plants are delayed flowering. Our results indicate
that ELF3 operates downstream from PHYC and acts as a repressor of PPD1 in the

photoperiod flowering pathway of B. distachyon.
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AUTHOR SUMMARY

Daylength is an important environmental cue that plants and animals use to coincide
important life history events with a proper season. In plants, timing of flowering to a
particular season is an essential adaptation to many ecological niches. Perceiving
changes in daylength starts with the perception of light via specific photoreceptors such
as phytochromes. In temperate grasses, how daylength perception is integrated into
downstream pathways to trigger flowering is not fully understood. However, some of the
components involved in the translation of daylength perception into the induction of
flowering in temperate grasses have been identified from studies of natural variation.
For example, specific alleles of two genes called EARLY FLOWERING 3 (ELF3) and
PHOTOPERIOD1 (PPD1) have been selected during breeding of different wheat and
barley varieties to modulate the photoperiodic response to maximize reproduction in
different environments. Here, we show in the temperate grass model Brachypodium
distachyon that the translation of the light signal perceived by phytochromes into a
flowering response is mediated by ELF3, and that PPD1 is genetically downstream of
ELF3in the photoperiodic flowering pathway. These results provide a genetic
framework for understanding the photoperiodic response in temperate grasses that

include agronomically important crops such as wheat, oats, barley, and rye.


https://doi.org/10.1101/2022.10.11.511813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.11.511813; this version posted October 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION

The transition from vegetative to reproductive development is an important
developmental decision for which the timing is often directly influenced by the
environment (e.g. [1-4]). This critical life history trait has been shaped over evolutionary
time to enable reproduction to coincide with the particular time of year that is most
favorable for flower and seed development. Moreover, breeding to adjust the timing of
the flowering transition in crops has been critical for adapting various crop varieties to
changing environments and to increase yield e.g. [5].

In many plant species, changes in day-length and/or temperature provide the
seasonal cues that result in flowering occurring during a specific time of year [1,6], a
response known as photoperiodism [1]. Many temperate grasses such as
Brachypodium distachyon (B. distachyon), wheat, and barley that flower in the spring or
early summer months in response to increasing day-lengths, and thus are referred to as
long-day (LD) plants [7]. B. distachyon is closely related to the core pooid clade
comprising wheat, oats, barley, and rye and has a number of attributes that make it an
attractive grass model organism suitable for developmental genetics research [8,9].
Unlike temperate grasses, many tropical grasses such as rice, flower when the days
become shorter and thus are referred to as short-day (SD) plants [6].

Variation in the LD promotion of flowering in temperate grasses such as wheat
and barley are often due to allelic variation at PHOTOPERIOD1 (PPD1), a member of
the pseudo-response regulator (PRR) gene family, hence PPD1 is also known as
PSEUDO RESPONSE REGULATOR 37 (PRR37) [10, 11]. Natural variation in PPD1

resulting in either hypomorphic alleles as found in barley or dominant PPD1 alleles as
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found in tetraploid or hexaploid wheat impact flowering [10,11-15]. Specifically, natural
recessive mutations in the conserved CONSTANS, CONSTANS-LIKE and TIMING OF
CAB EXPRESSION 1 (CCT) putative DNA binding domain in the barley PPD1 protein
cause photoperiod insensitivity and delayed flowering under LD [11,12], whereas wheat
photoperiod insensitivity is linked to overlapping large deletions in the promoter region
of PPD1 in either the A [13] or D genome homeologs [10]. These large deletions result
in elevated expression of PPD1, particularly during dawn, causing rapid flowering even
under non-inductive SD conditions [13]. It is worth noting that although these wheat
lines are referred to as photoperiod insensitive (Pl) varieties they still flower earlier
under LD than under SD if the timing of flowering is measured as the emergence of the
wheat spike (heading time) [16]. It has been hypothesized that the large deletion within
the PPD1 promoter might remove a binding site for one or more transcriptional
repressors [13]. To date, natural variation studies of flowering in B. distachyon have not
pointed to allelic variation at PPD1 and thus its role in LD flowering in B. distachyon is
not known [17-21].

Variation in EARLY FLOWERING 3 (ELF3) also impacts photoperiodic flowering
in grasses, including wheat [22,23], barley [24,25], and rice [26]. In these plants, natural
variation in ELF3 allows growth at latitudes that otherwise would not be inductive for
flowering, enabling these crops to be grown in regions with short growing seasons [5].
For example, early maturity (eam) loci have been used by breeders to allow barley to
grow at higher latitudes in regions of northern Europe with short growing seasons
[24,27]. The eam8 mutant in the barley ortholog of ELF3, is a loss-of-function mutation

that accelerates flowering under SD or LDs [24,25] similar to elf3 loss-of-function alleles
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described previously in the eudicot model Arabidopsis thaliana (A. thaliana) [28].
Moreover, loss of function of ELF3in B. distachyon also results in rapid flowering under
SD and LD, and expression of the B. distachyon ELF3 protein is able to rescue the A.
thaliana elf3 mutant, demonstrating a conserved role of ELF3in flowering across
angiosperm diversification [29-31].

Work in A. thaliana has shown that ELF3is an important component of the
circadian clock that acts as a bridge protein within a trimeric protein complex that also
contains LUX ARRTHYHMO (LUX), and EARLY FLOWERING 4 (ELF4) and is referred
to as the evening complex (EC) [32]. Loss-of-function mutations in any of the proteins
that make up the EC results in rapid flowering and disrupted clock function [33-36]. The
peak expression of the EC at dusk is involved in the direct transcriptional repression of
genes that make up the morning loop of the circadian clock including A. thaliana PRR7
and PRR9, which are paralogs of grass PPD1 and PRR73 [37-39]. Recently, it has
been shown that the EC also directly represses PRR37, PRR95, and PRR73 in rice;
PRR37 is the rice ortholog of PPD1, again suggesting at least in part conservation of
the role of the EC across flowering plant diversification [40]. Furthermore, elf3 mutants
in barley, wheat, and B. distachyon have elevated PPD1 expression [23,24,30]
indicating ELF3 may impact flowering in part via PPD1, but to what extent remains to be
determined.

