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Field trial in Northern Germany with oilseed rape (Brassica napus L.). The genotypes differ by their
flowering time which is an important character in oilseed rape cultivation.
Cover photo by Christian Jung

The onset of flowering is an important step during the lifetime of a flowering plant. During the
past two decades, there has been enormous progress in our understanding of how internal and
external (environmental) cues control the transition to reproductive growth in plants. Many
flowering time regulators have been identified from the model plant Arabidopsis thaliana. Most
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of them are assembled in regulatory pathways, which converge to central integrators which
trigger the transition of the vegetative into an inflorescence meristem. For crop cultivation, the
time of flowering is of upmost importance, because it is a major yield determinant. Phenotypic
variation for this trait is largely controlled by genes, which were often modified during domes-
tication or crop improvement. Understanding the genetic basis of flowering time regulation
offers new opportunities for selection in plant breeding and for genome editing and genetic
modification of crop species.

Citation: Jung, C., Pillen, K., Staiger, D., Coupland, G., von Korff, M., eds. (2017). Recent Advances
in Flowering Time Control. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-115-9
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Editorial on the Research Topic
Recent Advances in Flowering Time Control

The phenological development of plants can be broadly divided into 4 stages, embryo/juvenile,
adult (all vegetative stages), reproductive (the generative stage), and senescent. This research topic
focusses on the transition from vegetative growth to reproductive development, commonly referred
to as floral transition. Plants have coordinated the seasonal timing of flowering and reproduction
with the prevailing environmental conditions. In agriculture, flowering is a prerequisite for crop
production whenever seeds or fruits are harvested. In contrast, avoidance of flowering is necessary
for harvesting vegetative parts of a plant such as tubers or roots. Late flowering also severely
hampers breeding success due to long generation times. Thus, flowering time regulation is of
utmost importance for genetic improvement of crops.

In the past decades, we have gained increasing knowledge of flowering time regulation in
model species such as Arabidopsis thaliana (Bliimel et al., 2015). Genes coordinately regulating
floral transition have been grouped into different pathways that have recently been illustrated
in a WIKIPATHWAYS web interface (http://wikipathways.org//index.php?query=flowering&title=
Special%3ASearchPathways&doSearch=1&sa=Search). Several of these pathways are activated by
different environmental factors such as low temperature, day length, light intensity, or stress.
Conservation of major flowering-time regulators and regulatory pathways between different species
as well as increased availability of genome sequences and improvements in computational biology
offer a unique opportunity to study flowering time genes across species. In general terms, the
central elements that perceive day-length signals to control floral transition are conserved across the
plant kingdom. CONSTANS (CO)-like genes and PHOSPHATIDYLETHANOLAMINE-BINDING
PROTEIN (PEBP) encoding genes play major roles in these pathways and were first identified
by genetic analysis in Arabidopsis. CO-like sequences seem to exist in all plants. Recent evidence
indicates that CO of Arabidopsis arose from a family-specific duplication and similar events might
have occurred independently in many plant families (Simon et al., 2015). In contrast, plants from
the Amaranthaceae family are lacking a true CO ortholog (Dally et al., 2014).

This research topic is focused on flowering time control in cultivated species. It contains nine
review, perspective, and opinion articles and 14 original research articles which cover a large range
of organisms from model species to crops.

New components have been added to the network of flowering time regulators mostly
working upstream of key regulator elements, e.g., GATA transcription factors, small RNAs, in
particular microRNAs (miRNAs) or sugar molecules. The GATA transcription factors GATA,
NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED (GCN), and GCN-like (GNL)
previously identified as growth regulators mediating control by several phytohormones have
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emerged as repressors of flowering, acting via SOCI (Richter
et al,, 2013; Behringer and Schwechheimer). During the juvenile
to adult phase transition, a gradual decrease in miR156 and a
reciprocal increase in miR172 ultimately leads to the activation
of FLOWERING LOCUS T (FT) (Wang et al., 2009a; Wu et al.,
2009). To facilitate the genome-wide analysis of small RNA-seq
data, the DARIO tool developed for animals has been adapted for
use in plants (plantDARIO) (Patra et al.).

The research topic also reflects the immense technical progress
from the past years. Initially, flowering time regulators from
crops were mainly cloned due to their sequence homology
with known flowering time genes, mainly from Arabidopsis
although the INDETERMINATE flowering gene was cloned from
maize by transposon tagging (Colasanti et al., 1998). Later,
new genes were identified from crops using flowering time
QTLs (quantitative trait loci) by map-based cloning approaches.
Now, whole genome or candidate gene association mapping
and transcriptome analysis have become important strategies
(Schiessl et al.). For instance, whole transcriptome analysis
revealed the circadian clock homolog of EARLY FLOWERING
3 (ELF3) and mapping-by-sequencing applied on exome-capture
data from phenotypic bulks identified PHYTOCHROME C as
important components of photoperiodic flowering in barley
(Faure et al., 2012; Pankin et al., 2014). In addition, the wild
barley nested association mapping population HEB-25 was
used to associate major flowering time genes with phenological
development in different field environments (Maurer et al,
2015, 2016). Furthermore, several flowering time genes like Ppd-
HI (PRR37) and HvSDWI (GA200x2) were linked to both,
developmental and yield-related traits. In a salinity tolerance
study with HEB-25, the wild barley allele at the HvCEN
locus (Antirrhinum CENTRORADIALIS, TFLI-like) promoted
flowering and maturity, resulting in a higher harvest index and a
higher yield under salt stress in the field (Saade et al., 2016). These
findings indicate that searching for allelic variants of known
flowering time genes, also taken from related wild species, may
substantially support future plant breeding efforts to increase
plant performance under optimal cultivation conditions as well
as under stress.

Flowering time regulation is strongly conserved among the
Brassicas to which Arabidopsis also belongs. Two articles (Guo
et al;; Schiessl et al.) describe flowering time genes from oilseed
rape where the vernalization pathway with its central element
FLOWERING LOCUS C (FLC) is essentially the same as in
Arabidopsis. In contrast, an FLC homolog from beet was proven
not to be a major regulator of vernalization response in biennial
beets Vogt et al. New sequence variation has been induced in
rapeseed by EMS mutagenesis which gave rise to plants with
altered flowering time in spite of the polyploid nature of this
species. Mutations within a single gene can have a big impact on
flowering time even if there are several paralogs of an Arabidopsis
flowering time gene present in the rapeseed genome.

The research topic demonstrates that the range of model
species has been constantly increased to allow a broader range
of flowering-related traits to be studied. Arabis alpina and
Brachypodium distachyon serve as models for perennials (Wang
et al, 2009b) and for grasses Woods et al, respectively. A
recent overview on flowering regulation in grass species is given

in this research topic (Fjellheim et al.). The authors discuss
molecular pathways that control seasonal flowering responses
in the Pooideae sub-family and how variations in flowering
time gene activities contributed to the adaptation to different
environments. Refined flowering time regulatory pathways have
been identified from rice (Shrestha et al., 2014) and barley/wheat
(Chen et al., 2014) (Mulki and von Korff, 2016). Loscos et al.
show that natural allelic variation in copy number of the florigen
HvFTI is present in European spring barley cultivars lacking
a vernalization requirement to initiate flowering (Loscos et al.,
2014). However, no clear relationship between HvFTI1 copy
number and expression was observed in a set of diverse spring
barley genotypes.

Some articles from this research topic highlight multiple
functions of flowering time genes beyond floral transition.
These genes impact multiple developmental processes and
they are regulators of yield components and stress tolerance
(Kazan and Lyons, 2016). In this respect, members of
the PHOSPHATIDYLETHANOLAMINE-BINDING PROTEIN
(PEBP) gene family, such as FLOWERING LOCUS T (FT)
and TERMINAL FLOWER 1 (TFL) of Arabidopsis attracted
the highest attention. As highlighted for tomato (Lifschitz
et al.) and for rice (Izawa et al., 2016) fine tuning of the
SFT/SP (which are true orthologs of FT and TFL) ratio is an
important process for patterning plant architecture. Lifschitz
et al. explain how the ratios between FT-like and TFLI-
like genes control the patterning of the shoot systems across
many different plants. In tomato, an increase of the florigen
protein SINGLE FLOWER TRUSS (SFT, FT-like), relative to the
anti-florigen protein SELF PRUNING (SP, TFLI-like) induces
growth arrest and termination of meristems across the tomato
shoot, while high relative levels of SP promote the formation
of an indeterminate vegetative inflorescence. Consequently,
SFT/SP ratios determine the number of flowers and eventually,
tomato fruits per inflorescence. Naturally occurring mutations
have been selected in both gene families to adapt crops to
different environments and to increase productivity. TFLI
mutants have been frequently used in breeding (e.g., tomato,
soybean, roses, and barley). Likewise, mutations of FT-like
genes were selected in sunflower, sugar beet, rice, potato,
and wheat. Moreover, single point mutations within FT- and
TFLI orthologs can drastically alter their function from floral
inducers to floral repressors, as demonstrated for sugarcane
Coelho et al. and beet (Pin et al, 2010). We propose that
selecting for FT/TFLI sequence variations in crop plants
may pave the way to further improvements in elite crop
productivity.
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GIGANTEA (Gl) is a plant specific nuclear protein and functions in diverse physiological
processes such as flowering time regulation, light signaling, hypocotyl elongation, control
of circadian rhythm, sucrose signaling, starch accumulation, chlorophyll accumulation, tran-
spiration, herbicide tolerance, cold tolerance, drought tolerance, and miRNA processing. It
has been five decades since its discovery but the biochemical function of Gl and its different
domains are still unclear. Although it is known that both G/ transcript and Gl protein are
clock controlled, the regulation of its abundance and functions at the molecular level are
still some of the unexplored areas of intensive research. Since Gl has many important
pleotropic functions as described above scattered through literature, it is worthwhile and
about time to encapsulate the available information in a concise review. Therefore, in this
review, we are making an attempt to summarize (i) the various interconnected roles that Gl
possibly plays in the fine-tuning of plant development, and (ii) the known mutations of G/
that have been instrumental in understanding its role in distinct physiological processes.

Keywords: GIGANTEA, flowering time regulation, circadian clock control, Gl mutants, light signaling

INTRODUCTION

GIGANTEA (GI), the unique plant specific nuclear protein,
although identified way back (Rédei, 1962) as a late flowering
mutant (gi) in Arabidopsis thaliana (At), its precise biochemical
roles are far from being understood (de Montaigu et al.,2010). The
genomic organization of GI was evident after it was fine-mapped
to chromosome 1 and subsequently, the GI cDNA was isolated
(Fowler etal., 1999). The genomic locus of GI of At consists of 14
exons and encodes for a protein of 1173 amino acids (Fowler et al.,
1999; Park et al., 1999). GI expression is ubiquitous and is detected
throughout various stages of plant development indicative of its
involvement in several functions summarized in Figure 1 (Fowler
etal,, 1999; Park etal., 1999). It is interesting to note the ubiq-
uitous expression of GI that reflect upon its pleiotropic roles in
multitude of responses ranging from breaking of seed dormancy,
hypocotyl elongation, initiating the circadian rhythm in seeds to
the setting of fruits in the adult plant. Many of the above listed
responses integrate information from the light input and exter-
nal temperature, making it an interesting but complicated area of
plant science.

Experiments aimed at understanding the abundance of the
transcript and the protein are typically carried out in controlled
cabinets, where the subjective time of the diurnal cycle are referred
as the Zeitgeber time (ZT). Both the GI transcript and GI protein
are under the control of diurnal regulation. Under long day (LD)
growth cycle of 16 h light and 8 h dark (16 hL/8 hD), the GI
mRNA peaks at ZT 10 and shows a trough at ZT 0, while under
short day (SD) cycle of 8 hL/16 hD, GI transcript level peaks at ZT
8 (Fowler etal., 1999). The GI protein abundance also follows a
similar pattern to its transcript accumulation (David etal., 2006).
The regulation of GI is important for the control of circadian clock
and several genes such as FLAVIN-BINDING, KELCH REPEAT, F
BOX 1 (FKF1I), a blue light photoreceptor, and CYCLING DOF
FACTORs (CDFs), which are involved in the transcription of a

flowering time regulator CONSTANS (CO; Fornara etal., 2009).
In addition, the diurnal regulation of the protein might also play an
important role in the diurnal control of stomatal opening (Ando
etal., 2013).

In order to assign a function to GI, it was of interest to enu-
merate its precise sub-cellular localization. Therefore, N-terminal
GFP fusion of GI was constructed and transiently transfected
in onion epidermal cells. The fluorescence microscopy of the
fusion protein for the first time demonstrated that GI is predom-
inantly localized to the nuclei and forms nuclear bodies (Hugq
etal., 2000). Later, the GI protein was also found to be local-
ized in the nucleus of different cell types of transgenic At plants
over-expressing GI:GFP (Mizoguchi etal., 2005). Four clusters
of basic amino acids resembling the nuclear localization signal
(NLS) in the GI sequence explained its nuclear abundance (Huq
etal., 2000). GI has been shown to form nuclear bodies of diverse
numbers, size, and shape (Kim etal., 2013c). To understand
the molecular composition of GI nuclear bodies, attempts were
made to evaluate the co-localization of GI with marker proteins
of known sub-nuclear compartments such as heterochromatin
bundles, nucleoli, spliceosome, and Cajal bodies. This piece of
work demonstrated that GI did not localize to any of the above
known nuclear compartments (Kim etal., 2013c). This suggested
that GI might not have role in processes such as biogenesis of
rRNA and snRNP, pre-mRNA splicing, and protein degradation.
Since these co-localization studies were carried out in Arabidopsis
mesophyll protoplasts using a transient over-expression method,
it does not mimic the exact physiological environment. Further-
more, the association and dissociation rate of proteins to nuclear
bodies has been shown to be affected by specific post-translational
modifications. The spatio-temporal mis-localization of proteins
can also affect its post-translational modifications. With so many
complexities involved, stable transgenic lines expressing fluores-
cent tagged marker proteins and GI under their native promoters

www.frontiersin.org

January 2015 | Volume 6 | Article 8| 9


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Journal/10.3389/fpls.2015.00008/abstract
http://community.frontiersin.org/people/u/102598
http://community.frontiersin.org/people/u/125351
mailto:panigrahi@niser.ac.in
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Mishra and Panigrahi

GIGANTEA - a black box

DroughtTolerance I

Circadian clock control |

miRNA processing

| Floweringtime regulation

Starch Accumulation

Herbicide Resistance Chlorophyll Accumulation |

Salttolerance Light signalling

Cold tolerance

FIGURE 1 | Multiple roles of GIGANTEA (Gl). Gl is known to play role in
drought tolerance, circadian clock control, miRNA processing, chlorophyll
accumulation, light signaling, cold tolerance, salt tolerance, herbicide
resistance, starch accumulation, and flowering time regulation.

would be an impressive feat to achieve in order to understand the
molecular composition of the GI complexes. Understanding the
molecular composition of GI nuclear bodies (NBs) at different
diurnal time-points would be a valuable asset.

The formation of GI nuclear bodies is light dependent since,
the sequestration of Gl into NBs is facilitated by EARLY FLOWER-
ING 4 (ELF4) during the day, thus inhibiting the CO transcription.
Likewise, EARLY FLOWERING 3 (ELF3) promotes the interac-
tion of GI and CONSTITUTIVE PHOTOMORPHOGENESIS 1
(COP1) to form NBs which degrade GI in planta (Yu etal., 2008).
The dynamic association of GI with heterogenous nuclear bod-
ies during the light to dark transition needs to be evaluated. In
other words, the question still remains, if GI associates and dis-
sociates in a light dependent manner on a core complex within
the nuclei based on its differential post-translational modification
status.

Although studies showed the presence of GI predominantly in
the nuclei, in silico analysis predicted the presence of 11 trans-
membrane domains in AtGI which argues in favor of a possible
membrane localization (Fowler etal., 1999). Furthermore, mem-
brane localized GI possibly has a role in the regulation of ion
channels during salt stress and stomatal opening as seen in pho-
totropins (Stoelzle etal., 2003). Purified recombinant GI from
Escherichia coli when subjected to electron microscopic study,
revealed a tetrameric arrangement in vitro. However, its qua-
ternary structure in vivo is still unclear (Black etal., 2011). This
multimeric organization of a protein would not only offer more
epitopes for interactions with diverse regulators but also would
offer additional layers of control on its stability.

ALLELES OF GIGANTEA WITH DISTINCT PHENOTYPES

The gi mutants were described as late flowering mutants for the
first time (Rédei, 1962). There are several gi mutants described
in literature such as gi-1, gi-2, gi-3, gi-4, gi-5, gi-6, gi-11, gi-12,
gi-100, gi-200, gi-201, gi-596, and gi-611 (summarized in Table 1;
Figure 2). Some of the gi mutants were shown to influence the
activity of the circadian clock, while others alter diverse responses
(Park etal., 1999). The gi-I allele, lacking the C-terminal part of
GI, was responsible for shortening the period of the clock, while
the gi-2 allele, lacking both the C-terminal and the central region

of GI, lengthened the period. While the gi-1 mutation shortened
the period of CAB2 expression, the gi-2 mutation lengthened the
period of CAB2 expression (Park etal., 1999). This suggests that
the central region of the protein or the terminal half of the pro-
tein most probably fine-tunes the period length of the circadian
clock.

The gi-2 mutant at higher temperature of about 28°C showed
longer hypocotyl and flowered earlier in comparison to the plants
grown at temperatures of 18 and 22°C (Araki and Komeda,
1993). Even though higher temperature were shown to regu-
late flowering (at 18, 22, 28°C) and hypocotyl elongation (at 22,
28°C) in gi-2 mutant, it was almost equally sensitive toward ver-
nalization as in WT. Vernalization is the exposure of plants to
prolonged cold temperature that leads to earlier flowering cue
in Arabidopsis. This implies that probably GI regulates flower-
ing using a vernalization-independent pathway (Martinez-Zapater
and Somerville, 1990; Koornneef etal., 1991; Araki and Komeda,
1993).

The alleles of GI are the result of random mutagenesis or
T-DNA insertion which have aided in understanding its various
functions. Alleles such as gi-1, gi-2, gi-3, and gi-6 introduce pre-
mature stop codon whereas gi-4 and gi-5 most probably alter the
C-terminus of the protein due to frame-shift mutations (Fowler
etal., 1999). No GI expression was detected in the gi-11 and gi-201
alleles carrying T-DNA insertion (Richardson etal., 1998; Martin-
Tryon etal., 2007). The gi-100 mutation, originally identified in a
red light screen, also contained a T-DNA insertion, but produced a
truncated transcript of about 2 kb due to the absence of the 3’ end
of GI (Hugq etal., 2000). The transcript level in gi-1, gi-2, and gi-3
is lower compared to that of gi-4, gi-5, gi-6, and gi- 100, which show
similar or higher levels compared to their respective WT (Fowler
etal.,, 1999; Hugq etal., 2000). The role of GI in blue light depen-
dent hypocotyl elongation was revealed using the gi-200 allele,
consisting of a substitution of the serine 932 (Martin-Tryon et al.,
2007).

Various deletions in GI sequences and its phenotypes are sum-
marized in Table 1. After analyzing the data depicted in Table 1, it is
evident that any deletion in GI mostly causes defects in the flower-
ing time, circadian clock, and control of hypocotyl elongation. In
the gi-4 mutant, improper splicing leads to a loss of 90 amino acids
from the C-terminus causing late flowering. This deletion also
causes the over-expression of its own transcript suggesting that
the C-terminal 90 amino acids are required for its auto-regulation
and flowering time (Fowler et al., 1999). The abundance of the gi-4
transcript could be due to increased stability or decreased decay
which needs to be verified. Since GI stimulates CO transcription,
this C-terminal domain of GI might be acting as an enhancer of
CO transcription or involved in the recruitment of activators to
the CO promoter.

The seeds of Wassilewskija (Ws) ecotype expressing CAB:LUC
were mutagenized and screened for altered period length. Two
novel alleles gi-596 and gi-611 were identified in this screen (Gould
etal., 2006). In the gi-596 allele, mutation caused by the substitu-
tion of the serine residue at 191 position to phenylalanine (S191F)
did not affect the flowering-time although the period length of the
circadian clock is lengthened and longer hypocotyl was observed
under both red and blue light conditions. This suggests that the
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FIGURE 2 | The schematic presentation of the mutations in the G/ locus. The relative position of the available mutations in the genomic sequence of G/ has
been depicted. The start codon is indicated by green color while the stop position is represented by red. Coding regions are represented in black boxes while
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serine 191 residue might have an important role in photorecep-
tor signaling. On the contrary, the mutation in gi-611 allele was
mapped to the lysine 281. This allele showed significantly early
flowering in SDs suggesting that this lysine in WT is involved in
decelerating the flowering time (Gould et al., 2006). Since the Ws
ecotype is a natural null for the high light sensor Phytochrome
D, the phenotype observed could be a combinatorial effect of the
lack of this photoreceptor and the respective mutations in GI allele
(Aukerman etal., 1997). It would be interesting to evaluate if these
alleles in Col background would show the similar light dependent
effect to rule out the involvement and interaction of PHYD in this
process. Both the positions, Lys281 and Ser191 are conserved in
the Col-0 and Ler-0 ecotypes and thus, the role of these residues
could be confirmed by the expression of the respective GI alleles
containing the substitutions in these ecotypes to determine the
importance of these mutated residues.

TRANSCRIPTIONAL REGULATION OF G/GANTEA

Defects in the circadian clock components have been found to
affect the GI transcription. CIRCADIAN CLOCK ASSOCIATED
1 (CCA1), a core component of the circadian clock, reduces the GI
expression by binding to CCA1-binding site on GI promoter (Lu
etal,, 2012). GI transcript, thus accumulates toward the middle of
the day, when CCA1 expression is repressed by TIMING OF CAB
EXPRESSION 1 (TOC1). The rhythmicity of GI transcript level is
lost in elf3 mutant in continuous light (LL) suggesting that ELF3
might also regulate the GI mRNA abundance (Fowler etal., 1999).
Since CCA1 and ELF3 have been proposed to physically inter-
act to control flowering time and hypocotyl elongation, it would
be interesting to investigate the coordinated involvement of these
two proteins in the regulation of GI transcription. Clock proteins,
such as, LIGHT-REGULATED WD 1 and 2 (LWDI1 and IWD2)
also affect the GI expression pattern, since in Iwdllwd2 double
mutant GI transcript is most abundant at ZT 6 instead of ZT 10
(Wuetal.,2008). The two proteins being very similar (~90% iden-
tity) possess functional redundancy, evident from single mutants
being phenotypically similar to WT. Another clock associated gene,
TIME FOR COFFEE (TIC) is also known to regulate the rhyth-
micity of GI in Arabidopsis. In tic mutants, GI transcript level
is lower and the peak is shifted ~4 h earlier than in WT plants
(Hall et al., 2003). Since in both the lwd1lwd2 and tic mutants the
GI expression is shifted to ZT6, it suggests that the activities of
both the proteins might be required for the repression of the GI
transcription in the morning. pseudo-response regulators (PRRs),

namely, PRR5, PRR7, and PRRY also have been proposed to reg-
ulate GI expression and therefore, flowering time via the CO-FT
module (Nakamichi etal., 2007; Kawamura et al., 2008). Epistatic
analysis and mutant combinations between LWDI/2, PRRs, and
TIC would be beneficial to explain the additive roles of these genes
products and the genetic hierarchy of the genes regulating the
inhibition of GI expression. The expression of GI at the wrong
time of the diurnal cycle is known to cause flowering time defects
in At (Fornara etal., 2009). These mutants might behave as late
flowering due to the untimely expression of GI. Although a lot
is known from the transcript analysis, the work at the protein
level is far from being understood due to the unavailability of a
GI anti-serum that could detect the endogenous GI protein. The
detailed post-translational regulation of GI is explained in the
Section “Post-Translational Regulation of GIGANTEA.”

Several studies have demonstrated that light quality and quan-
tity influence GI transcription, although systematic studies involv-
ing changes in the light fluence and wavelength to evaluate GI
expression is yet to be carried out. In Arabidopsis, upon transition
to night, GI mRNA level decreases with a half-life of about 1 h
irrespective of the photoperiod (Fowler etal., 1999). A significant
light dependent down-regulation is also detected in the legume
Medicago truncatula suggesting a similar mechanism might coor-
dinate light sensing with transcriptional activity (Paltiel etal.,
2006). GI mRNA accumulation pattern in both Arabidopsis and
M. truncatula showed a secondary peak at ZT 2 under SDs as
well as LDs (Paltiel etal., 2006). This peak could be the result of
an acute response to light. A similar peak of GI mRNA at ZT
2 has also been documented in plants grown under blue light.
The role of blue light in the regulation of this early secondary
peak of GI needs to be thoroughly examined using mutants that
are affected in blue light signaling. This would clarify if the peak
at ZT 2 is due to photoreceptors or secondary signaling compo-
nents involved in blue light signaling. The peak expression of GI
is delayed by approximately 4 h in plants grown in low red:far-red
(R:FR) light conditions in comparison to plants grown in white
light condition (Wollenberg etal., 2008). This indicated that the
photoreceptors and their activity are fine-tuning the timing and
quantity of the GI transcript. The accumulation of the GI pro-
tein in the morning around ZT 3—4 and its consequence in plant
development has not been studied yet, that needs to be evaluated
in depth.

Besides light, temperature too has been found to regulate GI
expression. Warmer temperature of 28°C up-regulates GI mRNA
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level as compared to the cooler temperatures of 12°C at dawn
(Paltiel et al., 2006). The night time repression of GI transcription
was shown to be temperature dependent and regulated by evening
complex (EC) night time repressor constituted of ELF3, ELF4, and
LUX ARRHYTHMO (LUX; Nusinow etal., 2011; Mizuno etal.,
2014). The EC night time repressor was revealed to bind to the GI
promoter through LUX binding site (LBS).

GIGANTEA has been proposed to regulate its own expres-
sion, since the mutants, gi-1 and gi-2, have lower expression of
the GI alleles, approximately 40 and 20% of the WT transcript,
respectively (Fowler etal., 1999; Park etal., 1999). But this auto-
regulatory role of GI transcription is contradictory, since, gi-4 and
gi-6 lines show ~30% higher expression of GI compared to its
WT (Fowler etal., 1999). This effect could be either due to the
difference in the ecotypes or differential regulation of the tran-
script stability. Another question worth investigating would be
the abundance of the mutant proteins produced in each mutant,
which would require a functional GI antiserum. The positive or
negative auto-regulatory role suggests that mutations at different
residues in the coding sequence can influence the abundance of
transcriptional enhancers or repressors, affecting GI expression.

POST-TRANSLATIONAL REGULATION OF GIGANTEA

Over-expression of GI leads to the constitutive accumulation of
the GI transcript throughout the photoperiod. Despite its constant
expression level, GI protein follows a cyclic pattern of accumula-
tion in both LDs and SDs. This is suggestive of the degradation
of the GI protein (David etal., 2006). GI was found to be ubiqui-
tinated upon dusk, a pre-requisite for its degradation via the 26S
proteasome mechanism (David etal., 2006). In the dark phase,
nuclear GI abundance has been shown to be regulated by the
E3 ubiquitin ligase activity of COP1 and ELF3 (Yu etal., 2008).
The interaction between COP1 and GI is ELF3 dependent, where
ELF3 serves as an adaptor protein (Yu etal., 2008). The shuttling
of COP1 between the nucleus and the cytoplasm is regulated by
light (von Arnim and Deng, 1994). COP1 being nuclear localized
in the night phase makes it competent for COP1-ELF3 mediated
degradation of GI through 26S proteasome.

Upon heat shock GI is SUMOylated (Loépez-Torrejéon etal.,
2013). Ithas been proposed that SUMOylation prevents the degra-
dation of GI, thus enhancing its abundance. GI accumulation has
been correlated with earlier flowering under heat stress. The iden-
tification of SUMOylation and ubiquitination sites in GI that alter
its stability and degradation could be of pivotal importance in
manipulating flowering time of crop plants. Current knowledge
on the transcriptional and post-translational regulation of GI is
presented schematically in Figure 3.

ROLES OF GIGANTEA

GIGANTEA plays multiple roles throughout plant development.
Its functions in processes such as light signaling, circadian clock
regulation, flowering time control, chlorophyll accumulation,
sugar metabolism, and stress tolerance have been discussed below.

LIGHT SIGNALING
Photoreceptors such as phytochromes, cryptochromes, UV-light
receptor, and phototropins help plants to sense variations in the
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FIGURE 3 | Transcriptional and post-translational regulation of GI. The
expression of G/ is regulated by LIGHT-REGULATED WD1/2 (LWD1/2),
TIME FOR COFFEE (TIC), and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1)
in the day and EVENING COMPLEX (EC) night time repressor during night,
such that the transcript peaks at around ZT 10 in LD and ZT 8 in SD. In the
dark phase, 26S Proteasome, CONSTITUTIVE PHOTOMORPHOGENESIS 1
(COP1), and EARLY FLOWERING 3 (ELF3) regulate the abundance of the
protein. SUMOylation of Gl stabilizes the protein.

light quality, quantity, and direction. The red and far-red light
photoreceptors, phytochromes, are encoded by a multigene family,
PhyA-E in Arabidopsis. While PhyA is the far-red light recep-
tor, PhyB-E function as red light receptors with PhyB playing
a predominant role. They mediate very-low-fluence responses
(VLERs), low-fluence responses (LFRs), and the high-irradiance
responses (HIRs), with reference to the photon flux density (Casal
etal.,, 1998). Like phyB-9 mutant, gi-100 also shows elongated
hypocotyl when grown under saturated red light (Hugq et al., 2000).
Neither the genes nor the proteins abundance of PhyA and PhyB
are influenced in gi-100 (Hug et al., 2000). Therefore, GI was sug-
gested to function downstream of PhyA and PhyB. Mutation in
GI leads to decreased VLFR under FR light suggesting its role
in PhyA signaling (Oliverio etal., 2007). The gi mutants showed
reduced seed germination and cotyledon unfolding in FR light
conditions. These phenotypes are rescued by over-expression of
GL. This suggested that GI might have a positive role specifically
in PhyA mediated VLFR. GI also has a role in regulating flowering
in low R:FR ratio which might be attributed to PhyA signaling
(Wollenberg etal., 2008). Both PhyA and PhyB form NBs like GI.
It would be interesting to determine if Phys and GI are present in
the same sub-nuclear complexes and the localization of GI in the
NBs alters the Phy-mediated functions.

The gi mutants showed longer hypocotyl in comparison to WT
under blue light (Martin-Tryon etal., 2007). Earlier, it had been
suggested that GI may be either a positive regulator of TOC1 or
act parallel to it for the regulation of hypocotyl elongation. Since
only gi not tocl mutants show the longer hypocotyl in blue light,
it can be inferred that GI does not regulate TOC1 for hypocotyl
elongation (Martin-Tryon etal., 2007).

CIRCADIAN CLOCK CONTROL

The circadian clock controls many processes depending on the
length of the day and night cycle in an organism. In plants, the
rhythmic expressions of various genes are influenced by the cir-
cadian clock, thereby regulating functions such as elongation of
hypocotyl, petioles and inflorescence stem, movement of cotyle-
don and leaf, and flowering time. CCA1l, LATE ELONGATED
HYPOCOTYL (LHY), and TOC1 are the core components of
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circadian oscillator in plants (Somers, 1999). In 2005, the clock
was proposed to be an interlocking network of proteins work-
ing in a feedback loop (Locke etal., 2005). According to the new
model of clock, while the morning elements LHY and CCALl
repress TOCI transcription, the evening element TOC1 down-
regulates LHY/CCA1 accumulation, differing with the earlier
observations (Alabadi etal., 2001; Gendron etal., 2012; Huang
etal., 2012).

To understand the circadian rhythm in Arabidopsis, the
ESPRESSO Quantitative Trait Loci (QTL) was generated from the
cross between Ler and Cvi ecotypes (Swarup etal., 1999). Ler and
Cvi ecotypes were suggested to comprise of an even distribution of
alleles involved in the shortening and lengthening of period, since
the progeny of their cross generated lines which had period length
both longer and shorter than the parents. GI was identified as one
of the genes that could be responsible for regulating the rhythms
of cotyledon movement (Park etal., 1999; Swarup etal., 1999).
The gi mutants have diverse circadian periods than WT conclud-
ing that GI has a role in period length regulation. Mutation in GI
affects CHLOROPHYLL A/B-BINDING PROTEIN 2 (CAB2) gene
expression which is also under the control of circadian clock (Park
etal., 1999).

Soon after a day of imbibition of seeds, GI is required for
initiating the rhythmicity of the circadian clock (Salomé etal.,
2008). Mutations in the GI locus affect the CCAI and LHY gene
expression in both LDs and SDs conditions (Fowler etal., 1999).
A recent study proposed that both the nuclear and cytosolic GI
are required to positively and negatively regulate LHY expres-
sion, respectively, that fine-tunes the clock function (Kim etal.,
2013b). Over-expression or mutations of CCAI and LHY dis-
rupted the GI expression (Fowler etal., 1999). Accordingly, the
double mutant of LHY and CCA1 showed early abundance of GI
transcript (Mizoguchi etal., 2002, 2005). It suggests that GI oper-
ates in a feedback loop as a component to maintain the rhythmicity
and period length of the clock.

The established LHY/CCA1-TOC1 module of the clock could
not explain the experimental data like the time difference of
about 12 h between LHY/CCAI abundance in morning and
TOCI accumulation in evening (Alabadi etal., 2001; Locke etal,,
2005). It was therefore proposed that LHY/CCA1-TOCI mod-
ule comprises of other components. One of the components
was predicted to be GI, whose expression followed the same pat-
tern as predicted by the in silico analysis and was subsequently
experimentally confirmed (Locke etal., 2006). Further work sug-
gested that GI alone would not be able to regulate the observed
time difference (Kawamura etal., 2008). TOCI in turn is regu-
lated by GI along with ZEITLUPE (ZTL), an F-box protein (Kim
etal, 2011). ZTL is a blue light photoreceptor which is stabilized
by its interaction with GI and Heat Shock Protein 90 (HSP90).
Together the ZTL-GI complex control TOCI level (Kim etal,
2007).

Temperature compensation is an important characteristic of
the circadian clock to maintain the rhythm over a range of environ-
mental temperature. GI was recognized as a candidate regulating
temperature compensation effect, especially at higher tempera-
tures (Edwards etal., 2005; Gould etal., 2006). Since fluctuations
in the temperature regulate the abundance of GI transcript, it

could be plausible that GI and temperature sensing mechanism
crosstalk and feedback each other.

Arabidopsis thaliana dawn and dusk, GI regulates the clock
rhythm along with ELF4 (Kim etal., 2012). GI was also required
for iron-deficiency induced long circadian clock rhythm (Chen
etal., 2013). Reduced depolymerization of actin filament caused
the period of the circadian clock to shorten, as evident from the
shortened period of GI expression (T6th etal., 2012). Since GI
expression is under the control of the circadian clock, GI accumu-
lation pattern has been exploited to screen for novel clock mutants
(Onai etal., 2004). Many components that mediate between GI
and the clock are still to be unraveled. The role of GI in the
regulation of the clock documented till date is summarized in
Figure 4.

PHOTOPERIODIC FLOWERING-TIME REGULATION

GIGANTEA is a major mediator between the circadian clock and
the master regulator of photoperiodic flowering time control,
CO. GI upregulates CO transcription, thereby accelerating time
required to flower. Koornneef etal. (1998) showed that a novel
mutant, gi-3, is epistatic to CO and FLOWERING LOCUS T (FT)
way back. Mutation in GI led to a decrease in the accumulation of
CO mRNA without affecting its cycling phase compared to its WT
that led to delayed flowering (Sudrez-Lopez etal., 2001). Mutants
in the GI locus or over-expressors of GI did not discriminate day-
length for flowering. Accordingly, gi mutants were later flowering
and over-expressors were earlier in both LDs and SDs (Rédei, 1962;
Araki and Komeda, 1993; Mizoguchi et al., 2005).

During dawn, CO transcription is repressed by the combina-
torial activity of the DOF transcription repressors bound to the
CO promoter. In LDs, the expression of FKFI and GI coincide at
ZT10. Therefore, toward the middle of the day the accumulation
of GI along with FKF1 forms a complex competent to degrade the
DOF factors. This elevates the CO transcription, thereby leading
to FT expression (Imaizumi etal., 2003, 2005; Sawa etal., 2007).
While in SDs, since FKF1 accumulates 3 h after GI peaks, it does
not allow the formation of the degradation complex, therefore
leading to a low abundance of CO transcript. This photoperiod
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FIGURE 4 | Circadian clock control by Gl. Gl and the central clock
components work in a feedback loop. Gl along with ELF4 positively
regulates the clock while Gl and ZTL form a complex to degrade TOC1 in
evening. Gl and HSP90 regulate the stability of ZTL, thereby influencing
clock.
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pathway where GI regulates FT expression in a CO-dependent
manner is schematically depicted in Figure 5. GI regulates the
abundance of FKF1, which is involved in the proteasomal degra-
dation of proteins (Fornara etal., 2009). Post-transcriptionally,
GI also controls the sub-cellular level of CYCLING DOF FAC-
TOR 2 (CDF2; Fornara etal., 2009). FKF1 belongs to a family of
F-Box proteins containing two other candidates — LOV KELCH
Protein 2 (LKP2) and ZTL. The blue light dependent interaction
between GI and FKF1 is mediated by the LOV (Light, Oxy-
gen, or Voltage) domain of FKF1 and the amino-terminal of
GI in vivo (Sawa etal., 2007). The gi-100 mutant is later flow-
ering than the F-Box triple mutant fkfI ztl-4 lkp2-1. This might
be due to the presence of GI in fkfl ztl-4 Ikp2-1, which down-
regulates the abundance of CDF transcripts, or the presence of
an additional layer of control by GI bypassing the triple F-Box
module.

There are at least two independent mechanisms through which
GI regulates FT expression independent of CO. While the first
mechanism involves microRNA, the second mechanism is through
the binding of GI to the FT promoter. The microRNA based
control involves miRNA172, which is positively regulated in the
presence of GI. The miRI72 inhibits the expression of TARGET
OF EAT1 (TOEI), an APETALA 2 (AP2)-related transcriptional
repressor of FT (Jung etal., 2007). In the recent past, expres-
sion of GI specifically in the mesophyll or vascular tissue was
carried out. This rescued the late-flowering phenotype of gi-2
under both day length conditions and two different temperatures
of 16 and 23°C (Sawa and Kay, 2011). The expression of GI
in mesophyll and vascular tissue was done using tissue specific
promoters LIGHT-HARVESTING COMPLEX B2.1 (pLhCB2.1)
and SUCROSE TRANSPORTER 2 (pSUC2), respectively. While
expression pattern of GI under the control of pLhCB2.1 is altered
and peaked at ZT 0, GI expressed under the phloem specific pro-
moter led to the over-expression of the transcript with peak at ZT
10. The FT transcript level was up-regulated without an increase in

CO mRNA in both day-length conditions. GI was shown to binds
to the FT transcriptional repressors such as SHORT VEGETATIVE
PHASE (SVP), TEMPRANILLO 1 (TEM1), and TEMPRANILLO
2 (TEM2), and their specific target regions within the FT promoter
in the mesophyll, thereby relieving the repression and promoting
FT transcription (Sawa and Kay, 2011). The degradation of the
FT transcriptional repressors or the unavailability of their bind-
ing sites on the FT promoters due to the presence of GI could
lead to the abundance of the FT transcript. FT expressed in the
vascular tissue normally triggers flowering. Since GI expressed
in mesophyll accelerated flowering, elevating the FT level in vas-
culature, the signal from mesophyll GI most likely induces CO
transcription in vasculature. Alternatively, the GI could be trans-
ported to the vascular tissues and induce the photoperiod module
which needs to be investigated.

Expression of 35S::GI:GFP in gi-3 plants complemented the
late flowering phenotype of gi-3. On the contrary, expressing the
35S8::GFP:GI in gi-3 caused later flowering compared to the back-
ground lines indicating that the N-terminal fusion of GI might be
either non-functional or might not be imported into the nucleus.
In the transgenic line expressing C-terminal fusion, the fusion pro-
tein was localized to the nucleus and formed NBs (Mizoguchi et al.,
2005). In an independent study, transgenic plants expressing glu-
cocorticoid receptor (GR) fusion of GI flowered with ~20 leaves
less when treated with dexamethasone, compared to its untreated
control which flowered with ~55 leaves under LDs (Giinl et al.,
2009). In 15 day old seedlings, the induction of flowering time
genes like CO and FT took place ~28 h after dexamethasone
treatment causing early flowering. This indicates that cytoplasmic
retention of GI most probably delays time to flower. Mutation in GI
is epistatic to mutation in ELF4 and together regulate CO expres-
sion (Kim etal.,2012). Recent studies showed that ELF4 sequesters
Gl into nuclear bodies, thereby preventing GI to associate with the
CO promoter (Kim etal., 2013b). It would be interesting to know
the nature of the GI nuclear bodies and the components there
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FIGURE 5 | GI-FKF1 complex regulates the photoperiodic flowering time.
In LD, the peak expression of G/ and FLAVIN-BINDING KELCH REPEAT
FBOX 1 (FKF1) coincide, leading to the accumulation of GI-FKF1 complex.
The GI-FKF1 complex regulates the degradation of Cycling DOF factors
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(CDFs) bound to the CONSTANS (CO) promoter. In the absence of the
inhibitor CO transcription occurs resulting in the accumulation of CO protein
that promotes flowering. While in SDs, less abundance of GI-FKF1 complex
does not degrade CDFs repressing CO transcription.
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in, using biochemical approach followed by mass spectrometric
analysis.

GIGANTEA interacts with N-terminal tetracopeptide domains
of SPINDLY (SPY), a plant O-linked (-N-acetylglucosamine
transferase, and antagonizes its activity, thereby, promoting flow-
ering (Tseng etal., 2004). Acetylglucosamine transferases have role
in the addition of acetylglucosamine residues to proteins, which
often competes with phosphorylation. This suggests that sugar
modification may function as an important event in flowering
time regulation. The known pathways through which GI regulates
flowering are summarized in the Figure 6.

PLEOTROPIC FUNCTIONS OF GIGANTEA
Besides flowering time, circadian clock, and light signaling regu-
lation, GI has been implicated in other processes such as, sucrose
signaling (Dalchau etal.,2011), starch accumulation (Eimert et al.,
1995), and stress tolerance (Kurepa etal.,, 1998a; Fowler and
Thomashow, 2002; Kim etal., 2013a; Riboni etal., 2013). The
control of cotyledon movement, transpiration, and hypocotyl
elongation responses have been shown to be attributed to the con-
certed activity of SPY and GI (Sothern etal.,, 2002; Tseng etal.,
2004). The precise nature of this interaction is still unclear. How-
ever, GI functions antagonistically to SPY. The interaction of GI
with SPY and ELF4 independently regulates hypocotyl length,
where mutation in ELF4 and SPY are epistatic to gi-2.
GIGANTEA has been demonstrated to play a role between
sucrose signaling and the circadian clock while grown in DD
(Dalchau etal., 2011). Plants entrained in LD when shifted to DD,
maintained the rhythmic GI expression exclusively in the presence
of sucrose suggesting light independent control of GI rhythmicity.
Although contradictory evidence on role of sucrose on GI expres-
sion has been reported, sucrose seems to affect the GI expression
through SENSITIVE TO FREEZING6 (SFR6) locus (Knight etal.,
2008; Usadel etal., 2008). More precise experiments are required
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FIGURE 6 | Flowering time regulation by GI. G| regulates flowering time
through many pathways mostly up-regulating FT.The mechanism of
flowering time control by Gl along with ELF4 and SPY is unknown. The
miR172 processed by Gl inhibits TOE1/2 that up-regulates FT transcription.
Gl also degrades inhibitors of FT transcription like SVP TEM1 and 2.
GI-FKF1 complex tunes CO transcription, which in turn controls FT
accumulation.

to unravel this mechanism. In the leaves of Arabidopsis, starch
accumulation is elevated in the gi mutants (Eimert etal., 1995).
On the contrary, presence of multiple copies of GI led to starch
accumulation in the progeny of a cross between A. thaliana and A.
arenosa, suggesting the antagonistic role of GI in these plants (Ni
etal., 2009).

The gi-3 mutants showed higher tolerance capacity to redox
cycling agent, paraquat, and H,O, (Kurepa etal., 1998a). Toler-
ance against paraquat is counteracted by the exogenously applied
polyamines such as spermidine, spermine, and putrescine (Kurepa
etal., 1998b). Paraquat treatment upregulated endogenous lev-
els of putrescine in gi-3 and WT. Since exogenous application of
polyamines is effective for the resistance, the mechanism of the
transporters during this stress needs attention. Oxidative stress
due to herbicide imazethapyr has been shown to increase GI
abundance and cause earlier flowering by ~4 days (Qian etal.,
2014). The mechanism behind higher tolerance to oxidative stress
mediated by GI is still unclear.

Kurepa etal. (1998a) showed that gi mutants, gi-3, gi-4, gi-5,
and gi-6, have more chlorophyll accumulation in comparison to
WT in presence of paraquat. Even treatment with nitric oxide
(NO) reduces the GI mRNA abundance and increases the chloro-
phyll content (He etal., 2004). In both the cases above, lower
abundance of functional GI can be correlated to higher accumu-
lation of chlorophyll. The role of GI in regulating the chlorophyll
content needs to be studied in mutants and over-expressors of
GI. Chlorophyll accumulation in allotetraploid, obtained by a
cross between A. thaliana and A. arenosa, is higher than the
WT individuals (Ni etal., 2009). The starch and chlorophyll
accumulation in allotetraploids is exactly opposite in compar-
ison to that seen in A. thaliana. The reverse trend might be
due to post-transcriptional silencing posed by the presence of
multiple homologous sequences of GI transcript, essentially a
co-suppression phenomenon.

Dynamin, a GTPase having role in vesicle recycling during
endocytosis, was found to interact with TAP tagged GI in rice
(Abe etal., 2008). Although mutation in dynamin gene did not
have any effect on the flowering time, it showed aerial rosette
phenotype in Arabidopsis. In Arabidopsis, GI has been found to
be involved in setting of fruits (Brock etal., 2007). No significant
association of the GI haplogroup was detected with days to flower,
petiole length, and inflorescence height. A significant association
was observed between one haplogroup with fruit set, producing
14% more fruit than other haplogroups. Such studies in the crop
plants could help in increasing the yield.

GIGANTEA mRNA levels increases about five- to eightfold
in the cold treated Arabidopsis plants suggesting that GI is a
cold-responsive gene (Fowler and Thomashow, 2002). The flow-
ering time of gi mutants was further delayed when exposed to
low temperature compared to WT (Cao etal.,, 2005). C-repeat
Binding proteins (CBFs) have been known to regulate vari-
ous genes responsive to cold and are implicated in cold stress
tolerance. On the contrary, Cao etal. (2005), it was revealed
that GI regulates cold acclimation through CBF-independent
pathway. The ability to tolerate and acclimatize toward cold is
reduced in gi mutants suggesting the protective role of GI in cold
tolerance.
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Recently, the role of GI under salt stress was documented (Kim
etal.,,2013a). Although, salt stress did not affect the GI expression,
it affected the GI protein stability in pGI::GI-HA transgenics (Cao
etal., 2005; Kim etal.,, 2013a). It seems plausible that there is a
mechanism at the post-translational level that regulates GI abun-
dance. GI also regulated the activities of the proteins involved in
the salt stress tolerance. It interacts with Salt Overly Sensitive 2
(SOS2) directly and inhibits the activity of SOS1, a Nat/H™ anti-
porter. Therefore, GI is a negative regulator of salt tolerance and
is degraded during salt stress. According to a recent model, plants
under salt stress would flower later than when grown in normal
growth conditions reasoned for the degradation of GI (Park etal.,
2013).

In At and other plants, the tolerance to higher salinity, enhanced
cold, and sustained drought were manifested by the increase of
sub-cellular level of abscisic acid (ABA). Recent reports indicated
that GI has role in ABA-dependent drought escape tolerance. It
suggests that the GI regulation of salt and cold stress tolerance
could very likely be ABA-mediated (Riboni etal., 2013). Drought
stress up-regulates GI transcription and in turn, increases the
abundance of miR172E variant (Han etal., 2013). WRKY DNA
binding protein 44 (WRKY44) was found to be suppressed by GI
in drought stress and interact with TOE1. GI-miR172-WRKY44
were proposed to be in the same pathway possibly associated with
drought stress tolerance. On the same line of thinking, the light
dependent GI-mediated stomatal opening response could be ABA
mediated (Ando etal., 2013). GI also has a role in wall in-growth
deposition in phloem parenchyma transfer cells in A. thaliana
in response to high light and cold stress (Edwards etal., 2010;
Chinnappa et al., 2013).

ROLE OF GIGANTEA HOMOLOGS

GIGANTEA homologs in prokaryotes, fungi, mosses, or animals
have not been reported as yet (Holm etal., 2010). G homolog has
been shown to be absent in the green unicellular alga Ostreococcus
tauri (Corellou etal., 2009). Evolution of GI has been corre-
lated with the evolution of higher plants from liverwort onward,
although being absent in mosses. The evolution of GI can be pro-
posed to have taken place alongside the origin of land plants. The
role of GI in light signaling, circadian clock control, and flowering
time regulation seems to be conserved across the plant kingdom,
as inferred from the various studies to understand the role of GI
homologs in Arabidopsis. GI homologs from the non-flowering
and flowering plants have been summarized below.

The GI-FKF1 interaction and function has been recently shown
to be conserved in the liverwort Marchantia polymorpha (Kub-
ota etal.,, 2014). The LOV domain of FKF1, which has been
found to be required for the interaction with GI, contains a con-
served cysteine residue in AtGI and MpGI important for its blue
light dependent functions (Sawa etal., 2007). GI-FKF1 module
has been proposed to be important for the transition of plants
from water to land and the evolution of vascular system. The
Marchantia polymorpha ortholog of GI, MpGI, has been shown
to partially rescue the late flowering phenotype of Arabidopsis
gi mutant suggesting the functional conservation of GI across
the plant kingdom. The FKF1 homologs have been shown to
be present in A. thaliana (AtFKF1, AtZTL, and AtLKP2), Oryza

sativa (OsFKF1, OsZTL1, and OsZTL2), Glycine max (GmFKF1,
GmZTL1,and GmZTL2), Triticum aestivum (TaFKF1 and TaZTL),
Allium cepa (AcFKF1 and AcZTL), Mesembryanthemum crys-
tallinum (McFKF1 and McZTL), and Selaginella moellendorffii
(SmFKF; Kubota etal., 2014). The GI counterparts in the above
mentioned species are also conserved. This shows that GI-FKF1
module has been conserved since the primitive time and thus
might be have been important in shaping the development of
higher plant. This light perceiving module needs to be studied
in detail to understand the evolution of various functions and
residues along with putative domains required to carry out these
functions in plants. The conserved interaction of GI with FKF1
has been shown to be conserved in soybean.

GYMNOSPERM

Norway Spruce (Picea abies)

GIGANTEA ortholog of Picea abies, PaGI and AtGI share 58%
identity and 72% similarity. Natural variations in GI have been
correlated to clinal variations in the different populations of close
relative of the Scandinavian Norway spruce (Chen etal., 2014).
Over-expression of PaGI in WT Arabidopsis did not show any
phenotypical changes (Karlgren et al., 2013). However, when PaGI
was over-expressed in gi-2 mutant, it partially rescued the late
flowering phenotype and flowered at the same time as WT plants
suggesting that PaGI and AtGI are functionally conserved to large
extent. The strength of the over-expression has neither been veri-
fied at the gene expression level nor the protein accumulation level
and therefore needs to be confirmed.

ANGIOSPERMS (MONOCOTS)

Barley (Hordeum vulgare)

GIGANTEA homolog in Barley was identified using BLAST
searches and later confirmed by Southern hybridization analyses.
Only one homolog was detected in barley. Barley GI (HvGI) has
~94 and ~79% similarity with OsGI and AtGI, respectively (Dun-
ford etal., 2005). Barley, being a long-day plant, its GI expression
followed the pattern documented for AtGI. Characteristically, in
SDs, the peak of expression was noticed about 6-9 h after dawn
whereas, in LDs, the peak is shifted to 15 h after dawn (Dunford
etal., 2005). The mutation in HvELF3 (mat-a.8), a 4 bp deletion
causing frame shift and premature stop codon, was found in the
barley cultivar Mari (Zakhrabekova etal.,2012). This mutation led
to the up-regulation of HvGI transcription and was found to be
the reason for early flowering phenotype in this cultivar. Although,
post-translational interaction between AtELF3 and AtGI is known,
no evidence is there in Arabidopsis suggesting the transcriptional
regulation of GI by ELF3.

Duckweed (Lemna gibba)

The AtGI homolog of L. gibba, LgGIH]1, a LD plant, plays a pivotal
role in its circadian clock control, since the LgGIHI knockdown
resulted in the arrhythmic gene expression phenotype in plants
(Serikawa etal., 2008). Earlier reports suggested that ArGI and
LgGIH] followed similar expression pattern in both LD and LL
conditions (Miwa etal., 2006). The function of GI and ELF3
homologs are shown to be conserved between Arabidopsis and
L. gibba.
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Maize (Zea mays)

Maize is a SD plant, which has two diurnally regulated GI
homologs called gigantea of Z. mays la and 1b (gil and 2) due
to tetraploidy events and genome evolution expressed in leaves
(Gautand Doebley, 1997; Swigonova et al., 2004; Miller et al., 2008;
Hayes etal., 2010; Khan et al., 2010; Schnable etal., 2011). Among
the two homologs, the giganteal transcript was highly expressed.
Mutation in gil caused early flowering in LD but had lesser effects
in SD. The gil mutation also increases plant height and alters the
timing of the vegetative phase (Bendix et al.,2013). The early flow-
ering phenotype of gil mutant was due to the conserved pathway
involving the up-regulation of CO-like flowering regulatory gene
called CO of Z. maysl (conzl) and FT-like floral activator gene
named Z. mays centroradialis8 (zcn8).

Purple False Brome (Brachypodium distachyon)

GIGANTEA ortholog of B. distachyon (BdGI) is rhythmically reg-
ulated by the circadian clock and up-regulated by both cold and
dark (Hong etal., 2010). BdGI was identified by BLAST search
followed by Southern hybridization analysis. The BAGI transcript
level was found to be oscillating in both SD and LD conditions,
like AtGI. While the lowest transcript level in both SD and LD was
at ZT 0, the peak in SD was at ZT 8 and in LD was at ZT 12.
BdGI shares 65% identity with AtGI. BAGI, like AtGI, is a nuclear
localizing protein and interacts with COP1 and ZTL proteins as
evident from the yeast two-hybrid assays. BAGI complements the
late flowering phenotype of Arabidopsis gi-2 mutant suggesting
the conserved function of GI in monocots and dicots. While PhyC
does not show a pronounced effect in the LD model Arabidopsis, it
causes late flowering in this temperate grass (Woods etal., 2014).
In phyC mutants, GI expression is almost undetectable. The low
GI expression could explain the lower abundance of the homologs
of CO and FT. The delayed flowering phenotype suggests that
the photoperiodic flowering pathway through GI is conserved in
grasses as in Arabidopsis.

Rice (Oryza sativa)

Rice and Arabidopsis GI share 67% similarity and the NLS are
quite conserved between OsGI and AtGI (Hayama etal., 2002).
GI expression pattern was similar in both rice and At (Hayama
etal., 2002) and similarly, OsGI acts as a positive regulator of
Hd1 (CO homolog of rice; Hayama etal., 2003). It controls the
rhythm of nearly 27000 genes in rice (Izawa etal., 2011). When
gi mutants are grown in field conditions, sucrose, and starch
content increases, chlorophyll content decreases, stomatal conduc-
tance increases, panicle, and spikelet number increases and fertility
was reduced. OsGI was shown to be involved in ETR2 (ethylene
receptor)-dependent late flowering phenotype and starch accu-
mulation thus, regulating the developmental transition based on
the availability of energy (Wuriyanghan etal., 2009).

Tulip (Liriodendron tulipifera)
GIGANTEA ortholog was shown to be closer to eudicot GI
sequence than the monocot sequences (Liang etal., 2010).

Wheat (Triticum aestivum L.)
Wheat is a LD plant and has been shown to have an ortholog of
AtGI, referred as TaGII (Zhao etal., 2005). TaGI1 has ~81 and

63% identity with OsGI and AtGI, respectively. The TaGII fol-
low rhythmic pattern of expression similar to that of Arabidopsis
and over-expression of TuGI1 complements late flowering pheno-
type of gi-2 mutant Arabidopsis. TaGI was also associated with
“earliness phenotype” of wheat which helps in its adaptation and
increase in yield in varied environmental conditions (Rousset et al.,
2011).

ANGIOSPERMS (DICOTS)

Common Ice Plant (Mesembryanthemum crystallinum)

A crassulacean acid metabolism plant, Mesembryanthemum crys-
tallinum, also showed a rhythmic expression of the orthologs of
GI, McGI (Boxall etal., 2005). The ortholog was identified using
BLAST search and later isolated and sequenced. McGI expression
peaks at ZT 9 similar to AtGL.

Morning Glory (Pharbitis nil)

PnGI protein shares 70 and 67% identity with AtGI and OsGI
protein, respectively (Higuchi etal., 2011). PnGI mRNA is also
circadian regulated like the other GI orthologs. Over-expression of
PnGI led to altered period length affecting the expression pattern
of downstream genes. Pharbitis nil is a SD plant, and like OsGI,
PnGlI inhibits the expression of PnFT (FT homolog of morning
glory).

Pea (Pisum sativum)

LATE BLOOMER 1 (LATE1) is the AtGI ortholog in pea, a LD
plant, and follows a rhythmic pattern of expression as seen in
Arabidopsis (Hechtetal.,2007). LATE 1 was shown to be regulating
the pea homologs of Arabidopsis circadian clock genes. Apart from
its role in flowering time and circadian clock regulation, LATE1
has been implicated in Phy-B dependent seed de-etiolation in red
light. LATE1 was found to regulate circadian clock gene expression
in constant light and dark (Liew et al., 2009). In LD and SD, LATE1
was shown to control a mobile signal that regulates the flowering
time.

Radish (Raphanus sativa)

In another instance, expression of antisense AtGI gene, under the
constitutive 35S promoter, led to delayed bolting in LDs, proving
that GI has an important role in photoperiodic flowering time
control in this plant (Curtis et al., 2002). The bolting and flowering
time was delayed by 17 and 18 days, respectively, with respect to
WT plants.

Soybean (Glycine max)

Glycine max, a SD plant, has two GI orthologs — GmGIa and
GmGIb (Watanabe etal., 2011). Both the GmGI sequences have
nearly 70-91% identity to eudicot and monocot genes. Like OsGI,
GmGI regulated GmFT paralogs. GmGI has been shown to have
role in soybean seed maturity. GmGI loss of function leads to early
flowering as in the model SD rice plant. Interestingly, a recent
study in soybean suggested that there are three ArGI homologs
in the soybean genome unlike previously suggested two orthologs
GmGIa and GmGIb (Li etal., 2013). The third form is a result
of alternative splice form of GmGla, resulting in GmGIa and
GmGIp. The GI orthologs were diurnally regulated and differ-
entially expressed in different tissues adding up to a more complex
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regulation. GmGI proteins have the conserved NLS and local-
ize to nucleus. GmGI proteins have been shown to interact with
orthologs of FKF1 in soybean suggesting that function most likely
is conserved.

Tomato (Solanum lycopersicum)

Tomato is a day neutral plant. GI was shown to be up-regulated
and inhibit tomato seed germination thereby promoting seed dor-
mancy under FR condition in the presence of functional PhyA
(Auge etal,, 2009). On the contrary, in Arabidopsis, loss of func-
tion of GI led to elevated dormancy (Penfield and Hall, 2009).
In other members of the Solanaceae such as potato and tobacco,
photoperiodic control of GI was also shown to be operational
(Rutitzky etal., 2009).

The conserved diurnal regulation of GI in different plants
described above suggests the prevalence of an important tran-
scriptional machinery as well as the GI promoter. The availability
of GI antiserum would help to understand the regulation of GI in
these crop plants. The localization and the stability of GI in most
of these plants are still to be addressed. While few of the inter-
action with proteins such as orthologs of ELF3, COP1, ZTL, and
FKF1 are shown to be conserved, the function of these complexes
needs to be disclosed in various species.

CONCLUSION AND PERSPECTIVE

GIGANTEA seems to be a very important plant protein involved
in various processes, from developmental regulation to metabolic
flux. Despite its pivotal roles, it is surprising that GI null mutants
are not lethal. Being a large protein, it might satisfy to function in
several pathways summarized, yet to be fully understood. It would
be a great challenge to understand and connect the functional
roles of GI at different developmental stages. Although GI is a
multifunctional protein, the role of its various functional domains
are still in darkness. A functional antiserum against a conserved
domain of GI that would detect the endogenous level of protein
across species and in multiple mutational background would be
very useful. The lack of such an antiserum possesses a serious
bottleneck delaying the understanding of its abundance, regula-
tion at the protein level and regulatory functions like the GI-FKF1
module across the plant kingdom. Despite this problem, several
elegant experiments have been published where researchers have
attempted to understand its role using transgenic plants express-
ing tagged versions of GI. Although time-consuming, these are
the impressive feats that place GI mechanistically in a network of
photoperiod control pathway.

The role of GI in flowering time regulation, circadian clock
control, and light signaling is still being pursued. But less-known
functions such as sucrose signaling, chlorophyll accumulation,
oxidative stress resistance demand more attention. More functions
of Gl are beginning to be documented. Recently, the emerging role
of GI in salt tolerance has been demonstrated, which indicates that
we are still not saturated in understanding the various functions
GI. It would be interesting to understand how GI regulates so many
functions before going into the complex cross talk between them it
can fine tune. The lower plant moss Physcomitrella patens does not
have a GI ortholog but still carries out most of the developmental
aspects except flowering. It is very interesting to note that they do

have CO-like genes, therefore the evolution of GI function is still
an interesting area and demands further attention (Zobell etal,,
2005).
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GATA transcription factors are evolutionarily conserved transcriptional regulators that
recognize promoter elements with a G-A-T-A core sequence. In comparison to animal
genomes, the GATA transcription factor family in plants is comparatively large with
approximately 30 members. Here, we review the current knowledge on B-GATAs, one
of four GATA factor subfamilies from Arabidopsis thaliana. We show that B-GATAs can be
subdivided based on structural features and their biological function into family members
with a C-terminal LLM- (leucine-leucine-methionine) domain or an N-terminal HAN-
(HANABATARANU) domain. The paralogous GNC (GATA, NITRATE-INDUCIBLE, CARBON-
METABOLISM INVOLVED) and CGA1/GNL (CYTOKININ-INDUCED GATA1/GNC-LIKE) are
introduced as LLM-domain containing B-GATAs from Arabidopsis that control germination,
greening, senescence, and flowering time downstream from several growth regulatory
signals. Arabidopsis HAN and its monocot-specific paralogs from rice (NECK LEAF1), maize
(TASSEL SHEATH?1), and barley (THIRD OUTER GLUME) are HAN-domain-containing B-
GATAs with a predominant role in embryo development and floral development. We also
review GATA23, a regulator of lateral root initiation from Arabidopsis that is closely related
to GNC and GNL but has a degenerate LLM-domain that is seemingly specific for the
Brassicaceae family. The Brassicaceae-specific GATA23 and the monocot-specific HAN-
domain GATAs provide evidence that neofunctionalization of B-GATAs was used during

plant evolution to expand the functional repertoire of these transcription factors.

Keywords: GATA, HAN-domain, LLM-domain, B-GATA, HANABA TARANU, GNC, GNL, CGA1

B-GATA TRANSCRIPTION FACTORS

GATA factors are evolutionarily conserved transcription regula-
tors that were named after their DNA-binding preference to the
consensus sequence W-GATA-R [W, thymidine (T) or an adeno-
sine (A); R, guanidine (G) or adenosine (A); Reyes etal., 2004].
All GATA transcription factors from Arabidopsis have a type IV
zinc finger with the consensus C-X;-C-X;7_29-C-X3-C (C, cys-
teine; X, any residue) followed by a highly basic amino acid stretch
(Reyes etal., 2004). While the zinc finger engages in hydropho-
bic interactions with the minor grove of the target DNA, the
basic stretch interacts with the negatively charged phosphate back-
bone. Whereas all Arabidopsis GATAs have only one DNA-binding
domain, several GATA transcription factors from rice, similarly
to their animal counterparts, contain more than one zinc finger
(Reyes etal., 2004).

The interest in GATA transcription factors from plants was orig-
inally instigated by the observation that GATA motifs are enriched
in promoters of light-regulated genes and of genes controlled by
the circadian clock (Arguello-Astorga and Herrera-Estrella, 1998).
The interest in GATAs was further stimulated by the fact that the
GATA factor AreA from the fungus Aspergillus nidulans is a key
regulator of nitrogen signaling, which suggested that studies of
plant GATAs may also lead to advances in understanding nitrogen
signaling in plants (Daniel-Vedele and Caboche, 1993; Scazzoc-
chio, 2000). In spite of this long-standing interest, only recently
the identification and availability of mutants and overexpressors

has allowed determining the function of these GATA factors in
a biologically relevant context. Although in several cases func-
tional redundancy between different GATA genes has rendered
the identification of their biological functions difficult, it is now
apparent that GATAs play a key role in a wide array of biological
processes.

The knowledge about the identity of GATA factors from
Arabidopsis and rice allowed subdividing the approximately 30
plant GATA factors into four conserved and distinct classes; class
A through class D (Reyes etal., 2004). This classification was
based on several criteria such as sequence conservation within
the DNA-binding domain, the presence and absence of additional
recognizable protein domains as well as the exon-intron struc-
tures of the respective genes. The focus of this review is on class B
GATAs (B-GATAs), which can be subdivided into at least two func-
tional subfamilies based on the presence of conserved domains.
Whereas some B-GATAs contain a conserved LLM- (leucine—
leucine—methionine) domain at their very C-terminus with an
invariant L-L-M motif (Behringer etal., 2014) others contain a
conserved HAN domain, which was first described in the Ara-
bidopsis B-GATA HAN (HANABA TARANU; Figure 1A). LLM-
and HAN-domain containing B-GATAs can be identified in all
sequenced dicot and monocot species suggesting that they existed
before the monocot-dicot divergence (Figure 1B; Behringer etal.,
2014). Several members of the Arabidopsis B-GATA family have
already been intensively studied: first, the paralogous GNC (GATA,
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FIGURE 1 | Overview of B-class GATA transcription factors from
Arabidopsis thaliana and rice (Oryza sativa). (A) Schematic representation
of B-class GATAs with their B-class GATA DNA-binding domain, the C-terminal
LLM- (leucine-leucine-methionine) domain and the N-terminal HAN-
(HANABA TARANU) domain. In Arabidopsis, B-GATAs with a degenerate
HAN- or LLM-domain can be found as specified in subsequent Figures. Boxes
represent protein regions with sequence similarity (gray) or high sequence
conservation (black), lines represent protein regions with restricted sequence
conservation. The schemes are not drawn to scale but reflect the presence of
long and short proteins and the respective positions of the LLM- or
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GATA23 with degenerate LLM-domain
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HAN-domain. (B) Phylogenetic tree of B-GATAs from A. thaliana and rice

(O. sativa). Where available, trivial names as introduced in the main text are
provided (bold). The phylogenetic tree was generated using the Geneious R7
Software based on a MUSCLE alignment in MEGAB.06 using the following
settings: Gap penalty, gap open —2.9, gap extend 0, hydrophobicity multiplier
1.2; interations, maximum iterations 8; clustering method, all iterations
UPGMB and minimum diagonal length (lambda) 24. The Neighbor Joining tree
was generated with the bootstrap method (1000 replications) using the
Jones-Taylor-Thornton model using default settings. Bootstrap values are
indicated by each node. Bar = 0.2 amino acid substitutions per site.

NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED)
and CGA1/GNL (CYTOKININ-INDUCED GATA1/GNC-LIKE;
hitherto GNL), representative B-GATAs with an LLM-domain;
second, HAN and HANL (HAN-LIKE) proteins from Arabidopsis
and monocots, B-GATAs with a HAN-domain. Furthermore, there
are Brassicaceae-specific as well as monocot-specific B-GATAs that
together provide evidence that the neofunctionalization of B-
GATAs was used during plant evolution to expand their functional

repertoire (Figure 1). In this review, we will summarize the cur-
rent knowledge about B-GATAs, their structure, their regulation,
and their role in plant development.

GNC AND GNL — GROWTH REGULATORS DOWNSTREAM
FROM MULTIPLE PHYTOHORMONE PATHWAYS

GNC and its paralog GNL (GNC-LIKE) had first been noted
based on their transcriptionally regulation by nitrate (Wang etal.,
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2003; Price etal., 2004; Scheible etal., 2004; Bi etal., 2005;
Kiba etal., 2005). GNC was subsequently identified as a gene
required for proper chlorophyll accumulation and was desig-
nated GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM
INVOLVED based on the transcriptional regulation by nitrate and
the misregulation of genes involved in carbon metabolism in the
gnc mutant (Bi etal., 2005; Figures 2 and 3). GNL had initially
been designated CGAL1 based on its strong transcriptional regula-
tion by cytokinin (CK) and light (Naito etal., 2007; Figures 2 and
3). Subsequent studies could then show that both GATAs, GNC,
and GNL, contribute to the control of greening and also play a
role in the regulation of plant development downstream of the
hormones gibberellin (GA) and auxin (Richter etal., 2010, 2013b;
Figure 2). Thus, these B-GATAs are under the control of multiple
signaling pathways including nitrogen availability, several phyto-
hormones as well as light (Figure 2). Common to at least some
of these input pathways is that they modulate the greening of the
plant, which is the most prominent phenotype not only in the
loss-of-function mutant but also in the overexpressors of GNC
and GNL (Figure 4). GNC and GNL were also identified as direct
targets of the floral homeotic regulatory APETALA3 and PISTIL-
LATA but the functional significance of this regulation remains to
be explored (Mara and Irish, 2008).

Arabidopsis has six LLM-domain B-GATAs that can be
subdivided into short and long family members. Comparative

analyses suggest that the presence or absence of the LLM-domain
correlates with functional differences between these B-GATAs but
not protein length (Figure 3; Behringer etal., 2014).

REGULATION OF GNC AND GNL TRANSCRIPTION BY GIBBERELLIN

Gibberellin signaling is mediated by interactions between GA and
the GIBBERELLIN INSENSITIVE DWARF1 (GID1) GA recep-
tors (Schwechheimer, 2014). GA-binding triggers the proteasomal
degradation of DELLA proteins, negative regulators of GA sig-
naling, via the E3 ubiquitin ligase SCFS™Y! (SKP1 — CULLIN —
F-BOX PROTEIN with the F-box protein SLEEPY1 [SLY1]) or
related complexes (Dill etal., 2004). DELLAs interfere with the
activities of other proteins, mainly transcription factors such as
PHYTOCHROME INTERACTING FACTORS (PIFs). The GA-
induced degradation of DELLAs relieves — in the case of the
PIFs — their repressive interactions and allows PIFs to bind
DNA (de Lucas etal., 2008; Feng etal., 2008). Studies on the
role of GNC and GNL in GA signaling were instigated by the
observation that their transcription is repressed by GA signal-
ing. This transcriptional regulation of the two B-GATAs could
be explained by the DELLA-dependent control of PIFs, notably
PIF3, which directly binds to GNC and GNL promoter elements
(Figure 2; Richter etal., 2010). Since PIF activity is not only neg-
atively regulated by DELLA interactions but also by light, the
previously reported light-induced transcription of GNL may be

phytohormones
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hypocotyl elongation

seed size

FIGURE 2 | Model of the different regulatory pathways regulating

GNC and GNL transcription in A. thaliana. phyB, phytochrome B; PIF,
PHYTOCHROME INTERACTING FACTOR; GA, gibberellin; GID1,
GIBBERELLIN INSENSITIVE DWARF1; SCF, SKP1-CULLIN-F-BOX protein type
E3 ubiquitin ligase with the F-box protein SLY1 (SLEEPY1; SCFSLYT) or TIR1

D <
¥

greening (POR genes)
GA biosynthesis (GA30X1)

lateral inflorescence angle

SCFTIFH

1

SLR1

1 \/

ARF7
(ARF19)

germination

GA catabolism (GA20X2)
cotyledon expansion
flowering time

stamen length
senescence

abscission

(TRANSPORT INHIBITOR RESISTANT1, SCFTIRT); ARF, AUXIN RESPONSE
FACTOR; SLR1, SOLITARY ROOT1 (AUX/IAA protein); CK, cytokinin; ARR,
ARABIDOPSIS RESPONSE REGULATOR. Continuous lines indicate direct
and experimentally validated regulation; dashed lines indicate indirect
regulation; question marks indicate proposed regulatory modes of action.
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FIGURE 3 | LLM-domain containing B-GATAs from Arabidopsis and rice.
(A) Schematic representation of the short and long B-GATAs with the
C-terminal LLM-domain. Boxes represent protein regions with sequence
similarity (gray) or high sequence conservation (black), lines represent protein
regions with restricted sequence conservation. (B) Sequence alignment of

A B-class LLM-
GATA-domain domain
short B-GATAs with LLM-domain — T T — —_— -
long B-GATAs with LLM-domain — (NN — - -1l
B B-class LLM-
GATA domain domain
consensus RREADSC NN N B2 - EREITOEEEN Y RE- - - - EEERBAULIMAL---SCGSMYAYY
V WV
AtGATA15_AT3G06740 1_I!IKRI3————U;E OBAMLIMALS--YASS
AtGATA16_ AT5G493OO )| ) A
o AR RS
B'G’.i‘IAS OsGATA10_0S01G0976800
Wi . |OsGATA12_0S03G0831200
LLM-domain| OsGATA13_0S05G0155400
OsGATA14_0S01G0343300
AtGATA23__AT5G26930

the GATA-domain and the LLM-domain of short and long B-GATAs with an
LLM-domain from Arabidopsis and rice. The presence of the LLM-domain can
already be predicted based on the sequence of the GATA domain. Conserved
residues that allow distinguishing LLM-domain containing B-GATAs from
other B-GATAs are marked with arrowheads.

explained by the regulation of GNL by PIFs (Naito etal., 2007;
Figure 2).

Mutants and overexpressors of GNC and GNL have a number
of phenotypes that can be explained by defects in GA signal-
ing in that they promote greening and hypocotyl elongation but
repress germination and flowering (Figure 4). When compared
to mutants with a strong GA pathway defect, the contribution of
GNC and GNL to plant growth regulation is comparatively subtle.
For example, the strong flowering time delay of the gal mutant
is only partially suppressed in gal gnc gnl (Richter etal., 2010,
2013a). In qualitative terms, this suppression is comparable to
the suppression of the gal phenotype by DELLA gene mutants
from Arabidopsis. There, the loss of individual members of the five
member DELLA gene family only partially suppresses gal pheno-
types, whereas the loss of multiple DELLA genes results in a strong
genetic suppressions (Cheng etal., 2004; Cao etal., 2005). Taking
into account that there are six presumably functionally redun-
dant LLM-domain containing B-GATAs in Arabidopsis (Figure 3;
Behringer etal., 2014), it could be envisioned that a stronger
suppression of gal can be achieved when all six LLM-domain
B-GATAs are mutated in gal.

