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SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOCT1) is regulated by a complex transcriptional regulatory network that
allows for the integration of multiple floral regulatory inputs from photoperiods, gibberellin, and FLOWERING LOCUS C.
However, the posttranscriptional regulation of SOC7 has not been explored. Here, we report that EARLY FLOWERING9
(ELF9), an Arabidopsis thaliana RNA binding protein, directly targets the SOC1 transcript and reduces SOC7 mRNA levels,
possibly through a nonsense-mediated mRNA decay (NMD) mechanism, which leads to the degradation of abnormal
transcripts with premature translation termination codons (PTCs). The fully spliced SOC1 transcript is upregulated in elf9
mutants as well as in mutants of NMD core components. Furthermore, a partially spliced SOC1 transcript containing a PTC
is upregulated more significantly than the fully spliced transcript in elf9 in an ecotype-dependent manner. A Myc-tagged
ELF9 protein (MycELF9) directly binds to the partially spliced SOC1 transcript. Previously known NMD target transcripts of
Arabidopsis are also upregulated in elf9 and recognized directly by MycELF9. SOC1 transcript levels are also increased by
the inhibition of translational activity of the ribosome. Thus, the SOC1 transcript is one of the direct targets of ELF9, which

appears to be involved in NMD-dependent mRNA quality control in Arabidopsis.

INTRODUCTION

The timing of the transition to flowering is critical for the success of
the next generation, and each plant species has evolved finely
tuned mechanisms to properly respond to environmental cues as
well as to internal developmental signals. Molecular genetic stud-
ies of the model plant Arabidopsis thaliana have revealed several
major pathways that are involved in the regulation of flowering
time. The photoperiod pathway mediates the daylength signal,
which is perceived mainly in the leaves by photoreceptors, such as
phytochromes and cryptochromes. Upon perception of inductive
photoperiods, a graft-transmissible signal, which is likely to be
FLOWERING LOCUS T (FT) protein, is translocated from the
leaves to the shoot apex, where it partners with FD to stimulate the
floral transition (Abe et al., 2005; Wigge et al., 2005; reviewed in
Zeevaart, 2008). CONSTANS (CO; Putterill et al., 1995) acts as
an FT activator in the photoperiod pathway. In Arabidopsis, the
transcriptional activity of CO is regulated by the circadian clock
through GIGANTEA (Gl) and CYCLING DOF FACTOR1 (Imaizumi
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et al., 2005; Mizoguchi et al., 2005). CO activity is also regulated at
the protein level by a ubiquitin (UBQ)-dependent proteolysis
pathway that involves the function of CONSTITUTIVE PHOTO-
MORPHOGENIC1 (Liu et al.,, 2008b; Jang et al., 2008) and
SUPPRESSOR OF PHYA-105 (Laubinger et al., 2006).

Another major environmental cue for plants in temperate cli-
mates can be exposure to winter cold. The promotion of flowering
by such exposure is known as vernalization (reviewed in Sung and
Amasino, 2005). In Arabidopsis, this promotion results from the
epigenetic silencing of the flowering repressor FLOWERING LO-
CUS C (FLC; Michaels and Amasino, 1999; Sheldon et al., 1999).
The winter-annual habit in Arabidopsis is conferred by dominant
functional alleles of FRIGIDA (FRI) and FLC (Koornneef et al., 1994;
Lee et al., 1994). FRI acts as an activator of FLC, and the role
of vernalization is to antagonize the activity of FR/ on FLC expres-
sion. Certain late-flowering mutants exhibit winter-annual flower-
ing time behavior similar to that of FRI-containing accessions
(Koornneef et al., 1991); the genes defined by these mutants are
called autonomous pathway genes (Koornneef et al., 1991). The
autonomous pathway genes, which act as FLC repressors, en-
code proteins of primarily of two types: (1) putative RNA binding
proteins, such as FCA (Macknight et al., 1997), FPA (Schomburg
etal., 2001), FY (Simpson et al., 2003), and FLOWERING LOCUS K
(Lim et al., 2004); and (2) chromatin modifiers (He and Amasino,
2005; Noh and Noh, 2006), such as FLOWERING LOCUS D
(FLD; He et al., 2003), FVE (Ausin et al., 2004), RELATIVE
OF EARLY FLOWERING6 (Noh et al., 2004), and HISTONE
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ACETYLTRANSFERASEs OF THE CBP FAMILY (Han et al., 2007).
In summary, FLC, the major floral repressor in Arabidopsis, acts as
a convergence point of multiple floral regulatory inputs that include
FRI, vernalization, and the autonomous pathway.

