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23 Summary

24 e Circadian rhythms of gene expression are generated by the combinatorial action
25 of transcriptional and translational feedback loops as well as chromatin

26 remodelling events. Recently, long non-coding RNAs (IncRNAs) that are natural
27 antisense transcripts (NATSs) to transcripts encoding central oscillator components
28 were proposed as modulators of core clock function in mammals (Per) and fungi
29 (frq/qrf). Although oscillating IncRNAs exist in plants, their functional

30 characterization is at an initial stage.

31

32 e By screening an Arabidopsis thaliana IncRNA custom-made array we identified
33 FLORE (CDF5 LONG NON-CODING RNA), a circadian-regulated IncRNA that
34 is a NAT of CDF5. Quantitative real-time RT-PCR confirmed the circadian

35 regulation of FLORE, whereas GUS-staining and flowering time evaluation were
36 used to determine its biological function.

37

38 o [FLORE and CDF5 antiphasic expression reflects mutual inhibition similarly to
39 frq/qrf. Moreover, whereas the CDFS5 protein delays flowering by directly

40 repressing FT transcription, FLORE promotes it by repressing several CDF's

41 (CDF1, CDF3, CDF5) and increasing F'T transcript levels, indicating both cis and
42 trans function.

43

44 e  We propose that the CDF5/FLORE NAT pair constitutes an additional circadian
45 regulatory module with conserved (mutual inhibition) and unique (function in

46 trans) features, able to fine-tune its own circadian oscillation, and consequently,
47 adjust the onset of flowering to favourable environmental conditions.

48

49

50 Key words

51  Circadian clock, long non-coding RNA, natural antisense transcripts, flowering time,
52 CDFs

53

54
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Introduction

Initially described as the “dark matter” of the genome, long non-protein coding RNAs
(IncRNA) have emerged as novel regulators of development, disease and differentiation
processes in animals. LncRNAs can originate from intergenic or intronic regions, or from
the opposite strand of coding genes to which they have sequence complementarity being
natural antisense transcripts (NATs) (Lee, 2012; Sabin et al., 2013; Fatica & Bozzoni,
2014). Functional studies revealed a mechanism of IncRNA action based either on
chromatin remodelling events (Heo & Sung, 2011; Csorba et al., 2014), reshaping of
nuclear organization (Rinn & Guttman, 2014), RNA processing (Bardou et al., 2014),
RNA stability (Ha & Kim, 2014), translational regulation (Jabnoune et al., 2013), protein
complex assembly, or protein subcellular location, all of which rely on their ability to

bind nucleic acids and proteins.

In plants, IncRNA identification surpasses their functional characterization, although
mounting evidence on tissue-, environmental- and developmental-specific expression
patterns suggests important biological functions (Franco-Zorrilla et al., 2007; Ariel et al.,
2014; Wang, H et al., 2014; Ariel et al., 2015; Bazin & Bailey-Serres, 2015; Shafiq et al.,
2016). IPS1 (INDUCED BY PHOSPHATE STARVATION 1) is the first Arabidopsis
IncRNA shown to sequester miR399 thereby regulating phosphate homeostasis (Franco-
Zorrilla et al., 2007). Arabidopsis IncRNAs are also involved in the vernalization-
dependent flowering response due to the transcriptional modulation of FLC
(FLOWERING LOCUS C) (Song, J et al., 2012). COOLAIR (COLD INDUCED LONG
ANTISENSE INTRAGENIC RNA) and COLDAIR (COLD-ASSISTED INTRONIC NON-
CODING RNA) promote the repressive function of the PHD/PRC2 complex [PHD
(homeodomain) proteins/POLYCOMB REPRESSIVE COMPLEX 2] in the FLC locus in
response to cold (Swiezewski et al., 2009; Heo & Sung, 2011; Song, J et al., 2012).
COLDWRAP (cold of winter-induced noncoding RNA from the promoter) was recently
shown to associate with COLDAIR to form a repressive chromatin loop at the FLC locus
(Kim & Sung, 2017). However, the identification of other IncRNAs revealed a wider
functional landscape. HIDI (HIDDEN TREASURE 1) moderately regulates the
expression of the PIF3 (PHYTOCHROME-INTERACTING FACTOR 3) transcription
factor (Wang, Y et al., 2014); and APOLO (AUXIN REGULATED PROMOTER LOOP)
regulates PID (PINOID) expression by modulating chromosome loop dynamics thereby
affecting auxin signalling (Ariel et al., 2014). In addition, ASCO-RNA (ALTERNATIVE
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SPLICING COMPETITOR RNA) regulates alternative splicing during lateral root
formation in Arabidopsis (Bardou et al., 2014).

Genome-wide studies using custom-made NATSs arrays showed that approximately 70%
of Arabidopsis protein-coding loci encode predicted NAT pairs (Wang, H et al., 2014).
NAT pair components can be protein-coding transcripts, a protein-coding transcript and
IncRNA, or two IncRNAs. NATs can affect gene expression by different mechanisms; 1)
regulation of transcription; 2) altering mRNA processing; 3) double strand RNA
formation and silencing; and 4) RNA:RNA interaction in the cytoplasm (Magistri ef al.,
2012; Zhang et al., 2013). However, studies linking NAT pairs with chromatin marks
also suggest a role in epigenome modification via small RNA-independent pathways

(Luo et al., 2013).

Because of their diverse functions, IncRNAs can participate either in long-term or more
dynamic biological processes. This is the case of light-responsive Inc-NATSs in
Arabidopsis, as well as circadian-regulated IncRNAs expressed in the rat pineal gland
(Coon et al., 2012; Wang, H et al., 2014). In addition, in the fungus Neurospora, the
mutual inhibition between the clock master regulator frequency (frq) and its NAT
IncRNA grf forms a double negative feedback loop (Kramer et al., 2003) that
interconnects with the core clock and is pivotal for the maintenance and robustness of
rhythmicity (Xue ef al., 2014). A proper running clock is paramount for optimal growth
and development, since this internal timekeeper mechanism anticipates most of the daily
and seasonal environmental changes (Dodd et al., 2005; Doherty & Kay, 2010). In
Arabidopsis, the circadian clock relies on several interconnected transcriptional loops
where chromatin remodelling events contribute to the generation of robust circadian
rhythms (Hemmes et al., 2012; Malapeira et al., 2012; Song & Noh, 2012; Foo et al.,
2016). Similarly to rat and Neurospora, oscillating transcripts from Arabidopsis non-
coding genomic regions including NATSs for central oscillator components have also been

reported, however their function still remains unknown (Hazen ef al., 2009).

Here, we identified the antiphasic NAT pair comprising FLORE (CDF5 LONG NON-
CODING RNA) and the CDF5 (CYCLING DOF FACTOR 5) transcript. As members of
the DOF (DNA-BINDING WITH ONE FINGER) family of plant specific transcription
factors (Yanagisawa, 2002; Le Hir & Bellini, 2013), CDFs link the circadian clock to the
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photoperiodic flowering pathway due to their direct binding and inhibition of CO
(CONSTANS) and FT (FLOWERING LOCUS T) promoters (Fornara et al., 2009; Song et
al., 2015). The antiphasic expression of the CDF5/FLORE NAT pair reflects a mutual
inhibitory regulation, which directly impacts flowering time regulation. FLORE is
specifically expressed in the vasculature, where it not only regulates CDF5 (its natural
target in cis) but also CDFI and CDF3 in trans. In addition to their circadian regulation,
FLORE and CDF5 mutual inhibition also seems to be important for the maintenance of
their rhythmic expression patterns. We propose that the mutual regulation within
antiphasic NAT pairs could be a conserved mechanism devised to help maintain robust
circadian rhythms of each antisense transcript. In plants it would constitute an extra
regulatory layer which limits the accumulation of important regulators to a precise time

of the day and thus fine-tune fundamental processes such as the time to flower.