REGULATION OF GNC AND GNL BY AUXIN AND CROSS-TALK WITH GA

SIGNALING

GNC and GNL are also transcriptionally repressed by AUXIN
RESPONSE FACTOR2 (ARF2; Richter etal.,, 2013b). ARF2
belongs to the family of ARF transcription factors that have been
subdivided into ARF+ that can bind the auxin-labile AUX/TAA
repressors and ARF- that do not engage in such repressive inter-
actions (Vernoux etal., 2011). AUX/IAA repressor abundance is
negatively regulated by auxin through a specific SFC-type E3 ubiq-
uitin ligase (Dharmasiri et al., 2005a,b). This regulation, however,

only affects the activity of ARF+ and not that of ARF- such
as ARF2.

arf2mutants share a number of phenotypes with GNLand GNL
overexpression lines such as seed size, chlorophyll biosynthesis,
stamen length, floral organ abscission, and senescence (Ellis et al.,
2005; Okushima etal., 2005; Richter et al., 2013b; Figure 4). Inter-
estingly, these arf2 phenotypes are partially or fully suppressed
in the presence of gnc and gnl loss-of-function mutants (Richter
etal., 2013b). Thus, arf2 mutant phenotypes may be explained by
increased GNC or GNL transcript levels in arf2 and the repres-
sive activities of the GATAs in this mutant background. Indeed,
GNC and GNL transcription is elevated in arf2 mutants and ARF2
directly binds to the GNC and GNL promoters (Richter etal,
2013b).

Although ARF2 is an auxin regulation-independent ARF-, the
transcriptional repression of GNC and GNL can be modulated
by auxin. This suggested that also auxin-responsive ARF+4 and
AUX/IAAs may regulate GNC and GNL expression. Indeed, loss-
of-function mutants of the ARF+ proteins ARF7 and its paralog
ARF19 as well as gain-of-function mutants of their interacting
AUX/IAA SLR1 (SOLITARY ROOT1) are phenotypically similar
to GNC and GNL overexpressors. In line with a direct activity of
ARF7 on the B-GATA promoters, an auxin-modulated binding
of ARF7 to the GNC and GNL promoters could be demon-
strated. Thus, GNC and GNL transcription is under the control of
auxin- and AUX/IAA-independent (ARF2) as well as auxin- and
AUX/TAA-dependent (ARF7) transcription factors (Richter etal.,
2013b; Figure 2).

The observation that the two phytohormones, GA and auxin,
repress the transcription of GNC and GNL suggested that mod-
ulation of the expression of the two GATAs would allow for a
transcriptional cross-talk between these two pathways. In fact,
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FIGURE 4 | Phenotypes of LLM-domain B-GATA loss-of-function
mutants (gnc gnl) and overexpressors (GNC-OX) during germination,
seedling development, and in adult plants. Phenotypes that are marked
with an asterisk are dependent on the presence of the LLM-domain and
are not observed in overexpressors with a mutation or deletion of the
LLM-domain (Behringer etal., 2014).

several phenotypes of the arf2 mutant could be suppressed by
GA treatments or in the presence of a spy (spindly) mutation,
which phenotypically mimics the phenotypes of plants with con-
stitutively active GA signaling (Richter etal., 2013b). Thus, GA
and auxin signaling converge on the transcriptional regulation of
GNC and GNL and these two signals control at least in part the
same growth responses (Figure 2).

The analysis of this GA-auxin cross-talk also resulted in the
identification of two feedback regulatory mechanisms that con-
tribute to the regulation of GNC and GNL expression (Richter
etal., 2013b). First, ARF2 autoregulates its own transcription and
thereby negatively feeds back on its own transcription as well
as GNC and GNL regulation, and second, GA promotes ARF2
abundance by controlling ARF2 translation or by controlling the

stability of a de novo synthesized and unknown GA-responsive
protein involved in regulating ARF2 abundance (Richter etal,,
2013b).

GNC AND GNL PROMOTE GREENING DOWNSTREAM FROM CYTOKININ
GNC was isolated based on the greening defect of its loss-of-
function mutant (Bi et al., 2005). Although such as greening defect
is not visible (but quantifiable) in the gnl mutant, it is enhanced
in the gnc gnl double mutant. GNC and GNL thus redundantly
regulate greening, possibly together with other LLM-domain con-
taining B-GATAs (Figure 4; Richter etal., 2010; Behringer etal,,
2014). The greening phenotype of GNC and GNL overexpression
lines correlates with the increased expression of the chloro-
plast localized GLUTAMATE SYNTHASE, HEMA, GENOMES
UNCOUPLED4, and PROTOCHLOROPHYLLIDE OXYDORE-
DUCTASE genes as well as that of PDV2 (PLASTID DIVISIONZ;
Richter etal., 2010; Hudson etal., 2011). At the same time, over-
expression of GNC, GNL, or that of other B-GATAs induces
a strong greening phenotype in tissues that normally do not
contain significant numbers of chloroplasts such as the lower
hypocotyl, the upper part of the root, and epidermal cells of
cotyledons, and the hypocotyl (Richter etal., 2010; Chiang etal.,
2012; Behringer etal.,, 2014). The role of the LLM-domain con-
taining B-GATAs in the control of greening is conserved across
species since the overexpression of LLM-domain containing B-
GATAs from barley, tomato, or rice induces similar phenotypes
when tested in Arabidopsis or rice, respectively (Hudson etal.,
2011; Behringer etal., 2014). Taken together, LLM-domain con-
taining B-GATAs are at least in some tissues sufficient to strongly
promote greening.

B-GATAs may control greening by promoting chlorophyll
biosynthesis, chloroplast formation, or chloroplast size. In this
regard, it is important to note that CK, which induces GNC and
GNL expression, can promote greening in multiple developmen-
tal contexts (Kiba etal., 2005; Figure 5). CK induces chloroplast
division by activating the expression of the chloroplast division
regulators PDVI and PDV2 in a manner that is dependent on
the CK-induced regulator CRF2 (CYTOKININ RESPONSE FAC-
TOR2; Okazaki etal., 2009). Although this increase in chloroplast
division correlates with a reduction of chloroplast size, CK-treated
plants have elevated chlorophyll levels (Okazaki etal., 2009). Fur-
thermore, CK can promote greening ectopically in tissue that
normally does not contain many chloroplasts including the upper
part of the root (Kobayashi etal., 2012). Along these lines, the
strong greening phenotype of the GNC overexpressors can be
explained by an increased number of chloroplasts that is accom-
panied by the reduction of chloroplast size as it is typical for
CK-treated seedlings (Chiang etal.,, 2012; Figure 5). Although
the number of chloroplasts is not reduced, gnc gnl mutants have
smaller chloroplasts in the hypocotyls and reduced chlorophyll
levels in seedlings (Richter etal., 2010; Chiang etal., 2012). Addi-
tionally, ectopic expression of GNC promotes the differentiation
of etioplasts from proplastids in dark-grown seedlings, which also
can be correlated with an accelerated greening when etiolated
seedlings are exposed to light (Chiang etal., 2012). CK treatment
induces the expression of GNL but is less efficient in inducing
the expression of GNC (Naito etal., 2007; Chiang etal., 2012).

www.frontiersin.org

February 2015 | Volume 6 | Article 90 | 28


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Behringer and Schwechheimer

Plant B-GATA transcription factors

Chloroplast development

deetiolation
GNG chloroplast
GNC-OX GNL
other B-GATAs?
— —

Chloroplast division and growth
gnc gnl wild type GNC-OX

= 3 @ @

Cytokinin response in chloroplast division

arrt arr12
-CK +CK

= ® o)

wild type
-CK +CK

gnc gnl
-CK +CK

FIGURE 5 | Role of GNC and GNL as well as CK response in
chloroplast division and growth. GNC and GNL expression can promote
the differentiation of proplastids to chloroplasts and the abundance of these
B-GATAs also has an impact on chloroplast size. CK can promote changes in
chloroplast division and chloroplast size that cannot be observed in the gnc
gnl mutant or arr1 arr12 mutant suggesting that GNC and GNL act
downstream from the CK pathway (Chiang etal., 2012).

The type-B response regulators ARABIDOPSIS RESPONSE REG-
ULATOR1 (ARR1) and ARRI12 are important for this regulation
since CK-induced gene expression of GNL is strongly compro-
mised in arrl arrl2 mutants where CK effects on chloroplast
division are also compromised (Argyros etal., 2008; Chiang etal.,
2012; Figure 5). Furthermore, gnc gnl mutants exhibit reduced
CK sensitivity in chloroplast division (Chiang etal., 2012). Taken
together these findings suggest that the greening defect of gnc gnl
mutants is caused by their reduced CK-responsiveness and that
this CK response requires the induction of GNL and possibly
other B-GATAs through type-B ARRs. This adds LLM-domain
containing B-GATAs to the list of transcription factors that can
promote greening downstream from CK such as the previously
mentioned CRF2 but also GLK2 (GOLDEN LIKE2; Fitter etal.,
2002; Okazaki etal., 2009; Kobayashi etal., 2012). Although this
has not been studied in detail, it may be that the effects of GA
and auxin signaling on greening (Richter et al., 2010; Richter et al.,
2013b) are, at least in part, also a consequence of the role of
GNC and GNL on chloroplast division as demonstrated for CK
signaling.

CROSS-REPRESSIVE INTERACTIONS BETWEEN GNC, GNL, AND SOC1
IN THE CONTROL OF FLOWERING TIME, GREENING, AND COLD
TOLERANCE

GNC and GNL are flowering repressors. The contribution of these
two GATAs to flowering time control can be observed in the GA-
deficient late flowering mutant gal where loss of GNC and GNL

function promotes the flowering of gal by about a month (Richter
etal, 2013a). A dedicated analysis has placed these B-GATAs in
the network around the flowering time regulator SOC1 (SUP-
PRESSOR OF THE OVEREXPRESSION OF CONSTANS; Richter
etal.,2013a). The MADS-box transcription factor SOC1 is a major
regulator of flowering time in Arabidopsis thaliana. SOCI expres-
sion is under control of a number of flowering promoting inputs
and SOCI expression is essential for floral induction in long day
conditions (Samach et al., 2000; Yoo et al., 2005). In short-day con-
ditions, SOCI is a major integrator of flowering time stimulation
by GA (Blazquez and Weigel, 1999; Moon etal., 2003). Based on
the central role proposed for SOCI in flowering time regulation,
SOCI also qualified as a possible target of flowering time control
downstream from GNC and GNL. Indeed, the promoter of SOCI
is recognized by both GATAs and SOCI expression is strongly
downregulated when the GATAs are overexpressed (Figure 6).
In turn, when SOCI expression is uncoupled from GNC and
GNL control in a SOCI overexpression line, the flowering repres-
sive effects of GNC and GNL overexpression are suppressed.
Thus, GNC and GNL act upstream of SOCI in flowering time
control.

Curiously, the respective genetic interaction experiments also
indicated that there may be an inverse relationship between SOCI
and the GATAs in the control of other B-GATA-regulated responses
that are not directly related to flowering time control (Figure 6).
In fact, the genetic interaction experiments between SOCI, GNC,
and GNL indicated that two other phenotypes of socl mutants,
enhanced greening and decreased cold tolerance, are suppressed in
the absence of the GNC and GNL regulators (Richter et al., 2013a).
Thus, cross-repressive interactions between these B-GATAs and
SOC1 govern distinct biological processes.
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FIGURE 6 | Cross-repressive interactions between GNC and GNL with
SO0C1 govern flowering time control, cold tolerance, and greening.
CBF, C-REPEAT/DRE BINDING FACTOR 1; COR, COLD RESPONSE; POR,
PROTOCHLOROPHYLLIDE OXYDOREDUCTASE; SOC1, SUPPRESSOR OF
THE OVEREXPRESSION OF CONSTANS1. See Figure 2 legend for other
abbreviations. Continuous lines indicate direct and experimentally validated
regulation; dashed lines indicate indirect regulation.
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FIGURE 7 | Defects of han mutants during embryogenesis and shoot
meristem formation. HAN is expressed in the apical part of the embryo
and defects in HAN expression lead to changes in the proembryo boundary
formation that correlated with altered auxin distribution, altered PIN
(PIN-FORMED) gene expression as well as altered expression of the
marker genes PLT1 (PLETHORAT) and SCR (SCARECROW: Nawy etal.,
2010). HAN is expressed in the boundary between the different organs that
originate from the shoot apical meristem and the loss of HAN results in a
broadened expression of the WUS (WUSCHEL) marker.

HAN-DOMAIN CONTAINING B-GATAs REGULATE
EMBRYOGENESIS AND FLOWER DEVELOPMENT

HAN (HANABA TARANU; Japanese for floral leaf, TARANU,
Japanese for not enough) was independently identified in genetic
screens as a mutant with altered floral organ identity (Zhao etal.,
2004) and altered embryo patterning (Nawy et al., 2010; Figure 7).
The HAN-domain, which is specific for this family of B-GATAs was
first noted in HAN and its HAN-LIKE paralogs from Arabidop-
sis and later used to classify further B-GATAs as monocot-specific
HAN-paralogs (Figures 1 and 8; Zhao etal., 2004; Whipple etal.,
2010). The biological role of this B-GATA-specific domain is as
yet unknown but may serve for interactions with other proteins.
Whereas the overexpression of LLM-domain containing B-GATAs
gives rise to a number of growth defects, most prominently the
accumulation of chlorophyll at the base of the hypocotyl and
hypocotyl elongation, HAN and HANL2 overexpressors have dif-
ferent phenotypes, e.g., they accumulate less chlorophyll than the
wild type and have normal hypocotyl length (Behringer etal.,
2014). Thus, based on these criteria, HAN-domain B-GATAs are
functionally distinct from LLM-domain containing B-GATAs.

HAN — A REGULATOR OF EMBRYO DEVELOPMENT
During embryo development, HAN is required for the proper
positioning of the proembryo boundary (Figure 7). han mutant

embryos have several developmental defects, including a vac-
uolation of the lower tier cells of the embryo and a decrease
in suspensor cell divisions (Nawy etal., 2010). The expression
domains of embryonic markers for the suspensor and the lower
tier are shifted apically in globular stage han embryos and this
fits, in the case of the suspensor marker-positive cells, to their
morphological resemblance to suspensor cells. The apical shift of
auxin distribution in han mutant embryos and a broadening of the
expression of the auxin response marker DR5:GFP (DR5:GREEN
FLUORESCENT PROTEIN) are further indications for defects in
proembryo boundary positioning in these mutants. Since lower
tier cells normally give rise to the root, root formation is impaired
in han embryos. han mutants fail to form an embryonic root and
they are unable to undergo an essential cell division of the upper-
most suspensor cell, the hypophysis that produces the quiescent
center (QC). Interestingly, most han mutants can later recover
from this defect and produce a root independently of the hypoph-
ysis at a later stage of embryo development (Nawy etal., 2010). It
is thought that this rescue is the consequence of the coincidental
expression of several prerequisites for QC formation: a local auxin
maximum and the expression of the root regulators PLETHORA,
SHORT ROOT and SCARECROW (Nawy et al.,2010). In addition
to root development phenotypes, han mutants have also defects
in cotyledon growth and initiation. han mutants sometimes have
up to four cotyledons (Zhao etal., 2004). Ectopic root forma-
tion and altered PLETHORA expression were also observed in a
han allele that strongly enhances the phenotype of mutants of
the leaf development regulator ANGUSTIFOLIA3 (Kanei etal.,
2012).

Auxin is an actively transported hormone and its distribution
within the embryo is mediated by auxin efflux carriers such as
PIN1 (PIN-FORMED1) and PIN7 (Friml et al., 2003). In the wild
type, auxin initially accumulates in the apical part and shifts to the
suspensor preceding hypophyseal cell specification. This shift in
auxin distribution correlates with a shift of PIN7 in the suspensor
from the apical to the basal plasma membrane and a shift of PIN1
from being non-polarly distributed to being polarly distributed in
the provascular cells of the proembryo (Friml etal., 2003). Both,
the expression domain of PINI as well as that of PIN7 is shifted
apically in han mutants and the ectopic expression of the PIN,
at least that of PINI, can find its explanation in a possibly direct
transcriptional regulation of PINI by HAN (Nawy etal., 2010).
Thus, the han mutant phenotype may have its molecular cause
in a misexpression of the PINs and consequently altered auxin
distribution.

HAN — A FLORAL MORPHOLOGY REGULATOR

HAN was first described based on the han mutants with altered
shoot meristem morphology (Zhao etal., 2004; Figure 7). When
compared to the wild type, han loss-of-function mutants have
small flat shoot meristems, reduced numbers of floral organs in
all four whorls as well as fused sepals. HAN is expressed between
the meristem and between newly initiated floral organ primordia
and in the boundaries between the different floral organ whorls.
HAN overexpression, on the other side, results in delayed plant
growth, disturbed cell divisions, and a loss of meristem activity.
Taken together these findings suggest that HAN acts as a repressor
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from Arabidopsis and rice. The presence of the HAN-domain can already
be predicted based on the sequence of the GATA domain. Conserved
amino acids that allow distinguishing HAN-domain B-GATAs from other
B-GATAs are marked with arrowheads. The asterisks mark residues in
the HAN-domain as identified in loss-of-function mutant alleles of HAN
family members providing evidence for the functional importance of this
protein domain for protein function (Whipple etal., 2010; Kanei etal.,
2012).

of cell proliferation and that loss of this repressive function could
lead to the reduced meristem size, which may be the cause for the
reduced floral organ numbers and fused floral organs seen in its
mutants (Zhao et al., 2004).

HAN expression surrounds the floral meristem cells and HAN
interacts strongly with the CLV (CLAVATA) pathway (Zhao etal.,
2004). In Arabidopsis, shoot meristem size is determined on
the one side by the plasma membrane-resident receptor pro-
teins CLV1 and CLV2 that are co-expressed in the outer layer
of the shoot meristem as well as their putative peptide ligand
CLV3 that is expressed in the underlying tissue layers. Defects
in any of the three CLV genes results in enlarged shoot and
floral meristems and the formation of an increased number of
floral organs. The expression of CLV3 is negatively regulated by
the homeobox-type transcription factor WUSCHEL (WUS) and
CLV3 expression overlies the expression domain of WUS suggest-
ing, in combination with evidence from mutant analyses, that
WUS controls meristem size by restricting CLV3 expression as
an essential ligand for the CLV1 and CLV2 receptor proteins.
A han mutation combined with clv gene mutations resulted in
increased inflorescence fasciation and increased floral abnormal-
ities (Zhao etal., 2004). It has been proposed that the HAN
gene is required to control WUS expression and reduced WUS
expression as well as ectopic WUS expression may have a role
in controlling floral meristem growth and repress floral organ
primordium initiation (Figure 7). Alternatively, it may be envi-
sioned that defects in nutrient or signal transport hinder meristem
growth and floral organ development since HAN is also expressed
early in provascular cells (Zhao etal., 2004). Interestingly HAN
is also expressed in the boundaries between different whorls and
between different floral organs suggesting that HAN could also
act as a repressor of cell divisions. In this regard, there are

some interesting parallels to the role proposed for HAN-related
B-GATAs in bract suppression in monocots as will be discussed
below.

Molecular analysis for transcription factor targets identifies
HAN as a repression target of JAGGED (Schiessl etal., 2014).
Genes acting downstream of HAN were also searched for using
translational fusions between HAN and the glucocorticoid recep-
tor, which allows for the glucocorticoid hormone-induced translo-
cation of the HAN-GR fusion protein from the cytoplasm to the
nucleus (Zhang etal., 2013). This analysis identified a range of
floral development regulators as well as phytohormone-related
genes as targets of HAN and suggested that HAN can act as
a transcriptional activator and repressor. Interestingly, amongst
the phytohormonal target genes are genes of those phytohor-
monal pathways that are known to regulate the expression of
the LLM-domain B-GATAs GNC and GNL such as the DELLA
genes of the GA pathway, ARR genes of the CK pathway, and
ARF and AUX/IAA genes of the auxin pathway. Although the
chosen experimental approach would have permitted to test for
direct transcription targets by blocking de novo protein synthe-
sis this possibility was not exploited. In conjunction with the fact
that rather long time points (4 h up to 72 h) after glucocorti-
coid treatment were used for the sampling of the material and
that many transcription factor genes were found to be regulated
downstream from HAN in this experiment argues that the major-
ity of these downstream genes could represent indirect rather than
direct targets of HAN.

Among the genes that were found to be HAN-regulated accord-
ing to this experiment were also HANL2, GNC as well as GNL. The
transcriptional repression of these three genes suggested that their
downregulation may be part of a negative feedback mechanism
that serves to control B-GATA levels. Indeed, HAN was found to
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be able to bind to its own promoter as well as the promoter of GNC.
Furthermore, genetic interaction studies using mutants of these B-
GATAs found that mutant combinations of han with hanl2, gnc,
and gnl mutations resulted in a strong decrease in the number
of petals formed in these mutants, sepal fusion defects, fertility
defects, as well as carpel abnormalities (Zhang etal., 2013). Also
during embryogenesis, the combination of B-GATA mutations
renders the previously described han embryogenesis defects more
severe and embryos frequently terminate differentiation and form
only clusters of cells (Zhang etal., 2013). Although the respective
mutant analyses suffer from the weakness that mutations in the
Columbia and Landsberg erecta backgrounds were combined and
some of the observed defects may therefore be the result of these
combinations, the genetic interplay between HAN and the other
B-GATAs is also supported by the fact that HAN can homodimer-
ize and interact with HANL2 as well as with GNC and GNL in
yeast two-hybrid system (Zhang etal., 2013).

MONOCOT-SPECIFIC HAN-PARALOGS

Whereas the formation of bract leaves is blocked in flowers of
cultivated rice, maize, or barley, mutants from each of these
species are known where the formation of such bract leaves is
derepressed. In each case, the respective locus was identified and
found to correspond to the HAN paralogs genes NLI (NECK
LEAF1) from rice, TSHI1 (TASSEL SHEATH1) from maize and
TRD (THIRD OUTER GLUME) from barley (Wang etal., 2009;
Whipple etal., 2010; Figure 1). In line with the mutant pheno-
type, it could be shown that the expression of these HAN-domain
B-GATAs is restricted to a cryptic bract in the zone where the
suppression of bract formation is observed in the wild type.
Interestingly, these B-GATAs form a monocot-specific subclade
of HAN-domain B-GATAs indicating that these B-GATAs were
recruited for the suppression of bract outgrowth specifically dur-
ing monocot evolution. The apparent role as a repressor of bract
growth also fits to the proposed function for HAN as a repressor
of growth and cell cycle activities in the shoot meristem.

GATA23 - A Brassicaceae-SPECIFIC B-GATA WITH A
DEGENERATE LLM-DOMAIN

Within both B-GATA subfamilies, there is one family member
with a degenerate HAN- or LLM-domain, GATA29, and GATA23,
respectively (Figures 8 and 9). Whereas there is no information
about the role of GATA29, GATA23 has been proposed to act in
the root following its identification in a search for genes that are
induced during the early steps of lateral root initiation (De Rybel
etal.,2010). GATA23 s specifically expressed in xylem pole pericy-
cle cells before their first asymmetric division. Auxin accumulation
is the first marker for lateral root founder cells and in line with an
early role for GATA23 during lateral root initiation, GATA23 is
auxin-induced. Since the expression of GATA23 is impaired in
gain-of-function mutants of the AUX/IAA gene IAA28, which is
defective in lateral root formation, and since TAA28 interacts with
several ARFs including the previously introduced ARF+ ARF7 and
ARF19, a model was proposed, according to which auxin promotes
lateral root initiation through degradation of the AUX/IAA TAA28
and subsequent ARF+-mediated GATA23 expression. This model
is supported by observations that lateral root initiation is partially

suppressed in plants expressing an GATA23 RNAI construct. The
cell type specific expression of GATA23, in turn, correlates with
increased lateral root initiations and uncoupling GATA23 expres-
sion from auxin control also interferes with the normally regular
spacing of lateral roots.

To what degree GATA23 is important for lateral root initia-
tion across species remains to be seen. Phylogenetic analyses have
revealed that GATA23 from Arabidopsis belongs to a specific clade
of B-GATAs with a degenerate LLM-domain that is closely related
to GNC and GNL but functionally distinct (Figures 1 and 9;
Behringer etal., 2014). At present, B-GATAs with the sequence
features of GATA23 can only be identified in Brassicaceae and thus
its function in non-Brassicaceae in lateral root initiation cannot
be conserved outside of this family. Future research will have to
elucidate the apparent functional diversification of these specific
B-GATAs.

OUTLOOK

Important advances have been made in understanding the role of
B-GATA transcription factors in plant growth and development.
Although there is now a comprehensive understanding of how the
expression of these B-GATA genes is regulated at the transcrip-
tional level, the knowledge about the identity of their target genes
and cell type-specific activities is scarce. Candidate target genes
of B-GATAs were genetically validated in a few exceptional cases
only and, as yet, high quality transcription target analyses remain
to be performed. Such experiments will be key to understand to
what extent B-GATAs have overlapping and distinct transcription
targets and should permit to delineate further to what extent dif-
ferences in their expression domains or differences at the protein
level contribute to their functional diversification.

Research on the LLM-domain containing B-GATAs has to date
largely focused on the signaling events regulating their expression
as well as on their role in the control of physiological processes such
as greening and flowering. In turn, research on HAN-domain B-
GATAs mainly focused on their role in the control of development.
It can be anticipated that this apparent separation in the biolog-
ical functions of B-GATAs between physiology and development
will become more and more blurred in the future when develop-
mental biologists will start studying LLM-domain B-GATAs and
physiologists will study HAN-domain B-GATAs.

The fact that B-GATAs are unstable proteins that are turned-
over by the 26S proteasome with a half-life of about 30 min is
one interesting observation regarding all B-GATAs that requires
further exploration (Behringer etal., 2014). It implies that there
must be cognate E3 ubiquitin ligases that target these proteins for
degradation. The identification of these E3 ligases will allow reveal-
ing cellular contexts where B-GATA abundance is differentially
controlled and improve our understanding of B-GATA function.

The observation that different members of the plant B-GATA
family, namely HAN, GNC, and GNL proteins, can interact with
each other, could suggest that also other B-GATAs may act as
homo- or heterodimers and may thus engage in interactions that
could modulate their DNA-binding specificity or their function
as transcriptional activators or repressors (Zhang etal., 2013;
Behringer etal., 2014). Mammalian GATA factors interact with
other transcription factors designated FRIEND OF GATA (FOG;
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FIGURE 9 | GATA23 is specific for the Brassicaceae. (A) Schematic
representation of long B-GATAs with the C-terminal LLM-domain and
GATA23 with a degenerate LLM-domain. Boxes represent protein regions
with sequence similarity (gray) or high sequence conservation (black), lines
represent protein regions with restricted sequence conservation.

(B) Sequence alignment of the GATA-domain and the (degenerate)
LLM-domain of the LLM-domain containing B-GATAs AtGNC and AtGNL as
representatives for LLM-domain containing B-GATAs as well as AtGATA23
from A. thaliana (At) as a B-GATA with a degenerated LLM-domain and
their predicted orthologues from other Brassicaceae: A. lyrata (Al), Capsella
rubella (Cr), Brassica rapa (Br), Eutrema salsugineum (Es). Whereas the
core LLM-motif is conserved among the GNC and GNL orthologues from
the different Brassicaceae species and rice, it is divergent in the GATA23
B-GATAs. The triangles mark characteristic amino acid residues of the
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B-GATA domain that allow predicting the presence of the LLM-domain or a
degenerate LLM-domain. Please note the conservation of these residues
between the LLM-domain containing B-GATAs from the Brassicaceae and
rice whereas the GATA23 orthologues are also divergent in these residues
in the DNA-binding domain. (C) Phylogenetic tree of the B-GATAs shown
in (B). The phylogenetic tree was generated using the Geneious R7
Software based on a MUSCLE alignment in MEGAB6.06 using the following
settings: Gap penalty, gap open —2.9, gap extend 0, hydrophobicity
multiplier 1.2; interations, maximum iterations 8; clustering method, all
iterations UPGMB and minimum diagonal length (lambda) 24. The Neighbor
Joining tree was generated with the bootstrap method (1000 replications)
using the Jones-Taylor-Thornton model using default settings. Bootstrap
values are indicated by each node. Bar = 0.2 amino acid substitutions per
site.
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Tsang etal., 1997; Fox etal., 1998), but obvious FOG homologues
are not encoded by the plant genomes. Thus, this regulatory mech-
anism is most likely not conserved between animals and plants.
It should be noted, however, that GATAs were found as inter-
action partners in yeast two-hybrid interaction analyses. First,
Arabidopsis GNC was isolated as an interactor of the transcrip-
tional co-regulator SIN3-LIKE1 (Bowen etal., 2010) and second,
the LLM-domain B-GATA AtGATA16 appeared in a screen for
proteins interacting with the co-repressor TOPLESS (Causier et al.,
2012). Future research will have to reveal the biological significance
of these interactions for GATA factor function.
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Appropriate timing of flowering is crucial for crop yield and the reproductive success of
plants. Flowering can be induced by a number of molecular pathways that respond to
internal and external signals such as photoperiod, vernalization or light quality, ambient
temperature and biotic as well as abiotic stresses. The key florigenic signal FLOWERING
LOCUS T (FT) is regulated by several flowering activators, such as CONSTANS (CO),
and repressors, such as FLOWERING LOCUS C (FLC). Chromatin modifications are
essential for regulated gene expression, which often involves the well conserved
MULTICOPY SUPRESSOR OF IRA 1 (MSI1)-like protein family. MSI1-like proteins are
ubiquitous partners of various complexes, such as POLYCOMB REPRESSIVE COMPLEX2
or CHROMATIN ASSEMBLY FACTOR 1. In Arabidopsis, one of the functions of MSI1 is to
control the switch to flowering. Arabidopsis MSI1 is needed for the correct expression of
the floral integrator gene SUPPRESSOR OF CO 1(SOC1). Here, we show that the histone-
binding protein MSI1 acts in the photoperiod pathway to regulate normal expression of
CO in long day (LD) photoperiods. Reduced expression of CO in msil-mutants leads to
failure of FT and SOCT activation and to delayed flowering. MSI1 is needed for normal
sensitivity of Arabidopsis to photoperiod, because msi7-mutants responded less than wild
type to an intermittent LD treatment of plants grown in short days. Finally, genetic analysis
demonstrated that MSI1 acts upstream of the CO-FT pathway to enable an efficient

photoperiodic response and to induce flowering.

Keywords: Arabidopsis, flowering time, chromatin, MSI1, photoperiod, FLOWERING LOCUS T (FT),

CONSTANS (CO)

INTRODUCTION

The reproductive success of plants depends on the appropriate
time to flower, which is of great agronomic relevance in crops.
Flowering can be induced by a number of molecular pathways
that respond to internal and external signals. Major genetic path-
ways controlling flowering time have been characterized based on
the phenotype of Arabidopsis thaliana flowering time mutants in
different growth conditions. These pathways include the photope-
riod pathway, which responds to seasonal changes in day length,
and the vernalization pathway, which responds to prolonged
exposure to cold. The autonomous and gibberellin-pathways
mediate the response to endogenous signals. Additionally, light
quality, ambient temperature, and biotic as well as abiotic stresses
can contribute to floral induction in plants (for review see: Jarillo
and Pifeiro, 2011; Srikanth and Schmid, 2011).

The different pathways converge on pathway integrators, a set
of genes that strongly promote flowering such as FLOWERING
LOCUS T (FT), SUPPRESSOR OF CONSTANS 1 (SOC1/AGL20)
or the FT homolog TWIN SISTER OF FT (TSF). Mutants in
these genes have late flowering phenotypes (Kardailsky et al.,
1999; Kobayashi et al., 1999; Borner et al., 2000; Lee et al., 2000;
Samach et al., 2000; Yamaguchi et al., 2005). The pathway inte-
grators FT and TSF are antagonistically regulated by the floral
repressor FLOWERING LOCUS C (FLC) (Michaels and Amasino,

1999) and the floral activator CONSTANS (CO) (Yanovsky and
Kay, 2002).

The nuclear zinc finger transcription factor CO is the key
activator in the photoperiod pathway to promote expression
of FT and TSF (Suarez-Lopez et al., 2001; Valverde et al,
2004). CO protein is stable in the light and rapidly degraded
in the dark. CO is regulated by the circadian clock and accu-
mulates diurnally late in the day in long day (LD) conditions.
In contrast, CO peaks during the night in SD where protein
degradation prevents CO accumulation. FT is directly regulated
by CO and follows the clock-regulated expression pattern of
CO in LD (Suarez-Lopez et al., 2001; Valverde et al., 2004).
Regulation of FT expression can occur also independently of CO
and the photoperiodic pathway such as due to decreased red
to far red light ratios in the shade avoidance response (SAR).
SAR is mediated through the key regulator of the light-quality
pathway phytochrom B by post-transcriptional repression of
the FT-activator PHYTOCHROME AND FLOWERING TIME 1
(PFT1) (Cerdan and Chory, 2003; Halliday and Whitelam, 2003;
Bickstrom et al., 2007). In several species, such as Arabidopsis,
tomato, tobacco and rice, the FT protein or its homologs are
known to move from leaves into the shoot apical meristem
(SAM) where it induces the switch to flowering (Corbesier
et al., 2007) by inducing the expression of the downstream
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targets SOCI and APETALA 1 (API) (reviewed in Zeevaart,
2008).

The floral integrators FT, SOCI, and TSF are commonly
repressed by the potent flowering repressor FLC. Vernalization or
the autonomous pathway of floral promotion establish low FLC
levels and thus favor flowering. In contrast to other flowering time
pathways, the autonomous pathway does not represent a linear
genetic pathway and involves RNA-binding proteins (FCA, FPA,
FLK), RNA processing proteins (FY) and chromatin regulators
(FVE/MSI4, FLD) (for review see Simpson, 2004).

The autonomous pathway gene FVE is needed to estab-
lish repressive chromatin at FLC and encodes a MULTICOPY
SUPRESSOR OF IRA 1 (MSI1)-like chromatin-adaptor protein
(Ausin et al., 2004; Kim et al., 2004; Jeon and Kim, 2011). MSI1-
like proteins belong to a subfamily of WD-40 repeat proteins
that are subunits in several chromatin remodeling complexes (for
review see Hennig et al., 2005). The single Drosophila MSI1-
like protein p55 is a core subunit of Polycomb Group Repressive
Complex 2 (PRC2), of Chromatin Assembly Factor 1, of his-
tone deacetylase complexes and of other chromatin-associated
protein complexes (for review see: Hennig et al., 2005). In con-
trast to flies, Arabidopsis has five MSI1-like proteins (MSI1-5).
While Arabidopsis MSI4 was suggested to act in histone deacety-
lation (Ausin et al., 2004; Kim et al., 2004; Jeon and Kim, 2011),
Arabidopsis MSI1 was shown to be part of Chromatin Assembly
Factor 1 and PRC2-like complexes (Kaya et al., 2001; Kohler
et al., 2003; Exner et al., 2006; Schonrock et al., 2006a; De Lucia
et al., 2008; Derkacheva et al., 2013). MSI1 functions in the
FERTILISATION INDEPENDENT SEED (FIS)-PRC2 complex,
which silences target genes during gametophyte and early seed
development (Kohler et al., 2003; Guitton et al., 2004; Guitton
and Berger, 2005); the VERNALIZATION (VRN)-PRC2 com-
plex, which is required for epigenetic repression of FLC and
acceleration of flowering by extended cold (De Lucia et al,
2008; Derkacheva et al., 2013) and the EMF-complex, which
suppresses precocious flowering by repressing FT and AGLI19
but which contributes also to repression of FLC (Yoshida et al,,
2001; Schonrock et al., 2006a; Jiang et al., 2008). Because of
the propeller-like structure of the WD40-domain, MSI1 and
other MSI1-like proteins can possibly participate in additional
chromatin-modifying complexes. Indeed, MSI1 was found to
interact with LHP1 connecting plant PRC2 with LHP1 to estab-
lish repressive H3K27 methylation marks (Derkacheva et al,
2013). Further, MSI1 interacts with the CUL4-DDB1 complex
and the Retinoblastoma-related protein to control imprinting
in Arabidopsis (Jullien et al., 2008; Dumbliauskas et al., 2011).
Chromatin-based mechanisms have recently emerged as a major
means of control for many cellular processes including flowering
time. In particular, the importance of chromatin-based regula-
tion for control of FLC is well documented (Zografos and Sung,
2012).

Previously, we found that MSI1 represses drought stress
responses (Alexandre et al., 2009) and is needed for timely flow-
ering and for normal expression of SOCI (Bouveret et al., 2006).
Here we demonstrate that MSI1 functions during floral transition
by establishing normal expression of the flowering activator CO
and subsequently of the florigen FT'and TSF. We also show that

delayed up-regulation of gene expression of the floral integrator
genes correlates with the delay in flowering in a msil-mutant. Our
data suggest that MSI1 is needed for the efficient activation of CO,
thus allowing full activity of the photoperiodic pathway for floral
induction.

MATERIALS AND METHODS

PLANT MATERIAL

Arabidopsis thaliana ecotype Columbia (Col) was used through-
out this study. T-DNA insertion lines phyB (SALK_022035,
Mayfield et al., 2007; Ruckle et al., 2007), pftI-2 (SALK_129555,
Kidd et al., 2009), flc-6 (SALK_41126, Schonrock et al., 2006a)
and msil-5 (WiscDs Lox302B08) were obtained from NASC and
confirmed by PCR. Seeds of FRI-Col, esd1-10, ft-10 and socl-2
have been described (Lee and Amasino, 1995; Lee et al., 2000; Yoo
et al., 2005; Martin-Trillo et al., 2006) and were kindly provided
by J. Jarillo (FRI-Col, esdI-10), D. Weigel (ft-10), 1. Lee (socI-2),
B. Ayres (co-1). The mutant co-1 (accession La-0, Redei, 1962)
was backcrossed into Col. The line msil-tapl (accession Col) has
been described before (Bouveret et al., 2006). Double mutants
were identified among progeny of appropriate crosses by PCR
with gene-specific primers (Supplementary Table 1).

To construct plants that ectopically overexpress FT (35S::FT),
the full-length coding sequence was inserted into the binary des-
tination vector pK7WG2 (Karimi et al., 2002) downstream of the
cauliflower mosaic virus (CaMV) 35S promoter and transformed
into msil-tapl plants. Transformants were selected on kanamycin
plates and genotyped by PCR. Hemizygous T2-generation plants
of three independent T1 lines were analyzed for flowering time.

GROWTH CONDITIONS AND FLOWERING TIME

Seeds were sterilized and plants were grown on Murashige and
Skoog (MS) basal salt medium (Duchefa, Brussels, Belgium) after
stratification at 4°C for 2-3 days. Plants were analyzed on plates
or transferred to soil (“Einheitserde,” H. Gilgen optima-Werke,
Arlesheim, Switzerland) 10 days after germination. Plants were
kept in Conviron growth chambers with mixed cold fluorescent
and incandescent light (130 jumol m~2 s~!, 21 4 2°C) under
(LD, 16 h light) or short-day (SD, 8 h light) photoperiods or were
raised in green houses [LD: 14h light, 19°C/10h dark, 14°C;
SD: 8 h light, 20°C/16 h dark, 20°C; supplemented with mercury
vapor lamps (Sylvania Lighting S.A., Meyrin, Switzerland) to a
maximum of 150 wmol m~2 s~!]. Flowering time was scored as
described (Moller-Steinbach et al., 2010).

RNA ISOLATION AND QUANTITATIVE RT-PCR (qRT-PCR)

Total RNA was extracted as previously described (Hennig et al.,
2003; Leroy et al., 2007; Alexandre et al., 2009). 1ng RNA
treated with DNase I (Promega, Diibendorf, Switzerland) was
transcribed into ¢cDNA using a RevertAid First Strand cDNA
Synthesis Kit (Fermentas, Nunningen, Switzerland) according to
manufacturer’s instructions. qRT-PCR with gene-specific primers
(Supplementary Table 2) was performed on three technical repli-
cates with the Fast Start Universal Probe Master (Rox) reagent
and the Universal Probe Library set (UPL) (Roche Diagnostics,
Rotkreuz, Switzerland) according to the manufacturer’s instruc-
tions and results were normalized to PP2A as described (Exner
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et al., 2009). Shown is one of at least two independent biological
experiments with similar results.

RESULTS

MSI1 FUNCTIONS INDEPENDENTLY OF LIGHT QUALITY

Previously, we had reported that MSII antisense lines and msil
mutants partially complemented with untagged pMSI1::MSII
or tagged pMSII1:MSII:TAP constructs were late flowering
(Bouveret et al., 2006). This suggests that undisturbed MSI1 lev-
els are needed for normal flowering promotion. Homozygous
msil null mutants are lethal (Kohler et al., 2003; Guitton
et al,, 2004). Here, we analyzed heterozygous plants of the
original msil-1 and a novel msil-5 allele and found that
both flowered later than wild type under LD but not SD
(Supplementary Figure 1). Similarly, msil-1=/~ plants partially
complemented with a pMSI1::MSI1:HA construct were late flow-
ering (Supplementary Figure 1). Therefore the dose of MSII is
important for flowering time. The observation of a late flower-
ing phenotype for msil-mutants and transgenic lines motivated
us to investigate the genetic pathway(s) in which MSII acts to
affect flowering. Because the flowering delay was considerably
more severe for the msil-1=/~pMSI1::MSI1:TAP (msil-tap) line
than for heterozygous msil mutants, we used the msil-tapl line
in subsequent experiments. Unlike heterozygous msil mutants,
msil-tapl flowered much later than wild type in SD (Bouveret
et al., 2006). This is consistent with the generally milder late
flowering phenotype of heterozygous msil mutants. The nor-
mal flowering in SD may suggest that a single wild-type MSII
allele can largely suffice for normal MSII functionin SD. It
remains to be tested whether MSI1 requirements are lower in
SD or whether a potential compensatory mechanism can more
efficiently up-regulate the remaining MSII allele in SD than
in LD.

We then tested a potential function of MSII in the light
quality pathway, which functions through phytochromes and
independently of the circadian system. PHYB, PHYD, and PHYE
repress FT expression and therefore flowering, with PHYB hav-
ing the major role in this process (Kim et al, 2008). The
PHYB target PFT1 was proposed to directly activate both, CO
and FT expression, while it simultaneously acts as negative
regulator of phytochrome signaling by inactivation of PHYB
protein (Cerdan and Chory, 2003; Wollenberg et al., 2008).
Null alleles of phyB and pft, which are early and late flow-
ering, respectively, were introduced into the msil-tapl back-
ground and flowering time was analyzed in LD. The loss of
PHYB in the phyB msil-tapl double mutant led to flower-
ing with 15 rosette leaves (RL) in LD, which was intermediate
between the phyB single mutant (4 RL) and msil-tapl (19 RL,
Table 1). This result suggests an additive interaction between
MSI1 and PHYB. The loss of PFT1 in the pftl msil-tapl dou-
ble mutant resulted in a synergistic delay in flowering (41 RL)
compared to the pft and msil-tapl single mutants (14 and 17
RL respectively, Table 1), suggesting likewise independent effects
of MSII and PFTI in flowering promotion but likely on the
same common targets. Together, these results propose a func-
tion of MSI1 independent of the light quality pathway in floral
induction.

MSI1 FUNCTIONS INDEPENDENTLY OF THE FLORAL REPRESSOR FLC
ON FLOWERING

Next, we investigated the potential role of the flowering repressor
FLC in MSII effects on flowering time. FLC is one of the main
regulators of flowering time in Arabidopsis, and altered flowering
time is often caused by altered FLC expression. Consistent with
earlier observations (Bouveret et al., 2006), analysis of flc msil-
tapl double mutants suggested that late flowering of msil-tapl
was independent of FLC, as evident from the largely unaffected
late flowering of msil-tapl flc plants (Table 1). Previously, we
observed reduced SOCI expression in msil-tapl (Bouveret et al.,
2006). Here, we tested whether the reduced expression of SOCI
was independent of FLC. SOCI expression in the double mutant
was as low as in msil-tapl, suggesting that the flc mutation could
not lift SOCI repression in msil-tap1 plants (Figure 1A). Because
MSI1 was recently shown to be involved in FLC control as part of
plant PRC2 complexes (De Lucia et al., 2008; Derkacheva et al.,
2013), we performed additional genetic tests of a potential role
of FLC in msil-tapl late flowering. The active FRI-allele of the
late flowering Arabidopsis accession San Feliu (Sf2) crossed into
Columbia (Col FRI), was introgressed into msil-tapl. As previ-
ously reported (Lee et al., 1993; Clarke and Dean, 1994), Col FRI
flowered very late, possibly due to high FLC expression (Table 1).
Col FRI msil-tapl plants flowered much later (85 RL) than either

Table 1 | Flowering time of double mutants of msi71-tap1 and different
flowering time mutants in LD.

Rosette leaves Days to bolting

1 Col 12.1+0.4 28.8+0.6
msil-tap1 19.2+0.7 36.56+0.6
phyB 4.3+0.2 18.9+0.3
phyB msii-tap1 15.4+£0.6 30.9+0.7

2 Col 9.1+£0.2 26.5+0.2
msil-tap1 17.4+0.6 33.7+£0.5
pft1 14.44+0.3 32.7+0.5
pft1 msil-tap1 41.3+3.7 59.8+3.4

3 Col 7.3+£04 20.8+0.9
msil-tap1 19.6+1.4 40.1+£1.3
Col FRI 72.7+3.1 79.4+2.7
ColFRI msil-tap1 84.6+3.12 143.8+12.28
fle 6.2+0.1 21.0+£11
flc msil-tap1 16.9+£0.8 343+£05

4 Col 10.4+£0.5 27.8+0.5
msil-tap1 19.9+0.5 36.9+0.5
esd1 5.0+£0.1 24.0+0.0
esd1 msil-tapT 11.9+0.4 33.3+0.3

5 Col 7.1+£04 23.9+0.6
msil-tap1 16.5+0.8 39.0+0.6
fca 68.6+2.5 75.9+4.0
fca msii-tap1 57.0+£1.12 289.6 +41°

Shown are mean value &+ SE (n > 14).

4Analysis of flowering time was stopped when ~1/3 of the plants had died
before bolting. Number of rosette leaves and days until death or termination
of the experiment are shown.
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FIGURE 1 | Expression of SOC1, FT, and TSF is reduced in msii-tap1in
LD. (A) SOCT1-expression in 9-day-old seedlings of Col (light gray),
mesil-tap1, fle, and flc msii-tap1 (dark gray) in LD at EOD (end of day). (B)
Diurnal expression pattern of FT in 10-day-old seedlings. X-axis represents
hours after start of the light period (yellow box—light period, black
box—dark period). (C,D) Gene expression kinetics of FT (C) and TSF (D) in
Col and msil-tap1 at the end of the day (EOD) at 5, 10, and 17 days after
germination (DAG). Values are relative expression & SE (n = 3). Black lines,
Col; gray lines, msii-tap1.

parent (73 and 20 RL for Col FRI and msil-tapl, respectively).
Some of the Col FRI msil-tapl plants were not able to flower
at all and died without completing their life cycle. This additive
delay in flowering suggests an independent role of MSII and FRI
in flowering. Previously, we found a strongly synergistic interac-
tion between MSII and FVE (Bouveret et al., 2006). FVE is part
of the autonomous pathway, which represses FLC, and genes in
this pathway were grouped in two epistasis groups. While FVE
represents one of the two groups, FCA is a gene from the second
group. Here, we tested the genetic interaction between MSII and
FCA. The fca msil-tap] double mutants were extremely delayed in
flowering. They ceased to produce leaves without starting to bolt
or flower leading to a smaller rosette leave number than for fca.
After an extended period of developmental inactivity they even-
tually died (Table 1). The strongly synergistic interaction suggests
that MSII and FCA do not function in the same genetic pathway
to control flowering time.

Another activator of FLC is EARLY IN SHORT DAYSI
(ESD1, also known as SUPPRESSOR OF FRIGIDA 3 and ACTIN
RELATED PROTEIN 6). Mutations in ESDI hasten flowering
through reduced FLC expression in LD and SD (Martin-Trillo

et al., 2006; Choi et al., 2007; Lazaro et al., 2008). An early flow-
ering esd] mutant allele was crossed into msil-tapl. In LD, the
esd]l msil-tapl double mutant flowered intermediate (12 RL) to
both parents esdl and msil-tapl (5 and 20 RL, respectively) dis-
closing an additive effect between ESD1 and MSI1 on flowering
(Table 1). These data suggest that ESDI and MSI1 function in sep-
arate genetic pathways. Together, these results firmly established
that MSII can function independently of FLC to affect flowering
time in LD.

CHANGES IN MS/1LEAD TO REDUCED LEVELS OF FT AND TSF

FT and its homolog TSF are activators of SOCI (Yamaguchi et al.,
2005; Yoo et al., 2005). Increased FT expression was found in
msil-tapl suppressor mutants, which rescued the msil-tapl late
flowering phenotype (Exner et al., 2009, 2010). In LD-grown
wild-type Arabidopsis, CO activates FT at the end of the day
(Suarez-Lopez et al., 2001; Yanovsky and Kay, 2002). To test
whether the diurnal rhythm of FT was affected in msil-tapl,
FT expression was profiled throughout the light-dark cycle in
seedlings (Figure 1B). In wild type, FT had its expression peak
toward the end of the light and beginning of the dark period
as previously reported. The FT expression in msil-tapl followed
the same pattern as in wild type, but expression values were
lower, especially at the end of the day (EOD), when expression
of FT was reduced by up to 50%. Additionally, we tested whether
MSI1 affected the temporal activation of FT or its homolog
TSF (Figures 1C,D). Under LD conditions, FT and TSF levels
increased steadily in wild type between 3 and 17 days. In msil-
tapl, FT transcripts started to accumulate similarly to wild type
but the increase was much slower leading to considerably reduced
FT levels. The accumulation of TSF transcripts was even stronger
reduced in msil-tap1 leading to 70% lower levels than in wild type
at 17 days after germination. These results demonstrate that nor-
mal MSI1-function is needed for typical activation of FT and its
homolog TSF in LD.

To test whether higher FT expression can be sufficient to
suppress the late flowering phenotype of msil-tapl, a 35S:FT
transgene was introduced into msil-tapl. The FT over-expression
caused extremely early flowering (Figure 2A), which is consistent
with the notion that reduced FT expression contributed to the late
flowering of msil-tapl.

To substantiate that delayed activation of FT and therefore of
SOCI was responsible for the late flowering of msil-tapl, a ft
mutant allele was crossed into msil-tapl for flower time mea-
surements. The double mutant socI msil-tap1, which was already
described in LD before (Bouveret et al., 2006), was included into
the analysis (Figures 2B—D; Supplementary Figure 2). Under SD
conditions, ft flowered similar to wild type, and the ft msil-tap1
line flowered similar to msil-tapl, confirming that FT does not
play a major role under these conditions (Figure 2B) (Yanovsky
and Kay, 2002; Corbesier et al., 2007). In contrast to FT, SOCI
functions in induction of flowering in SD (Borner et al., 2000) and
the soclI single mutant flowered later than wild type (Figure 2C).
While the socI msil-tapl line needed longer until flowering than
either parent, it produced a similar number of RL as the msil-tap1
parent suggesting that delayed activation of SOCI contributes
at least partially to the late flowering of msil-tapI in SD. Thus,
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FIGURE 2 | Flowering time analysis of msi7-tap7 and double mutants.
(A) Flowering time of Col, msiT-tap1 and msii-tap1 35S::FT lines in LD. The
35S::FT suppresses the late flowering of msil-tap1. (B) Flowering time of
Col, msii-tap1, ft, and ft msii-tap1in SD. (C) Flowering time of Col,
msil-tap1, socl, and socT msil-tap1in SD. (D) Flowering time of Col,
msil-tapl, ft, ft msil-tap1, soc1 and soc1 msil-tap1in LD. Light gray bars
represent wild type Col. Shown are means + SE of rosette leaves (n > 14).
Significance of difference was tested using t-tests. Asterisks denote
differences that were significant at p < 0.05 to WT (*), single mutant (**),
or msil-tap1 (***).

during flowering induction in SD, MSI1 and SOCI appear to
function partially in the same genetic pathway.

Under LD conditions, both ft and socl flowered later than
wild type consistent with their roles in photoperiodic flowering
(Borner et al., 2000). The double mutant socl msil-tapl exhib-
ited an additive late flowering phenotype (42 RL) compared
to the msil-tapl and socl parents (23 and 24 RL, respectively,
Figure 2D) confirming earlier results (Bouveret et al., 2006). The
ft msil-tapl line flowered with 42 RL similar to the ft parent (45
RL) supporting the notion that reduced FT expression is the main
reason for late flowering of msil-tapl in LD (Figure 2D). In sum-
mary, MSII affects full activation of FT, TSF and SOCI expression
to promote timely flowering.

MSI1 FUNCTION IS CONNECTED TO THE PHOTOPERIOD PATHWAY

Because CO is a main activator of FT, SOCI, and TSF (Suarez-
Lopez et al., 2001; Hepworth et al., 2002; Yamaguchi et al., 2005),
we asked whether reduced expression of FT, SOCI, and TSF in
msil-tapl was caused by defects in CO regulation. CO is under

strong circadian and diurnal control (for review see Searle and
Coupland, 2004), and CO expression in msil-tapl was tested
throughout an entire light-dark cycle. This experiment revealed
that CO expression was considerably lower in msil-tapl than in
wild type (Figure 3A). The CO expression in wild type showed
the previously reported peak toward the end of the day and begin-
ning of the dark. Similarly, this expression pattern was observed
for msil-tapl suggesting that diurnal regulation was not grossly
altered. This conclusion was supported by normal diurnal cycling
of CCAI and TOCI, two components of the central circadian
oscillator. However, under the tested conditions, CCAI and TOCI
showed lower amplitudes of peak expression values in msil-tap
(Figure 3B). Further, we analyzed the CO transcript levels at
different developmental time points until 17 days after germi-
nation (Figure 3C). Under our conditions, CO increased steadily
in wild type during 10 days after germination. In msil-tapl, CO
transcripts started to accumulate similarly to wild type but the
increase was slower leading to considerably reduced CO levels.
Together, the expression data suggest the hypothesis that MSI1
affects expression of FT, TSF, and SOCI and flowering time in
LD via CO.

To test genetically whether reduced CO expression was respon-
sible for delayed flowering of msil-tapl, a co mutant allele was
introduced into the msil-tapl line. Consistent with earlier find-
ings (Koornneef et al., 1991; Robson et al., 2001), the co mutant
was late flowering in LD. While msil-tapl delayed flowering sub-
stantially in the CO wild-type background, it only slightly delayed
flowering of a co mutant (Figure 4A) suggesting that late flower-
ing in msil-tapl is caused mainly by effects on CO. The similar
flowering time of ft msil-tapl and the ft co msil-tapl triple
mutant (Figure 4A) further supported the notion of an epistatic
genetic interaction between MSII and CO.

Because GIGANTEA (GI) is a major activator of CO expres-
sion (Imaizumi et al., 2005; Sawa et al., 2007), we tested whether
GI expression was altered in msil-tapl. At 5 d after germination,
when CO levels did not differ between WT and msil-tapl, GI
was also not affected (Figure 3D). In contrast, at 10 d and 17 d,
not only CO but also GI expression was substantially reduced in
msil-tapl.

Together, these data suggest that MSII acts on flowering in
response to the photoperiod through GI and CO on FT.

MSI11S NEEDED FOR NORMAL SENSITIVITY OF THE PHOTOPERIOD
PATHWAY

To further test the importance of MSI1 in the photoperiodic
pathway, we performed a SD-LD-SD shift experiment. In SD,
FT is only very weakly activated due to immediate destabiliza-
tion of CO protein after synthesis, and flowering is very much
delayed. A brief LD experience can be sufficient to activate FT
and induce flowering if the photoperiodic pathway functions nor-
mally (Corbesier et al., 1996; King et al., 2008). We cultivated
plants under SD conditions interrupted by 1 or 3 days of LD at 45
days after germination and measured flowering time (Figure 4B).
Under these conditions, Col was highly sensitive to the additional
LD exposures, and flowering was accelerated by about 3 weeks. In
contrast, the effect on flowering time of msil-tapl was minor and
not statistically significant. Heterozygous msil-1 mutants reacted
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FIGURE 3 | Gene expression of CO and Gl is changed in msi1-tap1in
LD. Diurnal gene expression of CO (A) and CCA7and TOCT (B) in
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gray lines, msii-tap1. (C,D) Gene expression kinetics of CO (C) and G/ (D)
in msiil-tap? at EOD at 5, 10, and 17 DAGs. Values are relative expression +
SE (n=23).

like wild type to three additional LDs but showed a reduced
response to a single additional LD (Figure 4B). Together, these
results demonstrate that MSI1 is needed for normal sensitivity of
the photoperiodic pathway.

DISCUSSION

In plants, flowering at the right time is determined by sev-
eral endogenous and external signals. One of the genes affecting
flowering is MSII. Late flowering was observed in lines express-
ing either tagged (TAP-, GFP-, HA) or untagged MSI1 under
a 2kb MSII-promoter fragment in a msil mutant background
(Bouveret et al., 2006; Alexandre et al., 2009; this work). In addi-
tion, MSII-antisense lines and heterozygous msil mutants were
late flowering, together establishing that normal MSII function is
needed for normal timing of flowering. The MSII-TAP construct
did not affect flowering in WT plants nor did these plants in any
other way differ from WT. Similarly, when a 35S::MSII construct
was introduced into msil-tap1, the late flowering was suppressed
(Bouveret et al., 2006). Therefore, we consider it unlikely that the
late flowering of msil-tap1 plants was caused by a dominant nega-
tive effect of the fusion protein. Here, we used this line as a tool to
dissect the function of the essential MSII gene in flowering time
control.
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FIGURE 4 | MSI1 is needed for normal sensitivity of the photoperiod.
(A) Flowering time of Col, msii-tap1, co, co msil-tap1, co ft msil-tap1, and
ft msil-tap7in LD expressed in mean number of RL & SE (n > 14).
Significance of difference was tested using t-tests. Asterisks denote
differences that were significant at p < 0.05 to WT (*) or co (**). (B)
Flowering time of Col, msil-tap1, and heterozygous msi7-1in SD and after
single LD treatments. Plants were grown continuously in SD (light gray
bars) or exposed to 1 or 3 LD (16 h light/8 h dark; dark gray and black
columns, respectively) at 45 DAG. LD treatments were performed by
extension of the light period and shortening of the following dark period.
Flowering time is expressed in DTB + SE (n > 14). Asterisks denote
significant differences to the corresponding SD-only control (t-test,

p < 0.05).

One signal affecting flowering is light quality, which gives
information about competition by neighboring plants and is
sensed mainly by phytochromes, in particular PHYB (for review
see Thomas, 2006). In light-quality sensing, PHYB functions via
PFT1 both to activate CO and to activate FT in a CO-independent
way (Cerdan and Chory, 2003; Inigo et al., 2012a,b). In addition,
PHYB has also functions in photoperiod sensing (for review see
Thomas, 2006). Genetic interaction analysis between PHYB and
MSII showed an additive flowering time phenotype suggesting a
function of MSII independent from the light quality pathway to
promote flowering. Similarly, PFT1 and MSII did not show an
epistatic interaction, suggesting that both genes function in dis-
tinct genetic pathway. The finding that PFT1 and MSII showed a
tendency for a synergistic genetic interaction with a greater than
additive flowering delay, is consistent with the notion that both
genes commonly affect CO and FT in flowering time control.
Interestingly, MSI1 and PFT1 both affect not only flowering time
but also drought stress responses (Alexandre et al., 2009; Elfving
et al., 2011). Because PFT1 is a subunit of the Mediator complex
(Bickstrom et al., 2007), future studies should aim to test whether
MSI1 and Mediator share direct targets.

In Arabidopsis, FLC is a major repressor of flowering and
mutants deficient in FLC repression are often late flowering. FLC
is repressed both by vernalization and also by the autonomous
pathway to allow flowering even without vernalization (Baurle
et al., 2007). Previously, it was shown that MSI1 functions both
in the major FLC-dependent vernalization pathway and in a
FLC-independent vernalization pathway that regulates AGLI9
(Schonrock et al., 2006a; De Lucia et al., 2008; Derkacheva et al.,
2013). Here we find that MSI1 can affect flowering independent
of vernalization and of FLC. This conclusion is based on genetic
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interaction studies between (i) MSII and FLC, (ii) MSII and FRI,
an FLC-activator (Michaels and Amasino, 2001), (iii) MSII and
FCA or FVE, two FLC repressors from the autonomous path-
way, and (iv) MSII and ESD1/SUF3/ARP6, a FLC-activator and
putative subunit of the SWR1 complex (Martin-Trillo et al., 20065
Choi et al., 2007; Lazaro et al., 2008).

In summary, MSI1 affects flowering time independent of the
light quality pathway and of FLC.

The late flowering of msil-tapl could be explained as a con-
sequence of reduced expression of FT, SOCI, and TSF. Genetic
interaction analysis showed epistatic effects of FT with MSII,
demonstrating that MSI1 functions through the main flowering
time integrators to promote flowering. FT, which is a major acti-
vator of SOCI, is in turn activated by CO in the photoperiod
pathway to promote flowering in LD (Putterill et al., 1995). Strict
diurnal regulation of CO protein levels is controlled by several
complex pathways coupled to the core circadian oscillator and
light conditions (for review see Andres and Coupland, 2012). CO
is repressed in the morning by PHYB and activated in the evening
by GI. The diurnal expression pattern of CO appeared not signif-
icantly altered in msil-tapl, where CO still shows an expression
peak late in the day. The level of detectable CO mRNA, however,
was substantially reduced in msil-tapl. The lower abundance of
CO mRNA is associated with reduced GI expression. Together,
reduced GI expression in msil-tapl could cause the reduced CO
expression that in turn delays activation of FT and eventually
SOClIand could explain the delay in flowering.

Although GI is thought to function mainly by directly activat-
ing CO, GI can also directly activate FT and accelerate flowering
in the absence of CO (Sawa and Kay, 2011). Notably, msil-
tapl did not cause any further delay of ft mutants but could
slightly delay co mutants. These observations are consistent with
a model in which reduced GI expression in msil-tapl does not
only affect flowering via reduced CO levels but also directly via
compromising FT activation.

Here, we studied the role of MSI1 in flowering under LD con-
ditions and identified its function upstream of the photoperiodic
CO-FT module. However, MSI1 has also a function for flowering
under SD conditions, and this is independent of FT. Flowering in
SD depends on SOCI (Borner et al., 2000). We found not only
that SOCI expression is reduced in msil-tapl plants but also that
MSI1 and SOCI show a genetic interaction in SD suggesting that
under these conditions MSII affects flowering by contributing
to normal SOCI expression. It remains to be tested which other
flowering time genes are affected by MSI1 and contribute to the
late flowering phenotype of msil-tap1 in SD.

This work and earlier studies have established that MSI1 affects
flowering in multiple pathways (Figure 5). First, MSI1 represses
flowering via its functions in the EMF-PRC2-complex to represses
AGLI9 prior to vernalization and FT prior to photoperiodic acti-
vation (Schonrock et al., 2006a; Jiang et al., 2008). Second, MSI1
favors flowering via its function in the VRN-PRC2 complex to
repress FLC after vernalization (De Lucia et al., 2008; Derkacheva
et al.,, 2013). Here, we have shown that MSI1 affects flowering in
a third way—by contributing to CO expression MSI1 allows to
rapidly respond to photoperiod. The relative importance of these
diverse functions will depend on conditions, such as LD vs. SD or
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Transition
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FIGURE 5 | Model of MSI1 function in flowering time control. Scheme
of the different pathways MSI1 is acting in to affect flowering time. First,
MSI1 represses flowering via its functions in the EMF-PRC2-complex to
represses AGL 19 prior to vernalization and FT prior to photoperiodic
activation (Schonrock et al., 2006a; Jiang et al., 2008). Second, MSI1 favors
flowering via its function in the VRN-PRC2 complex to repress FLC after
vernalization (De Lucia et al., 2008; Derkacheva et al., 2013). Third, MSI1
affects flowering through the photoperiodic GI-CO-FT pathway.

with or without vernalization treatment. Given that the histone
adaptor MSI1 may be part of additional complexes, it is possible
that MSI1 affects flowering in even other ways.
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The Supplementary Material for this article can be found
online at:  http://www.frontiersin.org/journal/10.3389/fpls.
2014.00077/abstract

Supplementary Figure 1 | Characterization of a new msi1 allele and the
transgenic msi1-HA lines. (A) Insertion site of the WiscDsLox302B08
T-DNA in the second exon of MS/7-gene locus (AT5G58230). (B) Scheme
of the pMSI1::MSI1:HA transgene containing the MSI1 cDNA fused to a
triple HA-tag at the C-terminus under control of 2 kb of the MS/7-promoter.
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(C) Flowering time of heterozygous msi7-1 and msi7-5 mutants in LD (gray
bars) and SD (dark bars) in RL &= SE (n > 14). (D) Flowering time of
msiT-HA lines expressed in RL & SE (n > 14). (E) Seed abortion rate in
heterozygous msi7-56 mutants and homozygous msi7-HA lines. Siliques of
msi1-5 contained about 50% normal and 50% aborted seeds, similar to
the embryo lethal phenotype of the msi7-7 mutant (Kohler et al., 2003).
The pMSI1::MSI1-HA construct can rescue the seed abortion phenotype
similar to pMSI1::msil-tap1 (Bouveret et al., 2006).

Supplementary Figure 2 | Flowering time of msi1-tap1 and double
mutants. (A-C) Flowering time in LD of (A) Col, msil-tap1, socl,
soc1msil-tap1. (B) Col, msii-tap1, ft, ft msii-tap1. (C) Col, msil-tap1, co,
co msil-tap1, ft co msil-tap1 and ft msil-tap1. (D,E) Flowering time in SD
of (D) Col, msii-tap1, soc1, soc1 msil-tap1, (E) Col, msil-tap1, ft, ft
msil-tap1. Values are shown in mean DTB + SE (n > 14).. Significance of
difference was tested using t-tests. Asterisks denote differences that
were significant at p < 0.05 to WT (*), of the double mutants to the
appropriate single mutant (**) or msil-tap1 (***).

Supplementary Table 1 | Primers used for genotyping and cloning.

Supplementary Table 2 | qRT-PCR primers used in this study. Shown are
the forward and reverse primers with the appropriate Universal probe
library (UPL) (Roche) probe number.

REFERENCES

Alexandre, C., Méller-Steinbach, Y., Schénrock, N., Gruissem, W., and Hennig, L.
(2009). Arabidopsis MSI1 is required for negative regulation of the response to
drought stress. Mol. Plant 2, 675-687. doi: 10.1093/mp/ssp012

Andres, E, and Coupland, G. (2012). The genetic basis of flowering responses to
seasonal cues. Nat. Rev. Genet. 13, 627-639. doi: 10.1038/nrg3291

Ausin, L., Alonso-Blanco, C., Jarillo, J. A., Ruiz-Garcia, L., and Martinez-Zapater, J.
M. (2004). Regulation of flowering time by FVE, a Retinoblastoma-associated
protein. Nat. Genet. 36, 162-166. doi: 10.1038/ng1295

Bickstrom, S., Elfving, N., Nilsson, R., Wingsle, G., and Bjoérklund, S. (2007).
Purification of a plant mediator from Arabidopsis thaliana identifies PFT1 as
the Med25 subunit. Mol. Cell 26, 717-729. doi: 10.1016/j.molcel.2007.05.007

Baurle, I., Smith, L., Baulcombe, D. C., and Dean, C. (2007). Widespread role
for the flowering-time regulators FCA and FPA in RNA-mediated chromatin
silencing. Science 318, 109-112. doi: 10.1126/science.1146565

Borner, R., Kampmann, G., Chandler, J., Gleissner, R., Wisman, E., Apel, K.,
et al. (2000). A MADS domain gene involved in the transition to flowering in
Arabidopsis. Plant J. 24, 591-599. doi: 10.1046/j.1365-313x.2000.00906.x

Bouveret, R., Schonrock, N., Gruissem, W., and Hennig, L. (2006). Regulation
of flowering time by Arabidopsis MSII. Development 133, 1693-1702. doi:
10.1242/dev.02340

Cerdan, P. D., and Chory, J. (2003). Regulation of flowering time by light quality.
Nature 423, 881-885. doi: 10.1038/nature01636

Choi, K., Park, C., Lee, J., Oh, M., Noh, B., and Lee, I. (2007). Arabidopsis homologs
of components of the SWR1 complex regulate flowering and plant development.
Development 134, 1931-1941. doi: 10.1242/dev.001891

Clarke, J. H., and Dean, C. (1994). Mapping FRI, a locus controlling flowering time
and vernalization response in Arabidopsis thaliana. Mol. Gen. Genet. 242, 81-89.

Corbesier, L., Gadisseur, 1., Silvestre, G., Jacqmard, A., and Bernier, G. (1996).
Design in Arabidopsis thaliana of a synchronous system of floral induction by
one long day. Plant J. 9, 947-952. doi: 10.1046/j.1365-313X.1996.9060947 .x

Corbesier, L., Vincent, C., Jang, S., Fornara, E, Fan, Q., Searle, L, et al. (2007). FT
protein movement contributes to long-distance signaling in floral induction of
Arabidopsis. Science 316, 1030-1033. doi: 10.1126/science.1141752

De Lucia, E, Crevillen, P, Jones, A. M., Greb, T., and Dean, C. (2008). A
PHD-polycomb repressive complex 2 triggers the epigenetic silencing of FLC
during vernalization. Proc. Natl. Acad. Sci. U.S.A. 105, 16831-16836. doi:
10.1073/pnas.0808687105

Derkacheva, M., Steinbach, Y., Wildhaber, T., Mozgova, 1., Mahrez, W., Nanni, P.,
et al. (2013). Arabidopsis MSI1 connects LHP1 to PRC2 complexes. EMBO J.
32, 2073-2085. doi: 10.1038/emboj.2013.145

Dumbliauskas, E., Lechner, E., Jaciubek, M., Berr, A., Pazhouhandeh, M., Alioua,
M., et al. (2011). The Arabidopsis CUL4-DDBI1 complex interacts with MSI1

and is required to maintain MEDEA parental imprinting. EMBO J. 30, 731-743.
doi: 10.1038/embo;.2010.359

Elfving, N., Davoine, C., Benlloch, R., Blomberg, J., Brinnstrom, K., Miiller, D.,
etal. (2011). The Arabidopsis thaliana Med25 mediator subunit integrates envi-
ronmental cues to control plant development. Proc. Natl. Acad. Sci. U.S.A. 108,
8245-8250. doi: 10.1073/pnas.1002981108

Exner, V., Aichinger, E., Shu, H., Wildhaber, T., Alfarano, P,, Caflisch, A., et al.
(2009). The Chromodomain of LIKE HETERO-CHROMATIN PROTEIN 1 is
essential for H3K27me3 binding and function during Arabidopsis development.
PLoS ONE 4:e5335. doi: 10.1371/journal.pone.0005335

Exner, V., Alexandre, C., Rosenfeldt, G., Alfarano, P., Nater, M., Caflisch, A., et al.
(2010). A gain-of-function mutation of Arabidopsis cryptochromel promotes
flowering. Plant Physiol. 154, 1633—1645. doi: 10.1104/pp.110.160895

Exner, V., Taranto, P,, Schonrock, N., Gruissem, W., and Hennig, L. (2006).
Chromatin assembly factor CAF-1 is required for cellular differentiation during
plant development. Development 133, 4163—4172. doi: 10.1242/dev.02599

Guitton, A. E., and Berger, F (2005). Loss of function of MULTICOPY
SUPPRESSOR OF IRA 1 produces nonviable parthenogenetic embryos in
Arabidopsis. Curr. Biol. 15, 750—754. doi: 10.1016/j.cub.2005.02.066

Guitton, A. E., Page, D. R., Chambrier, P, Lionnet, C., Faure, J. E., Grossniklaus,
U., et al. (2004). Identification of new members of fertilisation independent
seed polycomb group pathway involved in the control of seed development in
Arabidopsis thaliana. Development 131, 2971-2981. doi: 10.1242/dev.01168

Halliday, K. J., and Whitelam, G. C. (2003). Changes in photoperiod or temperature
alter the functional relationships between phytochromes and reveal roles for
phyD and phyE. Plant Physiol. 131, 1913—-1920. doi: 10.1104/pp.102.018135

Hennig, L., Bouveret, R., and Gruissem, W. (2005). MSI1-like proteins: an escort
service for chromatin assembly and remodeling complexes. Trends Cell Biol. 15,
295-302. doi: 10.1016/j.tcb.2005.04.004

Hennig, L., Taranto, P.,, Walser, M., Schénrock, N., and Gruissem, W. (2003).
Arabidopsis MSI1 is required for epigenetic maintenance of reproductive devel-
opment. Development 130, 2555-2565. doi: 10.1242/dev.00470

Hepworth, S. R., Valverde, E, Ravenscroft, D., Mouradov, A., and Coupland, G.
(2002). Antagonistic regulation of flowering-time gene SOCI by CONSTANS
and FLC via separate promoter motifs. EMBO J]. 21, 4327-4337. doi:
10.1093/emboj/cdf432

Imaizumi, T., Schultz, T. F., Harmon, E. G., Ho, L. A., and Kay, S. A. (2005). FKF1
F-Box protein mediates cyclic degradation of a repressor of CONSTANS in
Arabidopsis. Science 309, 293-297. doi: 10.1126/science.1110586

Inigo, S., Alvarez, M. J., Strasser, B., Califano, A., and Cerdan, P. D. (2012a). PFT1,
the MED25 subunit of the plant Mediator complex, promotes flowering through
CONSTANS dependent and independent mechanisms in Arabidopsis. Plant J.
69, 601-612. doi: 10.1111/j.1365-313X.2011.04815.x

Inigo, S., Giraldez, A. N., Chory, J., and Cerdan, P. D. (2012b). Proteasome-
mediated turnover of Arabidopsis MED25 is coupled to the activation of
FLOWERING LOCUS T transcription. Plant Physiol. 160, 1662-1673. doi:
10.1104/pp.112.205500

Jarillo, J. A., and Pifieiro, M. (2011). Timing is everything in plant develop-
ment. The central role of floral repressors. Plant Sci. 181, 364-378. doi:
10.1016/j.plantsci.2011.06.011

Jeon, J., and Kim, J. (2011). FVE, an Arabidopsis homologue of the retinoblastoma-
associated protein that regulates flowering time and cold response, binds to
chromatin as a large multiprotein complex. Mol. Cells. 32, 227-234. doi:
10.1007/s10059-011-1022-6

Jiang, D., Wang, Y., Wang, Y., and He, Y. (2008). Repression of FLOWERING
LOCUS C and FLOWERING LOCUS T by the Arabidopsis polycomb repressive
complex 2 components. PLoS ONE 3:e3404. doi: 10.1371/journal.pone.0003404

Jullien, P. E.,, Mosquna, A., Ingouff, M., Sakata, T., Ohad, N., and Berger, F.
(2008). Retinoblastoma and its binding partner MSI1 control imprinting in
Arabidopsis. PLoS Biol. 6:¢194. doi: 10.1371/journal.pbio.0060194

Kardailsky, I., Shukla, V. K., Ahn, J. H., Dagenais, N., Christensen, S. K., Nguyen,
J. T., et al. (1999). Activation tagging of the floral inducer FT. Science 286,
1962-1965. doi: 10.1126/science.286.5446.1962

Karimi, M., Inzé, D., and Depicker, A. (2002). GATEWAY™ vectors for
Agrobacterium-mediated plant transformation. Trends Plant Sci. 7, 193-195.
doi: 10.1016/S1360-1385(02)02251-3

Kaya, H., Shibahara, K. I, Taoka, K. I., Iwabuchi, M., Stillman, B., and Araki,
T. (2001). FASCIATA genes for chromatin assembly factor-1 in Arabidopsis
maintain the cellular organization of apical meristems. Cell 104, 131-142. doi:
10.1016/50092-8674(01)00197-0

Frontiers in Plant Science | Plant Genetics and Genomics

March 2014 | Volume 5 | Article 77 | 43


http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Steinbach and Hennig

AtMSI1 functions in photoperiodic flowering

Kidd, B. N., Edgar, C. L., Kumar, K. K., Aitken, E. A., Schenk, P. M., Manners, J.
M., et al. (2009). The mediator complex subunit PFT1 is a key regulator of
jasmonate-dependent defense in Arabidopsis. Plant Cell 21, 2237-2252. doi:
10.1105/tpc.109.066910

Kim, H. J., Hyun, Y., Park, J. Y., Park, M. J., Park, M. K., Kim, M. D,, et al. (2004).
A genetic link between cold responses and flowering time through FVE in
Arabidopsis thaliana. Nat. Genet. 36, 167-171. doi: 10.1038/ng1298

Kim, S. Y., Yu, X., and Michaels, S. D. (2008). Regulation of CONSTANS and
FLOWERING LOCUS T expression in response to changing light quality. Plant
Physiol. 148, 269-279 doi: 10.1104/pp.108.122606

King, R. W., Hisamatsu, T., Goldschmidt, E. E., and Blundell, C. (2008). The nature
of floral signals in Arabidopsis. I. Photosynthesis and a far-red photoresponse
independently regulate flowering by increasing expression of FLOWERING
LOCUS T (FT). J. Exp. Bot. 59, 3811-3820. doi: 10.1093/jxb/ern231

Kobayashi, Y., Kaya, H., Goto, K., Iwabuchi, M., and Araki, T. (1999). A pair of
related genes with antagonistic roles in mediating flowering signals. Science 286,
1960-1962. doi: 10.1126/science.286.5446.1960

Kohler, C., Hennig, L., Bouveret, R., Gheyselinck, J., Grossniklaus, U., and
Gruissem, W. (2003). Arabidopsis MSII is a component of the MEA/FIE
Polycomb group complex and required for seed development. EMBO J. 22,
4804-4814. doi: 10.1093/emboj/cdgd44

Koornneef, M., Hanhart, C. J., and Van Der Veen, J. H. (1991). A genetic and phys-
iological analysis of late flowering mutants in Arabidopsis thaliana. Mol. Gen.
Genet. 229, 57-66. doi: 10.1007/BF00264213

Lazaro, A., Gomez-Zambrano, A., Lopez-Gonzalez, L., Pineiro, M., and Jarillo, J. A.
(2008). Mutations in the Arabidopsis SWC6 gene, encoding a component of the
SWRI chromatin remodelling complex, accelerate flowering time and alter leaf
and flower development. J. Exp. Bot. 59, 653—-666. doi: 10.1093/jxb/erm332

Lee, H., Suh, S. S., Park, E., Cho, E., Ahn, J. H., Kim, S. G., et al. (2000).
The AGAMOUS-LIKE 20 MADS domain protein integrates floral inductive
pathways in Arabidopsis. Genes Dev. 14, 2366—2376. doi: 10.1101/gad.813600

Lee, I, and Amasino, R. M. (1995). Effect of vernalization, photoperiod, and
light quality on the flowering phenotype of Arabidopsis plants containing the
FRIGIDA gene. Plant Physiol. 108, 157-162.