The photoperiod and circadian pathways converge in the transcriptional
activation of florigen/ FLOWERING LOCUST1 (FTT1) in leaves [6,41]. In temperate
grasses, PPD1 is required for the LD induction of FT1, whereas in A. thaliana

CONSTANS (CO, is the main photoperiodic gene required for FT1 activation in LD
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[16,42,43]. There are two CO-like genes in temperate grasses, interestingly, in the
presence of functional PPD1, co1co2 wheat plants have a modest earlier heading
phenotype suggesting they are in fact mild floral repressors, but in the absence of PPD1
CO1 acts as a flowering promoter under LD [16]. To date, no null co7co2 double
mutants have been reported in B. distachyon. However, RNAi knock-down of co7 does
result in a 30-day delay in flowering under 16h LD [44] and overexpression of CO1
leads to earlier flowering in SD [44]. These results indicate that in B. distachyon CO1
does have a promoting role in flowering even in the presence of a functional PPD1
gene, and suggest potential differences in the role of CO1 in the regulation of flowering
between B. distachyon and wheat.

Once FT1 is activated by LD it interacts with the bZIP transcription factor FD
which triggers the expression of the MADS-box transcription factor VERNALIZATION1
(VRNT) [45,46]. VRNT1 in turn upregulates the expression of FT1 forming a positive
feedback loop that overcomes the repression from the zinc finger and CCT domain-
containing transcription factor VERNALIZATIONZ (VRNZ2) [17,47-50, 84]. The FT1
protein is then thought to migrate from the leaves to the shoot apical meristem, as
shown in A. thaliana and rice [51,52], to induce the expression of floral homeotic genes
including VRN1, thus converting the vegetative meristem to a floral meristem under
favorable LD photoperiods.

Light signals are perceived initially by photoreceptors that initiate a signal
transduction cascade impacting a variety of different outputs including developmental
responses to light [53]. The sensing of light is accomplished by complementary

photoreceptors: phytochromes which measure the ratio of red and far-red light whereas
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cryptochromes and phototropins detect blue light frequencies [54,55]. The
phytochromes form homodimers that upon exposure of plants to red light undergo a
confirmation shift to an active form causing the activation of a suite of downstream
genes [54]. Exposure of plants to far-red or dark conditions causes photo-reversion of
the phytochromes to an inactive state [54].

There are three phytochromes in temperate grasses referred to as
PHYTOCHROME A (PHYA), PHYTOCHROME B (PHYB), and PHYTOCHROME C
(PHYC) [56]. Functional analyses of these phytochromes in temperate grasses revealed
that PHYB and PHYC play a major role in the LD induction of flowering because loss-of-
function mutations in both of these genes results in extremely delayed flowering [57-59]
whereas loss-of-function mutations in PHYA in B. distachyon results in only a modest
delay of flowering under inductive LD, indicating PHYB and PHYC are the main light
receptors required for photoperiodic flowering in temperate grasses [29].The important
role of PHYC in photoperiodic flowering is not universal as loss of phyC function in A.
thaliana and rice only has small effects on flowering [60,61].

In temperate grasses, PHYB and PHYC are required for the transcriptional
activation of a suite of genes involved in the photoperiod pathway, including PPD1,
CO1, and FT1, and ectopic expression of FT1 in the B. distachyon phyC background
results in rapid flowering—a reversal of the phyC single-mutant phenotype [57,58,62].
Moreover, consistent with PHYB/C acting at the beginning of the photoperiodic
flowering signal cascade, expression of genes encoding components of the circadian
clock are also severely dampened in the phyB and phyC mutant backgrounds [29,57-

59]. An exception to this is that the expression of ELF3is not altered in the temperate
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grass phytochrome mutants [29,58-59]. Recently, in B. distachyon it has been shown
that PHYC can interact with ELF3, and this interaction destabilizes the ELF3 protein
indicating that the regulation of ELF3 by PHY is at least in part at the protein level
consistent with previous studies from A. thaliana, rice and the companion study in wheat
[29,40,63, 68]. At present it is not clear to what extent the regulation of ELF3 by PHYs is
critical for photoperiodic flowering.

Here, we show in B. distachyon by analyzing phyC/efl3 double mutant plants that
indeed the light signal perceived by phytochromes is mediated through ELF3 for
photoperiodic flowering. The extreme delayed flowering of the phyC mutant disappears
in the phyC/elf3 double mutant plants which flower as rapidly as elf3 single mutant
plants. Moreover, the expression profiles of genes in the photoperiod pathway are
similar between elf3 and phyC/elf3 mutant plants compared to phyC mutant plants.
Thus, elf3 is completely epistatic to phyC at the phenotypic and molecular levels.
Furthermore, we show strong, environment-dependent genetic interactions between
ELF3 and PPD1, which indicates that PPD1 is a main target of ELF3-mediated
repression of flowering. These results provide a genetic and molecular framework to

understand photoperiodic flowering in the temperate grasses.

