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Abstract

Vernalization promotes early flowering in late ecotypesrdbidopsis thalianaThe mechanisms of vernalization

are poorly understood. A subtractive hybridization approach was used to isolate vernalization-responsive genes
from a late-flowering ecotype dArabidopsis thalianadased on the premise that transcript levels of such genes
would increase with cold treatment and remain high even after removal of the vernalization stiBARIS1is

the first Arabidopsisgene shown to be stably activated by vernalization. The abundance of its RNA is progres-
sively elevated by vernalization and remains high for at least 20 days at room temperature. The basal level of
EARLI1RNA is higher in early-flowering ecotypes, but is increased also after vernalization. Vernalization and
subsequent growth in long-day photoperiods have an additive or synergistic effeAfRiri1activation.EARLI1

RNA levels are also transiently induced by brief exposures to cold, but not to abscisicE&éiI1is thus a

novel vernalization-responsive geneAnabidopsis thalianahat can be used to investigate vernalization-specific
transcriptional regulation.

Introduction 1993, 1994; Clark and Dean, 1994; Koornneg#l.,

1994; Sandat al., 1997).

The transition from vegetative to reproductive devel-
opmentis a critical stage in the life cycle of plants. The
timing of this transition is carefully regulated to syn-

chronize flowering with environmental conditions that

ensure maximum survival of the next generation. Ver-
nalization (prolonged exposure to low temperatures)
during winter months followed by long-day photope-

riods in the spring promote early flowering in many

naturally occurring ecotypes @rabidopsis thaliana

The transition to flowering iMrabidopsigs regu-
lated by four interacting genetic pathways (Koornneef
et al, 1998; Levy and Dean, 1998; Pifieiro and Cou-
pland, 1998; Simpsoet al., 1999). A floral repressor
pathway is proposed to maintain the vegetative phase
until the flowering promotion pathways initiate repro-
ductive development (Martinez-Zapatgral., 1994).
These include the long-day, autonomous, and vernal-
ization promotion pathways of flowering (Koornneef

(Martinez-Zapater and Somerville, 1990; Bagnall, et al., 1998; Levy and Dean, 1998; Simpsenal.,
1993; Lee and Amasino, 1995). Seeds then germinate1999). In the absence of dominant alleles FRI,
during the summer or fall, but plants remain vegetative plants do not require vernalization and flower early
until vernalization occurs again over the winter and due to activities of the autonomous and long-day pro-
induces synchronized flowering in the spring. Such motion pathways. However, both domindfRl and
Arabidopsisecotypes are late-flowering without ver- recessive mutations in genes of the autonomous pro-
nalization, because they contain dominant alleles of motion pathway appear to effect late flowering by in-
FRIGIDA (FRI) andFLOWERING LOCUS @FLC), creasing the level dfLC RNA, suggesting that FLC,
which synergistically confer the strong requirement a MADS box protein, may be a major repressor of
for vernalization to induce early flowering (Let al., early flowering inArabidopsis thaliangSandaet al.,
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1996; Michaels and Amasino, 1999; Sheldemnal.,

and Skoog, 1962). Unless otherwise stated, all plates

1999, 2000). Conversely, vernalization decreases thecontaining unvernalized control seeds were placed at

level of FLC RNA in late-flowering plants, which cor-
relates with early flowering. We thus defik®.C as
the first member of a group tona fidevernalization-
responsive genes iArabidopsis thalianawhose ex-
pression responds negatively to vernalization. That is,
FLC s silenced by vernalization and remains off even
after the vernalization stimulus is removed.

This study describes the first example of another
group of vernalization-responsive genesAirabidop-
sis thaliana those whose expression responds posi-
tively to vernalization. Because a drug- or transgene-
mediated reduction of cytosine methylation partially
substituted for vernalization in late-flowering plants,

4 °C for 2 to 3 days to break seed dormancy, then
grown for 7 days with a 8 h short-day photoperiod
under cool fluorescent light and ca. 2G day/night
temperature. Unless otherwise stated, seeds were ver-
nalized on agar plates at’€ for 14 to 35 daysin 8 h
short-day photoperiods under cool fluorescent light,
then grown for 7 days with a short-day photoperiod
and 20°C day/night temperature. For transient ex-
posure to cold, seeds were grown after breakage of
dormancy on agar medium for 7 days atZDin an

8 h short-day photoperiod, then transferred overnight
to 4 °C and then grown for 0 to 8 h at 2TC. For
transient exposure to abscisic acid (ABA), 10 ml of

it was proposed that vernalization may activate genesa 100 M solution of ABA (Sigma) in 1% DMSO

by de-methylation of specific DNA sequences (Burn
et al, 1993; Denniset al, 1996, 1997; Finnegan
et al,, 1998). Using a traditional subtractive hybridiza-
tion approach, we were able to identBARLI1as a
bona fidevernalization-responsive gene Arabidop-

sis thaliang because the gene is activated by vernal-
ization and its RNA abundance remains high even after
the vernalization stimulus is removed. We show here
that the level ofEARLI1 RNA is progressively ele-
vated with increased length of vernalization and that
it remains high for at least 20 days after vernalization.
EARLI1 transcript levels are further increased when
plants are grown in long-day photoperiods after ver-
nalization. EARLI1is also transiently induced by a
short period of cold, but not by abscisic acid. Hence
we defineEARLI1as a novel vernalization-responsive
gene.

