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Wenbin Li and Lin Zhao*
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Photoperiod is one of the main climatic factors that determine flowering time and yield.
Some members of the INDETERMINATE DOMAIN (IDD) transcription factor family have
been reported to be involved in regulation of flowering time in Arabidopsis, maize,
and rice. In this study, the domain analysis showed that GmIDD had a typical ID
domain and was a member of the soybean IDD transcription factor family. Quantitative
real-time PCR analysis showed that GmIDD was induced by short day conditions
in leaves and regulated by circadian clock. Under long day conditions, transgenic
Arabidopsis overexpressing GmIDD flowered earlier than wild-type, and idd mutants
flowered later, while the overexpression of GmIDD rescued the late-flowering phenotype
of idd mutants. Chromatin immunoprecipitation sequencing assays of GmIDD binding
sites in GmIDD-overexpression (GmIDD-ox) Arabidopsis further identified potential
direct targets, including a transcription factor, AGAMOUS-like 18 (AGL18). GmIDD
might inhibit the transcriptional activity of flower repressor AGL18 by binding to the
TTTTGGTCC motif of AGL18 promoter. Furthermore, the results also showed that
GmIDD overexpression increased the transcription levels of flowering time-related genes
FLOWERING LOCUS T (FT ), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1
(SOC1), LEAFY (LFY ) and APETALA1 (AP1) in Arabidopsis. Taken together, GmIDD
appeared to inhibit the transcriptional activity of AGL18 and induced the expression
of FT gene to promote Arabidopsis flowering.

Keywords: soybean, photoperiod, flowering, AGL18, GmIDD

INTRODUCTION

Soybean [Glycine max (L.) Merrill] is a typical short-day (SD) plant, which is particularly sensitive
to photoperiod response. SDs can promote flowering, while long-days (LD) can inhibit flower
bud growth (Kantolic and Slafer, 2007). Soybean can be regarded as a classical model plant at
the beginning of the study of the plant photoperiod pathway due to its photoperiodic response
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characteristics. The cultivation of soybeans on the earth spans
85 latitudes, with different soybean varieties ranging from
Vancouver in the north to New Zealand in the south. However,
due to the limitation of latitude, cultivated area of each soybean
variety is scarce, resulting in its limited adaptability (Cober and
Morrison, 2010). Therefore, flowering time and mature period
have become important agronomic traits of soybean, which can
influence the yield, quality, and versatility of soybean varieties.
By reasonable planting of soybean varieties under different
environmental conditions in different regions, the cultivated
land resources in this area can be fully utilized, which is of
great significance to increase the yield of soybean. Thus, it is
a hotspot in the field of reducing the breeding pressure, by
exploring new photoperiod genes that control soybean flowering
and maturation, and further clarifying the molecular mechanism
of these genes involved in soybean photoperiod effect.

INDETERMINATE DOMAIN (IDD) transcription factors are
one of the largest and most conserved gene families in the plant
kingdom and play an important role in various processes of plant
growth and development, such as regulating flower induction
(Ali et al., 2019). The IDD transcription factor family has a
highly conserved ID domain, which was initially described as
consisting of two typical C2H2 and C2HC zinc finger motifs.
The functions of some members of the IDD transcription
factor family have been identified, particularly in Arabidopsis,
maize, and rice. In Arabidopsis, three IDD family members,
MAGPIE/IDD3 (MAG), NUTCRACKER/IDD8 (NUT), and
JACKDAW/IDD10 (JKD), and GRAS domain proteins SHR and
SCR, have been shown to jointly regulate root development
(Levesque et al., 2006; Cui et al., 2007; Welch et al., 2007). SHOOT
GRAVITROPISM5/IDD15 (SGR5) was mainly expressed in the
endodermis of the inflorescence stem, which was involved in
regulating the early gravity perception and starch accumulation
of Arabidopsis (Long et al., 2015). AtIDD8 controlled the
photoperiod-dependent flowering pathway in Arabidopsis by
regulating sugar signal transduction (Funck et al., 2012). In
maize, ID1 gene was the first characteristic gene of the IDD
transcription factor family and played an important role in
regulating the blooming period of corn (Colasanti et al., 1998).
NAKED ENDOSPERM 1 and 2(NKD1 and NKD2) were two
other members of the maize IDD family and involved in seed
development (Yi et al., 2015). In rice, EARLY HEADING DATE
2 (Ehd2), a homolog of ZmID1 in rice, which could up-regulate
the expression of the EARLY HEADING DATE 1 (Ehd1) gene
to promote a FT-like gene HEADING DATE 3a (Hd3a) and
promote flowering under SDs (Matsubara et al., 2008; Gontarek
et al., 2016). OsId1, a homologous gene of maize ID1, regulates
Ehd1 and its downstream genes, including Hd3a and RICE
FLOWERING LOCUS T1 (RFT1) to regulate flowering (Park
et al., 2008). When RICE INDETERMINATE 1 (RID1) gene
was activated to induce phase transition, flowering signals were
transduced and regulated through various pathways, and finally
integrated with FT-like proteins to induce flowering (Wu et al.,
2008). However, the function of IDD transcription factor family
members in soybean has not been reported.

MADS-domain proteins form a large and diverse family in
plants and play a variety of regulatory roles. Previous reports

showed that flowering was determined by the additive effect
of multiple MADS-domain flower inhibitors, among which
AGAMOUS-like 15 (AGL15) and AGAMOUS-like 18 (AGL18)
made important contributions (Adamczyk et al., 2007). The
double mutants of AGL18 and AGL15, members of the AGL15-
like branch of the MADS domain regulator, showed early
flowering phenotype. It was proposed that AGL15 and AGL18 act
upstream of the floral integrator FT. The combination of AGL15
and AGL18 mutations partially inhibited the photoperiodic
pathway defects (Adamczyk et al., 2007).

In the current study, soybean GmIDD was identified
as a member of IDD transcription factor protein family.
Overexpression of GmIDD promotes flowering in Arabidopsis.
Putative target gene AGL18 and TTTTGGTCC motif for DNA
binding of GmIDD were predicted by ChIP-seq and ChIP-qPCR,
and it was preliminarily verified that GmIDD promoted flowering
by inhibiting AGL18 activity. Furthermore, the transcription
levels of flowering time related genes such as FT, SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS1 (SOC1), LEAFY (LFY)
and APETALA1 (AP1) were increased by GmIDD overexpression
in Arabidopsis.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
For the diurnal rhythm analysis of GmIDD gene, seeds from
“DongNong 42,” a photoperiod sensitive soybean variety, were
provided by Soybean Research Institute of Northeast Agricultural
University (Harbin, China). Seeds of “DongNong 42” were
planted in a greenhouse at 25◦C with 250 µmol m−2 sec−1 white
light under LDs (16 h/8 h light/dark). When the first trifoliate
leaves were expanded, part of the seedlings were transferred
to SDs (8 h/16 h light/dark) under the same temperature
regime. Seedlings were cultured under LDs and SDs for 30 days
(transferred at 15 days) and sampled at 3 h intervals for
24 h, and sampled under continuous light (LL) and dark (DD)
conditions for 48 h, and then immediately frozen in liquid
nitrogen. Samples of different tissues (including roots, stems,
leaves, flowers, pods, and seeds) of plants cultured under LDs
and SDs were collected for tissue specific expression analysis of
GmIDD gene.

In this study, Arabidopsis thaliana (Col-0) was used as control
and the background plant of genetic transformation. Seeds of the
idd mutant (SALK_129969c) were obtained from the Arabidopsis
Biological Resource Center (ABRC, Columbus, United States).
The seeds of GmIDD-overexpression (GmIDD-ox), idd mutant,
35S:GmIDD/idd restoration and wild-type (WT) Arabidopsis
were surface sterilized with 10% hypochlorite and then planted
on MS agar medium. The seeds were placed at 4◦C for 72 h
and transferred to room temperature (22◦C). The 10-day-old
seedlings were transplanted into 1:1 vermiculite turbidite soil and
cultured under LDs and SDs for flowering phenotype analysis.
WT and GmIDD-ox transgenic Arabidopsis plants were cultured
under LDs on MS agar medium for 15 days and sampled for
quantitative real-time PCR (qRT-PCR) analysis of flowering
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time-related genes. These experiments were performed in three
biological replicates.

Plasmid Construction and Generation of
Transgenic Arabidopsis Plants
For the FLAG and HIS tag construct, we first synthesized
the tandem repeats of 3 × FLAG and 6 × Histidine
(3F6H) tags with NotI at 5′ end and XbaI at 3′ end (5′-
GCGGCCGCCCTGGAGCTCGGTACCCGGG(SmaI)GATCCC
AGGATCTGATTACAAGGATCATGATGGTGATTACAAGG
ATCACGACATCGACTACAAGGATGACGATGACAAGCAC
CATCATCACCACCATTGATCTCTAGA-3′, the sequences
encoding 3F6H tag were in bold) (Song et al., 2012). The
synthesized products above were cloned into NotI-XbaI sites
of pENTRY vector (named pENTRY-3F6H) which contained
the 3F6H sequence in the C terminus of the cloning site, and
the sequences were verified. The full-length coding region
of GmIDD was amplified from total RNA of “Dongnong
42” using GmIDD-3F6H-F and GmIDD-3F6H-R primers
(Supplementary Table S1). The PCR product was purified and
cloned into pENTRY-3F6H vector linearized by SmaI using
In-Fusion cloning system (Clontech, United States) to construct
recombinant vector 35S:GmIDD-3F6H-pENTRY. LR reaction
was conducted by 35S:GmIDD-3F6H-pENTRY and pB7WG2
to generate 35S:GmIDD-3F6H-pB7WG2 fusion expression
vector. The recombinant vector 35S:GmIDD-3F6H -pB7WG2
was introduced into the Agrobacterium GV3101 which used to
transform Arabidopsis thaliana (Col-0) and idd mutant using the
floral dip method with Agrobacterium tumefaciens strain GV3101
(Clough and Bent, 1998). Transformants were selected on MS
agar medium with 8 mg/L phosphinothricin. T3 transgenic seeds
of two homozygous lines were selected for further study.

Subcellular Localization of GmIDD
A cDNA fragment of GmIDD was amplified by PCR
with GmIDD-TOPO-F and GmIDD-TOPO-R primers
(Supplementary Table S1) from total RNA of “DongNong
42” and cloned into pENTR/D-TOPO (Life technologies) and
then transferred to the expression vector pGWB506 through
LR reaction to generate the 35S:GFP-GmIDD fusion vector.
The recombinant construct was introduced into Agrobacterium
GV3101 and subsequently transformed into N. benthamiana
(Sheikh et al., 2014). After infiltration, the tobacco leaves
were grown for 2 days and the GFP signal was detected by
fluorescence microscopy.

ChIP-Seq and ChIP-qPCR
One representative GmIDD-ox-1 lines were selected for ChIP-
seq. GmIDD-ox-1 transgenic Arabidopsis plants were cultured
on MS agar medium under LDs for 14 days, and then 1
g seedlings were quick-frozen in liquid nitrogen. With the
purpose of minimizing the deviation between different parallel
samples under the same treatment, the sample was retrieved
from independent three plots of Arabidopsis seedlings. After
crushing, the seedlings were fixed with 1% (V/V) formaldehyde
for 15 min at 4◦C. Final concentration of 0.125 M glycine was

subsequently added to quench the cross-linking reaction. After
nuclei were isolated and lysed, and the chromatin solution was
then sonicated to approximately 200–1,000 bp DNA fragments.
Immunoprecipitation reactions were performed using Anti-Flag
antibody (Monoclonal ANTI-FLAG R© M2 antibody produced
in mouse, F1804, Sigma-Aldrich). The complex of chromatin
antibody was captured with protein G beads (Invitrogen), and
DNA was purified using a QIAquick PCR purification kit
(QIAGEN). The purified DNA was sent to a sequencing company
for library construction and deep sequencing. The ChIP-seq
sequencing project was completed on Illumina sequencing
platform. Illumina PE library (∼300 bp) was constructed for
sequencing and quality control of the obtained sequencing data.
Bioinformatics methods were then used to analyze ChIP-seq
data. The raw sequence data were aligned to the Arabidopsis
thaliana(TAIR10)1. MACS was used to predict the length of the
protein binding sequence through modeling, and the relative
abundance of the corresponding peak of the sequence was
determined by the length of the sequence and the numbers of pair
end reads mapped on the sequence. ChIP-seq was completed by
SeqHealth Tech Co., Ltd., Wuhan, China.

ChIP-qPCR was performed using the whole WT and GmIDD-
ox-1 seedlings. The relative enrichment of WT was set to 1. IPP2
gene (isopentenyl pyrophosphate: dimethyl allyl pyrophosphate
isomerase 2, AT3G02780) was used as a negative control. DNA
samples were analyzed by real-time quantitative PCR using
the appropriate DNA primers (Supplementary Table S1) and
SuperReal PreMix Plus (TIANGEN, Beijing, China). IgG was
used as an antibody control. Data are shown as the mean± SD of
three biological replicates.

Transient Assay of AGL18 Promoters
Affected by GmIDD in N. Benthamiana
To generate AGL18 promoter driven LUC constructs
proAGL18:LUC, promoter DNA was amplified from genomic
DNA of Arabidopsis (Col-0) using proAGL18:LUC-F and
proAGL18:LUC-R primers (Supplementary Table S1). The PCR
product was purified and cloned into binary vector pGreenII-
0800-LUC linearized by SmaI using In-Fusion cloning system.
The recombinant constructs were introduced into Agrobacterium
GV3101 and subsequently transformed into N. benthamiana
(Sheikh et al., 2014). The transient activity of recombinant
vectors was assayed using dual-luciferase assay kit (Promega,
United States) and Multiscan Spectrum (TECAN Infinite 200
PRO, Männedorf, Switzerland). The construct 35S:GmIDD-
3F6H-pB7WG2 and proAGL18:LUC were simultaneously
transferred into N. benthamiana to measure transient assay
of the AGL18 promoters affected by GmIDD protein. A floral
repressor GmRAV effector construct (35S:GmRAV-3F6H-
pB7WG2) and proAGL18:LUC were simultaneously transferred
into N. benthamiana as the negative control of this experiment.
The recombinant vector 35S::GmRAV-3F6H-pB7WG2 was
obtained and introduced into Agrobacterium GV3101 by
referring to the construction method of 35S::GmIDD-3F6H-
pB7WG2 above. Expression vector pB7WG2 and proAGL18:LUC

1https://www.arabidopsis.org/
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was simultaneously transferred into N. Benthamiana as the blank
control of this experiment. Three independent experiments
were performed and each experiment was repeated three
times to obtain reproducible results. The luminescence signal
was captured using Amersham Imager 600 (General Electric
Company)2 after spraying 1 mM luciferin (Heliosense)3 on
N. benthamiana leaves.

Quantitative RT-PCR Analysis
RNA isolation has been described previously (Zhao et al.,
2013). qRT-PCR amplifications were performed using the
SuperReal PreMix Plus (TIANGEN, Beijing, China) on Applied
BiosystemsTM 7500 Fast Dx Real-Time PCR Instrument (ABI).
The PCR cycling conditions were as follows: 95◦C for 15 min;
40 cycles of 95◦C for 10 s, 60◦C for 20 s, and 72◦C for 30 s.
GmActin4 (GenBank accession number AF049106) and IPP2
(AT3G02780) were used as endogenous regulatory genes of
soybean and Arabidopsis, respectively. Three biological replicates
and three technical replicates were applied for the whole
assays. The primers used in qRT-PCR analyses were shown in
Supplementary Table S1.

Flowering Time Measurements
Flowering time of Arabidopsis was determined by scoring the
numbers of rosette leaves and the numbers of days from
germination to bolting time. At least 20 plants were analyzed each
time, and the analysis was repeated for three times.

RESULTS

Sequence Analysis of the GmIDD
We have identified that both genes such as GmRAV and
GmGBP1 induced by SD detected by suppression subtractive
hybridization (SSH) functioned in regulating flowering time
(Zhao et al., 2008, 2018). In this study, we further detected a zinc
finger transcription factor GmIDD (Glyma.14G095900) gene
also induced by SD from SSH library. The GmIDD sequence
information was obtained from soybean genome database4.
The cDNA sequence of GmIDD is 2,034 bp and contains
1,227 bp open reading frame, which encoded 408 amino acids
with predicted molecular mass of 45,129 kDa. The domain
analysis showed that GmIDD had a typical ID domain, which
consisted of a nuclear localization signal motif (KKKR), four
zinc finger domains including two types of C2H2 (72–92 aa
and 114–142 aa), and two types of C2HC (149–169 aa and
176–195 aa) (Figure 1A). GmIDD showed high homology
with AtIDD8, ZmID1, and Ehd2, which are typical IDD family
members in Arabidopsis, maize and rice (Figure 1B). Therefore,
GmIDD is a member of the soybean IDD transcription factor
family. A phylogenetic tree containing 10 soybean proteins with
complete ID domain and 15 IDD proteins from other species was
constructed by MEGA 6.0. Phylogenetic tree analysis showed that
GmIDD was located on the same branch with Vigna angularis

2https://www.ge.com/
3http://www.heliosense.com/
4https://phytozome.jgi.doe.gov/

(NC_030643.1), Cajanus cajan (KYP72220.1), Vigna radiata
(XP_017428159.1), Phaseolus vulgaris (Phvul.001G036500),
Lupinus angustifolius (XP_019458210.1), and Medicago
truncatula (Medtr1g016010.1) (Figure 1C). Soybean IDD
proteins Glyma.08G192300 and Glyma.15G024500 were located
on the same branch with Nelumbo nucifera (xP_010242234.1)
and Juglans regia (xP_018848593.1) (Figure 1C). Soybean
IDD protein Glyma.07G158200 was located on the same
branch with Zea Mays (GRMZM2G320287) and Oryza sativa
(LOC_Os02g31890) (Figure 1C). Therefore, the evolution
distance between GmIDD and other soybean IDD proteins was
relatively far, indicating that soybean IDD protein might have
certain differences in function.

GmIDD Protein Located in Cell Nucleus
The subcellular localization of the GmIDD protein might be
crucial for its function. The expression of 35S:GFP-GmIDD
fusion protein under the control of the 35S promoter in tobacco
mesophyll cells showed that the GmIDD fusion protein was
concentrated in the nucleus (Figure 1D), whereas GFP was
dispersed throughout the entire tobacco mesophyll cells in the
35S:GFP control. The results clearly showed that GmIDD was a
nuclear-localized protein.

Photoperiod and Circadian Rhythm
Regulate the Accumulation of GmIDD
Transcript
The trifoliate leaves of soybean grown for 30 days (transferred
at 15 days) were collected every 3 h to show the diurnal
expression patterns of GmIDD in LDs and SDs by qRT-
PCR analysis. GmIDD exhibited photoperiod-specific expression
patterns under both LDs and SDs. The expression levels of
GmIDD mRNA under SDs were significantly higher than those
under LDs (Figure 2A). To further determine GmIDD gene
expression patterns, we analyzed GmIDD expression under LL
and DD conditions after SDs and LDs transfer. GmIDD mRNA
level maintained a strong rhythm under SDs-DD and SDs-
LL, reaching the peak at 12 h after dawn (Figure 2B), but
no strong cycling was detected under LDs-LL (Figure 2C).
Therefore, GmIDD gene was induced by SDs in soybean leaves,
and regulated by circadian clock.

Temporal and Spatial Expression
Patterns of GmIDD in Soybean
Samples of different tissues (including roots, stems, leaves,
flowers, pods, and seeds) of plants cultured under LDs and SDs
were collected at 12 h after dawn for tissue specific expression
analysis of GmIDD gene to determine the expression pattern
of GmIDD gene during soybean growth and development.
The GmIDD mRNA was present in all organs examined,
which included roots, stems, leaves, flowers, pods, and seeds
(Figure 2D). The mRNA abundance ofGmIDDwas the highest in
pods among all organs under both SDs and LDs. All the mRNA
abundance of GmIDD in leaves, stems, pods, and seeds in SDs
was higher than that in LDs. However, the mRNA abundance
of GmIDD in roots in SDs plants was lower than that in LDs.
These expression patterns were different from those of AtIDD8,
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FIGURE 1 | Sequence analysis and subcellular localization of GmIDD. (A) Predicted domains of GmIDD paralogs known from Phytozome which contain a nuclear
localization signal motif (KKKR) and four zinc finger domains including two types of C2H2 (72–92, 114–142 aa) and two types of C2HC (149–169, 176–195 aa).
(B) Multiple alignments of the amino acid sequences encoded by GmIDD and known IDD family members in Arabidopsis, maize, and rice. The nuclear localization
signal motif (KKKR) and four zinc finger domains were indicated by the line on the top. Blue, homology 100%; pink, homology ≥ 75%; light blue, homology ≥ 50%.
(C) Phylogenetic tree analysis was performed on GmIDD and proteins from other species with high similarity in NCBI. All the amino acid sequence information comes
from the Phytozome database (accession numbers are listed in Supplementary Table S2). A phylogenetic tree containing 10 soybean proteins with complete ID
domain and 15 IDD proteins from other species (Theobroma cacao, Ricinus communis, Vitis vinifera, Populus euphratica, Arabidopsis thaliana, Nelumbo nucifera,
Juglans regia, Lupinus angustifolius, Cajanus cajan, Phaseolus vulgaris, Vigna angularis, Vigna radiata, Zea mays, Medicago truncatula, and Oryza sativa.
Phylogenetic tree was constructed using the neighbor joining method of MEGA 6.0. (D) Subcellular localization of GmIDD protein. The 35S:GFP-GmIDD fusion
expression vector was used for agroinfection in N.benthamiana. The tobacco leaves infected with 35S:GFP agrobacterium were used as control. After infiltration, the
tobacco leaves were grown for 2 days and the GFP signal was detected by fluorescence microscopy. GFP, Green Fluorescent Protein; BF, bright field; Merge, GFP,
and bright-field images.

which was expressed at a relatively high level in vegetative organs,
but at a lower level in pods (Seo et al., 2011). Although GmIDD
and AtIDD8 have high amino acid homology and belong to IDD
transcription factor family, there may be some differences in
biological function.

Overexpression of GmIDD Promotes
Flowering in Arabidopsis
In order to verify the function of GmIDD in the control of
flowering time, the GmIDD gene was genetically transformed
into WT Arabidopsis under the regulation of cauliflower-mosaic
virus (CaMV) 35S promoter to obtain GmIDD-ox plants. We
observed the flowering phenotype of WT Arabidopsis, GmIDD-
ox, idd mutant plants under LDs and SDs. Under LDs, the
flowering time of GmIDD-ox plants were significantly promoted
for 3 days, and the idd mutants were significantly delayed
for 4 days (Figures 3A,B). In addition, the total number of
rosette leaves of GmIDD-ox plants and idd mutants was fewer
and more than that of WT plants at bolting, respectively
(Figure 3B). Under SDs, the flowering time of GmIDD-ox plants
were significantly promoted for 5 days, idd mutants showed
no significant difference (Figures 3A,C). A complementation
experiment was conducted on idd mutants to further determine
the roles of GmIDD in promoting flowering time. The phenotype

of idd mutants was rescued by the expression of a 35S:GmIDD
fusion gene under the control of the 35S promoter. The
results indicated that overexpression of GmIDD could promote
flowering in Arabidopsis.

Genome-Wide Identification of
GmIDD-Target Genes by ChIP-seq
ChIP-seq was performed to identify the DNA binding sites and
target genes of GmIDD in overexpressed transgenic Arabidopsis,
and further elucidate the potential mechanism of GmIDD in
promoting flowering. Among the 588 GmIDD-binding sites
detected by ChIP-seq, 446 (75.85%) were located in genic regions.
These binding sites comprised gene bodies and their flanking
regulatory sequences, including 2 kb upstream regions that were
assumed to harbor promoter regions and 2 kb downstream
regions that were assumed to contain terminator regions. Among
the 446 sites in genic regions, 32.51, 48.88, and 18.61% were
located in defined promoter regions, gene bodies, and terminator
regions, respectively (Figure 4A).

AGL18 (AT3G57390) related to flowering time might be a
GmIDD candidate target. The MADS-domain factor AGL18
acted redundantly as a repressor of the floral transition in
Arabidopsis (Adamczyk et al., 2007). AGL18 acted upstream
of the floral integrator FT, and a combination of agl18 and
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FIGURE 2 | qRT-PCR analyses of soybean GmIDD expression patterns. (A–C) Soybean “Dongnong 42” plants, which were grown in LDs (16 h/8 h light/dark) for
15 days, were transferred to LDs or SDs (8 h/16 h light/dark) for 15 days for sampling. Trifoliate leaves were sampled at 3 h intervals. (A) GmIDD diurnal expression
under SDs and LDs. (B) Expression patterns of GmIDD transcripts under constant darkness (DD) and constant light (LL) conditions from SDs. (C) Expression
patterns of GmIDD transcripts under constant darkness (DD) and constant light (LL) conditions from LDs. White and black bars at the top represented light and dark
phases, respectively. (D) Tissue-specific expression of GmIDD at 12 h after dawn under SDs and LDs. All the data were normalized with soybean GmActin4 gene as
internal reference. For each experiment, three technical replicates were conducted. Data shown are mean ± SD of three independent experiments. Significant
difference between the expression level of GmIDD under SDs and LDs was indicated by asterisk (*P < 0.05 and **P < 0.01, Student’s t-test).

agl15 mutations partially suppressed defects in the photoperiod
pathway. The GmIDD binding site in AGL18 gene regions
was located in the promoter region (Figure 4B). According
to the consensus sequences at the detected GmIDD-binding
sites, putative GmIDD-binding motifs were predicted using the
Hypergeometric Optimization of Motif EnRichment (HOMER)
software (Heinz et al., 2010). Based on the prediction, we
identified that GmIDD combined with target gene AGL18 motif
[(T/G/C/A)(T/G/A)(A/G/C/T)(A/T)(G/T)(T/G)(G/A/T)(C/G/T)
(T/C/G)(T/C/G/A)] (P-value = 1e-6) (Figure 4C). The previous
study reported that AtIDD8 regulated SUS4 by binding with
the conserved CTTTTGTCC motif of its promoter (Seo et al.,
2011). Sequence analysis of AGL18 promoter showed that the
AGL18 promoter contained the TTTTGGTCC motif,which was
similar to the CTTTTGTCC motif of AtIDD8 combined with
SUS4 promoter.

The identified GmIDD-binding sites were further validated by
ChIP–qPCR. The 14-day-old GmIDD-ox-1 transgenic lines were

used to perform ChIP-qPCR to verify potential GmIDD-binding
sites. Anti-Flag antibody was used to precipitate chromatin
prepared from GmIDD-ox-1 transgenic lines. IgG was used as an
antibody control. The fragments harboring identified GmIDD-
binding site in the promoter region ofAGL18was highly enriched
in DNA chromatin-immunoprecipitated (ChIPed) with Anti-
Flag in ChIP-qPCR experiments, indicating GmIDD bound to the
promoter of AGL18 (Figure 4D).

GmIDD Inhibits the Transcriptional
Function of AGL18
It was found that the AGL18 promoter was bound by GmIDD
using ChIP-qPCR, and its expression levels was decreased in
GmIDD-ox-1 Arabidopsis plants using qRT-PCR (Figure 4E).
The reporter proAGL18:LUC was constructed by AGL18
promoter containing GmIDD-binding site TTTTGGTCC motif
driving LUC reporter gene. When co-infiltrating Agrobacterium
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FIGURE 3 | GmIDD conferred early flowering phenotypes in transgenic Arabidopsis. (A) Flowering phenotype of GmIDD plants under LDs and SDs. GmIDD-ox, idd
mutant, 35S:GmIDD/idd restoration and WT Arabidopsis plants were cultured under LDs and SDs. Photographed after the plants have grown in the soil under LDs
and SDs for 25 days and 56 days, respectively. (B) Days to flowering and average total leaf numbers of GmIDD-ox, idd mutant, 35S:GmIDD/idd restoration and WT
Arabidopsis plants under LDs. (C) Days to flowering and average total leaf numbers of GmIDD-ox, idd mutant, 35S:GmIDD/idd restoration and WT Arabidopsis
plants under SDs. Data represent means ± SD of at least 20 seedlings. Asterisks indicate significant differences between GmIDD-ox, idd mutant, 35S:GmIDD/idd
restoration plants and WT. For each experiment, three technical replicates were conducted. Data shown are mean ± SD of three independent experiments
(*P < 0.05 and **P < 0.01, Student’s t-test).

expressing 35S:GmIDD-3F6H-pB7WG2 effectors together with
the proAGL18:LUC reporters into tobacco leaves, the activity
of LUC was significantly lower than that of blank control of
pB7WG2 and proAGL18:LUC co-transformed tobacco leaves
(Figures 4F,G), thus demonstrating that GmIDD could inhibit
the transcriptional activation activities of AGL18 gene. However,
the LUC activity of the floral repressor GmRAV (Zhao et al., 2008)
and proAGL18:LUC co-transformed tobacco leaves showed no
significant difference compared with the blank control. Together,
our results suggested that GmIDD protein significantly repressed
the expression of AGL18 by directly binding to its promoter.

GmIDD Affects the Expression of
Flowering Time-Related Genes
Overexpression of GmIDD shortened the flowering time
of Arabidopsis. The expression levels of flowering time-
related genes (including CO, FT, FLC, SOC1, LFY, and AP1)

in the 15-day-old GmIDD-transgenic seedlings were further
investigated to determine the mechanism of GmIDD regulating
flowering time. The results showed that the mRNA levels of
FT, floral homeotic gene AP1, floral meristem identity gene
LFY and floral integrator gene SOC1 were obviously increased
in the GmIDD-ox transgenic plants compared to WT plants,
but they were significantly decreased in idd mutants. In 35
S:GmIDD/idd complementary lines, the down-regulated trend of
FT, AP1, LFY, and SOC1 genes were rescued (Figures 5B,D–
F). The expression of CO, FLC and the other genes functioning
in the autonomous pathway showed no significant difference
compared to WT (Figures 5A,C). FLC is a floral repressor of
the vernalization and autonomous pathway and GmIDD might
not affect flowering time through the autonomous pathway.
Taken together, GmIDD inhibited the transcriptional activities of
AGL18 gene, and induced the expression of FT gene to promote
flowering in Arabidopsis.

Frontiers in Plant Science | www.frontiersin.org 7 February 2021 | Volume 12 | Article 62906911

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-629069 February 23, 2021 Time: 10:34 # 8

Yang et al. GmIDD Promotes Flowering in Arabidopsis

FIGURE 4 | Validation and expression analyses of selected GmIDD target genes. (A) Distribution of the locations of binding sites relative to target genes. Promoter: a
sequence within 2 kb upstream of transcription start site; Terminator: the sequence within 2 kb downstream of the transcription termination site; Gene body: 5′ UTR,
CDS, intron, and 3′ UTR. (B) Peak graphs showing the ChIP-seq raw reads at the indicated gene loci in Integrative Genomics Viewer. The arrows indicate the
directions of transcription, and the green bars indicate the transcripts of gene. (C) Motif analysis of GmIDD-binding sequences using HOMER software. (D) Anti-Flag
antibody was used to precipitate chromatin prepared from GmIDD-ox transgenic Arabidopsis plants. The relative enrichment of the WT fragment was set as 1.0 and
those of other fragments were adjusted accordingly. IgG was used as an antibody control. IPP2 was used as the internal gene control. (E) qRT-PCR analysis of the
transcript levels of AGL18 in the 14-day-old WT, and GmIDD-ox-1 transgenic Arabidopsis plants. (F) The effect of GmIDD protein on the AGL18 promoter activity.
Relative luciferase activity of co-transfected effector and reporter genes in tobacco leaves was detected in LDs. The activities of firefly LUC were normalized by the
activities of 35S:Renilla LUC. Results represent means ± SD of eight independent samples (∗∗P < 0.01 vs. no effector, Student t-test). Upper panel: physical
locations of fragments harboring putative motifs are shown in the schematic diagram. (G) Luciferase activity of AGL18 under LDs. 1: pB7WG2 + proAGL18:LUC as
the blank control; 2: 35S:GmIDD-3F6H-pB7WG2 + proAGL18:LUC; 3: 35S:GmRAV-3F6H-pB7WG2 + proAGL18:LUC as the negative control; D-luciferin was used
as the substrate of LUC. For each experiment, three technical replicates were conducted. Data shown are mean ± SD of three independent experiments
(∗∗P < 0.01, Student’s t-test).

DISCUSSION

INDETERMINATE DOMAIN (IDD) is a plant-specific
subfamily of C2H2 zinc finger transcription factors (Colasanti
et al., 2006; Seo et al., 2011). IDD transcription factor family
shares a highly conserved N-terminal domain (ID domain)
consisting of two C2H2, two C2HC zinc finger domains
and a nuclear localization signal (Englbrecht et al., 2004).
The functions of some members of the IDD transcription
factor family have been identified, particularly in Arabidopsis,
maize, and rice. However, the function of IDD transcription

factor family members in soybean has not been reported.
This study analyzed the structural domains of GmIDD
protein and found that GmIDD consisted of four zinc
finger domains: two types of C2H2 (72-92 aa and 114–142
aa) and two types of C2HC (149–169 aa, and 176–195 aa)
(Figure 1A). According to the subcellular localization of GmIDD
in tobacco leaf cells, the GmIDD-GFP fusion protein was
specifically localized on the nucleus of tobacco leaf cells, which
indicated that GmIDD was a predicted nuclear transcriptional
regulator and performed its biological functions in the plant
nucleus (Figure 1D).
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FIGURE 5 | Expression levels of flowering time-related genes in GmIDD-ox, idd mutants, 35S:GmIDD/idd restoration and WT Arabidopsis plants were investigated
by qRT-PCR. WT and GmIDD-transgenic plants were cultured in LDs for 15 days, and sampled 12 h after dawn for qRT-PCR analysis the expression levels of
flowering time-related genes to determine the mechanism of GmIDD regulating flowering time. (A–F) Relative expression of the CO, FT, FLC, SOC1, LFY, and AP1,
respectively. For each experiment, three technical replicates were conducted. Data shown are mean ± SD of three independent experiments, the significant
differences between GmIDD-transgenic and WT plants are indicated by asterisks (∗P < 0.05 and ∗∗P < 0.01, Student’s t-test).

Soybean is a typical SD plant that is particularly sensitive to
photoperiod response. Photoperiod is one of the main climatic
factors that determine soybean floral development (Câmara
et al., 1997). Maize ID1 gene expression and protein levels
were basically not affected by the change of day length and
did not follow the circadian rhythm pattern, indicating that
the expression of ID1 was not controlled by photoperiod

(Coneva et al., 2007). Similar to ID1, rice Ehd2 was not regulated
by daylength, but Ehd2 was involved in photoperiod inducing
pathway (Matsubara et al., 2008). The expression of Arabidopsis
AtIDD8 gene level was basically not affected by the change of day
length, but might be involved in photoperiod inducing pathway
to promote Arabidopsis flowering (Seo et al., 2011). Expression
pattern analysis of GmIDD showed that expression level of
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GmIDD was induced by SDs and maintained a stable circadian
rhythm under SDs (Figures 2A,B). GmIDD-ox Arabidopsis plants
showed early flowering phenotype under LDs and SDs. The
idd mutants showed late flowering phenotype under LDs but
not SDs. The phenotypes of 35S:GmIDD/idd complementary
lines were rescued compared with idd mutants (Figure 3A).
Therefore, GmIDD expression was regulated by daylength and
might be involved in promoting of Arabidopsis flowering time.
The different photoperiodic responses of Ehd2 and maize ID1
could be due to functional differentiation of downstream genes
(Matsubara et al., 2008). This may also be the reason why the
response of GmIDD to the change of day length was different
from that of Ehd2 and ID1, but this speculation has not been
confirmed. Both ID1 and Ehd2 were specifically expressed in
developing leaves (Kozaki et al., 2004; Wong and Colasanti,
2007). GmIDD mRNA in soybean tissues accumulated most
abundantly in pods (Figure 2D), but was present at very low
levels in leaves, patterns that are different from ID1 to Ehd2.
ID1 regulated a leaf-derived floral inductive signal that might be
unique to monocots (Colasanti et al., 2006). Soybean belongs to
dicotyledonous. The mechanism of GmIDD regulating flowering
in soybean might be different from ID1 and needs to be
clarified. Arabidopsis AtIDD8 transcript levels were relatively
high in vegetative organs, but at a lower level in pods (Seo
et al., 2011). This suggests that GmIDD and AtIDD8 may be
functionally distinct in some aspects, although both promote
Arabidopsis flowering.

Maize ID1 is a founding member of the plant-specific zinc
finger protein family, which consists of highly conserved amino
acid sequences in the ID domain (Colasanti et al., 1998).
Previous studies had found that ID1, as a regulator of gene
expression, bound to specific 11 bp DNA consensus motif
5-TTTGTCG/CT/CT/aT/aT-3 in vitro. It was also proposed
that all proteins with ID domains had unique DNA binding
characteristics and could recognize the same DNA target
sequence (Kozaki et al., 2004). Furthermore, it also showed
that AtIDD8 regulated SUS4 by binding with the conserved
CTTTTGTCC motif of its promoter (Seo et al., 2011). To
identify possible targets of GmIDD protein, the target genes
of GmIDD binding were predicted by ChIP-seq analysis using
GmIDD-ox and WT Arabidopsis as materials. A flowering-
related gene AGL18 was finally identified by screening the
genes that were bound by GmIDD to the promoter region.
AGL18 is a member of the MADS-box gene family. MADS-
box proteins influenced root growth of Arabidopsis (Zhang and
Forde, 1998), and also influenced development of ovules, fruits,
and seed coat (Nesi et al., 2002; Pinyopich et al., 2003). In
addition, AGL18 was a floral repressor in Arabidopsis and located
upstream of the FT (Adamczyk et al., 2007). AGL18 promoter
region has a continuous TTTTGGTCC motif similar to the
reported AtIDD8 and SUS4 binding motif CTTTTGTCC. This
difference might be due to differences between species. AGL18
was highly enriched in chromatin of GmIDD-ox transgenic
lines precipitated by anti-marker antibodies (Figure 4D). The
presence of GmIDD protein reduced the transcriptional activity
of AGL18 (Figures 4F,G). qRT-PCR analysis of GmIDD-ox plants
showed that the expression level of AGL18 decreased (Figure 4E)

while mRNA levels of FT, AP1, LFY, and SOC1 increased
significantly (Figures 5B,D–F).

CONCLUSION

In conclusion, the results of this study indicated that GmIDD
molecular regulatory mechanism played a key role in the
regulation of flowering in transgenic Arabidopsis. GmIDD
binding with TTTTGGTCC motif of target gene AGL18
promoter inhibited the expression of AGL18, thus weakened
the inhibition of AGL18 on FT and finally promoted flowering
of Arabidopsis. The CO/FT module had been demonstrated in
Arabidopsis flowering regulation. In this module,CONSTANS
(CO) transcription factor promoted the transcription of FT.
FT protein interacted with FD-encoded transcription factor
to activate downstream floral organ genes and thus induced
flowering (Kardailsky et al., 1999; Valverde et al., 2004; Abe et al.,
2005). It has been proposed that the common CO/FT induction
pathway was conserved during photoperiodic regulation of
flowering in Arabidopsis and rice (Matsubara et al., 2008). In
rice, Ehd2 was located in the upstream of HEADING DATE1
(Hd1) (a CO ortholog in rice) and promoted the expression
of FT by up-regulating the expression of Hd1, thus promoting
flowering. However, the overexpression of GmIDD promoted the
expression of FT while the transcription level of CO remained
unchanged (Figures 5A,B). This phenomenon showed that
the functions of members of IDD transcription factor family
had some similarities but also some differences. Therefore, the
molecular regulation mechanism of GmIDD in soybean needs to
be further investigated.
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Instituto de Bioquímica Vegetal y Fotosíntesis, CSIC-Universidad de Sevilla, Seville, Spain

The length of the day (photoperiod) is a robust seasonal signal originated by earth orbital 
and translational movements, a resilient external cue to the global climate change, and 
a predictable hint to initiate or complete different developmental programs. In eukaryotic 
algae, the gene expression network that controls the cellular response to photoperiod 
also regulates other basic physiological functions such as starch synthesis or redox 
homeostasis. Land plants, evolving in a novel and demanding environment, imbued these 
external signals within the regulatory networks controlling organogenesis and developmental 
programs. Unlike algae that largely have to deal with cellular physical cues, within the 
course of evolution land plants had to transfer this external information from the receiving 
organs to the target tissues, and mobile signals such as hormones were recruited and 
incorporated in the regulomes. Control of senescence by photoperiod, as suggested in 
this perspective, would be an accurate way to feed seasonal information into a newly 
developed function (senescence) using an ancient route (photoperiodic signaling). This 
way, the plant would assure that two coordinated aspects of development such as 
flowering and organ senescence were sequentially controlled. As in the case of senescence, 
there is growing evidence to support the idea that harnessing the reliability of photoperiod 
regulation over other, more labile signaling pathways could be used as a robust breeding 
tool to enhance plants against the harmful effects of climate change.

Keywords: plant development, photoperiod, senescence, flowering, evolution, phytohormones

INTRODUCTION

Due to their particular static nature, plants have adapted a high number of interconnected 
pathways that respond to external and internal stimuli to execute their development programs 
(Pajoro et  al., 2014; Jing and Lin, 2020). Inherently, plants must mature in a plastic way that 
ensures that their development programs are closely coordinated with the seasonal changes 
in their environment. In this way, they can optimize all physiological decisions by synchronizing 
them with the correct time of the year and growth stage (Casal et  al., 2004). Each plant 
species has thus optimized their developmental plans for their particular habitats to maximize 
growth and the production of offspring. Therefore, to understand and predict plant behavior 
at any particular physiological stage and organ, we  need to interconnect all this information. 
This could be  crucial to protect existing plants or design new varieties capable of coping with 
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the unpredictable weather conditions promoted by global climate 
change (GCC; Nicotra et  al., 2010).

Arabidopsis thaliana as an annual model plant has provided 
a wealth of developmental information, which can be  applied 
to other species, including crops (Ferrier et  al., 2011), so this 
review will focus on annual plants. The advent of the genomic 
era and the generation of a massive amount of data on plant 
development from Systems Biology experiments in recent years 
have increased the need for using computer-aided approaches 
to handle the accumulated Terabytes of information (Kinoshita 
and Richter, 2020). However, as already mentioned, this 
complexity reflects the complex developmental responses of 
plants to internal and environmental changes. That is why our 
ability to interconnect different pathways becomes increasingly 
important to understand the behavior of plants (Franks and 
Hoffmann, 2012; Majeed et  al., 2020; Zhang et  al., 2020).

The correct response to external physical stimuli such as 
light or temperature is critical for the survival of any organism, 
and early plants developed a complex gene network to respond 
successfully to them (Serrano-Bueno et  al., 2017; Cheng et  al., 
2019). With the increasing signaling complexity of the new 
aerial habitats and the production of new organs (Bowman 
et al., 2017; de Vries and Archibald, 2018), land plants developed 
new forms of regulation that included transportable signals such 
as florigens, tuberigens, signal peptides, and hormones, among 
other mobile effectors (Thomas et  al., 2009; Wang et  al., 2015; 
Briones-Moreno et  al., 2017; Figure  1). This may explain why 

evolutionarily modern and complex developmental programs, 
such as flower formation or senescence, are deeply intertwined 
with hormonal signals (Thomas et  al., 2009), whereas ancient 
physiological responses, such as photosynthesis modulation or 
photoperiodic signaling in the leaf or algae, often respond to 
more physical stimuli such as changes in light or temperature 
(Serrano-Bueno et  al., 2017). For example, during the flowering 
process in Arabidopsis, there is a relatively low abundance of 
hormonal regulation in early photoperiodic responses in the 
leaf, whereas hormones play a more important role in the shoot 
apical meristem (SAM) and in the stages later in flower 
development (Lee et  al., 2019; Sang et  al., 2020).

In this review, we propose a connection between two processes 
generally considered independently, such as the photoperiodic 
response and the senescence program (Michelson et  al., 2018). 
Recent results show a seasonal input in the maturation and 
senescent programs (Körner and Basler, 2010; Kim et al., 2016), 
which allow us to propose a model through which photoperiod 
and senescence would be  coordinated to ensure a correct 
developmental program in the plant life cycle.

SENESCENCE

Senescence is a naturally-occurring phenomenon that involves 
a gradual decline of functional cells and tissues (Van Deursen, 2014). 
In many plants, senescence is the final stage in their developmental 

FIGURE 1 | Schematic representation of the evolution of the responses to environmental stimuli from algae to land plants. The primary receptor, like a leave 
(represented by an algal cartoon, below), responds primarily to physical stimuli (yellow ray). The secondary receptor, like the SAM (represented by a shoot cartoon, 
above) receives mobile signals that move along the conductive tissues (red dot). After receiving reinforcement from physical stimuli, target organs make different 
developmental decisions represented here by phase transitions, organogenesis, or senescence.
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programs, eventually leading to the death of the organism. 
However, despite its apparently deteriorating character, it is 
often a tightly controlled process whose main objective is 
to allow recycling, remobilization, and reassignment of nutrients 
from decaying tissues to developing organs (Wen et al., 2020). 
In plants with short life cycles, this recycling takes place in 
seeds or fruits, whereas in perennial plants, it mainly happens 
in storage organs such as stems or roots (Gan and Amasino, 
1997; Lim et al., 2007). In annual species, this process provides 
enough resources for the initiation, progression, and 
culmination of its reproductive stage, while in perennial 
species it often implies the beginning of a resting vegetative 
stage (Woo et  al., 2019).

Plant senescence is the result of massive physiological, 
biochemical, and metabolic changes that take place in all 
organs, but which have been well described in leaves and 
flowers. Although essentially dependent on age, senescence 
occurs when multiple internal and external signals are 
integrated into age-related information through different 
regulatory pathways (Buchanan-Wollaston et  al., 2003; Lim 
et  al., 2007; Majeed et  al., 2020). Considering their given 
spatial and temporal niches, plants can fine-tune the onset, 
progression rate, and nature of senescence to ensure successful 
offspring production and survival. Therefore, senescence is 
not only a precisely, fine-tuned process for the controlled 
degradation of macromolecules, but it is also considered a 
refined evolutionary strategy that plants have acquired to 
ensure reproduction and survival (Thomas and Stoddart, 
1980; Buchanan-Wollaston et  al., 2003; Lim et  al., 2007; 
Thomas et  al., 2009; Zhang et  al., 2020).

The Senescence Syndrome: 
Organ-Specific Characteristics
The senescence process involves many morphological, cytological, 
physiological, and molecular changes that are regulated and 
carried out following a specific order (Wojciechowska et  al., 
2018). In this section, we  will briefly describe how senescence 
initiation and progression are regulated at organ-specific level.

Leaf Senescence
Leaf senescence is a degenerative process that culminates in 
the death of leaf cells, and during which they undergo well-
defined cell structure and metabolic changes, as well as 
modifications in gene expression (Lim et al., 2007). Progression 
of leaf senescence is characterized by a change from assimilation 
to remobilization of nutrients and the involvement of degenerative 
events in cellular structures (Masclaux et al., 2000). The earliest 
cell structural change involves the progressive loss of functionality 
and breaking down of chloroplasts, where up to 70% of the 
leaf protein is contained. Concomitantly, a drastic metabolic 
shift in the chloroplast from anabolism to catabolism takes 
place, and chlorophyll is massively degraded together with 
other macromolecules such as RNAs, structural lipids, and 
proteins. This issue leads to the green-to-yellow color change 
of leaves that is visible during grain ripening and maturation 
in crops and during autumn in trees and other perennial plants 

(Thomas and Stoddart, 1980; Gan and Amasino, 1997; Buchanan-
Wollaston et  al., 2003; Lim et  al., 2007). Unlike chloroplasts, 
the nucleus and mitochondria remain intact from the onset 
of senescence until their last stages (Lim et  al., 2007). In 
Arabidopsis, mitochondrial integrity and energy production via 
respiration are maintained along the senescence process, although 
their numbers diminish significantly (Chrobok et  al., 2016).

Flower Senescence
Flower senescence is the terminal phase of its development 
and includes flower wilting, blossoms fading, and the shedding 
of floral sub-structures (Tripathi and Tuteja, 2007). Regulation 
of flower lifespan is not only essential to ensure that its 
maintenance is energetically cost-effective for the plant, but 
also to avoid flowers being misused after fulfilling their role 
(Ashman and Schoen, 1994; Rogers, 2006). Petals constitute 
relatively simple organs with similar characteristics to leaves 
that can be  used as a useful model to study the regulation 
of senescence. The senescence of the petal is the final stage 
of its development and constitute a tightly regulated programmed 
cell death process (PCD; Rogers, 2006, 2013; Van Doorn and 
Woltering, 2008). Although common physiological and 
biochemical changes are shared between petal and leaf senescence, 
both processes differ in terms of reversibility, nutrient 
remobilization purposes, and speed of progression (Ma et  al., 
2018). Furthermore, flower or petal senescence patterns exhibit 
a wide variation across species, being flower wilting or withering 
followed by abscission the most prominent and visibly shown 
events (Van Doorn and Woltering, 2008; Shahri and Tahir, 2011).

Hormonal Regulation of Senescence
As plant development progresses, many of the physiological 
stages are regulated by hormones, often coordinating a complex 
response. Senescence is not an exception, and many hormones 
play an important role in the process (Figure  2). With the 
aim of comparing photoperiod and senescence, this section 
briefly describes the hormonal control of senescence.

Jasmonate (JA), ethylene, and abscisic acid (ABA) are regarded 
as senescence-inducing hormones (Jing et al., 2005; Jibran et al., 
2013; Hu et  al., 2017; Ma et  al., 2018). An external addition 
of methyl jasmonates (MeJA) led to a rapid loss of chlorophyll 
and photochemical efficiency, as well as to an increased expression 
of developmental senescence-associated genes (SAGs; Xiao et al., 
2004; Jung et al., 2007), whereas the expression of photosynthesis-
associated genes was reduced (Jibran et  al., 2013). JA content 
was reported to increase during the progress of senescence 
(He et  al., 2002). Consistent with increasing JA levels during 
leaf and flower senescence, genes involved in JA synthesis and 
signaling pathways showed an increased expression during 
organ senescence (Porat et  al., 1993, 1995; He et  al., 2002; 
Van Der Graaff et  al., 2006; Breeze et  al., 2011). Also, a raise 
in transcript abundance of JA biosynthetic genes has been 
found previous to any visible signs of chlorophyll loss, suggesting 
a JA role from early stages of leaf senescence (Figure  2; Jibran 
et  al., 2013). Curiously, the JA-insensitive mutant coi1-1 from 
CORONATINE INSENSITIVE 1 (COI1) does not show signs 
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of JA-induced leaf senescence (He et  al., 2002), although the 
repression of Rubisco activase (RCA) observed in coi1-1 has 
been described as a mechanism by which increased JA content 
can promote senescence (Shan et  al., 2011).

In a similar way to JA, ethylene application accelerates 
leaf and flower senescence, while inhibition of its synthesis 
or signaling promotes senescence delay (Buchanan-Wollaston 
et  al., 2005; Jing et  al., 2005; Kim et  al., 2014). Similarly, 
a reduced expression of the enzyme involved in the ethylene 
biosynthesis, 1-Aminocyclopropane-1-Carboxylic Acid Oxidase 
(ACO), delayed flower senescence and flower abscission in 
some cultivars of petunia, torenia, and carnation (Savin 
et  al., 1995; Aida et  al., 1998; Huang et  al., 2007; Tan 
et  al., 2014). Mutant plants in ethylene signaling (ethylene-
insensitive2, ein2) also displayed an arrest in developmental 
senescence (Buchanan-Wollaston et al., 2005). Another central 
factor of ethylene signaling, ETHYLENE-INSENSITIVE3 
(EIN3), was shown to activate two senescence-promoting 
transcription factors (TFs), ORE1 and AtNAP, that positively 
regulate leaf senescence (Kim et  al., 2014). Increase of 
transcript abundance of ethylene synthesis and signaling 
genes has been found to occur in the same timeframe in 
which a decline of chlorophyll concentration and transcripts 
of photosynthetic genes is observed, which suggests that 
ethylene promotes the latter stages of leaf senescence 
(Figure  2; Breeze et  al., 2011).

As in the case of JA, endogenous ABA levels increase in 
leaf tissues as they mature, which is accompanied by the 
upregulation of genes associated with biosynthesis and signaling 
of ABA (Philosoph-Hadas et  al., 1993; Buchanan-Wollaston 
et  al., 2005; He et  al., 2005; Van Der Graaff et  al., 2006; 
Breeze et  al., 2011). Exogenous application of ABA promotes 
senescence and abscission (Figure 2; Nooden, 1988; Borochov 
and Woodson, 1989; Becker and Apel, 1993; Panavas et  al., 
1998; Yang et  al., 2002) and plants under environmental 
stresses showing leaf senescence have an increased ABA 
content in their leaves (Lim et  al., 2007; Sah et  al., 2016). 
Moreover, ABA regulates the expression of SAGs 

(Zhang and Gan, 2012; Gao et  al., 2016; Zhao et  al., 2016; 
Asad et al., 2019). Regarding the phase in which they function, 
different studies have pointed out to an effect of ABA on 
leaf senescence that depends on age, concomitant with rising 
of ABA levels in later stages of flower development. This 
suggests that ABA may play a role in the enhancement of 
senescence rather than in its onset (Figure  2; Hunter et  al., 
2004; Lee et al., 2011; Arrom and Munné-Bosch, 2012; Zhang 
et  al., 2012; Gao et  al., 2016).

On the contrary, the phytohormone gibberellin (GA) and 
the gaseous signaling molecule nitric oxide (NO) have been 
reported as senescence-retarding effectors whose content declines 
during the progression of developmental senescence (Figure 2; 
Schippers et  al., 2007; Procházková and Wilhelmová, 2011; 
Bruand and Meilhoc, 2019). Different studies in GA biosynthesis 
or GA signaling deficient mutants further support GA role 
as a negative player in regulating senescence (Van Der Graaff 
et  al., 2006; Chen et  al., 2014; Lü et  al., 2014). In Arabidopsis, 
expression of the GA deactivating enzyme GA 2-oxidase 2 
was reported to be  increased during senescence (Van Der 
Graaff et  al., 2006), while silencing of the GA biosynthetic 
gene GA 20-oxidase resulted in accelerating petal senescence 
in cut rose (Lü et  al., 2014). Leaf senescence in Arabidopsis 
was retarded in the GA biosynthesis mutant ga1-3, in which 
negative regulators of GA signaling pathways abnormally 
accumulate. Regarding the gaseous signaling NO, exogenous 
application of NO or NO-donor compounds extended fruits 
and vegetables post-harvesting life and arrested the senescence 
of flowers (Leshem et al., 1998). Although NO has been linked 
to other molecules involved in senescence, no mechanism of 
NO-preventing effect over leaf senescence has been described 
yet. Different studies using NO-deficient Arabidopsis plants 
have demonstrated that NO regulates expression of 
photosynthetic genes and SAGs (Mishina et  al., 2007; Liu and 
Guo, 2013). The recent identification of TFs that respond to 
NO levels in Arabidopsis (Imran et  al., 2018) can pave the 
way to further understand how NO contributes to the regulation 
of senescence.

FIGURE 2 | Schematic representation of the chronological effect of different phytohormones on senescence progression. Promotion or delay of senescence can 
take place at different stages throughout the course of the senescence process, reflected by the central arrow stream. The effect of each hormone or signaling 
molecule is indicated on the approximate time of their effect. Arrows indicate positive effects over senescence (senescence promoting, above), while bars indicate 
negative effects (senescence retarding, below).
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PHOTOPERIODIC SIGNALING

In any living organisms, changes in developmental processes 
throughout the year often define their living strategy. This 
is particularly true of annual plants, such as Arabidopsis, 
as well many of the crops that feed humanity (rice, corn, 
and wheat), as they have to precisely plan for germination, 
growth, reproduction, and senescence to complete a life 
cycle in 1  year (Preston and Fjellheim, 2020). The way 
they respond to each seasonal change is also a tactical 
decision, for example, to coincide with pollinators, outsmart 
potential opponents, or conversely, modify flowering time 
to avoid competition (Franks and Hoffmann, 2012). These 
decisions are closely related to how they respond to fluctuating 
seasonal changes in environmental conditions and have 
evolutionarily shaped how their developmental programs 
respond today.

For a plant, a particularly reliable seasonal change is day 
length, since its constant change throughout the year establishes 
the succession of seasons and indicates the duration and intensity 
of energy availability. Therefore, day length has been used 
since early in plant evolution as a reliable source of information 
for making crucial developmental decisions (Serrano-Bueno 
et  al., 2017). In the green alga Chlamydomonas, day length 
(photoperiodic) decisions regulate starch accumulation, 
reproductive behavior, cell division program (Serrano et  al., 
2009), photosynthesis protection (Tokutsu et  al., 2019), or the 
retrograde signal from the chloroplast to the nucleus (Gabilly 
et  al., 2019). This evolutionarily conserved mechanism also 
regulates flowering time and starch synthesis in higher plants, 
but involves a much larger number of genes, reflecting how 
evolution often responds to increasingly demanding complexity 
by amplifying the gene network associated with it (Ortiz-
Marchena et  al., 2014). But it also indicates that a seasonal 
detection system based on photoperiod signals was established 
very early in evolution and still governs many physiological 
responses in plants (Romero-Campero et  al., 2013).

Early Floral Transition, a Physical 
Leaf-Triggered Response
One of the best studied photoperiodic responses in higher 
plants is the floral transition (Andrés and Coupland, 2012; 
Kinoshita and Richter, 2020). It is becoming increasingly clear 
that a conserved central module in the developmental processes 
of plants is designed to receive, process, and transfer signals 
coming from changes in day length in the leaves to decide 
the precise moment of the floral transition (Song et  al., 2018). 
This central floral module dates back to gymnosperms, evolved 
from an ancestral algal system to regulate photoperiodic signaling 
(Serrano-Bueno et  al., 2017), and is conserved in monocots 
and dicots (Shrestha et al., 2014). The core gene module consists 
of genes that encode a family of B-Box proteins called BBX 
or more specifically CONSTANS-like (COL) that can transfer 
light and time information (from the circadian clock) to the 
developmental regulatory program (Valverde, 2011; Shim et al., 
2017). The presence of these central TFs of which CONSTANS 

(CO or BBX1) in Arabidopsis was the first to be  identified 
(Putterill et  al., 1995), must be  strictly controlled to assure a 
perfectly synchronized floral transition (Suárez-López et al., 2001; 
Valverde et  al., 2004). In this way, CO expression is controlled 
at the transcriptional level by a set of TEMPRANILLO (TEM), 
BHLH (FBHs), and DOF (CDFs) TFs (Castillejo and Pelaz, 
2008; Fornara et  al., 2009; Ito et  al., 2012) whose expression 
is simultaneously controlled by microRNAs, photoreceptors (PHYs 
and CRYs), clock genes (GIGANTEA, GI), and LOV-containing 
ubiquitin ligases (Mizoguchi et  al., 2005; Sawa et  al., 2007; 
Kubota et  al., 2017), a bryophyte design that is capable of 
detecting light and sending proteins for degradation through 
the proteasome (members of the ADAGIO family of E3 ligases 
such as ZLP or FKF; Song et  al., 2014). These set of proteins 
ensures that CO expression is high in the leaves during the 
day in Arabidopsis only in long days (LD) but not in short 
days (SD; Suárez-López et  al., 2001; Figure  3A).

But a simultaneous posttranslational regulatory level is needed 
to fully confer the day length information to the core 
photoperiodic floral regulome of the leaf (Valverde et al., 2004; 
Shim et  al., 2017). In this way, CO is controlled at the protein 
level by a specific association with a set of ring-finger E3 
ligases (SPA1, COP1, and HOS1) that are activated through 
the interaction of CRYs and PHYs, thus transmitting a second 
light information level to the photoperiod pathway (Jang et al., 
2008; Liu et  al., 2008; Lazaro et  al., 2012). In Arabidopsis 
leaves, stable and active CO protein in the evening of a LD 
is able to associate with NF-YB, NF-YC TFs, substituting NF-YA 
from the trimeric conformation (Wenkel et  al., 2006). The 
CO/NF-YB/NF-YC trimeric complex is capable of interacting 
with DNA and specifying transcriptional activation at CO 
responsive element (CORE) sites of target promoters, such as 
the florigen FT (Tiwari et  al., 2010; Shen et  al., 2020) or the 
starch synthase GBSSI (Ortiz-Marchena et  al., 2014). In fact, 
this trimeric conformation is observed in Chlamydomonas 
(Tokutsu et  al., 2019) and possibly in other proteins of the 
CONSTANS, CONTANS-LIKE, TOC1 (CCT) family (Shen 
et  al., 2020). This so-called external coincidence model of CO 
protein explains why Arabidopsis and other long day plants 
will flower earlier in LD than in SD (Andrés and Coupland, 
2012; Yang et  al., 2014). But in other short day plants, CO 
protein has an almost opposite role, functioning as a repressor 
of FT expression in LD and activating FT expression in SD 
as in rice or Pharbitys species (Hayama et  al., 2003, 2007).

In long day plants, therefore, CO will activate FT expression 
in the leaves during LD and will function as a repressor in 
SD (Samach et  al., 2000; Luccioni et  al., 2019), while in short 
day plants, CO will function in a repressing complex in LD 
and activate transcription in SD (Hayama et al., 2003; Figure 3A). 
How CO is able to differentiate both stages and function as 
a repressor or activator is not fully understood, but it could 
be at the core of making a plant long day or short day flowering. 
The so-called neutral plants, which are not able to respond 
to changes in day length, such as tomato, often present a 
defective photoperiod response or have lost some of the 
regulatory components that would respond to light signals 
(Cao et  al., 2015; Gaudinier and Blackman, 2019).
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The Florigen Signal, From Leaves to the 
SAM
The activation of CO in the leaves is a physical phenomenon 
that depends upon light density, quality, and exposure length, 
a complex regulatory mechanism originated from a relatively 
simple algal toolkit (Serrano-Bueno et  al., 2017). When life 
on land evolved into aerial structures that allowed reproduction 
independently from water, floral structures, and seeds were 
created (Pires and Dolan, 2012; Morris et  al., 2018), but then, 
the external information had to be  transported from the 
photosynthetic tissues where it was originated, to the meristems 
where the reproductive structures were produced. Therefore, 
different long-distance effectors were designed to transfer 
developmental and physiological signals from receiving organs 
to target tissues such as the tuberigen StSP6A (Navarro et  al., 
2011), the metabolic signal HY5 (Chen et  al., 2016), or the 
clock signal ELF4 (Chen et  al., 2020a). In the case of the 
floral transition, the main florigenic signal is the production 
of the protein FT in the leaves and its controlled transport 
to the SAM (Corbesier et  al., 2007; Liu et  al., 2013). Briefly, 
the transformation of the vegetative apical meristem into a 
floral meristem starts with the import of FT into the apical 
cells via the phloem (Abe et  al., 2019). Once in the first 
layers of the SAM, FT can interact with a 14-3-3 chaperon 
that allows the binding of the TF FLOWERING LOCUS D 
(FD), and this so-called florigen complex (FC) is then able 
to activate the expression of other TFs like SUPRESSOR OF 
OVEREXPRESSION OF CONSTANS (SOC1), LEAFY (LFY), or 
APETALA1 (AP1) that eventually activate the cascade of MADS 
box TFs producing the different floral whorls (Abe et al., 2005; 
Wigge et  al., 2005; Collani et  al., 2019). In fact, QTL analyses 
have shown that senescence is influenced by functional alleles 
of the FT repressor, MADS box TF FLOWERING LOCUS C 
(FLC), and its positive regulator FRIGIDA (FRI), whose expression 
levels negatively correlated with those from senescence-induced 

genes as well as the floral promoters FT and SOC1 (Wingler, 
2011). These studies provide a link between flowering and 
senescence in Arabidopsis independent of photoperiodic signaling.

However, several experiments indicate that CO regulation 
and function in development maybe more complex than above 
described, such as participating in an interplay between CO 
and GA signaling (Andrés et  al., 2014), having an active role 
on stomata opening (Ando et  al., 2013) and promoting a link 
with the circadian clock by the interaction with PRR proteins 
(Hayama et  al., 2017), among others (Kinoshita and Richter, 
2020). Recently, a protective role for chloroplast photo redox 
defense and retrograde signaling has been reported in algae 
(Gabilly et  al., 2019) that could also be  conserved in plants, 
as well as an active role in sugar mobilization from starch 
(Ortiz-Marchena et al., 2014) and a regulation by phosphorylation 
(Sarid-Krebs et  al., 2015; Chen et  al., 2020b). The complex 
aspects of CO regulation, the different roles it is playing and 
its presence in different organs suggest that seasonal information 
is not only controlling floral transition but also other important 
physiological processes (Valverde, 2011). Here, we present some 
evidences that suggest that CO may also be  involved in 
senescence by providing a seasonal input to this important 
developmental process.

PHOTOPERIOD AND SENESCENCE

Many physiological processes in plants are affected by 
photoperiodic signaling, and particularly important for this 
perspective review, they include flowering and senescence 
(Nooden et  al., 1996; Valverde, 2011). In general terms, 
Arabidopsis developmental processes are accelerated under LD. 
In this sense, Kim et  al. (2016) compared the expression of 
the senescence marker SENESCENCE 4 (SEN4) in leaves of 
Arabidopsis plants grown under LD and SD conditions. 

A

B

FIGURE 3 | Comparison of the effect of long days (LD) and short days (SD) signals on flowering and senescence. (A) Schematic description of day length effect on 
flowering and its capcity to activate FT gene (green box) expression in LD plants (left) and SD plants (right). CONSTANS (CO) abundance is represented by the size of 
the blue circle, while the arrow size reflects its capacity to activate FT mRNA (green line) production. (B) Observed results of LD or SD on senescence. Length of the day 
is represented by a light/black diagram and a white background (LD) or yellow background (SD). Arrows indicate positive effects; bars indicate repressive effects.
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SEN4 expression increased under both conditions; however, 
the increase was higher under LD than under SD, suggesting 
a possible senescence dependence on photoperiod. This effect 
was also observed in the long day plant Pea (Pisum sativum L.). 
A pea early flowering genetic line named G2, showed early 
apical senescence under LD, while in SD, it extended the 
reproductive phase and showed delayed apical senescence 
(Proebsting et  al., 1976, 1978). Parrott et  al. (2012) showed 
an acceleration of leaf senescence associated to LDs in barley 
(Hordeum vulgare L.). Under LD, they observed the beginning 
of leaf senescence at day 77 after sawing, while under SD 
treatment, the first symptoms of leaf senescence showed up 
at day 105. Another point of connection between photoperiod 
and senescence is mediated by the FBHs TFs. In Arabidopsis, 
overexpression of FBH4 promoted a high increase in CO levels 
and led to an early flowering phenotype, while CO expression 
was reduced in the fbh1-4 mutant (Ito et  al., 2012). In Petunia 
flowers (Petunia hybrida), PhFBH4 levels were significantly 
increased during senescence, indicating a possible connection 
with photoperiodic signaling (Yin et  al., 2015). PhFBH4 
overexpression line showed early flower senescence, whereas 
phfbh4 antisense silencing lines extended flower longevity. In 
addition, the expression of senescence associated genes (SAG12 
and SAG29) was drastically altered in Petunia PhFBH4ox flowers.

On the contrary, in short day plants, the effect of day length 
over senescence is the opposite to what was observed in LD. 
This way, post flowering SD treatment promoted leaf senescence 
while LD delayed aging in the short day plant Soybean. Han 
et al. (2006) proposed that the photoperiodic control of development 
is active from germination through maturation, and the 
photoperiodic signals are likewise mediated by phytochromes 
throughout plant development. In rice, the CO like gene, Ghd2 
(Grain number, plant height, and heading date2) is involved in 
the regulation of leaf senescence and drought resistance. The 
accelerated senescence and the increase of many SAGs transcripts 
in Ghd2ox rice plants grown under drought stress revealed the 
implication of Ghd2 in drought-induced senescence (Liu et al., 2016).

From the above referred data, it seems that in annual plants, 
the day length effect over senescence seems to be  opposite in 
long day and short day plants: while LD condition accelerates 
senescence in long day plants, in short day plants, this process 
is delayed. On the contrary, SD treatment seems to induce 
aging in short day plants, whereas reduces senescence in LD 
plants. Therefore, a correlation between flowering phenotype/
CO activity and senescence can be  deduced, in both LD and 
SD plants and this is reflected in Figure  3B. Although an 
early study in the Arabidopsis early flowering accession Ler 
showed that leaf senescence was unaffected in the co-2 mutant 
grown under continuous illumination (Hensel et  al., 1993), it 
has been argued that such light regime could cause the uncoupling 
of flowering from the senescence process (Wingler, 2011). 
However, what can be deduced from experiments in the literature 
run in different light regimes, is that early flowering phenotype 
and high CO activity are associated with accelerated plant 
senescence, while late flowering phenotype and low CO activity 
correlate well with a delay in this effect. These facts reveal 
that the relationship between photoperiod and senescence may 
be  due in part to CO function.

Photoperiodic Signaling and 
Phytohormones
Phytohormones play an important role in plant senescence as 
discussed above. This signal also affects flowering time/CO 
activity in Arabidopsis through the photoperiod pathway (Davis, 
2009), particularly in late developmental stages (Figure  4). A 
short description of the effect of phytohormones in photoperiodic 
flowering follows and will help to understand the relationship 
between both processes.

It has been described that a mutant of the JA signal receptor 
CORONATINE INSENSITIVE 1 (COI1) showed early flowering 
phenotype, while overexpression of the JA signal repressor 
JASMONATE-ZIM-DOMAIN PROTEIN 1 (JAZ1) delayed this 
process (Robson et  al., 2010; Zhai et  al., 2015). While the 
loss-of-function coi1-1 mutant showed early flowering phenotype 

A B

FIGURE 4 | Effect of hormones on photoperiodic signaling and a proposed model for photoperiod and senescence connection. (A) Schematic overview of 
phytohormones effects on central photoperiod module (yellow box) through different effectors (in bold) in Arabidopsis plants under LDs (positive effect: green stick 
and negative effect: stop symbol). (B) A model of how photoperiod, phytohormones, and senescence could be related. Arrows indicate positive effects; bars 
indicate repressive effects.
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and high FT expression, the molecular mechanism behind the 
phenotype is unknown (Zhai et  al., 2015). Zhang et  al. (2015) 
described that JAZ1 controls the activity of TARGET OF EAT1 
(TOE1) and TOE2, which repress FT transcription. In the 
morning, TOE1 and TOE2 can form a complex with CO, 
while in the afternoon, both proteins interact with CO stabilizer 
FLAVIN-BINDING, KELCH REPEAT, F-BOX1 (FKF1) to 
suppress CO activity in both cases (Song et  al., 2012; Zhang 
et  al., 2015). Regarding the effect of photoperiod over JA 
pathway, Cagnola et  al. (2018) analyzed the transcriptome of 
Arabidopsis plants grown under SD and then transferred to 
LD. The study revealed that LD enhanced JA response to 
increase plant defense; however, this effect was independent 
of the hormone levels.

Among phytohormones, the role of GAs in Arabidopsis 
flowering is probably the best understood (Davis, 2009). 
Exogenous application of GAs as well as overexpression of 
the biosynthetic gene GA5 promoted flowering (Huang et  al., 
1998; Coles et al., 1999). Diverse genetic studies also suggested 
that GA signaling promoted flowering under both SD and 
LD (Galvão et  al., 2012; Porri et  al., 2012; Yu et  al., 2012). 
Two studies published in 2016 revealed that GAs induce FT 
expression by a CO-dependent pathway. Moreover, DELLA 
proteins, the main repressors of GA signaling, can directly 
interact with CO and inhibit CO/FT-mediated flowering in 
LDs (Wang et  al., 2016; Xu et  al., 2016). These facts evidence 
an integration of GA pathway and photoperiodic signaling to 
modulate flowering under LDs. Regarding flowering induction 
by GAs in SD, a recent study stablished that MYC3, a bHLH 
TF, is stabilized by DELLA proteins in the GA pathway to 
suppress FT expression by opposing CO activation (Bao et  al., 
2019). MYC3 regulates flowering under SD through FT 
suppression. This TF competes with CO to regulate FT 
transcription. Therefore, GAs promote flowering in SD through 
DELLA proteins interaction with MYC3. This interaction 
promotes GA-mediated degradation of MYC3, releasing CO/
FT-mediated flowering in SD (Bao et  al., 2019).

Ethylene production results in a delayed floral transition. 
Arabidopsis plants grown in the presence of ethylene or a 
precursor, showed late flowering phenotype (Achard et  al., 
2006). Similarly, the Arabidopsis mutant ctr1, a main negative 
regulator of ethylene signaling, showed the same flowering 
phenotype under LD and SD photoperiodic conditions (Achard 
et  al., 2007). This delay of flowering can be  partially rescued 
by mutation of genes encoding DELLAs. This finding indicates 
that the effect of ethylene on flowering may be  in part due 
to modulating the activity of DELLA proteins. Also, activated 
ethylene signaling enhanced the accumulation of DELLAs by 
reducing bioactive GA levels (Achard et  al., 2007). It has been 
demonstrated that the effect of ethylene on flowering depends 
on EIN3, so that ethylene stabilizes EIN3 and EIN3-like proteins 
by inhibiting the activity of their proteases Cullin1-based E3 
complexes EBF1/EBF2 (Binder et  al., 2007). Actually, GAs 
application partially restored flowering time in ebf1ebf2 double 
mutant, indicating that ethylene effect over flowering cannot 
be  exclusively due to the inhibition of GA signaling. This fact 
also reveals the existence of an unknown ethylene control of 

flowering independent of DELLAs (Achard et al., 2007). Regarding 
the effect of photoperiod over ethylene pathway, an early target 
gene of CO activity is involved in ethylene biosynthesis (Samach 
et al., 2000). ACS10, which encodes a putative synthase involved 
in ethylene biosynthesis, was differentially expressed in the 
CO-activity inducible plant 35S:CO:GR in response to the 
inducer DEXAMETASONE (DEX). Treatment of 35S:CO:GR 
plants with DEX increased the abundance of ACS10 mRNA 
(Samach et  al., 2000).

Abscisic acid signal delays flowering by upregulating FLC 
and downregulating CO through ABI5-BINDING PROTEIN 2 
(AFP2). The bZIP TF ABSCISIC ACID-INSENSITIVE MUTANT 
5 (ABI5) can bind to the FLC promoter, activate FLC expression 
and delay flowering (Wang et al., 2013). Furthermore, flowering 
time was significantly delayed, and CO expression was reduced, 
in an Arabidopsis AFP2ox line under LD conditions, while, 
in the loss-of-function afp2 mutant, flowering time was markedly 
accelerated and CO expression was increased. This study 
showed that AFP2 interacts with CO and the transcriptional 
corepressor TOPLESS-related protein2 (TPR2) to form the 
CO-AFP2-TPR2 complex that mediates CO degradation during 
the night (Chang et  al., 2019). These studies reveal a role 
for AFP2 in photoperiodic flowering by modulating CO levels. 
Regarding the effect of photoperiod over ABA pathway, Zeevaart 
(1971) analyzed ABA content in the LD plant spinach (Spinacia 
oleracea L.) transferred from SD to LD, and the ABA content 
increased 2 to 3-fold.

It has been described that the gaseous signaling molecule 
NO repressed flowering in Arabidopsis (He et  al., 2004). Plants 
treated with a NO-promoting agent, as well as a mutant 
overproducing NO (nox1), showed late flowering phenotype, 
while the Arabidopsis NO deficient mutant (nos1) flowered 
early. nox1 mutant showed upregulation of the FLC transcript; 
however, the molecular mechanism still awaits further 
investigation. Late flowering phenotype associated to NO levels 
cannot be  exclusively assigned to the interaction with the 
vernalization pathway, since expression levels of the photoperiodic 
genes CO and GI were reduced in the nox1 mutant (He et  al., 
2004). Thus, NO was proposed to interact with the photoperiod 
pathway to regulate CO expression through a GI-dependent 
pathway. A recent study revealed that this interaction depends 
on sugar signaling (Zhang et al., 2019). Sucrose supplementation 
reversed the effects of NO treatment over CO and GI transcripts. 
While NO induced S-nitrosation modification on CO and GI, 
sucrose reduced the levels of this modification in both proteins 
(Figure  4A).

CONCLUDING REMARKS

The influence of phytohormones on the central regulatory module 
of photoperiodic signaling often involves the central hub 
CONSTANS, as shown in Figure  4A. Interestingly, many 
senescence-inducing phytohormones, such as ethylene, jasmonato, 
and ABA, are also involved in the photoperiodic-dependent 
flowering signal. In these cases, phytohormones delay flowering 
time by activating CO-repressors, DELLAs, TOE1/TOE2, and 
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AFP2/TRP2 proteins. Although there are many works that analyze 
the effects of phytohormones over the photoperiodic pathway, 
few of them describe the effect of photoperiodic signaling on 
phytohormones and their responses in Arabidopsis (Samach 
et  al., 2000; Cagnola et  al., 2018), or in other species (Zeevaart, 
1971). It would be  of particular interest to further investigate 
this relationship in order to establish a complete overview of 
photoperiod, phytohormones, and senescence cycle in plants.

Most of the studies we  have referred to in this review have 
been conducted on the annual model plant Arabidopsis. It is 
not clear whether photoperiodic regulation of senescence could 
also occur in perennials. It has been reported that branches 
of the perennial Arabis alpina could behave as annuals, since 
leaves from flower-containing branches senesced earlier than 
those from flower-devoid branches (Wingler, 2011). Another 
major question concerns the directionality of the connection 
between flowering and senescence in perennials, since flower 
promotion does not always result in early senescence. Miryeganeh 
et  al. (2018) showed that senescence is synchronized in 
Arabidopsis regardless of flowering initiation; however, a strong 
synchronization of flowering termination and whole-plant 
senescence was observed. Senescence-related genes were 
upregulated before flowering termination, pointing out that 
nutrient remobilization preceded reproduction termination 
(Miryeganeh et  al., 2018). Further studies will be  needed to 
explore whether in perennials flowering and senescence are 
connected in a similar manner to annuals.

Based on all the data collected in this perspective article, 
we propose a model on how photoperiod and senescence could 
be  related, where CO regulation could be  the central axis 
(Figure  4B). This model includes the implication of 
phytohormones, such as JA, ethylene, and ABA, on this 
relationship. In this model, we suggest that senescence regulation 
by photoperiod is due to CO activation of phytohormone 
responses. This scenario also includes a negative feedback loop, 
where phytohormones, in turn, inhibit CO activity.

In conclusion, this perspective review tries to shed new light 
on the increasingly complex regulation of plant development by 
integrating two independent, but chronologically interconnected 
programs, such as photoperiodic signaling and senescence. Early 
physiological responses (light and temperature) would be transmitted 
through physical signaling systems of archaic origin, while more 
complex regulatory pathways of modern origin would involve 
mobile signals and/or hormonal actions. Developing genetic strategies 
to modulate robust and constant photoperiodic signals to control 
plant development could have the added value of balancing the 
deleterious effects that other less consistent signals such as 
temperature, drought, or salinity will have on plant growth in 
the future GCC scenario.
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The Candidate Photoperiod Gene 
MtFE Promotes Growth and 
Flowering in Medicago truncatula
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Joanna Putterill 1*

1 The Flowering Lab, School of Biological Sciences, University of Auckland, Auckland, New Zealand, 2 Noble Research 
Institute, Ardmore, OK, United States

Flowering time influences the yield and productivity of legume crops. Medicago truncatula 
is a reference temperate legume that, like the winter annual Arabidopsis thaliana, shows 
accelerated flowering in response to vernalization (extended cold) and long-day (LD) 
photoperiods (VLD). However, unlike A. thaliana, M. truncatula appears to lack functional 
homologs of core flowering time regulators CONSTANS (CO) and FLOWERING LOCUS 
C (FLC) which act upstream of the mobile florigen FLOWERING LOCUS T (FT). Medicago 
truncatula has three LD-induced FT-like genes (MtFTa1, MtFTb1, and MtFTb2) with MtFTa1 
promoting M. truncatula flowering in response to VLD. Another photoperiodic regulator 
in A. thaliana, FE, acts to induce FT expression. It also regulates the FT transport pathway 
and is required for phloem development. Our study identifies a M. truncatula FE homolog 
Medtr6g444980 (MtFE) which complements the late flowering fe-1 mutant when expressed 
from the phloem-specific SUCROSE-PROTON SYMPORTER 2 (SUC2) promoter. Analysis 
of two M. truncatula Tnt1 insertional mutants indicate that MtFE promotes flowering in 
LD and VLD and growth in all conditions tested. Expression of MtFTa1, MtFTb1, and 
MtFTb2 are reduced in Mtfe mutant (NF5076), correlating with its delayed flowering. The 
NF5076 mutant plants are much smaller than wild type indicating that MtFE is important 
for normal plant growth. The second mutant (NF18291) displays seedling lethality, like 
strong fe mutants. We searched for mutants in MtFTb1 and MtFTb2 identifying a Mtftb2 
knock out Tnt1 mutant (NF20803). However, it did not flower significantly later than wild 
type. Previously, yeast-two-hybrid assays (Y2H) suggested that Arabidopsis FE interacted 
with CO and NUCLEAR FACTOR-Y (NF-Y)-like proteins to regulate FT. We found that 
MtFE interacts with CO and also M. truncatula NF-Y-like proteins in Y2H experiments. 
Our study indicates that despite the apparent absence of a functional MtCO-like gene, 
M. truncatula FE likely influences photoperiodic FT expression and flowering time in  
M. truncatula via a partially conserved mechanism with A. thaliana.

Keywords: MtFE, MtFTa1, MtFTb, NUCLEAR FACTOR-Y, CONSTANS, Medicago truncatula, Arabidopsis thaliana, 
photoperiodic flowering time
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INTRODUCTION

Flowering time plays a central role in optimizing the productivity 
and overall yield of many crops and was frequently selected 
for in crop domestication (Kantar et  al., 2017). The Fabaceae 
family (legumes) contains a number of staple crops (e.g., bean, 
chickpea, lentil, peas, soybean) for which there is great potential 
for genetic improvement (Foyer et al., 2016). An understanding 
of the regulation of flowering time in this family is critical 
to help realize this potential and facilitate the breeding of 
more productive varieties. Many temperate legume species, 
such as the reference species garden pea (Pisum sativum L.) 
and Medicago truncatula Gaertn., accelerate their flowering 
in response to vernalization (V) and long-day photoperiod 
conditions (LD; Highkin, 1956; Clarkson and Russell, 1975). 
However, at a molecular level the pathways underpinning these 
responses are not fully understood (Weller and Ortega, 2015; 
Weller and Macknight, 2019). Core components of the pathways 
described in other species, such as CONSTANS (CO) and 
FLOWERING LOCUS C, appear to be  missing in temperate 
legumes (Kim et  al., 2013; Wong et  al., 2014). However, 
progress to date has demonstrated a conserved role for 
phytochrome and circadian clock genes acting upstream of 
FLOWERING LOCUS T (FT)-like genes in the regulation of 
flowering time in legumes (Weller and Ortega, 2015;  
Jaudal et  al., 2020; Weller and Macknight, 2019).

Photoperiodic flowering in eudicots is best characterized 
in Arabidopsis thaliana (L.) Heynh which incorporates light 
signaling, the circadian clock, and flowering time genes. The 
circadian clock acts through a complex of GIGANTEA (GI) 
and FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) 
repressing expression of CYCLING DOF FACTOR (CDF) genes, 
encoding transcription factors which otherwise act to 
rhythmically repress the key transcription factor CO. The 
photoperiod pathway centers on CO, which is further regulated 
by photoreceptors like CRYPTOCHROME2 and 
PHYTOCHROME A (PHYA), which stabilize the CO protein 
at the end of LD (Andrés and Coupland, 2012; Song et  al., 
2015; Kinoshita and Richter, 2020). CO acts to directly induce 
the potent mobile floral signal encoded by FT (Turck et  al., 
2008). At least one CDF is also able to directly regulate FT 
(Song et  al., 2012).

Like many species, homologs of FT have been identified 
in temperate legumes (Hecht et  al., 2011; Laurie et  al., 2011; 
Ortega et  al., 2019). There are three distinct clades of FT-like 
genes in legumes (FTa, FTb, and FTc) and there are examples 
from all three clades regulating flowering time. The temperate 
legume reference species pea and M. truncatula possess 
representatives of all three (Hecht et  al., 2011; Laurie et  al., 
2011). In these species, a FTa clade gene named FTa1 integrates 
both LD photoperiod and V signals and is the predominant 
floral signal (Beveridge and Murfet, 1996; Hecht et  al., 2011; 
Laurie et  al., 2011; Jaudal et  al., 2013, 2019; Yeoh et  al., 2013). 
The function of the additional FT-like genes present in these 
species is currently unknown. Experimental evidence from pea 
is strongly suggestive that a secondary floral signal exists in 
this species with PsFTb2 being a strong candidate, as it is 

quickly and strongly induced by LD conditions (Hecht et  al., 
2011). Consistent with this hypothesis the pair of Medicago 
MtFTb genes are also responsive to LD (but not V), suggestive 
of a role in floral activation (Laurie et  al., 2011).

However, the functional role of a CO-like gene appears 
not to be  conserved in the temperate legumes. For example, 
in pea the expression of PsCOLa, the most similar CO-like 
gene to CO, is not perturbed in circadian clock mutants 
(Hecht et  al., 2007; Liew et  al., 2009). In M. truncatula, 
mutants of the three CO-like genes most similar to CO, exhibit 
no difference in flowering time when vernalized plants were 
grown in LD (Wong et  al., 2014). In the more distantly 
related tropical legume soybean [Glycine max (L.) Merr.] a 
pair of CO-like genes in soybean do act upstream of FT-like 
genes. However, they act to suppress, rather than activate, 
flowering and are therefore not functionally equivalent to 
CO in A. thaliana (Cao et  al., 2015).

However, despite the apparent absence of a CO-like function, 
photoreceptors and the circadian clock play a significant role. 
In pea the circadian clock is transcriptionally upstream of 
FT-like genes (Hecht et  al., 2011; Weller and Ortega, 2015; 
Weller and Macknight, 2019). Furthermore, the expression of 
FT-like genes are significantly reduced in LATE1 (Psgi) mutants 
(Hecht et  al., 2007, 2011) and a dominant late flowering pea 
CDF mutant was recently shown to act in the same pathway 
(Ridge et  al., 2016). Similarly, in M. truncatula overexpression 
of the MtCDFd1_1 gene resulted in late flowering relative to 
wild type plants in LD photoperiods resulting in the plants 
flowering in a day-neutral manner (Zhang et  al., 2019). In 
addition, in both pea and M. truncatula, homologs of PHYA 
strongly promote flowering in LD with Mtphya mutants having 
strongly reduced levels of the LD-induced FT-like genes (Weller 
et  al., 2001, 2004; Jaudal et  al., 2020).

