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Abstract

Background: The floral transition is a complex developmental event, fine-tuned by various environmental and
endogenous cues to ensure the success of offspring production. Leaves are key organs in sensing floral inductive
signals, such as a change in light regime, and in the production of the mobile florigen. CONSTANS and FLOWERING
LOCUS T are major players in leaves in response to photoperiod. Morphological and molecular events during the
floral transition have been intensively studied in the shoot apical meristem. To better understand the concomitant
processes in leaves, which are less described, we investigated the nuclear changes in fully developed leaves during

the time course of the floral transition.

Endoreduplication

Results: We highlighted new putative regulatory candidates of flowering in leaves. We observed differential
expression profiles of genes related to cellular, hormonal and metabolic actions, but also of genes encoding long
non-coding RNAs and new natural antisense transcripts. In addition, we detected a significant increase in ploidy
level during the floral transition, indicating endoreduplication.

Conclusions: Our data indicate that differentiated mature leaves, possess physiological plasticity and undergo
extensive nuclear reprogramming during the floral transition. The dynamic events point at functionally related
networks of transcription factors and novel regulatory motifs, but also complex hormonal and metabolic changes.
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Background
The transition to flowering is a decisive developmental
event in the plant life cycle for reproductive success. The
general understanding highlights a fine-tuned process in-
volving a complex interplay between environmental and
endogenous cues. Signals are perceived and decoded ac-
cording to the plants’ lifestyle, and lead to a cascade of
dramatic morphological changes at the meristem level, to
produce floral organs [1, 2].

Photoperiod is a major parameter controlling the transi-
tion to flowering with intricate phototropic effects and
links with the circadian clock. The light signal, perceived
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in the leaves, triggers the accumulation of metabolites and
regulators, such as the well-conserved FLOWERING
LOCUS T (FT) protein, whose expression is under the
control of the CONSTANS (CO), a zinc finger transcrip-
tion factor involved in photoperiod pathway [3]. Their ex-
port, as systemic florigen signals via the vasculature to the
distant shoot apical meristem (SAM), activates floral
homeotic genes [4-6]. Described as a quantitative
long-day (LD) species, the photoperiodic property of Ara-
bidopsis species was exploited to induce synchronous
flowering by exposure to a single LD or a single displaced
short-day (SD), providing a convenient experimental in-
ductive system [7]. Besides photoperiod, other regulatory
pathways partake to the vegetative-to-reproductive switch
control [8-10].
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From transcriptional and chromatin-based mechanisms,
to alternative splicing and post-translational regulation,
numerous regulatory levels participate to the control of
the floral transition [9, 11-15] and its main actors, which
have been gathered in the Flowering-Interactive Database
(FLOR-ID) [16]. Besides protein regulators involved in de-
velopmental transitions, an increasing number of studies
have highlighted the regulatory functions of long
non-coding RNAs (IncRNAs) [17, 18]. In response to
vernalization, the IncRNAs COLDAIR, COLDWRAP,
COOLAIR, and Antisense Long participate to the fine
regulation of the key MADS-box floral repressor FLOW-
ERING LOCUS C (FLC) via modifications of FLC chroma-
tin environment [19-23]. Recently, FLORE, a Natural
Antisense Transcript (NAT) of CYCLING DOF FACTOR5
(CDF5) was shown to positively regulate flowering time,
repressing CDF TFs (CDF1, CDF3, CDF5), and subse-
quently increasing FT expression [24]. LncRNAs are
versatile regulators involved in transcriptional gene regu-
lation, in guiding or scaffolding protein complexes in-
volved in chromatin organization and gene regulation, or
even in post-transcriptional regulatory mechanisms [25].
Due to their large number estimated at several thousands
and their diversity (intergenic ncRNAs, intronic ncRNAs,
antisense RNAs, cis or trans NATs...) [19, 23, 26, 27], their
functional annotations and roles in developmental phase
transitions remain poorly explored.

The transition to flowering is an integrated process
at the scale of the whole plant. Few studies analyzed
the transcriptional behaviors of meristematic and root
tissues during the floral transition at the genome level
[28-32]. Early studies identified few CO targets differ-
entially expressed during flowering in leaves, among
which FT [33] which was identified as the major CO
target involved in the SD to LD shift response [34].
FT is referred as a flowering integrator with TWIN
SISTER OF FT (TSF) [35, 36]. Subsequent studies in-
creased the number of associated genes involved in
the leaf response during flowering (see FLOR-ID
overview and references therein). However, the
dynamics of genome-wide transcriptomes in leaves
during the floral transition has not been reported des-
pite the key functions of leaves as receptors of the in-
ductive photoperiodic signal and producer of
florigenic molecules. Here, by exploiting the inductive
response to a long-day (LD) shift [7] and disconnect-
ing leaf growth or developmental responses from the
floral inductive response, we performed a large tran-
scriptome analysis, and identified novel loci and regu-
latory elements involved in flowering in mature
leaves. The transcriptome dataset enabled us to
highlight molecular events, providing new insights
into transcriptional reprogramming in leaves accom-
panying the floral transition. Observations of
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endoreduplication events supported transcriptome
data and suggested a novel function in flowering.

Results

Flowering and organ growth in mature leaves

Our experimental system was based on a photoperiodic
shift from SD to LD, which induces a synchronized flow-
ering appropriate to analyze the floral transition (Fig. 1a,
Additional file 1: Figure Sla). The floral transition win-
dow was determined by the onset of the expression of
CO and FT, two early markers for flowering and of APE-
TALA 1 (API), an early marker of the floral meristem
identity (Fig. 1b, c¢). CO and FT expression rapidly in-
creased after the transfer in LD, and reached a max-
imum at 3 days after transfer (dat), with a slight delay
for FT consistently with the primary activating role of
CO (Fig. 1b). Although AP1 mRNA transcripts were de-
tected at 7 dat, API expression was slightly earlier (at 5
dat) in meristematic cells when using an API:GUS
transgenic line, suggesting a completion of the floral
transition at that time (Fig. 1b, ¢, Additional file 1:
Figure S1b).

To complete our characterization, we monitored organ
growth accompanying the photoperiodic shift. No sig-
nificant difference was detected in the rosette size during
the window of 0-5 dat between the continuous SD and
SD-LD conditions, whereas the first six rosette leaves
presented different behaviors (Fig. 1d, Additional file 2:
Figure S2). The size of the first two leaves was already
established 2 days before transfer (dbt), independently of
the photoperiodic conditions. Leaves 3—4 showed no sig-
nificant differences in growth rate between SD and
SD-LD conditions from 0 to 5 dat. Leaves 5-6 presented
a higher and continuous growth rate over the 15 days.
Thus, during the 5-day floral transition window, devel-
opmental and growth processes are arrested in leaves 3—
4, which makes this pair of mature leaves appropriate
material for investigating the early molecular events
associated with floral transition, independent of other
developmental or signaling events.

Ploidy level changes during the floral transition window

Since plant development is accompanied by endoredu-
plication, we analyzed the ploidy distribution in leaves
1-4. Independently of the leaf position, age and growth
conditions, the percentage of 2C ploidy nuclei was rela-
tively constant (Fig. 2), suggesting a low cell division rate
in agreement with the growth analysis. The ploidy levels
evolved over time from 4C to 32C. The dynamics was
dependent on the leaf position and the growth condi-
tions. The ploidy levels in leaves 3—4 in both conditions
suggested that endoreduplication events occurred (8C
and 16C nuclei) in response to the LD shift. A popula-
tion of 32C nuclei was detected at 15 dat and was
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Fig. 1 Floral transition induced by a SD-LD switch in A. thaliana. a Col-0 plants were grown in SD for 4 weeks, kept in SD (upper row) or transferred in LD
(bottom row) conditions. Day before transfer (dbt), day without transfer (dwt), day after transfer (dat). Scale bars, 1 cm. b Expression of key flowering time
genes. Experimental values are mean + SEM. ¢ Schema with developmental events. The CO and FT expression peaks are indicated, whereas the APT
expression initiation was considered as the upper limit of the floral transition (diamonds). TO, day of transfer in LD. d Area measurement of the third and
fourth rosette leaves. SD conditions (continuous line), transfer in LD (dash line). Experimental values are mean + SEM

significantly larger in SD-LD compared to SD condi-
tions. The endoreduplication index evolved from 1.95 +
0.01 (15 dwt) to 2.35+0.03 (15 dat) in leaves 3—4,
whereas it was rather constant in leaves 1-2 (2.08 + 0.02
at 15 dwt versus 2.04 + 0.09 at 15 dat). Thus, the photo-
periodic SD-LD switch showed a significant increase in
endoreduplication in mature leaves, which occurred dur-
ing the 3-5 dat window of the floral transition, earlier
compared to SD (15 dat).