Materials and methods

Plant material and treatment

Early-floweringArabidopsisscotypes Columbia (Col-
0) and Nossen (No-0) were obtained from ABRC
(Ohio State University, OH) and Landsbeegecta
(Ler) was kindly provided by T.-P. Sun (Duke Uni-
versity, NC). Late-flowering ecotypes containing dom-
inant alleles of FRIGIDA (FRI) and FLOWERING
LOCUS C(FLC) in the Col-0 background were kindly
provided by E. Himelblau and R. Amasino (University
of Wisconsin-Madison, WI; Leet al, 1993). About
500 surface-sterilized seeds were grawrvitro in a
sterile petri dish (9 cm diameter) on agar-solidified
half-strength MS medium without sucrose (Murashige

was added to plates with 7-day old seedlings grown in
short-day photoperiods. Seedlings were incubated for
5 min, then the ABA was washed away. Plates were
then leftin the light for 2 to 8 h at 28C. Control plates
were treated the same way with 1% DMSO lacking
ABA.

RNA isolation

Unless otherwise stated, whole-seedling tissue was
harvested by quick freezing in liquidoNand stored at
—70°C. RNA from vernalized and unvernalized tis-
sues was isolated at the same time. The frozen tissue
was ground to a fine powder on dry ice in a mortar
and pestle with added liquidAN Total RNA was iso-
lated by a modified miniprep procedure as described
previously (Yehet al, 1990). Briefly, 100-500 mg

of crushed tissue was resuspended in 1 ml of extrac-
tion buffer (7.5 M guanidine hydrochloride (Sigma),
25 mM sodium citrate (Sigma), 0.5% w/v sodium lau-
ryl sarcosine (Sigma), 0.1 M 2-mercaptoethanol) and
spun for 10 min at maximum speed in an Eppendorf
centrifuge. The supernatant was extracted three times
with an equal volume of phenol/chloroform/isoamyl
alcohol (24:24:1), followed by one extraction with
chloroform/isoamyl! alcohol (24:1), and total RNA
was precipitated at-20 °C in an equal volume of
isopropanol and 0.1 volume of 3 M sodium acetate
(Sigma). The pellet was washed in 75% v/v cold
ethanol, vacuum-dried, and resuspended in 3Q+50
DEPC-treated water. Total RNA was quantified spec-
trophotometrically and stored in aliquots (2@) at
—70°C.



Subtractive hybridization and colony screening

Three rounds of reciprocal subtractive hybridization
were performed as described previously (Wang and
Brown, 1991; Coolet al., 1995). Briefly, poly(Ay
mMRNA from vernalized and unvernalized plants was
selected by passage of total RNA through an oligo(dT)
cellulose column from the Oligotex mMRNA Mini
Kit (Qiagen) and cDNA was synthesized with a
cDNA synthesis kit as recommended by the sup-
plier (Amersham). Double-stranded cDNA was dis-
solved in 20ul water and 8ul aliquots were di-
gested with eitheAlul or Alul plus Rsd (American
Allied Biochemical) and ligated to a duplex oligonu-
cleotide containing one blunt end and a 4 base pro-
truding 3 end. The duplex oligonucleotide was made
by mixing the kinased 25-mer oligonucleotidé 5
TAGTCCGAATTC CAAGCAAGAGCACA-3 with
the 21-mer oligonucleotide &L TCTTGCTTGAA -
TTCGGACTA-3 (EcdRl sites in bold). The ligated
cDNA was purified from unligated linker by elec-
trophoresis through a 1.4% low-melting agarose gel.
The region containing fragments of 150 bp to 1.5 kb
was cut from the gel and stored at@. The gel slices
were dissolved at 65C and 1ul was used for 10Qul
standard PCR reactions inc1buffer (Promega) con-
taining 1.25 mM MgC}, 1 ug of the 21-mer primer,
200 uM dNTPs, and 2.5 units ofag polymerase
(Promega). PCR-amplified driver cDNA (58) was
cut withEcoRl and biotinylated twice with 5@.g Pho-
tobiotin (Mector Labs) in an ice bath under a 275 W
sunlamp (Vector Labs). For each round of subtractive
hybridization, 1.25u4g of tracer cDNA was dena-
tured together with 2g of biotinylated driver cDNA
at 100°C and hybridized for 20 h (long hybridiza-
tion) in 1.5 M NaCl, 50 mM Hepes pH 7.3, 10 mM
EDTA, 0.2% SDS in a 68C water bath. Biotiny-
lated driver and tracer cDNA that was hybridized to
driver cDNA was removed by repeated addition of
10-15ug streptavidin and phenol/chloroform extrac-
tions, then incubated for 2 h (short hybridization)
with 12.5 ug of biotinylated driver cDNA, followed
by streptavidin/phenol/chloroform extractions. After
each round, subtracted cDNA was PCR-amplified as
described and used in the next round of subtractive hy-
bridization. After three rounds, cDNA fragments were
cloned into Ecarl-digested pBlueScript 1l plasmid
(Stratagene).