In soybean, the legume-specific B3 domain transcription 
factor E1 has been shown to be  an important regulator of 
FT-like genes. E1 is photoperiod responsive and expressed in 
LD where the encoded protein acts to repress flowering (Xia 
et  al., 2012; Xu et  al., 2015). E1-like genes have been identified 
in temperate legumes like M. truncatula and Mte1 mutants 
have a small delay in flowering (Zhang et al., 2016). We recently 
also demonstrated that MtE1 expression is reduced in a Mtphya 
mutant (Jaudal et  al., 2020). This shows similarities with E1 
in soybean where expression is completely lost in e3e4 (phya-
like) mutants (Xia et  al., 2012; Lu et  al., 2017). However 
heterologous expression of MtE1 in soybean was unable to 
rescue the moderate early flowering phenotype of an e1-as 
leaky allele, as soybean E1 can (Zhang et  al., 2016). This, 
along with the small effect on flowering, suggest MtE1 does 
not appear to play as central a role in the regulation of flowering 
in M. truncatula as E1 does in soybean.

To shed further light on potential direct regulators of FT-like 
genes, and the undescribed functions of the FT-like genes 
themselves, a transcriptomic approach has previously been 
described to identify novel candidate M. truncatula photoperiod 
genes (Thomson et  al., 2019). A complementary strategy is to 
screen candidate genes which have not previously been considered. 
One such candidate is FE, as the fe-1 mutant has a late flowering 
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phenotype in A. thaliana (Koornneef et  al., 1991). Arabidopsis 
FE was recently cloned as a missense mutation in a gene encoding 
a phloem-specific SHAQKYF-class MYB-related protein known 
as ALTERED PHLOEM DEVELOPMENT (APL), which is 
essential for development of the vasculature (Bonke et  al., 2003; 
Furuta et  al., 2014; Abe et  al., 2015). In A. thaliana FE/APL 
contributes to the transcriptional activation of FT in a LD-specific 
manner (Abe et al., 2015) and this is thought to occur in concert 
with a NUCLEAR FACTOR-Y (NF-Y) complex, which includes 
CO (Shibuta and Abe, 2017). Interestingly, in A. thaliana FE/
APL also transcriptionally regulates components of the FT 
transport pathway including FT-INTERACTING PROTEIN 1 
(FTIP1) and SODIUM POTASSIUM ROOT DEFECTIVE 1 (NaKR1; 
Abe et  al., 2015; Shibuta and Abe, 2017). NF-Y complexes are 
known to regulate flowering in many species (Li et  al., 2011; 
Kim et  al., 2016; Zhao et  al., 2016). It is thus conceivable that 
homologs of FE/APL may also play a role in the regulation of 
flowering in other species, such as those from the legume family.

Here we  utilize the M. truncatula Tnt1 insertional mutant 
population (Tadege et  al., 2008; Cheng et  al., 2014) to screen 
for mutants in potential upstream regulators of FT-like genes 
and in FT-like genes for which mutants have not previously 
been described. This resulted in the identification of a Mtfe 
mutant which has reduced growth and is later flowering in 
LD and vernalized LD (VLD) photoperiods with a reduction 
in expression of three LD-induced FT-like genes MtFTa1, 
MtFtb1, and MtFTb2. Molecular characterization also indicates 
that MtFE is broadly expressed and is able to complement 
the fe-1 mutation in A. thaliana. MtFE interacts with CO and 
M. truncatula NF-Y-like proteins in yeast two-hybrid experiments. 
In addition, we identified a Mtftb2 mutant, but this line flowers 
at a similar time to wild type plants.

MATERIALS AND METHODS

Reference Genome
The M. truncatula genome sequence (version Mt4.0), generated 
from the accession “Jemalong A17,” was used as a reference 
for gene identifiers throughout the text (Young et  al., 2011; 
Tang et al., 2014). In addition, the M. truncatula R108 genome 
assembly was used alongside to aid primer design (Moll et  al., 
2017). Primers were designed using the Primer3 (v. 2.3.4; 
Untergasser et al., 2012) plugin for the latest version of Geneious 
(≥v8.0; Kearse et  al., 2012). Primer sequences are available in 
Supplementary Table S1. The TAIR10 genome assembly of 
A. thaliana was referred to when required (Berardini et  al., 
2015). The Tobacco DNA for retroviral-like transposon Tnt1-94 
sequence (GenBank ID: X13777) was used as the reference 
Tnt1 retrotransposon sequence.

Growth and Phenotyping of Medicago 
truncatula Plants
For M. truncatula, the wild type accession R108-1 (c3; referred 
to as R108; Hoffmann et  al., 1997; Trinh et  al., 1998) was 
used. Mutant M. truncatula lines were sourced from the Tnt1 

retrotransposon population maintained by the Noble Research 
Institute (Ardmore, OK, United  States; Tadege et  al., 2008). 
They were selected on the basis of the similarity of the gene 
of interest and associated sequence tags (FSTs) flanking reported 
Tnt1 insertion events in the M. truncatula Mutant Database 
of Tnt1 FSTs (Tadege et  al., 2008; Cheng et  al., 2014).

Medicago truncatula seeds were scarified by softly scraping 
them between two pieces of sandpaper (grade P160) and 
subsequently germinated in the dark in gently shaking tubes 
of water at 15°C for 24 h. Germinated seeds were then vernalized 
by being transferred to damp petri dishes and incubated at 
4°C for 21  days. The seedlings were subsequently planted in 
seed raising mix (Daltons Ltd., New  Zealand) in individual 
cell pots. Soil was kept moist with a complete liquid nutrient 
media (without Na2SiO3; Gibeaut et  al., 1997). At 11  days 
plants were transplanted to 2  L pots containing potting mix 
(Daltons Limited, New  Zealand) with added vermiculite and 
sand in a 9:3:1 ratio. Plants were watered twice a week, once 
with tap water and once with a complete liquid nutrient media 
(without Na2SiO3; Gibeaut et  al., 1997).

Plants were grown at 22°C either in a controlled walk-in 
room in LD (16  h light/8  h dark) or in reach-in growth 
cabinets (Percival Scientific Incorporated, IA, United  States1), 
predominantly for SD (8  h light/16  h dark). Light intensities 
were 120–150  μmol  m−2  s−1. This was in accordance with 
Institutional Biological Safety Committee approval 
GMO08-UA006.

Medicago truncatula flowering time was scored as the number 
of days between sowing and the appearance of the first floral 
bud. At this time the total number of nodes on the primary 
axis of the plant was also recorded as a measure of developmental 
stage. Results were plotted with 95% confidence ellipses (2D 
analog of a confidence interval) to indicate variation within 
a population. Specific comparisons were made using a Welch 
two-sample t-test (α  =  0.05) and when required one way 
ANOVA (type III sums of squares; α  =  0.05).

Medicago truncatula plant heights were measured using a 
standard ruler with a millimeter level scale with the first node 
(where the monofoliate leaf diverges from the stem) is taken 
as point 0 mm. The ruler is then used to measure the distance 
of the nodes up the primary axis from this point. Results 
were plotted with 95% confidence intervals.

Growth and Phenotyping of Arabidopsis 
thaliana Plants
This study also makes use of the A. thaliana Landsberg erecta 
(Ler-0) accession (Rédei, 1962) and the fe-1 mutant. The fe-1 
mutant is a missense mutation in ALTERED PHLOEM 
DEVELOPMENT (At1G79430) generated by treating Ler-0 with 
ethyl methanesulphonate (Koornneef et al., 1991; Abe et al., 2015).

Arabidopsis thaliana seeds were submerged in sterile water 
and placed at 4°C in dark conditions for 2–3 days to overcome 
embryonic dormancy. Using a blunt toothpick A. thaliana seeds 
were then placed onto blocks of Grodan® Classic Rockwool 

1 www.percival-scientific.com
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soaked in a complete liquid nutrient media (without Na2SiO3; 
Gibeaut et al., 1997). They were placed in a grid accommodating 
up to 24 plants and grown in a controlled growth room at 
22°C in LD conditions. The light intensity was 120 μmol m−2 s−1. 
This was in accordance with Institutional Biological Safety 
Committee approval GMO08-UA006.

Flowering time of A. thaliana was scored as the days between 
sowing and the appearance of the first floral bud. At this time 
the total number of rosette and cauline leaves present were 
also recorded. Statistically different results were assessed via 
a one way ANOVA (type III sums of squares; α  =  0.05).

Genotyping of Plants
Plants were genotyped using PCR with the Phire Hot Start 
II DNA Polymerase (Thermo Fisher Scientific Inc., MA, 
United  States2) following the manufacturer’s instructions. This 
involved two reactions, the results of which could be  used to 
infer the genotype of the plant. The first reaction used a gene-
specific pair of primers which amplify a product spanning the 
insertion site of the Tnt1 retrotransposon, as reported by the 
flanking sequence tag. If the Tnt1 was present, this reaction 
should not amplify as any product would be  too long (the 
Tnt1 is 5.3  kb). The second reaction utilizes a pair of primers 
with one from the gene and one from the retrotransposon. 
If this reaction amplifies a product of appropriate size (estimated 
from the distance of the primer to the site of insertion), the 
Tnt1 is present. If both reactions produce bands of the appropriate 
sizes the plant is inferred to be  heterozygous for the insertion. 
If only one successfully amplifies then the plant is inferred 
to be  homozygous for the product amplified. Primers used in 
this study are listed in Supplementary Table S1.

Assaying Gene Expression via qRT-PCR
RNA from leaf tissue was extracted using the RNeasy Plant 
Mini Kit (Qiagen, Germany3) following the manufacturer’s 
instructions and 8 μg was then DNase treated with the TURBO 
DNA-free™ Kit (Invitrogen™, trademark of Thermo Fisher 
Scientific Inc.; MA, United  States2). First-strand cDNA was 
then synthesized using 1  μg of DNase treated RNA. This was 
done using SuperScript™ IV Reverse Transcriptase (Invitrogen™, 
trademark of Thermo Fisher Scientific Inc.; MA, United States2) 
using the G775 primer as a Oligo(dT) primer following the 
manufacturer’s instructions.

The relative abundances of cDNA sequences in a sample, 
as a measure of gene expression, was assayed using real 
time quantitative PCR (qRT-PCR). This utilized SYBR™ 
Green PCR Master Mix Applied Biosystems™, trademark 
of Thermo Fisher Scientific Inc.; MA, United  States2) and 
the QuantStudio 5 Real-Time PCR System (Applied 
Biosystems™, trademark of Thermo Fisher Scientific Inc.; 
MA, United  States2). Analysis of the qRT-PCR data was 
enacted using the 2−∆∆Ct algorithm (Livak and Schmittgen, 2001) 
and used Medtr6g084690 which encodes a SERINE/THREONINE 

2 www.thermofisher.com
3 www.qiagen.com

PROTEIN PHOSPHATASE 2A REGULATORY SUBUNIT 
(PP2A) as a reference gene (Kakar et  al., 2008).

Each data point is from three independent biological replicates. 
Each replicate consisted of a pool of leaf tissue from either 
two or three independent plants (unless otherwise indicated). 
Statistically different gene expression measures were assessed 
from post hoc Tukey-adjusted comparisons of a linear model 
(α  =  0.05). Primers used in this study are listed in 
Supplementary Table S1.

Arabidopsis thaliana Transformation
Two constructs were made using the A. thaliana SUCROSE-
PROTON SYMPORTER 2 (SUC2) promoter in the pSAK778_
SUC2 vector (Varkonyi-Gasic et  al., 2013); AtSUC2:: 
Medtr6g444980 (MtFE) and AtSUC2::AT1G79430 (FE/APL). 
Transgenic A. thaliana plants (both wild type Ler-0 and fe-1) 
were generated using the floral dip method (Clough and Bent, 
1998) utilizing the A. tumefaciens strain ‘GV3101’ (Koncz and 
Schell, 1986). Since the pSAK778_AtSUC2 vector confers 
resistance to kanamycin, T1 seeds were germinated on solid 
Murashige and Skoog media including vitamins with 100  μg/ml 
kanamycin. Plants successfully growing on the selective media 
after 12–15  days were then transferred to Grodan® Classic 
Rockwool soaked in a complete liquid nutrient media (without 
Na2SiO3; Gibeaut et  al., 1997).

Yeast-Two-Hybrid Assay
The coding sequences of the genes assayed by the Y2H method 
were commercially synthesized with flanking attB1/attB2 sites 
and cloned into both the pDEST™22 and pDEST™32 vectors 
using the Gateway® cloning system. These two vectors facilitate 
fusion of a gene of interest to the GAL4 DNA activation 
domain (AD) and GAL4 DNA binding domain (BD), respectively. 
Transformation of the haploid Saccharomyces cerevisiae Meyen 
ex E.C. Hansen strains P69-4a and P69-4α (James et  al., 1996) 
was enacted using a lithium acetate method (Schiestl and Gietz, 
1989) and grown on Synthetic Defined (SD) media [0.67% 
(w/v) Yeast nitrogen base without amino acids; 1.7% (w/v) 
Agar; 111  mM Glucose; 222  μM Adenine; 205  μM Lysine; 
134  μM Methionine; 178.4  μM Uracil; 98  μM Tryptophan; 
128.9  μM Histidine; 457.4  μM Leucine; pH 5.8]. Specifically, 
vectors with a pDEST™22 backbone were transformed into 
the PJ69-4a strain and plated on SD media lacking tryptophan 
(SD-W) and vectors with a pDEST™32 backbone were 
transformed into the PJ69-4α strain and plated onto SD media 
lacking leucine (SD-L). Diploid S. cerevisiae were generated 
via mating two haploid cells together in a 500  μl culture of 
Yeast-Extract Peptone Adenine Dextrose Media [1% (w/v) 
Yeast-extract; 2% (w/v) Peptone; 296  μM Adenine; 122  mM 
Glucose]. The culture was incubated at 28°C for 24  h while 
shaking at 180  rpm. It was then plated onto SD media lacking 
both leucine and tryptophan (SD-LW).

The Y2H assay was performed by suspending successfully 
mated diploid cells in 100  μl of water. This was performed 
in a 96-well plate so that a 96-pin applicator could be  used 
to transfer the suspended cells onto SD media lacking leucine, 
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tryptophan, and histidine (SD-LWH). The SD-LWH plates 
were done in triplicate as three technical replicates. The cells 
were incubated for 10  days at 28°C. This was repeated with 
the addition of 3-amino-1,2,4-triazole (3AT), which acts as 
a competitive inhibitor, at concentrations of 1, 2, 10, 25, 50, 
and 100  mM. Colonies were scored on a scale of 0 (no 
growth) to 3 (strong growth). Results were consistent across 
the technical replicates. In addition to the negative controls 
created by mating empty vectors, known positive and negative 
controls from the ProQuest™ Two-Hybrid System were also 
grown alongside (Thermo Fisher Scientific Inc.; MA, 
United  States2).

RESULTS

Identification of a FE Homolog in 
Medicago truncatula, MtFE
In order to investigate whether a FE homolog in M. truncatula 
might play a role in flowering time, reciprocal BLAST searches 
using FE/APL as a query (Altschul et  al., 1990) were used to 
identify Medtr6g444980. In a neighbor-joining tree of the 31 
SHAQKYF-class MYB-like putative transcription factors identified 
in the M. truncatula genome, Medtr6g444980 clades closest 
to FE with strong bootstrap support (Figure 1A). MtFE encodes 
a protein 54.3% identical to FE/APL (Figure  1B) and contains 
a predicted MYB-like DNA-BD of the SHAQKYF-class of 
MYB-related proteins. FE and Medtr6g444980 also both possess 
a MYB-CC type transfector LHEQLE motif, the function of 
which is unknown. Only three other M. truncatula SHAQKYF-
class MYB-like proteins have MYB-CC type transfector LHEQLE 
motifs (Medtr4g081710, Medtr5g027440, Medtr7g093030) and 
these proteins are only 32–36% identical to FE/APL. We  thus 
named Medtr6g444980 as MtFE.

The expression of MtFE in a range of different M. truncatula 
tissue types, including roots, leaves, and flowers was then 
assessed by qRT-PCR. It was observed that MtFE is broadly 
expressed in all the tissues assayed (Figure  1C), consistent 
with published transcriptome datasets (Benedito et  al., 2008; 
Krishnakumar et  al., 2015).

The AtSUC2::MtFE Transgene 
Complements the Arabidopsis thaliana fe-1 
Mutant
To test if MtFE can complement the late flowering A. thaliana 
fe-1 mutant, MtFE was transformed into the mutant under 
control of the phloem specific SUCROSE-PROTON SYMPORTER 
2 (SUC2) promoter. This promoter was used to provide strong 
expression in the phloem companion cells which is the tissue 
where FE/APL regulates FT and FT transport (Shibuta and 
Abe, 2017). An A. thaliana SUC2::AtFE construct was made 
as a positive control. Both constructs were also transformed 
into the Ler-0 background to test if overexpression further 
accelerates flowering.

Three representative lines from each of the fe-1 SUC2::MtFE, 
Ler-0 SUC2::AtFE and Ler-0 SUC2::MtFE experiments along 

with one fe-1 SUC2::AtFE line were taken to the T3 generation, 
and their flowering time scored (Figure  2). It was found that 
SUC2::MtFE and SUC2::AtFE can both complement the fe-1 
mutant phenotype to return to wild type-like flowering time 
(Figure  2). This indicates that MtFE may share a similar 
biochemical function with AtFE, in the A. thaliana system. 
However, expression of either transgene from the SUC2 promoter 
in the wild type Ler-0 did not appear to further accelerate 
flowering, but in some cases, a slight delay in flowering was 
observed (Figure  2).

The NF5076 Mtfe Mutant Has Reduced 
Growth and Delayed Flowering in LD and 
VLD Conditions Compared to Wild Type 
Plants
To identify Mtfe mutants, the genomic MtFE sequence was 
used as a query to search the M. truncatula Mutant Database 
of Tnt1 FSTs (Tadege et  al., 2008; Cheng et  al., 2014). Six 
Tnt1 lines with reported insertions in the MtFE locus were 
screened. Tnt1 insertions were confirmed in two lines, NF5076 
and NF18291, both in the sixth exon downstream of the 
predicted MYB-like DNA-BD and MYB-CC type transfector 
LHEQLE motif (Figures  3A,B; Supplementary Table S2).

We observed that the NF5076 Mtfe homozygous plants were 
compromised in their growth, being much smaller and more 
compact than their wild type R108 counterparts in VLD 
(Figure  3C). NF5076 wild type segregants were also smaller 
relative to the wild type R108. However, these wild-type 
segregants were not nearly as small as the homozygotes 
(Figure  3C). Further analysis of the progeny of wild type 
segregants from NF5076 indicates that this small phenotype 
appears to be  a heritable feature of the line 
(Supplementary Figure S1). The NF5076 segregating line also 
exhibited other phenotypes that did not segregate with the 
Tnt1 insertion in MtFE. These phenotypes made propagation 
difficult. Several plants produced seeds which had not developed 
properly and presented as dark and small; these seeds did not 
germinate. Some plants also produced malformed barrels where 
the normal coiling of the barrel did not occur, and which 
did not produce viable seed (Supplementary Figure S1C).

Next, NF5076 Mtfe homozygous plants were grown in 
contrasting photoperiod conditions (LD or short days, SD, 
with or without V). These plants had delayed flowering in 
both LD and VLD conditions relative to the wild type R108 
(Figures 4A-D). In LD, NF5076 Mtfe plants flowered on average 
22.7  days (38.2%) later than the wild type R108. Similarly in 
VLD, the NF5076 Mtfe homozygotes flowered 14.2  days later 
(50%) than the wild type R108. Interestingly, when grown in 
SD or VSD no difference in the flowering time of NF5076 
Mtfe plants was observed relative to the wild type R108 
(Figures  4B,D) but the small phenotype was also observed. 
These results overall suggest that MtFE appears to promote 
LD and VLD photoperiodic flowering, but also regulates normal 
plant growth.

The NF5076 Mtfe mutant was then backcrossed to the 
wild type R108 and a F2 population of 180 plants was grown 
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in VLD (Supplementary Figures S2A,B). Taking 33  days as 
the cut-off for wild type flowering (on the basis of Figure 4C), 
the flowering time of the Mtfe homozygous segregants was, 

on average, significantly later than wild type R108 (ANOVA: 
p  =  2.2 × 10−16; α  =  0.05; Supplementary Figures S2A,B). 
These Mtfe homozygous segregants flowered late to similar 

A

B

C

FIGURE 1 | MtFE (Medtr6g444980) sequence similarity to Arabidopsis thaliana FE/APL (At1g79430) and the broad expression of MtFE in Medicago truncatula tissues. (A) is a 
neighbor-joining cladogram of A. thaliana FE/APL and M. truncatula SHAQYF class MYB-like proteins after alignment with MUSCLE (Edgar, 2004). Medtr6g444980 (MtFE) and 
At1g79430 (AtFE/APL) are highlighted in orange. They fall into a subclade of five proteins (highlighted in green) that possess both a MYB-like DNA-binding domain (BD) and a 
MYB-CC type transfector, LHEQLE motif. Node numbers reflect support from 1,000 bootstraps. (B) is an alignment of MtFE to AtFE/APL. The predicted proteins are 60% 
identical. The green histogram above the sequence indicates areas of identical sequence with the two domains predicted by the Pfam database (https://pfam.xfam.org/) 
annotated and magnified below; (1) a MYB-like DNA-BD and (2) a MYB-CC type transfector, LHEQLE motif. (C) is the mean relative expression using qRT-PCR of MtFE in three 
independent biological replicates of different tissues harvested 2 h after dawn (ZT2) grown in long-day photoperiods (LD) unless otherwise shown (short-day photoperiods, SD). 
Expression is relative to the reference gene SERINE/THREONINE PROTEIN PHOSPHATASE 2A REGULATORY SUBUNIT A (PP2A) with error bars representing standard errors.
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degree to the previous grown NF5076 Mtfe plants grown in 
VLD (Figure  4C). In the segregating population as a whole, 
119 plants flowered like wild type and 61 plants had delayed 
flowering. This deviates from the expected 3:1 ratio of a 
recessive pattern of inheritance (χ2: 7.59, p  =  0.0059) with 
more late flowering plants than expected. Genotyping also 

differed from the expected segregation 1:2:1 ratio (χ2: 7.24, 
p  =  0.027). We  obtained a ratio of 55:72:53 (MtFE/MtFE: 
MtFE/mtfe: mtfe/mtfe), but the population was not biased 
towards homozygotes or wild type segregants. These 
discrepancies may be  attributable to growth phenotypes in 
the line causing irregular patterns of inheritance. As shown 

A

B

C

FIGURE 2 | MtFE complements the A. thaliana fe-1 mutant. (A) and (B) plot the flowering time of T3 SUC2::MtFE and SUC2::AtFE/APL plants in both the fe-1 and 
Ler-0 backgrounds. Flowering time was measured in (A) days and (B) total leaves at the time of flowering. Individual plants (n = 15–24) are plotted as points and 
black bars depict the mean bounded by 95% confidence intervals. Different letters indicate significantly different results via a one-way ANOVA (type III sums of 
squares; α = 0.05). (C) presents representative photographs of 27 days old plants. The white scale bar represents 5 cm.
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in Supplementary Figure S2C, the mean of the distribution 
for the NF5076 line is significantly greater than that of the 
wild type. However, since there was a modest level of overlap 
in the flowering time distributions between the genotypes in 
the population, 100% co-segregation between late-flowering 
and NF5076 Mtfe homozygotes was not observed. Regardless, 
the NF5076 Mtfe insertion is strongly linked to the late-
flowering phenotype (χ2: 104, p  =  2.2 × 10−16). While it 
remains possible that another closely linked disrupted gene 
contributes to the late-flowering phenotype observed, it is 
more likely that the moderate delay to flowering is conferred 
by the Mtfe mutation in NF5076, rather than another closely 
linked mutation.

In addition to the days required to flower, the flowering 
time in M. truncatula is also measured by the number of 
nodes on the primary axis at the time of flowering. We observed 
that the difference in nodes between NF5076 Mtfe homozygous 
and wild type R108 plants was more subtle than the delay in 
days to flowering seen in the mutant. Nevertheless, in the 
populations grown in contrasting photoperiod conditions, plants 
grown in VLD had a small, but significant, difference with 

the NF5076 plants having 1.78 nodes more on average (Welch 
two-sample t-test, p  =  0.016). In LD, plants had a similar 
number of nodes (13–14) as wild type R108. The difference 
in nodes in VLD was also seen in the larger F2 NF5076 Mtfe 
segregating mutant population where an increase of 1.75 nodes 
was observed relative to the wild type R108 plants grown 
alongside (ANOVA: p = 2.14 × 10−5; α = 0.05). The discrepancy 
in magnitude between the delay in days required to flower 
and nodes on the primary axis at the time of flowering, suggest 
that the flowering time phenotype in the NF5076 Mtfe mutant 
may, in part, be  a consequence of an overall delayed rate 
of growth.

Plant height and primary axis node number were also 
measured in plants of the backcrossed F2 NF5076 Mtfe mutant 
population in VLD over a time course (33, 48, and 63  days; 
Supplementary Figure S3). We  observed that the reduced 
growth phenotype of NF5076 Mtfe homozygous plants persists 
through development. Thus, even at the time of flowering, 
mutant plants did not resemble flowering wild-type R108 
plants. Instead, they remained small and compact 
(Supplementary Figure S3A).

A

B

D

C

FIGURE 3 | Medicago truncatula MtFE mutant NF5076 has a condensed aerial architecture while NF18291 exhibits seedling lethality. (A) is a schematic of the 
MtFE locus with the orange rectangles representing the exons and two inverted black triangles the location of the confirmed Tnt1 insertions. The white arrows 
denote the orientation of the Tnt1 insertion. Primers used are indicated by half arrows. (B) is an example of a genotyping gel for the NF5076 line with two reactions 
per plant. The first amplifies the Tnt1 insertion allele (T) with primers 2F and 1R (854 bp) and the second amplifies the wild type R108 allele (W) with primers 1F and 
1R (416 bp). (C) are photos of 41 days old NF5076 plants which have a condensed architecture phenotype relative to the wild type R108. (D) shows the small 
seedling growth phenotype of NF18291 Mtfe plants at 10 days old (left and middle panel). The far-right panel shows how at 14 days these plants atrophy and die. 
All plants were grown in VLD. All scale bars are 5 cm.
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The NF18291 Mtfe Homozygous Mutant 
Has a Seedling Lethal Phenotype
Unlike NF5076, Mtfe homozygotes from the second Tnt1 insertion 
line, NF18291, could not be  scored for flowering and growth 
because seedlings died within 14  days after planting (Figure  3D). 

Thus in the NF18291 line, the Tnt1 insertion in MtFE either 
causes, or is closely linked, to a locus which causes seedling lethality. 
While both NF5076 and NF18291 Tnt1 insertions occur in the 
sixth exon, they are in opposite orientations thus the consequences 
on FE expression and function may differ between the two lines.

A B

C

E

F

D

FIGURE 4 | NF5076 Mtfe mutants have delayed flowering relative to wild type in days when grown in LD and VLD. The flowering time of M. truncatula NF5076 
Mtfe mutants (n = 7–12) grown in (A) LD, (B) SD, (C) VLD, and (D) VSD are plotted relative to the wild type R108. (E) plots the flowering time in VLD of a NF5076 
Mtfe x NF18291 Mtfe F1 plant relative to NF5076 Mtfe and wild type R108 plants. Note that heterozygous plants from both mutant lines flower at a similar time to 
wild type R108 (Supplementary Figures S2, S4). (F) Genotyping of the four F1 progeny from a cross of homozygous NF5076 Mtfe mutants with a heterozygous 
NF18291 plant, showing that three of the F1 plants (lanes 1–3) are bi-allelic mutants. Of these three plants, one survived and two died prior to flowering. Genotyping 
of the NF18291 insertion utilized the Tnt1_R/Medtr6g444980_2127_R primer pair which specifically amplifies a 760 bp product. Genotyping the NF5076 insert used 
the Tnt1_F/Medtr6g444980_2127_R primer pair with a 1,001 bp product. Flowering time graphs are plots of days to flower against nodes on the primary axis at the 
time of flowering. Each point represents an individual plant. Variation is indicated by 95% confidence ellipses (2D analog of a confidence interval).
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To test for allelism between the two mutant lines, a plant 
heterozygous for the NF18291 Mtfe allele was crossed to a 
NF5076 Mtfe homozygote. Heterozygous plants from both these 
lines flower at a comparable time to wild type 
(Supplementary Figures S2, S4). Three F1 plants were bi-allelic 
mutants (Figure  4F). Two died before flowering, while the 
third plant had delayed flowering in days, like that of NF5076 
Mtfe plants, with a similar number of nodes as the wild type 
R108 (Figure  4E). While the sample number is small, this 
suggests that NF18291 is allelic with NF5076 with regard to 
causing the seedling lethal phenotype. This is also consistent 
with the loss of function fe/apl mutation in A. thaliana being 
seedling lethal (Bonke et  al., 2003). Unfortunately, flowering 
time was only able to be measured in the one surviving bi-allelic 
plant. This plant flowered late. This also is consistent with the 
two Tnt1 insertions being allelic and suggests that disruption 
of MtFE in NF5076 causes the observed delay in days to flowering.

The Expression of LD-Induced MtFT 
Genes and FTIP1 and NaKR1-like Are 
Reduced in the NF5076 Mtfe Homozygous 
Mutant
In A. thaliana, FE/APL regulates flowering time through the 
induction of FT (Abe et  al., 2015). To investigate whether 
MtFE acts upstream of FT-like genes in M. truncatula, qRT-PCR 
was used to assay these genes in wild-type R108 plants and 
the NF5076 Mtfe mutant. Plants were grown in VLD and 
sampled at two timepoints, 14 and 28 days old. It was observed 
that the expression of MtFTa1, MtFTb1, and MtFTb2 were 
consistently reduced relative to wild type R108 controls, but 
not MtFTa2 (Figures  5A-D). This indicates that, similar to 
FE/APL in A. thaliana, MtFE also acts upstream of LD-induced 
FT-like genes in M. truncatula.

In A. thaliana FE/APL also regulates FTIP1 and NaKR1 
(Abe et  al., 2015; Shibuta and Abe, 2017). Thus the expression 
of MtFTIP1 (Medtr0291s0010) and the NaKR1-like gene 
Medtr7g100450 in NF5076 Mtfe plants was also assayed. Modest, 
but consistent, reductions in the expression of MtFTIP1 relative 
to wild type were observed (Figure  5E). Consistent reductions 
in Medtr7g100450 expression were also observed (Figure  5F). 
These results suggest that MtFE may also act upstream of 
these genes in M. truncatula.

The M. truncatula Mutant Database of Tnt1 FSTs was 
also used to search for Tnt1 lines with insertions in MtFTIP1, 
which encodes a protein 80% identical to FTIP1. Of the 
two lines identified (Supplementary Table S2), one line, 
NF10483, was confirmed to contain the reported Tnt1 
insertion 313  bp into the single exon gene in the forward 
orientation (Supplementary Figure S5A). However, the 
expression of MtFTIP1 transcript downstream of the insertion 
was still detected in this line when assayed by qRT-PCR, 
albeit reduced relative to wild type R108 
(Supplementary Figure S5B). Subsequently, a transcript 
extending from the Tnt1 and into the gene was able to 
be  amplified in both VLD and VSD. There is no open 
reading frame which spans the long terminal repeat of the 

Tnt1, but following the insertion, four of the first five open 
reading frames are in frame with MtFTIP1 (including the 
first) and encode potential proteins 77–83% of the full-
length MtFTIP1 protein. NF10483 plants homozygous for 
the Mtftip1 Tnt1 insertion flowered at the same time as 
wild type R108 (Supplementary Figure S6). When grown 
in VLD the line flowered marginally earlier than wild type 
R108, regardless of the Tnt1 insertion in MtFTIP1 
(Supplementary Figure S6E).

MtFE Appears to Interact With NF-Y 
Complex Components in Yeast-Two-
Hybrid Assays
Given that MtFE appears to act upstream of FT-like genes, 
this raises the question of how this mechanistically occurs. In 
A. thaliana, FE/APL may participate in the NF-CO complex 
regulating the expression of FT (Shibuta and Abe, 2017). While 
M. truncatula does not appear to possess a CO-like gene acting 
upstream of the FT-like genes (Wong et  al., 2014), 
we hypothesized that MtFE might interact in a similar complex.

To test this we  selected five M. truncatula NF-Y proteins 
(two NF-YB-like and three NF-YC-like) based on sequence 
similarity to the NF-Y proteins demonstrated to regulate flowering 
time in A. thaliana (Supplementary Figure S7; Kumimoto 
et  al., 2008, 2010). We  then performed a Y2H assay with 
MtFE, CO, and AtNFY-B2 from A. thaliana, along with the 
five M. truncatula NF-Y proteins (Figure  6; 
Supplementary Figure S8).

Strikingly, when fused to the GAL4 DNA BD MtFE appeared 
to interact with all five M. truncatula NF-Y-like proteins 
(Figure  6A). MtFE also appeared to interact with AtNFY-B2 
and CO. It did not interact with the empty vector control 
containing just the GAL4 DNA AD (Figure  6A). When MtFE 
was fused to the GAL4 DNA AD, it did not interact with 
any assayed proteins (Supplementary Figure S8). We  also 
observed that the M. truncatula NF-YC-like protein 
Medtr3g099180 interacted in both directions with two 
M.  truncatula NF-YB-like proteins Medtr3g058980 and 
Medtr5g095740, as well as At-NF-YB2 (Figure  6B; 
Supplementary Figure S8). A second NF-YC-like protein, 
Medtr1g082660, also interacted with the NF-YB-like 
Medtr5g095740  in both directions (Figure  6B; 
Supplementary Figure S8). Auto-activation was observed in 
all reactions where CO was fused to the GAL4 DNA BD so 
all interactions which involved this construct were excluded 
(Supplementary Figure S8). Auto-activation was not observed 
with any other construct (Supplementary Figure S8).

A network summarizing the total observed interactions is 
presented in Figure  6B. It shows all interactions observed 
after 10  days of growth at 10  mM 3AT, excluding CO fused 
to the GAL4 DNA BD which showed auto-activation.

MtFTb2 Does Not Have a Non-redundant 
Role in Flowering Time
Given that the NF5076 MtFE insertion strongly reduces the 
expression of the LD-induced FT-like genes we  searched for 
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A B C

D E F

FIGURE 5 | MtFE acts upstream of LD induced FT-like genes. The mean expression (n = three independent biological replicates) of (A) MtFTa1, (B) MtFTb1, 
(C) MtFTb2, (D) MtFTa2, (E) FTIP1-like (Medtr0291s0010), and (F) NaKR1-like (Medtr7g100450) in M. truncatula NF5076 Mtfe plants at two different ages (14 and 
26 days old). Expression is relative to the housekeeper PP2A. All plants were grown in VLD and error bars depict standard errors. Different letters indicate 
significantly different results from post hoc Tukey-adjusted comparisons of a linear model (α = 0.05).

A B

FIGURE 6 | MtFE interacts with NF-Y-like proteins in yeast two-hybrid assays. (A) is an example of the yeast growth observed in an Y2H assay when 
MtFE was fused to the GAL4 DNA BD, and CO and NF-Y-like proteins were fused to the GAL4 activation domain (AD). Two photographs are shown, one 
on SD-LW media (upper panel), and the other on SD-LWH + 2 mM 3AT media (lower panel) selecting for yeast two-hybrid interactions. All assays were 
plated in triplicate. Also included are empty vector controls. (B) is a network summarizing the total observed interactions after 10 days of growth at 
10 mM 3AT, excluding CO fused to the BD which showed auto-activation. Interactions only observed in one configuration of the GAL4 domains are in red 
and arrows extend from the protein fused to the BD to the protein fused to the AD. Bidirectional interactions (either configuration of GAL4 domains) are 
depicted in black.
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Tnt1 lines disrupting three FT-like genes for which mutants 
have not yet been analyzed. A total of nine lines were selected 
on the basis of reported insertions in the MtFTa2 (three lines), 
MtFTb1 (Medtr7g006630; four lines), MtFTb2 (Medtr7g006690; 
two lines) loci (Supplementary Table S2).

The predicted insertion was found in one of the two MtFTb2 
lines, NF20803. This line had an insertion in the first exon 
of the gene (Figure  7A). Growth of plants homozygous for 
this insertion did not differ in flowering time from the wild 
type R108  in VLD. However a slight trend to lateness was 
seen in LD, but this was not significantly different from wild 
type R108 (Figures  7B,C). PCR across the Tnt1 insertion site 
using cDNA as the template did not amplify the transcript 
in the mutant, indicating that the insertion disrupted the mRNA 
transcript (Figure  7D). In addition, PCR of the MtFTb2 
transcript downstream of the insertion in NF20803 Mtftb2 
plants also did not amplify (Figure  7E). These results suggest 
that the loss of Mtfb2 expression does not appreciably alter 
flowering time. Thus if it does regulate flowering time, it does 
so in a redundant manner.

In the remaining lines, the reported Tnt1 insertions were 
confirmed in two of the three MtFTa2 lines, NF9421 and 
NF19514. Homozygous mutant plants were grown in VLD, 
VSD, and SD where no difference in flowering time  
relative to the wild type R108 was observed 
(Supplementary Figures S9A-F). However the NF9421 line 
as a whole, regardless of the Tnt1 insertion in MtFTa2, flowered 
marginally earlier than wild type R108 when grown in VSD 
(Supplementary Figure S9G).

Finally, of the three lines screened for reported Tnt1 insertions 
in the MtFTb1 locus, no lines were identified with the 
predicted insertions.

DISCUSSION

The constituents of the M. truncatula photoperiodic pathway 
which act directly upstream of FT-like genes are not currently 
known. This is because CO-like genes do not appear to function 
to promote flowering in the temperate legumes pea and  

A

B C

D E

FIGURE 7 | The NF20803 Mtftb2 mutant flowers at a similar time to wild type R108. (A) is a schematic of the MtFTb2 (Medtr7g006690) locus with the exons 
depicted in orange. The inverted black triangle indicates the location of the NF20803 Tnt1 insertion and the white arrow denotes the orientation of the insertion. 
Primers used are indicated as half arrows. The flowering time of M. truncatula NF20803 Mtftb2 mutants (n = 11–20) grown in (B) LD and (C) VLD are plotted below. 
Flowering time graphs are plots of days to flower against nodes on the primary axis at the time of flowering. Each point represents an individual plant. Variation is 
indicated by 95% confidence ellipses. Below are gels that depict the lack of amplification of the MtFTb gene in cDNA from the mutant compared to wild type R108 
plants. Reactions in (D) used primers which span the Tnt1 insertion and (E) used primers which are downstream of the insertion.
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M. truncatula, as CO does in A. thaliana. We  have identified 
one candidate component, MtFE, and provided further insight 
into FT-like genes. To our knowledge, homologs of FE/APL 
have not been studied outside of A. thaliana prior to this 
study. The work presented here suggests that, like A. thaliana 
FE/APL, MtFE functions as a floral activator in LD and VLD 
photoperiods and can complement the late-flowering A. thaliana 
fe-1 mutant. Furthermore, again like FE/APL in A. thaliana, 
MtFE is important for normal growth in M. truncatula.

The NF5076 Mtfe mutants are impaired in their growth 
and present with a compact aerial architecture. Given the 
role FE/APL plays in callose deposition and phloem 
development in A. thaliana (Bonke et  al., 2003), it is possible 
MtFE also plays a role in these processes. Consistent with 
a broader function, the second Mtfe mutant identified, line 
NF18291, had a seedling lethal phenotype. This is similar to 
A. thaliana fe/apl knockout mutants which are seedling lethal 
too (Bonke et  al., 2003). The reason for the difference in 
severity of phenotype between the NF5076 and NF18291 Tnt1 
insertions in exon six remains to be  uncovered. However, 
they are inserted in opposite orientations. Thus the differing 
phenotypes may be due to the expression of different FE-related 
transcripts in each line. For example, we  observed transcripts 
arising downstream from the NF10483 Tnt1 insertion in 
MtFTIP1. We  attempted similar assays of FE transcripts 
upstream and downstream of the insertions in the two FE 
lines. However, these were limited by the small amount of 
plant material we  recovered for NF18291 (as the plants died 
very early).

In terms of flowering time, NF5076 Mtfe plants flowered 
in days on average 38% later than the wild type R108  in LD 
and 50% later in VLD. However, an increase in primary stem 
nodes at the time of flowering compared to wild type was 
only observed in the mutant in VLD. While a substantial 
cause of the delayed flowering may be  the reduced rate of 
growth in the mutant, the reduction in MtFTa1, MtFTb1, and 
MtFTb2 expression indicates that MtFE may also participate 
in the flowering time pathway. Intriguingly, despite MtFE being 
expressed in both SD and LD conditions, the delay in days 
required to flower in NF5076 Mtfe plants compared to wild 
type R108 appears only in LD and VLD.

Candidate upstream photoperiodic pathway components that 
are linked to FE/APL function in A. thaliana include the NF-Y-
like genes. This highly conserved family of transcription factors 
is involved in the regulation of many developmental and stress 
responses across eukaryotes (Zhao et al., 2016). In M. truncatula 
they have previously been shown to participate in root nodulation 
(Laporte et  al., 2014; Baudin et  al., 2015; Rey et  al., 2016). 
In our Y2H analysis, we show that these genes encode proteins 
which potentially interact with MtFE. These results are consistent 
with the role their homologs play in flowering time regulation 
in A. thaliana (Kumimoto et  al., 2008, 2010). Thus NF-Y-like 
genes should be  investigated as potential flowering time genes 
in M. truncatula. In addition, in Y2H assays MtFE and NF-YC-
like proteins interact with AtCO. While M. truncatula appears 
to lack a functional CO-like homolog (Wong et  al., 2014), 
other proteins containing the CCT domain regulate FT-like 

genes in many species (Ballerini and Kramer, 2011). This could 
potentially be the case in M. truncatula too (Thomson et al., 2019).

Other candidates which may act with MtFE to regulate 
flowering time could include NAC transcription factors, as in 
A. thaliana FE/APL regulates phloem development via a 
redundant pair of NAC transcription factors (Furuta et  al., 
2014). NAC transcription factors, in concert with a jumonji 
demethylase, have been demonstrated to repress FT and other 
flowering integrators (Ning et  al., 2015). Given the ability of 
FE/APL to regulate NAC transcription factors in another context 
(FE/APL is also hypothesized to interact with jumonji 
demethylases; Abe et  al., 2015) it is possible that FE/APL 
regulates these NAC transcription factors which influence 
flowering time. Although in this case repression of these 
transcription factors would be  predicted (as FE/APL is a floral 
activator). This could be  an avenue of research in the future 
simultaneously pursued in A. thaliana and M. truncatula.

We also identified a Mtftb2 mutant. MtFTb genes are 
hypothesized to act as floral activators as they are expressed 
in the leaves in a LD-responsive manner. Here the NF20803 
Mtftb2 mutant line flowered at a similar time to the wild type 
R108 plants grown alongside, albeit with a slight trend to 
lateness. Given the similarity of MtFTb2 to MtFTb1, in both 
sequences (proteins are 94.3% identical) and pattern of expression 
(Laurie et  al., 2011), functional redundancy between the two 
MtFTb genes cannot be  excluded. The trend to lateness is 
consistent with this possibility and a double Mtftb1 Mtftb2 
mutant is required to test the hypothesis that MtFTb genes 
regulate flowering. Nonetheless, further evidence against this 
hypothesis is presented elsewhere in this study in the NF5076 
Mtfe mutant, where the expression of both MtFTb genes is 
greatly reduced, if not lost (and MtFTa1 is reduced). However, 
in this mutant the delay in flowering is only moderate and 
could be  explained by the reduction in MtFTa1 expression, 
suggesting that the disruption of both the MtFTb genes had 
little effect on flowering. This is consistent with previous 
flowering time observations when overexpression of MtCDFd1_1 
also disrupted expression of both MtFTb genes, but the late 
flowering observed was dependent on loss of MtFTa1 function 
(Zhang et  al., 2019).

Overall, these observations introduce a novel component, 
MtFE, into the current M. truncatula photoperiod pathway 
and more broadly advance our understanding of photoperiodic 
flowering time in M. truncatula.
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The proper timing of flowering in response to environmental changes is
critical for ensuring crop yields. FLOWERING LOCUS T (FT ) homologs of
the phosphatidylethanolamine-binding protein family play important roles as floral
integrators in many crops. In soybean, we identified 17 genes of this family, and
characterized biological functions in flowering for ten FT homologs. Overexpression
of GmFT homologs in Arabidopsis revealed that a set of GmFT homologs,
including GmFT2a/2b, GmFT3a/3b, and GmFT5a/5b, promoted flowering similar to
FT; in contrast, GmFT1a/1b, GmFT4, and GmFT6 delayed flowering. Consistently,
expressions of GmFT2a, GmFT2b, and GmFT5a were induced in soybean leaves
in response to floral inductive short days, whereas expressions of GmFT1a and
GmFT4 were induced in response to long days. Exon swapping analysis between
floral activator GmFT2a and floral repressor GmFT4 revealed that the segment B
region in the fourth exon is critical for their antagonistic functions. Finally, expression
analysis of GmFT2a, GmFT5a, and GmFT4 in soybean accessions exhibiting various
flowering times indicated that the mRNA levels of GmFT2a and GmFT5a were higher
in early flowering accessions than in late-flowering accessions, while GmFT4 showed
the opposite pattern. Moreover, the relative mRNA levels between GmFT2a/GmFT5a
and GmFT4 was important in determining day length-dependent flowering in soybean
accessions. Taken together, our results suggest that the functions of GmFT homologs
have diversified into floral activators and floral repressors during soybean evolution, and
the timing of flowering in response to changing day length is determined by modulating
the activities of antagonistic GmFT homologs.

Keywords: soybean, flowering time, FLOWERING LOCUS T, photoperiods, functional diversification, soybean
PEBP family
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INTRODUCTION

Plants can sense seasonal changes, such as photoperiod
and ambient temperature, and modulate their growth and
development accordingly. This is especially important in crops,
where the decision of the proper time for transition from
vegetative to reproductive phases in response to changing
environments is crucial to their adaptability to agricultural
habitats and productivity. Soybean [Glycine max (L.) Merr.], a
facultative short-day (SD) plant, is grown in a wide range of
latitudes from the equator to 50◦ and cultivated in broad regions,
including Asia, America, and Europe. Different soybean cultivars
exhibit different flowering times and maturity according to their
habitats (Watanabe et al., 2012). The wide adaptability of soybean
plants to diverse environments has been acquired through genetic
variations in a number of major genes that control flowering. To
date, 11 major genes, E1 through E10 and J, have been identified
as being involved in the control of flowering and maturity in
soybean (Watanabe et al., 2012; Kong et al., 2014; Samanfar et al.,
2017). Among these genes, E6, E9, and J promote flowering and
maturity, whereas the other genes delay flowering.

In plants, phosphatidylethanolamine-binding proteins
(PEBPs), such as FLOWERING LOCUS T (FT) and TERMINAL
FLOWER 1 (TFL1), play important roles in modulation of
flowering in addition to various developmental processes
(Wickland and Hanzawa, 2015). In soybean, the roles of PEBP
homologs have been identified in control of flowering and
stem growth. Two TFL1 homologs, GmTFL1a, and GmTFL1b,
were the first isolated PEBP genes in soybean; GmTFL1b was
identified as a candidate gene for the Dt1 locus, which controls
stem termination in soybean (Liu et al., 2010; Tian et al., 2010).
In addition, at least 10 FT homologs have been identified in
the soybean genome (Kong et al., 2010; Liu et al., 2018). Of
the 10 GmFT homologs, GmFT2a, and GmFT5a are known to
function as floral activators, which promote flowering under
floral inductive SD conditions in soybean. These transcripts
are more abundant in SD- than long-day (LD)-grown soybean
leaves, and their ectopic expression in Arabidopsis and soybean
promotes flowering (Kong et al., 2010; Sun et al., 2011). Recently,
the soybean maturity gene E9 was identified as GmFT2a. Delayed
flowering as a result of the e9 allele is due to the insertion of a
Ty-1/copia-like retrotransposon in the first intron of GmFT2a,
resulting in transcriptional repression (Zhao et al., 2016). In
contrast, other GmFT homologs, GmFT1a, and GmFT4, function
as floral repressors (Zhai et al., 2014; Liu et al., 2018). The
expressions of GmFT1a and GmFT4 are highly induced by
LD, but suppressed by SD conditions. Their activation in LD
conditions are dependent on functional E1, the key soybean
maturity gene (Xia et al., 2012). Moreover, their expression is high
in late-flowering soybean accessions. Overexpression of both
GmFT1a and GmFT4 delays flowering in transgenic Arabidopsis
and soybean plants. These results suggest that both GmFT1a
and GmFT4 play critical roles in the suppression of soybean
flowering under non-inductive LD conditions. Recently, GmFT4
was identified as a possible candidate for the maturity locus
E10 (Samanfar et al., 2017). Taken together, these data suggest
that the functions of GmFT genes have become diversified in

controlling flowering time and maturity of soybean. Moreover,
the relative transcript abundance of two antagonistic GmFT
genes, GmFT2a/5a and GmFT1a/4, is important for determining
the proper flowering time under diverse growth conditions.
However, the roles of other GmFT homologs, such as GmFT3a/b
and GmFT6, in soybean flowering and maturity remain unclear.

In addition to soybean, functional diversification in FT
homologs has also been reported in other plant species, such
as the sunflower (Blackman et al., 2010), sugar beet (Pin
et al., 2010), onion (Lee et al., 2013), tobacco (Harig et al.,
2012), sugarcane (Coelho et al., 2014), and longan (Winterhagen
et al., 2013) plants. Wild alleles of three sunflower (Helianthus
annuus) FT paralogs, HaFT1, HaFT2, and HaFT4, function as
floral activators. However, a dominant-negative allele of HaFT1
(HaFT1-D) containing a frame-shift mutation was selected
during early domestication and HaFT1-D delays flowering by
interfering with normal HaFT4 function (Blackman et al., 2010).
Sugar beets (Beta vulgaris) have two FT homologs, BvFT1 and
BvFT2. These two genes not only have opposite functions in
flowering, but also display different expression patterns. BvFT2
promotes flowering akin to Arabidopsis FT, and its expression
is high in flowering-promoting conditions. In contrast, BvFT1
represses flowering with higher expression levels in flowering-
inhibiting conditions, such as before vernalization in the biennial
sugar beet (Pin et al., 2010). In the onion (Allium cepa), six FT
homologs have been identified (Lee et al., 2013). Overexpression
of AcFT1 and AcFT2 in Arabidopsis promote flowering, while
35S::AcFT4 transgenic Arabidopsis plants demonstrate late-
flowering. Moreover, AcFT1 and AcFT4 are also involved in LD
photoperiod-dependent bulb formation, with opposite functions.
The transcript levels of AcFT1 and AcFT4 are high in the leaves
of onion plants before and after bulb formation, respectively.
Overexpression of AcFT1 in transgenic onion plants promotes
bulb formation, but bulb formation is significantly delayed in
35S::AcFT4 onion plants. In addition, transgenic approaches
in Arabidopsis revealed that FT homologs identified in other
crop plants, including tobacco (NtFT1, NtFT2, and NtFT3),
sugarcane (ScFT1), and longan (DlFT2), can also function as
floral repressors (Harig et al., 2012; Winterhagen et al., 2013;
Coelho et al., 2014). Taken together, these results suggest that in
various crops, the functions of FT homologs have been diversified
during evolution, and their floral transitions in response to
environmental changes are tightly controlled by coordinated
expressions and functions of FT family genes.

In the present study, we identified 17 soybean PEBP family
genes, including ten GmFT, four GmTFL1, two Brother of FT
AND TFL1 (GmBFT), and a Mother of FT AND TFL1 (GmMFT).
We characterized the biological functions of these GmFT
homologs in soybean flowering. Overexpression phenotypes
in Arabidopsis and day length-dependent expression patterns
of GmFT homologs suggest that a subset of these homologs,
including GmFT2a/2b, GmFT3a/3b, and GmFT5a/5b, promote
flowering in response to floral inductive SD conditions, while
GmFT1a/1b, GmFT4, and GmFT6 delay flowering in these
conditions. By using exon swapping and amino acid substitution
analyses, we characterized the structure-function relationship
between floral activator GmFT2a and floral repressor GmFT4.
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Expression patterns of GmFT homologs in soybean accessions
with various flowering times indicated that the relative cellular
levels of floral activators, such as GmFT2a, GmFT5a, and a
floral repressor, GmFT4, are critical factors in determining the
day length-dependent flowering in soybean. Taken together,
our results suggest that soybean plants regulate the timing
of flowering in response to environmental conditions by
modulating the activities of antagonistic GmFT homologs.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis Col-0 plants were used in all experiments.
Arabidopsis plants were grown at 23◦C under either LD
(16 h light/8 h dark) or SD (8 h light/16 h dark) conditions.
The thirty-five soybean (Glycine max) accessions listed in
Figure 7 were obtained from the United States Department of
Agriculture Soybean Germplasm Collection. The twenty-four
Korean soybean landraces listed in Supplementary Table 4
were obtained from the Rural Development Administration
(RDA)-Genebank Information Center of Korea. For cDNA
cloning and tissue-specific expression analyses, soybean plants
(cv. Williams 82) were grown in the greenhouse during the
normal growing season. For the day length-dependent gene
expression analysis, soybean plants (cv. Williams 82) were grown
in a growth chamber for 20 days under LD (16 h light/8 h
dark) or SD (8 h light/16 h dark) conditions. The 35 USDA
germplasms and 24 Korean soybean landraces used in this study
were cultivated in the field during the natural growing season
and the flowering time of each soybean line was determined
from at least 15 individual plants of three years field experiments
(three biological replicates).

Isolation and Sequence Analysis of
Soybean PEBP Family Members
Transcripts covering the entire coding regions of the 17 soybean
PEBP family members were amplified from cDNAs synthesized
from RNAs of various tissues of the Williams 82 cultivar by RT-
PCR using gene-specific primer sets (Supplementary Table 1).
PCR products were cloned and sequenced. The predicted amino
acid sequences were aligned using the BioEdit program version
7.2.51. The phylogenetic tree was constructed using the Neighbor-
Joining method in the Mega 4 software program (Tamura et al.,
2007) based on the amino acid sequence of the Arabidopsis and
soybean PEBP family members.

Gene Expression Analyses
Tissue-specific expression patterns were analyzed by RT-PCR
and verified by subsequent Southern blotting. Total RNAs were
isolated from various tissues at vegetative 1 (V1), vegetative 4
(V4), and reproductive 2 (R2) stages, and in developing seeds of
Williams 82 plants grown in a natural green house. For diurnal
expression analysis, the first trifoliate leaves were harvested every
4 h for 24 h from Williams 82 plants grown in a growth

1http://www.mbio.ncsu.edu/bioedit

chamber for 20 days under LD (16 h light/8 h dark) or SD
(8 h light/16 h dark) conditions. For the expression analysis of
GmFT2a, GmFT5a, and GmFT4 in various soybean accessions
grown under field conditions, the third trifoliate (V3) leaves were
sampled in bulk from at least three individual plants for each
accession 30 DAS (V4 stage, before flowering). For the time
course analysis of GmFT2a, GmFT5a, and GmFT4 expression,
both early flowering soybean accession (Williams 82) and late
accession (PI229358) were grown under field conditions. The
fully expended trifoliate leaves from the top of main stem were
harvested from three independent plants from 20 to 100 DAS at
10 day intervals.

Total RNAs were isolated using LiCl precipitation (Verwoerd
et al., 1989), and cDNA synthesis was performed using the
SuperScript II Reverse Transcriptase (Invitrogen) according to
the manufacturer’s instructions. In tissue-specific expression
analysis, PCR products were separated by electrophoresis on
1% agarose gel and visualized by Southern blotting using [α-
32P] dATP-labeled cDNA probes. Quantitative RT-PCR was
performed in three independent biological replicates with a Bio-
Rad CFX384TM Real-time system. The expression of GmPBB2
mRNA was used as a control to normalize the expression data.
Data were analyzed with Bio-Rad CFX manager software (2−1

1 Ct method). The primers used for RT-PCR and quantitative
RT-PCR are listed in Supplementary Table 2.

Correlation analysis between expression levels of GmFT2a,
GmFT5a, and GmFT4 and flowering times of various soybean
accessions was carried out using R software2.

Generation of Exon Swapping and Amino
Acid Substitution Mutant Constructs
To construct chimeric genes which contained swapped exons or
segment B regions between GmFT2a and GmFT4, we designed
primers containing both GmFT2a and GmFT4 sequences, such
that the one end of each oligonucleotide contained the 3′-end
sequence (10 nucleotides) of the exon/segment B of GmFT2a
or GmFT4, whereas the other part contained the 5′-starting
sequence of an adjacent exon/segment B of GmFT2a or GmFT4,
respectively. After amplification of the appropriate fragments of
GmFT2a and GmFT4 cDNAs in the first round of PCR, each
fragment was purified from the agarose gel, mixed, and used as
template to obtain the full-length chimeric gene. Substitutions
of single amino acids were performed using the QuickChange
Site-directed Mutagenesis Kit (Clontech) according to the
manufacturer’s instructions. DNA sequences of chimeric genes
and amino acid substitution mutants were verified by sequencing.
The primers used for exon swapping and amino acid substitution
are listed in Supplementary Tables 5, 6, respectively.

Ectopic Expression of GmFTs in
Arabidopsis
The overexpression vectors for GmFT genes were constructed by
cloning the full-length coding sequence of wild-type and mutant
(chimeras and substitution) GmFT genes downstream of the

2https://www.r-project.org/
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CaMV 35S promoter in the pBJ36 vector (Gleave, 1992), and then
these cassettes were shuttled into pMLBART. Arabidopsis Col-0
plants were transformed by the floral dip method (Clough and
Bent, 1998). Transformants were selected on the soil by spraying
Basta twice. Expression of transgenes was confirmed by RT-PCR.

Accession Numbers
The cDNA sequences for 17 soybean PEBP family members
reported in this paper have been deposited in the GenBank
database with accession numbers KJ607990 (GmFT1a), KJ607991
(GmFT1b), KJ607992 (GmFT2a), KJ607993 (GmFT2b), KJ607994
(GmFT3a), KJ607995 (GmFT3b), KJ607996 (GmFT4), KJ607997
(GmFT5a), KJ607998 (GmFT5b), KJ607999 (GmFT6), KJ608000
(GmBFTa), KJ608001 (GmBFTb), KJ608002 (GmMFT),
KJ608003 (GmTFL1a), KJ608004 (GmTFL1b), KJ608005
(GmTFL1.2a), and KJ608006 (GmTFL1.2b).

RESULTS

Identification of Soybean PEBP Family
Members
To identify PEBP family members in soybean, we screened the
Williams 82 genomic database3 with the amino acid sequence
of Arabidopsis FT and identified 17 soybean gene models with
sequence similarity to the entire coding region (Figure 1A).
Based on the sequence of each gene model, we designed gene-
specific primer pairs corresponding to each of the putative 17
soybean PEBP family members (Supplementary Table 1). RNA
was extracted from soybean plants (cv Williams 82) grown in
green house conditions, and these gene-specific primers were
used to amplify the full-length cDNAs obtained by reverse-
transcription (RT)-PCR. The nucleotide sequences of cloned
cDNAs for these 17 soybean PEBP family members were
determined by sequencing, and their corresponding amino acid
sequences were deduced.

Phylogenetic analysis and alignment of amino acid sequences
of Arabidopsis and soybean PEBP family members indicated that
these 17 soybean orthologs fall into four different clades: the
FT, BFT, TFL1, and MFT clades (Figure 1B and Supplementary
Figure 1). Ten soybean genes belonging to the FT clade are
further classified into 3 subclades. Among the ten soybean FT
genes (GmFTs), GmFT3a/b and GmFT2a/b clustered together
with Arabidopsis FT and TSF genes, which function as floral
activators. The second subclade contains four GmFT genes,
GmFT1a/b, GmFT4, and GmFT6. The remaining pair of
GmFT genes, GmFT5a and GmFT5b, belongs to the third
subclade. There are two pairs of TFL1 homologs in soybean
genome. One pair of TFL1 homologs was recently identified
and named GmTFL1a and GmTFL1b, respectively, and fine-
mapping analysis revealed GmTFL1b as a candidate gene for
the soybean determinate stem (Dt1) locus (Liu et al., 2010;
Tian et al., 2010). We named the second pair of TFL1
homologs, Glyma10g08340 and Glyma13g22030, GmTFL1.2a and
GmTFL1.2b, respectively (Figure 1B). We also identified two

3http://www.phytozome.net/soybean

BFT homologs and one MFT homolog in soybean genome,
and named these GmBFTa, GmBFTb, and GmMFT, respectively
(Figure 1B). Phylogenetic analysis indicated that only 3 genes of
these 17 soybean orthologs, GmMFT, GmFT4, and GmFT6, are
singletons, while the other 14 genes exist as pairs of homologs,
reflecting the recent soybean whole-genome duplication event
(Shoemaker et al., 2006).

The closely related FT and TFL1 proteins have opposite
functions in the regulation of flowering: FT promotes flowering,
while TFL1 represses flowering (Bradley et al., 1997; Ohshima
et al., 1997; Ratcliffe et al., 1998; Kardailsky et al., 1999; Kobayashi
et al., 1999). Initial analyses of the relationship between the
structure and the function of closely related FT and TFL1 proteins
identified two critical amino acid residues responsible for the
opposite functions of Arabidopsis FT and TFL1, Tyr85/Gln140
in FT versus His88/Asp144 in TFL1 (Hanzawa et al., 2005; Ahn
et al., 2006). These two amino acids are highly conserved in
all soybean FT and TFL1 homologs except two, GmFT5a and
GmFT5b, which have a His residue at the position corresponding
to Gln140 of Arabidopsis FT (Figure 1C). The main difference
between Arabidopsis FT and TFL1 is a 14-amino acid stretch
forming an external loop in the crystal structures of these two
proteins, called segment B of exon 4. This region is highly
conserved in FT homologs, but selection in TFL1 homologs has
relaxed, leading to very divergent sequences (Ahn et al., 2006).
Segment B has also been shown to be the critical difference in
two beet FT homologs with opposite functions, BvFT1 and BvFT2
(Pin et al., 2010). GmFT2a shows the highest sequence similarity
to Arabidopsis FT among the 10 soybean FT homologs, while
GmFT1a/b, GmFT4, and GmFT6, belonging to a separate FT
subclade, display higher sequence diversity (Figure 1C).

Spatiotemporal Expression of Soybean
PEBP Family Genes
Expression patterns of the 17 soybean PEBP family members
were analyzed in various tissues and at different developmental
stages of soybean plants grown in green house conditions. The
transcript levels of 17 soybean PEBP genes were determined by
RT-PCR using gene-specific primers (Supplementary Table 2).
Since the transcripts of some PEBP genes, such as GmFT1a and
GmFT1b, hardly detected on the gel, we performed subsequent
Southern blot analysis to detect transcripts more easily and
clearly (Figure 2). The transcripts of most of the GmFT genes
accumulated abundantly in leaf tissues, such as the unifoliate leaf
from the V1 stage and trifoliate leaves from both V4 and R2 stage
plants, where light sensing primarily occurs. The transcripts of a
pair of duplicated genes, GmFT1a and GmFT1b, were expressed
at a very low level in most tissues examined, but GmFT1b was
specifically expressed in stem tissues, including the epi- and
hypocotyl at the V1 stage and the whole stem at later stages.
In contrast to GmFT genes, GmTFL1 genes were not expressed
in the leaves; the transcripts of both GmTFL1a and GmTFL1b
genes were highly expressed in roots and stems and moderately
in flowers and axillary buds. Another homologous pair of
GmTFL1 genes, GmTFL1.2a and GmTFL1.2b, was specifically
expressed in axillary buds and flowers. The expression ofGmTFL1

Frontiers in Plant Science | www.frontiersin.org 4 April 2021 | Volume 12 | Article 61367549

http://www.phytozome.net/soybean
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-613675 April 22, 2021 Time: 12:35 # 5

Lee et al. Functional Diversification of Soybean FT Homologs

FIGURE 1 | Identification and sequence analysis of soybean PEBP family members. (A) Genomic organization of the soybean and Arabidopsis PEBP family
members. Boxes and lines represent exonic and intronic regions, respectively. Numbers indicate the length of exons and introns (base pairs). The gene structures of
soybean PEBP family members were determined on the basis of the alignment between the genomic and cDNA sequences. (B) Phylogenetic analysis of
Arabidopsis and soybean PEBP family members. The phylogenetic tree was constructed using the Neighbor-Joining method of Mega 4 software program (Tamura
et al., 2007) based on the amino acid sequences of the Arabidopsis and soybean PEBP family members. Bootstrap values (1,000 replicates) are indicated at the
branches of the tree. (C) Partial amino acid sequence alignment of the 14-amino acid segment B region of soybean and Arabidopsis PEBP family members. Black
stars above the upper row indicate the Tyr85(Y)/His88(H) and Gln140(Q)/Asp144(D) residues specifying Arabidopsis FT and TFL1 functions in flowering, respectively.
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FIGURE 2 | Expression analysis of soybean PEBP family members. Total RNAs were extracted from various tissues at different developmental stages of soybean
plants grown in natural green house conditions. Transcript levels were analyzed by RT-PCR and subsequent Southern blotting. Soybean PBB2 (20S proteasome
beta subunit) mRNA (Glyma14g01850) was used as a control (Thakare et al., 2010). Tl: trifoliate leaf (Tl1; oldest, Tl4; youngest), Ul: unifoliate leaf, Ep: epicotyl, Ct:
cotyledon, Hy: hypocotyl, Rt: root, St: stem, Ab: axillary bud, Fl: flower. Seed weights of 50, 200, and 500 mg are weights of single seeds.

homologs in flowers was further confirmed by quantitative real-
time (qRT)-PCR (Supplementary Figure 2) and this result was
consistent with previous report showing the GmTFL1 expression
in flower (Tian et al., 2010). Moreover, each homologous pair of
GmTFL1 genes showed very similar spatiotemporal expression
patterns, suggesting conservation of the regulation of gene
expression of GmTFL1 homologous pairs during the genome
duplication. GmBFTa and GmMFT transcripts were detected
in all tissues at most of the growth stages, but GmBFTb was
expressed in relatively late stages of soybean plant growth.
Interestingly, some of the soybean PEBP homologous genes,
such as GmFT2a, GmFT3a, GmFT5a, GmBFTs, GmTFL1s, and
GmMFT, were expressed in developing seeds, suggesting a
possible role in seed development and maturation (Figure 2).
Recently, it was reported that Arabidopsis MFT regulates seed
germination through the ABA and GA signaling pathways (Xi
et al., 2010). The overall expression patterns of soybean FT
and TFL1 homologs suggest that the biological functions of
GmFT genes are likely more diverse than those of GmTFL1
genes. Based on these results, we focused our efforts on

determining the biological functions of GmFT homologs in
soybean flowering.

Ectopic Expression of GmFT Genes
Differentially Affected Flowering Time in
Arabidopsis
In order to begin to determine the roles of GmFT genes in
soybean flowering, we ectopically expressed soybean FT genes
in Arabidopsis accession Columbia (Col-0) under the control of
the constitutive cauliflower mosaic virus (CaMV) 35S promoter.
The ectopic expression of GmFTs was confirmed by RT-PCR
with gene-specific primers (data not shown; gene-specific primers
used for this experiment are listed in Supplementary Table 2).
Flowering time was determined in T1 plants. We used at
least 3 independent T1 lines for each GmFT gene and more
than 20 plants for the analysis of flowering time of GmFTs
overexpressing plants (Table 1 and Supplementary Table 3).
Overexpression of GmFT2a/b, GmFT3a/b, or GmFT5a/b in
Arabidopsis strongly promoted flowering (Figure 3A, Table 1,
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TABLE 1 | Flowering times determined by leaf number in long-day conditions.

Genotype RLNa CLNb n

Wild-type, Col-0 10.7 ± 1.18 2.6 ± 0.50 20

35S:GmFT2a 3.3 ± 0.49 2.2 ± 0.42 23

35S:GmFT2b 2.9 ± 0.28 1.9 ± 0.33 37

35S:GmFT3a 5.7 ± 1.44 3.2 ± 0.86 28

35S:GmFT3b 3.0 ± 0.17 2.1 ± 0.78 33

35S:GmFT5a 2.9 ± 0.42 1.8 ± 0.72 35

35S:GmFT5b 3.1 ± 0.53 1.6 ± 0.56 35

35S:GmFT1a 18.2 ± 2.84 4.5 ± 1.12 35

35S:GmFT1b 14.5 ± 1.93 4.3 ± 1.12 35

35S:GmFT4 27.2 ± 6.08 7.0 ± 2.05 24

35S:GmFT6 19.4 ± 7.33 8.4 ± 5.22 32

aRosette leaf number. bCauline leaf number.

and Supplementary Table 3). In addition, the growth of most
of the primary inflorescence terminated in two or three terminal
flowers, and secondary inflorescences were converted into
solitary flowers (Figure 3B). However, overexpression of another
subset of soybean FT homologs, including GmFT1a, GmFT1b,
GmFT4, and GmFT6, repressed flowering of Arabidopsis plants
under LD conditions, which otherwise promoted early flowering
(Figure 3C and Table 1). Among them, GmFT4 exhibited the
strongest floral repressor activity. These results suggest that even
though GmFT genes share structural and sequence similarity
with Arabidopsis FT, their biological functions have differentially
evolved following the genome duplication event.

Differential Expression of GmFT Genes
in Response to Day Length
It has been shown previously that the expression of FT is
induced in response to floral inductive day length (Kardailsky
et al., 1999; Kobayashi et al., 1999; Kojima et al., 2002; Valverde
et al., 2004). To confirm the functional diversification of GmFT
genes in soybean, we first analyzed their diurnal expression
patterns in response to LD and SD conditions, and floral
repressive and inductive day-length, respectively. Soybean plants
(cv. Williams 82) were grown in a growth chamber for 20
days under LD (16 h light/8 h dark) or SD (8 h light/16 h
dark) conditions, and the first trifoliate leaves were harvested
every 4 h for 24 h. The mRNA levels of the 10 GmFT
genes were analyzed by qRT-PCR using gene-specific primers
(Supplementary Table 2). In these samples, the expression
of GmFT1b, GmFT3a, GmFT3b, and GmFT5b transcripts was
below detection thresholds (data not shown). The transcript
levels of GmFT2a, GmFT2b and GmFT5a were higher in the
leaves of floral inductive SD-grown soybean than in those of
LD-grown plants (Figure 4). The transcript levels of GmFT2a,
GmFT2b, and GmFT5a were highest at 4 h after dawn in
SD conditions. GmFT2a and GmFT5a also exhibited similar
diurnal circadian rhythm in LD conditions, even though the
relative expression levels were low compared to SD conditions.
In contrast, the expression of GmFT1a and GmFT4 were
highly induced under floral repressive LD conditions, but their
mRNA levels also peaked 4 h after dawn in LD conditions.

The results suggested that two subgroups of GmFT genes,
GmFT2a/GmFT2b/GmFT5 and GmFT1a/GmFT4, might have
different roles in day length-dependent flowering in soybean.
Interestingly, the mRNA levels of GmFT6, which is more
closely related to the GmFT1a/GmFT1b/GmFT4 subgroup in
both sequence homology and in the effect of overexpression in
Arabidopsis transgenic plants, were higher in SD-grown plants,
suggesting that GmFT6 may have a different mode of action
than GmFT1a, GmFT1b, or GmFT4 in controlling day length-
dependent soybean flowering.

Exon Swapping Analysis Between
GmFT2a and GmFT4
The effects of overexpression of soybean FT genes in Arabidopsis
transgenic plants and their diurnal expression patterns suggest
that GmFTs can be divided into two groups based on their
biological function. The first group, including GmFT2a/b,
GmFT3a/b, and GmFT5a/b, function as floral activators, similar
to Arabidopsis FT. In contrast, the other group of genes,
including GmFT1a/b, GmFT4, and GmFT6, likely acquired
repressive functions in the soybean flowering process after
genome duplication. To map the regions responsible for the
antagonistic functions of these two gene subsets, we conducted
exon swapping analysis using GmFT2a and GmFT4 genes as
representatives of these groups. We generated 10 chimeric genes
by exchanging individual exons between GmFT2a and GmFT4.
In addition, the segment B region, which is critical for opposite
functions of FT and TFL1 in Arabidopsis and for BvFT1 and
BvFT2 in beets (Pin et al., 2010), were also exchanged. Each
chimeric gene was named using annotations indicating the origin
of each of four exons as well as the segment B region; for example,
in “CG2224,” “CG” indicates chimeric gene, and the numbers
indicate that the first three exons are from GmFT2a, and the
fourth exon from GmFT4. The segment B regions from GmFT2a
and GmFT4 are indicated as B2 and B4, respectively. The 12
chimeric genes and wild-type forms of GmFT2a and GmFT4 were
overexpressed under the control of CaMV 35S promoter in Col-
0 plants. Flowering time was analyzed by counting the rosette
leaf number of more than 20 independent T1 transformants
for each construct.

As previously determined, overexpression of GmFT2a and
GmFT4 promoted and delayed flowering in Arabidopsis,
respectively (Figure 5). Among the four exons in these homologs,
swapping of the second, or third exon alone had relatively
small effect on the activities of GmFT2a and GmFT4 proteins,
slightly reducing the magnitude of the effects of their non-
chimeric versions. Most T1 plants expressing CG2422, CG2242,
CG4244, and CG4424 chimeras showed intermediate flowering
time between Col-0 and those overexpressing wild-type GmFT2a
and GmFT4. The role of first exon in GmFT2a and GmFT4 was
more apparent. Flowering time of 35S::CG4222 and 35S::CG2444
plants was comparable to that of Col-0 plants, indicating
that the swapping of the first exon of each gene inactivated
both GmFT2a and GmFT4. Similarly, both 35S::CG4422 and
35S::CG2244 plants showed consistent flowering phenotype
with Col-0 plants.
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FIGURE 3 | Effects of the ectopic expression of GmFT genes on flowering in transgenic Arabidopsis plants. (A) Phenotypes of 23-day old wild-type (Col-0) and
transgenic Arabidopsis plants expressing soybean GmFT2a, GmFT2b, GmFT3a, GmFT3b, GmFT5a, and GmFT5b. (B) Phenotype of terminal flowers of
35S::GmFT2a-expressing Arabidopsis plants. Scale bar is 2 mm. (C) Phenotypes of 40-day old wild-type and transgenic Arabidopsis plants expressing GmFT1a,
GmFT1b, GmFT4, and GmFT6. Wild-type and T1 transgenic plants were grown on the soil at 23◦C under long-day conditions.
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FIGURE 4 | Diurnal expression of GmFT genes under LD and SD conditions. Total RNAs were extracted every 4 h from the first trifoliate leaves of 20-day old LD-
and SD-grown plants, respectively. Relative mRNA levels of GmFT genes were analyzed by quantitative real-time PCR with three independent biological replicates
and normalized to GmPBB2 mRNA. White and dark bars indicate light and dark phases, respectively. Data are shown as means ± standard deviation.

As expected, the fourth exon had a stronger effect than other
exons on the activities of GmFT2a and GmFT4. 35S::CG2224
plants flowered apparently later than Col-0 plants. The
flowering-delaying effects of GmFT4 in Arabidopsis transgenic
plants were completely eliminated in 35S::CG4442 plants, even
though these plants did not flower as early as 35S::GmFT2a.
A striking phenotypic change in flowering was observed when

we overexpressed CG2222B4 and CG4444B2 chimeric genes.
Although 35S::CG2222B4 plants did not flower as late as
35S:GmFT4, they did flower much later than Col-0 plants.
The most dramatic effects were observed in 35S::CG4444B2
plants; most 35S::CG4444B2 T1 plants flowered earlier than Col-
0 plants, and some T1 plants flowered as early as GmFT2a-
overexpressing plants. Taken together, these results indicated
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FIGURE 5 | Flowering times of transgenic Arabidopsis plants expressing GmFT2a/GmFT4 exon swapping chimeras. The exons of GmFT2a and GmFT4 are shown
as red and blue boxes, respectively. Segment B regions of GmFT2a and GmFT4 are highlighted by pink and cyan colors, respectively. The distribution of flowering
times in LD conditions for T1 transformants and control plants (Col-0) are indicated by vertical bars; gray, red, dark blue, and light blue bars for Col-0, 35S::GmFT2a,
35S::GmFT4, and the chimeras, respectively. The number of plants is indicated above each bar.

not only that a substitution of the segment B region alone is
sufficient to change GmFT2 into a floral repressor and GmFT4
into a floral promoter, but also that the segment B region plays
a crucial role in specifying the antagonistic functions of GmFT2a
and GmFT4.

Identification of the Important Residues
in Floral Repressor Function of GmFT4
To identify the critical amino acid residues conferring floral
repressor function to GmFT4, we compared amino acid
sequences of segment B region between GmFT4 and GmFT2a.
Alignment of the 14-amino acid segment B between GmFT4 and
GmFT2a showed a difference in 6 amino acids in this region
(Figure 6A). To verify the effect of these amino acid substitutions
on floral repressor function of GmFT4, we substituted 6
individual amino acids of GmFT4 with corresponding amino
acids of GmFT2a and overexpressed them in Arabidopsis.
Flowering time was again analyzed by counting the rosette leaf
number of T1 transformants for each construct. Among the 6
substitution mutants, 4 mutants including 35S::GmFT4 I128T,
D125G, F124L, and H130Y showed a similar late-flowering
phenotype as 35S::GmFT4 plants. However, two substitutions,
Q127E and R133G, strongly suppressed GmFT4 activity.
About two-thirds of the T1 transgenic plants overexpressing
35S::GmFT4 R133G showed similar flowering to Col-0 plants
(Figure 6B). These results suggest that Arg133 plays an important
role in the floral repressor activity of GmFT4.

Correlation Between Transcript Levels of
GmFT Genes and Flowering Time of
Soybean Accessions
It has been previously shown that expression of the FT
gene is critical in determining flowering time both in
LD and SD plants under proper photoperiod conditions
(Kardailsky et al., 1999; Kobayashi et al., 1999; Kojima
et al., 2002; Komiya et al., 2008). We therefore investigated
the relationship between the expression levels of these 10
GmFT homologs and flowering time of soybean accessions.
Flowering times of field-grown soybean landraces were
determined by counting the number of days from sowing to
the date when the first flower was observed in each plant.
We selected 24 representative Korean soybean landraces
displaying various flowering times and grew them in natural
field conditions (Supplementary Table 4). The leaves of
soybean landraces were collected before flowering, and the
mRNA levels of GmFT homologs were analyzed by RT-PCR.
Interestingly, among the 10 GmFT homologs, transcript levels
of GmFT2a and GmFT5a were higher in early flowering
accessions and gradually decreased in later-flowering accessions
(Supplementary Figure 3A). In contrast, GmFT4 mRNA
was more abundant in later-flowering accessions than in
earlier-flowering ones. The correlation analysis between
flowering times of landraces and transcript levels of GmFT2a,
GmFT5a, and GmFT4 as determined by qRT-PCR indicated
significant correlations between expression levels of GmFT2a,
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FIGURE 6 | Flowering phenotypes of transgenic Arabidopsis plants
expressing the GmFT4 segment B-substitution mutants. (A) Amino acid
sequences of the segment B regions of GmFT2a, GmFT4, and GmFT4
segment B-substitution mutants. The substituted amino acids of GmFT4 with
corresponding amino acids of GmFT2a were indicated by red color.
(B) Flowering times of GmFT4 segment B-substitution mutants. The
distribution of flowering times in LD conditions for T1 transformants and
control plants (Col-0) are indicated by vertical bars; gray, red, dark blue, and
light blue bars for Col-0, 35S::GmFT2a, 35S::GmFT4, and the GmFT4
segment B-substitution mutants, respectively. The number of plants is
indicated above each bar.

GmFT5a, and GmFT4 and flowering times of soybean landraces
(Supplementary Figure 3B).

To further confirm the relationship between the transcript
levels of GmFT2a, GmFT5a, and GmFT4 and flowering
phenotypes of soybean accessions, we analyzed the expression
of these genes by qRT-PCR in the leaves of 35 USDA
soybean germplasms exhibiting a broad range of flowering
time (Figure 7). Consistently, early flowering accessions
displayed higher expression levels of GmFT2a and GmFT5a
transcripts than medium- and late-flowering ones. However,
the expression pattern of GmFT4 in soybean accessions
showed the opposite pattern compared to those of GmFT2a

and GmFT5a (Figures 7A,B). Statistical analysis indicated
significant correlations between the expression levels of GmFT2a,
GmFT5a, and GmFT4 and flowering times of USDA soybean
germplasms; a negative correlation existed between mRNA levels
of GmFT2a/GmFT5a and the number of days to flowering,
but a positive correlation existed for GmFT4 mRNA levels
(Figure 7C). The correlation analysis using various soybean
accessions indicated that GmFT2a and GmFT5a might function
as floral activators, while GmFT4 might act as a floral repressor,
in soybean flowering.

Seasonal Expression Patterns of
GmFT2a, GmFT5a, and GmFT4
To investigate the correlation between the expression levels of
GmFT2a, GmFT5a, and GmFT4 mRNAs and seasonal flowering
times of soybean accessions, we analyzed their expression
patterns in leaves of an early (Williams 82)- and a late (PI229358)-
flowering accession during overall growth stages. These seeds
were sown in the field and grown in natural conditions. The
first flower bloomed at 38.6 and 74.4 days after sowing (DAS)
in Williams 82 and PI229358 accessions, respectively. The fully
expended trifoliate leaves from the tops of main stems of
three independent plants were harvested between 20 and 100
DAS at 10 days intervals. The expression levels of GmFT2a,
GmFT5a, and GmFT4 were analyzed by qRT-PCR at each time
point. In the leaves of early flowering Williams 82 plants, the
transcripts of GmFT2a and GmFT5a were detected at the very
early growth stage (20 DAS), and gradually increased during
growth and consecutive flowering (Figure 8). Their transcript
levels peaked at 70 DAS, and then declined afterward when
the new flowers were no longer developing. In the leaves of
late-flowering PI229358 plants, the transcripts of GmFT2a and
GmFT5a were not detected during vegetative growth stages;
however, their expressions were rapidly induced when PI229358
plants started flowering. In contrast, the expression of GmFT4
exhibited the opposite pattern to those of GmFT2a and GmFT5a.
Transcripts of GmFT4 mRNA were barely detected throughout
all growth stages of early flowering Williams 82 plants. However,
in the leaves of late-flowering PI229358 plants, GmFT4 was
strongly expressed at early vegetative stages (up to 40 DAS),
and its expression declined during developmental transition to
the reproductive stage. Transcripts of GmFT4 were not detected
after flowering (Figure 8). These results suggested that the
accumulation of the GmFT2a and GmFT5a transcripts in leaves
of soybean plants promotes floral induction, but in contrast,
high levels of GmFT4 suppresses floral transition. Furthermore,
it also suggests that soybean accessions determine the proper
timing of flowering by modulating the cellular levels of floral
activators, such as GmFT2a and GmFT5a, and floral suppressors,
including GmFT4.

DISCUSSION

In this study, we identified 17 PEBP family members,
including ten GmFT, four GmTFL1, two GmBFT, and one
GmMFT homolog from soybean. Functional analyses of GmFT
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FIGURE 7 | Expression of GmFT2a, GmFT5a, and GmFT4 genes in soybean accessions. (A) The number of days to flowering of 35 USDA soybean accessions
grown in field conditions. (B) Evaluation of transcript levels of GmFT2a, GmFT5a, and GmFT4 in the third trifoliate (V3) leaves of 30-day old (V4 stage) plants by
qRT-PCR with three independent biological replicates. Transcript levels were normalized to GmPBB2 mRNA levels. (C) Correlation analysis between expression
levels of GmFT2a, GmFT5a, and GmFT4 mRNAs and flowering times of USDA soybean accessions. Data are shown as means ± standard deviation.

homologs using overexpression, domain swapping, and amino
acid substitutions in Arabidopsis transgenic plants indicated
that functions of GmFT homologs have diversified into two
groups: GmFT2a/b, GmFT3a/b, and GmFT5a/b function as
floral promoters; in contrast, GmFT1a/b, GmFT4, and GmFT6
function as floral repressors. Expression analyses of GmFT
genes in soybean accessions exhibiting various flowering times
suggested that the relative expression level between floral
promoters GmFT2a/GmFT5a and floral repressor GmFT4 is
one of the critical factors in determining flowering time in
response to environmental changes. Our results suggest that
soybean plants determine the optimum flowering time during
growing seasons by modulating the relative cellular levels of
floral activators and repressors GmFT homologs, and that this

modulation may also be important for the adaptation of soybeans
to their habitats.

Functional Diversification of Soybean FT
Homologs in Control of Flowering Time
Since the first identification of the FT gene in Arabidopsis
thaliana, biological functions of FT homologs as floral activators
have been widely verified in various plant species (Kardailsky
et al., 1999; Kobayashi et al., 1999; Abe et al., 2005; Wigge
et al., 2005; Wickland and Hanzawa, 2015). However, recently,
FT homologs exhibiting opposite functions to Arabidopsis FT
have been reported from other plant species, especially in
crops, including sunflower, sugar beet, onion, tobacco, sugarcane,
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FIGURE 8 | Expression of GmFT2a, GmFT5a, and GmFT4 mRNAs in leaves of early (Williams 82)- and late (PI229358)-flowering soybean accessions across
different developmental stages. Fully expended trifoliate leaves from the top of the main stem were harvested from three independent plants grown in natural field
conditions from 20 to 100 days after sowing. Relative mRNA levels of GmFT genes were analyzed by quantitative real-time PCR with three independent biological
replicates and normalized to GmPBB2 mRNA. Days to flowering of Williams 82 (38.6D) and PI229358 (74.4D) are indicated by blue and red line, respectively. The
result of independent RT-PCR experiments is also shown below each graph. Data is shown as mean ± standard deviation.

longan, and soybean (Blackman et al., 2010; Harig et al.,
2012; Lee et al., 2013; Winterhagen et al., 2013; Coelho et al.,
2014; Zhai et al., 2014; Liu et al., 2018). These results suggest
that the functions of FT homologs have diverged through

neo- or sub-functionalization, and during evolution acquired
a repressive function in flowering. Moreover, some repressor
FT homologs have been selected for during domestication
and breeding (Wang et al., 2015; Jiang et al., 2019). In this
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study, we characterized the functions of 10 GmFT homologs in
flowering by overexpressing them in Arabidopsis. Overexpression
of six GmFTs, GmFT2a/b, GmFT3a/b, and GmFT5a/b, promoted
flowering. Among these, GmFT3a showed a relatively milder
effect on flowering than the others. In contrast, transgenic
Arabidopsis plants overexpressing GmFT1a/b, GmFT4, and
GmFT6 showed significantly delayed flowering times compared
to WT plants (Table 1 and Figure 3). GmFT4 exhibited the
strongest floral repressor activity as indicated by the number of
rosette leaves. Interestingly, while 35S::GmFT6 plants produced
fewer rosette leaves than 35S::GmFT4 plants prior to bolting,
35S::GmFT6 plants produced the highest number of cauline
leaves among the 10 GmFT homologs (Table 1). This result
suggests that GmFT6 has a different mechanism of action in
floral repression than the other floral inhibitors, GmFT1a/b
and GmFT4. Consistently, in contrast to GmFT1a and GmFT4,
mRNA levels of GmFT6 were higher in floral inductive SD-
grown soybean leaves than in LD-grown plants, which is a typical
expression pattern of floral activator GmFT homologs GmFT2a/b
and GmFT5a (Figure 4). Moreover, gene expression patterns of
GmFT4 and GmFT6 were complementary to each other. The
mRNA level of GmFT4 was highest in newly developing young
leaves (TI4 leaves of V4 and R2 stages), and gradually decreased
in older leaves (TI3, TI 2, and TI1 leaves); however, mRNA levels
of GmFT6 showed the opposite pattern, wherein they were lowest
in TI4 and highest in TI1 leaves (Figure 2). This complementary
expression pattern was also observed in the analysis of seasonal
expression patterns of GmFTs. GmFT4 was predominantly
expressed in the vegetative stage of soybean accessions, but its
expression was suppressed by flowering (Figure 8). However,
transcripts of GmFT6 began to increase after flowering when
GmFT4 transcripts were declining (Supplementary Figure 4).
Taken together, these results suggest that biological function of
GmFT6 protein has diverged to become a floral repressor, similar
to GmFT1a and GmFT4; however, its gene expression pattern is
closer to that of floral activators GmFT2a and GmFT5a. Future
studies are required to characterize in more detail the role of
GmFT6 in soybean flowering.