Major changes in transcription profiles during the
inductive shift

To characterize the molecular events during the floral
transition, we examined RNA profiles in leaves 3—4 at dif-
ferent time points (T0, T2, T3, and T5) (Fig. 1c, Add-
itional file 3: Figure S3). We identified 20,284 genes

expressed at least in one of the four time points, with
more than 6000 differentially expressed genes (DEGs) at
the largest transition (T0/T2) and specific gene sets at the
main T0/T2, T2/T3 and T3/T5 transitions. By assembling
a non-redundant dataset of 14,621 long non-coding tran-
scription units (IncTUs) based on TAIR annotations and
published datasets, we also identified 531 differentially
expressed IncTUs (DE-IncTUs) (Additional file 4: Figure
S4, Additional file 5). These data endorse the highly dy-
namic transcriptional activity in mature leaves in response
to the SD-LD switch.

To characterize the transcriptome profiles, we per-
formed a clustering analysis using different clustering
methods and transformation functions (R package
coseq). Twenty-four clusters formed by genes and
IncTUs (Additional file 6) were identified and further
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Fig. 2 Ploidy dynamics in leaves during the floral transition. Plants were grown 4 weeks in SD, then either, kept in SD or transferred in LD for 15
days. a Cumulative distributions. 32C nuclei were only detected at 15 dat. b Dynamics of the distribution of the 2C to 16C nuclei. Experimental
values are mean + SEM. dbt, day before transfer. Dwt, day without transfer (continuous line). dat, day after transfer (dash line)

grouped into 6 cluster families (CF1 to CF6) according
to expression tendencies (Fig. 3a, b): transiently-up
(CF1) or down (CF2), stable high up (CF3) or down
(CF5), stable low up (CF4) or down (CF6).

The 24 clusters had specific GO term enrichments,
even among cluster families, such as seven clusters (C20,
C23, Cl16, C18, C19, C15, C4, C3) with strong signa-
tures, thus supporting the cluster analysis (Fig. 3c, d,
Additional file 7). This classification revealed different
processes in mature leaves during the SD-LD response.
For instance, C3, C15, C17 and C24 were enriched in
down-regulated genes involved in photosynthesis chloro-
phyll biosynthesis process, light harvesting, or plastid
organization, pointing at a reprogramming of the photo-
synthetic apparatus. C12 and C15 from CF5 and most
clusters in CF3 were enriched in stress-associated terms,
such as defence response, response to stimuli,
response-to-wounding, highlighting a stress association

with the changes in photoperiod, light and perturbation
of the circadian clock. In accordance, we noticed in C19,
C2 and C14, “child” GO terms associated with jasmonic
acid, salicylic acid or brassinosteroids, respectively. Sec-
ondary metabolites, such as flavonoids (C18) and the
defence-related glucosinolates (C4), and carbon metabol-
ism (GO terms such as “glucan catabolic process”, “cel-
lular polysaccharide catabolic process” in C17) were also
modified. We observed enrichments in GO terms associ-
ated with cell wall, such as “cell wall organization” and
“xyloglucan metabolic process” in Cl4 or “plant-type
secondary cell wall biogenesis” and “cellulose metabolic
process” in C20. For instance, XYLOGLUCAN ENDO-
TRANSGLUCOSYLASE/HYDROLASE 9 (XTHY9) in-
volved in cell wall loosening was up-regulated in C14
(log2 ratio 1.85, FDR 1.28E-3 at T0/T2). These data sug-
gest that the SD-LD switch is accompanied by cell wall
remodeling and some cell wall plasticity in the mature
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leaves in response to environmental changes. Cell wall
modifications were reported in roots in response to inor-
ganic phosphate starvation or in hypocotyl in response
to light signaling [37]. Such examples of cell wall remod-
eling in relation to environment signaling remain rarely
reported, especially in leaf. We also noticed in C14 a GO
term “response to cyclopentenones”, which are fatty acid
derivatives with signaling activities. C16 cluster, belonging
to CF2 with a transient down-regulation profile, had the
highest enrichment terms related to translation, RNA pro-
cessing and metabolism, suggesting that a strong modifi-
cation of the protein metabolism at the cellular level is
possibly escorting the transition of the metabolic regime
occurring in the whole plant during the switch to repro-
ductive phase. Such transient modifications of translation
and associated processes were also observed during a cell
dedifferentiation and re-differentiation process in Arabi-
dopsis protoplasts [38]. Finally, C20 was enriched in GO
terms associated with cell cycle processes. The modifica-
tions of the expression of LGO/SMRI1, KRP2 and KRP6
cell cycle inhibitor genes involved in endoreduplication
[39], the CYCA2:3, a suppressor of endocycles, the major
cell-cycle markers, CDKB2.1, CYCALI, and WEEI a
negative regulator of the entrance in the M phase [40, 41]
were consistent with the onset of the observed endocycles
(Additional file 8: Figure S5). In summary, leaf transcrip-
tome during the floral transition revealed major changes
in numerous processes, such as carbon and secondary me-
tabolism, signaling events, and endoreduplication.

Flowering and hormone-related genes are differentially
expressed in mature leaves during the floral induction
The FLOR-ID core database records genes (FLGs) re-
lated to the different regulatory pathways of flowering
time and to flower development [16]. To better
characterize the molecular events, we analyzed the ex-
pression of these genes in mature leaves during the floral
transition. We identified a set of 173 DE-FLGs out of
the 413 FLGs. These genes were rather evenly distrib-
uted among different clusters and regulatory pathways
(Fig. 4a, b, Additional file 9). As expected, the major
floral integrators were upregulated, such as FT, TWIN
SISTER OF FT (TSF), BROTHER OF FT (BFT), CO and
COL1. The 173-gene set also included flower meristem
identity and flower development (FMI-FD) genes, such
as AP2, PETAL LOSS and SEPALLATA 4. Consistently
with the experimental design based on a photoperiod
shift, most of the FLOR-ID genes classified as associated
with the circadian clock were differentially expressed
(84.2%). This large number of DEGs from FLOR-ID in
mature leaves highlighted how complex and broad the
regulatory gene network of the floral transition is.

In the Arabidopsis Hormone Database (AHD) [42], we
identified 331 DEGs involved in hormonal regulation
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from biosynthesis, metabolism, perception, and transport
to hormonal responses. C23 was the most enriched clus-
ter with these genes (Additional file 10; Additional file 11:
Figure S6). We noticed that genes related to abscisic acid
(ABA) and auxin were the most represented ones among
the DEGs (Fig. 4c). Genes involved in the ABA biosyn-
thesis were down-regulated in agreement with a repres-
sive role of ABA in flowering [43]. However, the switch
also largely impacted genes related to hormone signal
transduction such as auxin transport (Fig. 4d, e). Among
the DEGs involved in auxin-hormone transport, most
genes were up-regulated at least transiently during the
switch, such as several PIN members (Fig. 4f), question-
ing the role of auxin transporters in the flowering time
control. Genes involved in gibberellin (GA) biosynthesis
were mainly down-regulated, while GAMT?2, a methyl-
transferase involved in the GA metabolism was acti-
vated, as well as negative regulators of GA responses
(RGA-LIKEI-2) (Additional file 11: Figure S6b). Indeed,
genes involved in cytokinin (CK) biosynthesis and the
SOB FIVE-LIKE 1, 2 genes (SOFLI, 2), which participate
to CK level regulation [44] were activated, whereas genes
involved in CK catabolism (CKK4, CKK6) were
down-regulated. Consistently, the type-B ARABIDOPSIS
RESPONSE REGULATOR 10 (ARR10) TE a key player
in the CK signaling pathway for the light response and
shoot initiation [45], was up-regulated between TO/T5.
Beside DEGs involved in one hormonal pathway, 36
DEGs are involved in hormonal crosstalk, with ABA be-
ing involved in most of these crosstalk (Additional file 12).
Whereas GA is proposed to promote the floral transition
and have antagonistic effects with ABA, our data suggest
a complex hormonal interplay during the SD-LD switch,
with GA, ABA but also new players such as the brassi-
nosteroids and derivative forms, as well as IAA and CKs.