FLC is part of a gene family with five other genes encoding
MADS box proteins (MADS AFFECTING FLOWERING1 [MAF1]
to MAF5; Parenicova et al., 2003) in Arabidopsis. Previous
studies showed that some of these MAF genes are coregulated
with FLC (He et al., 2004; Deal et al., 2005; Kim et al., 2005; Han
et al., 2007). One of them, MAF1 (which is also called FLOWER-
ING LOCUS M [FLM]), is known to repress flowering primarily
under noninductive photoperiods (Scortecci et al., 2001). An-
other gene, MAF2, prevents premature vernalization in response
to brief cold spells (Ratcliffe et al., 2003).

The floral promotion and repressing pathways converge at a few
floral integrators, such as FT, SUPPRESSOR OF OVEREXPRES-
SION OF CO1 (SOCT), and LEAFY (LFY) (reviewed in Simpson and
Dean, 2002). The photoperiodic floral promotion activity mediated
by CO is counteracted by the floral repressive activity of FLC, and
these antagonizing signals activate and repress FT and SOC1
expression, respectively. SOCT is also involved in integrating
gibberellin (GA)-dependent floral promotion signals (Moon et al.,
2003), and LFY integrates photoperiodic and GA signals through
discrete cis-elements in the promoter (Blazquez and Weigel, 2000).

SOCT1 is regulated by CO and FLC via separate promoter
elements (Hepworth et al., 2002). Although it is not known whether
CO regulates SOCT directly, the effect of FLC on SOCT is direct
(Hepworth et al., 2002; Searle et al., 2006). The molecular mech-
anisms underlying the positive effect of GA on SOC1 transcription
remain elusive. Recently, AGAMOUS-LIKE24 (AGL24), another
MADS box protein, and SOC1 were shown to form a positive
feedback loop that enhances the transcription of both AGL24 and
SOC1 during the floral transition (Liu et al., 2008a). The FT-FD
complex in the shoot apex also has a positive effect on SOC1
transcription during floral transition, possibly through an indirect
mechanism (Wigge et al., 2005). SHORT VEGETATIVE PHASE
(SVP), a MADS box protein that can interact with FLC in vegetative
tissues, has been reported to directly repress SOC1 transcription
in the shoot apex (Li et al., 2008).

Therefore, SOCT1 is subject to a regulatory network that allows
for the integration of multiple floral regulatory inputs. However,
posttranscriptional regulation of SOC1 has not been reported. In
this study, we demonstrate that EARLY FLOWERINGS (ELF9), an
Arabidopsis RNA binding protein, directly targets SOC7 tran-
scripts and regulates their expression, possibly through a non-
sense-mediated mMRNA decay (NMD) mechanism (reviewed in
Isken and Maquat, 2008), which detects premature translation
termination codons (PTCs) and allows for the degradation of
PTC-containing abnormal transcripts.