A reverse northern hybridization method was used
to specifically screen for cDNA fragments of genes
that were induced or up-regulated by vernalization. In-
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dividually cloned, subtracted cDNA fragments from
either vernalized or unvernalized plants were PCR-
amplified with pBlueScript plasmid vector-specific
primers and slot-blotted (LI) in duplicate onto ni-
trocellulose membranes using the Bio-Dot SF Micro-
filtration Apparatus (BioRad). Individual membranes
containing subtracted cDNA fragments from vernal-
ized and unvernalized plants were hybridized with
first-strand cDNA made from RNA of either vernal-
ized or unvernalized plants. This reverse northern
first-strand cDNA probe was prepared in the pres-
ence of 10uCi of «32P-dATP using a cDNA synthe-
sis kit (Amersham) as recommended by the supplier.
Colonies that only hybridized to the cDNA probe
made from RNA of vernalized plants were selected
and used in RNA gel blot analyses.

RNA gel blot analysis and probes

About 20 g of total RNA was separated by elec-
trophoresis in 1.2% formaldehyde gels containing
ethidium bromide (Sambrookt al, 1989). RNA
was transferred onto nitrocellulose membranes and
cross-linked with a Stratalinker (Stratagene). Prehy-
bridization and hybridization was performed at €5
in 5x Denhardt’s solution, & SSC, 0.5% SDS and
0.1 mg/ml denatured salmon sperm DNA. All probes
were32P-labeled by the random primer method using
the MegaPrime labeling kit as recommended by the
supplier (Amersham), purified by G-50 spin columns,
heat-denatured and hybridized at a concentration of
1 x 10° cpm/ml onto nitrocellulose membranes in a
Hybaid oven (Labnet) at 65C for at least 16 h. Mem-
branes were washed twice inx2SSC/1% SDS for
5 min at room temperature, then in &2SC/0.1%
SDS for at least 30 min at 65C. Membranes were
briefly rinsed in 0.% SSC before autoradiography.
Unless otherwise statedEARLI1 probes were
made from the 208 bp cDNA fragment isolated
by subtractive hybridization (see Figure 2). A
full-length EARLI1 probe was made from cDNA
generated by RT-PCR with Superscript Il (Gibco-
BRL) and Tag polymerase (Promega) using primers
5-ACTGAATGGATCCTTAAAACAAAC-3’ and B3-
TAGCTGAATTCCTTCAAGCACATT-3. FLC probes
were made from cDNA lacking the conserved MADS
box region (kindly provided by S. Michaels and
R. Amasino, University of Wisconsin-Madison).
COR154dLin and Thomashow, 1992) aldCT2ACTS8
(An et al, 1996) probes were made from-3TR
regions of cDNA isolated by RT-PCR witBOR15a
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Wernalization

Actin "

Figure 1. Vernalization-responsive expression of a gene identi-
fied by subtractive hybridization. Upper panel: steady-state mRNA
abundance ofLC (Michaels and Amasino, 1999) is stably de-
creased in the late-flowering;RIGIDA-containing Columbia eco-
type of Arabidopsis thalianaRNA was prepared from unvernalized
(=) and 35-day vernalized+) seedlings grownin vitro for 7
days at room temperature in short-day photoperiods. Thend

of FLC cDNA lacking the conserved MADS box sequence was
used as a probe to detdet C mRNA. Middle panel: steady-state
mRNA abundance of the identified gene is stably elevated in the
FRIGIDA-containing Columbia ecotype after 35 days of vernaliza-
tion. The same RNA blot shown in the upper panel was reprobed
with a 208 bp cDNA fragment isolated by subtractive hybridization
to detect a ca. 850 nt vernalization-responsive transcript. Lower
panel: the RNA blot was reprobed a second time with the actin gene
ACT2ACT8(An et al, 1996) to determine the relative amount of
RNA loaded in each lane.

primers 3-AGATTTCGTGACGGATAAAA-3' and
5-TGTGACGGTGACTGTGGATA-3andACT2/AG
T8 primers 3GCTTCGTATTCCTGA-3 and B3-
TAGCTGAATTCCTTCAAGCACATT-3.

Results

EARLI1 is a vernalization-responsive gene that is
activated in allArabidopsidissues

to reduce differences in long-day photoperiod-specific
gene expression between vernalized and unvernalized
plants.

The MADS box geneFLC is the first known
vernalization-responsive gene whose RNA level is
decreased by vernalization iArabidopsis thaliana
(Michaels and Amasino, 1999; Sheldenal., 1999).
Therefore FLC served as positive control in repeated
rounds of reciprocal subtractive hybridization between
cDNA from vernalized and unvernalizédrabidopsis
plants.FLC was indeed selectively and progressively
enriched in cDNA from unvernalized plants during
three rounds of subtractive hybridization, but was ab-
sent in cDNA from 35-day vernalized plants (data not
shown). Conversely, the amount of the constitutively
expressed actin gem®CT2ACT8 was progressively
reduced in cDNA from both vernalized and unver-
nalized plants during three rounds of subtractive hy-
bridization (data not shown). Hence it was concluded
that both the cDNA material and the experimental ap-
proach were suitable for the identification of novel,
vernalization-responsive genes.