Lee, L, Bleecker, A., and Amasino, R. (1993). Analysis of naturally occurring late
flowering in Arabidopsis thaliana. Mol. Gen. Genet. 237, 171-176.

Leroy, O., Hennig, L., Breuninger, H., Laux, T., and Kohler, C. (2007). Polycomb
group proteins function in the female gametophyte to determine seed develop-
ment in plants. Development 134, 3639—-3648. doi: 10.1242/dev.009027

Martin-Trillo, M., Larazo, A., Poethig, R. S., Gomez-Mena, C., Pifieiro, M. A.,
Martinez-Zapater, J. M., et al. (2006). EARLY IN SHORT DAYS 1 (ESDI)
encodes ACTIN-RELATED PROTEIN 6 (AtARP6), a putative component of
chromatin remodelling complexes that positively regulates FLC accumulation
in Arabidopsis. Development 133, 1241-1252. doi: 10.1242/dev.02301

Mayfield, J. D., Folta, K. M., Paul, A. L., and Ferl, R. J. (2007). The 14-3-3 Proteins
and v influence transition to flowering and early phytochrome response. Plant
Physiol. 145, 1692—1702. doi: 10.1104/pp.107.108654

Michaels, S. D., and Amasino, R. M. (1999). FLOWERING LOCUS C encodes a
novel MADS domain protein that acts as a repressor of flowering. Plant Cell 11,
949-956.

Michaels, S. D., and Amasino, R. M. (2001). Loss of FLOWERING LOCUS C
activity eliminates the late-flowering phenotype of FRIGIDA and autonomous
pathway mutations but not responsiveness to vernalization. Plant. Cell 13,
935-941. doi: 10.1105/tpc.13.4.935

Moller-Steinbach, Y., Alexandre, C., and Hennig, L. (2010). Flowering time control.
Methods Mol. Biol. 655, 229-237. doi: 10.1007/978-1-60761-765-5_15

Putterill, J., Robson, F, Lee, K., Simon, R., and Coupland, G. (1995). The
CONSTANS gene of Arabidopsis promotes flowering and encodes a protein
showing similarities to zinc finger transcription factors. Cell 80, 847-857. doi:
10.1016/0092-8674(95)90288-0

Redei, G. P. (1962). Supervital mutants of Arabidopsis. Genetics 47, 443—-460.

Robson, E, Costa, M. M., Hepworth, S. R., Vizir, L, Pineiro, M., Reeves, P. H,, et al.
(2001). Functional importance of conserved domains in the flowering-time
gene CONSTANS demonstrated by analysis of mutant alleles and transgenic
plants. Plant J. 28, 619-631. doi: 10.1046/j.1365-313x.2001.01163.x

Ruckle, M. E., Demarco, S. M., and Larkin, R. M. (2007). Plastid signals remodel
light signaling networks and are essential for efficient chloroplast biogenesis in
Arabidopsis. Plant Cell 19, 3944-3960. doi: 10.1105/tpc.107.054312

Samach, A., Onouchi, H., Gold, S. E. Ditta, G. S., Schwarz-Sommer, Z.,
Yanofsky, M. E, et al. (2000). Distinct roles of CONSTANS target genes

in reproductive develop-ment of Arabidopsis. Science 288, 1613-1616. doi:
10.1126/science.288.5471.1613

Sawa, M., and Kay, S. A. (2011). GIGANTEA directly activates FLOWERING
LOCUS T in Arabidopsis thaliana. Proc. Natl. Acad. Sci. US.A. 108,
11698-11703. doi: 10.1073/pnas.1106771108

Sawa, M., Nusinow, D. A., Kay, S. A, and Imaizumi, T. (2007). FKF1 and
GIGANTEA complex formation is required for Day-Length measurement in
Arabidopsis. Science 318, 261-265. doi: 10.1126/science.1146994

Schénrock, N., Bouveret, R., Leroy, O., Borghi, L., Kohler, C., Gruissem, W.,
et al. (2006a). Polycomb-group proteins repress the floral activator AGLI9 in
the FLC-independent vernalization pathway. Genes Dev. 20, 1667-1678. doi:
10.1101/gad.377206

Schonrock, N., Exner, V. Probst, A., Gruissem, W., and Hennig, L. (2006b).
Functional genomic analysis of CAF-1 mutants in Arabidopsis thaliana. J. Biol.
Chem. 281, 9560-9568 doi: 10.1074/jbc.M513426200

Searle, I., and Coupland, G. (2004). Induction of flowering by seasonal changes in
photoperiod. EMBO J. 23, 1217-1222. doi: 10.1038/sj.emboj.7600117

Simpson, G. G. (2004). The autonomous pathway: epigenetic and post-
transcriptional gene regulation in the control of Arabidopsis flowering time.
Curr. Opin. Plant Biol. 7, 570-574. doi: 10.1016/j.pbi.2004.07.002

Srikanth, A., and Schmid, M. (2011). Regulation of flowering time: all roads lead to
Rome. Cell. Mol. Life Sci. 68, 2013-2037. doi: 10.1007/s00018-011-0673-y

Suarez-Lopez, P., Wheatley, K., Robson, E, Onouchi, H., Valverde, F, and
Coupland, G. (2001). CONSTANS mediates between the circadian clock
and the control of flowering in Arabidopsis. Nature 410, 1116-1120. doi:
10.1038/35074138

Thomas, B. (2006). Light signals and flowering. J. Exp. Bot. 57, 3387-3393. doi:
10.1093/jxb/erl071

Valverde, E., Mouradov, A., Soppe, W., Ravenscroft, D., Samach, A., and Coupland,
G. (2004). Photoreceptor regulation of CONSTANS protein in photoperiodic
flowering. Science 303, 1003—-1006. doi: 10.1126/science.1091761

Wollenberg, A. C., Strasser, B., Cerdan, P. D., and Amasino, R. M. (2008).
Acceleration of flowering during shade avoidance in Arabidopsis alters
the balance between FLOWERING LOCUS C-mediated repression and
photoperiodic induction of flowering. Plant Physiol. 148, 1681-1694 doi:
10.1104/pp.108.125468

Yamaguchi, A., Kobayashi, Y., Goto, K., Abe, M., and Araki, T. (2005). TWIN
SISTER OF FT (TSF) acts as a floral pathway integrator redundantly with FT.
Plant Cell Physiol. 46, 1175-1189. doi: 10.1093/pcp/pcil51

Yanovsky, M. J., and Kay, S. A. (2002). Molecular basis of seasonal time measure-
ment in Arabidopsis. Nature 419, 308-312. doi: 10.1038/nature00996

Yoo, S. K., Chung, K. S., Kim, J,, Lee, J. H., Hong, S. M., Yoo, S. J., et al. (2005).
CONSTANS Activates SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
I through FLOWERING LOCUS T to promote flowering in Arabidopsis. Plant
Physiol. 139, 770-778. doi: 10.1104/pp.105.066928

Yoshida, N., Yanai, Y., Chen, L., Kato, Y., Hiratsuka, J., Miwa, T., et al.
(2001). EMBRYONIC FLOWER?2, a novel polycomb group protein homolog,
mediates shoot development and flowering in Arabidopsis. Plant Cell 13,
2471-2481.

Zeevaart, J. A. (2008). Leaf-produced floral signals. Curr. Opin. Plant Biol. 11,
541-547. doi: 10.1016/j.pbi.2008.06.009

Zografos, B. R., and Sung, S. (2012). Vernalization-mediated chromatin changes. J.
Exp. Bot. 63, 4343—4348. doi: 10.1093/jxb/ers157

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 16 December 2013; accepted: 17 February 2014; published online: 07 March
2014.

Citation: Steinbach Y and Hennig L (2014) Arabidopsis MSI1 functions in photoperi-
odic flowering time control. Front. Plant Sci. 5:77. doi: 10.3389/fpls.2014.00077

This article was submitted to Plant Genetics and Genomics, a section of the journal
Frontiers in Plant Science.

Copyright © 2014 Steinbach and Hennig. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

March 2014 | Volume 5 | Article 77 | 44


http://dx.doi.org/10.3389/fpls.2014.00077
http://dx.doi.org/10.3389/fpls.2014.00077
http://dx.doi.org/10.3389/fpls.2014.00077
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

frontiers in
GENETICS

REVIEW ARTICLE
published: 13 August 2014
doi: 10.3389/fgene.2014.00218

=

Interplay between sugar and hormone signaling pathways
modulate floral signal transduction

lanis G. Matsoukas'?*

! Institute for Renewable Energy and Environmental Technologies, University of Bolton, Bolton, UK
2 Systems and Synthetic Biology, Institute for Materials Research and Innovation, University of Bolton, Bolton, UK

Edited by:
Christian Jung, Christian Albrechts
University of Kiel, Germany

Reviewed by:

Christina Kuehn, Humboldt
University, Germany

Li Yang, University of North Carolina
Chapel Hill, USA

Christian Jung, Christian Albrechts
University of Kiel, Germany

*Correspondence:

lanis G. Matsoukas, Institute for
Renewable Energy and
Environmental Technologies,
Institute for Materials Research and
Innovation, University of Bolton,
Deane Road, Bolton BL3 5AB, UK
e-mail: .matsoukas@bolton.ac.uk

INTRODUCTION

NOMENCLATURE
The following nomenclature will be used in this article:

o Names of genes are written in italicized uppercase letters, e.g., AB/4.
o Names of proteins are written in non-italicized upper-case letters, e.g., ABI4.
e Names of mutants are written in italicized lowercase letters, e.g., abi4.

The juvenile-to-adult and vegetative-to-reproductive phase transitions are major
determinants of plant reproductive success and adaptation to the local environment.
Understanding the intricate molecular genetic and physiological machinery by which
environment regulates juvenility and floral signal transduction has significant scientific
and economic implications. Sugars are recognized as important regulatory molecules that
regulate cellular activity at multiple levels, from transcription and translation to protein
stability and activity. Molecular genetic and physiological approaches have demonstrated
different aspects of carbohydrate involvement and its interactions with other signal
transduction pathways in regulation of the juvenile-to-adult and vegetative-to-reproductive
phase transitions. Sugars regulate juvenility and floral signal transduction through their
function as energy sources, osmotic regulators and signaling molecules. Interestingly,
sugar signaling has been shown to involve extensive connections with phytohormone
signaling. This includes interactions with phytohormones that are also important for the
orchestration of developmental phase transitions, including gibberellins, abscisic acid,
ethylene, and brassinosteroids. This article highlights the potential roles of sugarhormone
interactions in regulation of floral signal transduction, with particular emphasis on
Arabidopsis thaliana mutant phenotypes, and suggests possible directions for future
research.

Keywords: Arabidopsis thaliana, florigenic and antiflorigenic signaling, juvenile-to-adult phase transition,
juvenility, signal transduction, sugar-hormone interactions, vegetative-to-reproductive phase transition

etal., 2010), salicylic acid (Jin et al., 2008) and cytokinins (D’aloia
etal., 2011).

The greatest advances in our understanding of the genetic regu-
lation of developmental transitions have derived from studying
the vegetative-to-reproductive phase transition in several dicot
and monocot species. This has led to the elucidation of multiple
environmental and endogenous pathways that promote, enable
and repress floral induction (reviewed in Matsoukas et al., 2012).
The photoperiodic (Kardailsky et al., 1999; Kobayashi et al., 1999)
and vernalization (Schmitz et al., 2008) pathways regulate time to
flowering in response to environmental signals such as daylength,
light and temperature, whereas the autonomous (Jeong et al.,
2009), aging (Yang et al., 2013; Yu et al., 2013) and gibberellin
(GA)-dependent (Porri et al., 2012) pathways monitor endoge-
nous indicators of the plant’s age and physiological status. In
addition, other factors and less characterized pathways also play
a role in regulation of floral signal transduction. These include
ethylene (Achard et al., 2006), brassinosteroids (BRs; Domagalska

The photoperiodic pathway is probably the most conserved
of the floral induction pathways. It is known for its promo-
tive effect by relaying light and photoperiodic timing signals to
floral induction (reviewed in Matsoukas et al., 2012). This path-
way involves genes such as PHYTOCHROMES (PHYs; Sharrock
and Quail, 1989; Clack et al., 1994) and CRYPTOCHROMES
(CRYs; Ahmad and Cashmore, 1993; Guo et al., 1998; Kleine
et al., 2003), which are involved in the regulation of light sig-
nal inputs. Other genes such as GIGANTEA (GI; Fowler et al,,
1999), CIRCADIAN CLOCK ASSOCIATEDI (CCA1; Wang et al.,
1997), and LATE ELONGATED HYPOCOTYL (LHY; Schaffer
et al., 1998) are components of the circadian clock, whereas
CONSTANS (CO), FLOWERING LOCUS T (FT; Kardailsky
et al., 1999; Kobayashi et al., 1999), TWIN SISTER OF FT
(TSF; Yamaguchi et al., 2005), and FLOWERING LOCUS D (FD;
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Abe et al., 2005) encode proteins that specifically regulate floral
induction. The actions of all pathways ultimately converge to con-
trol the expression of so-called floral pathway integrators (FPIs),
which include FT (Corbesier et al., 2007), TSF (Yamaguchi et al.,
2005), SUPPRESSOR OF CONSTANSI (SOCI; Yoo et al., 2005),
and AGAMOUS-LIKE24 (AGL24; Lee et al., 2008; Liu et al., 2008).
These act on floral meristem identity (FMI) genes LEAFY (LFY;
Lee et al.,, 2008), FRUITFUL (FUL; Melzer et al., 2008), and
APETALAI1 (API1; Wigge et al.,, 2005; Yamaguchi et al., 2005),
which result in floral initiation. On the other hand, pathways that
enable floral induction regulate the expression of floral repres-
sors or translocatable florigen antagonists, known as antiflorigens
(reviewed in Matsoukas et al., 2012). The pathways that regu-
late the floral repressor FLOWERING LOCUS C (FLC) are the
best-characterized (reviewed in Michaels, 2009).

The vegetative-to-reproductive phase transition is preceded
by the juvenile-to-adult phase transition within the vegetative
phase (reviewed in Poethig, 1990, 2013; Matsoukas et al., 2013;
Matsoukas, 2014). During the juvenile phase plants are inca-
pable of initiating reproductive development and are insensitive
to environmental stimuli such as photoperiod and vernaliza-
tion, which induce flowering in adult plants (Matsoukas et al.,
2013; Matsoukas, 2014; Sgamma et al., 2014). The juvenile-
to-adult phase transition is accompanied by a decrease in
microRNA156 (miR156A/miR156C) abundance and a concomi-
tant increase in abundance of miR172, as well as the SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (SPL3/4/5) transcrip-
tion factors (TFs; Wang et al., 2009; Wu et al., 2009; Jung et al.,
2011, 2012; Kim et al., 2012). Expression of miR172 activates
FT transcription in leaves through repression of AP2-like tran-
scripts SCHLAFMUTZE (SMZ), SCHNARCHZAPFEN (SNZ),
and TARGET OF EAT 1-3 (TOEI-3; Jung et al, 2007, 2011;
Mathieu et al., 2009), whereas the increase in SPLs at the shoot
apical meristem (SAM), leads to the transcription of FMI genes
(Schwab et al., 2005; Schwarz et al., 2008; Wang et al., 2009;
Yamaguchi et al., 2009). Therefore, from a molecular perspec-
tive juvenility can be defined as the period during which the
abundance of antiflorigenic signals such as miR156/miR157 is
sufficiently high to repress the transcription of FT and SPL genes
(Matsoukas, 2014).

Carbohydrates serve diverse functions in plants ranging from
energy sources, osmotic regulators, storage molecules, and struc-
tural components to intermediates for the synthesis of other
organic molecules (reviewed in Rolland et al., 2006; Smeekens
et al., 2010; Eveland and Jackson, 2012). Carbohydrates also
act as signaling molecules (Moore et al., 2003) and by their
interaction with mineral networks (Zakhleniuk et al., 2001;
Lloyd and Zakhleniuk, 2004) affect the juvenile-to-adult and
vegetative-to-reproductive phase transitions (Matsoukas et al.,
2013). Interestingly, sugar signaling has been shown to involve
extensive interaction with hormone signaling (Zhou et al., 1998;
Arenas-Huertero et al., 2000; Moore et al., 2003). This includes
interactions with hormones that are also important for the regu-
lation of juvenile-to-adult and vegetative-to-reproductive phase
transitions, including GAs (Yuan and Wysocka-Diller, 2006),
abscisic acid (ABA; Arenas-Huertero et al., 2000; Laby et al.,
2000), ethylene (Zhou et al., 1998), and BRs (Goetz et al., 2000;

Schluter et al., 2002). Several molecular mechanisms that medi-
ate sugar responses have been identified in plants (reviewed in
Rolland et al., 2006; Smeekens et al., 2010). The best examples
involve hexokinase (HXK; Moore et al., 2003), trehalose-6-
phosphate (Tre6P; Van Dijken et al., 2004) and the sucrose non-
fermenting 1-related protein kinasel (SnRK1; Baena-Gonzalez
et al., 2007) complex. SnRK1 has a role when sugars are in
extremely limited supply, whereas HXK and Tre6P play a role in
the presence of excess sugar.

The panoptic themes of floral signal transduction, sugar
sensing and signaling, and hormonal regulation of growth and
development have attracted much attention, and many compre-
hensive review articles have been published (Rolland et al., 2006;
Amasino, 2010; Smeekens et al., 2010; Depuydt and Hardtke,
2011; Huijser and Schmid, 2011; Andres and Coupland, 2012).
This article, however, focuses specifically on sugar-hormone
interactions and their involvement in regulation of floral signal
transduction, with particular emphasis on Arabidopsis thaliana
mutant phenotypes. The review is divided into two sections:
the first provides several pieces of evidence on the interac-
tions between sugars and different hormones in floral induction;
whereas the second describes potential mechanisms that might be
involved in regulation of floral signal transduction, in response to
sugar-hormone interplay.

SUGAR/HORMONE INTERACTIONS AND FLORAL SIGNAL
TRANSDUCTION

THE SUGAR AND GIBBERELLIN SIGNALING CROSSTALK

GAs are a group of molecules with a tetracyclic diterpenoid struc-
ture that function as plant growth regulators influencing a range
of developmental processes. Several Arabidopsis mutants in the
GA signal transduction and GA biosynthesis pathway have been
isolated (Table 1; Peng and Harberd, 1993; Peng et al., 1997;
Hedden and Phillips, 2000). Null mutations in the early steps
of GA biosynthesis (e.g., gal-3) do not flower in short days
(SDs), whereas weak mutants (e.g., gal-6; Koornneef and Van
Der Veen, 1980), or GA signal transduction mutants [e.g., gib-
berellic acid insensitive (gai)], flower later than wild type (WT;
Peng and Harberd, 1993). In contrast, mutants with increased
GA signaling such as rga like2 (rgl2; Cheng et al., 2004; Yu et al.,
2004) and spindly (spy; Jacobsen and Olszewski, 1993) have an
early flowering phenotype. Evidence has been provided that both
RGL2 and SPY might be involved in carbohydrate regulation of
floral initiation, as mutation in both loci confers insensitivity
to inhibiting glucose concentrations (Yuan and Wysocka-Diller,
2006). SPY, an O-linked B-N-acetylglucosamine transferase was
shown to interact with the Gl in yeast (Tseng et al., 2004). Mutants
impaired in GI have a late flowering and starch-excess pheno-
type (Eimert et al., 1995). The interaction between SPY and GI
suggests that functions of these proteins might be related, and
that SPY might be a pleiotropic circadian clock regulator (Tseng
et al., 2004; Penfield and Hall, 2009). In addition, the early flow-
ering phenotype of the glucose insensitive spy may be via FT,
as spy4 suppresses the reduction of CO and FT mRNA in gi2
genotypes (Tseng et al., 2004). This indicates that SPY functions
in the photoperiod pathway upstream of CO and FT, involv-
ing glucose and GA metabolism-related events. Interestingly, it
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has been suggested that SPY4 may play a central role in the
regulation of GA/cytokinin crosstalk during plant development
(Greenboim-Wainberg et al., 2005).

Lines of evidence have demonstrated that there is a syn-
ergistic interaction between GAs and sucrose in the activa-
tion of LFY transcription (Blazquez et al., 1998; Eriksson
et al., 2006). These pieces of evidence suggest a further link
between GAs with sugar metabolism-related events and flo-
ral signal transduction. The effects of GA-sugar interplay
on regulation of floral induction might be transduced by
the GIBBERELLIN INSENSITIVE DWARFI (GID1), which act
upstream of the DELLA (Feng et al., 2008; Harberd et al., 2009),
and PHYTOCHROME-INTERACTING FACTOR (PIF; De Lucas
et al., 2008; Nozue et al., 2011; Stewart et al., 2011) family of
bHLH factors.

THE SUGAR-ABA SIGNALING CROSSTALK

ABA is regarded as a general inhibitor of floral induction. This
is indicated in Arabidopsis where mutants deficient (e.g., aba2,
aba3) in or insensitive [e.g., aba insensitive4 (abi4)] to ABA are
early flowering (Table 1; Martinez-Zapater et al., 1994). On the
other hand, mutants with high ABA levels [e.g., no hydrotropic
response (nhrl)] flower late or even later than WT under non-
inductive SDs (Quiroz-Figueroa et al., 2010). However, many
mutations affecting sugar signaling are allelic with components
of the ABA synthesis or ABA transduction pathways. It has been
shown that aba2, aba3, and abi4 mutants are allelic to sugar-
insensitive mutants glucose insensitivel (ginl)/impaired sucrose
inductiond (isid)/sugar insensitivel (sisl; Laby et al., 2000; Rook
et al., 2001), gin5/isi2/sis3 (Arenas-Huertero et al., 2000) and
gin6/isi3/sis5/sun6 (Arenas-Huertero et al., 2000), respectively. In
addition, ABA accumulation and transcript levels of several ABA
biosynthetic genes are significantly increased by glucose (Cheng
et al.,, 2002). These lines of evidence indicate that signaling
pathways mediated by ABA and sugars may interact to regu-
late juvenility and floral signal transduction (Matsoukas et al.,
2013).

The downstream effects of the sugar-ABA interaction might
be mediated via the circadian clock. Photoperiodic induction
requires the circadian clock to measure the duration of the
day or night (reviewed in Harmer, 2009; Imaizumi, 2010). The
clock modulates the expression of CO, the precursor of FT that
accelerates flowering in response to several pathways (reviewed
in Turck et al,, 2008). It has been shown that glucose has a
marked effect on the entrainment and maintenance of robust cir-
cadian rhythms (Dalchau et al., 2011; Haydon et al., 2013). In
addition, circadian periodicity is also regulated by ABA via an
unclear mechanism. This might be through ABI3 (allelic to sis10;
Huang et al., 2008) by binding to the clock component TIMING
OF CAB EXPRESSIONI1 (TOCI; also called ABI3 Interacting
Protein 1; Kurup et al., 2000; Pokhilko et al., 2013), and/or reg-
ulation of CCAI mRNA transcription levels by ABA (Hanano
et al., 2006). Thus, gating of circadian clock sensitivity by the
ABA and sugar crosstalk may constitute a regulatory module
that coordinates the circadian clock with additional endogenous
and environmental signals to regulate juvenility and floral signal
transduction.

THE SUGAR-ETHYLENE SIGNALING CROSSTALK

Ethylene is another example of a phytohormone that regu-
lates juvenility (Beyer and Morgan, 1971) and floral induction
(Bleecker et al., 1988; Guzman and Ecker, 1990). Arabidopsis
mutants impaired in ethylene signaling [e.g., ethylene insensitive2
(ein2), ein3-1] or perception [e.g., ethylene responsel (etrl-1)],
flower late in inductive LDs (Table 1). This late flowering pheno-
type is significantly enhanced under non-inductive SDs. Mutants,
which over-produce ethylene [e.g., ethylene overproducerl (etol),
eto2-1] flower at the same time or slightly earlier than WT under
LDs, but dramatically later in SDs (Bleecker et al., 1988; Guzman
and Ecker, 1990; Chen and Bleecker, 1995; Achard et al., 2007).
Ample evidence has shown that ethylene can influence plant sen-
sitivity to sugars. Ethylene-insensitive plants are more sensitive to
endogenous glucose, whereas application of an ethylene precursor
decreases glucose sensitivity (Zhou et al., 1998; Leon and Sheen,
2003). However, this interaction may also function in an antithet-
ical way as several ethylene biosynthetic and signal transduction
genes are repressed by glucose (Yanagisawa et al., 2003; Price et al.,
2004).

Ethylene sensing and signaling pathways are also tightly inter-
connected with those for sugar and ABA (reviewed in Gazzarrini
and Mccourt, 2001; Leon and Sheen, 2003). Lines of evidence
have shown that this crosstalk modulates the vegetative-to-
reproductive phase transition. This is suggested by the glucose
hypersensitive phenotype displayed by the late flowering mutants
ein2 [allelic to enhanced response to aba3 (era3)], ein3 and etrl
(Chang et al., 1993; Zhou et al., 1998; Alonso et al., 1999; Cheng
et al., 2002; Yanagisawa et al., 2003). Activation of the ethylene
response [either in the presence of exogenous ethylene or by
means of the etol or constitutive triple responsel (ctrl) muta-
tions] attenuates the glucose effects (Zhou et al., 1998; Gibson
et al., 2001). Further support for the sugar-ethylene crosstalk
involvement on flowering time is derived by the epistatic analy-
sis of the etr] ginl (aba2) and ein2 ginl (aba2) double mutants
in the elucidated role of GINI (ABA2) in the ethylene signal
transduction cascade. The etrl ginl (aba2) and ein2 ginl (aba2)
double mutants flower earlier than etrI and ein2 single mutants,
respectively (Cheng et al., 2002). The early flowering and glu-
cose resistance phenotypes of the double mutants etr1 ginl (aba2)
and ein2 ginl (aba2) under LDs, may suggest that ethylene
affects glucose signaling, partially, through ABA to regulate flo-
ral induction (Zhou et al., 1998; Cheng et al., 2002; Ghassemian
et al., 2006). Overexpression of ETHYLENE RESPONSE2 (ETR2;
Sakai et al., 1998) receptor in Oryza sativa reduced ethylene
sensitivity and delayed floral induction (Wuriyanghan et al.,
2009). Conversely, disruption of ETR2 by T-DNA or with RNA
interference (RNAI) conferred enhanced ethylene sensitivity and
early flowering. Moreover, links of the ethylene signaling with
starch accumulation responses and activation of sugar trans-
porter genes have also been observed. ETR2 promoted starch
accumulation, whereas a monosaccharide transporter gene was
suppressed in the ETR2 over-expression lines (Wuriyanghan et al.,
2009). Interestingly, when expression of ETR2 was reduced in
the OSetr2 T-DNA and RNAI lines, starch failed to accumulate,
whereas sugar translocation was enhanced (Wuriyanghan et al.,
2009).
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Ethylene has dramatic effects on flowering time of mutants
involved in activation of the ethylene response under SD
conditions (Achard et al., 2007). CONSTITUTIVE TRIPLE
RESPONSEI (CTRI) is a major negative regulator of ethylene
signaling that is allelic to GIN4 (Cheng et al., 2002) and SISI
(Gibson et al., 2001). Loss-of-function ctrI mutations result in the
constitutive activation of the ethylene response pathway, which
indicates that the encoded protein acts as a negative regula-
tor of ethylene signaling (Kieber et al., 1993). Under LDs ctrl
has a flowering phenotype similar to WT. In antithesis with the
other glucose insensitive genotypes, ctrl plants flower dramat-
ically later than WT in SDs. This could be due to impaired
involvement of GA pathway, which systematize floral initiation
in SDs. Interestingly, evidence has been provided that ethylene
dramatically prolongs time to flowering in ctrl under SDs by
repressing the up-regulation of LFY and SOCI transcript levels
via a DELLA-dependent mechanism, and decreasing the levels of
the endogenous bioactive GAs (Achard et al., 2007).

THE SUGAR-BRASSINOSTEROIDS SIGNALING CROSSTALK

BRs are steroid hormones known to control various skotomor-
phogenic (Chory et al., 1991) and photomorphogenic (Li et al.,
1996) aspects of development. Genetic and physiological analyses
have revealed the critical role of BRs in floral induction (Table 1),
establishing a new floral signal transduction pathway. The promo-
tive role of BRs on floral induction is exerted by the late flowering
phenotype of BR-deficient mutants brassinosteroid-insensitivel
(brs1; Clouse et al., 1996; Li and Chory, 1997), brassinosteroid-
insensitive2 (bin2; Li et al., 2001), deetiolated2 (det2; Chory
et al., 1991), constitutive photomorphogenesis and dwarfism (cpd,
Szekeres et al., 1996; Domagalska et al., 2007) and brassinos-
teroid, light and sugarl (blsl; Laxmi et al.,, 2004). Conversely,
mutations impaired in metabolizing BRs to their inactive forms,
phyB-activation-tagged suppressorl (basl; Neff et al., 1999) and
suppressor of phyB-4 7 (sob7; Turk et al., 2005) flower early (Turk
etal., 2005). It has been reported that the response to exogenously
applied BRs differs depending on the light quality and quantity
(Neff et al., 1999), suggesting a potential interaction with sugars
via light-mediated pathways (Goetz et al., 2000; Schluter et al.,
2002). In addition, it has been demonstrated that BR responses
are related to hormones such as GA (Gallego-Bartolome et al.,
2012), ABA (Domagalska et al., 2010), and ethylene (Turk et al.,
2005), which participate in sugar signaling. Furthermore, the
sugar hypersensitive phenotype of the late flowering blsI can be
repressed by exogenous BRs (Laxmi et al., 2004). Moreover, the
late flowering mutant det2, as other constitutively photomor-
phogenic mutants have been found to have an altered response to
applied sugars (reviewed in Chory et al., 1996; Laxmi et al., 2004,
and references therein). Collectively, these data indicate interplay
between BRs and sugars in regulation of floral signal transduc-
tion. The downstream effects of this crosstalk might be mediated
through BRASSINAZOLE RESISTANTI1 (BZRI1) and BZR2, as
well as additional interacting TFs. Both BZR1 and BZR2 interact
with PIF (Oh et al., 2012) and the GA signaling DELLA proteins
(Oh et al., 2012). In addition, the BR-sugar interaction may also
be indirectly involved in modulation of juvenility and floral sig-
nal transduction by influencing the photoperiodic pathway via

the circadian clock, as BR application shortens circadian rhythms
(Hanano et al., 2006).

HOW DOES THE CROSSTALK BETWEEN SUGARS AND
HORMONES REGULATE THE FLORAL SIGNAL
TRANSDUCTION

It is proposed that the effects of the sugar-hormone interplay
might be mediated by hormones that enable tissues to respond to
sugars, and/or hormone and sugar signaling, although essentially
separate, could converge and crosstalk through specific regula-
tory complexes (Figure 1). One regulatory mechanism might be
through metabolic enzymes, which also function as active mem-
bers of transcriptional or posttranscriptional regulatory com-
plexes (Cho et al., 2006). This cross-functionalization could be
involved in mechanisms that modulate juvenility and floral signal
transduction, by allowing interplay between different sugar and
hormone response pathways or receptors.

THE HXK1-miR156 REGULATORY MODULE

Sugar signals can be generated either by carbohydrate concen-
tration and relative ratios to other metabolites, such as hor-
mones (Arenas-Huertero et al., 2000) and carbon-nitrogen ratio
(Corbesier et al., 2002; Rolland et al., 2006), or by flux through
sugar-specific transporters (Lalonde et al., 1999) and/or sensors
(Moore et al., 2003). Sugar sensors perceive the presence of dif-
ferent sugars and initiate downstream signaling events. Glucose
(Moore et al., 2003), fructose (Cho and Yoo, 2011; Li et al,
2011), sucrose (Seo et al., 2011), Tre6P (Van Dijken et al., 2004),
and maltose (Niittyla et al., 2004; Stettler et al., 2009) function
as cellular signaling molecules in specific regulatory pathways,
which modulate juvenility and floral signal transduction. Of
these signaling molecules, glucose has been studied the most
comprehensively in plants.

Glucose-mediated floral signal transduction is largely depen-
dent on HXK, HXK-independent, and SnRK1 signaling pathways.
One possibility is that HXK1 controls juvenility and floral sig-
nal transduction by regulating the expression of miR156 (Yang
et al., 2013). In this scenario, HXKI1 that is largely dependent on
ABA biosynthesis and signaling components (Zhou et al., 1998;
Arenas-Huertero et al., 2000) promotes miR156 expression under
low sugar levels. Above a threshold concentration, the circadian
fluctuations of glucose, one of the final outputs of starch degra-
dation (Stitt and Zeeman, 2012) that is regulated by starch and
Tre6P (Martins et al.,, 2013) promotes GA biosynthesis (Cheng
et al.,, 2002; Yu et al., 2012; Paparelli et al., 2013) and blocks
HXK1 activity, resulting in downregulation of miR156 expres-
sion (Yang et al., 2013; Yu et al., 2013). Interestingly, defoliation
experiments (Yang et al., 2011, 2013; Yu et al., 2013) show that
removing the two oldest leaves results in increased miR156 lev-
els at the SAM and a prolonged juvenile phase length. The fact
that glucose, fructose, sucrose and maltose, partially, reverse this
effect (Wang et al., 2013; Yu et al., 2013), indicates that pho-
tosynthetically derived sugars are potential components of the
signal transduction pathway that repress miR156 expression in
leaf primordia.

It seems highly probable that the differential regulation of
SnRK1 by ABA and GAs (Bradford et al., 2003), and the
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FIGURE 1 | Multiple interactions among the components involved in
floral signal transduction in response to sugar-hormone interplay.
Components of the pathways are grouped into those that promote ({)
and those that repress (L) floral signal transduction. Sugars affect the
vegetative-to-reproductive phase transition through their function as
energy sources, osmotic regulators, signaling molecules, and by their
interaction with mineral and phytohormone networks (Ohto et al., 2001;
Lloyd and Zakhleniuk, 2004; Matsoukas et al., 2013). Starch
metabolism-related events have a key role in developmental phase
transitions (Corbesier et al., 1998; Matsoukas et al., 2013). The actions of
all pathways ultimately converge to control the expression of a small

number of so-called floral pathway integrators (FPIs), which include
FLOWERING LOCUS T (FT,; Kardailsky et al., 1999; Kobayashi et al.,
1999) and SUPPRESSOR OF CONSTANST1 (SOCT; Yoo et al., 2005).
These act on floral meristem identity (FMI) genes such as LEAFY (LFY;
Lee et al., 2008) and APETALAT (AP1; Wigge et al., 2005; Yamaguchi
et al., 2005), which result in floral induction. The main components and
interactions are depicted in the diagram, but additional elements have
been omitted for clarity. Comprehensive reviews are available (Smeekens
et al., 2010; Depuydt and Hardtke, 2011; Huijser and Schmid, 2011;
Andres and Coupland, 2012; Matsoukas et al., 2012) and should be
referred to for additional pieces of information.

antagonism between ABA and GA, which function in an opposite
manner, to activate specific cis-acting regulatory elements present
in ABA- and GA-responsive promoters respectively (reviewed in
Yamaguchi-Shinozaki and Shinozaki, 2005), may also be involved
in this regulatory module (Achard et al., 2006; Yu et al., 2012;
Wang et al., 2013).

THE TRE6P-miR156 REGULATORY MODULE

Tre6P is a metabolite of emerging significance in plant develop-
mental biology, with hormone-like metabolic activities (reviewed
in Smeekens et al., 2010; Ponnu et al., 2011). It has been pro-
posed that Tre6P signals the availability of sucrose (Lunn et al.,
2006), and then through the SnRK1 regulatory system orches-
trates changes in gene expression that enable sucrose to reg-
ulate juvenility and floral signal transduction. In Arabidopsis,
Tre6P is synthesized from glucose-6-phospate by TREHALOSE
PHOSPHATE SYNTHASE 1 (TPS1; Van Dijken et al., 2004). Non-
embryo-lethal weak alleles of tpsI exhibit late flowering (Van
Dijken et al., 2004) and ABA hypersensitive phenotypes (Gomez
etal., 2010). Interestingly, the Tre6P pathway controls the expres-
sion of SPL3, SPL4, and SPL5 at the SAM, partially via miR156,
and partly independently of the miR156-dependent pathway via
FT (Wahl et al., 2013). Several pieces of evidence suggest that

Tre6P inhibits SnRK1 when sucrose is above a threshold con-
centration (Polge and Thomas, 2007; Zhang et al., 2009). When
the sucrose content decreases, with Tre6P decreasing as well,
SnRK1 is released from repression, which leads to the induc-
tion of genes involved in photosynthesis-related events, so that
more carbon is made available (Delatte et al., 2011). It has been
shown that the Tre6P-SnRK1 module acts through a mechanism
involving ABA (Gomez et al.,, 2010) and sugar metabolism (Van
Dijken et al., 2004) to regulate several developmental events. The
key link between sugars and ABA perception is exemplified by
the ABI genes (Eveland and Jackson, 2012; Wang et al., 2013).
Interestingly, ABI4 encodes an AP2 domain TF that is required
for normal sugar responses during the early stages of develop-
ment (Arenas-Huertero et al., 2000; Laby et al., 2000; Rook et al.,
2001; Niu et al., 2002). Taken together, these data could provide
another mechanistic link, at the molecular level, on how the ABA-
sugar interplay might be involved in regulation of juvenility and
floral signal transduction.

PERSPECTIVES

Sugars serve diverse functions in plants ranging from energy
sources, osmotic regulators, storage molecules, and structural
components to intermediates for the synthesis of other organic
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molecules. Sugars also act as signaling molecules and by their
interaction with mineral and hormonal networks affect several
aspects of growth and development.

There has been a long-standing interest in the role played
by sugars and hormones in regulation of the juvenile-to-adult
and vegetative-to-reproductive phase transitions. It has been pro-
posed that the effects of sugar-hormone interactions might be
mediated by key hormones that enable tissues to respond to sug-
ars, and/or hormone and sugar signaling could converge and
crosstalk through specific regulatory complexes and/or metabolic
enzymes. However, how sugar and hormone signals are integrated
into genetic pathways that regulate the juvenile-to-adult and
vegetative-to-reproductive phase transitions is still incompletely
understood. Recent studies have shown that metabolic enzymes,
ABA, GA and Tre6P may integrate into the miR156/SPL-signaling
pathway. However, despite this progress, mechanistic questions
remain. Future challenges include the further clarification of
the antagonistic and agonistic interactions between the sugar-
and hormone-derived signals in a spatio-temporal manner at
the molecular level, and their link to other known important
transcriptional regulatory networks.
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The zinc finger transcription factor CONSTANS has a well-established central role in the
mechanism for photoperiod sensing in Arabidopsis, integrating light and circadian clock
signals to upregulate the florigen gene FT under long-day but not short-day conditions.
Although CONSTANS-LIKE (COL) genes in other species have also been shown to regulate
flowering time, it is not clear how widely this central role in photoperiod sensing is
conserved. Legumes are a major plant group and various legume species show significant
natural variation for photoperiod responsive flowering. Orthologs of several Arabidopsis
genes have been shown to participate in photoperiodic flowering in legumes, but the
possible function of COL genes as integrators of the photoperiod response has not yet
been examined in detail. Here we characterize the COL family in the temperate long-day
legume Medicago truncatula, using expression analyses, reverse genetics, transient
activation assays and Arabidopsis transformation. Our results provide several lines of
evidence suggesting that COL genes are unlikely to have a central role in the photoperiod

response mechanism in this species.

Keywords: legume, flowering, photoperiod, Medicago, CONSTANS

INTRODUCTION

The length of the daily photoperiod is an important environmen-
tal variable that influences plant development. The most widely-
recognized response to photoperiod is the induction of flowering,
but photoperiod also controls other vegetative and reproductive
characteristics, including formation of storage organs, axillary
branching, and vegetative bud dormancy (Thomas and Vince-
Prue, 1997). Within individual species, genetic variation for pho-
toperiod responsiveness can be a major feature of adaptation to
different latitudes and is therefore significant both in the natural
environment and for agriculture.

As a result, there is widespread interest in the mechanism
by which plants measure and respond to photoperiod, and this
has been extensively examined in both Arabidopsis and rice. The
study of induced mutants and natural variants affecting photope-
riod responsiveness in both species has identified genes in the
FT florigen family as the major target of photoperiod regulation,
and have highlighted the general importance of light signaling
pathways and the circadian clock for photoperiod measurement
(Andres and Coupland, 2012; Brambilla and Fornara, 2013; Song
etal., 2013; Tsuji et al., 2013).

In Arabidopsis, one gene in particular, CONSTANS (CO), has
a central role in the mechanism of photoperiod measurement,

integrating clock and light signals to provide photoperiod-specific
induction of FT expression (Andres and Coupland, 2012; Song
et al., 2013). CO was originally defined on the basis of a long
day (LD)-specific late-flowering mutant phenotype (Koornneef
etal., 1991), and encodes a B-box zinc finger transcription factor
(Putterill et al., 1995). Transgenic plants overexpressing CO are
extremely early flowering, and epistatic and regulatory interac-
tions position CO genetically between GI and FT (Onouchi et al.,
2000; Suarez-Lopez et al., 2001). It has subsequently been shown
that FT is an early transcriptional target of CO (Samach et al,,
2000), and that the CO protein binds to the FT promoter (Tiwari
et al., 2010).

The LD-specificity for activation of FT by CO is achieved
through regulation of CO protein abundance at both transcrip-
tional and post-translational level. CO mRNA is rhythmically
expressed under the control of the circadian clock, such that
peak expression occurs at night under short days (SD) but in the
afternoon under LD (Sudrez-Lépez et al., 2001). Afternoon CO
expression in LD is reinforced by action of the FKF1 blue light
photoreceptor, which interacts with GI to degrade CDF proteins,
which are transcriptional repressors of CO (Fornara et al., 2009;
Song et al., 2012). CO protein accumulation is prevented in dark-
ness by the ubiquitin ligase COP1 (Jang et al., 2008) but permitted
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in the afternoon under LD where phyA suppresses COP1 activity
(Valverde et al., 2004) and FKF1 directly stabilizes CO (Song et al.,
2012).

In rice, a warm-season crop with a short-day requirement for
flowering, the CO-like gene HdI also contributes to photoperiod
measurement and photoperiod-specific regulation of FT family
genes (Brambilla and Fornara, 2013). In contrast to Arabidopsis
CO, Hd1 appears to be a bifunctional regulator, acting to promote
FT expression in SD and to repress it in LD (Izawa et al., 2002;
Kojima et al., 2002). These observations have suggested that CO
function may be widely conserved across the angiosperms. This
conclusion has been tested in expression and functional analy-
ses in a number of other species. In some species such as potato
and sugar beet, CO-like genes do seem to be involved in photope-
riod responses (Chia et al., 2008; Gonzalez-Schain et al., 2012),
whereas evidence from other species such as barley, and poplar
is less clear or inconclusive (Campoli et al., 2012; Hsu et al.,
2012).

In the legume species pea (Pisum sativum L.), cloning of
several flowering loci has demonstrated conserved roles for
Arabidopsis circadian clock genes GI, ELF4 and ELF3 in the reg-
ulation of FT genes and the control of photoperiod-responsive
flowering (Hecht et al., 2007; Liew et al., 2009; Weller et al.,
2012). A similar role has also been demonstrated for GI in soy-
bean (Watanabe et al., 2011). However, the endogenous function
of CO-like (COL) genes in legumes has not been directly tested,
and the possibility that they may participate in photoperiod mea-
surement is still unresolved. In this study we have examined
the potential involvement of COL genes in photoperiodic flow-
ering of the temperate long-day legume Medicago truncatula,
using expression analyses, Arabidopsis complementation, and
loss-of-function mutants.

MATERIALS AND METHODS

PLANT MATERIAL

The experiments shown in Figures 2, 4 used the Medicago trun-
catula line R108 and derived mutants obtained from reverse-
screening the Tntl insertion population described by Tadege
et al. (2008). The Medicago sequences used for the experiments

in Figure3 were obtained from cv Jester (MtFTal promoter,
MtCOLa-d) or R108 (MtCOLe-h).

GROWTH CONDITIONS

Arabidopsis plants were grown under long day photoperiod
(16h light/8h dark) in growth cabinets maintained at 21°C
with 30% to 40% humidity, and an irradiance of approximately
115 pmol m~2 s~!. Medicago plants were grown in growth cab-
inets maintained at 22°C under either long (16-h) or short-day
(8-h) photoperiods.

EXPRESSION ANALYSIS

Analysis of MtCOL expression followed procedures described by
Hecht et al. (2011). Harvested material consisted of all expanded
leaves from three-week-old plants, with each sample consist-
ing of material pooled from two plants. Two technical replicates
and three biological replicates were performed for each time-
point. Transcript levels for experimental genes were evaluated as

previously described (Weller et al., 2009), relative to the reference
gene MtTEFla. Primer sequences are given in Supplemental
Table 2.

ARABIDOPSIS TRANSFORMATION

DNA fragments containing full-length coding sequences of
MtCOLa-COLh were amplified by PCR from ¢DNA and cloned
into the pCR8/GW/TOPO TA vector (Invitrogen). The result-
ing entry vector was then recombined into plant transforma-
tion vector, pB2GW7 (Karimi et al., 2002) to generate the
355:MtCOLa-h constructs. Transgenic plants were produced by
applying Agrobacterium tumefaciens strain LBA4404 containing
the pB2GW?7 vectors to Arabidopsis co-2 mutant flowers using
the protocol described by Martinez-Trujillo et al. (2004). Seeds
from these plants were collected and sown directly onto soil
and selected using Basta herbicide. Putative transformants were
confirmed by qRT-PCR analysis.

TRANSIENT ASSAYS

The transient expression assays were performed by infiltrat-
ing Nicotiana benthamiana leaves, as described by Hellens
et al. (2005). Agrobacterium strains containing either the FT
promoter—reporter construct or a 355:COL construct were co-
infiltrated into leaves using a mixture of the two strains at a
ratio of 7:1, respectively. Firefly luciferase and Renilla luciferase
were assayed 4 d after infiltration using the Dual-Luciferase
Reporter Assay System (Promega) as described by Hellens et al.
(2005).

RESULTS

DEFINING THE CONSTANS-LIKE (COL) GENE FAMILY IN LEGUMES

We previously reported a partial characterization of the COL
gene family in legumes (Hecht et al., 2005) focusing on the so-
called Group I COL genes (Griffiths et al., 2003). This group
of genes includes Arabidopsis CO and is characterized by two
B-box domains within an N-terminal Zn finger region, and a
conserved C-terminal (CCT) domain that is also found in the cir-
cadian clock-related pseudo-response regulator gene TOCI and
related PRR (Strayer et al., 2000; Griffiths et al., 2003). To extend
our understanding of legume COL genes, we used a combination
of database searches and PCR-based approaches to isolate addi-
tional COL genes in Medicago truncatula. We identified a total of
11 expressed and apparently full-length COL coding sequences
(Figure 1, Supplemental Figure 1) that included four Group I
genes (COLa-COLd), two group II genes (COLi, COLk) and four
Group IIT genes (COLe-COLh, COLj). It thus appears that all
major groups within the COL family are represented in legumes,
but some degree of independent expansion has occurred within
Groups II and III.

Consistent with a previous report (Hecht et al., 2005) we iden-
tified only a single group Ia gene in Medicago (MtCOLa) and
found that the three Arabidopsis group Ia genes AtCO, AtCOLI
and AtCOL2 were more similar to each other than to MtCOLa.

A recent report from soybean has identified 26 COL genes, rep-
resenting 13 pairs of homeologs (Wu et al., 2014). For nine of
these pairs, we identified a single Medicago ortholog (Figure 1),
and the clade containing GmCOL8a/b and COL9a/b also included
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FIGURE 1 | The CONSTANS-LIKE (COL) gene family in Medicago. dark and Medicago genes in light shading. Branches shown in orange indicate
Phylogram of legume and Arabidopsis COL protein sequences. The analysis is soybean homeolog pairs for which no corresponding Medicago ortholog was
based on the sequence alignment shown in Supplemental Figure 1 online. found, and the single Medicago gene without a soybean counterpart is shown
Sequence details are available in Supplemental Table 1 online. Groups | (green in red. Branches with bootstrap values <50% have been collapsed, and black
shading), Il (blue shading) and Ill (purple shading) correspond to the arrowheads indicate branches with support >50% but <90%. All other
classification of Griffiths et al. (2003). Branches representing legume proteins branches have support >90%. At, Arabidopsis thaliana, Gm, Glycine max;
are shaded in color consistent with each group, with soybean proteins shown in Mt, Medicago truncatula.

two Medicago genes; MtCOLe and COLf. The MtCOLb gene
had no corresponding pair of genes in soybean, and three soy-
bean homeolog pairs were not represented by Medicago genes.
This latter situation could imply the existence of additional
Medicago COL genes not represented in the current genome
build (Mt4.0), and we were particularly interested in a com-
parison of the Group Ia genes as this clade contains most of
the genes known to have CO-like function in other species. In
soybean, there are four Group Ia COL genes; GmCOLIa/b and
COL2a/b. The single Group Ia gene MtCOLa is clearly orthol-
ogous to the GmCOLIa/b pair, implying that Medicago might
possess a second Group Ia COL gene orthologous to GimCOL2a/b.
To address the possibility, we examined the genomic regions con-
taining GmCOL2a and COL2b for evidence of microsynteny with
the Medicago genome. Supplemental Figure 2 shows that genes in
the GmCOL2a/COL2b regions showed highest similarity to genes
on Medicago chromosome 6, with clear evidence of microsyn-
teny, but there was no MtCOL gene in this location, suggesting
that this gene may have been lost from the Medicago lineage.
Similarly, microsynteny between regions containing GmCOL5a/b

and another part of Medicago chromosome 6, and between
regions containing GmCOLI12a/b and Medicago chromosome 2
(Supplemental Figure 2) also suggests that orthologs of these
genes are also absent from the Medicago genome. We therefore
tentatively conclude that the 11 Medicago COL genes we have
identified represent the entire gene family.

DIURNAL RHYTHMS OF COL GENE EXPRESSION

In Arabidopsis, the characteristic diurnal mRNA expression
rhythm of CO is linked to its function in photoperiod measure-
ment. Under SD, CO expression peaks in the night and is low
throughout the day. Under LD, CO expression increases during
the afternoon, and this increase is reinforced by an additional
relief from repression through the action of the blue-light pho-
toreceptor FKF1 (Imaizumi et al., 2003). We reasoned that if tran-
scriptional regulation of COL genes was similarly important for
photoperiod responses in temperate legumes, one or more COL
genes might show distinctly different expression rhythms in long
and short days. We therefore examined the diurnal expression
rhythms for eight of the 11 MtCOL genes (COLa-COLh).

www.frontiersin.org

September 2014 | Volume 5 | Article 486 | 59


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Wong et al.

CONSTANS-LIKE genes in Medicago

We previously reported that the single group Ia COL gene
in pea, PsCOLa, shows a morning-phased expression rhythm
in LD (Hecht et al., 2007) that is similar to the Arabidopsis
Group Ia genes COLI and COL2 (Ledger et al., 2001). Figure 2
shows that MtCOLa expression also follows a similar LD rhythm
with a peak at dawn. The level of expression under SD was not
significantly different than under LD throughout the daily time-
course, and under both conditions, COLa showed significant
morning expression, which declined to basal level by ZT9. Under
LD specifically, COLa expression remained very low during the
afternoon, with no evidence of the afternoon “shoulder” to the
LD rhythm that is characteristic of Arabidopsis CO (Imaizumi
et al., 2003). More generally, there was no evidence for any
difference in COLa expression during the light phase in LD
compared to SD.

Like COLa, the Group Ic genes COLb and COLd also showed a
morning-phased rhythm. For both genes, the phase of the expres-
sion rhythm was earlier in SD than in LD, typical of the response
of many rhythmically-regulated genes to photoperiod. However,
as for COLa, there was no evidence of a qualitative difference in
expression during the light phase between LD and SD conditions
for either gene. COLc was only expressed at a very low level and
showed minimal diurnal variation. In contrast to the Group I
genes, the Group III genes generally showed an evening-phased
rhythm under LD, which in most cases, was shifted earlier in
SD. COLe showed the most strongly rhythmic expression with an
afternoon peak in LD at around ZT12, and COLf expression was
also clearly rhythmic, with peak expression under LD during the
night. COLg and COLh were at most weakly rhythmic. The clos-
est similarity to the Arabidopsis CO rhythm was seen for COLf,

time (h)

FIGURE 2 | Rhythmic regulation of MtCOL expression under SD and LD.
Transcript levels were determined in fully-expanded leaves taken from
3-week-old R108 seedlings grown under 8-h (short-day; open symbols) or
16-h long-day photoperiods (filled symbols) in growth cabinets at 22°C. The
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night period common to both treatments is represented by dark gray
shading, with the period in which plants are in the light in long days but not
short days is represented by light gray shading. Data represent mean + SE
for n = 2 biological replicates.
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which was not expressed at dawn or at either of the two time-
points during the light phase under SD, but showed significant
expression at dawn and during the afternoon in LD.

ACTIVITY OF LEGUME COL GENES

Arabidopsis CO is a potent inducer of flowering, and Arabidopsis
plants overexpressing CO flower very early under both LD and SD
(Onouchi et al., 2000). To test whether any of the MtCOL genes
might be similarly effective in flowering regulation, we assessed
their ability to complement the late flowering phenotype of the
Arabidopsis co-2 mutant. Figure 3A shows that none of the eight
MtCOL genes that we tested caused early flowering when over-
expressed from the cauliflower mosaic virus 35S promoter in the
late-flowering Arabidopsis co-2 mutant plants.

Next, we examined the ability of the MtCOL genes to directly
activate the Arabidopsis FT promoter using a transient assay sys-
tem. In this system, the Arabidopsis FT promoter was fused to the
luciferase reporter gene and infiltrated into Nicotiana benthami-
ana leaves together with different transcription factors. Figure 3B
shows that expression of AtCO resulted in substantial upregula-
tion of luciferase expression from the Arabidopsis FT promoter
(P < 0.0001). In contrast, the majority of MtCOL genes had no
clear statistically significant effect consistent with their inabil-
ity to complement the co-2 mutant. The one possible exception
was MtCOLf, which showed a small increase in LUC signal with
marginal statistical significance (P = 0.045).

The transient assay system was also used to investigate if any of
the MtCOL genes are able to activate the Medicago FTal promoter.
The Medicago FIal gene plays a key role in promoting flowering
in response to both vernalization and LD (Laurie et al., 2011).
When Medicago plants are shifted from SD to LD, F1al is upreg-
ulated by exposure to a single long day (Laurie et al., 2011). An
MtFTal promoter sequence comprising 2017 bp upstream of the
start codon was fused to the luciferase reporter gene and infil-
trated into Nicotiana benthamiana leaves together with different
MtCOL genes. Neither Arabidopsis CO nor any of the MtCOL
genes was able to induce LUC expression from this promoter
sequence (P > 0.05 in all cases) (Figure 3C).

Overall, these results provide further evidence that that none
of the MtCOL genes are functionally equivalent to AtCO, with
respect to their ability to induce expression of AtFT. In addition
they also suggest that neither AtCO nor any of the tested MtCOL
genes are able to induce MtFTal expression. Although the spe-
cific reason for the inactivity of MtCOL genes on AtFT, and AtCO
on MtFTal is not yet clear, it could partially reflect divergence
in FT promoter sequences and/or DNA binding characteristics of
CO and COL proteins. An alignment of the AtFT proximal pro-
moter with regions upstream of the transcriptional start site in
the Medicago and chickpea FIal genes (Supplemental Figure 3)
shows that neither of the two CO-responsive (CORE) elements
defined in the AtFT promoter are significantly conserved in the
legume promoters, which may provide an explanation for the
inactivity of AtCO on the MtFTal promoter.

GENETIC ANALYSIS OF COL FUNCTION
Finally, in order to directly examine COL gene function, we made
use of the Medicago TntI insertion platform (Tadege et al., 2008)
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FIGURE 3 | Functional analyses of MtCOL genes. (A). Overexpression of
MtCOLa-COLh genes does not promote flowering in the Arabidopsis co-2
mutant. Flowering time is indicated by leaf number at flowering. Data
represent a minimum of 10 plants for each line 4 SE. (B). MtCOL genes are
unable to induce expression from the Arabidopsis FT promoter in transient
expression assays. The 35S5:AtCO construct and 35S:MtCOL constructs
were co-infiltrated with AtFT promoter fused to the luciferase (LUC)
reporter gene into N. benthamiana leaves. Only 35S:AtCO and 355:MtCOLf
resulted in statistically significant upregulation of the AtCO promoter
compared with the NC (no construct) control, P < 0.0001 and P = 0.045,
respectively (C). MtCOL genes are unable to induce expression from the
Medicago FTaT promoter in transient expression assays. The 35S:AtCO
construct and 35S:MtCOLa-h constructs were co-infiltrated with MtFTa1
promoter:LUC into N. benthamiana leaves. No statistically-significant
difference in relative LUC signal between the NC control and 35S:AtCO or
the 3565:MtCOLs was observed. NC (no construct) refers to leaves
infiltrated with untransformed Agrobacterium along with the AtFT or
MtFTaT1 promoter:LUC constructs. Relative LUC signal is
aratio of LUC activity versus Renilla luciferase activity to correct for variation
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FIGURE 3 | Continued

in transformation efficiencies between infiltrated N. benthamiana leaves
and data represent the mean + SE of three biological replicates. Statistical
analysis was performed using Student'’s t-test. In all panels, Group | and
Group Il MtCOL genes are represented by dark gray and light gray shading,
respectively.

to identify putative insertion mutants for three of the four Group
I MtCOL genes. Insertions in COLa, COLb and COLc were veri-
fied by sequencing and mutant lines shown to specifically lack the
corresponding transcript (Figure 4A). For phenotypic compar-
isons we vernalized seeds for 2 weeks at 4°C and grew seedlings
under an 18h photoperiod. In addition to a pure line of the
progenitor line R108, we also included WT lines selected from
individual segregating progenies for each mutant as controls.
Figure 4B shows that neither colb nor colc mutants flowered sig-
nificantly differently from their corresponding control lines in
terms of either flowering time (P > 0.5 and P > 0.2 for colb
and colc, respectively) or for node of first flower (P = 0.088 and
P > 0.5, respectively). The genetic background carrying the cola
mutation was slightly later flowering than the R108 control line,
in terms of days (18.9 vs. 16.2 days, P < 0.001), but slightly ear-
lier in terms of nodes (5.2 vs. 5.9 nodes, P < 0.01). The cola
mutant line was marginally later than its WT control line for both
time (19.9 vs. 18.9 days, P = 0.044) but not for node number
(5.7 vs. 5.2 nodes, P = 0.088). However, importantly, the vari-
ation in flowering time or node observed within and between
these lines was negligible relative to the strong delay of flower-
ing in vernalized R108 plants under SD, indicating that none of
these three COL genes contributes significantly to the promotion
of flowering by LD.

DISCUSSION
The CONSTANS protein has been a central feature of models
explaining the molecular basis for plant responses to photope-
riod, and the potential conservation of CO function across flow-
ering plants has been a topic of considerable interest. In legumes,
several studies have identified conserved elements of the pho-
toperiod response pathway, including homologs of GIGANTEA
(Hecht et al., 2007; Watanabe et al., 2011), PHYA (Weller et al.,,
2004; Liu et al., 2008a; Watanabe et al., 2009), FT' (Kong et al.,
2010; Hecht et al., 2011; Laurie et al., 2011; Sun et al., 2011) and
circadian clock genes (Liew et al., 2009, 2014; Weller et al., 2012),
but the potential role of CO-like genes has received less attention.
In this study we have identified 11 COL genes in the model long-
day legume Medicago truncatula, and investigated the regulation
and function of eight of these. Collectively our results provide
several strong lines of evidence that the three genes most sim-
ilar to Arabidopsis CO, MtCOLa, MtCOLb and MtCOLc, genes
do not participate in the induction of flowering by photoperiod.
Our results also indicate that the five other genes we exam-
ined (MtCOLd-COLH) are also unlikely to function in a manner
similar to AtCO.

The first line of evidence comes from regulation of MtCOL
expression. Rhythmic expression of group I and group III MtCOL
genes showed broad similarity to reported results from other
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FIGURE 4 | Characterisation of mutants for MtCOLa, COLb and COLc.
(A) Diagram of MtCOLa, COLb and COLc genes showing gene structure
and site of the Tnht7 insertion. Exons are shown as boxes with the coding
sequence in dark gray, and the 5" and 3’ untranslated regions in white. (B)
Flowering time and node of first flower for WT and COL mutant plants
vernalized for 14 days at 4°C before transfer to LD at 22°C. Homozygous
WT (+) and mutant (—) genotypes were selected from segregating
progenies and are represented by by shaded and empty bars, respectively.
Vernalized R108 plants grown under LD (LV) or SD (SV) were included as a
control. Values represent mean + SE for n = 12-20.

species, with group I genes showing peak expression around
dawn and other genes generally more strongly expressed late in
the day or in the early part of the night (Figure 2). However,
with the possible exception of MtCOLf, we found no evi-
dence for photoperiod-specific coincidence of MtCOL expression
with the light phase in LD, or for the afternoon peak that
is characteristic of the ArCO transcriptional rhythm under LD
(Imaizumi et al., 2003) (Figure2). Nevertheless, it should be
noted that the absence of these regulatory features does not
in itself exclude the possibility that these genes have CO-like
function. First, because Arabidopsis CO is known to undergo
significant post-transcriptional regulation, and it is conceivable
that photoperiod-specific activity could be conferred on one
or more of the MtCOL genes predominantly through regu-
lation at the protein level. Second, because the link between
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CO expression dynamics and photoperiod responsiveness has
only been elaborated in detail for Arabidopsis and it is not yet
clear how widely this may be conserved (Ballerini and Kramer,
2011).

We obtained more direct evidence on MtCOL functions from
Arabidopsis complementation and experiments using a tobacco
transient assay system. None of the MtCOL genes was able
to promote flowering when overexpressed in the Arabidopsis
co-2 mutant (Figure 3A), in contrast to the strong flower pro-
moting activity of Arabidopsis CO (Onouchi et al., 2000).
This contrast was also seen in transient assays, where none of
the eight tested MtCOL genes was able to activate transcrip-
tion from the Arabidopsis FT promoter, even though AtCO
clearly possessed this ability (Figure3B). Finally, transcript-
null mutants for the Group Ia gene MtCOLa and two other
Group I genes all flowered normally under LD after vernal-
ization (Figure4), clearly indicating that these genes are not
needed for, and likely do not participate in, the promotion of
flowering by LD.

Overall, the lack of any clear effect of MtCOL genes on flow-
ering is somewhat surprising, particularly in the case of COLaq,
in view of the fact that Group Ia COL genes across a range of
species have been shown to some degree of function in flower-
ing regulation. Outside of Arabidopsis, the involvement of Group
Ia COL genes in photoperiod responsiveness is most conclusive
in rice, where the single group Ia COL gene Hdl underlies a
major-effect QTL for flowering, and has a bidirectional role in
regulation of FT homologs (Yano et al., 2000). The potato CO
gene also has a clear endogenous role in photoperiod respon-
siveness, although this is less pronounced for flowering induction
than for tuberization (Navarro et al., 2011). Group Ia COL genes
in a number of other species have shown flower-promoting activ-
ity in Arabidopsis. Genes from potato, tomato, poplar and sugar
beet are able to at least partially complement Arabidopsis co
mutants (Ben-Naim et al., 2006; Chia et al., 2008; Gonzalez-
Schain et al., 2012; Hsu et al., 2012). The barley Hdl ortholog
CO1 has no activity in transgenic Arabidopsis but does promote
flowering when overexpressed in barley itself (Campoli et al,
2012).

In Arabidopsis, activation of the Arabidopsis FT promoter by
CO requires several regulatory motifs located within 500 bp of
the FT transcriptional start site (Adrian et al., 2010; Tiwari et al.,
2010). Full FT activation in planta requires the additional asso-
ciation of CO with proteins bound to distal promoter regions
and the formation of chromatin loops (Ben-Naim et al., 2006;
Adrian et al., 2010; Cao et al., 2014). However, a 1kb proxi-
mal fragment of the AfFT promoter is sufficient for maximal
induction by AtCO in a transient assay system (Adrian et al,
2010) and our results show that MtCOL genes lack this activ-
ity, consistent with their lack of flower-promoting activity when
overexpressed in Arabidopsis (Figure 4A). While the reason for
this is not clear, the simplest explanation may be that MtCOL
proteins either do not bind to the CO-responsive elements in
this region, or simply do not function as transcriptional regu-
lators. Our results also show that an equivalent region of the
MtFTal promoter is activated neither by Ar*CO nor MtCOL genes.
The lack of AtCO activity may reflect the fact that none of the

functionally validated proximal elements in the Arabidopsis FT
promoter are significantly conserved in the corresponding regions
of the Medicago or chickpea F1al genes (Supplemental Figure 3).

The argument may also be made that CO function may be pre-
served in the MtCOL family but is comprised of small individual
contributions from multiple members. Clearly the present data
also do not exclude this possibility, with some features of MtCOLf
(Figures 2, 3B) consistent with a weak CO-like effect. However,
it is worth noting that loss-of-function variants for Arabidopsis
CO and rice Hd1 both have large phenotypic effects and were first
identified through relatively direct forward genetic analysis. This
is not proof that deep redundancy within the COL family is not
an explanation for our results, but does make it seem less likely.
It also remains possible that CO function could be carried out
one or more of the other MtCOL genes that we did not exam-
ine, which include both group II (COLi, COLk) and Group III
(COLj) genes. Although no gene outside the group Ia COL clade
has been implicated in photoperiodic flowering, a more general
effect on flowering has been demonstrated for certain other COL
genes. In Arabidopsis, the group Ic gene COL3 (Datta et al., 2006)
and the group III gene COL9 (Cheng and Wang, 2005) both
inhibit flowering, whereas a second group Ic gene, COL5, may
have a promotive function (Hassidim et al., 2009). In rice, the
Group Ic gene COL4 gene inhibits flowering under SD and LD
through repression of FT homologs RFT and Hd3a (Lee et al.,
2010).

Recently, new information has emerged on COL genes in the
short-day legume soybean. Soybean has multiple group Ia COL
genes, which comprise two pairs of homeologs; COLla/b and
COL2a/b. Two recent studies show that one of these, GmCOL2a,
is able to complement the Arabidopsis co-2 mutant (Fan et al.,
2014; Wu et al., 2014), and there is evidence that the remain-
ing genes COLIa/b and COL2b may also have some activity in
Arabidopsis (Wu et al., 2014). However, our phylogenetic com-
parisons indicate that Medicago has only a single Group Ia COL
gene orthologous to Arabidopsis CO/COL1/COL2, and does not
have an ortholog of the GmCOL2 genes (Supplemental Figure 2).
Sequence searches in other temperate legumes (including pea,
and chickpea and Lotus japonicus) also identify only a single
group Ia COL gene in these species, indicating that loss of COL2
orthologs may have occurred relatively early in this temperate
legume lineage.

Overall, it seems on balance likely that COL genes do not
function as central integrators of photoperiod responsive flow-
ering in Medicago. This may also be more generally true across
the temperate legumes, at least for COLa, as COLa orthologs in
pea and Lotus japonicus also do not show characteristic regula-
tory features of Arabidopsis CO (Hecht et al., 2007; Yamashino
et al., 2013). Instead, CO-independent pathways may have a
more prominent role in this plant group. In Arabidopsis, a
number of other factors contribute to direct regulation of FT
expression. These include the positive factors PIF4 and CIBI,
bHLH proteins involved in light signaling, and SPL3, which
is a target of the miRNA156 pathway controlling juvenility
(Liu et al., 2008b; Kim et al., 2012; Kumar et al., 2012).
Factors repressing FT include the CDF family of Dof tran-
scription factors, and a number of AP2 domain proteins that
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are targets of miR172 (Jung et al., 2007; Fornara et al., 2009).
In particular, it is intriguing that despite the apparent absence of
CO-like function in Medicago, evidence from the related legume
pea shows a major role for the GI ortholog LATEI (Hecht et al.,
2007, 2011). In Arabidopsis GI has been shown to promote
FT transcription independently of CO, both by contributing to
degradation of CDF proteins (Song et al., 2012), and also by
positive effects on miR172 biogenesis (Jung et al., 2007). In addi-
tion, the recently-identified B3-transcription factor-like gene EI
in soybean is also important for photoperiod-dependent regula-
tion of FT expression, and an ortholog is present in Medicago
(Xia et al., 2012; Zhai et al., 2014). Whether one or more of
these mechanisms contribute to the photoperiod response in
temperate legumes will be an important question for future
investigation.
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INTRODUCTION

Flowering, the transition from the vegetative to the generative phase, is a decisive
time point in the lifecycle of a plant. Flowering is controlled by a complex network
of transcription factors, photoreceptors, enzymes and miRNAs. In recent years, several
studies gave rise to the hypothesis that this network is also strongly involved in the
regulation of other important lifecycle processes ranging from germination and seed
development through to fundamental developmental and yield-related traits. In the
allopolyploid crop species Brassica napus, (genome AACC), homoeologous copies of
flowering time regulatory genes are implicated in major phenological variation within
the species, however the extent and control of intraspecific and intergenomic variation
among flowering-time regulators is still unclear. To investigate differences among B. napus
morphotypes in relation to flowering-time gene variation, we performed targeted deep
sequencing of 29 regulatory flowering-time genes in four genetically and phenologically
diverse B. napus accessions. The genotype panel included a wintertype oilseed rape,
a winter fodder rape, a spring-type oilseed rape (all B. napus ssp. napus) and a swede
(B. napus ssp. napobrassica), which show extreme differences in winterhardiness,
vernalization requirement and flowering behavior. A broad range of genetic variation was
detected in the targeted genes for the different morphotypes, including non-synonymous
SNPs, copy number variation and presence-absence variation. The results suggest that
this broad variation in vernalization, clock and signaling genes could be a key driver of
morphological differentiation for flowering-related traits in this recent allopolyploid crop
species.

Keywords: copy number variation, CNV, presence-absence variation, PAV, rapeseed, sequence capture

mild vernalization, are prevalent in China and Australia, while

As a recent allopolyploid species, Brassica napus L. (genome
AACC, 2n = 38) is also a very interesting model to investigate
polyploidization and adaptation during crop evolution. Although
oilseed rape/canola (B. napus ssp. napus) is today the second-most
important oilseed crop worldwide, it is thought that the species
originated only during the last few thousand years, after spon-
taneous interspecific hybridization events between Asian Brassica
rapa (genome AA, 2n = 20) and Mediterrranean Brassica oleracea
(genome CC, 2n = 18) (Snowdon et al., 2006).

No wild forms of B. napus are known, and intensive selection
and breeding following its anthropogenically-influenced poly-
ploidization has led to cultivation of very different phenological
types. This has caused the diversification of distinct gene pools
adapted to highly different eco-geographic zones of Europe,
Asia/Australia and North America. Very early-flowering mor-
photypes, without vernalization requirement, are today widely
grown in Canada (as canola) and northern Europe (as spring
oilseed rape), where harsh winters prohibit autumn-sown crops.
Later-flowering “semi-winter” oilseed forms, requiring only

autumn-sown oilseed rape is today the most important oilseed
crop in temperate regions of Europe (Friedt and Snowdon, 2010).
The subspecies napus also includes leafy forms that sometimes
need strong vernalization before flowering and are grown in parts
of Europe and eastern Asia as fodder rape or kales. A second sub-
species, B. napus ssp. napobrassica, comprises swede forms with
an enlarged hypocotyl that is harvested as a vegetable or used
as a grazing fodder. Swedes generally have a strong vernaliza-
tion requirement but tend to lack the strong winter-hardiness of
winter oilseed rape (Friedt and Snowdon, 2010).

Brassica napus is the most closely related major field crop
species to the model crucifer Arabidopsis thaliana. This enables
considerable insight into major biochemical and developmental
pathways using information from the model species. For example,
important Brassica orthologs of A. thaliana genes responsible for
vernalization and floral transition are highly conserved between
the model and the crop (Lagercrantz et al., 1996; Osborn et al.,
1997; Wang et al., 2009; Zou et al.,, 2012). In Arabidopsis, the
optimization of flowering in respect to environment is achieved
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by a tightly regulated gene network determining the transition
from the vegetative to the reproductive phase (Jaeger et al., 2006;
Jung and Muller, 2009; Srikanth and Schmid, 2011; Andrés and
Coupland, 2012). There is increasing evidence that this network
not only regulates flowering time per se, but also plays a role
throughout the whole plant life cycle (Deng et al., 2011). The
pleiotropic or direct influence of flowering time regulators on
multiple agronomic traits, like the number and size of seeds,
seedling vigor, biomass gain and resistance to biotic or abiotic
stress (Quijada et al., 2006; Chen et al., 2007; Ni et al., 2008;
Chianga et al., 2009; Basunanda et al., 2010; Li et al., 2010), not
only makes them a major driver of crop evolution and adapta-
tion, but also subjects them to strong selection for useful diversity
during crop breeding.