RESULTS
Loss of ELF9 Function in the Wassilewskija Ecotype Causes
Early Flowering in Short Days

The early flowering9-1 (elf9-1) mutant was isolated from an
Arabidopsis T-DNA insertion mutant population generated in the

Wassilewskija (Ws) accession based on its early flowering phe-
notype in noninductive short days (SDs; 8 h of light and 16 h of
dark). The elf9-1 mutant flowered with 11 to ~12 rosette leaves,
while wild-type Ws plants flowered with 32 to ~33 rosette leaves
in SD (Figures 1A and 1B). The early flowering phenotype was not
obvious in inductive long days (LDs; 16 h of light and 8 h of dark),
as both the mutant and wild type flowered with approximately six
to seven rosette leaves (Figure 1B). The elf9-1 mutant also
exhibited a smaller leaf size than the wild type in SDs (Figure 1A).
However, this might be due to the early flowering of e/f9-1 in SDs
because there was no significant difference in body size between
the mutant and the wild type in LDs, under which the flowering
times were not significantly different. A segregation analysis
based on flowering time revealed that the elf9-1 mutation is
recessive (13 out of 50 progenies of an elf9-1 heterozygous plant
flowered with 11.7 = 0.9 rosette leaves, while the remaining 37
progenies flowered with 31.4 = 1.7 rosette leaves in SDs).

Because elf9-1 was isolated from a T-DNA insertion popula-
tion, thermal asymmetrical interlaced PCR (see Methods) was
employed to obtain the sequence of T-DNA flanking insertion
sites and resulted in the identification of a T-DNA in the 14th exon
of At5g16260 (Figure 1C). This T-DNA demonstrated cosegre-
gation with the early flowering phenotype in a large segregating
population (22 out of 96 progenies of an elf9-1 heterozygous
plant flowered early in SDs, and all of the early flowering prog-
enies were homozygous for the T-DNA insertion). To test whether
the early flowering in elf9-1 is caused by the T-DNA insertion in
At5g16260, the elf9-1 mutant plants were transformed witha 5.5-
kb genomic DNA fragment containing the 693-bp upstream
region, the entire coding region, and the 1.3-kb 3’ untranslated
region (UTR) of At5g16260. The early flowering phenotype of
elf9-1 was fully rescued in three independent transgenic lines
containing this genomic fragment (Figures 1D and 1E), demon-
strating that At5g76260 is ELF9.

ELF9 encodes a protein with two RNA recognition motifs
(RRMs), each encoded by three exons (Figure 1C). The Arabi-
dopsis genome has 196 RRM-containing protein-encoding
genes (Lorkovic and Barta, 2002). The two RRMs of ELF9
showed little sequence homology to any other Arabidopsis
RRMs. Rather, these motifs were most similar to the RRMs of
yeast CUS2 and human Tat stimulatory factor 1 (Tat-SF1; Figure
1F). CUS2 is reported to be a splicing factor that aids the
assembly of the splicing-competent U2 small nuclear ribonucle-
oprotein (Yan et al., 1998). Tat-SF1 is essential for HIV replication
because recruitment of Tat-SF1 to the HIV promoter provides
elongation factors important for Tat-enhanced HIV-1 transcrip-
tion (Zhou and Sharp, 1996).

Spatial Expression Pattern and Nuclear Localization of ELF9

To study the spatial expression pattern of ELF9, genomic DNA
containing the 0.6-kb promoter along with the entire coding
region of ELF9 was cloned in frame with the B-glucuronidase
(GUS) reporter gene (see Methods). The GUS expression pattern
was studied by histochemical GUS staining in at least 12 inde-
pendent transgenic lines. Although the expression levels varied
slightly, a common spatial expression pattern was observed
among different transgenic lines. GUS expression was most
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Figure 1. Early Flowering of elf9-1 in SDs and Identification of the ELF9 Gene.

(A) Wild-type Ws and the elf9-1 mutant grown for 63 days (d) in SD.
(B) Flowering time of Ws (black boxes) and elf9-1 (gray boxes) plants. Wild-type Ws and elf9-7 mutants were grown under SD and LD conditions, and
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notable in the vascular tissues of cotyledons and in the shoot
apices as well as in the root tips of 10-d-old seedlings (see
Supplemental Figures 1A and 1B online). GUS expression was
observed in the stigma, anthers, and filaments of flowers (see
Supplemental Figure 1C online).