After three rounds of subtraction against cDNA
from unvernalized control plants, PCR-amplified
cDNA fragments from vernalized plants were ligated
to plasmid vectors and cloned. About 100 individ-
ual clones were hybridized in duplicate with radiola-
beled probes made from the two original, unsubtracted
cDNA populations. Two clones were identified that
only hybridized to cDNA from vernalized plants. Both
clones had ca. 200 bp identical inserts and were
used in RNA gel blot analysis with total RNA from
vernalized and unvernalized plants grown for seven

A sensitive PCR-based gene expression screen waglays at room temperature in short-day photoperiods.

used to identify vernalization-responsive genes in late-
flowering Arabidopsis thalianacontaining dominant
alleles of FRI and FLC (see Materials and meth-
ods). By definition, the RNA level of vernalization-

responsive genes is either stably increased or de-

As shown in Figure 1, th&LC control hybridized
strongly to RNA from only unvernalized, but not ver-
nalized, plants. When the same blot was stripped and
re-probed with the 200 bp cDNA fragment, hybridiza-
tion signal was only seen in RNA from vernalized

creased by vernalization, which is distinct from the Plants. Thus, the gene expression screen identified a
transient activation of cold acclimation or stress- nhovel vernalization-responsive gene that is strongly
responsive genes (ThomashOW, 1994) To |dent|fy activated by 35 days of vernalization, and remains on
bona fidevernalization-responsive genesAmabidop- ~ after 7 days of growth in short-day photoperiods.

sis seeds imbibed on agar medium were vernalized ~ The ca. 200 bp cDNA fragmentwas sequenced and
for 35 days at £C, then grown at room temperature analyzed. As shown in Figure 2A, database searches
for seven days prior to RNA isolation. The seedlings determined that the 208 bp cDNA fragmentwas identi-
had two cotyledons and two leaves at this stage. Un- cal toEARLI1(accession number L43080), originally
vernalized, 2_day cold-treated, control p|ants were identified as a gene transiently activated in response
grown in parallel and were phenoptypically identical to toxic levels of aluminum (Richards and Gardner,
to vernalized plants after 7 days at room tempera- 1995). EARLI1 belongs to a group of small (ca.
ture. All plants were grown in short-day photoperiods 18.7 kDa), hydrophobic, and proline-rich proteins that
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atg gct tca aag aac tca gcc tct att get ctt tte tte gec ctt aac atc ata ttc ttc

acc _tta acc gct gca aca gat tgt ggt _tgc aac cca agt cct aag cac aag c¢cct gtc cca

agt cct aaa cgc aad ccg gtec cca agt gcc aaa ccc aag c¢cg gtc cca agt cct fca gta

cca agt cct tcg gtc cca agt cct aac cct agg ccg gtc acg cct cocg aga acce cct ggce

tca _tct gga aac tgt cct atc gat gct ctc aga ctc ggt gta tgt gcg aac gtt tta age

agt cta ctec aac att caa ttg ggt cag cca tca gct caa cca tgt tgc tecg cte atc caa
ggt ttg gtt gac ctc gac gct gcc att tgt ctt tgc act gecg ctt agg gect aac gtt ctt
ggt atc aac ctt aac gtc ccg ata tct ctc agt gtt ctt ctc aac gtt tgt aac aga aag

gtt ccg tct gge tte caa tgt gct

B.

TiIP17 .80 IBNAYGE CTYTYCAAAGAACTCAGCCYCTCTTGCTCYTTITCTTTGCCCTCAA
T1P17 .90 AT GECT TCAAAGAACTCALICCTCTCTTIGCTCY Y TCYYT6CCCTCAACA
TiP17 .70 TEATEGCY TCAAAGAACTCAGCCTCTITT6CYCTTTITCTITH6CCCTHAACA Apda e dC
TI1P17.60 I ATGEECTTCAAAGAACYCAGCCYCTCTYGCYCYTYYCTYYGCLICYCAACA C
TIP17 . .100 I ENATGECTTCAA AN AT CAGCCYCT CT TGOV YT YC[EY (FICIR{T CAACATLIC T