RESULTS

The rapid flowering elf3 mutant is epistatic to the delayed flowering phyC

mutant

Previous studies in B. distachyon showed that PHYC can affect the stability of

the ELF3 protein, and that the transcriptome of a phyC mutant resembles that of a plant


https://doi.org/10.1101/2022.10.11.511813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.11.511813; this version posted October 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

with elevated ELF3 signaling [29]. Thus, it has been suggested that the extreme
delayed flowering phenotype of the phyC mutant [58] could be mediated by ELF3 [29].
To test the extent to which the translation of the light signal perceived by PHYC to
control flowering is mediated by ELF3, we generated elf3/phyC double mutant plants
and evaluated the flowering of the double mutant relative to that of elf3 and phyC single

mutants as well as Bd21-3 wild type plants under 16h-LD and 8h-SD (Fig 1).
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Fig 1. The rapid flowering of the elf3 mutant is epistatic to the delayed flowering of the phyC mutant (A)
Representative images of Bd21-3 wild-type, elf3 mutant, phyC mutant and elf3/phyC double mutant
plants grown in a 16h photoperiod at 90d after germination. Bar=17cm. (B, D) Flowering times under 16h
(B) or 8h daylengths (D) measured as days to heading of Bd21-3, elf3, phyC, and elf3/phyC. (C)
Flowering phenotypes under 16h (C) or 8h daylengths (E) measured as the number of leaves on the
parent culm at time of heading. Bars represent the average of 8 plants +/- SD. Arrows above bars
indicate that none of the plants flowered at the end of the experiment (150d). Letters (a, b) indicate
statistical differences (p < 0.05) according to a Tukey’s HSD test used to perform multiple comparisons.

Under either 16h LD or 8 SD photoperiods, we found that el/f3 is epistatic to

phyC. Specifically, in LD elf3/phyC double mutant plants flowered rapidly by 38 days
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with 6.9 leaves similar to elf3 mutant plants that flowered by 34 days with 6.6 leaves

(Fig 1A, B). In contrast, phyC mutant plants had not flowered after 150 days with greater
than 20 leaves when the experiment was terminated, and Bd21-3 wild-type plants flower
by 72 days with 12 leaves consistent with previous studies [49,58]. In 8h SD, elf3/phyC
double mutant plants also flowered rapidly by 54 days with 8.8 leaves similar to elf3
mutant plants that flowered by 48 days with 8.5 leaves (Fig 1D, E). In contrast, both
Bd21-3 wild-type and phyC mutants had not flowered by 150 days with >18 leaves
when the experiment was terminated (Fig 1D, E). These results indicate that the
extreme delayed flowering mutant phenotype of phyC in B. distachyon is mediated by

ELF3.

Effect of mutations in PHYC and ELF3 on the transcriptional profiles of flowering
time genes

To further understand how PHYC and ELF3 affect flowering at a molecular level,
we compared the mRNA levels of B. distachyon orthologs of the photoperiodic and
vernalization genes FT1, VRN1, PPD1, VRNZ2, CO1, and COZ2 across a diurnal cycle in
16h LD in the phyC and elf3 single mutants versus the elf3/phyC double mutant (Fig. 2).
We were particularly interested in determining how the expression profiles of “flowering-
time genes” in the elf3/phyC double mutant compared to the elf3 and phyC single
mutant expression profiles. Consistent with the rapid flowering of the elf3 and elf3/phyC
mutants, the mRNA expression levels of FT1 and VRN1 in these lines are significantly
higher than the levels in wild-type and phyC mutant plants across all the time points
tested (Fig 2 A, D). Moreover, the overall expression profiles of FT1 and VRN between

the elf3 and elf3/phyC mutant plants were similar throughout the day. This is in contrast

11


https://doi.org/10.1101/2022.10.11.511813
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.11.511813; this version posted October 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

with the phyC mutant, in which FT7 and VRN1 mRNA levels were lower than wild-type
throughout the day consistent with the delayed flowering phenotype of phyC. Despite
the elevated levels of FT1 and VRN1 in both elf3 and elf3/phyC consistent with their
rapid flowering, the expression of the floral repressor, VRNZ2, has a similar elevated
expression profile throughout the day in both elf3 and elf3/phyC relative to wild-type or
phyC single-mutant plants (Fig 2E). The elevated VRNZ2 expression levels in elf3 mutant
plants are consistent with previous results in B. distachyon and other grasses [29, 30,
40, 64, 65]. The transcriptional profile of CO71 was similar in both the elf3 and elf3/phyC
mutant plants with elevated expression compared to wild-type between zt4-8 and then
lower than wild-type between zt12-20 (Fig 2C). A similar expression pattern was found
for Hd1 (rice CO homolog) in the elf3-1/elf3-2 double mutant in rice [40]. Consistent with
previous reports, COT expression levels remained low in Brachypodium phyC mutants
throughout a diurnal cycle [58]. By contrast CO1 expression is significantly upregulated
in the phyC mutants in wheat [57] indicating another difference in the regulation of CO1
between these two species. Lastly, the COZ2 expression profiles were similar between
wild-type, elf3, and elf3/phyC whereas CO2 mRNA levels were lower in the phyC
mutant throughout a diurnal cycle (Fig 2F). In summary, the transcriptional profiles of
FT1, VRN1, VRN2, CO1, and COZ2 are similar between elf3 and elf3/phyC mutants
consistent with ELF3 acting downstream from PHYC in the photoperiod flowering

pathway.
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Fig 2. Effect of loss of function mutations in ELF3 and PHYC on the transcriptional profiles of six
flowering time genes in 16h long days. Normalized expression of (A) FT1, (B) PPD1, (C) COT1,
(D) VRN1, (E) VRNZ2, and (F) COZ2 during a 24h diurnal cycle in Bd21-3 (black line), elf3 (blue
lines), phyC (gray lines) and elf3/phyC double mutant (orange line). Plants were grown in LDs
until the fourth-leaf stage was reached (Zadoks=14) at which point the newly expanded fourth
leaf was harvested at zt0, zt4, zt8, zt12, zt16, and zt20. Note the zt0 value and zt24 value are
the same. The average of four biological replicates is shown (three leaves per replicate). Error
bars represent the standard error of the mean. Data were normalized using UBC18 as done in
[49].