Material and Methods

Plant growth conditions and flowering time determination

Plants were grown in light (145 umolm'zs'l), temperature (22°C) and humidity (65%)
controlled chambers under the following photoperiods; LD (Long day, 16h light/ 8h
dark), SD (Short day, 8h light/16h dark) and 12L/D (12h light/12h dark). All plant
growth conditions were as previously described (Kiba ef al., 2007; Kiba & Henriques,
2016). Seeds were surfaced sterilized and plated on a modified MS medium
supplemented with 1% of sucrose. After plating, seeds were stratified for 4 days in the
dark at 4°C. All the flowering time experiments were performed at least two times with
10-15 seedlings per genotype, in different growth chambers to rule out any positional
effects. In this case seeds were directly germinated in soil and stratified for the same
period of time as in in vitro conditions. The Arabidopsis thaliana Columbia (Col-0)
ecotype was used as wild-type (WT) for all the experiments. The ddc, pollV, polV, dcl3-
1, dcl2dcl4, rdr2-1 and drb4-2 mutants are all in the Col-0 background and were
previously described (Cao et al., 2003; Xie et al., 2004; Kanno et al., 2005; Onodera et
al., 2005; Xie et al., 2005; Jakubiec et al., 2012). The cdf-quadruple mutant as well as
pSUC2::CDF5 (Fornara et al., 2009) overexpressing lines were a kind gift from Dr.
Coupland of the MPI, Germany.

The isolated flore-prom mutant (Sail 275 A10) carried a T-DNA inserted at 142bp from
the transcriptional start site of FLORE. Homozygous plants were isolated by PCR
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screening and depletion in FLORE expression confirmed by qPCR. A similar strategy
was followed for the cdf5-prom mutant (Salk _099079) where the T-DNA was inserted at
795bp into the CDF'5 promoter and the cdf3-5 utr (Salk _044252) mutant where the T-
DNA insertion occurred at 239bp from the CDF5 translational start site. Primers used for

mutant isolation are described in Table S1.

Identification of cycling noncoding genes in Arabidopsis

The ATH lincRNA vl array contained 15,744 60-mer oligonucleotide probes (Liu ef al.,
2012). We used the previously reported protocol to profile IncRNA expression in
Arabidopsis (Liu et al., 2012; Wang, H et al., 2014). A detailed description of the
hybridization protocol is given in Supporting Information Methods S1. Hybridization
images were scanned using the Agilent Feature Extraction Software to extract raw signal
intensities of microarray probes. We applied the GeneSpring software with the Quantile
method to normalize signal intensities of the ATH lincRNA v1 arrays. Using R-3.2.0
with the JTK cycling package (Hughes et al., 2010) we measured cycling pattern
significance of the normalized signal intensities with Benjamini-Hochberg adjustment.
Genes with the adjusted P-values lower than 0.05 (Adjusted P-value < 0.05) were
considered as cycling genes. The high-throughput datasets used in this study were
uploaded to Gene Expression Omnibus database under accession numbers GPL13750 and

GSE80094. A summary of the results from this study is given in Notes S1.

Cloning of FLORE and CDF5 and generation of transgenic lines

FLORE IncRNA expressed sequence was cloned using the cDNA synthesis kit
SuperScript™ IIT First-Strand Synthesis System for RT-PCR (Invitrogen) with specific
primers designed for the At1g69572 “other RNA” sequence, in order to account for
strand specificity. The FLORE promoter was cloned using the 2kb fragment just
upstream of the FLORE 5’ transcriptional start site. Genomic cloning of FLORE was
generated by DNA amplification of promoter and expressed sequence together. All these
constructs were produced using the pENTR™ Directional TOPO® Cloning kit
(Invitrogen) so as to generate the ENTRY Gateway® clones, which were transferred to
their destination vectors following the manufacturer’s instructions. For vascular tissue
expression we used pSUC2-GW (Fornara et al., 2009), whereas pH7WG2 (Karimi et al.,

2002) was used for 35S promoter driven constitutive expression, pKGW (Karimi et al.,
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2002) was used for genomic cloning and pBGWFS7 and pKGWFS7 (Karimi et al., 2002)
for promoter:GUS fusions.

We used a different strategy to exchange promoters. Briefly, we used a two-step cloning
strategy: first the FLORE promoter was amplified adding EcoRV and Aatll sites at its 5’
and 3’ end respectively. Then this fragment was ligated to the amplified CDF5 genomic
fragment with a C-terminal FLAG tag with AatIl and Avr1l sites added at its 5 and 3’end
respectively. The resulting EcoRV-FLOREp(Aatll):(Aatll)CDFS5-Avrll fragment was
cloned into the promoter-less pBa002a vector previously digested with EcoRV and AvrIl.
After confirmation by sequencing, all constructs were introduced into the Agrobacterium
strain ABI50. Plant transformation and selection of primary transformants were
performed as previously described (Zhang et al., 2006). All the primers used for cloning
are described in Table S2.

GUS staining assay
pFLORE:GUS transgenic plants were grown under selective medium for segregation
analysis. Transgenic lines displaying a 3:1 ratio, indicative of a single insertion were

amplified and used for GUS staining as described previously (Osnato et al., 2012).

Quantification of RNA expression by qPCR

Expression analyses were done using reverse transcription followed by quantitative real
time RT (Reverse Transcription)-PCR (qPCR) using either strand specific cDNA
(FLORE detection) or oligodT cDNA (CDF5 and all other protein-coding genes). Both
types of cDNA were generated with the AffinityScript QPCR cDNA synthesis kit
(Agilent). Each cDNA was then diluted 1:20 and 1pl used for each reaction, in a 10 pl
final volume using the SYBR Premix Ex Tag Tli RNase H Plus (Takara). qPCR cycling
was as follows, 94 °C for 30 s followed by 40 cycles of 94°C for 10 s, 60 °C for 30 s, and
a final step for melting curve determination (94 °C for 15 s, ramping up from 60 °C to 94
°C with 0.5 °C increments for 15 s). qPCR reactions were performed in a C1000 Thermal
Cycler CFX96 Real Time System (BioRad) or a LightCycler® 48011 (Roche) with
identical results.

288C method where the results were first

Gene expression was calculated using the
normalized with Actin2 (At3g18780) and the lowest WT (Col-0) expression value was
used as reference (value of 1) to which all the other samples were compared, unless

otherwise stated. /PP2 (Imaizumi et al., 2005) has also been used to normalize samples

Manuscript submitted to New Phytologist for review



224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

with identical results to Actin2, which was then used as the preferential control. In this
study the primer pairs designed to evaluate FLORE transcript amplified the splicing
variant described in TAIR10 (At1g69572) unless otherwise stated. In order to accurately
show the circadian expression pattern of each transcript we present the results from one
representative experiment. However, in Notes S2 we show the biological replicates for
some of the qPCR data presented in Fig. 1 and Fig. 5.

A detailed description of the qPCR protocol using fragment specific standard curves is

given in Methods S2. Primers used in all qPCR reactions are listed in Table S3.

Small RNA Northern

The small RNA Northerns were performed as described previously (Jakubiec et al.,
2012). Briefly, small RNAs were extracted from plant tissue using Trizol and separated
on a 15% polyacrylamide, 8M urea, 1x TBE gel. CDF5/FLORE PCR fragments were
labelled using the Rediprime kit (Amersham) and purified with the mini Quick spin
columns (Roche). Pre-hybridization and hybridization were performed at 42°C overnight
with the ULTRAhyb-Oligo Hybridization Buffer (Ambion). Normally three wash steps
of 30 min at 42°C each were done using a 1xSSC/0.1%SDS solution. Signal was detected
on a Phosphorlmager (Storm, GE Healthcare).

Results

FLORE and CDF5 constitute a circadian-regulated Natural Antisense Transcript
(NAT) pair

We identified thousands of IncRNAs in Arabidopsis by analysis of RNA-seq and tiling
array datasets. For their further characterization we designed a custom oligonucleotide
array to detect 4959 highly confident IncRNAs (Liu ef al., 2012). The array also
contained probes for 309 TAIR annotated IncRNAs, 173 pre-miRNAs and protein-coding
genes, such as the central oscillator components LHY, CCAI and TOCI. To identify
oscillating IncRNAs we used this array to profile IncRNA expression under short day
conditions (SD; 8h light/16h dark). Signal intensities of probes for positive control
transcripts, including those of CCA7 and TOC, exhibited the expected rhythmic patterns,
confirming the detection quality of our experiments (Notes S1). Applying the

JTK cycling programme (Hughes et al., 2010) we found 928 noncoding transcripts with
significant cycling expression patterns (Adjusted P-value < 0.05), and within this group
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Page 8 of 35



Page 9 of 35

258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

were 744 IncRNAs (Notes S1). Signal intensities of the 3 probes targeting FLORE
showed a 24h-period cycling pattern, confirming reproducibility in biological and
technical replicates. These results indicate that a large number of IncRNAs in

Arabidopsis, including FLORE, are cycling transcripts.