_
TiP17.80 R NACCTTAACCHCTELR{ACTIIATTOT L GLITGCAACCCHAGTCCTAAGC CRAIGC CIMTCCC
TIF17.90 [ I IACCTTAACCHICTECACTGATTGET MG ITECAACCHAAGBTCCTAAGC CLAAIGEICIIGTCCCA
TIP17.70 [ BMNACCTTAACCG6CTGCAACHIGA 6T GCAACCCAAGTCCTAAGCYdAIIGCCLI6ETCCCA
TIP17 .60 [FIACCTTAACCEHTGCAACLYIATYYE Tt 6CAAGICCAAGYCCYAAFICCLIAIGC CIIGTCCCA
TIP17 100 61 ACTTT--CCSCCGC!TGTG-CE{ CIGEY 6C AR LIC[HAIEC C T & A My ALy
TiF17 .80 121 DALTS FYYH6 T YYNTHC TA AT KIS YAC [ {EAT Y6 6 Y C (X Y YT [{ATATETTCCA
TIP17.90 AP ERAG TC CLIAABLE{CCCHABICIR FFIGEFICCCAAG TCCRRA{CEF T L 1CC A A G} JC C R
TiP17 70 VS INAGTCCTAARRNIC CCAAGMCERERNGET CCCAAG TC CERICHY §.14C C A A GEIC C EEEEEE e
TiP17 .60 IFEENAGTCCTAABGRERC CCAAGHCERE G 6T CClYA 6 T C O ittt
T1iP17.100 107 —— Ay — P Y —— e e e e
T1P17 .80 181 ACTCCTTC[TEIddF Y6 ISE S XACFJACCAACTCCYYCE6 Y C LYY Folok & Fo C g ALY
TiP17 .90 171 ————- b2 266 YCCCAAMTCCTTCAGT dau ¥ Ik {4 2 I 13 JCCAAMTY CCTYCIGTICCA
T1P17 .70 162 —— BI66 TCCCAALITCCTY CA 6T EEEEE B e CCAAGYCCYTCHGTCCCA
TiIP17 .60 150 - e e e T CC T C A R CCHEGTCCPTCIIGTCCCA
TIP17.100 118 —— e e e e CCCA
T1PL17 .80 LI MAGTCCTAACCCTAMGCCIGTCARICCTCCHAGAACCCCTEETTCATCCGGAAACTERNT 6T
T1P17.90 PP MAGTCCTAACCCTAMGC CRAGYCACPICCTCCEAGAACCCCIGET TCATCCEGAAACEERRT 6T
TIP17_ 70 IE L AGYCCYALMCCCTALIGCCHETCACLHICCTCCE6AGAACCCCTSEHTICAT CLIGEAAACEERT ST
T1P17.60 N EIRAG TCCTAANCCTANGCCHETCACINCCYCCIIRGWACCCCYE 6T TCATCCGEAAACITTIETET
TIP17.100 122 [{ipdd-————— R i TRy A € C R AAMNCEEEST 64

Figure 2. Nucleotide sequence, deduced amino acid sequence, and partial nucleotide sequence alignment of the vernalization-responsive gene
identified by subtractive hybridization. A. The gene correspondBARLI1 (Richards and Gardner, 1999 ARLI1is intron-less and the

genomic sequence is shown. The 208 bp cDNA sequence isolated by subtractive hybridization is underlined. A putative N-terminal signal
sequence of the EARLI1 protein is shownitalics. The proline-rich domain of the protein is shown in bold. B. Partial nucleotide sequence
alignment of EARLILwith four of its most related family members. T1P17.70 correspondSARBLI1 The cDNA sequence isolated by
subtractive hybridization is underlined.

are developmentally and environmentally regulated in by five relatedEARLIXlike genes, which are tandemly

a wide variety of plant species (Richards and Gardner, repeated over a region of 20 kb. The genes contain
1995). As shown in Figure 2A, EARLI1 contains a pu- intron-less coding regions and they are separated by
tative signal sequence at the N-terminus, followed by 2 to 3 kb of B- and 3-flanking sequences. Another

a proline-rich hydrophilic domain, and a hydrophobic related protein was found on BAC T3P18 that maps
C-terminus with a putative transmembrane domain. to chromosome 1. A protein alignment (not shown)
EARLI1maps toArabidopsicchromosome 4, between  indicated that the highest degree of similarity between
RFLP markers g4108 and mi456, and is located on the related proteins exists at the C-terminus. As shown
BAC T1P17 (accession number AL049730). Database in the nucleotide alignment in Figure 2B, the 208 bp
analysis of BAC T1P17 showed tHaARLI1is flanked EARLI1 cDNA fragment maps to a region of low
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similarity between the most related genes. When the Al sl s il
208 bp fragment was used in a genomic Southern hy-

14 21 2B 35

bridization experiment, only bands corresponding to L
EARLIZXspecific restriction fragments were detected Aot '
(not shown). We thus concluded that the hybridization
signal seen in RNA gel blot analyses was specific for EARLIY
EARLI1 i

The expression oEARLI1 shown in Figure 1 Actin m
was analyzed in RNA isolated from whole seedlings. FLC
To determine whetheEARLI1 activation was tissue-
specific in vernalized plants, total RNA was iso- B. Pastvernalzztsan period
lated from individual tissues and subjected to gel blot S T T
analysis EARLI1transcripts were detected at approx- g
imately equal levels in the shoot apex, cotyledons, the AL " . -
hypocotyl, and in roots (data not shown). This indi- 255 fRMA m
cated thaEARLI1is activated in all tissues tested and

suggested that the gene is under developmental, butFigure 3. Quantitative effect of vernalizatio_n di_'ﬂARLIlar_)d FLC

not spatial control. steady-state mMRNA levels and postvernalization-sustained expres-
! sion of EARLIL A. Upper panelEARLI1is progressively activated

with increased time of vernalization. RNA was prepared from

Extended periods of vernalization quantitatively FRIGIDA-containing late-flowering Columbia seedlings vernalized

activate stabl&EARLIL expression in vitro for the indicated time periods, then grown for 7 days
in short-day photoperiods. The RNA gel blot was simultaneously