There is a more complex interaction between PHYC and ELF3 on the
transcriptional profile of PPD1. In wild-type, the expression levels of PPD1 peak at zt12
with the lowest expression level at dawn and during the evening consistent with
previous reports of PPD1 expression patterns in B. distachyon [29,30] (Fig 2B). In both
the elf3 and elf3/phyC mutants, we observed increased PPD1 expression relative to
wild-type at dawn and during the evening with expression levels similar to wild-type at
zt12. Interestingly, the increased expression of PPD1 observed at dawn and during the

night in the elf3/phyC background, was significantly lower than the single e/f3 mutant

suggesting PHYC may impact PPD1 expression via additional genes beyond ELF3. In
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contrast, PPD1 expression levels were reduced in the phyC mutant relative to wild-type,
elf3, and elf3/phyC mutant plants throughout a diurnal cycle, consistent with the

reduced FT1 expression and delayed flowering phenotype of the phyC mutant.

Identification and mapping of a ppd7 mutant in B. distachyon

To determine the role of PPD1 in flowering in B. distachyon a whole genome
sequenced sodium azide mutant line NaN610 with a predicted high effect mutation
impacting a splice acceptor donor site in PPD1 (BdiBd21-3.1G0218200) was ordered

from the Joint Genome Institute (JGI) ([66]; https:/phytozome-

next.jgi.doe.gov/jbrowse/). A quarter of the NaN610 M3 seeds received were

segregating for an extremely delayed flowering phenotype (Fig 3B-D).

Due to the high mutant load of the publicly available sequenced NaN mutant
lines, we validated through mapping that the delayed flowering phenotype is associated
with PPD1 (Fig 3E, F). We backcrossed NaN610 with Bd21-3 and confirmed a quarter
of the plants in the BC1F2 population (n=380) were delayed flowering, demonstrating
the recessive nature of the mutant. Three Derived Cleaved Amplified Polymorphic
Sequences (dCAPs) markers closely linked with PPD1 were developed based on the
variant’s information for the NAN610 line, with one of the dCAPs primers located within
the PPD1 locus itself (Fig 3E; Table S1). This approach allowed us to map the
causative lesion to within a 1Mb interval (13.1Mb-14.2Mb) on the top arm of
chromosome 1 and indicates the delayed flowering phenotype is tightly linked with

PPD1 (Fig 3E).
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Fig 3. Identification of a ppd7 mutant from an NaN line. (A) Gene structure of PPD1 showing the
location of the nucleotide change of the sodium azide-induced mutation, orange bar indicates
the region that encodes the CCT domain. Below the gene structure diagram is a gel image of
the reverse transcription polymerase chain reaction (30 cycles of amplification) showing PCR
products of PPD1 cDNA in Bd21-3 and ppd71 mutant plants. The location of primers used in
each reaction are shown in the diagram above the gel image. (B) Representative photo of
Bd21-3, heterozygous, and homozygous ppd1 plants grown in a 20h LD. Picture was taken after
60d after germination in 20h LD, bar=5cm. (C and D) Flowering time measured as days to
heading (C) and the number of leaves on the parent culm at time of heading (D), ** indicate
statistical differences (p < 0.01), *** indicate statistical differences (p < 0.001) by Student’s t-
test. (E) Fine mapping of ppd7 in a population of 380 BC1F2 individuals. Individuals with seven
different haplotypes were identified by three dCAPS markers and flowering times of each
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haplotype were determined in the F3 generation. Dark, grey, and light grey rectangles represent
NAN610, heterozygous, and Bd21-3 genotypes, respectively. Variants around the PPD1 locus
from NAN610 line are shown with black dots, and yellow arrow indicates coding genes within
the mapped interval with the specific effect on the coding region indicated.

To confirm that the predicted splice site mutation does in fact impact the splicing
of PPD1, we sequenced the mRNA products of the ppd7 NaN610 mutant line and
Bd21-3 (Fig 3A). We found that the splice site mutation resulted in the mis-splicing of
the sixth intron, generating a reading frame shift resulting in a truncated protein lacking
the conserved CCT domain (Fig 3A). Taken together, the extreme delayed flowering of
the B. distachyon ppd1 mutant is consistent with the ppd7 null mutants described in

wheat, which take >120 days to head under inductive LD conditions [16,43],

demonstrating PPD1 is required for LD flowering broadly within temperate grasses.

Genetic interactions between ELF3 and PPD1 under long and short days

We and others have shown that PPD1 or PRR37 expression is induced in an elf3
mutant background in B. distachyon, rice and wheat (Fig 2B; [29,30,40,68]). Moreover,
a CHIPseq analysis of ELF3 demonstrated that PPD1 or PRR37 is directly bound by
ELF3 in a time of day responsive manner [29,40]. Thus, ELF3 acts as a direct
transcriptional repressor of PPD1 or PRR37 but the extent to which this explains the
rapid flowering in the elf3 mutant has not been tested. Therefore, we generated an
elf3/ppd1 double mutant to explore the genetic interactions between these two genes
have under a highly inductive 20h LD, inductive 16h LD and non-inductive 8h SD (Fig