To meet the needs of their respective climate zone, plants
developed several sensor systems to assess the correct time to
flower. Of particular importance in this regard is an ability to
sense temperature, day length, light quality and stress signals
(Jaeger et al., 2006; Jung and Muller, 2009; Srikanth and Schmid,
2011; Wigge, 2013). In temperate climates zones where winter
limits growth completely, the most important mechanism of plant
flower regulation is vernalization, the induction of flowering after
a period of prolonged cold (Preston and Sandve, 2013). The sec-
ond condition for plants to flower after winter is day length (Song
et al., 2013), whereas light quality and other forms of stresses can
only modulate the flowering response. Moreover, the transition
to flowering can also be influenced by endogenous factors like
gibberellins and autonomous pathways like the circadian clock
(Pak et al., 2009; de Montaigu et al., 2010). Understanding the
role and interplay of these factors could assist in improving yield
and adaption in B. napus.

Knowledge of flowering in Brassica species is largely based
on A. thaliana. The most important Arabidopsis genes involved
in flowering time have already been shown to have orthologs
in Brassica crops (Wang et al., 2009; Zou et al., 2012), whereby
comparisons of A. thaliana and B. rapa suggest that this congru-
ence might be true for the whole flowering-time gene network
(http://brassicadb.org/brad/flowerGene.php#). In A. thaliana the
network features two major thresholds controlling the main
flowering signal, FLOWERING LOCUS T (FT). The first thresh-
old, the vernalization pathway, acts via removal of a fac-
tor repressing FT expression upon perception of the stimu-
lus, while the second threshold, the photoperiod pathway, acts
via FT activation. Repression of FT in the vernalization path-
way is achieved by several factors, the most important being
FLOWERING LOCUS C (FLC), assisted by other factors like
SHORT VEGETATIVE PHASE (SVP) and TEMPRANILLO I
(TEM1). FLC is constitutively expressed before vernalization
by activation of FRIGIDA (FRI), which acts in complex with
other factors like SUPPRESSOR OF FRIGIDA 4 (SUF4) as a
transcriptional activator for FLC. Expression of FLC is also
enhanced by other factors like EARLY FLOWERING 7 (ELF7) and
EARLY FLOWERING IN SHORT DAYS (EFS). The signal for FLC
silencing is transmitted via upregulation of VERNALIZATION
INSENSITIVE 3 (VIN3) in response to prolonged cold. VIN3
binds to a complex named PCR2, a major component of this
complex being VERNALIZATION 2 (VRN2). The PCR2 complex

is associated with the FLC gene segment and silences FLC tran-
scription by heterochromatic changes upon binding of VIN3.
During this process, TERMINAL FLOWER 2 (TFL2) also binds
to the FLC gene and may be responsible for conserving the ver-
nalized state. FLC is then effectively silenced and not responsive
to further activation by the FRI complex, making FT accessi-
ble for activation by the photoperiod pathway. FT is activated
by the transcription factor CONSTANS (CO), which is only
stably expressed at the end of a long day. This expression pat-
tern is controlled by the circadian clock, transmitting its signal
via GIGANTEA (GI) in complex with ZEITLUPE (ZTL), and
CYCLING DOF FACTOR 1 (CDFI). This transmission is also
modulated by ambient temperature via EARLY FLOWERING 3
(ELF3). Protein stability of CO is further controlled by photore-
ceptors. PHYTOCHROME A (PHYA) and CRYPTOCHROME
2 (CRY2) stabilize CO protein, whereas PHYTOCHROME B
(PHYB) destabilizes it. As soon as vernalization and photope-
riod pathway allow for FT expression, FT is translocated to the
shoot apex, triggering the vegetative-to-generative transition in a
complex with FLOWERING LOCUS D (FD), via direct or indi-
rect activation of several meristem identity genes like APETALA
1 (AP1) and CAULIFLOWER (CAL). These are further modu-
lated by an interwoven network of transcription factors includ-
ing the miRNA-regulated SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE 3 (SPL3), AGAMOUS-LIKE 24 (AGL24), LEAFY
(LFY), FRUITFUL (FUL) and SUPPRESSOR OF CONSTANS
1 (SOCI). The function of FT is antagonized by TERMINAL
FLOWER 1 (TFL1), which contributes to the fine regulation of
flowering time in response to ambient temperature, indepen-
dently from vernalization (reviewed in depth in Jaeger et al,
2006; Jung and Muller, 2009; Pak et al., 2009; de Montaigu et al.,
20105 Srikanth and Schmid, 2011; Wigge, 2013) (summarized in
Figure 1).

Despite the common ancestry and functionality of most genes,
a major difference between the genetic control particularly of
complex traits in B. napus and A. thaliana is the influence of
polyploidy. The progenitor genomes making up the B. napus
genome are still basically intact (Parkin et al., 1995; Axelsson
etal., 2000; Bancroft et al., 2011). This means that every gene may
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FIGURE 1 | Overview of relevant flowering time genes and their
interactions in A. thaliana. Full gene names and descriptions of their
interactions are given in the text. Arrows indicate positive regulation,
whereas blunt ends indicate repression.
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have homologous alleles present in the A genome as well as in
the C genome, which are hard to differentiate from alleles within
each subgenome (Bancroft et al., 2011). Furthermore, each gene
may have multiple paralogs within each subgenome as a conse-
quence of whole-genome triplication and gene duplication in the
diploid species (Town, 2006; Wang et al., 2011b). Gene expression
studies revealed an average of 4.4 functional gene copies present
in B. napus (Parkin et al., 2010). Furthermore, during allopoly-
ploidization the two B. napus subgenomes frequently exchange
gene material in a process called homoeologous recombination
(Gaeta and Pires, 2010; Udall et al., 2006). This dynamic genome
formation process has been shown to result in gene copy-number
variation (CNV) and presence/absence variation (PAV), affect-
ing traits with relevance for adaptation, selection and breeding
(Harper et al., 2012). The extent of such variants within high-
impact regulatory networks like the circadian clock, vernalization
and floral transition pathways has yet to be investigated in the
context of adaptive traits in B. napus.

Analysis of the B. rapa genome sequence has also revealed
an expansion of transposons (Wang et al., 2011b). Transposons
play a major role in creating genetic variation, the most impor-
tant prerequisite of adaptation (reviewed in Lisch, 2012). Recently
it was shown that a Tourist-like MITE insertion in the pro-
moter region of a FLOWERING LOCUS C (FLC) homolog in the
B. napus A-genome is associated with vernalization requirement
in European winter rapeseed morphotypes (Hou et al., 2012).
Transposal activity is highly accelerated in case of genomic shock
caused by interspecific hybridization and chromosomal break-
age (Lisch, 2012), both of huge relevance in Brassica species. As
much as 8-15% of the B. napus genome is comprised of repetitive
sequences, indicating a potentially high degree of transposal activ-
ity (Samans, unpublished data). As the C genome is larger than
the A genome (Johnston, 2005), transposons might be expected
to be more prominent in C-genome gene homologs.

Generally, polyploids are considered to be more stable and
adapt easier to new environments (Chen, 2010). One reason is
the number of gene copies, which can be a regulating factor.
More copies offer the possibility of (1) simultaneous transcrip-
tion, therefore accelerating or strengthening regulation responses,
(2) separate regulation in order to reach a more elaborate fine-
tuning, and (3) gene back-ups to reduce loss-of-function risks.
In plants, copy number variation has been observed to be wide-
spread (Zmienko et al., 2013). Due to the high degree of genome
and gene duplication and genome rearrangements during poly-
ploid formation, a relatively high degree of copy number vari-
ation is expected in B. napus (Edwards et al., 2013). All the
same, classical cloning and mapping strategies suffer from this
complexity. Due to the high specificity of cloning, it is often
not possible to evaluate the number of copies present in a
genome without exact knowledge from a high-quality reference
genome.

As a proof of principle, this study aimed to detect genetic vari-
ation in all homologous and paralogous copies of 29 selected
flowering time genes in B. napus, based on sequences derived
from the diploid progenitors B. rapa and B. oleracea. Four
genotypes representing the broad phenological variation for
vernalization requirement, flowering transition and day-length

dependent flowering in B. napus were sequenced with an RNA-
based sequence capture approach. The objectives were (1) to
establish an effective RNA bait library for sequencing of flower-
ing time regulatory genes in the allopolyploid B. napus, (2) to
investigate gene losses and gains amongst flowering-related genes
in different B. napus ecotypes, and (3) to determine the extent
of genetic variation among flowering time and vernalization
pathway genes in B. napus.

MATERIALS AND METHODS

PLANT MATERIAL

A large panel of genetically diverse B. napus inbred lines was
previously tested for winter survival, date of flowering and dura-
tion of flowering under short and long day conditions. The
plant material used to select the different morphotypes was the
ERANET-ASSYST consortium diversity set, a panel of over 500
genetically diverse B. napus accessions described in (Bus et al.,
2011; Korber et al., 2012). The panel was grown either in full or
in part at a number of different locations in Germany from 2009
until 2013, in southwest China from 2011 to 2013 and in central
Chile from 2012 until 2013. In Germany, where winters generally
have prolonged periods with temperatures well below freezing,
accessions requiring vernalization and known to have moderate
or good winter survival (“winter-type” rapeseed) were grown in
autumn-sown trials (sowing in late August or early September,
with harvest the following July). A large panel of swede geno-
types, which require vernalization before flowering but generally
have considerably lower winter survival, were also grown in the
autumn-sown trials. Spring-type accessions with poor winter sur-
vival and no vernalization requirement were grown in Germany
in spring-sown trials (sowing in March or April, harvest generally
around September). In Temuco, central Chile, where the win-
ter is mild but has a sufficient cold period for vernalization of
B. napus, the winter-type and spring-type accessions were grown
together in a spring-sown trial to differentiate photoperiod sensi-
tive flowering after short, mild vernalization. The winter-type and
spring-type accessions were also grown in Chongqing, southwest-
ern China, where the winter is mild and day-length variation is
considerably less extreme than in northern Europe.

Based on the results of these field studies, an initial screen-
ing panel comprising four B. napus ideotypes with considerable
phenological variation in terms of vernalization requirement,
winter survival, flowering time and photoperiod sensitivity, was
selected for the sequence capture experiment. The four selected
genotypes were: (1) the winter-hardy, vernalization requiring
but late-flowering winter oilseed rape “25629-3,” (2) the winter-
hardy, vernalization requiring but early-flowering fodder rape
“Silona,” (3) the winter-sensitive, spring-type canola “Campino,”’
which requires no vernalization and exhibits day-length depen-
dent flowering (all B. napus ssp. napus), and (4) the swede
“Magres Pajberg” (B. napus ssp. napobrassica), which has a low
winter survival but requires vernalization and flowers very late.

Homozygous inbred lines of the four accessions were gener-
ated by self-pollination to at least the S5 generation over many
years. Leaf material for genomic DNA extraction was harvested
from each accession in spring 2012 from field trials performed in
Giessen, Germany. Mixed leaf samples were taken from at least 5
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different plants, immediately shock-frozen in liquid nitrogen and
kept at —20°C until extraction.

DNA ISOLATION

Leaf material was ground with a mortar and pestle under lig-
uid nitrogen. DNA was extracted using a common CTAB pro-
tocol modified from Doyle and Doyle (1990). Fifteen milli
liter of hot (65°C) extraction buffer (1.4M NaCl, 50 mM
Cetyltrimethylammoniumbromid (CTAB), 50mM Na;$,0s,
0.1 M Tris/HCI pH 8.0, 20 mM EDTA, 30 mM mercaptoethanol)
were added to 2g of frozen ground leaf material, vortexed
and incubated for 30 min at 65°C in a water bath. 15ml of
chloroform-isoamylalcohol (24:1, v/v) were added and mixed
for 5min at room temperature by inverting the tube. The mix-
ture was centrifuged (Beckmann Coulter Allegra X-30R, [S/N
13D 1125], 3400 rpm, 4°C, 10 min) and the supernatant was
transferred to a second tube. 12 ml of chloroform-isoamylalcohol
(24:1, v/v) were added and again mixed for 5min. The sample
was centrifuged as before and the supernatant was transferred to
a third tube. For precipitation of the amino acids 1 ml each of
3M NaOAc and 10 M NH4OAc were added together with cold
(4°C) isopropanol in a volume of 2/3 of the supernatant. DNA
was then separated by centrifugation (Beckmann Coulter Allegra
X-30R, (S/N 13D 1125), 3000 rpm, 4°C, 10 min) and the pellet
was washed in 500 L1 washing ethanol (70% (v/v) ethanol, 10 mM
NH4OAc). The washed pellet was dried and diluted in TE buffer
(10 mM Tris/HCl pH 8.0, 1 mM EDTA). 10 ul RNase A (1 mg/ml)
per 100 il TE were added and incubated for 16 h at room tem-
perature. 3 M NaOAc and 10 M NH;OAc were added to a volume
of 10 il each per 100l TE, followed by 80 pl isopropanol per
100 w1 TE. The resulting pellet was separated again by centrifuga-
tion (sigma 2K15 (12148), 8000 rpm, 4°C, 10 min) and washed in
500 pl washing ethanol. The washed pellet was dried and diluted
in the same amount of TE. DNA concentration was determined
using a Qubit fluorometer and the Qubit dsDNA BR assay kit
(Life Technologies, Darmstadt, Germany) according to the manu-
facturer’s protocol. DNA quantity and purity was further checked
on 0.5% agarose gel (3V/cm, 0.5xTBE, 120 min).

SELECTION OF TARGET GENES

A set of 29 flowering time genes was selected based on literature
from A. thaliana and the Brassicaceae. The genes were selected
to cover the entire genetic network controlling flowering time,
including circadian clock regulators (CDFI, ELF3, GI, and ZTL),
the input pathways for vernalization (ELF7, EFS, FLC, FRI, SVP,
SUF4, TFL2, VRN2, VIN3), photoperiod sensitivity (CO, CRY2,
PHYA, PHYB) and gibberellin (GA30x1), along with downstream
signal transducers (AGL24, AP1, CAL, FD, FT, FUL, LFY, SPL3,
SOC1, TEMI, TFLI).

RETRIEVAL OF GENE SEQUENCES FOR BAIT DEVELOPMENT

Full-length A. thaliana genomic sequences from all of the target
genes were retrieved from NCBI. Because no reference genome
for B. napus was available at the time of the bait construction,
orthologous copies of the genes in the Brassica A genome were
identified in the reference sequence of B. rapa using “synteny
search” and “non-synteny search” at the database BRAD (http://

brassicadb.org/brad/ accessed in June 2012). For homologs in the
C genome, both A. thaliana and B. rapa sequences were blasted
against the B. oleracea sequence database bolbase (http://www.
ocri-genomics.org/bolbase/ accessed in June 2012). The BLAST
settings were: database: B.oleracea.v.1.0.DNA, blastn (Default set-
tings). Every hit with an E-value of e™>° or lower was taken into
account. Full genomic sequences for the identified B. oleracea
genes were kindly provided by Professor Shengyi Liu, Oil Crops
Research Institute, Chinese Academy of Agricultural Sciences,
Wauhan, China.

Full genomic sequences for 6 B. napus copies of FT were
provided by Carlos Molina, Christian Albrechts University,
Kiel, Germany. One copy (Bna.FT.A02) included the promoter
sequence. Full genomic sequences for two copies of Bna.CO were
retrieved from NCBI (GenBank accession numbers AF016011.1
and AF016010.1).

BAIT DEVELOPMENT

120mer oligonucleotide sequences were developed using the
Agilent Genomic Workbench program eArrayXD (Agilent Inc.,
Santa Clara, CA, USA; https://earray.chem.agilent.com/earray/
helppages/index.htm#earrayxd_and_the_earray_web_site.htm).
For B. rapa, the reference sequence file from BRAD was loaded
as custom genome. Alongside the full B. rapa reference genome
sequence (v 1.1), each of the retrieved gene sequences was loaded
into eArrayXD as a pseudo-chromosome to generate a custom
reference for bait generation from the target genes.

Bait groups were created in eArrayXD using the “Bait Tiling”
tool. The parameters were set as follows: Sequencing Technology:
“Illumina,” Sequencing Protocol: “Paired-End long Read (75
bp+),” “Use Optimized Parameters (Bait length 120, Tiling
Frequency 1x),” Avoid Overlap: “20,” “User defined genome,”
“Avoid Standard Repeat Masked Regions.” The strand was selected
manually depending on the location of the respective gene. Baits
for genes on the minus-strand were developed in sense, while
baits on the plus-strand were developed in antisense.

In total, 64 bait groups were created for B. rapa copies of the
target genes, 68 bait groups for B. oleracea copies and 8 bait groups
for B. napus copies.

SEQUENCE CAPTURE AND SEQUENCING

Custom bait production was carried out by Agilent Technologies
using the output oligonucleotide sequences from eArrayXD.
Sequence capture was performed using the SureSelectXT 1kb-
499 kb Custom Kit (Agilent Inc., Santa Clara, CA, USA) according
to the manufacturer’s instructions. The resulting TruSeq DNA
library (Illumina Inc., San Diego, CA, USA) was sequenced on
an Illumina HiSeq 2500 sequencer at the Max Planck Institute
for Breeding Research (Cologne, Germany) in 100 bp single read
mode.

DATA ANALYSIS

Quality control of the raw sequencing data was performed using
FASTQC. Reads were mapped onto a pre-publication draft (ver-
sion 4) of the B. napus “Darmor-Bzh” reference genome sequence
assembly, which was kindly made available prior to public release
by INRA, France, Unité de Recherche en Génomique Végétale
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(Boulos Chaloub, INRA-URGYV, Evry, France, unpublished data).
Mapping was performed using the SOAPaligner algorithm
(http://soap.genomics.org.cn/soapaligner.html) with Default set-
tings and the option r=0 to achieve uniquely aligned reads.
Removal of duplicates, sorting and indexing was carried out
with samtools version 0.1.19 (http://samtools.sourceforge.net/).
Alignments were visualized using the IGV browser version
2.3.12 (http://www.broadinstitute.org/igv/). Enriched regions
and coverage differences were calculated using the bedtools soft-
ware genomeCoverageBed (http://bedtools.readthedocs.org/en/
latest/) with the option —bg. Calling of single nucleotide poly-
morphisms (SNPs) was performed with the algorithm mpileup in
the samtools toolkit. Calling of insertions/deletions (InDels) was
performed with SOAPInDel and results of InDel mapping were
compared using Bowtie2 (2.1.0, http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml). Predicted sequences of the target genes
in the B. napus Darmor-Bzh genome were annotated with
BLAST2GO and used for comparisons with enriched positions.
The target was defined using BLAST positions of respectively
annotated genes and the bait pool (E-value cut-off e~1%°) on the
mapping reference, und used for fraction calculation.

Read coverage for each captured region was normalized
as follows: coveragenorm = (number of reads of equally
covered regionxtotal length of genome)/(number of aligned
reads*read length). Copy number variation (CNV) in a given
target region was assumed if the ratio of normalized cover-
age(genotype)/normalized coverage(all genotypes) was smaller
than 0.5 or higher than 1.5, respectively. Presence/absence vari-
ation (PAV) was assumed if the ratio was smaller than 0.05.

Gene coding sequences and translated peptide sequences were
determined using GENSCAN (http://genes.mit.edu/GENSCAN.
html), with settings for “Arabidopsis.” The translated sequences
were aligned to available protein sequences for B. napus,
B. rapa, B. oleracea, and A. thaliana using the software CLC
SequenceViewer (CLC Genomics, Aarhus, Denmark). Analysis
of promoter regions was also done with CLC SequenceViewer.
Sequences were aligned with gap open cost = 10, gap extension
cost = 1 and settings of “very accurate,” first in subgroups aligning
to the closest public sequence and then as a total to allow align-
ment in different regions. From this alignment, a neighbor joining
tree was constructed with bootstrapping, using Default settings.

RESULTS
SEQUENCE CAPTURE
Using the aligner algorithm of SOAP2, 83-88% of all sequence
reads could be aligned successfully for the four accessions. Table
S1 lists alignment results for the four genotypes. As expected, the
reads from the winter oilseed 25629-3, which is the most closely
related of the four accessions to the reference genotype Darmor-
Bzh, showed the highest alignment rates. The lowest alignment
rates were seen in the swede Magres Pajberg, which represents the
divergent subspecies B. napus ssp. napobrassica. The alignment
success was independent of the total number of reads.

The number of aligned reads per library varied from around
3 million (Campino) to over 13 million (Magres Pajberg), allow-
ing us to test the effect of different levels of target coverage on
the detection of additional homoeologous loci, CNV and PAV.

The normalized mean coverage of the total targeted sequence
regions ranged from 879 times (879x) to 985x, with a target size
of 614 kbp. Between 72 and 76% of the target was sequenced with
a minimum coverage of 10 reads (equivalent to 0.2-0.5% of the
genome). Between 19 and 22% of the intended target sequence
was not captured, indicating a capture sensitivity (the fraction of
target covered) of 78-81%. The ratio of absolute mean coverage
in the target to total mean coverage suggests an enrichment factor
of more than 760x. The two genotypes with over 10 million reads
showed only a slightly higher fraction of covered target sequence
than those sequenced with 3-5 mio reads. The specificity (frac-
tion of reads covering the target) was also found to vary only
slightly, from 50 to 52% (Table 1).

Figure 2 shows an example for read mapping, depth of cov-
erage estimation and polymorphism detection in four B. napus
homologs of the gene TEMPRANILLO 1 (Bna.TEM1I) on chro-
mosomes A02 (two copies, one showing synonymous SNP varia-
tion and the other with both non-synonymous and synonymous
SNPs), C02 (showing copy-number variation and presence-
absence variation) and C05 (no polymorphisms). Despite the
high sequence homology between homologs, use of the B. napus
reference genome assembly enabled reads to be accurately
mapped to their respective homologous locus, simplifying the
detection of locus-specific sequence polymorphisms and allowing
estimation of CNV from the average sequence coverage at each
expected locus.

SNP CALLING

The results of the SNP calling are summarized in Table 2. After
alignment with SOAP2, a total of 17,316 SNPs with a mini-
mum read depth of 10 were called in the total dataset. The
targeted region harbored 4269 SNPs, referred to here as tar-
get SNPs, resulting in average of 1 SNP per 144 nucleotides.
Heterozygous hemi-SNPs representing multiple homologous loci
made up 14-27% of the target SNPs, indicating mapping diffi-
culties within duplicated or highly homologous gene regions. For
subsequent analyses of potential functional mutations in the tar-
get sequences, only true homozygous SNPs in individual target
gene loci were considered.

Table 1| Coverage and genomic fractions of aligned reads in respect
to target.

Sequence coverage 25629-3 Silona Campino Magres
Pajberg
Mean genome-wide coverage 0.47 1.35 0.38 1.48
Mean target coverage 362.19 1042.21 306.11 1150.26
Enrichment factor 767.20  773.41 802.27 779.80
Normalized mean target 918.54  879.46 985.55 904.12
coverage
Fraction of target covered (%) 81.40 81.37 78.45 79.12
Reads covering target (%) 51.13 51.93 51.72 50.45
Genome fraction covered by 0.28 0.42 0.24 0.45
>10 reads (%)
Target fraction covered by > 75.90 76.61 71.90 73.30

10 reads (%)
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FIGURE 2 | Mapping of captured sequences from four different

B. napus morphotypes for paralogs of the gene TEMPRANILLO 1
(Bna.TEM1) on chromosomes A02 (two copies, one showing
synonymous SNP variation and one with both non-synonymous and
synonymous SNPs), C02 (showing copy-number variation and
presence-absence variation) and C05 (no polymorphisms).
Copy-number variation (CNV) is estimated by variation in the normalized
average read density over the entire length of the captured gene sequences
of all expected paralogs in the four genotypes. Gray bars indicate uniquely
mapped reads, white bar indicate ambiguously mapped reads. Details on
the morphotypes of the four accessions are provided in the text.

DETECTED SEQUENCE VARIATION

Two or more copies of all targeted genes were recovered by
the sequence capture, matching BLAST positions of all known
homologs in the B. napus Darmor-bzh reference genome. In total
we identified 160 individual homologs/paralogs for the 29 genes
of the target panel. Of these, 23 sequences could not be translated
in silico to proteins matching database records for A. thaliana,
B. rapa, B. oleracea, or B. napus, and/or could not be uniquely
mapped to a B. oleracea or B. rapa CDS database. Therein, we
found 10 copies not translating to protein at all according to

Table 2 | High-quality SNPs called within the total enriched
sequences (total SNPs) and the targeted gene sequences (target
SNPs), respectively.

Type of SNP 25629-3 Silona Campino Magres
Pajberg
Total SNPs, homozygous 2772 3974 4730 5849
Total SNPs, heterozygous 5259 4116 4283 4836
Total SNPs, homozygous (%) 16.01 22.95 27.32 33.78
Total SNPs, heterozygous (%) 30.37 23.77 24.73 2793
Target SNPs, homozygous 546 990 1351 1538
Target SNPs, heterozygous 1145 599 813 771
Target SNPs, homozygous (%) 12.79 23.19 31.65 36.03
Target SNPs, heterozygous (%)  26.82 14.03 19.04 18.06

A SNP was called when one of the four test genotypes carried an alternative
nucleotide to the reference genotype Darmor-bzh in all mapped reads covering
a given target nucleotide position, with a minimum of 10 reads.

our prediction with GENSCAN, therefore they might be non-
functional paralogs. Another 12 copies translated to fragmented
or meaningless peptide i# silico, having no (5 copies) or no unique
hit to the respective CDS databases (7 copies). One copy was pre-
dicted to translate to meaningless peptide, but had a respective
hit in the B. rapa CDS database. These copies were also consid-
ered non-functional. A further four copies had high homology
but were partially missing in the reference genome assembly. 120
copies were captured over their full coding length, while 13 copies
only translated to parts of the expected protein. Figure 6 and
Figure S1 show the relative positions of all homologs between
A. thaliana, B. rapa, B. oleracea, and B. napus. Considering the
expected copy number based on the B. rapa and B. oleracea
genomes, a total of 9 copies were lost, whereas 28 (including
the 23 non-functional copies) were duplicated. This suggests that
only 5 of the new gene duplications were functional, but also
that relatively few duplicated paralogs of flowering time regu-
latory genes have been lost in B. napus after polyploidization.
Considering all functional copies, this gives a ratio of 1.9:1 com-
paring the tetraploid with the diploid genomes, representing a 3%
change to the expected 2:1 ratio (Figure 6, Figure S1).

Comparisons with gene expression data from the semi-winter
B. napus variety “Ningyou 7” for different time points and treat-
ments suggest that all of the loci we captured and considered
functional are expressed in B. napus [Carlos Molina, Christian
Albrechts University, Kiel, Germany, unpublished data]. Because
of its homology to CO, the oligonucleotide baits also captured
four B. napus homologs of the gene CO-like 2, although this gene
was not included in the target panel. The four captured Bna.CO-
like 2 homologs were therefore included in the further analysis of
variation.

DNA sequence variation was detected in 104 of the captured
gene sequences. As expected, SNP variation was most predom-
inant, with high-confidence SNPs being observed in 102 of the
104 variable genes. High-confidence CNV was observed at 7 gene
loci, with one locus showing PAV. InDels were not detected by
SOAPindel within our target regions, therefore no frameshifts
are expected in this dataset. A comparative mapping with the
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FIGURE 3 | Sequence variation in detected copies of the panel of
target genes. Chromosomes on which copies of the target genes were
detected are colored. Sequence variation is indicated by color according to
the legend. A combination of different types of variation at a single locus is
shown by a color change within a box. Lighter colors as shown in the
legend indicate that this copy is expected to be non-functional.

software Bowtie (using default settings) showed InDels only in
regions of very low mapping quality, so we considered them to be
mapping errors.

A total of 313 SNPs were located in exons of the cap-
tured genes. Out of these, 188 were synonymous, whereas
125 changed the amino acid sequence in one or more geno-
types (Figures3, 4). An amino acid change in at least one
of the genotypes was predicted by 54 of the 141 functional
target gene copies. The winter oilseed rape genotype 25629-
3, belonging to the same eco-geographical flowering morpho-
type as the winter rapeseed Darmor-Bzh, differed from the
Darmor-Bzh reference genome in only 10 gene copies with
non-synonymous mutations. In contrast, the early-flowering fod-
der rapeseed Silona showed 21 gene loci with non-synonymous
SNPs, while 31 loci with non-synonymous SNPs were detected
in the cold-sensitive, day-length dependent spring rapeseed
Campino and 35 loci in the swede Magres Pajberg, both of
which have low winter-hardiness and flower under longer-day
conditions.

A total of 54 paralogs of the target genes showed one or
more non-synonymous mutations in the coding sequences

of the four sequenced genotypes compared to the win-
ter oilseed rape reference genome sequence. Only four
genes (Bna.CAL, Bna.Gl, Bna.SVP, and Bna.VRN2) showed
no nucleotide polymorphisms affecting the amino acid
composition of the gene product of any paralog. In all
other genes, including gene copies assigned to vernalization
(Bna.EFS, Bna.ELF7, Bna.FLC, Bna.FRI, Bna.SUF4, Bna.TFL2,
Bna.VIN3), photoperiod (Bna.CO, Bna.CO-like, Bna.CRY2
and Bna.PHYA), gibberellin (Bna.GA3o0x1), clock (Bna.CDFI,
Bna.ELF3, Bna.ZTL) and signaling (Bna.AGL24, Bna.API,
Bna.FD, Bna.FI, Bna.FUL, Bna.LFY, Bna.SPL3, Bna.SOCI,
Bna.TEM1, and Bna.TFLI), we found potentially functional
amino acid modifications in the gene products of at least one
homolog/paralog within the four different B. napus morphotypes
(Figure 4).

As expected, the degree of potentially functional sequence
diversity in comparison to the B. napus reference genome
sequence varied among the four sequenced genotypes in cor-
respondence to their ecophysiolologcal diversification from the
winter oilseed rape reference genotype Darmor-Bzh. The win-
ter oilseed rape 25629-3 and the winter-hardy fodder rape Silona
showed the lowest degree of non-synonymous SNPs in com-
parison to Darmor-Bzh, while the spring-type canola geno-
type Campino and the swede Magres Pajberg showed consider-
able diversity in comparison to Darmor-Bzh. Campino, which
flowers under long-day conditions, showed particularly high
rates of non-synonymous mutations in photoperiod module
genes, whereas Magres Pajberg was the most divergent from
Darmor-Bzh in relation to vernalization, clock and signaling
genes.

CNV AND PAV

In the winter rapeseed genotype 25629-3 we observed reduc-
tions in copy number for a copy of Bna.CO on chromosome
C09 and a copy of Bna. TEM1 on chromosome C02, respectively.
One homolog of Bna.CDFI, which was unable to be assigned
to a chromosome in the Darmor-Bzh reference genome, was
reduced in copy number in the winter fodder rape Silona. On
the other hand, the spring canola Campino was found to have
a copy number increase in Bna.CO-like on chromosome A10,
whereas no reads were captured corresponding to Bna.TEM]I
from chromosome C02; we therefore assume that this gene is
deleted in Campino. The target coverage for a duplicated Bna. FLC
locus on chromosome C09 indicated that this locus has been
replaced in the swede Magres Pajberg by its homolog from a
highly homoeologous chromosome segment on chromosome
A10. Homoeologous non-reciprocal translocations are common
in the allopolyploid B. napus genome (Samans, 2014). Figure 5
shows normalized coverage for the affected copies in each geno-
type, together with their flowering time. To avoid counting
of homoeologous loci (Figure 6, Figure S1) in the CNV esti-
mation, only gene loci for which no heterozygous SNPs were
detected were included in the analysis. Figure 7 shows which of
these copies carry the respective variation type. Bna.GI did not
show variation in any of its copies, whereas other genes, (e.g.
Bna.FLC), exhibited considerable sequence variation at most of
their loci.
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FIGURE 5 | Normalized coverage for gene copies with copy-number
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years and 3 locations in Germany (with standard errors). In the field trials in
Germany 25629-3, Silona and Magres Pajberg were tested in autumn-sown
trials, whereas the wintersensitive Campino was grown in a spring-sown
trial. The black numbers indicate the genotype mean (with standard error),
while the gray numbers indicate the population mean (with standard error).

FT PROMOTER REGION

The bait library contained a full-length genomic sequence for
FT on chromosome A02, including the promoter region. This
successfully enriched for the targeted copy including promoter,
but also for the promoter regions of FT copies on A01, A07,
C02, and CO06. Sequence alignments with previously known B
napus FT promoter sequences (Accession numbers JX193765.1,
JX193766.1, and JX193767.1) revealed that the promoter of the
newly detected FT locus on chromosome A07 is closely related
to that of the locus on chromosome C06, whereas the other
two newly detected FT promoters on chromosomes A0l and
CO02 diverge from all previously known FT promoter sequences
(Figure 8). Interestingly, all detected FT promoter regions con-
tained considerable SNP variation, with a total of 7 SNPs detected
in the promoter region of Bna.FT.A0L, 9 in Bna.FT.A02, 4 in

Bna.FT.A07, 14 each in Bna.FT.C02_1 and Bna.FT.C02_2 and 21
in Bna.FT.C06. The promoter regions for two further FT copies
on C02 and C04 were not detected. Since both are considered
non-functional, this strengthens the hypothesis that both of these
paralogs are pseudogenes.

DISCUSSION

Polyploidization was a major driver of crop evolution and many
important crop plants are polyploids (e.g., wheat, cotton, sugar-
cane, potato, rapeseed). This is a major restriction for knowledge
transfer from well-studied model plants to crops. The high num-
ber of gene copies complicates model development for important
traits, in particular for regulation of complex traits like timing of
reproduction. The first step of elucidating the interplay between
different gene copies of a regulation module is an assessment of
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black boxes. Colored lines connect relative chromosomal positions between A.
thaliana and B. rapa/B. oleracea and between B. rapa/B. oleracea and B. napus.
Dotted lines indicate positions that could not be verified by BLAST.

their number and sequence variation. The recent allopolyploid
crop B. napus is an excellent model to study the influence of
gene copy number and sequence variation on trait expression for
two reasons: (1) the interspecific hybridization arose only a few
thousand years ago and the ancestor genomes are still basically
intact (Parkin et al., 1995), and (2) the close relationship to the

model plant A. thaliana and the recently sequenced B. rapa allows
for comparisons between gene models and crop sequences. Gene
cloning strategies and array technologies depend on very spe-
cific sequence information, whereas whole-genome sequencing
cannot always provide the appropriate coverage for assessment
of copy-number variation. Therefore we chose an in-solution
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FIGURE 7 | Differential sequence variation in homologs of genes
involved in vernalization response among phenotypically divergent

B. napus morphotypes. Gray boxes indicate gene interactions in A. thaliana,
whereas the colored boxes indicate the respective gene copies in B. napus

with their respective sequence variation indicated in the legend. Lighter
colors in the legend indicate that a copy is predicted to be non-functional.
Genotypes: (A) winter oilseed rape 25629-3, (B) winter fodder rape Silona,
(C) spring canola Campino, (D) swede Magres Pajberg.

hybridization sequence capture approach, aiming to detect all
present copies of the targeted flowering time regulatory genes and
mine for their variation in number and sequence.

We developed a RNA oligonucleotide pool designed to capture
a core set of 29 flowering time genes in B. napus. This enabled us
to enrich all 164 copies expected from the draft B. napus reference
genome, proving the value of this technique to capture sequence
variants across complex regulatory modules like the flowering
time gene network.

All in all, 124 copies of the target genes were deep-sequenced
over their full coding length; a further 17 copies were par-
tially captured. This suggests an average copy number of 4.7,
which is close to the average number of 4.4 copies per gene

expected over the entire B. napus genome (Parkin et al., 2010).
Independent expression studies suggested that all of these cap-
tured flowering time gene copies are functional and expressed
in B. napus. This represents a huge expansion of active flower-
ing time regulatory genes in the allopolyploid B. napus genome
in comparison to A. thaliana, where most of these genes are
represented by only a single active copy. This expansion creates
enormous potential for functional differentiation and regula-
tory plasticity across all pathways influenced the flowering time
gene expression network. The selective potential inferred by this
polyploidization-induced expansion in flowering-time genes can
be speculated to have had a major impact on the natural and
artificial selection of different ecophysiological morphotypes of
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two copies, respectively, were detected on the corresponding chromosome.
Setting details can be found in the Materials and Methods Section.

B. napus, leading to their differential adaptation into the various
cultivated forms.

Compared to whole genome sequencing data, alignment rates
from our sequence capture data were high; only a low percentage
of around 13% of the reads aligned non-uniquely. Enrichment
was successful with an enrichment factor of more than 760x,
indicating that baits developed from closely related species are
able to efficiently enrich selected regions in B. napus; similar effi-
ciency of sequence capture across close relatives was also shown
in other species (Vallender, 2011; Bundock et al., 2012; Jupe et al.,
2013; Mascher et al., 2013). Sensitivity and specificity were com-
parably low, with values of 78-81% and 50 to 52%, respectively
(Mamanova et al., 2010). Lower values for sensitivity in case of
multiplexed samples are reported (Mascher et al., 2013), so the
lowered sensitivity may be attributed to multiplexing. Specificity
in this case suffers from the artificial definition of the target (see
Methods).

Comparing the detected copies to their ancestor genomes,
we found only a 3% change in the expected ratio (consider-
ing only functional copies) of B. napus gene copies compared
to the average copy number in the progenitor genomes. This
is only a minor change in gene number compared to other
polyploids. In wheat, the ratio of the hexaploid gene con-
tent compared to one of the diploid progenitors was 2.5-2.7:1,
representing a 10-16% change (Brenchley et al.,, 2012). This
illustrates that B.napus speciation is only a very recent event
(Allender and King, 2010). The retention of functional copies
provides more possibilities to introduce variation. More gene
variants allow successful selection and adaptation in a wider
range of environments, as non-functional copies can be replaced
by functional homologs without loss of function. Moreover,
environmental-specific beneficial alleles can exist at the same
time, allowing for accumulation of a high adaptation potential.
In B. napus the flexibility achieved by copy number expansion
of flowering time regulatory genes is the basis for the great
variation among different morphotypes in flowering time as
well as in cold adaptation, winter hardiness and vernalization
requirement.

We also report 14% non-functional copies, whereas some
genes are more affected by non-functional copies than others.
For example, we found 5 copies of FLC either fragmented or not
expressed or both. FLC pseudogenes were reported for Brassica

oleracea (BoFLC4 and BoFLC5) (Razi et al., 2008) and a number
of seven functional BnFLC copies was already estimated by others
(Schranz et al., 2002; Pires et al., 2004).

Another important base for adaptation is copy number
variation (CNV) (Zmienko et al., 2013). We observed CNV
for the genes Bna.CDFl.unk, Bna.CO.C09, Bna.CO-like2.A10,
Bna.FLC.A10, Bna.FLC.C09, and Bna. TEM1.C02, and presence-
absence variation for Bna. TEM1.C02. This variation may have
a strong influence on determination of flowering time in the
respective morphotypes. For example, the winter oilseed rape
25629-3 is late flowering, winter hardy and needs mild vernal-
ization. We would therefore expect a lower copy number of
floral enhancers or a higher copy number of flowering repres-
sors. Indeed, 25629-3 showed a copy-number reduction for
Bna.CO.C09. The coverage differences in Bna. TEM1.C02 fur-
ther suggest that 25629-3 only possesses one copy of this locus,
in contrast to the early flowering fodder rape Silona and the
winter-sensitive Magres Pajberg.

CO is a central day length regulator necessary for flowering
transition. Accumulation of the CO protein is crucial for flower-
ing initiation (reviewed in Jaeger, 2008; Jung and Muller, 2009;
Andrés and Coupland, 2012). In the case of 25629-3, the lower
number of Bna.CO copies may relate to its late flowering behav-
ior, as a lower number of transcripts can be synthesized at the
same time.

TEM1 is known to bind to the 5’'UTR region of FT, there-
fore repressing flowering (Castillejo and Pelaz, 2008). TEMI
itself seems to be regulated by FLC (Deng et al., 2011) and
AP1 (Kaufmann et al., 2010). It has been assumed that the
ratio of CO/TEM is decisive for FT expression in A. thaliana
(Castillejo and Pelaz, 2008). In the present study, Bna. TEM1.C02
was found to be absent in Campino, whereas two copies were
observed in Silona and Magres Pajberg compared to the single
copy found in Darmor-bzh and 25692-3, respectively (see also
Figure 7). Considering that all paralogous loci are presumed to be
expressed, this corresponds to a Bna.CO/Bna. TEM1 ratio of 5:6 in
25629-3, 6:7 in Silona and Magres Pajberg, and 6:6 in Campino.
Assuming gene dosage effects, these differences might be expected
to accordingly influence the vernalization requirement via differ-
ential repression of FT expression. Correspondingly, Campino
is a spring type without need for vernalization, making pho-
toperiod signaling more important than pre-winter repression of
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flowering. 25692-3 and Darmor-bzh are both winter types with
mild vernalization requirement, presumably facilitated by the sin-
gle copies of Bna.CO.C09 and Bna.TEM1.C02, respectively. On
the other hand, Bna. TEM1.C02 seems to be duplicated in lines
with stronger vernalization requirement (Figure 7). Therefore,
the cold signal needs to be stronger to overcome the stronger
repression.

In 25629-3,we further detected non-synonymous mutations
in copies of Bna.API, Bna.CO-like 2, Bna.ELF3, Bna.FLC,
Bna.PHYB, Bna.SPL3, Bna.SUF4, Bna.TEMI, Bna.TFL2, and
Bna.ZTL. At present it is still unknown whether these muta-
tions are beneficial or disadvantageous, however it is interest-
ing to note that the non-synonymous mutations mainly affect
genes involved in temperature perception (Bna.ELF3, Bna.SPL3)
and vernalization modulation (Bna.FLC, Bna.SUF4, Bna. TEM],
Bna.TFL2). This could reflect differences in winter/spring per-
ception among the different eco-physiological morphotypes; if so,
the broad range of affected genes provides considerable potential
for natural selection of adaptation traits to different environ-
ments, a potential advantage of paralog diversification following
allopolyploidization.

Silona is a winter fodder rape with strong vernalization
requirement. It flowers slightly later compared to winter oilseed
types, but relatively early compared to other winter fodder or
kale morphotypes. We found a copy number reduction in a
Bna.CDFI paralog, on an unmapped scaffold (referred to here as
Bna.CDF1.unk), which may relate to the early-flowering behavior
of Silona. It has been shown that CDF1 directly downregulates CO
mRNA levels in Arabidopsis (Srikanth and Schmid, 2011), acting
as link between the circadian clock and the photoperiod pathway
(Niwa et al., 2007), and therefore can be regarded as flowering
repressor. Reduction in Bna.CDF]I transcript abundance due to a
copy-number reduction could thus be expected to reduce floral
repression and hence accelerate post-vernalization induction of
flowering.

Silona was also found to carry non-synonymous mutations in
one copy each of Bna.AGL24, Bna.AP1, Bna.CDFI1, Bna.CO-like
2, Bna.EFS, Bna.FLC, Bna.FRI, Bna.FUL, Bna.LFY, Bna.PHYB,
Bna.SPL3, Bna. TEM1, BnaTFL2, BnZTL, in two copies of Bna.FD,
Bna.SUF4 and in four copies of Bna.SOCI. Mutations in
Bna.TEM1, Bna.EFS, Bna.FLC, Bna.FRI and Bna.TFL2 may relate
to its stronger vernalization requirement than the winter oilseed
Darmor-Bzh (as discussed before for the reduced Bna. TEM1.C02
copy number; Figure 7). On the other hand, there also appears
to be a stronger variation in downstream effectors, particularly in
Bna.SOCI. SOCI is a signal integrator for the vernalization, pho-
toperiod and GA signaling pathways and a direct regulator of LFY
(Lee and Lee, 2010). As such SOCI can therefore be regarded as a
floral activator. The results seen here support the assumption that
the flowering time shift between earlier-flowering winter oilseed
forms and later flowering, leafier winter fodder rape is more likely
to be due to mutations in the effector pathways, with only slight
modifications to be expected in the input pathways.

Campino is a vernalization-independent, early-flowering
spring oilseed rape. We therefore would expect large differ-
ences in vernalization genes. As the vegetation period is shifted
by 6-8 weeks in spring types compared to winter types, it is

necessary for the plants to adapt to warmer and longer days,
so we also expect differences in photoperiod and temperature
signaling pathway genes. The change from winter to spring behav-
ior in A. thaliana is known to be caused by a mutation in
either FRI or FLC or both (Choi et al., 2011). FRI is the main
activator for FLC, while FLC is the major flowering repressor
before vernalization (Choi et al., 2011). Bna.FRI has already been
found to play a central role for variation in morphotype, not
only for vernalization (Wang et al., 2011a). Correspondingly, we
found 3 Bna.FRI paralogs carrying mutations in Campino in
comparison to the winter rapeseed Darmor-Bzh, whereas only
two Bna.FRI paralogs differed in Magres Pajberg and one in
Silona (Figure 7). Campino is also the only genotype which
does not show a mutation in the Bna.FLC.AIO. This means
that 25692-3, Silona and Magres Pajberg share an allele differ-
ent from Darmor-Bzh and Campino in Bn.FLC.A10. It may be
concluded that the Darmor-Bzh/Campino allele is less functional
than the other, or, more generally, that the Bna.FLC.A10 copy is
not decisive for flowering time determination. As Bna.FLC.A10
was found to be associated with vernalization behavior, this
might be ruled out (Hou et al., 2012). As discussed before,
presence-absence variation of Bn. TEM1.C02 may also play a role
in the change to the annual morphotype. As expected, these dif-
ferences are also accompanied not only by further mutations
in vernalization-related genes (Bna.VIN3, Bna.TEMI, Bna.EFS
Bna.ELF7, Bna.SUF4, Bna. TEM1, Bna.TFL2, Bna.VIN3), but also
by numerous mutated sequences in genes from the photope-
riod (Bna.CO, Bna.CO-like 2, Bna.CRY2, Bna.PHYA, Bna.PHYB,
Bna.ZTL) and temperature signaling pathways (Bna.SPL3, three
copies of Bna.ELF3) along with two copies of Bna.GA3ox1.
Magres Pajberg is a swede type belonging to the sub-
species napobrassica. As such this genotype is typically strongly
vernalization-dependent and flowers later than winter-type
oilseed forms. Compared to the winter line Darmor-bzh, we
detected wide sequence variation in Magres Pajberg affecting
all pathways under study. Vernalization genes were partic-
ularly affected, along with flowering activators (Bna.VIN3,
Bna.TFL2) and repressors (Bna.EFS, Bna.ELF7, Bna.FRI,
Bna.FLC, Bna.SUF4, Bna.TEMI). We found further muta-
tions in gene copies from the photoperiod pathway (Bna.CO,
Bna.CO-like 2, Bna.PHYA, Bna.PHYB), gibberellin synthesis
(Bna.GA3ox1), temperature signaling (Bna.SPL3, Bna.ELF3), the
central signaling molecules (Bna.FT, Bna.FD) and downstream
effectors (Bna.AGL24, Bna.AP1, Bna.FUL, Bna.SOCI, Bna. TFL1).
We further observed a copy number reduction affecting two
Bna.FLC paralogs on chromosome C09, which is mirrored by
a corresponding copy number increase on Al0. This suggests
that one of the copies on C09 may have been replaced by a
duplication of a locus originating from A10, a widespread
effect of polyploidization in B. napus caused by homoeologous
recombination (Gaeta et al., 2007). A comparison with genome-
wide sequence data from different B. napus lines showed that
these chromosome regions are indeed subject to homoeologous
chromosome exchanges in resynthesized B. napus (Samans,
unpublished data). This example underscores the potential of
homeoologous chromosome exchanges to generate functionally
relevant copy-number variation among important adaptation
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genes, illustrating the genomic plasticity of polyploid plants and
the genetic potential they harbor for both drastic and more subtle
modifications in flowering time and related adaptive phenotypes.

CONCLUSIONS

Different B. napus morphotypes show considerable sequence and
copy number variation in paralogs of central flowering-time reg-
ulatory genes. We demonstrated that most flowering time gene
copies arising from the ancestor genomes were retained after
allopolyploidization, and many of the retained paralogs are still
expressed. The consequence is a huge expansion in the num-
ber of flowering-related genes in B. napus compared to the
related model plant, A. thaliana, and a correspondingly large
increase in the complexity of the gene networks controlling flow-
ering. Duplications during the recent polyploidization of B. napus
also provide considerable scope for mutations leading to non-
functional paralogs or also neofunctionalization. We demonstrate
that sequence capture is a highly efficient method to analyse
sequence variation for flowering time and other important path-
ways in polyploid crop species. Applying this technology to
genetic mapping populations and breeding materials will allow
us to link sequence variation in flowering time regulatory genes
to phenotypic variation for flowering and other important agro-
nomic traits.
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Flowering time in rice (Oryza sativa L.) is determined primarily by daylength (photoperiod),
and natural variation in flowering time is due to quantitative trait loci involved in
photoperiodic flowering. To date, genetic analysis of natural variants in rice flowering
time has resulted in the positional cloning of at least 12 quantitative trait genes (QTGs),
including our recently cloned QTGs, Hd77, and Hd76. The QTGs have been assigned
to specific photoperiodic flowering pathways. Among them, 9 have homologs in the
Arabidopsis genome, whereas it was evident that there are differences in the pathways
between rice and Arabidopsis, such that the rice Ghd7-Ehd1-Hd3a/RFT1 pathway
modulated by Hd76 is not present in Arabidopsis. In this review, we describe QTGs
underlying natural variation in rice flowering time. Additionally, we discuss the implications
of the variation in adaptive divergence and its importance in rice breeding.
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INTRODUCTION

Photoperiodic flowering is one of the most important responses
of plants to their environment (Thomas and Vince-Prue, 1997).
In the last two decades, molecular genetics demonstrated that
external light signals perceived by photoreceptors induce flori-
gens (flowering signals). This process is regulated in part by the
circadian clock, and promotes flowering in response to favorable
daylength in both monocots and eudicots (reviewed by Andrés
and Coupland, 2012).

Rice is a short-day (SD) plant, i.e., flowering is accelerated
under SD conditions. Natural variation in rice flowering time
is generated mainly by quantitative trait genes (QTGs) involved
in photoperiod pathways, unlike in other cereals (such as wheat
and barley) and Arabidopsis thaliana, which also need to be sub-
jected to low temperature (vernalization requirement) (reviewed
by Greenup et al., 2009; Tsuji et al., 2011; Bentley et al., 2013;
Brambilla and Fornara, 2013; Itoh and Izawa, 2013).

To date, at least 12 QTGs, which belong to the two inde-
pendent flowering pathways, have been mapped and cloned
through quantitative trait locus (QTL) analysis of natural
variation in flowering time (Figurel and Tablel). In this
review, we describe the molecular basis of QTGs underly-
ing natural variation in rice flowering time and discuss the
implications on adaptive divergence and consequences for
breeding.

MOLECULAR BASIS OF NATURAL VARIATION IN RICE
FLOWERING
A genetic pathway resembling that the photoperiod pathway in
Arabidopsis [a long-day (LD) plant] is conserved in rice. Hdl [a
CONSTANS (CO) homolog in rice] was the first flowering time
QTG cloned from natural rice variants. Hdl promotes flowering
under SD conditions and represses it under LD conditions (Yano
etal., 2000) (Figure 1). By contrast, the Arabidopsis CO gene pro-
motes flowering under LD conditions (Putterill et al., 1995). The
daylength-dependent conversion of Hd1 activity between flower-
ing activator and flowering repressor is caused by phytochrome-
mediated signaling (e.g., Ishikawa et al., 2011). The repression
of flowering by Hdl under LD conditions is enhanced by the
kinase activity of Hd6, which encodes the a-subunit of casein
kinase IT (Takahashi et al., 2001; Ogiso et al., 2010). Hd6 enhances
the Hdl repressor function under LD conditions through the
phosphorylation of an unknown protein (Ogiso et al., 2010).
Hdl regulates Hd3a, a rice homolog of Arabidopsis
FLOWERING LOCUS T (FT) (Kojima et al., 2002) (Figure1).
Tamaki et al. (2007) demonstrated that Hd3a functions as a
florigen. Another florigen gene, RFT1I, is a tandemly duplicated
paralog of Hd3a (Kojima et al., 2002; Ogiso-Tanaka et al., 2013).
Komiya et al. (2008, 2009) found that RFT1 expression increases
under LD conditions, indicating that RFT1 is a LD-specific
florigen. More recently, Ogiso-Tanaka et al. (2013) demonstrated
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FIGURE 1 | Schematicrepresentation of roles of QTGs within the photoperiodic flowering pathways in rice and Arabidopsis thaliana. QTGs that are marked
inred are not present in Arabidopsis. QTGs that were cloned by QTL analysis of natural variation are highlighted. Arrow heads, up-regulation; Bars, down-regulation.

Arabidopsis thaliana

that functional defects, which were caused by sequence polymor-
phisms in the regulatory and coding regions of RFT1, contribute
to late flowering under LD conditions in an indica cultivar.

In Arabidopsis, the CO-FT pathway is regulated by
GIGANTEA (GI), which is a component of the circadian
clock (Fowler et al., 1999; Park et al., 1999) (Figure 1). Similarly,
regulation of the Hdl-Hd3a pathway is mediated by OsGI, a
rice homolog of GI (Hayama et al., 2003). These findings reveal
that a floral induction pathway from GI to FT in photoperiodic
flowering is conserved between Arabidopsis (LD) and rice (SD),
but that the photoperiod response differs between these plants.

A unique rice pathway with no obvious ortholog in Arabidopsis
is also involved in photoperiodic flowering (Figurel and
Table 1). Ehdl is a flowering promoter that encodes a B-type
response regulator. Ehdl functions upstream of Hd3a and RFT1
(Doi et al., 2004). Ghd7, which encodes a CCT (CO, CO-LIKE,
and TIMING OF CAB1)-domain protein, was isolated by analy-
sis of natural variations in flowering time. Ghd7 affects the levels
of Ehd1 and Hd3a transcripts, but does not affect HdI mRNA lev-
els (Xue et al., 2008). Ghd7 represses Ehd1, Hd3a, and RFTI under
LD conditions, thereby delaying flowering.

Thus, two independent flowering pathways are present in
rice, the conserved Hdl-Hd3a pathway and a unique Ghd7-
Ehd1-Hd3a/RFT1 pathway, which may integrate environmental
photoperiod signals in the control of flowering. In the following
sections, we describe additional QTGs that were more recently
cloned.

Hd17, A RICE HOMOLOG OF ARABIDOPSIS ELF3

Subspecies japonica cultivars “Nipponbare” and “Koshihikari”
differ in their flowering time and flowering responses to pho-
toperiod. QTL analyses revealed that two QTLs on chromosomes
3 and 6 are involved in the difference in heading date between

the two cultivars (Matsubara et al., 2008). The QTL mapped on
chromosome 3 was designated as HdI6, and the QTL mapped
on chromosome 6 was designated as Hd17. Both Hd16 and Hd17
are involved in photoperiod response, as revealed by observation
of heading date in near-isogenic lines (NILs) under SD and LD
conditions.

Hd17 explained a small proportion of the variance in flower-
ing time between “Nipponbare” and “Koshihikari” Map-based
cloning demonstrated that this difference may result in part
from a single-nucleotide polymorphism (SNP) within a puta-
tive gene encoding a rice homolog of the Arabidopsis EARLY
FLOWERING 3 (ELF3) protein (Matsubara et al., 2012). The SNP
was observed among Asian rice cultivars, mainly in japonica culti-
vars. It seems that the wild-type allele has the “Koshihikari” SNP
(i.e., the “Nipponbare” allele is a natural variant), because almost
all indica cultivars and wild accessions surveyed in the study carry
the “Koshihikari” SNP.

The amino acid change (serine to leucine) caused by this SNP
in Hd17 may reduce the mRNA level of the floral repressor Ghd7
under LD conditions, causing ‘Nipponbare’ to flower earlier than
NIL-Hd17, which carries a chromosomal segment including the
“Koshihikari” allele in the “Nipponbare” background. On the
other hand, a loss-of-function mutation ef7 in the rice ELF3-like
gene (= Hd17) seems to increase the Ghd7 transcription level,
and the mutants flower later than wild-type plants under both
SD and LD conditions (Saito et al., 2012). This suggests that the
ELF3-like gene acts as a floral promoter by attenuating the Ghd7
transcription level (Figure 1).

Arabidopsis ELF3 regulates circadian rhythms by affecting
the transcription of clock-associated genes such as LATE
ELONGATED HYPOCOTYL (LHY), CIRCADIAN CLOCK-
ASSOCIATED 1 (CCAI), PSEUDO-RESPONSE REGULATORs
(PRRs), and GI; the clock output gene CHLOROPHYLL A/B
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BINDING 2 (CAB2); and the floral promoter CO (reviewed by
McClung, 2011) (Figure 1). The circadian clock function is con-
served also in rice (Murakami et al., 2007). In the ef7 mutant,
the expression of the luciferase gene driven by the CAB PROTEIN
(a rice homolog of Arabidopsis CAB2) promoter under constant
darkness was not affected, but the period of free-running rhythms
under constant light was slightly shortened, suggesting that Ef7
mediates light input to the circadian clock but is not required for
the clock function in the dark (Saito et al., 2012). By using an
ELF3-like gene knockout and down-regulation of the expression
of ELF3-like gene by RNAi, other groups revealed that the ELF3-
like gene affects the mRNA expression of clock-associated genes
and HdI (Yang et al., 2012; Zhao et al., 2012) (Figure 1). These
observations suggest that the rice ELF3-like gene is also involved
in the function of the circadian clock.

Hd16, A GENE ENCODING CASEIN KINASE |

The “Koshihikari” allele of Hd16 decreased photoperiod response
in comparison with the “Nipponbare” allele. Map-based cloning
revealed an SNP in the gene encoding casein kinase I (CKI),
which has no obvious ortholog in Arabidopsis (Hori et al., 2013).
The SNP resulted in a non-synonymous substitution of an ala-
nine (“Nipponbare”) with threonine (“Koshihikari”). CKI is a
protein serine/threonine kinase that is highly conserved among
plant and animal species (reviewed by Tuazon and Traugh, 1991;
Gross and Anderson, 1998). CKI has various functions in both
the cytoplasm and the nucleus, such as DNA repair, and regula-
tion of the cell cycle and circadian rhythm (Liu et al., 2003; Rumpf
et al., 2010). Phosphorylation of the clock components by CKI
is the key step that initiates and regulates the circadian rhythm.
The tau gene encodes CKle in golden hamster (Mesocricetus aura-
tus), and a missense mutation in this gene drastically reduces the
period of the circadian rhythm (Ralph and Menaker, 1988). The
non-synonymous substitution in the “Koshihikari” Hd16 allele
is located at a site close to the tau mutation site, and is within
the activation loop of the catalytic domain of CKI (Hori et al.,
2013). However, the expression patterns of clock-associated genes
are similar in the presence of the “Nipponbare” and “Koshihikari”
Hd16 alleles. Therefore, Hd16 regulates flowering time mediated
by the photoperiodic flowering pathway without affecting the
regulation of the circadian rhythm.

To reveal the role of Hd16 in the photoperiodic flower-
ing pathway, we investigated the genetic interactions between
HdAI6 and other flowering time QTLs, and the expression lev-
els of the latter (Hori et al., 2013). In rice NILs with functional
or deficient alleles of flowering-time genes, significant pairwise
interactions were observed between Hd16 and four other QTLs:
Ghd7, Hdl, DTHS8, and Hd2 (= OsPRR37). The transcription
levels of Ehdl, Hd3a, and RFT1 differed between NILs carrying
the “Nipponbare” and “Koshihikari” Hd16 alleles. Biochemical
characterization indicated that the Hd16 recombinant protein
encoded by the “Nipponbare” allele specifically phosphorylated
Ghd7 (but not Hd1) in vitro. The kinase activity of “Koshihikari”
Hd16 was strongly decreased relative to that of “Nipponbare”
(Hori et al., 2013). Thus, Hd16 acts as a Ghd7 inhibitor in the rice
flowering-time pathway by enhancing the photoperiod response
as a result of Ghd7 phosphorylation (Figure 1).

Another missense mutation was found in the kinase domain of
Hd16 in the early-heading Korean cultivar “H143” (Kwon et al,,
2014). In vitro kinase assays revealed that the “H143” Hd16 allele
is also defective. Thus, there are two defective natural variants
of Hd16. The “Koshihikari” and “H143” alleles were found only
among japonica cultivars in temperate areas (Hori et al., 2013;
Kwon et al., 2014).

Hd16 was previously identified as Early flowering 1 (ELI) (Dai
and Xue, 2010), which controls rice flowering time by down-
regulating the gibberellin (GA) signaling pathway mediated by
phosphorylation of SLR1, encoded by Slender rice 1. SLR1 phos-
phorylation suppresses the GA response, whereas Ghd7 phos-
phorylation enhances the photoperiod response. In both cases,
phosphorylation leads to delayed flowering under LD conditions.
Thus, Hd16/ELI appears to be associated with both photoperiod
and GA responses in rice flowering.

OTHER QTGs UNDERLYING NATURAL FLOWERING TIME
VARIATION IN RICE

In addition to the QTGs described above, four rice homologs
of the Arabidopsis flowering-related genes have been cloned by
using genotypes that show natural variation in flowering time
(Table1). DTHS8 encodes a rice homolog of the Arabidopsis
HEME ACTIVATOR PROTEIN (YEAST) HOMOLOG 3 sub-
unit of the CCAAT-box-binding transcription factor. Under LD
conditions, DTH8 down-regulates EhdI and its downstream tar-
get Hd3a and therefore acts as a flowering suppressor (Wei
etal., 2010) (Figure 1). A DTHS variant also promotes flowering
under SD conditions (Yan et al., 2011). Most recently, interaction
between DTHS8 and Hd1 was demonstrated by yeast-two-hybrid
assay (Chen et al., 2014).

DTH3 encodes a rice homolog of Arabidopsis SUPPRESSOR
OF OVEREXPRESSION OF COl, a MIKC-type MADS-box pro-
tein. DTH3 up-regulates Ehdl and RFTI1 under both SD and
LD conditions and thereby promotes flowering (Bian et al,
2011) (Figure 1). At this QTL, there is functional allelic variation
between O. sativa and O. glaberrima, but probably not among O.
sativa cultivars.

DTH2 encodes a CONSTANS-like protein. DTH2 up-regulates
Hd3a and RFTI under LD conditions and thus promotes flower-
ing (Wuetal., 2013) (Figure 1). OsPRR37 encodes a rice homolog
of Arabidopsis PRR7, and down-regulates Hd3a expression to sup-
press flowering under LD conditions (Murakami et al., 2007; Koo
etal, 2013) (Figure 1).

CONSERVATION AND DIVERSIFICATION OF FLOWERING
TIME REGULATION BETWEEN RICE AND ARABIDOPSIS
Much progress has been made in understanding the natural
genetic variation in rice flowering. 12 QTGs have been isolated
and assigned to specific photoperiod flowering pathways. Among
them, 9 have homologs in the Arabidopsis genome, suggesting that
the genetic basis of photoperiodic flowering has an ancient origin
in flowering plants (Table 1).

On the other hand, it is evident that there are differences in
the photoperiodic flowering pathways between the two species
(Figure 1). The Ghd7-Ehd1-Hd3a/RFT1 pathway, which is mod-
ulated by Hd16, is not present in Arabidopsis. However, in many
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cases even orthologous genes have divergent functions, as exem-
plified by CO (flowering promotion in LD) and HdI (flowering
promotion in SD), and by ELF3 (flowering repression in SD) and
Hd17 (flowering promotion in both SD and LD). The differences
between these orthologs may be associated with neofunctional-
ization, which is the evolution of new function of a duplicated
gene, as suggested about the divergent function of orthologs of
FLOWERING LOCUS VE and FT in sugar beet (Beta vulgaris,
Pin et al., 2010; Abou-Elwafa et al., 2011). Actually, both Hd1 and
ELF3 have putative paralog(s) in the rice genome.

Such differences may have resulted from evolution of these lin-
eages in different geographic regions: rice in equatorial regions
characterized by stable temperature and daylength all year round,
Arabidopsis in temperate regions with fluctuating temperatures
and changing daylength. As a result, rice has developed photope-
riodic flowering, while Arabidopsis acquired an additional vernal-
ization requirement as adaptation to the cold season (reviewed by
Ballerini and Kramer, 2011).

Probably, this hypothesis should be examined among cere-
als, such as maize (Zea mays), wheat (Triticum aestivum) and
barley (Hordeum vulgare) as well as rice, because they are more
closely related to each other as rice and Arabidopsis (Magallon
and Sanderson, 2005). Additionally, a similar difference in flow-
ering phenology has been observed between tropical-origin (rice
and maize) and temperate-origin (wheat and barley) cereals as
between rice and Arabidopsis (e.g., Greenup et al., 2009; Jung and
Miiller, 2009).

We suggest that emphasizing divergence among plant species
(particularly cereals) rather than conservation would help to bet-
ter explain the genetic basis of flowering and adaptive divergence
in rice.

APPLICATION OF NATURAL VARIATION IN FLOWERING TIME
GENES IN BREEDING PROGRAMS
Adjustment of photoperiod response changes flowering time and
enhances adaptability to local environmental conditions in many
plant species, including rice (e.g., Jung and Miiller, 2009; Hori
et al., 2012). To introduce rice at high latitudes, breeders have
selected lines with a weaker response to photoperiod to produce
early-flowering cultivars and to ensure maturation during the
optimal period (e.g., [zawa, 2007; Ebana et al., 2011). The weak
allele of Hd16 may have permitted the extension of the rice culti-
vation area into northern regions (Hori et al., 2013; Kwon et al,,
2014). Deficient or weak alleles of Hd1, Ghd7, DTH8, DTH2, and
OsPRR37 are also distributed in northern rice cultivation areas at
high latitudes (Xue et al., 2008; Takahashi et al., 2009; Wei et al.,
2010; Koo et al.,, 2013; Wu et al., 2013), strongly suggesting that
such alleles are involved in the expansion of rice cultivation areas.
In addition to several major flowering time QTGs isolated in
previous studies, we have identified QTLs with minor effects:
Hd4 (likely allelic to Ghd7), Hd7, Hd9 (Lin et al., 2002, 2003),
and Hdl7 (Matsubara et al., 2012). These QTLs are necessary
for breeders in fine tuning of the flowering time in rice culti-
vars. Breeders sometimes want to slightly change the flowering
time of rice cultivars. Natural variations are observed at many
loci (at least more than 20, according to a publicly available
database, Q-TARO: http://qtaro.abr.affrc.go.jp/) involved in rice

photoperiodic flowering pathways. These variations are avail-
able for producing a number of allelic combinations of flowering
time QTLs and for developing rice cultivars adjusted to diverse
cultivation areas.

CONCLUSIONS AND PERSPECTIVES

Molecular cloning of QTGs underlying natural variation in flow-
ering time of rice has improved our understanding of the genetic
basis and provides insights into adaptive evolution and breed-
ing in rice. However, we still know little about the distribution
of QTG associated with flowering time in rice cultivars. We are
still unable to predict exactly the relative effects of individual
QTG on flowering time of rice cultivars in diverse natural field
conditions, owing to limited knowledge of QTG x QTG and
QTG x environmental interaction. This leads to the gap between
genotype and phenotype (discussed by Benfey and Mitchell-Olds,
2008; Olsen and Wendel, 2013). To resolve this problem, we
will need to assess the effect of each allele on flowering time
in different allele combinations and in various environments by
the combination of experimental populations, such as recom-
binant inbred lines (RILs), chromosome segment substitution
lines (CSSLs), nested association mapping (NAM) population
and multi-parent advanced generation inter-cross (MAGIC) pop-
ulation, and sequencing the alleles from each line. Furthermore,
the transcriptome analysis of flowering-time genes under natu-
ral field conditions may also pave the way for the prediction of
flowering time (Nagano et al., 2012).
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The FLC-like gene BvFL1 is not a major regulator of
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Many plant species in temperate climate regions require vernalization over winter to
initiate flowering. Flowering Locus C (FLC) and FLC-like genes are key regulators of
vernalization requirement and growth habit in winterannual and perennial Brassicaceae.
In the biennial crop species Beta vulgaris ssp. vulgaris in the evolutionarily distant
Caryophyllales clade of core eudicots growth habit and bolting time are controlled by the
vernalization and photoperiod response gene BTC17 and the downstream BvFT1-BvFT2
module. B. vulgaris also contains a vernalization-responsive FLC homolog (BvFLT). Here,
to further elucidate the regulation of vernalization response and growth habit in beet, we
functionally characterized BvFL1 by RNAI and overexpression in transgenic plants. BvFL1
RNAI neither eliminated the requirement for vernalization of biennial beets nor had a major
effect on bolting time after vernalization. Overexpression of BvFL 1 resulted in a moderate
late-bolting phenotype, with bolting after vernalization being delayed by approximately 1
week. By contrast, RNAi-induced down-regulation of the BvFT1-BvFT2 module led to a
strong delay in bolting after vernalization by several weeks. The data demonstrate for the
first time that an FLC homolog does not play a major role in the control of vernalization
response in a dicot species outside the Brassicaceae.

GmbH & Co. KG, Séllingen,
Germany

INTRODUCTION

Vernalization is the process by which the exposure of a plant to a
prolonged period of cold temperatures over winter promotes the
initiation of flowering. In temperate climate regions vernalization
is an integral part of life cycle strategies as an evolutionary adap-
tation to changing seasons. In the annual dicotyledonous species
Arabidopsis thaliana and its perennial relative Arabis alpina,
the vernalization response is regulated by the MADS-box gene
Flowering Locus C (FLC) and its ortholog Perpetual Flowering 1
(PEP1I), respectively (Michaels and Amasino, 1999; Sheldon et al.,
1999; Wang et al., 2009; Zografos and Sung, 2012). By contrast,
the vernalization response in monocotyledonous species like bar-
ley or wheat requires the Vernalization 1-3 (VRN1-3) genes, with
VRNI being the only MADS-box gene of these three (Yan et al,,
2003, 2004, 2006). Recent studies in Beta vulgaris, which on an
evolutionary scale is similarly distantly related to Arabidopsis
(~120 million years of evolution) and the monocots (~140 mil-
lion years; Chaw et al., 2004; Davies et al., 2004), revealed a new
mode of life cycle control in dicotyledonous species. In B. vul-
garis, the pseudo-response regulator (PRR) gene Bolting Time
Control 1 (BTCI) determines whether floral transition occurs
in the first year of growth, as in annual accessions, or in the
second vyear, as in biennials (Pin et al., 2012). BTCI mediates
bolting and flowering by regulation of an antagonistic pair of
Flowering Locus T (FT) homologs first described by Pin et al.
(2010). Bienniality in beet derives from a recessive BTCI allele

Keywords: Beta vulgaris, bolting, Flowering Locus C (FLC), photoperiod, vernalization

(btcl) with a reduced responsiveness to the floral inductive stim-
ulus of long days and/or reduced activity of the BTC1 protein
compared to annual beets. The perception of prolonged cold over
winter after the first growing season restores the competence to
bolt and flower in biennial beets. This process was suggested to
involve up-regulation of BTC1, leading to suppression of the flow-
ering repressor BVvFT1 and expression of the flowering activator
BvFT2. Life cycle control by BTCI thus involves the integration
of both photoperiod and vernalization signals. By contrast, the
PRR genes in monocots such as PPDI in Hordeum vulgare or
SbPRR37 in Sorghum bicolor are only known to mediate photope-
riod response, while a role in vernalization response or life cycle
control has not been described (Turner et al., 2005; Murphy et al.,
2011).

In Arabidopsis, FLC represses flowering by binding to cis-
regulatory sequences in the floral integrator genes FT and
Suppressor of Overexpression of Constans 1 (SOCI) (Helliwell et al.,
2006; Searle et al., 2006). During vernalization, FLC is down-
regulated and the repressed state is epigenetically maintained
after vernalization. The repression of FLC allows activation of
FT under long-day conditions through the photoperiod pathway
and its central regulator Constans (CO). FT protein expressed in
the phloem companion cells of the leaves moves to the shoot
apical meristem as part of the “florigen” signal and initiates
flowering (Andrés and Coupland, 2012). Besides their highly con-
served function as day length-induced floral activators, FT and
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FT-like genes also control other processes like stomatal opening
in Arabidopsis or tuberization in potato (Pin and Nilsson, 2012).
A dose-dependent positive correlation between FLC expres-
sion and circadian period length was shown by using genotypes
with different functional and non-functional allele composi-
tions at FLC and the FLC-regulatory locus FRIGIDA (FRI) as
well as a 35S::FLC over-expressor line (Salathia et al., 2006).
Furthermore, El-Assal et al. (2003) showed that FLC negatively
and dose-dependently regulates expression of the photoreceptor
gene Cryptochrome 2 (CRY2). CRY2 co-regulates circadian period
length together with CRY1 and tends to act as a negative regulator
of period length (Devlin and Kay, 2000; Gould et al., 2013), sug-
gesting that the FLC-induced increase in circadian period length
may be mediated through cryptochromes. Vernalization resulted
in a significant decrease in circadian period length, which was
suggested to reduce the day length threshold required for pho-
toperiodic induction of flowering and thus to accelerate flowering
in spring (Yanovsky and Kay, 2002; Salathia et al., 2006). Finally,
mutations in photoperiod pathway genes affected expression of
FLC, providing further indication for the crosstalk between ver-
nalization and photoperiod pathways (Rouse et al., 2002).

FLC and FLC-like genes belong to a major MADS-box gene
clade that was recently shown to also include monocot genes
(Ruelens et al., 2013). In dicots, FLC-like genes have been iden-
tified in two species outside the Brassicaceae, i.e., B. vulgaris in the
Caryophyllales clade of core eudicots (Reeves et al., 2007) and the
asterid species Cichorium intybus (Périlleux et al., 2013), which
includes the biennial crop root chicory. Complementation anal-
yses of B. vulgaris FLC-LIKE 1 (BvFL1) and C. intybus FLC-LIKE
(CiFL1) in Arabidopsis and down-regulation of BvFLI and CiFL1
by vernalization in beet or chicory, respectively, suggested a con-
served floral repressor function of these genes. However, instead
of being epigenetically maintained in a transcriptionally silent
state after vernalization, the expression of BvFLI1 and CiFLI after
vernalization reverted to pre-vernalization levels (Reeves et al.,
2007; Périlleux et al., 2013). Interestingly, the FLC ortholog PEPI
in A. alpina also reverts to pre-vernalization expression levels after
return to warm temperatures, which correlates with unstable his-
tone modifications at the PEPI locus (Wang et al., 2009). Unstable
repression of PEP] after vernalization was suggested to correlate
with perennial life cycle strategies (Wang et al., 2009).

A more complex pattern of BvFLI regulation in beet emerged
from a study of BvFLI expression in the shoot apical meris-
tem (Trap-Gentil et al., 2011). According to this study, “bolting
sensitive” biennial beet genotypes, which only require relatively
short periods of vernalization for bolting to occur, are first down-
regulated during vernalization, but up-regulated during a later
stage of vernalization. The authors suggested that the early tran-
sient decrease in BvFLI expression during vernalization may
account for the relatively high susceptibility to bolting in these
genotypes. By contrast, “bolting resistant” biennial genotypes
that require relatively long periods of vernalization exhibited a
gradual increase in expression during vernalization. Furthermore,
RNA methylation of BvFLI mRNA was detected in the shoot api-
cal meristem of a bolting-resistant genotype after vernalization
and was proposed to contribute to the control of vernaliza-
tion response in sugar beet (Hébrard et al., 2013). However, a

clear picture of the functional role of BvFLI in beet has not yet
emerged, and a characterization of this gene’s function through
transgenic or mutational analyses in beet is still lacking.