The presence of the two RRMs in ELF9 suggested that ELF9
might be either a nuclear or cytoplasmic protein, since RNA
binding proteins may have roles both in nucleus or cytoplasm.
Thus, to verify the subcellular localization of ELF9, we introduced
an ELF9:GFP fusion construct containing the cauliflower mosaic
virus 35S (CaMV35) promoter and the entire coding region of
ELF9, followed by the in-frame green fluorescent protein (GFP)
into wild-type Ws plants. As shown in Supplemental Figures 1D
to 1K online, GFP fluorescence was detected within the nuclei of
the seedling hypocotyl cells of two independent transgenic
plants. However, cytoplasmic GFP fluorescence was hardly
detected in any of the cells examined. Thus, the ELF9:GFP
fusion protein is specifically or preferentially localized within
nuclei in Arabidopsis.

The Levels of Fully Spliced and Incompletely Spliced Forms
of SOC1 Transcript Are Increased in elf9-1

To understand the underlying molecular events that induce early
flowering of elf9-1, we compared the expression levels of various
flowering genes in wild-type Ws with those present in elf9-1
mutants by RT-PCR analysis at PCR cycles within the range of
increasing productivity (Figure 2; see Supplemental Figure 2
online). In this study, the expression levels of genes acting in the
photoperiod pathway, such as CRY2, Gl, CO, and FT, were not
altered by the elf9-1 mutation at two different zeitgeber (ZT;
number of hours after light-on) time points in SDs (Figure 2A), and
the expression of FLC, several FLC family MADS genes (FLM,
MAF2 to MAF5, and SVP), and several FLC repressors (FCA, FY,
FVE, and FLD) was unaffected (Figure 2A). However, the tran-
script level of SOC1, as studied using the SOC1F and SOC1R
primers (see RT-PCR in Methods), was higher in elf9-1 mutants
than in the wild type at both ZT4 and ZT16 (Figure 2A).

The SOCT1 transcript level was reported to show diurnal
rhythms during the day, peaking at ZT2 to ZT3 (EI-Din El-Assal
et al., 2003). Therefore, the diurnal expression pattern of the SOC1
transcript was examined in both wild-type Ws and elf9-1 mutant
plants to evaluate whether the increased level of SOC1 transcript

is due to a phase shift caused by the elf9-1 mutation. The SOC1
transcript demonstrated oscillation and peaked at ZT4 in both
wild-type and elf9-1 mutant plants grown in SDs, as determined
by RT-PCR analysis at two different nonsaturating PCR cycles
(Figure 2B). However, the level of SOCT1 transcript was higher in
elf9-1 than in wild-type plants at all time points examined,
indicating that the change in abundance of SOC1 transcript is
not due to a phase shift in the SOC1 diurnal expression pattern.
Rather, these data show that ELF9 is involved in the repression of
SOCT1 expression.