. . . . . probed with the 208 bp subtracted cDNA fragment (Figure 2) to de-
The vernalization response is quantitative. That is, the tect EARLITMRNA and with the actin genaCT2ACTS(An et al,

longer plants are vernalized, the earlier they flower 1996) to determine the relative amount of RNA loaded in each lane.
(Lee and Amasino, 1995). One prediction from this Lower panel: FLC is progressively silenced with increased time
observation is thabona fidevernalization-responsive of vernalization. RNA was from the same isolation as in the blot
s ] . shown in the upper panel. The RNA gel blot was simultaneously
genes are also qugntltatlvely aCtI_Vate_d or silenced d_ur' probed withFLC cDNA (Michaels and Amasino, 1999) lacking the
ing extended periods of vernalization. To test this conserved MADS box to dete8i.C mRNA and withACT2ZACTS
prediction, the level oEARLI1andFLC transcripts  to determine the relative amount of RNA loaded in each lane. B.
was measured in plants exposed to varying periods RNA gel blot showing sustained levels EARLI_].mRNA. Upper
f lization treatment. As before. all blants were panel: RNA was prepared from 35-day vernaliZel-containing
or verna : ! p ~ late-lowering Arabidopsisseedlings grown after vernalization for
grown for seven days at room temperature and in the indicated periods of days at room temperature and in short-day
short-day photoperiods pl’iOI’ to RNA isolation. As photoperiods. Lower panel: ethidium bromide-stained rRNA (28S)
shown in Figure 3BAEARLI1IRNA levels rapidly and s loading control.
stably increased with every week of vernalization,
reaching the highest level in 35-day vernalized plants.
In contrast,FLC RNA levels were highest in unver-
nalized plants, but rapidly and stably decreased with
every additional week of vernalization to almost un-
detectable levels (Figure 3A). Thus, b&ARLI1and
FLC satisfy the conditions fdoona fidevernalization-
responsive genes, whose transcripts are quantitativelywe observed an inverse correlation between RNA lev-
induced and repressed, respectively. els of EARLI1andFLC as a function of vernalization
To determine how lond=ARLI1 expression lev-  (Figure 3A). This suggested th&_.C may repress
els remain high after vernalization, 35-day vernalized EARLI1 If so, it might be expected that the basal level
plants were grown for 7, 10, 15, and 20 days at room of EARLI1RNA is higher in early-flowering plants,
temperature. No decline in level BARLI1transcripts which contain a very low basal level 6iLC RNA.
was seen over a 10-day growth period and mRNA lev- EARLI1ImRNA abundance was thus analyzed in three
els were still high after 20 days (Figure 3B). Thus, early-flowering ecotypes oArabidopsis Col-0, No-
the activated state dEARLI1 gene expression was 0, and Ler. To measure basal or elevated transcript
levels, seeds were kept for two days in the cold or

maintained for at least 20 days of growth at room
temperature.

BasalEARLI1 expression is higher in
early-flowering ecotypes
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Figure 4. The basal level oEARLI1steady-state mMRNA is higher

in unvernalized, early-flowering ecotypes Afabidopsis thaliana
RNA was prepared from unvernalized Y or 28-day vernalized+)
seedlings growim vitro for 7 days at room temperature in short-day
photoperiods. The 208 bp subtracted cDNA fragment (Figure 2)
was used as a probe to detéARLIImMRNA. The RNA gel blots
were reprobed with the actin gedeCT2ACT8 (An et al, 1996)

to determine the relative amount of RNA in each lane. Flower-
ing time of ecotypes in long-day photoperiods is indicated as the
number of rosette leaves (RLN) made at the time of bolting. No-0,
early-flowering ecotype Nossen; Col-0; early-flowering ecotype
Columbia; ColERI), late-flowering ecotype containing the Sf-2 al-
lele of FRIGIDA in the Col-0 background (Leet al. 1993); Ler,
early-flowering ecotype Landsbeegecta n.d., not determined. All
early-flowering ecotypes contain recesdirigida (fri) alleles.

783

Vermalization Vemalizstion
i short days  in bong days

Photoperiod

daringgrowth 5 L 5 L S L S L

Wernal@atson

pormnl [days| 1414 ZEIR 1414 ]
EARLIS . —_

Figure 5. Growth in long-day photoperiods after vernalization in-
creases the level dEARLIL steady-state mRNA. Late-flowering
FRIGIDA-containing Columbia seedlings were vernalizadvitro

for 14 or 28 days in either short days or long days, then subdivided
and grown at room temperature as indicated in either short-day (S)
or long-day (L) photoperiods. The 208 bp subtracted cDNA frag-
ment (Figure 2) was used as a probe to deRLIIMRNA. The
RNA gel blots were reprobed with the actin geh€ TZACT8(An

et al, 1996) to determine the relative amount of RNA in each lane.

Figure 5, the level oEARLILRNA was always higher
in plants that were grown in long-day photoperiods af-

vernalized for 28 days, then grown for seven days at ter vernalization, regardless of the photoperiod during

room temperature in short-day photoperiods. The re-

sult of RNA gel blot analyses is shown in Figure 4.
As in late-flowering plantsEARLI1is activated and
remains on after 28 days of vernalization in early-
flowering plants. However, compared to unvernalized
late-flowering plants, the basal level BARLI1IRNA

is clearly higher in early-flowering ecotypes, partic-
ularly in Ler, which contains a weak allele 61.C
(Lee et al, 1994; Koornneekt al, 1994). Thus,
FLC may indeed directly or indirectly repreBARLI1
expression.

Vernalization coupled with long-day photoperiods
have an additive or synergistic effect BARLI1
expression

EARLILis efficiently activated when plants are both
vernalized and grown in short-day photoperiods (Fig-
ure 1). To determine whethétARLI1 expression is

vernalization. AlthoughEARLI1 was activated after
vernalization and growth in short days, vernalization
followed by growth in long-day photoperiods had an
additive or synergistic effect on gene activation. Thus,
vernalization may makEARLI1competentto respond
to long-day photoperiods.