Here, we further dissect the vernalization response in beet by
over-expression and RNAi-mediated down-regulation of BvFLI
and down-regulation of the FT homologs BvFT1 and BvFT2 in
transgenic plants. Phenotypic analysis revealed a delay in bolt-
ing after vernalization by 1 week in transformants over-expressing
BvFL1, while BvFL1 RNAIi neither had a major effect on bolting
time after vernalization nor did it lead to bolting without vernal-
ization. RNAi-induced concomitant down-regulation of the floral
repressor BYFT1 and the floral activator BvFT2 resulted in a bolt-
ing delay by up to 7 weeks and a high percentage of non-bolting
plants in a subset of transformation events. Taken together, our
data support a dominant role of the BvFT1-BvFT2 module in
the control of vernalization response and show that, by contrast,
BvFLI is not a major regulator of vernalization response in beet.

MATERIALS AND METHODS

VECTOR CONSTRUCTION AND PLANT TRANSFORMATION

For the BvFLI over-expression construct a 616 bp ¢cDNA frag-
ment covering the whole coding sequence of the splice variant
BvFL1_v3 (Reeves et al., 2007) was inserted downstream of a
Cauliflower Mosaic Virus (CaMV) 35S promoter and the Tobacco
Mosaic Virus (TMV) 5 UTR and upstream of an Agrobacterium
tumefaciens nos 3’ terminator. In Arabidopsis, over-expression
of BvFL1_v3 caused the strongest delay in flowering among
BvFL1 splice variants (Reeves et al., 2007). RNAIi vectors were
constructed by insertion of a 332bp fragment of the BvFLI
3’UTR or a 361bp c¢DNA fragment spanning most of the
phosphatidylethanolamine-binding protein (PEBP) domain
of BvFT1 (Pin et al, 2010), respectively, as inverted repeats
between the regulatory elements described above. A 91 bp sugar
beet intron sequence was used as spacer between the sense and
antisense repeat units. The phosphinothricin acetyl transferase
(PAT) gene was inserted downstream of the RNAIi cassettes for
selection of transgenic plants with glufosinate. The constructs
were introduced into the biennial sugar beet genotype SES01
(SESVanderHave, Tienen, Belgium) by polyethylene glycol-
mediated DNA transfer as described previously (Hall et al., 1996;
Pin et al., 2012). Transgenic protoplasts, calli and regenerating
plantlets were selected using glufosinate and transgene integra-
tion was confirmed by PCR. Low copy number (1-3 transgene
copies) transformants were selected by quantitative PCR using
TagMan® assays (Life Technologies, Carlsbad, California, USA)
and DNA gel blot analysis for the effector transgene and the
PAT gene (Table 1). For DNA gel blot analysis, genomic DNA
was digested with two different restriction enzymes, EcoRI
and Ncol, separated by gel electrophoresis and transferred to
Hybond™-N membranes (GE Healthcare, Little Chalfont, UK).
Construct-specific probes were amplified from the correspond-
ing plasmid DNA using primers 5'-CTATTTACAATTACACC
ATGGCAGGCG and 5-TGAACGATCGGGGAAATTCGAGC
TCGG for analysis of BvFLI over-expression transformants,
5-GGTTTTATATGTACTACTGTTGTAGCTG and 5-TGAA
CGATCGGGGAAATTCGAGCTCGG for BvFLI RNAi transfor-
mants, and 5-GGTTTTATATGTACTACTGTTGTAGCTG and
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5-TGAACGATCGGGGAAATTCGAGCTCGG for BvFT1-BvFT2
RNAi transformants. A PAT gene-specific probe was amplified
using primers 5 -AGATTAGGCCAGCTACAGCAGCTGATA
and 5-GCCTTGGAGGAGCTGGCAACTCAAAAT. Probes were
radioactively labeled by random primer labeling (Feinberg and
Vogelstein, 1983) using a-32P-dCTP and the large (Klenow)
fragment of DNA polymerase 1 (Life Technologies, Carlsbad,
California, USA). Copy number was determined as the number
of discrete bands after hybridization. In cases where the number
of detectable bands for a given transformant differed between
the two enzymes, the detected range of copy numbers is given
in Table 1. Transgenic and non-transgenic control plants were
clonally multiplied in vitro and transferred to soil according to
standard procedures (Hall et al., 1996).

GROWTH CONDITIONS AND PHENOTYPING

Transgenic plants and non-transgenic SESO1 control plants were
grown side-by-side in the greenhouse in early spring with supple-
mentary lighting under 16 h light/8 h dark cycles. Vernalization
and phenotyping was as described previously for Bvbtcl RNAi
transformants (Pin et al., 2012). In brief, vernalization was carried
out in a climate chamber at 4°C and 16 h light for 3 months. To
avoid devernalization several acclimation steps were performed
over a period of 6 weeks during which the temperature was raised
from 4 to 25°C during the light cycle and from 4 to 15°C during
the dark cycle. Plants were phenotyped for the occurrence and
time of bolting three times per week until 6 months after vernal-
ization. Bolting time was defined as the number of days after the
end of vernalization for a plant to reach a stem height of 5cm.
For each independent transgenic event 12—20 plants were pheno-
typed for bolting time. The non-transgenic control comprised 37
clones of the host genotype that was used for transformation. The
Student’s t-test was used for statistical analysis of phenotypic data.
A subset of plants was not vernalized but instead continued to be
grown in the greenhouse over spring and summer for more than
6 months under natural daylight conditions with supplementary
lighting (16 h).

GENE EXPRESSION ANALYSIS

For each transgenic event and the non-transgenic control geno-
type, leaf samples of three clones each were harvested before
vernalization 2 months after transfer to soil and again at the end
of a 12 week vernalization period at Zeitgeber time (ZT) 6-8.
For diurnal expression analysis, leaf samples of three individ-
ual clones of the BvFLI over-expressing transformant 016-05C
were taken every 2h over a period of 24h 4 weeks after the
end of vernalization. RNA extraction and cDNA synthesis were
done for each of the three biological replicates (clones) sepa-
rately and exactly as described for Bvbtcl RNAi transformants
(Pin et al., 2012). Primer annealing temperatures and elongation
times are given in Table S1. Three technical replicates were per-
formed for each RT-qPCR reaction. RT-qPCR was performed on
a CFX96 Real-Time PCR detection system (Bio-Rad Laboratories,
Hercules, California, USA) as described in Pin et al. (2012). To
determine RT-qPCR efficiencies and serve as positive controls, the
endogenous target transcript regions analyzed by RT-qPCR were
cloned into the pGEM-T vector (Promega Corporation, Madison,

Wisconsin, USA). All plant samples were assayed for expression
of the respective RNAi or over-expression target gene and the
housekeeping gene BY'GAPDH, which was used as a reference gene
for normalization. The comparative Cr(2=2ACTY method was
applied for analysis (Schmittgen and Livak, 2008).

RESULTS

RNAi AND OVER-EXPRESSION OF VERNALIZATION RESPONSE GENES
IN BIENNIAL BEETS

BvFL1 and the FT-like gene pair BvFT1-BvFT2 were analyzed by
RNAI or over-expression in a biennial genetic background. Four
to ten independent transformants were pre-selected for the pres-
ence of transgene inserts and low transgene copy numbers by
PCR, TagMan® assays and DNA gel blot analysis as described
in Materials and Methods. Transformants with low copy num-
bers (1-3) were multiplied by clonal propagation and analyzed
for changes in target gene expression and bolting time (Table 1;
Table S1).

BvFL1

Down-regulation of BvFL1 by RNAi to less than half of the
expression level in the non-transgenic control plants was suc-
cessful in four out of seven transgenic events (Figure 1A). Two
of these events (021-11G, 024-12E) showed a reduction to
less than 20% of the expression level in the control plants.
Following vernalization, all BvFL1 RNAi transformants bolted
(Figure 1A; Table1). The mean days to bolting after the end
of vernalization varied from 35.60 to 44.15 days, whereas bolt-
ing occurred on average 41.03 days after vernalization in the
non-transgenic control plants. In one BvFL1 RNAi event, the
mean days to bolting did not deviate significantly from the con-
trol plants. Five events bolted 2.28-5.43 days earlier and one
event bolted 3.12 days later than the control plants. Of the
four BvFLI RNAi events in which BvFLI was down-regulated
most, two (021-11G, 021-12H) bolted 3—4 days earlier than
the control, one (024-12E) bolted 3 days later, and one (021-
12A) did not deviate significantly from the control. Together, the
data suggest a certain level of experimental noise but did not
reveal a clear and consistent phenotypic effect of reduced BvFLI
expression.

Of the four events derived from transformation with a BvFLI
over-expression construct, all showed strong up-regulation of
BvFLI expression (Figure 1B). Bolting time after vernalization
varied from 39.93 to 49.21 days. In two events (016-05C, 017-
06C), bolting was delayed by approximately 8 days, whereas
in the two other events (016-10A, 017-07C) bolting time did
not deviate significantly from the control (Table 1). Two events
(016-05C, 016-10A) included one plant each which failed to
bolt until the end of the experiment 6 months after the end of
vernalization.

Of the two events with down-regulation of BvFLI to less than
20% of the control (021-11G, 024-12E) and two BvFLI over-
expression events (016-05C, 016-10A), an additional 5-9 plants
each were grown in parallel for more than 6 months over spring
and summer under long-day conditions and without vernaliza-
tion in the greenhouse, but none of these plants initiated bolting
(Table 1).
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FIGURE 1 | Gene expression and bolting time phenotypes in BvFL1 RNAi
(A), BVFL1 over-expression (B), and BvFT1-BvFT2 RNAi transformants
(C,D). Leaf samples of non-vernalized plants derived from independent sugar
beet transformation events and the non-transgenic biennial control genotype
were taken under long-day conditions at Zeitgeber time (ZT) 6-8. For each
transgenic event, three clones were analyzed as biological replicates, and
each RT-gPCR reaction was run in triplicate. Gene expression was normalized
using the house-keeping gene BVGAPDH and the 2=22CT method
(Schmittgen and Livak, 2008). Error bars represent mean + SE of the mean.
Expression of BvFT1in BvFT1-BvFT2 RNAI plants was determined with
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and with primers which specifically amplify the endogenous BvFT1 transcript
(D). Bolting time was measured in days to bolting after the end of
vernalization. The mean of days to bolting and the SE of the mean are shown
for plants which bolted within 6 months after the end of vernalization.
Significant differences between expression levels in the transformants and
the control plants and between bolting time are indicated by asterisks

(*a = 0.05, **a = 0.01 according to Student's t-test). The total number of
plants per transgenic event and the percentage of plants which failed to bolt
within this period are given in the tables below the bar graphs.
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BvFT1-BvFT2

Out of ten transgenic events derived from transformation with
an RNAI construct carrying part of the BvFT1 c¢DNA, seven
exhibited down-regulation of the BvFT1 endogene (Figure 1C).
A further analysis of several BvFT1 RNAi transformants revealed
that not only BvFT1 but also BvFT2 was down-regulated in these
plants, presumably due to RNAIi off-target effects (see further
below). Therefore, the RNAI transformants expose the effects of
co-silencing of both constituents of the BvFT1-BvFT2 module
and will be referred to as BvFT1-BvFT2 RNAi events.

Bolting was delayed in all seven events and occurred approx-
imately 8-32 days later than in the control plants (Figure 1C;
Table 1). Besides a delay in bolting time, five of the seven BvFTI-
BvFT2 RNA:i events also included one to three non-bolting plants
each among the 15-20 plants that were phenotyped for each of the
BvFT1-BvFT2 RNAi events. An additional 47 plants (6—14 plants
each of events 014-07F, 018-09A, 020-01E, 018-12H, 020-01C)
were grown for more than 6 months without vernalization in the
greenhouse and side-by-side with the BvFLI events mentioned
above, but like these did not initiate bolting (Table 1).

Two of the transgenic events (018-06E and 019-01E) stood out
in that they appeared to show over-expression of BvFTI rather
than down-regulation (Figure 1C). The primer binding sites of
the RT-qPCR assay for BvFT1 expression were located within
the segment of the cDNA that was used for construction of the
inverted repeat cassette in the RNAi construct. Thus, both the
endogenous BvFT1 transcript and the transgene-derived tran-
script can be co-amplified, suggesting that transcription from the
transgene may contribute to the observed high levels of tran-
script accumulation. To test this possibility, BvFT1 expression
was re-analyzed by RT-qPCR using endogene-specific primers
(with binding sites outside the cDNA fragment used for RNAi
transgene construction) in the two events in question as well as
five of the events in which BvFT1 expression was either down-
regulated or largely unchanged. For the latter five events, this
analysis confirmed the previous expression data. However, for the
events in question the endogene-specific RT-qPCR now revealed
clear down-regulation of the endogene (Figure 1D). Transcript
accumulation in these two events was similarly low as in other
transformants in which BvFT1 was down-regulated (<20% of
transcript accumulation in the control). Interestingly, the same
two events also contained exceptionally high percentages of non-
bolting plants (73% in 018-06E and 44% in 019-01E; Figure 1C;
Table 1).

PRE- AND POST-VERNALIZATION EXPRESSION OF FLORAL
REGULATORS

Two independent transgenic events each which showed either
clear down- or up-regulation of the gene of interest were ana-
lyzed further. These events were assayed for target gene expression
before vernalization and at the end of a 12-week vernalization
period. Expression of BvFLI in the non-transgenic control plants
was lower at the end of vernalization than before vernalization
(Figure 2A). The strong down-regulation of BvFLI by RNAI in
the transgenic events 021-11G and 024-12E when compared to
the control plants was evident both before and at the end of
vernalization. To test for possible regulatory effects on the three

central flowering time control genes thus far identified in beet, the
BvFL1 RNA:i plants were analyzed for expression of BICI, BvFT1,
and BvFT2 (Figures 2B-D). In the non-transgenic control plants,
expression differences between samples harvested before and at
the end of vernalization were largely consistent with previous
reports (Pin et al., 2010, 2012), i.e., BTCI and BvFT2 expression
levels were higher at the end of vernalization than before vernal-
ization, whereas BvFT1 expression was strongly reduced at the
end of vernalization. Down-regulation of BvFLI by RNAi did not
result in consistent changes in expression of any of the central
floral regulators.

In the two 355::BvFLI events which were further analyzed
(016-05C and 017-06C) BvFL1 was stably over-expressed both
before and at the end of vernalization (Figure 2E). The difference
in expression levels between the two events was in approxi-
mate accordance with the respective transgene copy numbers
(1 in 016-05C and 2-3 in 017-06C; Table 1). BTCI expression
did not appear to be majorly affected by BvFLI over-expression
(Figure 2F). BvFT1 expression before vernalization was slightly
higher in the 35S::BvFL1 transformants than in the control plants
but BvFLI over-expression did not prevent down-regulation of
BvFT1 by vernalization (Figure 2G). BvFT2 expression was not
detectable before vernalization in either the control or over-
expression plants. BvFT2 was expressed at the end of vernalization
and was lower in the BvFLI transformants than in the controls
(Figure 2H). None of the expression levels in the transformants
deviated significantly from the control plants.

Expression analysis of BvFT1-BvFT2 RNAi plants before and at
the end of vernalization showed down-regulation of both of the
FT genes (Figure 3). Because BvFT2 is only expressed after ver-
nalization, down-regulation of this gene was only detectable in
the post-vernalization samples (Figure 3C). As described above,
BvFT1-BvFT2 RNAi transformants showed low accumulation
of both endogene- and transgene-derived transcripts (including
014-07F and 020-01E; Figure 3) except for two events (018-06E,
019-01E) in which the transgene-derived transcripts accumulated
to higher levels. The distinction between these two types of events
was evident both before and at the end of vernalization.

DIURNAL EXPRESSION PROFILES OF FLORAL REGULATORS IN BvFL1
OVER-EXPRESSION PLANTS
Previous reports for Arabidopsis indicated a regulation of the cir-
cadian clock by FLC (Swarup et al., 1999; El-Assal et al., 2003;
Salathia et al., 2006). Therefore, the late-bolting BvFL1 over-
expression event 016-05C, which carries a single copy of the
transgene, was assayed for changes in the diurnal expression pro-
files of the beet homolog of the circadian clock gene GIGANTEA
(GI) (Pin et al,, 2012) and the photoperiod response gene BTCI.
BvFT1, BvFT2 and BvLHPI, a homolog of the vernalization
pathway gene LIKE HETEROCHROMATIN 1 in Arabidopsis
(GenBank accession number KJ636469), were also included in
the analysis. Diurnal expression was analyzed under long-day
conditions (16h light, 8 h darkness) 4 weeks after the end of
vernalization.

In the non-transgenic control plants, BvFLI had two broad
peaks of expression at mid-day to mid-afternoon and in the sec-
ond half of the night until early morning (Figure 4A), indicating
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under long-day conditions. Expression analysis, normalization, and statistical
analysis was performed as described for Figure 1. Significant differences
between expression levels in the transformants and the control plants are
indicated by asterisks (*a = 0.05, **a = 0.01 according to Student's t-test).

that BvFLI itself is diurnally regulated. Over-expression of BvFLI
resulted in strongly increased transcript accumulation during
the entire course of the day (Figure 4B). Transcript accumula-
tion was not constant but peaked at ZT 12. Diurnal fluctuations
of similar amplitude in expression from a CaMV 35S promoter

in transgenic plants were observed before (Millar et al., 1992;
Lu et al.,, 2011). BvLHPI transcript accumulation exhibited two
peaks in the early afternoon (ZT 10) and in the middle of the
night (ZT 20; Figure 4C). Over-expression of BvFL1 correlated
with a phase shift by approximately 2h in BvLHPI expression
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during the light cycle compared to the control plants, resulting
in a peak of expression at ZT 12. BvLHP]I expression in the dark
was in phase with the control. Expression of BvGI (Figure 4D)
and BTCI1 (Figure 4E) was similar as reported previously (Pin
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et al., 2012). While expression of both genes reached its maxi-
mum around mid-afternoon, the peak of expression was broader
for BTCI. Overall, the expression profiles of both BvGI and BTCI
were similar in the BvFLI over-expressing plants and the control
plants.

As reported before (Pin et al., 2010, 2012), the floral repres-
sor BvFT1 is only relatively weakly expressed after vernalization
but exhibits detectable transcript accumulation in the morning
hours, whereas expression of the floral activator BvFT2 peaks
around mid-afternoon. Expression of these genes in the control
plants of the current study were in accordance with the previ-
ous reports (Figures 4F,G). However, the BVFLI over-expressing
plants revealed the following deviations from the regular expres-
sion patterns in the control plants: (1) BvFT1 expression showed
a sharp peak of increased expression around ZT 8, and (2) BvFT2
showed a reduction in gene expression in the afternoon and
evening when compared to the control plants.

DISCUSSION

Recent studies have revealed a central role of the B locus gene
BTCI and its downstream target gene BvFTI in vernalization
response and bolting control in beet (Pin et al., 2010, 2012).
Furthermore, in contrast to Arabidopsis, where vernalization
requirement and growth habit is governed by natural variation
at FLC or its upstream activator FRI, life cycle control in beet is
determined by allelic variants of BTCI. Despite the apparent dif-
ferences in the genetic make-up of the core regulatory modules
in Arabidopsis and beet, an FLC homolog has been identified in
beet (Reeves et al., 2007). Complementation analysis in an early-
flowering flc mutant in Arabidopsis showed that the FLC-like gene
BvFL1 was able to rescue the wild-type phenotype, but the func-
tion of BvFLI has not yet been analyzed in beet. The current
study aimed to address the functional role of BvFLI and possi-
ble regulatory interactions with BTCI and/or the BvFT1-BvFT2
module by transgenic analyses in beet. The main findings are that
(1) down-regulation of BvFL1 neither affects bolting time majorly
after vernalization nor enables bolting without vernalization, (2)
over-expression of BvFLI is not sufficient to prevent bolting after
vernalization but can result in a moderate delay of bolting, and
(3) co-silencing of the BvFT1-BvFT2 module in BvFT1 RNAi
transformants leads to a stronger bolting delay than BvFLI over-
expression and high percentages of non-bolting plants in some
events.

The observed lack of a floral inductive effect in BvFLI
RNAi transformants stands in contrast to observations in
Arabidopsis, where mutation or antisense-mediated down-
regulation of FLC strongly accelerates flowering (Michaels and
Amasino, 1999; Sheldon et al., 1999, 2000) and can elimi-
nate the very late-flowering phenotype found in winter-annual
(vernalization-responsive) accessions (Michaels and Amasino,
2001). This observation corroborates the notion from the work
on BTCI and BvFTI that in beet a different regulatory switch
has evolved for the control of growth habit, and shows for the
first time that in beet altered regulation of the FLC-like gene is
not sufficient to promote an early-bolting (annual) growth habit.
The fact that BvFLI RNAi transformants are responsive to vernal-
ization further suggests that vernalization can promote bolting

through a BvFLI-independent pathway. In Arabidopsis, despite
the regulatory role of FLC in the vernalization pathway, fIc null
mutants are also vernalization-responsive, which suggested the
presence of an FLC-independent vernalization response pathway
also in this species (Michaels and Amasino, 2001). Later work
implicated other MADS-box genes in FLC-independent regula-
tion of vernalization response (Alexandre and Hennig, 2008).
In beet, a BvFLI-independent vernalization response pathway is
likely to involve at least in part the actions of BTCI and BvFT1.

While BvFL1 may not have a key role in the regulation of ver-
nalization requirement and response in beet, the moderate delay
in bolting that was observed in transformants over-expressing
BvFLI suggests that the gene has retained a functional role in
the control of floral transition, and is consistent with the ear-
lier complementation studies in Arabidopsis (Reeves et al., 2007).
However, phenotypic effects of over-expression are not a definite
proof of a gene’s function in an endogenous biological process.
For example, ectopic expression of the A. thaliana gene FLC in
rice also delayed flowering despite the absence of FLC-like genes
in rice (Tadege et al., 2003). With regard to growth habit, the
biennial, vernalization-responsive sugar beet accession used in the
current study is similar to winter-annual Arabidopsis accessions.
Over-expression of FLC in winter-annual Arabidopsis accessions
frequently resulted in transformants which completely failed to
flower (Michaels and Amasino, 1999; Sheldon et al., 1999). In
beet, however, complete suppression of bolting by BvFLI over-
expression was not observed. The notion that BvFL] expression
is not sufficient to prevent floral transition in beet also appears
consistent with the previous finding that the temporary down-
regulation of BvFLI during vernalization is reversed upon transfer
to warmer temperatures (Reeves et al., 2007). The moderate phe-
notypic effects of altered BvFLI expression may suggest that the
strong floral inhibitory effect of BvFT1 (Pin et al., 2010) masks or
overrides a possible contributory role of BvFLI in the repression
of bolting.

In Arabidopsis, allelic variation at FLC was suggested to affect
circadian period length (Swarup et al., 1999) and over-expression
of FLC lengthened the circadian period by approximately 1h
(Salathia et al., 2006). Salathia et al. further argued that repres-
sion of FLC in response to vernalization and the resultant shorter
circadian periods may reduce the critical daylength required for
the photoperiod pathway to promote flowering, thus accelerat-
ing flowering in spring. In our study, expression of BvFLI showed
diurnal oscillations both in the biennial control plants and the
BvFL1 over-expressing plants. While strong diurnal oscillations
of FLC have not been reported in Arabidopsis (e.g., Fujiwara
etal., 2010), a similar expression profile to that observed here for
BvFLI was found by Lu et al. (2011), with peaks of FLC expres-
sion in the afternoon and at the end of the night. Among the
putative clock-regulated genes analyzed in BvFLI over-expression
plants, neither BvGI nor BTCI were majorly affected in their diur-
nal expression profiles. Expression of both of these genes and of
BvLHP] was slightly elevated in the afternoon hours in the BvFLI
over-expressing plants, but the differences were too subtle to be
conclusive.

FLC inhibits floral transition at least in part by repression of
FT in leaves, which involves a direct interaction of FLC protein
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with FT chromatin (Helliwell et al., 2006; Searle et al., 2006). Our
data for beet tentatively suggest that BvFLI over-expression leads
to a reduction of BvFT2 expression, which is apparent both at the
end of vernalization (Figure 2H) and in the diurnal expression
profile 4 weeks after vernalization (Figure 4G). BvFT2 expression
in BvFL1 over-expressing transformants rises more slowly in the
mid-day hours and is reduced compared to the control plants
during the afternoon and evening hours. This suggests that the
observed bolting delay may also be mediated by negative reg-
ulation of BvFT2 by BvFLI in beet. However, although BvFT2
down-regulation is consistent in all samples and is apparent at
multiple consecutive time points in the diurnal expression profile,
the differences are not statistically significant in pairwise com-
parisons with the respective controls. Similarly, the analysis of
BvFT1 in BvFLI over-expression plants showed an increase in
BvFT1 expression which however was not statistically significant.
Thus, it remains speculative whether changes in BvFT1 and/or
BvFT2 expression mediate the observed bolting delay in BvFLI
over-expression plants.

The current study also revealed phenotypic effects of co-
silencing of BvFT1 and BvFT2. BvFT1 and BvFT2 share 80%
sequence identity at the nucleotide sequence level within the
361 bp region of the coding sequence that was used for RNAi
vector construction, including a 23 bp tract of perfect sequence
identity, suggesting that down-regulation of BvFT2 is due to
off-target effects. Down-regulation of BvFT1 by RNAi had not
been achieved previously (cf. Pin et al., 2010). Although down-
regulation of BvFT1 in the RNAI transformants investigated here
was accompanied by down-regulation of BvFT2, the data pro-
vide new evidence for the critical role in bolting control of the
BvFTI1-BvFT2 module in beet, and show that the concomitant
down-regulation of both activities inhibits rather than promotes
bolting. The data also suggest that BvFT1 expression before ver-
nalization as it is typical for biennial beets is not necessary for
pre-vernalization development and that the main function of
BvFTI1 is its role in the control of vernalization response. This
notion is consistent with the apparent lack of BvFT1 expression
in annual beets throughout development (under long-day condi-
tions; Pin et al., 2010). All BvFL1 RNAi, BvFL1 over-expression
and BvFT1-BvFT2 RNAi transformants investigated here were
grown and analyzed side-by-side with each other as well as with
the btcl RNAi transformants described by Pin et al. (2012), thus
facilitating a comparative view. The strong phenotypic effect of
altered regulation of the BvFTI1-BvFT2 module in BvFT1 RNAi
transformants when compared to BvFL1 RNAI or over-expression
point at the predominant role of the FT genes in bolting control in
beet. Finally, it is also interesting to note that among all the BvFL1,
BvFTI1-BvFT2, and btcl RNAI transformants, it was clearly the
btcl RNAi transformants which showed the strongest suppression
of bolting, with multiple transgenic events in which bolting was
completely suppressed until the end of the experiment 6 months
after the end of vernalization (Pin et al., 2012).

Perhaps noteworthily, the strongest inhibitory effect on bolt-
ing was found in two transgenic events (018-06E and 019-01E) in
which the BvFT1 transgene was highly expressed despite a strong
reduction in accumulation of the endogenous BvFT1 transcript.
A large number of plants derived from these events failed to bolt
after vernalization [11 out of 15 plants (73%) and 7 out of 16

plants (44%), respectively], while the remaining plants of these
events bolted very late and showed a stunted phenotype similar
to btcl RNAi transformants (Pin et al., 2012). The concomitant
accumulation of the transgene transcript and silencing of the
endogenous transcript may suggest that in these transformants
transgenic and endogenous transcripts are not co-suppressed, but
that the transgene transcript may trigger RNAi of the endoge-
nous transcript without itself being a target of (efficient) RNAi-
mediated transcript degradation. Because the two transformants
carry multiple copies of the transgene it is conceivable that at
least one of these copies carries the complete BvFT1 inverted
repeat cassette and effects RNAi, whereas another copy may have
integrated only partially and escaped silencing. The cDNA frag-
ment used for RNAI transgene construction spans ~67% of the
full-length coding sequence and covers 88% of the central PEBP
domain, including the functionally important amino acids in the
fourth exon (Pin et al., 2010). The putative translation product,
starting with the first in-frame ATG codon downstream of the
35S promoter, is predicted to contain 92 amino acids (~51%) of
the full-length protein and ~67% of the PEBP domain. Thus, it is
conceivable that expression of a partial BvFT1 protein at least con-
tributes to the particularly strong inhibition of bolting observed
in these transformants. In this scenario, the protein sequence out-
side the 92 amino acid region would appear to be dispensable for
repression of bolting by BvFT1.

In conclusion, our data show that BvFLI is not a major reg-
ulator of vernalization response in beet. A comparison with
phenotypic data from BvFT1-BvFT2 RNAi plants and our previ-
ously described btcI RNAi transformants further suggests that in
beet the BvFT1-BvFT2 module and its upstream regulator BTCI
have evolved a more dominant role in the control of vernalization
reponse and bolting time. Future comparative studies between
both species may help to uncouple the contributions of FLC and
FLC-like genes to floral regulation through direct effects on FT'
genes or upstream interactions between vernalization- and pho-
toperiod responsive flowering time control mechanisms. From an
evolutionary perspective, knowledge of conservation and diver-
gence of floral control mechanisms between model species and
the phylogenetically distant dicot species B. vulgaris is casting an
increasingly interesting light on one of the best studied develop-
mental processes in plants.
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INTRODUCTION

Specific timing of flowering is an important adaptive trait that
ensures flowering occurs when conditions are favorable. In many
plant species, flowering takes place during a particular time of
year in response to the sensing of seasonal cues, such as changing
day lengths and/or temperature. One adaptation to the seasonal
changes that occur in temperate climates has been the evolution
of a vernalization response (Amasino, 2010; Andrés and Coup-
land, 2012). Vernalization is the process by which exposure to
the prolonged cold of winter results in the ability to flower in
the next growing season (Chouard, 1960). Cold exposure alone
is typically not sufficient to induce flowering, but it often must
be coupled to an additional inductive cue such as the increas-
ing day lengths experienced during spring and summer months
(Lang, 1952). Although satisfying the vernalization requirement
often permits flowering after exposure to inductive cues, the key
adaptive value of a vernalization requirement is that it prevents
flowering in the fall season, thus ensuring that flowering does not
commence as winter begins (Amasino, 2010).

CONCEPT OF MEMORY

An interesting component of the vernalization response in some
plant species is that the acquisition of the ability to flower from cold
exposure is mitotically stable after plants resume active growth in
warm conditions (Amasino, 2004). This “memory of winter” is
readily demonstrated in species for which there is a qualitative
requirement for an additional cue to flower, such as inductive
photoperiods, after the cold requirement has been satisfied. One

Plant species that have a vernalization requirement exhibit variation in the ability to
“remember” winter — i.e., variation in the stability of the vernalized state. Studies in
Arabidopsis have demonstrated that molecular memory involves changes in the chromatin
state and expression of the flowering repressor FLOWERING LOCUS C, and have revealed
that single-gene differences can have large effects on the stability of the vernalized state. In
the perennial Arabidopsis relative Arabis alpina, the lack of memory of winter is critical for its
perennial life history. Our studies of flowering behavior in the model grass Brachypodium
distachyon reveal extensive variation in the vernalization requirement, and studies of a
particular Brachypodium accession that has a qualitative requirement for both cold exposure
and inductive day length to flower reveal that Brachypodium can exhibit a highly stable

Keywords: vernalization, flowering, Brachypodium, epigenetics, life history

of the first studies on the stability of the vernalization state (or
thermoinduced state as it was sometimes referred to) was done
with a biennial strain of henbane (Hyoscyamus niger) that has
an obligate requirement for a vernalizing cold exposure followed
by long days (LD); i.e., vernalized henbane plants will not flower
when grown in non-inductive short days (SD). In henbane, the
vernalized state is “remembered” because vernalized plants grown
in SD for long periods of time readily flower after they are shifted
to inductive LD (Lang and Melchers, 1947).

MOLECULAR BASIS OF THE MEMORY OF WINTER

A considerable amount of information regarding the molecular
nature of the vernalization pathway is known from studies in
the eudicot model Arabidopsis thaliana (Brassicaceae; Kim etal.,
2009; Amasino, 2010; Song et al., 2013). The vernalization require-
ment is largely due to the expression of a MADS-box-containing
transcription factor, FLOWERING LOCUS C (FLC), which is an
effective flowering repressor (Michaels and Amasino, 1999; Shel-
don etal., 1999). The level of FLC expression is determined by an
extensive regulatory network that includes components involved
in small RNA metabolism (Swiezewski et al., 2009; Heo and Sung,
2011; Song etal., 2013) as well as a protein complex that appears
to have evolved specifically for FLC activation (the FRIGIDA
complex; Choi etal., 2011; Lee and Amasino, 2013). The FLC
protein prevents flowering at a molecular level by binding to the
promoters of specific genes and blocking their expression (Hel-
liwell etal., 2006; Searle etal., 2006); these genes include FT,
which encodes the mobile “florigen” signal in leaves as well as
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SUPPRESSOR OF CONSTANS 1 (SOC1) and FD in meristems.
FD, FT, and SOCI encode proteins that activate a suite of floral
homeotic genes such as APETALA1 (AP1I) that specify floral organs
(Kim etal., 2009).

Vernalization results in the silencing of FLC expression
(Michaels and Amasino, 1999). During winter, exposure to pro-
longed cold results in a polycomb-like, chromatin-modifying
complex initiating the modification of FLC chromatin, transform-
ing it from an active euchromatic state into a stably repressed
heterochromatic state that remains repressed for the rest of the
life cycle (for reviews see Amasino, 2010; Andrés and Coupland,
2012; Zografos and Sung, 2012; Song etal., 2013). During cold, a
unique, cold-specific polycomb component known as VERNAL-
IZATION INSENSITIVE 3 (VIN3) is induced; the VIN3 protein
is necessary for polycomb-mediated FLC silencing (Sung and
Amasino, 2004; Wood et al., 2006; De Lucia et al., 2008). The poly-
comb complex adds methyl groups to histone 3 (H3) at lysine
27 (K27) residues to form trimethylated H3 (H3K27me3), and
increased H3K27me3 of FLC chromatin appears to be one of
the first chromatin changes accompanying FLC silencing (Bas-
tow etal., 2004; Sung and Amasino, 2004; Finnegan and Dennis,
2007; De Lucia etal., 2008; Angel etal., 2011). Vernalization-
mediated FLC silencing is also associated with increased lysine
9 (K9) trimethylation at H3 (H3K9me3; Sung et al., 2006a,b), and
H3K9me3 appears to be required for the memory of winter at
FLC.

The H3K27me3 modification at FLC spreads and persists after
the cold exposure is over (Finnegan and Dennis, 2007; De Lucia
etal., 2008; Angel etal., 2011), and H3K9me3 is likely to spread
as well. Because the vernalized state and FLC chromatin mod-
ification persist through mitotic cell divisions in meristem cells
after cold treatment ends, it is reasonable to think of vernaliza-
tion as an environmentally induced epigenetic switch (Amasino,
2004; Schmitz and Amasino, 2007). Although FLC repression is
maintained throughout the plant’s life cycle, the repressed state of
FLC becomes reset to an active state in the following generation,
resulting in the re-establishment of the vernalization requirement
(Amasino, 2004; Schmitz and Amasino, 2007). The stable repres-
sion of FLC is consistent with the annual life history of Arabidopsis
which involves the conversion of all shoot meristems to flower-
ing which maximizes the number of progeny in a single cycle of
reproduction (Amasino, 2009).

TO HAVE OR NOT TO HAVE MEMORY

In contrast with annual plants such as Arabidopsis, perennials
live for many years and flower repeatedly throughout their lives.
For perennials to persist for multiple growth cycles, it is critical
that not all of the shoot meristems become irreversibly floral;
rather, some meristems need to be reserved for next season’s
growth (Amasino, 2009; Turck and Coupland, 2013). Recently,
aspects of the molecular basis of the perennial life history trait
have been studied in Arabis alpina, a relative of Arabidopsis in
the Brassicaceae (Wang etal., 2009; Bergonzi etal., 2013; Turck
and Coupland, 2013). Like many accessions of Arabidopsis, A.
alpina also requires vernalization in order to flower. However,
unlike Arabidopsis, in A. alpina vernalization does not result in
the flowering of all shoot meristems (Wang etal., 2009). Only

certain meristems (those that were most actively growing before
cold exposure commenced) produce flowers, whereas other meris-
tems produce only vegetative shoots following cold exposure
(Wang et al., 2009).

In A. alpina, not all shoot meristems become floral at least
in part because vernalization is “forgotten.” In many (and prob-
ably all) Brassicaceae, a vernalization requirement results from
flowering repression mediated by FLC or an FLC ortholog. In
A. alpina, the FLC ortholog is known as PERPETUAL FLOWERI
(PEPI1; Wang etal., 2009). The PEPI expression pattern is simi-
lar to that of FLC before and during cold; specifically, it is highly
expressed prior to cold exposure and is down-regulated during
cold exposure. However, a key difference is that after cold exposure
ends, FLC repression is maintained in Arabidopsis, whereas PEP]
repression is forgotten: after cold exposure ends, PEPI mRNA
levels begin to rise and eventually reach pre-vernalization levels
(Wang etal., 2009). Furthermore, although the repressive chro-
matin mark, H3K27me3, increases during cold, it does not persist
after cold exposure ends (Wang etal., 2009). Thus, the difference
in the stability of chromatin modifications in PEPI versus FLC
contributes to the perennial versus annual life history trait of A.
alpina and Arabidopsis. As discussed below, single-gene mutations
in Arabidopsis can result in PEPI-like behavior at the FLC locus
including a transient, cold-specific increase in H3K27me3 (Sung
and Amasino, 2004).

This perennial strategy “works” in A. alpina because in this
species (as well as in Arabidopsis) once flowering commences it is
irreversible and no longer subject to FLC/PEPI-mediated repres-
sion. Some of the shoot meristems of A. alpinabecome irreversibly
committed to flowering before post-vernalization PEP]I levels rise,
whereas the post-vernalization resumption of PEPI expression
appears to prevent flowering in other meristems thus “reserving”
those meristems for the next growing season (Wang etal., 2009).
Irreversible FLC-independent flowering results, at least in part
in Arabidopsis, from a positive feedback loop involving the floral
meristem-identity genes LEAFY and APETALAI which activate
each other’s expression (Liljegren etal., 1999), and the feedback
loop is not subject to FLC repression.

GENETIC VARIATION FOR MEMORY

Interestingly, the stability of the vernalized, repressed state of FLC
in Arabidopsis is easily perturbed through single-gene mutations
(Levy etal., 2002; Sung etal., 2006a; Schmitz etal., 2008; Kim
etal., 2009). For example, in vrnl, prmt5, or lhpl mutants, cold-
mediated FLC repression is transient similar to that in A. alpina —
i.e., FLC is repressed during cold exposure, but expression rises
after plants resume growth in warmer conditions (Levy et al., 2002;
Sung etal., 2006a; Schmitz etal., 2008). VRNI, PRMT5, and LHPI
do not encode components of the polycomb complex; rather, they
encode other types of chromatin-modifying proteins involved in
epigenetically “locking in” the repressed state of FLC such that
polycomb-initiated repression becomes mitotically stable in warm
conditions (Kim etal., 2009). This mitotic stability appears to
require an increased level of H3K9 trimethylation at FLC, as well
as H3K27 trimethylation (Bastow etal., 2004; Sung and Amasino,
2004; Sung etal., 2006a,b). Thus, a single-gene change can deter-
mine the difference between a memory of winter or lack thereof,
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and it might be expected that families of plants in addition to the
Brassicaceae would contain vernalization-requiring members that
had a memory of winter and members that did not depending
upon the life history strategies they have evolved.

MEMORY IN A GRASS MODEL

Vernalization-requiring species exist in many plant groups span-
ningangiosperm diversification (Preston and Sandve, 2013). There
are additional examples of species (or varieties within a species)
in which the vernalized state is not stable in non-inductive SD
conditions such as sugar beet (Caryophyllales; Margara, 1960),
primrose (Myrtales; Chouard, 1960), carrot (Apiales; Bernier et al.,
1981; Bernier, 1988), wheat (Poales; Evans, 1987), and Cheiranthus
(Brassicales; Barendse, 1964). Thus, many plant species that have
a vernalization requirement do not have the ability to “remember”
prior cold.

We sought to determine if the small, temperate grass Brachy-
podium distachyon has the ability to “remember” prior cold.
Recently, we and others have characterized natural variation in
the vernalization response in many Brachypodium accessions, and
we found considerable variation in flowering behavior, ranging
from accessions that exhibit rapid flowering without prior cold
exposure in inductive LD to accessions that have an obligate ver-
nalization requirement (Schwartz etal., 2010; Ream etal., 2012,
2014; Colton-Gagnon etal., 2013; Tyler etal., 2014). Further-
more, among the accessions that have an obligate vernalization
requirement, the amount of cold needed to saturate the vernal-
ization response ranges from 2 weeks to greater than 16 weeks
(Ream etal., 2014). With respect to the requirement for induc-
tive photoperiods, none of the Brachypodium accessions tested
flower after several months of outgrowth in SD (8-h day length)
even if vernalized extensively (Ream etal., 2014) i.e., like bien-
nial henbane, many Brachypodium accessions have an obligate
requirement for both vernalization and inductive photoperiods
in order to flower. Thus, there are Brachypodium accessions
that can be used to investigate whether or not Brachypodium
can remember prior cold with an experimental design similar
to the classic work first done in henbane by Lang and Melchers
(1947).

To determine if the vernalized state is mitotically stable in
Brachypodium, we grew vernalized plants in non-inductive pho-
toperiods before shifting to inductive photoperiods (experimental
design is outlined in Figure 1A). Briefly, we first vernalized the
accession Bd29-1 as imbibed seed for 8 weeks, which is a saturating
vernalization treatment (Ream etal., 2014). After the vernaliza-
tion treatment, we placed the vernalized seeds (and non-vernalized
controls at the same stage of development) in either non-inductive
SD or inductive 20-h LD. Some of the vernalized as well as non-
vernalized plants grown in SD for 70 days were then shifted to LD.
The shift of the vernalized plants from SD to LD revealed that the
vernalized state was robustly maintained in SD because the time
to flowering after the shift to LD was the same as that for plants
directly moved from cold exposure into inductive photoperiods
(Figure 1B). Specifically, the vernalized plants directly moved into
LD as well as the vernalized plants first moved into SD flowered
in fewer than 30 days forming only four leaves in inductive LD
prior to flowering (Figure 1B, leaf data not shown). This indicates

that, as is the case in henbane, there are accessions of Brachy-
podium in which the vernalization response is mitotically stable
and that vernalization provides only the competence to flower,
given none of the SD-only controls flowered during the duration
of the experiment.

There are several controls for this experiment. One is to shift
non-vernalized plants from SD to LD. The reason for this con-
trol is that short days are able to substitute for vernalization in
some accessions of Brachypodium (Schwartz etal., 2010; Ream
etal.,, 2014) as well as in accessions of other grass species such
as wheat and rye (Purvis and Gregory, 1937; Evans, 1987; Heide,
1994). However, the Bd29-1 accession was chosen for this study
because growth in SD does not have any effect on the vernalization
requirement (Figure 1B). An additional control is the growth of
both non-vernalized and vernalized plants in SD or LD for the
duration of the experiment. None of the SD-only control plants
or the LD-non-vernalized controls flowered during the duration
of the experiment [170 days; Figure 1A; several SD-only con-
trol plants were also dissected after 170 days of growth and all
meristems were vegetative (data not shown)]. The SD-only con-
trols demonstrate that indeed growth in SDs does not permit
flowering even in vernalized plants. The LD-only controls were
chosen to ensure that the robust flowering observed in the vernal-
ized plants was indeed due to the prior vernalization treatment
and not simply due to the age of the plant when shifted into
inductive LD. As expected for a species with a monocarpic life
history, vernalized plants grown in LD senesced rapidly after seed
fill whereas non-vernalized controls were green and still actively
producing leaves throughout the duration of the experiment
(Figures 1B,C).

We also determined whether the quantitative aspect of the
memory of vernalization is maintained in SD - i.e., is there a
memory of the duration of cold exposure in Brachypodium when
prolonged growth in SD separates cold exposure from a shift
into inductive LD? Accordingly, imbibed seeds of Bd29-1 were
exposed to varying lengths of cold (4, 6, 8, and 10 weeks), and
then transferred to SD for 120 days prior to transfer to inductive
LD (Figure 2; note this “memory test” is longer than the 70-day SD
treatment presented in Figure 1). Cold exposures of 4 and 6 weeks
are sub-saturating for vernalization in Bd29-1 (Ream etal., 2014).
In this study, controls were similar to those presented in Figure 1:
vernalized plants did not flower in SD and growth in continuous
LD without prior vernalization also did not result in flowering
illustrating the obligate nature of the vernalization requirement.
A key control was the transfer of plants directly to inductive LD
after cold exposure, which enabled a comparison of the efficacy of
different durations of cold exposure with and without an interlude
between cold exposure and photoperiodic induction of flowering.
Even sub-saturating durations of cold exposure were effectively
“remembered” during this long SD interlude as shown by the sim-
ilar time to flowering after exposure to LD commenced in the
plants exposed to 4 or 6 weeks of cold and then shifted immedi-
ately or after 120 days to LD (Figure 2). Saturating cold exposures
of 8 and 10 weeks were also fully “remembered” during the 120-day
SD treatment (Figure 2).

Information about the vernalization systems in Pooideae has
largely been derived from studies of existing allelic variation in
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FIGURE 1 | The vernalization response is mitotically stable in 70 days followed by a shift into LD (SD-LD). Bars represent the days to
Brachypodium distachyon (Bd29-1). (A) Plants were exposed to either heading average of six plants (experiment was repeated with similar results).
8 weeks of cold to saturate the vernalization response (8wksV) or were (C) Photographs of representative plants at the end of experiment. Plants
non-vernalized (NV-controls). Both the 8wksV and NV treated plants were were grown and scored as described in Ream etal. (2014). Scale bar = 9 cm.
placed either into inductive 20-h long days (LD; indicated by the gray bar) or (D,E) VRN and FT expression in a newly expanded 3d |eaf and 6t leaf of
non-inductive 8-h short days (SD; indicated by the black bar). After 70 days, Bd29-1. Imbibed seeds in soil were exposed to either a saturating cold
some of the plants that had been in SD were shifted into LD, and, as a control  treatment (5°C for 8 weeks) or no cold. At the end of cold treatment,
the remainder of the SD-grown plants were kept in SD for the duration of the non-vernalized and cold-treated plants were grown in SD and LD for
experiment. Only vernalized plants flowered in LD indicated by the letter F ~3 weeks (3LD, 3SD) and SD for an additional ~6 weeks (6SD) at 22°C
(flower); plants that did not flower are indicated by NF (non-flowering). during the light phase and 18°C during the dark phase until plants reached the
(B) Days to heading was measured as the number of days to first spikelet third leaf stage and the sixth leaf stage (Note vernalized 29-1 in LD had
emergence as done in Ream etal. (2014). Note that time during vernalization flowered by 5 weeks so did not sample 6LD). VRNT and FT transcript levels
treatment is excluded. Arrows at the top of the bar graph indicate plants that were determined by RT-gPCR as described in Ream etal. (2014) and
did not flower for the duration of the experiment (170 days). Black bars normalized to UBIQUITIN-CONJUGATING ENZYME18. ND denotes no
represent SD-grown plants; gray bars represent LD-grown plants and bars expression detected. Bars represent the average of four biological replicates
with black and gray represent those plants that were first exposed to SD for =+ standard deviation (three leaves per replicate).

wheat and barley. Such studies are consistent with a flowering
model in which three genes, VERNALIZATIONI (VRNI), VER-
NALIZATIONZ2 (VRN2), and VERNALIZATION3 (VRN3) form a
regulatory loop in leaves that responds to vernalization and pho-
toperiod (Greenup etal., 2009; Distelfeld and Dubcovsky, 2010).
VRNS3 is orthologous to FT (Yan etal., 2006) and hereafter will

be referred to as FT. Prior to cold exposure, VRN2 represses FT
expression and thus prevents flowering, whereas during and after
cold VRN2 expression decreases thus permitting flowering (Yan
etal., 2004; Sasani etal., 2009; Distelfeld and Dubcovsky, 2010).
Therefore, VRN2 occupies a position in the flowering “circuitry”
analogous to that of FLC (both are inhibitors of flowering that are
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FIGURE 2 | Increasing duration of cold exposure causes increasingly
rapid flowering in Brachypodium regardless of whether or not
prolonged growth in SD separates cold exposure from inductive LD.
Plants were vernalized for 4, 6, 8, and 10 weeks then placed into either SD
for 120 days followed by a shift into LD or placed directly into LD. Flowering
time was measured as days to heading upon emergence of first spikelet,
and the time of cold exposure (vernalization treatment) was excluded.
Arrows indicate plants that did not flower at end of experiment (240 days).
Bars represent the days to heading average of six plants (experiment was
repeated with similar results). LD = 20-h long days (gray bars), SD = 8-h
short days (black bars), SD > LD = shift after growth in SD for 120 days into
LD (black and gray bars). Plants were grown and scored as described in
Ream etal. (2014).

repressed by cold), although VRN2 encodes a protein not related to
FLC—itisa CCT domain-containing transcription factor and part
of the type VI CO-like family of genes (Yan etal., 2004). Unlike,
FLC in which chromatin-level suppression is the basis of mem-
ory, VRN2 suppression is not likely to be the primary event in
memory for two reasons. One is that no changes in chromatin
marks have been observed around the VRN2 locus during or after
cold (Oliver et al., 2009). The other is that in Brachypodium VRN2
mRNA levels are the same before and after cold exposure and this
expression pattern is not consistent with VRN2 acting as part of an
evolutionarily conserved memory system in grasses (Ream etal.,
2014).

VRNI1, however, does exhibit cold-mediated chromatin
changes. VRNI is a repressor of VRN2 and it is up-regulated
in leaves by cold exposure and its increased expression is main-
tained in warm post-vernalization conditions (Yan etal., 2004;
Sasani etal., 2009; Distelfeld and Dubcovsky, 2010; Chen and
Dubcovsky, 2012). The activation of VRNI by cold is accom-
panied by a decrease in the repressive chromatin modification
H3K27 methylation and an increase in activating H3K4 methy-
lation in a presumed regulatory region of its first intron (Oliver
etal., 2009, 2013). The level of VRNI expression is proportional
to the amount of cold experienced and thus correlates with the
quantitative nature of the vernalization response in wheat, bar-
ley and Brachypodium (Yan etal., 2003; Sasani etal., 2009; Ream
etal., 2014). Furthermore, the “henbane-like” behavior of certain
Brachypodium accessions such as 29-1 enabled us to determine
that increased VRN expression is maintained after cold exposure
regardless of whether or not the plants are shifted to inductive pho-
toperiods (Figure 1D). That VRNI expression is maintained after

cold exposure in SD — conditions in which FT is not expressed and
flowering does not occur — demonstrates that vernalization causes
a stable VRNI “on state” that is independent of FT expression
(Figures 1D,E). This day length-independent stability of the on
state of VRN after cold exposure is consistent with a role for sta-
ble VRN activation to contribute to the memory of the vernalized
state in Brachypodium. That VRNI mRNA levels are higher in LD
than in SD after vernalization is likely to be a result of FT enhanc-
ing VRN expression as shown in other cereals (Yan etal., 2006;
Sasani et al., 2009; Shimada et al., 2009; Distelfeld and Dubcovsky,
2010).

There are other candidates for genes that may have a role
in the memory of winter in grasses. For example, Huan etal.
(2013) recently identified several hundred genes in Brachypodium
for which the expression patterns changed during cold and the
changes are maintained after 7 days post cold. It will be interesting
to determine which Brachypodium genes maintain vernalization-
mediated expression changes during a “long-term memory test”
of prolonged exposure to SD after vernalization. Recently FLC-like
genes have been identified in monocots, but whether or not these
FLC-like genes have a role in flowering in the grass lineage remains
to be experimentally determined (Ruelens etal., 2013). There
remains much to learn about the molecular basis of vernalization
in temperate grasses.
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Genetic studies in Arabidopsis established FLOWERING LOCUS T (FT) as a key flower-
promoting gene in photoperiodic systems. Grafting experiments established unequivocal
one-to-one relations between SINGLE FLOWER TRUSS (SFT), a tomato homolog of FT,
and the hypothetical florigen, in all flowering plants. Additional studies of SFT and SELF
PRUNING (SP, homolog of TFLT), two antagonistic genes regulating the architecture of
the sympodial shoot system, have suggested that transition to flowering in the day-
neutral and perennial tomato is synonymous with “termination.” Dosage manipulation of
its endogenous and mobile, graft-transmissible levels demonstrated that florigen regulates
termination and transition to flowering in an SP-dependent manner and, by the same token,
that high florigen levels induce growth arrest and termination in meristems across the
tomato shoot system. It was thus proposed that growth balances, and consequently the
patterning of the shoot systems in all plants, are mediated by endogenous, meristem-
specific dynamic SFT/SP ratios and that shifts to termination by changing SFT/SP ratios
are triggered by the imported florigen, the mobile form of SFT. Florigen is a universal
plant growth hormone inherently checked by a complementary antagonistic systemic
system. Thus, an examination of the endogenous functions of FT-like genes, or of the
systemic roles of the mobile florigen in any plant species, that fails to pay careful attention
to the balancing antagonistic systems, or to consider its functions in day-neutral or perennial
plants, would be incomplete.

Keywords: flowering time, florigen, mobile growth terminators, SFT/SP regulatory hierarchy, shoot architecture,

sympodial tomato

EVOLUTION OF THE FLORIGEN EXPERIMENTAL PLATFORM
AND THE SFT/SP REGULATORY PARADIGM IN TOMATO

The florigen hypothesis emerged from elegant grafting exper-
iments in photoperiod-sensitive plants (Chailakhyan, 1936a,b).
Extensive experiments in the following 40 years, using a vari-
ety of photoperiod-sensitive plants, supported the florigen
paradigm and established its core physiological parameters. These
were critically evaluated in the superb compendium directed
by Zeevaart (1976) and can be summarized as follows: (A)
Changing light regimes induces systemic florigenic signals in
cotyledons and leaves, which are transported, primarily via the
phloem, to the apical meristems, where they induce transi-
tion to flowering. (B) While the primary environmental induc-
tive signals may vary, the final stimulus is universal and thus,
can be transmitted between species; long-day and short-day
plants respond to the same florigenic signal. (C) The flori-
genic stimulus and the flowering response are quantitative. (D)
The florigenic stimulus is balanced by systemic anti-florigenic
agents.

In the domains of classic plant physiology, florigen was con-
sidered the ultimate and sometimes the sole agent for flowering.
The classification of florigen as a systemic stimulant and the
prevailing expectation that it is a metabolic product analogous

to auxin and other plant hormones, laid the foundation for
decades of futile hunts. Florigen took on mythical proportions,
and became the “Holy Grail” of plant biology: extensively sought
after, but never found (Bernier, 1988; Zeevaart, 2006). With the
adoption of genetic and molecular approaches in plant biology,
pioneering screens for flowering genes identified five discrete
flowering pathways (Koornneef etal., 1991; Simpson and Dean,
2002; Turck etal., 2008). The discovery of seemingly linear, and
only partially overlapping genetic pathways, gave rise to post-
florigenic interpretations of floral induction, in which florigen
had no place. However, further genetic analyses in Arabidopsis
showed that while several independent flowering inducing path-
ways exist, the final outputs of all pathways converge on a small
number of flowering promoting genes, one notable one being
FLOWERING LOCUS T (FT; Samach etal., 2000; Putterill etal.,
2004).

Our encounter with the florigen odyssey was stirred by the anal-
ysis of SELF-PRUNING (SP) in tomato (Yeager, 1927; MacArthur,
1932; Pnueli etal,, 1998), a perennial, day-neutral bush with a
stereotypical sympodial growth habit (Figure 1). The upright
growth of tomato is manifested by an apparent linear shoot con-
sisting of consecutive sympodial units (SU), each forming three
leaves before terminating in a compound inflorescence. Mutant sp

www.frontiersin.org

September 2014 | Volume 5 | Article 465 | 107


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Journal/10.3389/fpls.2014.00465/abstract
http://community.frontiersin.org/people/u/167608
http://community.frontiersin.org/people/u/45099
http://community.frontiersin.org/people/u/123216
mailto:lifs@tx.technion.ac.il
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Lifschitz etal.

A regulatory envelope for shoot architecture
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FIGURE 1 | Genetic regulation of shoot architecture in sympodial
tomato. (A) Live images (top) and the corresponding schematic illustrations
(bottom) of the wild type, self-pruning and single flower truss shoots of
tomato. The primary shoot of wild type tomato (left) is terminated by the first
inflorescence relatively early, after about 8-12 leaves. The first termination
event activates the sympodial cycle (bottom left). In sympodial plants, the
apparent main shoot consists of a reiterated array of sympodial units (SU).
Each SU arises from the most proximal axillary meristems, and, depending
on the prior regulated termination of the preceding unit, consists, in the case
of tomato, of three vegetative nodes and a terminal inflorescence. The
tomato inflorescence itself is a sympodial structure in which vegetative
nodes are suppressed, intercalary leaves removed and each SU is terminated
by a single flower. Similarly, the complexity of SUs may vary between
systems being reduced to two vegetative nodes in cotton or one in Petunia.
The “determinate” shoot of the self-pruning mutant plants (middle). A
mutant sp gene accelerates the termination of SUs but does not change the
rules of the sympodial habit as such. The result is a progressive reduction in
the number of vegetative nodes between inflorescences in a pattern that
depends on light intensity and genetic background. The indeterminate growth

Regular Disrupted Delayed

in sft mutant plants (right). Unlike SP, the SFT gene targets, among its other
pleiotropic functions, the sympodial branching pattern proper. In sft, primary
termination is delayed and the terminating organ forms one flower and then
proceeds as a vegetative shoot with irregular intercalary flowers. And since
the formation of a new SU depends on the termination of the former one,
the incomplete termination in sft results in the delayed formation, or
complete suppression of the sympodial buds. Axillary buds release form
leaves of the primary shoot or vegetative inflorescence follow the same path
to generate the sft shoot system. Note that no full-proof loss-of-function
allele of SFT is available and that the number of leaves formed by the
vegetative inflorescence depends on the genetic background, and on the
integral light doses. (B) Dose-dependent regulation of primary and sympodial
termination by the SFT and SP genes. The SFT/SP paradigm is derived from
the contrasting, but at the same time mutually dependent effects, of the loss
and gain of functions of the two CETS genes. For examples: sft disrupts the
sympodial habit but is epistatic to sp in the double mutant combination. The
effects of SFT on the sympodial habit, stem growth, and leaf complexity
depend on the dose of SP and in general the morphogenetic effects of
mutant SP depend on a functional SFT
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plants form progressively shorter SUs, until the shoots terminate
in two successive inflorescences (Figure 1). Therefore, in wild
type (WT) and in sp plants, flowering is synonymous with ter-
mination (i.e., termination of the SU), with SP functioning as
an anti-terminator, maintaining vegetative growth (i.e., produc-
tion of leaves) in each SU. This basic understanding inspired the
appreciation that “termination” is the prime function of florigen.
In retrospect, SP was the first annotated flowering antagonist
gene and the introduction of the recessive sp gene into tomato
cultivars 70 years ago, facilitated mechanical harvesting, indus-
trial production, and the irreversible flooding of the world with
ketchup.

The identification of CENTRORADIALIS (CEN) of Antir-
rhinum majus and TFL1 of Arabidopsis as homologous genes that
maintain the indeterminate habit of the shoot apical meristems
(SAMs) of monopodial plants (Bradley etal., 1996, 1997), con-
ceptually and practically facilitated the cloning of SP as the third
member in the CETS gene family (Pnueli etal., 1998). These
findings were followed by the cloning of FT, another CETS-family
member (Kardailsky etal., 1999; Kobayashi etal., 1999). Then,
critical evidence was obtained that the proteins produced by SP of
tomato and FT of Arabidopsis share binding partners (Pnueli et al.,
2001) and that the tomato homolog of FT is the late-flowering SFT
gene (Lifschitz etal., 2006). In contrast to SP, inactivation of SFT
suppresses termination, consequently promoting the formation
of an indeterminate vegetative inflorescence, typically consist-
ing of one or a few flowers intervened by leaves. Furthermore,
because the release of new SUs is linked to termination, sft con-
comitantly suppresses the timely formation of SUs (Figure 1).
By regulating the periodicity of vegetative—reproductive switches,
SP and SFT dictate the overall architecture of the shoot
system.

Thus, genes promoting termination and flowering in monopo-
dial, indeterminate, and photoperiod-sensitive plants congregate
under a single molecular umbrella together with genes regu-
lating the growth/termination cycling in perennial day-neutral
plants. The evidence for a common molecular flower-promoting
denominator in such diverged systems, and the fact that of all
genes assigned to the multiple flowering pathways, only FT/SFT
were not transcription factors, expedited our attempts to duplicate
the grafting experiments that evoked the florigen hypothesis.
Instead of exploiting donors induced by photoperiodic signals,
we used SFT-overexpressing tomato plants, and instead of recep-
tors/testers growing under non-permissive day-length conditions,
we used tomato lines defective in flowering genes. These exper-
iments showed that SFT generates graft-transmissible signals
that substitute for external and internal flowering signals and
established, for the first time, an unequivocal one-to-one rela-
tion between the elusive florigen and a single Mendelian gene
(Figure 2; Lifschitz etal., 2006). The requirements for uni-
versality were satisfied by the mobile florigen-complementing
flowering mutants independent of light regimes and were fur-
ther substantiated by demonstrating that a tomato donor of SFT
rescued flowering of the classic Maryland Mammoth tobacco
grown under non-permissive conditions (Garner and Allard, 1920;
Yang etal., 2007). The genetic evidence for the florigenic signal
being a protein, and not RNA, is convincing and amply discussed

B Maryland Mammoth
rootstock 1

Donor

FIGURE 2 | Systemic delivery of Florigen and its local check by SP.

(A) A single leaf donor can stimulate flowering in an evervegetative uf sft
recipient. (B) ATomato florigen donor induces flowering in a long-day
grown MM tobacco plant (Lifschitz etal., 2006). (C,D) Quantitative
amelioration of Florigen impact — the regular response of evervegetative uf
sft recipient shoot (C) is greatly enhanced in the absence of SP (D).

(Lifschitz et al., 2006; Kobayashi and Weigel, 2007; Lin et al., 2007;
Mathieu etal., 2007; Turck etal., 2008), although critical details
of the systemic pathway as discussed below, are still lacking or
under debate.

Gene dosage analysis and epistasis tests using loss- and gain-
of-function SFT and SP genes, revealed that, in addition to
their effects on flowering, the two genes are involved in multi-
organ pleiotropic effects, all of which can be traced to shifts
in the growth-termination equilibrium. Concomitantly, grafting
experiments showed that every developmental change condi-
tioned by endogenous shifts in the SFT/SP ratios can be repro-
duced by elevated ratios imposed by graft-transmissible florigen
(Shalit et al., 2009).

Integration of the results from complementary grafting and
genetic experiments provided a new working hypothesis for the
florigen world: endogenous SFT/SP ratios regulate local growth-
termination equilibria in all meristems of the tomato shoot system.
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A switch from growth to maturation and termination is triggered
by an organ-specific shift from a low to a high SFT/SP ratio. In its
refined version, and within given thresholds, the SFT/SP paradigm
specifies that the mere shift, rather than the absolute levels of its
components, determines the developmental outcome. Florigen
originates primarily in mature leaves, which are the best exporters
of florigen, but is distributed to all organs including other develop-
ing leaves. Thus, by enhancing the maturation of acceptor leaves,
florigen generates an autoregulatory systemic information sys-
tem. Florigen functions as a universal growth hormone (Shalit
etal.,, 2009; Turnbull, 2011), where its role in boosting flower-
ing reflects its fundamental function as a modifier of growth and
termination across the shoot systems. In all its roles, the flori-
gen protein emerges as both the architectural regulator and “great
communicator” of the shoot systems in flowering plants.

Below, we review the impact of the mobile florigen in the con-
text of the SFT/SP paradigm, on development, and while many
pioneering molecular details associated with the endogenous func-
tions of FT-like genes were formulated in Arabidopsis, we use
tomato as the “centre of gravity” in this review.

FLORIGEN, FLOWERING PATTERNS, AND SHOOT
ARCHITECTURE
Shoot and flowering systems in plants differ in their inherent
potentials to respond to environmental signals and in their
innately regulated growth habits, which together dictate differ-
ent adjustments of, and by, the florigen system. Comparison of
the florigen systems in different species facilitates the classifica-
tion of its universal versus species-specific functions; however,
such a comparison is only useful when the growth habits of
the examined plants are well understood. In their response to
photoperiods, plants are categorized as long-day, short-day, or
day-neutral plants. Species can be classified by their life cycles
as annual, biennial, or perennial, each with its own adaptive
florigenic system, and also by their growth habits as monopo-
dial or sympodial. In the biennial onion, the response to
floral signals depends on exposure of the bulb to a cold win-
ter (Lee etal, 2013), whereas in the carrot, storage is built
up during the first year and flowering occurs in the follow-
ing summer. In short-lived perennials such as Arabis alpina,
flowering is restricted to particular branches that will flower
in the next year, only after exposure to inductive conditions
(Wang etal., 2011). Interestingly, a short-lived perennial, or
alternatively, an annual habit, is observed in populations of
monkey flowers living in near-shore habitats or in more inland
populations, respectively (Lowry and Willis, 2010). Polycarpic
perennial bushes with multiple flowering cycles in every grow-
ing season, such as tomato, maintain a sympodial habit in all
their shoots (Figure 1), whereas others, like cotton, display a
blend of developmentally regulated sympodial and monopodial
shoots (Mauney and Ball, 1959; McGarry and Ayre, 2012a,b).
Deciduous perennials, such as apple, maintain largely sympo-
dial branching and regulate flowering in lateral branches by a
combination of endogenous and external cues (Hallé etal., 1978;
Costes and Guedon, 2012).

How are the different components of the florigen system, which
includes biosynthesis, cellular compartmentalization, export,

phloem transport, and targeting, adapted to regulate such diverse
patterns of vegetative and reproductive cycles?

The annual monopodial and day-length-sensitive plants are
best represented by Arabidopsis (Meyerowitz, 1989; Koornneef
etal,, 1991). The apical meristem of Arabidopsis is indetermi-
nate throughout its life cycle and all appendages are laterals, with
leaves and flowers being the only determinate organs. The annual
life cycle of Arabidopsis must match the seasons, and requires a
timely, and thereby inducible, transition to flowering. This occurs
once during the life cycle, affects both apical and axillary apices
and is manifested by a clear distinction between vegetative and
reproductive phases. Accordingly, in order to serve its role in
flowering, florigen may reach the primary apex only once in a
lifetime, within a narrow time window. Such an initial day-length
signal is mostly sufficient to activate flowering in lateral shoots
(Corbesier et al., 1996).

The inducible flowering systems of annual plants, such as
Arabidopsis and rice, are also regulated, in part, by inter-
nal signals, but primarily by signals generated by light quality
and periodicity (Putterill etal., 2004). Central to the upstream
activating program of FT-like genes in photoperiod-sensitive
annual plants, is the circadian clock output transmitted by the
GIGANTEA-CONSTANS (GI-CO) pathway (Suarez-Lopez etal.,
2001; Mizoguchi etal., 2005). CO lacks a DNA-binding domain
and is recruited to CCAAT binding sites of FT by NF-YC, a mem-
ber of the trimeric CBF family (Ben-Naim etal., 2006; Wenkel
etal., 2006; Kumimoto etal., 2008). The role of CO in regulating
FT in day-length plants was adequately demonstrated by its con-
trasting effects on the FT genes of Arabidopsis and rice (Putterill
etal., 1995; Hayama etal., 2003), but variations on these themes
have been reported. For example, expression of tomato CO failed
to modify flowering time in tomato, Arabidopsis, and tobacco
(Ben-Naim etal., 2006). In the short-day Pharbitis nil, the daily
expression profiles of the two flowering-promoting FT' paralogs
are uncoupled to those of CO, suggesting that FT in this species
might be regulated by other transcription factors (Hayama etal.,
2007). Therefore, mechanistic claims based solely on expression
profiles of the seasonal CO-FT module in other plants, particu-
larly deciduous trees, should be considered with caution because,
unlike in Arabidopsis and Pharbitis, such claims have not been
backed by rigorous genetic tests (Ballerini and Kramer, 2011).
Direct conditional repressors of FT in Arabidopsis include the
MADS genes FLC and SVP (Li etal., 2008), SMZ (Mathieu etal.,
2009), PIF4 (Kumar etal., 2012), epigenetic transcription regula-
tors (Turck etal., 2007; Adrian etal., 2010), and more. But because
florigen activates flowering in response to multiple environmen-
tal and endogenous signals, regulatory relations discovered in
Arabidopsis should only be taken as a lead for system-specific
studies.

THE TOMATO SYMPODIAL SHOOT SYSTEM AND THE SFT/SP
RATIO

The sympodial system of tomato, with its polycarpic and poly-
cyclic habits, captures the most typical features of deciduous
perennials, such as grape vines and apple trees, or of perennial
bushes like roses, cotton, potato, or black nightshade (Solanum
nigrum; Bell, 1992). The sympodial shoot system of tomato is a
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conglomerate of three branching habits: (A) Axillary meristems of
the primary shoot, which are first arrested by apical cues but are
gradually released from dormancy after floral termination of the
apical meristems above them (Figure 1). (B) Sympodial branch-
ing, involving an axillary meristem, hosted by the third leaf of
each SU that is not subjected to apical dominance and grows out
in response to signals generated by the terminating SAM, with no
intervening dormancy to form the next SU (Lifschitz and Eshed,
2006). When the termination of the sympodial apex is delayed
or accelerated, the formation of the next SU will be affected in a
similar manner. Thus, “termination,” floral transition, phyllotaxis,
and branching in each SU must be coordinated in the apical bud,
within a distance of 10-50 cells. (C) Regulated branching of the
two remaining basal axillary meristems of each SU, from which
only the second is regularly activated after being released from
apical dominance. Because each SU is a replicate of its predeces-
sor, their formation requires a self-perpetuating mechanism, with
regularly cycling flowering and anti-flowering messages. Notably,
the inflorescence shoot itself is a sympodium from which nodal
leaves are removed and in which each flower represents the ter-
minating organ of the previous SU (Lifschitz and Eshed, 2006;
Lippman et al., 2008; Park etal., 2014; Périlleux etal., 2014).

SFT/SP RATIOS IN SHOOT MERISTEMS

In the tomato apex, while sp accelerates termination of SU in a
progressive, age-related manner, the primary shoots of SP and sp
isogenic plants terminate after the same number of leaves. Con-
versely, overexpression of SP delays flowering of both primary and
sympodial apices (Pnueli etal., 1998). A similar delay in the ter-
mination of the primary apices occurs in sft plants and results
in an indeterminate inflorescence shoot with a mixture of leaves
and solitary flowers that substitute for the regular compound
inflorescence. Overexpression of SFT induces extreme premature
termination of the primary shoot, but, in contrast to sp, the shoot
continues to form regular SUs. When SFT is overexpressed in
the sp background, the sympodial system collapses, as manifested
by termination of the primary apex with only 1-3 flowers, arrest
of the sympodial meristems and their failure to support the for-
mation of both a compound shoot, and formation of 1-3 leaves
on the 34 axillary meristems of the primary shoot before ter-
minating with a “blind” apex (Shalit etal., 2009). Termination
induced by high SFT concentrations is therefore sensitive to sp,
particularly in the SUs, which are resistant to high SFT levels under
functional SP.

Termination and flowering in cultivated tomato are not sen-
sitive to day length but are extremely sensitive to integral light
doses (Kinet, 1977). Under low light conditions, primary flowering
is delayed: first inflorescences tend to abort at their primor-
dial stage, mature inflorescences turn partial leafy, and flowering
within the SU is extended from three to five or six leaves. sp
plants are less sensitive to low light intensity, while sft plants are
much more sensitive than their WT siblings. Overexpressors of
SFT, in WT or sp backgrounds, are virtually insensitive to low-
light intensities. Likewise, sp accelerates sympodial of flowering
in every examined recessive late-flowering background. There-
fore, both sp and high SFT/SP ratios can substitute for light in
tomato.

In agreement with their responses to the SFT/SP ratio, the
sympodial meristems are also sensitive to intermediate levels of
SP and SFT. When SFT is expressed in sp/+ heterozygous plants,
regular SUs, with two instead of three leaves, dominate the shoots
(Shalit etal., 2009). But the reproductive differentiation of the
shoot apex is also sensitive to dose changes in sft/4 plants. Krieger
etal. (2010) reported that tomato plants heterozygous for SFT and
growing under wide spacing conditions, produced a much higher
fruit yield as compared to other heterozygous lines, and attributed
this effect to a single gene heterosis. More recently, dedicated mea-
surements and appreciation of the fact that the heterozygous plants
were also homozygous for sp, led to the conclusion that a dosage
response to SFT, i.e., the SFT/SP ratio, tunes shoot architecture in
a quantitative manner, and in particular field stands, such tuning
may result in higher yields (Jiang etal., 2013).

Primary and sympodial tomato meristems are, as mentioned
above, differentially sensitive to similar SFT/SP ratios. In the
mature inflorescence shoots of monopodial Arabidopsis, buds in
the axils of bracts terminate with a flower, with no intervening
vegetative phase, while the primary SAM remains indetermi-
nate. The SAM is “protected” from florigen activity by TFLI,
as shown by #fll primary shoots, which are terminated by a
flower while their flowering time is only marginally affected
(Shannon and Meeks-Wagner, 1991; Alvarez etal., 1992). How-
ever, lateral shoots of #fI1 plants flower after the formation of 0-2
leaves instead of 2—5 leaves in WT. Therefore, flowering and the
role of SFT/SP (FT/TFL1) ratios in both annual Arabidopsis and
perennial tomato, must be considered in the framework of the
two flowering systems, one for the primary shoots and the other
for lateral shoots, sympodial in tomato and the regular laterals in
Arabidopsis (Lifschitz and Eshed, 2006).

Importantly, all meristematic activities in the shoot systems can
be terminated via elevated SFT/SP ratios. In particular, arrest of
lateral expansion and secondary growth of the stems, most likely by
attenuated cambial activity, typical to SFT overexpressing plants,
is maintained throughout growth even if the sympodial cycle is
completely recovered. Under the same SFT level, as noted above,
sympodial meristems of the same shoots, maintain a regular, even
if accelerated, 3-leaf cycle. The quantitative, meristem-specific
impacts of the SFT/SP ratio are further illustrated through the
response of the compound leaf to high SFT/SP ratios.

COMPOUND LEAVES VIEW THE 1:1 RATIOS OF SFT/SP AND
sft/sp AS EQUALLY INFORMATIVE

A correlation between leaf growth and flowering has been fre-
quently observed in many plants but has generally been attributed
to secondary effects of flowering. Our results implied that transi-
tion to flowering and reduced leaf-growth represent two facets of
the same developmental process. The formation of a compound
leaf in tomato requires the activation of lateral leaflet meristems
along the primary rachis and of additional rounds of ramifica-
tion along secondary leaf rachises (Hareven etal., 1996; Efroni
etal., 2010). The complexity of the leaf is marginally reduced in
sp plants, but plants overexpressing SP, e.g., bearing a low SFT/SP
ratio, show excessive activity of the plate meristem in the lamina
(Shalit etal., 2009). sft leaves have excess intercalary leaflets (foli-
oles, Molinero-Rosales etal., 2004), while leaves overexpressing

www.frontiersin.org

September 2014 | Volume 5 | Article 465 | 111


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Lifschitz etal.

A regulatory envelope for shoot architecture

SFT form smaller blades and lack folioles. However, when SFT was
overexpressed in sp plants, a dramatic reduction in complexity was
observed and leaves became progressively simple (Figure 3). All
these features have also been obtained via graft-transmissible flori-
gen. Thus, both flowering and the simplification of leaves reflect a
shift from growth to termination via changing SFT/SP ratios.