Novel regulatory actors involved in the SD-LD switch

To identify regulatory elements associated with flower-
ing in mature leaves, we performed an ab initio search
of motifs amongst the promoters of coregulated genes in
each cluster, using the Preferentially Located Motifs
(PLM) detector algorithm [46]. We identified 192 signifi-
cant motifs of 4 to 11 bases, distributed over the 24 clus-
ters (MO0l to M192, p-value <0.05) (Fig. 5,
Additional file 13). We then restricted our analysis to
the seven-mers or longer motifs (91 motifs). Their oc-
currence varied from a unique motif (M055) in 11 differ-
ent clusters to 20 motifs present in only one cluster. We
questioned whether these motifs corresponded to previ-
ously discovered transcription factors bindings sites
(TEBSs) by using the Tomtom Motif Comparison Tool
[47] and two databases of functional motifs identified by
protein-binding microarrays (PBMdb) [48], and by
DAP-seq (DAPdb) [49]. We kept only significant motifs
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Fig. 4 Analyses of genes differentially expressed during the SD-LD switch involved in flowering (FLGs) and hormone responses. a Distribution of
the DE-FLGs in the different cluster families. b Repartition of the DEGs in the regulatory pathways involved in flowering. ¢, d Distribution of DEGs
belonging to the AHD according to hormones (c) and to the pathways (d). e Distributions in the 5 main functional pathways. f DEGs related to

auxin transport
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Name PLM Motif TF Consensus TF TF family E-value Data No. Clusters
base clusters
M027 ACCGACA CACCGACA AT1G77200 / DEAR4 / DREB2C DREB 7.24E-03 / 5.16E-03 / 5.16E-03 PBM 1 Cco3
MO043  AGAANNTTCT AGAAGCTTCTAGA HSFA1E/HSFAGB HSF 2.70E-03 / 1.62E-03 DAP 1 Ccos8
MO043 AGAANNTTCT GAATATTC KAN4 GARP-G2 7.11E-03 PBM 1 Cco8
MO043 AGAANNTTCT GAACGTTC HSFB2A / HSFC1 HSF 7.11E-03/ 7.11E-03 PBM 1 Cco8
MO0B0 CAATNATTG CAATGATTGA ATHBS5 HD zIP 4.60E-03 DAP 1 Co08
MO060 CAATNATTG CCAATAATTGA ATHB53 HD zIP 2.03E-03 DAP 1 Co8
MO060 CAATNATTG TCAATAATTGA ATHB6 HD zIP 2.03E-03 DAP 1 Ccos8
MO060 CAATNATTG AATGATTG ATHB12 HD zIP 6.18E-03 PBM 1 Co8
M060 CAATNATTG AATTATTG ATHBS51 (LMI1) HD zIP 6.18E-03 PBM 1 Cco8
MO061 CAATTATTA  CAATAATT ATHB51 HD zIP 7.55E-03 PBM 1 Co8
M065 CACGTGG CCACGTGG PIF3 bHLH 2.95E-03 PBM 1 Co4
M115  GTTAGTT GTTAGTTG MYB52 MYB R2R3 2.48E-03 PBM 2 C10 C17
M117  MACCWAMC CACCTACC MYB111 MYB R2R3 2.55E-03 PBM 2 Co06 C23
M134 TAATMATTA  AATAATTA IcCu4 HD zIP 3.68E-04 PBM 2 C07 Co8
MO001  AAAATATCT  AAAAAATATCT RVE5/REV6/REV7 / REV8 MYB-related 9.51E-05/9.51E-05/ 5.83E-04 / 2.09E-04 DAP 3 C11 C17 C21
MO001  AAAATATCT  AAAAATATCT RVE4/LHY1/RVE1 MYB-related 1.82E-05 / 3.89E-04 / 5.64E-04 DAP 3 Cc11c17 c21
MO001 AAAATATCT  AAATATCT CCA1/RVE1 MYB-related 4.07E-04 / 4.07E-04 PBM 3 C11 C17 C21
MO001 AAAATATCT  AAAAATATCT AT2G28920 RING/U-box protein 3.89E-04 DAP 3 C11 C17 C21
MO092 DRCCGACNW ACCGACCA ORA47 DREB 3.44E-04 PBM 3 C11 C21 C22
MO092 DRCCGACNW GCCGACAT DDF1 DREB 6.15E-03 PBM 3 C11 C21 C22
M110  GNATATNC GAATATTC KAN4 GARP-G2 7.11E-03 PBM 6  CO03 C05 C06 C08 C14 C19
M048  AMCWAMC TACCTACC MYB111/MYB46 / MYB55 MYB R2R3 2.44E-03 / 1.85E-04 / 1.03E-03 PBM 8 C02 C05 C12 C15 C18 C19 C20 C23
M118 MACGYGB GCACGTGC MYC3 MYC 1.64E-03 PBM 10 CO01 C02 C04 CO5 CO7 C12 C15 C17 C19 C22
M118 MACGYGB GCACGTGT MYC4 MYC 2.30E-03 PBM 10 C01 C02 C04 CO5 CO7 C12 C15 C17 C19 C22

Fig. 5 Identification of preferentially located DNA motifs (PLM). a Distribution in the 24 clusters of the PLM motifs (=7 bp). b Occurrence of the
motifs (=7 bp) in the clusters. For instance, there are 20 motifs present in only one cluster and 1 motif present in 11 clusters and no motif present in
more than 12 clusters. ¢ Distribution of the M001 and M003 motifs relative to the TSS. d PLM motifs corresponding to known TF binding sites and
their presence in clusters. In green, clusters mainly down-regulated; in red, clusters mainly up-regulated

(E-value <0.01; for DAP motifs, overlap value larger
than 75%). Thirteen motifs were similar to known motifs
targeted by 32 TFs from these databases (Fig. 5), the
remaining motifs correspond to putative novel regula-
tory elements, whose function will require further
investigation.

The 32 TF set was enriched in GO terms associated
with “regulation of metabolic process” (GO:0019222;
p-value 5.65E-29, FDR 1.11E-26), “response to hormone
stimulus” (GO:0009725; p-value 3.86E-12, FDR 3.53E-10)
and “circadian rhythm” (GO:0007623; p-value 8.68E-10,
FDR 6.43E-08) (PlantGSEA toolkit). The MO001 motif
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(AAAATATCT) matched to the TFBS recognized by
CCA1, LHY1, RVE], and RVE5-8 TFs and to the “Even-
ing Element”, involved in the control of circadian-regu-
lated genes [50] and identified, for instance, in
down-regulated genes such as SVB PHYTOCLOCK I
(PCLI) and LONG VEGETATIVE PHASE 1 (LOVI).
M118 (MACGYGB) is similar to the TFBS of the MYC3
and MYC4, two TFs involved in flowering [51]. Intri-
guingly, no TF could be associated with M003 (AAAC
CCTA) and M004 (AAACCCTAA), the two closely re-
lated motifs with the best PLM p-values (3.43E-177,
5.39E-104, respectively). Remarkably, M003 was highly
similar to the (A/G/T)AACCCTA(A/G) motif, an LHP1
binding motif, related to the zelo-box motif (AAACCCTA)
and recognized by REPEAT BINDING PROTEIN1
(TRB1) [52], and to a lesser extent, to the tertiary motif of
TOE1 (AACCTTAA), a TF belonging to the AP2/EREBP
superfamily (E-value 0.54 using the PBMdb). Both LHP1
and TOEL are known to repress flowering, LHP1 being a
component of PRC1 complex [53, 54] and TOE1 inhibit-
ing the CO activity in the FT activation [55]. A majority of
these 32 TFs (56%) were differentially regulated during
the process, implying functional preferences of the identi-
fied motifs.

