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Abstract

The repression of Arabidopsis FLC expression by vernalization (extended cold) has become a model for understanding
polycomb-associated epigenetic regulation in plants. Antisense and sense non-coding RNAs have been respectively
implicated in initiation and maintenance of FLC repression by vernalization. We show that the promoter and first exon of the
FLC gene are sufficient to initiate repression during vernalization; this initial repression of FLC does not require antisense
transcription. Long-term maintenance of FLC repression requires additional regions of the gene body, including those
encoding sense non-coding transcripts.
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Introduction

The Arabidopsis FLC gene is a repressor of flowering that

confers a requirement for vernalization (a long period of cold, such

as occurs during winter) to promote flowering in spring [1,2]. FLC

encodes a MADS box protein that binds to and represses

expression of the floral promoting genes FT and SOC1 [3,4] in

addition to regulating other developmental pathways [5].

Vernalization leads to the stable repression of FLC by a plant

homeodomain-polycomb repressive complex 2 (PHD-PRC2)

mechanism [6,7] that results in increased abundance of

H3K27me3 at the FLC locus. Detailed studies of the timing of

changes in FLC mRNA expression and H3K27me3 levels showed

that transcription of FLC is repressed and H3K27me3 increases at

a region around the transcription start site during the cold [8].

After plants are returned to warm conditions, the level of

H3K27me3 increases across the gene body and this is associated

with the maintenance of repression of FLC transcription [8]. Plants

with reduced PRC2 function have increased FLC expression and

reduced repression of FLC after vernalization [6,9], suggesting that

the presence of H3K27me3 at the FLC locus is important in down-

regulating its expression pre- and post-vernalization. Experiments

to define the parts of the FLC gene mediating the different phases

of the vernalization response showed that the promoter and first

exon are sufficient to confer repression of a reporter gene during

vernalization, but maintenance of repression after return to warm

conditions requires the first intron in addition to the promoter and

exon 1 [10]. An FLC gene fragment including approximately

1.8 kb of FLC intron 1 and the remainder of the 39 end of the gene

recruits PRC2 and H3K27me3 in the absence of transcription

[11]; it is suggested that this property is responsible for

maintaining FLC repression after vernalization.

A complex array of non-coding RNAs is transcribed from

eukaryotic genomes, the majority of which are of unknown

function. Some long non-coding RNAs (lncRNAs) associate with

and target protein complexes to regulate gene expression [12,13];

these include the well-characterised lncRNA, HOTAIR, which

targets PRC2 to the HoxD locus, and is associated with HoxD

silencing in humans [14,15]. Study of lncRNAs in plants is still in

its infancy, but two classes of lncRNAs produced from the FLC

locus have been identified. The COOLAIR antisense transcripts

originate from a promoter adjacent to the FLC 39 untranslated

region and consist of two classes, terminating at proximal or distal

sites (Figure 1) [16,17,18]. Antisense transcript levels increase

during vernalization prior to the decrease of FLC mRNA

abundance. COOLAIR promoter-driven antisense transcription of

a reporter gene confers transient cold-induced repression [19].

This led to the suggestion that induction of antisense transcription

is an early event in the mechanism causing vernalization-induced

repression of FLC, acting upstream of PHD-PRC2 [19]. The

second class of lncRNAs are sense transcripts (termed COLDAIR)

originating from a region within the first intron of FLC [20]. The

COLDAIR transcript has been shown to interact with PRC2 and its

abundance also increases during vernalization. Reduction of

COLDAIR transcript levels by RNAi showed that it is not required

for the initial repression of FLC but is required for subsequent

maintenance of repression.

As there are apparent contradictions in the proposed role of the

COOLAIR antisense transcripts in the initial vernalization-induced

repression of FLC and the results of reporter gene studies we used

FLC insertion mutants to test the role of these transcripts in FLC

repression.