The FLORE transcript (1,163 nt) encodes a partial peptide of 35 amino acids with no
identifiable domains (Kong ef al., 2007), no similarities with other Arabidopsis proteins
(BLASTX; http://blast.ncbi.nlm.nih.gov) and that was not identified in genome-wide
analyses of ribosome-associated open reading frames (Hsu et al., 2016). These results
suggested that FLORE is a novel IncRNA with a genomic location antisense to CDF5
(Fig. 1a). We further determined that FLORE and CDF5 are antiphasic circadian-
regulated transcripts by reverse transcription followed by quantitative real-time RT-PCR
(qPCR) in wild-type (WT; Col-0) plants grown under different photoperiods (SD, Long
Day, LD, 16h light/8h dark) and circadian free-running conditions (continuous light, LL)
(Fig. 1b-e). CDF’5 peaked at early morning (ZT0-ZT3) both under 12h light/ 12h dark (12
L/D) or long day (LD) conditions, whereas FLORE transcripts increased after ZT3 until
their peak at ZT15 under 12L/D or ZT9-ZT12 under LD (ZT, Zeitgeber Time). We found
that FLORE transcript levels were maintained during the beginning of the dark period
and decreased towards dawn both under SD and 12L/D conditions. However, under LD
FLORE transcript levels diminished around dusk and remained mostly unaltered during
the dark period (Fig. 1d). In addition, under SD conditions CDF5 expression showed a
phase advance peaking at ZT21, whereas FLORE accumulated at higher levels from ZT9
to ZT15 (Fig. 1b). Sequence homology searches revealed that FLORE corresponds to the
locus identifier At1g69572 described as encoding other RNA (TAIR10,
https://www.arabidopsis.org/index.jsp). We cloned FLORE and identified a mixed
population of cDNAs corresponding to four splicing variants with different intron size or
intron retention (Fig. S1a). Under SD conditions, all FLORE splicing variants displayed
an antiphasic expression pattern in relation to CDF5 expression (Fig. S1b, ¢). We also
analysed FLORE and CDF5 transcript levels in CCA I-overexpressing plants that are
affected in their circadian clock. Confirming their circadian regulation, we failed to detect
the typical FLORE and CDF5 oscillation pattern in these plants grown under LL
conditions (Fig. 1f).

Manuscript submitted to New Phytologist for review



292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325

Page 10 of 35

CDF5 negatively regulates FLORE transcript levels

Despite their circadian regulation, the antiphasic expression of FLORE and CDF’5 also
suggested mutual inhibition. To dissect this relationship we manipulated the transcript
levels of FLORE and CDF5, either by T-DNA insertional mutagenesis or overexpression,
followed by evaluation of the other partner circadian expression pattern. Since the
available cdf5-1 mutant (Fornara et al., 2009) carries a T-DNA insertion in the
overlapping region of CDF5 and FLORE, we isolated two novel T-DNA insertion
mutants in non-overlapping regions of CDF3. In cdf5-prom (Salk_099079) the T-DNA is
inserted 795 bp upstream of its transcriptional start site whereas in cdf3-5 ‘utr

(Salk 044252) it disrupts the CDF5 5’ untranslated region (5 ‘utr) being inserted 239bp
upstream of its translation start site (Fig. 2a). We then determined CDF5 and FLORE
expression in both mutants and WT plants during a 24h cycle (Fig. 2b-c). In cdf5-prom
plants CDF5 levels were lower (2-4 fold) than WT levels during most of the light period
(ZTO0 to ZT12) and we detected a slight phase advance, with CDF5 peaking at ZT3 in
these mutants. However, from ZT15 to ZT21 the CDF5 transcript amount in these plants
was similar to that of WT; conversely, FLORE still maintained its antiphasic expression
pattern with transcript levels close to WT levels, with the exception of ZT0 and ZT21
where they were reduced approximately 2-fold (Fig. 2b). In cdf5-5 'utr mutants we found
extremely low levels of CDF'5 transcript when compared with WT plants. In these mutant
plants, FLORE transcripts increased 2-4 fold from ZT9 to ZT18, although the oscillation
pattern was still maintained (Fig. 2c). These results show that only a strong reduction in
CDF’5 transcript amount is accompanied by an increase in the amplitude of FLORE
expression. Furthermore, promoter insertion events differently affected CDF5
transcription most likely due to the partial loss of regulatory motifs in this region.

Consequently, FLORE expression was only slightly affected in these plants.

We then determined the effect of CDF5 overexpression by analysing pSUC2::CDF5
(CDF5-0Ox) seedlings that accumulated CDF5 specifically in phloem companion cells
(Fornara et al., 2009). In these plants FLORE transcripts showed a 3-fold reduction at
peak time (ZT9-ZT12) but maintained their characteristic waveform although with
reduced amplitude (Fig. 2d). Oppositely, in cdf1-RNAi cdf2-1 cdf3-1 cdf5-1 quadruple
mutants (cdf-q) (Fornara et al., 2009), FLORE transcript levels were higher from ZTO to
ZT6 (1.6-7 fold) and, although they did not exceed WT levels at the peak (ZT9-ZT12),

Manuscript submitted to New Phytologist for review 10
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they were maintained close to peak levels from ZT9 to ZT18, that is 6h longer than the
peak value present in WT plants (Fig. 2d). Taken together these results indicate that
CDF5, and most likely other CDF's (CDF1, CDF2 and CDF3), negatively regulate
FLORE transcript levels.

FLORE accumulation in the vascular tissue regulates CDF's

We then examined the effects of modulating FLORE levels on CDF5 transcript
accumulation. We initially expressed FLORE from the SUC2 (SUCROSE
TRANSPORTER 2) promoter (Imlau et al., 1999) and isolated two independent
homozygous lines (pSUC2::FLORE #2.8 and pSUC2::FLORFE #4.2) (Fig. 3a; Fig. S2a).
We found a 10-12 fold increase in FLORE levels (pSUC2::FLORE #2.8) which
correlated with a 2-4 fold reduction in CDF5 expression from ZT0-ZT9 (Fig. 3a). In
pSUC2::FLORE #4.2 seedlings, a 2-4 fold increase in FLORE transcripts repressed
CDF5 transcript levels by 1.4-1.6 fold, with a phase delay leading to CDF5 peaking at
ZT6 (Fig. S2a). We then searched for T-DNA insertion mutants in the FLORE locus but
due to the complete overlap and sequence homology within the NAT pair (Fig. 1a), we
were restricted to the FLORE promoter region, since other tools such as RNAi could also
not be used. We could isolate the flore-promoter (flore-prom) mutant (SAIL 275 A10),
where the T-DNA was inserted 142bp upstream of the FLORE transcriptional start site
(and 71bp downstream from the CDF5 3°’UTR). Similar to the cdf5-prom mutants, T-
DNA insertion into the FLORE promoter differentially affected FLORE transcript levels
throughout the 24h period (Fig. S3a). In fact, flore-prom mutants grown under LD
conditions showed an increase (1.4-2.6 fold) in FLORE expression during the day and a
reduction (2.5-5.7 fold) during the dark period (Fig. S3a). Moreover, we found in these
plants a reduction in transcript levels of CDF5 (1.6-6 fold), CDFI (1.3-1.6 fold) and
CDF3 (1.4-1.8 fold) mostly during the light period (Fig. S3b). Possibly, in flore-prom
mutants the T-DNA insertion event lead to partial loss of FLORE transcriptional
regulation that was then reflected in CDF (CDF1, CDF3 and CDF'5) altered expression.
These results suggest that FLORE could act in cis to modulate CDF5 transcript levels,
but also in trans by affecting CDF1 and CDF3 expression.