Amino Acids Specifying the Antagonistic
Functions of GmFT Homologs
Among Arabidopsis PEBP family members, FT and TFL1 exhibit
opposite functions in flowering, and two critical amino acids that
play a decisive role in determining these opposite functions have
been identified: Tyr85 and Gln140 in FT versus His88 and Asp144
in TFL1 (Hanzawa et al., 2005; Ahn et al., 2006). The analysis of
crystal structures of FT and TFL1 suggests that these amino acid
pairs are located at the entrance to ligand-binding pockets, where
partner proteins possibly interact with FT/TFL1, and different
interaction patterns between Tyr85-Gln140 in FT and His88-
Asp144 in TFL1 may contribute to their opposite functions (Ahn
et al., 2006). Two critical amino acids in specifying FT function,
Tyr85 and Gln140, are also conserved in GmFT homologs,
excepting only GmFT5a/b (Figure 1C), indicating that these
residues are not critical in determining the repressive functions of
GmFT homologs. To identify the critical amino acid(s) specifying

these antagonistic functions of GmFT homologs, we conducted
exon swapping and amino acid substitution analyses using
GmFT2a and GmFT4 as representatives of floral activators and
repressors, respectively. The exon swapping experiment indicated
that the segment B region in the fourth exon, which is known
to be critical for FT versus TFL1 function (Ahn et al., 2006)
and which has been identified as critical for opposite functions
of beet FT homologs (Pin et al., 2010), is also important in
the opposite functions of GmFT2a and GmFT4 (Figure 5). To
pinpoint the decisive residue(s) in the segment B region, we
substituted 6 individual amino acids in this region of GmFT4
with the corresponding residues of GmFT2a, and analyzed their
respective effects on GmFT4 repressive activity. Among them,
substitution of Arg133 of GmFT4 with Gly present in GmFT2a
exhibited the strongest effect on suppression of GmFT4 activity
(Figure 6). However, the R133G substitution was not sufficient
to change GmFT4 function to that of a floral activator such
as GmFT2a. These results suggest that the Arg133 residue is
important and necessary for the floral repressor GmFT4 activity;
however, to convert GmFT4 into a floral activator, other amino
acid changes might be additionally required.

Previously, extensive random mutagenesis assays of
Arabidopsis FT successfully identified critical residues that
are sufficient to convert FT into TFL1-like protein, including
Glu109, Trp138, Gln140, and Asn152 (Ho and Weigel, 2014).
Moreover, two aromatic residues, Tyr134 and Trp138, were
proposed as critical amino acids for FT function. Consistently,
most plant FT homologs exhibiting repressor activity, such as
BvFT1, AcFT4, HaFT1, ScFT1, and NtFTs, contain non-tyrosine
and non-tryptophan amino acids at these sites (Wickland and
Hanzawa, 2015). However, this is not the case with GmFT
homologs. All GmFT homologs identified here possess Trp
residues at the position corresponding to Trp138 of AtFT.
In addition, at the corresponding position of Tyr134, floral
activators GmFT5a/b contain Ile residues instead of Tyr, and
floral repressor GmFT1b contains Tyr (Figure 1C). Moreover,
substitution of His130 of GmFT4 to the corresponding Tyr
residue of GmFT2a had a weak effect on GmFT4 repressor
activity (Figure 6). These results suggest that soybean FT
homologs have acquired diverse functions during evolution
compared to the FT homologs in other plants.

Expressional Diversification of GmFT
Homologs in Soybean Accessions
Soybean, a SD plant, originated in East Asia and was mainly
cultivated in high latitudes. Soybean cultivars grown in these
regions are often photoperiod-insensitive and exhibit a fast life
cycle, including early flowering, to successfully produce seeds
during short growing season. However, cultivation of soybeans
was extended to lower latitudes after the identification of soybean
accessions exhibiting the long juvenile period trait of delayed
flowering under SD conditions (Sinclair et al., 2005; Lu et al.,
2017). Identification of genetic variation in many of flowering
and maturity genes has mainly contributed to broadening of
the region of soybean adaptability and cultivation (Watanabe
et al., 2012). Here, we suggest that functional diversification of
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GmFT homologs contributes to adaptation of soybean accessions
to diverse environments. In addition, diversification in gene
expression patterns of GmFT homologs also plays an important
role in adaptation and domestication of soybean cultivars. Our
results showed that early flowering soybean accessions exhibited
high expression levels of floral activators GmFT2a and GmFT5a,
however, their expressions were strongly suppressed during the
vegetative stages (V4) of late-flowering accessions. In contrast,
floral repressor GmFT4 showed the exact opposite expression
pattern (Figure 7 and Supplementary Figure 2). Consistently,
during the juvenile period of late-flowering accessions, while the
expression of GmFT2a and GmFT5a was low levels, GmFT4 was
highly expressed. However, the transcription of GmFT2a and
GmFT5a was induced along with flowering (Figure 8). These
results suggest that GmFT homologs acting as floral repressors,
such as GmFT4, suppress flowering until the proper timing of
flowering. Once the environment becomes suitable for flowering,
soybean turns on the transcription of floral activators GmFT2a
and GmFT5a to initiate flowering.

CONCLUSION

Taken together, we conclude that not only the existence of
various GmFT homologs with antagonistic functions, but also the
differential regulation of their gene expressions are critical for
the adaptation of soybean accessions to diverse habitats and for
maximizing yields.
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The general concept of photoperiodism, i.e., the photoperiodic induction of flowering,
was established by Garner and Allard (1920). The genetic factor controlling flowering
time, maturity, or photoperiodic responses was observed in soybean soon after
the discovery of the photoperiodism. E1, E2, and E3 were named in 1971 and,
thereafter, genetically characterized. At the centennial celebration of the discovery of
photoperiodism in soybean, we recount our endeavors to successfully decipher the
molecular bases for the major maturity loci E1, E2, and E3 in soybean. Through
systematic efforts, we successfully cloned the E3 gene in 2009, the E2 gene in 2011,
and the E1 gene in 2012. Recently, successful identification of several circadian-related
genes such as PRR3a, LUX, and J has enriched the known major E1-FTs pathway.
Further research progresses on the identification of new flowering and maturity-
related genes as well as coordinated regulation between flowering genes will enable
us to understand profoundly flowering gene network and determinants of latitudinal
adaptation in soybean.

Keywords: soybean, flowering time, maturity, photoperiodic response, positional cloning, E1

INTRODUCTION

In plants, various external cues, e.g., day length and temperature, can trigger endogenous
physiological changes and lead to flowering, the critical change from vegetative growth stage
to maturity stage. Garner and Allard (1920) discovered “photoperiodism” describing that day
length can influence flowering time in many plant species (Garner and Allard, 1920). Along
with tobacco and other plants, soybean was used as a model plant that greatly contributed to
the advances of photoperiodism (Garner and Allard, 1920; Owen, 1927; Heinze et al., 1942).
As the most important external cues, light is received by photoreceptors, e.g., phytochromes,
cryptochromes, and phototropins. The functions of the phytochromes, the red light and
far-red light absorbing photoreceptors, in initiation of flowering were extensively studied
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(Takimoto and Hamner, 1965). As early as in 1934, the leaf
was found to sense day length (Knott, 1934). Florigen is
proposed for the signal that is transmitted from leaves to the
shoot apical meristem (SAM) where the flowering is initiated
(Chailakhyan, 1936). Recent molecular advances have identified
that FT protein, a rather small protein with a certain similarity
to RAF kinase inhibitors (Kardailsky et al., 1999; Kobayashi
et al., 1999), functions as Florigen, which is produced in
leaves and transmitted to the SAM (Corbesier et al., 2007;
Jaeger and Wigge, 2007; Tamaki et al., 2007; Notoguchi et al.,
2008). The molecular mechanism of flowering has been well
understood using model plants, Arabidopsis thaliana and rice
(Oryza sativa). Several regulatory network pathways controlling
flowering have been deciphered (Amasino, 2010; Fornara et al.,
2010). In Arabidopsis, CONSTANS (CO), GIGANTEA (GI),
and FLOWERING LOCUS T (FT) have been proven to be
central components for initiation of flowering in long-day
conditions (Koornneef et al., 1991; Kardailsky et al., 1999;
Fornara et al., 2010).

In soybean, nine maturity loci, known as E-series (E1 to
E8) and J conditioning flowering, have been identified and
characterized genetically (Bernard, 1971; Buzzel, 1971; Buzzel
and Voldeng, 1980; McBlain and Bernard, 1987; Ray et al., 1995;
Bonato and Vello, 1999; Cober and Voldeng, 2001a; Cober et al.,
2010). Recently, E9, E10, and E11 of E series were nominated
(Kong et al., 2014; Zhai et al., 2014a; Zhao et al., 2016; Samanfar
et al., 2017; Wang et al., 2019).

The E1, E3, E4, and E7 loci were proven to be photoperiod
sensitive to different light quality conditions (Buzzel, 1971;
Buzzel and Voldeng, 1980; McBlain et al., 1987; Cober et al.,
1996a,b; Abe et al., 2003). Flowering delay under long-day for
the alleles of E1, E4, and E7 was conditioned by the light quality
with lower red to far-red (R:FR) quantum ratios (Cober et al.,
1996a; Cober and Voldeng, 2001b). However, the E3 locus is
less sensitive to light quality, which was revealed by similar
flowering delays under long-day conditions with various light
qualities (Cober et al., 1996a). The recessive E3 allele conditions
long-day insensitivity under fluorescent light with a high R:FR
ratio (Buzzel, 1971), whereas E4 needs the presence of E3 to
achieve long-day insensitivity in incandescent light with a low
R:FR ratio (Buzzel, 1971; Buzzel and Voldeng, 1980). Particularly,
the E1 locus confers a largest effect on flowering time under
various environmental conditions (Bernard, 1971; Abe et al.,
2003; Stewart et al., 2003).

Characterization of isolines of E allelic combinations
(Upadhyay et al., 1994a,b) revealed that each E locus exerts its
influence on flowering time and maturity and also pleiotropic
effects on some different developmental processes (Curtis et al.,
2000), e.g., plant height and yield (Mansur et al., 1993; Chapman
et al., 2003; Cober and Morrison, 2010).

Until 2000, the molecular bases for E series had not been
disclosed; therefore, Professor Kyuya Harada’s research team at
Chiba University, Japan had started to develop recombinant
inbred line (RIL) populations for linkage maps (Yamanaka et al.,
2000), and quantitative trait locus (QTL) analyses (Yamanaka
et al., 2001; Watanabe et al., 2004) toward deciphering the
molecular basis for the E1, E2, and E3 loci using the positional

cloning strategy (Watanabe et al., 2009, 2011; Xia et al.,
2012; Figure 1).

THE METHOD AND STRATEGY OF
RESIDUAL HETEROZYGOUS LINES FOR
POSITIONAL CLONING

Mapping Population, Linkage Map, and
QTL Mapping
Quantitative trait locus analysis (Tanksley, 1993) was employed
to dissect the genetic factors for the quantitative trait flowering
time into separate components by using RILs. The RILs were
derived from a cross between Misuzudaizu, a Japanese variety,
and Moshidou Gong 503, a weedy line from China.

A population of 156 RILs (F8:10) was used for QTL analysis
of flowering. Three QTLs for flowering time, FT1, FT2, and FT3
were, respectively identified at LG C2 (Chr. 6), LG O (Chr. 10),
and LG L (Chr. 19), which were respectively corresponding to
E1, E2, and E3, according to the map positions (Yamanaka et al.,
2001; Watanabe et al., 2004; Xia et al., 2007; Figure 1). All the
late-flowering alleles E1, E2, and E3 were partially dominant
over the early flowering alleles, e1, e2, and e3, respectively. The
parent Misuzudaizu carried late-flowering allele at the E1 and E3
loci, whereas Moshidou Gong 503 had the late-flowering allele at
the E2 locus.

Although near-isogenic lines (NILs) that contain a QTL in
a small, defined chromosomal region are beneficial for fine
mapping of the QTL, however, developing NILs is rather difficult
and time and labor intensive especially in soybean. Instead,
residual heterozygous lines (RHLs) were employed in our fine
mapping (Yamanaka et al., 2005; Figure 2). With a set of
developed molecular markers, in an RIL population, we were
able to identify a given RHL or a set of given RHLs harboring
a heterozygous region encompassing a given target QTL but
homozygous for the most other regions of the genome, especially
for the other QTL regions for the same trait. Phenotypic
segregation was generally observed in the progenies of the
RHL, the pattern of which depends on the effects of the
target QTL (Figure 2). Similarly, heterogeneous inbred family
(HIF) defined by Tuinstra et al. (1997) was successfully used
to identify the QTL associated with seed weight in sorghum
(Tuinstra et al., 1997).

Genotypes of a given trait in recombinants identified in
the progenies of RHL could be deduced from the segregation
patterns in the next generation. Theoretically, the probability of
successful identification of RHLs for a target QTL depends on
the heterozygosity ratio and the size of the population studied
(Figure 2). The formula of nCkpk (1-p)n−k can be used to
calculate the possibility of the probability of successfully detecting
k individuals with a heterozygous genotype at the target region,
in which p is the ratio of heterozygosity of any population
with given size of n. Taking an F7 generation of RILs as an
example, the ratio of heterozygosity (p) is 0.0156; the probability
of detecting at least one RHL in a population size of 200 is more
than 0.95. In our practice, confirmed QTL analysis using the
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FIGURE 1 | Linkage map construction using an F2 population derived from a cross between Misuzudaizu and Moshidou Gong 503 (adapted from Xia et al., 2007).
Identified Quantitative trait loci (QTLs) of E1, E2 and E3 for flowering time were indicated by red segments. PVE, phenotypic variance explained by each QTL. Name
of each linkage map is depicted on the top.

F6–F8 RIL population together with the RHL strategy is beneficial
for unwinding genetic factors for an agronomic trait into each
QTL (Figure 2).

Marker Development
Since cloning of E1, E2, and E3 genes started at the time
before the soybean reference genome sequences of Williams 82
were available, amplified fragment length polymorphism (AFLP),

simple sequence repeat (SSR), and sequence characterized
amplified region (SCAR) markers were mainly used for
developing new markers and genotyping a large population of the
RHLs’ progenies (Xia et al., 2007; Watanabe et al., 2009).

In the given QTL region of RHL-derived population,
recombinants were identified through DNA markers, whereas
the genotypes of flowering time of recombinants were validated
by progeny test. If the markers cosegregated with genotypes
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FIGURE 2 | A schematic representation of residual heterozygous line (RHL)
strategy for positional cloning. The RHL retains a heterozygous region
including the target QTL region but carries homozygous regions across the
genome especially for the other QTL regions detected. Meshed circles show
heterozygous individuals. HIF refers to heterogeneous inbred family.

of flowering time, bacterial artificial chromosome (BAC)
or transformation-competent bacterial artificial chromosome
(TAC) clones compassing these markers were identified (Xia
et al., 2005, 2009; Wadahama et al., 2008). Based on the
fingerprinting profiles, BAC end sequencing, and relationships
between BAC and markers, the BAC or TAC contig could be
built. BAC clones covering the target region were selected for
sequencing. The sequence data were assembled and annotated.
Further functional confirmation of a candidate gene was carried
out by association analysis, allelic variation, and gene disruption
by induced mutation.

THE ROUTE TO SUCCESSFUL
IDENTIFICATION OF THE E3 GENE

Totally, six DNA markers, including three AFLP-derived
and three PCR-based markers developed from the BAC/TAC
sequences, were employed for fine mapping of the E3 locus.
Through systematic fine mapping, it was strongly suggested the
E3 gene had been successfully delimited to the physical region
covered by TACH17D12 (Figure 3).

Based on the sequence of GM_TMiH_H17D12, a total of
11 genes were predicted. Considering having a large effect
on flowering time under FLD conditions, a candidate for the
E3 gene might be a photoreceptor (Cober et al., 1996a). The
gene GmPhyA3 encoding phytochrome A was considered to
be a strong candidate for E3. This E3 gene was referred to as
GmPhyA3, following GmPhyA1 and GmPhyA2, that had been
assigned for other phytochrome A genes when the E4 gene was
cloned (Liu et al., 2008).

GmPhyA3 from Misuzudaizu (GmPhyA3-Mi) encodes a 1130
amino acid protein. GmPhyA3-Mi carries normal conserved
domains for phytochrome A type protein, including two
Per/Arnt/Sim (PAS) domains, a histidine kinase domain, and a
chromophore-attached domain. GmPhyA3-Mo from Moshidou
Gong 503 carries a large insertion in the fourth intron and
one functional single-nucleotide polymorphism (SNP) (glycine
to arginine) in the third exon. Amazingly, this SNP was captured
by AFLP technique as marker E6M22 (Figure 3). The insertion
sequence is approximately 2.5 kb of the non-long-terminal-
repeat (non-LTR) retrotransposon reverse transcriptase element,
a portion of which is highly homogeneous to the Ty1/copia or
Ty1/gypsy sequences in the E4 allele (Liu et al., 2008).

E3 gene sequences from Harosoy and Harosoy-e3 were,
respectively designated as GmPhyA3-E3 and GmPhyA3-e3
(Figure 4). In addition, a retrotransposon-like insertion sequence
was also identified in GmPhyA3-E3, as well as in GmPhyA3-
Mo (Figure 4). However, the amino acid sequences encoded by
GmPhyA3-Mi and GmPhyA3-E3 were identical.

Additionally, a large deletion of 13.33 kb occurred at the
beginning of the third exon in GmPhyA3-e3. Furthermore, a
mutant (GmPhyA3-mut), with a 40-bp deletion in GmPhyA3
gene, was identified from the mutant libraries of Bay using
targeting-induced local lesions in genomes (TILLING) (Figure 4;
Watanabe et al., 2009).

Genetic analysis revealed that F2 population derived from
a cross between Harosoy and 6-22-ft3 showed a significant
difference on flowering time in agreement with E3 genetic effect,
indicating the E3 and FT3 alleles are eventually identical.

In addition, large retrotransposon sequences inserted into
GmPhyA3-E3 and GmPhyA3-Mo might exert no noticeable effect
on the phenotype, whereas the single AA substitution that
occurred in the GmPhyA-Mo might have a weak effect on the E3
allele (Figure 4; Watanabe et al., 2009).

Considering that a large effect under FLD had been reported
for the E3 allele (Cober et al., 1996b), the sensitivities of
the three NILs (Harosoy and -E3, 6-22-FT3 and -ft3, 1-146-
FT3 and -ft3) and the mutant line for the GmPhyA3 gene to
FLD conditions were evaluated. The result showed that the
effect of the E3 allele was promoted under FLD conditions in
all the NILs, although different genetic backgrounds also can
determine the basal line of flowering days. The GmPhyA3-mut
mutant flowered 15 days earlier than the wild-type cultivar Bay
under FLD mimic condition, in which sunlight was extended
with a mercury-vapor lamp with high red/far-red (R/FR) ratio
(Watanabe et al., 2009). Refer to the formal publication on the
positional cloning of the E3 gene (Watanabe et al., 2009) for the
detailed cloning procedure.
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FIGURE 3 | Fine mapping of the E3 gene. The heterozygous region is shown on the top. The linkage map of markers and bacterial artificial chromosome (BAC)
contig are displayed in the middle panel. Mapping using recombinants are shown in the bottom panel: left, recombinants detected; right, phenotypic segregation
patterns in the progenies. Recombination is shown by red bars representing homozygous Misuzudaizu allele, blue bars representing homozygous Moshidou Gong
503, and green bars representing the heterozygote. The phenotypic segregation is shown in boxplot format. The delimited E3 region is shown in the purple box
(Adapted from Watanabe et al., 2009).

Recently, Liu Y. et al. (2020) systematically illustrated the
dynamic allelic variations in the E3 gene based on pan-
genome information of wild and cultivated soybean. In addition,
the existence of a read-through type gene fusion between
E3 and its neighboring genes including SoyZH13_19G210600
was demonstrated.

THE ROUTE TO SUCCESSFUL
IDENTIFICATION OF THE E2 GENE

The strategy that has been employed for cloning of the E3 gene
was used for cloning of the E2 gene. The FT2 locus corresponded
to the maturity locus E2 (Yamanaka et al., 2001). In the RIL
population, the line RIL6-8 was identified to carry heterozygous
region covering the E2 locus; therefore, this line is hereafter
referred to as RHL6-8 (Figure 5; Watanabe et al., 2011).

Three SCAR markers that had been successfully developed
from these five polymorphic products were used to screen
two independent BAC libraries, and a total of 10 BAC clones

were acquired and a contig of approximately 430 kb was built
(Watanabe et al., 2011). Three molecular markers, one AFLP-
derived and two BAC-sequence-derived markers, were employed
for the fine mapping to delimit the E2 locus (Watanabe et al.,
2011). The E2 locus could explain 87.9% of the total variance
in flowering time, indicating that a single QTL or gene controls
this trait observed in this population. The marker 2 (E60M38)
cosegregated with E2 judging from the flowering time, indicating
that this marker was physically close to E2 (Watanabe et al.,
2011). Judging from the phenotypes and genotyping data of
recombinants as well as the positions where recombination
events occurred, the E2 locus could be delimited into the single
BAC clone, MiB300H01 (Watanabe et al., 2011; Figure 5). The
whole sequence of the BAC clone, MiB300H01, was determined
using shotgun sequencing. Among the nine genes annotated
for the 94-kb sequence of MiB300H01, Glyma10g36600 was
considered to be the strongest candidate for the E2 locus based
on the functional annotation in junction with the functional
interpretations in previous genetic studies (Buzzel, 1971; Buzzel
and Voldeng, 1980; Cober et al., 1996a).
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FIGURE 4 | The allelic variation of the E3 gene. Open boxes, shaded boxes,
and horizontal lines, respectively indicate exons, untranslated regions (UTRs),
and introns of protein structure. Variations such as deletion, insertion, and
presence of the stop codon are indicated. On the right side are shown their
photoperiod sensitivity.

The candidate E2 gene was referred to as GmGIa. The coding
sequence of GmGIb, the closest homolog of GmGIa in the
genome, was also predicted.

The coding sequence of GmGIa-Mo from Moshidou Gong
503 containing 14 exons is prolonged to a 20-kb genomic region.
Interestingly, the marker 2 derived from AFLP polymorphic band

E60M38 was located in the fifth intron and cosegregated with
E2 (Watanabe et al., 2011). Four SNPs were detected in the
coding sequence of GmGIa-Mi, the Misuzudaizu early flowering
allele, in comparison with GmGIa-Mo. Especially, an SNP in the
10th exon resulted in a premature stop codon mutation leading
to a truncated 521 AA GI protein in GmGIa-Mi. Considering
this stop codon mutation is functional in GmGIa, a derived
amplified polymorphic sequence (dCAPs) marker was developed
to genotype other corresponding NILs of Harosoy (e2/e2).
The genotypes of the E2 in all NILs tested were completely
consistent with the genotypes of this dCAPs marker. This result
further verified the candidacy of GmGIa for the E2 loci and
that this conserved stop codon mutation was a causal factor
for the early flowering phenotype (Watanabe et al., 2011). To
further validate whether mutations in the GmGIa can cause
profound impact on flowering time and maturity, we identified
a mutant line from X-ray-irradiated and ethyl methanesulfonate
(EMS)-derived libraries by TILLING (McCallum et al., 2000). In
comparison with wild-type cultivar Bay carrying the E2 allele, the
mutant line whose E2 gene had a deletion in the 10th exon leading
to a truncated protein (735 amino acids) showed a significant
earlier (8 days) flowering phenotype under natural day-length
conditions (Watanabe et al., 2011).

Taken together, GmGIa is the responsible gene for the
E2 locus. Refer to the formal publication on the positional
cloning of the E2 gene (Watanabe et al., 2011) for the detailed
cloning procedure.

FIGURE 5 | Fine mapping of the E2 gene using residual heterozygous line (RHL) strategy. The segregation region of the line of RHL 6–8 are shown on the top. The
physical contig are shown in the middle panel, in which the BAC or TAC clones and the developed markers are placed in the relative physical position. The M4 end
or RV end is also indicated. Mapping using recombinants are shown in the bottom panel. Left: Recombinant line detected. Recombination is shown by black bars
representing homozygous Misuzudaizu allele, white bars representing homozygous Moshidou Gong 503, and dotted bars representing the heterozygote. Genotypes
of E2 are judged based on the phenotypic segregation in the next generation. The delimited E2 region is shown. Right: phenotypic segregation patterns in the
following year in the progenies (Adapted from Watanabe et al., 2011).
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Three GmGIa haplotypes (H1, H2, and H3) were identified
amid cultivated cultivars and their wild relatives in soybean.
Interestingly, additional 44 haplotypes occur in wild soybeans
(Wang et al., 2016). In cultivated as well as wild-type soybeans,
H2 often occur in the southern part of China, while H3
was constrained to areas adjacent to the northeast region of
China. H1, a domesticated haplotype, is the variant of H2,
which was found to be profoundly distributed among cultivated
soybeans. Intriguingly, the ortholog of H1 was present only
at a low frequency in wild populations from Yellow River
(Wang et al., 2016).

THE ROUTE TO SUCCESSFUL
IDENTIFICATION OF THE E1 GENE

The RHL1-156 line with a heterozygous segment (approximately
17 cM) comprising the E1 locus was screened out from the
RILs population derived from a cross between Misuzudaizu
and Moshidou Gong 503. Importantly, all other flowering-
time-related QTL loci (except for the E1 locus) anchoring
segments were homozygous in this line. Upon segregation, a
population of 1,006 individuals was derived from the RHL1-
156. The E1 locus could be mapped between Satt365 and
GM169, at the distances of about 0.1 and 0.4 cM. The E1
locus is located in the pericentromeric region of chromosome
6 in soybean1, with a high ratio of physical to genetic
distance. Accordingly, no polymorphic AFLP bands had been
detected between bulks of E1 and e1, thus fine mapping
halted due to the lack of molecular marker. It was difficult
to develop new molecular markers in the era before the
genome information publically available. Therefore, we shifted
the cloning strategy and generated a mapping population of
Harosoy-E1 (E1e2E3E4e5) × Harosoy(e1) (e1e2E3E4e5), both of
which carry identical genetic background except the E1 locus.
Flowering times of Harosoy-E1, F1 plant, and Harosoy (e1)
were 45.0 ± 0.78 days (mean ± SD), 41.5 ± 1.16 days, and
34.9 ± 0.83 days, respectively, at Matsudo, Japan (35◦78′N,
139◦90′E), in 2005. The results indicated that the effects of the E1
locus were about 10 days, and the E1 allele is partially dominant
over e1. For the F2 population (117 plants), E1 was initially
mapped between markers Satt365 and Satt289 by means of QTL
analysis of flowering time at Matsudo in 2005, and the closest
marker was Satt557. Among an F2:3 population of 1442 plants
derived from 51 F2 plants that were heterozygous at Satt557,
seven recombinants between markers Satt365 and Satt289 were
identified (Figure 6).

The segregation patterns of flowering time among its progeny
in 2007 at Tsukuba, Japan (36◦03′N, 140◦04′E) were used to
accurately estimate the E1 genotype for each recombinant.
Despite a physical distance of 133 kb, we could not detect any
recombination event occurring between the markers S8 and
Satt557, which might be ascribed to a low recombination rate
occurring in the pericentromeric region.

1http://www.phytozome.net

Therefore, the E1 region was only located to an interval
of ∼289 kb between markers A and marker E5 (Figure 6).
According to the prediction using RiceGAAS (Sakata et al.,
2002), more than 40 genes were annotated for this 289-kb region
(Figure 6). Therefore, a new round of fine mapping became
necessary to further delimit the region of E1.

With the aid of a simple seed genotyping developed in the lab,
13,761 F2:5 seeds having a heterozygous E1 background and 10
recombinants carrying crossovers within the 289-kb region were
successfully screened out. Similarly, the phenotypic segregation
pattern of the progeny was evaluated at Tsukuba in 2009 to judge
the E1 genotype of each recombinant (Figure 6).

The E1 gene was delimited to the region between
markers 12 and 33, judging by the fact that the phenotypes
cosegregated with markers 34 and TI among these recombinants
(Figure 6). Molecular markers of E1 region were used to
screen in two independent BAC libraries of Misuzudaizu
and Williams 82. In order to construct the BAC contigs,
BACs were selected for shotgun sequencing based on
the presence of molecular markers including BAC end
sequencing-derived makers and the fingerprinting profiling
of each BAC clone digested with HindIII (Xia et al., 2005,
2009).

Sequences yield from single BAC were assembled individually,
and two physical contigs were successfully built for Misuzudaizu
and Williams 82, respectively. The delimited E1 region
corresponds to 17,372 bp in Misuzudaizu (dominant E1) and
22,876 bp in Williams 82 (recessive E1). In the 17,372 bp
from Misuzudaizu and Harosoy-e1, a single intron-free gene
(AB552962, 525 bp, 174 aa) was consistently annotated by
various software, such as GenScan (Burge and Karlin, 1997),
and was designated as the E1 gene. In recessive e1 cultivars
of Williams 82 and Harosoy (e1), a single missense point
mutation was detected in the coding region of E1, resulting in
a change from threonine to arginine at AA 15. This recessive
allele was referred as to e1-as (AB552963). In Sakamotowase
and its derived NILs, a 1-bp deletion in codon 17 at the
E1 locus resulted in a premature stop, designated as e1-
fs (AB552971).

In some early flowering cultivars such as Fiskeby V,
Yukihomare, Toyosuzu, Toyomusume, Hejian 1, and Heihe 2,
there was approximately 130 kb deletion (including the entire
E1 gene) and was designated e1-nl. Both in the growth chamber
and in the field, cultivars with the e1-as genotype generally
flowered and matured intermediate between the E1 and e1-fs
genotypes, demonstrating that e1-as is a leaky allele and retains
partial E1 function. The function of E1 in delaying flowering
was confirmed by the EMS-derived E1 mutants showing early
flowering phenotype.

The E1 gene encodes a protein that contains a putative
bipartite nuclear localization signal (NLS) and a B3 domain,
suggesting that this protein is a transcription factor. This
mutation from E1 to e1-as occurs in the first basic domain
(amino acid motif KKRK) of the putative bipartite NLS, which
might affect nuclear targeting. Through analysis of transformed
Arabidopsis protoplasts and onion cells, the E1 protein was
mainly localized in the nucleus, whereas the e1-as was found in
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FIGURE 6 | Fine mapping of the E1 gene. Graphical genotypes of soybean recombinants carrying recombination in the E1 region in the 2006–2009 experiments.
Left: Recombinants detected. Right: Phenotypic segregation patterns in the progenies. Recombination is shown by white bars representing Harosoy (e1), black bars
representing Harosoy-E1, and cross-hatched bars representing the heterozygote. The phenotypic segregation is presented in boxplot format. The box, the bold
vertical line, and the horizontal line, respectively represent the interquartile region, median, and range of flowering time. In 2006–2007 (A), with seven recombinants,
we were able to delimit the E1 to a 289-kb region. In 2008–2009 (B), with 10 recombinants, we further delimited the E1 region to a 17.4-kb region (adapted from Xia
et al., 2012).

the nucleus as well as in the cytoplasm. E1 expression was highly
repressed under both short- and long-day conditions in cultivars
carrying e3e3/e4e4.

The E1 expression level was negatively correlated with the
transcriptional abundance of FT2a and FT5a, two homologs of
Arabidopsis FT that promote flowering (Kong et al., 2010) under
the regulation of the E3 and E4 loci (Xia et al., 2012). Refer to the
formal publication on the positional cloning of the E1 gene (Xia
et al., 2012) for the detailed cloning procedure.

The molecular identification of E1 for the repression of
flowering at the E1 locus represents a significant step forward in
photoperiodic flowering and thus has implications in breeding
programs and cultivation practices. The expression level of
functional E1 gene was strongly associated with flowering time
(Zhai et al., 2015).

The soybean genome has two E1 homologs, E1La
(Glyma04g24640, Glyma.04G156400.1) and E1Lb
(Glyma18g22670, renamed as Glyma.04G143300.1).

Under long-day conditions, the expressions of all three genes
of Harosoy peaked before dusk and after dawn the next day.
The transition between light and dark phases and night–break
experiments revealed that E1 family genes were expressed
solely during light periods (Xu et al., 2015). In the cultivar
“Toyomusume,” which lacks the E1 gene, silencing of E1La and
E1Lb resulted in the upregulation of the expression of FT2a and
FT5a and early flowering phenotype. Thus, E1La and E1Lb might
have similar function to E1 in flowering (Xu et al., 2015). E1Lb
suppresses flowering under long-day conditions by blocking the
expression of FT2a and FT5a in a fashion independent of E1
(Zhu et al., 2019). Regulation of E1 and E1L expression by light
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is dominated by E3 and E4, and regulation of FT2a and FT5a
expression is controlled by E1 and E1L (Xia et al., 2012; Xu et al.,
2015). This module may be a major regulator in photoperiodic
flowering of soybean (Xia et al., 2012; Xu et al., 2015), which
is different from CO/FT module in Arabidopsis (Samach et al.,
2000) and rice (Kojima et al., 2002).

The E1 homolog Phvul.009G204600 (PvE1L) from common
bean, a short-day leguminous species, was proven to delay the
onset of flowering in soybean (Zhang et al., 2016). However,
Medtr2g058520, the E1 homolog from long-day leguminous
species, promotes flowering (Zhang et al., 2016). Thus, the
functional conservation and diversification of E1 family genes
from legumes may be associated with lineage specification
(Zhang et al., 2016).

Although both FT2a and FT5a are under the control of E1, and
collectively regulate flowering time, the function of FT2a is more
prominent in SD. However, FT5a functions more prominently in
LD, which affects adaptability of soybean to high latitude (Kong
et al., 2014; Takeshima et al., 2016). The ef allele at FT5a is a
rare haplotype, conferring an adaptive option at latitudes when
early flowering is needed (Cai et al., 2020). FT4 and FT1a were
proven to be repressing flowering, which are antagonistic to FT2a
and FT5a. Both genes are expressed at higher levels under LD
compared SD, indicating that both are induced by E1 (Zhai et al.,
2014a; Liu et al., 2018).

Soybean genome has 12 FT-like genes, which scattered in six
homologous pairs, FT1a/b, FT2a/b, FT2c/d, FT3a/b, FT5a/b, and
FT4/6 (Wu et al., 2017). Evolutionary trajectories of duplicated
FT homologs and their functional roles in soybean domestication
were reported (Wang et al., 2015; Wu et al., 2017). The FT2c
allele having a transposon insertion is widely spread in soybean
landraces but not in domesticated soybean, indicating that this
allele spreads at the beginning of soybean domestication (Wu
et al., 2017). FT2a was identified to be responsible for E9 (Zhao
et al., 2016). Studies on the expression levels of different alleles
among NILs and photoperiodic-insensitive cultivars indicated
that the SORE-1 (a Ty1/copia-like retrotransposon) insertion in
E9 diminished FT2a expression (Zhao et al., 2016).

ALLELIC COMBINATIONS OF THE E1 TO
E4 LOCI PRIMARILY DETERMINE
LATITUDINAL DISTRIBUTION

GmPhyA2, another phytochrome A gene, was proven to be the
causal gene for the E4 locus by using a candidate gene approach
(Liu et al., 2008). At the recessive allele (E4-SORE-1), the insertion
of a Ty1/copia-like retrotransposon into exon 1 of the E4 gene
weakens the function of the E4 gene on repressing flowering (Liu
et al., 2008; Figure 7).

Natural variations in E1–E4 genes were determined for 62
cultivars or landraces and a wild soybean accession (Tsubokura
et al., 2014). Allelic combinations at the E1–E4 loci are associated
with ecological types, and 62–66% variation in flowering time
could be explained by these loci (Tsubokura et al., 2014).
The association of maturity group of soybean varieties and
the adaptation to diverse ecological or latitudinal regions with

allelic variation in E1–E4 were also performed in China (Jiang
et al., 2014; Zhai et al., 2014b), the United States (Langewisch
et al., 2014, 2017; Wolfgang and Charles, 2017), and Europe
(Kurasch et al., 2017).

Liu L. P. et al. (2020) reported that the allele combinations
of e1-as/e2-ns/e3-tr/E4, E1/e2-ns/E3/E4, and E1/E2/E3/E4 are
dominant genotypes in the Northeast China, Huang-Huai-Hai
(HHH) Rivers Valley, and South China regions, respectively.
Notably, E1 and E2, especially E2, affected flowering and variation
maturity time of soybean significantly.

Among the soybean population at Novi Sad, Serbia, e1-
as/E2/E3/E4 was the most dominant genotype and presented
the best performance in terms of yield. This allelic combination
is putatively the optimal one suitable for the environments of
Central-Eastern Europe (Miladinovic et al., 2018).

A total of 15 multilocus genotypes at the E1–E4 loci were
identified from 53 photoperiod-insensitive accessions. At either
the E3 or E4 locus, a recessive allele was observed for all of the 53
accessions. A loss-of-function of e1-fs or e1-nl or hypomorphic
e1-as allele at the E1 locus always occurred when a dominant
allele is present at the other loci (Xu et al., 2013).

Soybean RIL lines with various allele combinations at the E1,
E2, E3, and J loci were field tested for days to flowering (DTF)
and days to maturity (DTM) in short-day tropical environments
in Ghana. The alleles of these genes interacted with each other for
DTF but not for DTM. The mutant allele J and E1 had profound
impact on DTF and DTM (Miranda et al., 2020).

“Enrei” (E1/e2/e3/E4) is one of the leading cultivars in Japan.
In order to expand the adaptability of “Enrei,” NILs for E2 and E3
were developed, and their flowering, maturity, seed productivity,
and seed-quality traits were evaluated in five different locations
(Yamada et al., 2012). The dominant alleles E2 and E3 were
introduced from “Sachiyutaka” (E1/E2/e3/E4) and “Fukuyutaka”
(E1/E2/E3/E4), respectively, by recurrent backcrosses based on
the functional DNA markers. The modification of genotypes
at maturity loci provides new varieties that are adaptive to
environments of different latitudes while retaining almost the
same seed quality as that of the original cultivar. Modification
of maturity loci is underway for several other cultivars. E1 and
E1La/b were simultaneously silenced via RNA interference, and
a super-early maturity line was developed that will adapt to high-
latitude short-season regions (Liu L. et al., 2020). In addition,
targeted mutations of soybean flowering genes by CRISPR/Cas9
technology to modify flowering and maturity have been reported
for FT2a (Cai et al., 2018), for FT2a and FT5a (Cai et al., 2020),
and for E1 (Han et al., 2019).

IDENTIFICATION OF NEW GENES
CONTROLLING FLOWERING TIME

A potential candidate gene for E10 was proposed as FT4
(Samanfar et al., 2017). FT4, a homolog of FT, is positively
regulated by E1 and was proven to function as a flowering
repressor (Zhai et al., 2014a).

E11 is a recently reported locus that influences both flowering
time and maturity, and the most likely candidate is reported
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FIGURE 7 | The important research events in soybean since the discovery of the photoperiodism.

to be a soybean homolog of LATE ELONGATED HYPOCOTYL
(LHY) (Wang et al., 2019). A homolog of EARLYFLOWERING
3 (GmELF3) was identified as a gene for J locus (Lu et al.,
2017; Yue et al., 2017). J protein physically associates with E1
promoter and downregulates its transcription (Lu et al., 2017).
The GmFLC-like protein can directly suppress the expression of
FT2a by physically interacting with its promoter region. GmFLC-
like might be involved in long-term low temperature-triggered
late flowering by repressing FT gene expression. The result of
treatments with various low temperature durations showed that
GmFLC-like acts as a floral repressor (Lyu et al., 2020).

GmAGL1 was proven to promote flowering possibly in a
fashion of photoperiodic regulation. Overexpression of GmAGL1

leads to early maturity, but no reduction occurs in seed traits or
oil and protein contents (Zeng et al., 2018).

Analysis of variations in coding and non-coding regions
of the GmGBP1 genes in 278 soybean accessions showed that
the shorter growth period might be largely ascribed to higher
GmGBP1 expression. In addition, RNA-interference-mediated
downregulation of GmGBP1 resulted in a longer growth period
under different day lengths. It was showed that GmGBP1 can
act as a positive regulator of FT2a and FT5a to promote the
expression of GmFULc, leading to early flowering under short-
days (Zhao et al., 2018).

Two pairs of homologs COL1a/b and COL2a/b and other
22 CO-like genes have been identified in the soybean genome.
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Although the RNAi-mediated downregulation of COL1a/b could
lead to the downregulation of E1 (Wu et al., 2019), the function of
COL genes in soybean has not been well understood. The mutant
lacking COL2b putatively weakens the repression of flowering by
cool temperature, in which the expressions of E1, FT2a, and FT5a
have been altered (Zhang et al., 2020a,b).

Recently, a great progress has been made on connection of
clock genes with E1-FTs, the major flowering pathway in soybean
(Lu et al., 2017, 2020; Li Y. et al., 2019; Bu et al., 2021).

The QTLs, qFT12-1/Gp12/Tof12 or Gp11/Tof11, in
chromosomes 11 and 12 have been identified to be GmPRR3a and
GmPRR3b, two homologs of Arabidopsis PSEUDO-RESPONSE
REGULATOR (PRR) 3 (Li M. W. et al., 2019; Li Y. et al., 2019; Li
et al., 2020; Lu et al., 2020). Through the LHY homologs, both
GmPRR3a and GmPRR3b function to promote E1 expression
and thus delay flowering under long-days (Lu et al., 2020). The
allelic variation in GmPRR3b has been widely chosen through
modern breeding (Li Y. et al., 2019; Li et al., 2020). The causal
SNP (Chr12:5520945) likely confers GmPRR3b a suitable level of
activity, resulting in early flowering and vigorous growth. This
functional variation is preferentially retained during breeding
or improvement of landraces or cultivars. This gene, showing
rhythmic and photoperiod-dependent expression, is specifically
induced in LD and appears to act as a transcriptional repressor
of GmCCA1a, which directly moderates J/GmELF3a to control
flowering time (Li et al., 2020).

Overexpression of GmPRR37 noticeably repressed the
flowering of transgenic soybean in LD but not in SD (Wang et al.,
2020). GmPRR37 downregulated the expression of FT2a and
FT5a, the flowering-promoting FT homologs, and upregulated
FT1a expression, flowering-repressing FT homolog under
long-day conditions (Wang et al., 2020).

The long-juvenile (LJ) trait can increase the vegetative
phase under short-day conditions, ensuing higher yield and
enabling expansion of cultivation in tropical regions. J locus,
the major classical locus conferring the LJ trait, was identified
as the ortholog of A. thaliana EARLY FLOWERING 3
(ELF3), which depends genetically on the legume-specific
flowering repressor E1 (Lu et al., 2017; Yue et al., 2017).
J protein physically associates with the E1 promoter to
downregulate its transcription, alleviating suppression of two
important FT genes and promoting flowering under short-days
(Lu et al., 2017).

Evening complex (EC) can be formed by both LUX1 and LUX2
by interacting with J, which promotes flowering redundantly. The
EC represses the expression of E1 and its homologs by binding to
the LBS (a specific LUX binding site) of their promoters. Thus,
FT2a and FT5a were abundantly produced to induce flowering in
SD (Bu et al., 2021).

CONCLUSION AND FUTURE
PERSPECTIVE

To mark the centennial of photoperiodism, we reviewed our
efforts toward successful cloning of responsible genes at the
major maturity loci E1, E2, and E3. Indeed, international

FIGURE 8 | The putative flowering time gene network controlling the
photoperiodic sensitivity in soybean. On the left panel, under long-day
conditions, the expression of the E1 gene is predominately promoted by the
E3 and E4 genes. The elevated E1 expression promotes the FT4a and FT1a
expression and represses the FT2a and FT5a, leading to late flowering and
higher photoperiod sensitivity. However, leaky allele e1-as displays partial
function of the E1 gene, and the non-functional allele, e1-nl or e1-fs, totally
loses the promotion activity for the expression of FT4a and FT1a as well as the
suppression activity for the expression of FT2a and FT5a. In addition, circadian
clock genes such as E2 as well as several downstream components such as
PRR3/7a, PRR3/7b, LUX, and J are proven to participate in the control of E1
expression. Under short-day condition, E1 is strongly suppressed and leads
to promoted expression of the FT2a/FT5a and early flowering time. The solid
and dotted lines, respectively represent direct and indirect regulations. The
arrow and T shape represent positive and negative regulation, respectively.

efforts have been made including the discovery of the genetic
factor controlling flowering and maturity, nomination,
development of NIL, construction of linkage maps and
BAC libraries, QTL mapping, fine mapping, and positional
cloning using RHL and NIL. Since the successful identification
of molecular basis of E1, E2, and E3 genes, great progress
has been made in identification of new genes that control
or regulate flowering time and maturity and in flowering
time gene networks especially related to circadian clock
(Figures 7, 8). The central role of E1 gene in photoperiodic
flowering has been recently understood at molecular level.
Both E3 and E4 genes mediate flowering responses under
high ratio of R and FR light. Under LD, the E3 and E4
genes induce the expression of E1 and E1Lb. PRR3a and
PRR3b inhibit the expression of GmLHY/GmCCA1 by
binding to their promoters. Furthermore, GmLHY and
GmCCA1 can bind to the E1 promoter and thus suppress
its expression. E1 can essentially repress the expression of
flowering-inducing factors FT2a and FT5a and promote the
expression of flowering-inhibitory factors FT4 and FT1a.
As a result, flowering is delayed under LD. Under SD,
the functions of E3 and E4 are greatly weakened, leading
to a suppressed expression of the E1. Meanwhile, J can
inhibit E1 expression. Consequently, the E1 expression is
strongly repressed in SD. The repressing effect of FT2a
and FT5a by E1 is strongly alleviated; in contrast, the

Frontiers in Plant Science | www.frontiersin.org 11 April 2021 | Volume 12 | Article 63275472

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-632754 April 22, 2021 Time: 16:51 # 12

Xia et al. Cloning of Soybean Maturity Genes

expression of FT1a and FT4 is suppressed (Figure 8). Therefore,
flowering is strongly promoted in SD.

To date, the draft flowering time gene network of
Phytochrome-clock-related gene E1-FTs has been built.
However, the detailed regulatory mechanism remains poorly
understood. Although the E1 gene stands as a key hub gene
in the regulation of flowering time in soybean, its pleiotropic
function on other agronomic or phenotypic traits has not
been well exploited. We also needed to clarify the functions
of large numbers of flowering time gene homologs present in
soybean genome, as well as their functional diversification and
evolution in relation to domestication and modern breeding.
Further identification of important components of E1 pathway
and studies on the detailed and coordinate regulation of
flowering time gene network starting from the light reception
to the full maturity will enable us to understand the nature of
photoperiodism at molecular level in soybean.
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The flowering time and plant height of soybean are important agronomic characters,
which control the adaptability and yield of soybean. R2R3 MYB transcription factor plays
an important regulatory role in plant growth and development. In this study, soybean
GmGAMYB gene of R2R3-MYB type was induced by long-days (LDs). GmGAMYB
showed higher transcriptional levels in the flowers, leaves and pods of soybean.
Overexpression of GmGAMYB in transgenic soybean showed earlier flowering time and
maturity in LDs and short-days (SDs). GmGAMYB interacted with GmGBP1 and might
promote flowering time by up-regulating the expression of GmFULc gene in soybean.
Moreover, the expression level of GmGAMYB was also induced by gibberellins (GAs) and
the plant height of GmGAMYB-ox plants was significantly increased, which was caused
by the enlargement of internode cell in stem. Furthermore, GmGAMYB overexpression
led to increased GA sensitivity in the hypocotyl of soybean seedlings compared with
WT. GmGAMYB may be a positive regulator of GA response of promoting plant height
by up-regulating the expression of GmGA20ox gene in soybean. Together, our studies
preliminarily showed that the partial functions of GmGAMYB in regulating flowering time
and GA pathway.

Keywords: soybean, flowering time, plant height, GmGAMYB, gibberellin

INTRODUCTION

Soybean flowering time, maturity and plant height are the key factors affecting soybean adaptability
and yield. Soybean [Glycine max (L.) Merrill] is a short-day (SD) plant, and its growth and
development are very sensitive to photoperiod response. SD can promote flowering, and long-
day (LD) inhibit the growth of flower bud (Kantolic and Slafer, 2007). This characteristic seriously
hinders the adaptability of soybean varieties, and some soybean varieties planted in areas beyond
their normal latitude of 2◦N may significantly reduce their yields (Gai and Wang, 2001), so
different types of varieties in photoperiod response are needed to adapt to different ecological
conditions. Previous studies identified several major genetic loci affecting flowering and maturity
in soybean, which have been designated as E1 to E11 and J, and several QTLs, such as Tof11/Gp11,
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Tof12/Gp1/qFT12-1 (Bernard, 1971; Buzzell, 1971; Buzzell and
Voldeng, 1980; Mcblain and Bernard, 1987; Ray et al., 1995;
Bonato and Vello, 1999; Cober and Voldeng, 2001; Cober et al.,
2010; Kong et al., 2014; Samanfar et al., 2017; Wang et al.,
2019; Lu et al., 2020). Loss of function of the E1, E3, or E4
alleles leads to photoperiod insensitivity and promotes early
flowering under LDs (Liu et al., 2008; Watanabe et al., 2009;
Xia et al., 2012). E6 and J are primarily involved in promoting
flowering under SDs (Ray et al., 1995; Bonato and Vello, 1999).
Overexpression of GmFT2a and GmFT5a, two FLOWERING
LOCUS T (FT) homologs, activated the expression of floral
identity gene homologs such as GmAP1, GmLFY and GmSOC1 to
promote early flowering in soybean (Nan et al., 2014). In addition,
two homologs of SOC1, GmSOC1-like and GmSOC1, had been
isolated in soybean. Under LDs, GmSOC1-like overexpression
promoted flowering in Lotus corniculatus (Na et al., 2013), while
overexpression of GmSOC1 saved the late flowering phenotype of
Arabidopsis soc1-1 mutants (Zhong et al., 2012). GmAP1, a AP1
homologous gene in soybean, promotes early flowering and the
alteration of floral organ patterns in tobacco (Chi et al., 2011).

Plant height of soybean is also an important agronomic
character, which control the yield of soybean. Gibberellins (GAs)
is one of the most important plant hormones in determining
plant height (Helliwell et al., 1998; Ji et al., 2014). Recent
studies have shown that GmDW1 (dwarf mutant) encodes
an ent-kaurene synthase (KS) and plays a key role in GA-
regulated cell elongation in soybean stem internodes (Li et al.,
2018). A homologous gene of CCA1 and LHY in soybean,
GmLHY encodes an MYB transcription factor, which affects plant
height through mediating the GA pathway in soybean (Cheng
et al., 2019). Despite the economic importance of soybean, the
molecular mechanisms that regulate flowering and plant height
are still poorly understood. Therefore, to explore new genes
regulating soybean flowering and plant height, to further clarify
the molecular mechanism of these genes involved in regulating
flowering time, maturity and plant height, and to reduce the
breeding pressure is a hot spot in the field of breeding.

R2R3-MYB transcription factors are associated with the
regulation of plant morphology and metabolism, including
embryonic cell development, tapetum and anther development
(Higginson et al., 2003; Yang et al., 2007; Zhang et al.,
2007), stomatal movement (Cominelli et al., 2005), glucoside
biosynthesis (Gigolashvili et al., 2008), flavonoid accumulation
(Stracke et al., 2007), trichome formation (Payne et al., 2000)
and regulating flowering time (Seo et al., 2011; Liu et al.,
2013), etc. R2R3-MYB transcription factors are classified into 22
subgroups according to the sequence conservatism of C-terminal
region and GAMYB belongs to the 18th subgroup. GAMYB
plays an important role in flowering induction, flower organ
development, cereal seed germination and GA signaling pathway.
In Arabidopsis, GAMYB-like genes AtMYB33, AtMYB65, and
AtMYB101 mediated GA signal transduction regulates petiole
elongation and flowering response (Gocal et al., 2001). AtMYB33
and AtMYB65 is regulated by miR159 to promote programmed
cell death and inhibit growth in aleurone (Alonso-Peral et al.,
2010). In barley, HvGAMYB is upregulated by GA leading
to a decrease in anther length and color (Murray et al.,

2003). In rice, OsGAMYB functionally deficient mutants lead to
abnormal development of stamens and anthers (Liu et al., 2010).
Until now, the function of GAMYB members in soybean has
been less reported.

Soybean GAMYB binding protein gene (GmGBP1), a SKIP
homologous gene, functioned as a positive regulator of
photoperiod control of flowering time and maturity responses
(Zhao et al., 2018). Recent studies had preliminarily identified
the interaction between GmGBP1 and an R2R3-MYB soybean
GmGAMYB gene through yeast two-hybrid system (Zhang
et al., 2013). In the current study, GmGAMYB gene was
cloned and its expression pattern under change of day length
and GA treatments and biological function were characterized.
Overexpression of GmGAMYB promoted soybean flowering time
and maturity and increased plant height. The interaction between
GmGAMYB and GmGBP1 was verified by bimolecular fuorescent
complimentary (BIFC) and Co-lmmunoprecipitation (Co-IP).
Combined with RNA-Seq analysis, the overexpression of both
genes regulated the expression of GmFULc gene. Therefore, we
speculated that GmGAMYB and GmGBP1 interacted to promote
flowering time by upregulation of GmFULc gene expression
in soybean. Moreover, RNA-seq analysis on GmGAMYB-ox
soybean plants showed that GA synthetic gene GmGA20ox was
up-regulated by GmGAMYB. GmGAMYB may be a positive
regulator of GA response of promoting plant height by up-
regulating the expression of GmGA20ox gene in soybean.
These results preliminarily proposed the partial functions of
GmGAMYB in regulating flowering time and GA pathway.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and
Records of Data
In this study, soybean “DongNong 50” was used as the wild-
type (WT) control and the background plant for genetic
transformation. “DongNong 42,” a photosensitive soybean
variety was used to analyze the expression pattern of GmGAMYB
gene. The seeds of two soybean cultivars were provided by the
Northeast Agricultural University, Harbin, China.

For expression pattern analysis of GmGAMYB experiments,
soybean “DongNong 42” were cultured at 25◦C, 250 µmol
m−2sec−1 white light, LD (16/8 h light/dark) conditions (LDs).
A part of seedlings was transferred to SD (8/16 h light/dark)
conditions (SDs) on day 15 after emergence. When the second
trifoliate leaves were expanded, samples were taken every 3 h
under LDs and SDs for a total of 24 h. Samples of different
tissues including roots, stems, leaves, flowers, pods and seeds of
soybean plants grown under LDs and SDs were collected. To
analyze the response of GmGAMYB to GA3, 15-day-old seedlings
under LDs as described above were sprayed with 100 µM GA3,
and trifoliate leaves were sampled at 0, 0.5, 1, 3, 6, 9, 12, and
24 h after treatment. All samples were frozen in liquid nitrogen
and stored at −80◦C. Total RNA was extracted from all samples
and the expression of GmGAMYB was analyzed by quantitative
real-time RT-PCR (qRT-PCR).

Frontiers in Plant Science | www.frontiersin.org 2 May 2021 | Volume 12 | Article 66724277

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-667242 May 4, 2021 Time: 16:36 # 3

Yang et al. GmGAMYB Promoted Maturity and Increases Pheight

In order to analyze GmGAMYB promoter activity in
different Arabidopsis tissues and the activity of GmGAMYB
promoter in Arabidopsis treated with GA3, Col-0 was used
as the background plant for genetic transformation. Seeds
of proGmGAMYB:GUS transgenic Arabidopsis were surface
sterilized with 10% hypochlorite and then planted on MS agar
medium. When Arabidopsis seedlings had two true leaves, they
were transplanted into 1:1 of vermiculite and turfy-soil and
cultured under LDs. When Arabidopsis seedlings had four leaves,
some of them were soaked in 100 µM GA3 and sampled at 0,
3, and 6 h, respectively, for staining. On the 30th day of culture,
stem leaves, inflorescence, rosette leaves and roots of Arabidopsis
plants were stained with X-Gluc staining solution. After 12 h at
37◦C, then decolorized with 70% ethanol. After the chloroplast
were removed, microscopic observation was carried out.

For statistical experiment of transgenic soybean maturity, T3
generation GmGAMYB-ox-1, GmGAMYB-ox-2, and WT soybean
seeds were planted in plastic pots with dimensions of 30 cm
high × 25 cm diameter at the top and 15 cm diameter
at the bottom and cultured in a greenhouse at 25◦C with
250 µmol m−2sec−1white light under LDs. The positive seedlings
detected by Western blot were retained when the cotyledons fully
developed. When the first trifoliate leaves were expanded, part of
the seedlings were transferred to SDs under the same temperature
regime. At least 15 plants of WT and two GmGAMYB-ox
soybean lines were cultured under LDs and SDs, respectively.
Five reproductive stages of soybean (R1, R2, R3, R5, and R7)
were recorded according to the identification method of soybean
growth period proposed by Fehr (Fehr et al., 1971). Period in
which there was one flower at any node was R1. Period in which
flowering at any of the two nodes with fully grown leaves in the
uppermost part of the main stem was recorded as R2. Period
in which pod was 0.5 cm (1/4 inch) long at any of the four
uppermost nodes on the main stem with completely unrolled
leaf was recorded as R3. Period in which seed 0.3 cm (1/8 inch)
long in a pod at any of the four uppermost nodes on the main
stem with completely unrolled leaf appeared was recorded as R5.
Period in which a pod on the main stem reached its normal color
at maturity was recorded as R7. At least 50% of the plants of each
cultivar meet the criteria to be considered as reaching the specific
R stage. At least 15 plants were analyzed each cultivar each time,
and the experiments were repeated three times. Means ± SD
deviation was used in the statistical analysis of the data.

Plasmid Construction and Generation of
Transgenic Plants
Firstly, the FLAG and HIS tag carrier were constructed by
synthesizing the tandem repeats of 3 × FLAG and 6 × Histidine
(3F6H) tags with NotI at the 5′end and XbaI at the 3′ end [5′-
GCGGCCGCCCTGGAGCTCGGTACCCGGG(SmaI)GATCCCA
GGATCTGATTACAAGGATCATGATGGTGATTACAAGGAT
CACGACATCGACTACAAGGATGACGATGACAAGCACCA
TCATCACCACCATTGATCTCTAGA-3′, the sequences
encoding 3F6H tag were in bold] (Song et al., 2012). The
synthesized products containing 3F6H sequence at C terminus
were cloned into NotI-XbaI sites of pENTRY vector (named

pENTRY-3F6H). GmGAMYB gene fragment of 1602 bp was
cloned from “DongNong 42” genome using GmGAMYB-3F6H-F
and GmGAMYB-3F6H-R primers (Supplementary Table 2).
The GmGAMYB gene fragment was reassembled by In-Fusion
cloning system (Clontech, United States) connection onto the
pENTRY-3F6H vector (named 35S:GmGAMYB-3F6H-pENTRY).
Recombinant plasmid 35S:GmGAMYB-3F6H-pENTRY was
synthesized into pB7WG2 carrier by LR reaction (named
35S:GmGAMYB-3F6H-pB7WG2). The construct was then
transferred into Agrobacterium tumefaciens (EHA105).
According to the method described previously (Zhao et al., 2018),
transgenic soybean “DongNong 50” expressing 35S:GmGAMYB-
3F6H-pB7WG2 was obtained. Transgenic soybean plants were
screened by daubing 160 mg/L glufosinate into the preliminary
leaves of the seedlings and further validated by PCR assay. Two
most representative homozygous lines (GmGAMYB-ox-1 and
GmGAMYB-ox-2) were selected from five T3 transgenic soybean
lines for further study.

The GmGAMYB genome sequence of 1945 bp in front
of the 5′ untranslated region (UTR) served as the promoter
region of the gene. The GmGAMYB promoter sequence
was amplified from the genomic DNA of “DongNong 42”
using proGmGAMYB:GUS-F and proGmGAMYB:GUS-R primers
(Supplementary Table 2) and cloned into pENTR/D-TOPO (Life
technologies) (named proGmGAMYB-TOPO). The recombinant
plasmid was transferred to pGWB533 vector through LR reaction
(named proGmGAMYB:GUS), and then the new fusion vector
was introduced into Agrobacterium GV3101 for transforming
into Arabidopsis thaliana (Col-0) using the floral dip method
(Clough and Bent, 1998). Transformants were selected on
MS agar medium with 5 mg/L hygromycin. T3 transgenic
homozygous line seeds were selected for further study.

Immunoblot Analysis
Using extraction buffer [150 mM NaCl, 50 mM Tris (pH 7.5),
10% glycerol, 5 mM EDTA, 0.5% Triton X-100, 0.5% (SDS),
1 mM DTT, 2 mM Na3VO4, 2 mM NaF and EDTA-free protease
inhibitor tablet (Pierce)] to extract soybean protein to detect
the protein expression of GmGAMYB driven by cauliflower-
mosaic virus (CaMV) 35S promoter in transgenic soybean. Each
20 µg protein sample was subjected to 10% SDS-polyacrylamide
gel electrophoresis, which was separated and transferred to
nitrocellulose membrane. HRP-conjugated anti-FLAG antibody
(A8592, Sigma) was used to detect 35S:GmGAMYB-3F6H
protein. Mouse beta-actin monoclonal antibody (HRP-60008,
Proteintech) was used to detect actin proteins as control.
Super Signal West Pico Chemiluminescent substrate kits
(Thermo Fisher Scientific) and the signal was detected by
chemiluminescence imaging (Amersham Imager 600).

Subcellular Localization of GmGAMYB
The GmGAMYB ORF sequence was amplified using GmGAMYB-
TOPO-F and GmGAMYB-TOPO-R primers (Supplementary
Table 2) and cloned into pENTR/D-TOPO (Life technologies)
(named GmGAMYB-TOPO). The recombinant plasmid was
transferred to pGWB506 vector through LR reaction (named 35S:
GmGAMYB-GFP). The new fusion vector was introduced into
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Agrobacterium GV3101 for transforming into N. benthamiana
(Hu et al., 2013). Red nuclear marker plasmid (H2B-RFP) was
used to confirm the location of the cell nucleus (Goodin et al.,
2002). The fluorescence signal was detected by fluorescence
microscopy after 48 h tobacco leaves were infected.

Cell Morphology Under Scanning
Electron Microscopy
The internode cells of GmGAMYB-ox and WT soybeans were
observed using an S-3400N scanning electron microscope
(Hitachi Ltd., Tokyo, Japan) equipped with a cooling table.

Hypocotyl Growth Assay of Seedlings
The seeds of GmGAMYB-ox-1, GmGAMYB-ox-2 and WT were
used to test the GA-mediated sensitivity of hypocotyl elongation.
After normal germination on MS medium, all soybean seeds
were transferred to MS medium containing 0 and 10 µM
GA3, respectively.

Endogenous GA3 Determination
GmGAMYB-ox-1, GmGAMYB-ox-2, and WT soybean seeds were
cultured in a greenhouse at 25◦C with 250 µmol m−2sec−1 white
light under LDs. Leaf tissue (1 g fresh weight) was harvested
from 20-day-old WT and GmGAMYB-ox seedlings. Plant GA3
ELISA Kit (Andy gene) was used to determine the endogenous
GA3 levels in GmGAMYB-ox transgenic and WT soybean plants.
The absorbance (OD) of the samples was measured at 450 nm
with a microplate analyzer. The concentration of GA3 in the
samples was calculated by the standard curve. At least six plants
were analyzed each cultivar each time, and the experiments were
repeated three times. Means ± SD deviation was used in the
statistical analysis of the data.

RNA-seq, Statistical Analysis and
qRT-PCR Validation of Differentially
Expressed Genes
The T3 generation GmGAMYB-ox-1 and WT soybean seeds were
cultured in the soil under LDs condition at 25◦C. Trifoliate
leaves of independent three 15-day-old WT and GmGAMYB-ox-
1 transgenic soybean seedlings were collected for each biological
replicate, respectively, and the three biological replicates were
used for RNA-seq analysis. The specific analysis method were
described previously (Zhao et al., 2018). The cDNA library
preparation, RNA-seq sequencing and assembly were performed
on the Illumina sequencing platform (HiSeqTM 2000) by Beijing
Genomics Institute, Shenzhen, China. Clean reads obtained
after filtering the raw reads by removing adapter sequences
and low-quality sequences are used for de novo assembly and
read mapping of transcriptome. All Illumina reads produced
by WT and GmGAMYB-ox-1 by RNA-seq were compared in
the reference genome annotation database of soybean1. Ratios
of log2 were calculated with the reads per kilobase of exon
model per million mapped reads (RPKM) value of every gene
with P-value ≤ 0.001 and false discovery rate (FDR) ≤0.05 to

1http://www.phytozome.net

determine the differentially expressed genes. For verification of
differentially expressed genes, trifoliate leaves were harvested for
qRT-PCR of WT and GmGAMYB-ox transgenic soybean plants
the same as RNA-seq seedlings. Four differentially expressed
genes associated with flowering time and three plant height
related gene expression levels in GmGAMYB-ox transgenic
soybean were further detected by qRT-PCR validation. Three
biological replicates and three technical replicates were applied
for the whole assays. Data shown are mean ± SD of three
independent experiments (∗∗P < 0.01, Student’s t-test). Primers
are listed in Supplementary Table 2.

BIFC Assay
The constructed GmGAMYB-TOPO was transferred to the
expression vector pSITE-nEYFP-C1 through LR reaction (named
as 35S:GmGAMYB-nYFP). GmGBP1-TOPO-F, and GmGBP1-
TOPO-R primers (Supplementary Table 2) were used for
PCR amplification of GmGBP1 gene cDNA fragment, which
was cloned into pENTR/D-TOPO vector (named as GmGBP1-
TOPO) and transferred to the expression vector pSITE-cEYFP-
C1 vector by LR reaction (named 35S:GmGBP1-cYFP). All the
above plasmids were introduced into Agrobacterium GV3101
for transforming into N. benthamiana (Hu et al., 2013). Red
nuclear marker plasmid (H2B-RFP) was used to confirm the
location of the cell nucleus. After infiltration, tobacco leaves
were grown for 2 days, and YFP signals were detected by
fluorescence microscope.

Co-immunoprecipitation Assay
The constructed GmGBP1-TOPO was transferred to the
expression vector pGWB506 by LR reaction (named
35S:GmGBP1-GFP). The constructed recombinant was
introduced into Agrobacterium GV3101. Agrobacterium
35S:GmGAMYB-3F6H-pB7WG2 and 35S:GmGBP1-GFP were
individually or collectively transformed into N. Benthamiana
leaves (Hu et al., 2013) and were sampled 2 days later. After
protein extraction with a Co-IP buffer [50 mM Na-phosphate
pH7.4, 135 mM NaCl, 4.7 mM KCl, 1 mM DTT, 50 µM
MG-132, 2 mM Na3VO4, 2 mM NaF, and Complete protease
inhibitor cocktail tablets (Roche)], 10 µl of Protein G-coupled
magnetic beads (Dynabeads Protein G, Invitrogen) was used
to capture anti-FLAG antibody (Sigma). After incubation at
4◦C for 30 min, magnetic beads were washed three times for
5 min each time with 1 ml of Co-IP buffer without MG-132,
Na3VO4, sodium fluoride, and protease inhibitor, and eluded
with 2 × SDS sample buffer at 80◦C for 5 min. At each
sample, the immunoprecipitated proteins and 20 µl of the
total extract were separated by 10% SDS-polyacrylamide gel
electrophoresis gels and transferred to nitrocellulose membranes.
Then, HRP-conjugated anti-FLAG antibody (A8592, Sigma)
and HRP-conjugated anti-GFP Antibody (AB6663, Abcam)
were applied to test GmGAMYB-FLAG and GmGBP1-GFP
protein, respectively.

Quantitative Real-Time RT-PCR Analysis
RNA isolation has been described previously (Zhao et al.,
2013). qRT-PCR amplifications were performed using the
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TransStartr Tip Green qPCR SuperMix (TransGen Biotech,
Beijing) according to the manufacturer’s instructions on Applied
BiosystemsTM 7500 Fast Dx Real-Time PCR Instrument (ABI).
The PCR cycling conditions were as follows: 94◦C for 30
sec; 40 cycles of 95◦C for 5 sec and 60◦C for 34 sec.
GmActin4 (GenBank accession number AF049106) was used
as endogenous regulatory genes of soybean. The primers used
in qRT-PCR analyses were shown in Supplementary Table 2.
All experiments were performed at least three times with
independent biological replicates.

RESULTS

Sequence Analysis of the GmGAMYB
The full-length cDNA sequence of GmGAMYB in the
National Center for Biotechnology Information (NCBI)
GenBank (Accession No. KC525897) was cloned from the
leaves of “DongNong 42” by RT-PCR. The cDNA sequence
of GmGAMYB is 2,975bp and contains 893bp 5′ UTR,
480bp 3′ UTR and 1,602 bp open reading frame, which
encodes 533 amino acids with predicted molecular mass
of 58.873 kDa. Multiple sequence alignment of soybean
GmGAMYB and GAMYB-like proteins of Arabidopsis thaliana,
Oryza sativa, Zea mays, Vitis vinifera, Manihot esculenta,
Solanum lycopersicum, and Cucumis sativus showed that
GmGAMYB protein contains a highly conserved R2R3
domain in the N-terminal (Figure 1A), which is the typical
feature of R2R3-MYB subfamily. The conservative Motif
distribution of all GmGAMYB and GAMYB-Like proteins
showed Motif 1, Motif 2, and Motif 3 in the N-terminal,
and a Motif 4 in the C-terminal of all proteins (Figure 1B),
showing the highly conserved structural characteristics of
GAMYB. Among them, the Arabidopsis GAMYB-like genes
AtMYB33 and AtMYB65 have been reported to mediate
GA signal transduction to regulate petiole elongation and
flowering responses (Gocal et al., 2001). Phylogenetic tree
analysis showed that GmGAMYB was located on the same
branch with leguminous plants such as Mucuna pruriens
(RDX95167.1), Spatholobus suberectus (TKY68413.1), Cajanus
cajan (XP_020219565.1), Vigna unguiculata (XP_027909434.1),
Vigna angularis (XP_017431637.1) and Lupinus angustifolius
(XP_019449331.1) indicating that GmGAMYB proteins
were relatively conservative in the evolution of leguminous
plants (Figure 1C).

GmGAMYB Protein Was Located in Cell
Nucleus
The subcellular localization of the GmGAMYB protein
might be crucial for its function. Fusion expression vector
of GmGAMYB and green fluorescent protein gene (GFP)
was constructed, and Agrobacterium-mediated transient
expression of the fusion protein was transformed into
tobacco leaves. Fluorescence microscope was used to
observe green fluorescence in tobacco mesophyll cells. The
observation results showed that the expression of 35S:GFP

vector caused GFP fluorescence dispersed throughout
the entire cell. In contrast, 35S: GFP-GmGAMYB fusion
protein was specifically localized on the nucleus of tobacco
mesophyll cells (Figure 2A). Red nuclear marker plasmid
(H2B-RFP) was used to confirm the location of the cell
nucleus. The results clearly showed that GmGAMYB was a
nuclear-localization protein.

Daylength Effect on Temporal and
Spatial Expression Patterns of
GmGAMYB in Soybean
The mRNA transcript abundance of GmGAMYB gene in
“DongNong 42” leaves was analyzed within 24 h under SDs and
LDs by qRT-PCR. The transcription abundance of GmGAMYB
was significantly higher in LDs than in SDs, and reached
the peak at 15 h after dawn, while it did not change much
in SDs (Figure 2B). The results showed that GmGAMYB
expression was induced by LDs in soybean leaves. Moreover,
the expression levels of GmGAMYB gene in root, stem, leaf,
flower, pod and seed of soybean tissues were also detected
by LDs and SDs by qRT-PCR, respectively. The expression of
GmGAMYB was highly expressed in leaves, flowers and pods,
and higher in LDs than in SDs (Figure 2C). In addition,
GUS histochemical staining was further used to detect the
activity of GmGAMYB promoter in Arabidopsis. The stem leaves,
inflorescence, rosette leaves and roots of transgenic Arabidopsis
showed different degree of signal response after 30 days of
growth, indicating that GmGAMYB promoter could be activated
in different tissues of Arabidopsis, and its activation ability
was stronger in inflorescence and stem leaves (Supplementary
Figure 1). These results also suggested that GmGAMYB was
induced by LD and possible involved in soybean growth
and development.

Overexpression of GmGAMYB Promoted
Soybean Flowering Time and Maturity
To further determine the biological function of GmGAMYB
during the growth and development of soybean, the
35S:GmGAMYB-3F6H-pB7WG2 construct was transformed into
soybean “DongNong 50.” Two representative GmGAMYB-ox-1
and GmGAMYB-ox-2 lines were selected from the transgenic
lines for subsequent analysis of flowering time and maturation.
Compared with WT, GmGAMYB-ox transgenic soybeans
displayed earlier flowering and maturity under LDs and SDs
(Figure 3A). The flowering time (R1) of GmGAMYB-ox plants
was significantly earlier about 3 days under SDs and earlier about
5 days under LDs than WT plants. Furthermore, the R2, R3,
R5, and R7 of the two GmGAMYB-ox soybean plants were also
earlier than the WT plants, indicating that GmGAMYB shortened
the whole maturity (Figures 3B,C). GmGAMYB (GmGAMYB-
FLAG) protein with a size of 72KDa was detected by Western blot
analysis in GmGAMYB-ox-1 and GmGAMYB-ox-2 transgenic
soybeans (Figure 3D). In addition, GmGAMYB-ox-1 and
GmGAMYB-ox-2 transgenic soybeans were identified at DNA
and RNA levels (Supplementary Figures 2A,B). The results
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FIGURE 1 | Sequence analysis of the GmGAMYB. (A) Multiple sequence alignment. Multiple sequence alignment of soybean GmGAMYB and GAMYB-like proteins
of Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm), Vitis vinifera (Vv), Manihot esculenta (Me), Solanum lycopersicum (Sl), and Cucumis sativus (Cs)
(accession numbers are listed in Supplementary Table 1). The conserved R2R3-type domain is underlined. (B) Conservative Motif distribution of all GmGAMYB
and GAMYB-Kike proteins using the MEME Suite, and ten motifs were identified. The sequences of the ten motifs are exhibited at the bottom. (C) Phylogenetic tree
analysis was performed on GmGAMYB and proteins from other species with high similarity in NCBI. In addition to nine GAMYB-like proteins in the eight species
mentioned above, Mucuna pruriens (Mp), Spatholobus suberectus (Ss), Cajanus cajan (Cc), Vigna unguiculata (Vu), Vigna angularis (Va), Medicago truncatula (Mt),
Lupinus angustifolius (La), Populus trichocarpa (Ptr), Ricinus communis (Rc), Hordeum vulgare (Hv) were added to the construction of the phylogenetic tree. All the
amino acid sequence information comes from the Phytozome database (accession numbers are listed in Supplementary Table 1). Phylogenetic tree was
constructed using the neighbor joining method of MEGA 6.0.

above indicated that the increase of GmGAMYB expression level
promoted the flowering and maturity time.

GmGAMYB Interacts With GmGBP1, the
Ortholog of SKIP Protein in Soybean
Soybean GmGBP1 gene is a ortholog of SKIP and had been
functioned as a positive regulator of photoperiod mediated

flowering pathway in tobaccos andArabidopsis (Zhao et al., 2013)
and photoperiod control of flowering time and maturity
responses in soybean (Zhao et al., 2018). In addition, our
previous studies had preliminarily confirmed the interaction
between GmGAMYB and GmGBP1 through yeast two-hybrid
system (Zhang et al., 2013). In this study, we further used
BIFC and Co-IP to verify the occurrence of this interaction in
plants. Strong fluorescence signals were observed in the nuclei
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FIGURE 2 | Subcellular localization and expression pattern analysis of GmGAMYB. (A) Subcellular localization of GmGAMYB protein. After infiltration, the tobacco
leaves were grown for 2 days and the GFP signal was detected by fluorescence microscopy. Red nuclear marker plasmid (H2B-RFP) was used to confirm the
location of the cell nucleus. GFP: Green Fluorescent Protein; RFP: Red Fluorescent Protein; BF: bright field; Merge: GFP, RFP and bright-field images. (B) The daily
expression patterns of GmGAMYB in LDs and SDs. Soybean “Dongnong 42” plants, which were grown in LDs (16/8 h light/dark) for 15 days, were transferred to
LDs or SDs (8/16 h light/dark) for 10 days for sampling at 3 h intervals. White and black bars at the top represented light and dark phases, respectively.
(C) Tissue-specific expression of GmGAMYB under SDs and LDs. All the data were normalized with soybean GmActin4 gene as internal reference. For each
experiment, three technical replicates were conducted. Data shown are mean ± SD of three independent experiments.

of tobacco mesophyll cells co-transfected with 35S:GmGAMYB-
nYFP and 35S:GmGBP1-cYFP (Figure 4A). However, it was not
found in the cells transfected with vector control. GmGAMYB
(GmGAMYB-FLAG) protein with 3× FLAG was co-immunized
to precipitate GmGBP1-GFP protein (Figure 4B). These results
indicated that GmGAMYB interacted with GmGBP1 in vitro and
in vivo. Therefore, we speculated that GmGAMYB might interact
with GmGBP1 to regulate flowering time and maturation in the
photoperiodic pathway.

Identification of Differentially Expressed
Genes Acting Downstream of
GmGAMYB by RNA-Seq Analysis
The GmGAMYB-ox plants displayed earlier flowering time. In
order to further understand the molecular network regulated
by GmGAMYB, the global expression profiling of soybean
genes in the leaves of 15-day-old GmGAMYB-ox and WT
plants under LDs were compared by RNA-seq. Each individual
sample generated about 44.54 million clean RNA-seq reads,

of which 82.51% of the reads was mapped to the current
soybean reference genome assembly. A total of 6643 differentially
expressed genes (DEGs) between WT and the GmGAMYB-
ox transgenic line were detected (Supplemental Data Set 1).
These include 2,463 genes upregulated and 4,180 genes
downregulated by GmGAMYB overexpression. | log2FC| >1
and p < 0.05 were used as criteria to screen out the genes
with significant differences. Through functional analysis of plant
differentially expressed genes of overexpressing GmGAMYB
gene, it was found that four differentially expressed genes
associated with flowering time and three plant height related
gene were up-regulated by overexpression of GmGAMYB
gene. FRUITFULL (FUL) genes are a group of downstream
flowering genes that are known to play a major role in
the reproductive transition. All three homologous genes
GmFULc (Glyma.05G018800), GmFUL1a (Glyma.04G159300),
and GmFUL2b (Glyma.17G081200) in soybean are positively
regulated by GmGAMYB. GmFPF1 (Glyma.04G074800), a
FLOWERING PROMOTING FACTOR 1, showed 35.32% amino
acid identity with AtFPF1 (AT5G24860), which promoted
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FIGURE 3 | (A) Phenotypes of the T3 generation GmGAMYB-ox soybean in LDs and SDs at R1 stage. Phenotypes at R1 stage of wild-type (WT) and two
GmGAMYB-ox transgenic soybean lines (GmGAMYB-ox-1 and GmGAMYB-ox-2) in LDs and SDs. (B) Growth period of WT, GmGAMYB-ox-1, and
GmGAMYB-ox-2 in LDs. (C) Growth period of WT, GmGAMYB-ox-1, and GmGAMYB-ox-2 in SDs. Data represent means ± SD of at least 15 seedlings. Asterisks
indicate significant differences between GmGAMYB-ox-1, GmGAMYB-ox-2 and WT (**P < 0.01, Student’s t-test). (D) Immunoblot analysis of GmGAMYB-ox
transgenic soybean. 35S:GmGAMYB-3F6H protein expression in 15-day-old LD-grown transgenic seedlings. Beta-actin served as a loading control.

FIGURE 4 | GmGAMYB interacts with GmGBP1. (A) BIFC assay for GmGAMYB interacts with GmGBP1. Leaves of N. benthamiana was co-transformed with
GmGAMYB-nYFP and cYFP/GmGBP1-cYFP or nYFP and GmGBP1-cYFP. After infiltration, the tobacco leaves were grown for 2 days and the YFP signal was
detected by fluorescence microscopy. Red nuclear marker plasmid (H2B-RFP) was used to confirm the location of the cell nucleus. YFP: Yellow Fluorescent Protein;
RFP: Red Fluorescent Protein; BF: bright field; Merge: YFP, RFP and bright-field images. (B) Co-immunoprecipitation assays for GmGAMYB interact with GmGBP1.
35S:GmGAMYB-3F6H-pB7WG2 and 35S:GmGBP1-GFP were individually or colle ctively transformed into N. Benthamiana leaves. GmGAMYB-FLAG protein was
immunoprecipitated by anti-FLAG antibody, and then GmGAMYB-FLAG and GmGBP1-GFP protein in immunoprecipitated samples were detected by HRP coupled
anti-FLAG antibody (Sigma) and HRP coupled anti-GFP antibody (Abcam), respectively.
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FIGURE 5 | Validation of transcriptome sequencing results by qRT-PCR methods and the expression analysis of GmGAMYB treated with GA. (A) Relative expression
of the GmFULc, GmFUL1a, GmFUL2b, and GmFPF1 of GmGAMYB-ox and WT, respectively. (B) Relative expression of the GmGA20ox, GmTCP8, and GmTCP12
of GmGAMYB-ox and WT, respectively. (C) The expression of GmGAMYB gene in soybean under gibberellin treatment. 15-day-old seedlings were sprayed with
100 µM GA3, and leaf samples were obtained at 0, 0.5, 1, 3, 6, 9, 12, and 24 h after treatment. (D) Gibberellin-treated transgenic proGmGAMYB:GUS Arabidopsis
plant staining. When Arabidopsis grew to 4 leaves, some of them were soaked in 100 µM GA3 and sampled at 0, 3, and 6 h, respectively, for staining. For each
experiment, three technical replicates were conducted. Data shown are mean ± SD of three independent experiments (**P < 0.01, Student’s t-test).

flowering in Arabidopsis (Kania et al., 1997), was also positively
regulated by GmGAMYB in soybean.

GmGAMYB positively regulated three genes related to
plant height regulation: Gibberellin 20-oxidase (GmGA20ox,
Glyma.09G149200), GmTCP8 (Glyma.05G027400), and
GmTCP12 (Glyma.06G193000). GA20ox was a gene that
regulated plant height in the GA metabolic pathway, and
its overexpression saved the dwarfing phenotype in rice
(Spielmeyer et al., 2002). GmTCP8 and GmTCP12, members
of the TEOSINTE-BRANCHED1/CYCLOIDEA/PCF (TCP)
transcription factor family, are the best homologous matching
of AtTCP14 and AtTCP15 in Arabidopsis, and their potential

functions in regulating plant height (Davière et al., 2014; Feng
et al., 2018). The relative expressions of GmFULc, GmFUL1a,
GmFUL2b, GmFPF1, GmGA20ox, GmTCP8, and GmTCP12 in
GmGAMYB-ox leaves were higher than WT by qRT-PCR, which
was consistent with the RNA-Seq data (Figures 5A,B).

GmGAMYB Was Induced by Gibberellin
GAMYB has been demonstrated to respond to GA signal
transduction in Arabidopsis, rice and Asian cotton (Achard et al.,
2004; Fleet and Sun, 2005; Hartweck, 2008). The GA3-treated
“DongNong 42” plants were sampled and the GmGAMYB level
was analyzed by qRT-PCR to determine whether the biological
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function of GmGAMYB was related to the GA pathway. The
results showed that the expression level of GmGAMYB in GA3-
treated soybeans was most significantly up-regulated at 1 h,
and the expression was also significantly up-regulated at other
time points relative to the control (Figure 5C). In addition,
GUS histochemical staining was also used to detect the activity
of GmGAMYB promoter in Arabidopsis treated with GA3.
The results showed that the response of GmGAMYB promoter
after being treated with GA3 increased GUS gene expression
(Figure 5D). These results indicated that GmGAMYB expression
was positively regulated by GA3.

Overexpression of GmGAMYB Increased
Soybean Plant Height
The plant height of GmGAMYB-ox plants was significantly
increased compared with WT under both LDs and SDs
(Figures 6A–C). The stem epidermal cells of GmGAMYB-ox and
WT plants were selected for scanning microscope examination
to investigate the reason why the plant height of GmGAMYB-
ox transgenic soybean was higher than WT. The results showed
that the internode epidermal cells of GmGAMYB-ox soybean
were significantly larger than those of WT in longitudinal
direction. Therefore, the higher phenotype of GmGAMYB-ox
soybean was due to the internode cell enlargement in stem
(Figure 6D). Previous studies have shown that GA is one of
the most important hormones in determining plant height (Jing
et al., 2019). The results above also showed that GmGAMYB was
positively regulated by GAs, so it was speculated that the change
in GmGAMYB-ox transgenic soybean plant height was related to
GA signal pathway.

Response of Hypocotyl of GmGAMYB-ox
Transgenic Seedlings to Gibberellin and
Endogenous GA3 Determination
To test the response of GmGAMYB to GA, GmGAMYB-ox
transgenic soybeans and WT were treated with GA3. The results
showed that exogenous GA3 could increase the hypocotyl length
of GmGAMYB-ox and WT seedlings, and the promotion effect
of GA3 on the hypocotyl of GmGAMYB-ox seedlings was
more obvious than WT (Figures 6E,F). Therefore, GmGAMYB
overexpression led to increased GA sensitivity in the hypocotyl
of soybean seedlings compared with WT. Detection of the
endogenous GA3 levels of WT and GmGAMYB-ox soybean
plants showed that the endogenous GA3 level in GmGAMYB-
ox soybean plants was significantly higher than that in WT
(Figure 6G). These findings indicated that theGmGAMYB-ox has
a high active gibberellin level and GmGAMYB might positively
regulate GA biosynthesis, thereby limiting soybean plant height.