EARLI1 is not a general stress-responsive gene

EARLI1 was previously identified as a gene whose
RNA was transiently induced by exposure to toxic
levels of aluminum (Richards and Gardner, 1995).
This suggests thaEARLI1 may be transiently acti-
vated by abiotic stress, as shown for other proline-rich
proteins (Kurkela and Franck, 1990). To test this pre-
diction, unvernalized 7-day old plants were exposed
only overnight to cold, then grown for 0 to 8 h at room
temperature prior to RNA isolation. In another exper-
iment, unvernalized 7-day old plants were exposed

responsive to differences in photoperiod, four pools for 5 min to 100uM of the stress hormone abscisic
of seeds were vernalized for either 14 or 28 days in acid (ABA) to determine whether ABA was able to
either long- or short-day photoperiods. Subsequently, transiently activat&ARLIL The level ofEARLI1ex-
each pool of vernalized seeds was transferred to roompression was measured at each time point by RNA gel
temperature, further subdivided, and grown separately blot analysis and compared to the level @OR15a

in either long- or short-day photoperiods. Hence, some expression.COR15aserved as positive control, be-
plants were vernalized in short days, then grown in cause its RNA levelis transiently elevated by both cold
either long- or short-day photoperiods for one week and ABA (Hajelaet al, 1990; Thomashow, 1994).
before RNA isolation. Conversely, other plants were As shown in Figure 6 EARLI1was transiently ac-
vernalized in long days, then grown in long- or short- tivated by cold, but not by exposure to ABA. By
day photoperiods before RNA isolation. As shown in contrast, COR15awas activated by both cold and
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Figure 6. Effect of transient cold and exogenous application of ab-
scisic acid (ABA) on the levels &ARLI1landCOR15asteady-state
mRNA. Upper two panel€ERLI1is transiently induced by cold, but
not by ABA. ABA treatment: late-flowerindg-RIGIDA-containing
Columbia seedlings (CdHRI]) grown in vitro for 7 days at room
temperature in short-day photoperiods were flooded with 10 ml of
100 uM ABA for 5 min, then washed with sterile water. RNA
was prepared from seedlings grown for the indicated length of
time in hours (Hrs) after the ABA treatment. Transient cold treat-
ment: late-flowering CoKRI) seedlings were growim vitro for

7 days at room temperature in short-day photoperiods, then trans-
ferred overnight to #C. RNA was prepared from seedlings grown
for the indicated length of time in hours (Hrs) at room tempera-
ture after the cold treatment. A full-length cDNA probe was used
to detectEARLILmMRNA and a 3UTR-specific cDNA fragment

of the actin geneACT2/ACT8(An et al, 1996) to determine the
relative amount of RNA in each lane. Lower two panels: the
cold-regulated gen€OR15Ais transiently induced by both cold
and ABA. ColFRI) seedlings were treated as described above.
A 3'-UTR-specific cDNA fragment were used to det&®R15a
mMRNA (Bakeret al,, 1994). The actin gen@CT2/ACT8vas used to
determine the relative amount of RNA in each lane. It may be worth
noticing that ABA lowers the level of actin steady-state mRNA.

ABA. Both EARLI1andCOR15atranscripts returned

to basal levels with similar kinetics after removal of
transient cold, suggesting that the stable activation
of EARLI1 by vernalization is promoted by a differ-
ent mechanism. Thus, the regulation BARLI1 is
distinct from that of COR15a a cold acclimation-
responsive gene, in three ways. FirEARLIL is
stably activated by vernalization af@OR15ais not
(Thomashow, 1994). Secon&ARLI1is transiently
activated only by cold and not by ABA, whereas both
treatments induc€OR15a And third, EARLI1does

not have aCOR15alike low-temperature-responsive
element (LTRE) in its promoter sequence (data not
shown), suggesting that another control element may
respond to transient cold. We hence conclude that
EARLIlis a novel vernalization- and cold-responsive
gene with a unique expression pattern distinct from
general stress-responsive genes.