Considering that CDF's are a vascular tissue-specific transcripts (Fornara et al., 2009), we

investigated the FLORE promoter activity using a GUS reporter system. We found that

Manuscript submitted to New Phytologist for review 3



360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

Page 12 of 35

the FLORE promoter (2Kb upstream of its transcriptional start site)-GUS fusion was also
expressed in the vascular tissue of leaves, stems, roots, sepals and petals (Fig. 3b-d).
These results show that both transcripts of this NAT pair accumulated in the vasculature,
which strengthens our hypothesis of mutual regulation. This regulation could also expand
to other CDFs (CDFI, CDF3), as we have previously shown in flore-prom mutants (Fig.
S3b). In agreement with this, in FLORE overexpressing plants both CDF'I and CDF3
transcripts oscillated with reduced amplitude displaying a 2-fold inhibition at their peak
times (Fig. 3e). Therefore, our results indicate that FLORE accumulation in the vascular

tissue modulates CDF expression, in cis (CDF5) and trans (CDF1, CDF3).

CDF5/FLORE reciprocal inhibition is required for maintenance of their circadian
oscillation

Tissue-specific modifications of either FLORE or CDF5 transcript levels affected their
partner expression waveform, mostly by reducing its amplitude but without a total loss of
oscillation, indicating that a circadian-dependent regulatory mechanism was still present.
However, this mutual repression within the NAT pair could also contribute to maintain
robust circadian waving patterns. To evaluate this, we created an imbalance in the
CDF5/FLORE relationship using components of the NAT pair. We expressed CDF5
under the control of the FLORE promoter, introduced this construct into the cdf5-5 utr
mutant (Fig. 4a) and evaluated the resulting circadian waveforms. We confirmed that
cdf5-5 'utr mutants showed low endogenous CDF5 expression (Fig. 4b). On the other
hand, in the cdf5-5 utr/pFLORE::CDF5-FLAG #2.1 line the CDF'5 transcripts arising
from the FLORE promoter displayed an altered circadian oscillation accumulating at high
levels throughout the 24h period. Nevertheless, their circadian waveform did not
perfectly mimic the FLORE expression pattern, suggesting the existence of other
mechanisms of transcriptional and/or post-transcriptional regulation. Consequently, in
these plants FLORE transcript levels were reduced 2-4 fold from ZT6 to ZT18, when
compared to the cdf3-5 'utr mutant (Fig. 4c). These results show that CDF5 mis-
expression throughout the day dampens the FLORE circadian waveform, further
suggesting that the reciprocal inhibition within this NAT pair contributes to the proper

oscillation of both transcripts.
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The antiphasic CDF5/FLORE module constitutes an additional link in circadian-
dependent regulation of flowering time

As CDF proteins can directly inhibit CO and F'T transcription and delay flowering
(Imaizumi et al., 2005; Sawa et al., 2007; Song, YH et al., 2012), we did a
comprehensive analysis of the flowering time phenotype of all our CDF5 and FLORE
mutants and transgenic lines grown under different photoperiods. We found that
depletion of CDF'5 in cdf5-5 ‘utr mutants resulted in a slightly early flowering phenotype,
similar to the available single mutations or RNAI lines of either cdf1, cdf2, cdf3 and cdf5
(Imaizumi et al., 2005; Fornara et al., 2009) (Fig. 5a). These results further strengthen the
notion of functional redundancy within the CDF family. Therefore, we then determined
how modulating FLORE transcript amounts impacted on flowering time regulation. In
flore-prom mutants grown under LD conditions we detected a weak early flowering
phenotype determined by rosette leaf number (Fig. 5b). Most likely this is due to the
slight reduction in CDFI, CDF3 and CDF transcript levels during the light period, when

CDF protein transcriptional activity is more relevant (Fig. S3b).

We then examined the flowering time phenotype of pSUC2::FLORE overexpressing
plants grown under LD and SD conditions. Both pSUC2::FLORE lines (#2.8 and #4.2)
showed early flowering under the two photoperiods tested (Fig. Sc, d; Fig. S2b, d). In
these plants we found a small increase in CO transcript levels (1.4-3 fold) and a higher
accumulation of F'T levels (2-3 fold) under LD (Fig. 5e; Fig. S2c). This stronger effect on
FT expression could depend both on the accumulation of higher CO transcript levels and
the inhibition of CDF (CDF1, CDF3 and CDF5) expression in pSUC2::FLORE lines.
The relevance of CDF inhibition is shown in cdf-g mutants where we observed a stronger
accumulation of FT transcripts (3.9-25.8 fold) and a somewhat weaker effect on CO
transcript levels (1.9-12.6 fold) (Notes S3). Similarly, under SD conditions, the
pSUC2::FLORE lines displaying early flowering phenotype also accumulated higher
(2.35-14.3 fold) FT transcript levels (Fig. S2d, e).

We further confirmed this phenotype by generating a transgenic line in which FLORE
was expressed from its own native promoter (pFLORE::FLORE #3.3). Similar to
pSUC2::FLORE, these plants also displayed an early flowering phenotype under LD,
although this phenotype was not as strong compared to FLORE overexpressing plants
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(Fig. S2f). Then, we investigated how misexpression of CDF5 in cdf5-

5 utr/pFLORE::CDF5-FLAG #2.1 plants would affect flowering time. We found that,
under LD, the early flowering phenotype of cdf3-5 'utr mutants was reverted to late
flowering when CDF5 expression was transcribed from the FLORE promoter (Fig. 5f).
This delay in flowering was mirrored by an inhibition in F7 transcript levels that
decreased below WT and cdf5 -5 'utr mutant values (Fig. 5g). FT transcript levels have to
rise above a threshold at an inductive ZT time (ZT12-ZT20) for a period of several days,
in order to promote the expression of floral identity genes in the apical meristem and
induce flowering (Krzymuski ef al., 2015). Therefore, this reduction in F7 expression
could account for the late flowering phenotype of cdf5-5 utr/pFLORE::CDF5-FLAG #2.1
plants. Together, these results show that the reciprocal inhibition between FLORE and
CDF?5 also reflects an opposite biological function that could add a new regulatory layer

of flowering time control.

CDF5/FLORE most likely act by a siRNA-independent mechanism

The sequence complementarity between FLORE and CDF5 in cis, as well as its sequence
homology with other CDF targets in trans, suggested a mechanism based on the
generation of small interfering RNAs (nat-siRNAs) by processing of a putative
CDF5/FLORE double-strand RNA. However, this mechanism is not consistent with the
antiphasic oscillation of FLORE and CDF5 since nat-siRNA accumulation could
continuously target either or both transcripts thereby preventing their accumulation every
24h. To see if RNA-dependent silencing mechanisms could contribute to the antiphasic
expression of FLORE and CDF5 we used four different approaches; 1) evaluation of
available data of small RNAs derived from this locus, either in siRNA biogenesis
pathway mutants or associated with specific ARGONAUTE proteins; 2) expression of
FLORE under the control of a strong 35S promoter to evaluate siRNA generation and
flowering time; 3) determination of FLORE and CDF transcript circadian waveforms in
different mutants affected either in siRNA biogenesis [dicer-like3-1 (dci3-1), dcl2dcl4
(Xie et al., 2004; Xie et al., 2005)], trans-acting siRNA (ta-siRNA) generation [double-
stranded RNA binding proteind-2 (drb4-2) (Jakubiec et al., 2012)], and the RADM
(RNA-dependent DNA Methylation) pathway [drmldrm2cmt3 (ddc), rna polymerase IV
(pollV), polV (Cao et al., 2003; Kanno et al., 2005; Onodera ef al., 2005)] grown under
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12 L/D conditions; and 4) determination of the absolute levels of FLORE and CDF5

transcripts in these mutants at both peak and trough time points.

Firstly, we queried the available small RNAs (smRNAs) databases (Mi et al., 2008;
Montgomery et al., 2008) but did not uncover any smRNA that would perfectly map to
both genomic and mRNA sequences of CDF5 and FLORE.