In addition to the increased level of SOC1 transcript in elf9-1
mutants throughout the diurnal cycle, we also observed an
increased level of a higher molecular weight DNA band in the
mutants in all SOC7 RT-PCR samples analyzed (Figures 2A and
2B). The band was ~520 bp in size (Figure 2B). The primers used
in these RT-PCR analyses (SOC1F and SOC1R; see Figure 4A
and Methods) should amplify a 401-bp band for fully spliced
SOC1 mRNA and an ~1.1-kb band for PCR products amplifying
genomic SOCT. Thus, the band obtained was not amplified from
genomic SOC1 but was thought to be a product of the SOC7
transcript. This higher molecular weight putative product of
SOCT transcript showed the same diurnal expression pattern
exhibited by fully spliced SOC7 mRNA, and its levels were
increased in the elf9-1 mutants at all ZTs examined compared
with wild-type plants. For more careful validation of the higher
molecular weight band, we PCR amplified SOC7 cDNA using
primers designed to detect full-length SOC7 cDNA (SOC1Fa and
SOC1R,; Figure 4A). For this, we performed various PCR ampli-
fication cycles (28%, 32X, and 36X; Figure 2C) instead of
employing real-time RT-PCR because the simultaneous quanti-
fication of two different products in a single PCR reaction was not
realistic. Both the fully spliced 652-bp SOC7 mRNA (SOC1T) and
the ~770-bp higher molecular weight transcript (SOC1 variant;
SOC1V) were increased in elf9-1 compared with wild-type plants
at 28 amplification cycles (28X; Figures 2C to 2E). The levels of
SOCA1T were higher in elf9-1 than in wild-type plants at both 28x
and 32X, but the difference was not obvious at 36 X because the
reactions were almost saturated (Figures 2C and 2D). We then
compared the relative abundance of SOC1V versus SOC1T in
the wild type and elf9-1. The relative abundance of SOC1V was
higher in the mutant than in wild-type plants at all amplification
cycles tested (Figure 2F). In summary, both the fully spliced
SOC7 mRNA (SOC1T) and the higher molecular weight variant

Figure 1. (continued).

their flowering times were determined as the number of rosette leaves present at bolting (leaf number). At least 10 individuals were scored for each

genotype. Error bars represent sbD.

(C) Schematic diagram of the genomic structure of At5g76260. The T-DNA insertion site in the elf9-1 mutant is indicated. Gray boxes represent
exons encoding two RRMs, and black boxes represent the other exons. Solid lines indicate introns. RRMs were predicted by SMART (http://smart.

embl-heidelberg.dey/).

(D) Genomic complementation of e/f9-1. C1 indicates one of the elf9-1 complementation lines containing a genomic At5g16260 fragment (see text for

details). Plants were grown for 75 d in SDs.

(E) Flowering time of three independent elf9-1 complementation lines (C1, C2, and C3), as scored by the number of rosette leaves formed at bolting.
Plants were grown in SDs, and the data presented are averages *+ SD of at least 12 individuals for each genotype.

(F) Sequence comparison of the RRMs of ELF9, yeast CUS2, and human Tat-SF1. Each RRM is indicated by a solid line. The amino acid sequence
alignment was generated using ClustalW (Thompson et al., 1994). Identical and similar amino acid residues are indicated by black and gray boxes,

respectively.
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Figure 2. Elevated Expression of SOCT mRNA and Its Splicing Variant in e/f9-1.

(A) Expression of flowering genes in elf9-1. Ws and elf9-1 seedlings were grown under SD conditions for 15 d, harvested at ZT4 or ZT16, and used for
RT-PCR analyses. UBQ was included as an expression control. The numbers in parentheses indicate amplification cycles ([A] and [B]). Identical results
were obtained from two independent experiments, one of which is shown.

(B) Diurnal expression of the SOC1 transcript in elf9-1. Seedlings were grown as in (A) and harvested every 4 h for RT-PCR analyses. SOC1F and
SOC1R (Figure 4A; see Methods) were used to study SOC7 expression. Identical results were obtained from two independent experiments, one of
which is shown.

(C) Expression of full-length SOC1 transcript and its splicing variant in e/f9-1. RNAs isolated from the ZT4 seedlings in (B) were used for RT-PCR
analyses employing SOC1Fa and SOC1R (Figure 4A; see Methods) as PCR primers, with the indicated number of PCR cycles.

(D) Quantification of SOC1T expression. SOC1T amplified from each genotype using the different PCR cycles in (C) was quantified and normalized
based on the ZT4 UBQ in (B). The y axis indicates the relative abundance of SOC1T. Closed diamonds indicate SOC1T abundance in the wild type; open
circles indicate SOC1T in elf9-1.
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SOCT1 transcript (SOC1V) were increased as a consequence of
the elf9-1 mutation; however, SOC1V demonstrated a greater
increase than SOC1T.