DISCUSSION

In plants, the MYB gene encodes one of the largest transcription
factor families. The MYB protein family has a typical conserved
MYB domain, and the two duplicated MYB domains are
named 2R-MYB (R2R3-MYB) (Dubos et al., 2010). R2R3 MYB

transcription factor plays an important regulatory role in plant
growth and development. There were 244 R2R3-MYB genes
identified among 252 MYB transcription factors in soybean (Du
et al., 2012) and 17 members have been reported so far (Yang
et al., 2018). For example, the silencing of soybean GmMYB-
G20-1 can change the color of soybean flowers, which may
be similar to W2 gene (Takahashi et al., 2013). GmMYBJ1
overexpression enhanced the tolerance of Arabidopsis to drought
and low temperature stress (Su et al., 2014). GmMYB73
promotes lipid accumulation, elevate seed size and thousand-seed
weights in transgenic Arabidopsis (Liu et al., 2014). A specific
seed coat expression R2R3 MYB gene (Glyma09g36990) was
identified by fine mapping, affecting brown seed coat/hilum
phenotype in soybean (Gillman et al., 2011). Overexpression
of GmMYB181 caused phenotypic changes in Arabidopsis
including flower organ morphology, plant structure and fruit
size (Yang et al., 2018). However, relatively few of R2R3MYB
transcription factor members in soybean have been studied in
regulating flowering time.

In this study, GmGAMYB, a new MYB transcription factor,
was isolated from soybean and identified. GmGAMYB was
identified as a member of the GAMYB subfamily of R2R3 MYB
transcription factors by amino acid sequence alignment with
typical GAMYB-like proteins in several species and conservative
motif analysis. According to the subcellular localization of
GmGAMYB in tobacco leaf cells, the GmGAMYB-GFP fusion
protein was specifically localized on the nucleus of tobacco leaf
cells, which indicated that GmGAMYB is a nuclear localization
protein that matches its function as a transcription factor.
Soybean is a typical SD plant, which is particularly sensitive
to photoperiod. Photoperiod responses lay the foundation for
the adaptation of different soybean varieties and play important
roles in flowering and maturation of soybean (Hartwig, 1970).
Recently, it has been reported that the R2R3 MYB transcription
factor is also involved in the control of flowering time.
WEREWOLF (WER), encodes an R2R3 MYB transcription factor,
expressed in the epidermis of leaves and regulated flowering time
through photoperiod pathway in Arabidopsis (Seo et al., 2011).
In Populus, R2R3 MYB transcription factor gene ptrMYB192 was
highly expressed in Populus mature leaves and overexpression
of ptrMYB192 delayed flowering time in Arabidopsis (Liu
et al., 2013). GmGAMYB mRNA was higher expressed in
flowers, leaves and pods of soybean, suggesting that GmGAMYB
may be involved in soybean growth and development. The
analysis of daily expression pattern of GmGAMYB showed
that the expression level of GmGAMYB was induced by LDs.
Overexpression of GmGAMYB in transgenic soybean showed
early flowering time and maturity in LDs and SDs, but this
phenotype was more obvious in LDs than in SDs. Therefore,
GmGAMYB may be involved in the photoperiod regulation of
soybean flowering.

In addition, we previously reported that GmGBP1 might
be a positive regulator upstream of GmFT2a and GmFT5a
to activate the expression of GmFULc to promote flowering
(Zhao et al., 2018). Our previous studies had preliminarily
confirmed the interaction between GmGAMYB and GmGBP1
through yeast two-hybrid system (Zhang et al., 2013). In this
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FIGURE 6 | Phenotypes of the T3 generation GmGAMYB-ox soybean at R8 stage,internode epidermal cell morphology and the response of hypocotyl of seedlings
to gibberellin. (A) Phenotypes at R8 stage of WT and two GmGAMYB-ox transgenic soybean lines (GmGAMYB-ox-1 and GmGAMYB-ox-2) in LDs and SDs.
(B) Plant height statistics of WT, GmGAMYB-ox-1, and GmGAMYB-ox-2 in LDs. (C) Plant height statistics of WT, GmGAMYB-ox-1 and GmGAMYB-ox-2 in SDs.
Data represent means ± SD of at least 15 seedlings. Asterisks indicate significant differences between GmGAMYB-ox-1, GmGAMYB-ox-2 and WT (*P < 0.05 and
**P < 0.01, Student’s t-test). (D) Cellular size analysis of WT and GmGAMYB-ox soybeans. Scanning electron microscope images of internode epidermal cells of WT
and GmGAMYB-ox plants. Scale bars, 100 µm. (E,F) Hypocotyl lengths of 8-day-old soybeans in response to 0 and 10 µM GA3. Hypocotyl length was measured
using ImageJ software. Check at least 20 seedlings per treatment. For each experiment, three technical replicates were conducted. (G) Determination of
endogenous GA3 levels in the leaves of 20-day-old WT and GmGAMYB-ox plants. At least six plants were analyzed each cultivar each time and the experiments
were repeated three times. Data shown are mean ± SD of three independent experiments (**P < 0.01, Student’s t-test).
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study, the interaction between GmGAMYB and GmGBP1 was
further verified by BiFC and Co-IP assays. Therefore, we
inferred that GmGAMYB might interact with GmGBP1 to induce
the expression of GmFULc to promote flowering time and
maturity in soybean. FRUITFULL (FUL), a family of MADS-
box transcription factor protein genes, is a major of downstream
flowering genes, which is known to play an important role in
reproductive transition. In the photoperiod-dependent flowering
pathway of Arabidopsis thaliana, the Arabidopsis flowering
integrator FT promotes the transition to flowering by regulating
the accumulation of FUL in Arabidopsis leaves (Teper-Bamnolker
and Samach, 2005). Soybean GmFT1a inhibited the expression
of GmFULa (a soybean FUL homolog) and delayed flowering
(Liu et al., 2018). In the current study, RNA-seq analysis
of GmGAMYB overexpression in soybean showed that three
members of soybean FUL gene family (GmFULc, GmFUL1a, and
GmFUL2b) were significantly upregulated. GmGBP1 is induced
by SDs and is a positive regulator of photoperiod control of
flowering time (Zhao et al., 2018), while GmGAMYB is induced
by LDs and its overexpression also promotes soybean flowering.
Therefore, the final verification of how these two genes to regulate
soybean flowering is the focus of follow-up research.

In crop breeding, plant height is generally regarded as a central
yield trait (Reinhardt and Kuhlemeier, 2002). GAs is one of the
most important plant hormones in determining plant height
(Helliwell et al., 1998; Ji et al., 2014). GAs plays a physiological
role in regulating plant growth and development. GAs is involved
in seed germination (Debeaujon and Koornneef, 2000) and stem
elongation (Luo et al., 2006), xylem synthesis (Mauriat and
Moritz, 2009), hypocotyls elongation (Coles et al., 1999), etc.
In this study, GmGAMYB was induced and the hypocotyls of
GmGAMYB-ox transgenic soybean seedlings were significantly
longer than those of WT seedlings by exogenous GA3 treatment.
The results showed that the GmGAMYB-ox transgenic soybean
was more sensitive to GA than WT, and GmGAMYB was a
positive response factor of GA pathway. The plant height of
GmGAMYB-ox was significantly higher than that of WT in
LDs and SDs. GmGA20ox was up-regulated by GmGAMYB to
increase plant height. In many species, the overexpression of
GA20ox can change the phenotype of plants and is a key enzyme
for the synthesis of bioactive GA. The expression of ZmGA20ox
cDNA in switchgrass increased the bioactive GA level, making
the internodes and leaves longer (Do et al., 2016). Overexpression
of StGA20ox1 encoding potato GA20ox resulted in increased
plant height and petiole growth in potato (Carrera et al., 2000).

Therefore, we speculated thatGmGAMYBwas a positive response
factor of GA pathway, which increased the plant height of
soybean by inducing the expression of GmGA20ox. These results
preliminarily proposed the partial functions of GmGAMYB in
regulating flowering time and GA pathway, providing a certain
theoretical basis for the subsequent application of GmGAMYB in
soybean breeding and agricultural production.
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Photoperiod is an important external factor that regulates flowering time, the core
mechanism of which lies in the circadian clock-controlled expression of FLOWERING
LOCUS T (FT) and its upstream regulators. However, the roles of the circadian clock
in regulating cotton flowering time are largely unknown. In this study, we cloned two
circadian clock genes in cotton, GhLUX1 and GhELF3. The physicochemical and
structural properties of their putative proteins could satisfy the prerequisites for the
interaction between them, which was proved by yeast two-hybrid (Y2H) and Bimolecular
Fluorescent Complimentary (BiFC) assays. Phylogenetic analysis of LUXs and ELF3s
indicated that the origin of LUXs was earlier than that of ELF3s, but ELF3s were
more divergent and might perform more diverse functions. GhLUX1, GhELF3, GhCOL1,
and GhFT exhibited rhythmic expression and were differentially expressed in the early
flowering and late-flowering cotton varieties under different photoperiod conditions.
Both overexpression of GhLUX1 and overexpression of GhELF3 in Arabidopsis delayed
flowering probably by changing the oscillation phases and amplitudes of the key genes
in the photoperiodic flowering pathway. Both silencing of GhLUX1 and silencing of
GhELF3 in cotton increased the expression of GhCOL1 and GhFT and resulted in
early flowering. In summary, the circadian clock genes were involved in regulating
cotton flowering time and could be the candidate targets for breeding early maturing
cotton varieties.

Keywords: GhLUX1, GhELF3, circadian clock, cotton, flowering time

INTRODUCTION

Floral transition under favorable circumstances is necessary for the reproductive success of most
plant species. Changes in day length (photoperiod) are reliable environmental signals that can be
monitored by plants to ensure the proper flowering time (Song et al., 2013; Shim et al., 2017).
Generally, the photoperiodic flowering pathway can be divided into three domains: light input,
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circadian clock, and output. CONSTANS (CO), the key activator
of FLOWERING LOCUS T (FT), is regulated by both light
signaling and the circadian clock. The circadian clock restricts CO
transcription to late afternoon and night. In long days (LD), CO
protein is stabilized by the light of late afternoon and activate the
transcription of FT, In short days (SD), CO protein is degraded at
night and FT transcription can’t be activated, which leads to late
flowering (Kinmonth-Schultz et al., 2013).

The molecular architecture of the Arabidopsis circadian clock
is comprised of multiple feedback loops. The initial model is a
transcriptional feedback loop comprised of LATE ELONGATED
HYPOCOTYL (LHY), CIRCADIAN CLOCK ASSOCIATED 1
(CCA1) and TIMING OF CAB EXPRESSION 1 (TOC1). In
the morning, LHY and CCA1 are expressed and repressed
TOC1 transcription (Alabadi et al., 2001; Lu et al., 2009; Yakir
et al., 2009). At dusk, the decreased levels of CCA1 and
LHY induce TOC1 expression, which in turn represses CCA1
and LHY transcription (Gendron et al., 2012; Huang et al.,
2012). An additional loop is comprised of PSEUDO-RESPONSE
REGULATOR 9 (PRR9), PRR7 and PRR5, which are sequentially
expressed throughout the day and redundantly repressed CCA1
and LHY expression (Nakamichi et al., 2010; Nakamichi et al.,
2012; Liu et al., 2016). PRR9, PRR7 and PRR5 are reciprocally
repressed by CCA1 and LHY (Adams et al., 2015). In addition,
PRR9 is also repressed by the evening complex (EC) (Nagel and
Kay, 2012), which is comprised of LUX ARRHYTHMO (LUX),
and EARLY FLOWERING 3 (ELF3) and ELF4. The repression of
the EC components by CCA1, LHY and the activation of CCA1,
LHY by the EC components form another feedback loop (Nagel
and Kay, 2012; Adams et al., 2015).

Since the circadian clock is comprised of multiple
interconnected feedback loops, mutation and overexpression of
any component of the circadian clock will change the oscillation
properties (phase, period and amplitude) of other components
and affect flowering time. In Arabidopsis, both cca1 mutant
and lhy mutant show early flowering only under SD conditions
(Mizoguchi et al., 2002), while cca1 lhy double mutant shows
early flowering under both LD and SD conditions (Mizoguchi
et al., 2002; Fujiwara et al., 2008). Both CCA1 overexpression
and LHY overexpression delay flowering under both LD and
SD conditions (Wang and Tobin, 1998; Mizoguchi et al., 2002;
Lu et al., 2012). Both prr5 mutant and prr7 mutant show
late flowering only under LD conditions (Yamamoto et al.,
2003; Nakamichi et al., 2005, 2007), and prr5 prr7 prr9 triple
mutant also shows late flowering only under LD conditions
(Nakamichi et al., 2005, 2007). Both PRR5 overexpression and
PRR9 overexpression promote flowering under both LD and SD
conditions (Matsushika et al., 2002; Sato et al., 2002). Mutation of
any EC component (ELF3, ELF4, LUX) promotes flowering more
significantly under SD conditions than under LD conditions
(Zagotta et al., 1996; Liu et al., 2001; Doyle et al., 2002; Hazen
et al., 2005; Lu et al., 2012). Both ELF3 overexpression and ELF4
overexpression delay flowering under only LD conditions (Liu
et al., 2001; McWatters et al., 2007).

The effects of the circadian clock on flowering time have
also been reported in some crops. In barley, PHOTOPERIOD1
(Ppd-H1) gene, a homolog of AtPRR7, regulates photoperiodic

flowering by promoting HvFT1 expression independently of
HvCO1 (Turner et al., 2005; Campoli et al., 2012). Loss-of-
function of HvELF3 leads to early flowering under both LD
and SD conditions. HvELF3 also plays key roles in maintaining
the photoperiodic sensitivity in spring barley by repressing
HvFT1 (Faure et al., 2012; Boden et al., 2014). In rice,
overexpression of OsCCA1 leads to late flowering (Izawa et al.,
2002; Murakami et al., 2007). Loss-of-function of OsPRR37,
a homolog of AtPRR7, promotes flowering. Overexpression of
OsPRR37 delays flowering (Liu et al., 2018). OsELF3, promotes
flowering in SDs by activating OsEhd1 and promotes flowering
in LDs by repressing OsGhd7 (Zhao et al., 2012). In soybean,
overexpression of GmPRR37 delays flowering and mutation
of GmPRR37 promotes flowering under LD conditions (Wang
et al., 2020). Overexpression of GmELF4 in Arabidopsis delays
flowering (Marcolino-Gomes et al., 2017).

Upland cotton (Gossypium hirsutum) is an important cash
crop for its high productivity of natural textile fiber, seed oil
and protein meal (Zhang T. et al., 2015). With the increasing
competition for farmland use between cotton and grain, early
maturation of cotton has become a primary breeding objective
to enable cotton-wheat rotation. In addition, shortened life
cycle allows cotton plants to develop under suitable climatic
conditions (Li et al., 2013). However, little is known about
the molecular mechanisms that regulate the flowering time
of cotton. Recent studies report that the two integrators of
multiple flowering pathways, GhFT and its putative activator,
GhCOL1 (CONSTANS-like 1), are overexpressed in Arabidopsis
and the transgenic plants exhibit early flowering. Moreover,
both GhCOL1 and GhFT exhibit diurnally rhythmic expression
with peak in the morning (Guo et al., 2015; Cai et al.,
2017). These observations imply that the circadian clock is
involved in regulating cotton flowering time. In our study,
two circadian clock components, GhLUX1 and GhELF3 were
cloned. The physicochemical properties and tertiary structures
of their protein sequences were predicted. We further analyzed
the rhythmic expression patterns of GhLUX1, GhELF3, GhCOL1,
and GhFT in the early flowering and late-flowering varieties
under different photoperiod conditions. Finally, we characterized
the roles of GhLUX1 and GhELF3 in regulating flowering time
by overexpressing their coding sequences in Arabidopsis and
silencing their transcripts in cotton. This work demonstrates that
the circadian clock is involved in regulating cotton flowering
time for the first time and lays a foundation for exploring how
the interaction of multiple flowering pathways controls cotton
flowering time.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The early flowering cotton variety CCRI50 and the late-flowering
cotton variety GX11 (Cheng et al., 2021) were grown in the
constant temperature (25◦C) room under the LD cycles (16 h
light/8 h dark). When the fifth true leaves of cotton seedlings were
fully expanded, the seedlings of CCRI50 and GX11 were divided
into four portions. One portion was remained in the room under
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the LD cycles and the other three portions were transferred into
the rooms under the SD cycles (8h light/16h dark), constant dark
and constant light at 6:00, respectively. After the seedlings were
entrained for 24 h under the four conditions, the first true leaves
of three biological replicates of the seedlings were sampled every
4 h from 6:30 to 2:30 of the next day to extract RNA. Cotton
variety GX11 were grown in the constant temperature (25◦C)
room under the LD cycles (16 h light/8 h dark). The seedlings
at the cotyledon stage were used for VIGS experiment. Positive
VIGS plants’ first and second true leaves were defoliated when
the fourth true leaves were fully expanded. When the eighth
true leaves were fully expanded, the fourth true leaves of three
biological replicates of positive VIGS plants were sampled every
4 h from 6:30 to 2:30 of the next day to extract RNA.

To produce the plants used for genetic transformation,
sterilized Arabidopsis thaliana (Columbia ecotype) seeds were
sown on the 1/2 MS media with 0.8% agar, and after incubation at
4◦C for 3 days, the plates were placed in the constant temperature
(21◦C) room under the LD cycles (16 h light/8 h dark). Ten-
days-old seedlings were transplanted into pots and cultivated
in the same room. The T3 lines of GhLUX1-overexpressed and
GhELF3-overexpressed Arabidopsis and WT were grown under
the same conditions to observe their phenotypes of flowering
time, bolting time and rosette leave number. When the WT
plants’ flower buds were visible, the top fourth rosette leaves of
three biological replicates of WT, GhLUX1-overexpressed and
GhELF3-overexpressed Arabidopsis seedlings were sampled every
3 h from 7:00 to 4:00 of the next day to extract RNA.

Tobacco (Nicotiana benthamiana) was grown in the constant
temperature (21◦C) room under the LD cycles (16 h light/8 h
dark). Five-weeks-old tobacco plants were used for subcellular
localization and BiFC experiments.

Gene Cloning and Sequence Analysis
The protein sequences of AtLUX1 (AT3G46640) and AtELF3
(AT2G25930) were, respectively, used as the queries to search
against the protein databases of G. hirsutum1 using BLAST with
e-value threshold set at 1e-5. The best hits were defined as
GhLUX1 and GhELF3, respectively. The coding sequences of
GhLUX1 and GhELF3 were amplified from the cDNA of the
cotton varieties TM-1, CCRI50 and GX11, and the genomic
sequences of GhLUX1 and GhELF3 were amplified from the
DNA of the cotton variety TM-1 using the gene-specific primers
(Supplementary Table 2). The PCR products were cloned into
the pBI121 vector and sequenced. The exon-intron structures
of GhLUX1 and GhELF3 were generated and visualized by
submitting their genomic and coding sequences to GSDS 2.02

(Hu et al., 2015). The molecular weight, isoelectric point and
grand average of hydropathicity of GhLUX1’s and GhELF3’s
putative protein sequences were predicted using ExPASy3

(Artimo et al., 2012).

1https://www.cottongen.org/cottongen_downloads/Gossypium_hirsutum/ZJU_
G.hirsutum_AD1genome_v2.1/genes/TM-1_V2.1.gene.pep.fa.gz
2http://gsds.cbi.pku.edu.cn/
3http://web.expasy.org/protparam/

The protein sequences of AtLUX1 and AtELF3 were,
respectively, used as the queries to search against the protein
databases of 27 plant species (Supplementary Table 3) using
BLAST with e-value threshold set at 1e-5. BLAST hits with
scores more than 200 were considered as homologs of AtLUX1
and AtELF3. The protein sequences of all the LUXs and ELF3s
were, respectively, aligned using Clustal Omega with default
parameters4 (Madeira et al., 2019). The resulted alignments
were used as the input files of MrBayes v3.2.5 to construct the
phylogenetic trees with the evolutionary model set to the GTR
substitution model and Ngen, Samplefreq set to 1,000,000, 100,
respectively (Ronquist and Huelsenbeck, 2003).

The tertiary structures of GhLUX1 and GhELF3 were
predicted on the I-TASSER website5 (Roy et al., 2010). The
multiple sequence alignment results of all the LUXs and ELF3s
were, respectively, used to calculate conservation scores of
each amino acid site of GhLUX1 and GhELF3 on the Protein
Residue Conservation Prediction website6 with the default
parameters (Capra and Singh, 2007). The tertiary structures were
visualized using PyMOL v2.3.0 and the conservation score of
each amino acid site was mapped to the color of corresponding
amino acid of the tertiary structures with blue corresponding
to low conservation score and red corresponding to high
conservation score.

DNA, RNA Extraction, and Quantitative
Real-Time PCR (qRT-PCR)
Genomic DNA was extracted via the cetyl-trimethylammonium
bromide (CTAB) method as described previously (Porebski et al.,
1997). Total RNA was isolated using an RNAprep Pure Plant
Kit (DP441) (Tiangen, Beijing, China). The RNA was used as
the template for cDNA synthesis using a PrimeScriptTM RT
Reagent Kit with gDNA Eraser (RR047A) (TaKaRa, Dalian,
China). The qRT-PCR was performed using UltraSYBR Mixture
(Low ROX) (CW2601) (CWBIO, Beijing, China) and an ABI
7500 Real-Time PCR System (Applied Biosystems, Foster City,
CA, United States). The thermocycler program consisted of pre-
denaturation at 95◦C for 30 s followed by 40 cycles at 95◦C for
10 s, 60◦C for 30 s, and 72◦C for 32 s. The data were calculated
in accordance with the 2−11Ct formula, in which 11Ct = Ctgene
– Ctreference – scale factor (the maximum of Ctgene – Ctreference of
all the samples in one experiment) (Livak and Schmittgen, 2001).
GhActin and AtACT2 were, respectively, used as the reference
genes when analyzing samples of cotton and Arabidopsis. The
gene-specific primers used for the qRT-PCR were listed in the
Supplementary Table 2.

Transcription Activation and Y2H Assays
The full-length, N-terminal and C-terminal coding sequences
of GhLUX1 and GhELF3 were cloned into the pGBKT7 and
pGADT7 vectors with the gene-specific primers (Supplementary
Table 2). Then, the combinations of pGADT7 with pGBKT7,
pGBKT7-GhLUX1, pGBKT7-GhELF3, pGBKT7-GhLUX1-N, and

4https://www.ebi.ac.uk/Tools/msa/clustalo/
5https://zhanglab.ccmb.med.umich.edu/I-TASSER/
6https://compbio.cs.princeton.edu/conservation/score.html
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pGBKT7-GhLUX1-C were co-transferred into the yeast strain
Y2HGold which was cultured on DDO (SD/-Leu/-Trp) plates
for 3 days. Three independent colonies on the DDO plates
were chosen to test the transcription activations on QDO (SD/-
Leu/-Trp/-His/-Ade) plates. The combinations of pGADT7,
pGADT7-GhELF3, pGADT7-GhELF3-N, pGADT7-GhELF3-C
with pGBKT7, pGBKT7-GhLUX1-C were co-transferred into the
yeast strain Y2HGold which was cultured on DDO plates for 3
days. Three independent colonies on the DDO plates were chosen
to detect the interactions on QDO plates.

Subcellular Localization and BiFC
Assays
The coding sequences of GhLUX1 and GhELF3 were cloned
into the pBI121-GFP vectors with the gene-specific primers
(Supplementary Table 2). The recombinant vectors were
transiently transformed into the leaves of 5-weeks-old tobacco
plants using Agrobacterium tumefaciens strain GV3101. After
the plants were placed in the dark for 2 days, the injected
leaves’ fluorescence was observed using confocal laser scanning
microscopy (Leica TCS SP8).

The coding sequences of GhLUX1 and GhELF3 were,
respectively, cloned into the pSPYCE and pSPYNE vectors
with the gene-specific primers (Supplementary Table 2).
Agrobacterium solutions containing pSPYCE, pSPYNE and
pSPYCE-GhLUX1 were mixed with the same volumes of
Agrobacterium solutions containing pSPYNE-GhELF3, pSPYCE-
GhLUX1, and pSPYNE-GhELF3, correspondingly. The following
procedures were same to those used in the above subcellular
localization experiment.

Arabidopsis Transformation
The recombinant pBI121 vectors (pBI121-GhLUX1 and pBI121-
GhELF3) constructed in the gene cloning step were transferred
into the Agrobacterium tumefaciens strain GV3101 and were
transformed into Arabidopsis via the floral dip method (Clough
and Bent, 1998). The positive plants were selected on 1/2MS
medium containing kanamycin (50 mg/L), and further confirmed
via PCR and qRT-PCR.

Virus-Induced Gene Silencing
Virus-induced gene silencing (VIGS) was performed as described
previously (Gu et al., 2014). Briefly, the ∼300 bp fragments within
GhLUX1’s and GhELF3’s coding sequences were cloned into the
pCLCrVA vector using gene-specific primers (Supplementary
Table 2). The recombinant vectors were transferred into
the Agrobacterium tumefaciens strain GV3101. Solutions of
Agrobacterium containing pCLCrV-GhLUX1, pCLCrV-GhELF3,
pCLCrV-PDS (positive control), pCLCrVA (negative control)
were, respectively, mixed with solutions of Agrobacterium
containing pCLCrVB (helper vector). The mixed solutions were
injected into the cotyledons of 10-d-old GX11 seedlings. When
the leaves of the pCLCrVA-PDS plants became white, positive
plants were detected using PCR and qRT-PCR, and then the
positive plants were transplanted into large pots and used for
phenotypic observation of flowering time.

RESULTS

Characterization of Nucleotide and
Putative Protein Sequences of GhLUX1
and GhELF3
The most homologous genes in G. hirsutum to AtLUX and
AtELF3 were identified as GhLUX1 and GhELF3, respectively.
The coding sequences of GhLUX1 and GhELF3 cloned from
CCRI50 and GX11 were same to those cloned from TM-1,
suggesting that the protein functions of GhLUX1 and GhELF3
might be unchanged in different cotton varieties. By comparing
the coding sequences and genomic sequences, one exon and
four exons were found in GhLUX1 and GhELF3, respectively
(Supplementary Figure 1). The properties of putative protein
sequences were listed in Supplementary Table 1. Notably, the
isoelectric points (pIs) of GhLUX1 and GhELF3 were 5.28
and 8.84, respectively, suggesting they were charged oppositely
in cotton cells. In addition, GhLUX1 and GhELF3 showed
similar grand average of hydropathicity (GRAVY) and were
both hydrophilic proteins. These properties of GhLUX1 and
GhELF3 satisfied some prerequisites for the interaction between
the two proteins.

Evolutionary Difference Between LUXs
and ELF3s
To explore the evolutionary difference between LUXs and
ELF3s, homologs of AtLUX and AtELF3 were screened in
27 plant species’ protein databases and the phylogenetic trees
were constructed. There was no LUX identified in chlorophytes
(C. reinhardtii) and bryophytes (P. patens). The most ancient
LUX was identified in pteridophytes (S. moellendorffii). Only
one LUX was found in the early species before dicots, while
one to six LUXs were found in different dicots. More than
one LUXs contained in some dicots (G. max, P. trichocarpa, D.
carot, A. thaliana, B. rapa and four Gossypium species) had the
closest phylogenetic relationships (Supplementary Figure 2A).
The most ancient ELF3 was identified in the most basal lineage of
angiosperms (A. trichopoda). The numbers of ELF3s increased to
two or three in monocots and ELF3s in dicots diverged into two
subclades (Supplementary Figure 2B). These results indicated
that ELF3s might arise later than LUXs, but evolve more rapidly
to perform more diverse functions in plants than LUXs.

Characterization of the Predicted Tertiary
Structures of GhLUX1 and GhELF3
The tertiary structure of one protein usually implies its potential
molecular functions. The tertiary structures of GhLUX1 and
GhELF3 were predicted on the I-TASSER server and their
conservation scores at each amino acid site were calculated on
the Protein Residue Conservation Prediction website. GhLUX1
consisted of helices and coils. Two conserved regions were
distributed in the N-terminus and middle part of the protein,
respectively. The more conserved Myb DNA-binding domain
consisted of three helices (Supplementary Figure 3A). GhELF3
was divided into an N-terminal large subunit and a C-terminal
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FIGURE 1 | Transcriptional activity and interaction of GhLUX1 and GhELF3. (A) Transcriptional activity of GhLUX1 and GhELF3 in Y2HGold yeast cells. Yeast cells
containing different combinations of pGADT7 and pGBKT7, pGBKT7-GhLUX1, pGBKT7-GhELF3 vectors are cultured on the SD-Trp/-Leu/-His/-Ade/medium.
(B) Transcriptional activity of GhLUX1-N and GhLUX1-C in Y2HGold yeast cells. Yeast cells containing different combinations of pGADT7 and pGBKT7,
pGBKT7-GhLUX1-N (residues 1–154), pGBKT7-GhLUX1-C (residues 155–337) vectors are cultured on the SD-Trp/-Leu/-His/-Ade/medium. (C) Subcellular
localization of GhLUX1 and GhELF3 in N. benthamiana epidermal cells. GhLUX1-GFP, GhELF3-GFP, and GFP are transiently expressed in N. benthamiana epidermal
cells and visualized under confocal microscopy. (D) GhLUX1-GhELF3 interaction in Y2HGold yeast cells. Yeast cells containing different combinations of pGADT7,
pGADT7-GhELF3, pGADT7-GhELF3-N (residues 1–460), pGADT7-GhELF3-C (residues 467–705) and pGBKT7, pGBKT7-GhLUX1-C vectors are cultured on the
SD-Trp/-Leu/-His/-Ade/medium. (E) GhLUX1-GhELF3 interaction in N. benthamiana epidermal cells. Different combinations of GhLUX1-cYFP, GhELF3-nYFP and
empty vectors are transiently coexpressed in N. benthamiana epidermal cells and visualized under confocal microscopy.

small subunit linked by a random coil. There was large open
space between the large subunit and the small subunit. The helices
and coils of the large subunit formed a groove, the two terminals

of which were two conserved regions. The small unit consisted
of helices, sheets and coils and contained two close conserved
regions in its middle part (Supplementary Figure 3B).
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FIGURE 2 | GhLUX1, GhELF3, GhCOL1, and GhFT are differentially expressed in late-flowering GX11 and early flowering CCRI50 under LD and SD conditions.
Expression patterns of (A) GhLUX1, (B) GhELF3, (C) GhCOL1, and (D) GhFT in GX11, CCRI50 under LD and SD conditions. All the expression levels are made
relative to the expression level of GhLUX1 in GX at 2:30 under SD. The data are the means ± standard errors (SEs) of three biological replicates. The asterisks
indicate significant differences of comparison between GX11 and CCRI50 at each time point (∗∗P < 0.01, ∗P < 0.05, Student’s t-test). The gray shadows indicate
the dark periods.

Transcriptional Activity and Interaction of
GhLUX1 and GhELF3
To examine whether GhLUX1 and GhELF3 acted as transcription
factors, the transcriptional activation assay was performed
in yeast cells. The yeast cells containing pGADT7 and
pGBKT7-GhLUX1 plasmids could grow normally on the

quadruple dropout media, whereas the yeast cells containing
pGADT7 and pGBKT7-GhELF3 plasmids could not (Figure 1A),
suggesting that GhLUX1 had transcriptional activity, but GhELF3
did not. Further segmentation of GhLUX1 suggested GhLUX1-
N (residues 1–154) had transcriptional activity, but GhLUX1-C
(residues 155–337) did not (Figure 1B). Subcellular localization

Frontiers in Plant Science | www.frontiersin.org 6 August 2021 | Volume 12 | Article 69148995

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-691489 August 3, 2021 Time: 20:19 # 7

Hao et al. Flowering Regulation by Circadian Clock

assay showed that both GhLUX1-GFP and GhELF3-GFP could be
transported into the nucleus of N. benthamiana cells (Figure 1C),
indicating that both GhLUX1 and GhELF3 might perform their
functions in the nucleus.

In Arabidopsis, the evening complex (EC) was formed by the
direct interactions of AtELF3 and AtLUX (residues 144–323),
AtELF3 (residues 261–484) and AtELF4 (Huang and Nusinow,
2016). To examine whether GhLUX1 interacted with GhELF3,
yeast two-hybrid and Bimolecular Fluorescent Complimentary
(BiFC) assay were performed. Because of the auto-activations
of GhLUX1 and GhLUX1-N (Figures 1A,B), GhLUX1-C was
used as the bait. GhLUX1-C showed interactions with GhELF3,
GhELF3-N (residues 1–460) and GhELF3-C (residues 467–705)
(Figure 1D). The BiFC result showed that GhLUX1 interacted
with GhELF3 in the nuclei of N. benthamiana cells (Figure 1E).
The transcriptional activity of GhLUX1 and the interaction of
GhLUX1 and GhELF3 in the nucleus indicated that GhLUX1
might recruit GhELF3 to the promoters of target genes to regulate
their transcriptions.

Rhythmic Expression of GhLUX1,
GhELF3, GhCOL1, and GhFT in LD and
SD
To determine whether cotton flowering time was regulated
by GhLUX1 and GhELF3, the expression patterns of GhLUX1,
GhELF3, GhCOL1, and GhFT in LD (16 h light/8 h dark) and SD
(8 h light/16 h dark) were compared between the early flowering
variety, CCRI50 and the late-flowering variety, GX11. All the
four genes exhibited rhythmic expression patterns under both
photoperiod conditions and in both cotton varieties (Figure 2).
Compared with GX11, CCRI50 showed lower expression levels
of GhLUX1 and GhELF3 from the afternoon till the early night
of LD but showed higher expression levels of GhLUX1 in the
afternoon of SD and higher expression levels of GhELF3 from
the night till the morning of SD (Figures 2A,B), which suggested
that GhLUX1 and GhELF3 might repress flowering in LD but
promote flowering in SD. This situation was similar to that LUXs
and ELF3s repressed flowering in long day plant (LDP) species
but promoted flowering in short day plant (SDP) species (Bu
et al., 2021). In addition, CCRI50 showed higher expression levels
of GhCOL1 in the morning of both LD and SD and higher
expression levels of GhFT at most times of both LD and SD
(Figures 2C,D), which was consistent with the roles of GhCOL1
and GhFT in promoting flowering.

Rhythmic Expression of GhLUX1,
GhELF3, GhCOL1, and GhFT in Constant
Light and Dark
To exclude the effects of day-night alteration on the oscillations
of GhLUX1, GhELF3, GhCOL1, and GhFT transcripts, the
expression patterns of the four genes in constant light (LL) and
dark (DD) were analyzed. In LL and DD, all the four genes still
exhibited rhythmic expression patterns in GX11 and CCRI50
(Figure 3). Similar to the situations in LD and SD, CCRI50
showed lower expression levels of GhLUX1 and GhELF3 at the
specific times of LL but showed higher expression levels of

GhLUX1 and GhELF3 at the specific times of DD (Figures 3A,B).
In addition, CCRI50 showed higher expression levels of GhFT at
most times of LL and DD (Figure 3D). However, CCRI50 showed
lower expression levels of GhCOL1 in the morning of LL but
showed much higher expression levels of GhCOL1 at all the times
of DD (Figure 3C). In addition, compared with the expression of
GhLUX1 and GhELF3 in LD and SD, the expression of GhLUX1
in LL and DD was impaired dramatically (Figures 2A, 3A),
while the expression of GhELF3 in LL and DD was just changed
slightly (Figures 2B, 3B), indicating the robust oscillation of
GhELF3 under different photoperiod conditions. Furthermore,
the expression levels of GhFT in DD were dramatically decreased
compared with those in LD, SD and LL (Figures 2D, 3D),
indicating that GhFT was repressed by unknown regulators in
darkness. In addition, oscillation phases of GhFT transcript were
significantly different not only between two varieties but also
among the four photoperiod conditions (Figures 2D, 3D). These
results implied that the circadian clock could exhibit different
oscillation properties in different cotton varieties and could be
entrained by different photoperiods.

Both Overexpression of GhLUX1 and
Overexpression of GhELF3 in
Arabidopsis Delay Flowering
To explore the functional roles of GhLUX1 and GhELF3 in
regulating flowering time, coding sequences of GhLUX1 and
GhELF3 driven by the 35S promoter were transformed into
Arabidopsis. Three independent T3 lines with significantly
higher expression levels of GhLUX1 and GhELF3 than the
WT were selected to observe their flowering phenotypes
(Figures 4B, 4G). All the transgenic lines exhibited later
flowering than the WT did (Figures 4A,F). Compared with
the WT, the GhLUX1-overexpressed lines and the GhELF3-
overexpressed lines flowered 4–5.7 and 4–4.9 days later on
average, respectively (Figures 4E,J). In addition, the GhLUX1-
overexpressed lines and the GhELF3-overexpressed lines bolted
later and had more rosette leaves compared with the WT
(Figures 4C,D,H,I), which was consistent with their later
flowering time. These results suggested that GhLUX1 and
GhELF3 could perform similar functions to AtLUX and AtELF3,
respectively, in regulating flowering time of Arabidopsis (Zagotta
et al., 1996; Hazen et al., 2005).

Both Overexpression of GhLUX1 and
Overexpression of GhELF3 Change the
Oscillations of the Circadian Clock
Genes and the Key Genes in the
Photoperiodic Flowering Pathway
Because the circadian clock is comprised of multiple
interconnected feedback loops, we hypothesized that
overexpression of GhLUX1 and overexpression of GhELF3
in Arabidopsis changed the running of the whole circadian
clock. To test the hypothesis, we measured the expression
levels of several core circadian clock genes (including AtLUX,
AtELF3, AtELF4, AtPRR7, AtLHY, and AtCCA1) during the
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FIGURE 3 | GhLUX1, GhELF3, GhCOL1, and GhFT persist differently rhythmic expression in late-flowering GX11 and early flowering CCRI50 under constant
conditions. Expression patterns of (A) GhLUX1, (B) GhELF3, (C) GhCOL1, and (D) GhFT in GX11, CCRI50 under LL and DD conditions. All the expression levels are
made relative to the expression level of GhLUX1 in GX at 2:30 under SD. The data are the means ± SEs of three biological replicates. The asterisks indicate
significant differences of comparison between GX11 and CCRI50 at each time point (∗∗P < 0.01, ∗P < 0.05, Student’s t-test). The gray shadows indicate the dark
periods.

24 h in the transgenic lines and the WT. All the six genes were
upregulated or downregulated in the GhLUX1-overexpressed line
and the GhELF3-overexpressed line compared with in the WT,
although their expression trends during the 24 h were similar
between the two transgenic lines and the WT (Figures 5A–F).
Overexpression of GhELF3 significantly repressed the expression

of four evening- or afternoon-phased clock genes (including
AtLUX, AtELF3, AtELF4, and AtPRR7), while overexpression of
GhLUX1 repressed the expression of the four genes to a lesser
extent (Figures 5A–D). The expression of a morning-phased
gene, AtLHY, was promoted in the GhLUX1-overexpressed
line to a higher extent than in the GhELF3-overexpressed line
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FIGURE 4 | Both overexpression of GhLUX1 and overexpression of GhELF3 in Arabidopsis delay flowering. (A,F) Phenotypic characteristics of 4-week-old WT and
transgenic lines. (B,G) Expression levels of GhLUX1 and GhELF3 in the WT and the transgenic lines. All the expression levels are made relative to the expression
level of GhLUX1 in the WT. The data are the means ± SEs of three biological replicates. (C,H) Days to bolting, (D,I) rosette leaf numbers and (E,J) days to flowering
of the WT and the transgenic lines (means ± SEs, n = 24 plants). The asterisks indicate significant differences compared to the WT plants at each time point
(∗∗P < 0.01, Student’s t-test).

(Figure 5E). The expression of AtLHY ’s close homolog, AtCCA1,
was promoted by overexpression of GhLUX1 but was repressed
by overexpression of GhELF3 (Figure 5F). These results
indicated that overexpression of GhLUX1 and overexpression of
GhELF3 could change the running of the Arabidopsis circadian
clock differently.

In the important photoperiodic flowering pathway, the
key integrators, CO and FT, as well as a number of their
regulators were under the control of the circadian clock. In
the GhLUX1-overexpressed line and the GhELF3-overexpressed
line, the expression of AtFT was repressed and delayed to
the later time of the day (19:00–4:00) compared with in
the WT (16:00–4:00). In addition, the expression of AtFT
was repressed more strongly by GhELF3 than by GhLUX1
(Figure 5G). AtCO, the primary activator of AtFT, exhibited
slightly higher expression levels in the WT than in the two
overexpression lines at 16:00, which was consistent with the
rapidly increasing expression of AtFT in WT and the persistent
low expression of AtFT in the two overexpression lines from
16:00 to 19:00. In addition, AtCO exhibited slightly higher
expression levels in the WT and the GhLUX1-overexpressed
line than in the GhELF3-overexpressed line at 19:00, which
was consistent with the slowly increasing expression of AtFT
at high level in the WT, the dramatically increasing expression
of AtFT at medium level in the GhLUX1-overexpressed line
and the slowly increasing expression of AtFT at low level in
the GhELF3-overexpressed line from 19:00 to 22:00. Although
the expression of AtCO reached peaks in all the three lines

and were repressed in the GhLUX1-overexpressed line at 1:00,
the expression of AtFT began to decrease dramatically in
all the three lines and was not repressed in the GhLUX1-
overexpressed line at 1:00 (Figures 5G,H). This discrepancy
between the expression of AtCO and AtFT at 1:00 might
be explained by the degradation of AtCO protein and high
expression levels of AtTEM1 (the main repressor of AtFT) at
night. The expression of AtTEM1 began to increase at 22:00
and reached peaks at 1:00. Compared with in the WT, the
expression of AtTEM1 was repressed to a higher extent in the
GhELF3-overexpressed line than in the GhLUX1-overexpressed
line (Figure 5I). We speculated that the higher AtFT was
expressed in the late afternoon and early evening, the higher
level of AtTEM1 was needed to repress the expression of AtFT
at night. AtGI and AtFKF1 were under the control of the
circadian clock, they promoted flowering not only by regulating
the expression timing of AtCO but also by directly regulating the
expression of AtFT (Sawa and Kay, 2011). We therefore examined
whether the expression of AtGI and AtFKF1 was changed in
the GhLUX1-overexpressed line and the GhELF3-overexpressed
line. Compared with in the WT, the expression of AtGI was
repressed in the GhLUX1-overexpressed line and the GhELF3-
overexpressed line (Figure 5J). The expression of AtFKF1 was
promoted in the GhLUX1-overexpressed line but repressed in the
GhELF3-overexpressed line (Figure 5K). These results suggested
that the circadian clock could regulate the diurnally rhythmic
expression of the key genes in the photoperiodic flowering
pathway to regulate flowering time.
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FIGURE 5 | Both overexpression of GhLUX1 and overexpression of GhELF3 change the oscillations of the circadian clock genes and the key genes in the
photoperiodic flowering pathway. Expression patterns of (A–F) the circadian clock genes and (G–K) the key genes in the photoperiodic flowering pathway in the WT
and the transgenic lines. All the expression levels are made relative to the expression level of AtFKF1 in the WT at 10:00. The data are the means ± SEs of three
biological replicates. The asterisks indicate significant differences compared to the WT plants at each time point (∗∗P < 0.01, ∗P < 0.05, Student’s t-test). The gray
shadows indicate the dark periods.

Both Silencing of GhLUX1 and Silencing
of GhELF3 in Cotton Promote Flowering
To further investigate the roles of GhLUX1 and GhELF3 in
regulating flowering time of cotton, GhLUX1 and GhELF3 were
silenced in cotton via virus-induced gene silencing (VIGS).
The GhLUX1-silenced plants and the GhELF3-silenced plants
flowered 3.6 and 5.1 days earlier on average than the control
(CLCrVA) plants (Figure 6B). When the first flowers of the
control plants were blooming, the second flowers of the GhLUX1-
silenced plants and the GhELF3-silenced plants were blooming
and had bloomed, respectively (Figure 6A). Compared with
the control plants, the expression of GhLUX1 in the GhLUX1-
silenced plants and the expression of GhELF3 in the GhELF3-
silenced plants were significantly decreased when they were
highly expressed during the 24 h (Figures 6C,D). In addition,
the expression of GhLUX1 in the GhELF3-silenced plants didn’t
change, while the expression of GhELF3 in the GhLUX1-silenced
plants was slightly repressed at 14:30 and 18:30 (Figures 6C,D).
The expression of GhFT in both the GhLUX1-silenced plants
and the GhELF3-silenced plants was increased at 6:30 and 10:30,
which might result from the increased expression of GhCOL1

at 2:30 and 6:30 in these plants (Figures 6E,F). These results
suggested that the circadian clock might regulate cotton flowering
time by regulating the expression of GhFT and GhCOL1.

DISCUSSION

Appropriate flowering time is crucial for reproduction success
and crop yield. Great efforts have been made to illuminate
the complex molecular networks that control flowering time.
In Arabidopsis, the important photoperiodic flowering pathway
depends on the circadian clock-controlled transcription of key
genes in the pathway. Here, we report that two components of
the circadian clock in cotton, GhLUX1 and GhELF3 participate
in flowering time regulation by affecting the transcription of
GhCOL1 and GhFT (Figure 6).

Circadian clock genes have been found in organisms across
the three domains of life: Archaea, Bacteria, and Eucarya.
During evolution, reconfiguration of the circadian clock network
has led to non-homologous network components utilized by
different lineages. The components of transcriptional feedback
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FIGURE 6 | Both silencing of GhLUX1 and silencing of GhELF3 in cotton promote flowering. (A) Phenotypic characteristics of 86-day-old control (CLCrVA),
GhLUX1-silenced (CLCrV-GhLUX1) and GhELF3-silenced (CLCrV-GhELF3) plants. (B) Days to flowering of the control plants and the gene-silenced plants
(means ± SEs, n = 18 plants). (C–F) Expression patterns of GhLUX1, GhELF3, GhFT, and GhCOL1 in the control plants and the gene-silenced plants. All the
expression levels are made relative to the expression level of GhLUX1 in CLCrV-GhLUX1 at 6:30. The data are the means ± SEs of three biological replicates. The
asterisks indicate significant differences compared to the control plants at each time point (∗∗P < 0.01, ∗P < 0.05, Student’s t-test). The gray shadows indicate the
dark periods.

loops of the clock in early plant lineages (chlorophytes and
bryophytes) vs. angiosperms are apparently different (McClung,
2013). Our phylogenetic analysis of LUXs and ELF3s in 27
plant species show that both LUXs and ELF3s are not found
in chlorophytes (C. reinhardtii) and bryophytes (P. patens). The
most ancient LUX and ELF3 were identified in pteridophytes
(S. moellendorffii) and the most basal angiosperm lineage
(A. trichopoda), respectively (Supplementary Figure 2). These
results indicate that LUXs and ELF3s may be sequentially

added into the ancestral network of the circadian clock after
the occurrence of bryophytes, which is consistent with the
hypothesis that the circadian clock network is evolutionarily
dynamic with new components joining and old components
quitting (McClung, 2013). Given that ELF3 may act as a
regulator of light input into the oscillator (McWatters et al.,
2000), the occurrence of this novel regulator in the earliest
angiosperm implies that light entrainment to the circadian
clock may originate from or be reinforced in the higher plant
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species. Redundancy generated by gene duplication usually
promotes regulatory neofunctionalization (redeployment of TFs
into new networks) (Wohlbach et al., 2009). ELF3 numbers
(two or three) in monocots are more than LUX numbers (only
one) in monocots and ELF3s in dicots are divided into two
subclades (Supplementary Figure 2). These results suggest that
ELF3s are more redundant than LUXs and have diverged more
greatly to perform more diverse functions. In Arabidopsis, ELF3
doesn’t contain any known DNA-binding domains and therefore
performs its regulatory functions mainly by interacting with
multiple other proteins, including phyB, COP1, BBX19, PIF4,
LUX1, ELF4, NOX, SVP, TOC1, and GI (Huang and Nusinow,
2016). Although we demonstrate that GhELF3 interacts with
GhLUX1 in the nucleus (Figures 1D,E), whether GhELF3 can
interact with other proteins needs to be further investigated to
better understand the diverse roles of GhELF3 in cotton growth
and development.

The wild species of cotton are short-day plants that originated
from tropical regions (Li et al., 2015). Domesticated G. hirsutum
became photoperiod-insensitive during its adaptation to long-
day conditions of temperate regions, while semi-domesticated
races of G. hirsutum still are photoperiod-sensitive and don’t
flower in LD (Zhang R. et al., 2015). Another short-day plant,
G. max originated from temperate region. During adaptation
to wide latitudes, the photoperiod response of G. max is
changed due to artificial selection and natural variation of
the circadian clock genes (Lu et al., 2017, 2020). We test
whether this mechanism leads to different flowering times of
cotton cultivars. Both GhLUX1 and GhELF3 are differently
expressed between CCRI50 and GX11 in LD, SD, LL, and
DD (Figures 2A,B, 3A,B), implying that differences in the
circadian clock may contribute to different flowering times of
cotton cultivars. In addition, the oscillations of GhLUX1 and
GhELF3 transcripts in CCRI50 and GX11 respond to photoperiod
in different manners (Figures 2A,B, 3A,B), indicating that
photoperiod may regulate GhLUX1 and GhELF3 expression
through different ways and photoperiod responses can be
different in cotton varieties with different flowering time.

As the integrator of multiple flowering pathways, FT is
transported from companion cells of leaves to shoot apical
meristem and then induces the expression of floral identity
genes (Guo et al., 2015). A previous study demonstrates that
GhFT also functions as a flowering promoter. The diurnal
oscillation of GhFT mRNA in both LD and SD implies that
the transcription of GhFT is under the control of the circadian
clock or/and respond to the day-night transition (Guo et al.,
2015). Our expression analysis shows that GhFT mRNA oscillates
diurnally not only in LD and SD, but also in LL and DD
(Figures 2D, 3D), which indicates that the circadian clock
persists to oscillate and controls the transcription of GhFT
under constant conditions. The different oscillation properties
(the timings of rise and fall during the 24 h, amplitudes,
peak levels and trough levels) of GhFT mRNA under the four
conditions may result from the circadian clock’s response to
different photoperiods. However, the oscillation properties of
GhCOL1 mRNA, especially the timing of rise and fall, are similar
among the four conditions (Figures 2D, 3D), indicating that

GhCOL1 may be regulated by circadian clock genes different from
those regulating GhFT. Furthermore, the discrepancy between
higher levels of GhCOL1 and lower levels of GhFT in DD
suggests that unknown repressors of GhFT, probably homologs
of AtTEM1/2 (Castillejo and Pelaz, 2008; Osnato et al., 2012;
Marin-Gonzalez et al., 2015), may dominate GhFT transcription
in the dark. It will be interesting to identify these repressors in
cotton and explore whether they are regulated by the circadian
clock. In Arabidopsis, AtFT promoter is directly bound by
another circadian clock gene, AtGI, and is activated by GI
in a CO-independent manner (Sawa and Kay, 2011). Further
identification of other circadian clock genes in cotton will be
helpful to understand the complex roles of the circadian clock in
regulating cotton flowering time.

Because the core components of the plant circadian clock
form multiple feedback loops and these loops interlocked with
one another (Hsu and Harmer, 2014), it’s difficult to confirm
the precise molecular functions of one certain component in
regulating flowering time. Both overexpression of GhLUX1 and
overexpression of GhELF3 in Arabidopsis alter the oscillation
amplitudes of their Arabidopsis orthologs and other circadian
clock components (Figures 5A–F). Furthermore, the oscillation
amplitudes of the core flowering genes in the photoperiodic
flowering pathway are also altered in the two transgenic lines,
except that the oscillation phase of AtFT in the GhLUX1-
overexpressed line is delayed rather than that the oscillation
amplitude is changed (Figures 5G–K). Although GhLUX1
and GhELF3 can perform functions by forming a complex
(Figures 1D,E), the different expression alterations of the
circadian clock genes and the flowering genes between the
GhLUX1-overexpressed line and the GhELF3-overexpressed line
indicate that GhLUX1 and GhELF3 can also perform functions
independently from each other. These results are helpful to
understand the specific functions of different circadian clock
components in orchestrating the expression of multiple flowering
genes. Virus-induced silencing of GhLUX1 and silencing of
GhELF3 in cotton promote flowering by upregulating GhCOL1
and GhFT (Figure 6). Untangling the complex regulation
relationships between the circadian clock and flowering in cotton
depends on the future identification of direct regulators of
GhCOL1 and GhFT in the photoperiodic flowering pathway and
other flowering pathways, and more importantly, subsequent
investigation of the relationships between the circadian clock and
these regulators.

In summary, GhLUX1 and GhELF3, the two components
of the circadian clock, are differentially expressed in the early
flowering and late-flowering cotton varieties, which also exhibit
different expression oscillations of two core flowering genes,
GhCOL1 and GhFT. Both overexpression of GhLUX1 and
overexpression of GhELF3 in Arabidopsis delay flowering by
altering the expression oscillations of multiple key genes in the
photoperiodic flowering pathway. Both silencing of GhLUX1 and
silencing of GhELF3 in cotton promote flowering by increasing
the expression of GhCOL1 and GhFT. Our results demonstrate
that the circadian clock is involved in regulating cotton flowering
time and provide a theoretical basis for breeding cotton varieties
with desired flowering and maturity time.
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Photoperiod-regulated floral transition is vital to the flowering plant. Luculia gratissima 
“Xiangfei” is a flowering ornamental plant with high development potential economically and 
is a short-day woody perennial. However, the genetic regulation of short-day-induced floral 
transition in L. gratissima is unclear. To systematically research the responses of L. gratissima 
during this process, dynamic changes in morphology, physiology, and transcript levels were 
observed and identified in different developmental stages of long-day- and short-day-treated 
L. gratissima plants. We found that floral transition in L. gratissima occurred 10 d after 
short-day induction, but flower bud differentiation did not occur at any stage under long-day 
conditions. A total of 1,226 differentially expressed genes were identified, of which 146 
genes were associated with flowering pathways of sugar, phytohormones, photoperiod, 
ambient temperature, and aging signals, as well as floral integrator and meristem identity 
genes. The trehalose-6-phosphate signal positively modulated floral transition by interacting 
with SQUAMOSA PROMOTER-BINDING-LIKE PROTEIN 4 (SPL4) in the aging pathway. 
Endogenous gibberellin, abscisic acid, cytokinin, and jasmonic acid promoted floral transition, 
whereas strigolactone inhibited it. In the photoperiod pathway, FD, CONSTANS-LIKE 12, 
and nuclear factors Y positively controlled floral transition, whereas PSEUDO-RESPONSE 
REGULATOR 7, FLAVIN-BINDING KELCH REPEAT F-BOX PROTEIN 1, and LUX negatively 
regulated it. SPL4 and pEARLI1 positively affected floral transition. Suppressor of 
Overexpression of Constans 1 and AGAMOUSLIKE24 integrated multiple flowering signals 
to modulate the expression of FRUITFULL/AGL8, AP1, LEAFY, SEPALLATAs, SHORT 
VEGETATIVE PHASE, and TERMINAL FLOWER 1, thereby regulating floral transition. Finally, 
we propose a regulatory network model for short-day-induced floral transition in L. gratissima. 
This study improves our understanding of flowering time regulation in L. gratissima and 
provides knowledge for its production and commercialization.

Keywords: Luculia gratissima, floral transition, photoperiod, flowering pathway, phytohormone, regulatory 
network
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INTRODUCTION

Floral transition (the switch from vegetative to reproductive 
development) is a critical stage in the life history of flowering 
plants, particularly in horticultural ornamental plants (Cho 
et  al., 2017; Shang et  al., 2020). This process is regulated by 
both environmental and endogenous signals (Cho et al., 2017). 
Recently, major breakthroughs have been made in research 
on the molecular regulatory networks of floral transition in 
Arabidopsis thaliana (Cruciferae), an annual long-day (LD) 
photoperiod responsive plant (Liu et  al., 2020; Zhang et  al., 
2020; Lv et  al., 2021). In A. thaliana, different endogenous 
(autonomous, gibberellin, circadian rhythm, age, and sugar 
signals) and environmental (vernalization, temperature, and 
photoperiod) signals congregate on some floral integrators, 
such as SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 
1 (SOC1), FLOWERING LOCUS T (FT), and AGAMOUSLIKE24 
(AGL24), further activating floral meristem identity genes, 
such as LEAFY (LFY) and APETALA1 (AP1), which irreversibly 
convert vegetative meristem to floral meristem (Blümel et  al., 
2015). However, there is still much to learn regarding the 
regulation of floral transition in perennial woody plants. 
Perennial woody plants do not die after flowering. Instead, 
they produce new flower buds and vegetative branches annually 
and have characteristics of long reproductive cycles and 
seasonal flowering (Khan et  al., 2014). Therefore, studies on 
annual plants cannot completely reveal the floral transition 
mechanisms in perennial woody plants. There are significant 
differences in the molecular mechanisms of floral transition 
in perennial woody plants compared with those of A. thaliana. 
For example, gibberellin (GA) promotes the transition from 
vegetative to reproductive development in A. thaliana but 
has inhibitory effects in some perennial woody plants 
(Yamaguchi et  al., 2014; Li et  al., 2018; Bao et  al., 2020). 
Furthermore, in the study on floral transition mechanisms 
regulated by light intensity, in contrast to Arabidopsis, which 
is affected by retrograde signaling from in response to 
photosynthesis (Feng et al., 2016), cultivated roses are specifically 
controlled by some light-sensitive transcription factor complexes 
(Balcerowicz, 2021; Sun et  al., 2021). Therefore, it is crucial 
to accelerate the pace of research on floral transition in 
perennial woody plants, which is expected to improve our 
understanding of the differences in floral transition mechanisms 
in flowering plants with different life histories.

Luculia gratissima (Wall.) Sweet (Rubiaceae) is a perennial 
evergreen shrub or small tree that is distributed in the 
southeastern edge of the Tibetan plateau in southwest China 
and neighboring Nepal and Myanmar (Zhou et  al., 2011).  
L. gratissima “Xiangfei,” a new cultivar cultivated by our research 
team for many years, has pink flowers, a strong fragrance, 
and a large and dense inflorescence (Figures  1A,B); it is a 
woody horticultural flower with great ornamental value and 
economic development potential. In natural conditions, seed-
derived plants of the cultivar “Xiangfei” grow for 2 years before 
flowering, with flowering from August to December every year. 
However, this plant has not entered the large-scale commercial 
production stage because of imperfect flowering time regulation 

techniques. Previous studies showed that the cultivar “Xiangfei” 
can only complete floral transition at short-day (SD) photoperiods 
(Wan et  al., 2018), and thus, controlling day length to induce 
flowering is required to achieve year-round production. The 
species of interest, L. gratissima, is in a different clade than 
that of A. thaliana. Thus, mechanistic differences are likely to 
exist. Therefore, understanding the mechanisms of short-day-
induced floral transition in L. gratissima “Xiangfei” has important 
significance for understanding and solving flowering-
related problems.

In the present study, we  investigated responses of 
L.  gratissima during short-day-induced floral transition stage 
at the morphological, physiological, and transcriptome levels. 
The aims of this study were as follows: (1) to observe shoot 
apexes of L. gratissima of short-day treatment during five 
developmental stages using morphological and histological 
methods to identify the time point of floral transition in 
L.  gratissima; (2) to measure endogenous substance contents 
to study the soluble sugar and hormone effects in floral 
transition in L. gratissima; and (3) to conduct an RNA 
sequencing (RNA-seq) analysis of the transcriptomes of 
L.  gratissima shoot apexes and leaves at four different stages, 
7, 10, 13, and 19  days after the initiation of long-day (LD) 
and short-day (SD) treatments, to study the molecular regulatory 
mechanism of short-day-induced floral transition in 
L.  gratissima. The results presented in this research will aid 
in regulating L. gratissima flowering and achieving year-round 
production. Additionally, identification of important regulatory 
genes will provide important guidance for flowering-related 
molecular breeding in the future.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and 
Light Treatments
Luculia gratissima cultivar “Xiangfei” cuttings from three-
year-old plants were obtained from the central Yunnan Plateau 
experimental station of Research Institute of Resources Insects, 
Chinese Academy of Forestry (Yunnan, China; 25°13'N, 
102°12'E, 1826  m  a.s.l.). In mid-December 2016, cuttings 
with two stem nodes and shoot apexes were planted in a 
mixed matrix (peat and perlite at a 3:1 ratio) and grown 
in an 18–25°C greenhouse under natural lighting. Cuttings 
with roots were transplanted into pots and maintained in 
the same greenhouse under natural lighting. To prevent these 
plants from being induced by SD photoperiod, shoot apical 
meristems (SAMs) were removed from all plants when 2–3 
new stem nodes were formed, and high-pressure sodium 
lamps were used for additional lighting during 22:00–02:00 
(night-break treatment; Figure  1C). In addition, considering 
the effects of individual developmental age on flowering time 
(Evans et  al., 1992), some plants were placed in the natural 
environment as controls and the time when flower bud 
differentiation occurred in these plants was used as the start 
time for photoperiod treatments. On 10 August 2017 (when 
flower buds began to appear in some natural control plants), 
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plants with the same number of branches longer than 5  cm 
were selected from among the night-break treatment plants 
and then were subjected to either LD (night-break treatment 
as described above) or SD (10  h light/14  h dark; Figure  1D) 
for a further 90  days. The light source was supplied using 
high-pressure sodium lamps. The greenhouse temperature 
was 20  ±  2°C with approximately 60% relative humidity. 
Shoot apexes and their surrounding leaves of the main 
branches of SD and LD plants were sampled during 09:00–
11:30 every 3–5  d after the initiation of the photoperiod 
treatments. For each stage, 10–20 shoot apexes and their 
surrounding leaves were packed together into each of the 
10 biological replicates, of which one biological replicate 
was rapidly immersed into FAA fixative (50% ethanol: acetic 
acid: formaldehyde, 18:1:1) for morphological analysis, whereas 
the remaining nine biological replicates were snap-frozen in 
liquid nitrogen and then stored at −80°C for measurements 
of soluble sugar and endogenous hormone contents, as well 
as RNA extraction.

Morphological Anatomical Observations
Ten FAA-fixed shoot apexes of SD and LD plants at each 
stage were made into sections with a thickness of 8–10  μm 

using paraffin section method (Fischer et  al., 2008), and 
were stained with safranin O-fast green, and then were 
mounted with neutral resin. Finally, the process of bud 
development was observed under a Carl Zeiss Axio Scope 
A1 Microscope (Carl Zeiss Microscopy GmbH, Göttingen, 
Germany).

Measurements of Soluble Sugar and 
Endogenous Hormone Contents

According to the anatomical observation results, samples 
from the SD treatment at five stages [0  d (SD0), 7  d (SD7), 
10  d (SD10), 13  d (SD13), and 19  d (SD19)] close to 
flower bud differentiation (Figure  2) were selected for 
measurements of soluble sugar and endogenous hormone 
contents of three biological replicates. For each of the three 
biological replicates from each stage, soluble sugar contents 
were measured using sulfuric acid-anthrone colorimetric 
assays as previously reported (Wang et  al., 2015), and 
endogenous hormones [GA3, indoleacetic acid (IAA), ABA, 
and zeatin (ZT)] were quantified with high-performance 
liquid chromatography-mass spectrometry (Aglient1290, 
Nanjing, China; AB 6500, Nanjing, China) as previously 

FIGURE 1 | Features of Luculia gratissima “Xiangfei” and the overview of greenhouses under two different photoperiods. (A) Whole plant of L. gratissima “Xiangfei.” 
(B) Flowers of L. gratissima “Xiangfei.” (C) Greenhouse under night-break treatment. (D) Greenhouse under short-day photoperiod.
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reported (Pan et  al., 2010). Before comparing changes in 
the soluble sugar and hormone contents among the five 
stages, the Shapiro–Wilk test and Levene test were used 
to analyze the normality and homogeneity of variance of 
each dataset. Because the four sets of data did not follow 
a normal distribution (p  <  0.05), a Kruskal-Wallis H test 
was employed for analysis of significant differences, and 
false discovery rate (Benjamini and Yekutieli, 2001) was 
used for the multiple testing correction of significant p-values. 
Additionally, the Tukey–Kramer method was used for post-hoc 
testing of soluble sugar and hormone contents at the five 
stages. The above analyses were performed in the “car” 
and “stats” packages in R software and the data were 
expressed as the mean  ±  SD.

Transcriptome Sequencing and Data 
Analysis
Likewise, based on the anatomical observation results, samples 
from the SD and LD treatments at the four stages [7  d (SD7 
or LD7), 10  d (SD10 or LD10), 13  d (SD13 or LD13), and 
19  d (SD19 or LD19)] close to flower bud differentiation of 
SD plants (Figure  2) were selected for RNA extraction. Total 
RNA extracted from each of the three biological replicates 
was divided into two parts, of which one was used for RNA-seq 
and the other was used for quantitative real-time PCR (qRT-
PCR) validation. Total RNA was extracted with the plant total 
RNA Kit (Tiangen, Beijing, China) following manufacturer’s 
instructions. The cDNA library construction and paired-end 
sequencing were conducted with an Illumina HiSeq™ 4,000 

A B C

D E F

G H I

J K L

FIGURE 2 | Luculia gratissima morphological and histological characteristics, shoot apexes at five time points upon short-day treatment. (A–C) Vegetative buds in 
the undifferentiated stage (SD0 to SD7). (D–F) Bract primordial differentiation stage (SD10). (G–I) Inflorescence primordial differentiation stage (SD13). (J–L) Floret 
primordial differentiation stage (SD19). (A,B,D,G,H) Histological images obtained from paraffin-embedded sectioned samples (scale bar: 100 μm). (E,J,K) 
Histological images obtained from paraffin-embedded sectioned samples (scale bar: 50 μm). (C,F,I,L) The external morphology of shoot apexes at different 
developmental stages (scale bar: 5 mm). BP, bract primordia; FP, floret primordia; IP, inflorescence primordia; LIP, lateral inflorescence primordium; LP, leaf primordia; 
and VC, vegetative cone.
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(Illumina, San Diego, California, United  States) at the Gene 
Denovo Biotechnology Company (Guangzhou, China). The 
generated raw reads were filtered by removing adapter sequences 
and ambiguous reads (N  >  10%) and low-quality reads (more 
than 40% of bases with value of Q  ≤  20) to obtain high-
quality clean reads. Without reference genome, clean reads 
were de novo assembled as a transcriptome reference database 
for L. gratissima via Trinity software (Grabherr et  al., 2011). 
Furthermore, clean reads were mapped to ribosome RNA 
(rRNA) to identify residual rRNA reads. The rRNA removed 
reads were further mapped to the reference transcriptome using 
short reads alignment tool Bowtie2 (Langmead et  al., 2009) 
by default parameters. The reference transcriptome unigenes 
without rRNA reads were generated for next analysis.

All non-redundant unigenes were aligned with selected 
cutoffs of value of E ≤ 1e-05 to six protein databases, including 
the NR (the NCBI non-redundant protein databases), KOG 
(EuKaryotic Orthologous Groups), Kyoto Encyclopedia of Genes 
and Genomes, Swiss-Prot, evolutionary genealogy of genes: 
Non-supervised Orthologous Groups, and Protein families 
database of alignments and hidden Markov models. Based on 
the NR annotation results, these unigenes were also annotated 
for GO (Gene Ontology) using the Blast2GO software (Conesa 
et  al., 2005), and then GO functional classification of unigenes 
was obtained by the WEGO software (Ye et  al., 2006).

qRT-PCR Analysis
qRT-PCR was conducted on nine flowering-related unigenes  
in this study, including COP1 (Unigene0031506), ZTL 
(Unigene0041339), FKF1 (Unigene0038380), GI (Unigene0051409), 
ELF3 (Unigene0051761), PRR1 (Unigene0045946), PRR7 
(Unigene0003564), PRR5 (Unigene0047475), and LHY 
(Unigene0035686). To accurately measure gene expression levels, 
the ACT7/EF1-α combination obtained from the past screening 
was used as an internal reference gene for standardization and 
correction (Supplementary Data). Primer3 software (Rozen and 
Skaletsky, 2000) was used to design specific primers for each 
gene (Supplementary Table S1). The KR106 FastQuantity RT 
Kit (with gDNase; Tiangen, Beijing, China) was used for reverse 
transcription of 1  μg total RNA into cDNA according to the 
manufacturer’s instructions. The StepOnePlus™ Real-Time PCR 
System (Thermo Scientific, Wilmington, DE, United  States) was 
used for qRT-PCR in a 20  μl reaction system, including 4  μl 
of 50 ng cDNA template, 10 μl of 2 × qPCR Master Mix (Tiangen, 
Beijing, China), 0.4 μl each of 10 μm forward and reverse primers, 
and 5.2  μl ddH2O. The qRT-PCR amplification conditions were 
as follows: pre-denaturation at 95°C for 90 s, followed by 40 cycles 
of denaturation at 95°C for 5  s, annealing at 60°C for 15  s, 
and extension at 72°C for 20  s, followed by a final extension 
step at 72°C for 5  min, after amplification, a 65–95°C melting 
curve analysis was conducted to measure product specificity. The 
2−ΔΔCt method (Livak and Schmittgen, 2001) was used to calculate 
the relative expression levels of the genes in the qRT-PCR 
experiment. The normalization of gene expression was conducted 
using the geometric mean of two internal reference genes, ACT7 
and EF1-α (Vandesompele et  al., 2002).

Identification and Functional Enrichment 
of DEGs
The Reads Per kb per Million reads (RPKM) method was 
used to evaluate unigene expression levels (Mortazavi et  al., 
2008). Pairwise comparisons were conducted between LD and 
SD samples to identify differentially expressed genes (DEGs) 
in response to SD photoperiod during the floral transition 
process in L. gratissima. To generate accurate log2foldchange 
estimates, EdgeR package version 3.8 (Robinson et  al., 2010) 
was used. The thresholds for differential expression were set 
at fold change 2 (log2foldchange = 1) and FDR value cutoff 0.05.

The Mercator online tool1 was employed for gene function 
predictions for the DEGs with a BLAST-CUTOFF of 50. The 
obtained mapping files were uploaded to MapMan version 3.6 
(Thimm et  al., 2004) for the functional analysis of DEGs. 
Wilcoxon rank-sum test was used to analyze the log2foldchange 
of DEGs in each comparison before MapMan version 3.6 
(Thimm et  al., 2004) was used for visualization of the results.

Co-expression Network Analysis
Weighted gene co-expression network analysis (WGCNA; 
Langfelder and Horvath, 2008) was employed to generate the 
co-expression network modules of DEGs. The parameter settings 
used were soft threshold  =  20, minModuleSize  =  30, 
TOMType  =  signed, and mergeCutHeight  =  0.25, and default 
values were used for the remaining parameters. The eigengene 
value of every module was calculated and the associations between 
every gene in eight samples were tested. KOBAS 3.0 (Xie et  al., 
2011) was used for GO enrichment analysis of genes in the 
clustering modules. Cytoscape version 3.7.1 (Shannon et  al., 
2003) was used for visualization of the co-expression network.

RESULTS

Morphological Differentiation of Shoot 
Apexes During Floral Transition
Luculia gratissima cultivar “Xiangfei” cuttings from three-year- 
old plants were planted and grown for about 8  months before 
photoperiod treatments. When some flower buds appeared in 
natural control plants, the generated cutting plants were 
transferred to SD conditions (10  h light/14  h dark, 20  ±  2°C, 
60% relative humidity) or LD conditions (night-break treatment 
for 4  h, 20  ±  2°C, 60% relative humidity). Shoot apexes and 
their surrounding leaves of the main branches of SD and LD 
plants were sampled during 09:00–11:30 every 3–5 d after the 
initiation of the photoperiod treatments.

The morphological differentiation of L. gratissima shoot 
apexes was observed through paraffin sections. The results 
showed that 0  d to 7  d under the SD treatment (SD0 to SD7) 
was the vegetative growth stage (undifferentiated stage), in 
which the tip of the growth cone in the bud was narrow and 
pointed and surrounded by leaf primordia (Figures  2A–C). 
At 10  d after the initiation of the SD treatment (SD10), the 

1 https://www.plabipd.de/portal/mercator-sequence-annotation
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bract primordial differentiation stage began (Figures  2D–F). 
In this stage, the growth cone of the bud appeared dome 
shape; subsequently, the dome-shaped growth cone began 
broadening and flattening, and the bract primordia along the 
periphery were formed, which was an important marker of 
the transition from vegetative growth to reproductive growth 
(Figures 2D–F). At 13 d after the initiation of the SD treatment 
(SD13), the inflorescence primordial differentiation stage began. 
At this stage, the growth cone in the bract primordia elongated 
to form three hemispherical protrusions, i.e., inflorescence 
primordia. Simultaneously, the lateral base of the bract primordia 
differentiated into lateral inflorescence primordia. Next, bilateral 
protrusions at each hemispherical inflorescence primordium 
differentiated into bract inflorescences (Figures 2G–I). At 19 d 
after the initiation of the SD treatment (SD19), the floret 
primordial differentiation stage began and a single inflorescence 
primordium in the bract primordia gradually widened to become 
floret primordia at the tip of the bud (Figures  2J–L). These 
results showed that the floral transition period began 10  d 
after the initiation of the SD treatment, and the selection of 
time points before and after this period could facilitate the 
physiological study of floral transition. However, the buds of 
LD plants were at vegetative growth stage all the time 
(Supplementary Figure S1). Therefore, the LD treatment was 
used as a control in this study, and 7  d (SD7), 10  d (SD10), 
13  d (SD13), and 19  d (SD19) in the SD treatment were 
selected to study the physiological and molecular regulation 
patterns of floral transition. LD samples (i.e., LD7, LD10, LD13, 
and LD19) for RNA-seq analysis were taken in parallel at the 
same time points as respective SD samples.

Dynamic Changes in Endogenous 
Substance Content During Floral 
Transition
Contents of soluble sugars and endogenous hormones [gibberellin 
(GA3), IAA, abscisic acid (ABA), and zeatin (ZT)] were measured 
at 0  d (SD0), 7  d (SD7), 10  d (SD10), 13  d (SD13), and 19  d 
(SD19) after the initiation of the SD treatment. The Kruskal-
Wallis H test results showed that except for GA3, which could 
not be  detected because it was below the limit of quantitation 
(0.1  ng/ml), there were significant differences in the contents 
of the other substances among the five stages (adjusted p < 0.05; 
Figure  3). Soluble sugar, ZT, and IAA reached their peaks at 
SD0, which were 28.86  ±  0.67  mg  g−1 FW, 2.15  ±  0.30  ng  g−1 
FW, and 0.69  ±  0.04  ng  g−1 FW, respectively. Additionally, 
soluble sugar and ZT decreased from SD0 to SD19, indicating 
that the soluble sugar and ZT contents in SAMs of L. gratissima 
were maintained at a relatively low level during the flowering 
process. Interestingly, IAA showed an increase in SD13 before 
decreasing. Similarly, ABA initially increased from SD0 to SD13 
and subsequently declined.

Additionally, post-hoc results showed that there were 
extremely significant differences in the pairwise comparisons 
between the five time points for ABA (p  <  0.001). IAA only 
showed no significant differences between SD7 and SD13 
(p > 0.1). Soluble sugar did not show any significant differences 

between SD0 and SD7 (p  >  0.1). ZT did not show any 
significant differences between SD0 and SD10, between SD7 
and SD10, or between SD13 and SD19 (p  >  0.1). From these 
results, it can be  seen that ABA levels changed rapidly and 
dynamically over these five stages, whereas ZT levels exhibited 
little change over the same period. Changes in soluble sugar 
content mainly occurred in later periods (SD13 to SD19). 
In contrast to these substances, IAA changes were relatively 
constant (Figure  3).

RNA-Seq and qRT-PCR Identification of 
DEGs
Transcriptomes were generated for three biological replicates 
from the SD and LD treatments at each of the time points 
corresponding to the four stages of bud differentiation in 
SD treatment plants, i.e., at 7  d, 10  d, 13  d, and 19  d 
(Figure  2), yielding a total of 24 transcriptomes. A total of 
1,236,426,670 raw sequencing reads were generated from 24 
samples, 1.2  ×  109 high-quality clean reads (181Gb) were 
obtained after filtering, with mean Q20, Q30, and GC contents 
of 99.11, 97.18, and 43.53%, respectively 
(Supplementary Table S2). A total of 79,870 unigenes (≥ 
200  b) were generated from de novo assembly, and the N50 
length was 2,118 bp (Supplementary Table S3). Among these 
unigenes, 35,725 unigenes (44.73%) were successfully annotated 
to at least one database (Supplementary Figure S2).

With RNA from the same 24 samples used for transcriptome 
generation, qRT-PCR was conducted for nine flowering- 
related unigenes identified in through RNA-seq, including 
COP1 (Unigene0031506), ZTL (Unigene0041339),  
FKF1 (Unigene0038380), GI (Unigene0051409), ELF3 
(Unigene0051761), PRR1 (Unigene0045946), PRR7 (Unigene 
0003564), PRR5 (Unigene0047475), and LHY (Unigene0035686). 
The results of qRT-PCR showed that except for PRR5 
(Unigene0047475), the expression patterns of the other eight 
genes were generally consistent with the RNA-seq data 
(Supplementary Figure S3), indicating that the transcriptome 
data generated in this study were reliable and valid. The 
inconsistency between the relative expression and RPKM 
values of PRR5 occurred in LD7 and SD7 samples, and for 
the possible reasons of this inconsistency, on the one hand, 
it could be  that PRR5 was not a DEG in the RNA-seq data, 
and on the other hand, the RPKM values of PRR5 were 
lower than 10  in both LD7 and SD7 samples, in which there 
could be  false positives.

A total of 113 (SD7-vs.-LD7), 420 (SD10-vs.-LD10), 483 
(SD13-vs.-LD13), and 464 (SD19-vs.-LD19) DEGs were obtained 
by comparing the LD and SD treatments 
(Supplementary Figure S4 and Table S4). A total of 1,226 
DEGs were identified from these four comparisons, of which 
five DEGs were shared by four comparisons, and 250 DEGs 
were present in more than one comparison. There were 110, 
302, 288, and 276 stage-specific DEGs in SD7-vs.-LD7, SD10-
vs.-LD10, SD13-vs.-LD13, and SD19-vs.-LD19, respectively 
(Supplementary Figure S4).
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Functional Classifications of DEGs
MapMan is an effective tool for systematic analysis of plant 
transcriptome metabolic pathways and other biological processes 
(Ramšak et  al., 2013). We  employed MapMan to overview 
transcriptional changes in regulatory, metabolic, and cellular 
response-related genes (Supplementary Table S5). In “regulation 
overview,” more DEGs were detected in the other three comparisons 
contrasted with SD7-vs.-LD7, showing that the physiological and 
molecular characteristics after flower bud differentiation (SD10, 
SD13, and SD19) were significantly different from that before 
flower bud differentiation (SD7). In the IAA metabolic subclass, 
more DEGs were upregulated in SD19-vs.-LD19 compared with 
SD7-vs.-LD7, SD10-vs.-LD10, and SD13-vs.-LD13 
(Supplementary Figure S5). Yet, IAA content increased from 
SD10 to SD13 to continue decreasing afterward. Anyhow, the 
differences between dates were small, although significant (Figure 3). 

Therefore, IAA was not a key factor mediating floral transition 
in L. gratissima. ABA metabolism-related DEGs were significantly 
upregulated in all four comparisons (Supplementary Figure S5), 
and ABA levels were overall increasing in the process of floral 
transition (Figure  3), demonstrating that ABA could promote 
floral transition in L. gratissima. In “minor CHO metabolism”, 
trehalose biosynthesis-related DEGs were only upregulated in 
SD7-vs.-LD7 (Supplementary Figure S6). “Cellular response 
overview” showed that more development-related DEGs were 
upregulated in SD10-vs.-LD10 compared with the other three 
comparisons (Supplementary Figure S7), indicating that these 
DEGs promoted floral transition in L. gratissima.

Co-expression Module Analysis for DEGs
WGCNA is a systems biology method for analyzing the correlation 
relationships between genes in multiple samples (Langfelder 

FIGURE 3 | Luculia gratissima endogenous soluble sugar content and hormonal changes, shoot apexes and leaves at five stages upon short-day treatment. The 
y-axis shows soluble sugar and four hormones, and the x-axis shows the average relative abundance of the endogenous soluble sugars and hormones. Colored 
columns represent different developmental stages. *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01.
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and Horvath, 2008). In this study, the results of WGCNA 
showed that 1,226 DEGs in eight samples were clustered in 
11 different co-expression modules (labeled with different colors; 
Figure  4A). It is noteworthy that four out of 11 co-expression 
modules significantly correlated with a single sample (r  >  0.9, 
p < 0.05; Figure 4B and Supplementary Table S6). For example, 
the largest module (black module) included 247 (20.15%) 
SD19-specific DEGs (Figure 4B and Supplementary Table S6A).

We further conducted GO enrichment analysis on 11 
co-expression modules, and only the greenyellow module was 
not significantly enriched for any GO terms 
(Supplementary Table S7). Some GO terms were specifically 
identified in only a single module. For example, 120 specific 
GO terms were identified in the black module, which mainly 
involved signal transduction and negative regulation of metabolic 
processes, and 34 module-specific GO terms were identified 
in the brown module, which was mainly associated with growth 
and development (Supplementary Table S7). However, several 
GO terms, including “response to organic substance” and 
“response to a stimulus,” appeared in multiple modules 
(Supplementary Table S7), indicating possible module-gene 
interactions. Overall, the extensively enriched GO terms showed 
that multiple biological processes were involved in the floral 
transition in L. gratissima.

The 11 modules were divided into seven categories based 
on the correlations between modules (Figure  4C). The heat 
map showed that there was a high correlation between the 
blue, magenta, pink, and tan modules, in which the genes 
were highly expressed in SD7 and SD10 (Figures  4B,C), and 
were significantly enriched in multiple GO terms involving 
secondary metabolite biosynthesis, signal transduction, and 
regulation of developmental processes (Supplementary Table S7).

Identification of DEG Expression Patterns 
Associated With Floral Transition in 
L. gratissima
According to the above functional classifications and WGCNA 
of these DEGs, and flowering-related genes previously reported 
in model plants (such as A. thaliana; Blümel et  al., 2015; Bao 
et al., 2020), a total of 146 unigenes were identified as homologous 
genes related to floral transition in L. gratissima, involving 
several flowering pathways: sugar metabolism, hormone 
metabolism and signal transduction, photoperiod, ambient 
temperature, aging pathways, floral integrator, and floral meristem 
identity genes. Among these floral transition-related homologous 
genes, stage-specific DEGs, and common DEGs in SD7-vs.-LD7, 
SD10-vs.-LD10, SD13-vs.-LD13, and SD19-vs.-LD19, are listed 
in Supplementary Table S8.

The Expression Pattern of Sugar Signal-
Related Homologs
The sugar signal pathway, which responds to the sugar budget 
in plants, is one of the important pathways mediating the 
transition from vegetative to floral meristems (Blümel et  al., 
2015). A total of 29 (19.86%) DEGs associated with sugar 

signal-related genes were identified, involving 23 sugar signal-
related homologs. These genes expressed differently in different 
development stages of L. gratissima. For example, HEXOKINASE 
(HK) homologs (Unigene0044869 and Unigene0044870) were 
significantly upregulated in SD7-vs.-LD7 and SD13-vs.-LD13, 
and a BETA-GLUCOSIDASE 24 homolog (Unigene0013088) 
was significantly upregulated in SD10-vs.-LD10. Meanwhile, 
Unigene0009721 and Unigene0041893, homologs of 
GALACTINOL SYNTHASE 2 and RAFFINOSE SYNTHASE 
participating in raffinose synthesis, were upregulated in 
SD7-vs.-LD7. In addition, TREHALOSE-6-PHOSPHATE 
SYNTHSE (TPS) homologs (Unigene0019787, Unigene0024389, 
Unigene0013555, Unigene0054604, Unigene0004913, and 
Unigene0062998) were upregulated at various stages, and 
SWEET16 homolog (Unigene0012661) was significantly 
upregulated in SD7-vs.-LD7 and SD10-vs.-LD10 (Figure  5E 
and Supplementary Table S9). Hence, these genes may 
directly or indirectly participate in floral transition in L. 
gratissima.

The Expression Patterns of Phytohormone 
Metabolism and Signal Transduction 
Homologs
Many studies have demonstrated that various phytohormones 
participate in the regulation of floral transition (Shu et al., 2018; 
Lin et  al., 2019; Zhang et  al., 2019; Bao et  al., 2020). A total 
of 20 (13.70%) DEGs associated with phytohormone metabolism 
were identified, and these involved 16 phytohormone metabolism 
homologous genes and were related to nine phytohormone 
metabolism pathways. Among these genes, GIBBERELLIN 2-BETA-
DIOXYGENASE 1 (GA2OX1) homologs (Unigene0030732) and 
GA2OX8 homologs (Unigene0073113), which are involved in 
GA metabolism, were significantly upregulated in SD10-vs.-LD10 
and/or SD19-vs.-LD19. Meanwhile, Unigene0034382 (CYP707A1 
homolog) and Unigene0042754 and Unigene0042755 (NCED1 
homologs), respectively, encoding abscisic acid (ABA) 
8'-hydroxylase 1 and nine-cis-epoxycarotenoid dioxygenase, were 
significantly upregulated in SD10-vs.-LD10. In addition, a homolog 
(Unigene0035296) of YUC4, encoding indole-3-pyruvate 
monooxygenase, which mediates auxin biosynthesis, was 
significantly upregulated in SD19-vs.-LD19. Additionally, genes 
encoding cytokinin (CK) dehydrogenase 7 (CKX7; 
Unigene0036599) and cytokinin dehydrogenase (CYP735A1; 
Unigene0029738) were significantly downregulated in SD19-
vs.-LD19. CYTOCHROME P450 734A1 homolog 
(Unigene0036368), which participates in brassinolide (BR) 
biosynthesis, was upregulated in SD10-vs.-LD10 and SD19-
vs.-LD19; the jasmonate (JA) metabolism-related JASMONATE 
O-METHYLTRANSFERASE homolog (Unigene0020912) and the 
salicylic acid (SA) metabolism-related UDP-GLYCOSYLTRAN 
SFERASE 74F1 homolog (Unigene0004033) were downregulated 
in SD19-vs.-LD19. A homolog of CAROTENOID CLEAVAGE 
DIOXYGENASE 7 (CCD7, Unigene0069349) involving in 
strigolactone (SL) biosynthesis was also identified and showed 
significant downregulation in SD10-vs.-LD10 (Figure  5C and 
Supplementary Table S9).
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A

B C

FIGURE 4 | Weighted co-expression network analysis of 1,226 DEGs at four developmental stages of L. gratissima, short- or long-day treatments. (A) Hierarchical 
cluster tree showing the co-expression modules, with each tree leaf representing one gene. The major tree branches constitute 11 modules labeled by different 
colors. (B) Heat map of gene relative expression of different modules (y-axis) in eight samples (x-axis). The Z-score normalized RPKM value for an individual gene at 
a given developmental stage is indicated in a green (low expression) to red (high expression) scale. (C) Eigengene network representing the relationships among the 
different modules. The hierarchical clustering dendrogram of the eigengenes shows the relationships among the modules, whereas the heat map shows the 
correlation between the different modules, with deeper red color representing a stronger correlation.
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A total of 39 (25.85%) DEGs associated with phytohormone 
signal transduction of nine hormones were identified and 
involved 30 phytohormone signal transduction homologs that 
were associated with signal transduction for nine hormones. 
Among these DEGs, GID1B homologs (Unigene0032780, 
Unigene0032781, and Unigene0063035), encoding a gibberellin 
receptor, were upregulated in SD10-vs.-LD10, whereas an RGL3 
homolog (Unigene0071862), encoding a DELLA protein, was 
significantly downregulated in SD19-vs.-LD19. The ABA signal 
transduction-related EID1-LIKE F-BOX PROTEIN 3 (EDL3) 
homolog (Unigene0018152) was upregulated in SD10-vs.-LD10, 
and SAUR71 homologs (Unigene0021953 and Unigene0025106), 
encoding the auxin-responsive protein, were upregulated in 
SD13-vs.-LD13 and SD19-vs.-LD19. Moreover, in the CK 
signaling pathway, homologs of AHPs (Unigene0034629, 
Unigene0004315, and Unigene0034630), encoding histidine-
containing phosphotransfer protein, were highly expressed in 
SD10, SD13, and SD19, and an ARR6 homolog (Unigene0049441), 

encoding a two-component response regulator, was upregulated 
in SD19-vs.-LD19. In addition, a BRI1 homolog 
(Unigene0024976) in the BR signaling pathway was significantly 
upregulated in SD7-vs.-LD7; homologs of MYC4 
(Unigene0009399) and TIFYs (Unigene0022959 and 
Unigene0019294) in the JA signaling pathway were upregulated 
in SD10-vs.-LD10; and a DWARF14 (D14) homolog 
(Unigene0028658), participating in SL signal transduction, was 
upregulated in SD7-vs.-LD7 but downregulated in SD19-vs.-LD19 
(Figure  5D and Supplementary Table S9).