We thus further analyzed the expression of TFs by
using the PlantTFDB [56], and identified 648 differen-
tially expressed TFs, belonging to 51 TF families (Add-
itional file 14). FT, TSF and BFT were co-regulated with
7 other TFs (among which, NAC3, NLP3, WOX2, and
ASG4) (C18) and CO and COLI with 38 other TFs
(C02), enlarging regulatory networks. The transiently-up
C23 cluster from CF1 had the highest percentage of TFs
among its DEGs, in agreement with the largest tran-
scriptional switch occurring at T0/T2 (Fig. 6a). For some
TF families, a large proportion of the members were dif-
ferentially expressed, suggesting important roles of these
families in the response to the SD-LD shift. One of these
family, the family of BBX proteins, comprises the DBB
(double B-box (BBX) zinc finger protein subfamily and
the CO-like subfamily [57, 58] (mainly down-regulated;
10 out of the 17 DEGs) (Fig. 6b). The BBX family com-
prises regulators involved in the circadian clock, photo-
morphogenesis, flowering time, flower development, or
stress responses, such as the flowering activator COL5
[59], BBX2/COL1 a circadian clock regulator [57] or the
flowering repressor COL9 [60]. These data indicate pu-
tative synergistic and antagonistic roles among the BXX
family for the SD-LD switch. Thirty-nine other TFs in
C2, among which 5 unknown TFs may be putative novel
candidates for flowering time control in the mature leaf.
The expression of the NF-Y (Nuclear Factor Y) family
was also largely altered. The conserved NF-Y complexes
are composed of NF-YA, NF-YB and NF-YC subunits
and involved in development, stress response and
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flowering [61-64]. Here, the NF-YA subunits were
mainly up-regulated (8 out 9 NF-YA in CF3 and CF4,
the up-high and up-low cluster families) compared to
the other subunits (2 NF-YB, 4 NF-YC), and some sub-
units were coregulated (such as NF-YA4/NF-YB2/
NF-YC2 in CF3, or NF-YA8/NF-YA9/NF-YB3 in CF4),
suggesting specific and dynamic compositions of NF-Y
complexes. The three members of the small WHIRLY
(WHY) family of single-stranded DNA binding proteins
were also mainly down-regulated (C10, C13). WHIRLY1
was proposed to be involved in the gene regulation and
chloroplast-to-nucleus retrograde signaling in response
to redox processes occurring during light adaptation [65,
66]. While WHIRLY1 has a dual chloroplastic/nuclear
localization, WHY2 and WHY3 are targeted to mito-
chondria and chloroplast, respectively. These data sug-
gest a novel chloroplast-to-nucleus signaling in
flowering time control.

Among FLOR-ID, a functionally related subset of 64
TFs, corresponding to the differentially expressed TFs of
the database (64 out of 143) (Additional file 15) was ana-
lyzed using the TF2Network tool [67] to decipher gene
regulatory networks in the mature leaf. We identified 66
specific candidate regulators, by comparison with the
subset corresponding to the FLOR-ID TFs, which were
not differentially expressed (data not shown). The
best-ranked regulators were HYH, ABF1, TCP21, ABI5,
MYC2 and HY5 (Additional file 16: Figure S7), suggest-
ing candidate regulators of the floral transition in mature
leaf. The identification of ABI5 and ABF1 as candidate
regulators, which are TFs involved in ABA responses,
was in agreement with the high percentage of
ABA-related genes differentially expressed in mature leaf
during the floral transition (Fig. 4c).

Finally, since chromatin is a key transcriptional regula-
tory level, we searched for key chromatin-associated
genes (CAGs) involved in flowering. We identified 90
DE-CAGs, 91% being differentially expressed at TO/T2,
with a bias towards up-regulated genes (Additional files
17 and 18). We noticed that a large proportion (39%) of
the DE-CAGs encoded histone variants with, for in-
stance, the H1.3 variant (HON3), associated with stress
response, 5 H3.1 variants, which are incorporated in a
replication-dependent manner in agreement with the
endoreduplication events or 10 H2A variants (Fig. 6c).
Among the genes involved in histone post-translational
modifications, such as genes encoding SDG4/ASH1-RE-
LATED 3 and SDG13/SUVRI1 histone methyltransfer-
ases, were up-regulated, whereas histone deacetylases
were only weakly differentially expressed, except HDA2,
which was down-regulated and associated with the floral
transition for the first time here. Consistently with modi-
fications in DNA methylation accompanying early floral
transition events, we observed the expression changes of
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a C
TO/T2 T2/T3 T3/T5
Cluster No. Genes No.TFs % TFs Gene ID Symbol Family log2Fold log2Fold log2Fold
Change Change Change
C23 104 16 15.4 AT2G1805 HONS3 H1.3 histone H1 1.01
: AT5G5987 HTA6  H2AW histone 1.12
C15 162 21 13.0 AT2G3881 HTA8 H2A.Z histone 1.03
Co6 361 4 IMCEER (TR Histone e
Istone 5
Co1 425 47 11.1 AT3G2067 HTA13 histone 0.61
Co2 367 40 10.9 AT5gz767 HTA7 H2AW histone 0.58
AT4G2723 HTA2 histone 0.53
co7 580 52 9.0 AT5G5464 HTA1 RAT5  Histone 0.52
Ci14 160 14 8.8 AT1G0888 HTA5 H2A.X Histone 0.32
AT5G2288 HTB2 histone 1.37
C19 184 16 8.7 AT5G0257 HTB10 histone 1.01
Co9 569 47 8.3 AT3G5365 HTB6 histone 0.93
AT3G4603 HTB11 histone 0.43
co4 841 64 7.6 AT3G4598 HTB9 histone 0.34
ci8 98 7 71 AT5G5991 HTB4 histone 0.33
C22 323 23 71 AT1G0137 HTR12 CENH Histone H3 0.67
: AT5G6536 HTR1  H3.1 Histone H3 1.07
Cc21 528 37 7.0 AT5G1040 HTR13 H3.1  Histone H3 1.03
Co5 994 66 &8 ATsatoss HRe a1 Hiswnern [
. Istone R
cos 769 46 6.0 AT3G2736 HTR3 H3.1  Histone H3 0.92
C17 306 18 5.9 Angsgeg HF82 histone H4 1.03
AT3G4632 HFO1 histone H4 0.85
C12 98 5 5.1 AT3G4593 HFO7 histone H4 0.85
C11 699 25 3.6 AT5G5997 HFO6 histone H4 0.78
AT2G2874 HFO3 histone H4
C24 607 21 3.5 AT1G0782 HFO4 histone H4
Cc20 284 9 3.2 AT3G5373 HFO5 histone H4
AT5G0256 HTA12 H2AW histone
C10 410 9 2.2 AT2G3062 HON2 histone H1
C13 536 10 1.9 AT5G0878 HONS histone H1
Co3 530 8 15 AT2G2872 HTB3 histone
AT1G0779 HTB1 histone
C16 502 4 0.8 AT2G3747 HTB5 histone
b
ID Gene family Name Gene Symbols I(;)Iuster '(:::::it;r
AT1G68520  CO-like B-BOX DOMAIN PROTEIN 14 BBX14/COL6 8 CF1
AT4G38960 DBB B-BOX DOMAIN PROTEIN 19 BBX19/DBB1b 9 CF1
AT2G31380 DBB SALT TOLERANCE HOMOLOGUE BBX25/STH/STHH 9 CF1
AT3G02380 CO-like CONSTANS-LIKE 2 BBX3/COL2 9 CF1
AT2G33500 CO-like B-BOX DOMAIN PROTEIN 12 BBX12/COL14 13 CF2
AT1G28050 CO-like B-BOX DOMAIN PROTEIN 13 BBX13/COL15 22 CF2
AT5G15840 DBB CONSTANS BBX1/CO 2 CF3
AT5G15850  CO-like CONSTANS-LIKE 1 BBX2/COL1 2 CF3
AT3G07650 CO-like CONSTANS-LIKE 9 BBX7/COL9 1 CF3
AT2G47890 DBB B-BOX DOMAIN PROTEIN 121 BBX11/COL13 15 CF5
AT1G73870 CO-like B-BOX DOMAIN PROTEIN 16 BBX16/COL7 6 CF5
AT1G49130 CO-like B-BOX DOMAIN PROTEIN 17 BBX17/COL8 6 CF5
AT2G21320 DBB B-BOX DOMAIN PROTEIN 18 BBX18/DBB1a 6 CF5
AT1G78600 DBB LIGHT-REGULATED ZINC FINGER PROTEIN 1 BBX22/LZF1/STH3/DBB3 15 CF5
AT1G06040 DBB SALT TOLERANCE BBX24/STO 15 CF5
AT5G57660 CO-like CONSTANS-LIKE 5 BBX6/COL5 15 CF5
AT5G48250 CO-like B-BOX DOMAIN PROTEIN 8 BBX8/COL10 24 CF6