Secondly, we expressed FLORE under the control of the CaMV35S promoter
(P35S::FLORE #2.2 and p35S::FLORE #3.6) in order to promote its high accumulation
and abolish its circadian waving pattern (Fig. S4a). We investigated siRNA accumulation
in both lines by small RNA Northern, using labelled fragments derived from the NAT
pair overlapping region. We tested two time points (ZT3 and ZT18), when FLORE and
CDF’5 transcript levels were diminishing but still present, and a transcriptional regulatory
mechanism could be at play. In WT plants, siRNAs were not detected in either time
points, although in p35S::FLORE transgenic lines siRNAs accumulated at higher levels
in line #2.2 and weakly in line #3.6 (Fig. S4b). Flowering time evaluation under LD
conditions did not reveal any statistically significant changes, suggesting that, similarly to
CDFs (Fornara et al., 2009), tissue specificity is important for FLORE function (Fig.
S4c¢).

Thirdly, we evaluated the role of the siRNA biogenesis pathway (dcl3-1, dci2dcl4) or the
trans-acting ta-siRNA pathway (drb4-2) in regulating FLORE and CDF’5 circadian
waving patterns. Under 12L/D conditions we confirmed the antiphasic circadian
waveforms of both NAT pair components that remained mostly unaltered in these
mutants, although we detected higher levels of FLORE transcripts during the dark period
(ZT18-ZT21) in dcl2dcl4 mutants (Fig. S5). We investigated whether PollV- and/or
PolV-dependent siRNAs could promote DNA methylation, and consequently
transcriptional inhibition at the CDF5/FLORE locus. We initially analysed the available
DNA methylomes of 86 Arabidopsis gene silencing mutants which revealed that either
CG, CHG or CHH methylation were not highly accumulated (CG) or almost absent
(CHG, CHH) in both strands at this /ocus (Stroud et al., 2013)
(http://genomes.mcdb.ucla.edu/AthBSeq/). In addition we also confirmed the
characteristic circadian antiphasic expression of FLORE and CDF5 in pollV, polV and
ddc mutants grown under 12 L/D conditions (Fig. S6).
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Fourthly, we determined the exact amounts of FLORE and CDF'5 transcripts both at their
peak and trough times (ZT0, ZT12) under 12L/D conditions using a qPCR-based
approach with fragment-specific calibration curves. In WT, FLORE transcript levels
increased approximately 10-fold from ZTO to ZT12; oppositely, CDF5 transcript levels
decreased approximately 10-fold from ZTO to ZT12. FLORE and CDF'5 transcript levels
also showed daily dynamics; in the early morning there was a 86.6-fold excess of CDF'5
in relation to FLORE. However at ZT12, CDF5 transcript accumulation decreased and
mirrored FLORE transcript levels which had increased during the day (Fig. S7). At ZTO0
the majority of the mutants evaluated did not show any relevant changes (above 2-fold) in
both CDF5/FLORE expression; with the exception of dci/3-1, dcl2dcl4 and pollV where
the increase in FLORE transcript levels was close to 2-fold. At ZT12 however, this
regulation of transcript levels varied in the different mutants. The equal amount
relationship seen in WT was still somewhat maintained in drb4-2, ddc, and polV mutants.
However, in the other mutants there was either a 2-fold increase in FLORE transcript
levels (dc/3-1) or a 2-3 fold reduction in CDF'5 transcript levels [dcl2dcl4, pollV and rna-
dependent rna polymerase2-1 (rdr2-1 (Xie et al., 2004)), respectively]. These
differences, however, were not reflected in significant changes in FLORE and CDF5
circadian expression patterns. Our findings suggest that the mutual repression between
FLORE and CDF5 is most likely independent of small RNA pathways, indicating that

other mechanisms could be at play.

Discussion

The identification and functional characterization of IncRNAs has shed light on the
relevance of the noncoding transcriptome for the survival and fitness of whole organisms.
Despite its relatively small size, only 50% of the Arabidopsis genome encodes protein-
coding transcripts (Ariel et al., 2015). In addition, 70% of the annotated Arabidopsis
mRNAs are associated with antisense transcripts, many of which are IncRNAs (Wang, H
et al., 2014). We identified the IncRNA FLORE, which is expressed antisense to the
CDF5 transcript. Moreover, FLORE circadian oscillation pattern is antiphasic to CDF35.
By modulating FLORE transcript levels, either by T-DNA insertion mutagenesis or
tissue-specific overexpression, we found that this anti-parallel behaviour reflected a

mutual inhibitory relationship (Fig.6). Furthermore, we observed that FLORE could
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function not only in cis affecting CDF5, but also in trans by regulating other CDF's such
as CDFI and CDF3.

FLORE, similarly to CDF3, is a bona fide circadian-regulated transcript that maintained
its oscillation pattern of expression under all the conditions tested, except in circadian-
affected transgenic lines grown under LL conditions (e.g. CCAI-overexpressors; Fig. 1).
Moreover, FLORE has also been identified as a direct target of PRR7 (PSEUDO
RESPONSE REGULATOR 7), a core clock component (Liu et al., 2013). Although
circadian-regulated IncRNAs have been reported both in plants and animals (Hazen et al.,
2009; Coon et al., 2012; Xue et al., 2014), their precise mechanisms of action are mostly
unknown. In the fungus Neurospora, however, the circadian oscillator component
frequency (frq) and its IncRNA grf constitute a NAT pair with an antiphasic pattern of
expression that also reflects a mutual inhibitory relationship (Xue et al., 2014). This
opposite behaviour is critical for the maintenance of robust circadian oscillation of frq
and grf, as well as proper circadian feedback loops in the Neurospora clock. Similar to
frq and grf, FLORE and CDF5 display an antiphasic expression pattern that depends on
their dynamic relationship. We showed that, in the absence of endogenous CDF5,
FLORE-promoter driven CDF'5 expression affected not only CDF5 transcript levels, but
also the amplitude of FLORE oscillation (Fig. 4).

Considering that FLORE (Fig. 3b) and CDF5 (Fornara et al., 2009) are vascular tissue-
specific transcripts, we propose that the circadian clock regulates their oscillatory
expression (e.g. by core clock components such as PRR7), which is then maintained and
reinforced by their mutual inhibition (Fig. 6). NATs have also been described for the
mammal core clock component Period (Vollmers et al., 2012; Li et al., 2015), indicating
that antisense transcription could play a relevant role in fine-tuning circadian gene
expression. Most likely this regulation encompasses central oscillator components
(frq/qrf and Period) and circadian output transcripts (CDF5/FLORE). Our results further
suggest that FLORE could not only contribute to the robustness of CDF'5 oscillation but
also modulate the expression patterns of other CDF's (e.g. CDFI and CDF3), and thus
contribute to their precise diurnal accumulation. On the other hand, CDF5 and possibly
other CDFs (CDF1, CDF2 and CDF3) would act as negative regulators of FLORE
expression (Fig. 2d; Fig. 6).
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The reciprocal inhibition between FLORE and CDF5 transcripts is also reflected in
opposite biological function. Whereas CDF5 transcript accumulation delayed flowering
(Fornara et al., 2009), FLORE transcript enrichment promoted it, both under LD and SD
conditions (Fig. 5; Fig. S2). CDF35, similarly to the other CDFfs, is under circadian
transcriptional and post-translational control and this regulatory mechanism constitutes a
molecular link between the circadian clock and photoperiodic-dependent flowering
(Imaizumi et al., 2005; Sawa et al., 2007; Fornara et al., 2009; Song et al., 2015). CDF5
expression is directly controlled by the central oscillator components PRR5, PRR7 and
PRR9 (Nakamichi et al., 2012; Liu et al., 2013), while CDF5 protein levels are most
likely regulated by the F-box protein FKF1 (FLAVIN-BINDING, KELCH REPEAT, F-
BOX 1) and GI (GIGANTEA). The coordinated association of FKF1 and GI would then
promote CDF5 ubiquitination and degradation by proteasomes (Sawa et al., 2007). Under
LD this regulatory mechanism promotes the accumulation of CO protein, F7T expression
and flowering (Imaizumi et al., 2005; Sawa et al., 2007). Our findings suggest an
additional step in this process that includes the IncRNA FLORE. We could show that
vascular accumulation of FLORE promoted flowering and this correlated with an
increase in CO expression and higher accumulation of FT transcripts (Fig. 5; Fig. S2).
This up-regulation of FT is probably due to the dual effect on its transcription, resulting
from the depletion in its repressors (CDFs) and accumulation of its activator (CO). Our
analysis of cdf-g mutants also confirmed the differential effect of CDF's in CO and FT
expression (Notes S3). A similar correlation has also been reported in Chlamydomonas
reinhardtii overexpressing CrDOF (the sole CDF homolog) where a small inhibition in
CO promoted a strong decrease in F'T expression (Lucas-Reina et al., 2015). Confirming
previous reports (Imaizumi et al., 2005; Fornara et al., 2009), we observed that
overexpression approaches resulted in stronger phenotypic responses than T-DNA
insertion mutagenesis. We attribute these results to the high degree of functional
redundancy within the CDF family, where the decrease in one CDF transcript could be
compensated by other family members. Nevertheless, collectively our results suggest that
CDF5 and FLORE biological role would rely on their antiphasic expression pattern and

reciprocal inhibition.