Simplification of the compound leaves is also effective in sp
plants, if the system is sensitized by other genes, such as TRI-
FOLIATE (TF). Mutant tf (a MYB factor, Naz etal., 2013) leaves
form only one pair of leaflets (Hareven etal., 1996) and tf plants
have enhanced apical dominance. In contrast, tf sp plants (high
endogenous SFT/SP ratios) flower earlier and their leaves become
progressively simple with the advance of flowering, mimicking sp
plants overexpressing SFT. Conversely, tf sft leaves (low endoge-
nous SFT/SP ratios) carry additional leaflets. However, the regular
trifoliated phenotype was rescued when sft was inactivated as
well, as in #f sp sft. Thus, when one of the two genes is func-
tional, the SFT/SP ratio determines contrasting morphogenetic
consequences, but as long as functional and dysfunctional SFT
and SP maintain a one-to-one ratio, the morphogenetic conse-
quences are identical (Shalit etal., 2009). This indicates that the
ratio of SFT to SP, and not only their actual levels, determines
the morphogenetic response. Significantly, all phenotypic changes
induced by modified endogenous SFT/SP ratios, were recapit-
ulated by graft-transmitted (systemic) florigen. In addition to
rescuing the regular sympodial pattern of sft plants, mobile flori-
gen, fully complemented all other pleiotropic defects of sft, i.e., the
extended adaxial sepal, suppression of sympodial buds, defective
sympodial patterning and the extra folioles, by leading to recov-
ery of the correct SFT/SP ratios. Likewise, mobile florigen also
substituted for high endogenous SFT, inducing the collapse of the
sympodial pattern and the simplification of the leaves in sp plants,
conditioning slim stems in receptor WT shoots, and stimulating
leaf simplification in #fplants. The mobile florigen also rescued the
size and structure of defective abscission zones in the floral pedicles
of mutant macrocalix and blind plants (Figure 3; Shalit et al.,2009),
and the normal flowering pattern in miR156-overexpressing plants
(unpublished).

Are these characteristics of the SFT/SP ratio paradigm univer-
sal or unique to tomato? Accumulating observations indicate that
growth and termination in reproductive and vegetative meristems
in other plants are also dictated by the ratio of SFT and SP
homologs. In Arabidopsis, termination of the inflorescence by
tfl1 is associated with simple, smaller, and more oblique leaves in
long days with photoperiodic induction of FT (i.e., high FT/TFL1
ratio); all of these characteristics can be reversed when FT lev-
els are reduced by short days, low light, cold temperatures, or
their combinations (lower FT/TFL1 ratio; our observations). Sup-
pression of flowering in the Maryland Mammoth tobacco grown
under long-day conditions is associated with giant leaves. Like-
wise, the leaf complexity gradually declined in distal compound
leaves of different plants approaching flowering, as seen in roses
(Efroni etal., 2010). In maize, reduction of florigen or increase in
SP-like (ZCN2) levels resulted in larger leaves, more branched tas-
sels and, as in tomato, thicker stems (Danilevskaya etal., 2011).
In cotton, vegetative shoots are monopodial, while reproduc-
tive fruiting branches are sympodial. High FT levels induced

promiscuous arrest of the sympodial branches, small and lance-
olate leaves, rather than deeply lobed leaves, and thinner stems
(McGarry and Ayre, 2012a,c). In potato, florigen promoted the
formation of tubers — which are determinate structures — at the
tips of stolons (Navarro etal., 2011), while in grapes, misexpres-
sion of an SP-like gene confers a box-like architecture, instead
of an inverted pear-shape architecture on Carignan fruit clusters
(Fernandez etal., 2010). An FT homolog (not in the form of a
mobile florigen) of Populus tremula was shown to regulate bud
set and growth (Bohlenius etal., 2006). However, since Populus
has two FT paralogs, with non-overlapping seasonal expression
pattern (Hsu etal., 2011), it remains unknown which of the
two triggers the flowering response. Finally, the significance of
the SFT/SP ratio paradigm is well illustrated in the short-lived
perennial A. alpina and long-lived perennial Rosaceae. In these
cases, early and reoccurring flowering, small shoots, and simpler
leaves are associated with suppression of their corresponding SP-
like genes (Wang etal., 2011; Iwata etal., 2012; Kurokura etal,,
2013).

THE ANTAGONISTIC COMPONENT OF THE SFT/SP BALANCE
Florigen and antiflorigen are equally important constituents of
floral induction (Chailakhyan, 1936a,b; Zeevaart, 1976; Lang et al.,
1977). The SFT/SP ratio paradigm implies that genes belonging
to the CEN, TFLI, and SP branch of the CETS may function as
universal antagonists for florigen. But it also implies that regulated
inactivation of SFT as such, is sufficient to generate an antagonistic
developmental response.

The origin of the current florigen system in flowering plants
is debated. It has been proposed that florigen endows early
flowering plants, having improved conductive systems and fast-
growing meristems, with faster and versatile capabilities to adapt
to new habitats and respond more efficiently to different envi-
ronmental signals. But because flowering is synonymous with
termination and because high, unchecked florigen levels are
detrimental, we speculated that the founder SP-like antagonist
coevolved with florigen to alleviate its harmful effect (Shalit et al.,
2009). Indeed, a thorough phylogenetic analysis (J. Bowman,
in Shalit etal., 2009, and Supplementary information therein)
showed that genes of the CEN/TFLI/SP branch are missing
from non-flowering plants. An additional analysis confirmed
these results but suggested that a duplication of an ancient
MFT gene gave rise to an intermediate florigenic FT/TFLI-like
gene in extant gymnosperms, while additional duplications gave
rise to the FT/SFT and CEN/TFL1/SP branches of angiosperms
(Karlgren etal., 2011). In contrast to the situation in extant gym-
nosperms, there are only five CETS in the genome of Amborella,
the only known living species from the earliest branch in the
angiosperm lineage (Amborella Genome Project, 2013): three
being MFT-like, one a classic FT/SFT and one a classic SP/TFLI
gene.

Expression of the FT/TFLI-like (FTL) genes of gymnosperms
in Arabidopsis resulted in delayed flowering, implying a function
more similar to that of TFL-1 (Klintenis et al., 2012). However, the
temporal and spatial expression of PaFTL2 and PaFTLI implied
roles in late-season bud sets (Karlgren etal., 2013) and when
PaFTL2, under a heat shock promoter, was expressed in Norway
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mc sp

FIGURE 3 | Diverse developmental systems are regulated by the SFT/SP
ratio. (A) Tomato plants expressing the 35S:SFT gene flower very early but
maintain normal sympodial cycling. (B,C) In the absence of SP high SFT
suppresses axillary meristems (B) or even vegetative and inflorescence apical
meristems. (D) sft leaves generate extra leaflets and folioles (E,F) 35S:SFT
plants produce simpler leaves with entire margins. (E) High SFT induces

Wild type

358:SFT

thinner stems by arresting secondary growth. (G) Loss of MACROCALYX
(mc, a putative homolog of APT) results in partially leafy inflorescence that is
rescued by further loss of SP. In contrast, the incomplete abscission zone of
mc is completely eliminated in mc sft but is fully restored by a mobile florigen
(H). (I-K) Within the flower, sft (J) conditions the formation of a larger adaxial
sepal which is greatly enhanced in jointless1 (j7) background (K).
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spruce (Picea abies), vegetative growth transitioned to terminal
bud set and growth cessation, both being steps toward dormancy
and winter hardiness. Therefore, despite the observations in
Arabidopsis, the FTLI clade in gymnosperms functions more anal-
ogously to FT in angiosperms by regulating patterns of perennial
growth.

Much like the odyssey of florigen (Sparks etal., 2013), the
course of understanding the role of the Arabidopsis TFL1 was quite
convoluted before being determined as a universal antagonist of
florigen. Mutations in TFLI were initially recognized because their
inflorescence shoots terminated with a single flower (Shannon and
Meeks-Wagner, 1991; Alvarez etal., 1992); the gene was appro-
priately assigned a role in maintaining the indeterminate state
of the inflorescence meristem (Ratcliffe etal., 1998, 1999). But
depending on growth conditions, #fI1 also displayed modestly early
flowering, condensed stem nodes and smaller and more oblique
leaves (Bradley etal., 1997). Overexpression of TFLI induced late
flowering, excessive branching of vegetative inflorescence shoots
and expanded rosette leaves (Ratcliffe etal., 1998). But these fea-
tures were always discussed in relation to floral and inflorescence
meristem fate and to general regulation of the vegetative and
reproductive phases, rather than in relation to floral transition
proper. Any generalization with respect to flowering time was fur-
ther hindered by the effects of the CEN gene of A. majus, which,
unlike TFL1, did not impact flowering time when inactivated. The
findings that TFLI forms a regulatory loop with API and LEAFY
(Liljegren etal., 1999; Ratcliffe et al., 1999) implicated TFLI in reg-
ulation of the “identity” of SAMs (Ratcliffe et al., 1998). But since
no place was found for TFLI along the linear day-length flower-
ing pathways, its role in regulating flowering in Arabidopsis was
largely ignored. This perspective, namely that FT is involved in
flowering time, while TFLI is involved in the distinctively sepa-
rate function of meristem identity, is interestingly reflected by the
complete disappearance of TFLI from recent authoritative mod-
els and reviews on flowering (Putterill et al., 2004; Kobayashi and
Weigel, 2007).

By contrast, the humble SP was viewed, from the outset,
as a legitimate flowering suppressor and its recessive allele as
a flowering-promoting gene. This was mostly due to the orig-
inal assignment of SP as a regulator of the “determinate” vs.
“indeterminate” modes of sympodial branching (Yeager, 1927;
MacArthur, 1932). Like CEN, SP plays no role in primary
flowering, yet, its inactivation induces accelerated termination
without disrupting sympodial branching per se, and its overex-
pression delays both primary and sympodial termination. We
thus regarded the gene as a legitimate component of flower-
ing and a part of the florigen system (Pnueli etal., 1998, 2001;
Lifschitz and Eshed, 2006). An important developmental consid-
eration is that while inactivation of TFLI-like genes accelerates
primary flowering in some plants, it always promotes flowering
in secondary branches. Growing genetic and molecular evidence,
from Arabidopsis, tomato, and other plants, provides a rea-
sonable basis for the analysis of antagonism in the framework
of the SFT/SP ratio and the endogenous and systemic func-
tions of the CETS genes. Below, we consider this critical issue
from various perspectives, while leaving several questions wide
open.

IT'S ALL IN THE FAMILY

CETS genes form a small family common to all plants, with a
complexity ranging from 5 in Amborella, 6 in Arabidopsis, 12 in
tomato, and 25 in maize (Danilevskaya etal., 2008, 2011). CETS
genes belong to a family of genes encoding mammalian phos-
phatidylethanolamine binding proteins (PEBP; Schoentgen etal.,
1987), of which the Raf kinase inhibitor protein (RKIP), which
functions via direct interaction with a 14-3-3 protein is best under-
stood (Yeungetal., 1999; Granovsky and Rosner, 2008). CETS have
been classified into three major clades (Ahn et al., 2006; Shalit et al.,
2009; Karlgren etal., 2011), named after the corresponding Ara-
bidopsis genes, TFL1, FT, and MFT (Mother of FT and TFLI).
Thus far, MFT genes forming the ancestral clade, have no clear
relation to flowering.

Structural analysis of RKIP revealed a small [~180 amino acids
(AA)] globular protein with a putative binding pocket for phos-
phorylated ligands (Banfield etal., 1998; Serre etal., 1998). 3D
analysis of the CEN protein confirmed the universal structural
aspects of PEBPs, but also identified a unique, unstructured,
external loop comprised of 14 AA (Banfield and Brady, 2000)
common to all CETS proteins. Both the binding pocket and the
external loop proved critical for the floral-promoting and floral-
suppressing functions of CETS genes in Arabidopsis (Hanzawa
etal., 2005; Ahn etal., 2006). A Y85H mutation, at the entrance
of the putative binding pocket, or swapping the external loop of
FT for that of TFL1, were each sufficient to convert FT to a flow-
ering suppressor. However, reciprocal alterations failed to convert
TFLI to a flowering promoter. In addition, the 14-AA external
loop has been shown to be conserved among FT-like genes, while
those of TFLI and MFT-like genes are widely divergent. A recent
comprehensive study identified only four additional AA that were
critical for converting FT to a functional TFLI (Ho and Weigel,
2014).

Natural conversion of an FT-like gene to a floral suppressor
was found in domesticated sugar beet, where a single Y to N con-
version in the external loop of an FT-like paralog generated an
FT antagonist (Pin etal., 2010). It will be interesting to explore
the role of the authentic SP/TFLI-like gene in this species. How-
ever, as more CETS genes and their functions in different plants
are reported (Meng etal., 2011; Hecht etal., 2011), it is becom-
ing increasingly difficult to specify the number of AA alterations
required to provide the external loop with a universal repressing
role. Interestingly, CEN and SP independently antagonize flow-
ering in Arabidopsis, but TFLI is inert in tobacco and tomato
(Amaya etal., 1999; Ahn etal., 2006). As CETS genes can counter-
act florigen via various mechanisms, sequence-based functional
predictions can be misleading by missing the critical residues and
the underlying mode of action.

An additional mechanism, generating antagonistic FT-like
gene products by posttranslational modification may involve the
ligand binding pockets. Nakamura etal. (2014) reported the
association of phosphatydilcholine by the ligand-binding pocket
of FT, suggesting the possibility other phosphorylated ligands,
or a yet unknown post-translation modification, function as
auto-antagonists.

In tomato, tobacco, and Arabidopsis, the natural systemic
antiflorigens candidates were SP, CET2/4, and TFLI, respectively
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(Zeevaart, 2006), genes that, unlike FT paralogs, are preferentially
expressed in the SAM. Short-range, cell-to-cell movement via
plasmodesmata was shown for TFL1 in Arabidopsis (Conti and
Bradley, 2007) and such movement may be a general feature of
CETS genes. Nevertheless, it was recently reported that one of two
TFL1-like genes in Chrysanthemum seticuspe expressed in leaves,
CsAFT, suppresses flowering under inductive short-day condi-
tions, and also induces late flowering via grafting (Higuchi etal.,
2013). It is possible that in other species, other antagonistic CETS
are preferentially expressed in leaves and systemically translocated
to the apex. In tomato, SP is predominantly expressed in the apex,
but SP5G, a potential promoter of indeterminacy, is predomi-
nantly expressed in the leaves. Thus, while florigen was the first
protein hormone characterized in plants, other members of the
family, being functional homologs or antagonists, are also likely to
function at long range.

CETS PROTEINS FUNCTION AS PARTNERS IN TRANSCRIPTION
COMPLEXES

The most likely mechanism by which TFLI-like genes antagonize
their flowering-promoting homologs is via formation of compet-
itive or antagonistic transcription complexes. The first candidates
for a core functional complex of CETS factors were discovered
as SP-Interacting Proteins (SIP, Pnueli etal., 2001), and included
the 14-3-3 adaptor proteins, SPGB (SP-associated G-box), a bZIP
transcription factor homolog of FD, an SP-associated NIMA-like
kinase (SPAK, Osmani etal., 1988), and a 99-amino acid-long
polypeptide called SIP4. All SIPs independently interacted with
the 14-3-3s and in addition, SPGB interacted with the Arabidopsis
FT. SP and FT bind different 14-3-3s with different affinities and
SPAK and SIP4 are, most likely, SP-specific (Pnueli etal., 2001).
The plasticity, flexibility, and diversity of protein—protein inter-
actions suggest that CETS proteins, in analogy with the 14-3-3
adaptors, function as hubs in signaling systems, with the potential
to integrate a wide variety of environmental cues (Pnueli etal.,
2001).

In a recent milestone discovery, Taoka etal. (2011) presented a
3D structure of the hetero-hexameric complex consisting of two
molecules each of the rice FT homolog (Hd3a), 14-3-3 and FD
(OsFD1), and named it florigen activation complex (FAC). In this
assembly, the 14-3-3 protein forms a bridge between Hd3a and
OsFD1, which otherwise do not directly interact. It was therefore
postulated that the 14-3-3s are the primary intercellular receptors
for mobile florigen, and that the successful interactions between
bZIPs (FD clade) and FTs in yeast are actually mediated by BMH1
and BMH2, the two endogenous yeast 14-3-3s. But, as logical
as these conjectures are, direct experimental support for both is
lacking. Taoka etal. (2011) reported that other proteins, such as
KANADI and WAVE-DAMPENED2 homologs, which share the
SAP (Ser-Ala-Pro) domain required for binding with 14-3-3s, also
recognized Hd3a. We identified a calmodulin binding protein of
the IQD type (Abel etal., 2005), which similarly interacts with
14-3-3 proteins in a similar fashion. Ho and Weigel (2014) discov-
ered several TCP transcription factors that differentially interact
with FT and TFL1. However, different TCP binding partners were
reported for the same Arabidopsis CETS proteins (Liu etal., 2012;
Hiraoka etal., 2013; Ho and Weigel, 2014). In our experiments,

SP interacted with a TCP (AF175965) that was later shown to
be encoded by LANCEOLATE (Ori etal., 2007) and similar TCP
factors suspiciously interacted with BELL, KN, or CO. Thus, the
relevance of TCB, and similarly the specificities and redundan-
cies of the 14-3-3s to the regulatory functions of florigen require
further study.

Both SFT and SP of tomato bind in yeast 14-3-3 and bZIP
(SPGB) proteins, but also have their own specific binding pro-
teins (Pnueli etal., 2001). In Arabidopsis, FT and TFL1 bind FD
and FDP (Abe etal., 2005; Wigge etal., 2005), but the intercel-
lular localization of TFL1 is questionable (Conti and Bradley,
2007; Sohn etal., 2007). The likely inference is that antagonis-
tic proteins of the CETS family compete for a position in the same
core functional complexes, or that stoichiometric relations permit
the formation of two overlapping but nonidentical transcription
complexes. Under either condition, the two complexes may com-
pete for common targets or each may activate distinct antagonistic
processes.

TARGET COMPETITION

One candidate target system for FT-TFL1 (SFT-SP) antagonism
involves the FT-targeted API-SOCI-LEAFY network, which is
partially regulated by TFLI (Ratcliffe etal., 1999) and activates
inflorescence and floral identity genes (Kobayashi and Weigel,
2007; Turck etal., 2008). However, the definition of API as a
primary target of FT and a pivotal flowering gene is problem-
atic. Schmid etal. (2003) showed that activation of API by long
days is delayed until after SOCI and FUL have responded. Yam-
aguchi etal. (2009) assigned the API output to the meristem
identity rather than to the reproductive transition. High activ-
ity of LFY, API, or even FUL indeed induce early flowering, but it
is equally important to note that, unlike ft or socl, inactivation of
LFY or API has no, or only a marginal, effect on flowering time
(Ruiz-Garciaetal., 1997). Likewise, in tomato, inactivation of FAL-
SIFLORA (FALS), the LEAFY homolog, or MACROCALYX (MC),
the API homolog, does not appreciably delay flowering. Signifi-
cantly high SFT levels are epistatic to the “vegetative” genes fals, mc,
and jI and to all their double combinations [J1, JOINTLESS is a
MADS gene which interacts genetically with SP (Pnuelietal., 1998;
Szymkowiak and Irish, 2006) and the resulting early terminating
organs maintain the authentic mutant phenotypes (Shalit etal,,
2009)]. While it is still unknown if constitutive overexpression of
FT is epistatic to the various combinations of apI with the socI
and agl24 late-flowering mutants, flowering of socl agl24 dou-
ble mutants is delayed in short days (Li etal., 2008). Additional
modifications in the current schemes for flowering transition
are required to include the phenotypic interactions of svp with
the double suppressor of flowering socI-2 ful-2, as reported by
Torti etal. (2012).

Additional inconsistencies in present models must be consid-
ered too. fdp, fd, or fd fdp double-mutant Arabidopsis plants flower,
where the double mutant flowering is not as late as in ft and cer-
tainly not as late as in ft tsf (Yamaguchi etal., 2005; Jaeger etal.,
2013). Tomato sft plants also flower but, unlike with ft, full proof
null alleles are not available. Interestingly, unlike Arabidopsis or
wild tomato species, the cultivated tomato genome carries no other
functional SFT homologs.
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Obviously, difficulties in reaching a coherent model arose from
the ever-increasing complexity of the genetic interactions and
from the lack of clarity at numerous levels: the relations between
termination, inflorescence specification, and floral differentia-
tion, between phase transition and meristem fate and between
determinate and indeterminate shoots. In the indeterminate and
monopodial shoots of Arabidopsis, only axillary meristems ter-
minate to form flowers, whereas in tomato, the determinate
and sympodial meristems themselves terminate and subsequently
differentiate to form an inflorescence. Further understanding
requires that the molecular interactions of the systemic flower-
ing antagonists with the FT-dependent MADS target network be
properly appreciated. Furthermore, to fully understand the flori-
gen hormone and the SFT/SP regulatory hierarchy, their end users,
i.e., cellular systems such as cell cycle, or cytoskeleton, not just
transcription networks, should be identified.

GENERAL CONSIDERATIONS RELATING TO THE SYSTEMIC
PATHWAY OF FLORIGEN

Classic grafting experiments supported the hypothesis that flori-
gen uses the phloem track to move from leaves to the shoot apices
(Zeevaart, 1962, 1976). This premise acquired molecular sup-
port when CO, regulated by companion cell-specific promoters,
AtSUC2 from Arabidopsis and CmGASI of Cucumis melo, suc-
cessfully induced flowering under non-permissive conditions (An
etal., 2004; Ayre and Turgeon, 2004). It was also shown that FT is
predominantly expressed in the vasculature and that FT-derived
polypeptides were detected in the phloem sap of several species. It
should be noted that three phloem tracks (primary, secondary and
an additional centrally located phloem) are open for the mobile
florigen in Solanaceae and Cucurbitaceae (Esau, 1969), but no
particular mechanistic preference has been reported. At the cel-
lular level, most tagged FT and SFT proteins were located in
the nucleus (Abe etal., 2005; Lifschitz etal., 2006), but the cyto-
plasmic compartments hosting the rest of the protein were not
identified.

Reciprocal grafting experiments in tomato demonstrated that,
in these plants, florigen moves upward and downward from
SFT-overexpressing source shoots, and enters axillary buds (sinks)
of the recipient stems, as was inferred from the classic analysis
of florigen (Zeevaart, 1976). In a standard grafting experiment
in tomato, a donor scion overexpressing SFT is grafted onto a
non-flowering sft uf (uniflora, Dielen etal., 2004) recipient tester
with 3—4 basal leaves and their transiently dormant axillary buds.
Flowering is then recorded in the out-growing laterals of the non-
flowering tester (stalk). To induce flowering in this setup, florigen
must translocate from the donor leaves of the scion downward
to the activated axillary shoots. In a reciprocal graft, florigen is
moved upward from leaves of the donor stalk to organs and apices
of the recipient sft uf scion.

The cellular mechanisms regulating the intercellular migration
of florigen have not yet been ascertained. As a globular protein
within the size exclusion limits of plasmodesmata, florigen may
enter and exit the translocation stream by a non-selective pro-
cess. Recently, a newly discovered FT-interacting protein (FTIP1;
Liu etal., 2012), which is associated with the endoplasmic retic-
ulum, was suggested to mediate the exit of FT from phloem

companion cells to sieve elements in Arabidopsis. However, the
impact of FTIP1 on flowering is relatively mild and, more impor-
tantly, it does not bind TFLI. If the claimed specificity of FTIP1
(Liu etal., 2012) holds true, it follows that each CETS protein
may require its own exit chaperon. Recently, experiments com-
bining FT-mutant genes, grafting tests, and a viral expression
system in Cucurbita moschata, identified mutant FT variants that
cannot exit the phloem. It was suggested, that the FT protein
enters the phloem translocation stream through either the selec-
tive or non-selective pathway. But active uploading from the
phloem to the (unknown) target cells in the SAM (Yoo etal,
2013) requires short-distance active cell-to-cell movement, via
plasmodesmata.

In Arabidopsis, FD is expressed exclusively in the SAM (Abe
etal., 2005; Wigge etal., 2005) and it has therefore been rightfully
accepted, that florigen must reach the apex in order to induce flow-
ering. However, due to low levels of the traveling protein and poor
resolution, direct evidence for a tagged mobile florigen reach-
ing the target cells in the SAM proper remains to be obtained.
All reported cases, in Arabidopsis, rice, or potato, recorded flori-
gen close to, but not in, the SAM (Corbesier etal., 2007; Tamaki
etal.,2007; Navarro etal., 2011). Another line of evidence, namely
that FT proteins are found in the phloem sap, is required but
conceptually problematic. This is because thousands of proteins
have been detected in the phloem sap of several species but, with
the exception of few, their functional significance in this critical
compartment is poorly understood.

Interestingly, in tomato, all members of the FD clade are
expressed in leaves and at levels higher than SFT and in addi-
tion florigen enter leaves in which SFT is already expressed (Shalit
etal., 2009). If, as we propose, the critical impact of florigen is
on regulation of preexisting SFT/SP ratios in all organs, it is likely
that, in some species, FT-like genes are also expressed in the SAM
to maintain a local pre-flowering ratio as in tomato leaves. Indeed,
we found that SFT is expressed in the primary SAM of tomato
from its early inception (A. Shalit, personal communication).

Florigen was the first protein in plants demonstrated to
function long range and to promote growth attenuation in all
above-ground meristems, with flowering being its most visual
output. The reiterated phase transition, the perennial evergreen
nature of the tomato shoot system and the day-neutral flowering
response require that the distribution of, and the response to flori-
gen, be regulated on a daily basis. Mature leaves are the primary
source of florigen and the removal of young tomato leaves accel-
erates flowering (Leopold and Lam, 1960). Florigen produced by
the mature parts of the compound leaf is distributed to younger
leaflets and subsequently to all organs, including leaves where SFT
is already expressed. Thus, on the whole-plant level, by regulat-
ing leaf maturation, florigen controls its own levels and mode of
distribution (Shalit et al., 2009).

CONCLUSION

While the core SFT/SP ratio paradigm initially provided a concep-
tual framework for the analysis of the growth versus termination
equilibrium in the reproductive and vegetative meristems of
tomato, supporting observations from other flowering systems
conferred it broader and more general significance. It presents the
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best platform for further exploration of the seemingly unrelated
vegetative/reproductive phenomena in several plants.

The complex interactions among CETS genes, the rapid expan-
sion and decline in the size of this gene family, and their species-
specific incorporation into environmental sensing-programs, have
facilitated evolution of a range of flowering modes, from sim-
ple, fast-cycling annuals to complex perennials, where different
branches display different autonomous flowering modes.

Transition to flowering, inflorescence differentiation, and leaf
morphogenesis are quantitative and cumulative processes. The
cellular mechanisms underlying the response of meristems to
changing SFT/SP ratios remain unknown and it is still premature
to determine the basis for growth/termination, not only vegeta-
tive/reproductive, shifts, in each meristem, or more so, in different
flowering plants. Notably, the dramatic enlargement and doming
of the vegetative apical meristem presents a common indication
of floral transition (Bernier, 1988). Thus, SFT/SP targets must
include regulators that modify the rate and orientation of cell
divisions enforcing a redistribution of local signaling systems.

Adaptation of plants to different environments, an obvious
consequence of domestication by humans, requires changes in
flowering regulation, as well as in shoot architecture, with an
unpremeditated exploitation of the SFT/SP ratio playing a sem-
inal role in this process. As described here, these attributes were
first recognized by the exploitation of a mutant SELF PRUNING
gene, where accelerated termination of the WT regular sympodial
cycles facilitated rapid breeding of mechanically harvested toma-
toes (Rick, 1978; Pnueli et al., 1998). In retrospect, the same genetic
system was exploited during the domestication, via selection of
naturally occurring CETS alleles, to revolutionize a wide range of
crop plants, or even to turn an exotic plant into a crop. These
include, in addition to tomato, direct exploitation of changes in
SP-like genes in soybeans (Tian etal., 2010), beans (Kwak etal.,
2008), roses, strawberries (Iwata etal., 2012), or even in barley
(Comadran etal., 2012). Likewise, mutations converting dupli-
cated FT-like genes into floral antagonists were selected during
domestication of sunflowers (Blackman etal., 2010), and sugar
beet (Pin etal, 2010). Allelic variations in SFT/FT-like genes or
in their upstream regulation have been reported for rice (Kojima
etal.,2002; Ogiso-Tanaka et al., 2013), wheat (Bonnin et al., 2008),
and potato (Kloosterman etal., 2013). Tuning of the SFT/SP ratio
constitutes one of the most important processes behind crop
domestication.
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INTRODUCTION

Rapeseed (Brassica napus L.) is grown in different geographical regions of the world. It
is adapted to different environments by modification of flowering time and requirement
for cold. A broad variation exists from very early-flowering spring-type to late-flowering
winter cultivars which only flower after exposure to an extended cold period. B. napus
is an allopolyploid species which resulted from the hybridization between B. rapa and
B. oleracea. In Arabidopsis thaliana, the PEBP-domain genes FLOWERING LOCUS-T
(FT) and TERMINAL FLOWER-1 (TFL1) are important integrators of different flowering
pathways. Six FT and four TFL17 paralogs have been identified in B. napus. However,
their role in flowering time control is unknown. We identified EMS mutants of the
B. napus wintertype inbreed line Express 617 In total, 103 mutant alleles have been
determined for BnC6FTb, BnC6FTa, and BnTFL1-2 paralogs. We chose three non-sense
and 15 missense mutant lines (M3) which were grown in the greenhouse. Although only
two out of 6 FT paralogs were mutated, 6 out of 8 BnC6FTb mutant lines flowered
later as the control, whereas all five BnC6FTa mutant lines started flowering as the
non-mutated parent. Mutations within the BnTFL7-2 paralog had no large effects on
flowering time but on yield components. Fq hybrids between BnTFL1-2 mutants and
non-mutated parents had increased seed number per pod and total seeds per plant
suggesting that heterozygous mutations in a TFLT paralog may impact heterosis in
rapeseed. \We demonstrate that single point-mutations in BnFT and BnTFL1 paralogs have
effects on flowering time despite the redundancy of the rapeseed genome. Moreover, our
results suggest pleiotropic effects of BnTFL1 paralogs beyond the regulation of flowering
time.

Keywords: Flowering Locus-T, Terminal Flower-1, TILLING, rapeseed, allopolyploid, differential function

wide crosses between non-adapted ecotypes to introduce traits

Rapeseed (Brassica napus L.) is a major oil crop accounting for
more than 60 million tons of seed and more than 20 million
tons of extracted oil worldwide (http://www.worldoil.com/). This
crop is widely cultivated in several temperate regions of the world
such as northern Europe, Canada, China and Australia. Adapting
flowering time to regional environmental conditions has been a
major target of rapeseed breeding. A broad variation exists from
very early-flowering spring-type to late-flowering winter cultivars
that only flower after exposure to an extended cold period, a pro-
cess known as vernalization (Iniguez-Luy and Federico, 2011).
In rapeseed, flowering time and yield are closely linked to each
other. Several genomic regions have been reported to contain
major QTL for both traits. In a doubled haploid (DH) popula-
tion derived from a cross between the Chinese semi-winter line
Ningyou7 and the European winter-type Tapidor, at least four
flowering time QTL were suggested as indicator QTL for yield
(Long et al., 2007; Shi et al., 2009). Genetic variation within the
different rapeseed types is relatively small, implying a need for

of interest into elite materials (Girke et al., 2012). However, the
introgression of genes from non-adapted ecotypes into elite cul-
tivars is difficult due non-adapted flowering time. Therefore, it
is of great interest to measure the effects of different paralogs on
flowering and other characters.

Brassica napus and its close relatives Brassica oleracea and
Brassica rapa belong to the family Brassicaceae which also
includes the model plant Arabidopsis thaliana. Rapeseed is
an allotetraploid species originating from the spontaneous
hybridization between B. rapa (AA) and B. oleracea (CC) less
than 5000 years ago (Ziolkowski et al., 2006; Wang et al., 2011).
These two progenitor species are ancient polyploids that under-
went genome triplication between the Brassica-Arabidopsis split
(~13 MYA) and their actual divergence event (~two MYA).
Comparative mapping between the Arabidopsis and Brassica
genomes revealed numerous homologous regions arranged in
highly syntenic chromosome blocks. Many Arabidopsis genes are
represented in the B. napus genome by at least three paralogs
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(Schranz et al., 2006). Due to their close phylogenetic relation-
ship and the high economic importance of rapeseed, knowledge
transfer from the model species Arabidopsis to the complex
Brassica genomes constitutes a worthwhile challenge for genomics
research.

In Arabidopsis, four pathways controlling flowering time have
been extensively studied (Amasino, 2010). All these pathways
converge at the CO/FT regulon (Andres and Coupland, 2012).
Under long day (LD) conditions, the CONSTANS (CO) protein
accumulates in leaves and induces expression of the floral integra-
tor gene FLOWERING LOCUS T (FT) in the phloem companion
cells (Moon et al., 2003; Turck et al., 2008). FT is the long-sought
“florigen” and it is reported to be a strong mobile signal trigger-
ing activation of floral identity genes in the Arabidopsis shoot
apical meristem (Andres and Coupland, 2012). The FT protein
is transported via the sieve tubes to the shoot apex, where it
forms a heterodimer with the FD (FLOWERING LOCUS D) pro-
tein (Abe et al., 2005; Wigge et al., 2005). Interestingly, a very
closely related gene, TERMINAL FLOWER 1 (TFL1) plays an
FT-antagonistic role by competing for FD, leading to a repres-
sion of floral transition (Valverde, 2011; Andres and Coupland,
2012). In Arabidopsis, FT-overexpressing plants and TFLI non-
sense mutants show the same early-flowering phenotype and
produce terminal flowers in the shoot apex. TFLI represses
transcription of genes which are activated by FT (Hanano and
Goto, 2011). In Arabidopsis, these two highly similar polypep-
tides belong to a family of six members characterized by the
phosphatidylethanolamine-binding domain (PEBP) (Kardailsky
et al., 1999). Substitutions of crucial amino acids from the FT and
TFL1 exon 11, as well as the exchange of the exon IV led to con-
trasting protein functions for both polypeptides (Hanzawa et al.,
2005; Ahn et al., 2006).

Apart from their major role to control flowering time, FT and
TFL1 orthologs have been shown to alter a variety of pheno-
typic characters. In tomato, the SINGLE FLOWER TRUSS (FT
ortholog) and SELF PRUNING (TFLI1 ortholog) genes impact
fruit yield heterosis. F; hybrids generated by crosses between loss
of function SFT mutants and tomato wild type (WT) plants of the
non-mutagenized line M82 have shown strong increment in fruit
production (Molinero-Rosales et al., 2004; Krieger et al., 2010).
FT/TFLI gene orthologs have been characterized in diploid crops
such as rice (Kojima et al., 2002), pea (Hecht et al., 2011), bar-
ley (Faure et al., 2007), poplar (Bohlenius et al., 2006), and sugar
beet (Pin et al,, 2010) and in two polyploids, wheat (Yan et al.,
2006) and potato (Navarro et al., 2011). The characterization of
the FT/TFLI gene orthologs in polyploid plants is a special chal-
lenge because duplicated genes can build new regulation networks
leading to sub- or neo-functionalization (Pin and Nilsson, 2012).

Rapeseed has six BnFT paralogs (BnA2FT, BnC2FT, BnC6F1a,
BnC6FTb, BnA7FTa, and BnC7FTb) sharing high sequence sim-
ilarity (92-99%) in their four exons (Wang et al., 2009). It has
been shown that the BuC2FT copy is silenced in B. napus and
B. oleracea due to the insertion of a miniature inverted-repeat
transposable element (MITE) in its promoter region, whereas the
remaining five copies are detectable in B. napus, B. rapa and B.
oleracea (Wang et al., 2012a). There are at least four TFLI par-
alogs in the B. napus genome (Mimida et al., 1999). Among them,

the BnTFLI-2 paralog shares high homology with the B. rapa
ortholog on chromosome A10, whereas BuTFLI1-1, Bn'TFL1-3 are
highly similar to their B. oleracea counterparts. The BnC6FTa
and BnC6FTb paralogs were co-located to a major flowering time
QTL detected in nine winter-cropped environments which could
support their function as flowering time regulators in B. napus
(Qiu et al., 2006; Shi et al., 2009). Until now, B. napus FT/TFL1
homologs have not been functionally characterized.

This study had two major aims. First, we aimed to uncover the
role in flowering time control of different FT and TFLI paralogs
in B. napus by analyzing EMS-treated offspring with missense
and splice-site mutations within selected paralogs. We demon-
strate that single mutations can change the onset of flowering
in B. napus despite the redundancy of its allopolyploid genome.
Moreover, we postulated that BnTFLI mutations also affect seed
yield components in rapeseed. We found increased seed yield in
F; plants carrying a mutated BnTFLI allele on the Express 617
background. Our data suggest that EMS-generated alleles may
constitute a new resource to broaden the genetic basis of rapeseed
breeding.

MATERIALS AND METHODS

PLANT MATERIALS AND GREENHOUSE EXPERIMENTS

Seedlings of M3 lines and Express 617 (controls) were grown
in the greenhouse at constant temperature (22°C) under long
days (LD, 16h light/8h dark) for 4 weeks. Express 617 is an
inbreed line (F;;) originated from the rapeseed winter-type cul-
tivar Express (Harloff et al., 2012). Subsequently, plants were
vernalized for 8 weeks at 4°C under LD conditions in a cold
chamber. Of each M3 line, 30 plants were grown. After vernal-
ization, plants were returned to the initial greenhouse conditions
and transplanted to 11 x 11 cm pots. M3 plants and Express 617
controls were arranged in randomized blocks. Plant positions
on the greenhouse were indexed and linked to randomly gener-
ated numbers using the Microsoft Excel software. Selected M3
lines were crossed with the male sterile (MS) line MSL007 (NPZ,
Hohenlieth, Germany) using homozygous M3 plants as a pollina-
tors. F; plants and Express 617 controls were grown in the green-
house under the conditions mentioned above. F, populations
were produced by crossing M3 homozygous plants from a selected
BnC6FTb mutation (BnC6FTbgyi544) and non-mutagenized
Express 617 plants. In each greenhouse experiment, the follow-
ing phenotypic characters were measured according to the BBCH
scale (http://www.jki.bund.de/en/startseite/veroeffentlichungen/
bbch-codes.html): first non-cotyledonal leaves (NCL, BBCH10),
rosette plant (BBCH30), visible floral buds (BBCHS50), first open
flower (BBCH60), and end of flowering (BBCH69). Plants that
did not grow beyond NCL (BBCH 10) were excluded from the
experiment. Plant height, number of branches, initial flowers,
filled pods, seed number and seed weight were recorded for each
plant separately.

MUTATION SCREENING

A total of 3488 M, plants of the Express 617 EMS-population
were screened by TILLING as described by Harloff et al. (2012).
Gene specific primers were designed for BnC6FTa (F]J848915.1),
BnC6FTb  (FJ848917.1), and BnTFLI-2 (AB017526.1)
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(Supplementary Table S1). For primer design and comparative
analysis, B. rapa and B. oleracea genome sequences were down-
loaded from (http://brassicadb.org/brad/downloadOverview.
php) and (http://ocri-genomics.org/bolbase/), respectively. Plant
genomic DNA arrayed in two dimensional 8-fold pools was
amplified by direct or nested PCR. Forward and reverse primers
were 5 -end labeled with 700 nm (DY-681) or 800 nm (DY-781)
IRD fluorescence dyes, respectively (Biomers, Ulm, Germany,
www.biomers.net). PCR amplifications with labeled oligos were
done using the following profile: 95°C 5 min; 35 cycles of 95°C
30s, 60°C 455, 72°C 905, 72°C 10 min. Heteroduplex-specific
restriction endonuclease CELI was extracted from celery and
stored at —80°C as reported by Frerichmann et al. (2013).
Labeled fragments were separated by a LI-COR 4300 DNA ana-
lyzer (LI-COR Biosciences) for 3:15 to 4:15h at 1,500V, 40 mA
and 40 W. Gel images were analyzed using the software GelBuddy
(http://www.proweb.org/gelbuddy/). After positive pools had
been identified, single plant DNA was amplified with unlabeled
oligos and sequenced for SNPs confirmation. Sequences were
analyzed with the CLC-bio Main Workbench sequence alignment
tool (CLC bio, Aarhus, Denmark).

DNA ISOLATION AND GENOTYPING

Total DNA was extracted from young leaves using a CTAB pro-
tocol (Morjane et al., 1994). Total DNA was treated with RNAse
I (Fermentas, www.fermentas.de), and DNA concentration was
determined by spectrometry (NanoDrop, www.nanodrop.com).
DNA quality was checked by 1% agarose gel electrophoresis. For
genotyping mutant lines, genomic DNA from single plants was
amplified by PCR using unlabeled primers. PCR was done essen-
tially as described in the previous paragraph. Five micro litter of
each PCR product were loaded on 1% (w/v) agarose gels. Upon
band size confirmation, the remaining 25 pl of PCR product were
sequenced via Sanger capillary sequencing. The sequences were
analyzed with the CLC-Bio software (CLC bio, Aarhus, Denmark)
using the sequence assembly viewer tool.

TISSUES SAMPLING AND RT-qPCR

Young leaves of M3 plants and Express 617 controls were sam-
pled at four developmental stages, as described above. Genomic
DNA sequences from the different flowering time genes ana-
lyzed were retrieved from the non-redundant NCBI nucleotide
database (http://www.ncbi.nlm.nih.gov/). Individual sequences
were loaded to the CLC-bio main workbench version 6.0 (http://
www.clcbio.com), and groups of paralogs were aligned with
the help of the internal alignment routine. Two main strate-
gies were applied for expression analysis: (i) primers were
designed in conserved regions within groups of paralogs for
detecting joint gene expression, and (ii) copy-specific primers
were designed for the members of selected paralog genes
(Supplementary Table S1). Total RNA was extracted using the
RNeasy kit (QIAGEN, www.qiagen.com) according to the man-
ufacturer’s protocol. The RNA concentration was determined
by spectrometry (Nano Drop; Thermo Scientific, Wilmington,
USA) and quality was checked by agarose gel electrophore-
sis. Total RNA was treated with DNAse I (Fermentas Inc.,
Maryland, USA). First-strand cDNA was synthesized using

Oligo(dT);s primers and the M-MuLV Reverse Transcriptase
(Fermentas).

Quantitative real-time RT-PCR (RT-qPCR) was performed
with SYBR qPCR Super mix w/ROX (Invitrogen Corporation,
Carlsbad, USA) using a CFX96 Real-Time System (Bio-Rad
Laboratories GmbH, Miinchen, Germany). Reactions were per-
formed in a total volume of 15ul containing 100 nM of each
primer and 2 pl of diluted cDNA templates, and amplified using
the following cycling conditions: 95°C for 3 min, 40 cycles of
95°C for 105, 60°C for 305, and 72°C for 30s, followed by 95°C
for 10 min. A melting curve was generated using a temperature
range from 65°C to 95°C with increments of 0.5°C every 5s.
For each sample at least three technical replications were per-
formed. For data analysis, the mean C; value of the target gene
was normalized against the average C; value of two housekeeping
genes (BnGADPH-3 and BnB-Tub). Calculation of relative expres-
sion values was carried out following Pfaffl (2001) after extracting
main Ct values via CFX manager software (Bio-Rad Laboratories
GmbH, Miinchen, Germany). In each analysis, the relative expres-
sion value for the reference sample has been set to 1. Normalized
expression was averaged over two biological replicates and three
technical repetitions in each case. Standard curves for the target
and housekeeping genes are based on dilution series of purified
cloned fragments for each gene.

SEQUENCE DIVERSITY ANALYSIS

For analyzing sequence diversity within the BnC6FTb and
BnTFL1-2 genes, genomic DNA from one-hundred accessions of
the B. napus ASSYST panel was amplified with paralog-specific
primers and sequenced via Sanger method. We selected 117 lines
from the B. napus ASSYST diversity set (Bus et al., 2011) including
winter, semi-winter and spring types which had been phenotyped
in several environments worldwide (Supplementary Table S2).
Lyophilized leaf samples harvested from young plants were used
for DNA isolation with the NucleoSpin Plant IT DNA isolation
kit (Macherei & Nagel, Germany), following the manufacturer’s
instructions. PCR amplifications were carried out with paralog-
specific primers as follows: 95°C 5 min; 35 cycles of 95°C 30s,
60°C 45s, 72°C 90s, 72°C 10 min. Sequences resulting from
single band amplicons were assembled and aligned using the
CLC-bio main workbench software (CLC bio, Aarhus, Denmark)
and the resulting FASTA alignment was loaded into the soft-
ware TASSEL (http://www.maizegenetics.net) for identification
of polymorphic SNPs.

RESULTS

PARALOG-SPECIFIC EXPRESSION OF FIVE BnFT GENES

We carried out a RT-qPCR experiment to measure the par-
alog specific expression of six BnFT paralogs in leaves of
the winter-type inbred line Express 617 during the transition
to reproductive stages. Samples were taken from greenhouse-
grown plants at three different stages of development (BBCH30
before and after vernalization and BBCH50). Relative expres-
sion values for each paralog were calculated after Ct normal-
ization using BnGAPDH as a reference gene. Leaf samples at
BBCH30 before vernalization (preV) were used as reference
samples for relative expression calculations. At BBCH30 before
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vernalization (BBCH30-preV), four BnFT paralogs (BnC6FTa/b
and BnC6FT7a/b) were weakly expressed (Figure 1), whereas two
transcripts were not expressed (BnC2FT and BnA2FT). Moreover,
BnA2FT was only highly expressed at BBCH60 after floral tran-
sition (data not shown), whereas BnC2FT showed no expres-
sion at all. After vernalization (BBCH30-postV), BnC6FTa/b and
BnA7FTa/b expression was higher in rosette plants, but differences
between paralogs were obvious. BuC6FTb showed the largest rel-
ative expression level (~9-fold). At BBCH50 (visible floral buds),
the BnC6FTb and BnA7FTb paralogs showed the largest rela-
tive expression levels (~13-fold) (Figure 1). In leaves at BBCH
60 (first flower open), all paralogs with exception of BnC2FT
showed very high relative expression levels (>2000-fold), where
BnC6FTa showed the highest relative expression (data not
shown).

EMS MUTATIONS IN BnFT AND BnTFL1 PARALOGS

We screened our EMS population to measure the flowering
time effect of mutations within the BnFT paralogs BnC6FTa
(FJ848915.1) and BnC6FTb (FJ848917.1). In Arabidopsis, apart
from FT, other PEBP proteins such as TERMINAL FLOWER-1
(TFL1) regulate flowering by competing with FT for its bind-
ing targets (Mimida et al., 2001). Therefore, we developed
primers for the BnTFLI-2 (ABO17526) gene assigned to B.
rapa chromosome A10. In total, 3488 M, plants were screened
by TILLING for EMS-induced mutations in BnC6FIa/b and
BnTFLI1-2.

We generated paralog-specific PCR amplicons covering
between 50% (BnC6FTa) and 100% (BnC6FTb and BnTFLI-2)
of the open reading frames. The BnC6FTa fragment covered
exon I and intron I. The two BnC6FTb fragments covered
exon I / intron I and exons III / IV (Figure2). The BnTFLI-
2 fragment covered all four exons. We identified 55, 14, and
34 single nucleotide mutations in the BnC6FTb, BnC6FTa, and
BnTFLI-2 genes, respectively. Forty-three mutations are located
in introns, 19 are silent mutations, and three are located within
the UTRs (Table1). Mutation rates ranged between 1/72kb
and 1/24kb per 1000 plants. The names of the mutant alle-
les contain the nucleotide substitution and nucleotide position
(Table 2).

We identified one non-sense mutation in exon III of the
BnC6FTb gene (BnC6FTbgioesa) leading to a truncated pro-
tein by substitution of a tryptophan by a stop codon (position
88). Another mutation (BnC6FTbgyop94) resulted in a splice-
site deletion leading to a truncated protein by interrupting the
junction between exons III and IV. The BnTFLI-2¢965T muta-
tion in Exon III results in the substitution of a glutamine by
a stop codon (position 146). Moreover, we detected numer-
ous missense mutations in BnC6FTa (15), BnC6FTb (16), and
BnTFLI1-2 (10).

We decided to focus on splice site- and missense-mutations
which are most likely to affect the protein function. All observed
missense mutations were compared to the SIFT database (http://
sift.jcvi.org) in order to evaluate the impact of the amino
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FIGURE 1 | Relative expression of five BnFT paralogs in Express 617
plants at three developmental stages before and after vernalization
(dotted arrow). Plants at BBCH30 were analyzed before vernalization (preV)
and after vernalization (postV). The time point BBCH30-preV was taken as
reference for calculation of relative expression in all target genes. Two
biological replicates and three technical repetitions were analyzed for each
time point. Error bars indicate the standard error of the mean of the relative
expression values. Expression levels of target BnFT genes were normalized
against BnGAPDH total expression. Ct values of the paralogs BnA2FT and

BBCH30-postV

O BnA7FTa
* BnA7FTb
W BnC6FTa
W BnC6FTh

*%*

BBCHS50

BnC2FT were below the detection threshold at BBCH30 and BBCH50.
Significant differences (P < 0.05) are depicted by asterisks. Differences in
relative expression between the BnC6FTa/ BnC6FTb (*) and BnA7FTa /
BnA7FTb paralogs (**) at each time point were tested via t-test. Lines at the
base of the bars indicate the comparison pairs. All samples were taken
between zeitgeber 11 h and 12 h in each developmental stage. Express 617
plants reached BBCH30-preV ~30 days after sowing. BBCH30-postV was
registered ~90 days after sowing. BBCH50 was registered ~107 days after
sowing.
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FIGURE 2 | Graphical presentation of 18 point mutations in two
FT (BnC6FTa, BnC6FTb) and one TFL1 (BnTFL1-2) paralog of the
B. napus winter-type cultivar Express 617. The exon (blue boxes) -
intron (black lines) structure of each gene is shown. Locations of
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SNPs are depicted by the gray bar below. Numbers refer to the
position of the mutations from the START codon. Only
STOP/splice-mutations (red) and selected missense mutations are
shown.

Table 1 | EMS mutations in three flowering time genes detected by
TILLING of the winter-type inbred line Express 617.

BnC6FTa BnC6FTb BnTFL1-2

Number of paralogs in rapeseed 6 6 4

Total number of M; plants screened 3488 3488 2092
Sequence screened by TILLING (bp) 1023 1767 1292
Nonsense mutations 0 1 2
Missense mutations 6 15 10
Splice site mutations 0 1 1
Total number of mutations 14 55 34
Mutations/kb 72 30 24
M3 families selected for phenotyping 5 9 5
Total number of mutations 103

The BnC6FTb paralog was screened by two different fragments, 1021 bp and
746 bp in size.

acid substitutions on the protein function (data not shown).
According to this analysis, we selected 18 M3 lines for growth
experiments in the greenhouse (5 BnC6FTa, 8 BnC6FTb, and 5
BnTFLI-2 mutations) (Supplementary Table S3) (Figure 2).

PHENOTYPIC CHARACTERIZATION OF BnFT AND BnTFL1-2 MUTANTS
First, we confirmed the genotype of each selected M, plant by
Sanger sequencing. Then, M3 lines were grown in the greenhouse
together with non-mutagenized Express 617 plants as a control.
The phenological development of BnC6FTa and BnC6FTb lines
was clearly different. All five BuC6FTa mutants flowered as the
control, whereas six out of eight BnC6FTb mutants flowered later
(Figure 3). The C6FTbgi96ga mutants (stop mutation) showed
a flowering delay of ca. 18 days, while C6FTbgpp0a splice-site
mutants flowered 29 days later as the control. Interestingly, 40
and 54% of the C6FTbgi9esa and C6FTbgro094 M3 mutants,
respectively, did not bolt at all (Figure 4). BnC6FTb missense
mutants started flowering 7 days (BnC6FTbca1224) up to 26 days
(BnC6FTbgi74) later as the control. Apart from flowering time,
reduced fertility was also apparent, mostly in BuC6FTb M3 plants
(Supplementary Figure 1).

To evaluate the effect of background mutations on flowering
time, we produced an F, population by crossing BuC6FTbgy1544
Mj; plants with non-mutagenized Express 617. BnC6FTbg)1544
M3 missense mutants gave higher hybrid seed yield as the
stop mutants and they flowered 15 days later as the control.
BnC6FTbgy1544 M3 plants showed a reduced number of ini-
tial flowers in comparison to other M3 mutants, however most
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flowers were fertile. A total of 26 F, plants encompassing all
three genotypic classes were grown in the greenhouse together
with Express 617. In agreement with M3 observations, homozy-
gous F, mutants (ff ff) flowered 13 days later than F, siblings

Table 2 | Nucleotide position and amino acid changes due to EMS
mutations in 18 missense/non-sense mutations in three B. napus
flowering time regulators.

homozygous for the wild-type allele (FT' FT) which did not
show any significant differences in flowering time as compared
to non-mutagenized Express 617 (Supplementary Figure 2).

The stop mutation BnTFLI-2¢c9¢57 did not lead to a major
delay in flowering time. In contrast, the missense mutants
BnTFLI-2G554 and BnTFLI1-2G7504 flowered ~10 days later than
the control (Figure 3). Since, the stop mutation is close to the end
of the BnTFLI1-2 gene, a functional protein may still arise after
translation. Furthermore, BnTFLI1 7504 mutants exhibited mod-
ifications in plant architecture which gave us a reason to select

Gene Mutation Exon Amino acid Mutant code ) A
substitution them for crossing experiments. BnTFLIg7504 mutants developed
normally during the early growth phase until reaching BBCH50
BnC6FTa G37A Exon | Gly13Arg C6FTags7a  (visible floral buds). The internode elongation phase was much
G52A Exon | Val17Lle C6FTagspa  longer as compared to Express 617, as a consequence, mutant
C7T Exonl Ser25Leu C6FTacur  plants were not able to stand by themselves after BBCH50. In this
G104A Exon | Arg35lys C6FTagiaa  Ms line, the flower development limited the continuous growth of
G163A Exon GlusbLlys C6FTaciesa  the floral meristem, whereas side branches continued flowering.
BnC6FTb G17A Exon | ArgbLys C6FTbg174
G124A Exon | Asp42Asn C6FTbeiz4a  THE EMS MUTATIONS IN BnC6FTh AND BnTFL1-2 PARALOGS ARE
Ce66T ~ CArGBox  CArG Box C6FTbcsss  LOCATED IN HIGHLY MONOMORPHIC REGIONS OF EXON 11l AND
G1968A Exon Il Trp88Stop C6FTbg1968A EXON IV
G2009A Intron Il Splice site C6FTbgo09a investigate the genetic structure of those BnFT and BnTFLI
G2122A Exon IV Arg112Lys C6FTbgp1224 1 ith . 1 . .
G2133A Exon IV Gly116Arg P paralogs with paramount impact on flowering time, we ana-
€237 lyzed the sequence diversity of BnC6FTb and BnTFLI1-2 in B.
G2154A Exon IV Val123Met C6FTbgp1544 . . .
napus by sequencing their complete exons III and IV in 117 B.
BnTEL1-2 G52A Exon | Val18Lle TFL1-2gsp4 ~ Mapus inbreed lines from different geographic origins and growth
c518T Exon I Prog3Ser TFL1-2ceig7  types. Sequences selected for analysis in each gene after qual-
G750A Exon Il Gly105Arg TFL1-2g7504 ity trimming are deposited in Supplementary Table S2. While
G851A Exon IV Val108Met TFL1-2gg514 ~ BnC6FTb exon III turned out to be highly conserved, exon IV
C965T Exon IV GIn146Stop TFL1-2cos57  exhibited larger sequence diversity. Within 41 bp exon III of the
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FIGURE 3 | Flowering time point of 18 BnC6FT- and BnTFL1-2 mutants non-mutagenized donor line Express 617 was used as a control. The number
grown in the greenhouse at constant temperature (22°C), and LD (16 h of plants analyzed is written in brackets. Differences in flowering time
light) after vernalization (4°C, 16 h light, 8 weeks). Days to flowering between homozygous mutants and control plants were tested via t-test.
(BBCH 60) was measured in M3 plants homozygous for the EMS allele. The Significant differences (P < 0.05) are depicted by asterisks.
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EX[)reSS 617 C6FTaG37A C6FTaG52A C6FT80747‘ C6FT8G104A C6FTaG163A

CGFTbGﬂA C6FTbG124A CBFTbcssgr C6FTb62122,4 C6FTDGQ133A

C6FTbgz2154a C6FTbgigesa CO6FTba20094

T _Hx\z./..

TFL1-2Gs2a  TFL1-2¢s1sr TFL1-2G750a TFL1-2Gg51a  TFL1-2cges7

FIGURE 4 | Phenotypes of 18 B. napus BnC6FTa/b and BnTFL1-2 EMS M; lines. Photos were taken as the non-mutagenized Express 617 plants started
flowering (top left). Plants were grown in the greenhouse at constant temperature (22°C), and LD (16 h light) after vernalization (4°C, 16 h light, 8 weeks).

BnC6FTb gene, only a single polymorphism was found at position ~ allele frequencies of <5.0%. The EMS-generated alleles (posi-
2004 which corresponds to an allele frequency of 1%. The EMS  tions G2122, G2133, and G2154) are residing in monomorphic
mutation G1968A resides within a sequence domain which is sequences (Supplementary Figure 3).

monomorphic among all accessions investigated. For BnC6FTb In contrast to BnFT genes, a higher variability in BnTFLI-
(exon IV), six polymorphic regions were found with minor 2 exon III than in exon IV was found. In exon III the SNP
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showing the largest variation was a C insertion at position 731.
The EMS mutation G750A which is also located within this
exon, was located in a fully monomorphic domain. For BnTFLI-
2 exon IV, only a T/C polymorphism was found at position
1030. In conclusion, there is a high degree of sequence con-
servation within the analyzed sequences. Our EMS treatment
created novel sequence variations within these highly conserved
regions (Supplementary Figure 4). FASTA-formatted sequences
for each gene are deposited in Supplementary File 1. All sequences
have been submitted to NCBI (www.ncbi.nlm.nih.gov) (acces-
sion numbers KJ533546 - KJ533625 and KJ533626 - KJ533728).

A BnC6FTh-SPLICE-SITE MUTATION IMPACTS THE EXPRESSION OF
OTHER FLOWERING TIME GENES IN LEAVES

We reasoned that a loss of function of the BnC6FTb paralog
directly impacts the transcriptional activity of other major flower-
ing time regulators downstream of BnFT. To test this hypothesis,
we selected the BnC6FTbgy0094 mutant because, first the G2009A
SNP causes a splice-site mutation that leads to a truncated pro-
tein, and second, C6FTbg0094 M3 plants are characterized by a
marked flowering delay of about 29 days compared to the Express
617 control (Figure 3).

We chose BnAPI and BnSOCI as putative downstream tar-
gets of BnFT genes based on our knowledge from Arabidopsis
(Yoo et al., 2005; Kaufmann et al., 2010). We measured their
expression in leaves. BnC6FTbgo09a M3 plants were grown
in the greenhouse under constant temperature and LD condi-
tions. For expression analysis, young leaves of three different
plants were taken at stages BBCH30 (pre and post-vernalization),
BBCH50, and BBCH60. Arabidopsis API and SOCI sequences
were BLASTed against B. oleracea and B. rapa. High homology hits
were aligned and primers were designed from highly conserved
regions. Subsequently, joint expression of all paralogs was mea-
sured by RT-qPCR. Gene expression levels of BnAP1 and BnSOCI
were normalized using BuGAPDH and BnB-Tub genes.

We detected altered transcriptional activities of BnAPI in
BnC6FTbgyo094 mutants when compared to Express 617 con-
trol plants. Control Express 617 plants at BBCH30 (preV) were
used as reference sample for relative expression calculations. At
rosette stages (BBCH30), BnAPI expression in the M3 mutant-
was higher than in control plants, while at BBCH50 and BBCH60
relative expression levels were 10-40% lower (Figure 5). Before
vernalization (BBCH30-preV), BnSOCI expression in mutants
was 2.5-fold higher than in Express 617. After vernalization, we
detected a reduction of BuSOCI in BnC6FTbgyp94 mutants com-
pared to the control. When the first flower opened, the difference
in expression between BnC6FTbg0094 mutants and Express 617
was at its maximum. The altered expression in leaves indicates
that a single BnC6FTb mutation may affect other major flowering
time regulators. We expect that both genes are expressed in the
shoot apical meristem as well.

PERFORMANCE OF F1 HYBRIDS USING THE BnTFL1-2 MUTANTS AS
PARENTS

In tomato, mutations in FT and TFLI orthologs accounted for
fruit yield heterosis in F; hybrids (Krieger et al., 2010). We
made an initial experiment to address the question whether

B. napus orthologs might have a similar function. For produc-
ing F; hybrids, we selected BnC6FTbgao09a and BnTFLI-2G7504
homozygous M3 mutants as pollinators due to their late flower-
ing phenotype in conjunction with an altered inflorescence (lower
number of fertile flowers, Supplementary Figure 1).We crossed
homozygous M3 plants with the male-sterile (MS) line MSL007.
The MSLO007 line (MSL-Express) is an isogenic line of Express that
carries the male sterility Lembke (MSL) genic male sterility sys-
tem (Basunanda et al., 2010). Thus, no F; heterosis was expected,
except effects due to EMS mutations.

Fy hybrids were vernalized and grown in the greenhouse with
the parental lines and Express 617. Both F; hybrids showed
differential effects. BnC6FTbgoo94 hybrids showed no signifi-
cant differences in seed number per plant and total seed weight
in comparison to Express 617 as the best parent. In contrast,
BnTFLI-2G7504 F1 hybrids had significantly higher number of
seeds/plant (20%) and total seed weight (40%) as compared to
the best parent (Figure 6). Although the effects of background
mutations cannot be ruled out, these results could indicate that
BnTFLI mutations impact heterosis in B. napus.

DISCUSSION

In the present study, more than 100 EMS-alleles have been found
for three flowering time genes of B. napus. Based on previ-
ous reports, the average EMS-mutation frequencies are expected
to be lower in diploid species (~1/380kb) than in polyploids
(~1/50kb) (Till et al., 2007; Wang et al., 2012c). In this study,
mutation frequencies ranged between 1/24 kb and 1/72 kb. Using
the same EMS-population, mutation frequencies ranged between
1/12 and 1/22kb for sinapine biosynthesis genes (Harloff et al.,
2012). Although the observed BnFT /BnTFLI mutation frequen-
cies are slightly lower, our results are in the range expected for
polyploid species. The present mutants will be a valuable resource
to study flowering regulatory networks in polyploids and they can
be introduced into breeding programs.

Our aim was to provide data about the function of FT and
TFL1 paralogs in rapeseed. We found that, despite the redun-
dancy of mutations in a single gene, either non-sense or mis-
sense mutations in the BnC6FTb gene resulted in a marked
flowering delay. This supports our hypothesis that BnFT par-
alogs contribute differently to flowering time regulation. A large
plethora of Arabidopsis reports on FT loss-of-function mutants
have established a robust correlation between FT mutations and
flowering time delay in Arabidopsis (Andres and Coupland,
2012). Contrasting with expectations based on Arabidopsis TFLI-
phenotypes, BuTFL1-2 mutants showed a slight delay in flowering
time. In Arabidopsis, a single amino acid change in TFLI (#flI-
IGiy1054sp) led to early flowering and limited the development of
indeterminate inflorescence by promoting the formation of a ter-
minal floral meristem (Bradley et al., 1997). On the other hand,
F; hybrids derived from crosses between BnTFLI-2 M3- and rape-
seed MS lines showed increased seed yield compared to BuC6FTb
F; hybrids and Express 617 controls. Thus, although the role of
BnTFLI-2 involving flowering time regulation is not likely to be
conserved compared to its Arabidopsis ortholog, TFLI-2 appears
to be involved in yield-related traits as reported for its tomato
ortholog SP (Jiang et al., 2013b). As we mention in the following
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FIGURE 5 | Joined expression analysis of two BnFT downstream
targets in the BnC6FTbgy909 mutant (open boxes) and Express 617
(filled boxes). Four developmental stages were analyzed before and
after vernalization (dotted arrows). Plants at BBCH30 were analyzed
before vernalization (preV) and after vernalization (postV). Two biological
replicates (M3 plants) and three technical repetitions were analyzed for
each time point. Error bars: standard error of the mean for biological
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replicates. Ct of target genes were normalized against the BnGAPDH
and BnB-Tub total expression. The time point BBCH30-preV in Express
617 control plants was taken as reference sample for calculation of
relative expression. Differences in relative expression were pairwise
tested (control Vs Mg line) via t-test. Significant differences (P < 0.05)
are depicted by asterisks. All samples were taken between zeitgeber
1h and 12h.

sections, confirming this hypothesis is a must for new research
approaches.

During evolution, duplicated genes may undergo dosage
adjustments (Papp et al., 2003; Conant and Wolfe, 2008), non-
functionalization, or sub-/neo-functionalization (Force et al.,
1999). We wanted to know whether different BnFT and BnTFLI
paralogs gained different function by studying their phenotypes
and their transcriptional activities. Through digital gene expres-
sion analyses, differential expression within early generations of
re-synthesized- (F;-F4) and natural B. napus accessions has been
reported (Birchler and Veitia, 2010). Three highly similar genes
encoding endoplasmic reticulum-bound sn-glycerol-3-phosphate
acyltransferase-4 (BnGPAT4-C1, BnGPAT4-C2, and BnGPAT4-
Al) showed different expression patterns and altered epigenetic
features (Chen et al., 2011) which is in accordance with the
assumption that in polyploids orthologous genes are frequently
expressed in a non-additive manner (Jiang et al., 2013a). We have

also observed marked differences in the expression of six BnFT
paralogs in support of the non/sub-functionalisation hypothe-
sis. In regard to their position within a major flowering time
QTL (Wang et al., 2009), BnC6FTb paralogs seem to play the
most important role as flowering time regulators in winter type
B. napus. More evidence has been given by the expression anal-
ysis of putative FT downstream targets BnAPI and BnSOCI in
late-flowering BnC6FTbgo094 mutants. SOCI encodes a MADS-
box transcription factor, acting as a floral integrator (Lee and
Lee, 2010). The gene SOCI gene is expressed in the shoot apical
meristem, and SOCI mutations lead to late flowering phenotype
(Borner et al., 2000). However, SOCI is also expressed in veg-
etative organs (leaves) (Hepworth et al., 2002). A reduction in
SOCI mRNA was detected in the meristem of late-flowering fi-
7 (Trp138Stop) Arabidopsis Ler background (Searle et al., 2006).
In the future, the activities of these genes shall also be studied in
the shoot apical meristem.
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FIGURE 6 | Growth experiments with vernalized F; hybrids after
crossing two mutants with a male sterile isogenic line (MSL007). Each
F1 was obtained from two different crossing experiments. Mutant parents
(My lines), and Express 617 were used as controls. Yield components
were determined on single plants grown in the greenhouse. The number
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of plants analyzed is given in brackets. Differences in flowers, seed
number and seed weight per plant against Express 617 were tested via
t-test. Significant differences (P < 0.05) are depicted by asterisks. Growth
conditions: 22°C, 16h light, greenhouse. Vernalization: 4°C, 16h light, 8
weeks.

The phenotypic studies presented here gave further support
to our assumption that BnFT paralogs do not contribute equally
to flowering time regulation. In sugar beet (Beta vulgaris), two
FT paralogs (BvFT1 and BvFT2) were reported to antagonistically
regulate flowering time (Pin et al., 2010). Knockdown of the FT
potato paralog StSP3D resulted in a late flowering phenotype,

while knockdown of the second paralog StSP6A had no effect
on flowering time but on tuberization (Navarro et al.,, 2011).
In line with these findings, we observed differential effects of
BnC6FTa and BnC6FTb mutations. The strong effect of BaC6FTb
as a flowering time regulator in rapeseed has been confirmed. To
which extend BnC6FTa and other BnFT paralogs are involved
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in flowering time control needs to be investigated in the future
(e.g., by using other TILLING mutants). As determined by our
expression analyses, the strongest case of non-functionalization is
shown by the lack of expression of the BnC2FT copy. This result
is in full congruence with Wang et al. report (2012a) where this
gene copy was neither expressed in B. napus nor in B. oleracea. A
series of recent studies has demonstrated that beyond flowering
time control, FT-like proteins act as mobile or cell-autonomous
proteins that mediate other developmental processes, such as
growth, plant architecture, and tuber formation (Carmona et al.,
2007; Kinoshita et al., 2011; Navarro et al., 2011). In contrast
to our BnFT mutant results, a previous analysis of sinapine
biosynthesis mutants from the same EMS population as in our
study, phenotypic or physiological effects had been observed
only in double mutants (Harloff et al., 2012, Harloff, personal
communication).

Although yield heterosis is regarded as a quantitative trait,
single genes can contribute to heterotic effects through overdom-
inance, such as the Arabidopsis Erecta locus (Moore and Lukens,
2011). As a first example of single gene overdominance, the yield
of sft-4537/=% heterozygous tomato plants was increased by up to
60% in comparison to their parents after crossing high yielding
M82 inbred plants with low-yielding homozygous loss of func-
tion mutants (sft-4537) (Krieger et al., 2010). In our work, F;
hybrids carrying a BnTFLI-2 mutant allele had a higher seed
yield as the Express 617 parent. Our study delivers the first
insights about potential TFLI-related heterosis in B. napus. In
the future, experimental data are needed to verify this hypoth-
esis. We tested our initial hypothesis by crossing mutants with
the non-mutated donor line. Although, the data point at BuTFLI
as a major gene for heterosis in rapeseed the possible impact of
background mutations must be analyzed by additional hybrid
combinations. Moreover, we will sequence the BnTFLI-2 loci
from rapeseed lines with high and low combining ability (Qian
etal., 2007). If our preliminary greenhouse data will be confirmed
by field experiments, this study will offer new perspectives for a
hybrid breeding strategy which make use of BnTFLI-2 sequence
variations.
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Control of flowering in the perennial model, the woodland strawberry (Fragaria vesca L.),
involves distinct molecular mechanisms that result in contrasting photoperiodic flowering
responses and growth cycles in different accessions. The F vesca homolog of TERMINAL
FLOWER1 (FVTFL1) functions as a key floral repressor that causes short-day (SD)
requirement of flowering and seasonal flowering habit in the SD strawberry. In contrast,
perpetual flowering F vesca accessions lacking functional FVTFL1T show FLOWERING
LOCUS T (FvFT1)-dependent early flowering specifically under long-days (LD). We show
here that the end-of-day farred (FR) and blue (B) light activate the expression of FvFTT
and the F vesca homolog of SUPPRESSOR OF THE OVEREXPRESSION OF CONSTANS
(FvSOCT) in both SD and LD strawberries, whereas low expression levels are detected
in red (R) and SD treatments. By using transgenic lines, we demonstrate that FvFTT
advances flowering under FR and B treatments compared to R and SD treatments in
the LD strawberry, and that FvSOCT is specifically needed for the B light response. In the
SD strawberry, flowering responses to these light quality treatments are reversed due to
up-regulation of the floral repressor FVTFL1 in parallel with FvFT1 and FvSOCT. Our data
highlights the central role of FVFT1 in the light quality dependent flower induction in the LD
strawberry and demonstrates that FVTFL1 reverses not only photoperiodic requirements

but also light quality effects on flower induction in the SD strawberry.

Keywords: flowering, Fragaria, FT, light spectrum, perennial, SOC1, strawberry, TFL1

INTRODUCTION

Plants monitor light intensity, duration, spectrum, and direction
to adjust their growth and development. Photoperiod changes
regularly throughout the year, and therefore, many plants rely
on photoperiodic signals to control important phase transi-
tions including flower induction. Furthermore, specific regions
of the light spectrum have different effects on flowering. For
example, far-red (FR) light, which is enriched under canopy,
causes early flowering in many species (Brown and Klein, 1971;
Johnson et al., 1994; Cerddn and Chory, 2003; Wollenberg
et al, 2008). Plants sense changes in light by using pho-
toreceptors. Phytochromes (Phy) are the only photoreceptors
known to mediate photomorphogenic red (R) and FR sig-
nals (Takano et al., 2009; Strasser et al., 2010). In Arabidopsis
[Arabidopsis thaliana (L.) Heynh.], PhyA promotes, whereas
PhyB, D, and E repress flowering (Johnson et al., 1994; Reed
et al.,, 1994; Devlin et al., 1998, 1999; Hu et al., 2013). In
addition, cryptochrome (Cry) and light oxygen voltage (LOV)
receptors mediate the effect of blue (B) light to control flow-
ering (Guo et al., 1998; Mockler et al., 1999, 2003; Sawa et al.,
2007).

Genes that are regulating photoperiodic flowering are con-
served between annual short-day (SD) and long-day (LD) model
species rice (Oryza sativa L.) and Arabidopsis, respectively,
although their mode of action may differ (Hayama et al., 2003;
Tsuji et al., 2011; Brambilla and Fornara, 2013). Photoperiodic
flowering is explained by the external coincidence model. In
Arabidopsis, CONSTANS (CO) mRNA is expressed rhythmically
with a peak around the dusk under LD conditions and during the
night under SD (Suarez-Lopez et al., 2001). Since CO is unsta-
ble in darkness, the protein accumulates only under LD when
light coincides with the CO mRNA expression in the afternoon
(Valverde et al., 2004). CO activates FLOWERING LOCUS T (FT)
in the leaf phloem, and the FT protein moves into the shoot api-
cal meristem (SAM) (Corbesier et al., 2007; Jaeger and Wigge,
2007; Tamaki et al., 2007). At the SAM, FT binds with the bZIP
transcription factor FD, and this complex up-regulates the gene
expression of MADS transcription factor APETALA1 (AP1) to
induce flowering (Abe et al., 2005; Wigge et al., 2005). Also in
SD plant rice, photoperiodic flowering occurs through external
coincidence. Rice CO homolog, Heading date 1 (Hdl1), has similar
expression pattern with CO. However, Hd1 activates FT homolog
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Heading date 3a (Hd3a) only under SD through an unknown
mechanism which includes the action of PhyB (Kojima et al.,
2002; Cremer and Coupland, 2003; Ishikawa et al., 2011; Tsuji
et al., 2011). Furthermore, Hd3a forms a florigen activator com-
plex with 14-3-3 proteins and OsFD1 to activate OsMADSI15, a
homolog of AP1, to induce flowering (Taoka et al., 2011).

Light quality affects the transcription of CO and FT and the
stability of CO protein via different photoreceptors. Yanovsky and
Kay (2002) showed that both Cry2 and PhyA are involved in
the normal activation of FT mRNA expression in the photope-
riodic flowering. These photoreceptors play partially redundant
role to mediate B light promotion of flowering together with
Cryl, although the main role of PhyA is to mediate the FR signal
(Mockler et al., 2003). These photoreceptors are involved in the
stabilization of CO protein, whereas PhyB promotes the degra-
dation of CO in R light (Valverde et al., 2004). B light activated
LOV-receptor, FLAVIN BINDING, KELCH REPEAT, F-BOXI1
(FKF1), stabilizes CO protein specifically in the afternoon when
CO promotes the expression of FT. FKF1 is also directly involved
in the transcriptional regulation of both CO and FT (Imaizumi
et al., 2003; Sawa et al., 2007; Song et al., 2012). PhyB and other
light stable phytochromes have additional roles in shade avoid-
ance conditions. Low R/FR ratio inactivates PhyB, which leads to
the activation of the photoperiodic flowering pathway. An addi-
tional regulator, PHYTOCHROME AND FLOWERING TIME1
(PFT1) promotes the expression of CO and FT by repressing Phy
signaling (Cerddn and Chory, 2003; Wollenberg et al., 2008).