-

Fig. 6 TFs and chromatin-associated genes differentially expressed during the floral transition. a TF Distribution in the clusters. b B-Box containing
TFs. ¢ Histone-related genes
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MET1, CMT3 but also of DEMETER-LIKE2 (DML2),
encoding a DNA glycosylase involved in active DNA de-
methylation, in the mature leaves. Thus, the results sug-
gest a rapid modification of the epigenome, concomitant
with the changed TF profiles, which further endorses a
dramatic reprogramming in the leaf genome, reminis-
cent of another developmental switch [38].

A set of IncTUs is differentially regulated during the floral
transition

To identify IncTUs with putative regulatory function, we
firstly questioned whether the 14,621 IncTUs regions of
our dataset and the 531 DE-IncTUs were associated with
specific genome topographical characteristics, especially
the nine chromatin states (CS) [68] (Fig. 7a). Consist-
ently, IncTUs were globally preferentially associated with
CS4 that corresponds predominantly to distal promoter
regions and non-coding intergenic regions. CS4 has high
levels of H3K27me3 and reduced levels of active histone
marks. To a lesser extent, but still significantly, IncTUs
are prevalent in CS5, the Polycomb-regulated CS also
enriched in high H3K27me3 levels, and in CS8, the
AT-rich heterochromatin, but not with the constitutive
heterochromatin (CS9). Whereas the fold changes for
IncTUs and DE-IncTUs were quite similar in CS8, a
large discrepancy was observed between the two sets in
the bivalent chromatin state, CS2. We observed a low
number of DE-IncTUs in regions targeted by
PCF11-SIMILAR PROTEIN 4 (PCFS4), a key factor
involved in flowering time and acting on the FCA alter-
native processing [69] (Fig. 7a). These results suggest the
existence of sets of IncTUs associated with specific chro-
matin states and with specific regulatory activities during
the floral transition, such as the CS2 subset of the 193
DE-IncTUs or the PCSF4 subset.

A hierarchical clustering analysis revealed that the ma-
jority of the 531 DE-IncTUs were either up- or
down-regulated, whereas only 15 DE-IncTUs changed
dynamically (Fig. 7b, c). This indicates that most of the
of DE-IncTUs were mainly specific for either the vegeta-
tive or the reproductive phase, while fewer specific ones
are involved in the transition event only.

To find out if IncTUs can change the expression of
genes in cis we examined the expression of both the
IncTUs and their neighboring genes. No correlation be-
tween expression and structure could be detected at the
genome level. We then investigated whether IncTUs
may have putative NAT regulatory function by analyzing
IncTUs with overlapping genes. The FLORE NAT, for
example, represses CDF5 located in antisense but also
CDFI and CDF3 located on other chromosomes and
participates to the flowering time control [24]. Whereas
CDF2 was up-regulated, CDF3 and CDF5 were
down-regulated in our data. Putative IncTUs that we
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could identified in the regions of CDF2, CDF3, and
CDF5 were not differentially expressed in our experi-
mental design, which suggests that other regulatory
mechanisms control CDF expression. Alternatively, tran-
sient changes in the expression of the corresponding
IncTUs could not be detected. In our dataset, we found
that 655 IncTUs overlapped with a flanking gene and
were transcribed in antisense (putative NAT IncTUs).
Among them, 19 NAT IncTUs showed opposite tran-
scriptional activity with the overlapping gene, in at least
one of the 6 comparisons (Fig. 7d, Additional file 19).
However, the expression dynamics of the gene and its
NAT IncTU may be more complex and the two partners
may have no synchronized expression. For instance, a
IncTU formed a NAT couple with MAF5 (LNCRNA--
MERGE_C-9859, named MAF5_NAT), encoding a floral
repressor of the FLC clade. MAF5 was differentially reg-
ulated during the floral transition and MAF5_NAT was
strongly down-regulated before the up-regulation of
MAF5 (Additional file 20: Figure S8). This is different
from the transient up-regulation of antisense regulatory
ncRNAs which represses FLC, thus illustrating the com-
plexity of the flowering regulation mechanism.

Finally, for each DE-IncTU, we examined the presence
of the TFBSs of the SVP, FLC and SOCI flowering regu-
lators, in a 4-kb window (3 kb upstream - 1kb down-
stream) [70-74]. We identified 123 TFBSs in the vicinity
of 63 DE-IncTUs, with one to seven of these binding
sites mainly present in the 5’ regions, suggesting some
functionality of these TFBSs regarding the expression of
the DE-IncTUs and putative roles of these TFs in IncTU
regulation (Fig. 7e, f, Additional file 21). Furthermore,
some of the DE-IncTUs with TFBSs were located in CS2
and/or involved in NAT couples. Based on these criteria
(expression profile, presence of TFBS, location in spe-
cific chromatin state, NAT couple), the identified
DE-IncTUs represent interesting candidates whose regu-
latory function in flowering will require further
investigation.

Discussion

Complex molecular processes in mature leaves during the
floral transition

In sensing floral inductive stimuli, leaves produce the
florigen signal that switches the SAM from the vegeta-
tive to reproductive phase. Key genes involved in produ-
cing the florigen have been identified, but the global
molecular events in leaves during the floral transition re-
main poorly described. By focusing on mature rosette
leaf whose growth was completed, our study completes
analyses and highlights molecular events of the floral
transition in this organ. Based on differential gene ex-
pression profiles, we showed that the floral transition
induced by the SD-LD switch is accompanied by
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Name DEG at AS gene Function . Ccs2
antisens (TAIR)