Expression Patterns of Genes Associated 
With Photoperiod Pathways
The photoperiod flowering pathways in plants include the 
photosensory pathway, the circadian clock, and the systemic 
effector (Nelson et al., 2009). A total of 10 (6.84%) photoperiod-
related homologs were identified. Among these homologs, 

A

B

C E

F

G

H

D

FIGURE 5 | Expression profiles of genes associated with L. gratissima floral transition at four developmental stages, short- or long-day treatments. Relative 
expression profile of (A) photoperiod pathway-related genes, (B) ambient temperature pathway-related genes, (C) phytohormone metabolism-related genes, 
(D) phytohormone signal transduction-related genes, (E) sugar signal-related genes, (F) aging pathway-related genes, (G) floral integrator-related genes, and 
(H) floral meristem identity genes. The Z-score normalized RPKM value for an individual gene at a given developmental stage is represented in a green (low 
expression) to red (high expression) scale.
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CHLOROPHYLL A-B BINDING PROTEIN (Unigene0075619) 
was downregulated in SD19-vs.-LD19, whereas CONSTANS-
LIKE 12 (COL12, Unigene0039617) and FD (Unigene0027311) 
were upregulated in SD13-vs.-LD13. Meanwhile, homologs of 
the FLAVIN-BINDING KELCH REPEAT F-BOX PROTEIN 1 
(FKF1, Unigene0038380) and the PRR7 (Unigene0003564) were 
both downregulated in SD13-vs.-LD13, and a LUX homolog 
(Unigene0011585) was downregulated in SD10-vs.-LD10, whereas 
homologs of the nuclear factor Y (NF-Ys; Unigene0025001, 
Unigene0002375, and Unigene0033157) were upregulated at 
one or more stages (Figure  5A and Supplementary Table S9).

Expression Patterns of Genes Associated 
With the Ambient Temperature Pathway
Plant responses to photoperiod and temperature are coupled 
(Dong et  al., 2020; Meng et  al., 2020). The photoperiod-induced 
floral transition could also affect the expression of a series of 
ambient temperature-related genes in plants. We  identified 28 
(19.18%) ambient temperature-related DEGs involving 18 homologs, 
primarily including the HEAT STRESS TRANSCRIPTION 
FACTORS, HEAT SHOCK PROTEIN/COGNATE (HSPs), and 
pEARLI1, most of which were highly expressed at several stages 
under LD (Figure  5B and Supplementary Table S9).

Expression Patterns of Aging Pathway-
Related, Floral Integrator, and Floral 
Meristem Identity Genes
The aging pathway is an endogenous flowering pathway in 
plants (Yao et  al., 2019). SQUAMOSA PROMOTER-BINDING-
LIKE PROTEIN 4 (SPL4) homologs (Unigene0024429 and 
Unigene0024430) in the aging pathway were upregulated in 
SD10-vs.-LD10, SD13-vs.-LD13, and SD19-vs.-LD19 (Figure 5F 
and Supplementary Table S9).

Floral integrators combine environmental and endogenous 
signals to mediate flowering in plants (Blümel et  al., 2015). 
The floral integrator gene SOC1 homologs (Unigene0039572 
and Unigene0039575) were upregulated in SD10-vs.-LD10, 
SD13-vs.-LD13, and SD19-vs.-LD19, whereas the AGL24 homolog 
(Unigene0049016) was downregulated in SD19-vs.-LD19 
(Figure  5G and Supplementary Table S9).

Genetic networks regulating floral transition in plants  
ultimately activated floral meristem identity genes, thereby causing 
the transformation from vegetative to floral meristems  
(Gregis et  al., 2006). A total of 15 (10.27%) related DEGs were 
identified, involving nine floral meristem identity genes 
(Supplementary Table S9). Among these genes, homologs of 
AGL8/FRUITFULL (FUL; AGL8, also known as FUL; 
Unigene0019277, Unigene0004737, Unigene0042052, 
Unigene0042053, and Unigene0042058), APETALA 1 (AP1; 
Unigene0019278, Unigene0019279, and Unigene0031106), LFY 
(Unigene0030979 and Unigene0030980), and SEPALLATAs (SEPs; 
Unigene0000607, Unigene0034045, and Unigene0025130) were 
upregulated in one or more developmental stages, whereas homologs 
of SHORT VEGETATIVE PHASE (SVP, Unigene0049018) and 
TERMINAL FLOWER 1 (TFL1, Unigene0026727) were 

downregulated in SD19-vs.-LD19, SD10-vs.-LD10, and SD13-
vs.-LD13 (Figure  5H and Supplementary Table S9).

Co-expression Network of Floral 
Transition-Related Genes
A co-expression network constructed using 126 floral transition-
related DEGs with edge weights  >  0.1 showed 10 hub genes 
with great connectivity, including homologs of 
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 
(GAPDH, Unigene0005846), AKR1B1 (Unigene0076531), PKM 
(Unigene0073914), ENOLASE 1 (Unigene0011083 and 
Unigene0011084), MED37E (Unigene0051600), L-LACTATE 
DEHYDROGENASE A CHAIN (Unigene0009368), HSP83A 
(Unigene0031524), FUL (Unigene0042052), and SEP4 
(Unigene0025130; Supplementary Figure S8). The genes with 
the highest network degree were GAPDH (Unigene0005846), 
AKR1B1 (Unigene0076531), and PKM (Unigene0073914),  
which participated in sucrose and starch catabolism 
(Supplementary Table S9).

DISCUSSION

The timing of floral transition in plants is jointly regulated 
by internal and external environmental cues, of which 
photoperiod is one of the major environmental factors that 
affect floral transition in plants (Blümel et  al., 2015; Chang 
et  al., 2019). L. gratissima is a horticultural ornamental plant 
with high development potential, and therefore, elucidating 
the molecular mechanism of its SD photoperiod-induced floral 
transition is important to its year-round production for 
commercial purposes. In this study, we conducted transcriptome 
sequencing of L. gratissima shoot apexes and leaves at four 
stages under LD and SD treatments. A total of 79,870 unigenes 
were obtained by de novo assembly, of which 49.02% were 
successfully annotated. Currently, there is no report on 
L.  gratissima transcriptome assembly and our assembled and 
annotated transcriptome of L. gratissima provides a valuable 
genetic resource for breeding this species.

Sugar Signal Mediates Floral Transition in 
L. gratissima
Sugars are an important energy source and participate in floral 
transition in plants as important signaling molecules (Lebon 
et  al., 2008; Ortiz-Marchena et  al., 2015). In co-expression 
network analysis, all of the first three hub genes (GAPDH, 
AKR1B1, and PKM) were related to sugar metabolism, implying 
that sugar might play a vital role in the floral transition process 
in L. gratissima. Leaves are the primary organ of sugar synthesis 
in plants, and SAMs are the sites of sugar mobilization and 
consumption, both of which form an important source-sink 
unit (Bernier and Périlleux, 2005). Floral transition in plants 
is not only directly associated with sugar content from source 
and sink but also is regulated by sugar transport (Smeekens 
et  al., 2010). Previous studies have indicated that source-sink 
regulation could be  achieved by the interaction between the 
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bidirectional sugar transporter SWEET and the FT-like protein 
(Abelenda et al., 2019). In this study, SWEET16 (Unigene0012661) 
was significantly upregulated in SD7-vs.-LD7 and SD10-vs.-LD10 
(Figure  5E and Supplementary Table S9), indicating that 
SWEET participated in sucrose transport during floral transition 
in L. gratissima. However, soluble sugars in SAMs decreased 
from SD0 to SD19 (Figure  3), which is not consistent with 
the expression profile of genes associated with sucrose 
metabolism. We  speculated that SAM only synthesized limited 
levels of soluble sugar but SWEET16 (Unigene0012661) expression 
in SAMs was only high at SD7 and SD10, and its expression 
level decreased as SD treatment duration increased (Figure  5E 
and Supplementary Table S9), subsequently causing a decrease 
in the rate of the sucrose transport from leaves to SAMs; this 
suggests that sucrose only acts as an energy source in floral 
transition in L. gratissima.

Trehalose-6-phosphate (T6P) is a component of the plant 
sugar signaling system and has important effects on flowering 
and development (Kataya et  al., 2020). In A. thaliana, the T6P 
pathway in leaves induced the expression of the florigen gene 
FT in the photoperiodic pathway to affect floral transition, 
whereas in SAMs, the expression of SPL in the aging pathway 
was controlled by the T6P pathway to directly affect the 
expression of floral transition-related genes (Wahl et al., 2013). 
Therefore, the T6P pathway is an important signal that coordinates 
flowering induction. In this study, except for the T6P synthase 
homolog TPS (Unigene0013555) that was downregulated in 
SD19-vs.-LD19, other TPSs were upregulated at one or more 
stages during floral transition in L. gratissima (Figure  5E and 
Supplementary Table S9), showing that TPS homologs participate 
in floral transition in L. gratissima and the T6P signaling 
pathway is significantly enhanced during floral transition. SPL4 
was also highly expressed at SD10, demonstrating that T6P 
in L. gratissima SAM promoted floral transition by regulating 
SPL4 expression. HK acts as a catalytic enzyme to catalyze 
hexose phosphorylation, as well as a glucose signal sensor 
mediating the interaction between the glucose signaling pathway 
and the ABA signaling pathway to regulate plant development 
(Moore et  al., 2003; Teng et  al., 2008). In this study, HK 
homologs (Unigene0044869 and Unigene0044870) were 
upregulated in SD7-vs.-LD7 and SD13-vs.-LD13 (Figure  5E 
and Supplementary Table S9). We  speculate that HK mainly 
catalyzed hexose phosphorylation to provide an energy source 
for initiating floral transition at SD7 and acted as a glucose 
signal sensor to participate in L. gratissima flower development 
at SD13.

In summary, the sugar metabolism-related genes TPS and 
HK entered the flowering regulatory network through the sugar 
signaling and hormone signaling pathways to regulate floral 
transition in L. gratissima.

Phytohormones Regulate Floral Transition 
in L. gratissima
Phytohormones play important regulatory roles in plant 
development and the mechanisms of their participation in floral 
transition in many plants are extensively studied (Shu et  al., 

2018; Lin et  al., 2019; Zhang et  al., 2019; Bao et  al., 2020). 
However, the complex hormone regulatory network of floral 
transition in perennial woody plants remains unclear. We studied 
the regulatory patterns of hormones that participate in floral 
transition in L. gratissima.

As one of the most important phytohormones, the function 
of GA in regulating floral transition is mainly achieved through 
maintaining GA homeostasis and regulating the levels of DELLA, 
a growth inhibitor in the GA signaling pathway (Bao et  al., 
2020). GA homeostasis in plants is maintained through 
coordinating the expression levels of the GA biosynthesis genes, 
such as GA3OXs and GA20OXs, and the catabolic enzyme 
genes GA2OXs, thereby regulating floral transition (Mateos 
et  al., 2015; Bao et  al., 2020). In this study, homologs of 
GA2OX1 (Unigene0030732) and GA2OX8 (Unigene0073113) 
were both upregulated in SD10-vs.-LD10 (Figure  5C and 
Supplementary Table S9). GA2OXs can catalyze the 
2β-hydroxylation of bioactive GAs (such as GA1, GA3, GA4, 
and GA9), resulting in decreased levels of bioactive GAs (Rieu 
et  al., 2008). This may be  one of the reasons for low GA3 
content in shoot apexes and leaves of L. gratissima. The main 
components of GA signaling include the GA receptor GID1B 
and the growth inhibitors, DELLAs (Bao et  al., 2020). When 
GA concentrations increase, the DELLA protein forms a 
GA-GID1B-DELLA complex that undergoes degradation by 
the ubiquitination pathway, thereby regulating the expression 
of downstream genes (Bao et  al., 2020). The GA signaling 
pathway mainly promotes floral transition by inducing the 
expression of SOC1 and LFY (Blázquez et  al., 1998; Hou et  al., 
2014; Bao et  al., 2020; Fukazawa et  al., 2021). In this study, 
RGL3 (Unigene0071862) encoding DELLA had low expression 
in SD10, SD13, and SD19 (Figure  5D and 
Supplementary Table S9). In contrast, SOC1 (Unigene0039572 
and Unigene0039575) and LFY (Unigene0030979) were highly 
expressed in SD10, SD13, and SD19 (Figures  5G,H and 
Supplementary Table S9). This showed that low expression 
levels of the DELLA gene RGL3 could induce the expression 
of SOC1 and LFY. Additionally, the GA receptor genes GID1Bs 
(Unigene0032780, Unigene0032781, and Unigene0063035) were 
upregulated in SD10-vs.-LD10 (Figure  5D and 
Supplementary Table S9), further demonstrating that GA 
promotes floral transition in L. gratissima. However, it may 
not be  GA1, GA3, GA4, or GA9 but other active GAs that 
took effect. Previous studies indicated that GA has a promoting 
effect in floral transition in A. thaliana (Yamaguchi et al., 2014; 
Bao et  al., 2020), whereas GA was found to negatively regulate 
floral transition in woody plants (Li et al., 2018). GA regulation 
of floral transition in L. gratissima (a woody plant) is similar 
to herbaceous plants but not woody plants. This unique regulation 
pattern may be affected by many endogenous and environmental 
factors, which needs to be  further studied in the future.

Other hormones also have some effects in regulating floral 
transition in L. gratissima. ABA is usually considered a stress-
related hormone, but it also plays an important role in plant 
development (Yoshida et al., 2019). However, there is still debate 
over the role of ABA in floral transition because both promoting 
and inhibitory effects were reported (Shu et  al., 2018; Xiong 
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et  al., 2019). In this study, the ABA synthase gene NCED1 
(Unigene0042754 and Unigene0042755) and the catabolic gene 
CYP707A1 (Unigene0034382) were both upregulated in SD10-
vs.-LD10 (Figure  5C and Supplementary Table S9), and the 
ABA content in the SAMs was maintained at high levels that 
initially increased from SD0 to SD13 and subsequently declined, 
reaching its peak on SD13 (Figure  3). ABF2 is a bZIP 
transcription factor that binds to ABA. It is also an important 
component of the glucose signaling pathway (Kim et al., 2004). 
In this study, ABF2 (Unigene0046988) was highly expressed 
in SD10, and likely participated in floral transition in L. gratissima 
by mediating the ABA and glucose signaling pathways. In the 
ABA core signaling pathway, the protein phosphatase PP2C 
(ABI1, ABI2, HAB1, and PP2CA/AHG3) acts as a key negative 
regulatory factor, which has important regulatory effects on 
the activation of ABA signaling (Tischer et  al., 2017). When 
ABA levels increase in plants, the ABA receptors PYR1/PYLs/
RCARs bind and inhibit the phosphatase activity of PP2C, 
thereby activating the ABA signaling pathway (Tischer et  al., 
2017). In this study, PYL4 expression was high in SD13, whereas 
PP2C expression peaked on SD10 but was also high on SD13 
(Figure  5D and Supplementary Table S9), suggesting that the 
activation of the ABA signaling pathway mainly occurred on 
SD13 and that ABA promoted flower development in L. gratissima 
through the core signaling pathway. EDL3 is a positive regulator 
of the ABA signal cascade reactions, and it positively regulates 
the expression of the central component CONSTANS (CO) in 
the photoperiod pathway to regulate floral transition (Koops 
et  al., 2011). In this study, the expression of EDL3 and COL12 
in the photoperiodic pathway peaked on SD10 (Figures  5A,D 
and Supplementary Table S9), suggesting that ABA promoted 
floral transition in L. gratissima by interacting with EDL3 to 
induce COL12 expression.

Plant growth depends on the continuous function of 
meristems, and CKs have positive effects on SAMs. In this 
study, the cytokinin synthase gene LOGs and the zeatin 
O-glucosyltransferase gene ZOG1 were mainly upregulated in 
SD10-vs.-LD10 and SD13-vs.-LD13 (Figures  5C,D and 
Supplementary Table S9). It is known that zeatin O-glucoside 
plays important roles in the transport and storage of CKs 
(Kiran et al., 2012). On the other hand, the trans-zeatin synthase 
gene CYP735A1 and the cytokinin oxidase/dehydrogenase gene 
CKX7 were downregulated in SD19-vs.-LD19 (Figures  5C,D 
and Supplementary Table S9). Zeatin promotes cell division 
and has an important role in the early stages of flower bud 
development and cell division. This is likely the reason zeatin 
content gradually decreased from SD0 to SD19 (Figure  3). 
The CK signaling pathway mainly cross talks with AGAMOUS 
(AG) to regulate SAM differentiation and maintenance (Zhang 
et  al., 2018). RPN12A participates in ATP-dependent 
ubiquitinated protein degradation, which may inhibit the 
degradation of one or more factors in CK signaling and balance 
the proliferation rate of cells during bud development (Ryu 
et  al., 2009). In this study, AHPs, which are key components 
in the cytokinin two-component signaling system (Liu et  al., 
2017), were highly expressed mainly at SD10, SD13, and SD19; 
ARR6, which is a CK responsive regulator (Liu et  al., 2017), 

was significantly upregulated in SD19-vs.-LD19, and RPN12A 
was upregulated in SD13-vs.-LD13; and moreover, AGL8 was 
highly expressed in SD10, SD13, and SD19 (Figures  5D,H 
and Supplementary Table S9), demonstrating that CK promotes 
floral transition and flower development in L. gratissima indirectly 
through the effects of AGL8.

In the JA signaling pathway, JAZ (jasmonate-ZIM domain, 
TIFY family) and MYC2/3/4 regulate floral transition in plants 
(Bao et  al., 2020; Guan et  al., 2021). In this study, TIFYs and 
MYC4 were upregulated in SD10-vs.-LD10 (Figure  5D and 
Supplementary Table S9), showing that the JA signaling pathway 
promotes floral transition in L. gratissima. In SL signaling 
pathway, D14 negatively regulates SL signals as an SL receptor 
(Chevalier et  al., 2014). In this study, D14 (Unigene0028658) 
expression was high at the early stage of SD treatment, and 
as treatment duration increased, its expression level decreased 
(Figure  5D and Supplementary Table S9), which may have 
been caused by negative feedback regulation of SL signals by 
D14, thereby regulating SL changes during floral transition in 
L. gratissima. CCD7 is a key enzyme in SL biosynthesis (Bao 
et  al., 2020). Compared with the LD treatment, CCD7 
(Unigene0069349) expression was lower in response to SD 
treatment and was significantly downregulated in SD10-vs.-LD10 
(Figure  5C and Supplementary Table S9), suggesting that SL 
may inhibit floral transition in L. gratissima. In contrast to 
the results of this study, recent studies have shown that SL 
inhibits melatonin synthesis, thereby inducing floral transition 
in A. thaliana in an FLC-dependent manner (Zhang et  al., 
2019). As L. gratissima is a perennial woody plant, there may 
be  differences in SL regulatory mechanisms in floral transition 
compared with A. thaliana, which requires further 
in-depth studies.

YUC-mediated auxin biosynthesis is vital for the formation 
of floral organs (Cheng et  al., 2006). In this study, YUC4 was 
upregulated in SD19-vs.-LD19 (Figure  5C and 
Supplementary Table S9), whereas IAA content increased from 
SD10 to SD13 and continuously decreased afterward (Figure 3), 
whereas the auxin response gene SAUR7 was upregulated in 
SD13-vs.-LD13 and SD19-vs.-LD19. These results suggested 
that auxin does not participate in regulating floral transition 
in L. gratissima but instead has positive effects on the formation 
of floral organs.

These hormones interacted with other flowering regulation 
pathways to further ensure that L. gratissima rapidly responded 
to changes in environmental and endogenous signals to precisely 
regulate flowering time.

Flowering Pathways During Floral 
Transition in L. gratissima
The photoperiod pathway is involved in plant response to changes 
to day length and circadian rhythm, making it one of the most 
important flowering regulation pathways. In the photoperiod 
pathways of many plants, the bZIP transcription factor FD forms 
a transient complex in SAMs with the FT protein from leaves 
to induce the expression of floral meristem identity genes, thereby 
promoting floral transition (Abe et  al., 2019). In this study, FD, 
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AP1, FUL, and AGL8 were highly expressed in SD10 and SD13 
(Figures  5A,H), demonstrating that the FD protein directly or 
indirectly induced the expressions of AP1, FUL, and AGL8, 
thereby promoting floral transition in L. gratissima. CO is an 
important regulatory factor in the photoperiod pathway, and 
the expression of CO is regulated by a photoreceptor and circadian 
rhythm in A. thaliana, and when the expression rhythm of CO 
is consistent with the external photoperiod, expression of the 
downstream gene SOC1 is activated (Goretti et  al., 2020). In 
this study, COL12 was upregulated in SD13-vs.-LD13 (Figure 5A 
and Supplementary Table S9), suggesting that the effects of 
COL12  in flower development in L. gratissima were similar to 
those of CO in A. thaliana.

The transcription factor LUX is one of the components of 
evening complex (EC) in circadian rhythm and forms the HOS15-
EC-HDA9 histone-modifying complex in A. thaliana to inhibit 
GI transcription, thereby inhibiting photoperiod-dependent 
flowering (Park et al., 2019). In this study, LUX was downregulated 
in SD10-vs.-LD10 (Figure  5A and Supplementary Table S9), 
indicating that LUX had inhibitory effects on floral transition 
in L. gratissima. PRR7 positively regulates CO expression to 
promote floral transition in long-day plants, whereas the PRR7/
PRR3 genes delay floral transition by inhibiting CO expression 
in short-day plants (Nakamichi et al., 2020). In this study, PRR7 
was downregulated in SD13-vs.-LD13 (Figure  5A and 
Supplementary Table S9), showing that PRR7 inhibits floral 
transition in L. gratissima, which was similar to the other 
short-day plants. In A. thaliana, FKF1 could degrade CDF1 
(factor inhibiting CO transcription) to regulate CO expression 
and could directly bind to CO, or inhibit COP1 to stabilize 
CO expression, thereby promoting flowering (Lee et  al., 2018). 
However, FKF1 was downregulated in SD13-vs.-LD13 (Figure 5A 
and Supplementary Table S9), which was not consistent with 
COL12 expression. This indicated that FKF1 inhibited floral 
transition in L. gratissima and does not interact with COL12, 
but other mechanisms may be present that require further study. 
NF-Ys interact with CO in the photoperiod pathway to directly 
regulate SOC1 transcription (Hou et  al., 2014). In this study, 
NF-Ys, COL12, and SOC1 were highly expressed in SD10 and 
SD19 (Figures  5A,H), showing that NF-Ys may interact with 
COL12  in the photoperiod pathway in L. gratissima to induce 
SOC1 expression, thereby positively regulating floral transition 
and flowering development in L. gratissima.

Previous studies showed that ambient temperature-associated 
EARLI1 regulated critical genes in the LD photoperiod pathway 
in A. thaliana to promote FLC expression and delayed flowering 
time (Shi et  al., 2011). In contrast, pEARLI1 was upregulated 
in SD13-vs.-LD13 and SD19-vs.-LD19 in this study (Figure 5B 
and Supplementary Table S9), indicating that pEARLI1 promoted 
floral transition and flower development in L. gratissima.

In A. thaliana, age signals negatively regulate miR156 levels 
to promote SPL accumulation (Yao et  al., 2019). At SAMs, 
SPLs target FUL and SOC1 or directly regulate AP1 transcription 
to promote flowering (Wang et  al., 2009). In this study, SPL4 
was upregulated in SD10-vs.-LD10, SD13-vs.-LD13, and SD19-
vs.-LD19 (Figure  5F and Supplementary Table S9), which 
was consistent with the expression patterns of SOC1, FUL, 

and AP1 (Figures  5G,H), indicating that the aging pathway 
promoted floral transition and flower development in L. gratissima 
through SPL4-induced expression of FUL, SOC1, and AP1.

The floral integrators SOC1 and AGL24 integrate various 
flowering signals from photoperiod, temperature, hormone, and 
age-related signals to activate or inhibit downstream floral 
meristem identity genes, and ultimately lead to the transformation 
of vegetative to floral meristems in plants (Blümel et al., 2015). 
SOC1 can be  indirectly activated by CO (Lee and Lee, 2010). 
At SAMs, when SOC1 is activated, SOC1 and AGL24 form 
a heterodimer to directly activate LFY (Lee et  al., 2008). In 
this study, SOC1, AGL24, and LFY were highly expressed in 
SD10, suggesting that SOC1 and AGL24 can jointly promote 
LFY at this period to promote floral transition in L. gratissima. 
During early flower development, AP1 activates A function 
to inhibit SOC1 and AGL24 expression to prevent flowering 
reversion (Lee and Lee, 2010). In SD19, AGL24 and SOC1 
expression decreased and AP1 expression increased 
(Figures 5G,H). These changes may prevent differentiated floral 
meristems from undergoing flowering reversion.

SEPs are important regulatory factors during flower development 
and form a heterodimer with AP1 to regulate genes during floral 
meristem development (Jetha et  al., 2014). In this study, SEPs 
were highly expressed in SD10, SD13, and SD9, which was 
consistent with AP1 expression (Figure  5H), showing that AP1 
mediated positive regulation of floral transition and early flower 
development in L. gratissima by SEPs. In Arabidopsis, SVP is a 
flowering inhibitor and plays a role in floral transition by directly 
inhibiting SOC1 expression at SAMs and leaves (Li et  al., 2008). 
In this study, SVP had low expressions in SD10, SD13, and 
SD19, whereas SOC1 expression was high (Figures  5G,H), 
indicating that low levels of SVP induced SOC1 expression to 
promote floral transition and flower formation in L. gratissima.

TFL1 is a key regulatory factor of floral transition and 
inflorescence meristem development in A. thaliana. TFL1 and 
FT have highly conserved amino acid sequences but opposite 
gene functions: FT promotes flowering, whereas TFL1 inhibits 
flowering (Jin et  al., 2020). Previous studies showed that TFL1 
negatively regulated transcription of the target gene FD, thereby 
regulating the flowering time and inflorescence meristem 
development (Hanano and Goto, 2011). In this study, TFL1 
had low expression at SD10 and SD13, which is the opposite 
of FD expression (Figures  5A,H), indicating that low levels 
of TFL1 promoted FD expression and, therefore, floral transition 
in L.  gratissima.

Figure  6 shows the hypothetical model of the regulatory 
network of SD photoperiod-induced floral transition in L. gratissima, 
involved in the regulation of multiple flowering signals in floral 
transition, including signals for photoperiod, phytohormones (GA, 
ABA, CK, JA, and SL), sugar, ambient temperature, age, and 
floral integrator and floral meristem identity genes.

CONCLUSION

Our study enables a comprehensive understanding of the gene 
expression patterns occurring during SD photoperiod-induced 
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floral transition in L. gratissima. The histological, endogenous 
substance contents, and differential gene expression analyzes 
showed that short-day photoperiod activated systemic responses 
in L. gratissima and induced the generation of flowering signals 
in the photoperiod pathway. Furthermore, a complex regulatory 
network, including GA, ABA, CK, JA, and SL signals, sugar 
signals, and temperature and age signals, was formed through 
the integration of SOC1 and AGL24. The outcomes of this 
study will aid in understanding flowering time regulation in 
L. gratissima at the molecular level, provide theoretical guidance 
for achieving year-round production, and further provide a 
reference for understanding the regulatory mechanisms of 
flowering time in other woody plants.
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GLOSSARY

Term Definition

ABA abscisic acid
AG AGAMOUS
AGL24 AGAMOUSLIKE24
AP1 APETALA1
BGLU24  BETA-GLUCOSIDASE 24
CAB40 CHLOROPHYLL A-B BINDING PROTEIN
CCD7  CAROTENOID CLEAVAGE DIOXYGENASE 7
CK cytokinin
CO CONSTANS
COL12 CONSTANS-LIKE 12
CYP734A1 CYTOCHROME P450 734A1
D14 DWARF14
DEG differentially expressed gene
EC evening complex
EDL3 EID1-LIKE F-BOX PROTEIN 3
FKF1  FLAVIN-BINDING KELCH REPEAT F-BOX PROTEIN 1
FT FLOWERING LOCUS T
FUL FRUITFULL
GA  gibberellin
GA2OX1 GIBBERELLIN 2-BETA-DIOXYGENASE 1
GOLS2 GALACTINOL SYNTHASE 2
HK HEXOKINASE
HPLC-MS  high-performance liquid chromatography-mass spectrometry
HSFs  HEAT STRESS TRANSCRIPTION FACTORS
HSPs HEAT SHOCK PROTEIN/COGNATE
IAA indole-3-acetic acid
JA jasmonic acid
JMT  JASMONATE O-METHYLTRANSFERASE
LD long day
LFY LEAFY
NF-Y nuclear factor Y
PRR7 PSEUDO-RESPONSE REGULATOR 7
RFS RAFFINOSE SYNTHASE
SD short day
SEP3 SEPALLATA3
SEPs SEPALLATAs
SL strigolactone
SOC1  SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
SPL4  SQUAMOSA PROMOTER-BINDING-LIKE PROTEIN 4
SVP SHORT VEGETATIVE PHASE
T6P trehalose-6-phosphate
TFL1 TERMINAL FLOWER 1
TPS TREHALOSE-6-PHOSPHATE SYNTHSE
UGT74F1  UDP-GLYCOSYLTRANSFERASE 74F1
WGCNA  weighted gene co-expression network analysis
ZT zeatin
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Duckweeds (Araceae: Lemnoideae) are aquatic monocotyledonous plants that are

characterized by their small size, rapid growth, and wide distribution. Developmental

processes regulating the formation of their small leaf-like structures, called fronds, and

tiny flowers are not well characterized. In many plant species, flowering is promoted

by the florigen activation complex, whose major components are florigen FLOWERING

LOCUS T (FT) protein and transcription factor FD protein. How this complex is regulated

at themolecular level during duckweed flowering is also not well understood. In this study,

we characterized the course of developmental changes during frond development and

flower formation in Lemna aequinoctialis Nd, a short-day plant. Detailed observations

of frond and flower development revealed that cell proliferation in the early stages of

frond development is active as can be seen in the separate regions corresponding

to two budding pouches in the proximal region of the mother frond. L. aequinoctialis

produces two stamens of different lengths with the longer stamen growing more

rapidly. Using high-throughput RNA sequencing (RNA-seq) and de novo assembly of

transcripts from plants induced to flower, we identified the L. aequinoctialis FT and FD

genes, whose products in other angiosperms form a transcriptional complex to promote

flowering. We characterized the protein-protein interaction of duckweed FT and FD

in yeast and examined the functions of the two gene products by overexpression in

Arabidopsis. We found that L. aequinoctialis FTL1 promotes flowering, whereas FTL2

suppresses flowering.

Keywords: duckweed, flowering, FT, transcriptome, photoperiod, Lemna aequinoctialis, FD

INTRODUCTION

Duckweeds (Araceae: Lemnoideae) are small, rapidly growing aquatic monocot plants that
can be vegetatively propagated in axenic culture (Ziegler et al., 2015). These characteristics
have attracted special attention in the fields of plant genomics, biotechnology, physiology, and
developmental biology (Appenroth et al., 2015). The genome size of members of the Lemnoideae
ranges from 150Mb in Spirodela polyrhiza to 1.9 Gb in Wolffia arrhiza (Kim et al., 2010;
Wang et al., 2011, 2014; Van Hoeck et al., 2015; Ernst, 2016; Michael et al., 2017, 2021).
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In S. polyrhiza populations, low genetic variation is associated
with a low mutation rate in this species (Xu et al., 2019). In
the field of biotechnology, duckweeds are recognized as ideal
candidates for producing proteins and chemical components for
human consumption because of the fast population doubling
time and wide distribution of the plant worldwide (Appenroth
et al., 2015). Duckweeds are also attractive model plants
for physiological research, such as for examining circadian
clock regulation by light at the cellular level (Muranaka and
Oyama, 2016). In contrast, duckweed development is not
well characterized despite its attention from an evolutionary
developmental view (Lemon and Posluszny, 2000). Duckweed
shoots develop a small organ called a frond, whose nature is still
in debate as to whether it is a leaf homolog or a combined leaf
and stem. Duckweeds develop tiny flowers in the axil of the frond;
however, flower development and the regulation of flowering at
the molecular level have not been intensely investigated.

Studies of model plant species have revealed the molecular
basis of flowering regulation (Tsuji et al., 2013). Under
an inductive photoperiod, the expression of genes encoding
FLOWERING LOCUS T (FT), a systemic flowering signal in
plants, is activated in leaves (Kardailsky et al., 1999; Kobayashi
et al., 1999; Abe et al., 2005; Wigge et al., 2005). FT protein
is transported from the leaves to the nuclei of shoot apical
meristem (SAM) cells, where FT forms florigen activation
complexes (FAC) composed of 14-3-3 protein and FD, a basic
leucine-zipper (bZIP) domain-containing transcription factor
(Taoka et al., 2011; Collani et al., 2019). The FAC activate
downstream genes including the MADS-box transcription
factors APETALA1 (AP1)/FRUITFUL (FUL) and SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS1 (SOC1) that strongly
promote the transition of the shoot apex from the vegetative
stage to the reproductive stage for floral organ formation. This
regulatory process required for flowering is conserved across
diverse plant species including tomato, poplar, and maize (Park
et al., 2014; Tylewicz et al., 2015; Sun et al., 2020). In duckweeds,
however, the expression and function of these flowering genes are
not well characterized.

In this study, we characterized the course of developmental
changes during frond development and flower formation in
Lemna aequinoctialis Nd. In L. aequinoctialis, flowering is
induced by short days (Yukawa and Takimoto, 1976). Thus, this
species is suitable for our developmental characterization. Using
high throughput RNA sequencing (RNA-seq) of plants induced
to flower by short days, we identified duckweed orthologs of
FT and FD genes. We further characterized the interaction of
the orthologous gene products to form FAC and function in
heterologous systems. Our results suggest that L. aequinoctialis
FTL1 promotes flowering, whereas FTL2 suppresses flowering.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Lemna aequinoctialis Nd was maintained in NF medium
(Muranaka et al., 2015). Colonies were grown in 40ml of NF
medium in 90 x 20mm Petri dishes under short-day (8-h
light/ 16-h dark cycles) or long-day (16-h light/8-h dark cycles)

conditions. The growth temperature wasmaintained at 22± 1◦C.
Arabidopsis Col-0 (control) and transgenic Arabidopsis plants
were grown in long-day conditions (16-h light/8-h dark cycles)
at 23◦C.

Morphological Analysis
Fronds were photographed using a stereomicroscope (Olympus
SZ61, Japan). For the scanning electron microscope (SEM)
observations, fronds were fixed in 2.5% glutaraldehyde overnight
at 4◦C and dehydrated in a series of ethanol solutions. The final
ethanol solutionwas substituted with 3-methyl butyl acetate, after
which the samples were dried at their critical point, sputter-
coated with platinum, and observed with a SEM (model Hitachi
SU-1510, RIKEN) at an accelerating voltage of 5 kV.

Ethynyl Deoxyuridine Staining
Lemna aequinoctialis Nd was cultured overnight in 10ml of
NF medium that included 10mM ethynyl deoxyuridine (EdU).
EdU-labeled fronds were then washed and observed by using an
imaging kit (Click-iTTM EdU Alexa FluorTM 488), according to
the instructions of the manufacturer.

RNA Extraction and RNA-seq Analysis
We collected triplicate samples on day 0 and 5, 10, and 13
days after initiating the short-day treatment. Total RNA from
L. aequinoctialis was isolated using an RNeasy Plant Mini Kit
(Qiagen), and cDNA was synthesized with a SuperScriptTM First-
Strand Synthesis System for RT-PCR (Thermo Fisher Scientific)
according to the instructions of the manufacturer. TruSeq
RNA libraries were prepared according to the protocol of the
manufacturer (TruSeq RNA Library Prep Kit v2, Illumina, San
Diego, CA, USA). Libraries with an average insert size of 156
budding pouch (bp) were sequenced on the NextSeq500 System
(Illumina) according to the instructions of the manufacturer. The
read data were deposited to DDBJ (DRAAccession DRA011840).

Trimmomatic 0.39 software was used with
the following options: “ILLUMINACLIP:TruSeq3-
PE.fa:2:30:10 HEADCROP:10 LEADING:20 TRAILING:20
SLIDINGWINDOW:4:15 MINLEN:36” (Bolger et al., 2014).
Reads that contain Poly-A or Poly-T sequences with more
than 25nt were removed using seqkit. To exclude the reads
derived from tRNA, rRNA, and chloroplasts, the reads were
mapped to tRNA (Cognat et al., 2013), Embryophytic rRNA
(Quast et al., 2013; Yilmaz et al., 2014), and chloroplast genome
of Lemna minor (Mardanov et al., 2008) using HISAT2 (Kim
et al., 2019). The Read 1 and Read 2 sequences were separately
aligned by treating as single-end mode. The unmapped reads
were extracted from the BAM files using SAMTools (Li et al.,
2009) with the following options: “view -b -f 4,” then converted
to fastq files with bamToFastq command of bedtools (2.28.0)
(Quinlan and Hall, 2010). The unpaired reads from the extracted
reads were excluded with seqkit (0.16.1) (Shen et al., 2016). The
remaining reads were used for downstream analyses. A de novo
transcriptome was assembled with Trinity (v2.8.5) using the
default parameters (Grabherr et al., 2011).
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Gene Annotation
Open reading frames (ORFs) in all assembled contigs were
extracted using TransDecoder.LongOrfs script with default
parameters, which defines sequences as ORFs when lengths are
equivalent to at least 100 amino acids (TransDecoder Release
v5.5.0). Orthologous proteins of the defined ORFs were searched
against the Swiss-Prot database (2021_3) by BLASTp with a 10−5

e-value cutoff (Altschul et al., 1990). Proteins with the lowest
e-values were defined as orthologous proteins of the defined
ORF. Protein domains in the defined ORFs were also searched
using HMMER (Eddy, 2009) software against Pfam-A.hmm
(2021_3) with default parameters. Protein-coding regions were
predicted using TransDecoder.Predict script based on the results
of BLASTp and HMMER searches. Gene ontology (GO) terms
for each gene were determined based on the GO terms of the
Swiss-Prot annotation.

Detection of Differentially Expressed
Genes
The align_and_estimate_abundance.pl script from the Trinity
package (v.2.4.0) was applied to align reads to the de novo
transcriptome with Bowtie (version 1.1.2) (Langmead, 2010) and
to estimate the transcript abundance with RSEM (version 1.3.0)
(Li and Dewey, 2011). An ANOVA-like test was used to detect
differentially expressed genes (DEGs) at any time point after
beginning the short-day treatment with edgeR (3.28.1) (Robinson
et al., 2010).

To group DEGs with similar expression patterns, K-Means
clustering (K = 6) was applied using Complexheatmap (2.2.0)
(Gu et al., 2016).

For genes within each group, we used topGO (2.38.1) to find
statistically overrepresented GO terms of biological processes
compared to all annotated genes by a Fisher’s exact test
(P < 0.05).

Multiple Sequence Alignment and
Phylogenetic Analysis
Protein sequences of FD from L. aequinoctialis and other plant
species were aligned to create a phylogenetic tree using MUSCLE
(Edgar, 2004), to reconstruct the phylogeny only based on
conserved residues in the alignment. We trimmed the original
alignment using the program trimAl (version 1.2, Capella-
Gutiérrez et al., 2009) and then the phylogeny was reconstructed
based on the trimmed alignment. A phylogenetic analysis was
conducted using the MEGA X program with 500 bootstrap
replications. A maximum-likelihood tree was constructed using
the Jones-Taylor-Thornton (Jones et al., 1992) model with the
same alignment file. For protein sequence alignment of FT and
FD to identify conserved motifs, the CLUSTAL W program
was used.

cDNA Cloning
The coding regions of duckweed FT and FD-like genes were
PCR-amplified from L. aequinoctialis cDNA with PrimeSTAR
GXL polymerase (TaKaRa) according to the instructions of the
manufacturer. The amplified DNAs were cloned into the entry
vector, pENTR-D-TOPO (Thermo Fisher SCIENTIFIC) using

NEBuilder HiFi DNA Assembly Master Mix (New England
Biolabs). The nucleotide sequences of the constructs were
confirmed by sequencing. Primers for PCR amplification were
designed according to data from de novo RNA-seq analyses. For
LaFDL1, the following primers were used to amplify the coding
sequences for cloning.

AoFD1-F: 5’-TCCGCGGCCGCCCCCTTCACCATGCG
GCACCATCAGAAGCAAC-3’

pEN-AoFD-R2:
5’- TGGGTCGGCGCGCCCACCCTTTTGCACTCAAAA

GGGTGCGG-3’

Plasmid Construction
AGateway-compatible destination vector, pGWB602 (Nakamura
et al., 2010), was used to construct transgenic Arabidopsis plants.
For the yeast two-hybrid assays, Gateway-compatible destination
vectors, pBTM-GW and pVP16-GW (Taoka et al., 2011), were
used. FT and FD coding regions were transferred from pENTR-
D-TOPO to these destination vectors using the Gateway LR
Clonase II enzyme mix (Thermo Fisher Scientific), according to
the instructions of the manufacturer.

Generation of Transgenic Arabidopsis and
Flowering Time Analysis
Agrobacterium EHA105 was transformed with pGWB602
plasmids containing the LaFTL coding regions. Arabidopsis Col-
0 plants were transformed by the floral dip method as described
by Clough and Bent (1998). To select transgenic plants, the
transformed seeds were germinated and grown on 1/2 x MS
medium containing 10mg/L glufosinate for 5 days. The surviving
seedlings were transferred to soil and grown under long days
(LD) conditions. To eliminate any escaped plants, the soil-grown
plants were sprayed with 0.1% (w/v) BASTA (BASF) every 2
days for a week. For flowering time analysis, more than 10
independent transgenic lines (from 12 to 41 lines) from the
T1 generation were used to count the number of rosette leaves
at bolting.

Yeast Two-Hybrid Assay
The LexA-based assay was performed essentially as described
in a previous study (Taoka et al., 2011). Yeast transformation
was accomplished using a Frozen-EZ Yeast Transformation
II Kit (Zymo Research), according to the instructions of the
manufacturer. Transformed yeast colonies were selected on
synthetic complete medium without uracil, tryptophan, and
leucine (SC-UWL) and grown on SC-UWL medium without
histidine (SC-UWLH) and containing 10mM of 3-amino-1,2,4-
triazole (3-AT) for growth analysis.

RESULTS

Lemna aequinoctialis Frond Development
To characterize vegetative organ differentiation in L.
aequinoctialis, we first observed the development and
proliferation of leaf-like structures called fronds (Figure 1A).
Mature mother fronds are 3–4mm in diameter and form two
pocket-like structures called budding pouches in the proximal
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FIGURE 1 | Frond development. (A) L. aequinoctialis growing in liquid culture. (B) Close-up view of a single frond. The locations of two budding pouches are identified

by brackets: (1) the larger daughter frond and (2) the smaller daughter frond is covered by the mother frond and is out of view. (C) The abaxial side of a frond whose

larger daughter frond (1) was removed for observation. The position of the missing frond is depicted as a dotted line. The smaller daughter frond is labeled as 2. (D)

Fronds after germination. (E) Scanning electron micrograph of a budding pouch (bp). (F) Close-up view of (E) showing the early development of a third daughter frond

(3). Scale bars: 1 cm (A), 1mm (B), 0.5mm (C–E), and 100 µm (F).

region (Figure 1B). Daughter fronds develop alternately in
the two budding pouches, suggesting the localization of organ
differentiation activity inside both budding pouches (Figure 1C).
When mature, the older daughter frond detaches from the
budding pouch of the mother frond, leaving a trace of the
abscission zone (Figures 1D–F). In the axil of the detached
zone, the next daughter frond develops (Figures 1E,F). These
observations suggest that meristematic activities reside in specific
regions of the budding pouch with some similarity to the axillary
meristems of other angiosperms.

Lemna aequinoctialis Flower Development
To characterize the pattern of flower development in L.
aequinoctialis, we induced flowering by controlling the day
length of the culture. Flowering of L. aequinoctialis is induced
by short days (Yukawa and Takimoto, 1976). After 10 days of
short-day treatment, L. aequinoctialis synchronously flowered
(Figure 2A). Flowers of L. aequinoctialis are formed in the
budding pouches; however, flowers are formed in only one of
the two budding pouches, and a daughter frond is formed within
the other budding pouch (Figure 2B). When a mother frond
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FIGURE 2 | Flower development. (A) Flowering L. aequinoctialis in culture. Arrowheads indicate flowers. (B) Close-up view of a flowering frond. Two flowers are

visible. The mother frond (M) produced two daughter fronds: a larger frond (1) and a smaller frond (2). The white rectangle indicates a flower of the larger frond (1). (C)

Flower formation in daughter fronds. The mother frond (M) produced two daughter fronds: a larger frond (1) and a smaller frond (2). Daughter frond 1 has two budding

pouches, one of which produced a granddaughter frond (1–3), and the other budding pouch produced a flower (1–2 with white rectangle). The first granddaughter

frond, named 1–1, has already detached, and the picture shows 1–3, the frond that this pouch formed after 1–1. Daughter frond 2 also produced a granddaughter

frond (2–1) and a flower (2–2 enclosed with a white rectangle). (D) Schematic diagram of (C). (E–G) Close-up view of floral organs. an: anther, st: stamen, pi: pistil, sp:

spathe. (H) Scanning electron micrograph of a flower. Scale bars: 1 cm (A), 1mm (B), and 100µm (C–H).

remains attached to two daughter fronds, each of the daughter
fronds can produce a flower within one of their budding pouches,
thereby producing a granddaughter frond (Figures 2C,D). Our
analysis of flower development in L. aequinoctialis identified
two distinct characteristics: the length of the stamens and the
timing of stamen maturation. Most Lemnoideae plants develop
two stamens per flower. L. aequinoctialis developed two stamens
as shown in Figure 2G, although we found that in our culture
conditions, one stamen grows rapidly and becomes longer

than the other in all flowers (Figures 2E–H). Eventually, the

longer stamen emerged outside the frond epidermis, whereas the
smaller stamen often failed to emerge in our growth conditions

(Figure 2E). The timing of stamen and pistil maturation differs

among species in the Lemnoideae. Stamen maturation proceeds

pistil maturation in some Lemnoideae plants, whereas the

opposite timing occurs in others (Fourounjian et al., 2021). In
L. aequinoctialis, stamens appear first (Figure 2E), then pistils

appear (Figure 2F). This finding suggests the faster growth of one

of the two stamens (refer Discussion).

Identification of Regions With High Cell
Proliferation Activity in Lemna

aequinoctialis
To identify regions with high cell proliferation activity, we
stained L. aequinoctialis plants with 5-ethynyl-2’-deoxyuridine
(EdU) and observed the position of the stained regions. EdU is
a thymidine nucleotide analog that is incorporated into newly
synthesized DNA to label cells that divided during the period of
EdU application. We detected three stained regions in the root
tip and proximal regions of two daughter fronds (Figures 3A,B).
Staining at the root tip corresponded to the position of the root
apical meristem. Close inspection of the proximal regions of the
daughter fronds revealed that staining of the larger frond was
divided into two separate areas (Figure 3C). These two regions
were indicative of active areas of cell proliferation to generate
granddaughter fronds within the budding pouches of larger
daughter fronds. In contrast to the larger fronds, the small fronds
stained more uniformly throughout with stronger staining in the
proximal region (Figure 3C). This result suggests that active cell
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FIGURE 3 | EdU. (A) The abaxial side of a frond stained with ethynyl deoxyuridine (EdU). (B) Areas of EdU fluorescence (green) are visible at the RAM and the

proximal region of the frond. Arrowheads indicate separate fluorescent regions from each of the two daughter fronds (1 and 2). (C) A close-up view of the area

enclosed by the rectangle in (B). Arrowheads indicate separate fluorescent regions in daughter frond 1. Scale bars: 2mm (A,B) and 0.5mm (C).

proliferation to form daughter fronds occurred during earlier
stages. We did not detect any fluorescence indicative of the SAM
in the mother frond (Figure 3C).

L. aequinoctialis Transcriptome Analysis
To investigate gene expression patterns during the vegetative
to reproductive phase change, we performed RNA-seq using
triplicate samples collected on day 0 and 5 days, 10 days, and
13 days (SD0, SD5, SD10, and SD13, respectively, Figure 4A)
after initiating the short-day treatment. A total of 406 million
paired-end reads were sequenced, and after quality filtering,
388 million reads remained that were used for downstream
analyses (Supplementary Table 1). Since the genomic sequence
of L. aequinoctialis was not available, we conducted de novo
transcriptome assembly with Trinity (Grabherr et al., 2011).
As a result, 180,831 genes including 328,516 transcripts (N50
= 1,526 bp) were identified (Supplementary Table 2). Then,
we aligned the reads against the assembled transcripts to
estimate the expression levels. Between 27 and 39% of the
reads were aligned to at least one locus. The average fragment
we used was TransDecoder (https://github.com/TransDecoder/
TransDecoder/wiki) to identify candidate protein-coding genes
from all transcripts. For 35,680 genes, at least one isoform of
the gene had either a partial or complete ORF with deduced
proteins having lengths >100 amino acids. For functional
annotation of the candidate protein-coding genes, we searched
for sequence similarity against the Swiss-Prot database with
BLASTp (Altschul et al., 1990). We also searched for conserved

domains against the Pfam-A.hmmdatabase withHMMER. Based
on these results, 17,610 genes of 35,680 genes (49%) were
annotated by TransDecoder. These genes were also annotated
with GO terms.

We identified 3,908 DEGs [false discovery rate (FDR) <

0.05] during the short-day treatment (Supplementary Table 3).
To dissect the expression patterns, we used K-means clustering
to group the DEGs into six clusters (Figures 4B,C). Genes in
clusters 2 (N = 1,532), 3 (N = 992), 5 (N = 1,290), and 6
(N = 958) behaved similarly; expression was upregulated at
5 days of short-day treatment, downregulated at 10 days, and
re-upregulated at 13 days. Gene expression in cluster 4 (N =

290) was upregulated at 10 days of short-day treatment and was
maintained or slightly reduced at 13 days. On the other hand, the
expression of genes in cluster 1 (N = 2,824) was downregulated at
5 days and was maintained at approximately the same expression
level until 13 days.

We also conducted GO term enrichment analysis for
each cluster (Supplementary Table 4). In cluster 4, GO terms
associated with cell wall synthesis, such as “pectin catabolic
process” and “pectin metabolic process” were highly enriched.
Duckweed flowered 10 days after initiating the short-day
treatments. Consistent with this morphological change, many
GO terms associated with “developmental process involved in
reproduction” and “flower development” were also enriched.

In cluster 2 and cluster 3, many GO terms associated
with “response to stimuli,” including both endogenous and
environmental stimuli, were enriched. In cluster 4, several
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FIGURE 4 | RNA-seq. (A) Time course of sampling L. aequinoctialis after initiating short-day conditions. (B) Heat map of gene expression changes at 5, 10, and 13

days after beginning the short-day treatment compared with the expression level on day 0. (C) K-means clustering of the transcriptome. The green lines in cluster 2

indicate LaFTL1.
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FIGURE 5 | FT and FD-like proteins in L. aequinoctialis. (A) Deduced amino acid sequences and alignment of two FT-like proteins from L. aequinoctialis, rice Hd3a,

and Arabidopsis FT. Gene IDs and accession numbers are provided in Supplementary Table 5. The four amino acid residues important for 14-3-3 protein binding in

Hd3a are identified by red circles above the alignment. The red rectangle indicates the loop region of segment B. The consensus sequence for this region is shown

below the alignment. (B) A phylogenetic tree of the FD-like protein family. The sequences were aligned by MUSCLE and the conserved residues were trimmed by

trimAl. A phylogenetic analysis was conducted using the MEGA X program with 500 bootstrap replications. A maximum-likelihood tree was constructed using the

Jones-Taylor-Thornton model. Representative FD-like proteins from monocots and dicots (Supplementary Table 5) were used to draw the tree. LaFDL is marked

with an orange dot. (C) A schematic drawing of FD1 from non-Poaceae monocots FD1. The four conserved motifs (A, LSL, bZIP, and SAP) are shown. (D) Alignment

of LaFDL1, Arabidopsis AtFD, Banana MaFDL1, and Date palm PpFDL1. The four conserved motifs are indicated by colored boxes. Asterisks indicate heptad repeats

of leucine residues comprising the leucine-zipper motif.

GO terms associated with “fruit ripening” were enriched. In
cluster 1, several GO terms related to “photorespiration” and
“photosynthesis” were enriched, suggesting an effect of the short-
day treatment.

We found three FT-like (FTL) genes, TRINITY_DN5941_
c0_g1 (LaFTL1), TRINITY_DN19284_c0_g2 (LaFTL2), and T
RINITY_DN19135_c0_g1 (LaFTL3). LaFTL1 was defined as
differentially expressed and was grouped in cluster 2. This gene
was upregulated at 5 days after the initiation of the short-day

treatment, as shown by the green lines in Figure 4C. LaFTL2
and LaFTL3 also showed a similar expression pattern, although
not significant.

TFL1 is a suppressor of flowering that competes with
FT proteins to form transcriptional complexes with 14-3-3
(Kaneko-Suzuki et al., 2018). We identified a TFL1 ortholog
TRINITY_DN11517_c0_g1 from our transcriptome dataset and
named it LaTFL1 (Supplementary Figure 1A). LaFTL1 was
defined as differentially expressed. The pattern of LaTFL1
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FIGURE 6 | Y2H. Yeast-two hybrid results showing interactions between LaFTL and LaFDL. Yeast growth on synthetic complete medium without uracil, tryptophan,

and leucine (SC-UWL) agar media containing histidine (+H) or lacking histidine plus 10mM 3-amino-1,2,4-triazole (-H + 3-AT) is shown. Rice Hd3a-OsFD1 was

included as a control.

expression increased after 5 days of short day (SD) treatment,
suggesting that the suppressive function of LaTFL1 increases
upon floral induction (refer discussion).

Cloning of FT- and FD-Like Genes
In the deduced amino acid sequences of LaFTL1, LaFTL2, and
LaFTL3 proteins, four amino acid residues critical for 14-3-
3 protein binding (R64, P96, F103, and R132 in Hd3a) were
completely conserved (Figure 5A). The segment B loop region
important for floral promotion (Ahn et al., 2006; Pin et al., 2010)
was also well conserved in LaFTL1 and LaFTL3; however, the
segment B loop region sequence of LaFTL2 diverged from the
consensus sequence. Notably, three amino acid residues essential
for floral promotion (Y136, G139, and W140 in Hd3a) were
substituted in LaFTL2 with R, A, and E, respectively (Figure 5A).
We decided to focus on LaFTL1 and LaFTL2 in our functional
analysis of LaFTLs: LaFTL1 was detected as a DEG in our
transcriptome analysis, suggesting that it may be a promoter
of photoperiodic flowering in L. aequinoctialis, while LaFTL2,
although not a DEG, has interesting features in its putative amino
acid sequence. The function of LaFTL3 will be analyzed in the
future work.

We also identified a putative FD ortholog (LaFDL) in
duckweed. A putative gene-coding region with close sequence
similarity to AtFDwas found in the duckweed genomic sequence,

and oligonucleotides were designed to amplify the coding
region from cDNA. Sequencing of the PCR products identified
closely related FD-like transcripts that were designated LaFDL1
(Figure 5D). This sequence is predicted to encode a bZIP protein
containing 226 amino acids. The plant FD family is divided
into four subfamilies: Poaceae FD1, Eudicots and non-Poaceae
monocots FD1, Poaceae FD2, and Poaceae FD3 (Figure 5B,
Tsuji et al., 2013). Members of the Eudicot and non-Poaceae
monocots FD1 subfamily share two conserved motifs, the A-
motif and the LSL-motif, in addition to the bZIP and SAP motifs
(Figure 5C). As a member of the Araceae family of monocots,
Lemna’s taxonomy is consistent with the classification of LaFDL1
into the Eudicots and non-Poaceae monocots FD1 subfamily
(Figure 5B).

Interaction of LaFTL and LaFDL in Yeast
The presence of 14-3-3 interaction motifs in LaFTL and LaFDL
suggested that the deduced proteins could interact with each
other through mediation by 14-3-3 proteins, similar to the
formation of rice FAC. To test this possibility, we performed
a yeast two-hybrid assay (Figure 6). LaFDL1 interacted with
LaFTL1 and LaFTL2 with apparently similar strength (Figure 6),
possibly through mediation with yeast 14-3-3 protein. This result
suggested that LaFTL1 and LaFTL2 can form FAC-like complexes
with LaFDL1.
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Floral Promotion Activity of LaFTL
To assess the floral promotion activity of LaFTL in planta,
LaFTLs were ectopically expressed under the control of the
CaMV 35S promoter in Arabidopsis, and the flowering time of
these transgenic plants was examined. In a previous report, wild-
type (WT) and 35S:AtFT plants flowered under LD conditions
with 10–11 and 2–5 rosette leaves on average, respectively
(Kobayashi et al., 1999). Consistently, 35S:AtFT plants flowered
with four rosette leaves on average, and 35S:GUS plants, as
alternatives to WT control plants, flowered with 10 leaves on
average (Figures 7A,B). 35S:LaFTL1 plants flowered earlier than
35S:GUS plants and 35S:AtFT plants with one-two rosette leaves.
By contrast, 35S:LaFTL2 plants delayed flowering even when
they had more than 20 leaves (Figure 7C). These results suggest
that LaFTL1 and LaFTL2 function as a floral promoter and
repressor, respectively.

DISCUSSIONS

In this study, we examined the morphological changes that occur
during the development of fronds and flowers in L. aequinoctialis.
We also analyzed the transcriptome of L. aequinoctialis after
the induction of flowering, characterized the gene structure of
LaFTL and LaFDL, and analyzed the function of LaFTL. Based
on these results, we ascertained key attributes of shoot and flower
development and identified the functional differentiation of FT
in L. aequinoctialis.

L. aequinoctialis Frond and Floral
Development
In angiosperms, the SAM produces leaf primordia that develop
into mature leaves, and axillary meristems develop within
the axils of these growing leaves (Hirano and Tanaka, 2020).
Fronds are considered to be part of the modified shoots of
typical angiosperms. Notably, we did not find any EdU-stained
fluorescence, indicating a meristematic region in the basal area of
the frond where SAMs are likely to be present (Figure 3). The
SAM of L. aequinoctialis could be aborted at an early stage of
its development. L. aequinoctialis forms about five fronds under
short-day conditions, the inducing conditions for flowering, and
14 to 20 fronds under long-day conditions, the non-inducing
conditions for flowering (Landolt, 1986). These results suggest
that the timing of SAM abortion is after the indicated number of
frond primordia have formed. In contrast, we detected a single
site of EdU fluorescence at the base of a frond with uniform
staining throughout in newly formed, young, small fronds.
This finding suggests that the SAM may still be maintained at
the younger stage (Figure 3). Since the stipe (vascular bundle
connecting the fronds) is located between the two pockets,
the central part of the frond is structurally incompatible with
developing the SAM. It is possible that the cells at the stronger
EdU signal in the younger frond (the arrowhead on the left side of
Figure 3) form the SAM (or its equivalent meristematic region).

Dichogamy is a trait in which the maturation of male
and female reproductive organs is separated temporally during
development (Lloyd and Webb, 1986). Protandry is a form of
dichogamy in whichmaturation of the male state precedes that of

the female state. Protandry is thought to reduce self-pollination,
thereby contributing to the genetic diversity of a species (Lloyd
and Webb, 1986). Examples of protandry and protogyny (the
female phase proceeds the male phase) occur in Lemnoideae
plants (Fourounjian et al., 2021). Our observations suggested
that L. aequinoctialis develops two stamens, one of which grows
longer; the longer stamen becomes exposed outside the frond,
but, in our culture conditions, the shorter stamen often was
not displayed (Figures 2E–H). The female reproductive organs
grow more slowly than the stamens. In the early stages of
growth, the pistil is located inside the pocket and are covered
by the faster growing stamens (Figure 2H). Later, the pistils
increase in size and emerge from the pocket (Figures 2F,G).
That is, the order of emergence from the pockets is first the
stamens, then the pistils. This finding suggests the possibility
of protandry in L. aequinoctialis. Considering that protogyny is
widely observed among Lemnoideae plants, further study will be
focused on a detailed analysis of stamen and pistil maturation in
L. aequinoctialis.

Transcriptome Dynamics of L.
aequinoctialis After Short-Day Treatment
We found that transcriptome dynamics after short day
treatments can be summarized as an initial increase in
expression levels, then a decline, followed by another increase
(Figures 4B,C, clusters 2, 3, 5, and 6). The initial increase
may correspond to induction of the gene expression network
that promotes flowering. The decrease in expression may
correspond to the suppression of flowering-related gene
expression and probable initiation of flower-forming genes
(Supplementary Figure 1A). This scenario is reminiscent
of the expression network in Arabidopsis, where genes
associated with flower development repress photoperiodic
flowering genes (Liu et al., 2007). The final resurgence of
expression levels of transcriptome may reflect a secondary
induction of floral transition in meristematic tissue inside
daughter or granddaughter fronds. This triphasic expression
pattern was common to the group containing the flowering-
promoting FT gene. Interestingly, flowering-repressing TFL1
gene was induced by 5SD and maintained in SD10 and
SD13 (Supplementary Figure 1A). This finding suggests that
the flowering-promoting and the flowering-repressing gene
expression networks are proceeding simultaneously during
the same sampling period. After inducing flowering by SD,
functional differentiation between flower-producing and
frond-producing pockets was observed in the same plant,
possibly reflecting this functional differentiation. Photoperiodic
induction of flowering is regulated by the interaction between the
circadian clock and the light signaling pathway, summarized as
an external coincidence. We observed in our transcriptome that
the timed expression of circadian clock genes and photoperiodic
flowering-related genes overlapped. This information will be
useful in further analyses to achieve a deeper understanding of
the mechanism of photoperiodic flowering.

Our transcriptome analysis provided insights into the gene
networks operating during photoperiodic flowering and floral
development in L. aequinoctialis. To gain further insight into
DEGs, we extracted DEGs associated with GO terms related
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FIGURE 7 | 18 days LaFTL-oe in Arabidopsis. Ectopic expression of LaFTL1 accelerated flowering in Arabidopsis. (A) The flowering phenotype of transgenic

Arabidopsis plants at 15 days after seeding. Genotypes are indicated below the photo. GUS and Arabidopsis AtFT were analyzed as a negative and positive control,

respectively. Bar = 5 cm. (B) The number of rosette leaves on transgenic plants overexpressing LaFTL1, AtFT, or GUS. (C) The number of rosette leaves on transgenic

plants overexpressing GUS or LaFTL2. Asterisks denote statistically significant differences determined by Student’s t-test (P < 0.001). Bars indicate SE.
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to floral development and flowering and show their gene
expression patterns as a heat map (Supplementary Figure 1B).
The DEGs associated with flowering and flower development
were distributed in clusters 1, 2, and 4. LaAG and LaDEF/GLO
belonged to cluster 4, whose expression was downregulated at
5SD and strongly induced at 10SD and 13SD. This result suggests
that the floral development program is activated between
5SD and 10SD. On the other hand, homologs of chromatin
remodeling factor SYD (Wagner and Meyerowitz, 2002), which
functions with LFY, were enriched in cluster 1, which contain
many downregulated genes. This finding suggests that epigenetic
regulators may be repressed in duckweed after induction of
flowering. In addition, the expression of the transcriptional
adaptor SEUSS, which forms a complex with LEUNIG and
functions to repress AG transcription (Franks et al., 2002), was
repressed after 5SD, suggesting that SEUSS may be involved in
the induction of AG expression. We further investigated genes
known to play important roles in these pathways in Arabidopsis,
including the photoperiodic pathway genes GI and CO, FAC
downstream genes AP1, SOC1, and LFY, the floral development-
related genes DEF (AP3), GLO (PI), AG, and anti-florigen TFL1
(Kramer et al., 1998; Abe et al., 2005; Wigge et al., 2005; Taoka
et al., 2011; Kaneko-Suzuki et al., 2018). Among the identified
genes, LaAG, LaDEF/GLO, and LaTFL1 were included in the
DEGs we identified from the time-course experiment after short-
day treatment (Supplementary Figure 1). LaAG, LaDEF/GLO
induced after 10SD, reflecting the initiation of floral organ
development at this timing.

Comparing the transcriptome response to different flowering-
inducing stimuli reveals integrators and other stimulus-specific
networks in duckweed flowering. Fu et al. (2020) analyzed
the flowering response induced by salicylic acid (SA) based
on transcriptome analysis of L. gibba. Three genes, LgTEM1,
LgSVP, and LgFT1, may play important roles in the SA-induced
flowering response. Interestingly, TEM1 and SVP orthologs were
not detected as DEGs in our study. In contrast, LaFTL1 was
detected as a DEG in our transcriptome analysis of the short-day-
induced flowering of L. aequinoctialis. Since FT was induced by
two different flowering inducers (SA or daylength) in different
species of the Araceae:Lemnoideae, FT may function as an
integrator of flowering in duckweed and other plants. TEM1
and SVP may constitute a gene expression network to regulate
stress-responsive flowering as represented by SA treatment. The
expression network for photoperiodic flowering is realized by
transcriptional and posttranscriptional regulation in response to
CO. CO and CO-like (COL) genes were not identified as DEGs
in our analysis because the expression of COs is regulated in a
diurnal manner, and modifier proteins regulate the accumulation
or function of CO proteins. Thus, diurnal gene expression
analysis or regulation of gene expression at the protein level will
be important to investigate in the future.

Diversification of FT Function in
L. aequinoctialis
We found two orthologs of FT in L. aequinoctialis (Figure 5).
When overexpressed in Arabidopsis, LaFTL1 promoted, but

LaFTL2 suppressed flowering (Figure 7). The suppressive
mechanism for LaFTL2 remains unclear, but the divergence in
consensus sequences within the loop region of segment B could
be a candidate for this activity. Divergence in segment B is
known to transform the function of FT from a promoter to a
suppressor of flowering in several plants including Arabidopsis,
tomato, potato, and sugarbeet (Ahn et al., 2006; Pin et al., 2010;
Abelenda et al., 2016; Soyk et al., 2017).

L. aequinoctialis develops two budding pouches, only one
of which develops a flower during an inductive photoperiod
(Figure 1). This observation suggests the presence of a limiting
mechanism for flower formation in the axillary meristems of
mother and daughter fronds. In the mother fronds, the SAM
has aborted. In daughter fronds, one of the axillary meristems
in a budding pouch is converted to a floral meristem by the
activity of LaFTL1. In contrast, the SAM and the other side of
the axillary meristem are protected from LaFT1 activity. Several
mechanisms that protect meristems from the flower-forming
activity of FT are known. The anti-florigen TFL1 is the best-
known example in which TFL1 competes with FT to form protein
complexes with the transcription factor FD (Kaneko-Suzuki et al.,
2018; Zhu et al., 2020). A similar competitive mechanism can be
applied to LaFTL2 in L. aequinoctialis. We showed that LaFTL2
can interact with LaFDL proteins and that LaFTL2 suppressed
Arabidopsis flowering when overexpressed. During flowering
induction, the expression of LaFTL2 did not significantly
change (Supplementary Figure 1), whereas that of LaTFL1 did
change (Figure 4). This result suggests that the presence of
two types of repressors in L. aequinoctialis: LaFTL2 as a
constitutive repressor and LaTFL1 as an inductive repressor. The
cooperativity of LaFTL2 and LaTFL1may contribute to flowering
inhibition under flowering induction conditions, possibly
limited to young fronds. Further study is needed to reveal
whether protection from FT operates in the axillary meristems
of L. aequinoctialis.
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TFL1. The number of days after short-day treatment is shown on the x-axis, and
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on the y-axis. (B) A heatmap of DEGs associated with floral development and

flowering related GOs. Heatmap of log ratio of expression variation from

0SD is shown.
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Photoperiod sensitivity is a dominant determinant for the phase transition in cereal crops.
CCT (CONSTANS, CO-like, and TOC1) transcription factors (TFs) are involved in many
physiological functions including the regulation of the photoperiodic flowering. However,
the functional roles of CCT TFs have not been elucidated in the wild progenitors of crops.
In this study, we identified 41 CCT TFs, including 19 CMF, 17 COL, and five PRR TFs in
Oryza rufipogon, the presumed wild ancestor of Asian cultivated rice. There are thirty-
eight orthologous CCT genes in Oryza sativa, of which ten pairs of duplicated CCT TFs
are shared with O. rufipogon. We investigated daily expression patterns, showing that 36
OrCCT genes exhibited circadian rhythmic expression. A total of thirteen OrCCT genes
were identified as putative flowering suppressors in O. rufipogon based on rhythmic
and developmental expression patterns and transgenic phenotypes. We propose that
OrCCT08, OrCCT24, and OrCCT26 are the strong functional alleles of rice DTH2,
Ghd7, and OsPRR37, respectively. The SD treatment at 80 DAG stimulated flowering
of the LD-grown O. rufipogon plants. Our results further showed that the nine OrCCT
genes were significantly downregulated under the treatment. Our findings would provide
valuable information for the construction of photoperiodic flowering regulatory network
and functional characterization of the CCT TFs in both O. rufipogon and O. sativa.

Keywords: Oryza rufipogon, rice, CCT genes, genomic synteny, expression profiles, photoperiodic flowering
regulation

INTRODUCTION

Oryza rufipogon Griff. is widely considered as the perennial progenitor of Asian cultivated rice
(Oryza sativa L.) and serves as promising sources of elite alleles for rice improvement (Khush,
1997; Stein et al., 2018; Zhao et al., 2018). Modern rice varieties have expanded from their primitive
domesticated regions to a wide range of latitudes from 53◦N to 40◦S as a result of the photoperiodic
diversification during rice domestication (Koo et al., 2013). In cereal crops, photoperiod sensitivity,
the dominant determinant for the phase transition from vegetative growth to reproductive growth,
is regulated by the interaction between endogenous circadian clocks and exogenous day lengths
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which varies based on the difference in geographical latitudes
(Koo et al., 2013). As a result of adaptation, flowering plants
have a suitable flowering time to propagate offspring by
sensing the seasonal cues. When the external solar rhythm
agrees with the circadian rhythm, the time signal promotes
the synthesis of CO/Hd1 that activates the expression of
florigens which move from leaves to the shoot apical meristem
(SAM) to trigger flowering (Song et al., 2015). In rice, the
two flowering pathways, OsGI-Hd1-Hd3a/RFT1 under short-
day (SD) and OsGI-(Hd1/Ghd7/DTH8)-Ehd1-H3da/RFT1 under
long-day (LD), have been well elucidated (Hori et al., 2016;
Zong et al., 2021). In addition, some flowering regulators are
not involved in the two main flowering pathways, for example,
DTH2 activates flowering by directly upregulating Hd3a and
RFT1 (Wu et al., 2013).

CCT (CONSTANS, CO-like, and TOC1) transcription factors
(TFs) that possess a conserved CCT domain are commonly
present in flowering plants (Strayer et al., 2000). The CCT TFs
can be divided into the three subfamilies depending on their
domains (Li and Xu, 2017). The CCT motif (CMF) family
proteins, like Ghd7, possess a CCT domain. The CONSTANS-
like (COL) subfamily proteins, such as CO and Hd1, are
characterized by one or two zinc finger B-box (BBOX) and
a CCT domain. The members of pseudo-response regulator
(PRR) subfamily encode a response-regulator (REC) domain
at the N-terminus and the CCT domain at the C-terminus
(Cockram et al., 2012). CCT genes regulate photoperiodic
flowering, circadian rhythms, vernalization as well as defense
against abiotic stresses (Zhang J. et al., 2015; Omolade et al.,
2016; Li and Xu, 2017; Liu et al., 2020). It was reported
that eighteen rice OsCCT genes are involved in flowering
regulation (Zhang et al., 2020). Hd1, Ghd2, Ghd7, OsCCT1,
OsCOL4, OsCOL10, and DTH7 inhibited the expression of Ehd1
under LD. Under SD, the expression of Ehd1 is suppressed
by OsCO3, OsCOL4, and OsCOL10, while Hd1 and DTH2
induce Ehd1 (Li and Xu, 2017). In addition, OsCCT3, OsCCT22,
OsCCT38, and OsCCT41 were found as flowering regulators
(Zhang et al., 2020).

As the wild progenitor of Asian cultivated rice, O. rufipogon
has attracted great attention to investigating population genetics,
adaptation, speciation, and gene flow (Morishima et al., 1961;
Gao and Hong, 2000; Gao et al., 2001; Gao, 2002, 2004; Zheng and
Ge, 2010; Huang et al., 2012; Stein et al., 2018; Li et al., 2020a; Xie
et al., 2020; Xu et al., 2020). Our previous investigation suggested
that natural populations of O. rufipogon exhibited clinal variation
in flowering time from north to south within its range in
China (Gao et al., 2000). The CCT TFs have been identified
and functionally elucidated in several crop species, such as rice
(Zhang et al., 2017), maize (Huang et al., 2018), wheat (Yan et al.,
2004), barley (Turner et al., 2005), and Medicago truncatula (Ma
et al., 2020). However, functional roles of CCT TFs have not been
elucidated in their wild progenitors, such as O. rufipogon in this
study. It is widely recognized that O. rufipogon has very strong
photoperiod sensitivity for flowering, which inhibits flowering
under LD and induces flowering only under SD (Zong et al.,
2021). But its response to photoperiod remains to be investigated
in O. rufipogon.

In this study, we performed a genome-wide identification
of the OrCCT TFs in O. rufipogon. Our results showed that,
under LD, most OrCCT genes displayed rhythmic expression
and regulated flowering time as suppressors. We also found
that, compared with O. sativa, O. rufipogon plants took nearly
double time for vegetative growth to reach the point when the
plants can respond to the SD-induction to induce flowering. Our
findings presented here would provide valuable information for
the construction of photoperiod response, flowering regulatory
network, and functional characterization of the CCT gene family
in both O. rufipogon and O. sativa.

MATERIALS AND METHODS

Materials and Growth Conditions
Oryza sativa ssp. japonica cv. Nipponbare and O. rufipogon
(named CWR1) which were collected from Yuanjiang County,
Yunnan Province, China, were studied in this study (Li et al.,
2020a). They both display photoperiod sensitivity, in which
flowering is delayed under LD conditions and induced under SD
conditions. Seeds were germinated on 1/2 Murashige and Skoog
medium for 10 days. Seedlings were transplanted to plastic pots
and grown in the controlled growth room under either LD (14/10
light/dark cycle, 28/22◦C) or SD (10/14 light/dark cycle, 28/22◦C)
conditions. Light intensity was approximately 1,000 µmol m−2

s−1 with humidity of approximately 50%.

Identification of CCT Transcription
Factors
The two genome assemblies of O. rufipogon (Li et al., 2020b)
and Nipponbare (Ouyang et al., 2007) were retrieved to identify
CCT TFs. The Nipponbare reference genome (RGAP_7) was
downloaded from RGAP database1. The longest isoforms were
extracted using the Fast Get Representative program of TBtools2.
Unless otherwise stated, the longest isoform was used throughout
the study. HMMER 3.0 was employed to screen the protein
sets with the Hidden Markov Model (HMM)3 file of CCT
(PF06203), BBOX (PF00643), and REC (PF00072) as queries
(cutoff = 0.01, other parameters of default). The putative CCT
proteins in which the length of the aligned domain is smaller
than 50% of what HMM file annotated were filtered out. The
redundant sequences were discarded after BLASTP searches (E-
value < 10−10). Proteins containing CCT domain and lacking
BBOX and REC domains were classified as CMF genes. Proteins
with CCT domain and additional BBOX or REC domain
toward their amino-terminus were defined as COL or PRR
genes, respectively. The deduced CCT TFs were further checked
for the existence of the corresponding domain by using the
Conserved Domain Database4. We named the CCT TFs with
initials of genus and species and numerical symbols based on
their chromosomal locations.

1http://rice.uga.edu/
2https://github.com/CJ-Chen/TBtools
3http://pfam.xfam.org/
4https://www.ncbi.nlm.nih.gov/cdd/
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The molecular weight (D) and isoelectric point (Pi) of OrCCT
TFs were calculated by ExPASy5. The web-server BUSCA was
used to predict the subcellular localization of OrCCT proteins6.
The information of position on chromosomes, exons, introns,
and UTR regions of OrCCT genes was extracted from the gene
finding format (GFF3) file. MEME software7 was used to identify
the conserved motifs with the width of each motif = 10–100
amino acid residues, maximum number of motifs = 10, and other
parameters of default values (Bailey et al., 2009). The visualization
of gene structure and conserved domain (including classification)
were conducted using the Gene Structure View tool of TBtools
(Chen et al., 2020).

Identification of Orthologous CCT Genes
Between O. rufipogon and O. sativa
Multiple Collinearity Scan toolkit (MCScanX) is often used
to scan multiple genomes to detect putative homologous
chromosomal regions using genes as anchors (Wang et al.,
2012). To identify the putative orthologous CCT genes
between O. rufipogon and O. sativa, the inter-species collinear
relationship was identified using MCScanX with the parameters
recommended by MCScanX’s manual (Wang et al., 2012). The
collinear and syntenic gene pairs of CCT genes were extracted
from the MCScanX output files. In this step, the data sets include
both paralogs and orthologs. To remove the possible paralogs, the
genes that showed the same order on chromosomes were selected
as orthologous CCT genes between O. rufipogon and O. sativa.

Gene duplication events within CCT TFs were detected by
MCScanX (Wang et al., 2012), and then visualized by Advanced
Circos software (see text footnote 2). Non-synonymous (ka) and
synonymous (ks) substitution of the paired CCT genes were
calculated using KaKs_Calculator 2.0 (Wang et al., 2010). Gene
duplication events were approximately dated according to the eq.
T = Ks/2λ (λ = 6.5 × 10−9) (Yu et al., 2005). The comparative
synteny relationships of CCT TFs between O. rufipogon and
O. sativa were constructed by Multiple Synteny Plotter software
(see text footnote 2).

Phylogenetic Analysis
All identified CCT TFs were divided into the three subfamilies
according to their domains. The sequence of CCT TFs
from Brachypodium distachyon and O. sativa ssp. indica was
downloaded from the Phytozome database v138. The sequence
of OnCCT TFs was downloaded from the Gramene database9.
Multiple sequence alignment of CCT full proteins from the
four species was performed by using MAFFT 7.243 with E-INS-
i algorithm (Katoh and Standley, 2013). The Neighbor-Joining
(NJ) phylogenetic tree was inferred by MEGA6 (Kumar et al.,
1994) with bootstraps = 1,000.

5https://web.expasy.org/protparam/
6http://busca.biocomp.unibo.it/
7http://meme-suite.org/tools/meme
8https://phytozome.jgi.doe.gov/
9http://archive.gramene.org/

RNA-Sequencing and Data Analyses
Total RNA was extracted from the leaves of 90-day-old plants
using the QIAGEN plant RNA kit (Hilden, Germany). The
concentration and quality of RNA were evaluated using
NanoDrop 2000 UV-VIS spectrophotometer (NanoDrop
Technologies, Wilmington, DE, United States). Paired-end
reads were generated on a HiSeq 2000 platform following the
manufacturer’s instructions (Illumina, United States). RNA-
sequencing (RNA-seq) data were mapped on the reference
genome with HISAT2 2.1.0 (Kim et al., 2019). FeatureCounts
1.6.2 was used to count the number of reads mapped on exons
(Liao et al., 2014). Differentially expressed genes (DEGs) were
evaluated by edgeR 3.32.0 (Robinson et al., 2010). Genes with
p < 0.05 and log2 fold-changes >1 were considered as DEGs.
Further screening among the initial DEGs was performed
based on fragments per kilo-base per million fragments
mapped (FPKM) values.

RNA Isolation and Quantitative
Real-Time PCR
Total RNAs were extracted from the leaves using RNAiso
Plus (TaKaRa, Shiga, Japan). The first cDNA strand was
synthesized with 2 µg total RNA, using Moloney murine
leukemia virus reverse transcriptase (Promega, Madison, WI,
United States) with 10 ng of the oligo(dT) 18 primer and 2.5 mM
deoxyribonucleotide triphosphate. Synthesized cDNAs were used
as templates for quantitative real-time PCR (qRT-PCR) with
SYBR Premix Ex Taq II (TaKaRa) and the Rotor-Gene 6000
instrument system (Corbett Research, Sydney, NSW, Australia).
The primers used for qRT-PCR were designed according to
O. rufipogon reference sequences. The specificity of primers in
both O. rufipogon and Nipponbare was checked by melting curve.
The relative expression levels were calculated with rice Ubi1
as an internal control. Each dataset was collected from five
independent biological repeats. The primers used are listed in
Supplementary Table 1.

Vector Construction and Transformation
The 2,427-bp full-length genome DNA sequence of OrCCT24
was amplified from CWR1 using PCR with specific primers
(CATAAGCTTTATCCGTTCATGTCGATGGGA and CC
GGTACCCTATCTGAACCATTGTCCAAGC, where underlined
sequences indicate HindIII and KpnI enzyme sites, respectively).
The PCR fragments were cloned into the pGEM-T Easy vector
for blue-white screening. After checking the insert by DNA
sequencing, the cloned fragment from the positive clone was
moved into the overexpression binary vector pGA3426 under
the control of the maize ubiquitin 1 promoter (Kim et al., 2009).
After checking its quality by DNA-sequencing, the recombinant
vector was transformed into Nipponbare via Agrobacterium-
mediated co-cultivation (An et al., 1989). Transgenic rice plants
were generated through the stable transformation method as
previously reported (An et al., 1989). The putative positive calli
were transferred to shoot induction medium that contains 40 mg
L−1 hygromycin.
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RESULTS

Identification, Classification, and
Structure of CCT Transcription Factors
We identified 41 candidate OrCCT TFs in O. rufipogon
(PRJCA002637)10. The proteins were named as OrCCT01 to
OrCCT41 according to their chromosomal locations (Figure 1
and Supplementary Table 2). In addition, 41 OsCCT TFs were
identified in the Nipponbare reference genome, as previously
reported (Zhang et al., 2017). The molecular weight of OrCCT
proteins ranged from 9,689.86 D (OrCCT40) to 171,328.16 D
(OrCCT13). Their isoelectric points varied from 4.09 (OrCCT20)
to 11.44 (OrCCT40) (Supplementary Table 2). Our results
suggest that OrCCT proteins varied greatly among molecular
features. Our prediction using BUSCA (Savojardo et al., 2018)
suggested that 32 OrCCTs were located in the nucleus, while
others were in chloroplast (5), extracellular space (3), and
mitochondrion (1) (Supplementary Table 2).

The phylogram of CCT genes in O. rufipogon showed that
OrCCT TFs were grouped into the three clusters based on their
conserved domains (Figure 1A). The first cluster was the CMF
subfamily with 19 members, the second was the COL subfamily
with 17 members, and the third was the PRR subfamily with five
members. The number of the possessed exons ranged from 1
(OrCCT36) to 33 (OrCCT28) (Figure 1B). The motif number of
OrCCT genes alternated from 1 to 6. All CCT members possessed
motif 1. The CMF members, OrCCT38 and OrCCT39, had the
most motif, which possessed additional motif 5, 6, 7, 8, and
9. COL members had additional motif 2, while motif 10 was
specifically presented in OrCCT08 and OrCCT21. PRR members
possessed motif 1 and motif 3 (Figure 1C). The results suggest
that the classification of OrCCT genes is coincident with their
conserved motifs. The sequence information for each motif was
present in Supplementary Table 3.

Chromosomal Distribution, Synteny, and
Evolutionary Analysis of CCT Genes in
O. rufipogon and O. sativa
Our results showed that the OrCCT genes were unevenly
distributed on the 12 chromosomes of O. rufipogon.
Chromosome 1 contained the largest number of OrCCT
TFs (8), and chromosomes 1 and 4 had only one OrCCT TF
(Figure 2A). The distribution of OsCCT genes on chromosomes
is similar to that in O. rufipogon (Figure 2B). Our results showed
that there were 11 duplicated OrCCT gene pairs in O. rufipogon
(Figure 2A). OrCCT37, OrCCT38, OrCCT39, and OrCCT40
were present as tandem duplicated genes on Chromosome 12
(Figure 2A). Thirty-eight OrCCT genes had the orthologous
genes in O. sativa (Figure 2 and Supplementary Table 4).
However, the orthologs of OrCCT27, OrCCT36, and OrCCT40
were absent in O. sativa (Figure 2C). In addition, we failed to
identify orthologs of OsCCT19, OsCCT25, and OsCCT37 in
O. rufipogon, indicating that they are likely O. sativa-specific
(Figure 2 and Supplementary Table 4).