Results and Discussion

As the FLC promoter and first intron are required for the stable

vernalization-mediated down-regulation of a reporter gene we

tested the effect of a Ds insertion of approximately 6 kb (flc-20) that

PLoS ONE | www.plosone.org 1 June 2011 | Volume 6 | Issue 6 | e21513



separates these regions in the endogenous FLC gene [21]. Using

the abundance of FLC 59 unspliced transcript as an approximation

of transcription rate [18] we showed that vernalization leads to a

reduction of transcription in the flc-20 mutant that was not

maintained after plants were returned to warm conditions

(Figure 1A). The results of physically separating the FLC

promoter and first intron thus mirror those for reporter constructs

showing that the intron and promoter together are required for the

stable repression of FLC expression by vernalization. Examination

of antisense transcripts in these lines showed that transcription

from the COOLAIR promoter was greatly reduced in flc-20 and

was only weakly induced during the cold compared to the C24

control (Figures 1B and 1C). An antisense transcript was

detected 59 of the Ds insertion in flc-20 that we speculate originates

from within the Ds element; in contrast to the situation in C24 this

transcript was repressed by cold. There is an increase of

H3K27me3 across the first exon of FLC (amplicon 5b) in both

C24 and flc-20 at the end of cold, but this increase is not

Figure 1. FLC is transiently repressed by extended cold in the flc-20 mutant. A, B and C) qPCR quantification of proximal antisense (A), distal
antisense (B) [28], and FLC 59 unspliced transcript (C) is shown for C24 and flc-20 for plants grown for 12 long days in warm conditions (12LD), 12 days
in warm and transferred to cold conditions for 4 weeks (12LD+4V) or cold treated then returned to warm conditions for 2 days (12LD+4V+2LD). D, E
and F) H3K27me3 ChIP-qPCR for amplicon 2 (D), amplicon 5b (E) and amplicon 6 (F) in C24 and flc-20, on same plant samples used in A–C. G) Diagram
of the FLC gene and associated lncRNAs. Exons of the sense transcript are shown boxed, the exons of mature antisense transcripts [16] are shown in
bold, introns in antisense transcripts are shown as dotted lines. Transcription starts indicated by arrows, triangle marks Ds insertion in flc-20. The Ds
inserted in intron 1 of FLC in flc-20 contains a GUS reporter gene and nptII resistance gene [21]. It is likely that the transcript detected with the distal
primers in flc-20 originates from within the Ds insertion as no PCR product is obtained using a primer set that spans the large intron in the distal
antisense transcripts [18].
doi:10.1371/journal.pone.0021513.g001
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maintained in flc-20 after return to warm temperatures

(Figure 1E), suggesting that sequences in intron 1 are required

to maintain a repressed chromatin state in this region. Sites 39 of

the Ds element are marked with H3K27me3 before vernalization

[11] and there is no increase following vernalization (Figures 1F
and S1).

The data from the flc-20 mutant together with previous data

from FLC reporter constructs raised the question of whether

Figure 2. COOLAIR lncRNAs are not required for cold-repression of FLC. A, B and C) qPCR quantification of antisense (A, B), and FLC 59
unspliced transcript (C) is shown for ColFRI, SALK_092716, SALK_140021 and SALK_131491 for plants grown for 12 long days in warm conditions
(12LD), 12 days in warm and transferred to cold conditions for 4 weeks (12LD+4V) or cold treated then returned to warm conditions for 2 or 5 days
(12LD+4V+2LD, 12LD+4V+5LD). D, E, F and G) H3K27me3 ChIP-qPCR for amplicon 2 (D), amplicon 5b (E), amplicon 6 (F) and amplicon 11 (G) in ColFRI
and T-DNA insertion lines. H) Diagram of FLC gene, triangles mark T-DNA insertion sites. n.d.; not determined.
doi:10.1371/journal.pone.0021513.g002
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antisense transcription from the COOLAIR promoter is a

requirement for vernalization-induced repression of FLC. To test

this we carried out further experiments with T-DNA insertions

close to the 39 end of the FLC gene that disrupt the distal

(SALK_092716) or both proximal and distal (SALK_140021)

antisense transcripts (Figures 2A and 2B). The T-DNA lines

were crossed to ColFRI [22] to introduce an active allele of FRI to

activate FLC transcription; plants homozygous for the T-DNA

insertion and the active FRI allele were used in subsequent

experiments. Sense transcription of FLC is stably repressed by cold

when the distal antisense or both distal and proximal antisense

transcripts are absent (Figure 2C). In addition, plants in which

antisense transcript levels do not increase during cold

(SALK_131491) showed normal repression of FLC. The changes

in H3K27me3 in the T-DNA insertion lines mirrored those of the

wildtype FLC allele in ColFRI (Figures 2D–G and S2), with the

exception of regions 39 of the SALK_092716 insertion which had

high H3K27me3 under all conditions as seen previously for non-

transcribed parts of FLC [11]. The remaining two insertion lines,

SALK_140021 and SALK_131419, generally had lower levels of

H3K27me3 at amplicon 11 than wildtype plants (Figure 2G).