Discussion

Identification ofEARLI1 as a vernalization
responsive gene iArabidopsis thaliana

The paucity of vernalization-responsive genes has
been a major obstacle to analyzing vernalization-
specific regulation of gene expressionArabidopsis
thaliana Previous to this study, the only clonéda-
bidopsis gene that fits the definition obona fide
vernalization-responsive gene WasOWERING LO-
CUS C(FLC; Michaels and Amasino, 1999; Sheldon
et al, 1999). The level oFLC RNA is high in un-
vernalized FRIGIDA (FRI)-containing late-flowering
plants, but is decreased after vernalization and remains
low even after removal of the vernalization stimu-
lus (Michaels and Amasino, 1999; Shelden al.,
1999; this study). The observed expression profile fits
FLC's proposed function as a MADS box gene en-
coding a transcription factor that represses flowering
(Simpsonet al.,, 1999). We report here on the identi-
fication of EARLIY the first vernalization-responsive
gene fromArabidopsisthat is activated by vernaliza-
tion and remains on after removal of the cold stimulus.
The abundance dEARLIImMRNA is very low in un-
vernalized, late-floweringhrabidopsisplants, but is
robustly increased and remains high after vernalization
in all vegetative tissues tested. This up-regulation is
guantitative, thus the longer plants are vernalized, the
higher the abundance &ARLIImRNA. Conversely,
we found that the level dFLC mRNA is quantitatively
decreased to very low levels over a 35-day period of
vernalization (Figure 3). The inverse RNA profiles of
EARLI1andFLC may also correlate with the quanti-
tative effect of vernalization on flowering time (Lee
and Amasino, 1995). That is, the longer late eco-
types of Arabidopsisare vernalized, the earlier they
flower, which correlates with higher and lower lev-
els of EARLI1andFLC RNA, respectively (Schléppi,
unpublished; Sheldoet al.,, 2000). It is thus possi-
ble thatFLC directly or indirectly represseSARLI1
expression. Consistent with this idea, we found that,
compared to late-flowering plant§ARLI1is more
highly expressed in unvernalized, early-flowering eco-
types ofArabidopsissuch as Col-0 or Ler (Figure 4).
This would suggest th&ARLI1is under negative con-
trol by FLC. However, we consider it equally or more
likely that EARLI1is mainly under positive control
by other factors. This is because vernalization acti-
vates the gene even in the Ler ecotype, which has
undetectable levels &fLC RNA (Figure 4; Sheldon
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et al, 1999). Moreover, typical consensus sequence EARLI1(not shown). HowevelEARLIIRNA is tran-

binding sites for MADS-box proteins (Riechmann and
Meyerowitz, 1997) are not found in thé-Bpstream
region of EARLI1 (not shown), which may suggest
more likely an indirect effect ofLC.

In this initial characterization we present evidence
that EARLI1is a bona fidevernalization-responsive
gene inArabidopsisthat is specifically activated by
vernalization. The only vernalization-relatede()
genes other thafEARLI1 that have been reported
to date were found in winter wheat (Chomy al.,
1994, 1998). LikeEARLIY, vernalization-related win-

ter wheat genes were induced after 26 to 30 days of

siently induced by overnight exposure to cold, but not
by the stress hormone abscisic acid (ABA), which is
distinct from LTRE-mediated regulation (Figure 6).
It is thus possible that th&ARLI1 promoter con-
tains both vernalization and novel low-temperature-
responsive elements, the latter only responding to tran-
sient cold and not to ABA-mediated, general stresses.
However, the possibility thaEARLILlis also respon-
sive to other types of abiotic stresses such as high
salt or wounding needs to be addressed in further
experiments.

vernalization, but it was not reported as to whether Possible function cEARLI1

transcript levels remain high after removal of the
vernalization stimulus.

EARLI1 is regulated by both vernalization and
long-day photoperiods

The level ofEARLI1transcript is higher in vernalized
plants grown in long days than in vernalized plants

In this study we provide evidence thBARLI1is ac-
tivated by vernalization, but we do not know whether
the gene is required for vernalization-promoted early
flowering. The EARLI1 protein belongs to a class
of small proline-rich proteins found in a variety of
plant species (Richards and Gardner, 1995) with sim-
ilarity to extensin-like or putative cell wall plasma

grown in short days (Figure 5). In contrast, the basal membrane-disconnecting CLCT proteing\rabidop-

level of EARLI1transcript is similar in unvernalized,
late-flowering ecotypes grown in short- or long-day

sis(e.g. accession number AAC22151 and AF098630,
respectively). The protein may thus be plasma

photoperiods (data not shown). Taken together, this membrane- or cell wall-anchored and could be in-

suggests that vernalization make&RLI1competent

volved in signal transduction pathways. Alternatively,

to respond to long-day photoperiods. It is thus possi- it could affect the developmental potential of certain

ble that theEARLI1promoter is modular, containing

both novel vernalization and long-day-responsive ele-

cells by modifying plasma membrane or cell wall
properties. In addition to testing whethEARLI1is

ments that act additively or synergistically to increase involved in the regulation of flowering time, it will

RNA levels. SinceEARLI1is intron-less (Figure 2), it

be interesting to determine whetheARLI1is regu-

seems likely that the gene is mainly regulated by its lated by known genes of the vernalization promotion

5’ control region. The Bupstream region ocEARLI1

contains several myb core elements and different myb

pathway (Chandlegt al., 1996).
In summary, we have identified a vernalization-

consensus sites (not shown), which may be candidateresponsive gene iArabidopsis thalianahat responds

sequences for photoperiodic regulation (Waatial.,
1997; Schaffeet al, 1999). In addition, several GT-
1 consensus binding sites involved in light regulation

positively to vernalization and long-day photoperi-
ods, to transient cold, but not to ABA. It should
now be possible to identifgis-acting control elements

(Terzaghi and Cashmore, 1995) are also found in the that respond positively to the different environmen-

same 5upstream regions (not shown). Vernalization

tal stimuli. This may ultimately allow us to iden-

response elements are unknown and most likely repre-tify vernalization-specifidrans-acting factors and to
sented by novel DNA sequences. Analysis of changes advance the understanding of the relatively obscure

in the DNA methylation state oEARLI1 promoter

elements before and after vernalization may help to

identify vernalization-responsive elements. Alterna-

process of vernalization-promoted flowering.
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