4).
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Fig 4. Genetic interactions between the delayed flowering ppd7 mutant and the rapid flowering
elf3 mutant. Representative photo of Bd21-3 wild-type, rapid flowering e/f3 mutant, delayed
flowering ppd1 mutant and delayed flowering elf3/ppd1 double mutant plants grown in a 20h
photoperiod (A), 16h photoperiod (D), and 8h photoperiod (G). Picture was taken after 110d, for
the 20h LD (A) and 140d after germination for the 16h LD (D), and 8h SD. Scale bar=5cm. (B,
E, H) Flowering times under 20h (B), 16h (E), 8h (G) measured as days to heading of Bd21-3,
elf3, ppd1, and elf3/ppd1. Flowering times under 20h (C), 16h (F), and 8h (lI) measured as the
number of leaves on the parent culm at time of heading. Bars represent the average of 8 plants
+ SD. Arrows above bars indicate that none of the plants flowered at the end of the experiment
(150d). Letters (a, b, c, d) indicate statistical differences (p < 0.05) according to a Tukey’s HSD
test used to perform multiple comparisons
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Under all photoperiods the elf3/ppd1 double mutant flowered significantly later
than the elf3 single mutant plants (Fig 4). Interestingly, under 20h LD elf3/ppd1 double
mutant plants flowered significantly earlier than ppd7 by 16.2 days forming 3.0 fewer
leaves whereas under both 16h or 8h days elf3/ppd1 mutant plants flowered
significantly later than ppd1 by 13.7 days with 2.5 more leaves in 16h days and with 6.4
more leaves in 8h days (Fig 4D-l). Also, surprisingly while ppd1 mutant plants are
delayed in flowering compared to wild-type under 20h and 16h LD, under 8h SD when
using leaf number as a metric for flowering indicates that ppd7 mutant plants transition
to flower earlier under 8h SD than wild-type and elf3/ppd1 double mutant plants (Fig 41).
Even though ppd7 mutant plants stop producing leaves these plants still fail to head
after 160 days of growth when the experiment was terminated (Fig 4H). Additionally,
elf3/ppd1 double plants while heading later than ppd? single mutant plants still transition
to flower earlier than wild-type producing fewer leaves than wild-type in SD but still
failing to head (Fig 4H-1). It is also worth noting that elf3/ppd1 double mutant plants are
still able to respond to different photoperiods, with longer days resulting in significantly
earlier flowering plants than under shorter days (Fig 4B, E, H). Taken together, these
results indicate that there are strong genetic interactions between ELF3 and PPD1
under different photoperiods, that PPD1 is a key downstream gene of ELF3, and that

there is a residual photoperiodic response that is independent of these two genes.

Effect of mutations in ELF3 and PPD1 on the transcriptional profiles of flowering
time genes
To understand how ELF3 and PPD1 affect flowering at a molecular level, we

measured the mRNA levels of FT1, VRARN1, PPD1, VRN2, CO1, and COZ2 in the elf3 and
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ppd1 single mutants and the elf3/ppd1 double mutant across a diurnal cycle in 16h LD
(Fig 5). As before, FT1 and VRN1 expression levels were elevated in the e/f3 mutant
background however, in the elf3/ppd1 double mutant expression of these genes
remained low and resembled the expression profile of ppd1 single mutants (Fig 5A, D).
The low expression levels of FT1 and VRNT in ppd1 and ppd1/elf3 mutant plants is
consistent with the delayed flowering phenotype for both of these mutants in 16h long
days. The VRNZ2 expression profile was similar between wild-type and ppd1 mutant
plants with low expression levels at dawn and increased expression throughout the light
cycle before expression levels dropping in the dark (Fig 5E). Interestingly, VRN2
expression levels are similarly elevated throughout the day in elf3 and elf3/ppd1 mutant
plants compared to wild-type (Fig 5E).

Consistent with the expression patterns of PPD1 in wild-type and elf3 single
mutant shown in Fig. 2, the expression levels of PPD1 peak at zt12 in wild-type and in
the elf3 mutant there is increased PPD1 expression relative to wild-type at dawn and
during the evening (Fig 5B). PPD1 expression levels in the ppd7 mutant should be
interpreted with caution because we do not know the effect of the splice site mutation on
the mRNA stability. Significantly higher levels of PPD1 expressions were observed in
ppd1 relative to wild-type at ZT8 and ZT16, and in elf3/ppd1 relative to elf3 at dawn. But
the expression patterns of PPD1 were more similar between ppd? and wild-type and

between elf3/ppd1 and elf3 than across these comparisons (Fig 5B).
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Fig 5. Effect of loss of function mutations in ELF3, and PPD1 on the transcriptional profiles of
six flowering time genes in 16h long days. The fourth newly expanded leaves were harvested
every 4h over a 24-hour period, three biological replicates (two leaves per replicate) were
harvested at each time point for each genotype. Diurnal expression of FT1 (A), PPD1 (B), CO1
(C), VRN1 (D), VRNZ2 (E), and COZ2 (F) were detected in Bd21-3 (black line), elf3 (blue lines),
ppd1 (grey lines) and elf3/ppd1 double (orange line), respectively. Bars represent the average
of three biological replicates £ SD. Letters (a, b, ¢, d) indicate statistical differences (p < 0.05)
according to a Tukey’s HSD test used to perform multiple comparisons, letter color corresponds
to the four different genotypes.