LNCRNA-MERGE_A-7371  T0/T2 AT3G21760 HYR1, a UDP glycosyltransferase AT3G21755 X
LNCRNA-MERGE_AI-3114  TO/T5 AT3G56410 hypothetical protein (DUF3133) AT3G56408
LNCRNA-MERGE_AI-3641 TO/T2-TO/T3-TO/T5-TO/T2-TO/T3-TO/T5 AT4G17100 poly(U)-specific endoribonuclease-B protein AT4G17098
LNCRNA-MERGE_AI-4833  T0/T2-TO/T3-TO/T5 AT5G53050 Hydrolases superfamily protein AT5G53048
LNCRNA-MERGE_AI-52 T2/T5-TO/T2-TO/T3-TO/T5 AT1G06000 UGT89CH1, flavonol-7-O-rhamnosyltransferase AT1G06002
LNCRNA-MERGE_AI-5216  T0/T2-TO/T3-TO/T5 AT1G15170 MATE efflux family protein AT1G15175
LNCRNA-MERGE_AI-5394 T0/T3 AT1G28680 HXXXD-type acyl-transferase family protein AT1G28685 X
LNCRNA-MERGE_AI-6211  T0/T2-TO/T3-TO/T5 AT1G76880 DF1, putative TF AT1G76878 X
LNCRNA-MERGE_AI-6357 TO/T3 AT2G04850 Auxin-responsive family protein AT2G04852
LNCRNA-MERGE_AI-767  T0/T2-TO/T5 AT1G48320 1,4-dihydroxy-2-naphthoyl-CoA thioesterase AT1G48315
LNCRNA-MERGE_AI-8483 T0/T2 AT4G13920 RLP50, RECEPTOR LIKE PROTEIN 50 AT4G13918 X
LNCRNA-MERGE_AI-9565 TO/T5 AT5G44560 SNF7 family protein, VPS2.2 AT5G44562
LNCRNA-MERGE_AI-9843  TO/T3-TO/T5 AT5G63190 MA3 domain-containing protein AT5G63195
LNCRNA-MERGE_AI-9882 TO/T5-T2/T5 AT5G66560 Phototropic-responsive NPH3 family protein AT5G66558 X
LNCRNA-MERGE_C-4752  T0/T2-TO/T5 AT5G47560 Tonoplast dicarboxylate transporter n.d. X
LNCRNA-MERGE_|-1981 TO/T2-TO/T3-TO/T5 AT2G32500 Stress responsive alpha-beta barrel domain protein n.d.
LNCRNA-MERGE_I-3182  T3/T5 AT3G61723 PHD finger protein AT3G61721
LNCRNA-MERGE_I-4107 TO/T2-TO/T3-TO/T5 AT5G14570 nitrate transporter n.d.
LNCRNA-MERGE_I-995 TO/TS AT1G64280 NONEXPRESSER OF PR GENES 1 (NPR1) AT1G08667

e with FLC ~ with SOC1 f
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DE-IncT
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Fig. 7 (See legend on next page.)
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(See figure on previous page.)

IncTUs forming NAT couples

Fig. 7 Analyses of INncRNAs during the photoperiodic inductive switch. a Heat maps of the IncTU distribution in the nine chromatin states and
the PCFS4 target regions. The fold change was calculated based on the ratio between observed and randomly distributed IncRNAs. b Hierarchical
clustering of the DE-IncTUs. ¢ Hierarchical clustering of the dynamic DE-IncTUs. d DE-IncTUs in NAT orientation with genes differentially expressed
at the same time point and corresponding potential NATs, as annotated in TAIR. e Venn diagram between the different DE-IncTU sets with FLC,
SOCT or SVP binding sites in their vicinities. f Distribution of the TFBSs of FLC, SOC1 or SVP inside (in), at the 5" or 3" end, overlapping on the 3" or
5"end of the IncTUs. g Venn diagram between DE-IncTUs in CS2, DE-IncTUs with SVP, FLC or SOC1 binding sites (TFs) in their vicinities and DE-

re-organization of photosynthetic capacity, protein syn-
thesis, cellular metabolism, hormonal action, stress re-
sponse and cell cycle regulation, with an intricate
interplay between the light regime, the circadian clock
and the floral transition. Our data highlight the complex
role of mature leaves in the floral transition.

LD stimulates increases in leaf sucrose level as part of the
florigenic signal [75-77]. However, other metabolites are
also involved in the floral transition: carbon, phosphorous,
nitrogen or sulphur can impact this process [4, 78]. Genes
associated with flavonoids and glucosinolates contents were
differentially regulated during the photoperiodic switch,
whereas these secondary metabolites are usually associated
with stress responses [79]. These data support a recent
study showing that the flowering regulator FLC is present
in a QTL interval associated with glucosinolate contents in
the brassicaceae species, Aethionema arabicum [80]. The
switch occurring in the SAM appears to require massive
metabolic and physiologic reprogramming events in the leaf
to further explore.

Highlight of new regulatory candidates in flowering
control

Dynamics changes were reported in the transcriptional
profiles of genes but also IncRNAs, highlighting the poten-
tial regulatory functions of some of them in the floral tran-
sition. Our atlas of IncTUs, with putative regulatory
functions based, for instance, on their location in bivalent
chromatin states or in antisense with protein-coding
genes, provides promising resource for new actors in the
genome regulation during the floral transition.

The analysis of the gene clusters allowed the extrac-
tion of specific putative regulatory motifs. Some of these
DNA elements corresponded to binding sites of differen-
tially expressed TFs, suggesting functionality in the tran-
scriptional regulation of the floral transition. In parallel,
a large set of differentially expressed TFs involved in
various processes was identified, consistently with the
molecular processes highlighted with the GO analysis.
Changes in transcription of a set of FMI-FD genes,
whose action is crucial in meristems, suggest other levels
of gene regulation during the floral transition.

By focusing on FLOR-ID TFs, we highlighted small
gene regulatory networks and potentially, new players in
the floral transition in leaf, such as ABI5, ABFI, or

TCP21. TCP21 is involved in the circadian clock regula-
tion and controls CCA1 expression [81]. The identifica-
tion of TCP21 as candidate regulator here is in
agreement with the large proportion (84.2%) of circadian
clock—associated genes differentially expressed, during
the SD-LD switch (Fig. 4b). ABI5 was reported as a floral
repressor [82], which is consistent with its down-regula-
tion here during the SD-LD switch and its putative in-
teractions with the downstream deregulated TFs. ABA is
involved in the control of flowering time with opposite
effects according to environmental conditions [83—85].
For instance, ABA was shown to promote flowering time
in a LD-dependent manner and in response to water
resource availability, by modulating GIGANTEA (GI)
activity on FT and TSF [84, 85]. However, the
down-regulation of GI here suggests that the
ABA-dependent promotion of flowering may not be in-
volved in the SD-LD transition, but a loss of repression
mediated by ABI5 may possibly occur. The hormonal
contribution of the GA-dependent promoting pathway
[10] may also play a role. Most of the hormone pathways
being affected during the switch, albeit to different de-
grees, performing hormone dosages may help to untan-
gle their contribution to flowering time.

Endoreduplication events accompanying the floral
transition in leaves

The acceleration of the cell division was reported in the
SAM during the floral transition in A. thaliana [29, 86].
Here, we report that endocycles escort the floral transi-
tion in leaves. Thus, the floral induction is accompanied
by modulations of the cell cycle in both leaves and meri-
stems, but with differences in cell cycle exits according
to the organs, endocycle or mitosis, respectively. Our re-
sult is supported by the changes in expression of key cell
cycle phase markers, such as CYCA2;3, but also histone
variants and endocycle-related genes. Consistently with
a loss of function stimulating endocycles [87], CYCD3
genes were down-regulated in our experiments. The
spindle assembly checkpoint (SAC) genes were also
shown to impact both the floral transition and the tim-
ing of the endocycle onset [88]. Here, only BUBR1/
MAD3 from the SAC family was slightly
down-regulated, but its function in the Arabidopsis mi-
totic checkpoint control remain poorly documented.
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Hormone signaling pathways participate to the con-
trol of the mitotic-to-endocycle transition: the endo-
cycle repression is induced by high auxin contents
[39, 89]. Consistently, we observed alterations of the
auxin pathways during the photoperiodic inductive
switch. The SUMO E3 ligase HPY2, described as an
endocycle repressor, which may link auxin signaling
and cell cycle program [89, 90], as well as two other
negative regulators of endocycles, were up-regulated
at the TO/T2 transition, suggesting that the entry into
the endocycle program in the mature leaves may re-
sult from a fine dosage between the different control-
ling pathways.

Previous studies showed that the increase in light in-
tensity [91] and UV-B radiation [92] are associated with
changes in ploidy levels. A proposed hypothesis is that
the ploidy dynamics might be an adaptive response to
damage possibly induced by solar radiation. Finally, we
could also speculate that the increase in ploidy level in
mature leaves during the floral transition may contribute
to an increase in energy production required for the de-
velopmental switch, an increase in metabolites and en-
dogenous signaling molecules, or a modulation of
transcription thresholds.