These data show that the production of COOLAIR transcripts is

not an essential component of vernalization-induced repression of

FLC. The observations presented here for these SALK lines are in

agreement with previous results showing that sequences consisting

of the promoter, exon 1 and intron 1 but not the COOLAIR

promoter, are sufficient to confer stable repression on a reporter

gene [10]. While the COOLAIR lncRNAs may play a redundant

role in regulating FLC expression, our data shows that they are not

required for the vernalization response.

Our data are consistent with the COLDAIR lncRNA acting to

maintain repression of FLC by recruiting the PRC2 machinery

[23]. None of the T-DNA insertions tested interrupt the COLDAIR

transcript and all show maintenance of repression after vernali-

zation.

To further investigate factors required for the initial repression

of FLC, we measured 59 unspliced FLC transcripts in the swn7clf28

double mutant and in the vin3-4 mutant. CLF and SWN encode

histone methyl transferases components of PRC2; loss of function

of these genes leads to a genome-wide loss of H3K27me3 [24].

The swn7clf28 plants have increased 59 unspliced FLC transcript in

non-vernalized plants and show a similar fold-repression as

ColFRI during 4 weeks of cold exposure (Figure 3A). However

this repression is not maintained after plants are returned to warm

conditions in agreement with previous reports that the PRC2

complex functions in the maintenance of repression rather than

initiation [9,25]. The vin3-4 mutant showed a different pattern of

FLC repression with an initial reduction in transcription after 1

week in the cold that was not maintained during subsequent weeks

in the cold (Figure 3A). Previous reports showed no decrease in

mature FLC mRNA [26] in vin3 during vernalization which we

confirmed (Figure 3B). These data suggest that although VIN3

interacts with the PRC2 complex it may have an additional role in

establishing repression of FLC before the addition of H3K27me3

to FLC by PRC2.

The mechanism of the initial repression of FLC remains

unknown, with none of the genes or other factors identified as

being involved in the vernalization-induced repression of FLC to

date being required for the initial repression by cold. Our data

suggest that under our growth conditions the reduction of FLC

transcription activity is saturated after 1 week of cold. However

this treatment is not sufficient to saturate the vernalization

response in ColFRI suggesting that subsequent events in the cold

are required to establish a repressed chromatin state at FLC that is

Figure 3. Initial repression of FLC transcription is not dependent on VIN3 or PRC2. A and B) qPCR of FLC 59 unspliced (A) and mature FLC
mRNA (B)in ColFRI, vin3-4 and swn7clf28 plants grown for 12 long days in warm conditions (12LD), 12 days in warm and transferred to cold conditions
for 1–4 weeks (12LD+1V, 2V, 3V, 4V) or cold treated then returned to warm conditions for 2 days (12LD+4V+2LD).
doi:10.1371/journal.pone.0021513.g003
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reinforced by the addition of H3K27me3 across the whole gene

body after return to warm growing conditions.

Materials and Methods

Salk insertion mutants were obtained from the Arabidopsis

Stock Center (www.arabidopsis.org) and crossed with ColFRI, a

Col line with an active FRI allele [22]. The presence of an active

FRI allele activates expression of FLC. PCR was used to identify F2

plants in which the active FRI allele and the T-DNA insertions

were homozygous. The flc-20 mutant contains a modified Ds

element inserted in the first intron of FLC [21].

Plants were grown on MS agar plates in a 16 h light:8 h dark

period under fluorescent light at 22uC. Vernalization was at 4uC.