This mutual regulation could be explained by several mechanisms. For instance, similar
to other NAT pairs, CDF5/FLORE transcripts could form long dsRNAs that would
generate nat-siRNAs due to processing by DCL (DICER LIKE) (Zubko & Meyer, 2007,
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Held et al., 2008; Ma et al., 2014). Moreover, because of sequence homology some of
these nat-siRNAs could also trigger RNA-dependent DNA methylation (RdADM) of the
FLORE and/or CDF'5 locus resulting in transcriptional inhibition. However, although we
detected some variation in FLORE and/or CDF5 transcript levels in some of the siRNA
biogenesis or RADM machinery mutants grown under 12 L/D conditions, these changes
were not higher than 2-3 fold and did not affect the typical antiphasic expression pattern
of this NAT pair (Fig. S5 and Fig. S6). In addition, siRNAs were not detected in WT
plants (Fig. S4). Furthermore, constitutive ectopic expression of FLORE, and consequent
siRNA accumulation, did not produce a clear flowering phenotype (Fig. S4). We also
analysed the small RNAs generated by this locus, and siRNA accumulation leading to
DNA methylation (Stroud ef al., 2013), but failed to find any relevant accumulation of
either smRNAs or CG, CHH or CHG methylation in the CDF5/FLORE locus. Taken
together these results led us to hypothesize that siRNA generation and accompanying
gene silencing would not be the preferential mechanism underlying the CDF5/FLORE

mutual inhibition.

In fact, although siRNA generation was initially proposed as the main mechanism
underlying NAT-IncRNA function, mounting evidence suggests a wider landscape of
regulatory roles (Bazin & Bailey-Serres, 2015). Possible mechanisms could include the
recruitment of chromatin modifiers and induction of epigenetic changes under particular
environmental conditions (Swiezewski et al., 2009; Heo & Sung, 2011; Ietswaart et al.,
2012; Jones & Sung, 2014; Rosa ef al., 2016). Pol I stalling and the accumulation of
truncated dysfunctional RNAs due to convergent transcription (Xue ef al., 2014) could
also occur, although this would preferably account for transcriptional regulation of cis-
NATS. Since our results indicate that FLORE most likely acts in cis and trans, its
function could rely on different strategies such as the modulation of chromatin dynamics
and reshaping of nuclear organization similarly to Xist (X-Inactive Specific Transcript) or
Firre (Functional Intergenic Repeating RNA Element) (Lee, 2012; Engreitz et al., 2013;
Simon et al., 2013; Bergmann & Spector, 2014; Rinn & Guttman, 2014). Considering the
ability of RNA to bind nucleic acids and proteins, FLORE could also interact with
hitherto unknown RNA-binding proteins (X in Fig. 6) and thus modulate CDF5
expression. Another possibility would be that FLORE modulates CDF5 amounts also at
the translational level, and this could be achieved by direct interaction with the
translational machinery as was shown for the rice cis NATppo1.2 (Jabnoune et al., 2013).
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On the other hand, CDF5 could also be a transcriptional regulator of FLORE (Fig. 6).
Future studies are clearly needed to identify details of the molecular mechanism

underlying this antiphasic regulation.

The perception and consequent response to day length seems to have evolved very early
in plant evolution since it would allow physiological processes to track seasonal
variability. These responses have thus evolved into a complex pathway that translates
environmental and developmental cues into the appropriate timing for flowering, which
we now propose to also include the long non-coding RNA FLORE. The identification of
CDF homologs in the unicellular green algae Chlamydomonas reinhardtii (Lucas-Reina
et al., 2015) highlights the conservation of these DOF family members. In addition, our
database searches uncovered putative CDF/IncCDF NAT pairs in other species (e.g.
Brassica napus and Medicago truncatula), suggesting also evolutionary conservation of
this regulatory module. Furthermore, CDFs have recently been implicated in regulating
other biological processes such as abiotic stress responses, indicating a broader biological
role for the CDF5/FLORE NAT pair in Arabidopsis (Fornara et al., 2009; Corrales et al.,
2014; Fornara et al., 2015; Corrales et al., 2017). Considering a sequence homology-
based function, FLORE could also regulate other DOFs, and the CDF5/FLORE module
could be part of a regulatory pathway involved in other fundamental plant life cycle

events.
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Figure Legends

Figure 1. The natural antisense pair CDF5 (CYCLING DOF FACTOR 5) | FLORE
(CDF5 LONG NON-CODING RNA) antiphasic oscillation is regulated by the
circadian clock in Arabidopsis. (a) Schematics of the CDF5/FLORE locus. Yellow
rectangle represents part of the CDF5 promoter, orange rectangles depict 5'UTR
(5’UnTranslated Region) and 3’UTR (3 UnTranslated Region), and the black lines are
introns. Light green rectangle corresponds to part of the FLORE promoter, whereas red
rectangles are CDF5 exons and dark green rectangles are FLORE exons. (+) and (-)
represent sense and antisense strands, respectively. FLORE (upper panels) and CDF5
(lower panels) antiphasic circadian waveforms under short day (b), 12 L/D (c), long day
(d) and continuous light conditions (LL) in WT Col-0 (e) and CCAI (CIRCADIAN
CLOCK ASSOCIATED 1I)-overexpressing seedlings (f) determined by qPCR (quantitative
real time reverse transcription PCR) after normalizing with Actin2 (At3g18780). Values
shown are means + SD (Standard Deviation) of three technical amplifications in one
representative experiment out of three biological replicates. Primer pairs designed to
evaluate FLORE transcript levels amplified the TAIR10 splicing variant, unless
otherwise stated. Grey and dashed rectangles correspond to dark and subjective night

periods, respectively. Time (h) represents the hours after lights on.

Figure 2. Arabidopsis CDF5 (CYCLING DOF FACTOR 5) negatively regulates
FLORE (CDF5 LONG NON-CODING RNA) transcript levels. (a) Schematics of T-
DNA insertion events in the non-overlapping regions of the CDF5 locus. Orange
rectangles represent 5 'UTR (5 'UnTranslated Region) and 3'UTR (3 'UnTranslated
Region) regions of CDF5, respectively. Red rectangles are exons and the black line
represents the intron. (b) T-DNA insertion into the CDF5 promoter results in a small
decrease in CDF5 transcript levels, while the FLORE waveform remains mostly similar
to WT (Wild-Type). (¢) Depletion of CDF5 transcripts by a 5’'UTR T-DNA insertion
leads to an increase in FLORE transcript levels. CDF5 and FLORE transcript levels were
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determined by qPCR (quantitative real time reverse-transcription PCR) after
normalization with Actin2. Values shown are means + SD (Standard Deviation) of three
technical replicates from one representative experiment out of two biological duplicates
analysed for each mutant allele. (d) Inhibition of CDFI (CYCLING DOF FACTOR 1),
CDF?2 (CYCLING DOF FACTOR 2), CDF3 (CYCLING DOF FACTOR 3) and CDF5
expression in a cdf-quadruple mutant (cdf-q) promotes accumulation of FLORE
transcripts throughout most of the day, whereas CDF'5 accumulation (CDF5-Ox) in the
vasculature inhibits FLORE transcript levels. qPCR analysis was performed as described
previously. Grey rectangles represent the dark period. Time (h) represents the hours after

lights on.