CO1 and COZ2 expression both have peak expression in wild-type at zt12 with
expression dampening in the evening consistent with previous reports [29,58].
Interestingly, the expression levels of CO71 and COZ2 were elevated between zt4-8 in the
elf3 mutant compared with wild-type however from zt 12-20 expression levels were
lower than wild-type with a profile similar to elf3/ppd1 mutant plants. In contrast the
expression levels of CO7 and COZ2 were the lowest in the ppd1 plants compared with all
the other lines at zt8. In the elf3/ppd1 mutant plants CO7 and COZ2 expression were

more similar to ppd1 in the morning and to elf3 in the evening and night (Fig 5C, F).
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These results indicate complex interactions between PPD1 and ELF3 in the regulation

of COT1 and CO2.

Constitutive expression of ELF3 results in delayed flowering and a reduction of

PPD1, FT1,and VRN1 expression levels

In our previous study, we showed that overexpression of ELF3 in the elf3 mutant
background results in delayed flowering taking nearly 5 months to flower ([30], Fig6 A).
However, this was done in the TO generation, so here we evaluated the flowering time
and expression of downstream flowering time genes in the T1 generation. We grew four
UBI::ELF3/elf3 transgenic lines alongside Bd21-3 and elf3in a 16h photoperiod, and
harvested the newly expanded fourth leaf at zt4. This time point was chosen because
expression of several critical genes such as CCA1, TOC1, LUX, PPD1, VRNZ2, CO1,
and CO2 were significantly different at dawn in the elf3 single mutant compared with
wild-type [29,30] ;Fig 2 and Fig 5). We first confirmed that all the UBI::ELF3/elf3
transgenic lines had higher ELF3 levels, and found indeed there is a significant increase
of expression of ELF3 in the transgenic plants (Fig 6B). To understand how
UBI::ELF3/elf3 affects flowering time, we detected the expression of FT1, VRN1, PPD1,
VRNZ2, CO1, and COZ2 in wild-type, elf3 and, UBI::ELF3/elf3. Consistent with the
delayed flowering time, FT1 and VRN1 expression levels of UBI::ELF3/elf3 were
reduced compared to elevated levels in elf3 single mutant plants (Fig 6 C and F). Also,
the expression of PPD1, VRNZ2, CO1, and CO2 were decreased in UBI::ELF3/elf3,
indicating ELF3 is playing a repressive role broadly in regulating CCT domain

containing genes responding to photoperiodic flowering.
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Fig 6. Overexpression of ELF3 in the elf3 mutant background delays flowering. (A)
Representative photo of Bd21-3 wild-type, rapid flowering e/f3 mutant and three independent
transgenic plants of UBI::ELF3 in the elf3 background grown in a 20h photoperiod. The fourth
newly expanded leaves were harvested at zt4 in 16h. Picture was taken 100d after germination.
Bar = 5 cm. (B-1), Normalized expression of ELF3 (C), FT1 (D),PPD1 (E), COT1 (F), VRAN1 (G),
VRNZ2 (H) and COZ2 (l) were detected in Bd21-3, elf3 single mutant and four UBI::ELF3/elf3
transgenic lines. Bars represent the average of four biological replicates + SD.
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DISCUSSION
The phytochromes PHYC/PHYB and ELF3 connection

B. distachyon has an obligate requirement for LD to flower [8,49,67]. Previous
studies have shown the important roles that both PHYC and ELF3 play in photoperiodic
flowering in B. distachyon [29,30,58]. Specifically, mutations in phyC result in extremely
delayed flowering whereas loss-of-function mutations in elf3 results in rapid flowering in
either LD or SD [30,58]. Furthermore, phyC mutants resemble plants grown in SD both
morphologically and at the transcriptomic level regardless of day-length whereas elf3
mutant plants resemble plants grown in LD both morphologically and at the
transcriptomic level regardless of day-length [29,30,58]. Thus, we were interested in
exploring the genetic relationships between PHYC and ELF3. The extreme delayed
flowering phenotype observed in phyC mutant plants is mediated by ELF3 because
phyC/elf3 double mutant plants flower rapidly in LD and SD similar to e/f3 mutant plants.
Similar genetic interactions between phyB and elf3 were also found in wheat in the
companion study [68], suggesting these interactions are likely to be conserved broadly
in temperate grasses. Loss-of-function mutations in phyB in wheat also result in delayed
flowering similar to phyC [59]. At present, no null phyB alleles have been reported in B.
distachyon; however, PHYB is able to heterodimerize with PHYC in B. distachyon and
wheat [29,57] and both phyB [59] and phyC [57] are extremely late flowering in wheat
suggesting that both PHYs are likely required for photoperiodic flowering in the
temperate grasses.

Phytochrome regulation of ELF3 at the post-translational level rather than at the

transcriptional level is likely to be the critical interaction impacting flowering. In A.
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thaliana, B. distachyon, and wheat, phyB/phyC mutants do not impact the circadian
oscillation of ELF3 mRNA levels [29,59,69]. However, in all three species PHYB and
PHYC have been shown to interact with the ELF3 protein, but the stability of the ELF3
protein upon exposure to light differs between A. thaliana and temperate grasses
[29,68,70,71]. Specifically, in A. thaliana PHYB contributes to the stability of the ELF3
protein during the light leading to ELF3 accumulation at the end of the day whereas in
temperate grasses ELF3 protein accumulates during the night and is rapidly
degraded/modified upon light exposure [29,70,72,73]. We hypothesize that the rapid
degradation and or modification of ELF3 by light is likely PHY mediated in temperate
grasses as shown in rice [40].

The differences in how phytochromes impact the stability of the ELF3 protein
might explain the contrasting flowering phenotypes of the phyB/phyC mutants between
A. thaliana and the temperate grasses. In A. thaliana, phyB mutants flower more rapidly
than wild type in either LD or SD and phyC mutants flower earlier under SD [60],
whereas in temperate grasses phyB or phyC mutants are extremely delayed in
flowering [57-59]. However, ELF3 acts as a flowering repressor in both A. thaliana and
temperate grasses [30,32]. In A. thaliana PHYB stabilizes the ELF3 protein; therefore, in
phyB mutants, ELF3 is no longer stable leading to rapid flowering. In contrast, in
temperate grasses, in the absence of phyB or phyC the ELF3 protein is more stable
leading to delayed flowering.