In perennials, the molecular level studies on the light regula-
tion of flowering have focused on Populus and on the woodland
strawberry, Fragaria vesca L. that represents the model species
for the economically important Rosaceae family (Bohlenius et al.,
2006; Hsu et al., 2011; Koskela et al., 2012; Mouhu et al., 2013).
In Evesca, both seasonal flowering and perpetual flowering acces-
sions with contrasting photoperiodic responses exist (Brown
and Wareing, 1965). Seasonal flowering accessions are SD plants
(Heide and Sonsteby, 2007). In perpetual flowering F. vesca, how-
ever, LD advances flower induction, but plants eventually flower
also under SD (Sensteby and Heide, 2008; Mouhu et al., 2009;
Koskela et al., 2012). A strong floral repressor, F. vesca homolog
of TERMINAL FLOWERI (FvTFLI) has been shown to con-
trol seasonal flowering, whereas perpetual flowering accessions
have non-functional FYyTFLI alleles with a 2 base pair deletion
in the first exon (Iwata et al., 2012; Koskela et al., 2012). Also
in the cultivated strawberry (Fragaria x ananassa Duch.), both
seasonal and perpetual flowering cultivars with similar environ-
mental responses are known (Heide, 1977; Sonsteby and Heide,
2007; Bradford et al., 2010; Kurokura et al., 2013).

Molecular analyses in F. vesca have revealed that homologs
of FT and SUPPRESSOR OF THE OVER-EXPRESSION OF
CONSTANSI1 (FvFT1 and FvSOCI1) may mediate the photope-
riodic signal to control flowering through FvTFLI. These genes
seem to form a linear pathway in which FvFT1 promotes the
expression FvSOCI, which leads to increased FvTFLI mRNA lev-
els (Mouhu et al., 2013). Since FVvTFL1 is a strong floral repressor,
the activation of this pathway under LD maintains the plants at
the vegetative stage (Koskela et al., 2012). Under SD in autumn,
however, the expression of FYFT1 and FvSOCI decrease leading

to the down-regulation of FvTFLI, and consequently, the up-
regulation of FYAPI occurs in the shoot apex in parallel with the
initiation of floral development. The growth cycle continues in
the next spring when determinate inflorescences emerge and pro-
duce fruits. Flowering and fruiting overlap with the next yearly
growth cycle which begins with the growth of new vegetative axil-
lary shoots with high FvSOCI and FyTFLI expression level in the
spring. In perpetual flowering accession Hawaii-4 (H4), however,
the lack of functional FvTFL1 reverses the photoperiodic flower-
ing response, and both FvFT1 and FvSOCI act as floral activators
(Koskela et al., 2012; Mouhu et al., 2013).

Vince-Prue and Guttridge (1973) showed that the end-of-day
FR light treatment prevents flower induction in the cultivated
strawberry, whereas R light has an opposite effect. To understand
strawberry responses to the light quality at the molecular level,
we carried out end-of-day treatments with R, FR and B light in
the F. vesca. We report strong activation of FYFT1 by FR light,
weaker activation by B light, and almost no expression under R
light. Using transgenic lines, we show evidence that FvFT1 medi-
ates the promotion of flowering under FR and B light treatments
in the perpetual flowering accession H4, which is lacking func-
tional FvTFLI. In the seasonal flowering accession, however, high
FvFT1I expression correlates with high FvTFL1 mRNA levels, and
flowering responses to different light qualities are reversed.

MATERIALS AND METHODS

PLANT MATERIAL AND GROWING CONDITIONS

Seedlings of seasonal flowering SD accession of the woodland
strawberry (Fragaria vesca L.) and perpetual flowering LD acces-
sion H4 (Accession numbers PI551792 and PI551572, respec-
tively; National Clonal Germplasm Repository, Corvallis, USA)
were used. Seedlings were raised in a greenhouse under non-
inductive photoperiod (12 or 18h for H4 and SD E vesca,
respectively) at 18 & 1°C (first experiment) or at 22 £ 1°C. High
pressure sodium (HPS) lamps (Airam 400W, Kerava, Finland)
were used to supplement natural light with the intensity of
150 umol m~2s™!. In SD conditions, darkening curtains were
used to exclude any light during the 12h night. After rooting,
seedlings were transplanted to 8 x 8 cm pots. Fertilized peat sup-
plemented with 25% (v/v) of vermiculite (@2 mm) was used
as a growing media. Plants were fertilized with liquid fertilizer
biweekly.

Previously reported FvFT1 and FvSOCI RNAi lines in H4
background (Koskela et al., 2012; Mouhu et al., 2013), and
FvFT1 over-expression lines produced in this work (see below),
were analyzed. All transgenic plants were propagated from seeds
originating from the self-pollination of the primary transgenic
lines. Seeds were germinated on moisturized filter paper on
petri dishes at room temperature for 5 days when the pri-
mary root was emerged. Since both RNAi and over-expression
vectors, pK7GWIWG2(II) and p7WG2D (Karimi et al., 2002),
contain green fluorescent protein (GFP) as a selectable marker,
we observed GFP signal in the primary roots under the flu-
orescence microscope (Leica MZ FL3, Leice Microsystems,
Wetzlar, Germany) and transferred GFP-positive seeds onto
the soil. Transgenic seedlings were raised under SD condi-
tions in greenhouse until the light treatments started. FvFT1

Frontiers in Plant Science | Plant Genetics and Genomics

June 2014 | Volume 5 | Article 271 | 134


http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Rantanen et al.

Light quality regulation of flowering

over-expression lines were moved to the light treatments immedi-
ately after germination in order to avoid flower induction before
the treatments. Wild type control plants were raised following the
same procedure with transgenic seedlings.

LIGHTING TREATMENTS

Incandescent lamps (INC; R/FR = 0.95; Philips 60W) and light
emitting diodes (LED) were used for the end-of-day lighting
treatments. R, FR and B LED lighting systems were built up
using deep-red (LZ1-10R205; LEDEngin Inc, San Jose, USA),
far-red (L735-66-60; Epitex Inc., Kyoto, Japan) and royal-blue
(Z-Power D32282; Seoul Semiconductor Co. Ltd., Ansan-city,
Korea) high-power LED components with measured peak wave-
length emissions at 655, 740, and 455 nm, respectively. These
lighting systems were used in the experiments that did not include
transgenic lines. However, in the experiments with transgenic
lines, Philips Green Power LED research modules (deep R, FR,
and B; Philips, Amsterdam, The Netherlands) were used.

Young seedlings were subjected to the end-of-day light qual-
ity treatments in a greenhouse rooms equipped with darkening
curtains during the winter season (November-March). The devel-
opmental stage of the seedlings in the beginning of the treatments
is indicated in the figure legends. Plants were illuminated daily for
12h with 150 pmol m~2s~! of HPS light. After 12-h HPS illu-
mination, the plants were subjected to low intensity (8—15 pmol
m~—2s71, as indicated in the figure legends) end-of-day R, FR, B or
incandescent light (INC) treatments for 6 h. In addition, 12-h SD
was used as a control. Natural light was excluded by using dark-
ening curtains when HPS lamps were turned off. Temperature
during the treatments was 18 or 22 &+ 1°C (indicated in the figure
legends). After the treatment period of 5-8 weeks (as indicated
in the figure legends), the plants were transferred to standard
LD growing conditions, 18h of HPS illumination (150 pxmol
m~2s~ 1) at 18 £ 1°C, for flowering observations.

GROWTH OBSERVATIONS

Flowering time observations were carried out 2-3 times per week
to record the date of first open flower. In H4, flowering time was
also observed by counting the number of leaves in the primary
leaf rosette before the terminal inflorescence.

GENETIC TRANSFORMATION

FvFT1 was amplified by using primers 5'- aaaaagcaggct GGATCA
ATATGCCTAGGGACAGG-3' and 5'- agaaagctgggtAAAGGGTT
TACGATGATCTTCTC-3' (lower case letters indicate the binding
site for the Gateway adapter primers), and the resulting fragment
was introduced in the p7WG2D over-expression vector (Karimi
et al., 2002), which includes GFP as a selectable marker, using
Gateway® technology with Clonase™ II (Invitrogen, Carlsbad,
USA). This construct was electroporated to the Agrobacterium
tumefaciens strain GV3101 and transformed to the Fvesca acces-
sion H4 as described earlier (Oosumi et al., 2006).

RNA EXTRACTION, cDNA SYNTHESIS, AND REAL-TIME PCR

Leaf and/or shoot apex samples were collected for gene expres-
sion analyses during lighting treatments in the time points
indicated in the figures and figure legends. For the leaf samples,
middle leaflets of youngest fully opened leaves, and for shoot

apex samples, ~1 mm pieces containing SAM and youngest
leaf initials were pooled from several plants. Three biological
replicates were collected for each sample. RNA extraction was
done by using pine tree method (Monte and Somerville, 2002).
For c¢DNA synthesis (Superscript III reverse transcriptase,
Invitrogen) 1 pg of total RNA was used. Real time PCR reactions
were performed using SYBR Green Master Mix (Roche, Basel,
Switzerland) and 3 wM primer mix (F+R) by using LightCycler
480-instrument (Roche). Real time PCR program is presented
in Supplementary Figure 1. Three biological and three technical
replicates were analyzed in each experiment. Relative expression
of selected genes was measured by AACt method with stable
FvMSII as a normalization gene (Supplementary Figure 2). Real
time PCR primers are listed in Supplementary Tablel. Primer
efficiencies were close to 2 for all primer pairs.

STATISTICAL ANALYSES

Flowering time results were subjected to the One-Way or Two-
Way analysis of variance (ANOVA) using general linear model
(GLM-procedure, SAS 9.3 Software, SAS Institute Inc., Cary,
USA). Pairwise comparisons were carried out using Tukey’s test
(o = 0.05 or 0.01 in one-way and two-way ANOVA, respectively).

RESULTS

END-OF-DAY FR, BUT NOT R LIGHT PROMOTES FLOWERING IN THE
FVESCA ACCESSION H4

Earlier studies in F. vesca have shown that LD advances flower-
ing of the perpetual flowering accession H4 (Mouhu et al., 2009;
Koskela et al., 2012). To analyze the effect of light quality on
the photoperiodic flower induction in H4, we subjected seedlings
to different end-of-day light quality treatments. Plants with one
open leaf were exposed to non-inductive SD (12 h day/12 h night),
or SD plus low intensity day extension (6 h) of FR, R or incandes-
cent light (INC; R:FR ratio of 0.95; flower inductive LD control)
for 5 weeks at 18°C followed by standard LD (18h) growing
conditions (see Materials and methods). In both FR and INC
treatments, flower induction was advanced and resulted in ter-
minal inflorescence after about eight leaves in the primary leaf
rosette (Figure 1A). In contrast, plants grown under R treatment
flowered after 12 leaves similarly to plants grown under SD.

We further tested the effect of light quality at higher temper-
ature of 22°C, since earlier study showed that high temperature
enhances photoperiodic responses in the perpetual flowering F
vesca accessions (Sensteby and Heide, 2008). Indeed, we found
stronger delay of flowering in R and SD compared to control
plants grown under INC than in the experiment carried out at
18°C. Plants grown under SD and R treatments produced 8-9
leaves more than plants under INC treatment and flowered more
than a month later (Supplementary Figure 3). We also tested the
effect of B light end-of-day treatment and found that B light
advanced flowering in H4, but the effect was weaker compared
to INC light (Supplementary Figure 3).

END-OF-DAY FR LIGHT INDUCES THE EXPRESSION OF THE FVFT1

Koskela et al. (2012) showed that in H4, FvFT1 expression cor-
related with floral induction under LD conditions as well as the
expression of putative floral meristem identity genes FvAPI and
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FIGURE 1 | Flowering time and the expression of flowering time genes
under the end-of-day light quality treatments in the perpetual flowering
F vesca accession Hawaii-4 (H4). (A) Flowering time of the seedlings of H4
indicated as the number of leaves in the primary leaf rosette before the
terminal inflorescence (n = 8-11). Flowering results were subjected to
One-Way ANOVA (t-test), p < 0.001 for the treatment. Different lowercase
letters indicate significant differences between the treatments according to
Tukey's pairwise test, a = 0.05. (B) The expression of FVFTT in the leaves of
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H4 collected in different time points during the treatments. (C) The
expression of FvSOCT, (D) FVAP1, and (E) FVFULT in the shoot apex samples
of H4 collected in different time points. Plants with one open leaf were
subjected to 12-h short-day (SD) or 12-h SD plus 6-h low intensity (8 wmol
m~2s~") end-of-day treatment with incandescent, farred or red light (INC,
FR, and R, respectively) at 18°C for 5 weeks. For gene expression data, three
biological replicates were analyzed by real-time PCR. Leaf and shoot apex
samples were collected 4 h after dawn. All results are mean + SD.

FvFULI. We analyzed the expression of these genes in differ-
ent end-of-day light quality treatments and found a correlation
between the FvFT1 gene expression level and flowering pheno-
types. In the leaves of H4, FvFT1 was highly expressed in both
flowering promoting FR and INC treatments already at 2-leaf
stage, 1 week after the beginning of the treatment (Figure 1B).
In contrast, we detected very low or no expression in R and SD
treatments (Figure 1B), in which the plants flowered late.

In Arabidopsis FT activates the expression of SOCI at the
SAM (Moon et al., 2005; Yoo et al., 2005), and this regulatory
connection was shown to be conserved in the F. vesca (Mouhu
et al., 2013). We found that FvSOCI mRNA levels in the shoot
apices partially correlated with the expression of FvFTI in the
leaves: high expression levels for both genes were detected in
INC and FR end-of-day treatments in all tested time points
(Figure 1C). However, FvSOCI mRNA was detected also in R
and SD treatments in contrast to FvFT1, but the expression level

was lower than in FR and INC treatments. The activation of
FvFT1 and FvSOCI in FR and INC treatments was followed by
the up-regulation of both FvAPIand FvFULI in the shoot apex 3
weeks after the beginning of the treatments but not under SD or
R (Figures 1D,E), indicating that flower induction had occurred
only in INC and FR treatments at this stage.

At a higher temperature of 22°C, FvFT1 was also strongly up-
regulated in the leaves of H4 under FR light compared to R and
SD treatments (Supplementary Figure 3). FvFT1 expression was
detected also in B light, but it was several times lower than under
FR treatment.

FUNCTIONAL ROLE OF FvFT1 AND FvSOC1 IN LIGHT QUALITY
RESPONSES

To confirm the functional role of FvFT1 in different light qual-
ity treatments, we used transgenic approach. First, we overex-
pressed FvFT1 under cauliflower mosaic virus 35S promoter
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in H4 background and subjected two independent FvFTI
overexpression lines to different light quality treatments. The
ectopic expression of FYFT1 led to extremely early flowering com-
pared to non-transgenic H4 (Figures 2A-D). In addition, FvFTI
overexpression line #7 showed no differences and line #5 minor
differences in their responses to various end-of-day light quality
treatments while in H4, FR and B light promoted flowering com-
pared to R and SD treatments. Moreover, R light slightly advanced
flowering compared to SD in non-transgenic H4 in this experi-
ment. We also tested the responses of three previously reported
FvFT1 RNAI lines in H4 background (Koskela et al., 2012) to the
same light quality treatments. In contrast to the wild type H4, FR
and B end-of-day treatments did not advance flowering in two
FvFT1 RNAI lines compared to the R and SD treatments, while
minor differences between light treatments were observed in the
third line (Figure3A). In this experiment, FR light advanced
flowering in non-transgenic H4 more than B light compared
to SD or R light treatment, and also R light slightly promoted
flowering compared to SD.

Mouhu et al. (2013) showed that F¥SOCI promotes flow-
ering downstream of FvFTI. In line with this result, silencing
of FvFT1 abolished the up-regulation of FvSOCI and FvFULI
which was observed in wild type H4 under FR light treatment
(Figures 3B,C). However, B light treatment did not clearly affect
the expression of FvSOCI and FvFULI in H4 at this time point
due to differences between the observed flowering times and sam-
pling. In this experiment, the plants that received the B light
treatment flowered slightly later than those under FR treatment
(Figure 3A).

To understand the role of FvSOCI in the light quality regula-
tion of flowering, we also studied two independent FvSOCI RNAi
lines in H4 background (Supplementary Figure 4) under the
same light quality treatments. Interestingly, FR treatment accel-
erated flowering of FvSOCI RNAI plants similarly as in the wild
type H4 while the effect of B light was absent in the transgenic
lines (Figure 3A). This data suggests that FR may induce flower-
ing through FvFT1, independently of FvSOCI, whereas FvSOC1
is needed for early flowering in the end-of-day B light treatment.
Taken together, our data on transgenic lines show that FvFT1, in
addition to the photoperiodic flowering pathway (Koskela et al.,
2012), is the central regulator in the light quality mediated flow-
ering pathway in the perpetual flowering F. vesca accession H4.
However, according to our data, FvSOC1 may have more specific
role in the B light regulation of flowering.

FvCO AND FvFT1 EXPRESSION PEAKS DO NOT OVERLAP IN LIGHT
QUALITY TREATMENTS

In Arabidopsis, the expression of CO starts to increase in the after-
noon, and CO protein activates FT expression in late evening
specifically under LD (Suarez-Lopez et al, 2001). In addi-
tion, light spectrum affects the expression levels of both genes
(Imaizumi et al., 2003; Valverde et al., 2004; Kim et al., 2008;
Wollenberg et al., 2008). To get insight into to the putative CO/FT
module in F vesca, we explored the expression rhythms of F
vesca CO and FT homologs in different end-of-day light quality
treatments. We focused on daytime expression levels, since our
earlier data showed that FYFTI has a minor expression peak in
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FIGURE 2 | The overexpression of FvFT1 causes extreme early
flowering in the perpetual flowering F vesca accession Hawaii-4
(H4). (A) H4 wild type, and (B) 35S:FvFT1 line #7 at the age of 8
weeks. (C) Flowering time of FVFTT overexpression lines in different
end-of-day light quality treatments indicated as the number of leaves
in the primary leaf rosette before the terminal inflorescence (#5:
n=21-31, #7: n=13-18, wild type H4: n=36-38). Flowering results
were subjected to Two-Way ANOVA (p < 0.001 for each of treatment,
genotype, and treatment x genotype interaction). Pairwise
comparisons were carried out for every genotype separately using
Tukey's test, a =0.01. Treatments with different letters indicate
significant differences within the genotype. (D) The expression of
FVFTT in 35S:FvFT1 plants compared to wild type Hawaii-4 under LD
(18h). T1 and H4 seedlings with open cotyledons were subjected to
12-h short-day (SD) or 12-h SD plus 6-h low intensity (15uwmol
m~2s~1) end-of-day treatment with farred, red or blue light (FR, R,
and B, respectively) at 22°C for 8 weeks. For gene expression data,
three biological replicates were analyzed by real-time PCR. Leaf
samples were collected 16h after dawn. All results are mean + SD.
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FIGURE 3 | RNA:i silencing of FVvFT1and FvSOCT1 affects the regulation of
flowering by light quality in the perpetual flowering F vesca accession
Hawaii-4 (H4). (A) Flowering time of H4, and FvFT1 and FvSOCT RNAI lines
in different end-of-day light quality treatments indicated as the number of
leaves in the primary leaf rosette before the terminal inflorescence

(n = 11-23 for FVFT1 RNAi lines, n = 28-30 for H4, n = 13-18 for FvSOC1
RNAI-5, n =5 for FvSOC1 RNAI-10). Flowering results were subjected to
Two-Way ANOVA (p < 0.001 for each treatment, genotype, and treatment x
genotype interaction). Pairwise comparisons were carried out for every
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genotype separately using Tukey's test, a = 0.01. Treatments with different
letters indicate significant differences within the genotype. (B) Relative
expression of FvSOCT and (C) FVFUL1 in the shoot apex samples of Hawaii-4
and FvFTT RNAI lines. T4 and H4 seedlings with 3-4 open leaves were
subjected to 12-h short-day (SD) or 12-h SD plus 6-h low intensity (15 umol
m=2s—1) end-of-day treatment with farred, red or blue light (FR, R, and B,
respectively) at 22°C for 7 weeks. For gene expression data, three biological
replicates were analyzed by real-time PCR. Shoot apex samples were
collected 4 h after dawn. All results are mean + SD

the morning and another peak in the late evening (Koskela et al.,
2012). In the FR treatment, FvFT1 peaked 4 h after dawn and its
expression started to rise again in the evening (Figure 4A). Several
times lower expression peaks were detected in B light treatment.
Low morning peak (4 h) was observed also in R light treatment,
but the expression level of FvFT1 gene was almost undetectable in
the evening.

Several CO homologs have been cloned in the cultivated straw-
berry, and according to phylogenetic analysis, one of those genes,
FrCO, belongs to the group 1a that includes CO, COLI and COL2
in Arabidopsis (Griffiths et al., 2003; Stewart, 2007). We searched
for E. vesca homologs for FrCO from the F. vesca genome database
(Shulaev et al., 2011; www.rosaceae.org) and found only a sin-
gle gene with high sequence identity to FrCO at the nucleotide
and protein level (gene04172-v1.0-hybrid; 97 and 96% identity
at the nucleotide and protein level, respectively). We studied the
daytime expression rhythm of this gene, which was previously

named as FvCO (Shulaev et al., 2011), in different light quality
treatments. FvCO peaked at dawn and its expression decreased
along the day (Figure 4B; Supplementary Figure 5). Very low
expression level was detected in late evening when the mRNA
levels of FvFT1 were already rising. In addition, light quality
treatments did not affect daytime FvCO gene expression pattern.
These data indicates that if the CO-FT connection exists in F.
vesca, its mode of action differs from Arabidopsis.

END-OF-DAY R LIGHT DOWN-REGULATES FvTFL1 AND INDUCES
FLOWERING IN THE SD ACCESSION

In contrast to the LD flowering H4, seasonal flowering SD F. vesca
is induced to flower in 12h SD, whereas 6 h day extension with
INC treatment after SD prevents flower induction (Koskela et al.,
2012). We subjected the SD F. vesca to the similar end-of-day
FR, R and B treatments than H4 and found that its flowering
responses to different light qualities were reversed compared to
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FIGURE 4 | The effect of the end-of-day light quality treatments on the
daytime expression of FvFT1 and FvCO in Hawaii-4. (A) Relative
expression of FvFT1 and (B) FvCO in different light quality treatments at 0,
4,8, 12, and 16 h after lights were switched on (ZGB = zeitgeber time).
Values are means of three biological replicates + SD.

H4; R induced, and FR and B prevented flowering (Figure 5A). In
R and SD treatments, flowering occurred 38 and 30 days after the
end of the 8-week treatment, respectively while the plants under
FR and B light treatments stayed vegetative until the end of the
experiment.

To understand the observed differences in flowering responses
at the molecular level, we analyzed the expression of FYFTI in
the leaves, and FvSOCI and FyTFLI mRNA levels in the shoot
apex in the SD F. vesca 4 weeks after the beginning of the end-of-
day light quality treatments. Similarly to H4, in the SD F. vesca,
FvFT1 was strongly up-regulated by FR light and some expres-
sion was detected in B light, whereas in R and SD treatments,
the expression was hardly detected or undetectable, respectively
(Figure 5B). Like FvFT1 in the leaves, FvSOCI was up-regulated
in the shoot apex of SD Evesca in FR light and expressed only
at low level in both R and SD treatments, whereas intermediate
levels were observed under B light (Figure 5C). The expression
of floral repressor, FVTFLI, closely followed that of FvSOCI in
all light quality treatments (Figure 5D). FvyTFLI was several-fold
down-regulated in floral-inductive SD and R treatments in com-
parison to FR and B treatments which inhibited flower induction.
Taken together, the effect of end-of-day R, FR or B treatment or
SD on the expression of FvFT1 and FvSOCI was similar in SD F
vesca as in H4, although the flowering responses were opposite.
This difference is associated to FYTFLI which was co-regulated
with FvFTI and FvSOCI by light. These data suggest that the
functional FVvTFL1 reverses flowering response to different light
qualities in Fvesca.
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FIGURE 5 | Flowering time and the expression of flowering time genes
in the SD F. vesca subjected to end-of-day light quality treatments. (A)
Flowering time of the SD F. vesca indicated as days to anthesis after the
light quality treatments (n = 14). Flowering results were subjected to
One-Way ANOVA (t-test), p < 0.001 for the treatment. Different lower-case
letters indicate significant differences between the treatments according to
Tukey's pairwise test, a = 0.05. (B) The expression of FVFTT in the leaf
samples, and (C) FvSOCT and (D) FvTFL1 in the shoot apex samples 4
weeks after the beginning of the light quality treatments. Plants with 5-6
open leaves were subjected to 12-h short-day (SD) or 12-h SD plus 6-h low
intensity (15 wmol m=2s~1) end-of-day treatment with blue, farred or red
light (B, FR, or R, respectively) at 18°C for 8 weeks. For gene expression
data, three biological replicates were analyzed by real-time PCR. Shoot
apex and leaf samples were collected 4 and 16 h after dawn, respectively.
All results are mean £+ SD. Nd, not detected.
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DISCUSSION

FT has been considered to be a general photoperiodic signaling
molecule in both SD and LD plants (Hayama and Coupland,
2004; Lagercrantz, 2009; Pin and Nilsson, 2012). Likewise, in the
perpetual flowering F. vesca accession H4, FvFT1 has recently been
reported as an LD-induced floral activator which controls the
expression of putative floral meristem identity genes FvAPI and
FvFULI (Koskela et al., 2012). Here we show evidence that FvFT1
also mediates the effect of light quality to promote flowering in
H4. However, in the seasonal flowering SD F.vesca with a func-
tional FvIFLI, the effects of the light spectra on flowering are
reversed.

END-OF-DAY FR AND B LIGHT PROMOTE FLOWERING IN H4

Flowering of H4 was advanced by the end-of-day treatment of FR
or FR-rich incandescent light whereas R light had no effect or very
weak effect compared to the SD control. This is a typical response
of various LD plants to light quality (Meijer, 1959; Brown and
Klein, 1971; Holland and Vince, 1971; Downs and Thomas, 1982;
Martinez-Zapater and Somerville, 1990). Since phytochromes are
the sole R/FR receptors mediating photomorphogenic and pho-
toperiodic responses (Takano et al., 2009; Strasser et al., 2010),
we suggest that these photoreceptors have a major role in the
control flowering also in strawberries. However, further studies
are needed to confirm which phytochrome(s) mediate the R/FR
responses observed in H4.

B light has also been shown to promote flowering in
Arabidopsis (Bagnall, 1996; Mockler et al., 2003). We found that
the end-of-day B light treatment promoted flowering in H4.
However, the effect of B light on flowering was weaker than the
effect of the FR or INC light in two out of three experiments
reported here. Although these results further suggest that phy-
tochromes are major photoreceptors regulating flowering in F.
vesca, also B light receptor(s) likely have a role in the control of
flowering. In Arabidopsis, cryptochromes and the LOV receptor
FKF1 are involved in the B light regulation of flowering (Guo
et al., 1998; Imaizumi et al., 2003; Valverde et al., 2004). PhyA,
however, can also absorb B light, and it mediates B light signal to
control flowering at least in the crylcry2 double mutant (Mockler
et al., 2003).

FvFT1 AND FvSOC1 HAVE DISTINCT ROLES IN THE LIGHT QUALITY
REGULATION OF FLOWERING

In Arabidopsis, light signals mediated by different photoreceptors
control the expression of FT that promotes flowering (Imaizumi
et al., 2003; Mockler et al., 2003; Valverde et al., 2004; Song et al.,
2012). Consistent with the up-regulation of FT by FR light or
low R/ER ratio (Cerddn and Chory, 2003; Mockler et al., 2003;
Wollenberg et al., 2008), we found that the end-of-day FR and
INC light with R/FR ratio of 0.95 strongly up-regulated FvFT1
in the leaves of H4, whereas FvFT1 expression level was very low
under R and SD treatments. Also the end-of-day B light treatment
somewhat up-regulated FvFT1 compared to SD. However, con-
sistent with later flowering under B light compared to FR light,
several times lower FvFT1 expression level was detected under
B light treatment. The analysis of transgenic lines confirmed the
role of FVFT1 in the light quality regulation of flowering in H4.

The overexpression of FvFT1 in H4 caused extreme early flow-
ering independently of the end-of-day light treatment, whereas
RNAI silencing of FvFT1 abolished the FR and B light promo-
tion of flowering. These results indicate that FvFT1 does not
only activate flowering under LD (Koskela et al., 2012) but also
controls flowering according to light quality signals perceived by
phytochromes and B light receptors.

FT is a positive regulator of SOCI in Arabidopsis (Yoo et al,,
2005; Torti et al., 2012), and this regulatory link is present also
in the Fvesca (Mouhu et al., 2013). In this study, we found high-
est FvSOCI expression levels in FR treatment, where the FvFT1
expression level was also highest. Furthermore, the silencing of
FvFT1 prevented the up-regulation of FvSOCI by FR light indi-
cating that FvFT1 mediates at least the FR light regulation of
FvSOC1. However, FvFT1 can control flowering independently
of FvSOC1 under FR light, since the silencing of FvSOC1 did
not affect flowering time under FR light. This is in line with the
observation that FT and SOCI act redundantly to promote flow-
ering under FR enriched light in Arabidopsis (Kim et al., 2008).
Although the end-of-day B light treatment advanced flowering
compared to SD in non-transgenic H4, this did not occur in
FySOCI RNAI lines suggesting that FvSOCI is needed specifi-
cally for the B light promotion of flowering. Taken together, both
FvFT1 and FvSOCI1 are involved in the control of flowering by
the end-of-day B treatment, whereas the promotion of flowering
by the FR treatment can occur independently of FvSOCI.

FUNCTIONAL FvTFL1 REVERSES THE END-OF-DAY LIGHT QUALITY
RESPONSES IN F. VESCA

Several lines of data support the presence of FvFT1-FvSOCI-
FvTFLI regulatory pathway in the SD F vesca. FVFT1 up-regulates
FvSOCI in the shoot apex at least in H4, and FvSOCI activates
the expression of FYTFLI that encodes a strong floral repressor.
Therefore, the photoperiodic flowering response is reversed in
the SD F. vesca compared to H4 (Koskela et al., 2012; Mouhu
et al., 2013). We found that in the SD E vesca, similarly to H4,
FvFT1 and FvSOCI gene expression levels were higher under
the end-of-day FR and B light treatments compared to R and
SD treatments. However, in contrast to H4, SD E vesca was
induced to flower under R light and SD treatments while FR
and B light inhibited flowering. Taken together, the expression of
FvFT1 and FvSOCI correlated negatively with the flower induc-
tion in the SD E vesca in all light quality treatments tested in
this study as well as in the photoperiodic treatments in previ-
ous works (Figure 5; Koskela et al., 2012; Mouhu et al., 2013).
We also found that the expression of FvTFLI closely followed that
of FvSOCI in all light quality treatments indicating that the pres-
ence of the functional FYTFLI not only reverses photoperiodic
flowering response (Koskela et al., 2012), but also the effect of the
end-of-day B light and the phytochrome-mediated R/FR light on
flowering. The ortholog of FVTFL1 may control light responses
also in the cultivated strawberry, since the SD cultivar of the cul-
tivated strawberry responds to R/FR treatments similarly to the
SD F vesca (Vince-Prue and Guttridge, 1973) and the F. vesca is
one of its ancestors (Hirakawa et al., 2013). Although significant
amount of data support the presence of FvFT1-FvSOC1-FvTFL1
pathway in the SD E vesca, functional analysis is needed to
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confirm whether FvFT1 acts as an anti-florigen in the presence of
FvTFLI. Antiflorigens have recently been reported in sugar beet
and chrysanthemum (Pin et al., 2010; Higuchi et al., 2013).

FvCO GENE EXPRESSION DO NOT COINCIDE WITH FvFT1 mRNA PEAK
In the E vesca, FvFT1 mRNA expression peaks in the late evening
under LD (Koskela et al., 2012), similarly to FT homologs in
several other species (Cremer and Coupland, 2003; Bohlenius
et al., 2006; Pin et al., 2010). In Arabidopsis, FT is induced by
CO when CO mRNA expression peak coincide with light in the
evening under LD (Suarez-Lopez et al., 2001). Our data do not
support similar regulation in the F vesca. The Arabidopsis coin-
cidence model would require FvCO to peak in the afternoon
before FvFT1. However, FvFT1 is highly up-regulated 16h after
dawn, when the FvCO expression level is low, and FvCO mRNA
level peaks later toward dawn similarly to Arabidopsis COL2 and
Populus deltoides CO1 and CO2, which have little or no effect on
the onset of flowering (Ledger et al., 2001; Hsu et al., 2012).

Both FR and B light increase the expression of CO and FT
in Arabidopsis, whereas lower mRNA levels are observed in R
rich light (Imaizumi et al., 2003; Valverde et al., 2004; Kim et al.,
2008; Wollenberg et al., 2008). Although light quality treatments
strongly affected FvFT1 mRNA levels in F. vesca and caused an
additional FvFT1 expression peak 4 h after dawn, the end-of-day
light quality treatments had no effect on FvCO daytime expres-
sion. Since light quality affects the stability of CO protein in
Arabidopsis (Valverde et al., 2004), one possible scenario is that
the stabilization of FvCO in the morning up-regulates FvFT1.
However, further studies are needed to reveal whether FvCO has
arole in the regulation of FvFT1 in different phases of the diurnal
cycle in the F. vesca.

CONCLUDING REMARKS

We have shown that both B and R/FR light signals contribute to
the regulation of flowering and flowering time genes in F. vesca,
although phytochrome mediated R/FR signals have stronger
effect at least in the end-of-day treatments (Figure 6). In the per-
petual flowering LD accession H4, the floral promoter FvFT1
has a central role in flowering responses to different light qual-
ities, whereas FvSOC1 seems to be specifically required for B
light mediated activation of flowering. In the SD F. vesca, how-
ever, the flowering response to different light spectra is reversed,
because of the up-regulation of the strong floral repressor FvTFL1
by FvFT1/FvSOCI. These new insights highlight the importance
of the regulation of FYTFLI and FvFT1 also in the light qual-
ity responses, in addition to photoperiodic flowering, in the
perennial Rosaceae model plant F. vesca (Koskela et al., 2012).
Our result, that flowering of both perpetual (LD) and seasonal
(SD) flowering strawberries can be controlled by light quality
treatments, may have practical applications in the strawberry
cultivation under controlled climate.
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INTRODUCTION

Flowering time in plants is a tightly regulated process. In barley (Hordeum vulgare L.),
HvVFT1, ortholog of FLOWERING LOCUS T, is the main integrator of the photoperiod and
vernalization signals leading to the transition from vegetative to reproductive state of the
plant. This gene presents sequence polymorphisms affecting flowering time in the first
intron and in the promoter. Recently, copy number variation (CNV) has been described
for this gene. An allele with more than one copy was linked to higher gene expression,
earlier flowering, and an overriding effect of the vernalization mechanism. This study aims
at (1) surveying the distribution of HvFT7 polymorphisms across barley germplasm and (2)
assessing gene expression and phenotypic effects of HvFT1 alleles. We analyzed HVFT1
CNV in 109 winter, spring, and facultative barley lines. There was more than one copy
of the gene (2-5) only in spring or facultative barleys without a functional vernalization
VrnHZ2 allele. CNV was investigated in several regions inside and around HvFT71. Two
models of the gene were found: one with the same number of promoters and transcribed
regions, and another with one promoter and variable number of transcribed regions. This
last model was found in Nordic barleys only. Analysis of HVFT1 expression showed that
association between known polymorphisms at the HvFTT1 locus and the expression of
the gene was highly dependent on the genetic background. Under long day conditions
the earliest flowering lines carried a sensitive PpdH1 allele. Among spring cultivars with
different number of copies, no clear relation was found between CNV, gene expression
and flowering time. This was confirmed in a set of doubled haploid lines of a population
segregating for HvFT1 CNV. Earlier flowering in the presence of several copies of HvFT1
was only seen in cultivar Tammi, which carries one promoter, suggesting a relation of gene
structure with its regulation. HVCEN also affected to a large extent flowering time.

Keywords: barley, flowering time, copy number variation, HvFT1, HYyCEN

Several major genes are the main responsible for the responses to

In temperate cereals, like barley (Hordeum vulgare L.) and wheat
(Triticum aestivum L.), flowering is regulated by the integra-
tion of two seasonal signals (Laurie, 2009): photoperiod (day
length) and vernalization (prolonged exposures to low temper-
atures). Flowering time is also closely linked with agronomic
performance. Plants must flower at the appropriate time of the
year, when conditions are most favorable for pollination, seed
development and high grain yield.

The responses to day length and temperature serve to classify
barley varieties according to their adaptation pattern. Based on
the response to day length, varieties are divided into photoperiod-
sensitive (long days accelerate flowering) or -insensitive (plants
flower almost independently of the day length). Based on the
response to vernalization, barley varieties are classified as win-
ter (vernalization is required for timely flowering) or spring
(flowering irrespective of vernalization), although the presence
of an allelic series at VrnHI produces intermediate genotypes
(Hemming et al., 2009). Usually, winter varieties are sown in
autumn, spring varieties in winter and spring, and there is a third
category known as facultative varieties, that can be sown anytime.

photoperiod and vernalization, which are described next.

Allelic differences in the photoperiod genes PpdH1 and PpdH2
are associated with natural variation in the response to day length.
PpdHI (a member of the Pseudo Response Regulator family) is
part of the circadian clock of the plant and promotes flowering
under long days (Turner et al., 2005). Recessive mutations in the
PpdHI gene result in delayed flowering under long days (Turner
et al., 2005; Hemming et al., 2008). The PpdHI gene acts in par-
allel to HvCOI (Campoli et al., 2012), which is one of the barley
homologs of the Arabidopsis (Arabidopsis thaliana) CONSTANS
(CO) gene. Overexpression of HvCOI results in the up-regulation
of HvFT1 (the ortholog in barley of the Arabidopsis FLOWERING
LOCUS T, or FT) and the acceleration of flowering (Campoli
etal., 2012). PpdH2 has been long acknowledged as the responsi-
ble for acceleration of flowering in response to short photoperiod,
although its role is being re-defined (Casao et al., 2011). It is a par-
alog of HVFT1, (alternatively named HvFT3 by Faure et al., 2007
and Kikuchi et al., 2009). Its effect on flowering is not as strong
as HvFT1 and it seems to be restricted to winter genotypes under
short days or long days without vernalization (Casao et al., 2011).
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Another paralog of HvFT1 with a large effect on time to flowering,
particularly at Mediterranean latitudes (Boyd et al., 2003; Cuesta-
Marcos et al., 2008), is HvCEN, and its two main haplotypes are
differentially distributed over spring and winter barley varieties
(Comadran et al., 2012).

Natural variation in barley vernalization requirement is mainly
found in the vernalization loci VruH1 (Trevaskis et al., 2003; Yan
et al., 2003), VrnH2 (Yan et al., 2004), and VrnH3 (Yan et al.,
2006). The VrnHI gene is closely related to the Arabidopsis gene
APETALA1 (API), responsible for the transition from the vege-
tative to the reproductive stage (Trevaskis et al., 2007). Different
alleles of VrnH]I have been identified, with insertions or deletions
in the first intron of the gene (von Zitzewitz et al., 2005; Cockram
et al., 2007; Hemming et al., 2009), affecting the length of the
optimum vernalization period. Alleles lacking large sections of
the ~11kb intron are more active and are associated with ear-
lier flowering without vernalization, whereas alleles lacking small
segments are associated with only a moderate increase in VrnH1
activity and weaker promotion of flowering (Szfics et al., 2007;
Hemming et al., 2009). VrnH2 includes three closely related genes
designated as HvZCCTa-c, which are characterized by a putative
zinc finger and a CCT-domain. VrnH2 is considered to play the
role of repressor of flowering and it has been shown that dele-
tions of all the three HvZCCT genes result in spring growth habit
(Karsai et al., 2005; Trevaskis et al., 2006). Finally, VinH3 was
shown to correspond to HvFT1, the ortholog of the Arabidopsis
FT gene (Yan et al., 2006; Faure et al., 2007).

FT is considered as the main flowering integrator of the pho-
toperiod and vernalization pathways in both monocot and dicot
species (Turck et al., 2008). In barley, the most accepted hypoth-
esis for the regulation of HVFT1 establishes that, during the fall,
when temperate cereals germinate, HvFT1 is repressed by VinH2
(Yan et al., 2006; Hemming et al., 2008; Distelfeld et al., 2009).
During winter, vernalization up-regulates VrnHI (Trevaskis et al.,
2006; Oliver et al., 2009), which results in the repression of VrnH2
in the leaves and, consequently, the activation of HvFT1 transcrip-
tion in the spring (Loukoianov et al., 2005; Trevaskis et al., 20065
Hemming et al., 2008; Chen and Dubcovsky, 2012). The precise
molecular mechanisms of action of these genes are still the object
of numerous studies in barley and other cereals. FT transcription
is induced in the leaves and it has been demonstrated in differ-
ent species that the encoded protein travels through the phloem
to the stem apical meristem, where it plays a central role in trig-
gering flowering (Corbesier et al., 2007; Tamaki et al., 2007). In
Arabidopsis, FT interacts with the bZIP transcription factor FD
and up-regulates the expression of the meristem identity gene
API at the shoot apex (Abe et al., 2005; Wigge et al., 2005). A simi-
lar interaction has been reported in wheat, where the orthologous
FT protein interacts with an FD-like protein and has the ability to
bind in vitro the promoter of VrnH]I, the wheat homolog of API
(Li and Dubcovsky, 2008).

Ample natural variation in the HvFT1 gene has been found,
with polymorphisms reported in the promoter and in the first
intron. This variation has been linked to differences in flow-
ering phenotypes in a number of studies (Yan et al, 2006;
Hemming et al., 2008; Casas et al., 2011). It seems clear now
that, in Arabidopsis, the FT promoter and first intron contain

cis-regulatory sites that are important for its transcriptional reg-
ulation (Tiwari et al., 2010). However, the FT1 regulatory regions
of barley and wheat are not as well characterized. Yan et al.
(2006) found an association between growth habit and muta-
tions in the first intron, but the sequencing of the HvFT1I alleles
from populations previously used to map QTL for flowering time
(Hemming et al., 2008) failed to reveal any significant associa-
tion between the two linked SNPs in intron 1 and flowering time.
Further results reported in other surveys of HvFT1 allelic varia-
tion (Cuesta-Marcos et al., 2010; Casas et al., 2011) were also in
disagreement with Yan et al. (2006) regarding the direction of the
effect assigned to the functional polymorphism in the first intron.
Yan et al. (2006) also identified two promoter haplotypes, charac-
terized by seven linked SNPs and two indels in the first 550 bp
upstream of the start codon. Using primers specific to differen-
tiate those indels, Casas et al. (2011) analyzed natural variation
for the promoter haplotypes (135-146 vs. 139-142bp) and the
intron 1 haplotypes (AG/TC) in a collection of barley landraces.
In that study the intron AG haplotype was clearly associated with
later flowering than the TC haplotype. The results for the pro-
moter haplotypes hinted at a role of these polymorphisms on
flowering time, but of lesser magnitude than intron polymor-
phism. The combination of the 135-146 promoter with the TC
intron was associated with earliest flowering (Casas et al., 2011;
Ponce-Molina et al., 2012). Further evidence from other popula-
tions (Nitcher et al., 2013) confirmed the description of promoter
haplotypes as “early” (135-146) and “late” (139-142). Another
SNP in the promoter of the HvFT1 gene, upstream of the studied
region was also suggested to have an additional role on flowering
time (Cuesta-Marcos et al., 2010; Casas et al., 2011).

The scope of HVFT1 polymorphism has been recently widened
even further by including copy number variation (CNV), first
described by Nitcher et al. (2013). Recently, this type of polymor-
phism has been proposed as a key contributor to intra-species
genetic variation, along with SNPs and indel polymorphisms.
Some data suggest that CNV mainly affects the members of
large families of functionally redundant genes and that the effects
of individual CNV events on phenotype are usually modest
(Zmienko et al., 2014). Nevertheless, there are many cases in
which CNVs for specific genes have been linked to important
traits such as flowering time and plant height and resistance
(Zmienko et al., 2014). Regarding HvFT1, it has been reported
recently that a genotype with high gene copy number (BGS213,
derived from cultivar Tammi) was responsible for early flowering
and an epistatic override of winter growth habit, caused by the
combination of vrnHI1 and VrnH2 alleles (Nitcher et al., 2013).
This study pursues to carry out a comprehensive survey of HvFT1
polymorphisms, including CNV, in barley accessions of different
origins and germplasm groups. Also, we aim to provide further
new information on gene expression and phenotypic effects of
contrasting genotypes at HvFT1.

MATERIALS AND METHODS

PLANT MATERIALS

HvFT1 polymorphism

A set of 109 genotypes was used to survey the polymorphisms
present at HvFT1, 89 cultivars, mainly European, and 20 inbred
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lines derived from Spanish landraces (Igartua et al., 1998). They
were classified into 60 winter and 49 spring types, according to
their genetic constitution at vernalization and photoperiod genes
(Table S1). These genotypes constitute a representative sample of
barley germplasm available to European breeders.

HvFT1 phenotypic effect

Several biparental populations used in past studies were
reassessed to account for possible phenotypic effects of the poly-
morphisms at HvFT1 (Table 1). In some cases, these effects were
already described in the references cited. In others, further geno-
typing allowed a better resolution of the QTLs or the discovery
of previously unknown polymorphism. QTL x QTL interaction
analyses were done using the unbalanced analysis of variance
option implemented in Genstat 14 (Payne et al., 2009), follow-
ing a factorial model with the markers closest to the QTL peaks
and “environment” as factors. The field experiments of the pop-
ulation Beka x Mogador are explained in the publication by
Cuesta-Marcos et al. (2008).

Gene expression analysis

Seven spring cultivars and two landrace-derived inbred lines,
selected to represent HvFT1 CNV types, were used for gene
expression analysis. Also, eight doubled haploid (DH) lines of
the population Beka x Mogador (Table 2) were used for this pur-
pose. Several major flowering time genes were segregating in this
population (Cuesta-Marcos et al., 2008). To focus only on varia-
tion at HvFT1, DH lines were selected with spring (Beka) alleles
at VrnHI, VirnH2, and PpdH2. Variation in HvCEN, the most
important factor determining flowering time in this population,
was also considered. We aimed at having two plants per HvCEN-
HvFT1 haplotype, but found only one for the Mogador-Mogador
class (an extra plant was allocated to the Beka-Mogador class).
PpdH1 was not segregating in this cross. Both parents carry the
recessive, long-day insensitive allele.

SEQUENCE POLYMORPHISMS AT MAJOR GENES

DNA sequence polymorphisms for the 109 accessions were
screened with allele-specific primers of candidate genes. VrnHI
was scored based on the size of the first intron of its candidate
HvBM5A (Yan et al., 2003; von Zitzewitz et al., 2005). Alleles were
classified according to Hemming et al. (2009); VrnH2 was evalu-
ated as presence of HvZCCT-Ha and HvZCCT-Hb (Karsai et al.,
2005). PpdHI was genotyped using SNP22 in the CCT (Constans,
Constans-like, TOCI) domain of its candidate gene HvPRR?, after
digestion with BstU I (Turner et al., 2005). PpdH2 was scored as
presence of the HVFT3 gene as reported by Casao et al. (2011).
Regarding VrnH3, two indels in the promoter and two SNPs in

the first intron of the HvFT1 gene were assessed (Casas et al.,
2011). HvCEN, candidate gene for Mat-c or Eam6 was par-
tially sequenced in 24 genotypes. The haplotypes are identified
as reported by Comadran et al. (2012).

It was not possible to assess HVFT1 polymorphism directly at
the Beka x Mogador DH population (Cuesta-Marcos et al., 2008)
because the sequences of the parental alleles were conserved and
they differed only in copy number (2 Beka, 1 Mogador). The
population was reanalyzed based on the new information found
(parents polymorphic at HvFT1 for CNV). Two microsatellite
markers, in the HvFT1 region, were mapped (EBmac0603 and
AF022725A), to provide better resolution of the flowering time
QTL found in this region.

HvFT1 CNV ANALYSIS BY qPCR

Genomic DNA was isolated from frozen barley leaves using the
NucleoSpin Plant II kit (Macherey-Nagel, Germany) and used as
template for CNV analysis by qPCR in an ABI 7500, essentially
as described by Nitcher et al. (2013) with some modifications.
Briefly, 100 ng genomic DNA were mixed with 2uM of each
primer and 10 pl of 2X Power SYBR Green Supermix (Thermo
Fisher Scientific, Waltham, MA). The PCR program comprised
10 min at 95°C, 40 cycles of 10s 95°C and 50s 60°C, and a

Table 2 | Haplotypes for major flowering time genes and markers
closest to QTLs (see Cuesta-Marcos et al., 2008) for selected doubled
haploid (DH) lines of the population Beka x Mogador.

DH VmH2 VmH1 PpdH2 HvCEN  HvFT1 FLET AE¥
line HvZCCT HvBMS5 HvFT3 Bmac132 E41M47_e

1840 B B B B B 4 =
1892 B B B B B 41 *
1927 B B B B M 43 =
1933 B B B B M 44 =
2011 B B B B M 44 =
1873 B B B M M 30 36
1837 B B B M B 31 37
2009 B B B M B 40 46

Alleles conferring lateness are highlighted in gray. Dates for developmental
stages in the pot experiment used for gene expression analysis are also
included.

B, Beka; M, Mogador.

TFLE: days from sowing to 50% of plants with flag leaf expanded.

*AE: days from sowing to 50% of plants with emerged awns.

*more than 48 days, as the experiment was terminated at that date and the
plants had not reached awn emergence yet.

Table 1 | Biparental populations analyzed in this study.

Population Type Number of lines  HvFT1polymorphism References Present study

Henni x Meltan DH 118 Promoter Borras-Gelonch et al., 2010 Genotyping of HvFT1 promoter
SBCC154 x Beatrix DH 168 Intron and CNV Unpublished QTL analysis, genotyping of HvFT1
Beka x Mogador DH 120 CNV Cuesta-Marcos et al., 2008 New markers in HvFTT region and CNV.

QTL interaction
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melting curve stage. Number of copies of the first exon of HVFT1
was tested in all 109 genotypes. Morex was selected as the cali-
brator genotype and SNEF2 as the housekeeping gene (Yan et al.,
2002). Then, in a subset of lines, two other HvFTI regions
(promoter and exon 3) and three other genes close to HvFTI
(UCW118, UCW123, and UCW120) were tested as reported by
Nitcher et al. (2013). Efficiency for each primer pair was obtained
by serial dilutions of barley genomic DNA and it was taken into
account for CNV calculation (Weaver et al., 2010). Efficiencies for
SNF2, HvFT1-promoter, HvFT1-exonl, HvFT1-exon3, UCWI118,
UCW120, and UCW123 were 0.95, 0.96, 0.92, 0.95, 0.96, 1.03, and
0.85, respectively.

GROWTH CONDITIONS FOR EXPRESSION STUDIES

Barley plants used for expression analysis were grown in pots of
11.5 (diameter) x 16.0 (height) cm with a mix of peat, sand, and
perlite. Six seeds of one genotype were sown per pot. After emer-
gence, they were thinned to three seedlings per pot. The plants
were grown in a growth chamber, under long-day conditions
(16h light, 250 .E m~2 s, 20°C, 60% relative humidity/8 h
dark, 16°C, 65% relative humidity) for 7 weeks. There were three
pots per genotype, which were used as replicates.

Two experiments were carried out with samplings at two dif-
ferent times. In the first experiment, leaf tissue was harvested
in the middle of the light period, after 8 h light, as reported by
Kikuchi et al. (2009). In the second experiment, to maximize cir-
cadian expression of HvFT1 (Turner et al., 2005) harvesting took
place 2 h before dark, after 14 h light. In both cases, leaf tissue
(last expanded or flag leaf) was harvested and frozen immedi-
ately in liquid nitrogen before tissue homogenization (Mixer Mill
model MM 400, Retsch, Germany). At each sampling time, three
samples were analyzed per treatment and genotype. Each sample
came from a different plant and pot.

mRNA EXTRACTION, cDNA SYNTHESIS, AND GENE EXPRESSION
ANALYSIS

For qPCR analysis of HVFT1 expression levels, 1 g of total RNA
(purified using the NucleoSpin RNA Plant kit, Macherey-Nagel)
was transcribed to ¢cDNA by using the SuperScript III reverse
transcriptase and 2.5 uM poly(dT),o primer according to the
manufacturer’s instructions (Invitrogen). The reaction mixture
for qPCR and the PCR program have been previously described.
cDNA was quantified using a Nanodrop system (Thermo Fisher
Scientific) and equal amounts were used for all samples. Actin was
selected as the housekeeping gene (Trevaskis et al., 2006), and
expression of HvFT1 and HvCEN was analyzed using the same
primers as in Yan et al. (2006) and Comadran et al. (2012), respec-
tively. Efficiencies for Actin, HvFT1, and HvCEN, were 0.97, 0.86,
and 0.96, respectively.

RESULTS

SURVEY OF HvFT1CNV

Winter and spring genotypes were classified as follows: winter
genotypes carry a functional VrnH2 allele and a winter or inter-
mediate allele in VinH1 (wild type vrnH1, VrnHI1-6, or VrnH1-4).
Spring or facultative lines have been classified as those with a
spring allele in VrnH1 or lines in which VrnH2 is absent. With

regard to HvFTI, there were accessions representing all possi-
ble combinations of intron and promoter polymorphisms, both
within the winter and spring groups (Table 3). The combination
of the “late” promoter with the “early” intron, however, was the
most frequent. HYFT1 exon 1 copy number ranged from 0.35 £+
0.13 in the winter cultivar Igri to 5.12 £ 0.28 in the spring cultivar
Zaida (Figure 1). The results for several genotypes were inter-
mediate between two classes, and were assigned to classes based
on pedigree information when possible. Genotypes with several
copies of HVFTI presented allele combinations typical of both
winter and spring cultivars at all the Vrn and Ppd genes, with one
exception, VrnH2. No genotype with the VrnH2 gene present had
more than one HvFT1 copy.

It is remarkable that all of the winter barley cultivars, i.e., with
a dominant VrnH?2 allele, had only one copy of the first exon.
Barberousse, the last winter genotype in Figure 1, had 1.50 +
0.01 copies, which we considered as a single copy. On the other
hand, 28 out of the 49 spring cultivars analyzed contained more
than 1.70 copies of exon 1 of HvFT1, which we have considered as
multiple copies.

The study was extended to analyze CNV in other areas within
or near the HvFTI gene, as in Nitcher et al. (2013). Thus,
as well as qPCR primers for HvFTI exon 1 (amplifying the
region of +200 to +293bp downstream from the ATG start
codon), we used primers for UCW118 (nearest known gene in
the flanking Morex BAC 455]J22 upstream from HvFTI1), HvFT1
promoter (—727 to —656 bp upstream from the ATG), HvFT1
exon 3 (+778 to +902 bp downstream from the ATG), UCWI123
(+6.6kbp downstream from HvFTI), and UCWI120 (nearest
known gene in the flanking Morex BAC 761F04 downstream
from UCWI123). This analysis was carried out in 10 barley vari-
eties from Northern Europe (Figure 2A), 18 Spanish landraces
(Figure 2B), and in another nine varieties from diverse origins
(Figure 2C). Although all genotypes were not analyzed for all the
genes, several results merit further attention. Two main patterns
of HvFT1 promoter/exon 1/exon 3 copy number were found in
Northern European barleys: Asplund, Olli, Herse, Stella, Tammi,
and Maskin contained one single copy of the promoter and mul-
tiple copies of exon 1 and exon 3, whereas Henni, Meltan, Pallas,

Table 3 | Number of spring and winter accessions classified according
to HvFT1 haplotypes defined by polymorphisms at the promoter
(indel 1- indel 2), first intron and number of copies of exon 1.

Promoter Intron Number of copies

1 >1
SPRING ACCESSIONS
135-146 AG 3 14
139-142 AG 1 1
135-146 TC 3 2
139-142 TC 14 1
WINTER ACCESSIONS
135-146 AG
139-142 AG 7
135-146 TC
139-142 TC 38
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FIGURE 1 | Determination of copy number variation for the first exon of HvFT1in winter (A) and spring or facultative (B) barleys. Bars represent
means + s.e.m. Morex was used as the calibrator genotype (copy number = 1). SBCC, Spanish Barley Core Collection.

and Juli contained multiple copies of promoter, exon 1, and exon
3. These different gene structures may affect gene functionality,
as we will discuss later. CNV in other genes around HvFT1 was
only analyzed in 11 accessions. UCWI118 (next to the promoter),
and UCWI123 and UCWI120 (next to the exon 3) were similar to
the corresponding CNV in the adjacent regions, with the excep-
tion of Tammi, which contained multiple copies of UCW118 but
only one promoter. We do not provide results for UCWI120 in
Meltan since the primers gave no amplification. Regarding the
Spanish lines, only 4 out of 18 genotypes analyzed (SBCC157,
SBCC154, SBCC133, and SBCC035) contained multiple copies of
the promoter, exon 1 and exon 3. For the other genotypes ana-
lyzed, only Beka and Dobla presented several gene copies in the
HvFT1I promoter, exon 1, and exon 3.

EFFECT OF HvFT1 POLYMORPHISM IN POPULATIONS
We have reassessed several populations to illustrate the effect of
sequence and CNV polymorphism at HvFT1.

The population Beka x Mogador (Cuesta-Marcos et al., 2008)
is a spring x winter population with very large flowering time

variation. It has been reassessed because we have found that,
although the sequence of HvFTI is conserved in both geno-
types (1 distal mismatch in 2547 bp sequenced), it still presents
CNV polymorphism: Beka has two copies of the gene, whereas
Mogador has one. A small flowering time QTL in the vicinity of
HvFT1 was already reported, although the region was not well
covered with markers in the original study. Close markers were
now identified and genotyped in the population to increase cov-
erage. The QTL already detected on 7HS in this cross was made
more conspicuous with the markers introduced for this study
(Figure 3), with the peak hinting at the HvFT1I position, and a
high significance [-logl0(P) above 11]. In this case, Beka con-
tributed the early allele, about 2.2 days earlier than the Mogador
allele. If this QTL is truly due to the effect of HvFT1, it must be
caused by differential effect of the number of copies. The pos-
sible effect of HYFT1 CNV on the vernalization mechanism, as
described by Nitcher et al. (2013), should have been evident in
this population as an interaction of the QTL found at the VrnHI,
VrnH2 regions with the QTL at the HvFT1 region, in trials with-
out enough vernalization. This could have occurred in the three
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late sowings, in which the number of cooling degree days (a mea-
sure of vernalizing potential) was much lower than at the fall
sowings (Table S1 in Cuesta-Marcos et al., 2008). The six field
trials were reanalyzed for interactions between the five major
QTL (VrnHI, VrnH2, HvCEN, PpdH2, HvFT1), using the closest
marker to each peak, and dividing the six trials into fall sow-
ings (November) and winter-spring sowings (late February to late
March). The effect of HvFT1 was clear across all trials, but did not
interact much with other genes. There was just one possible inter-
action of HvFT1 with VrnH]I but in the fall-sown trials and not
in the late sown trials. It was caused by a significant difference for
the HvFT1 alleles (with Beka, the one with two copies, inducing
earliness) only in the presence of the winter (Mogador) allele at
VrnH]I (Table 4). The expected interaction between vernalization
and HvFT1 at the late-sown trials, however, was not detected at

all. Therefore, we can conclude from this result that the possible
promoting effect of the double HvFT1 gene of parent Beka was
not strong enough to affect the vernalization requirement of the
winter lines of this population.

SBCC154 x Beatrix is a cross of two spring genotypes. The pop-
ulation was described by Hofmann et al. (2013), but the flowering
time data have not been reported yet. SBCC154 has four copies of
HvFT1, whereas Beatrix has only one. Both have the putatively
late (139-142) promoter (Nitcher et al., 2013), whereas Beatrix
has the early intron (TC) and SBCC154 the late one (AG). The
HvFT1 marker detected a significant QTL with an effect of 2.5
days, with Beatrix as the early allele (Figure 4).

The population Henni x Meltan (Borras-Gelonch et al., 2010),
a cross of two spring cultivars, was an example of polymorphism
just at the promoter. Each genotype has four copies of HvFT1
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FIGURE 3 | Multi-environment QTL analysis for days to flowering from on the 7HS chromosome. In the lower part of the figure, field trials are coded
January 1st for six field experiments carried out with 120 doubled haploid  with Au (autumn sowing), Wi (winter sowing), or Sp (spring sowing) and two
lines and the parents of the population Beka x Mogador. The peaks above digits for the year; the colored dashes indicate the extent of the QTL and its
the threshold (dashed line) indicate presence of QTL significantly affecting the direction: blue means that the early allele came from Mogador, yellow-brown
trait. Data taken from Cuesta-Marcos et al. (2008), enriched with new markers from Beka, with intensity proportional to the size of the effect.

and, although they may have just two copies of the promoter;
the parents present the same number of copies across the whole
gene. The only polymorphism found was at the promoter, with
Meltan carrying the early promoter (135-146) and Henni the late
one (139-142). Confirming this expectation, the early allele of the
QTL in Borras-Gelonch et al. (2010) was contributed by Meltan,
the difference being 23°C d (around 1-2 days).

EXPRESSION ANALYSIS OF HvFT1IN SELECTED SPRING BARLEYS

After finding CNV variation for HvFT1, the next step was to
evaluate the effect of CNV variation on gene expression. If the
effect of several copies of the gene was always as large as reported
by Nitcher et al. (2013), then it should be detectable as a large
increase of gene expression and a very early phenotype, over-
riding the effect of any other polymorphisms at HvFT1. This
hypothesis was tested by evaluating gene expression on a set of
spring and facultative cultivars representative of different HvFT1
copy number alleles: Morex (reference genotype for one copy of
HvFT1) and Beatrix as single HvFT1 copy number, SBCC154,
SBCC157, Dobla, Beka, Pallas, and Juli as examples of multi-
ple promoter and exon 1 copies, and Tammi as representative
of the genotypes with one promoter but multiple exon 1 copies
(Table S1 and Figure 5A). HvFT1 expression was found, in gen-
eral, to increase according the developmental stage of the plants,
although the expression levels differed widely among genotypes.
At the second sampling date all genotypes, except Dobla, had not
reached awn emergence yet. At this point, SBCC154, SBCC157,
and Dobla, the earliest genotypes, displayed the highest HVFT1
mRNA levels (awn emergence dates are included in Figure 5A).

Apart from this observation, we did not observe much corre-
lation between HvFTI expression and time to awn appearance.
Interestingly, these three varieties had the dominant allele for
PpdH1, whereas the rest had the recessive allele at this gene. Also,
we could not find a clear correlation between number of HvFT'1
copies or sequence polymorphism and HvFT1 mRNA expression.
For example, Juli and Tammi contained multiple copies of HVFT1
(four promoters and four genes in Juli, one promoter and four
genes in Tammi), but both of them showed lower HvFT1 expres-
sion than SBCC154, SBCC157, or Dobla, at the same sampling
date. The influence of the difference in HvFT1 promoter copies
on HvFT1 expression observed in Tammi with respect to Juli and
Pallas will be discussed later. Thus, we can conclude that CNV has
not a prevailing effect on HvFT1 expression, over other types of
polymorphisms at the same gene. It is not the main factor con-
trolling HvFT1 expression and flowering time (measured as awn
appearance), and it depends largely on the genetic background,
and polymorphisms at other genes, especially PpdH]1, as has been
reported previously in the literature in studies done before taking
into account CNV (Turner et al., 2005; Hemming et al., 2008).

EXPRESSION ANALYSIS OF HvFT1IN SELECTED LINES OF THE BEKA x
MOGADOR POPULATION

In a second gene expression experiment, eight DH lines of the
Beka x Mogador population were analyzed, together with some
genotypes in common with the first experiment (Figures 5B,C).
This population was found to contain a QTL for flowering time in
HvFT1I gene, as shown above. Individuals were selected according
to CNV in HvFTI: Beka contained two copies while Mogador

www.frontiersin.org

June 2014 | Volume 5 | Article 251 | 150


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Loscos et al.

HVFT1 CNV and expression

contained only one. gPCR analysis were performed as before, but
this time the material was harvested 2h before dark. Sampling
time actually had a major effect on the detection of HvFTI
expression: under these conditions, HYFT1 mRNA levels were, in

Table 4 | Probabilities of significance from three analyses of variance
of flowering date recorded at six field trials, three fall-sown and three
winter- or spring-sown in the Beka x Mogador population.

Source All trials Fall-sown Winter- spring-sown
CPROB*
Trial 0.000 0.000 0.000
VinH1 0.000 0.280 0.000
VirmH2 0.000 0.000 0.000
HVFT3 0.000 0.000 0.000
HVCEN 0.000 0.000 0.000
HVFT1 0.000 0.000 0.003
Trial.ViH1 0.000 0.237 0.000
Trial. VirH2 0.000 0.51 0.000
Trial. HVFT3 0.092 0.006 0.632
Trial. HYCEN 0.000 0.612 0.001
Trial. HVFT1 0.766 0.248 0.698
VinH1.VmH2 0.000 0.424 0.000
VinH1.HVFT3 0.489 0.527 0.644
VirH2.HvFT3 0.947 0.934 0.811
VinH1.HvVCEN 0.000 0.008 0.000
VnH2.HvCEN 0.786 0.072 0.074
HVFT3.HVCEN 0.817 0.305 0.276
VrH1.HVFT1 0.097 0.011 0.699
VinH2.HVFT1 0.564 0.760 0.652
HVFT3.HVFT1 0.330 0.509 0.477
HVCEN.HVFT1 0.109 0.078 0.548

The sources of variance are the trials plus five markers close to QTL peaks rep-
resenting five major flowering time genes: VinH1 (HvBMb5), VirnH2 (HvZCCT),
HVFT3 (Bmag382), HYCEN (Bmac132), and AFLP E41MA47_e (HvFT1). Three way
interactions are not shown, as none was significant. The analyses of variance
were done on genotype means, taking as error the residual genotypic variance.
*Conditional probability of significance for each term, when added to a full model
with the rest of terms already included. P-values below 0.05 highlighted in bold
type.

general, clearly higher than at the first experiment (Figure 5A), in
which samples were harvested 8 h after the commencement of the
light period, instead of 14 h. The varieties used in the first exper-
iment, which had a recessive ppdH1 allele, were also included for
comparison. Apart from the clear induction of expression from a
dominant PpdH1 allele, we were not able to establish a clear rela-
tionship between HvFTI copy number, mRNA levels and flow-
ering time for these plants (Figure 5B). HVFT1 expression in the
DHs was similar and stable during the experiment after 19 and 33
days. No significant differences were observed in HvFT1 mRNA
levels between the two alleles as main effects, although there was a
significant interaction (P = 0.022) between the alleles at HY*CEN
and HvFT1I. At the second sampling date, the plants with the Beka
allele in HvFT'1 showed significantly higher expression than plants
with Mogador allele, only if the allele at HYCEN also came from
Beka. The Mogador allele at HYCEN had a major effect on ear-
liness, and these lines (1837, 1873, and 2009) flowered markedly
earlier than the others (flag leaf unfolding dates are included in
Figure 5C).

Another interesting result of the second experiment was that
Tammi showed the largest HvFT1 expression after 33 days, and
also flowered the earliest. It seems that Tammi has a more effec-
tive HVFT1 gene to promote flowering than the others. This could
be related to the fact that Tammi, as indicated above, presented
four copies of the HvFT1 gene but only one copy of the pro-
moter, whereas Juli and Pallas, for example, have four copies of
both promoter and exon 1.

EXPRESSION ANALYSIS OF HvCEN IN THE BEKA x MOGADOR

POPULATION AND IN SELECTED SPRING BARLEY GENOTYPES

As we have shown previously, CNV and different haplotypes
for HvFTI are not sufficient to establish a clear relationship
between them, HvFT1 mRNA levels and awn appearance. For
example, the presence of a dominant PpdHI allele was found
to enhance HVFT1 expression in different spring genotypes
(Figure 5A). Additionally, CNV in HvFT1 did not have a clear
role to determine flag leaf unfolding in the Beka x Mogador
DHs (Figure 5C). For these reasons, we decided to analyze the
mRNA levels of another gene involved in the establishment
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FIGURE 5 | HVFT1 expression analysis by qPCR. In a first experiment exon 1) are shown. In the second experiment (B,C), harvesting took
(A), leaf tissue was harvested in the middle of the light period (after place 2h before dark (after 14h light), 19 or 33 days after sowing.
8h light) 14, 28, or 41 days after sowing. Days until awn appearance Days until full unfolding of the flag leaf (triangles) are shown for the
(triangles) are shown for the whole duration of the experiment (50 whole duration of the experiment (50 days). As previously, HVCEN and
days). HVCEN, HvFT1, and PpdH1 haplotypes for each plant are also HVFT1 haplotypes for each plant are included. (C) Expression in
indicated. In the case of HvFTI1, polymorphisms for promoter (E, selected doubled haploid lines of the Beka x Mogador population (BxM,
“early”; L, “late”), intron 1 (AG or TC) and copy number variation (for see Table 2). Bars represent means + s.e.m.

of flowering time, HvCEN, a paralog of FT and TFLI in
Arabidopsis (Kobayashi et al., 1999). We used the same cDNAs
as for the previous expression studies (Figure 6). We included
haplotype information for some genotypes about HvCEN in
Table S1 for comparison. As observed for HvFT1, our results

suggest that HYCEN mRNA levels are not the main respon-
sible to explain awn appearance (Figure6). HvCEN expres-
sion dramatically increased when samples were harvested 14 h
after dawn instead of 8h (Figures 6A-C), as we observed
for HvFTI. Another remarkable observation is that HvCEN
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expression also changed during the development, in disagree-
ment with previously observed results for HYCEN expression
(Comadran et al., 2012). For example, Morex contained signif-
icantly higher HYCEN mRNA levels than Tammi, but Morex
did not flower after 50 days and awns in Tammi appeared after
33 days.

DISCUSSION

DISTRIBUTION AND PHENOTYPIC EFFECT OF HvFT1 POLYMORPHISMS
OVER BARLEY GERMPLASM

In this paper, we analyzed the extent of HYFT1 CNV and its effect
on HvFT1 expression in more than 100 different spring and win-
ter barley genotypes, mainly European, including some landraces
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from the Spanish Barley Core Collection (SBCC) (Igartua et al.,
1998). Recently, Nitcher et al. (2013) demonstrated that the
FT1 allele present in the barley genetic stock BGS213, which
carried several copies of HVFT1, showed earlier transcriptional
up-regulation of FT'1, and was associated with a dominant spring
growth habit. Cultivar Tammi, from Finland, was the donor of the
mutation present in that genetic stock (Franckowiak and Konishi,
1997). This allele is not frequent and was reportedly found only
in spring cultivars originating from regions of extremely high lati-
tude or high altitude (Takahashi and Yasuda, 1971). We confirmed
the finding by Nitcher et al. (2013) that the Tammi/BGS213 allele
was characterized by having a single copy of the promoter and
several copies of the transcribed region. This kind of allele was
present in a group of 6 six row Northern European cultivars, some
of them related by pedigree (Baumer and Cais, 2000; Chiapparino
etal., 2006). The origin of this allele could be traced back to prim-
itive cultivar Asplund, which is in the parentage of Tammi and
Herse, both showing alleles with multiple exon copies and one
promoter (Figure 2). This allele seems to be particularly benefi-
cial at high latitudes because both parents of Tammi (Asplund
and Olli) come from the Northern limits of the barley cultivation
range (Manninen and Nissila, 1997).

We found several copies of HvFT1 in accessions from appar-
ently disconnected germplasm groups, like Scandinavian and
Spanish landraces. Although the sample examined is not enough
to derive definitive conclusions, the distribution of CNV alleles
over type of growth habit haplotypes is intriguing. Multiple copies
at HvFT1 occurs only in genotypes that do not have winter growth
habit. This suggests a possible disadvantageous agronomic effect
of the presence of several copies of the gene in interaction with
VrnH2. A possible mechanism that provides a plausible expla-
nation for this is that the increased copy number of HvFTI is
epistatic to winter alleles for VrnHI and VrnH2 (as reported by
Nitcher et al., 2013). Mufioz-Amatriain et al. (2013) have recently
shown that high levels of CNVs are found in the barley genome,
around 9.5% in coding genes, at increasing frequencies as distance
to the centromere increases. This is a widespread phenomenon,
contributing to phenotypic variation in barley. HvFT1 CNV may
be neutral in spring genotypes, but breeders could have selected
against this duplication when breeding winter barley to avoid
early transition to reproductive growth and exposure of repro-
ductive tissues to damaging low temperatures. However, we have
shown that this epistatic mechanism is not universal, as it does
not occur in the Beka x Mogador population.

The reassessment of three biparental populations representing
polymorphisms of different kind identified QTL in the region of
HvFT1I. Previous studies also shed some light on the possible phe-
notypic effect of HvFT1. The QTL found in the cross SBCC145 x
Beatrix (Ponce-Molina et al., 2012), whose peak coincides with
the gene, must be due to polymorphisms at the promoter region,
as both parents have one copy of the gene and same first intron
sequence. The early allele was contributed by SBCC145, a Spanish
landrace from the Canary Islands, which carries the “early” pro-
moter. It must be pointed out, however, that SBCC145 has a
distinct promoter, with additional polymorphisms compared to
others, similar to cultivars Dairokkaku (Casas et al., 2011) and
Meltan. The cross SBCC154 x Beatrix offered the opportunity to

contrast two different polymorphisms (promoter for SBCC145 x
Beatrix, first intron, and CNV for SBCC154 x Beatrix) against a
common parent (Beatrix). This population was tested at a sin-
gle trial sown in autumn, in the same field as the population
SBCC145 x Beatrix, and the result was the presence of a QTL,
exactly at the marker used to genotype HvFT1, with SBCC154
as the late allele. In this case, high copy number (SBCC154) was
late compared to one copy, but this could be due to an effect
of SBCC154 carrying the “late” intron. Therefore, any acceler-
ation of flowering that might be produced as a consequence of
high copy number was secondary to the lateness associated to the
sequence polymorphism. It must be noted that PpdH1 was segre-
gating in this population. However, flowering occurred too early
to allow for a significant effect of PpdH1, which was not detected
as QTL.

In the cross SBCCO016 x Esterel (Casas et al., 2011), each geno-
type had one copy of HvFT1, Esterel has the “early” intron (TC)
and SBCCO016 the “late” one (AG). Accordingly, the early allele
of the QTL, which also peaked at the gene itself, was contributed
by Esterel. Hayes et al. (1993) and Borras-Gelonch et al. (2012)
reported a QTL in this region for the population Steptoe x Morex.
Although the size of the effect was not large, in both studies the
Morex allele was significantly later. Both parents have just one
copy of the gene, and a mixture of late and early polymorphisms
at the promoter and the intron. It seems that the intron effect is
stronger, as Steptoe carries the early (TC) allele at this position.

A QTL in the region of HvFTI was also detected in the classi-
cal studies carried out in the Igri x Triumph population (Laurie
et al., 1995), with the Triumph allele conferring earlier flower-
ing, although the nucleotide sequences were identical (Yan et al,,
2006). CNV has been recently identified in this population, with
two copies of the HvFTI gene in Triumph (R. Nitcher, personal
communication). This result would match our findings in the
Beka x Mogador population. Nevertheless, we could not repro-
duce this result, since the Triumph seed we analyzed had only one
copy of the gene. We cannot discard that the samples analyzed
are different, because this cultivar is known under two different
names, Trumpf in Germany and Triumph in the UK, where it
was reselected from somewhat heterogeneous seed (van Harten,
1998).

In summary, these findings reported in the literature, com-
bined with the results presented in this study, reveal that detection
of flowering time QTL in the region of HvFT! in biparental
populations representing all kinds of polymorphisms at HvFT]I
(promoter, first intron, and CNV) is common. There is no func-
tional proof that this gene is responsible for all the QTL, but itisa
good candidate. An alternative explanation could be the presence,
at least in some cases, of an additional flowering time gene closely
linked to HvFTI. In any case, we have to wait until there are
either functional proofs or increasing evidence from other pop-
ulations to declare that HvFT1 is the responsible for the variation
observed. We expect that the catalog of polymorphisms presented
in this study will help other researchers to contribute information
to clarify the issue.