10https://bigd.big.ac.cn/gsa/

Ten duplicated gene pairs were present in both O. rufipogon
and O. sativa (Figure 2 and Supplementary Table 5). We
used the formula T = Ks/2λ to evaluate approximate dates of
duplicated genes (DEs). The dates of shared DEs of CCT genes
varied from 23.05 to 89.31 million years ago (Mya) in O. rufipogon
and O. sativa (Supplementary Table 5). The DE OsCCT37-
OsCCT40, which was estimated to generate about 0.7 Mya, was
absent in O. rufipogon, indicating that it probably occurred after
the domestication of O. sativa. ω (dN/dS) is a good indicator of
selective pressure at both nucleotide and protein levels. It is often
expected that ω > 1, ω = 1, and ω < 1 imply positive selection,
neutral selection, and purifying selection, respectively (Zhang
et al., 2014). Our results suggest that nearly all duplicated CCT
gene pairs underwent negative selection in both O. rufipogon and
O. sativa (Supplementary Table 5).

We further investigated the diversification of CCT TFs in
Brachypodium distachyon, Oryza nivara, and O. sativa ssp. indica
(Supplementary Table 6). All investigated species possessed five
PRR genes. Our results showed that O. rufipogon, O. nivara, and
O. sativa ssp. japonica possessed the same composition of CCT
subfamilies (19 CMF, 17 COL, and five PRR) (Figure 3A and
Supplementary Table 6). A phylogenetic tree of CCT TFs was
constructed using the complete protein sequences from the four
species, including B. distachyon, O. rufipogon, O. nivara, O. sativa
ssp. japonica, and O. sativa ssp. indica. As shown in Figure 3B,
the CCT proteins could be divided into three clusters with nine
clades (A to I). Clade A contained all PRR proteins. Clade B, C,
F, and I consisted of CMF sub-family proteins. Clade D possessed
COL proteins. The clade E, G, and H were composed of COL and
few CMF proteins. Interestingly, the COL proteins were closely
related to CMF proteins, suggesting that the COL proteins might
originate from CMF proteins by gaining the BBOX domain.
Alternatively, the CMF proteins were derived from COL proteins
due to the loss of the BBOX domain.

Daily Expression Profiling of OrCCTs in
Long-Day and Short-Day Conditions
Rice senses the day length by endogenous genetic factors to onset
reproductive growth (Cho et al., 2017). Previous results suggested
that 18 OsCCT genes are flowering regulators in O. sativa (Zhang
et al., 2020). To investigate whether OrCCT can respond to
photoperiod, the O. rufipogon plants were grown under LD and
SD, and the second leaves from the top of main stems were
collected at Zeitgeber time (ZT)-2 h, 8 h, and 15 h at 90 days
after germination (DAG), respectively. RNA-seq experiments
generated temporal expression profiles of all 41 OrCCT genes
with three independent replicates.

Our results showed that thirty OrCCT genes showed
significantly different expression levels among ZT-2 h, ZT-8 h,
and ZT-15 h under LD (Figure 4A). Seven genes (OrCCT06,
OrCCT14, OrCCT16, OrCCT22, OrCCT24, OrCCT30, and
OrCCT34) were highly expressed at ZT-2 h and weakly expressed
at ZT-15 h, suggesting that they are morning-peak genes. Ghd7,
the rice ortholog of OrCCT24, was highly expressed in the
morning (Xue et al., 2008). Twelve genes (OrCCT04, OrCCT08,
OrCCT09, OrCCT12, OrCCT13, OrCCT19, OrCCT20, OrCCT21,
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FIGURE 1 | Phylogenetic relationship, gene structure, and conserved motifs of OrCCT TFs in O. rufipogon. (A) Phylograms of OrCCT TFs were constructed based
on the full-length protein sequences. Different subfamilies are highlighted with different colors. PRR in yellow, COL in green, and CMF in red. (B) Exon-intron structure
and conserved domains of OrCCT TFs. (C) The motif patterns of OrCCT proteins. The sequence information for each motif is given in Supplementary Table 3.

OrCCT025, OrCCT027, OrCCT33, and OrCCT36) were highly
expressed at ZT-15 h and weakly at ZT-2 h and ZT-8 h, suggesting
that they are evening peak genes (Figure 4A). OrCCT20 is the
ortholog of rice Hd1 that is highly expressed in the evening
(Cho et al., 2018). Eleven genes (OrCCT01, OrCCT03, OrCCT05,
OrCCT07, OrCCT11, OrCCT15, OrCCT17, OrCCT26, OrCCT31,
OrCCT32, and OrCCT35) exhibited a high expression level at
ZT-8 h compared to ZT-2 h and ZT-15 h (Figure 4A).

Under SD, daily expression patterns of OrCCT genes were
similar to those observed from LD (Figure 4B). All seven genes
that were expressed most highly at ZT-2 h also showed a similar
morning-peak expression under SD. Among 12 evening-peak
genes, nine exhibited similar daily expression patterns between
LD and SD. However, three genes (OrCCT04, OrCCT33, and
OrCCT36) were similarly expressed at ZT-8 h and ZT-15 h
under SD conditions. Instead, five genes (OrCCT15, OrCCT18,
OrCCT23, OrCCT38, and OrCCT39) that failed to show evening-
peak under LD displayed a high expression at ZT-15 h under SD.
It is well known that ZT-15 h is at the beginning of the dark period
under LD whereas the time is at near midnight under SD. Thus,
the difference in some CCT genes might be due to the day-length.

To validate the veracity of our RNA-seq results, we tested
twenty OrCCT TFs that showed rhythmic expression by using

qRT-PCR experiments. The relative expression patterns of the
selected genes were almost consistent with those of RNA-seq
analysis (Supplementary Figure 1).

Developmental Expression Profiling of
OrCCT Genes Under Long-Day
Condition
The expression patterns of 16 OrCCT and 14 OsCCT genes were
measured by qRT-PCR at different developmental stages under
LD. Four flowering regulators, Ehd1, Hd3a, RFT1, and OsGI,
were included to monitor the developmental stages of plants.
The penultimate leaves of the main stems were sampled from
O. rufipogon (CWR1) and Nipponbare plants at ZT-2 h, ZT-8 h,
and ZT-15 h at 4 days intervals. The time points for qRT-PCR
corresponded to the expression peak as shown in Figure 4.
In Nipponbare, the transcript level of Ehd1 rapidly started to
increase at 46 DAG, peaking at 75 DAG (Figure 5A). Hd3a and
RFT1 also exhibited similar expression patterns with Ehd1 in
Nipponbare plants (Figures 5B,C). However, all three genes did
not express at a detectable level during the experimental period in
CWR1 (Figures 5A–C). OsGI kept a high expression level until 54
DAG and then rapidly declined in Nipponbare, while it remained
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FIGURE 2 | The inter-chromosomal relationship among CCT genes. (A,B) The chromosome distribution and gene duplication events in O. rufipogon (A) and
O. sativa (B). The approximate location of each CCT gene is marked on corresponding chromosomes. The blue lines indicate the duplicated OrCCT genes, and
gray lines in the background represent all duplication blocks within genomes. (C) The collinear relationship of CCT genes between O. rufipogon and O. sativa. The
blue lines indicate orthologous gene pairs, while the red line shows that the CCT gene was likely generated after the domestication of O. sativa. The specific CCT
genes of O. sativa and O. rufipogon are marked with orange and blue triangles on the corresponding positions of chromosomes, respectively.

at a high level in CWR1 (Figure 5D). The phenotypic observation
showed that Nipponbare flowered at 86–90 DAG, while CWR1
showed a non-flowering phenotype when grown for >213 DAG.
Our results indicate that Nipponbare can complete the floral
transition with the promotion of Ehd1, Hd3a, and RFT1 under
LD. However, O. rufipogon remained at the vegetative growth
phase during the investigated period.

The transcript level of Hd1 that is a major photoperiod-
sensitive floral regulator stayed at a relatively constant level
in Nipponbare (Figure 5L). A similar expression pattern was
observed for OrCCT20 that is an ortholog of Hd1 in O. rufipogon.
The expression level of Ghd7 decreased to a low level at 61 DAG
after floral transition in Nipponbare, but the transcript amount
of OrCCT24 remained at a much high level and did not decline
during the experimental period in CWR1 (Figure 5N). Similarly,
the transcript levels of Ghd2 and OsCCT22 decreased after floral
transition in Nipponbare, while their orthologs in O. rufipogon,
OrCCT09 and OrCCT21, respectively, remained at relatively high
levels during the investigated stages (Figures 5H,M). The content
of OsPRR59 was high before the floral transition and the level
declined after floral transition in Nipponbare, but its ortholog,
OrCCT35, was lowly expressed at all stages in CWR1 (Figure 5R).

Three CCT genes interestingly exhibited opposite expression
patterns between CWR1 and Nipponbare plants. The transcript

levels of OsCCT01, OsCCT04, and NRR decreased as the
Nipponbare plants grew up, whereas gene expression levels of
their orthologs, OrCCT01, OrCCT04, and OrCCT18, increased
during the experimental period in CWR1 (Figures 5E,F,K). The
expression level of OsPRR37 was relatively low and slightly
increased after 75 DAG in Nipponbare, but the level of its ortholog
OrCCT26 increased rapidly after 61 DAG in O. rufipogon
(Figure 5O), suggesting that OrCCT26 is a strongly functional
allele of OsPRR37. Transcript level of DTH2 that is a rice
flowering activator gradually increased after floral transition in
Nipponbare, while OrCCT08 remained at a relatively high level
during the experiment in CWR1 (Figure 5G).

Several genes showed similar expression patterns between
Nipponbare and O. rufipogon. The transcript levels of both OsCO3
and OrCCT30 were high at 42 DAG and declined to low levels at
68 DAG in Nipponbare and O. rufipogon (Figure 5Q). Expression
levels of OsPRR73 (OrCCT11) and OsCOL15 (OrCCT29) did
not vary significantly during the experimental period in both
Nipponbare and CWR1 (Figures 5I,P). The developmental
expression pattern of OsCOL10, a floral repressor downstream
of Ghd7 (Tan et al., 2016), was similar to its ortholog OrCCT14
(Figure 5J), indicating that they may function similarly.

The transcript levels of O. rufipogon-specific CCT genes,
OrCCT36 and OrCCT40, were at a relatively low level
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FIGURE 3 | Phylogenetic relationships of CCT TFs among B. distachyon, O. sativa ssp. japonica, O. sativa ssp. indica, O. nivara, and O. rufipogon. (A) The species
tree following the number of CCT TFs among the investigated species; (B) Phylogenetic tree representing relationships among CCT TFs from the four plant species.
The pink and green circles of the terminal node indicate COL gene with 1 and 2 BBOX, respectively. The prefixes of tree labels are Bd, B. distachyon; Os, O. sativa
ssp. japonica; Ind, O. sativa ssp. indica; On, O. nivara, and Or, O. rufipogon. The subfamilies are marked with red line: CMF; blue: COL; yellow: PRR. The locus of
CCT TFs presenting here is listed in Supplementary Table 6.

FIGURE 4 | The daily expression profiles of OrCCT genes under LD (A) and SD conditions (B) at 90 DAG in O. rufipogon (CWR1). The heatmaps were drawn by
FPKM values with row scale normalization (n = 3). The prefix ZT-2 h, ZT-8 h, and ZT-15 h indicate 2 h, 8 h, 15 h ZT, respectively.

and did not change significantly during the experimental
period, indicating that they may not involve in controlling
flowering (Figures 5S,T). Sequence similarity and developmental
expression patterns suggest that OrCCT08, OrCCT24, and
OrCCT26 are the functional alleles of DTH2, Ghd7, and

OsPRR37, respectively. Expression levels of OrCCT01,
OrCCT04, OrCCT09, OrCCT18, OrCCT21, OrCCT24, and
OrCCT26 were high during the vegetative phase, suggesting
that they may function as the flowering suppressor in
O. rufipogon under LD.
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FIGURE 5 | The transcript levels of Ehd1 (A), Hd3a (B), RFT1 (C), OsGI (D), and 16 CCT genes (E–T) in leaf blades of Nipponbare and O. rufipogon (CWR1) at
different developmental stages. Leaf blade samples were isolated at ZT-2 h, ZT-8 h, and ZT-15 h at 4 days intervals starting from 38 DAG. Transcript levels are relative
to OsUbi1. Error bars indicate standard deviation for five biological replicates. ∗, ∗∗ significant differences by Student’s t-test at P ≤ 0.05 and P ≤ 0.01, respectively.

Effects of Short-Day Treatment on
Flowering Time in Rice and Its Wild
Progenitor
Flowering is induced by 1 week SD treatment in O. sativa
(Doi et al., 2004). To examine whether SD treatment induces

flowering in O. rufipogon, we applied SD treatment to LD-
grown CWR1 with Nipponbare as a control. At 40 DAG, rice
plants were transferred to the SD growth room. After 10 days
treatment, these plants were transplanted back to the LD growth
room until flowering (Figure 6A). All SD-treated Nipponbare
plants flowered evenly 13.5 days earlier than the mock-control
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FIGURE 6 | The photoperiod response to 10 days SD-treatment from 40 DAG to 50 DAG in Nipponbare and O. rufipogon (CWR1) plants. (A) Scheme for SD
treatment. (B–D) The expression pattern of Ehd1, Hd3a, and RFT1 in the plants of Nipponbare and O. rufipogon (CWR1) with 10 days SD-treatment. The y-axis
shows the relative expression levels of genes with rice OsUbi1 as an internal control; the x-axis presents the day of SD treatment. Values are means ± SD (n = 5). *,
** significant differences by student’s t-test at P ≤ 0.05 and P ≤ 0.01, respectively. (E) The heading date for LD-grown plants and SD-treated plants. (F) Phenotypes
of mock (left) and SD-treated Nipponbare plants (right). (G) The phenotype of CWR1 with 10 days SD-treatment at 80 DAG. Bar = 10 cm in (F,G).

(continuously grown under LD) plants, suggesting that, as
expected, 10 days SD treatment induced flowering in Nipponbare
(Figures 6A,E,F). However, O. rufipogon plants treated in the
same way did not induce flowering even at 180 days after the
treatment (Figures 6A,E,G). For the Nipponbare plants, Ehd1
and Hd3a were induced after 3 days of SD treatment, and the
transcript level of RFT1 increased after 7 days of treatment
(Figures 6B–D). However, these three genes were expressed at
low levels in the SD-treated O. rufipogon plants (Figures 6B–D).

Because SD treatment at 40 DAG did not induce the
expression of flowering regulatory genes, we assumed that
O. rufipogon requires a longer vegetative growth period than
Nipponbare before the onset of phase transition. Therefore, SD
treatment was imposed on the 80-DAG CWR1 plants that were
first grown under LD (Figure 7A). The SD-treated O. rufipogon

plants flowered at 132–140 DAG, while mock plants did not
flower even after growing for >223 DAG (Figures 7A,F).
Compared with the mock plants, the expression of OrEhd1 was
induced after 5 days of SD treatment (Figure 7B). Similarly,
transcript levels of OrRFT1 and OrHd3a were increased with the
treatment (Figures 7C,D).

The expression levels of 41 OrCCT genes further showed
that, compared with mock plant, the expression of OrCCT08,
OrCCT11, OrCCT12, OrCCT22, OrCCT24, OrCCT26, OrCCT31,
OrCCT32, and OrCCT35 were significantly downregulated in
the SD-treated plants, indicating that these CCT genes function
as flowering suppressors in O. rufipogon (Figure 7E). It was
reported that DTH2, the orthologous gene of OrCCT08, may
induce flowering under LD. The expression level of DTH2 peaked
at the beginning of the dark period and gradually reduced after
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FIGURE 7 | The response to SD-induction starting from 80 DAG in O. rufipogon (CWR1). (A) Scheme of SD treatment; (B–D) The expression level of OrEhd1 (B),
OrRFT1 (C), and OrHd3a (D) in the leaf blades of CWR1 plants with mock and SD-treatment. The x-axis presents the days of SD treatment. (E) The transcript level
of 41 OrCCT genes in the leaf blades of O. rufipogon (CWR1) after 10 days of SD-treatment. The transcript levels were relative to OsUbi1. Values are means ± SD
(n = 5). *, ** significant differences by Student’s t-test at P ≤ 0.05 and P ≤ 0.01, respectively. (F) The phenotypes of O. rufipogon (CWR1) plants with mock and
SD-treatment (right) at 140 DAG. Bar = 10 cm in (F).

that time (Wu et al., 2013). ZT-15 h is at the beginning of dark in
LD, whereas the time is 5 h after dark in SD treatment. Therefore,
the significantly decreased expression of OrCCT08 in SD-treated
plants might be due to the change of day-length.

Effect of Overexpressed OrCCT24 on
Flowering Time Under Long-Day
Condition
OrCCT24, the ortholog of rice Ghd7, was highly expressed in
O. rufipogon compared to Ghd7 in Nipponbare (Figure 5N).
Sequence analysis showed that three single nucleotide
polymorphisms (SNPs) were found in the coding region of
OrCCT24 in CWR1 compared with Nipponbare. Among them,
two SNPs caused amino acid substitutions, and one SNP was
synonymous mutation (Figure 8A). To examine whether

the high expression of OrCCT24 caused late flowering in
O. rufipogon, we constructed the overexpressed OrCCT24 vector,
and then transformed it into Nipponbare (Figure 8A). From 15
independently transformed plants, two lines with high levels
of expression of OrCCT24 were selected (Figure 8B). The
developmental expression patterns showed that the expression
levels of Ehd1, Hd3a, and RFT1 rapidly increased from 50 DAG
to 75 DAG in Nipponbare. Hence, the transcript levels of the
three genes were measured at ZT-2 h from the transgenic plants
at 60 DAG under LD. qRT-PCR experiments showed that the
expression of Ehd1, Hd3a, and RFT1 was induced in the wild
type (WT), whereas their expression was strongly suppressed
in the overexpressed OrCCT24 plants (Figures 8C–E). The
transgenic plants did not flower up to 220 DAG, while their
WT controls flowered at 85–90 DAG (Figures 8F,G). Our
results indicated that OrCCT24 is a strong inhibitor of flowering
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FIGURE 8 | Expression and phenotype analyses of OrCCT24-overexpression plants under LD condition. (A) Scheme of OrCCT24 overexpressed vector. (B–E) The
expression level of OrCCT24 (B), Ehd1 (C), Hd3a (D), and RFT1 (E) in WT and OrCCT24-overexpressed plants. The transcript levels were relative to OsUbi1. Error
bars indicate standard deviations (n = 5). Leaf blades were harvested at ZT-2 h at 60 DAG. (F) Phenotypes of OrCCT24-overexpressed plants (T0 generation)
compared with WT at 90 DAG. (G) Phenotypes of OrCCT24 overexpressed plants at 220 DAG. Scale bar = 10 cm.

by suppressing the expression of Ehd1, Hd3a, and RFT1 in
O. rufipogon.

DISCUSSION

Flowering Regulation of OrCCT Genes in
O. rufipogon
Crop wild relatives play an extremely important role in
crops’ adaptation to farming practices, market demands, and
climatic conditions (Dempewolf et al., 2017). Over the past

decade, the reference genomes of approximately 15 Oryza
species have been deciphered, which have greatly facilitated
comprehensive allele mining in these Oryza species (Zhang
et al., 2014; Stein et al., 2018; Li et al., 2020b; Shi et al.,
2020). There have been great successes in introducing desired
traits from wild rice into cultivated rice, such as cytoplasmic
male sterile source (Lin and Yuan, 1980). In this study, we
obtained OrCCT genes with the strategy of the reference
genome-based gene family identification, which is time-
efficient compared with traditional methods of genetic mapping
(Peng et al., 2019).
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In rice and Arabidopsis, the PRR subfamily is a crucial
component of feedback loops of the core oscillator for the
circadian clock (Mizuno and Nakamichi, 2005). In the present
study, the expression levels of PRR TFs (OrCCT07, OrCCT11,
OrCCT26, OrCCT32, and OrCCT35) was significantly divergent
among ZT-2 h, 8 h, and 15 h both under LD and SD in
O. rufipogon plants, suggesting that OrPRR genes are relevant
to the circadian clock. In rice, two florigens, Hd3a and RFT1,
activate floral transition by inducing the expression of MADS14
and MADS15 (Shrestha et al., 2014). The OsGI-Ghd7-Ehd1-
RFT1/Hd3a pathway regulates rice flowering under LD. In this
pathway, Ghd7 represses the cereal-specific flowering inducer
gene Ehd1, thereby delays flowering by decreasing expression of
Hd3a and RFT1 (Doi et al., 2004; Xue et al., 2008; Cho et al., 2016).
OsPRR37, OsCCT01, Ghd2 negatively regulate flowering by
downregulating Ehd1 (Koo et al., 2013; Zhang L. et al., 2015; Liu
et al., 2016). DTH2 activates flowering by directly upregulating
Hd3a and RFT1 (Wu et al., 2013). Overexpressed NRR decreases
the expression of Hd3a and RFT1, which consequently delays
flowering (Zhang et al., 2013). In addition, Hd1 suppresses
flowering under LD when functional Ghd7 is present (Fujino
et al., 2019; Zhang et al., 2019).

In the present study, a typical O. rufipogon accession (CWR1)
did not flower up to 213 DAG under LD condition. The
developmental expression profiles revealed that the orthologs
of Ehd1 and florigens were not expressed in CWR1 under LD
condition. Several CCT genes, including OrCCT01, OrCCT04,
OrCCT09, OrCCT18, OrCCT21, OrCCT24, and OrCCT26, were
highly expressed in CWR1 compared to Nipponbare, suggesting
that they are repressors of flowering in O. rufipogon. Among
these genes, orthologs of six OrCCTs except for OrCCT04 are
flowering suppressors in rice (Xue et al., 2008; Koo et al., 2013;
Zhang et al., 2013; Zhang L. et al., 2015; Zhang et al., 2020; Liu
et al., 2016). In addition, the expression of OrCCT08, OrCCT11,
OrCCT12, OrCCT22, OrCCT24, OrCCT26, OrCCT31, OrCCT32,
and OrCCT35 were significantly downregulated in the SD-treated
plants. With the combination of previous findings and our
obtained results in this study, we propose a model for flowering
regulation of OrCCT TFs in O. rufipogon under LD (Figure 9). In
the model, the florigen genes OrHd3a and OrRFT1 are induced
by OrEhd1 that are repressed by OrCCT01, OrCCT09, OrCCT24,
and OrCCT26. Among the repressors, OrCCT24 and OrCCT26
are the strongest suppressors. OrGI positively controls OrCCT20
and OrCCT24 expression. In addition, OrCCT11, OrCCT12,
OrCCT22, OrCCT31, OrCCT32, and OrCCT35 may negatively
regulate flowering (Figure 9). However, their up- and down-
stream genes are still unknown. Further efforts are thus needed
to elucidate the roles of OrCCT TFs under SD.

OrCCT24, the ortholog of Ghd7, was highly expressed
during all examined developmental stages in CWR1 under
LD compared to Nipponbare, suggesting that OrCCT24 is a
strong repressor of flowering in O. rufipogon. We observed
that OrCCT24 was highly expressed in the OrCCT24 over-
expressed plants compared with WT. However, the transgenic
plants did not flower up to 220 DAG. RFT1 is a major
florigen that functions to induce reproductive development
in the SAM. It is documented that overexpression of RFT1

FIGURE 9 | CCT TFs involved regulatory network for flowering time of
O. rufipogon under LD. The clock at the top designates the circadian clock.
Black arrows represent induction, and black bars indicate suppression. Red
arrows show strong induction, and red bars denote strong suppression. The
virtual line shows indirect effect.

resulted in the direct formation of spikelets from most of
the transgenic calli (Pasriga et al., 2019). In all, we confirm
that 13 OrCCT TFs have played important roles in controlling
flowering time, but functional roles of other OrCCT genes remain
largely unknown.

Photoperiod Sensitivity of O. rufipogon
Crops are distinguished from their wild progenitors by some
typical alterations, such as the loss of seed dormancy and
shattering mechanisms, reduced branching, increased fruit or
seed size, and changes in photoperiod sensitivity (Olsen and
Wendel, 2013). The growth of O. rufipogon is limited to
tropical regions (Gao, 2004; Zhao et al., 2013). In this study,
O. rufipogon plants did not flower under LD conditions, which
is indicative of its high photoperiod sensitivity. In most well-
known examples, the members of CCT TFs are involved in
the adaptation for photoperiod and flowering, including Tof11
and Tof12 in soybean (Lu et al., 2020), as well as Hd1,
Ghd7, and OsPRR37 in rice (Koo et al., 2013; Zong et al.,
2021). Our findings suggest that the daily expression patterns
of 36 OrCCT genes (of a total of 41 members) changed
with the circadian rhythm, indicating that they can respond
to the light signal. We also found that 13 OrCCT genes
are likely the flowering suppressors based on their expression
patterns, and OrCCT08, OrCCT24, and OrCCT26 serve as the
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strong functional alleles of rice DTH2, Ghd7, and OsPRR37,
respectively. Ghd7 and OsPRR37 are the pivotal determinants for
strong photoperiod sensitivity in rice (Koo et al., 2013; Zhang J.
et al., 2015; Zong et al., 2021). As discussed above, we conclude
that the 13 OrCCT TFs have likely contributed to the strong
photoperiod sensitivity in O. rufipogon, resulting in extremely
delayed flowering under LD.

Rice cultivation has been expanded from its primitive
domesticated regions to wide regions due to the long-term
natural and artificial selection during rice domestication and
subsequent modern improvement (Fujino et al., 2013). In this
study, 10 days SD-treatment at the early developmental stage (40
DAG) did not promote flowering in O. rufipogon. Such a result
indicates that the wild rice plants may require a long vegetative
growth stage before responding to SD induction. When 80 days
LD-grown plants were treated with 10 days of SD-induction,
the treated O. rufipogon plants flowered at 52–60 days after
the treatment while untreated control plants did not flower.
During the SD treatment, nine OrCCT genes were significantly
downregulated, indicating that they can respond to SD to regulate
flowering in O. rufipogon. The photoperiod-responding OrCCT
genes may be applied to breeding new rice varieties that possess
higher biomass and increased grain yields.
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Flowering is an important biological process through which plants determine the
timing of reproduction. In rice, florigen mRNA is induced more strongly when the day
length is shorter than the critical day length through recognition of 30-min differences
in the photoperiod. Grain number, plant height, and heading date 7 (Ghd7), which
encodes a CCT-domain protein unique to monocots, has been identified as a key
floral repressor in rice, and Heading date 1 (Hd1), a rice ortholog of the Arabidopsis
floral activator CONSTANS (CO), is another key floral regulator gene. The Hd1 gene
product has been shown to interact with the Ghd7 gene product to form a strong floral
repressor complex under long-day conditions. However, the mRNA dynamics of these
genes cannot explain the day-length responses of their downstream genes. Thus, a real-
time monitoring system of these key gene products is needed to elucidate the molecular
mechanisms underlying accurate photoperiod recognition in rice. Here, we developed a
monitoring system using luciferase (LUC) fusion protein lines derived from the Ghd7-LUC
and Hd1-LUC genes. We successfully obtained a functionally complemented gene-
targeted line for Ghd7-LUC. Using this system, we found that the Ghd7-LUC protein
begins to accumulate rapidly after dawn and reaches its peak more rapidly under a
short-day condition than under a long-day condition. Our system provides a powerful
tool for revealing the accurate time-keeping regulation system incorporating these key
gene products involved in rice photoperiodic flowering.

Keywords: rice, photoperiodic flowering, short-day plant, luciferase (LUC), circadian clock

INTRODUCTION

The floral transition is an important biological event in which a plant switches from the vegetative
phase to the reproductive phase. Many plants monitor changes in external environmental factors
such as temperature and the photoperiod to release offspring during the most favorable season.
Because plants recognize the photoperiod using their leaves, whereas meristems at the shoot apex
form flower buds, the existence of a hormone-like substance that is transferred from the leaves to
meristem has been hypothesized, with this substance described as “florigen” (Chailakhyan, 1937).
Based on extensive molecular genetic analysis of floral formation, florigen has been identified as
evolutionarily conserved small proteins encoded by genes such as FLOWERING LOCUS T (FT)
(Kardailsky et al., 1999; Kobayashi et al., 1999) in Arabidopsis thaliana and two orthologous genes
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in rice, Heading date 3a (Hd3a) and RICE FLOWERING LOCUS
T 1 (RFT1) (Kojima et al., 2002; Corbesier et al., 2007; Tamaki
et al., 2007).

In A. thaliana, a long-day plant, the zinc-finger transcription
factor CONSTANS (CO) directly induces FT gene expression
in a photoperiod-dependent manner (Samach et al., 2000). CO
mRNA expression is regulated by the circadian clock gene
GIGANTIA (GI) (Suárez-López et al., 2001). The GI-CO-FT
pathway is currently recognized as an evolutionarily conserved
genetic pathway that controls flowering timing in many plants.

In rice, a short-day plant, the Hd3a gene is induced
under short-day conditions when a critical day-length threshold
(approximately 13.5 h) is recognized, in contrast to A. thaliana
(Itoh et al., 2010). Rice Hd3a and RFT1 is regulated mainly
through two genetic pathways, one of which corresponds to
the GI-CO-FT pathway in A. thaliana. The rice circadian clock,
in which the OsGIGANTEA (OsGI) gene (Hayama et al., 2002;
Izawa et al., 2011) is a major component, controls the Heading
date1 (Hd1) gene, a rice ortholog of CO, and Hd1 in turn
regulates Hd3a and RFT1 (Hayama et al., 2003). Thus, the
OsGI-Hd1-Hd3a/RFT1 pathway is orthologous to the GI-CO-
FT genetic pathway in A. thaliana. Notably, CO promotes FT
expression under long-day conditions in A. thaliana, whereas
Hd1 promotes Hd3a and RFT1 expression under short-day
conditions and represses those genes under long-day conditions
in rice (Izawa et al., 2002). The other genetic flowering pathway
is unique to monocotyledonous plants. Both the Early heading
date1 (Ehd1) gene (Doi et al., 2004; Izawa, 2007), which encodes
a B-type response regulator and mainly induces Hd3a and RFT1
expression under short-day conditions, and the Grain number,
plant height and heading date 7 (Ghd7) gene, which encodes
a CO, CO-like, and TOC1 (CCT)-domain protein (Xue et al.,
2008) that functions as a strong floral repressor, were identified
as flowering-timing genes unique to monocotyledonous plants.
Ghd7 directly suppresses the transcription of Ehd1, which in
turn promotes the transcription of Hd3a and RFT1 (Itoh et al.,
2010; Nemoto et al., 2016). Thus, the Ghd7-Ehd1-Hd3a/RFT1
pathway exists in rice in addition to the evolutionarily conserved
OsGI-Hd1-Hd3a/RFT1 pathway. In addition, it is of note that
OsGI can contorl Ehd1 as a part of the blue light signaling
pathway (Itoh et al., 2010; Izawa et al., 2011). Several years
ago, we reported a molecular genetic interaction between
these two pathways. Hd1 alone promotes Ehd1 at night under
short-day conditions, whereas Hd1 and Ghd7 cooperate to
suppress Ehd1 transcription during daytime under long-day
conditions through the formation of a floral suppressor complex
including both Ghd7 and Hd1 gene products, which can bind
to the promoter region of Ehd1 (Nemoto et al., 2016). This
finding partially explains the molecular mechanism through
which Hd1 promotes flowering under short-day conditions
and suppresses it under long-day conditions, although Ghd7
exhibits significant repressor activity even in a background with
hd1 deficiency.

These findings demonstrate that the diurnal dynamics of Hd1
and Ghd7 mRNA cannot explain how rice precisely recognizes
day length and controls downstream genes such as Hd3a/RFT1
in leaves (Nemoto et al., 2016). Thus, a monitoring system for the

Hd1 and Ghd7 gene products, such as a luciferase (LUC) reporter
gene fused to the target gene in an in-frame manner, is needed.

Among higher plants, gene-targeting (GT) technology has not
yet been put to practical use because in plant somatic cells, the
main repair mechanism for double strand breaks (DSBs) is non-
homologous end joining, rather than homologous recombination
(HR) (Salomon and Puchta, 1998). In the 1990s and early
2000s, studies on GT involving the introduction of homologous
sequences into cells of higher plants such as tobacco, A. thaliana,
and rice were reported, but the incidence of GT ranged from
1/104 to 1/105 per transformation event, which was very low
(Puchta and Fauser, 2013). In 2002, Terada et al. introduced
a positive and negative selection method for GT in rice. This
method was relatively efficient for GT in higher plants. A few
years ago, a method using CRISPR/Cas9 technology was reported
in A. thaliana, and verification of its versatility has just begun
(Miki et al., 2018). In addition, CRISPR/Cas9 mediated GT
system was applied for rice and tobacco (Nishizawa-Yokoi et al.,
2020). Because the regulatory region around the target gene is
completely intact in such GT reporter lines, the original dynamic
pattern of the target protein can be accurately monitored in vivo.

In this study, we adopted a GT system using positive and
negative selection (Nishizawa-Yokoi et al., 2015; Shimatani et al.,
2015; Figure 1A). Then, we successfully constructed monitoring
systems using a gene-targeted (GT) Ghd7-LUC and random-
integrated (RI) Hd1-LUC proteins. Using those lines, we were
able to observe dynamic patterns of Ghd7 and Hd1 protein levels
in vivo under various environmental and genetic conditions to
reveal the dynamic regulation between upstream Hd1 and Ghd7
gene products and downstream transcripts of the Ehd1, Hd3a,
and RFT1 genes. The general temporal dynamics of the Ghd7-
LUC and Hd1-LUC proteins under both short-day and long-day
conditions are reported in this work.

MATERIALS AND METHODS

Vector Construction for Gene Targeting
Two diphtheria toxin A fragment (DT-A) genes under the control
of the maize polyubiquitin 1 promoter (Pubi) or rice elongation
factor-1α promoter (Pef) (Terada et al., 2002) within the right
and left border sequences of the T-DNA vector were used
as negative selection marker genes in this study (Nishizawa-
Yokoi et al., 2015), whereas the hygromycin phosphotransferase
(HPT) gene containing piggyBac (Cary et al., 1989) inverted
repeat (IR) sequences as flanking sequences was used as a
positive selection marker. The piggyBac IR sequences can be
used to excise the HPT gene after GT using the transformed
hyperactive Piggybac transposase [hyPBase (Yusa et al., 2011)].
Five polymerase chain reaction (PCR) fragments were designed
and designated F1–F5 (Supplementary Figures 1, 2) as follows:
F1, promoter region and coding sequence region of the target
gene; F2, LUC coding sequence; F3, 3′ untranslated region
sequence of the target gene; F4, the positive selection marker
(HPT gene); and F5, the subsequent 3′ region of the target gene.
These fragments were fused via the SLiCE (seamless ligation
cloning extract) (Okegawa and Motohashi, 2015) method or
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FIGURE 1 | Gene-targeting of LUC gene fused to Ghd7 gene. (A) Outline of experimental strategy of gene targeting. HindIII-cut fragments (gray arrows), BamHI-cut
fragments (blue arrows), Ghd7 probe (gray bars; 1273 kb), LUC probe (blue bars; 974 bp), and PCR fragments (red arrows). The gene-targeted Ghd7::Ghd7-LUC
(GT,HPTb) line was properly selected by PCR screening (B) and by Southern blot hybridization (C). Primer sequences are listed in Supplementary Table 1.

using an In-Fusion HD cloning kit (Takara Bio United States,
Inc.) and sub-cloned into the T-DNA vector containing two
DT-A negative selection marker genes. The fragments F1 and
F2 were designed to produce the target gene product fused to
the LUC gene in-frame, whereas fragments F3, F4, and F5 were
designed to reproduce the intact 3′ region sequences after the
excision of piggyBac. The sub-cloned sequences were verified
using the conventional Sanger sequencing method. In this work,
the target genes were Ghd7 and Hd1 in rice (Supplementary
Figures 1, 2). Finally, we constructed the pKOD4/Hd1::Hd1-
LUC pHPTb and pKOD4/Ghd7::Ghd7-LUC pHPTb vectors
(Supplementary Figures 1, 2; Nishizawa-Yokoi et al., 2015).
In Hd1::Hd1-LUC, the first Hd1 refers to the endogenous Hd1
promoter. In Ghd7::Ghd7-LUC, the first Ghd7 refers to the
endogenous Ghd7 promoter.

Transformation for Positive and Negative
Selection to Establish Gene-Targeted
Lines
Both the pKOD4/Hd1::Hd1-LUC pHPTb and
pKOD4/Ghd7::Ghd7-LUC pHPTb vectors were transformed

into rice [Oryza sativa L. cultivar (cv.) Nipponbare] using
Agrobacterium-mediated transformation (Figure 1A). When the
T-DNA fragment is introduced via T-DNA border-associated
integration by the Agrobacterium machinery at random positions
in the rice genome and the negative selection marker is also
incorporated into the genome, the transformed cells would
die. However, when only the DNA fragment is inserted into
the target locus through HR, the DNA sequences flanking the
positive selection marker gene, HPT, would be incorporated
into the genome, whereas the negative selection marker gene,
DT-A, would not. As a result, transformed cells can survive
as a GT line. After regeneration from the transformed calli,
plants containing the GT LUC gene are generated. Using this
Agrobacterium infection method for positive and negative
selection, more than a thousand seeds were used to induce
rice calli, and hundreds of hygromycin-resistant calli were
obtained. These calli were further screened through PCR
to ensure that the GT was successful. Notably, most of the
hygromycin-resistant calli were obtained from RI events
but not via the T-DNA border-associated integration and
did not contain both T-DNA borders and the DT-A gene
(Supplementary Figure 3). As a result, a single GT line
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designated Ghd7::Ghd7-LUC(GT,HPTb), which contained the
LUC gene fused to the Ghd7 gene in-frame, was obtained by
screening more than 500 hygromycin-resistant calli (Table 1).
Then, some calli belonging to the Ghd7::Ghd7-LUC(GT,HPTb)
line were maintained, and the hyperactive Piggybac transposase
(hyPBase) expressing vector was transformed into them
via infection with Agrobacterium to remove the HPT gene
and surrounding IRs (Nishizawa-Yokoi et al., 2014). A total
of 20 independent geneticin-resistant calli were obtained
from which 18 lines were selected through PCR screening.
We confirmed that the marker was fully removed in 15
lines through sequencing. Thus, the removal efficiency
was 75% (15/20). Then, one regenerated line, designated
Ghd7::Ghd7-LUC(GT), was selected for further analysis
(Supplementary Figure 4).

After preliminary analysis, this Ghd7::Ghd7-LUC(GT)
line exhibited lower LUC activity compared with the
Ghd7::Ghd7-LUC(GT,HPTb) line. Thus, in this study,
we used the Ghd7::Ghd7-LUC(GT,HPTb) line for all
subsequent analyses. The Ghd7::Ghd7-LUC(GT) line is
being subsequently crossed with Nipponbare to remove
extra deleterious mutations associated with removal of the
HPT gene.

For the Hd1 gene, unfortunately, we were unable to obtain
a GT line (Table 1). Instead, we obtained several Hd1::Hd1-
LUC lines through RI events (Supplementary Figure 5). After
preliminary analysis of these Hd1::Hd1-LUC lines, we selected
one Hd1::Hd1-LUC line and confirmed that this line could
be used to monitor the Hd1 gene product in real time. We
designated this line Hd1::Hd1-LUC(RI,HPTb)-1.

Confirmation of Gene Targeting
Three independent methods were used to confirm that the GT
Ghd7::Ghd7-LUC(GT,HPTb) line was properly selected. For
the PCR method, primer sets were designed to amplify PCR
bands of the expected size (Figure 1B and Supplementary
Table 1). Then, a set of scanning PCR fragments covering
the entire Ghd7::Ghd7-LUC gene was sequenced and verified
through conventional Sanger sequencing. For Southern blot
hybridization experiments, electrophoresed DNA fragments
were transferred to a Hybond N+ (Fisher Scientific Inc.)
nylon membrane, and probes labeled with Alkphos Direct
Labeling Reagents (GE Healthcare Amersham) were hybridized
according to the protocol of the CDP-Star Detection Reagent
(GE Healthcare Amersham) detection kit (Figure 1C). Southern
blot hybridization analysis was performed using the Ghd7
and LUC fragments as probes. HindIII and BamHI enzymes
were used to cleave genomic DNA from the Ghd7::Ghd7-
LUC(GT,HPTb) line. Finally, for k-mer analysis, 6 Gb of
Illumina fastq data were analyzed using the k-mer method
(Itoh et al., 2020), and the number of perfect matches between
tested fastq data and target reference DNA sequences were
counted. A 50-bp sequence was used as the k-mer in this
study. To verify the junction caused by GT, smoothing was
performed using the moving average method for intact
k-mer values (Figure 2 and Supplementary Figure 6).
Abnormal hits, suggesting the improper integration of

related sequences, were not detected in this k-mer analysis.
All data indicated that Ghd7::Ghd7-LUC(GT,HPTb) is
a valid GT line.

Biological Evaluation of the
Ghd7::Ghd7-LUC(GT,HPTb) Line
Using plants of the T1 generation, we selected a homozygous
Ghd7::Ghd7-LUC(GT,HPTb) plant for harvesting seeds that are
homozygous for the Ghd7::Ghd7-LUC gene. Then, heading dates
in this line were compared with those of wild-type rice plants
(cv. Nipponbare) under long-day (14.5 h of light) and short-
day (10 h of light) conditions (Figure 3). The results clearly
indicated that the GT Ghd7::Ghd7-LUC line exhibited normal
photoperiodic flowering compared with the wild type. This result
clearly indicated that the Ghd7-LUC protein could mimic the
Ghd7 protein, at least in terms of photoperiodic control of
flowering in rice.

Monitoring Using the Ghd7-LUC and
Hd1-LUC Lines
In this study, two LUC lines, Ghd7::Ghd7-LUC(GT,HPTb) and
Hd1::Hd1-LUC(RI,HPTb)-1,were used in our monitoring system.

To measure LUC activity in growing rice seedlings, we
developed a custom system for monitoring LUC activity using
13-cm long test tubes with a diameter of 4 cm (Churitsu
Electronics Corporation, Japan). The monitoring unit consists
of six test tube chambers with an automatically operated
photomultiplier tube (PMT) that detects faint light in a
thermostatic incubator with a controllable light-emitting diode
lamp (Figure 4). With this system, light emissions from an
entire growing rice seedling can be continuously recorded for
around 10 days. Temporal LUC activity in six rice seedlings
under the same environmental conditions can be measured
at once using this system. One rice seed was sterilized and
sown in each of the tubes on 50 ml Murashige and Skoog
(MS) medium with 0.2% gellan gum and 100 µl of 100 mM
luciferin solution, and then germinated in an incubator under
constant light for 4 days. Then, after spraying with 1 ml of
LUC solution (10 mM), the test tubes were placed in the PMT
room, and LUC activity was measured for 3 s per minute
five times. This measurement was repeated hourly at 30◦C
for more than 1 week. On day 9 after sowing, the seedlings
were sprayed again with 1 ml of LUC solution (10 mM), and
the measurements were continued. For RNA preparation, the
seedlings were sampled at 1.5 h after the beginning of the
light period on day 11 and immediately frozen with liquid
nitrogen. After light measurements were taken, the third to fifth
measured values among the five 3-s data points were averaged,
and background values obtained from the negative control
(non-transgenic rice seedling) were subtracted (Supplementary
Figure 7). Then, the temporal LUC activity was analyzed
using hourly measurements. To prevent severe contamination
of the tested seeds, an antifungal agent, Plant Preservative
Mixture (Plant Cell Technology Inc.), was added to the MS
medium upon sowing.
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TABLE 1 | Results of transformation experiments at National Agriculture and Food Research Organization (NARO).

The number of seeds Callus (g) The number of calli The number of hygromycin resistant calli PCR screening

5′HR(+) 3′HR(+) LUC(+)

Hd1 1st 160 34.58 4608 - - - -

2nd 160 13.86 2779 91 0 0 3

3rd 320 17.667 4673 16 0 0 3

4th 320 36.228 6524 32 0 0 n.d.

5th 320 38.86 6599 52 0 0 n.d.

Total 1280 141.195 25183 191 0 0 6

Ghd7 1st 176 30.96 5590 310 0 0 16

2nd 208 20.351 3974 112 0 0 4

3rd 320 30.4 6782 131 1 1 5

Total 704 81.711 16346 553 1 1 25

RESULTS

Generation of a Gene-Targeted
Ghd7::Ghd7-LUC Line
Although abundant genetic evidence indicates the critical role of
Ghd7 in rice photoperiodic flowering, no data clearly showing
genetic complementation of the Ghd7 gene have been reported.
Indeed, we attempted to transform genomic fragments including
the entire coding region of Ghd7 with a few kilobasepairs of the
promoter region and a portion of the 3′ region several times, but
we succeeded in only partially complementing ghd7 deficiency
(Itoh et al., 2010). Thus, we speculate that the regulatory region
of the Ghd7 gene is relatively long in the rice genome. Supporting
this speculation, the upstream region of the Ghd7 gene is rich
in repeats and no genes have been annotated more than 50 kb
upstream of the Ghd7 gene in the Rice Annotation Project
Database. Therefore, we attempted to construct a GT Ghd7-LUC
line in the present study. We have demonstrated previously that
the Ghd7 protein interacts with the Hd1 protein to function as
a strong repressor in rice cells (Nemoto et al., 2016). Thus, we
attempted to construct a complete GT Hd1-LUC line despite
a few kilobasepairs of the promoter region being sufficient to
complement hd1 deficiency when the corresponding genomic
fragment of Hd1 is transformed (Yano et al., 2000).

We initially performed six and seven positive and negative
selection experiments for Ghd7::Ghd7-LUC and Hd1::Hd1-
LUC, respectively, in a laboratory at the University of Tokyo
(Supplementary Table 2). In this experiment, we obtained
37 Ghd7::Ghd7-LUC transformed lines, including 15 lines that
targeted only the 5′ promoter region but not the 3′ region. The
others exhibited RI of Ghd7::Ghd7-LUC along with the removal
of the DT-A genes. Meanwhile, we obtained 23 Hd1::Hd1-LUC
transformed lines without the DT-A genes, but no GT lines.
These lines also exhibited RI of Hd1::Hd1-LUC (Supplementary
Table 2). Then, we performed three and five additional
selection experiments for Ghd7::Ghd7-LUC and Hd1::Hd1-LUC,
respectively, in a laboratory at the National Agriculture and Food
Research Organization (NARO; Table 1) in which positive and
negative selection for GT in rice has been successfully performed
previously. We obtained one fully GT Ghd7::Ghd7-LUC line and

24 RI Ghd7::Ghd7-LUC lines. Meanwhile, six RI Hd1::Hd1-LUC
lines, but no GT Hd1::Hd1-LUC lines, were obtained (Table 1).
We designated the GT Ghd7::Ghd7-LUC line as Ghd7::Ghd7-
LUC(GT,HPTb) and selected one RI Hd1::Hd1-LUC line with
similar levels of LUC activity to Ghd7::Ghd7-LUC(GT,HPTb)
upon preliminary measurement and designated it Hd1::Hd1-
LUC(RI,HPTb)-1. These two lines were used for further analysis
in this study.

The Efficiency of Gene Targeting in This
Study
Using transformation data from NARO, the efficiency of GT was
estimated. In total, 191 and 553 calli were selected as hygromycin-
resistant lines among 25,183, and 16,346 Agrobacterium-infected
calli for Hd1 and Ghd7, respectively. This result indicates that
0.76 and 3.4% of the calli exhibited transformation into the
rice genome without integration of the DT-A genes for Hd1
and Ghd7, respectively. Most of those transformations were
considered RI insertion events, rather than events due to proper
T-DNA integration. By contrast, as only one callus among the
553 resistant calli was a GT line, the RI event appears to have
occurred at least 500 times more frequently than the GT event in
this case. Similar results were obtained for Hd1::Hd1-LUC, and
we were unable to produce a GT line due to the screening of
only 191 hygromycin-resistant calli for Hd1::Hd1-LUC. However,
the efficiency of hygromycin-resistant callus production was
variable among experiments in this study (Table 1) and was not
easily controlled. The overall efficiency based on the number of
Agrobacterium-infected calli was 0.006% (1/16, 346) in this study
(Supplementary Table 3).

Diurnal Dynamics of the Ghd7 and Hd1
Proteins Under Long-Day and Short-Day
Conditions
Using the Ghd7::Ghd7-LUC(GT,HPTb) and Hd1::Hd1-
LUC(RI,HPTb) lines, we examined the diurnal LUC activity
patterns of the Ghd7-LUC and Hd1-LUC proteins. Five-
day-old seedlings were transferred to the LUC luminescence
measurement device after sowing, and LUC activity was
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FIGURE 2 | K-mer Analysis (k = 50) in WT and Ghd7::Ghd7-LUC(GT,HPTb) line. It was shown that Ghd7::Ghd7-LUC(GT,HPTb) is a valid GT line by k-mer analysis.
The expected sequence for Ghd7::Ghd7-LUC(GT,HPTb) line was used as the target reference DNA sequence for k-mer analysis. 6 Gb illumina fastq data of both
WT and Ghd7::Ghd7-LUC(GT,HPTb) line were analyzed to count the perfect match in tested fastq data with each k-mer sequence which is produced by scanning
the target reference DNA sequence [Ghd7::Ghd7-LUC(GT,HPTb) line]. Genomic sequences outside the construct (Red region) and sequences in the construct array
(Black region). The gaps in WT indicates it doesn’t have LUC, IR, and HPT. Magnified 5′ and 3′ regions where the homologous recombination must have occurred
are shown with smoothing using the moving average method for intact k-mer values.

continuously monitored for 6 days under a 16-h (long-day) or
10-h (short-day) photoperiod at 30◦C. Thus, with this system,
we can mimic the temporal dynamics of the Ghd7 and Hd1
proteins through monitoring of LUC activity under controlled
conditions (Figure 5). We found that the Ghd7-LUC protein
began to accumulate rapidly after dawn and peaked at around
2 and 3 h later under short-day and long-day conditions,
respectively. This result clearly indicates that the Ghd7 protein
accumulated faster just after dawn under the short-day versus the
long-day condition. In addition, Ghd7-LUC began to decrease
after peaking more rapidly under the short-day condition than
under the long-day condition. Furthermore, Ghd7-LUC began to

increase slowly a few hours before dusk only under the long-day
condition. After dusk, Ghd7-LUC began to decrease to its
minimum level before dawn under both short-day and long-day
conditions. Taken together, these results show that the level of
Ghd7-LUC was clearly higher during daytime under a long-day
condition than under a short-day condition. Interestingly, no
significant difference was found in the peak levels of Ghd7-LUC
protein between long-day and short-day conditions, suggesting
that Ghd7 repressor activity may not be well represented by a
snapshot of the Ghd7 protein level. Some interactions of Ghd7
protein with other factors or modifications of its structure might
have contributed to these observations.
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FIGURE 3 | The effects of Ghd7-LUC protein on flowering time. The
gene-targeted Ghd7::Ghd7-LUC(GT,HPTb) line exhibited normal
photoperiodic flowering properly compared with the wild type. This indicates
that the Ghd7-LUC protein could mimic the Ghd7 protein at least in terms of
the photoperiodic control of flowering in rice. There was no significant
difference in the flowering time under long-day (14.5 h of light; p = 0.14) and
short-day (10 h of light; p = 0.20) conditions (p < 0.05; Student’s t test).
Nipponbare is shown as WT, Ghd7::Ghd7-LUC(GT,HPTb) homo lines are
shown as Ghd7-LUC.

Furthermore, we found that under the long-day condition,
the Hd1-LUC protein accumulated very slowly from a few hours

before dusk to a few hours after dawn, reached its peak, and
began to decrease rapidly until a few hours before dusk. By
contrast, under the short-day condition, Hd1-LUC accumulated
very slowly from a few hours before dusk to a few hours before
dawn, then reached its peak, and began to decrease gradually
until a few hours before dusk. Notably, the amplitudes of
the Hd1-LUC peaks were clearly smaller under the short-day
condition compared with the long-day condition. Interestingly,
the peak and total amounts of Hd1-LUC protein were a few times
higher under the long-day condition than under the short-day
condition. Both the Ghd7-LUC and Hd1-LUC dynamic patterns
under a long-day condition are consistent with a previous finding
stating that the Ghd7 protein interacts with the Hd1 protein to
create a strong repressor complex under long-day conditions.
However, the data produced in this work cannot explain the
activation of downstream genes by Hd1 alone at night under
short-day conditions.

Snapshot Comparison of Ghd7-LUC and
Hd1-LUC Protein Levels With mRNA
Levels of Related Genes
As a first step to elucidate the regulatory mechanisms
of downstream gene expression, both the mRNA levels of
related genes and Ghd7-LUC and Hd1-LUC protein levels
were simultaneously examined. After 6 days of LUC activity

FIGURE 4 | LUC Protein monitoring system. (A) Outline of experiments for LUC protein monitoring. Day1: Plant seeds are sown on a medium (0.2% Gellan
gum + MS + 100 µl of 100 mM luciferin solution). The seedlings are germinated in the constant light incubator for 4 days. Day 4: 1 ml of LUC solution (10 mM) is
sprayed. Day 5: the seedlings are put into the monitoring system. The light emissions from an entire growing rice seedling are continuously recorded by a
photomultiplier tube (PMT) for 6 days. Day 9: 1 ml of LUC solution (10 mM) is sprayed again. Day 11: Leaves are sampled for quantitative RT-PCR. (B) Left, the
monitoring unit consisting of a movable photomultiplier tube (PMT) and a LED lamp (upper right); right, the seedlings in test tubes used for this study (Day 11).
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FIGURE 5 | Diurnal dynamics of the Ghd7-LUC and Hd1-LUC proteins under long-day (16 h) and short-day (10 h) conditions. The diurnal patterns of Ghd7-LUC
(Day 8–10) and Hd1-LUC (Day 6–8). Ghd7-LUC protein patterns in six Ghd7::Ghd7-LUC(GT,HPTb) homo plants under long-day (GL1,GL2,GL3) and short-day
(GS1,GS2,GS3) conditions. Hd1-LUC protein patterns in six Hd1::Hd1-LUC(RI,HPTb)-1 homo plants under long-day (HL1,HL2,HL3) and short-day (HS1,HS2,HS3)
conditions. The diurnal LUC activity dynamics for each plant were recorded for consecutive 72 h. The representative data from a few independent experiments for
both day-length conditions were presented. Shades represent dark periods. (A) The diurnal patterns of Ghd7-LUC and Hd1-LUC proteins for 72 h. (B) The mean
and standard error of the three samples in panel (A) are displayed. Shades represent dark periods.
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monitoring, the leaves of 10-day-old seedlings were sampled in
the morning (1.5 h after sunrise) under both long-day and short-
day conditions (Figure 4). Then, we measured the mRNA levels
of Ghd7, Hd1, LUC, Hd3a, RFT1, and Ehd1 using quantitative
reverse-transcription PCR (Figure 6). Comparing Ghd7-LUC
and Hd1-LUC protein levels with mRNA expression of flowering-
time genes in the Ghd7::Ghd7-LUC(GT,HPTb) and Hd1::Hd1-
LUC(RI,HPTb)-1 lines, respectively, we found that the transcript
level of Ghd7 mRNA was about 5–6 times higher under the
long-day condition than under the short-day condition, but no
significant difference in the activity of Ghd7-LUC protein was
observed (Figures 5, 6). This result suggests that the Ghd7 mRNA
level may not reflect the amount of Ghd7 protein at a given
moment, perhaps due to a lag in the translation process or
mechanisms controlling Ghd7 protein stability. A similar result
was obtained for the relationship between Hd1-LUC activity and
Hd1-LUC mRNA in the Hd1::Hd1-LUC(RI,HPTb) line.

Unexpectedly, in the Ghd7::Ghd7-LUC(GT,HPTb) line, the
levels of Hd3a and RFT1 mRNA were low in the morning
under both short-day and long-day conditions. This response of
Hd3a and RFT1 mRNA is distinct from that in wild-type plants.
This result means that Ghd7-LUC protein may have stronger
repressor activity than the endogenous Ghd7 protein at least on
this tested developmental stage. Thus, more careful evaluation
to reveal the relationship between downstream gene expression
and Ghd7-LUC levels in the Ghd7::Ghd7-LUC(GT,HPTb) line
using seedlings of different stages and timings is essential. In the
Hd1::Hd1-LUC(GT,HPTb) line, the amount of Hd1 protein may
be weakly negatively correlated with the Hd3a mRNA level in the
morning (Figure 6).

DISCUSSION

Efficiency of Gene Targeting
The efficiency of GT in plants was first reported to be 0.005–
0.042% based on the ratio of the number of antibiotic-resistant
clones obtained from GT to the number of antibiotic-resistant
clones obtained through transformation using protoplasts
(Paszkowski et al., 1988). The ratio of the number of transformed
calli to that of calli with NPTII genes repaired through GT was
approximately 0.02% when the repair construct was transformed
via Agrobacterium infection into tobacco protoplasts (Offringa
et al., 1990). Using positive and negative selection, the ratio
of PCR-positive clones was approximately 1% (Terada et al.,
2002). Thus, positive and negative selection is an effective
method for improving the success rate of GT experiments.
In this study, we performed extensive positive and negative
selection but obtained only one line, resulting in an estimated
GT efficiency for Ghd7 of approximately 0.2%, or 1/553 PCR-
positive clones. Based on infected callus numbers, the success
rate was estimated as 0.006% (1/16,346). In addition, no GT
line was obtained for Hd1. Thus, our trial results can be
considered within the typical range for GT experiments in
plants, although the rate of RI with removal of the DT-A
genes in this study may be higher than in previous reports.
A better method than positive and negative selection needs

to be developed for use in plants. A few years ago, a GT
method based on targeted DSB events using CRISPR/Cas9
was reported (Miki et al., 2018). In that study, transformation
of both the Cas9 gene and sgRNA expression unit occurred
independently, but the apparent efficiency of obtaining GT
lines was clearly higher than in previous reports. Thus, the
efficiency of GT experiments in plants can be expected to
improve greatly over the next few years since there is a report
indicating an improvement of GT using CRISPR/Cas9 induced
DSBs in various plants (Nishizawa-Yokoi et al., 2020). Along
with the DSBs induced by CRISPR/Cas9, the use of DT-A
negative selection to reduce RI may be key to more reliable GT
in plants.

Development of a Monitoring System
In this study, we developed a real-time monitoring system
for two key flowering-timing compounds−the gene products
of Ghd7 and Hd1−in rice. We previously monitored the
diurnal dynamics of the LUC-fused OsLHY gene under control
of the CaMV 35S promoter. In that study, we successfully
demonstrated that light conditions clearly affected OsLHY-LUC
protein stability (Ogiso et al., 2010). Using these systems with
the Ghd7::Ghd7-LUC and Hd1::Hd1-LUC lines, we should be
able to monitor protein stability under controlled environmental
conditions in addition to achieving translational control of
these genes. Similarly, using LUC as a reporter gene, tissue-
specific rhythmic expression under the control of circadian
clocks has been reported using split N-half and C-half LUC
genes (Endo et al., 2014). In addition, auxin-dependent control
of protein degradation was clearly observed using LUC reporter
genes (Salmon et al., 2007). These examples guarantee the
usefulness of the LUC-fusion monitoring system in plants. In this
study, because GT integration of the LUC gene with the Ghd7
gene in an in-frame manner was established in the Ghd7::Ghd7-
LUC(GT,HPTb) line and the Ghd7-LUC gene product could
confer the photoperiodic flowering trait, we are certain that
real-time monitoring of the Ghd7 protein can be successfully
conducted under various environmental conditions and with
diverse genetic backgrounds. In the Hd1::Hd1-LUC(RI,HPTb)
line, because a sufficient length of the promoter region of the
Hd1 gene was integrated into the rice genome and reasonable
LUC activity was observed, we expect that this line will be
useful for temporal monitoring of the Hd1 gene product. We are
now introducing this RI Hd1::Hd1-LUC gene into hd1-defective
lines to confirm whether the Hd1-LUC allele can mimic Hd1
function.

Diurnal Dynamics of the Ghd7 and Hd1
Proteins Differ From Those of Ghd7 and
Hd1 mRNA
We previously measured the mRNA dynamics of Hd1 and Ghd7
using the cv. Hoshinoyume background with nearly isogenic
lines under 14.5-h long-day and 10-h short-day conditions
(Nemoto et al., 2016). Although we should be cautious about
describing the differences between the dynamics of Hd1 and
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FIGURE 6 | Ghd7-LUC and Hd1-LUC Proteins and related mRNA pattern. Scatter plot of LUC proteins activity and mRNA transcription level under long-days and
short-days conditions. The amount of LUC proteins indicates monitored values of LUC activity at 1 h after light-on on the day 11. The corresponding amount of
mRNA of related genes were shown. The leaves were sampled at 1.5 h after light-on. LUC mRNA was not detected in WT. The transcript levels of RFT1 were too
low to be detected in some lines (showed as gray). Primer and probe sequences are listed in Supplementary Table 1.
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Ghd7 mRNA and gene products, we can compare mRNA
dynamics with the LUC data obtained in this study.

For Ghd7 mRNA, a rapid increase after dawn was clearly
observed under both long-day and short-day conditions. Ghd7
mRNA levels were around 10−4 and 10−2 (after normalized
by copy numbers of an endogenous UBQ mRNA) at 1 h
before and 1 h after light-on under the long-day condition
(14.5 h), respectively, in the cv. Hoshinoyume background.
Meanwhile, these levels were less than 10−4 and less than
10−2 under the short-day condition (10 h). After those
increase in the morning, Ghd7 mRNA levels decreased slowly
and then increased slightly just before dusk, followed by a
decrease until dawn under the long-day condition, whereas they
decreased slowly until dawn under the short-day condition.
These patterns were similar to those of Ghd7-LUC activity,
except the speed of accumulation of the Ghd7-LUC protein
in the morning. The accumulation of Ghd7-LUC was more
rapid under the short-day condition than under the long-
day condition. This difference in the increase of Ghd7-LUC
just after dawn under distinct photoperiods may be associated
with the repressor activity of Ghd7 or the formation of a
Ghd7 repressor complex with other factors such as the Hd1
protein. As Ghd7 repressor complex activity was apparent
under the long-day condition, but not under the short-day
condition, the slow increase in Ghd7-LUC after dawn under
the long-day conditions may be related to the formation of the
repressor complex.

For Hd1 mRNA, typical sine curve-like dynamics were
observed under the short-day condition after log-transformation
and calibration. The trough of Hd1 mRNA was slightly above
10−3 around noon, whereas the peak Hd1 mRNA level was 10−1

under the short-day condition. Under the long-day condition,
the amplitude between Hd1 mRNA peaks and troughs was
larger during daytime, but the dynamics of mRNA levels at
night were unclear. The trough level of Hd1 mRNA was
around 10−3 and the peak value was around 10−1 under
the long-day condition. The rapid decrease in Hd1 mRNA
after dawn was clearer under the long-day condition than
under the short-day condition. In this work we found that
Hd1-LUC dynamics were quite distinct from these mRNA
dynamics. Compared with the reported Hd1 mRNA and Hd1-
LUC activity levels, the rapid decrease in Hd1 mRNA just
after dawn may reflect the rapid loss of Hd1-LUC activity
under a long-day condition, whereas the increase in Hd1-LUC
at night under a long-day condition might have been due to
the relatively constant level of Hd1 mRNA at night. However,
the low Hd1-LUC activity under the short-day condition is
not easily explained. The translation or stability of Hd1-
LUC may be differently regulated under short-day conditions
compared with long-day conditions. After seed propagation of
these reporter lines, mRNA dynamics and the dynamics of
LUC-fused proteins will be examined using the same plants
under distinct photoperiod conditions. Although we monitored
LUC activity hourly in this work, it is possible to monitor
LUC activity more often. Thus, real-time monitoring with
a high temporal resolution will be attempted in the near
future.

Snapshot Comparison Between
Ghd7-LUC/Hd1-LUC Activity Levels and
Related mRNA Levels
At the end of the LUC measurement period, in this work, we
sampled RNA from the same seedlings to compare mRNA levels
of related genes and the LUC activity level simultaneously in a
single plant. We found that the Ghd7 mRNA level was 5–6 times
higher in the morning under a long-day condition (16 h) than
under a short-day condition (10 h), but observed no significant
difference in Ghd7-LUC activity in Ghd7::Ghd7-LUC(GT,HPTb)
(Figure 6). This result may reflect a time lag related to the
translation process from mRNA to protein, indicating the
importance of monitoring gene products to reveal the entire
molecular mechanism. For Ehd1, a downstream gene of Ghd7,
mRNA level was 4–5 times higher under the short-day condition
than the long-day condition in Ghd7::Ghd7-LUC(GT,HPTb).
Ehd1 transcript levels and Ghd7-LUC activities are negatively
correlated weakly in the morning snap-shot samples, implying
that Ghd7-LUC protein may repress Ehd1 transcription directly.
Similarly, Ehd1 transcript levels and Hd1-LUC activities are
negatively correlated in the morning snap-shot samples, implying
that Hd1-LUC protein may repress Ehd1 transcription directly.
Unexpectedly, in contrast to data obtained using wild-type
plants, Hd3a and RFT1 mRNA were clearly repressed at this
seedling stage under both short-day and long-day conditions in
Ghd7::Ghd7-LUC(GT,HPTb) (Figure 6). Thus, the significance
of Ghd7-LUC activity in controlling downstream genes cannot
be assessed based on this work, although Ghd7-LUC proteins
may control Ehd1 gene expression. By contrast, clear differences
were observed in Hd3a and RFT1 mRNA levels between short-
day and long-day conditions in Hd1::Hd1-LUC(RI,HPTb), and a
clear association was found between the Hd3a mRNA (and RFT1
mRNA) level and Hd1-LUC activity, indicating that the Hd1-
LUC protein level may reflect transcriptional activity for Hd3a
and RFT1 genes during this snapshot observation. It is known
that the Hd1 gene can activate the Hd3a and RFT1 genes at night
under short-day conditions (Nemoto et al., 2016). Thus, various
samples collected at distinct times under short-day conditions
should be examined in the future.

Possibility of a Hd1-Ghd7 Protein
Complex
Hd1 and Ghd7 proteins form a complex together during the day
under long-day conditions, which suppresses downstream genes
such as Ehd1, Hd3a, and RFT1 (Nemoto et al., 2016; Goretti
et al., 2017; Zhang et al., 2017). In this study, we found that
Ghd7-LUC activity during daytime after its peak was higher
under a long-day condition than under a short-day condition,
indicating that the Ghd7 protein is present at high levels for
a longer period during daytime under long-day conditions. By
contrast, no significant difference was found in the peak level of
Ghd7 protein between long-day and short-day conditions. This
finding suggests that Ghd7 repressor activity may be determined
by not only the protein level but also interactions with other
factors or modification of the Ghd7 protein. The higher level
of Hd1-LUC protein under a long-day condition was consistent
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with repressor complex formation between Ghd7 and Hd1 under
long-day conditions. We previously demonstrated that a 30-min
difference in day length could affect the control of downstream
genes such as Hd3a and RFT1 by both Ghd7 and Hd1 (Itoh et al.,
2010). Thus, using the monitoring system described in this study,
detailed analysis of photoperiodic control of downstream genes
under distinct day lengths will be performed in future works.

CONCLUSION

We developed a real-time monitoring system for both Ghd7 and
Hd1 gene products involved in photoperiodic flowering in rice,
using GT with the LUC reporter gene fused to the Ghd7 gene
in frame and using RI with the LUC reporter gene fused to the
Hd1 gene in frame to reveal the detailed molecular mechanisms
of photoperiodic flowering at the protein level.
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Supplementary Figure 1 | Gene-targeting construct for Ghd7 gene. Structure of
Ghd7::Ghd7-LUC pHPTb (the region sandwiched between RB and LB of a binary
vector) and sequence of junctions between fragments. Each fragment was named
F1, F2, F3, F4, and F5. Primers used to extract fragments from the genome are
listed in Supplementary Table 1.

Supplementary Figure 2 | Gene-targeting construct for Hd1 gene. Structure of
Hd1::Hd1-LUC pHPTb (the region sandwiched between RB and LB of a binary
vector) and sequence of junctions between fragments. Each fragment was named
F1, F2, F3, F4, and F5. Primers used to extract fragments from the genome are
listed in Supplementary Table 1.

Supplementary Figure 3 | Ghd7::Ghd7-LUC(GT,HPTb) line screening. In positive
and negative selection, a callus (#64) that was positive in PCR for 5′HR, 3′HR, and
GT long (see above) was selected. The regenerated shoots were hydroponically
cultivated for several days, and 25 well-developed individuals from hygromycin
resistant calli were potted. All individuals were tested for PCR with primer sets
(5′HR, 3′HR, GT long) and confirmed to be positive. 5′HR PCR fragments were
sequenced full length for 5 individuals. The black bars with triangles at the ends
show the PCR primer sites. The regions indicated by the gray arrows were
sequenced. Primers are listed in Supplementary Table 1.

Supplementary Figure 4 | Confirmation of removal of PiggyBac transposon.
A gene-targeted callus (#64) was divided into four plates (newly numbered #4, #7,
#25, and #30) and propagated to infect the hyPBase construct. PCR was
performed to confirm the removal of HPT gene in T0 generation Ghd7::Ghd7-LUC
(GT) lines. The black bar with triangles indicate the PCR site. The regions indicated
by the gray arrows were sequenced. The primer sequences are listed in
Supplementary Table1.

Supplementary Figure 5 | Screening of Hd1::Hd1-LUC(RI,HPTb)-1 line. The left
column name shows callus individuals, and the upper row shows the PCR range.
“+” means “detected,” meanwhile “-” means “not-detected.” In 8 regenerated
lines, PCR screening was performed. After preliminary monitoring of LUC activity,
a line termed “AZ” was selected as Hd1::Hd1-LUC(RI,HPTb)-1 for this study. The
black bars with triangles indicate the PCR primer sites. The primer sequences are
listed in Supplementary Table 1.

Supplementary Figure 6 | K-mer analysis in WT and Ghd7::Ghd7-LUC(GT) line.
Abnormal hits were not detected in this k-mer analysis. This result indicated that
Ghd7::Ghd7-LUC(GT) is a valid GT line with the removal of HPT gene.
(A) Schematic presentation of Ghd7::Ghd7-LUC(GT,HPTb) construct (Figure 1).
(B) K-mer analysis (k = 50). The expected sequence for
Ghd7::Ghd7-LUC(GT,HPTb) line was used as the target reference DNA sequence
for k-mer analysis. 6 Gb illumina fastq data [WT and Ghd7::Ghd7-LUC(GT) line]
were analyzed to count the perfect match in tested fastq data with each k-mer
sequence which is produced by scanning the target reference DNA sequences
[Ghd7::Ghd7-LUC(GT,HPTb) line]. Genomic sequences outside the construct
(Red region) and sequences in the construct array (Black region). The gaps in WT
indicate that the line doesn’t have LUC, IR, and pHPTb. The gap in
Ghd7::Ghd7-LUC(GT) indicate that pHPTb was successfully removed in this line.
Magnified 5′ and 3′ regions where the homologous recombination must have
occurred are shown with smoothing using the moving average method for intact
k-mer values.

Supplementary Figure 7 | Ghd7-LUC and Hd1-LUC protein patterns for 6 days.
The diurnal patterns of Ghd7-LUC and Hd1-LUC proteins on day 5–10 after
sowing. Shades represent dark periods. Seedlings 4 days after sowing were
transferred to the LUC luminescence monitoring instrument. LUC activity was
continuously monitored under 16 h (long-day) or 10 h (short-day) photoperiods.
After 6-days monitoring of LUC activity, the leaves of the seedlings were sampled
in the morning (1.5 h after sunrise). Black arrows indicate the points when luciferin
was added. After light measurements were taken, the third to fifth measured
values among the five 3-s data points were averaged, and background values
obtained from the non-transgenic rice seedling (WT) were subtracted. The
background itself is shown as WT. Ghd7-LUC protein patterns in
Ghd7::Ghd7-LUC(GT,HPTb) homo lines under long-day (GL1,GL2,GL3) and
short-day (GS1,GS2,GS3) conditions. Hd1-LUC protein patterns in
Hd1::Hd1-LUC(RI,HPTb)-1 homo lines under long-day (HL1,HL2,HL3) and
short-day (HS1,HS2,HS3) conditions.
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In plants, a diverse set of pathways regulate the transition to flowering, leading to 
remarkable developmental flexibility. Although the importance of photoperiod in the 
regulation of flowering time is well known, increasing evidence suggests the existence of 
crosstalk among the flowering pathways regulated by photoperiod and metabolic 
pathways. For example, isoprenoid-derived phytohormones (abscisic acid, gibberellins, 
brassinosteroids, and cytokinins) play important roles in regulating flowering time. Moreover, 
emerging evidence reveals that other metabolites, such as chlorophylls and carotenoids, 
as well as sugar metabolism and sugar accumulation, also affect flowering time. In this 
review, we summarize recent findings on the roles of isoprenoid-derived metabolites and 
sugars in the regulation of flowering time and how day length affects these factors.

Keywords: isoprenoid-derived metabolites, phytohormones, chlorophyll, flowering time, photoperiod, sugars

INTRODUCTION

Plants have a complex signaling network that adjusts flowering time in response to environmental 
conditions. Extensive studies have examined how this signaling network is regulated by 
environmental factors, such as day length (photoperiod) and temperature, and by genetic 
factors (Kinoshita and Richter, 2020; Renau-Morata et  al., 2020; Susila et  al., 2021b). Studies 
of the genetic factors regulating flowering have shown that flowering time genes (FTGs) include 
activators and repressors of flowering and the timing of flowering depends on the balance 
between these activities (Jin and Ahn, 2021). Among the genes involved in flowering activation 
are: AGAMOUS-LIKE 24 (AGL24), CONSTANS (CO), FLOWERING CONTROL LOCUS A 
(FCA), FLOWERING LOCUS T (FT), GIGANTEA (GI), PHYTOCHROME A (PHYA), 
CRYPTOCHROME1 (CRY1), CRY2, SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 3 
(SPL3), SPL9, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), and TWIN 
SISTER OF FT (TSF; Jaudal et  al., 2020; Kim et  al., 2020; Yu et  al., 2020). The genes involved 
in repressing flowering include AGL15, AGL18, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), 
EARLY FLOWERING 3 (ELF3), ELONGATED HYPOCOTYL (HY1) and HY2, FLOWERING 
LOCUS C (FLC), FLOWERING LOCUS M (FLM), LATE ELONGATED HYPOCOTYL (LHY), 
MADS AFFECTING FLOWERING 2 to 5 (MAF2-5), PHYTOCHROME B (PHYB), SHORT 
VEGETATIVE PHASE (SVP), TIMING OF CAB EXPRESSION (TOC1), and ZEITLUPE (ZTL; 
Airoldi et  al., 2015; Yu et  al., 2020; Zhao et  al., 2021).
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Among the environmental factors affecting flowering, scientists 
have known about the importance of the photoperiod for 
almost 100 years, since Garner and Allard (1922) showed that 
some plants cannot flower unless they experience a certain 
day length. Based on their flowering responses to different 
photoperiods, three groups of plants have been established: 
short-day (SD), long-day (LD), and day-neutral plants (Kinoshita 
and Richter, 2020). In these plants, the introduction of a 
different day-to-night ratio results in changes in the expression 
of FTGs and subsequent signal transmission, which eventually 
affects flowering time. Experiments using Arabidopsis thaliana 
revealed that FT, GI, CO, SOC1, CCA1, CONSTITUTIVELY 
PHOTOMORPHOGENIC 1 (COP1), CYCLING DOF FACTORs 
(CDFs), HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE 
GENES 1 (HOS1), ADAGIO1 (ADO1)/ZTL, AGL24, FLAVIN-
BINDING KELCH REPEAT F-BOX (FKF1), PHYA, PHYB, and 
CRYs participate in the response to the day-to-night ratio in 
modulating flowering time (Cao et  al., 2021).

Plants have sophisticated signaling networks that mediate 
their light responses. Perception of light of different wavelengths 
by phytochromes, cryptochromes, and FKF1 triggers a signaling 
cascade (Oakenfull and Davis, 2017). In this cascade, signals 
from different light conditions lead to expression of the direct 
targets of photoreceptors, such as CCA1, LHY, COP1, HOS1, 
CDF, and ADO1/ZTL (Golembeski et  al., 2014), thereby 
influencing the expression of downstream targets in the 
photoperiod pathway (e.g., GI and CO). In light signaling, CO 
stability is important for activation of the floral transition. For 
instance, the E3 ligases COP1 and HOS1 interact to regulate 
CO abundance (Lazaro et al., 2012). In the night, COP1 interacts 
with SUPPRESSSOR OF PHY A-105 (SPA) to regulate CO 
stability (Jang et  al., 2008; Kinoshita and Richter, 2020).

In addition to photoperiod, a diverse group of environmental 
cues affect the flowering signaling network. For instance, nutrient 
availability affects flowering time, such that low nitrogen 
concentration accelerates flowering. Low nitrogen prevents 
phosphorylation of FLOWERING BHLH4 (FBH4) and promotes 
its nuclear localization (Sanagi et  al., 2021). FBH4 binds to 
the CO promoter and enhances transcription of CO and its 
downstream genes that act in the photoperiod pathway. Thus, 
under low nitrogen conditions, flowering is accelerated due 
to increased expression of genes acting in the photoperiod 
pathway. In addition, studies of nitrate transporters showed 
that LD photoperiod improves nitrogen uptake and positively 
regulates flowering time (Ye et  al., 2021).

Salt stress has a strong effect on flowering time. Results 
from Arabidopsis (Kim et  al., 2007; Li et  al., 2007; Ma et  al., 
2015; Osnato et  al., 2021), rice (Sarhadi et  al., 2012; Batlang 
et  al., 2013; Wang et  al., 2021b), soybean (Glycine max; Cheng 
et  al., 2020; Otie et  al., 2021), and barley (Hordeum vulgare; 
Agarwal et  al., 2019; Wiegmann et  al., 2019) showed that 
plants exposed to salt stress flowered late. For instance, in 
Arabidopsis, PHOSPHATIDYLINOSITOL 4-KINASEγ3 (PI4Kγ3) 
accumulates when plants are exposed to salt stress. PI4Kγ3 
positively regulates FLC expression and negatively regulates 
GI, FT, and SOC1 expression, thus delaying flowering (Akhter 
et  al., 2016). Indeed, PI4Kγ3-overexpressing lines showed a 

late-flowering phenotype as well as higher salt tolerance, whereas 
pi4k mutants showed opposite phenotypes.

Drought stress also affects the timing of flowering. Plants 
exposed to drought stress respond by flowering earlier (known 
as drought escape) or by acclimating and delaying flowering 
until the conditions change (known as drought tolerance; 
Shavrukov et al., 2017). Interestingly, photoperiod affects drought 
stress responses, such that Arabidopsis plants exposed to drought 
stress under LD conditions flowered earlier, but Arabidopsis 
plants exposed to the same stress under SD conditions flowered 
later (Riboni et  al., 2013). These findings demonstrate that 
plants respond differently to environmental conditions when 
they are exposed to different day lengths.

In recent years, increasing evidence has shown that signals 
from isoprenoid-derived compounds, such as phytohormones 
[gibberellins (GBs), abscisic acid (ABA), brassinolides, and 
cytokinins (CKs)] and photosynthetic pigments (chlorophylls 
and carotenoids), as well as metabolites originating from 
photosynthesis (sucrose and trehalose-6-phosphate), affect 
flowering time when plants are exposed to SD or LD conditions. 
In this review, we  focus on findings from the last 5 years and 
summarize the role of isoprenoid-derived metabolites and sugars 
in the regulation of flowering time and how day length affects 
signaling from these metabolites.

ISOPRENOID-DERIVED METABOLITES IN 
FLOWERING TIME REGULATION AND 
THE EFFECT OF PHOTOPERIOD

Isoprenoids (terpenes) are a very large, diverse group of metabolites 
present in all living organisms (Swiezewska and Danikiewicz, 
2005). Plant isoprenoids include primary and secondary metabolites 
involved in photosynthesis (chlorophylls, carotenoids, and 
plastoquinone), modulation of membrane properties (phytosterols, 
polyprenols, and dolichols), growth/development [gibberellins, 
brassinosteroids (BRs), and cytokinins], and plant defenses against 
biotic and abiotic stress (ABA; Boncan et  al., 2020).

Plants have two isoprenoid biosynthetic pathways, the 
mevalonate (MVA) pathway in the cytoplasm, which is responsible 
for the biosynthesis of sterols and plant hormones, such as 
cytokinins and brassinosteroids, and the methylerythritol 
phosphate (MEP) pathway in plastids, which is responsible 
for the biosynthesis of components involved in photosynthesis 
(chlorophylls, carotenoids, and plastoquinone) and 
phytohormones (gibberellins and abscisic acid; Swiezewska and 
Danikiewicz, 2005; Figure  1). Many isoprenoid-derived 
compounds are involved in flowering time and their effects 
can be  modulated by day length. In the following sections, 
we  discuss how the signals from isoprenoid-derived 
phytohormones and photosynthetic pigments affect flowering 
time in response to different photoperiods and light conditions.

Gibberellins
Gibberellins (GAs) are diterpene phytohormones that are 
produced from the plastid pool of isopentenyl diphosphate. 
So far, 136 molecularly distinct forms of gibberellins 
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(GA1–GA136) have been identified in plants, fungi, and bacteria 
(Tudzynski et  al., 2016). Among these GAs, GA1, GA3, GA4, 
and GA7 are the major bioactive forms (Yamaguchi, 2008) 
that are known to regulate a number of developmental processes 
in plants, including the floral transition (Yamaguchi, 2008; 
Gupta and Chakrabarty, 2013). The effect of GAs on flowering 
is species-specific; for instance, in Arabidopsis thaliana, GAs 
induces flowering under non-inductive photoperiodic conditions 
(Eriksson et  al., 2006; Yamaguchi, 2008), whereas they repress 
flowering in several woody plant species, including apple (Malus 
spp.; Bertelsen and Tustin, 2002), citrus (Citrus spp.; Goldberg-
Moeller et al., 2013), grapevine (Vitis vinifera; Boss and Thomas, 
2002), and peach (Prunus persica; Southwick et  al., 1995).

Levels of GAs are directly linked to flowering time (Eriksson 
et al., 2006; Bao et al., 2020). For example, classical experiments 
on Lolium temulentum showed that exogenous application of 
GAs was functionally equivalent to a single LD treatment in 
triggering flowering (Pharis et  al., 1987). GA levels decrease 
if the GA biosynthesis gene GA20-OXIDASE2 (GA20ox2) is 
not activated or if the GA catabolism gene GA2ox7 is 
overexpressed; both conditions result in late flowering, due to 
reduced FT mRNA levels under LD conditions (Hisamatsu 
and King, 2008; Porri et  al., 2012) and low expression levels 
of SOC1 and LFY under SD conditions (Blázquez et  al., 1998; 
Moon et  al., 2003). FACKEL (FK), which encodes a protein 
involved in sterol synthesis, may affect GA accumulation (Huang 

et  al., 2017). The fk mutants showed late flowering due to the 
elevated levels of FLC, together with the altered mRNA levels 
of GA metabolism genes (leading to reduced levels of endogenous 
GAs). Furthermore, vernalization (which represses expression 
of the floral inhibitor FLC) and application of exogenous GA3 
rescued the late-flowering phenotype of fk mutants under LD 
conditions (Huang et al., 2017), suggesting that FK is important 
for crosstalk between the GA and vernalization pathways.

The modification of GAs also affects flowering time by 
modulating ratios of biologically active and inactive GAs. For 
example, hydroxylation of carbon 13 of GA molecules deactivates 
GA and thus can delay flowering (He et al., 2019). Overexpression 
of CYP72A9 (encoding GA 13-hydroxylase) in Arabidopsis 
leads to the accumulation of inactive forms of GA under LD 
conditions and results in late flowering (He et  al., 2019), 
suggesting that the ratio of inactive 13-OH and active 13-H 
GAs is important for the timing of the floral transition. These 
findings suggest that besides the overall GA levels, the ratio 
of biologically active and inactive forms of GA is also important 
for flowering time.

In Arabidopsis, the effect of GA on floral induction is much 
stronger under non-inductive photoperiodic conditions than 
under inductive conditions. Under SD (non-inductive) conditions, 
when CO transcript levels are low, GA independently regulates 
transcription of SOC1, LFY, FRUITFULL (FUL), and SPLs in 
the shoot apical meristem (SAM), which leads to induction 

FIGURE 1 | Isoprenoid biosynthetic pathways in plants. Metabolites discussed in this review are shown in bold. The mevalonate (MVA) and methylerythritol 
phosphate (MEP) pathways both generate isopentenyl diphosphate (IPP) in parallel and contribute to particular isoprenoids (Swiezewska and Danikiewicz, 2005). 
Thick grey arrows show the exchange of intermediates between the MVA and MEP pathways. Abbreviations: DMAPP: dimethylallyl diphosphate; FPP: farnesyl 
diphosphate; GPP: geranyl diphosphate; GGPP: geranylgeranyl diphosphate; IPP: isopentenyl diphosphate.
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of the floral transition (Eriksson et  al., 2006; Jung et  al., 2012; 
Andrés et al., 2014). Studies of the basic helix-loop-helix (bHLH) 
transcription factor gene NO FLOWERING IN SHORT DAY 
(NFL) also showed the importance of GA for flowering under 
SD conditions (Sharma et  al., 2016). In nfl mutants, genes 
encoding enzymes responsible for GA degradation are 
upregulated. The nfl mutants fail to flower under SD conditions 
unless exogeneous GA is provided, implying that NFL is a 
key factor regulating the floral transition in the GA pathway 
under SD conditions. However, the precise molecular mechanism 
explaining NFL function awaits further investigation.

The floral repressor SVP also affects GA-mediated regulation 
of flowering in Arabidopsis. In the dark, SVP reduces GA 
biosynthesis via transcriptional repression of GA20ox2, which 
results in delayed flowering (Andrés et  al., 2014). 
PHOSPORYLETHANOLAMINE CYTIDYLTRANSFERASE1 
(PECT1) modulates the ratio of phosphatidylethanolamine:ph
osphatidylcholine (Mizoi et al., 2006). The artificial microRNA-
mediated knockdown of PECT1 in the SAM (pFD::amiR-PECT1) 
resulted in reduced SVP mRNA levels and consequent 
upregulation of GA20ox2 in the SAM, leading to early flowering 
independent of the photoperiod (Susila et  al., 2021a). These 
findings showed the importance of GAs in promoting the floral 
transition in plants with altered ratios of structural phospholipids 
(including phosphatidylethanolamine and phosphatidylcholine) 
and the role of SVP, which provides a link between altered 
phospholipid ratios and GA biosynthesis. However, the underlying 
mechanism of how these structural phospholipids affect SVP 
transcription remains elusive.