Figure 3. FLORE (CDF5 LONG NON-CODING RNA) accumulates in the
vasculature of Arabidopsis where it negatively regulates CDF5 (CYCLING DOF
FACTOR 5), CDFI1 (CYCLING DOF FACTOR 1) and CDF3 (CYCLING DOF
FACTOR 3) expression. Overexpression of FLORE driven by the SUC?2 vascular tissue
specific promoter (pSUC?2) leads to a reduction in amplitude of CDF5 waveform as
determined by qPCR (quantitative real time reverse-transcription PCR) normalized with
respect to Actin2 (a). Values shown are means + SD (Standard Deviation) of three
technical triplicates from one representative experiment out of two biological duplicates
evaluated. FLORE promoter-driven GUS reporter accumulates in the vascular tissue of 2
week-old seedlings (b) and flowers (¢). Two week-old seedlings expressing the empty
vector control failed to show GUS accumulation (d). Scale bars: Smm in (b), 1 mm in (b)
inset detail, Imm (c¢) and 2mm (d). CDF'I and CDF3 circadian waveforms also show
reduced amplitude in pSUC2:FLORE plants (e). gPCR was performed as described
above. Grey rectangles represent the dark period under long day conditions. Time (h)

indicates the hours after lights on.

Figure 4. Time shifted expression of CDF5 (CYCLING DOF FACTOR 5) affects
FLORE (CDF5 LONG NON-CODING RNA) transcript levels in Arabidopsis.
Schematics of cloning strategy (a). CDF5 was expressed from the FLORE promoter and
this construct was introduced into the cdf3-5 ‘utr mutant. Yellow rectangle represents part
of the CDF5 promoter, orange rectangles depict 5 'UTR (5 'UnTranslated Region) and
3’UTR (3’UnTranslated Region), and the black lines are introns. Light green rectangle
corresponds to the FLORE promoter, whereas red rectangles are CDF'5 exons and dark
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green rectangles are FLORE exons. (+) and (-) represent sense and antisense strands,
respectively. Expression of CDF5 under the control of the FLORE promoter in a cdf3-
5 utr mutant results in CDF5 transcript accumulation throughout the day (b) and the
inhibition of the FLORE waveform (c), as determined by qPCR (quantitative real time
reverse-transcription PCR) normalized with Actin2. Results shown are the means = SD
(Standard Deviation) of three technical repeats in one representative experiment out of
two biological replicates. Grey rectangles represent the dark period and Time (h)

represents hours after lights on.

Figure 5. Modulation of Arabidopsis CDF5 (CYCLING DOF FACTOR 5) and
FLORE (CDF5 LONG NON-CODING RNA) transcript levels affects flowering
under long days. (a) Depletion of CDF) transcript in the cdf5-5 ‘utr mutant results in a
slightly early flowering phenotype (Student’s #-test, **P<0.05), measured in number of
days (blue), rosette (green) and cauline leaves (yellow), in two biological replicates
analysed (n=21). Each biological replicate included ten WT (Wild-Type, Col-0) plants,
unless otherwise stated. (b) Modulation of FLORE transcript levels in flore-prom mutant
plants grown under long day conditions alters flowering time determined by rosette leaf
number (Student’s #-test, ***P<0.001). Flowering time was evaluated by three
parameters exactly as described above, in three independent experiments (n=47) with
thirty-three WT plants as control. (¢, d) pSUC2-driven overexpression of FLORE induces
early flowering under long day conditions measured in number of days (blue), rosette leaf
(green) and cauline leaf (yellow) number (Student’s #-test ***P<0.0001). The flowering
phenotype was visible as early as 19 days after transfer to long day conditions (¢) and
confirmed in two biological duplicates (n=24) (d). The cdf-g mutant was used as a
control for the early flowering phenotype. Scale bar 1 cm. qPCR (quantitative real time
reverse-transcription PCR) analysis showed that this phenotype correlated with a higher
increase in F'T (FLOWERING LOCUS T) expression levels but with a smaller change in
CO (CONSTANS) transcript accumulation (e). qPCR results were normalized with
respect to Actin2 and presented as the mean + SD (Standard Deviation) of three technical
replicates in one representative experiment out of two biological duplicates analysed. (f)
Expressing CDF5 under the control of the FLORE promoter in a cdf5-5 'utr mutant
resulted in delayed flowering under long days evaluated as number of days (blue), rosette
leaf (green) and cauline leaf (yellow) numbers (n=20) in a representative experiment out
of two biological replicates where two independent lines were analysed (Student’s #-test
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*#Pp<(.05; *** P<(.005). (g) The delayed flowering phenotype was associated with a
decrease in F'T transcript levels as determined by qPCR. These results were analysed as
described above. Grey rectangles represent the dark period and Time (h) indicates the

hours after lights on.

Figure 6. Model of CDF5 (CYCLING DOF FACTOR 5) and FLORE (CDF5 LONG
NON-CODING RNA) mutual regulation in Arabidopsis. CDF5 and FLORE constitute
a circadian-regulated NAT (Natural Antisense Transcript) pair with an antiphasic pattern
of expression. This is a consequence of mutual inhibition; CDF5 inhibits FLORE
accumulation in the afternoon, whereas FLORE represses CDF5 in the morning. In
addition, other CDFs [CDF1 (CYCLING DOF FACTOR 1), CDF2 (CYCLING DOF
FACTOR 2), CDF3 (CYCLING DOF FACTOR 3)] could repress FLORE both in the
morning and afternoon (purple lines). On the other hand, FLORE could also act as their
negative regulator. Both CDF5 and FLORE transcripts accumulate in the vascular tissue
where they oppositely regulate the CO (CONSTANS) - FT (FLOWERING LOCUS 7T)
module and consequently flowering time. Straight-end lines depict repression, whereas
green arrows indicate induction. The oscillation patterns of CDF5 (red) and FLORE
(green) are also depicted. Open questions in the model are marked with (?). Grey

rectangle represents the dark period under LDs (Long Days).

Supporting Information

The following Supporting Information is available for this article.

Fig. S1 Description of the FLORE/CDF5 NAT pair under short day conditions.

Fig. S2 FLORE vascular expression promotes early flowering both under long day and
short day conditions.

Fig. S3 Modulation of FLORE transcripts affects CDFss.

Fig. S4 FLORE biological function requires tissue specificity and is mostly independent
of siRNA accumulation.

Fig. S5 FLORE and CDF5 expression patterns are conserved in plants affected in siRNA
and ta-siRNA biogenesis.

Fig. S6 FLORE and CDF5 waveforms are maintained in plants affected in the RADM

silencing pathway.
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Fig. S7 FLORE and CDF’5 transcripts absolute amounts in mutants affected in siRNA or

ta-siRNA biogenesis or the RADM silencing pathway.

Table S1 Primers used for genotyping of flore-prom, cdf5-prom and cdf5-5 ‘utr T-DNA

insertion mutants.

Table S2 Primers used for cloning of CDF5 and FLORE (genomic, cDNA and promoter

sequences).
Table S3 Primers used for quantitative real-time RT-PCR (qPCR).

Methods S1 Hybridization protocol to profile IncRNA expression in Arabidopsis.
Methods S2 QPCR protocol using fragment specific standard curves.

Notes S1 List of oscillating circadian protein coding genes (a), candidate long non-
coding RNAs (b) and FLORE (¢) identified in the screen of the ATH lincRNA v1 array
(see separate file).

Notes S2 Results from biological duplicates of experiments shown in Fig. 1 and Fig. 5.