The survey of HvFT1 polymorphisms allows us to conclude
that HvFT1 (VrnH3) is far from being effectively fixed in culti-
vated barley, as stated up to now (Stracke et al., 2009; Comadran

www.frontiersin.org

June 2014 | Volume 5 | Article 251 | 154


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Loscos et al.

HVFT1 CNV and expression

et al., 2012). This statement is probably true if one only considers
the allele responsible for the huge phenotypic effect observed by
Nitcher et al. (2013) on a winter barley, which confirmed obser-
vations of the seminal work by Takahashi and Yasuda (1971). The
effects that we have found in different populations (this study),
association studies (Casas et al., 2011) and also reported in the lit-
erature (previous paragraphs) point at smaller phenotypic effects
that are linked to all types of polymorphisms in this gene (pro-
moter, first intron, CNV). These effects, however, cannot be easily
extrapolated to different genetic backgrounds.

CNV AND GENE EXPRESSION

The commencement of the reproductive stage in barley and the
duration of the time period until flowering are controlled by a
variety of factors that act interactively. In temperate cereals like
wheat and barley, flowering is promoted by long days. In barley,
the up-regulation of VRN3/FT1 appears to be the main trig-
ger for the initiation of flowering (Faure et al., 2007), although
an alternative view is that its role may be to accelerate inflores-
cence development and reduce the time taken from double-ridge
to head emergence (Sasani et al., 2009). Its expression is tightly
regulated, repressed by VRN2 under long days (Hemming et al.,
2008), which actually competes with CO to bind to protein com-
plexes that activate FT (Li et al., 2011). Also in response to long
days, FT1 expression is promoted by CO-like proteins (Li et al.,
2011; Campoli et al., 2012) and the pseudo response regulator
PpdH]I (Turner et al., 2005; Faure et al., 2007). This promotion
may occur by interaction of CO with the promoter of FT, as hap-
pens in Arabidopsis (Tiwari et al., 2010; Li et al., 2011; Andrés and
Coupland, 2012).

The findings of this study add to mounting evidence pointing
at a complex control of the timing of head emergence that cannot
be easily reduced to a simple scheme. On one hand, HvFT1 dis-
plays a variety of polymorphisms in regions that are compatible
with a regulatory role. On the other hand, its expression pattern is
compounded by its nodal position, downstream of the vernaliza-
tion and long day pathways, whose genes also have large influence
on duration of plant development.

The first gene expression experiment results confirmed the
induction of HvFT1 expression by the long day pathway, irrespec-
tive of the polymorphisms present at HvFT1. The genotypes that
reached first awn appearance in that experiment were all those
having a sensitive/dominant PpdH] allele, particularly at the sec-
ond sampling date. This date is probably the most meaningful
because all PpdHI genotypes reached awn appearance just a few
days later. This result agrees with other reports where HvFT1
expression in ppdHI background was markedly lower (Turner
etal., 2005; Hemming et al., 2008; Kikuchi et al., 2009). Therefore,
we can conclude that gene duplication of HvFT1 does not always
ensure higher expression and, in any case, the scale of its effect
is minor compared to the induction by PpdH]1. The case of high
HvFT1I expression in presence of ppdH1 described in Nitcher et al.
(2013) seems an exception, probably due to a unique genetic
background.

Our results confirm that the triggering of events at the meris-
tem leading to flowering is not determined just by HvFT1 expres-
sion. There must be additional factors that probably need the

presence of HvFT'1 product to interact with. We cannot rule out,
however, that copy number is related to a dosage effect, precisely
by the different genetic background in each genotype, which
may lead to differences in the induction of HVFTI. A benefi-
cial increase in dosage is actually one of the evolutionary forces
explaining the conservation of gene duplications, particularly for
genes that mediate the interaction between the organism and the
environment, as reported for Ppd-BI and Vrn-Al in wheat by
Diaz et al. (2012), or for genes with dosage-sensitive functions,
owing to protein-protein interaction (Innan and Kondrashov,
2010). HvFT1 corresponds to the first class, and may as well be
part of the second. CNV is widespread in plants (Zmienko et al.,
2014), and certainly in barley (Mufoz-Amatriain et al., 2013), but
its effects vary in each case. For instance, in barley, the powdery
mildew resistance allele mlo-11 acts by disrupting its expres-
sion through accumulation of non-functional copies of the gene
upstream of the wild-type copy (Piffanelli et al., 2004). On the
other hand, the effect of the freezing tolerance locus FrH2 in bar-
ley depends on the number of CBF genes transcripts produced,
that are proportional to the number of copies present in the gene
cluster identified as responsible for this QTL (Pasquariello et al.,
2014). The plant immunity locus GER4, also in barley, is also a
cluster of tandemly duplicated genes. In this case, the enhanced
transcript dosage was proposed as the evolutionary driving force
for the local expansion and functional redundancy of the locus
(Himmelbach et al., 2010).

The results of Nitcher et al. (2013) and the earliness induced
by the double copy “Beka” allele in the Beka x Mogador popula-
tion point in the direction of a dosage effect. However, the direct
comparison of HvFT1 expression figures for different alleles is
hampered by the large influence of the alleles at PpdH1 on HvFT1
and at HvCEN on flowering time. The analysis of the eight sister
lines of the Beka x Mogador population indicates a slightly ear-
lier flowering and higher HvFT1 expression of lines with the Beka
allele only in presence of the Beka allele at HYCEN (spring, Hap
II1), but the evidence is too small to declare that we have found a
clear dosage effect.

These results led us to speculate that the most efficient ver-
sion of the barley gene could be one with a single conserved
promoter, and variable number of transcribed regions, as seen
in cultivar Tammi, or one promoter and one copy of the gene.
Other versions of the gene, with several promoters and tran-
scribed regions may take longer to be induced. Indeed, we do
not know whether the multiple copies of HvFT1 are functional
or not. They seem to be expressed in Tammi/BGS213, but there
is no evidence for other alleles. If they are, the presence of sev-
eral full and functional copies of the gene may affect differently
the expression of the gene, depending on the concentration of
the promoting signal. If it is low, its dilution over several copies
may delay transcription, whereas an abundant promoting signal
would enhance transcription proportionally in alleles with sev-
eral copies. The special case of Tammi/BGS213 indicates either
that the transcription of several copies is triggered by a single
promoter, or that the additional copies of the gene are placed
under the control of other promoters and thus escape the regula-
tory control of the wild-type gene. For other multiple copy alleles,
with equal number of promoters and transcribed regions, we can
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speculate that the copies are full and perfect replicates of the orig-
inal gene, and that the expression of them all is affected by the
same processes.

The difference in overall gene expression between the two
experiments agrees with the reports on pattern of diurnal oscil-
lation of FT1 expression during the day (Turner et al., 2005;
Kikuchi et al., 2009). Actually, the same observation can be
made for HYCEN (Figure 6). This information, combined with
the sequence analogy between the two genes, suggests also that
HvCEN could be subject to circadian rhythm.

INTERACTIONS OF HvFT1

The DH lines (Figures 5C, 6C) presented very different dates
to reach a developmental stage (flag leaf unfolding in this case)
in the presence of rather similar levels of HvFT1 expression.
As pointed out before, in this case the cause for differences
in development seems to lie on the allele present at HvCEN.
It is clear that accelerated development in the presence of the
Mogador HvCEN allele (Hap II) did not depend on higher
expression of HVFTI. Therefore, early development in these
lines must be caused by some mechanism acting in parallel to
HvFTI, either through protein-protein interaction with HvFTI
or by a combined effect with HvFT1 by focusing on the same
targets.

Actually, the interaction between HvFTI and HvCEN is by
no means unexpected. HYCEN and HvFT1 are probably paralogs
as suggested by their high sequence identity (59%), and indeed
have been annotated as members of closely related protein fam-
ilies before (Higgins et al., 2010; Andrés and Coupland, 2012;
Comadran et al., 2012). Therefore, it is likely that their prod-
ucts display similar interactive patterns with other proteins. There
are many evidences in the literature pointing at the interaction
of FT proteins with other proteins in the flowering promotion
pathway. Ahn et al. (2006) reported that the family of small pro-
teins coded by FT and homologous genes act as “either scaffolds
or regulators of signaling complexes” in Arabidopsis. The bZIP
transcription factor FD also seems to play a central role in flow-
ering (Wigge et al.,, 2005). More recently, Jaeger et al. (2013)
put forward a model to explain flowering control in Arabidopsis
in which TFL1 (the product of another paralog gene) com-
peted with FT to form the complex with the FD gene product,
needed to trigger floral meristem specification. Some evidence for
this kind of process in cereals was found by Li and Dubcovsky
(2008), who detected interaction between the proteins of TaFT
(the FT homolog of bread wheat) and FD-like2, and also in
rice (Taoka et al., 2011), although in this case the interaction
needed the intermediation of a third protein. In barley, how-
ever, FD orthologs can only be predicted in terms of sequence
similarity.

A search in the Protein Data Bank revealed that, besides the
FT-FD interaction, Arabidopsis homodimers of FT and also TFL1
have been reported. Thus, it is also conceivable that proteins
coming from genes as similar as HvFT1 and HvCEN may form
heterodimers as well, making the speculation about the interac-
tion between the products of these two genes more plausible. The
HvyCEN polymorphism, which translates to a non-synonymous
mutation (Prol35Ala), is located in a solvent-exposed protein

loop (Comadran et al., 2012). However, with the structural
evidence at hand, this loop does not directly participate in any
dimeric interface and therefore nothing can be concluded about
its molecular role in the interface.

The role of HvFTI may actually go beyond the duration
of developmental phases. There is recent evidence about dra-
matic agronomic effects of the ortholog of FT' in tomato, SFT
in interaction with SP (SELF PRUNING, itself an ortholog of
HvCEN and HvTFLI). SFT is in a “dose-dependent epistatic
interaction” with SP which results in a modification of plant
architecture that can be optimized to produce higher yields
(Jiang et al., 2013). This dose-dependent action of SFT
also opens the ground for speculation about possible dose-
dependent action of multiple copies of HvFT1 and its agronomic
outcome.

CONCLUSIONS AND FURTHER WORK

The main conclusions of this study are:

e A wide survey of barley germplasm revealed that HvFT1 dupli-
cation was only observed in spring and facultative barleys that
do not possess a functional VrnH2 allele.

e Two models of HvFT1 duplication were observed, one that
includes the promoter and the gene, the other only the tran-
scribed region. Higher gene expression seems associated only
to the second one.

e There are flowering time QTL on the region of HvFT1 in dif-
ferent populations, representing all types of polymorphism at
HvFT1, promoter, first intron and CNV.

e Analysis of HvFT1 expression and phenotypic effects showed
that they depend on gene polymorphisms but also on genetic
background.

Plant breeders must be able to fully harness the development of
cereal plants to be able to respond to the challenges of climate
change. In this study, we present the case to state that HvFT1 has
been a hot spot to fine tune barley adaptation to environmen-
tal conditions, and will have to be given due consideration by
breeders to create future cultivars.

The role of other genes in triggering flowering initiation, pos-
sibly in interaction with HvFT1, seems a very rich area which
deserves more research. In particular, further avenues to attempt
to resolve the precise sequence or structural variation in HvFTI
which causes early or late flowering,- particularly for the Tammi
allele will require crossing different HvFT1 alleles into a common
genetic background, maintaining fixed PpdHI and HvCEN. This
could be combined with BAC sequencing for the entire HvFT1
region, for key alleles.
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Agriculturally important grasses such as rice, maize, and sugarcane are evolutionarily
distant from Arabidopsis, yet some components of the floral induction process are
highly conserved. Flowering in sugarcane is an important factor that negatively affects
cane yield and reduces sugar/ethanol production from this important perennial bioenergy
crop. Comparative studies have facilitated the identification and characterization of
putative orthologs of key flowering time genes in sugarcane, a complex polyploid plant
whose genome has yet to be sequenced completely. Using this approach we identified
phosphatidylethanolamine-binding protein (PEBP) gene family members in sugarcane that
are similar to the archetypical FT and TFL7 genes of Arabidopsis that play an essential role
in controlling the transition from vegetative to reproductive growth. Expression analysis
of ScTFL1, which falls into the TFL7-clade of floral repressors, showed transcripts in
developing leaves surrounding the shoot apex but not at the apex itself. ScFT7 was
detected in immature leaves and apical regions of vegetatively growing plants and, after
the floral transition, expression also occurred in mature leaves. Ectopic overexpression of
ScTFL1in Arabidopsis caused delayed flowering in Arabidopsis, as might be expected for a
gene related to TFLT. In addition, lines with the latest flowering phenotype exhibited aerial
rosette formation. Unexpectedly, overexpression of ScFT1, which has greatest similarity
to the florigen-encoding FT, also caused a delay in flowering. This preliminary analysis of
divergent sugarcane FT and TFLT gene family members from Saccharum spp. suggests
that their expression patterns and roles in the floral transition has diverged from the

predicted role of similar PEBP family members.

Keywords: Saccharum spp., bioenergy crop, floral induction, FT-like genes, florigen orthologs, PEBP family

INTRODUCTION

Flowering time is a crucial and highly controlled mechanism
in plants that has a direct impact on reproductive success and
survival (Imaizumi and Kay, 2006). Moreover, the floral tran-
sition in crop plants is directly related to crop yield. In order
to survive imminent seasonal changes, plants have developed
core signaling pathways that integrate day-length perception
with developmental reprogramming. Signals are initiated out-
side of the shoot apical meristem (SAM) and a response cas-
cade is triggered, ultimately reaching the SAM where cellular
changes occur, leading to the formation of reproductive struc-
tures instead of leaves. The study of flowering time mutants
in Arabidopsis has been instrumental in defining six signaling
pathways: photoperiodic, autonomous, vernalization, gibberellin,
ambient temperature and age-dependent control (Fornara et al.,
2010). FLOWERING LOCUS T (FT)/TERMINAL FLOWER 1
(TFL1) are phosphatidylethanolamine-binding protein (PEBP)
family members that are similar to mammalian PEBPs (Banfield
et al.,, 1998; Ahn et al., 2006). In Arabidopsis, TFL1 is respon-
sible for maintaining the inflorescence in an indeterminate state,
with loss of TFLI function resulting in the production of terminal
flowers (Bradley et al., 1997). Although the TFLI gene sequence is
highly similar to FT, TFLI acts antagonistically by delaying floral

commitment (Hanzawa et al., 2005; Ahn et al., 2006). Whereas
the FT protein interacts with the FLOWERING LOCUS D (FD)
bZIP transcription factor at the SAM to promote flowering (Abe
et al., 2005; Wigge et al., 2005), TFL1 protein similarly binds to
FD to repress downstream genes such as APETALA 1 (API) and
LEAFY (LFY) in the central zone of the meristem (Ratcliffe et al.,
1999; Hanano and Goto, 2011). Opposite functions of TFLI and
floral meristem genes reflect their specific expression in separate
domains. TFLI is expressed in central cells of the SAM whereas
the floral meristem genes are concentrated in the peripheral cells
(Mandel et al., 1992; Kempin et al., 1995; Bradley et al., 1997).
When floral meristem identity gene expression is reduced, flow-
ers have shoot-like characteristics (Irish and Sussex, 1990; Schultz
and Haughn, 1991, 1993; Huala and Sussex, 1992; Weigel et al.,
1992; Bowman et al., 1993; Shannon and Meekswagner, 1993).
Upon floral transition, TFLI is up-regulated to maintain indeter-
minate inflorescence meristem and to counterbalance FT activity
(Shannon and Meekswagner, 1991; Bradley et al., 1997; Ratcliffe
et al., 1999; Conti and Bradley, 2007; Hanano and Goto, 2011;
Jaeger et al., 2013).

Several structural and biochemical features of FT protein sup-
port the hypothesis that FT is a major component of the florigen
that triggers floral evocation at the SAM (Taoka et al., 2013).
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FT is expressed in phloem-specific tissues under floral induc-
tive long-day conditions (Takada and Goto, 2003; An et al., 2004)
and is able to traffic long distances intercellularly from compan-
ion cells to the SAM (Jaeger and Wigge, 2007; Mathieu et al.,
2007). Characterization of FT homologs that induce flowering
in diverse species suggests that FT is a highly conserved flori-
gen (Kojima et al., 2002; Lifschitz et al., 2006; Corbesier et al.,
2007; Lin et al., 2007; Tamaki et al., 2007; Lazakis et al., 2011;
Meng et al., 2011). For example, the rice FT ortholog, Heading
date3 (Hd3a), is a mobile signal synthesized in leaves that is
capable of reaching the SAM (Kojima et al., 2002; Tamaki et al.,
2007); Zea mays CENTRORADIALIS8 (ZCN8) gene is expressed
in the leaf and is able to induce flowering in Arabidopsis ft
mutants when expressed under the control of a phloem-specific
promoter (Lazakis et al., 2011; Meng et al., 2011); the tomato
SINGLE FLOWER TRUSS (SFT) dependent graft-transmissible
elements complement developmental defects in sft mutants and
substitute long-day conditions in Arabidopsis (Lifschitz et al.,
2006). In addition, the Beta vulgaris floral inducer FT2 (BvFT2)
is needed for normal flower initiation in sugar beet (Pin et al.,
2010).

Plants typically have more than one FT related homolog, and
domain analysis suggests that variation in specific regions of the
FT protein are responsible for alternative functions, such as floral
repression (Hanzawa et al., 2005; Ahn et al., 2006; Pin et al., 2010;
Blackman et al., 2011; Harig et al., 2012). These observations, and
comparison of FT function in various plant species suggests that
the ancestor of FT is a floral repressor (Karlgren et al., 2011; Harig
et al.,, 2012). Augmenting the acknowledged role of FT in flow-
ering time, recent discoveries associate FT function with other
meristem-related mechanisms (Bohlenius et al., 2006; Shalit et al.,
2009; Navarro et al., 2011), consolidating FT as a key mobile sig-
nal that is not only related to floral transition but also related to
diverse developmental events in plants.

Perennial plants depend on the maintenance of growth
through several seasons, balancing nutritional status, biomass
accumulation, and alternating vegetative and reproductive
growth over the years. Flowering time genes are largely conserved
between annual and perennial plants (Albani and Coupland,
2010), however perennial plants also must account for plant age to
coordinate competence to flower. In the perennial Arabis alpina,
sensitivity to vernalization depends on plant age; a condition
which the PEBP member gene, AaTFLI, sets as a threshold to
control the age-dependent pathway to flowering (Wang et al,
2011; Bergonzi et al., 2013). In perennial sugarcane, a qualita-
tive short-day plant, little is known about the genetic control of
floral induction. The transition to reproductive growth is unde-
sirable in commercial sugarcane cultivars because the production
of floral structures redirects carbon assimilates from stalks to
inflorescences and results in loss of accumulated sucrose (Berding
and Hurney, 2005). Therefore understanding the genetic under-
pinnings of flowering time in sugarcane provides a basis for the
development of new strategies to improve agronomic traits such
as increased biomass and sugar production in this important food
and bioenergy crop. Here we isolate and characterize two novel
sugarcane PEBP members and show that they alter flowering time
and floral architecture in Arabidopsis.

MATERIALS AND METHODS

PLANT GROWTH CONDITIONS AND GENOTYPING

Sugarcane plants, variety RB72 454, were grown in a greenhouse
under either 14-h long-day conditions at 27°C with 10-h nights
at 22°C, or 12-h short-day inductive conditions representing
field conditions with 20-20-20 NPK fertilizer supplemented with
micronutrients added as required. Arabidopsis plants, ecotype
Columbia (Col-0), were cultivated in Conviron growth cham-
bers under conditions of 16-h days at 23°C with 8-h nights
at 21°C, with a light intensity of 120 wmolm~2s~! and 60%
humidity. Arabidopsis plants with segregating transgenes were
genotyped using the Sigma REDExtract-N-Amp Plant PCR Kit
(Sigma Biosciences) following manufacturer’s instructions, and
PCR was performed using kanamycin primers - KanrF: 5'-ATAC
TTTCTCGGCAGGAGCA-3" and KanrR: 5-ACAAGCCGTTTT
ACGTTTGG-3'.

ISOLATION AND CLONING OF FT/TFL1 HOMOLOGS FROM SUGARCANE

LEAVES

Mature and immature leaf tissues from sugarcane plants under
inductive and non-inductive conditions were collected for total
RNA extraction (TRIzol Reagent) and genomic DNA as previ-
ously described (Colasanti et al., 1998). For RNA assays, com-
plementary cDNA was synthesized using the qScript cDNA
SuperMix (Quanta Bioscences) according to the manufac-
turer’s instructions. Sequences were amplified using specific
primers designed at the UTR region of the genes: ScTFLIF:
5'-GTCCGATTAGCTTGCTGCAT-3"; ScTFLIR: 5 -GGCCATG
CTCATAACTTTGG-3'; ScFTIF: 5 -ATATGGCTAATGACTCCC
TGACG-3'; ScFTIR: 5'-CTGGACATGAGGGGTAGGTAAAT-3'.
Genomic and complementary ScTFL1/ScFT1 sequences were
cloned to the CloneJET PCR Cloning Gene (Thermo Scientific)
and sequenced.

PHYLOGENETIC ANALYSIS OF THE ScTFL1 AND ScFT1 CANDIDATES
WITH ORTHOLOGS OF RELATED SPECIES

Deduced amino acid sequences of sugarcane SCTFL1/ScFT1 com-
pared to homologs from other species were aligned with trans-
lated sequences for Arabidopsis TFLI and FI; ZCNI, ZCN2,
and ZCN8 (maize); RCNI and Hd3a (rice); NtFTI to NtFT4
(tobacco); and BvFTI and BvFT2 (sugar beet), using the soft-
ware BioEdit 7.1.3.0 (Hall, 1999). Phylogenetic trees were con-
structed by MEGA software, version 4.0 (Tamura et al., 2007),
with the neighbor-joining comparison model (Saitou and Nei,
1987), p-distance method and pair-wise deletion. Bootstrap val-
ues from 1000 replicates were used to assess the robustness of
the trees (Felsenstein, 1985). Phylogenetic analysis that included
the deduced amino acid sequences of incomplete sugarcane genes
was corrected by deleting positions with gaps from the align-
ment. Gene structure information for homologs was accessed
at the Phytozome 9.1 genome database available online (www.
phytozome.net).

CONSTRUCTION OF OVEREXPRESSION VECTOR AND ARABIDOPSIS
TRANSFORMATION

Candidate genes for TFLI and FT amplified from sugarcane leaf
RNA were cloned into Gateway entry vector pPDONR-221 using

Frontiers in Plant Science | Plant Genetics and Genomics

May 2014 | Volume 5 | Article 221 | 160


www.phytozome.net
www.phytozome.net
http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

Coelho et al.

FT/TFL1 gene family members in sugarcane

the BP recombination reaction and the subsequent products
were recombined with the destination vector pK2GW?7 by a LR
clonase originating from the expression vector 35S::ScTFL1 and
35S::ScFT1. Gateway sites were added to the sequencing primers
for cloning purposes as follows:

ScTFL1gatF: 5-GGGGACAAGTTTGTACAAAAAAGCAGGC
TGTCCGATTAGCTTG-CTGCAT-3’ and ScTFL1gatR: 5'-GGGG
ACCACTTTGTACAAGAAAGCTGGGTGGCCATG-CTCATAAC
TTTGG-3' and ScFT1gatF: 5-GGGGACAAGTTTGTACAAAA
AAGCAGGC-TATATGGCTAATGACTCCCTGACG-3" and ScFT
1gatR: 5-GGGGACCACTTTGTACAA-GAAAGCTGGGTCTGG
ACATGAGGGGTAGGTAAAT-3".  Agrobacterium  tumefaciens
strain GV3101:pMP90 containing the over-expression con-
structs were introduced into Arabidopsis plants by floral dip
(Clough and Bent, 1998). Agrobacterium containing ScTFLI
and ScFTI1 over-expression constructs were introduced to the
Columbia (Col-0) ecotype. Fifty T1 individuals overexpressing
ScTFLI and 18 T1 lines carrying the 35S::ScFT1 construct germi-
nated on MS plates supplemented with 50 jLg/ml kanamycin and
resistant seedlings were transplanted to soil to obtain T2 seeds.
Segregation analysis showed that 20 and 14 T2 lines, respec-
tively, had single insertions of the 35S::ScTFL1 and 35S::ScFT1
transgenes (X2 test, p < 0.05). All individuals with the transgene
showed the late flowering phenotype whereas segregants without
the transgene flowered normally. Ten individuals from four inde-
pendent single insertion lines each that were homozygous for the
transgene were selected for phenotypic analyses of ScTFLI and
ScFT1 overexpression. Flowering time was scored by counting
the number of rosette leaves at the appearance of the first floral
bud in primary inflorescences.

GENE EXPRESSION ANALYSIS USING SEMI-QUANTITATIVE AND
QUANTITATIVE RT-PCR

Gene and transgene expression analysis was carried out using
semi-quantitative RT-PCR and real time RT-PCR. For ScTFLI
and ScFT1 expression analysis, RNA was extracted as described
above from sugarcane mature leaves, immature leaves and
the SAM enriched region. Complementary DNA (cDNA) was
prepared using qScript cDNA SuperMix (Quanta Biosciences)
according to the manufacturer’s instructions. ScTFLI primers
were designed to assess transgene expression in the ScTFLI
transgenic lines: ScTFLIQRTF: 5- GACTTGCGGTCTTTCT
TCACA -3’; ScTFL1gRTR: 5- AGGCATCTGTTGTCCCAGGT -
3’. Expression of the ScFT1 gene in transgenic plants was assessed
by qRT-PCR analysis with the primers ScFT1qgPCR-F (GGC
TAATGACTCCCTGACGA) and ScFT1qPCR-R (CCATCCCTT
CAAACACTGGT). PerfeCTa SYBR Green SuperMix (Quanta
Biosciences) and an Applied Biosystems 7300 Real Time PCR
instrument were used, and data was analyzed by the Pfaffl method
with efficiency correction to obtain fold difference in expres-
sion (Pfaffl, 2001). Three biological replicates of three techni-
cal replicates were analyzed. Actin8 (ActinrtF: 5-GCCGATGCT
GATGACATTCA-3' and ActinrtR: 5'-CTCCAGCGAATCCAGCC
TTA-3') and ScGAPDH (ScGAPDHEF: 5-CACGGCCACTGG
AAGCA-3’ and ScGAPDHR: 5'-TCCTCAGGGTTCCTGATGCC-
3’) were used for normalization and the calibrator was the aver-
age ACt for the independent line with lower expression level.

Statistical significance is reported by the Student’s t-fest with
P < 0.05.

SCANNING ELECTRON MICROSCOPY (SEM)

At least three inflorescences per plant were harvested from ScTFLI
over-expressed plants and images were captured with a Hitachi
Tabletop TM-1000 Scanning Electron Microscope. Dimension
bars were added using the Image] software (Abramoff et al,
2004).

RESULTS

ISOLATION OF A TFL1 HOMOLOG FROM SACCHARUM SPP. AND
EXPRESSION ANALYSIS IN DIFFERENT TISSUES

Candidates for FT/TFLI gene family members were identified
in the sugarcane EST database, SUCEST (Vettore et al., 2001;
Coelho et al., 2013). A complete sequence for a TFLI-like sub-
family candidate was identified and termed ScTFLI. The deduced
ScTFL1 protein had highest similarity to maize genes ZCN1 and
ZCN2 proteins (93 and 84% amino acid identity, respectively),
92% identity to rice RCN1, and 70% identity to Arabidopsis
TFL1 (Figure 1A). SCTFL1 sequence is more similar to the rice
and maize homologs compared to Arabidopsis (Figure 1D). The
founding member of this family, Arabidopsis TFL1, is highly con-
served between species, and homologs have been reported in
several different species (Hecht et al., 2005; Danilevskaya et al.,
2010; Taylor et al., 2010; Mauro-Herrera et al., 2013).

Plant PEBP proteins are general regulators of signaling com-
plexes, as shown by the tomato SELF PRUNNING (SFP) protein,
a TFL1 homolog that acts through interaction with different pro-
teins (Pnueli et al,, 2001). The PEBP family consists of three
gene subfamilies named MOTHER-of-FT (MFT)-like, TFLI1-like
and FT-like (Chardon and Damerval, 2005). In sugarcane, eight
candidate PEBP gene family members were identified by in sil-
ico analysis in the sugarcane database and found to belong to
several different subfamilies; one MFT-like gene, one TFL1-like
and six FT-like candidates (Coelho et al., 2013). Six members of
the TFLI-like subfamily were reported in maize, ZCNI to ZCN6
(Danilevskaya et al., 2010), and four members were identified
in rice: Oscenl to Oscend (Nakagawa et al., 2002). Completion
of the sugarcane genome sequence likely will reveal more PEBP
members in this species.

Comparing the deduced ScTFL1 amino acid sequence to
known TFL1-like homologs from other plant species shows that
they all share a histidine residue at position 89 (H89) (Figure 1A);
in Arabidopsis this residue is at a key position that determines
whether TFL1 or FT act as a floral repressor or promoter, respec-
tively (Hanzawa et al., 2005). The gene structure of ScTFLI is
similar to the related TFLI orthologs, consisting of three introns
and four exons of similar sizes. (Figure 1B). The fourth exon con-
tains a specific region, segment B, that is critical for FT to function
as a floral promoter or TFL1 as a floral repressor (Ahn et al.,
2006). Residues GIn140, Asp144 and Glul41 (found in FT, TFL1,
and BFT, respectively) of segment B may have an important func-
tion in determining FT-like or TFL1-like activity (Ahn et al., 2006;
Yoo et al., 2010). This segment forms an external loop that varies
in TFL1 but not in FT, and it seems that the opposite activity in
flower induction is derived from hydrogen bond formation near
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FIGURE 1 | Sequence conservation among TFL-like genes. (A) Alignment
of the ScTFL1 candidate with homologs from different species: Arabidopsis
TFL1; rice RCN1; and maize ZCN1. Asterisk (*) highlights the amino acid
residue conserved in all TFL1 homologs. (B) TFL1 gene structure
conservation among TFL1 homologs, consisting of four exons and three
introns. Boxes represent exons and lines, introns. Numbers indicate size of
each exon and intron. (C) Expression pattern of ScTFL1 in different tissues by
semi-quantitative PCR; sugarcane GAPDH endogenous control was used as
control. IL: apex-surrounding immature leaves; ML, mature leaves; AM, apical

meristem. (D) Evolutionary relationship of TFL1 homologs. Amino acid
sequences from different species were aligned using ClustalWV, the
evolutionary history was inferred using the Neighbor-Joining method (Saitou
and Nel, 1987). Bootstrap values from 1000 replications were used to assess
the robustness of the trees. Sugarcane TFL1 candidate gene is highlighted by
a diamond symbol (#) and TFL1 homologs from related species are
deposited at the Genbank database. Accession numbers: ZCN1
(ABX11003.1), ZCN2 (ABX11004.1), RCN1 (ABA95827.1), and TFL1
(AED90661.1), ScTFL1 (KJ496328).

the binding pocket in TFLI but not in FT, suggesting that this
segment is crucial for the co-activation of specific, yet-to-be iden-
tified FT/TFL1 interactors (Ahn et al., 2006; Pin et al., 2010; Taoka
etal, 2011; Harig et al., 2012; Taoka et al., 2013). Consistent with
this, FT has a tyrosine residue at position 85 (Y85), a key differ-
ence that specifies FT function as a floral promoter in Arabidopsis
(Hanzawa et al., 2005), although in some species it has been
reported that the FT-likes containing the Y85 residue may act as a
floral repressor if there is variation in segment B.

We determined the expression pattern of ScTFLI at the veg-
etative apical meristem region, mature leaves and the imma-
ture leaves surrounding the meristem in 7-month old sugarcane
plants. ScTFLI is expressed in the young leaves that enfold the
meristem, however no transcript was detected in the shoot apical
region. (Figure 1C). In Arabidopsis, TFLI is expressed in young
axillary meristems and is later confined to the central core of
the meristem (Conti and Bradley, 2007). The ScTFL1 expres-
sion pattern suggests that this gene acts in regions adjacent to
the meristem in vegetative sugarcane plants. Similarly, in maize,
which is an annual plant, ZCNI and ZCN2 are expressed in both
vegetative and reproductive phases, with ZCNI mRNA detected
in vascular bundles of leaf primordia and ZCN2 in leaf axils of
shoot apices (Danilevskaya et al., 2010).

ECTOPIC EXPRESSION OF ScTFL1 ALTERS FLOWERING TIME AND
MAINTAINS INDETERMINATE FATE OF INFLORESCENCE MERISTEMS
IN TRANSGENIC ARABIDOPSIS PLANTS
To understand the role played by this sugarcane TFLI homolog,
we examined transgenic Arabidopsis plants over-expressing the
ScTFLI driven by the constitutive 35S CaMV promoter. More
than 40 transgenic lines were isolated and found to flower later
than wild-type; four independent T2 lines homozygous for the
transgene (ScTFL1-5; ScTFL1-6; ScTFL1-11, and ScTFL1-41)
were selected for further analysis. The prolonged vegetative phase
was manifested as an increase in the number of rosette leaves in
all transgenic lines, ranging from 15.4 to 17.7 leaves on average,
compared to the 11.4 leaves in Col-0 plants (Table 1). All four
lines had ectopic expression of the ScTFL1 transgene, however
the differences in flowering time did not correlate with the level of
exogenous transcript (Supplemental Figure 1A). Otherwise there
were no morphologic differences in vegetative structures, such as
the serrated leaves that were reported from over-expression of the
BROTHER of FT and TFLI1 (BFT) gene in Arabidopsis (Yoo et al.,
2010).

With regard to reproductive development, ectopic expres-
sion of ScTFLI altered flowering time (Table 1; Supplemental
Figure 2) but also affected the formation of the inflorescence
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structures, as typified in the most severe line, ScTFL1-41
(Figure 2A). The other late flowering lines examined, ScTFL1-
5, -6 and -11, showed similar defects in reproductive architecture,
although to a lesser extent than the most severe line ScTFL1-41
which was also exhibited the latest flowering. In addition ScTFL1-
41 plants had a highly branched phenotype (Figures2B,C),
shoot-like inflorescences, aerial rosettes, abnormal flower forma-
tion (Figure 3), and prolonged life cycle (>64 days). A similar
phenotype was reported in Arabidopsis over-expressing TFLI and
TFLI-like BFT, and their respective rice and maize homologs; i.e.,
in developmental phases were delayed and similar effects on plant
architecture were observed (Ratcliffe et al., 1998, 1999; Jensen
et al., 2001; Nakagawa et al., 2002; Danilevskaya et al., 2010; Yoo
etal., 2010).

ScFT11S A PUTATIVE FT ORTHOLOG THAT DELAYS FLOWERING IN
ARABIDOPSIS

In parallel with the characterization of ScTFLI, we isolated
ScFT1 from mature sugarcane plants and compared the sequence
and expression pattern to Arabidopsis FT and other homologs.
Comparison of the ScFT1 deduced protein with FT homologs
from different species (Figure 4A) showed it to be 59% identi-
cal to Arabidopsis FT, 59% to rice Hd3a; 57% to maize ZCNS;
62% to sugar beet BVFT2 and 61% to tobacco NtFT4. Sugar beet
and tobacco candidates that act antagonistically to flowering had
less similarity to ScFT1: NtFT1, -2, -3 were 57, 54, and 54%,
respectively, and the sugar beet BvFT1, 59%.

Table 1 | Flowering characteristics of four 35S::ScTFL17 independent
transgenic lines.

Plant Days to Number of Number of
genotype flowering leaves plants
Col-0 wild-type 32 11.4+0.54 5
ScTFL1-5 41 15.44+1.352 10
ScTFL1-6 41 14.3+1.342 10
ScTFL1-11 4 16.24+1.732 10
ScTFL1-41 47 17.7 £1.60° 10

@Indicates statistically different from wild-type with p > 0.05 by student t-test.

Phylogenetic analysis of FT-like proteins showed that the FT-
like floral repressors from tobacco clade together and the floral
promoter NtFT4 clades with the FT-like floral promoters, FT
and Hd3a (Figure 4D). As sugarcane and maize are more closely
related to each other than to other species examined it is not
unexpected that ScFT1 clades with maize ZCNS8, but not to other
FT-like proteins, such as FT and Hd3a. Despite the finding that
ZCN8 does not clade with FT-like floral promoters, the strong
association of ZCN8 with a maize flowering time QTL and its abil-
ity to complement an Arabidopsis ff mutant suggests that it acts as
a floral promoter in maize (Lazakis et al., 2011; Meng et al., 2011).
Similar to all PEBP family members, the ScFT1 gene consists of
four exons and three introns, with similar exon sizes but largely
varying the number of nucleotides in the introns (Figure 4B).

Expression analysis in sugarcane showed that ScFT1 transcript
is present in mature leaves of vegetative phase plants, although it
was expressed in immature leaves and SAM of the same plants.
Interestingly, ScFT1 transcript was detected in mature leaves of
flowering plants (Figure 4C), suggesting a possible role in post-
floral transition plants.

TRANSGENIC PLANTS OVEREXPRESSING ScFT1 DELAYED FLOWERING
AND CAUSED ABNORMAL SILIQUE DEVELOPMENT

Sugarcane ScFT1 was over-expressed in Arabidopsis to test
whether this FT-like candidate is involved in controlling flow-
ering time. Four independent transgenic lines were selected for
flowering time analysis and shown to over-express the trans-
gene (Supplemental Figure 1B). Unexpectedly, in all cases ScFT1
over-expression resulted in late flowering plants, with an average
range of 16.1-24.5 rosette leaves, compared to the 11.4 rosette
leaves of Col-0 wild-type (Table2). The most severe effect on
flowering time was observed in ScFT1-3, which had a signif-
icantly higher transgene expression than the other three lines
(Supplemental Figure 1B).

In addition to later flowering, all SCFT1 over-expressing lines
often exhibited defects in floral organ formation. Unlike ScTFLI
lines, where the latest flowering phenotype was associated with
defects in reproductive structures, the ScFT1 over-expressing line
with the most severe reproductive abnormalities was ScFT1-1,
which consistently had a high number of sterile flowers and

FIGURE 2 | Ectopic ScTFL1 expression affects inflorescence
architecture in transgenic Arabidopsis. (A) Growth of 35S::ScTLF1-41
transgenic plants (left) and Col-0 (right) under long-day conditions after 50

days; and (B) 55 days; and (C) 64 days of germination, at this point
Col-0 wild-type plants have completed the life cycle. All plants are in the
Col-0 background.
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FIGURE 3 | ScTFL1 transgenic plants phenotypes. (A-D) Examples of
aerial rosettes phenotype of 35S::ScTFL1 lines. (E-1) Abnormal flower
formation in emerging floral buds. (J-L) Scanning electronic microscopy
(SEM) showing floral buds emerging from 35S::ScTFT1 inflorescences.
(M-0) Wild-type flower and inflorescences. Scale bars: 200 um.

formed abnormally shorter siliques (Figure 5A). Furthermore,
most siliques had abnormal development, leading to poor
seed set and mostly sterile plants. In ScFT1 transgenic lines,
open flowers did not self-fertilize and siliques did not develop
from fertilized carpels, which may explain the shorter siliques
(Figure 5B).

These results suggest that ScFTI may be involved in meris-
tem activities that control flowering time and production of
fertile organs, although further analysis is required to understand
the effects of ScFT1 overexpression in meristem development.
Other studies have reported that loss of FT-like function caused
meristem-associated abnormalities (Bohlenius et al., 2006; Shalit
etal., 2009; Krieger et al., 2010; Danilevskaya et al., 2011; Navarro
etal., 2011).

YET TO BE CHARACTERIZED ScFT-LIKE GENES MAY BE INVOLVED IN
SUGARCANE FLORAL INDUCTION

ScFT1 is the only full-length FT-like candidate we were able to iso-
late from the sugarcane genome. Four other incomplete sequences
were identified in the sugarcane EST database (SUCEST), which
we designate ScFT2, ScFT3, ScFt4, and ScFT5. Of the candidates
that were analyzed, ScFT2 is most closely related to FT-like can-
didates maize ZCN8 and ScFT1. The ScFT3 and ScFT4 putative
homologs clade with all floral promoter FT-like genes, Hd3a,
FT, and BvFT1 (Figure 6A), indicating that we cannot rule out
the possibility that one or both of them may act as florigen in
sugarcane. Functional characterization of these candidates will
enlighten this hypothesis. Phylogenetic analysis indicates that
ScFT3 and ScFT4 clade with floral promoters, given the high
degree of similarity of segment B compared to other FT floral
promoting proteins (Figure 6B).

DISCUSSION

ScTFL1 MAINTAINS MERISTEM INDETERMINACY IN ARABIDOPSIS,
SUGGESTING A SIMILAR ROLE IN SUGARCANE

Although extreme late flowering is a negative agronomic trait
in many crops, it is of great advantage in commercial sug-
arcane plants, where a non-flowering phenotype is a highly
desirable trait that is the objective of many sugarcane-breeding
programs (Berding and Hurney, 2005; Van Heerden et al., 2010).
Maintaining sugarcane plants in a vegetative state prevents the
loss of sugar accumulation in the stalks that would result from
precocious flowering, especially in the tropics where day-length is
inductive for floral transition throughout the year.

As a first step in elucidating the molecular mechanisms
that control flowering in sugarcane we isolated FT/TFLI1 gene
family homologs of key flowering time genes first character-
ized in Arabidopsis. Two of these genes, ScTFLI and ScFTI,
were analyzed for their role in flowering by ectopic expres-
sion in Arabidopsis. We have validated this technique previously
by showing that over-expression of another monocot flowering
gene, the maize FT-like gene ZCN8, had a dramatic effect on
Arabidopsis flowering (Lazakis et al., 2011). Similarly ectopic
expression of FT/TFL related genes have been demonstrated for
diverse plant species (Jensen et al., 2001; Nakagawa et al., 2002;
Mimida et al., 2009; Pin et al., 2010; Karlgren et al., 2011;
Klintenas et al., 2012).

Late flowering was observed in Arabidopsis plants over-
expressing ScTFLI. This suggests that ScTFLI acts by extending
the duration of growth phases and maintenance of the inflores-
cence meristem in sugarcane. The latest flowering ScTFLI overex-
pressing plants also had abnormal floral organ structures, which
may be due to an imbalance between TFLI and API expression.
This leads to floral reversion to vegetative structures, triggering
the appearance of floral buds inside the aerial rosettes, resulting in
enhanced indeterminate growth. In wild-type plants, API down-
regulates TFLI in floral meristems and, in turn, TFL] maintains
indeterminate growth of the vegetative center (Ratcliffe et al.,
1999). Although complete inhibition of flowering has not been
observed in any single mutants in Arabidopsis, this is not the case
for double mutants. Floral transition is never completed in pen-
nywise and pound-foolish (pny pnf) double mutants (Smith et al.,
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FIGURE 4 | Sequence conservation among FT-like genes. (A) Amino aligned using ClustalW, the evolutionary history was inferred using the
acid sequence alignment of ScFT1 candidate with homologs from Neighbor-Joining method (Saitou and Nei, 1987). The tree is drawn to
different species: Arabidopsis FT, rice Hd3a; and maize ZCN8; tobacco scale, with branch lengths in the same units as those of the
NtFT1-4; sugar beet BvFT1/2. Asterisk (*) highlights the amino acid evolutionary distances used to infer the phylogenetic tree. Bootstrap
residue conservation in all FT homologs. (B) Evolutionary relationship of  values from 1000 replications were used to assess the robustness of
TFL1 homologs. (C) Expression pattern of ScFT1 of different tissues by  the trees. Accession numbers: BvFT1 (ADM92608.1), BvFT2 (ADM92
semi-quantitative PCR, IL: apexsurrounding immature leaves; ML, 610.1), NtFT1 (AFS17369.1), NtFT2 (AFS17370.1), NtFT3 (AFS17371.1),
mature leaves; AM, apical meristem; ML(F), mature leaves of mature NtFT4 (AFS17372.1), FT (BAA77838.1), Hd3a (BAB61030.1), ZCN8
flowering plants. (D) Amino acid sequences from different species were (ABX11010.1), ScFT1 (KJ496327).

2004). Loss of both of these duplicate BELL homeobox genes
results in ectopic TFLI expression at high levels in the vascula-
ture, the same site of FT expression. This indicates that ectopic
overexpression of TFLI can result in a non-flowering phenotype.

The altered architecture of the ScTFL1-41 is similar to that
observed in the Arabidopsis late-flowering ecotype, Sy-0, which

also has aerial rosettes formation in flowering stems (Grbic and
Bleecker, 1996). Aerial rosette formation is often related to loss
of floral meristem identity genes responsible for signal transduc-
tion of the API gene, an integrator of all flowering pathways that
determines floral organ formation. By the time AP is expressed,
floral determination is initiated and plants continue to flower
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independent of environmental signals (Hempel et al., 1997).
Grbic and Bleecker (1996) suggested that this phenotype is a
result of the interaction of two main dominant genes, AERIAL
ROSETTE (ART) and ENHANCER OF AERIAL ROSETTE (EAR).
Mutant phenotypes of aerial rosette 1 (artl) are a consequence of

Table 2 | Flowering characteristics of four 35S::ScFT7 independent
transgenic lines.

Plant Days to Number of Number of
genotype flowering leaves plants
Col-0 wild-type 32 11.4+0.54 5
ScFT1-1 37 16.14+0.872 10
ScFT1-2 37 17.3+2.16° 10
ScFT1-3 46 24.541.842 9
ScFT1-4 37 19.6 +1.412 10

?Indicates statistically different from wild-type with p > 0.05 by student t-test.

a delay from the vegetative (V) to reproductive (R) phase tran-
sitions, resulting in the formation of a new type of metamer
consisting of V1 — V2* — R* — R, in which aerial rosettes
are formed by the V2* stage (Poduska et al., 2003). Similar to
this, 35S::TFL1 plants also have a prolonged vegetative phase
and produce aerial rosettes (Ratcliffe et al., 1998, 1999). Aerial
rosette formation also was reported when another BELL gene,
ATHI, was over-expressed in Arabidopsis (Proveniers et al.,
2007).

Increased axillary branching of the ScTFLI transgenic plants
is similar to the effects observed when other TFLI homologs are
over-expressed in Arabidopsis. It was suggested that this pheno-
type may be a consequence of interaction of TFL1 with hormones,
since plant hormones such as auxin, cytokinin and strigolactone
play a role in the branching and outgrowth of plants (McSteen,
2009; Danilevskaya et al., 2010). The TFL1 protein complex was
reported previously, and the external loop seems to be the site
for co-repressors/co-activators to bind and trigger developmental
responses. Nevertheless, these co-repressors/co-activators have

FIGURE 5 | Ectopic expression of ScFT1-1 affects flowering time and silique development. (A) Comparison of development timing of ScFT1-1 (right) with
Col-0 wild-type plant (left). (B) Close-up at the siliques from Col-0 (left), ScFT1-1 flowers (middle), and abnormal siliques (right).
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FIGURE 6 | Sequence analysis of ScFT protein candidates with other FT
homologs. (A) Amino acid sequences from different species were aligned to
five ScFT-like candidates using ClustalW. (B) Phylogenetic tree of FT
homologs. Bootstrap values from 1000 replications were used to assess the
robustness of the tree. Sugarcane ScFT-like candidate genes are highlighted

by a diamond symbol () and FT homolog from related species are deposited
at the Genbank database. A black line highlights segment (B). Accession
numbers: BvFT1 (ADM92608.1), BvFT2 (ADM92610.1), NtFT1 (AFS17369.1),
NtFT2 (AFS17370.1), NtFT3 (AFS17371.1), NtFT4 (AFS17372.1), FT
(BAA77838.1), Hd3a (BAB61030.1), ZCN8 (ABX11010.1).
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not yet been identified (Taoka et al, 2013), raising the
possibility that plant hormone activity could be connected
to the mechanisms by which ScTFLI results in the observed
phenotypes.

Mechanisms of TFLI function are less clear than that of FT;
moreover TFLI function may vary among annual and perennial
plants. TFLI was reported to act in an age-dependent flowering
pathway in the perennial Arabis alpina. In these plants, AaTFLI
is responsible for the maintenance of vegetative growth of young
plants, even under inductive conditions, preventing all axillary
meristems from becoming determined. As the shoot ages, AaTFLI
sets an increasing flowering threshold and the plant is able to
develop perennial traits (Wang et al., 2011). In perennial rye-
grass, the TFL1 homolog LpTFL1 is up-regulated in the apex once
the temperature and day-length increases, allowing for lateral
branching, and consequently, the promotion of tillering (Jensen
et al., 2001). It is possible that ScTFLI acts in a similar manner
in perennial sugarcane, perhaps explaining the expression of this
gene in leaves surrounding the peripheral regions of the meristem
of vegetatively growing plants. Further studies of the expression
pattern of ScTFLI at the shoot apex and surrounding developing
leaves of mature flowering plants may provide insights about this
possibility.

ScFT1 MAY CONTROL FLOWERING TIME AND INFLORESCENCE
FORMATION IN SUGARCANE

Evolutionary analysis of the PEBP family suggests that FT-like
and TFLI-like subfamilies arose from a common TFLI-like ances-
tor, and that the FT-like floral promoter evolved within the
angiosperm clade (Karlgren et al., 2011; Klintenas et al., 2012).
Therefore it is possible that floral repressor activity of FT-
like genes persists among angiosperms, as has been reported
for tobacco (Harig et al, 2012) and sugar beet (Pin et al,
2010).

The present work suggests that ScFT1 functions as a floral
repressor in sugarcane. Strikingly, expression of ScFTI varies
under non-inductive and inductive conditions. Under non-
inductive long-day conditions, ScFT1 is expressed in both imma-
ture leaves and the apical meristem region, but is not detected
in mature leaves. Under inductive short day conditions, how-
ever, ScFT1 is expressed in mature leaves, which are the source
of the florigen signal. Together with the late flowering pheno-
type observed in the overexpressing Arabidopsis lines, this could
indicate that ScFT1 is associated with an anti-florigen signal that
originates in mature leaves under floral inductive conditions to
counter-balance the florigen signal.

The effect of ScFT1 overexpression on silique develop-
ment is similar to that observed in Arabidopsis dyt] mutants;
DYSFUNCTIONAL TAPETUMI (DYTI) is involved in tape-
tum differentiation and function and, without functional DYT1I,
normal anther development is interrupted, generating plants
with very small siliques (Zhang et al., 2006). BELI and
SHORT INTEGUMENT (SIN1) control ovule development in
Arabidopsis as bell mutants transform ovule integuments into
carpels due to ectopic expression of AGAMOUS (AG) in these
tissues (Ray et al., 1994). Alterations of bell mutants include
increased axillary buds, delayed senescence and short abnormal

siliques formation, similar to what we observe in ScFT1 plants
(Robinson-Beers et al., 1992). Loss of SINI also affects flower-
ing time, resulting in an increased number of rosette leaves and
coflorescence branches. SINI is epistatic to TFL1 and may act
in an independent pathway to suppress, at least in part, the #fl1
phenotype (Ray et al., 1996).

All FT-like proteins involved in floral promotion have a con-
served segment B region encoded in the fourth exon that is
essential for these homologs to act as florigens in diverse plant
species (Ahn et al., 2006; Pin et al., 2010; Harig et al., 2012).
Segment B of ScFT1 varies in three amino acid residues com-
pared to the FT and Hd3a floral proteins. In sugar beet variation
of three amino acids in segment B of two FT-like proteins is
sufficient for them to act antagonistically (Pin et al.,, 2010).
Comparison of partial sequences of several ScFT-like genes from
the sugarcane EST database (SUCEST) indicates that ScFT3
and ScFT4 candidates may be involved in the floral promo-
tion, considering the sequence conservation and phylogenetic
relationship to FT-like homolog subfamilies. Full-length tran-
scripts need to be characterized to evaluate the effect of sequence
plasticity and divergence of functions of sugarcane FT-like
genes.

Recent discoveries suggest that FT-like proteins act not only
as floral repressors but also in diverse developmental events, such
as potato tuberization (Navarro et al., 2011), seasonal control
of growth cessation in poplar trees (Bohlenius et al., 2006),
termination of meristem growth and fruit yield in tomato (Shalit
et al., 2009; Krieger et al., 2010), plant architecture in maize
(Danilevskaya et al., 2011), and stomatal control in Arabidopsis
(Kinoshita et al., 2011). Together these different activities raise a
fundamental question about whether FT-like proteins function
as versatile mobile signals orchestrating diverse processes in plant
development rather than solely acting as a florigen (Taoka et al,,
2013).
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Supplemental Figure 1 | Expression analysis of the transgenes in
Arabidopsis independent lines. (A) ScTFL 1 expression relative to
Arabidopsis ACTIN8 expression in the lines ScTFL1-5, ScTFL1-6,
ScTFL1-11, and ScTFL1-41. (B) ScFT1 expression relative to ACTIN8
expression in the lines ScFT1-1, ScFT1-2, ScFT3, and ScFT4. Error bars
denote relative quantity maximum and minimum values from triplicate
biological samples, with each sample a pool of five plantlets.

Supplemental Figure 2 | Ectopic ScTFL1 expression affects flowering in
four independent lines of transgenic Arabidopsis, under long-day
conditions after 43 days. (A) 35S::ScTLF1-5; (B) 35S::ScTFL1-6;

(C) 35S::ScTFL1-11; (D) 35S::ScTFL1-41. Transgenic plants are on the right
plants and Col-0 wild-type plants are on the left in all panels.
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FLOWERING LOCUS T (FT) encodes a systemic signal communicating the perception of
long day photoperiod from leaves to the shoot apex to induce the floral transition. Transient
expression of FT in the phloem companion cells of rosette leaves for one to several days
was previously shown to be sufficient to commit plants to flowering. Here we show that
partial commitment results in pleiotropic inflorescence meristem reversion phenotypes.
FT expression is much stronger in organs formed after the floral transition such as cauline
leaves, sepals, and developing siliques. We show that expression of FT and its paralog
TWIN SISTER OF FT (TSF) after the floral transition plays a role in inflorescence meristem
stabilization even if plants flower very late in development. CONSTANS (CO), the major
activator of FT, is not required to prevent late reproductive reversion. The requirement for
FT is temporal since reproductive reversion to a vegetative state occurs only in recently
formed inflorescence meristems. Unlike for the expression of FT in leaves, neither the
distal putative FT enhancer nor long-day photoperiod is required for FT expression in
developing siliques. Expression of FT in developing siligues and their supporting stems
is sufficient to stabilize flowering during the sensitive developmental window indicating

Sonja Klemme, Bayer CropScience
NV - INNOVATION CENTER,
Belgium

INTRODUCTION

In many plant species, FLOWERING LOCUS T (FT)-like genes
play a critical role in the photoperiod dependent timing of the
transition from the vegetative to the reproductive stage (Ballerini
and Kramer, 2011). In the model plant Arabidopsis thaliana, FT
integrates environmental and developmental variables at the level
of its transcriptional regulation (Andres and Coupland, 2012). As
part of florigen, FT protein produced in the leaves migrates to
the shoot apical meristem where it triggers the reprogramming
of regulatory networks resulting in a change from vegetative to
reproductive growth (Corbesier et al., 2007). Prior to the floral
transition, FT expression is restricted to the leaves and only occurs
if days are longer than the critical day length (Suarez-Lopez et al.,
2001; Yanovsky and Kay, 2002; Adrian et al., 2010). Photoperiod
control of FT is dependent on CONSTANS (CO), which acts as
direct transcriptional activator presumably in a complex involv-
ing NF-Y transcription factors (Wenkel et al., 2006; Kumimoto
et al., 2008, 2010; Tiwari et al., 2010). If days are longer than
the critical day length, CO protein is stabilized by light and thus
capable of promoting FT expression (Valverde et al., 2004). In the
absence of light, CO is rapidly degraded in the dark and unable to
promote FT expression. Apart from photoperiod, other external
and internal cues participate in FT regulation. For example, an
increase in ambient temperature overrules FT’s dependency on
photoperiod and CO by affecting chromatin accessibility (Kumar
et al.,, 2012). In biennial Arabidopsis plants, high levels of the
transcription factor FLOWERING LOCUS C (FLC) prior ver-
nalization prevent the activation of FT in long-day photoperiod

that fruit generated FT participates in inflorescence stabilization.

Keywords: flowering, FLOWERING LOCUS T, floral reversion

(Hepworth et al., 2002; Michaels et al., 2005). FLC directly binds
to putative regulatory regions in the first intron of FT (Searle
et al., 2006). The effect of FLC is partially dependent on the pres-
ence of SHORT VEGETATIVE PHASE (SVP), with which it may
form a complex (Hartmann et al., 2000; Li et al., 2008). SVP
preferentially binds to regions in the FT promoter containing sev-
eral putative CArG boxes. The effect of SVP repression on FT is
particularly visible in young plants as well as in cold ambient tem-
perature (Lee et al., 2007). Plant age participates in FT regulation
via the microRNA 156 (miR156) pathway (Mathieu et al., 2009).
Recently, more pleiotropic roles of FT and FT-like genes have
been reported (Pin and Nilsson, 2012). During the analysis of
multi-parent recombinant inbred lines in Arabidopsis, FT was
identified as quantitative trait locus (QTL) implicated in the for-
mation of axillary meristems after. but not before, the floral
transition (Huang et al., 2013). FT and its closest paralog TWIN
SISTER OF FT (TSF) were shown to play a role in side shoot
outgrowth with ft and #sf single mutants showing a reduced elon-
gation rate of side shoots in long days (LD) and short days (SD),
respectively (Hiraoka et al., 2013). Double ft;tsf mutants showed
an enhanced reduction of side shoot elongation in both photope-
riods. In addition, FT expression in stomata was shown to result
in stomata opening, indicating a participation of FT in transpi-
ration control (Kinoshita et al., 2011). In potato, some FT-like
genes were shown to be involved in tuber initiation in response
to long days, whereas other paralogs were regulating flowering
in short days (Navarro et al., 2011). In poplar, high expression
of FT-like genes causes early flowering and thus overcomes the
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juvenility phase that usually prevents the floral transition in the

first years of development (Bohlenius et al., 2006; Hsu et al., 2006, A Qrosetteleaves - Bcauline leaves
2011). However, expressed at lower levels, functional divergence 60
of poplar FT1 and FT2 paralogs becomes obvious. Poplar FT1, € KR
which is induced by prolonged cold in various tissues including 50 —
buds and leaves, triggers the onset of reproductive bud formation,
whereas the long-day induced poplar FT2, which expresses in the 5 40 B
leaves, is much less effective in this process. Moderate expression £
of FT2 prevents growth cessation, which is usually triggered in ?_ 30 B
short days or after stress perception in natural conditions but is 3 % ol |
not sufficient to trigger reproductive bud formation. Thus the role
of FT2 is to maintain vegetative growth during the growing season 10 | | - -
(Hsu et al., 2011).

Interestingly, FT in Arabidopsis is expressed at much higher 0 - - - - - - - ]
levels after the floral transition, notably in cauline leaves, sepals, 14+4 14+5 14+6 14+7 18+3 18+4 18+5 SD
petals and developing siliques (Schmid et al., 2005; Adrian et al., n 6 5 5 5 5 5 5 6

2010), and the expression in developing siliques is independent of
photoperiod (Hiraoka et al., 2013). Here we set out to elucidate if
FT expression in developing fruits fulfills a biological function or
rather reflects a non-functional relaxation in the tight repressive
control of transcription that is necessary to prevent precocious
flowering earlier in development. We show that photoperiod-
independent expression of FT' in developing fruits plays a role in
inflorescence maintenance.

RESULTS

SEVERAL DAYS OF INDUCTION OF FT EXPRESSION ARE REQUIRED FOR
FULL FLORAL COMMITMENT OF ARABIDOPSIS PLANTS TO FLOWER
Previous studies reported that 3 days in LD growth conditions
during which FT is expressed are sufficient to induce early flow-
ering in the Arabidopsis accession Ler whereas Col plants require
5 LDs for full induction of early flowering (Corbesier et al., 2007;
Torti et al., 2012). We wanted to quantify more precisely how
FT expression contributed to the commitment of the plants to
flowering. We grew Arabidopsis plants of the accession Col-0 in
18 SD before shifting them transiently for an increasing number
of days to extended short day (ESD) conditions and back to SD.
ESD growth conditions provide 8 h of full light supplemented by
8h of low intensity light sufficient to trigger long day (LD) light E 7
responses, such as FT induction, while minimizing the differences
in growth rate observed between plants grown in SD and LD con-
ditions. As expected, plants showed accelerated flowering after

three ESDs as compared to control plants grown in SD conditions @

(Figure 1A). S
. . . . o category 3

Plants flowering after experiencing few ESDs showed partial -
transition/reversion phenotypes. We grouped all shifted plants 3 M category 2
into three progressive phenotypic categories, which were “1: as £ B category 1

z

wild-type with a main shoot showing clear apical dominance
and cauline leaves with a different shape than rosette leaves,”
“2: shortened main shoot without apical dominance and with
aerial rosettes,” “3: main shoot fully arrested with less than 1 cm
bloting or not detectable, frequent aerial rosettes on side shoots
formed at the axils of rosette leaves” (Figures 1B-D). The sever- 14+4 14+5 14+6 14+7 18+3 18+4 1845 SD
ity of the phenotype was inversely correlated with the number
of ESDs the plants had experienced (Figure 1E) indicating that FIGURE 1 | Several ESDs are required to fully commit the shoot apical
maintained FT expression participates in preventing reversion meristem to flowering. Col plants grown in SD for 14 or 18 days were

of the inflorescence meristem to a more vegetative or arrested transiently shifted to an increasing number of days in ESD as indicated. (A)

O (Continued)
state. In addition, plants that were older at the start of the ESD
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FIGURE 1 | Continued

Flowering was determined by counting rosette and cauline leaves of the
main inflorescence. In the case of SD grown plants only rosette leaves
were counted. Numbers of total leaves are shown as the mean + SE.
Statistically significant differences between treatments was assessed by
One-Way ANOVA followed by Tukey Honest Significant Differences

(***p < 0.01). (B-D) Plants typical for phenotypic categories 1-3,
respectively. Categories are: “1: as wild-type,” “1: reduced apical
dominance and aerial rosettes at main shoot,” “2: main shoot arrested,
aerial rosettes on side shoots at the rosette” White arrows indicate aerial
rosettes, the inlet shows an arrested main shoot without apical dominance.
(E) Quantification of the number of plants per category observed for
different photoperiod treatments as indicated.

treatment showed less severe phenotypes than plants treated at a
younger age (Figure 1E).

TRANSIENT REPRODUCTIVE REVERSION IS OBSERVED IN ft MUTANT
PLANTS

The hypothesis that maintained FT expression is required to pre-
vent reversion of the inflorescence is challenged by the fact that
reversion has not previously been reported for plants grown either
in SD growth conditions or carrying non-functional FT alle-
les. We assessed whether reversion of flowering could have been
overlooked in plants that flower late in development. Although
we never observed reversion in Col-O plants grown in SDs,
partial reproductive reversion was commonly observed in ft-10
mutants (Figures 2A,B). This reproductive reversion phenotype
was different from that observed in younger plants induced by
a suboptimal length of ESDs, since bolting rate or apical dom-
inance of the main shoot were not affected (Figure 1). Instead,
reversion was observed in flowering shoots early after the for-
mation of the first true flowers. The inflorescence meristem
reverted to form vegetative side branches with rosette-like cauline
leaves (Figures 2A,B). Reversion was transient, affecting between
3 and 10 nodes before the formation of flowers was resumed.
Furthermore, reversion was not observed in co mutants but was
enhanced in ft-10;tsf-1 double compared to ft-10 single mutants,
which also showed a tendency to go through repeated cycles of
reversion (Figures 2A,B). Taken together, the results indicate that
the reversion phenotype is independent of CO but dependent on
the expression of the two FT-like genes FT and TSF.

FT EXPRESSION IN DEVELOPING FRUITS IS NOT DEPENDENT ON
PHOTOPERIOD AND THE DISTAL FT ENHANCER Block C

Before the reproductive transition,FT is expressed in the phloem
companion cells of the minor leaf veins if CO protein is sta-
bilized in response to LD photoperiod (Valverde et al., 2004).
After the transition, the expression level of FT dramatically
increases in the cauline leaf veins in long days (Figure 3A and
Supplemental Figure 1). FT expression is also detected along
the vascular bundles of sepals, petals, the funiculi and septum
of developing siliques and in the vasculature of floral stems
during silique maturation as indicated by a GUS reporter gene
driven by the full-length 5.7kb FT promoter (Figures 3B-E).
Expression of FT in developing siliques and supporting stems
under the control of this promoter is independent of LD photope-
riod (Figures 3C-E). This is similar to data shown by Hiraoka

Col-0

ft-10

1234567 12345678 123456
St-10 St-10;15f-1 co-sail

1234586
Col-0

FIGURE 2 | Reversion phenotype of photoperiod pathway mutants in
SDs. Plants were grown under SD conditions. (A) Plants typical for
flowering phenotype of Col-0 wildtype and ft-70 mutant (B) Side shoots on
the main inflorescence were counted from the first flower (1) toward the
top (until node 34). Flowers are indicated by green, cauline leaves by red
squares, the number of plants assessed is indicated on the x-axis.

et al., who used a genomic FT:GUS fusion that included all
intronic regions and a slightly longer FT promoter (Hiraoka
et al., 2013). We have previously shown that induction of FT
by LD photoperiod requires the presence of a putative distal
enhancer region located between 5.7 and 4.0kb of the tran-
scription start site (Adrian et al., 2010). While expression of
FT in all leaf tissues before fertilization was dependent on
the presence of the distal regulatory regions (Figures 3EG) its
expression in the funiculi, the septum of developing siliques
and the supporting stem did not require the presence of this
putative enhancer indicated by the detection of GUS reporter
gene expression under the control of a 4.0kb FT promoter
(Figures 3H-J).

Taken together, the data indicate that distal regulatory regions
are important to express FT highly in cauline leaves whereas
FT utilizes a different regulatory network for activation in
developing siliques where the expression is also photoperiod
independent.
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FIGURE 3 | GUS driven by 4 kb FT promoter in siliques. Histochemical
GUS assay of A-E 5.7 kbFTp::GUS and F-H 4 kbFTp::GUS plants in Col-0
background harvested after bolting. Samples were cauline leaves in LDs
with cut margins to allow better infiltration of staining solution (A,F),
inflorescences grown in LD (B,G), and SDs (C,H), young siliques (D,l) and
mature siliques grown in SDs (E,J). Scale bars 5 mm, except (D,I): 0.5 mm.

REVERSION OF THE INFLORESCENCE MERISTEM IS PREVENTED BY
EXPRESSION OF FT IN DEVELOPING SILIQUES

Reproductive reversion in ft-10 mutants was observed in SD
growth conditions when expression of FT is mainly restricted to
the developing siliques and their stems indicating that expression
in these organs after fertilization may participate in maintain-
ing the recently committed inflorescence meristem. We made

use of the observation that the 4kbFTprom::GUS transgene was
exclusively expressed in these tissues to test the functional rele-
vance of FT expression in these organs. Transgenic plants that
expressed FT cDNA under the control of the 4kb FT promoter
in the ft-10 background showed no inflorescence reversion in
two out of three transgenic lines whereas a third line showed a
reduced reversion phenotype (Figure 4). This was not different
from the rescue of the reversion phenotype observed when FT
cDNA was expressed under the control of the full length 5.7 kb
FT promoter (Figure 4). The floral reversion type was not cor-
related to slight differences in flowering time that were observed
between the transgenic plants and the parental f#-10 mutant in SD
growth conditions (Supplemental Figure 2).

Taken together, the data indicate that photoperiod indepen-
dent expression of FT in developing siliques and their supporting
stem is functional and participates in maintaining the commit-
ment of the inflorescence meristem.

DISCUSSION

We addressed the question whether expression of FT plays a
functional role in Arabidopsis development after the plants have
transitioned to flowering. The interest in solving this question
was ignited by the previous observation that FT levels are much
higher in organs formed after the floral transition than in rosette
leaves (Supplemental Figure 1). Recently, it has been reported that
FT and the related TSF play a role in controlling the elongation
rate of side shoots developing from subtending cauline leaves and
that FT protein moves from cauline leaves to axillary meristems
(Hiraoka et al., 2013; Niwa et al., 2013). Our data suggest that ele-
vated FT levels after the transition to flowering help stabilizing the
recently formed inflorescence meristem, which seems particularly
required if plants flower early in development.

Reversion of the inflorescence meristem in young plants by
insufficiently persistent photoperiod signals can lead to dramatic
phenotypic effects the most severe being the full arrest of the main
apical meristem (Figure1). It is currently unclear if this is an
accidental consequence of the repeated reorientation of meristem
identity or a deliberate developmental program. It can be argued
that plants growing in natural conditions in autumn may profit
from inflorescence arrest if this permits them to resume vegetative
growth until the next spring instead of flowering in late autumn
at an early developmental stage.

Inflorescence reversion after the formation of flowers was
previously reported for plants carrying mutations in both,
SUPRESSOR OF CONSTANS 1 (SOC1) and FRUITFUL (FUL)
(Melzer et al., 2008). SOCI and FUL act with partial redundancy
to accelerate flowering in LD (Melzer et al., 2008) and attenuate
the effect of an ectopic overexpression of FT (Melzer et al., 2008;
Torti et al., 2012). Inflorescence reversion observed in socl;ful
double mutants is suppressed by adding an additional mutation
in the gene encoding the floral repressor SHORT VEGETATIVE
PHASE (SVP) (Torti et al., 2012). Thus it is likely that the expres-
sion of FT in developing fruits and their supporting stems serves
to maintain the expression of SOCI, FUL, and other unknown
SVP target genes at the inflorescence meristem.

In wild type Col-0 plants grown in SD combined expres-
sion of FT and TSF prevents floral reversion after the formation
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nodes on main inflorescent shoot

12345678

123456178

123456

123456 123456 123456

Col-0

f-10

4#10 5.7kbFTp::FT

FIGURE 4 | Reversion of ft mutants is abolished by expressing FT
under the control of a 4.0kb FT promoter. Reversion phenotype
offt-10 plants carrying constructs to drive FT cDNA by 5.7 and
4.0kbFTp were measured. Three independent transgenic lines are

4.0kbFTp::FTcDNA/ft-10 CDNA/ft-10_#2

shown for 4.0kbFTp construct. Col-0, ft-10, and co-sail were also
measured. The nodes of siligues on the major influence shoot are
marked as green boxes, and the reverted vegetative nodes are
shown as red boxes.

of the first flowers. Expression of FT in the vascular bundles
of developing siliques and the supporting stems is sufficient to
prevent reversion of newly committed inflorescence meristems.
Expression of FT in these tissues is independent of photoperiod
and does not require the distal regulatory region that we previ-
ously showed was required for FT activation by CO in rosette
leaves (Adrian et al., 2010). Apparently; in these particular tis-
sues FT can make use of a distinct set of transcriptional activators
to promote expression. These activators may not be expressed or
activated in other organs. However, it is also possible that the FT
locus itself becomes more permissive for transcription activation
in developing siliques. Interestingly, the 4 kb FT promoter, which
is sufficient for driving expression in developing siliques but not
in other tissues also activates FT ectopically in SD in mutants
affecting the chromatin-dependent Polycomb Group (PcG) path-
way such as like-heterochromatin protein 1 (lhpl) and curly leaf
(clf) (Adrian et al., 2010; and Supplemental Figure 3). Thus, a
reduction in PcG-mediated repression of FT' could explain pho-
toperiod independent expression in developing siliques and their
supporting stems.

Feed-back from developing fruits toward programming of
developing meristems is also documented in other plant species,
such as fruit trees belonging to the Rosaceae family. Many apple
landraces show biennial flowering (alternate bearing) because the
ripening fruits inhibit the transition of newly forming meristems
to an inflorescent state (Goldschmidt, 2013). However, the molec-
ular mechanisms explaining this developmental program are not

understood and it is unclear if FT related genes are implicated in
the process.

A delay of the reproductive phase has been associated with
high performance of cereal crops grown in temperate climates
that are not threatened by seasonal water shortage (Jung and
Muller, 2009). Given their common potential to promote flow-
ering in response to photoperiod, mutations in FT-like genes are
likely to delay flowering in many species and thus may represent
good targets for breeding. However, more pleiotropic roles of FT
and related genes after the floral transition suggest that loss of
FT function could have deleterious effects on overall seed yield.
Our study shows that FT is important to stabilize the inflores-
cence meristem and recently it was reported that FT expression
promotes side shoot formation at the axils of cauline leaves
(Huang et al., 2013) as well as the rate of side shoot elongation
(Hiraoka et al., 2013). Future studies should elucidate whether the
pleiotropic roles FT plays after the floral transition are as universal
as its involvement in the promotion of flowering.

METHODS

PLANT GROWTH

SD conditions included 8h of cool-white fluorescent light (8.5
Wm~2), followed by 16 h of darkness. Extended SD conditions
included 8h of cool-white fluorescent light, followed by 8h of
low-fluence rate incandescent light (0.2 Wm™=2), followed by 8 h
of darkness. LD conditions included 16 h of cool-white fluores-
cent light followed by 8 h of darkness. Seeds were sowed on soil
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and stratified at 4°C for 3 days. Soil trays were transferred to
LD or SD growth conditions as indicated. For the shift exper-
iment, plants grown in SDs for 14 or 18 days were transiently
shifted to ESDs for 3—7 days and shifted back to SDs until setting
seeds. As measure of flowering time, the total rosette, and cauline
leaves on the main inflorescence shoot were counted. Plants were
grown at 22°C for SD-ESD-SD shift experiments and at 20°C for
inflorescence reversion experiments.

PHENOTYPING INFLORESCENCE REVERSION

For plants shifted temporarily from SD to ESD conditions, rever-
sion was assessed by grouping plants into three phenotypic
categories which were “1: as wild-type with a main shoot show-
ing clear apical dominance and cauline leaves with a different
shape than rosette leaves,” “2: shortened main shoot without api-
cal dominance and with aerial rosettes,” “3: main shoot fully
arrested with less than 1 cm bloting or not detectable, frequent
aerial rosettes on side shoots formed at the axils of rosette leaves.”
Reversion for plants grown in SD was assessed on the main inflo-
rescence shoot when plants had initiated inflorescences on all side
shoots.

GUS HISTOCHEMICAL STAINING

Cauline leaves, flowers, and siliques were collected from 2-month-
old LD or 3-month-old SD grown plants carrying either a 5.7 or
4.0kb FT promoter GUS constructs as indicated. Samples were
incubated in 90% Acetone on ice for 30 min, rinsed with 50 mM
sodium phosphate buffer and incubated for 24-36 h at 37°C in
GUS staining solution (0.5 mg/ml X-Gluc, 50 mM sodium phos-
phate buffer, 0.5 mM potassium ferrocyanide, 0.5 mM potassium
ferricyanide, 0.1% Triton X-100). To allow better penetration of
the staining solution, cauline leaves were cut at the edges. After
incubation, samples were washed repeatedly with 50 mM sodium
phosphate buffer for 30 min and 70% ethanol until leaves turned
white. GUS staining was visualized and photographed under a
stereomicroscope (Leica).

TRANSGENIC PLANTS AND MUTANTS

5.7 kb-FTpro:GUS/FTcDNA;ft-10 and 4.0 kb-FTpro::GUS/FIc
DNA;ft-10 transgenic plants have been described previously
(Adrian et al., 2010). Mutants ft-10 (GK-290E08), tsf-1(SALK
087522), and co-10 (SAIL_24_HO04) are caused by T-DNA
insertions in the Colombia-0 ecotype and have been described
previously (Michaels et al., 2005; Yoo et al., 2005; Laubinger et al.,
2006).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fpls.2014.00164/
abstract
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