DELLA proteins, which are negative regulators of GA signaling, 
participate in many developmental changes in plants, including 
flowering transition (Tyler et  al., 2004; Thomas et  al., 2016). 
Arabidopsis plants have five genes encoding DELLA proteins: 
GIBBERRELIN INSENSITIVE (GAI), REPRESSOR OF ga1-3 
(RGA), RGA-like 1 (RGL1), RGL2, and RGL3 (Itoh et  al., 2008; 
Sun, 2011; Davière and Achard, 2013; Locascio et  al., 2013). 
These DELLA proteins form complexes with various factors that 
affect flowering time and regulate the expression of FTGs. For 
example, regulation of FT expression by CO under LD conditions 
depends on GA status (Wang et  al., 2016). When GA levels 
are low, DELLA proteins form a complex with CO and prevent 
it from binding to the FT promoter, leading to reduced FT 
expression and hence delayed flowering. The DELLA-CO protein-
protein interaction also inhibits the formation of the floral-
inducing CO-NUCLEAR FACTOR Y SUBUNIT B2 (NF-YB2) 
complex (Xu et al., 2016), which is required for the CO-mediated 
induction of FT and SOC1 (Cao et  al., 2014).

DELLA proteins interfere with the transcriptional activity 
of bHLH transcription factors by direct protein-protein 
interactions to modulate flowering time specifically under SD 
(Sharma et  al., 2016) or LD conditions (Li et  al., 2017). NFL 
encodes a bHLH family transcription factor and the non-flowering 
phenotype of nfl mutants, which is observed only under SD 
conditions, was rescued by the genetic inactivation of DELLAs 
(Sharma et  al., 2016), suggesting that NFL regulates the floral 
transition primarily via the GA pathway under non-inductive 
photoperiodic conditions. Unlike NFL, the bHLH transcription 

factors bHLH48 and bHLH60 regulate flowering under LD 
conditions only, via direct regulation of FT transcription (Li 
et al., 2017). Loss of function of bHLH48 and bHLH60 resulted 
in late flowering, whereas their overexpression led to early 
flowering under LD conditions. The DELLA protein RGL1 
interacts with both bHLH48 and bHLH60 and the RGL1-
bHLH48 interaction may reduce the binding of bHLH48 to 
the FT promoter, as exogenous GA3 promoted binding of 
bHLH48 to the FT promoter and hence accelerated flowering 
(Li et al., 2017), which is likely caused by triggering degradation 
of DELLA protein(s).

DELLA proteins also affect flowering time under LD conditions 
by interacting with WRKY DNA-BINDING PROTEIN 75 
(WRKY 75; Zhang et  al., 2018). WKRY75 functions in a 
FT-dependent manner, as wrky75 mutants and WRKY75-
overexpressing lines showed late and early flowering phenotypes, 
respectively, which were associated with changes in FT expression 
levels. Additionally, RGL1 and GAI physically interact with 
WRKY75 and suppress its transcriptional activation ability; 
GAs are necessary for releasing WRKY75 from its DELLA 
complexes and thus inducing FT transcription (Zhang et  al., 
2018). Furthermore, interaction of DELLA proteins with two 
functionally antagonistic WRKY transcription factors, WRKY12 
(floral promoter) and WRKY13 (floral repressor), interfered 
with their ability to regulate FUL expression (Li et  al., 2016c). 
WRKY12 positively regulates FUL expression, whereas WRKY13 
represses it. Li et  al. (2016c) hypothesized that homeostasis 
with more WRKY12 and less WRKY13 could promote 
GA-induced DELLA degradation and induce the floral transition. 
However, this hypothesis needs to be  validated experimentally 
and the question of how this homeostasis promotes GA-mediated 
DELLA repression needs to be answered. Interestingly, DELLA 
proteins also interact with FLC, increasing the ability of FLC 
to repress its downstream targets, primarily SOC1, and thus 
leading to late flowering (Li et  al., 2016b). Application of 
exogenous GA accelerated flowering of FLC-overexpressing 
lines under both LD and SD conditions, most likely by inhibiting 
DELLA-FLC interactions that lead to reduced repression of 
its targets by FLC (Li et  al., 2016b).

Degradation of DELLA proteins is a key mechanism for 
regulating their activity and the regulation of GA responses 
in response to light provides an interesting example of this 
regulation. For instance, in response to blue light, the major 
blue-light photoreceptor CRY1 interacts with the GA receptor 
GA-INSENSITIVE DWARF1 (GID1) and inhibits the association 
between GID1 and DELLAs, eventually leading to the inhibition 
of GA signaling (Zhong et  al., 2021). In the presence of GAs, 
DELLA proteins are actively ubiquitinated and FLAVIN-
BINDING KELCH REPEAT F-BOX1 (FKF1) plays a role in 
this ubiquitination process under LD conditions (Yan et  al., 
2020). Plants that lack FKF1 accumulated more DELLA proteins; 
thus, they were less sensitive to GA treatment and showed a 
late-flowering phenotype under LD conditions (Yan et al., 2020).

The transcription factor MYC3 participates in GA regulation 
under SD conditions. Under non-inductive conditions, MYC3 
is stabilized by its interactions with DELLAs, and the resulting 
stabilized DELLAs-MYC3 complexes outcompete CO in binding 
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to the FT promoter and hence repress FT transcription. Under 
inductive conditions, GA modulates MYC3 protein abundance 
by promoting degradation of DELLAs and hence accelerated 
flowering (Bao et  al., 2019).

DELLA proteins negatively regulate GA biosynthesis and 
GA-ASSOCIATED FACTOR 1 (GAF1) participates in that 
regulation (Fukazawa et  al., 2017). DELLA proteins form a 
complex with GAF1 during GA deficiency and promote GA 
biosynthesis by directly binding to the GA20ox2 promoter. 
Higher levels of GA promote DELLA degradation and destabilize 
the DELLA-GAF1 complex, which leads to repression of GA20ox2 
and inhibition of GA biosynthesis. Recently, Fukazawa et  al. 
(2021) revealed that GAF1 forms a transcriptional repressor 
complex with TOPLESS-RELATED (TPR) and upregulates the 
expression of FT and SOC1 by repressing the expression of 
EARLY FLOWERING3 (ELF3), SVP, TEMPRANILLO1 (TEM1), 
and TEM2. The GA-dependent regulation by the GAF1-TPR 
complex occurs in a tissue-specific manner, such that in the 
leaf, the GAF1-TPR complex represses the expression of ELF3, 
TEMs, and SVP to promote FT expression, whereas in the 
SAM, the GAF1-TPR complex represses the expression of SVP 
to promote SOC1 expression (Fukazawa et  al., 2021).

Under SD conditions, SPL15 and SOC1 function together 
to promote flowering by direct activation of miR172b and 
FUL in the SAM; DELLA proteins also interact with SPL15 
(Hyun et  al., 2016). These findings showed that GA has a 
positive role in flowering induction under SD conditions, as 
GA-induced degradation of DELLAs releases SPL15 from the 
SPL15-DELLA complex. Additionally, DELLA proteins are 
proposed to be  involved in the regulation of light-sensing 
signaling, which affects flowering time under LD conditions 
(Feng et  al., 2008; Li et  al., 2016a). DELLAs inhibit 
PHYTOCHROME-INTERACTING FACTOR1 (PIF1) and PIF3, 
4, and 5, key regulators of light-regulated plant development, 
by sequestering their DNA-recognition domains (Feng et  al., 
2008; Li et  al., 2016a). Similarly, maize ZmPIF4 and ZmPIF5 
interact with Arabidopsis DELLA protein (RGA) and their 
heterologous overexpression resulted in early flowering in 
Arabidopsis (Shi et  al., 2018), suggesting that this regulatory 
mechanism is conserved across plant species.

In addition to DELLA proteins, several other players also 
regulate GA signaling during the floral transition. For example, 
PICKLE (PKL) may function antagonistically to DELLA proteins, 
as the pkl mutation suppressed the early flowering phenotype 
of della pentuple mutants under LD conditions. The pkl gai-1 
double mutants flowered later than gai-1 single mutants (Park 
et al., 2017), revealing that the GA-mediated regulation of flowering 
requires PKL activity. In addition, carbohydrates are important 
for GA signaling, as low starch accumulation during the night 
as a result of insufficient photosynthesis can inhibit GA synthesis 
by downregulating GA3ox1 (Prasetyaningrum et  al., 2021).

These findings highlight the complexity of GA signaling 
pathways and show the connection between GA signaling and 
photoperiod in the regulation of flowering time (Figure  2). 
Emerging research has identified factors that regulate flowering 
by interacting with DELLAs and are activated by GA, revealing 
the interconnections among different regulatory pathways. 

Further investigation is needed to elucidate how the GA signaling 
pathway connects with responses to other environmental cues.

Brassinosteroids
Brassinosteroids (BRs) are steroid phytohormones biosynthesized 
from cholesterol, campesterol, and β-sitosterol through the 
cytosolic MVA pathway (Bajguz et al., 2020). Brassinolide (BL) 
is the most active BR; castasterone and typhasterol may also 
function in plant development (Yokota, 1997). Temperature 
and light regulate BR biosynthesis and BRs are involved in 
several developmental processes, including flowering time 
(Domagalska et  al., 2010; Ye et  al., 2010; Jiang et  al., 2013; 
Nolan et  al., 2020). Although the BR biosynthesis pathway in 
plants is well understood, only a few mutants with impaired 
BR accumulation or signaling have been characterized in the 
context of flowering time.

BRASSINOSTEROID INSENSITIVE 1 (BRI1) acts as a BR 
sensor; binding of BRs to the extracellular domain of BRI1 
activates its kinase activity. BRI1-ASSOCIATED RECEPTOR 
KINASE1 (BAK1) is also recruited during BRI1 activation. Through 
a series of steps, activated BRI1 then activates the transcription 
factors BRASSINAZOLE-RESISTANT 1 (BZR1) and BR1-EMS-
SUPPRESSOR 1 (BES1) to initiate the transcriptional 
reprogramming of their downstream genes (Zhu et  al., 2013; 
Bajguz et  al., 2020). In the context of flowering time, BRs have 
been reported to both repress and promote flowering (Domagalska 
et  al., 2007; Li et  al., 2018). Loss of BRI1 function in the 
Wassilewskija (Ws) background results in delayed flowering due 
to elevated FLC expression (Domagalska et al., 2007). By contrast, 
loss of BRI1 function in the Colombia (Col-0) background results 
in accelerated flowering (Li et al., 2018). In Arabidopsis, mutants 
with low BR levels, such as constitutive photomorphogenic and 
dwarf (cpd), dwarf 4 (dwf4), or de-etiolated 2 (det2), showed 
very weak late flowering under LD conditions and did not bolt 
under SD conditions (Chory et  al., 1991; Domagalska et  al., 
2007, 2010), possibly due to their severe developmental defects, 
suggesting that photoperiod affects BR signaling. However, 
Domagalska et  al. (2010) found that overexpression of DWF4 
in Arabidopsis did not affect flowering time under both LD and 
SD conditions, suggesting that overexpression of a single enzyme 
might not be  sufficient to increase BR levels, as the authors did 
not quantify the BR levels in transgenic plants. Another possibility 
is that BRs do not exert a strong effect on flowering time and 
the inability of BR-deficient mutants to flower might be  due to 
their severe developmental defects. Therefore, further experiments 
are required to determine whether genetic uncoupling of the 
other developmental defects from floral transition can affect the 
non-flowering phenotype of these BR-defective mutants under 
non-inductive photoperiodic conditions.

The BR signaling-mediated flowering pathway is conserved 
among flowering plants, as heterologous overexpression of a 
wheat (Triticum aestivum) gene encoding BRI (TaBRI1) in 
Arabidopsis induced early flowering (Singh et al., 2016). Similarly, 
heterologous overexpression of the soybean BR biosynthesis 
gene GmCPD, encoding an enzyme responsible for the 
hydroxylation of carbon 23 in BRs, in Arabidopsis cpd mutants 
rescued the developmental defects of cpd mutants, including 
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late flowering (Wang et  al., 2015a). Additionally, photoperiod 
regulates GmCPD expression in soybean and soybean plants 
with high CPD levels showed a photoperiod-dependent flowering 
phenotype. Analyses of FTG expression showed that the observed 
flowering time phenotype cannot be  explained by GmFT 
expression levels, which suggests the involvement of additional 
players. Hence further research is required to decipher the 
underlying mechanism by which CPD modulates flowering.

BR autoregulates its own biosynthesis. PIFs are involved in 
this autoregulation and promote BR signaling during the floral 
transition (Martínez et  al., 2018). PIFs positively regulate BR 
biosynthesis by interacting with the BR-responsive transcription 
factor BES1 and promoting BR signaling in response to circadian 
rhythms. The balance between BES1 and PIF4 levels defines 
whether BES1 acts as a repressor or an activator of BR 
biosynthesis genes (Martínez et  al., 2018). If PIF4 expression 

FIGURE 2 | Regulation of the floral transition by the gibberellin signaling pathway in different photoperiods in SAM and Leaves. Proteins involved in signaling 
pathways under SD, LD or both photoperiods are shown in ovals with a blue, orange or blue-orange background, respectively. Positive regulatory interactions are 
depicted by blue arrows and negative interactions are depicted by red T-bars. The thick lines represent protein-protein interactions, whereas thin lines indicate 
transcriptional regulation. Unknown mechanisms are depicted by dotted lines. Protein complexes are depicted as partially overlapping ovals. The regulation by the 
PKL is not fully understood; therefore, the GA signaling proteins are placed in an oval with a dotted border. miRNA is indicated by an oval with a black border.
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is reduced, BES1 proteins form homodimers and repress BR 
biosynthesis, which diminishes the BR response, whereas the 
accumulation of PIF4 increases BR levels by competing for 
BES1 homodimerization (Martínez et al., 2018). In Arabidopsis, 
salinity (NaCl) and ABA suppress PIF4 function and BR 
accumulation most likely by inhibiting the PIF-BES1 signaling 
module in a light-dependent manner (Hayes et  al., 2019).

A recent study revealed that BRs affect photoperiodic flowering 
(Wang et al., 2019). The BR-activated BES1 transcription factor 
directly binds to the BR ENHANCED EXPRESSION 1 (BEE1) 
promoter region and induces its transcription, and BEE1  in 
turn directly induces FT transcription and hence promotes 
flowering (Wang et  al., 2019). CRY2 physically interacts with 
BEE1  in response to blue light and enhances its DNA-binding 
ability to further increase its transcriptional activity. BEE1 
accumulates when plants are moved from dark or red light 
to blue light; however, BEE1 is degraded when plants are 
moved to the dark, suggesting that BEE1 protein is stabilized 
by blue light independent of CRY2. Overexpression of BEE1 
partially rescued the late-flowering phenotype of cry1 cry2 
double mutants (Wang et al., 2019), which suggested an additional 
FT- and BR-dependent mechanism(s) regulating flowering in 
the photoperiod pathway.

BRs interact with GAs to regulate plant development and 
flowering (Unterholzner et al., 2015). For example, overexpression 
of the GA biosynthesis gene GA20ox1 in a BR signaling mutant 
(bri1) rescued the late-flowering phenotype. However, it seems 
that these pathways may work together only partially, as the 
exogenous application of GA4 and complementation using the 
BRI1 promoter-driven GA20ox1 partially rescued the flowering 
phenotype of bri1 mutants (Unterholzner et  al., 2015).

The effect of BR on flowering was also seen in plant species 
other than Arabidopsis. For example, a longer vegetative phase 
was observed in tobacco (Nicotiana tabacum) plants overexpressing 
the BR biosynthesis gene PcDWF1 from pear (Pyrus communis); 
biochemical analyses confirmed that the transgenic plants had 
higher accumulation of BR (Zheng et  al., 2020). A similar effect 
of BRs was observed in wheat, such that exogenous application 
of BR (24-epibrassinolide) negatively affected flowering in wheat, 
whereas chemical inhibition of BR biosynthesis with brassinazole 
promoted flowering (Janeczko et  al., 2015).

These findings showed that newly identified genes involved 
in BR metabolism and signaling affect flowering time and BRs 
may have dual effects on flowering (Figure 3). These observations 
imply that the topic of BRs as regulators of the floral transition 
is very complex and ripe for further investigation. Additional 
experiments will likely shed some light on the mechanisms 
of BR signaling during the floral transition.

Abscisic Acid
The phytohormone ABA is synthesized from carotenoids in 
plastids and is involved in plant development and stress responses, 
which affect flowering time. ABA accumulation is detected by 
the ABA sensors PYRABACTIN RESISTANCE 1 (PYR1) and 
PYR1-like (PYL), which transduce signals by inhibiting PP2C 
phosphatases. PP2C activates SUCROSE-NON-FERMENTING 
(SNF1)-related protein 2 (SnRK2) and induces ABA-related 

responses, which can be  modulated by light and photoperiod 
(Yadukrishnan and Datta, 2020). SnRK2 phosphorylates its 
target proteins, including the bZIP transcription factors 
ABA-RESPONSIVE ELEMENT (ABRE)-BINDING FACTORs 
(ABF1, ABF2, ABF3, and ABF4) and ABSCISIC ACID 
INSENSITIVE4 (ABI4) and ABI5. Mutations in the ABF or 
ABI genes altered flowering time (Wang et  al., 2013; Sugimoto 
et  al., 2014; Yoshida et  al., 2014; Riboni et  al., 2016; Shu 
et al., 2016; Li et al., 2019a). In addition, a recent study showed 
that upregulation of ABF2, together with repression of the 
expression of ABA receptor genes and LFY, was induced by 
the formation of the TERMINAL FLOWER1 (TFL1)-FD complex 
under SD conditions (Zhu et  al., 2020).

Arabidopsis fd and fd paralog (fdp) mutants, which showed 
late and early flowering phenotypes, under LD conditions, 
respectively, and FD and FDP directly bind to the LFY and 
AP1 sequences. It has been reported, that FD and FDP also 
affect the expression of ABA signaling-related genes (ABI5 
and ABF3; Romera-Branchat et  al., 2020). The fd and fdp 
mutants showed different flowering time phenotypes, but the 
influence of ABA in mutants that impair the ABA signaling 
pathway was not examined. It would be interesting to investigate 
whether the LD-dependent floral transition of fd and fdp 
mutants depends on ABA.

Abscisic acid regulates flowering time in both positive and 
negative ways (Yoshida et  al., 2014; Shu et  al., 2016). To 
acclimate to new environmental conditions, plants modulate 
their response to ABA and modify the expression of FTGs. 
For example, ABFs modulate CO expression to control flowering 
time, as Arabidopsis areb1 areb2 abf1 abf3 quadruple mutants 
showed a late-flowering phenotype with reduced CO expression 
levels under LD conditions (Yoshida et  al., 2014). Additionally, 
the overexpression of ABI5-BINDING PROTEIN 2 (AFP2), a 
negative regulator of ABA signaling, resulted in downregulation 
of CO (Chang et al., 2019). Plants overexpressing AFP2 showed 
a late-flowering phenotype under LD conditions; however, afp2 
mutants showed a weak early flowering phenotype with high 
CO expression levels. AFP2 forms a complex with CO and 
TOPLESS-RELATED PROTEIN2 to suppress transcriptional 
activity of CO, while AFP2 also mediates CO degradation 
during the night (Chang et  al., 2019). In addition, ABFs affect 
SOC1 expression levels and ABF3 and ABF4 play a role in 
this process regulating flowering time under LD conditions, 
specifically at 23°C (Hwang et  al., 2019). Hwang et  al. (2019) 
showed that the abf2 abf3 abf4 triple mutants showed stronger 
late flowering than each single mutant and the late flowering 
was caused by the suppression of SOC1 expression. ABF3 and 
ABF4 interact with NF-Y subunit C 3/4/9 to promote flowering 
by inducing SOC1 transcription under drought conditions 
(Hwang et  al., 2019). It is thus likely that Arabidopsis uses 
the ABF-NF-Y complex-SOC1 module to accelerate flowering 
and thus escape from drought stress conditions. These reports 
showed that the ABA positively regulates flowering time by 
the stabilization of CO or upregulation of SOC1.

In contrast, other studies showed that ABA may also have 
a negative effect on flowering time. Shu et  al. (2016) reported 
that ABA negatively regulates flowering by upregulating the 
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expression of FLC, which is a potent repressor of flowering. 
They showed that a lesion in ABI4, which is a close homolog 
of ABI5 and plays a role in the ABA signaling network, causes 
an early flowering phenotype and ABI4-overexpressing plants 
show a late-flowering phenotype under SD and LD conditions. 
The flowering time change is attributed to the direct binding 
of ABI4 to the FLC promoter and activation of FLC expression 
(Shu et  al., 2016). The negative regulation by ABA was also 
observed in plants overexpressing ETHYLENE RESPONSE FACTOR 
96 (ERF96), a positive regulator of the ABA response (Wang 
et al., 2015b). ERF96-overexpressing plants showed late flowering, 
together with the typical responses caused by elevated levels of 
ABA (i.e., reduced stomatal aperture and slow water loss; Wang 

et al., 2015b). Delayed flowering time, together with high tolerance 
to drought stress, was also observed in transgenic plants 
overexpressing the MYB37 transcription factor gene (Yu et  al., 
2015). ABA’s negative effect was also described in transgenic 
cotton (Gossypium hirsutum) plants heterologously overexpressing 
Arabidopsis RELATED TO ABA-INSENSITIVE3/VIVIPAROUS1 
(RAV1) or RAV2; RAV1(2)-overexpressing plants showed a late-
flowering phenotype under both normal and drought stress 
conditions under LD conditions (Mittal et  al., 2015). The RAV1 
was also reported to be a target of SnRK2 kinases (Feng et al., 2014).

So far, it is unclear whether ABA positively or negatively 
regulates flowering time. A possible scenario to explain the 
discrepancy is that the effect of ABA on the floral transition 

FIGURE 3 | Regulation of the floral transition by the brassinosteroid signaling pathway in different photoperiods. Proteins involved in positive or negative signaling 
pathways under LD are shown in ovals with a light or dark orange background, respectively. Under short-day conditions, the lack of brassinosteroids resulted in a 
non-flowering phenotype. The positive regulatory interactions are depicted by blue arrows and negative interactions are depicted by red T-bars. The thick lines 
represent protein-protein interactions, whereas thin lines indicate transcriptional regulation. Protein complexes are depicted as partially overlapping ovals.
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depends on the place of action: in the SAM, ABA accumulation 
results in downregulation of SOC1 and late flowering, whereas 
in the leaf, the ABA signaling pathway promotes flowering by 
upregulating FT and TSF (Riboni et al., 2013). However, further 
research will be  required to precisely determine the mode of 
action of ABA in the regulation of flowering time.

GA and ABA work together to regulate flowering time. Double 
mutants with impaired GA and ABA biosynthesis, for instance, 
ga1 aba2 mutants, showed an accelerated flowering time phenotype 
comparing to that of ga-1 mutants under LD and SD conditions, 
indicating that the balance of GAs and ABA is important for 
the timing of the floral transition (Domagalska et  al., 2010). 
Consistent with this finding, recent studies reported antagonistic 
crosstalk between ABA and GA signaling in Arabidopsis and 
rice (Oryza sativa). For example, Arabidopsis ABI4 promotes 
ABA synthesis through NCED6 and inhibits growth and the 
floral transition; ABI4 also promotes GA degradation through 
activation of GA2ox7 expression (Shu et  al., 2016). By contrast, 
accumulation of GA inhibits ABI4 expression and promotes ABA 
degradation, thus promoting growth and flowering. A similar 
case was also observed in rice; in transgenic rice overexpressing 
OsAP2-39, which is an APETALA-2-Like transcription factor, 
ABA accumulated due to the activation of OsNCED-1 and GA 
degradation was promoted by ELONGATED UPPERMOST 
INTERNODE (OsEUI), which can be  directly activated by ABA 
(Yaish et  al., 2010), indicating that AP2 domain-containing 
transcription factors play a role in ABA and GA antagonism.

In addition, ABA signaling is important during the drought 
escape response, in which plants accelerate their flowering in 
a water-limited environment. During drought escape under 
LD conditions, ABA upregulates the expression of GI, FT, and 
TSF, and promotes the floral transition. In rice, the early 
flowering phenotype seen under low to moderate drought stress 
conditions was dependent (in part) on ABA signaling (Du 
et  al., 2018). In rice, drought stress caused accumulation of 
ABA, which upregulates OsTOC1 and downregulates OsPHYB 
and GRAIN NUMBER, PLANT HEIGHT AND HEADING DATE 
7 (OsGHD7), thus promoting flowering. The accumulated ABA 
regulates photoperiodic and light responses in rice, which affects 
flowering time. Nevertheless, severe drought stress delays 
flowering under normal photoperiodic conditions, suggesting 
the existence of an additional mechanism or blockage of the 
ABA biosynthesis pathway. It would therefore be  interesting 
to further examine the reasons for the different responses to 
moderate and strong drought stresses in rice and how different 
photoperiods affect ABA accumulation.

Abscisic acid signaling during the floral transition has been 
studied for many years; however, recent findings revealed the 
presence of additional regulatory mechanisms that require 
further investigation (Figure  4). For example, the crosstalk 
with the GA pathway in the regulation of flowering time has 
emerged as an interesting topic for future studies.

Cytokinins
Cytokinins (CKs) are synthesized from cytosolic dimethylallyl 
pyrophosphate and are involved in cell elongation, stress 
responses, sugar transport, and flowering time regulation 

(D’Aloia et  al., 2011; Kieber and Schaller, 2014). Studies on 
plant CKs identified crucial proteins involved in CK biosynthesis 
[ISOPENTENYL TRANSFERASE (IPT)], CK catabolism 
[CYTOKININ OXIDASE 1 (CKX1) and CKX3], and CK 
signaling [HISTIDINE KINASE-2 (HK2, HK3, HK4), and 
ARABIDOPSIS RESPONSE REGULATOR (ARR); D’Agostino 
et  al., 2000; Oka et  al., 2002]. Recent studies in Arabidopsis 
also confirmed that LD photoperiod affects the active transport 
of cytokinins during the floral transition and CK biosynthesis 
(Bouché et  al., 2016).

Work in the 1960s showed that CK application could induce 
flowering (Michniewicz and Kamieńska, 1967). The authors 
showed that treatment with the CK kinetin promotes the floral 
transition under non-inductive growth conditions in the cold-
requiring plant Cichorium intybus as well as in the long-day 
plant Arabidopsis thaliana, independently of GA, as endogenous 
GA levels decrease after kinetin treatment. However, if the 
CK treatment was performed during early vegetative stages, 
the treatment delayed flowering rather than inducing flowering 
(Besnard-Wibaut, 1981). These results showed that CK regulation 
may lead to opposite outcomes at different developmental stages.

About six decades later, studies confirmed that CKs also 
act as a flowering time regulator in perennial plants like trees, 
as apple trees (Malus domestica) treated with a synthetic CK 
showed an accelerated flowering phenotype, together with 
increased levels of sugars in cytokinin-treated buds (Li et  al., 
2019b). This finding revealed the relationship between CK 
signaling and sugar biosynthesis during the floral transition.

Recent studies revealed new roles of the CK sensors in 
flowering time, based on the characterization of two constitutively 
active gain-of-function variants of HK, named repressor of 
cytokinin deficiency (rock; Bartrina et  al., 2017). The authors 
found that introducing rock2 (HK2L552F) and rock3 (HK3T179I), 
two dominant gain-of-function alleles of HK2 and HK3, 
respectively, into plants overexpressing the CK catabolic gene 
CKX1 rescued the CK-deficiency phenotype (low level of 
cytokinins and late flowering) under LD conditions, while the 
high CKX1 levels and low CK levels were still observed. However, 
only the rock2 mutation rescued the non-flowering defect of 
plants overexpressing CKX1 under SD conditions, which indicated 
that the modulation of CK signals acts depending on 
the photoperiod.

Studies in rice provided new insight into CK signal 
transmission from HK via ARRs (Cho et  al., 2016). EARLY 
HEADING DATE 1 (EHD1), a rice homolog of type-B ARR 
from Arabidopsis, is a positive regulator of flowering time 
(Cho et  al., 2016). EHD1 forms a homodimer to promote 
flowering, but heterodimerization of EHD1 with the type-A 
ARR OsRR1 decreases its ability to promote flowering. Moreover, 
this regulation was photoperiod-sensitive, as stronger acceleration 
of flowering was observed in rice EHD1-overexpressing plants 
under LD conditions.

Additionally, recent data revealed that the formation of the 
TFL1-FD complex leads to downregulation of genes involved 
in CK biosynthesis and CK signaling (Zhu et  al., 2020). TFL1 
competes with FT to form a complex with FD to regulates 
LFY expression to control floral induction in the SAM 
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(Zhu et  al., 2020). A recent study in barley (Hordeum vulgare) 
proposed that in the photoperiod response, induction of CK 
biosynthesis and CK signaling are regulated by 
CENTRORADIALIS (HvCEN), a homolog of Arabidopsis TFL1 
(Bi et  al., 2019). Mutation in HvCEN accelerated flowering 
only under LD conditions, which revealed that CK responses 
are affected by photoperiod.

Interestingly, CKs may also regulate plant development in 
coordination with other hormones. For example, GATA21 and 

GATA22 transcription factors, which are involved in light sensing 
and chloroplast biogenesis, also affect flowering time by repressing 
SOC1 expression and are upregulated by CK (Ranftl et  al., 
2016). The expression of GATA21 and GATA22 transcription 
factors can be  controlled by DELLA as well (Richter et  al., 
2010), which suggests crosstalk among GAs, CKs, and light-
sensing pathways in the regulation of flowering time in 
Arabidopsis. Consistent with this notion, DELLA proteins (GAI 
and RGA1) were reported to function as co-activators of the 

FIGURE 4 | Regulation of the floral transition by the abscisic acid signaling pathway in different photoperiods in SAM and Leaves. Proteins involved in signaling 
pathways under SD, LD, or both photoperiods are shown in ovals with a blue, orange, or blue-orange background. The positive regulatory interactions are depicted 
by blue arrows and negative interactions are depicted by red T-bars. The thick lines represent protein-protein interactions, whereas thin lines indicate transcriptional 
regulation. Unknown mechanisms are depicted by dotted lines. Protein complexes are depicted as partially overlapping ovals.
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CK signaling pathway through the interaction with ARR1  in 
Arabidopsis (Marín-de la Rosa et  al., 2015).

The CK signaling network is very complex (Figure  5) and 
high or low CK levels cause a strong dwarf phenotype with 
early and late flowering times, respectively. Regulation of CK 
biosynthesis by many factors involved in flowering time control 
or light conditions along with crosstalk with other phytohormones 
make CKs important molecules in plant development. There 
are still a number of unsolved questions about the cooperation 
between GAs and CKs and the possibility of other 
common regulators.

Photosynthetic Pigments (Carotenoids and 
Chlorophylls)
Chlorophylls and carotenoids are photosynthetic pigments 
synthesized from the precursors of the MEP pathway. The 
levels of these photosynthetic pigments change during the floral 
transition (Vanacker et  al., 2006). These pigments absorb light 
energy, which is used later to generate fixed carbon sources 
and light induces the biosynthesis of photosynthetic pigments 
(Stirbet et  al., 2020). Their crucial roles in plant development 
and abiotic stress responses make them important elements 
of the flowering time network.

There is no direct evidence of a relationship between 
chlorophyll accumulation and flowering time; however, studies 
on plants with altered chlorophyll metabolism showed that 
flowering time is changed compared to wild-type plants (Table 1). 
In plants with varied chlorophyll contents, the light signaling 

and aging pathway in the regulation of flowering time are 
affected. For example, heterologous overexpression of sweet 
potato (Ipomoea batatas) VACUOLAR PROCESSING ENZYME 
1 (lbVPE1), encoding a cysteine proteinase that is involved in 
the processing of vacuolar proteins and the maturation of seed 
storage proteins, in Arabidopsis produced an early flowering 
phenotype under LD conditions and affected chlorophyll 
catabolism (Jiang et  al., 2019). The IbVPE1-ovexpressing lines 
showed accelerated leaf senescence with increased degradation 
of chlorophyll in the darkness. Furthermore, IbVPE1-
overexpressing lines had low photosystem II activities and 
increased AP1 and LFY expression levels. Although there are 
many mutants affecting chlorophyll metabolism, most of them 
have not been examined for an effect on flowering time.

Photoreceptors also affect flowering time and chlorophyll 
accumulation. In tomato, cry1a cry2 double mutation resulted 
in a reduction in chlorophyll levels and an early flowering 
phenotype (Fantini et  al., 2019). Tomato cry1a cry2 double 
mutants produced fewer leaves than wild type at different light 
intensities under LD conditions. Subsequent genetic experiments 
showed that SELF-PRUNING 5G (SP5G; Cao et  al., 2015), a 
floral inhibitor, was downregulated in cry1a cry2 mutants under 
LD conditions, suggesting that SP5G likely promotes flowering 
in cry1a cry2 mutants. Studies using rice revealed that a lesion 
in YELLOW LEAF AND EARLY FLOWERING (YE1), which 
encodes a heme oxygenase involved in biosynthesis of the 
chromatophore of phytochromes, resulted in a reduction in 
chlorophyll levels and a photoperiod-insensitive early flowering 

FIGURE 5 | Regulation of the floral transition by the cytokinin signaling pathway in different photoperiods in Leaves. Proteins involved in signaling pathways under 
SD, LD or both photoperiods are shown in ovals with a blue, orange, or blue-orange background. The positive regulatory interactions are depicted by blue arrows 
and negative interactions are depicted by red T-bars. The thick lines represent protein-protein interactions, whereas thin lines indicate transcriptional regulation. 
Protein complexes are depicted as partially overlapping ovals.
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phenotype. Expression analyses using ye1 mutants revealed 
altered transcript levels of several genes that are involved in 
the photoperiod pathway. For instance, the mRNA levels of 
EARLY FLOWERING 7 (EF7), a rice ortholog of Arabidopsis 
ELF3, which promotes the floral transition both under LD 
and SD conditions, were significantly higher than wild type 
in ye1 mutants under LD conditions, but not under SD conditions 
(Peng et al., 2019). The expression levels of DAY TO HEADING 
8 (DTH8), which encodes a floral repressor and inhibits the 
expression of florigen under LD conditions, largely decreased, 
suggesting that YE1 may control the photoperiodic flowering 
time by the regulation of the expression of the photoperiodic 
pathway genes.

By contrast, Medicago truncatula plants overexpressing 
MtRAV3, which encodes an AP2/ERF transcription factor, had 
higher chlorophyll contents compared with wild type and 
developmental defects including dwarfness and late flowering 
(Wang et  al., 2021a). MtRAV3-overexpressing lines showed 
higher resistance to abiotic stresses under LD conditions and 
downregulation of MtFTa1 and MtSOC1, along with genes 
involved in the regulation pathways of GAs and strigolactones; 
however, the detailed mechanism underlying the observed late-
flowering phenotype remains to be  examined.

The complex pathways involved in regulating chlorophyll 
biosynthesis and breakdown, and in leaf senescence may interact 
with the pathways regulating flowering. However, as chlorophyll 
contents affect sugar biosynthesis (Yang et al., 2013), additional 
research will be required to disentangle the effects of chlorophyll 
and sugars in the regulation of the floral transition.

SUGAR SIGNALING IN FLOWERING 
AND THE EFFECT OF PHOTOPERIOD

Sugars are the final products of photosynthesis and are used 
as a carbon source during the plant’s life cycle; moreover, they 
serve as important signaling molecules to help plants acclimate 
to environmental changes and proceed through development 
(Wingler, 2018). In particular, sugars are important in the 
transition from the juvenile/vegetative phase to the reproductive 
phase; here, we  will mainly focus on the role of sugars in the 
regulation of flowering time.

The signals from carbohydrates may differ depending on 
photoperiodic conditions. For example, after exposure to light, 

sucrose accumulation in the phloem increased during floral 
induction in Sinapis alba (Lejeune et al., 1993). Starch metabolism 
was differentially regulated during the floral transition in response 
to photoperiods and a disturbance in starch metabolism caused 
a change in flowering time (Ral et  al., 2006; Ortiz-Marchena 
et  al., 2014, 2015). CO may play a crucial role in the balance 
between free sugars and starch during developmental transition 
from the vegetative to reproductive growth by controlling the 
timing and the expression levels of GRANULE BOUND STARCH 
SYNTHASE (GBSS), which encodes an enzyme that produces 
linear amylose (Merida et al., 1999; Ortiz-Marchena et al., 2015). 
The gbs mutants showed changes in free sugar content and 
reduced accumulation of transitory starch, which is the product 
of photosynthesis formed during the day and is utilized at night, 
before flowering. In addition to the altered starch composition, 
the gbs mutation caused late flowering, whereas GBSS 
overexpression caused early flowering in Arabidopsis (Ortiz-
Marchena et al., 2015). However, the late flowering of gbs mutants 
was observed only under LD conditions, but not under SD 
conditions, when transitory starch is an important source of 
sucrose. Moreover, when the gbs mutation was introduced into 
35S::CO plants, the early flowering phenotype of 35S::CO plants 
was remarkably delayed (Ortiz-Marchena et al., 2014). Additionally, 
the gbs mutation further delayed flowering of co mutants, which 
suggests that GBSS also has a developmental role independently 
of CO (Ortiz-Marchena et al., 2015). A previous study on green 
algae (Chlamydomonas reinhardtii) revealed the connection 
between CrCO expression and starch accumulation (Serrano 
et  al., 2009), showing that the photoperiod regulatory module 
regulating sugar mobilization by GBSS activity is conserved 
among plant species. These results showed the importance of 
proper sugar mobilization, which affects FT expression through 
CO regulation, under LD conditions during the floral transition.

In addition, plants misexpressing FT in the SAM had an 
early flowering phenotype under SD conditions and transcriptome 
analyses showed that monosaccharide transporter genes were 
upregulated, whereas the genes encoding sugar transporters were 
downregulated (Duplat-Bermudez et  al., 2016). Arabidopsis, a 
plant with apoplastic transport of photoassimilates, has a higher 
demand for glucose and fructose than sucrose in the reproductive 
stage; however, sucrose was needed to form more leaves in 
wild-type plants. Therefore, the misexpression of FT in the SAM 
during the stage with high demand for hexoses may accelerate 
plant growth and flowering (Duplat-Bermudez et  al., 2016).

TABLE 1 | Relationship between chlorophyll content and the regulation of flowering time in response to different photoperiods.

Gene Species Effect Photoperiod conditions Flowering phenotype References

Low chlorophyll levels
Heterologous overexpression of 
IbVPE1

Sweet potato Upregulation of AP1, LFY LD Early flowering Jiang et al., 2019

cry1a/cry2 Tomato Downregulation of SP5G LD Early flowering Fantini et al., 2019
ye1 Rice Downregulation of DTH8 (LD and SD) 

Upregulation of EF7 (LD)
Photoperiod-insensitive Early flowering Peng et al., 2019

High chlorophyll levels
Overexpression of MtRAV3 Medicago 

truncatula
Downregulation of MtFTa1, MtSOC1, 
and GA biosynthesis

LD Late flowering Wang et al., 2021a
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A recent study of saffron (Crocus sativus) under cold treatment 
also showed the connection between flowering and sucrose/
starch contents (Chen et al., 2021). In the comparison of sucrose 
and starch contents during floral transition between normal 
flowering and non-flowering saffron, the significant reduction 
in sucrose content, but not starch, was observed in the 
non-flowering buds. However, the sucrose content of flowering 
buds was higher than in buds in the dormancy stage. Therefore, 
the authors speculated that starch/sugar interconversion may 
be  related to the flowering phenotype (Chen et  al., 2021). 
Moreover, exposure to different photoperiods changes the sugar 
content in Ranunculus asiaticus, indicating a positive correlation 
between early flowering and higher accumulation of free sugars 
(Modarelli et  al., 2020).

In addition to sugar accumulation, carbohydrate transport 
is an important factor during the floral transition. For example, 
a recent work showed the positive effect of sugar signaling 
on flowering time (Wang et al., 2020). When IbSUT4, a SUCROSE 
TRANSPORTER from sweet potato, was heterologously 
overexpressed in Arabidopsis, the IbSUT4-overexpressing plants 
showed early flowering under LD conditions with a significantly 
increased efflux of sucrose and increased FT expression levels. 
The relationship between sugar transport and photoperiod 
flowering time was also described by functional analysis of 
SWEET10, a sucrose transporter gene in Arabidopsis. FT and 
SOC1 can activate the expression of SWEET10 depending on 
the photoperiod (Andres et al., 2020). SWEET10-overexpressing 
plants flowered earlier than wild type only under LD conditions 
and showed high expression levels of FD, SPL4, and SPL9 at 
the shoot apex, with low expression of miR156. These results 
showed the importance of sugar transport during the vegetative 
to reproductive transition in the SAM.

A moderate amount of sugars in the growth medium can 
accelerate flowering. However, as most studies analyzing the 
effect of sugars on flowering time are performed in model 
plants, not much is known about the regulation of flowering 
time in non-model plants. Nevertheless, a recent study showed 
that chrysanthemum (Chrysanthemum morifolium) FT homologs 
(CmFTLs) may regulate the floral transition (Sun et  al., 2017). 
The authors showed that chrysanthemum treated with exogenous 
sucrose showed the high induction of CmFTLs and flowered 
early under both LD and SD conditions. Furthermore, the 
heterologous expression of CmFTL rescued the late-flowering 
phenotype of Arabidopsis ft-10 mutants.

In addition to sucrose, other carbohydrates may also play 
a role in the floral transition. For example, trehalose-6-phosphate 
(T6P) content is regulated in plants by T6P synthase (TPS) 
and T6P phosphatase (TPP) and T6P accumulation is induced 
by sucrose (Kolbe et  al., 2005). T6P is essential for plants, as 
the tps1 mutation is embryo-lethal; however, when TPS1 was 
expressed under the control of the seed-specific ABI3 promoter 
in the tps1 background (tps1 ABI3::TPS1 plants) or from a 
dexamethasone-inducible construct (tps1-2 GVG:TPS1 plants), 
the embryo-lethal phenotype was rescued and very late flowering 
or even no flowering was observed (van Dijken et  al., 2004; 
Gomez et  al., 2010). Further understanding of the molecular 
mechanism of TPS1 and T6P signaling in the regulation of 

flowering time was established in 2013. Wahl et  al. (2013) 
confirmed that the expression of FT and TSF was reduced in 
the tps1-2 GVG:TPS1 and 35S::amiR-TPS1 plants under LD 
conditions, indicating that T6P signaling is a crucial factor in 
the transcriptional regulation of FT and TSF under inductive 
photoperiod conditions. On the other hand, in situ hybridization 
assays and misexpression of TPS1 using the stem cell niche-
specific CLAVATA3 promoter showed that TPS1 and T6P 
signaling regulates the floral transition by the controlling the 
transcription level of SPL3, SPL4, and SPL5 in the SAM (Wahl 
et  al., 2013). Taken together, these findings demonstrate that 
T6P signaling plays a role in flowering time in two different 
tissues, such that in the leaf, TPS1 is responsible for the 
induction of FT and TSF in response to photoperiod, whereas 
the T6P pathway controls the expression of flowering time 
and flower-patterning genes via the age pathway in the SAM, 
independent of the photoperiod pathway (Wahl et  al., 2013).

Genome-wide analyses in apple trees after exogenous sucrose 
treatment revealed increased levels of MdTPS as well as genes 
regulating flowering, such as MdSPL, MdFT, MdCO, MdSOC1, 
MdLFY, and MdAP1 (Du et al., 2017). Recent studies examined 
the function of the non-catalytic domain of TPS1 and how 
TPS1 contributes to T6P-sucrose nexus (Fichtner et  al., 2020). 
Various mutations including domain deletion and point mutations 
were introduced into TPS1 and their effects on flowering and 
T6p-sucrose contents were analyzed in the tps1-1 mutant 
background. In particular, the plants expressing TPS1(A119W), 
which is expected to compromise catalytic activity, never flowered 
despite their high T6P levels, indicating that the high levels 
of T6P may not directly correlate with early flowering (Fichtner 
et  al., 2020). TPS1(A119W) showed not only increased T6P 
contents but also high levels of two unidentified disaccharide-
monophosphates. Therefore, flowering time is probably inhibited 
by other products that compete with T6P, demonstrating that 
additional factors that regulate TPS1 activity and affect sugar 
signaling pathways may exist.

T6P accumulation in plants is negatively regulated by TPP 
and low T6P positively regulates sugar synthesis. Overexpression 
of rice TPP resulted in reduced T6P levels and increased sugar 
accumulation in florets in maize, which eventually resulted in 
increased yields in comparison to wild-type plants (Oszvald 
et  al., 2018). Interestingly, heterologous overexpression of the 
Jatropha curcas TPP gene JcTPPJ in Arabidopsis strongly delayed 
flowering with the accumulation of soluble sugars (Zhao et  al., 
2019), although its overexpression in Jatropha plants did not 
change flowering time. These results suggest that T6P degradation 
is conserved in the plant kingdom but may differ somewhat 
among plants. Further investigation is needed to elucidate the 
precise molecular mechanisms in diverse plants.

Sucrose and T6P contents may negatively affect the expression 
of SUCROSE-NON-FERMENTING KINASE 1 (SnRK1; Baena-
Gonzalez et al., 2007; Zhang et al., 2009). It has been proposed 
that SnRK1 and its substrate INDETERMINATE DOMAIN 8 
(IDD8) form a sugar metabolic pathway that mediates flowering 
time under sugar deprivation conditions. Jeong et  al. (2015) 
showed that phosphorylation of IDD8 by SnRK1 decreased 
the activity of IDD8 as a transcriptional activator, which altered 
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FIGURE 6 | Regulation of the floral transition by the sugar signaling pathway in different photoperiods in SAM and Leaves. Proteins involved in signaling pathways 
under SD, LD, or both photoperiods are shown in ovals with a blue, orange, or blue-orange background. The positive regulatory interactions are depicted by blue 
arrows and negative interactions are depicted by red T-bars. The thick lines represent protein-protein interactions, whereas thin lines indicate transcriptional 
regulation. Unknown mechanisms are depicted by dotted lines and sugar transport is depicted by wavy lines.

the expression levels of its downstream genes. The idd8 mutants 
show late flowering under LD conditions. As SnRK1 is activated 
under starvation conditions, it is not surprising that plants 
overexpressing AKIN10, which encodes a catalytic subunit of 
the SnRK1 complex, and idd8 mutants show a similar flowering 
phenotype. Thus, it seems likely that the SnRK1 pathway 
integrates the metabolic signals into the IDD8-mediated 
regulatory network. As AKIN10 positively regulates the protein 
stability of FUSCA3 (FUS3) by phosphorylation in the floral 
transition (Tsai and Gazzarrini, 2012), it is likely that FUS3 

may regulate the floral transition via the interaction with IDD8; 
however, this hypothesis remains to be  examined.

Sugar signaling plays an important role during the floral 
transition and can be  regulated by photoperiodic conditions 
(Figure  6). Although some information on the effects of 
carbohydrates on flowering time is available, the influence of 
phytohormones, phosphorylation, and carbohydrates on 
carbohydrate signaling pathway needs further investigation. In 
addition, the function of the other two TPSs in Arabidopsis 
remains to be  elucidated (Delorge et  al., 2015). Collectively, 

179

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Gawarecka and Ahn Terpenoids and Sugars in Flowering

Frontiers in Plant Science | www.frontiersin.org 15 December 2021 | Volume 12 | Article 765995

little is known about carbohydrate signaling during the floral 
transition and thus it awaits further study.

CONCLUDING REMARKS

Deciding when to flower is a crucial step in the plant life 
cycle. Successful reproduction and acclimation to the ever-
changing environment require the plant to properly sense 
environmental conditions and its internal status. Plants have 
established a complicated regulatory network to choose the 
right timing for the reproductive transition. In this review, 
we  summarized recent findings on the flowering regulators 
that share isopentenyl diphosphate as a common precursor, 
as well as sugars, which contribute to some common signaling 
pathways with specific terpenoids. We  focused on the findings 
that explain how isoprenoid derivatives and sugars regulate 
flowering time in response to different day-to-night ratios.

The photoperiod affects phytohormones, photosynthetic 
pigments, and sugars and these signaling pathways eventually 
modulate the floral transition by modifying the expression of 
FTGs in the SAM or leaves. As all terpenes share parts of 
the same biosynthetic pathway, it is not surprising that crosstalk 
among all phytohormones occurs. Interestingly, depending on 
the environmental conditions and developmental stages, the 
interactions among phytohormones, photosynthetic pigments, 
and sugars can be synergistic or antagonistic (Table 2). Although 
sugars and terpenoids do not share a biosynthetic pathway, 
flowering regulation by phytohormones or photosynthetic 
pigments influences sugar distribution and accumulation. This 
interaction was also modified in response to photoperiodic 
conditions. The signals from phytohormones and sugars affect 
a wide spectrum of flowering activators and repressors, suggesting 
that phytohormones and sugars are important targets for future 
research in the study of flowering time.

Although past studies showed how phytohormones and 
sugars are involved in modulating flowering time in response 
to light, temperature, day length, and stress, recent studies 
revealed that we  are still far from our goal of understanding 
their molecular mechanisms in the regulation of flowering 

time. Discoveries of new regulators of terpenes or sugar 
biosynthesis, as well as factors involved in their sensing and 
transport, show that the control of flowering time still has 
unrevealed secrets, especially regarding the points of crosstalk 
between pathways. Additionally, the effect of phytohormones 
and carbohydrates on development may differ between plant 
species; therefore, a better understanding of this regulation in 
crop species would help improve yields.

Of all the plant phytohormones, it seems that signaling by 
BRs is less well understood, as BRs were not considered to 
be  involved in the regulation of flowering time until recently. 
Similarly, not much is known about the regulation of flowering 
by miRNAs in sugar signaling, as new genes modulated by 
these factors have been recently discovered in plants. Finally, 
the identification of new flowering time regulators, such as 
phospholipids (Susila et al., 2021a,b) and tocopherols (Simancas 
and Munné-Bosch 2015), has opened new avenues of research 
into the regulation of flowering time.
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TABLE 2 | A simplified presentation of the crosstalk between different phytohormones and regulation of flowering time in response to photoperiod.

Interacting 
phytohormones

Organism Type of 
interaction

Phytohormone 
regulation

Flowering phenotype Photoperiod 
conditions

References

GA, ABA Arabidopsis Antagonistic Low GA, Low ABA Rescue of the late-flowering phenotype of ga-1 by 
aba2

LD and SD Domagalska et al., 
2010

GA, ABA Arabidopsis Antagonistic Low GA, High ABA Late flowering: Upregulation of GAox7 by NCED6 LD Shu et al., 2016
GA, ABA Arabidopsis Antagonistic High GA, Low ABA Early flowering: Inhibition of ABI4 by GA hormones LD Shu et al., 2016
GA, ABA Rice Antagonistic Low GA, High ABA Late flowering: Upregulation of OsEUI by OsAP2 LD Yaish et al., 2010
GA, ABA Rice Antagonistic High GA, Low ABA Early flowering: Inhibition of NCED1 by GA 

hormones
LD Yaish et al., 2010

CK, GA Arabidopsis Synergistic High CK, High GA Late flowering: downregulation of SOC1 LD Richter et al., 2010; 
Ranftl et al., 2016

GA, BR Arabidopsis Partially 
synergistic

High GA, Low BR Activation of GA synthesis rescued the late-
flowering phenotype of bri-1 mutants

LD Domagalska et al., 
2010; Unterholzner 
et al., 2015

BR, ABA Arabidopsis Antagonistic High ABA, Low BR Late flowering: ABA inhibits BR synthesis by 
inhibition of the PIF − BES1 complex

LD Hayes et al., 2019
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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 Huq,
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; Möglich 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 ASSOCIATED1
(CCA1) and LATE ELONGATED HYPOCOTYL (LHY) genes
encode inhibitors of the PSEUDO-RESPONSE REGULATORs
(PRRs) PRR7 and PRR9, which themselves repress CCA1 and
LHY, thus forming the morning loop. The central oscillator
is formed by mutual repression between CCA1/LHY and
TIMING OF CAB EXPRESSION1 (TOC1). 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, TOC1, 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 (Suárez-López 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
PHOTOPERIOD1 (PPD1) under LD (Chen et al., 2014; Pearce
et al., 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 VERNALIZATION1 (VRN1) in the
leaves (Li and Dubcovsky, 2008). VRN1 in turn upregulates the
expression of FT1 in a positive feedback loop that eventually
overcomes the repressive effect mediated by the zinc-finger-
CCT domain transcription factor VRN2 on FT1 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
VRN1, 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-Am1 (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 l pots containing a 4:1
mixture of soil (Brill, Germany) and perlite supplemented with
8 g l−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
µmol.m−2.s−1 (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 µmol.m−2.s−1 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
2 h 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 l 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 µmol.m−2.s−1). 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 µmol.m−2.s−1). 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 µg 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 pANIC10a
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 elf3 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 (UBI: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 I to IV indicate
conserved protein domains).

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
VRN1 in B. distachyon (Ream et al., 2014), we tested whether
elevatedVRN1mRNA levels affected the flowering time of the elf3
mutant without vernalization. We found that homozygous lines
overexpressing VRN1 (UBI:VRN1 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 CCA1 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 CCA1 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 PPD1, 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 CO1,
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 VRN1 and VRN2. Although the expression of the
floral inducer VRN1 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 VRN1 and VRN2 play antagonistic roles
in controlling the expression of the florigen FT1 (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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FIGURE 2 | Phenotypic characterization of the elf3 mutant. Flowering time (A; days to flowering), mean internode lengths (B), and estimated chlorophyll contents (C;
µmoles.m−2) for the elf3 mutant wild-type (WT) plants under 8, 12, 16, and 20 h photoperiods (n = 10–25). For (B,C), data were collected 1 week prior to estimated
floral transition according to a preliminary experiment. (D) Relative FTL9 expression kinetics in WT (black triangles) and elf3 (blue circles) plants under a 12 h
photoperiod. Data were normalized using the geometric mean of ACT3 and UBC18 reference genes. Error bars represent the standard error of the mean. Time is
expressed as the number of hours following the start of the light period (Zeitgeber time, ZT). (E) Flowering time (number of leaves on the main culm at flowering) of
elf3 mutant and WT plants grown at distinct temperatures. Letters (a,b,c) indicate statistical differences (p < 0.05) according to a Tukey’s HSD test used to perform
multiple comparisons. (F) Flowering time (days to flowering) of elf3 mutant and WT plants exposed (V) or not (NV) to a 3-week vernalizing treatment and
subsequently grown under 8 or 16 h photoperiods. Student t-tests were used for pairwise comparisons in (A–C,F) (∗∗∗p < 0.001; ∗p < 0.05).

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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FIGURE 3 | Expression kinetics of selected genes in the elf3 mutant. Relative expression of circadian clock-regulated genes CCA1 (A), GI (B), PPD1 (C), and the
flowering genes VRN1 (D), VRN2 (E), and FT1 (F) 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 time, ZT).

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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FIGURE 4 | Effect of night breaks and light quality on flowering time. (A) Experimental design and (B) results of night break (NB) experiments performed by exposing
wild-type (WT) and elf3 plants growing in either 8 or 10 h photoperiods to a 2 h NB (NB; 150 µmol.m−2.s−1) from Zeitgeber time (ZT) 16 h to ZT18h. Controls were
maintained in 10 h SD (n = 15–20). Note that most of the control plants had not flowered after 150 days in 10 h SD. Letters indicate statistical difference (p < 0.05)
using Tukey’s HSD tests. (C) Experimental design used to test the effect of the red (R) to far-red (FR) ratio during NBs on flowering. (D) Flowering time of plants
exposed to a NB under a red to far-red gradient. WT plants were grown in a 12 h photoperiod for 8 weeks before being transferred to a 12 h photoperiod
supplemented with a 2 h NB (from ZT16h to ZT18h) under a red to far-red gradient (n = 8–15 per condition). Control plants were either maintained under a 12 h
photoperiod (Right panel) or exposed to a 2 h white light NB (Left panel). (E) Effect of far-red (FR) light on flowering time. At the beginning of the night, WT and elf3
plants grown under an 18 h photoperiod were exposed to 1 h of FR light (25 µmol.m−2.s−1). Control plants were exposed to an uninterrupted night (n = 15–20);
t-test revealed no statistically significant differences (ns).

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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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 VRN1 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 VRN1 RNA levels could be caused by the increase in the
expression of PPD1 under SD that we observed in the mutant.
Indeed, in wheat, the ppd1 mutation causes increased VRN1
mRNA levels specifically under short photoperiods, indicating
that PPD1 is a negative regulator of VRN1 under SD (Shaw
et al., 2020); thus, the increased PPD1 expression levels in
the elf3 mutant in SD could be responsible for the observed
repression of VRN1. The VRN1-independent acceleration of
flowering in elf3 could also be due to the increase in PPD1 which
is itself a flowering promoter (Shaw et al., 2013, 2020). It is
noteworthy that the elf3 mutant is responsive to VRN1 because
the overexpression of VRN1 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 VRN1 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 VRN1 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
PPD1 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
PPD1 expression, possibly in part through ELF3 (Figure 5).
In turn, PPD1 induces the expression of FT1 in leaves,
which forms a positive regulatory loop with VRN1 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 PPD1 but is PPD1 the main
target impacting photoperiodic flowering or is ELF3 involved
in repressing other important components of the photoperiod
pathway? The elf3;ppd1 double mutants would be well suited
to address this important question. Also, coupling these lines
with mutants and overexpressors for GI, CO1, 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 CO1 in B. distachyon via RNAi results in lower
VRN2 mRNA levels yet plants are delayed in flowering, whereas
overexpression of CO1 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
HvVRN2 allele are more delayed in flowering than those where
HvVRN2 is deleted, despite the presence of UBI: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 T0 generation under 16-h LD. Controls were sown 3 weeks
before transplantation of T0 lines to soil. The picture was taken 45 days after
transplantation to soil.

Supplementary Figure 4 | Flowering phenotype of elf3 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 CO1 in the elf3 mutant. Relative
expression of CO1 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
time, ZT).
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The photoperiod, which is the length of the light period in the diurnal cycle of 24 h, is an
important environmental signal. Plants have evolved sensitive mechanisms to measure
the length of the photoperiod. Photoperiod sensing enables plants to synchronize
developmental processes, such as the onset of flowering, with a specific time of the
year, and enables them to alleviate the impact of environmental stresses occurring at
the same time every year. During the last years, the importance of the photoperiod
for plant responses to abiotic and biotic stresses has received increasing attention. In
this review, we summarize the current knowledge on the signaling pathways involved
in the photoperiod-dependent regulation of responses to abiotic (freezing, drought,
osmotic stress) and biotic stresses. A central role of GIGANTEA (GI), which is a key
player in the regulation of photoperiod-dependent flowering, in stress responses is
highlighted. Special attention is paid to the role of the photoperiod in regulating the
redox state of plants. Furthermore, an update on photoperiod stress, which is caused
by sudden alterations in the photoperiod, is given. Finally, we will review and discuss the
possible use of photoperiod-induced stress as a sustainable resource to enhance plant
resistance to biotic stress in horticulture.

Keywords: biotic stress, cold stress, drought stress, GIGANTEA, osmotic stress, photoperiod, photoperiod stress

INTRODUCTION

Eukaryotes, including plants, adapt numerous life processes to regular rhythms of light and
darkness. Light and dark periods regularly alternate in a daily cycle of approximately 24 h due to the
rotation of the Earth around its own axis. The duration of the light period during this 24 h day-night
cycle determines the photoperiod, which varies with the season and latitude (Jackson, 2009). Plants
synchronize their physiological decisions with the correct time of the year to maximize growth and
to produce offspring (Casal et al., 2004). Thus, sensing of and responding to the photoperiod are
important plant functions to adapt to their environment.

Among the most prominent plant responses influenced by the photoperiod are the regulation
of flowering time (Carré, 2001; Song et al., 2015), tuberization (Sarkar, 2010), bud setting, and
dormancy (Jackson, 2009; Singh et al., 2017). In annual plants, senescence is adjusted by the
photoperiod (Serrano-Bueno et al., 2021) and in perennial plants like trees, the growth cessation
is influenced by season-dependent photoperiods (Singh et al., 2017). In temperate climate zones
but also in tropical regions, the photoperiod is the dominant environmental factor controlling the
onset and end of the seasonal growing (Adole et al., 2019). Scent emission from flowers is also under
the control of the photoperiod (Hendel-Rahmanim et al., 2007) to mention just a few examples of
photoperiod-regulated developmental processes in plants.
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Based on their flowering response to the photoperiod, plants
can be classified into three groups: short-day, long-day, and
day-neutral plants. This classification is based on the critical
day length (CDL), which determines the ability of plants to
respond to the photoperiod. Short-day-grown plants flower
when the photoperiod is shorter than the CDL, while long-day
plants flower only, when the photoperiod is longer than the
CDL. Day-neutral plants do not respond to the photoperiod
(Jackson, 2009). Besides the CDL, the plant developmental phase
determines the ability to sense and subsequently respond to
photoperiods. The flowering response of Arabidopsis plants is
insensitive to photoperiods during their juvenile phase. Entering
the adult phase makes Arabidopsis sensitive to photoperiods
enabling responses to floral inducers (Matsoukas, 2014). Taken
together, the synchronization of the photoperiod sensing and
intrinsic developmental programs or developmental phases with
the seasonal photoperiod is essential for the reproduction and
survival of plants.

Photoperiod sensing not only enables plants to synchronize
their developmental processes with a specific time of the
year but also alleviates the impact of environmental stresses
occurring at the same time every year. Recently, the interest in
the effect of the photoperiod on the response to abiotic and
biotic stresses has grown. For example, the role of shortening
of days in cold acclimation to prepare for freezing winter
temperatures has been uncovered (Ouellet and Charron, 2013).
The photoperiod has also been shown to influence the plants’
resistance to drought stress (Iuchi et al., 2001; Han et al.,
2013a) and salt stress (Kim et al., 2013; Park et al., 2016). In
addition, increasing evidence suggests that the length of the
light period is important for the outcome of plant-pathogen
interactions (e.g., Griebel and Zeier, 2008). Thus, photoperiod
sensing enables plants to improve their responses to diverse
environmental stresses (Figure 1). However, sudden changes in
the photoperiod can also result in stress. Although the molecular
mechanisms underlying this new abiotic stress form are not
yet completely resolved (Nitschke et al., 2016, 2017; Abuelsoud
et al., 2020; Frank et al., 2020), experiments revealed that changes
in the photoperiod elicit stress reactions in Arabidopsis plants,
which resemble responses to pathogen attack (Cortleven et al.,
2021). The establishment of systemic acquired resistance (SAR)
in plants forms an important defense against future pathogen
attacks (Conrath et al., 2006). As photoperiod stress provokes
similar effects, this might open new horizons for the use of
altered photoperiods as a sustainable tool to alleviate pathogen
infections and thereby decrease yield losses in horticulture. In
the following chapters, we will address the above-mentioned
topics in more detail.

MOLECULAR MECHANISMS INVOLVED
IN THE PERCEPTION OF LIGHT AND
THE PHOTOPERIOD

The perception of and response to photoperiods in plants require
a sensing mechanism, which involves the detection of light (via

photoreceptors or chloroplasts) and the measurement of time (via
the circadian clock) (Jackson, 2009; Serrano-Bueno et al., 2021).

Light perception by photoreceptors and chloroplasts provides
plants with comprehensive information concerning their
surrounding light environment, such as quality (spectral
composition, direction), quantity, intensity, and duration of
incoming irradiation (Figure 1). In Arabidopsis thaliana, five
photoreceptor families sense the light from different parts
of the solar light spectrum: red/far-red light is detected by
phytochromes (phyA to phyE). Blue light is perceived by
cryptochromes (CRY1, CRY2, CRY3), phototropins (PHOT1,
PHOT2), and F-box containing flavin-binding proteins
ZEITLUPE (ZTL) and FLAVIN-BINDING KELCH REPEAT
F-BOX1 (FKF1)/LOV KELCH PROTEIN2 (LKP2). UV light
is sensed by the UVR8 photoreceptor (for review, see Sanchez
et al., 2020; Roeber et al., 2021). All of the above-mentioned
photoreceptor families are involved in the light entrainment of
the circadian clock.

Besides the photoreceptors, chloroplasts operate as plant light
sensors and respond to different photoperiods by altering their
ultrastructure (Lepisto and Rintamaki, 2012). Chloroplasts of
plants grown under long days exhibit smaller grana stacks
and increased chlorophyll content. These features correspond
to structural and photosynthetic characteristics typical of sun
plants (Walters and Horton, 1995). Redox signals arising
from chloroplasts determine the light intensity-dependent
acclimation of plants (Pfannschmidt et al., 2009). Which
signaling mechanisms are involved in the photoperiodic-
dependent development of chloroplasts remains to be resolved.
The redox state of the photosynthetic electron transport
chain, ROS metabolism, and chloroplast-to-nucleus retrograde
signaling are only few examples of possible pathways involved, all
acting independent of the photoreceptors (for review, see Lepisto
and Rintamaki, 2012; Feng et al., 2016). Besides the chloroplast
ultrastructure, the photoperiod regulates the photosynthate
partitioning to starch and the amount of carbohydrate (C)
stored in chloroplasts (Zeeman et al., 2007). Under conditions
where less C is available such as short photoperiods, a larger
proportion of the fixed C is allocated into starch (Smith and
Stitt, 2007). During the night the near-linear starch degradation
is slowed down as compared to long-day-grown plants. This
results in an almost but not completely exhausted starch content
at dawn preventing C-starvation or C-excess at the end of the
night period (Stitt and Zeeman, 2012; Moraes et al., 2019). This
pattern of C-mobilization is robust across different photoperiods
(Stitt and Zeeman, 2012; Moraes et al., 2019). Also here, the
exact molecular mechanisms controlling the formation of starch
under various photoperiods are not known, but possible feedback
inhibition from the carbohydrate metabolism, redox regulation,
transcriptional control of chloroplast enzymes, and circadian
regulation might play a role.

The circadian clock enables plants to measure time by
an endogenous time-keeping mechanism (Hsu and Harmer,
2014; Figure 2). The clock is set through daily entrainment,
especially by light and temperature, in order to adjust the internal
rhythm (McClung, 2006). In Arabidopsis thaliana, the circadian
clock consists of multiple interlocked transcription-translation
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FIGURE 1 | Photoperiod sensing influences development of plants, induces
abiotic and biotic stress tolerance, and causes photoperiod stress. The length
of the photoperiod is detected by a sensing mechanism consisting of
chloroplasts and photoreceptors, which transfer the light information to the
circadian clock. The interplay between the photoperiod and the circadian
clock regulates developmental processes, such as flowering, tuberization, bud
setting, dormancy, and senescence, and improves the plants’ tolerance to
abiotic and biotic stresses. A sudden prolongation of the photoperiod results
in photoperiod stress.

feedback loops (Hsu and Harmer, 2014). The MYB-domain
transcription factor genes CIRCADIAN CLOCK ASSOCIATED1
(CCA1) and LATE ELONGATED HYPOCOTYL (LHY) are
expressed in the morning (Schaffer et al., 1998; Wang and
Tobin, 1998) and repress the expression of TIMING OF CAB
EXPRESSION1 (TOC1) during the day (Alabadi et al., 2001).
In turn, TOC1 represses the transcription of CCA1 and LHY
(Gendron et al., 2012). Late at night, TOC1 transcription
is down-regulated by an Evening Complex (EC), which is
composed of three proteins: EARLY FLOWERING3 (ELF3),
ELF4, and LUX ARRHYTHMO (LUX). This down-regulation
enables transcription of LHY and CCA1 to resume the
following dawn. PSEUDO-RESPONSE REGULATOR9 (PRR9),
PRR7, and PRR5 are expressed in consecutive waves throughout
the day and repress CCA1 and LHY expression (Nakamichi
et al., 2012). Additional rhythmically expressed transcriptional
activators, such as REVEILLE4 (RVE4), RVE6, and RVE8,
the LIGHT-REGULATED WD1 (LWD1) and LWD2 proteins,
and the transcription factors NIGHT LIGHT-INDUCIBLE
AND CLOCK-REGULATED GENE1 (LNK1) and LNK2 also
contribute to the clock function (Rawat et al., 2011; Rugnone
et al., 2013). The circadian clock contributes to the plants’
ability to respond to various environmental stresses but there
is also a reciprocal influence of abiotic stresses on the clock
function. More information about this can be found in
the reviews of Sanchez et al. (2011), Kiełbowicz-Matuk and
Czarnecka (2014), Grundy et al. (2015), Seo and Mas (2015),
and Sharma et al. (2021). A novel webtool to investigate the
transcriptional networks regulated by light and the circadian
clock has been launched recently (de los Reyes et al., 2020).
With ATTRACTOR (Arabidopsis Thaliana TRanscriptionAl
Circadian neTwORk1), target genes of circadian regulators can

1https://greennetwork.us.es/ATTRACTOR/

be identified. This might contribute to a better understanding of
the interaction between the circadian clock and plant responses
to environmental stresses.

One of the circadian clock-controlled genes that have a crucial
role in the photoperiod sensing mechanism is GIGANTEA
(GI) (Fowler et al., 1999). It encodes a large single-gene
encoded protein with a chaperone activity (Cha et al., 2017).
Upon blue light perception, the stability of the F-box protein
ZEITLUPE (ZTL) improves due to interaction with GI. ZTL
is an evening-phased E3 ubiquitin ligase targeting the clock
components TOC1 and PRR5 for proteasomal degradation
(Mas et al., 2003; Kiba et al., 2007). GI protein abundance
peaks in the evening, thereby maintaining ZTL abundance
high. Consequently, high amplitude oscillations of TOC1 and
PRR5 are sustained (Kim et al., 2007). This reinforces the
entrainment of the clock resulting in the correct setting of the
phase of clock output genes such as CONSTANS (CO), encoding
a central protein in photoperiod-dependent flowering (Suarez-
Lopez et al., 2001; Shim et al., 2017). GI also interacts with
FKF1 upon blue light perception causing the degradation of
CYCLING DOF FACTOR1 (CDF1), which is a transcriptional
repressor ofCO (Figure 2; Sawa et al., 2007). The synchronization
of the correct timing of protein stabilization during long
days with the circadian-regulated expression of FKF1, GI,
and CDF1 is essential for photoperiodic responses, such as
flowering. Interesting to mention is that the CO-FT-GI-CDF
hub is conserved among distantly related flowering plants
(Serrano-Bueno et al., 2021).

GI also regulates the maturation of miR172 (Jung et al., 2007),
which targets APETALA2 (AP2) and the AP2-like genes TARGET
OF EAT1 (TOE1), TOE2, TOE3, SCHLAFMÜTZE (SMZ), and
SCHNARCHZAPFEN (SNZ) (Figure 2). The miR172-mediated
posttranscriptional downregulation of these floral repressors
regulates flowering time and floral development in the shoot
apical meristem (Mathieu et al., 2009) depending on the age of
the plants (Aukerman and Sakai, 2003). In addition, GI controls
the circadian clock-mediated photoperiod sensing together with
EARLY FLOWERING3 (ELF3). In their absence, the circadian
clock fails to properly respond to light signals, resulting
in the breakdown of the photoperiod sensing mechanism
(Anwer et al., 2020).

GI plays not only a central role in the photoperiod sensing
mechanism but is also involved in mediating the impact of
the photoperiod in response to diverse stresses (Figure 2), e.g.,
drought, oxidative, osmotic, and cold stress (Cao et al., 2005;
Fornara et al., 2015), as will be outlined further below.

THE PHOTOPERIOD INFLUENCES
RESPONSES TO ABIOTIC AND BIOTIC
STRESSES

Photoperiod and Freezing Tolerance
One of the best-known stress tolerances depending on the
photoperiod is freezing tolerance (Figure 3A). The shortening
of day length sensed by plants in autumn anticipates the
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FIGURE 2 | GIGANTEA plays a central role in photoperiod sensing and mediates the impact of photoperiod on stress responses. The circadian clock is an internal
time-keeping mechanism involved in photoperiod sensing. The main regulatory components of the circadian clock are shown including their mutual
transcription-translation feedback loops. GIGANTEA is expressed late in the afternoon and the protein improves the stability of ZEITLUPE (ZTL) upon blue light
perception thereby targeting TOC1 and PRR5 for proteasomal degradation, reinforcing the entrainment of the clock. Upon blue light perception, GI interacts also
with FKF1 causing the degradation of CYCLING DOF FACTOR1 (CDF1), which is a transcriptional repressor of CONSTANS (CO), encoding a central protein in
photoperiod-dependent flowering. In addition, GI regulates the miR172-mediated post-transcriptional downregulation of several floral repressor genes. Besides its
role in photoperiod-dependent flowering, GI has a central role in the photoperiod-dependent plant responses to drought, osmotic, cold, and oxidative stress.
Dashed lines mark protein–protein interactions upon blue light perception. For more detailed information about the different pathways, please refer to section
“Molecular Mechanisms Involved in the Perception of Light and the Photoperiod.” AP2, APETALA2; CCA1, CIRCADIAN CLOCK ASSOCIATED1; LHY, LATE
ELONGATED HYPOCOTYL; PRR, PSEUDO-RESPONSE REGULATOR, TOC1, TIMING OF CAB EXPRESSION1; ELF3, EARLY FLOWERING3; ELF4, EARLY
FLOWERING4; LUX, LUX ARRHYTHMO; FKF1, FLAVIN-BINDING KELCH REPEAT F-BOX1; TOE1, TARGET OF EAT1; TOE2, TARGET OF EAT2; SMZ,
SCHLAFMÜTZE; SNZ, SCHNARCHZAPFEN.

effect of colder temperatures in winter and causes an increased
freezing tolerance (Lee and Thomashow, 2012). For example,
red-osier dogwood (Cornus sericea) responds to a shortening
of the photoperiod by a decrease of the stem water content,
which results in an increased freezing tolerance (Karlson et al.,
2003). In hybrid aspen, the phyA-mediated apical bud formation
under short days is the main switch turning metabolism from
vegetative growth to dormancy and inducing freezing tolerance
(Welling et al., 2002).

Increased freezing tolerance caused by shortening of
the photoperiod also occurs in Arabidopsis thaliana.
Geographical distant accessions of Arabidopsis exhibit
differences in freezing tolerance, which can be related to
the photoperiod conditions they are geographically exposed
to (Alonso-Blanco et al., 2005). The C-repeat/dehydration-
responsive element-binding factor (CBF/DREB) signaling
cascade is the central molecular mechanism mediating these
differences in response to day length. Cold temperatures
stimulate the CBF genes resulting in the induction of COLD-
REGULATED (COR) genes leading to freezing tolerance
(Thomashow, 2010; Pareek et al., 2017). Under long days,
the CBF regulon is repressed by phyB, PHYTOCHROME
INTERACTING FACTOR4 (PIF4), and PIF7, which causes
less freezing tolerance. Shortening of the days during autumn
relieves this repression causing an increased expression

of the CBF genes, thereby preparing plants for upcoming
colder temperatures (Figure 3A; Lee and Thomashow,
2012).

Among the components involved in photoperiodic flowering,
the GI-CDF module regulates also freezing tolerance in
Arabidopsis (Fornara et al., 2015). GI expression is induced by
cold (Fowler and Thomashow, 2002; Cao et al., 2005) and many
cold-regulated genes in Arabidopsis are co-regulated by GI and
CDFs (Figure 3A). In gi-100 mutants, mRNA of COR genes
was present at higher levels than in wild type correlating with
enhanced expression of CDF1, CDF2, CDF3 and CDF5 and
increased freezing and oxidative stress tolerance. Consequently,
this increase in COR gene expression was suppressed in gi-100
cdf1235 mutants (Fornara et al., 2015). In contrast, Cao et al.
(2005) found that gi-3 mutants are hypersensitive to freezing.
As no differences were found in the transcript levels of CBF
genes upon cold stress, it was concluded that GI acts in a CBF-
independent manner to promote freezing tolerance by altering
the carbohydrate metabolism. The exact mechanisms are still
unclear (Cao et al., 2005, 2006). Such divergences may be due to
the use of gi mutant alleles in different ecotypes and/or different
assay conditions (Fornara et al., 2015). However, gi loss-of-
function mutants of Brassica rapa plants show increased freezing
tolerance suggesting that the role of GI in resistance to freezing
stress is conserved between species (Xie et al., 2015).

Frontiers in Plant Science | www.frontiersin.org 4 January 2022 | Volume 12 | Article 781988203

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-781988 January 20, 2022 Time: 12:50 # 5

Roeber et al. Photoperiod and Stress Responses

FIGURE 3 | Molecular mechanisms involved in photoperiod-dependent responses to cold, drought, and osmotic stress. (A) During cold stress (indicated by the ice
crystal), CBF gene expression is upregulated and induces the expression of COR genes resulting in cold acclimation. Under short-day (SD) conditions, CBF genes
are strongly induced causing cold acclimation. Under warmer long-day (LD) conditions, PIF4 and PIF7, which are under the control of phyB, are higher expressed
resulting in an inhibition of CBF gene expression. As days shorten, e.g., during autumn, this repression falls away resulting in cold acclimation. GI is also induced by
colder temperatures and blocks the CBF genes, whereas CDF1 promotes the expression of CBF. GI also promotes freezing tolerance in a CBF-independent manner
(dashed line). In addition, HOS1, another photoperiod-dependent flowering-inducing component inhibits CBF gene expression thereby blocking cold acclimation.
Figure adapted from Roeber et al. (2021). (B) Drought stress results in biosynthesis of abscisic acid (ABA) leading to ABA-dependent gene regulation causing
drought escape (left) and drought tolerance (right). The increased ABA levels promote earlier flowering (drought escape, left part) under LD but not under SD
conditions. Under LD conditions, GI is activated and activates the expression of florigen genes (TSF and FT via CO) triggering the activation of SOC1 and inducing
flowering. SOC1 in turn contributes to TSF upregulation boosting SOC1 activity. ABA also induces the expression and activity of ABF3 and ABF4. ABF3/4, together
with their interacting partner, the NF-Y complex, binds to the SOC1 promoter and promotes its expression to accelerate flowering during drought escape. Under SD
conditions, delay of flowering occurs during drought stress due to enhanced activity of repressors like FLC and SVP on SOC1 transcription. Under these SD
conditions, GI is not activated (pale circle). Adapted from Riboni et al. (2013, 2016) and Hwang et al. (2019). In the drought tolerance signaling pathway (right part),
GI forms a complex with EEL (ENHANCED EM LEVEL) thereby upregulating the diurnal expression of NCED3 (NINE-CIS-EPOXYCAROTENOID DIOXYGENASE3)
encoding a rate-limiting enzyme in ABA synthesis. Furthermore, interaction between GI and miR172 results in a reduction of WRKY44 expression promoting sugar
signaling and drought tolerance. Besides GI, also NUCLEAR FACTOR-Y (NF-Y) promotes drought tolerance. (C) In the absence of salt stress (-NaCl) GI represses

(Continued)
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FIGURE 3 | SOS2 thus blocking the SOS pathway. Upon salt stress (+ NaCl), the proteasomal degradation of GI is promoted, releasing SOS2. Free SOS2 interacts
with SOS3 to form an active SOS2–SOS3 protein kinase complex that translocates to the plasma membrane causing the phosphorylation and activation of SOS1
resulting in salt stress tolerance. Adapted from Kim et al. (2013). For more information concerning the different pathways, please refer to section “Photoperiod and
Freezing Tolerance” for cold stress, section “Photoperiod and Drought Stress” for drought stress, and section “Photoperiod and Osmotic Stress” for osmotic stress.
Yellow background marks pathways taking place in LD conditions, a gray background indicates pathways during SD conditions. Gray lines mark the direct influence
of specific photoperiod sensing components on stress responses. LD, long day; SD, short day; phyB, phytochrome B; PIF, PHYTOCHROME INTERACTING
FACTOR; CBF, C-repeat/dehydration-responsive element-binding factor; COR, COLD-REGULATED; GI, GIGANTEA; HOS1, HIGH EXPRESSION OF OSMOTICALLY
RESPONSIVE GENE1; CDF1, CYCLING DOF FACTOR1; ABA, abscisic acid; ABF, abscisic acid binding factor; CO, CONSTANS; TSF, TWIN SISTER OF FT; SOC1,
SUPPRESSOR OF OVEREXPRESSOR OF CONSTANS; FLC, FLOWERING LOCUS C; SVP, SHORT VEGETATIVE PHASE; SOS, SALT OVERLAY SENSITIVE.

Another component involved in regulating both photoperiod
flowering and freezing tolerance is HOS1 (HIGH EXPRESSION
OF OSMOTICALLY RESPONSIVE GENE1) (Figure 3A).
HOS1 encodes a RING finger-containing E3 ubiquitin ligase
controlling the abundance of CO thereby ensuring that
the CO-dependent activation of FT occurs only when the
light period reaches a certain length (Lazaro et al., 2012).
HOS1 negatively regulates cold acclimation by mediating the
ubiquitination and proteasomal degradation of ICE1 (INDUCER
OF CBF EXPRESSION1) and thus negatively regulates the
CBF regulon (Ishitani et al., 1998; Dong et al., 2006;
Lee and Thomashow, 2012).

Photoperiod and Drought Stress
Drought has detrimental effects on plants limiting their
performance and productivity. Upon the perception of drought
signals, the endogenous abscisic acid (ABA) level increases
resulting in closure of the stomata in order to decrease water loss
via transpiration (Outlaw, 2003).

The drought escape is an adaptive strategy of plants to
accelerate reproductive development (i.e., flowering) under
drought stress (Figure 3B). This allows plants to finish their
life cycle before severe stress results in lethality (McKay et al.,
2003). Drought escape only occurs under inductive long-day
conditions involving the photoperiodic response gene GI and the
florigen genes FLOWERING LOCUS T (FT) and TWIN SISTER
OF FT (TSF) (Riboni et al., 2013). Drought stress releases the
transcriptional repression at the FT/TSF promotors in an ABA-
and photoperiod (via GI)-dependent manner thereby promoting
transcriptional upregulation of the florigen genes (Riboni et al.,
2013). The ABA-dependent activation of FT, but not of TSF,
requires CO (Riboni et al., 2016). Increased florigen levels
trigger the activation of the floral integrator SUPPRESSOR OF
OVEREXPRESSOR OF CONSTANS (SOC1) thereby initiating
flowering. SOC1 activation contributes to TSF upregulation thus
further increasing the florigen levels (Riboni et al., 2013). Under
short-day conditions, ABA delays flowering under drought stress
due to the repressive action of SHORT VEGETATIVE PHASE
(SVP)/FLOWERING LOCUS C (FLC) on SOC1 (Riboni et al.,
2016). Also the NUCLEAR FACTOR Y (NF-Y) subunit c,
belonging to a family of transcription factors known to be
involved in photoperiod-dependent flowering (Kumimoto et al.,
2008, 2010), is implicated in drought escape. The ABA-response
element (ABRE)-binding factors (ABFs) interact with NF-Y
subunit c-3/4/9, thereby inducing SOC1 to promote flowering
(Hwang et al., 2019). Besides Arabidopsis, also wheat and barley
have a drought escape strategy (McMaster and Wilhelm, 2003;

Gol et al., 2021), just like Avena barbata (Sherrard and Maherali,
2006) and Brassica rapus (Franks, 2011). Other species, such as
rice, delay flowering upon drought stress to resume its life cycle
when the stress is over (Galbiati et al., 2016). Also here, primary
integrators of day length provide a molecular connection between
stress and the photoperiodic flowering pathway. Taken together,
drought escape is a photoperiod-depend developmental response
as it is the direct consequence of the perception of the long-day
photoperiod during drought stress.

Besides their role during drought escape, the photoperiod
sensing components GI and NF-Y are known to additionally
influence drought tolerance without any direct link to the
perception of the photoperiod (Figure 3B). The synthesis and
signaling of ABA are at least partially under photoperiodic
control (Zeevaart, 1971). A recent study (Baek et al., 2020)
revealed that GI forms a complex with the bZIP transcription
factor ENHANCED EM LEVEL (EEL) involved in ABA
signaling responses to regulate the expression of NINE-
CIS-EPOXYCAROTENOID DIOXYGENASE3 (NCED3). NCED3
encodes a rate-limiting enzyme in ABA synthesis (Iuchi et al.,
2001). The GI-EEL complex positively regulates the diurnal ABA
synthesis by binding to the ABA-responsive element motif in the
NCED3 gene promotor resulting in increased ABA synthesis and
improved drought tolerance (Baek et al., 2020). The abundance
of NCED3 transcript and ABA content decreased in gi-1 and
eel mutants under dehydration, which correlates with their
dehydration-sensitive phenotype (Baek et al., 2020). These results
indicate that GI and EEL together enhance the plant tolerance to
drought by regulating ABA homeostasis.

Another study described a role for GI during the drought
stress response (Figure 3B; Han et al., 2013a). Upon drought
stress, both level and function of mature miR172 are upregulated,
with miRNA172e showing the strongest response to drought
stress (Han et al., 2013a). Under long days and drought
conditions, GI promotes the processing of pre-miRNA172
resulting in a suppression of WRKY44, which leads to
drought tolerance. The exact underlying mechanism is
not fully understood but might relate to sugar metabolism
(Han et al., 2013a).

NF-Y transcription factors (Figure 3B) have been shown
to improve drought tolerance in Arabidopsis (Li et al., 2013;
Ni et al., 2013), maize (Nelson et al., 2007; Su et al., 2018),
poplar (Han et al., 2013b), rice (Chen et al., 2015), and
citrus (Pereira et al., 2018). In Arabidopsis, overexpression of
NF-YA5 improved drought tolerance and micro-array analysis
revealed that oxidative stress-responsive genes are strongly
upregulated upon drought stress (Li et al., 2008). Transgenic
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Arabidopsis plants overexpressing the soybean NF-YA3 gene
exhibited an increased expression of ABA biosynthesis, signaling,
and stress-responsive genes (Ni et al., 2013). While this study
suggested an ABA-dependent signaling resulting in improved
drought resistance, overexpression of NF-YB1 in Arabidopsis also
enhanced plant drought resistance independent of ABA signaling
(Nelson et al., 2007). Besides their role in drought tolerance,
overexpression of NF-Y transcription factors genes also improves
freezing tolerance (Shi and Chan, 2014) and salt stress resistance
(Li et al., 2008).

Photoperiod and Osmotic Stress
Osmotic stress leads to desiccation, due to the high osmotic
potential of saline soils, and inhibits plant growth and
development (Munns, 2002; Mahajan and Tuteja, 2005). To
cope with salinity or osmotic stress, plants have developed
adaptation strategies, such as decreasing the water loss by stomata
closure, decreasing their growth, and activating antioxidant
systems (Munns and Tester, 2008). The salt overly sensitive (SOS)
pathway forms the first line of defense to salt stress in Arabidopsis
plants (Ji et al., 2013). The SOS pathway, which depends on SOS1,
SOS2, and SOS3, has been shown to regulate cellular signaling
during salt stress to achieve ion homeostasis. SOS1 encodes a
Na+/H+-antiporter located at the plant cell plasma membrane,
which is responsible for the efflux of Na+ from the cytoplasm to
the apoplast. SOS1 is activated by the calcium-regulated SOS2-
SOS3 protein kinase complex (Shi et al., 2000; Qiu et al., 2002).