Interestingly, overexpression of ELF3 results in extremely delayed flowering in B.
distachyon [29,30] (Fig 6). Given that the regulation of ELF3 appears to occur at the

protein level, one might not expect that overexpression would cause such a strong
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flowering delay. However, if the ELF3 protein is expressed at a high level such that the
degradation machinery is unable to degrade most of the ELF3 protein during LD, then a
strong flowering delay might occur. In support of this idea, the delayed flowering of
overexpression of ELF3 is mitigated when plants are grown under constant light versus
normal 16h LD conditions [29]. It is worth noting that although overexpression of ELF3
generally leads to delayed flowering in different plant species, there is considerable
variation in the magnitude of this delayed flowering [29,63,68] (Fig 6).

Similar genetic interactions between ELF3 and PHYB have also been observed in
rice which is a SD-flowering plant that has two rice-specific ELF3 paralogs [73].
Mutations in either paralog results in delayed flowering in SD or LD in contrast to the
rapid flowering observed in elf3 mutations in temperate grasses [40,74,75]. Also in
contrast to the situation in temperate grasses, phyB mutants flower more rapidly than
wild type in rice [76]. Despite the flowering differences of the elf3 and phyB mutants
between rice and temperate grasses, in either case the light signal perceived by
the phytochromes is ELF3 mediated [75]. Specifically, in both rice and temperate
grasses, in phyB/elf3 or phyC/elf3 mutant plants, elf3 is epistatic to phyC. Moreover,
PHYB and ELF3 proteins interact impacting the modification of ELF3 by light [40]. The
opposite roles that phytochromes and elf3 have on flowering in rice and temperate
grasses is likely in part due to the reverse role that the downstream PPD1/PRR37 gene
has on flowering because PPD1 is a promoter of flowering in LD temperate grasses but

is a repressor of flowering in SD grasses such as rice [11,16,77,78] (Fig 3).

The ELF3 and PPD1 connection
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The extremely delayed flowering of B. distachyon ppd1 mutant plants under LD is
similar to the extremely delayed heading of ppd7 mutants in wheat [16]. However, a
previous study in B. distachyon using a CRISPR induced ppd7 mutant allele which has
a 1bp deletion in the sixth exon of PPD1 has a milder delayed flowering phenotype with
plants taking around 40 days to flower under 20h days, whereas the mutant ppd1 plants
presented here flower around 120 days in 20h days [29]; Fig 3, 4). In both studies, wild-
type Bd21-3 plants flower on average between 25-30 days in 20h of light consistent with
previous reports in B. distachyon [49,79]. The differences in flowering time between the
two B. distachyon ppd1 mutant alleles suggests that the CRISPR induced ppd1 allele is
a weaker hypomorphic allele than the ppd7 mutant allele characterized in this study.
This is further supported by the fact that the ppd1 allele described here has a similar
extremely delayed flowering phenotype as the null ppd71 wheat allele [16].

Interestingly, B. distachyon ppd1 mutant plants flower in SD (8 h day-length) in
contrast to wild type which cannot flower in SD. Indeed, all 56 different B. distachyon
accessions evaluated in SD remained vegetative after >200 days of growth [49,67,79].
In previous studies, we showed that wild-type B. distachyon has an obligate
requirement for LD of at least 12 hours to flower [49,80]. The inability of B. distachyon to
flower in SD has been evaluated not only by the appearance of visible flowers, but also
by dissecting meristems to determine if floral primordia have formed. We note the need
for microscopic examination of dissected meristems for the presence of floral primordia
to determine, from a developmental perspective, if flowering has occurred because, in
the agronomic literature on cereals, flowering is often evaluated as days to heading, and

there are many examples of genotypes that are “non-flowering” in SD that have actually
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formed floral primordia, but further floral development is arrested until the plants are in
LD. For example, photosensitive wheat and ppd7 mutant plants fail to head under 8h
SD [16, 68]; however, dissection of meristems reveal that photosensitive wheat and
ppd1 actually transition to flowering by leaf 7-8 in SD [16], suggesting contrasting
effects of PPD1in SD in B. distachyon and wheat. However, this contrasting effect may
be wheat genotype dependent: spring wheats exhibit a microscopic flowering transition
in SD whereas certain winter wheat do not (e.g. [81]), but perhaps a pdd7 mutation in
winter wheat would result in a microscopic flowering transition in SD (i.e., perhaps in
winter wheat there would not be contrasting effects with B. distachyon (winter
accession) of a ppd1 lesion in SD).

The ppd1/elf3 double mutant is delayed in flowering relative to elf3 mutant plants
indicating that PPD1 is downstream of ELF3 for photoperiodic flowering. This is also
consistent with the elevated PPD1 expression levels observed at dawn and dusk in the
elf3 mutant relative to wild-type in temperate grasses [30,73] (Fig 5). Indeed, ELF3
binds to the PPD1/PRR37 promoter in B. distachyon, wheat, and rice indicating ELF3 is
a direct transcriptional repressor of PPD1/PRR37 in grasses [29,40,68]. ELF3 does not
have any known DNA binding activity and thus, the direct repression is likely to be due
to ELF3’s interaction with the LUX transcription factor which, from studies in A. thaliana,
recognizes GATWCG moitifs that are also found in the PPD1 promoter in grasses
[37,38,68]. Interestingly, photoperiod insensitivity in wheat is associated with deletions
in the PPD1 promoter, which remove the LUX binding site and results in elevated PPD1
expression at dawn similar to the PPD1 expression dynamics observed in elf3 and lux

mutant plants [10,12,13, 39,82]. In the companion paper, ChIP-PCR experiments show
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ELF3 enrichment around the LUX binding site, which is present within the region
deleted in photoperiod-insensitive wheats. These results demonstrate that removal of
the ELF3 binding site leads to elevated expression in PPD1 and accelerated heading
under SD in many photoperiod-insensitive wheats [68].