RNA was extracted using Qiagen Plant RNeasy Mini columns

with an on-column DNase treatment according to the manufac-

turer’s protocol. cDNA was synthesized using Superscript III

(Invitrogen), primed with oligo dT (distal and proximal COOL-

AIR transcripts) or with gene specific primers for the FLC 59

unspliced transcript. Quantitative real-time PCR was carried out

using an Applied Biosystems 7900HT instrument. Reactions were

carried out in a total volume of 10 ml with Platinum Taq DNA

polymerase (Invitrogen). Primers used are listed in Table S1.

PCR were reactions carried out in quadruplicate, quantified using

a standard curve of diluted cDNA and normalized to At4g26410

[27].

Chromatin immunoprecipitation was carried out and amplicons

for ChIP-qPCR are as described [11]. Primer sequences are given

in Table S1.

Supporting Information

Figure S1 H3K27me3 ChIP qPCR across FLC in C24 and
flc-20. ChIP qPCR for amplicons 1–12 [11] in C24 and flc-20

plants grown for 12 long days (12LD), 12 long days followed by 4

weeks at 4uC (12+4V) or 12 long days, 4 weeks at 4uC followed by

2 long days (12LD+4V+2LD).

(TIF)

Figure S2 H3K27me3 ChIP qPCR across FLC in ColFRI,
SALK_092716, SALK_140021 and SALK_131491. ChIP

qPCR for amplicons 1–12 (Buzas et al, 2011) in ColFRI,

SALK_092716, SALK_140021 and SALK_131491 plants grown

for 12 long days (12LD), 12 long days followed by 4 weeks at 4uC
(12+4V), 12 long days, 4 weeks at 4uC followed by 2 long days

(12LD+4V+2LD) or 12 long days, 4 weeks at 4uC followed by 5

long days (12LD+4V+5LD).

(TIF)

Table S1 Oligonucleotide sequences.

(XLS)

Acknowledgments

The authors would like to thank Anna Wielopolska and Sue Allen for their

excellent technical assistance.

Author Contributions

Conceived and designed the experiments: CAH EJF ESD. Performed the

experiments: CAH MR DMB. Analyzed the data: CAH MR. Wrote the

paper: CAH.

References

1. Sheldon CC, Burn JE, Perez PP, Metzger J, Edwards JA, et al. (1999) The FLF

MADS box gene: a repressor of flowering in Arabidopsis regulated by
vernalization and methylation. Plant Cell 11: 445–458.

2. Michaels SD, Amasino RM (1999) FLOWERING LOCUS C encodes a novel

MADS domain protein that acts as a repressor of flowering. Plant Cell 11:
949–956.

3. Helliwell CA, Wood CC, Robertson M, Peacock WJ, Dennis ES (2006) The
Arabidopsis FLC protein interacts directly in vivo with SOC1 and FT chromatin

and is part of a high-molecular-weight protein complex. Plant J 46: 183–192.

4. Searle I, He Y, Turck F, Vincent C, Fornara F, et al. (2006) The transcription
factor FLC confers a flowering response to vernalization by repressing meristem

competence and systemic signaling in Arabidopsis. Genes Dev 20: 898–912.
5. Deng W, Ying H, Helliwell CA, Taylor JM, Peacock WJ, et al. (2011)

FLOWERING LOCUS C (FLC) regulates develoment pathways throughout

the life cycle of Arabidopis. Proc Natl Acad Sci U S A.
6. Wood CC, Robertson M, Tanner G, Peacock WJ, Dennis ES, et al. (2006) The

Arabidopsis thaliana vernalization response requires a polycomb-like protein
complex that also includes VERNALIZATION INSENSITIVE 3. Proc Natl

Acad Sci U S A 103: 14631–14636.
7. De Lucia F, Crevillen P, Jones AM, Greb T, Dean C (2008) A PHD-polycomb

repressive complex 2 triggers the epigenetic silencing of FLC during

vernalization. Proc Natl Acad Sci U S A 105: 16831–16836.
8. Finnegan EJ, Dennis ES (2007) Vernalization-induced trimethylation of histone

H3 lysine 27 at FLC is not maintained in mitotically quiescent cells. Curr Biol
17: 1978–1983.

9. Gendall AR, Levy YY, Wilson A, Dean C (2001) The VERNALIZATION 2

gene mediates the epigenetic regulation of vernalization in Arabidopsis. Cell
107: 525–535.