Notes S3 CO and FT transcript levels in cdf-qg mutants described in Fig. 2d.
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Figure 2. Arabidopsis CDF5 (CYCLING DOF FACTOR 5) negatively regulates FLORE (CDF5 LONG
NON-CODING RNA) transcript levels. (a) Schematics of T-DNA insertion events in the non-overlapping
regions of the CDF5 Jocus. Orange rectangles represent 5'UTR (5'UnTranslated Region) and 3'UTR
(3’UnTranslated Region) regions of CDF5, respectively. Red rectangles are exons and the black line
represents the intron. (b) T-DNA insertion into the CDF5 promoter results in a small decrease in CDF5
transcript levels, while the FLORE waveform remains mostly similar to WT (Wild-Type). (c) Depletion of
CDF5 transcripts by a 5°'UTR T-DNA insertion leads to an increase in FLORE transcript levels. CDF5 and
FLORE transcript levels were determined by qPCR (quantitative real time reverse-transcription PCR) after
normalization with Actin2. Values shown are means £ SD (Standard Deviation) of three technical replicates
from one representative experiment out of two biological duplicates analysed for each mutant allele. (d)
Inhibition of CDF1 (CYCLING DOF FACTOR 1), CDF2 (CYCLING DOF FACTOR 2), CDF3 (CYCLING DOF
FACTOR 3) and CDF5 expression in a cdf-quadruple mutant (cdf-g) promotes accumulation of FLORE
transcripts throughout most of the day, whereas CDF5 accumulation (CDF5-0x) in the vasculature inhibits
FLORE transcript levels. gPCR analysis was performed as described previously. Grey rectangles represent

the dark period. Time (h) represents the hours after lights on.
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Figure 3. FLORE (CDF5 LONG NON-CODING RNA) accumulates in the vasculature where it
negatively regulates CDF5 (CYCLING DOF FACTOR 5), CDF1 (CYCLING DOF FACTOR 1) and CDF3
(CYCLING DOF FACTOR 3)expression. Overexpression of FLORE driven by the SUC2 vascular tissue
specific promoter (pSUC2) leads to a reduction in amplitude of CDF5 waveform as determined by gPCR
(quantitative real time reverse-transcription PCR) normalized with respect to Actin2 (a). Values shown are
means * SD (Standard Deviation) of three technical triplicates from one representative experiment out of
two biological duplicates evaluated. FLORE promoter-driven GUS reporter accumulates in the vascular tissue
of 2 week-old seedlings (b) and flowers (c). Two week-old seedlings expressing the empty vector control
failed to show GUS accumulation (d). Scale bars: 5mm in (b), 1 mm in (b) inset detail, 1mm (c) and 2mm
(d). CDF1 and CDF3 circadian waveforms also show reduced amplitude in pSUC2:FLORE plants (e). gPCR
was performed as described above. Grey rectangles represent the dark period under long day conditions.
Time (h) indicates the hours after lights on.
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Figure 4. Time shifted expression of CDF5 (CYCLING DOF FACTOR 5) affects FLORE (CDF5 LONG
NON-CODING RNA) transcript levels in Arabidopsis. Schematics of cloning strategy (a). CDF5 was
expressed from the FLORE promoter and this construct was introduced into the cdf5-5"utr mutant. Yellow
rectangle represents part of the CDF5 promoter, orange rectangles depict 5°UTR (5'UnTranslated Region)

and 3'UTR (3’UnTranslated Region), and the black lines are introns. Light green rectangle corresponds to the

FLORE promoter, whereas red rectangles are CDF5 exons and dark green rectangles are FLORE exons. (+)
and (-) represent sense and antisense strands, respectively. Expression of CDF5 under the control of the

FLORE promoter in a cdf5-5’utr mutant results in CDF5 transcript accumulation throughout the day (b) and

the inhibition of the FLORE waveform (c), as determined by gPCR (quantitative real time reverse-
transcription PCR) normalized with Actin2. Results shown are the means £ SD (Standard Deviation) of three
technical repeats in one representative experiment out of two biological replicates. Grey rectangles
represent the dark period and Time (h) represents hours after lights on.

Manuscript submitted to New Phytologist for review



Page 35 of 35

159%x279mm (300 x 300 DPI)

Manuscript submitted to New Phytologist for review



Page 36 of 35

(a) (b)

@ Days @ Days
30 M Rosette leaves 20 [ Rosette leaves
[a) O Cauline leaves [a) O Cauline leaves
- i = 16
o] o}
- 20 °
5 - ' 5§12 |_| |_|
= = o
=] *x £ 8
© 10 o
H 34
w w
cdf5-5'utr Col-0 flore-prom Col-0
(c) (d)
day 19 a'30 B Days
, PSUCZ:FLORE #2.8 2 et oaces
=P rk
Col-0 £
2
=10
[
B3
o
[
PSUCH.. Col-g Caff.
CZ.FLORE 28 9
(e)
e«@¢ pSUC2:FLORE#2.8
181 —0— Col-0 co
12
86
123
3
;',% 04
[} *+@+ pSUC2:FLORE#2.8
2 907—0— Cok
£ FT
©
© 60
30
048
036789101121314151821
Time ()
() (9)
@ Days = cdf5-5utr/pFLORE::CDF5-FLAG #2.1
[ Rosette leaves 181 == cdf5-5'utr
[a] O Cauline leaves s o= Col-0 Efi
il -
— 173
8 S 12
5 &
(=2 @
£ o
5 z6
3 e
X} ©
i 4
0 !
St O S R I I I I PR M T AT

COFFLAG 4, Time (h)

Figure 5. Modulation of Arabidopsis CDF5 (CYCLING DOF FACTOR 5) and FLORE (CDF5 LONG
NON-CODING RNA) transcript levels affects flowering under long days. (a) Depletion of CDF5
transcript in the cdf5-5utr mutant results in a slightly early flowering phenotype (Student’s t-test,
**P<(0.05), measured in number of days (blue), rosette (green) and cauline leaves (yellow), in two
biological replicates analysed (n=21). Each biological replicate included ten WT (Wild-Type, Col-0) plants,
unless otherwise stated. (b) Modulation of FLORE transcript levels in flore-prom mutant plants grown under
long day conditions alters flowering time determined by rosette leaf number (Student’s t-test, ***P<0.001).
Flowering time was evaluated by three parameters exactly as described above, in three independent
experiments (n=47) with thirty-three WT plants as control. (¢, d) pSUC2-driven overexpression of FLORE
induces early flowering under long day conditions measured in number of days (blue), rosette leaf (green)
and cauline leaf (yellow) number (Student’s t-test ***P<0.0001). The flowering phenotype was visible as
early as 19 days after transfer to long day conditions (c) and confirmed in two biological duplicates (n=24)
(d). The cdf-g mutant was used as a control for the early flowering phenotype. Scale bar 1 cm. gPCR
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(quantitative real time reverse-transcription PCR) analysis showed that this phenotype correlated with a
higher increase in FT (FLOWERING LOCUS T) expression levels but with a smaller change in CO
(CONSTANS) transcript accumulation (e). gPCR results were normalized with respect to Actin2 and
presented as the mean + SD (Standard Deviation) of three technical replicates in one representative
experiment out of two biological duplicates analysed. (f) Expressing CDF5 under the control of the FLORE
promoter in a cdf5-5’utr mutant resulted in delayed flowering under long days evaluated as number of days
(blue), rosette leaf (green) and cauline leaf (yellow) numbers (n=20) in a representative experiment out of
two biological replicates where two independent lines were analysed (Student’s t-test **P<0.05; *** p<
0.005). (g) The delayed flowering phenotype was associated with a decrease in FT transcript levels as
determined by gPCR. These results were analysed as described above. Grey rectangles represent the dark
period and Time (h) indicates the hours after lights on.
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Figure 6. Model of CDF5 (CYCLING DOF FACTOR 5) and FLORE (CDF5 LONG NON-CODING RNA)
mutual regulation in Arabidopsis. CDF5 and FLORE constitute a circadian-regulated NAT (Natural
Antisense Transcript) pair with an antiphasic pattern of expression. This is a consequence of mutual
inhibition; CDF5 inhibits FLORE accumulation in the afternoon, whereas FLORE represses CDF5 in the

morning. In addition, other CDFs [CDF1 (CYCLING DOF FACTOR 1), CDF2 (CYCLING DOF FACTOR 2), CDF3

(CYCLING DOF FACTOR 3)] could repress FLORE both in the morning and afternoon (purple lines). On the

other hand, FLORE could also act as their negative regulator. Both CDF5 and FLORE transcripts accumulate
in the vascular tissue where they oppositely regulate the CO (CONSTANS) - FT (FLOWERING LOCUS T)
module and consequently flowering time. Straight-end lines depict repression, whereas green arrows
indicate induction. The oscillation patterns of CDF5 (red) and FLORE (green) are also depicted. Open
questions in the model are marked with (?). Grey rectangle represents the dark period under LDs (Long
Days).
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