Conclusions

Our detailed study provides a novel molecular frame-
work to further question the roles of new putative regu-
lators in leaves during the floral transition, such as new
putative IncRNAs, whose polyadenylation status will re-
quire further confirmation. Furthermore, it points at the
relationship between flowering and endoreduplication
and at the complex interplay between several plant hor-
mones, which open new perspectives.

Methods

Plant materials and growth conditions

All Arabidopsis thaliana lines were in the Col-0 back-
ground. Seeds of the pAPI:GUS transgenic line were
kindly provided by Prof. Dr. G. Angenent (unpublished
material). The API promoter fragment was fused to a
GUS-GFP cassette as described in [93], using the binary
pBGWEFS7 vector from VIB [94]. Plants were grown in
growth chamber under SD (8 h light/16 h dark) or LD
(16 h light/8 h dark) conditions. White fluorescent light
was used. The photosynthetic photon flux density was
120 pmol m™*s™ ' in SD and LD. In SD, the temperature
was 21°C during the light and 18°C during the dark
period, and the humidity (65%) remained constant. In
LD, the temperature (21°C) and the humidity (70%)
remained constant, 21°C and 70%, respectively. Plants
were cultured for 3, 4 or 5weeks in soil, in individual
pot. The transfer was done at the end of SD light, pre-
ceding the LD dark period. Flowering time indicators
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were recorded as previously described [53](Additional
file 1: Figure Sla). The percentages of cauline leaf rela-
tively to the total leaf number (CL%) quantifies the rela-
tionship between bolting and floral transition events
[95]. For plants grown 3, 4 and 5 weeks in SD and trans-
ferred in LD it similar to the CL% in continuous LD
(17.6%), and higher compared to continuous SD (11.9%)
[96]. This preliminary assay showed that the SD-LD
switch mimicked LD growth conditions. For a good com-
promise between time and material quantity, analyses
were then pursued on plants grown for 4 weeks in SD.

For RNA extraction, plants were collected at Zeitgeber
time 7 (ZT7) in SD, and ZT15 in LD, ZT0 marking the
transition from dark to light. For leaf growth analysis, in-
dividual leaves were harvested at different time points,
flattened on white paper and then digitally scanned. Leaf
areas (blade and petiole) were calculated from the binary
images using Image] software (http://rsb.info.nih.gov/ij/).
Leaves from 10 to 15 plants were analyzed.

Ploidy analysis

Leaves 1 to 4 were harvested, chopped with a razor
blade in 800 pl of Galbraith buffer, filtered over a 30 um
mesh, and 150pul of a propidium iodide solution
(100 pg/ml) was added [97]. The quantification of the
nuclear DNA content was performed on a CyFlow® cyt-
ometer using the FloMax® software (Sysmex Partec,
France) as described [98]. The endoreduplication index
was calculated by using the formula: EI = 0x(% of 2C) +
1x(% of 4C)+2x(% of 8C)+3x(% of 16C) +4x(% of
32C).

Expression analysis

Total RNAs were prepared from rosette material, treated
and reverse transcribed, as previously described [99].
Quantitative real-time PCR was performed on a BioRad
CEX96 apparatus using the SYBR green Master Mix
(BioRad) following manufacturer’s instructions. UBIQUI-
TIN10 was used as reference gene. Primers are listed in
Additional file 22. For GUS histochemical staining,
plants were collected in the staining solution (1 mM
X-Gluc  (5-bromo-4-chloro-3-indolyl-3-D-glucuronide),
0.1 M sodium phosphate buffer, pH 7.0, 2 mM potassium
ferrocyanide, 2 mM potassium ferricyanide, and 0.5%
Triton X-100), infiltrated under vacuum 3 times, for 5
min each, and incubated at 37 °C overnight. Samples
were then washed in 70% ethanol and observed under a
light microscope.

RNA extraction, library preparation and sequencing

Total RNA was extracted with the Plant RNeasy Mini
kit (QIAGEN). 10pug of RNA was treated with
TURBO DNA-free kit (Ambion Ref. AM1907) and
cleaned-up from enzymatic reactions with RNeasy
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MinElute Cleanup Kit (QIAGEN Ref. 74,204), follow-
ing the manufacture instructions. RNA integrity and
concentration were analyzed with the Agilent 2100
Bioanalyzer and the Agilent RNA 6000 Nano Kit (Ref.
5067-1511). For one replicate, leaves 3—-4 were dis-
sected from 20 plants and pooled. Three independent
replicates were performed for each time point. Strand
specific sequencing libraries were prepared from
polyA RNAs using the Illumina Tru-Seq stranded
RNA sample preparation v2 kit. Four libraries were
multiplexed per lane and paired-end (PE) sequenced
on an Illumina HiSeq 2000. Over 40 millions of 150
bp reads were generated per sample. All steps of the
experiment, from growth conditions to bioinformatic
analyses, were recorded in CATdb database [100]
(http://tools.ips2.u-psud.fr/CATdb/) Project ID
NGS2015_01_Transition according to the inter-
national standard MINSEQE minimum information
about a high-throughput sequencing experiment.

RNA-Seq data analysis
RNA-Seq samples were processed using the following
pipeline: the read pre-processing criteria included
trimming library adapters and performing quality con-
trol checks using FastQC. The raw data (fastq) were
trimmed using the FastX toolkit (Phred Quality
Score >20, read length>30 bases). The Bowtie 2
mapper [101] was used to align reads against the A.
thaliana TAIR 10 transcriptome. On average, 99%
passed the quality filter and were uniquely mapped to
the TAIR 10 reference genome. We extracted 33,602
genes from TAIR10 version database [102] with one
isoform per gene corresponding to the representative
gene model (longest coding sequence) given by
TAIR10. The abundance of each gene was calculated
by a local script, which parses SAM files and counts
only paired-end reads for which both reads map un-
ambiguously one gene, and by removing multi-hits.
According to these rules, around 96% of PE reads
were associated with a gene, 2% PE reads unmapped
and 2% of PE reads with multi-hits were removed.
For differential expression analysis, we discarded
genes, which did not have at least 1 read after a count
per million (CPM) normalization, in at least one half of
the samples. The library sizes were normalized using the
TMM method. The count distribution was modelled
with a negative binomial Generalized Linear Model
(GLM) where the harvest date was considered. Disper-
sion was estimated by the edgeR method [103] in the
statistical software ‘R’ (R Core team, 2015). The p-values
were adjusted by the Benjamini-Hochberg procedure to
control FDR. A gene was differentially expressed when
its adjusted p-value was lower than 0.05.
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Analysis of IncRNAs

We gathered a non-redundant dataset (IJPB_IlncDB) of
14,621 putative IncRNA sequences from published
IncRNAs datasets [26, 104—106]. Redundant information
was removed. Datasets were organized into three subsets
according to strand information (+, —, Not Available
(NA)). For each subset, we merged overlapping or
“book-ended” IncRNA in a single transcription unit
(IncTU). Three FASTA files of IncTUs were established:
one with 5055 TUs on the positive strand, another one
with 4851 putative TUs on the negative strand, and the
last one with 4715 TUs, without strand information. All
reads were mapped against the IJPB_IncDB using the
Bowtie 2 mapper [107] using the same count criteria.
Whereas 96% of the paired-end reads mapped to the
TAIR10 genome as expected, the mean mapping per-
centage to the IncRNA dataset was 0.78%. To establish
the differentially expressed IncTUs, we used the GLM of
edgeR, without or with filter using either the Bonferroni
or Benjamini-Hochberg (BH) test corrections. All
IncTUs differentially expressed identified using Bonfer-
roni test were present in the list of DE IncTUs identified
using BH test. We further analyzed BH DE IncTUs. No
bias was observed for the distribution of the
DE-IncRNAs on the two strands.