GI has been shown to be a major component of the salt stress
adaptation pathway (Figure 3C; Kim et al., 2013). gi mutants are
salt stress tolerant, while GI overexpression lines are extremely
salt-sensitive. The underlying mechanism was revealed by Kim
et al. (2013). Under non-stress conditions, GI prevents SOS2
from activating SOS1, thereby retaining the SOS system in a
resting state. Upon salt stress, GI is degraded releasing SOS2 for
interaction with SOS3, which causes in turn the activation of
SOS1 to re-establish ion homeostasis (Kim et al., 2013; Park et al.,
2016). No direct effect of the photoperiod on plant performance
under salt stress is known. The involvement of the photoperiod-
sensitive GI in the SOS pathway, however, suggests that the
photoperiod might have a strong impact on salt stress tolerance.

Photoperiod and Biotic Stress
Responses
Increasing evidence indicates that the length of the light
period is also important for the response to diverse biotic
stresses, including the responses to viruses, bacteria, and
fungi (Table 1). The first observations showing that the
photoperiod influences the response to pathogen infection
were from Cecchini et al. (2002). They found that short-
day-grown Arabidopsis (Ler) plants developed stronger disease
symptoms than long-day-grown plants after infection with
cauliflower mosaic virus (CaMV Cabb B-JI), although the virus
replication was even higher under long-day conditions. Later
on, Griebel and Zeier (2008) demonstrated that for Arabidopsis
plants grown in different but constant light-dark cycles, the
early disease resistance of Arabidopsis plants inoculated with

Pseudomonas syringae pv. maculicola (Psm) ES4326 harboring
the avrRpm1 avirulence gene is positively correlated with the
length of the light period, underpinning the importance of the
photoperiod. They also showed that the concentration of salicylic
acid (SA) accumulated in Psm avrRpm1-infected Arabidopsis
leaves, the early expression of the SA-regulated defense gene
PATHOGENESIS-RELATED GENE1 (PR1), and the magnitude
of the hypersensitive response-induced lesion formation are
influenced by the duration of the light period. Long-day-
entrained Arabidopsis plants exposed to constant light were
less susceptible to infections with virulent Hyaloperonospora
parasitica isolate Noco2 (Evrard et al., 2009) or P. syringae pv.
tomato DC3000 (Cortleven et al., 2021). Transferring Arabidopsis
from a short to a long photoperiod enhanced the resistance
to the necrotrophic fungus Botrytis cinerea (Cagnola et al.,
2018) and the hemibiotrophic fungus Pyricularia oryzae (syn.
Magnaporthe oryzae) (Shimizu et al., 2021). In the latter case, the
outcome of early plant–pathogen interactions was influenced by
the length of the photoperiod following inoculation. The plant
resistance to fungus penetration was enhanced, if a light period
followed evening inoculations instead of the normal dark period
(Shimizu et al., 2021).

The length of the light period influences plant responses to
biotic stresses on the transcriptional level. Evrard et al. (2009)
demonstrated that in Arabidopsis plants grown under 14 h
day/10 h night cycles or under the same conditions but followed
by 3 days of darkness, the transcriptional activity mediated by
the hexameric promoter motif FORCA is suppressed by defense-
related stimuli. In contrast, in constant light, the FORCA-
mediated gene expression is enhanced resulting in increased
defense. More generally, Baerenfaller et al. (2015) showed that
the abundance of transcripts for biotic stress responses increased
in Arabidopsis grown under long photoperiods compared to
plants cultivated under short-day conditions. Similarly, Cagnola
et al. (2018) revealed by transcriptome analysis of A. thaliana
transferred from short- to long-day conditions that long
photoperiods enhance the jasmonic acid (JA)-related plant
defense responses.

An improved resistance to biotic stimuli under long
photoperiods is also observed in other plant species than
Arabidopsis. Kenyon et al. (2002) reported that long photoperiods
enhanced the resistance of Rhododendron cv. Elizabeth cut leaves,
as fewer hyphae of the fungus Erysiphe sp. were produced
than under short photoperiods. In tomato plants (Solanum
lycopersicum cv. Ailsa Craig), nightly red light treatment
(replacing the normal dark period and thereby extending
the duration of the total light period) enhanced the plant
resistance against P. syringae pv. tomato DC3000 infection.
The increased resistance was correlated with the accumulation
of SA, increased abundance of defense-related transcripts and
alleviated pathogen-induced cell death (Yang et al., 2015). The
resistance of maize Hm1A seedlings (containing a partial loss-
of-function mutation in the Hm1 gene, encoding HC-toxin
reductase inactivating the HC-toxin produced by Cochliobolus
carbonum, which causes leaf spot in maize) inoculated with
C. carbonum race 1 was enhanced in plants grown after infection
in extended light periods and might correlate to the energy
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TABLE 1 | The photoperiod affects in plants the response to biotic stress.

Plant species Light conditions Plant pathogen Effects under longer photoperiods References

A. thaliana Ler SD-entrained plants (10 h L/14 h D) or
LD-entrained plants (16 h L/8 h D)

Cauliflower mosaic virus Lower susceptibility to infection when plants
were LD-entrained

Cecchini et al.,
2002

Rhododendron cv.
Elizabeth

Cut leaves were infected and incubated
under SD (8 h L/16 h D) or LD (16 h
L/8 h D)

Erysiphe sp. Lower susceptibility to infection when leaves
were incubated under LD

Kenyon et al.,
2002

A. thaliana Col-0 LD-entrained plants (14 h L/10 h D)
transferred to constant light (3 days)

Hyaloperono-spora
parasitica Noco2

Lower susceptibility to infection when
pre-treated with constant light; responsiveness
of the promoter motif FORCA to defense stimuli
is regulated by duration of light period

Evrard et al.,
2009

A. thaliana Col-0 SD-entrained plants (9 h L/15 h D)
infected at different times of the day,
thereby influencing the light availability
after infection

Pseudomonas syringae pv.
maculicola harboring the
avrRpm1 avirulence gene

Lower susceptibility to infection in the morning;
length of light period during early
plant-pathogen interaction determines salicylic
acid production, PR1 accumulation and
formation of hypersensitive response

Griebel and
Zeier, 2008

A. thaliana Col-0 SD-entrained plants (8 h L/16 h D)
transferred to LDs (16 h L/8 h D)

Botrytis cinerea Lower susceptibility to infection when
transferred to LDs; jasmonic acid-related plant
defense responses are enhanced under LDs

Cagnola et al.,
2018

Solanum lycopersicum
cv. Ailsa Craig

Plants entrained in a 12 h L/12 h D
photoperiod treated with nightly red
light replacing the normal dark period
and thereby extending the total light
period

Pseudomonas syringae pv.
tomato DC3000

Lower susceptibility to infection; the enhanced
plant defense correlated with the accumulation
of salicylic acid, the transcriptional induction of
defense-related genes and alleviation of
pathogen-induced cell death

Yang et al.,
2015

Zea mays Hm1A Plants entrained in a 12 h L/12 h D
photoperiod were infected and
subsequently exposed to the 12 h
L/12 h D photoperiod or to LDs (18 h
L/6 h D)

Cochliobolus carbonum
race 1 (CCR1)

Lower susceptibility to infection when
transferred to LDs (compared to plants kept in
12 h L/12 h D photoperiods)

Marla et al.,
2018

Fragaria ananassa cv.
Elsanta

Plant leaf discs were infected and
incubated in presence or absence of
light

Botrytis cinerea Lower susceptibility to infection when leaf discs
were incubated in light; red light incubation
further decreased the susceptibility

Meng et al.,
2020

A. thaliana Col-0 SD-entrained plants (8 h L/16 h D)
transferred 24 h or 8 h prolonged light
period

Pseudomonas syringae pv.
tomato DC3000

Lower susceptibility to infection when
pre-treated with prolonged light periods

Cortleven et al.,
2021

Brassica juncea Entrainment of plants in four different
photoperiods (SD with 8 h L/16 h D;
12 h L/12 h D; LD with 16 h L/8 h D;
constant light)

Alternaria brassicicola Lower susceptibility to infection when grown in
12 h L/12 h D or in constant light photoperiods;
largest necrosis after infection were observed in
LD-entrained plants

Macioszek
et al., 2021

A. thaliana Col-0 SD-entrained plants (9 h L/15 h D)
infected at different times of the day;
subsequent transfer to constant light or
darkness

Pyricularia oryzae syn.
Magnaporthe oryzae

Lower susceptibility to infection when the
infection was followed by a light period

Shimizu et al.,
2021

status of the plant (Marla et al., 2018). Similarly, strawberry
(Fragaria ananassa cv. Elsanta) plants inoculated with B. cinerea
developed stronger disease symptoms, if plants were transferred
to darkness after infection compared to plants kept under their
normal light conditions (Meng et al., 2020). Macioszek et al.
(2021) observed that growth under short-day conditions results
in increased necrosis formation in Brassica juncea plants infected
with the necrotrophic fungus Alternaria brassicicola.

Overall, these publications clearly highlight the importance
of the duration of the photoperiod in plant responses to diverse
biotic stresses. Generally, a longer photoperiod causes increased
biotic stress resistance. Whether this is causally linked to an
improved energy state of the plants under longer photoperiods
has not been discussed in the above-mentioned publications,
but would be an interesting direction for future research. The
role of another parameter influenced by the length of the

photoperiod, the plant redox state, will be discussed in the
following chapter.

PHOTOPERIOD AND THE PLANT REDOX
STATE

A possible reason for the impact of the photoperiod on
responses to diverse stresses is its regulatory influence on
the plant redox state (for review see Shim and Imaizumi,
2015). The plant redox state and regulation of redox reactions
are connected with levels of reactive oxygen species (ROS).
ROS have previously been considered only as toxic by-
products of aerobic metabolism, but recent research highlights
their importance as plant signaling molecules (for review
see Mittler, 2017). In addition, ROS cause post-translational
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modifications of cysteine residues in redox-sensitive proteins
and thus interfere with the redox regulatory network of the
cell allowing fast responses of plants to environmental cues
(Cejudo et al., 2021).

ROS include several oxygen-containing molecules, such as
singlet oxygen (1O2), superoxide (O2

−), hydroxyl radicals
(OH−), and hydrogen peroxide (H2O2) (Shim and Imaizumi,
2015; Mittler, 2017). Of these, especially H2O2 levels are regulated
by the photoperiod. In the algae Chlamydomonas reinhardtii,
elevated H2O2 levels in the presence of light result from
slower H2O2 degradation due to light-dependent inactivation of
catalases (Shao et al., 2008). Similar observations were made in
rye (Secale cereale) leaves (Hertwig et al., 1992).

Experiments with Arabidopsis catalase2 (cat2) mutants
exposed to different day lengths were particularly informative
about the influence of the photoperiod on oxidative stress
responses. The photoperiod, in which the cat2 mutants are
grown, is decisive for the oxidative stress response and regulates
H2O2-induced gene expression as well as the severity of the
cell death phenotype (Queval et al., 2007; Chaouch et al.,
2010; Shim and Imaizumi, 2015). While short-day-grown cat2
mutants do not display any lesions, lesion formation is visible
in long day-grown cat2 mutants pointing to elevated H2O2
levels. Further analysis revealed that increased peroxisomal H2O2
in cat2 triggers pathogen defense responses and enhances the
plants’ resistance in a photoperiod-dependent manner. Also
lesion simulating disease1 (lsd1) mutants formed lesions only
in long photoperiods (Mateo et al., 2004; Shim and Imaizumi,
2015). LSD1 is a catalase-interacting protein, regulating catalase
activity, as a consequence, catalase activity is decreased in lsd1
mutants. LSD1 and CATALASE genes interact genetically and
their encoded proteins are part of a protein complex, which plays
an important role in regulating programmed cell death (PCD)
(Li et al., 2013).

Similar as observed for catalase, also other enzymes involved
in ROS detoxification including ascorbate peroxidase and
NAD-malate dehydrogenase showed in Arabidopsis a higher
activity under long photoperiods (Becker et al., 2006). GI
was shown to be a negative regulator of the expression of
genes encoding enzymes detoxifying ROS. Indeed, the increased
tolerance of gi-3 mutants to oxidative stress is caused by the
constitutive activation of SUPEROXIDE DISMUTASE (SOD) and
ASCORBATE PEROXIDASE (APX) genes (Cao et al., 2006).

Together these publications support a photoperiod-dependent
regulation of the plant redox state. Photoperiod sensing is linked
to redox regulation, allowing efficient light usage and redox
balancing in short days and preventing oxidative damage in
long days (Becker et al., 2006). Especially catalases but also SOD
and APX seem to be important factors exerting photoperiod
information on redox regulation (Shim and Imaizumi, 2015).

CHANGES IN THE PHOTOPERIOD
CAUSE STRESS

Sudden changes in the photoperiod, in particular its
prolongation, cause photoperiod stress in short-day-adapted

A. thaliana plants (Nitschke et al., 2016, 2017; Figure 4). The
photoperiod stress response, which was originally observed after
a prolongation of the light period by 24 h, is characterized by a
typical course of events: During the night following an extended
light period, the expression of stress marker genes, such as ZINC
FINGER of ARABIDOPSIS THALIANA12 (ZAT12) and BON
ASSOCIATED PROTEIN1 (BAP1), is induced, the concentration
of the stress hormones JA and SA increase and oxidative stress
occurs. The nightly increase in oxidative stress coincides with a
strong decrease in the ascorbic acid (ASC) redox state and the
formation of peroxides. The peroxide formation is associated
with an increase of PEROXIDASE (PRX) gene expression as well
as enhanced PRX and decreased catalase activities (Abuelsoud
et al., 2020). During the next day, the photosystem II maximum
quantum efficiency decreases, and eventually PCD ensues in the
leaves (Nitschke et al., 2016, 2017).

Photoperiod stress was first noted in cytokinin (CK)-
deficient Arabidopsis plants, which show a particularly strong
stress response. Among the CKs, especially trans-zeatin has
a protective function acting through the ARABIDOPSIS
HISTIDINE KINASE3 (AHK3) receptor and the transcriptional
regulators ARABIDOPSIS RESPONSE REGULATOR2 (ARR2),
ARR10, and ARR12 (Figure 4; Frank et al., 2020). Certain clock
mutants (e.g., cca1 lhy, elf3) also show a stronger molecular

FIGURE 4 | Photoperiod stress in Arabidopsis. Changes in the photoperiod,
i.e., prolongation of the light period, result in a photoperiod stress syndrome,
which is characterized by induction of stress response genes, ROS
production, accumulation of jasmonic acid (JA) and salicylic acid (SA), and
eventually programmed cell death (PCD). Both, cytokinin (CK) (mostly
trans-zeatin) and CCA1/LHY are negative regulators of photoperiod stress.
Photoperiod stress elicits a transcriptional response that resembles the
response to ozone stress and pathogen infection. The resistance to an
infection with P. syringae pv. tomato DC3000 is increased after a preceding
photoperiod stress event. For more detailed information about the different
pathways, please refer to sections “Changes in the Photoperiod Cause
Stress” and “Photoperiod Stress Elicits a Similar Response as Pathogen
Infection.” The figure has been adapted from Roeber et al. (2021).
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and phenotypical response to sudden prolongations of the
photoperiod. Both photoperiod stress-sensitive clock mutants
and CK-deficient plants have a lower expression or impaired
function of CCA1 and LHY, two key regulators of the circadian
clock. This indicates that a functional clock is required to cope
with photoperiod stress (Figure 4; Nitschke et al., 2016, 2017).

In short-day-entrained Arabidopsis plants, a prolongation of
the light period by only 4 h is sufficient to induce the production
of ROS and the expression of stress marker genes during the
following night. Longer prolongations of the light phase induce
a gradually stronger stress response, which indicates that light
duration has an impact on the strength of the photoperiod stress
response (Abuelsoud et al., 2020). Shorter prolongations of the
light period, which cause lower stress levels, are perceived as
not harmful and may present a beneficial stress (eustress), while
higher stress levels (by longer prolongations) induce a true stress
(distress) (Krasensky-Wrzaczek and Kangasjarvi, 2018).

PHOTOPERIOD STRESS ELICITS A
SIMILAR RESPONSE AS PATHOGEN
INFECTION

RNA-seq analysis of 5-weeks-old short-day grown Arabidopsis
plants exposed to a 24 h-prolongation of the light period
revealed that photoperiod stress causes massive time-dependent
transcriptomic changes during the night following the prolonged
light period (Cortleven et al., 2021). Among the photoperiod
stress-responsive genes are numerous genes related to ROS. The
photoperiod stress transcript profile resembles that caused by
ozone stress and pathogen attacks, which commonly elicit an
apoplastic oxidative burst. Moreover, both SA and camalexin
levels increased and transcript levels of genes involved in
SA biosynthesis, such as ISOCHORISMATE SYNTHASE1
(ICS1), and genes involved in SAR, such as PATHOGENESIS
RELATED1 (PR1) were induced by photoperiod stress
(Cortleven et al., 2021).

Interestingly, photoperiod stress pre-treated wild-type plants
showed less P. syringae pv. tomato DC3000 colony-forming
units after infection in comparison to non-photoperiod stress-
treated plants. This indicates that not only similar molecular
pathways are activated in response to photoperiod stress and
pathogen attack, but that photoperiod stress pre-treatment
leads to improved pathogen immunity in Arabidopsis plants
without an actual pathogen attack (Cortleven et al., 2021).
Other reports support this conclusion. In tomato, it was
shown that nightly red light treatment improved the resistance
against P. syringae pv. tomato DC3000 (Yang et al., 2015). The
improved resistance was associated with increased SA levels and
the induction of defense-related genes, which is typical of a
photoperiod stress response (Cortleven et al., 2021). The transfer
of short-day-grown Arabidopsis plants to long-day conditions,
causing essentially photoperiod stress by 8 h light prolongation,
resulted in an improved resistance against B. cinerea (Cagnola
et al., 2018). Prolonged light exposure due to transfer from
short to long days resulted in lower nuclear abundance of
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), thereby

leading to stabilization of DELLA proteins and increased
expression of the JA-signaling gene JASMONATE INSENSITIVE1
(MYC2) (Cagnola et al., 2018). Exposure of maize to a prolonged
light period increased resistance against C. carbonum race 1
(Marla et al., 2018). These studies indicate that the response
to photoperiod stress is conserved among different plant
species and that it has similar effects on pathogen resistance.
Future research needs to identify the specific mechanisms
conferring the improved pathogen resistance in photoperiod
stress-treated plants.

CONCLUSION AND FUTURE RESEARCH
PERSPECTIVES

The photoperiod provides plants with information to
synchronize their developmental program with the prevailing
season. It is used to match the optimal conditions for offspring
production and to alleviate the threats of seasonal stresses
occurring at the same time every year. In this review, we have
summarized the complex photoperiod sensing mechanisms
(Figures 1, 2) and especially focussed on the role of the
photoperiod in plant responses to cold, drought, osmotic and
biotic stresses (Figure 3 and Table 1). While the molecular
mechanisms of photoperiod-dependent regulation of cold,
drought, and osmotic stress are at least partly elucidated,
the impact of the photoperiod on biotic stress responses
remains descriptive.

Recent studies (Nitschke et al., 2016, 2017) revealed that a
sudden prolongation of the photoperiod causes a new form
of abiotic stress, namely photoperiod stress, resulting in a
nightly ROS accumulation in the apoplast and a stress response
resembling pathogen infection (Abuelsoud et al., 2020; Cortleven
et al., 2021). Photoperiod stress signals might have an adaptive
value, for example by acting as a priming agent, which improves
the plants’ performance to future stresses. The ecological
relevance of photoperiod stress needs to be unveiled. It has been
hypothesized that changes in intensity and ratios of wavelength
during dawn and dusk that depend on weather conditions
may modulate the output of the photoperiod sensing system
(Abuelsoud et al., 2020), but the experimental proof is missing.

In view of the impact of the photoperiod on plant
responses to pathogens, it may be envisaged that controlled
changes of the photoperiod have a perspective for application
in greenhouse farming. In these controlled environmental
conditions the duration, intensity and wavelength composition
of the illumination can be precisely regulated by light-emitting
diodes (LEDs), which holds the potential to improve crop yield
and quality (Jones, 2018; Lazzarin et al., 2021). LEDs can also be
used for pest management. Several studies showed the influence
of the light environment in greenhouses (including the length
of the photoperiod and light quality) (for review, see Gallé
et al., 2021; Lazzarin et al., 2021), on plant resilience against
pathogens such as B. cinerea in strawberries (Meng et al., 2020)
or tomatoes (Yang et al., 2015). Understanding how supplemental
light through LEDs acts on plant growth and defense may lead to
novel sustainable horticultural methods for pest management.
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Fluctuations in environmental conditions greatly influence life on earth. Plants, as sessile
organisms, have developed molecular mechanisms to adapt their development to
changes in daylength, or photoperiod. One of the first plant features that comes to
mind as affected by the duration of the day is flowering time; we all bring up a clear
image of spring blossom. However, for many plants flowering happens at other times
of the year, and many other developmental aspects are also affected by changes in
daylength, which range from hypocotyl elongation in Arabidopsis thaliana to tuberization
in potato or autumn growth cessation in trees. Strikingly, many of the processes affected
by photoperiod employ similar gene networks to respond to changes in the length of
light/dark cycles. In this review, we have focused on developmental processes affected
by photoperiod that share similar genes and gene regulatory networks.

Keywords: photoperiod, growth, flowering, stomata, adaptation, growth cessation, tuberization, runner

INTRODUCTION

The Earth’s rotation on its axis and revolution around the sun create cycles of day and night with a
24-h period as well as changes in temperature and humidity with a 365-day period. These periodic
alterations in environmental conditions (light duration and intensity, ambient temperature) are
modest in tropical and subtropical regions, where changes in precipitation determine the two main
seasons (e.g., dry and wet), but are considerable in temperate regions, where changes in the length
of the day and ambient temperature determine the four seasons – Long Days (LDs) in spring and
hot summer, and Short Days (SDs) in autumn and cold winter.

Compared to temperature, daylight is a more predictable external cue that enables organisms
to anticipate seasonal changes and modulate their biological function consequently. The length
of the light period over 24 h, also named photoperiod, regulates many aspects of plant growth.
For example, trees stop growing when days shorten in autumn foreseeing the arrival of cold
winter. There are more examples of developmental traits regulated by changes in photoperiod,
some discussed in this review. Their importance in plant development and plant adaptation
to specific habitats promoted scientific research about the molecular mechanisms underlying
photoperiodic response.

Light/dark cycles and hot/cold cycles entrain the circadian clock, defined as the internal timer
synchronized with solar time that oscillates with a stable phase of approximately 24 h.
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Light is perceived by photoreceptors that sense different
wavelengths of the natural sunlight spectrum (reviewed in Lin,
2000), which then transmit this information to the central
oscillator of the circadian clock – made of interconnected
molecular gears that generates a 24 h rhythm. Components of
the circadian clock are encoded by regulatory genes that are
activated at specific time points, such as morning-phased genes
at the beginning of the light period or evening-phased genes at
the beginning of the dark period. These regulatory proteins form
multimeric complexes, which act in multiple feedback loops that
in turn affect the expression of downstream targets at different
moments, from sunrise to sunset and during the night.

Genetic determinants underlying light perception and the
mechanism of the clock have been extensively characterized in the
model species Arabidopsis thaliana, and then identified in other
plants such as rice and potato.

In Arabidopsis, five phytochrome family members (phyA to
phyE) represent the major photoreceptors that sense red and
far-red light (Clack et al., 1994). Phytochromes are localized
in the cytosol in their inactive form but are translocated to
the nucleus in their active forms, where they associate with
different regulatory proteins, including the PHYTOCHROME
INTERACTING FACTORS (PIFs, Matsushita et al., 2003).

Genes encoding the MYB-like transcription factors
CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE
ELONGATED HYPOCOTYL (LHY) are expressed at dawn
(Schaffer et al., 1998; Wang and Tobin, 1998). CCA1
and LHY proteins interact to form the morning complex,
which regulates the expression of genes encoding PSEUDO-
RESPONSE REGULATOR (PRR) proteins (Alabadí et al.,
2001; Farré et al., 2005; Lu et al., 2009; Kamioka et al., 2016).
In particular, CCA1-LHY repress the key element of the
central oscillator PRR1/TIMING OF CAB EXPRESSION 1
(TOC1) at the beginning of the light period (Alabadí et al.,
2001; Nakamichi et al., 2010; Gendron et al., 2012). Other
PRR genes peak sequentially throughout the day: PRR9 at
dawn, PRR7/PRR5/PRR3 in the afternoon and TOC1 at dusk
(Nakamichi et al., 2005a,b). During the night, TOC1 represses
the expression of CCA1 and LHY (Alabadí et al., 2001).

The morning complex also represses the expression of
genes encoding components of the evening complex such as
GIGANTEA (GI, Fowler et al., 1999; Berns et al., 2014), EARLY
FLOWERING 3 (ELF3, Hicks et al., 1996; Covington et al.,
2001) and ELF4 (Doyle et al., 2002). The evening complex
suppresses PRR9, restricting its expression to the early morning
(Chow et al., 2012).

In summary, light perception triggers a cascade of molecular
events that activate circadian clock associated genes at different
times of the day (Pokhilko et al., 2012). Also, seasonal fluctuations
in external conditions represent the input information that
adjusts the circadian clock year-round. Thus, this mechanism
measures the length of the daylight (and ambient temperature)
to trigger seasonal responses. Ultimately, the clockwork regulates
the diurnal oscillations of the transcription of many output genes
that control several developmental and physiological processes
underlying the adaptation of an organism – animals and plants –
to a changing environment (reviewed by Nohales and Kay, 2016).

In plants, photoperiod integrates the circadian clock output
information and the light perception to regulate plant adaptation
to different light regimes. Accordingly, plants modulate their
growth in response to seasonal changes and synchronize key
developmental transitions with favorable conditions to sustain
their ecological fitness (i.e., survival of adult organisms able
to produce progeny before their death). Different photoperiods
regulate different developmental transitions; for example, in
poplar trees LDs trigger vegetative growth in spring while SDs
promote growth cessation in autumn. On the other hand, the
same developmental process could be regulated by different
photoperiods in different plants; a good example is the transition
from the vegetative to reproductive phase (also called the
floral transition), because some plants growing in temperate
regions flower when days are long whereas other plants growing
in tropical regions prefer SD or even neutral days (12 h
light/12 h dark) to develop reproductive structures. Hence,
photoperiod controls several developmental stages throughout
the plant life cycle.

In this review, we focus on processes that share genes and
gene regulatory networks (GRNs) rather than those that are
regulated by completely different mechanisms or without detailed
molecular/genetic studies.

PHOTOPERIODIC CONTROL OF
HYPOCOTYL ELONGATION IN
Arabidopsis

Upon seed germination, the elongation of the hypocotyl (i.e.,
the stem of a germinating seedling in dicotyledonous plants)
is one of the earliest processes affected by photoperiod.
Molecular mechanisms underlying this developmental
step have been extensively studied in Arabidopsis, which
displays short hypocotyls when grown under LDs but long
hypocotyls under SDs.

The regulation of hypocotyl growth relies on the activity
of PIF4 and PIF5, two basic helix-loop-helix (bHLH)
transcription factors which protein abundance is controlled
by the photoreceptor phyB that mediates PIFs degradation
during the day through the 26S proteasome (Huq and Quail,
2002). Several studies indicate that the hypocotyl elongates in the
dark period, consistent with higher accumulation and activity of
PIFs before dawn (Nozue et al., 2007).

Under SD, PIFs promote hypocotyl growth at the end of
the long night, when they form dimers and bind to regulatory
elements of target genes involved in cell expansion and auxin
signaling (Khanna et al., 2004; Kunihiro et al., 2011; Hornitschek
et al., 2012; Zhang et al., 2013). PIFs also activate CYCLING
DOF FACTOR 1 (CDF1) and CDF5, two transcription factors
belonging to the DNA-binding with One Finger (DOF) family,
that in turn promote the expression of YUCCA8 (YUC8), an
important auxin biosynthetic gene (Martín et al., 2018).

Components of the circadian clock also regulate the
daily oscillation in PIFs expression and PIF protein stability.
The Evening Complex in association with PRRs represses
PIF4/PIF5 transcription until early night (Matsushika et al., 2000;
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Nakamichi et al., 2005a,b; Nusinow et al., 2011). Unlike
PIFs, PRRs repress the expression of CDFs during the day,
thus preventing hypocotyl elongation in the light period
(Martín et al., 2018).

Hypocotyl elongation is also controlled by the phytohormone
Gibberellic Acid (GA) through the degradation of DELLA
proteins, negative regulators of growth able to interact with
PIFs. During the light period, DELLA protein levels are high
and sequester PIFs: the formation of inactive complexes hinders
PIF binding to target genes. During the dark period, GA
accumulation triggers DELLA degradation, allowing the release
of PIFs. Thus, PIFs accumulate in the nucleus at night and
activate downstream genes involved in hypocotyl growth before
dawn (Davière et al., 2008; De Lucas et al., 2008; Feng et al., 2008).

PHOTOPERIODIC CONTROL OF
SEASONAL FLOWERING IN ANNUAL
PLANTS

Besides germination and seedling establishment, the transition
from the vegetative to the reproductive phase represents a
critical step for the reproductive success of flowering plants.
Floral induction must occur at the most favorable season
to guarantee the highest production of seeds and survival
of the offspring. This phase change is economically relevant
in seed crops as it determines grain yield, an important
agronomic trait. Accordingly, both precocious and delayed
flowering should be avoided as they might cause yield losses.
Early flowering plants fail to store enough energy for seed
development due to insufficient growth of photosynthetic organs;
conversely, late flowering plants are vigorous, but fertility can
be affected if seed maturation takes place in adverse weather
conditions. Therefore, plants should synchronize leaf and flower
development with environmental conditions to optimize the
timing of the formation of reproductive organs.

Multiple genetic determinants control the switch from
vegetative to reproductive growth by integrating external cues
and internal signals. Before floral transition, the plant undergoes
the juvenile-to-adult transition when it reaches the competence
to flower in response to inductive environmental conditions.
Although photoperiod is one of the major environmental stimuli,
others such as ambient/seasonal temperatures together with
endogenous conditions (e.g., plant age, accumulation of sugars,
and hormones) contribute to finely tune the floral induction.

Control of flowering time has been massively studied in
Arabidopsis thaliana. Nevertheless, research conducted in many
other species - including monocotyledonous plants - has shown
that GRNs controlling the floral transition are mostly conserved,
albeit with some variations that account for the peculiarities of
the different plant species examined.

Photoperiodic Flowering Under Long
Days in the Model Species Arabidopsis
Arabidopsis is a facultative LD plant, meaning that although it
can bloom in SDs it flowers much more rapidly when days are

long (e.g., 16 h light/8 h dark). The length of the day is sensed
in the leaf, but the floral induction takes place in the shoot apex
(reviewed by Zeevaart, 2009). The transition to flowering involves
the existence of a florigen – a mobile signal that travels from the
leaf to the Shoot Apical Meristem (SAM) through the phloem
(Zeevaart, 1976; Kinoshita and Richter, 2020).

Among hundreds of flowering time genes described to date
(Kinoshita and Richter, 2020), CONSTANS (CO) is one of
the most studied regulators acting in photoperiodic flowering.
The expression of the CO gene oscillates with the circadian
rhythm and is activated in the leaf upon LD perception (Putterill
et al., 1995; Suárez-López et al., 2001). CO is only capable to
promote flowering under LD, when the peak of CO mRNA
expression occurring at the end of the daytime coincides with the
stabilization of CO protein mediated by light (Suárez-López et al.,
2001; Valverde et al., 2004).

Several circadian clock-associated proteins, previously
described as regulators of hypocotyl growth, were also found to
control CO at transcriptional or post-translational level.

Under LDs, members of the CDF family act as floral repressors
by inhibiting CO expression in the first part of the light period
(Fornara et al., 2009). In particular, CDF1 negatively regulates
CO in the morning by interacting with the TOPLESS (TPL)
co-repressor (Causier et al., 2012; Goralogia et al., 2017). The
combination of multiple mutations in CDFs genes leads to
photoperiod insensitiveness and early flowering caused by CO
upregulation (Fornara et al., 2009).

Conversely, PRR5/PRR7/PRR9 act as floral activators by
repressing CDF1 in the afternoon (Nakamichi et al., 2007).
Functional PRRs promote flowering under inductive conditions
by indirectly activating CO expression but they also contribute
to the accumulation of CO protein in the light period (Hayama
et al., 2017). By contrast, defective PRRs reduce photoperiodic
sensitivity: loss of PRR function causes CO downregulation,
which leads to late flowering under LD but not under SD (Sato
et al., 2002; Yamamoto et al., 2003; Nakamichi et al., 2005a,b,
2007).

In a similar way, the clock associated proteins GI and Flavin-
binding Kelch repeat F box 1 (FKF1) positively regulate flowering
mostly by preventing the action of repressors on CO. Actually, GI
and FKF1 form a complex that mediates the ubiquitin-dependent
degradation of CDF1 in the late afternoon, resulting in the
transcriptional activation of CO at dusk (Imaizumi et al., 2005;
Sawa et al., 2007).

In the opposite way, ELF3 and ELF4 negatively regulate
flowering by forming different protein complexes that in turn
affect the expression of genes of the core and output of
the circadian clock (nicely reviewed in Zhao et al., 2021).
Interestingly, the evening complex of the circadian clock
represses GI expression, ELF3 promotes GI degradation, and
ELF4 removes GI from the CO promoter (Yu et al., 2008; Kim
et al., 2013; Ezer et al., 2017; Park et al., 2019).

Photoreceptors also contribute to the regulation of flowering
time (Bagnall et al., 1995). PHYA stabilizes CO whereas PHYB
plays the opposite role (Valverde et al., 2004). PHYB also impairs
PIF function (Al-Sady et al., 2006; Goyal et al., 2016) that, in
addition to their role in hypocotyl elongation, have been shown
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to integrate light and temperature perceptions. PIF4, PIF5, and
PIF7 promote flowering at warm ambient temperatures or in
response to the shade avoidance syndrome (Kumar et al., 2012;
Fernández et al., 2016; Galvāo et al., 2019; Silva et al., 2020).
Interestingly, PIFs are regulated by ELF3; PHYB stabilizes ELF3,
and ELF3 interacts with PIF4 and PIF7 to impair the binding
to their targets (Xing et al., 2001; Nieto et al., 2015; Jiang et al.,
2019).

CONSTANS is a B-box (BBX) Zinc Finger transcription factor
whose activity is also regulated by protein-protein interactions
with other circadian regulated BBX proteins. For example, BBX19
interacts with CO and depletes the active CO pool (Wang et al.,
2014), and BBX microProteins miP1a and miP1b likely act as
bridge between CO and TPL in a repressor complex which results
in the incapability of florigen activation (Graeff et al., 2016).

The Florigen in Arabidopsis
CONSTANS activates the expression of the floral promoter
FLOWERING LOCUS T (FT) in leaf vascular tissue in LDs
(Suárez-López et al., 2001; Takada and Goto, 2003; Valverde
et al., 2004). The fact that the constitutive expression of CO
and FT confers very early flowering phenotype while their loss
of function causes extremely late flowering (but only in LDs)
suggested that these two genes might control the first moments
of the floral induction in response to photoperiod (Kardailsky
et al., 1999; Kobayashi et al., 1999). Nevertheless, the activation
of CO and FT happens in the leaf but not in the SAM in wild-
type plants. The circle was rounded when the FT protein was
identified as the long-distance signaling molecule able to induce
flower development in the shoot apex (Corbesier et al., 2007;
Jaeger and Wigge, 2007; Mathieu et al., 2007).

The FT gene encodes a small globular protein belonging to
the Phosphatidyl Ethanolamine Binding Protein (PEBP) family
(Kardailsky et al., 1999; Kobayashi et al., 1999). As FT is not
itself able to bind DNA, it interacts with FD, a bZIP transcription
factor present at the SAM (Abe et al., 2005; Wigge et al., 2005),
and this association is mediated by 14-3-3 proteins (Abe et al.,
2019; Collani et al., 2019). The formed regulatory complex - also
known as Florigen Activation Complex (FAC) – first activates
SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) and
APETALA1 (AP1), two genes of the MADS-box family involved
in floral meristem identity, by directly binding their promoters
(Simon et al., 1996; Samach et al., 2000; Moon et al., 2005; Yoo
et al., 2005). Similar to FT, the closely related gene TWIN SISTER
OF FT (TSF) is activated by CO and the encoded protein acts as
a long-range signal traveling to the SAM where it also interacts
with FD (Samach et al., 2000; Yamaguchi et al., 2005; Jang et al.,
2009).

Bioactive GAs act as another signal that affects flowering under
LDs, but it is under non-inductive SDs that they play a more
evident role in floral induction (Mutasa-Göttgens and Hedden,
2009) when CO is almost completely inactive. DELLAs inhibit
the action of floral activators through protein interactions, thus
affecting transcriptional activation of the floral integrators (FT,
TSF, and SOC1) and consequently flowering time under both LDs
and SDs (Wang et al., 2016; Xu et al., 2016).

Negative Regulators of the Floral
Transition in Arabidopsis
Floral repressors prevent precocious flowering and guarantee a
vegetative phase long enough to accumulate necessary energy
reserves for flower and seed production (Boss et al., 2004). Besides
the CO repressors CDFs and ELFs, additional factors have been
described that directly regulate the florigens (reviewed in Yant
et al., 2009; Kinoshita et al., 2020). Among others, two members
of the Related to ABI3 and VP1 (RAV) family of transcription
factors – named TEMPRANILLO1 (TEM1) and TEM2 – repress
flowering under different conditions (Castillejo and Pelaz, 2008;
Osnato et al., 2012; Marín-González et al., 2015; Aguilar-Jaramillo
et al., 2019), but in the photoperiod pathway TEM proteins
counteract CO activity in a quantitative balance to tightly control
FT expression (Castillejo and Pelaz, 2008). Also, TEMs seem
to interact with TPL and TPL-related (TPR) proteins, and this
interaction may confer their repressive activity (Causier et al.,
2012). However, further experiments are needed to assess this
association requirement for TEM function.

In wild-type plants, TEM expression levels are high at early
stages of vegetative growth but progressively decay to a minimum
at the time of floral transition, thus allowing the activation of FT
by CO (Castillejo and Pelaz, 2008). Thus, TEM expression pattern
suggests that the balance between TEM and CO activities might
be modulating FT transcription and consequently adjusting the
timing of the floral transition under LD. Besides, as both CO
and TEM are regulated by the circadian clock, they could be
acting on FT at the same level but antagonistically. Supporting
this hypothesis, an impaired balance between the activator
and the repressor results in an according variation of the FT
transcripts levels and alterations of flowering time. In transgenic
plants growing in LD, accumulation of the floral activator CO
(in overexpression/gain of function lines) has the same effect
on flowering as the removal of the floral repressors TEM (in
loss of function mutants), obtaining a precocious flowering
phenotype. In the same way, plants with reduced levels of both
CO and TEM flower at the same time as wild type plants
(Castillejo and Pelaz, 2008).

CONSTANS physically associates with NUCLEAR FACTOR Y
(NF-Y) proteins, which bind CCAAT sequences present in the FT
promoter. This binding results in a chromatin loop that brings
enhancers present in distal elements close to two CO Responsive
Elements (CORE1 and 2) found near the transcription start site
of FT (Adrian et al., 2010; Tiwari et al., 2010). NF-Y proteins
help recruitment of CO to regulatory sequences in proximal
elements that are essential to activate the transcription of FT
(Cao et al., 2014). Strikingly, TEM proteins recognize a RAV
binding site located in the 5′UTR of FT, very close to the
CORE elements bound by CO (Castillejo and Pelaz, 2008; Cao
et al., 2014). This may account for the proposed TEM/CO
competition for the FT binding sites. Alternatively, TEM binding
may affect the FT chromatin loop and therefore interfere with its
transcriptional activation.

Circadian clock output pathway that promotes photoperiod-
dependent flowering comprises the antagonistic CO and TEM
activities (Castillejo and Pelaz, 2008). Hence, FT levels are the
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result of a quantitative balance between the respective promoter
and repressive activities in the leaf. Nevertheless, TEM genes are
also expressed in the SAM and their specific downregulation in
the shoot apex results in early flowering phenotype, suggesting
that FT is also repressed in this domain (Osnato et al., 2012).
Intriguingly, the FT repressive function of CO-miP1a7b-TPL
mentioned above (Graeff et al., 2016) seems to be limited to the
SAM (Rodrigues et al., 2021). Therefore, FT could be actively
repressed at the SAM to avoid floral transition before LDs have
been sensed in leaves.

The diurnally regulated MADS-domain protein SHORT
VEGETATIVE PHASE (SVP) is another important floral
repressor (Hartmann et al., 2000; Fujiwara et al., 2008; Jang
et al., 2009). At low temperatures, SVP represses FT indirectly
through activation of TEM2 (Marín-González et al., 2015)
as well as directly through interaction with two related
MADS-domain proteins – FLOWERING LOCUS C (FLC) and
FLOWERING LOCUS M (FLM).

FLOWERING LOCUS T repression is mediated by SVP-FLC
during the vernalization process (Li et al., 2008; Mateos et al.,
2015) and by SVP- FLM in response to changes in ambient
temperature (Lee et al., 2013; Posé et al., 2013). Interestingly,
the FLM is subjected to alternative RNA splicing that generates
two splice forms depending on the external conditions: plants
growing in cooler environments accumulate FLMβ, a protein
variant that contains the DNA binding domain; plants growing
in warmer environments accumulate FLMδ, a protein variant
that lacks the DNA binding domain. As a result, the SVP- FLMβ

complex delays the floral transition at low ambient temperature
by directly repressing FT; by contrast, the SVP- FLMδ complex
fails to bind FT regulatory regions, thus accelerating flowering at
elevated ambient temperature (Lee et al., 2013; Posé et al., 2013).

Instead, loss of function mutations in SVP result in early
flowering and reduced sensitivity to photoperiod or ambient
temperature (Jeong et al., 2007).

The function of the floral repressors TEM and SVP could
be prevented by the interaction with the floral activator GI,
found to bind sequences of the FT promoter in proximity of
SVP and TEM binding sites (Sawa and Kay, 2011). Besides
CO activation, GI might promote flowering also by impeding
accessibility of floral repressors to FT regulatory regions
and/or by perturbing their repressive activity through physical
association (Sawa and Kay, 2011).

SHORT VEGETATIVE PHASE and TEMs also control
flowering time by negatively regulating GA biosynthetic genes:
SVP represses GA20OXIDASE2 (GA20OX2) (Andrés et al., 2014)
while TEM1 directly represses GA3OXIDASE1 (GA3OX1) and
GA3OX2 (Osnato et al., 2012).

Other key regulators of the photoperiod pathway are
APETALA2 (AP2) and AP2-related proteins – SCHLAFMUTZE
(SMZ), SCHNARCHZAPFEN (SNZ) and TARGET OF EARLY
ACTIVATION TAGGED 1 (TOE1), TOE2, and TOE3 – that
negatively regulate the floral transition by interacting with TPL
(Aukerman and Sakai, 2003; Schmid et al., 2003; Jung et al.,
2007; Mathieu et al., 2009; Yant et al., 2010). The expression of
these AP2-like genes is regulated by microRNA172 (miR172),
which independently controls the juvenile to adult transition

(Wu et al., 2009) and the floral induction in leaves (Aukerman
and Sakai, 2003; Jung et al., 2007; Mathieu et al., 2009).

The synthesis of mature miR172 relies on five MIR172 genes
(A to E), recently shown to play common and divergent roles
under different conditions (Lian et al., 2021; Ó’Maoiléidigh et al.,
2021). Specifically, MIR172A/B/D also act in the SAM to control
the floral transition under SDs (Ó’Maoiléidigh et al., 2021) and
MIR172A/D under LDs (Lian et al., 2021).

miR172 abundance is negatively regulated by the floral
repressors SVP and TEM. SVP represses miR172 via direct
binding to pri-miR172a (Cho et al., 2012) whereas TEM1 binds a
regulatory region of the MIR172C gene. In addition to MIR172C,
MIR172A and MIR172B are also downregulated in tem double
mutants (Aguilar-Jaramillo et al., 2019).

Conversely, miR172 expression is promoted by GI (Jung et al.,
2007), showing that GI regulates flowering time also by affecting
miR172 expression.

Because floral induction is key for plants species survival, the
regulatory sequences of genes encoding key floral activators (CO,
FT/TSF) have been subjected to natural variation in order to
adapt to the environment (Liu et al., 2014; Rosas et al., 2014; Bao
et al., 2019).

Flowering Time Genes and Stomata
Functioning in Arabidopsis
Stomata are specialized cell structures that control gas exchange
(carbon dioxide in, oxygen out) needed for photosynthesis
(Shimazaki et al., 2007). Stomata are present in several plant
organs (e.g., leaves, stems, reproductive structures) and are
composed of two guard cells, whose changes in shape determine
the size of the pore and consequently the rate of gas exchange.

Light and circadian clock control stomata movements. On
the one hand, stomata open in the morning in response to blue
light and close at the end of the day (Kinoshita, 1999; Kinoshita
et al., 2001). On the other hand, stomata functioning is under the
influence of outputs of the circadian clock, which regulate the
activity of a proton pump (H+-ATPase) that generates osmotic
pressure in the guard cells: stomata open when guard cells swell
due to water intake and close when guard cells shrink due to
water loss. Mutations in genes associated with the circadian clock
(such as CCA1) affect stomata opening/closing cycle, making loss
of function mutants unable to anticipate the day/night changes
(Hassidim et al., 2017).

Plants grown under LDs present a higher stomatal
conductance than those grown under SDs, and this difference
remains for a week after changing the conditions from LD to SD
(Aoki et al., 2019). Recently, some factors of the photoperiod
pathway involved in the control of the floral transition were
also shown to regulate stomata functioning, including the
florigen. For example, FT has a non-cell autonomous function in
flowering time when expressed in leaf vasculature (see previous
section on the mobile florigen) but also a novel cell-autonomous
role in stomatal opening when expressed in leaf guard cells,
where it promotes H+-ATPase activity (Kinoshita et al., 2011).
Moreover, there is a direct correlation between FT levels and
the light-induced stomatal opening, being wider when plants
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grow under LDs than under SDs (Kinoshita et al., 2011). TWIN
SISTEROF FT (TSF), the close homolog of FT, not only promotes
flowering redundantly with FT, but also stomata opening, as
mutations in TSF impair stomatal responses (Ando et al., 2013).

Together with the florigens, the floral activators GI and CO
are also involved in stomata functioning: while mutations in GI-
CO-FT/TSF suppress stomatal opening induced by light, their
overexpression rescues the closed stomata phenotype of mutants
defective in the blue light receptors phototropins (Kinoshita
et al., 2011; Ando et al., 2013). Likewise, photoperiod is able to
change the epigenetic regulation of SOC1 (Aoki et al., 2019) and
the overexpression of the floral integrator SOC1 in guard cells
promote stomata opening (Kimura et al., 2015).

Conversely, ELF3 – a circadian clock associated protein that
represses floral activators – negatively regulate stomata opening:
the elf3 mutants exhibit a permanently open stomata phenotype
under continuous light. Thus, the circadian rhythm on the
stomatal opening regulation may depend at least partially on
ELF3 regulation of FT (Kinoshita et al., 2011).

From a physiological point of view, the control of stomatal
movements mediated by key regulators of the photoperiodic
pathway may be beneficial for plants undergoing the floral
transition in suboptimal conditions. When grown under
water limitation, adult plants might activate the so-called
drought escape, which consists of early flowering and
accelerated metabolism: open stomata result in increased
gas exchange and photosynthetic activity (Shavrukov et al.,
2017) to provide more nutrients and energy for the anticipated
reproductive development.

CONSERVATION AND DIVERSIFICATION
OF FLOWERING TIME GENES IN
CEREAL CROPS

In the last decades, independent groups demonstrated that
members of the PEBP family showing high similarities with the
Arabidopsis FT trigger flowering in different plant species (some
reviews: Andrés and Coupland, 2012; Wickland and Hanzawa,
2015; Khosa et al., 2021), reinforcing the idea of the existence
of a universal florigen. For instance, the FT orthologs in the
most cultivated cereal crops studied so far have been mapped to
the Heading date 3a (Hd3a) locus in rice (Tamaki et al., 2007),
DAYS TO ANTHESIS 8 (DTA8) locus corresponding to ZEA
CENTRORADIALIS 8 (ZCN8) in maize (Danilevskaya et al.,
2011; Lazakis et al., 2011; Meng et al., 2011; Guo et al., 2018),
VERNALIZATION 3 (VRN3) loci corresponding to HvFT1 and
TaFT in barley and wheat (Yan et al., 2006; Faure et al., 2007;
Kikuchi et al., 2009).

Despite the conserved function of FT-like proteins, cereals
have evolved species-specific molecular mechanisms that
regulate plant response to photoperiod and modulate time
to flowering (also termed heading date in rice, barley and
wheat). To date, major factors found to control circadian
rhythms and photoperiodic flowering in cereals contain the CCT
domain – a conserved sequence of 41–43 amino acids named
after CONSTANS, CO-like, and TOC1 proteins previously

characterized in Arabidopsis. These regulatory proteins can be
divided into three main families: COL (CO-like), also having
one or two Zinc Finger BBX at the N-terminus; PRR, also
having a pseudo receiver domain at the N-terminus; CMF (CCT
Motif Family), only having a CCT domain at the C-terminus
(reviewed in Li and Xu, 2017). While members of the COL and
PRR families have been identified in both monocot and dicot
species, comparative and phylogenetic analyses of CCT proteins
in grasses suggested that the monocot-specific CMF group likely
derived from common ancestors of the COL group after the
monocot-dicot divergence (Cockram et al., 2012).

Here, we review strategies underlying flowering time in
important cereal crops, with a particular focus on the regulatory
role of species-specific CCT-domain containing proteins acting
upstream of the conserved florigen.

Photoperiodic Flowering in Cereals of
Tropical Origin
The two most cultivated cereal crops worldwide, maize (Zea
mays) and Asian rice (Oryza sativa), derive from wild species
grown more than 9000 years ago in tropical and subtropical
regions. Precisely, maize was domesticated from Zea mays
ssp. parviglumis (also known as Teosinte) in central Mexico
(Matsuoka et al., 2002; Yang et al., 2019) whereas Asian rice was
domesticated from Oryza rufipogon in the Yangtze River basin in
China (Purugganan, 2014).

In both regions, wild ancestors behaved as SD plants, meaning
that flowering is promoted in response to a photoperiod of 12 h
light/12 h dark or below this critical daylength. Through centuries
of cultivation, maize and rice spread to higher latitudes thanks to
the artificial selection of mutant plants that acquired the ability to
flower when daytime is above 12 h of light. It follows that natural
variation in photoperiodic response has allowed the expansion of
cereals of tropical origin to temperate regions characterized by a
single LD growing season. Which is the molecular basis of this
adaptation?

Unlike the Arabidopsis CO, the rice homolog of CO – called
Heading date 1 (Hd1) – promotes flowering under inductive
SDs but delays it under LDs (Yano et al., 2000; Izawa et al.,
2002; Kojima et al., 2002). In non-inductive conditions, Hd1
protein interacts with Grain number plant height and heading
date 7 (Ghd7), a floral repressor belonging to the CMF family
that is active when the daylength exceeds 13.5 h light (Xue
et al., 2008; Itoh et al., 2010; Nemoto et al., 2016). Ghd7 delays
the reproductive phase under LDs by repressing Early heading
date 1 (Ehd1), which encodes a B-type response regulator that
activates the florigen in the leaf (Doi et al., 2004; Itoh et al.,
2010). Ghd7 also regulates overall plant growth and grain yield:
a prolonged vegetative phase under LD correlates with increased
plant biomass and seed production (Xue et al., 2008). Likewise,
the PRR-like protein Days to heading 7 (DTH7/OsPRR37) also
delays the floral transition under LD by repressing the floral
activator Ehd1, leading to increased plant height and grain
production (Gao et al., 2014).

Like the Arabidopsis CO, Hd1 physically associates with
rice NF-Y proteins: the formation of heterotrimeric complexes
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containing NF-YB and NF-YC subunits is instrumental for
binding to specific regulatory sequences of the downstream target
gene Hd3a (Goretti et al., 2017; Shen et al., 2020). Intriguingly,
OsPRR37 also seems to interact with heterodimers formed by
NF-YB and NF-YC (Goretti et al., 2017). Thus, NF-Y proteins
play key roles for the correct functioning of the rice CCT-type
regulators, which control important traits related to agronomic
performance by negatively regulating heading date under LD.

It’s important to highlight that genetic variation at loci
encoding major floral repressors underlies phenotypic variation
in photoperiod responsiveness of varieties adapted to temperate
regions. In fact, rice accessions cultivated in Europe harbor loss
of function mutations in Hd1/ Gh7/OsPRR37 that fail to repress
the floral transition under LDs (Gómez-Ariza et al., 2015; Goretti
et al., 2017).

Recent findings further support the conserved function of
CCT-type floral repressors in maize. Indeed, ZmCTT9 and
ZmCCT10 – the maize orthologs of Ghd7 – map to DAYS
TO ANTHESIS 9 (DTA9) and DTA10 loci, two of the most
important QTLs controlling flowering time in this cereal crop
(Guo et al., 2018). Over time, the accumulation of polymorphisms
in key DTA loci, caused by intense transposon activity, has
determined alterations of photoperiod sensitivity in selected
maize cultivars. Specifically, maize accessions cultivated in
Northern and Southern America carry defective alleles of
ZmCTT9 and ZmCCT10, which correlate with activation of the
florigen ZCN8 and consequently accelerated flowering under LD
(Yang et al., 2013; Huang et al., 2017; Guo et al., 2018).

To sum up, the selection of genetic variants with reduced
activity of LD floral repressors has allowed the expansion of rice
and maize cultivation outside tropical and subtropical regions, to
a wider range of growing areas at higher latitudes and daylength
above 12 h of light (Figure 1).

Photoperiodic Flowering in Temperate
Cereals
Barley (Hordeum vulgare) and wheat (Triticum aestivum), the
founders of agriculture in the old world, derive from wild
ancestors grown 10,000 years ago in the middle east (discussed
by Haas et al., 2019). Over the centuries, the cultivation of these
grain crops had expanded from the Fertile Crescent (Latitude N
38) to temperate regions in Europe and Asia with similar latitude,
mainly across the East-West axis, in which cold winter is followed
by warm LDs and hot summer is followed by cool SDs.

Temperate cereals behave as quantitative LD plants, meaning
that flowering is delayed when days are short but promoted
when days become longer. Specifically, floral induction occurs
in spring when plants reach a threshold determined by a certain
number of LDs. However, seasonal changes in the photoperiod
do not directly affect the timing of the floral transition, which
is under the influence of vernalization, but rather the initiation
of reproductive structures at the shoot apex in barley and wheat
(reviewed by Hyles et al., 2020).

Modern winter varieties of barley are sown in autumn and
usually accelerate flowering in spring (Turner et al., 2005). This
response is mediated by Photoperiod-H1 (Ppd-H1), a barley

circadian clock associated protein similar to Arabidopsis PRR7
that positively regulates the florigen HvFT1 under LDs (Turner
et al., 2005). Upon floral induction, Ppd-H1 also accelerates
early and late phases of reproductive growth by activating floral
homeotic genes (Digel et al., 2015).

Genetic variation at Ppd-H1 associate with phenotypic
variation in the timing of reproductive development. Precisely,
many recessive alleles contain Single Nucleotide Polymorphisms
(SNPs) responsible for amino acid changes in conserved domains
that impair Ppd-H1 protein function, including the SNP79
(G- > T, described by Turner et al., 2005). Varieties carrying
functional Ppd-H1 alleles (G at position 79) differentially express
HvFT1 in response to daylength, leading to accelerated flowering
under LD but delayed flowering under SD (Turner et al.,
2005). Conversely, varieties carrying defective ppd-H1 alleles
(G- > T SNP79) flower late even when grown under LD,
because of reduced expression of CO-like genes and HvFT1
(Turner et al., 2005).

In European barley accessions, the frequency of two alleles
at SNP48 (C- > T, described by Jones et al., 2008) correlates
with clinal variation in flowering phenotype. Specifically, the
functional Ppd-H1 allele (C at position 48) predominates in
Southern Europe, characterized by a short growing season; in
these regions, cultivars accelerate flower development in spring
and seeds reach maturity before terminal drought in summer.
By contrast, the non-functional ppd-H1 allele (C- > T SNP48)
predominates at Northern latitudes, characterized by a long
growing season; in these regions, accessions with prolonged
vegetative phase also show increased biomass accumulation and
higher grain yield at harvesting. Thus, polymorphisms at Ppd-
H1 underly adaptation to different environmental conditions and
largely explain latitude-dependent geographical distribution of
barley varieties, at least in Europe.

In the hexaploidy genome of wheat, three orthologs of the
barley Ppd-H1 (Ppd-A1, Ppd-B1, and Ppd-D1) were identified
and Ppd-D1 shown to have the greatest contribution to the
regulation of flowering (Guo et al., 2010; Würschum et al., 2018).

A semi-dominant mutation caused by a 2 kb deletion in the
promoter region of Ppd-D1 converts a LD plant into a day neutral
plant by altering the diurnal expression pattern of Ppd-D1. Under
SD, the peak of Ppd-D1 transcription shifts from the light to dark
phase, causing induction of the florigen TaFT1 and promotion of
flowering regardless of daylength (Beales et al., 2007). Additional
polymorphisms in the regulatory sequences of Ppd-D1 were
identified in a panel of 500 common wheat varieties cultivated
worldwide (Guo et al., 2010). To a large extent, accessions with
higher Ppd-D1 expression (under LD) flower earlier than those
with lower Ppd-D1 expression. Similar to barley, photoperiod
sensitive accessions delay flowering under SD while photoperiod
insensitive varieties initiate the reproductive phase regardless of
daylength (Guo et al., 2010).

To recap, PRR proteins promote flowering under LD in
temperate cereals. Mutations in the coding sequence of Ppd-H1
largely explain alterations in the timing of flower development
in barley, whereas mutations at regulatory regions of Ppd-D1
gene contribute to variation in the photoperiodic responsiveness
in wheat. Together with vernalization requirements, changes in
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FIGURE 1 | Adaptation of cereal growth to different latitudes. Maps showing the expansion of maize (left) and rice (right) cultivation outside their region of origin.
The selection of mutation in genes encoding CCT-type floral repressors that alter photoperiodic response allowed activation of the florigen under non inductive LDs.

the activity of Ppd proteins have determined the adaptation of
temperate cereals to different geographic regions, thus allowing
their cultivation in a wide range of agroecosystems.

PHOTOPERIODIC CONTROL OF
SEASONAL GROWTH IN PERENNIAL
PLANTS

In contrast to annual herbaceous plants that complete their life
cycle and die within a single year, perennial plants can live for
several growing seasons - continuously in warm climates and
discontinuously in temperate climates.

Photoperiodic cues and changes in ambient temperature
greatly influence the seasonal behavior of tree populations
growing in temperate regions (Wareing, 1956). Indeed, woody
perennials display active growth in response to lengthening days
in spring but growth cessation in response to shortening days at
the end of the summer. Below a critical photoperiod in autumn,
the apical buds formed enter a dormant state (completed in 2–
3 months) to withstand very low temperatures and reduced light
in winter (Garner and Allard, 1923). Generally, trees pause their
vegetative growth in the cold season but resume it the next spring
(Garner and Allard, 1923).

In woody perennials, the production of flower buds can take
several years as plants have to undergo the transition from the
juvenile to the adult phase to acquire the competence to form
reproductive structures. Following first-time flowering, trees
flower every year throughout their life span. Thus, the perennial
growth habit consists of annual cycles of growth and dormancy as
well as annual cycles of vegetative and reproductive development,
depending on the season.

Surprisingly, annuals and perennials share similar molecular
mechanisms underlying photoperiod response, despite the
substantial differences in their life history traits. So far, most
of the studies aimed at unraveling the photoperiodic control
of seasonal growth in trees have been conducted in species

belonging to the Populus genus, which have also served as models
to investigate the function of putative orthologs of Arabidopsis
flowering time regulators.

In Populus trichocarpa (California poplar), two FT-like genes
have been identified: PtFT1 and PtFT2 (Böhlenius et al., 2006;
Hsu et al., 2006). Their transcripts accumulate in different
domains and seasons: the former in stem and apical buds in late
winter, the latter in leaves in late spring-early summer (Böhlenius
et al., 2006; Hsu et al., 2006, 2011).

Although constitutive expression of each of the two FT
paralogs caused early flowering in transgenic poplars (Böhlenius
et al., 2006; Hsu et al., 2006), inducible expression of FT1
and FT2 (driven by Heat shock promoter) resulted in different
phenotypes, pointing to a possible sub-functionalization of FT-
like genes (Hsu et al., 2011). Indeed, transient induction of
FT1 (but not FT2) under SD at low temperature promotes the
formation of reproductive structures within 1 month from the
heat treatment (Hsu et al., 2011). By contrast, transient induction
of FT2 (but not FT1) promotes vegetative growth under LD and
inhibits growth cessation under SD. These findings indicate that
FT1 activation in winter is required for the onset of reproductive
structures whereas FT2 activation in spring promotes vegetative
growth (Hsu et al., 2011).

Moreover, FT2 suppression in autumn mediates growth
cessation in response to environmental limitations (Hsu et al.,
2011). Actually, the critical daylength required to induce growth
cessation is longer in trees growing at northern latitudes
compared to those at southern latitudes, implying that alterations
in photoperiodic response might have determined adaptation of
tree populations to different environments (Frewen et al., 2000;
Böhlenius et al., 2006).

Supporting the sub-functionalization of the two FT paralogs
in poplar, large scale expression analysis of transgenic
plants mis expressing FT-like genes revealed differences
in the molecular networks controlled by FT1 and FT2:
while genes involved in reproductive development act
downstream of FT1 at winter onset, genes involved in
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vegetative growth and stress response act downstream of
FT2 (Hsu et al., 2011).

To summarize, the differential expression of FT paralogs in
contrasting seasons (FT1 in late winter, FT2 in mid spring)
reinforces a diverged regulatory function in annual cycles of
vegetative and reproductive growth (Hsu et al., 2011). In
woody perennials, FT-like proteins appear to integrate key
environmental signals (photoperiod and ambient temperature) to
promote seasonal growth under warm LD in spring but increase
survival (via dormancy) under cold SD in winter.

Factors showing similarity to components of the
Arabidopsis photoperiodic pathway seem to have a conserved
function in trees.

Downstream of FT-like proteins, poplar FD Like 1 (FDL1)
and Like AP1 (LAP1) genes also show continuous upregulation
during bud development (Ruttink et al., 2007). Under LD, FT2,
and FDL1 promote vegetative growth in spring by activating
LAP1. As days become shorter, the downregulation of these genes
allows growth cessation (Böhlenius et al., 2006; Hsu et al., 2006;
Ruttink et al., 2007).

Upstream of FT-like proteins, two paralogs of GI have been
identified in the hybrid P. tremula × P. tremuloides and shown
to play a critical role in the regulation of seasonal growth (Ding
et al., 2018). Silencing lines downregulating both PttGI and
PttGIL initiate growth cessation and formation of apical buds
even under LDs, and these processes occurred within 1 week
in plants shifted from LD to SD, indicating a hypersensitive
response to photoperiod (Ding et al., 2018). Conversely, plants
overexpressing PttGI and PttGIL initiate growth cessation at least
1 month after the shortening of daylength, indicating a decreased
sensitivity to photoperiod (Ding et al., 2018). In these transgenic
plants, alterations of the critical daylength that induces growth
cessation and bud set correlate with mis regulation of PttFT2,
which is downregulated in GI silencing lines and upregulated in
GI overexpression lines (Ding et al., 2018).

Additional molecular and biochemical analyses revealed that
PttGIs positively regulate PttFT2 by directly binding its promoter,
likely by forming complexes with FKF1-like and CDF-like
proteins (Ding et al., 2018). Thus, GI-like proteins in Populus
trees act as strong transcriptional activators of FT, largely
independently of CO-like proteins.

The effect of photoperiod on seasonal growth has also been
studied in other perennials. In the non-woody perennial leafy
spurge (Euphorbia esula L.), crown buds (i.e., adventitious buds
located on the underground stem) show downregulation of a FT-
like gene and induction of DORMANCY ASSOCIATED MADS-
BOX (DAM) genes (Horvath et al., 2008), which share similarities
with the Arabidopsis SVP. DAMs play key regulatory roles in the
maintenance of dormancy in Euphorbia and might be acting as
repressor of the FT-like gene (Horvath et al., 2008).

Photoperiod controls seasonal growth in angiosperms as well
as in gymnosperms (Heide, 1974). Several studies done in the
conifer Picea abies (Norway spruce) uncovered the presence of
two genes encoding PEBP proteins that share similarities with
the Arabidopsis florigen FT and the anti-florigen TERMINAL
FLOWER 1 (TFL1, Shannon and Meeks-Wagner, 1991), and so
renamed PaFTLs (Karlgren et al., 2011).

Gene expression analyses in wild-type spruce showed that
PaFTL1mRNA accumulates after the winter in male reproductive
structures whereas PaFTL2 mRNA accumulates in shoots in
response to decreasing daylength, coinciding with growth
cessation and bud set (Gyllenstrand et al., 2007; Karlgren
et al., 2011; Klintenäs et al., 2012). Interestingly, overexpression
of PaFTL1 do not cause morphogenetic effects in transgenic
spruce, whereas constitutive expression of PaFTL2 in tissue
cultures caused growth arrest and death within 6 months
(Klintenäs et al., 2012).

Additional genetic and physiologic studies revealed that
(latitudinal) clinal variation in the photoperiodic control of
growth cessation associates with genetic variation in PaFTL2
promoter and one variant of the PaGI protein in Norway spruce
as well as Siberian spruce (Chen et al., 2012, 2014).

To conclude, FT/TFL1-like proteins might have retained
a general function as growth regulators in gymnosperm and
acquired a specific function as flowering time regulators in
angiosperms. The knowledge about these mechanisms will be
very useful in the years to come. With shifting seasons and
climate conditions, new breeding programs need to be launched
to develop species adapted to changing conditions and to keep up
with the increasing demand on forest resources.

PHOTOPERIODIC CONTROL OF
GROWTH ABOVE AND BELOW GROUND

In addition to flowering in annual plants and growth habit
in perennial plants, photoperiod also controls vegetative
propagation in relevant food plants such as potato (Solanum
tuberosum), the most important non-cereal crop for direct
human consumption, and strawberry (Fragaria x ananassa),
one of the most widely consumed berry crops in the world.
In commercial plant varieties, asexual reproduction through
vegetative structures represents an essential propagation strategy
that allows producing identical daughter plants that keep the
desirable characteristics of the mother plant.

Flowering Versus Tuberization in Potato
Potato (Solanum tuberosum) is the fourth most cultivated
food plant globally after maize, rice and wheat (FAO 20191).
Its domestication from wild Solanum species started 8,000–
10,000 years ago in the Andean highlands, an arid region 3,000–
4,500 m above sea level characterized by cold temperatures, saline
soils, and high solar radiation (Zimmerer, 1998; Spooner et al.,
2005; Sukhotu and Hosaka, 2006).

Diploid landraces (2n = 24) underwent autopolyploidization
and gave origin to the cultivated tetraploids (2n = 48) belonging
to the Solanum tuberosum group Andigena (Hardigan et al., 2017;
Gutaker et al., 2019). Later, the cultivation of potato expanded
to highland equatorial regions and to southern latitudes. In
Argentina and Chile, Solanum tuberosum group Chilotanum
diversified from its upland progenitors to adapt to LD conditions
(Ghislain et al., 2009). Together with wild species, these landraces

1http://www.fao.org/faostat
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have substantially contributed to the development of modern
varieties (known as Neo-tuberosum, 2n = 48) that are grown
globally in a wide environmental range (Hardigan et al., 2017).

The high heterozygosity of the potato genome, which resulted
from wild species introgression and polyploidy, has hampered
classical genetic studies, and favored vegetative propagation
through tubers, storage organs growing in the soil that also
bear vegetative buds for the following season. Potato plants
can use asexual reproduction via tuberization as well as sexual
reproduction through flowering. Nevertheless, tuber initiation
and flower development seem to be antagonistic processes
(Plantenga et al., 2019).

In potato, photoperiod controls the formation of vegetative
structures that differentiate from underground stems called
stolons (Batutis and Ewing, 1982), which form new shoots
above ground under LDs but form tubers below ground
under SDs. Once formed, dormancy of the apical meristem is
induced before winter.

The considerable genetic variation in potato accessions, a
result of centuries of domestication and diversification (Hardigan
et al., 2017; Li Y. et al., 2018), has led to a large phenotypic
variation in responsiveness to photoperiod. Indeed, tuberization
is promoted by SDs in all species but this process can also
occur under LDs in modern varieties (Rodríguez-Falcón et al.,
2006). For example, in the obligate SD varieties of the Andigena
group, tuberization is induced under 12 h light/12 h dark but
is completely abolished above this critical daylength (reviewed
by Jackson, 1999). By contrast, selected varieties growing in
temperate regions trigger the transition from stolon to tuber
under LDs. Thus, alteration of photoperiodic response represents
a key adaptive trait also in potato (Morris et al., 2014).

The link between potato tuberization and daylength was
described almost a century ago (Garner and Allard, 1923) but the
main tuber-inducing molecule was characterized only 10 years
ago (Navarro et al., 2011). The so-called tuberigen is encoded by
SELF PRUNING 6A (StSP6A), named after the tomato florigen
SELF-PRUNING (homolog of FT).

Although three additional FT-like genes (StSP5G, StSP5G-
like, and StSP3A) were identified in the potato genome (Xu
et al., 2011), only StSP6A showed expression in leaves that
correlated with tuber formation at the stolon tip in SDs (Navarro
et al., 2011). Since StSP6A is also transcribed in stolons, a relay
mechanism could regulate StSP6A expression and sustain the
production of the tuberigen in stolons (Navarro et al., 2011).

Several lines of evidence suggest that StSP6A functions as
the main tuberization signal that travels from the leaves to the
target meristem (i.e., the tip of the stolon below ground) whereas
the related StSP3D as regulator of flowering (Navarro et al.,
2011). Supporting their distinct roles, transgenic potato plants
overexpressing StSP6A form tubers even under non-inductive
LDs while StSP3D silencing lines flower late but do not display
alterations in tuber formation (Navarro et al., 2011).

It was originally hypothesized that tuberization could impair
flowering by serving as sink for photosynthates. However,
a recent study reported that it is the activity of StSP6A
that promotes tuber formation below ground but inhibits
flower development above ground (Plantenga et al., 2019).

Indeed, StSP6A silencing lines display decreased tuberization
but increased flower bud development when grown under SDs
(Plantenga et al., 2019).

As photoperiod controls tuber initiation, several groups have
explored the possible role of homologs of Arabidopsis flowering
time regulators in this process.

Among the three CO-like genes (StCOL1/StCOL2/StCOL3,
located in tandem array on chromosome 2) identified in
the potato genome (Abelenda et al., 2016; Ramírez Gonzales
et al., 2021), StCOL1 displays the highest transcription in
leaves and preferential accumulation under LDs when the
peak of expression coincides with light (Navarro et al., 2011;
Abelenda et al., 2016; Ramírez Gonzales et al., 2021). StCOL1
downregulation in transgenic RNAi lines accelerated tuberization
(González-Schain et al., 2012) and the constitutive expression
of Arabidopsis CO in Andigena potato resulted in delayed
tuberization under SD (Martínez-García et al., 2002). Taken
together, these findings indicate that CO functions as suppressor
of stolon-to-tuber transition in potato, likely by repressing the
tuberigen under non-inductive daylengths.

Detailed expression analysis of FT-like genes (Abelenda
et al., 2014) in StCOL1 silencing lines revealed upregulation
of the tuber-inducing StSP6A but down-regulation of StSP5G,
which is normally highly expressed in leaves under LDs but
decays under SDs (Navarro et al., 2011). Additional molecular
studies demonstrated that StCOL1 directly activates StSP5G
under LDs by binding to a conserved TGTGGT DNA motif
(similar to the CORE bound by AtCO) in its regulatory
regions. Upon activation, StSP5G represses tuberization under
non-inductive conditions by negatively regulating StSP6A
transcription. Thus, the two FT paralogues StSP6A and StSP5G
act antagonistically during tuber formation in potato. As
supporting evidence, RNAi lines downregulating StSP5G showed
StSP6A upregulation in leaves and accelerated tuberization under
LD (Abelenda et al., 2016).

Another crucial factor involved in the regulation of
tuberization is StCDF1 (Kloosterman et al., 2013), the homolog
of the CO repressors AtCDFs (Fornara et al., 2009). Allelic
variation at StCDF1 underlies a major QTL controlling yield
and other traits related to maturity – such as the duration
of the plant life cycle, the onset of senescence, and timing of
tuber induction under LDs (Kloosterman et al., 2013). Very late
maturing genotypes harbor functional StCDF1 alleles encoding
full length proteins, whereas very early maturing genotypes
harbor defective StCDF1 alleles (caused by the insertion of
transposable elements in the 3′end of the gene) that encode
deleted versions lacking part of the C-terminus (Kloosterman
et al., 2013). In Arabidopsis, the C-term domain is essential
for interaction with the GI-FKF1 complex that mediates CDFs
degradation (Imaizumi et al., 2005; Sawa et al., 2007). Protein-
protein interaction studies confirmed that the full length StCDF1
(encoded by late alleles) physically associates with StGI1 and
StFKF1, while truncated StCDF1 (encoded by early alleles) fails
to associate with its regulators and evades StFKF1-mediated
ubiquitination. Thus, the circadian clock proteins StGI and
StFKF1 control the accumulation of StCDF1 by binding its
C-terminus: while full length StCDF1 displays a peak of protein
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FIGURE 2 | Regulatory mechanism underlying tuber formation in potato.
Right, components of the genetic pathway controlling tuberization. The
tuberigen StSP6 is indirectly activated by StCDF1 and repressed by StCOL1
through StSP5G.

abundance at midday, truncated proteins accumulate constantly
during the day (Kloosterman et al., 2013).

Recent studies demonstrated that StCDF1 represses CO-like
genes by directly binding DOF consensus sequence in their
promoter regions (Ramírez Gonzales et al., 2021). Therefore,
StCDF1 promotes tuber formation by indirectly suppressing
the tuber repressor StSP5G (via StCOL1/2) and activating the
tuber inducer StSP6A (Figure 2). Indeed, transgenic plants
overexpressing StCDF1 show strong upregulation of SP6A and
downregulation of StSP5G and StCOL1 (Kloosterman et al.,
2013). Interestingly, overexpression of shorter StCDF1 variants
in Andigena potato does not affect flowering but accelerates
tuberization under LD and senescence, leading to a shorter life
cycle (Kloosterman et al., 2013).

A Genome-Wide Association Study (GWAS) carried out on
a pool of 83 potato cultivars reinforced the correlation between
polymorphisms at StCDF1 locus and maturity phenotype
(Kloosterman et al., 2013). Likewise, the analysis of several
StCDF1 haplotypes confirmed that most modern LD-adapted
varieties carry defective StCDF1 alleles encoding shortened forms
that escape degradation by the proteasome mediated by circadian
clock proteins (Hardigan et al., 2017). This diurnal deregulation
results in increased stability of StCDF1 protein, which leads to
constitutive repression of StSP5A and accumulation of StSP6A
under LDs. Thus, naturally occurring structural variants of
StCDF1 account for the adaptation of potato varieties to higher
latitudes characterized by LD summer and SD winter.

Besides components of the photoperiodic pathway,
gibberellins also have a role in the formation of tubers.
Treatments with exogenous GA promote stolon elongation but
inhibit tuberization (Kumar and Wareing, 1974; Xu et al., 1998).
Conversely, application of a GA biosynthesis inhibitor allows
tuberization in non-inducing LDs (Jackson and Prat, 1996).
More recently, several GA metabolism genes have been shown
to be involved in different stages of the tuberization process

(Xu et al., 1998; Jackson et al., 2000; Kloosterman et al., 2007;
Bou-Torrent et al., 2011).

Phytochromes are also involved in the photoperiodic control
of tuberization. Among the five phytochrome genes identified
in the potato genome, StPHYB and StPHYF play the most
prominent role in the inhibition of tuberization in response
to LDs (Jackson and Prat, 1996; Jackson et al., 1998; Zhou
et al., 2019). In fact, silencing of StPHYB or StPHYF caused
tuberization in LD in a graft-transmissible manner (Jackson
and Prat, 1996; Jackson et al., 1998; Zhou et al., 2019).
StPHYB and StPHYF might interact to form heterodimer and
stabilize the StCOL1 protein (Abelenda et al., 2016; Zhou et al.,
2019).

The homeodomain protein StBEL5 is another crucial
transcription factor involved in the regulation of tuber
formation: StBEL5 overexpression promotes tuberization
under LDs (Banerjee et al., 2007), whereas StBEL5 silencing
reduces tuberization (Sharma et al., 2016). Although StBEL5
expression itself does not seem to be affected by photoperiod
(Chatterjee et al., 2007), SDs result in increased StBEL5 transcript
levels and facilitated movement of its mRNA from leaves to
stolons (Lin et al., 2013), where it is translated and functional
(Banerjee et al., 2007, 2009).

Last, microRNAs miR156 and miR172 are also involved in
tuberization. Overexpression of miR156 reduces normal below-
ground tuberization but leads to aerial tuber formation in
potato (Bhogale et al., 2014) and even in non-tuberizing tomato
(Eviatar-Ribak et al., 2013).

Overexpression of miR172 in Andigena potato promotes
tuberization in LDs, likely through downregulation of an AP2-
like gene and upregulation of StBEL5 (Martín et al., 2009).

Both these tuberization phenotypes caused by overexpression
of microRNAs are graft-transmissible (Martín et al., 2009;
Bhogale et al., 2014), showing that they could also be part of
mobile tuberization signal together with StSP6A.

Flowering Versus Runner Formation in
Strawberry
In strawberry, axillary meristems have three possible destinies:
they can remain dormant or develop into either a crown
branch (a new leaf rosette which may eventually produce
an inflorescence) or a runner, horizontal elongated stem that
grows above the ground (Darrow, 1966). This means that for
a particular axillary meristem, flowering and runnering are
mutually exclusive (Hytönen et al., 2009; Mouhu et al., 2013).

In general, conditions that promote flowering decrease the
number of runners, and many strawberry cultivars develop
runners under LDs when flowering is not induced (Hartmann,
1947; Konsin et al., 2001; Hytönen et al., 2004).

Strawberry varieties can be classified in two groups depending
on their photoperiodic behavior: most are seasonal SD-flowering
plants that readily produce runners in LDs, while others
are ever-flowering plants that develop reproductive structures
preferentially under LDs but produce very few runners or are
completely runnerless (Darrow and Waldo, 1934; Nishiyama and
Kanahama, 2002; Mouhu et al., 2009).
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Given the agronomic relevance of runner formation for
asexual reproduction of commercial strawberries (Hytönen
et al., 2009), molecular studies have been employed to
understand the regulatory mechanisms controlling this process.
New knowledge could be used in breeding programs for
crop improvements.

Strawberry species belong to the Fragaria genus and vary in
their ploidy, ranging from diploid to decaploid (Hummer and
Hancock, 2009; Edger et al., 2019). Since the octoploid genome
of the widely cultivated garden strawberry (Fragaria x ananassa)
makes genetic analysis impractical, research has been performed
mostly in diploid woodland strawberry (Fragaria vesca).

FIGURE 3 | Frankenstein plant. Representation of an imaginary plant showing specific developmental processes controlled by similar components of the
photoperiodic pathway in different plant species. Under LDs (right) leaf and flower development, runner formation (specific for strawberry). Under SD (left) bud
set/dormancy and growth cessation (perennial trees), tuber formation (specific for potato).

TABLE 1 | Role of FT-like genes in photoperiod-controlled processes discussed in the review.

Organism Gene name Role of FT-like genes in
photoperiod-controlled processes

Arabidopsis thaliana FT, TSF Positive regulation of flowering under LD and
control of stomata opening

Oryza sativa Hd3a,RFT1 Positive regulation of flowering under SD
Positive regulation of flowering under LD

Zea mays ZCN8 Positive regulation of flowering (days to anthesis)

Hordeum vulgare HvFT1 Positive regulation of flowering (heading date)

Triticum aestivum TaFT1 Positive regulation of flowering (heading date)

Populus trichocarpa PtFT1PtFT2 Promotion of growth cessation and bud formation.
Promotion of bud burst

Picea abies PaFT4 Promotion of growth cessation and bud set

Solanum tuberosum StSP6A Positive regulation of tuberization

Fragaria vesca FvFT1 Positive regulation of runner formation
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Gibberellins are essential for the differentiation of vegetative
structures from axillary meristems: runner formation is
promoted by treatments with exogenous GA even in runnerless
varieties (Thompson and Guttridge, 1959; Tenreira et al.,
2017), but prevented by chemical inhibition of GA biosynthesis
(Guttridge and Thompson, 1964; Ramina et al., 1985; Hytönen
et al., 2009). Interestingly, runnerless accessions harbor a
deletion in the GA biosynthetic gene FvGA20ox4, which is
mostly expressed in axillary meristems and developing runners
(Tenreira et al., 2017). Furthermore, a genetic screen conducted
with a runnerless woodland strawberry accession led to the
identification of a mutation in a gene called Suppressor of
Runnerless (SRL) (Caruana et al., 2018), which was renamed
FvRGA1 because of its high similarity with DELLA gene, that
caused constitutive runner formation (Kang et al., 2013). A later
study showed that FvRGA1 silencing induces the formation of
runners in non-runnering varieties (Li W. et al., 2018).

Runner formation in strawberry also shares crucial
components with the photoperiodic pathway that control
flowering in Arabidopsis.

Under LDs, FvCO is required for the expression of FvFT1
(Rantanen et al., 2014; Kurokura et al., 2017), although the
interplay between FvCO and FvFT1 is not exactly the same as in
Arabidopsis, since FvCO mRNA is expressed at different times
during the day. Upon activation, FvFT1 induces FvSOC1, which
promotes the expression of GA biosynthetic genes including
FvGA20ox4 (Andrés et al., 2021). Consequently, accumulation
of GA causes the degradation of the FvRGA1/SRL, leading to
runner formation. Interestingly, treatments with GA biosynthesis
inhibitors block runner formation even in plants overexpressing
FvSOC1 (Mouhu et al., 2013).

Under SDs, FvFT1 is repressed, FvSOC1 is not active and GAs
do not accumulate; this means that FvRGA1/SRL is not degraded
and able to repress runnering.

Flowering is also inhibited by FvSOC1 through FvTFL1,
which displays similarities with the Arabidopsis antiflorigen.
As supporting evidence, perpetual flowering accessions carry
mutations in the FvTFL1 gene (Koskela et al., 2012; Mouhu et al.,
2013) that impair its function as floral repressor.

CONCLUDING REMARKS

In this review, we have highlighted the function of those
components of the photoperiod pathway that happen to
regulate different developmental processes in different plant
species (Figure 3 and Supplementary Table 1). The genetic
pathways that control plant development in response to
photoperiodic cues presented here converge on the regulation
of members of the PEBP family highly similar to the florigen
FT (Table 1).

Decades of research in the model species Arabidopsis
thaliana led to the identification and functional characterization
of hundreds of regulatory genes acting upstream of the
florigen FT (schematically reported in FLOR-ID, Bouché et al.,
2016). Nevertheless, little is known about the regulation
of the antiflorigen TFL1 (Fernández-Nohales et al., 2014;

Serrano-Mislata et al., 2017), especially at the transition from the
vegetative to the reproductive phase.

The antagonism between FT and TFL1 at the shoot apex might
represent a brake to slow down the floral transition and avoid
accelerated flower development when conditions are not optimal
for reproductive success.

According to a recent review by Périlleux et al. (2019),
the influence of TFL1 goes beyond the control of flowering
time: TFL1 also regulates multiple developmental processes
throughout the plant life cycle such as the juvenile to adult phase
change, shoot growth and inflorescence architecture. Likewise,
the action of FT-like proteins greatly impacts several life history
traits in different plants, from Arabidopsis to annual cereals
and perennial trees, suggesting that PEBPs may play a general
function as plant growth regulators.

In the plant species examined here, the GRNs converging
on FT-like factors regulate specific stages of plant development
in response to daylength. Intriguingly, genetic variation
in components of the photoperiod pathway underlies the
phenotypic variation that has allowed plant adaptation to new
environments that differ from those of the site of origin.

Many polymorphisms described thus far impair the function
of regulators acting upstream of FT-like genes, such as loss of
function mutations in floral repressors. This likely represents
a “survival strategy” to preserve the functionality of PEBPs as
fundamental growth regulators and only fine-tune their activity
in response to changes in external conditions.

In cereals, the domestication syndrome encompasses a set
of changes in natural populations affecting the architecture
of vegetative and reproductive organs (e.g., prostrate to erect
growth, seed shattering). Instead, the diversification phase relied
on the selection of novel varieties that better adapted to new
agroecosystems. Noteworthy, genetic diversity in loci encoding
circadian clock proteins largely accounts for phenotypic diversity
in plant response to photoperiod, which has contributed to adjust
the reproductive phase to different environmental conditions and
ultimately has favored the cultivation of cereals outside their area
of domestication. In fact, the huge genetic variability underlying
photoperiod sensitivity has facilitated the reproductive success of
cultivated cereals in tropical, subtropical and temperate regions.
As the regulation of the floral transition in cereals has influenced
both grain yield and adaptive growth, it can be considered one of
the most important agronomic traits to obtain improved varieties
adapted to stressful conditions arising from changing climates.

In the same manner, selection of allelic variants in the genes
responsible for photoperiodic control of potato tuberization
has allowed its widespread cultivation at different latitudes and
climates, releasing productivity from the constraints of its genetic
adaptation to its natural environment. Strawberry is yet another
example of a crop in which classical breeding has been based
on the alteration of similar GRNs controlling photoperiodic
responses, prior to any knowledge of the molecular interactions
between its components.

In perennials, changes in photoperiod regulate the critical
growth status for tree survival: active growth in warm LDs and
growth cessation in cold SDs. The onset of both, to grow and stop
growing, is controlled by FT-like genes.
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In other non-woody perennials, FT orthologs also regulate
growth and dormancy; as their role in the control of vegetative
development may precede their involvement in floral induction,
flowering could also be perceived as a growing period.

FUTURE PERSPECTIVES

In the face of climate change, it’s extremely important to increase
our knowledge on the interaction between the photoperiod
pathway and other environmental conditions such as ambient
temperature or water availability.

It is well established that plants alter their developmental
processes to adapt to fluctuating temperatures. For example,
hypocotyl elongation and flowering time in Arabidopsis are
controlled by the photoperiod but are also greatly influenced
by ambient temperatures. Indeed, warmer temperatures promote
hypocotyl growth and accelerate flowering. Also, low watering
conditions promote precocious flowering, mainly through
anticipated activation of the florigen FT (Riboni et al., 2013).

Interestingly, overexpression of the main tuberigen StSP6A in
transgenic potato has been used to increase tuber production
under drought and heat stress conditions that are known to
negatively impact tuber yield and quality (Lehretz et al., 2021).

Altogether, these studies further highlight the connection
between photoperiod responses and other environmental
factors as well as the potential of components of the
photoperiod pathway as targets for genetic improvement in
important plant species.
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