The simultaneous increase in both SOC1T and SOC1V in elf9-1
led us to test the possibility that SOC7 transcriptional activity is
increased in elf9-1 compared with the wild type. To assess this,
we measured the association level of RNA Polymerase Il (Polll)
with the SOC17 promoter using the chromatin immunoprecipita-
tion (ChIP) assay with an RNA Polll-specific antibody, 8WG16,
which can recognize both the unphosphorylated and hypo- and/
or intermediately phosphorylated C-terminal heptapeptide re-
peat of RNA Polll (Stock et al., 2007). This antibody has been
used to correlate RNA Polll binding with gene expression in a
number of studies (e.g., Lee et al., 2006; Squazzo et al., 2006).
Sets of primers spanning different regions of the SOC17 promoter
were used for the ChlIP assay (Figure 3A). We first measured the
association of RNA Polll with the SOC1 promoter in soc7-101D
FRI plants, which are known to possess much higher SOC1
transcriptional activity than FRI-containing Columbia (Col FRI;
Lee et al., 2000). Enhancement of RNA Polll binding to the SOC1
promoter regions, SPR1 and SPR2, was observed in soc1-101D
FRI compared with Col FRI (Figures 3B and 3D). The SPR3
promoter region was not amplified from soc7-1071D FRI in the
ChlP assay due to insertion of the activation-tagging T-DNA. No
enrichment of RNA Polll binding in soc7-101D FRI compared
with in Col FRI was observed in the SPR4 region, which is located
several kilobases upstream of the SOC17 start codon in soc7-
101D FRI (Figures 3B and 3D). For elf9-1, there was no significant
difference in RNA Polll association with the SOC7 promoter
regions compared with wild-type plants (Figures 3C and 3D).
These data are consistent with a model in which ELF9 represses
SOCT expression through a mechanism other than transcription.

SOC1V Is a SOC1 Splicing Variant with an Unspliced
Sixth Intron

To address the molecular nature of SOC1V, we gel-purified
SOC1V (Figure 2C) and determined its sequence for the entire
region. We found that SOC1V is a 774-bp, partially spliced SOC1
transcript with an unspliced 6th intron (Figure 4A). We also
sequenced SOC1T and, as expected, found it to be the fully
spliced SOC7 mRNA. SOC1V contains an in-frame translation
termination codon (TGA) within the 6th intron, implying that
SOC1V should encode a truncated SOC1 protein. To determine
the specific abundance of SOC1V in the wild type versus elf9-1,
we designed a primer (SOC6INT; Figure 4A) recognizing the 6th
intron of SOC1 and performed quantitative PCR (QPCR) analy-
ses. The level of SOC1V was ~4- to 10-fold higher in elf9-1 than
in wild-type plants (Figure 4B).

In Figure 1, we show that the early flowering of elf9-1 can be
fully rescued by a genomic At5g76260 construct. Because the
elf9-1 mutation led to increased levels of the two SOCT1 tran-
scripts (SOC1T and SOC1V; Figure 2), we reasoned that those
increases could also be rescued by the same genomic construct.
To test this, the expression levels of the two SOCT1 transcripts
were examined in two independent complementation lines. In the
complementation lines, the increased expression levels of both
SOC1Tand SOC1V in elf9-1 returned to the levels detected in the
wild type (Figure 4C), demonstrating that the elf9-1 mutation is
indeed responsible for the increased expression of both SOC1T
and SOC1V.