The characterization of elf3/ppd1 mutant plants under different photoperiods
reveal complex interactions between the two genes and their downstream targets
depending on the environment. For example, elf3/ppd1 mutant plants are earlier
flowering than ppd7 mutant plants under 20h days but, surprisingly, are later flowering
under 16h and 8h days. This is in contrast with e/f3/ppd1 mutants in wheat, which head
earlier than ppd1 under either 16h-LD or 8h-SD photoperiods indicating that ELF3 can
delay heading independently of PPD1 in both photoperiods [68]. Thus, there are
differences between B. distachyon and wheat in the effects of ELF3 on heading in the
absence of PPD1. We speculate that these differences may be related to the different
interactions observed between CO7 and other flowering genes (e.g. PHY) in these two
species. For example, in wheat phyC and ppd1 mutants, CO7 expression levels are
elevated compared to wild-type, whereas in B. distachyon CO1 expression is reduced in

both mutants [57, 58, 68].

MATERIALS AND METHODS

Plant Materials and Growth Conditions.
The rapid flowering mutant elf3 and four UBI::ELF3/elf3 transgenic lines were previously
characterized and generated in [30] and the delayed flowering phyC mutant was

characterized in [58]. All the mutants used for phenotyping and expression in this study
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were backcrossed at least twice with the wild-type Bd21-3 accession. Seeds were
imbibed in the dark at 5°C for three days before placing seeds into soil. Three
photoperiods 8h-SD (8h light/16h dark), 16h-LD (16h light/ 8h dark), and 20h-LD (20h
light/ 4h dark) were used, and growth conditions (temperature, light) for data in figures
3-4 were described in [49] whereas the growth conditions for Figure 1-2 are described in
[16]. Flowering time was estimated by measuring days to heading and leaves on the
main culm at time of heading. Recording of days to heading was done as the days from

seed germination to the first emergence of the spike.

Generation of elf3/phyC and elf3/ppd1 double-mutant lines

Epistasis analysis between phyC, ppd1, and elf3 was studied by generating an
elf3/phyC and elf3/ppd1 double mutant. phyC mutants were crossed with elf3 and
elf3/phyC homozygous double mutant plants were selected in a segregating F2
population by genotyping using primers in Table S1. Similarly, ppd1 was crossed with
elf3, and elf3/ppd1 homozygous double mutant individuals were selected by genotyping
using primers in Table S1 in the segregating F2 population. Flowering time of elf3/ppd1
double mutant were estimated by growing with Bd21-3, elf3, ppd1 side by side in 8h SD,
16h LD, and 20h LD whereas elf3/phyC double mutant plants were grown in 8h SD

and 16h LD.

RNA Extraction and qPCR.
The method for RNA extraction, cDNA synthesis and quantitative PCR (qPCR) is

described in [49]. Primers used for gene expression analyses are listed in Table S1.

Statistical Analyses
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For more than two genotypes comparison, Multiple comparisons were performed by
using agricolae package in R [83]. Statistically significant differences among different
genotypes were calculated by using one-way analysis of variance (ANOVA) followed by
a Tukey’s HSD test. Student’s t-test was used for analyzing the difference between two

genotypes, significant if P< 0.05.
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Supporting Information Captions

Purpose . NEB
Primers Sequence enzyme Reference
qUBC18-F GTCACCCGCAATGACTGTAAGTTC
qUBC18-R TTGTCTTGCGGACGTTGCTTTG
gFT1-F TTCGGGAACAGGAACGTGTCCAAC
gFT1-R AGCATCTGGGTCTACCATCACGAG Ream et al.,
gVRN1-F GCTCTGCAGAAGGAACTTGTGG 2014
gVRN1-R CTAGTTTGCGGGTGTGTTTGCTC
aPCR gVRN2-F ATGCATGAGAGAGAGGCGAAGG
gVRN2-R TCGTAGCGGATCTGCTTCTCGTAG
gPPD1-F2 CTATGCCGTCGCTTGAGTTG
gPPD1-R2 TGCCGCCTTGATTGGAAACC
qCO1-F AGAGTGGTTATGGGCTTGGA .
This paper
qCO1-R CTATCACCGTATTGTCTGGG
qCO2-F GGCAAGTGAGGAACAGGAAAG
qCO2-R TAGGCTCCACTGGTTGTTAGG
dCaps16020-F CCGTCTCCAGATTATACCTATCCG Hpy188lI
dCaps16020-R GAGTGTGATTTCAGCCCTTG
Fine Mapping pddl_F CAACCGGAGATGGTGGAAATG Hpyl66ll This paper
and pddl_R GGACACTGATATTATGTTGTGC
genotyping dCaps17600-F AAAGTCCTGCTGGCGCTCGTG BsrDlI
dCaps17600-R TGACGCCGTGCTCCGGCTCTGCAA
elf3-F CACCCATGCCTCCAATGTACTTCCC | Hpy1ies6ll Bouché et al.
elf3-R GGTGGTTTCAGCTTCTGCAGGTGAA 2022

Table S1 Primers used in this study
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