To determine overlaps between IncRNA and anno-
tated chromatin states we used the online BEDTools
suite. We established intersects for all IncRNAs, the DE
IncRNAs and randomly reshuffled regions of identical
size to compute the fold changes between observed and
randomly distributed IncRNAs. The hierarchical cluster-
ing analysis was performed using the Multiexperiment
Viewer tool (MeV 4_8) with the average linkage method,
gene leaf order optimization and Pearson correlations.

Model for the co-expression analysis

Co-expression analysis was carried out on differen-
tially expressed transcripts and IncRNAs using the R
package coseq [108] (https://bioconductor.org/pack-
ages/devel/bioc/vignettes/coseq/inst/doc/coseq.html).
We ran two clustering methods (K-means algorithm
and Gaussian mixture models) for two different count
data transformation functions (the centred log ratio
(CLR) and logCLR for K-means; Logit and arcsin for
Gaussian mixture models). Ten technical replicates
were performed for each combination of method/
transformation to prevent initialization problems. We
computed 30 models from K=10 to K=40 (K =num-
ber of clusters). For each method, the best K was se-
lected via the slope heuristics approach for K-means
methods or via the Integrated Completed Likelihood
(ICL) criterion for Gaussian mixture models. The
transformation function, which minimizes the within
clusters variability (for K-means algorithm) or the ICL
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criterion (for Gaussian mixture models) was retained.
Since the K-means algorithm seemed more sensitive
to extreme expression data, we finally retained the
Gaussian mixture model method with the arcsin
transformation function and K = 24. This method pro-
vided a more homogeneous number of transcripts per
cluster.

For each cluster, a Singular Enrichment Analysis (SEA)
of GO terms (AgriGO v2.0) [109] was performed (Fisher
test with a FDR cut-off at 0.01 and a minimum number
of mapping entries of 10), using a customized reference
corresponding to expressed genes during the time
course experiment. An heatmap comparing the results
of individual cluster’s SEA were obtained using the SEA-
COMPARE program (AgriGO v2.0).

Bioinformatics analysis

We extracted 413 genes (FLGs) from FLOR-ID [16], com-
prising the 306 core flowering time genes, genes involved
in flower meristem identity and flower development
(FMI-FD) and pending annotated flowering time genes.
For the analysis of the TFs we used the PlantTFDB 4.0
(http://planttfdb.cbi.pku.edu.cn/).  Chromatin-associated
genes were described in [38]. Hierarchical clustering was
performed using the Multiple Experiment Viewer tool
(MeV) with the Pearson correlation metric and average
linkage clustering as linkage method [110]. We performed
functional annotation and classification using the
“AgriGO” Gene Ontology tool [109] and the Classifica-
tion SuperViewer Tool from BAR [111]. For each cluster,
we extracted the biological process (BP) GO terms with
the best FDR and the best specialized and enriched “child”
GO terms (Additional file 23). Venn diagrams were gener-
ated using the online tool provided by T. Hulsen (http://
bioinformatics.psb.ugent.be/webtools/Venn/).

Motif detection

The “Preferentially Located Motifs” algorithm is based
on the over-representation of a motif around the Tran-
scription Start Site (TSS), region —300 from TSS to
5'UTR, compared to its distribution in the region of -
1000 to — 300 (learning region) before the TSS [46]. We
also explored a list of 419 motifs merged from PLACE
[112] and AGRIS (http://agris-knowledgebase.org/
AtcisDB/bindingsites.html) to find enrichment (p-value
<0.05) around the TSS compared to all Arabidopsis gen-
ome (Additional file 23).

Accession number
The accession number into the international GEO re-
pository is GSE116123.
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Additional files

Additional file 1: Figure S1. Characterization of the SD-LD switch. (a)
Flowering time according to the number of weeks in SD. Rosette and
cauline leaves were recorded on plants when the first flowers appeared.
The bolting time was quantified when the stem was 0.5 cm high from
sowing. Three biological replicates were performed with 12 plants, each.
(b) Expression of the AP1:GUS reporter gene in the apical shoots of plants
grown 4 weeks in SD, and then transferred to LD. Day after transfer (dat).
(PDF 772 kb)

Additional file 2: Figure S2. Growth of rosette leaves in response to SD
or a SD-LD switch. (a) Measurements of the total rosette leaf areas. (b)
Area measurement of the first six leaves. Col-0 plants were grown in SD
for 4 weeks, then kept in SD (continuous line) or transferred in LD (dash
line). Two biological replicates were performed with 10 plants, each. Ex-
perimental values are mean + SEM. (PDF 70 kb)

Additional file 3: Figure S3. RNA-Seq experiments and expressed gene
distributions. (a) Library sizes of the biological replicates. (b) Read
mapping for the different time points and biological replicates. ()
Distribution of the expressed genes in the genomes. (d) Differentially
expressed genes (DEGs) and Venn diagram with the three main
comparisons. (e) Distribution of the expressed genes in the main gene
classes. (PDF 194 kb)

Additional file 4: Figure S4. Analysis of INcRNAs. (a) Resources used to
construct the IncTU dataset. (b) IncTUs differentially expressed for each
comparison using the Benjamini-Hochberg (BH) test. (PDF 51 kb)

Additional file 5: List of IncTUs. (XLSX 639 kb)
Additional file 6: List of genes per cluster. (XLSX 187 kb)

Additional file 7: Best enriched biological process (BP) GO terms for the
24 clusters. The best BP GO term was extracted with its FDR from each
SEA analysis. (XLSX 11 kb)

Additional file 8: Figure S5. Differentially expressed endoreduplication-
related genes extracted from the ThaleMine database. Log2 (Fold-Change)
is reported. In black, non-statistically significant fold change values.

(PDF 44 kb)

Additional file 9: Distributions of differentially expressed genes of the
FLOR-ID database in the clusters. (XLSX 28 kb)

Additional file 10: Hormone-related genes supported by genetic
evidence in clusters. (XLSX 22 kb)

Additional file 11: Figure S6. Floral transition and hormone pathways.
(a) Distribution of AHD genes in clusters. (b) Genes associated with
gibberellin metabolism and responses. (PDF 56 kb)

Additional file 12: Hormone-related genes involved in several
hormonal pathways in the clusters. (XLSX 10 kb)

Additional file 13: Motifs identified with the PLM algorithm. (XLSX 87
kb)

Additional file 14: Distribution of the TFs among the clusters. (XLSX 38
kb)

Additional file 15: TFs from the FLOR-ID. (XLSX 12 kb)

Additional file 16: Figure S7. Screenshots of the TF2network user
interface using the 64 TFs differentially regulated and belonging to FLOR-
ID. The three Cytoscape panels show the gene regulatory networks with
the first 5 best-ranked regulators (blue diamonds). Green diamonds repre-
sent TFs and green circles, non-TF genes, according to the TF2Network
interface annotations. The dashed arrows indicated PWM motifs for the
corresponding regulators. The blue lines indicate protein-protein interac-
tions. (PDF 524 kb)

Additional file 17: Differentially expressed genes associated with
chromatin biology. (XLSX 19 kb)

Additional file 18: Distribution of differentially expressed genes
associated with chromatin biology. CR: chromatin remodeling. (XLSX 9
kb)

Additional file 19: Expression of IncTUs and their NATs. (XLSX 25 kb)
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Additional file 20: Figure S8. Expression of MAF5 and its antisense
IncTU located in the 3" end of MAF5 region at TO, T2 and T3. (a) Fold
changes. (b) Browser snapshot showing the expression profiles. BR1:
biological replicate number 1. (PDF 77 kb)

Additional file 21: Distribution of the TFBFs in the regions of the
IncTUs. (XLSX 21 kb)

Additional file 22: List of oligonucleotides. (XLSX 8 kb)

Additional file 23: Information in PLACE and AGRIS databases on the
identified motifs. (XLSX 38 kb)
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DEG: Differentially expressed gene; FT: Transcription factor; GO: Gene
ontology; LD: Long days; Inc: Long non-coding; SD: Short days;
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