A mutation in the donor site of the 6th SOC1 intron was recently
reported (Lee et al., 2008). The FRI-containing suppressor of
soc1-101D 14 (sso14) mutant, which contains adenine instead of
guanine in the first nucleotide position of the 6th SOC1 intron,
expressed a single truncated SOC1 protein and demonstrated a
flowering phenotype intermediate between the extreme early
flowering of soc7-7101D FRI and the extreme late flowering of
SOCT1 FRI (Lee et al., 2008). In the SOC1 activation-tagged soc1-
101D FRiI, a high level of SOC1T and a low level of SOC1V were
detected by RT-PCR (see Supplemental Figure 3 online). In
sso14, four different forms of SOC1 transcript were amplified by
the primers used in Figure 2C (see Supplemental Figure 3 online).
However, it was not clear which splicing variants contribute to
the partial SOC17 activity in sso74 because each of the four
splicing variants present in sso74 could theoretically result in
different degrees of SOC1 protein truncation. We were also not
able to conclude whether the truncated SOC1 protein encoded
by SOC1V has partial activity based on the analysis of sso74.

Early Flowering of elf9-1 Is Likely Due to Increased
Expression of SOC1

In our study using a variety of flowering genes, SOC1 was unique
in having increased steady state transcript levels in elf9-1 mu-
tants compared with the wild type (Figure 2A). This raised the
possibility that the increased expression of SOC1 is responsible
for the early flowering of elf9-1. To test this possibility, we
crossed elf9-1 with soc7-2 (Moon et al., 2003), which are in the
Ws and Col accessions, respectively. Because these two ac-
cessions differ in their flowering time behavior, we generated a
large F2 population from the cross, genotyped, and directly
measured flowering time for segregating each genotype (Figure
5). When wild-type Col and Ws plants flowered, each with 12 to
~13 and 7 to ~8 rosette leaves, respectively, soc7-2 flowered
with 22 to ~23 rosette leaves, and elf9-1 flowered with ~6
rosette leaves. In the F2 population, the elf9-1 single homozy-
gous mutants and the soc7-2 single homozygous mutants

Figure 2. (continued).

(E) Quantification of SOC1V expression. Quantification and normalization were performed as in (D).
(F) A greater increase in SOC1V than in SOC1T was observed in elf9-1 than in the wild type. Each quantity of SOC1V in (E) was divided by the
corresponding quantity of SOC1T in (D), and the values were plotted on the y axis. Closed boxes represent the SOC1V/SOCHT ratios in the wild type;

open boxes represent those in elf9-1.
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(A) SOCT1 promoter regions evaluated with the ChIP assay. The larger
white box represents the first exonic 5’ UTR, and the smaller white box
represents the second exonic 5 UTR. The transcribed region within the
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flowered with 7 to ~8 and ~17 rosette leaves, respectively.
However, the soc1-2 elf9-1 double homozygous mutants flow-
ered at about the same time as the soc7-2 single mutants, with
17 to ~18rosette leaves. Thus, soc 7-2 was fully epistatic to elf9-1,
suggesting that the early flowering observed for elf9-1 was
caused by the increased expression of SOC1 in the mutant.

Constitutive Overexpression of ELF9 Rescues the elf9-1
Mutant Phenotype but Does Not Cause Additional Effects

Loss of ELF9 activity in elf9-1 resulted in increased SOC1T and
SOC1V expression, culminating in early flowering (Figures 2, 4,
and 5). Consequently, we evaluated the effect of ELF9 over-
expression (OE) on both flowering time and SOC1 expression.
We generated an ELF9OE construct using the CaMV35S pro-
moter, MYC tag, and full-length genomic ELF9 and introduced
this construct into wild-type Ws. Two representative transgenic
lines (MycELF9OET in Ws and MycELF9OEZ2 in Ws) demonstrat-
ing robust ELF9 mRNA expression were selected and crossed
with the elf9-1 mutants.

The phenotype of MycELFOOE1 and MycELF9OE2 in Ws or
homozygous elf9-1 mutants was identical to that of wild-type Ws
plants (see Supplemental Figure 4A online). All these transgenic
plants demonstrated elevated levels of ELF9 mRNA expression
compared with those detected in wild-type Ws (see Supplemen-
tal Figure 4B online), although the expression levels of SOC1T
and SOC1V were approximately the same (see Supplemental
Figure 4B online). In particular, the increased expression of
SOC1T and SOC1V in elf9-1 was fully rescued by overexpression
of ELF9 in the elf9-1 mutant background.