10. Sheldon CC, Conn AB, Dennis ES, Peacock WJ (2002) Different regulatory
regions are required for the vernalization-induced repression of FLOWERING

LOCUS C and for the epigenetic maintenance of repression. Plant Cell 14:
2527–2537.

11. Buzas DM, Robertson M, Finnegan EJ, Helliwell CA (2011) Transcription-

dependence of histone H3 lysine 27 trimethylation at the Arabidopsis polycomb
target gene FLC. Plant Journal 65: 872–881.

12. Khalil AM, Guttman M, Huarte M, Garber M, Raj A, et al. (2009) Many
human large intergenic noncoding RNAs associate with chromatin-modifying

complexes and affect gene expression. Proc Natl Acad Sci U S A 106:

11667–11672.
13. Maenner S, Blaud M, Fouillen L, Savoye A, Marchand V, et al. (2010) 2-D

Structure of the A Region of Xist RNA and Its Implication for PRC2
Association. PLoS Biology 8: -.

14. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, et al. (2007) Functional

demarcation of active and silent chromatin domains in human HOX loci by
noncoding RNAs. Cell 129: 1311–1323.

15. Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, et al. (2010) Long

noncoding RNA as modular scaffold of histone modification complexes. Science
329: 689–693.

16. Hornyik C, Terzi LC, Simpson GG (2010) The spen family protein FPA controls
alternative cleavage and polyadenylation of RNA. Dev Cell 18: 203–213.

17. Swiezewski S, Crevillen P, Liu F, Ecker JR, Jerzmanowski A, et al. (2007) Small

RNA-mediated chromatin silencing directed to the 39 region of the Arabidopsis
gene encoding the developmental regulator, FLC. Proc Natl Acad Sci U S A

104: 3633–3638.
18. Liu F, Quesada V, Crevillen P, Baurle I, Swiezewski S, et al. (2007) The

Arabidopsis RNA-binding protein FCA requires a lysine-specific demethylase 1

homolog to downregulate FLC. Mol Cell 28: 398–407.
19. Swiezewski S, Liu F, Magusin A, Dean C (2009) Cold-induced silencing by long

antisense transcripts of an Arabidopsis Polycomb target. Nature 462: 799–802.
20. Heo JB, Sung S (2011) Vernalization-Mediated Epigenetic Silencing by a Long

Intronic Noncoding RNA. Science 331: -.
21. Helliwell CA, Wesley SV, Wielopolska AJ, Waterhouse PM (2002) High-

throughput vectors for efficient gene silencing in plants. Functional Plant Biology

29: 1217–1225.
22. Lee I, Aukerman MJ, Gore SL, Lohman KN, Michaels SD, et al. (1994)

Isolation of LUMINIDEPENDENS: a gene involved in the control of flowering
time in Arabidopsis. Plant Cell 6: 75–83.

23. Heo JB, Sung S (2011) Encoding memory of winter by noncoding RNAs.

Epigenetics 6: 544–547.
24. Shirzadi R, Andersen ED, Bjerkan KN, Gloeckle BM, Heese M, et al. (2011)

Genome-Wide Transcript Profiling of Endosperm without Paternal Contribu-
tion Identifies Parent-of-Origin-Dependent Regulation of AGAMOUS-LIKE36.

PLoS Genetics 7: -.
25. Schubert D, Primavesi L, Bishopp A, Roberts G, Doonan J, et al. (2006)

Silencing by plant Polycomb-group genes requires dispersed trimethylation of

histone H3 at lysine 27. EMBO J 25: 4638–4649.
26. Sung S, Amasino RM (2004) Vernalization in Arabidopsis thaliana is mediated

by the PHD finger protein VIN3. Nature 427: 159–164.
27. Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR (2005) Genome-

wide identification and testing of superior reference genes for transcript

normalization in Arabidopsis. Plant Physiology 139: 5–17.
28. Liu F, Marquardt S, Lister C, Swiezewski S, Dean C (2009) Targeted 39

processing of antisense transcripts triggers Arabidopsis FLC chromatin silencing.
Science 327: 94–97.

FLC Antisense Transcription and Vernalization

PLoS ONE | www.plosone.org 5 June 2011 | Volume 6 | Issue 6 | e21513