Consistent with the rescue of SOC1T and SOC1V expression,
the flowering times of the MycELF9OEs in Ws and elf9-1 were not
significantly different from those of wild-type Ws both in LDs (see
Supplemental Figure 4C online) and SDs (see Supplemental
Figure 4D online). Therefore, overexpression of ELF9 rescued the
early flowering of elf9-1 caused by differential SOC7 expression
but did not delay flowering or induce additional morphological
phenotypes.

Direct Binding of ELF9 to SOC1 Transcript

All the molecular and genetic data presented above suggest that
ELF9 might be involved in the processing of SOC1 pre-mRNA.

second exon is indicated by the black box. Labeled lines indicate
promoter regions amplified by primers (see Methods) during the ChIP
assay. The location of the activation-tagging T-DNA inserted in soc17-
101D FRI (Lee et al., 2000) is marked below the first exonic 5" UTR.

(B) ChIP assay of SOC7 chromatin with RNA Polll-specific antibody
using Col FRI and soc7-101D FRI plants. “Input” indicates chromatin
before immunoprecipitation. “Mock” refers to control samples lacking
antibody. Actin1 was used as an internal control.

(C) ChIP assay of SOC1 chromatin with RNA Polll-specific antibody
using wild-type Ws and elf9-1 plants.

(D) gPCR analysis of ChIP assays in (B) and (C). The levels of Col FRI and
wild-type Ws were set to 1 after normalization against input chromatin.
Error bars represent SD of three technical replicates.
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Figure 4. SOC1V Contains the Unspliced Sixth Intron of SOC1.

(A) Schematic representation of the SOC7 genomic region and alignment
of SOC1T and SOC1V sequences around the 6th intron region, which is
retained in SOC1V. The premature in-frame termination codon within
SOC1V is underlined. The gray boxes in the front indicate exonic 5’
UTRs, and the rear gray box represents the 3’ UTR. The primers used for
the RT-PCR analyses shown in Figures 2 and 4 are indicated.

(B) Increased level of SOC1V in elf9-1, as measured by gPCR. SOCBINT,
which is specific to the 6th intron of SOC7, and SOC1Fa were used for
the specific detection of SOC1V. The wild-type Ws levels were set to
1 after normalization against UBQ expression. Error bars represent Sb of
three technical replicates.

(C) Complementation of the increased expression of SOC1T and SOC1V
in elf9-1 with genomic At5g716260. C1 and C2 are the two transgenic lines
described in Figure 1E. Seedlings were grown in SD as described in
Figure 2A and used for RNA isolation ([B]and [C]). The seedlings were
harvested at ZT4. The numbers in parentheses indicate amplification
cycles.

Since ELF9 is an RRM-containing protein, it could play a direct
role in SOC1 pre-mRNA processing. To test this hypothesis, RT-
PCR was performed after immunoprecipitation (IP-RT-PCR;
Wang et al., 2008) using the MycELF9OE1 and MycELF9OEZ2 in
elf9-1 plants. After immunoprecipitation with Myc-specific anti-
body, RT was performed using a reverse primer specific to the
7th exon of SOC1 (SOC1EXT7R; Figure 6A) in the presence [(+) RT]
or absence [(—) RT] of reverse transcriptase. PCR was then
performed using primers designed to recognize various posi-
tions along the SOC7 pre-mRNA (Figures 6A and 6B).

First, binding signals were enriched in the SIT3 region of the
MycELF9OE1 and MycELF90OE?2 plants only in the presence of
reverse transcriptase (Figure 6B). Because an ~500-bp frag-
ment is expected to be amplified either from genomic DNA (as for
the Input; Figure 6B) or from fully unspliced SOC1 pre-mRNA, the
162-bp band specifically enriched in the MycELF9OET and
MycELF90OE2 plants after IP-RT-PCR is expected to be a prod-
uct of the spliced SOC1 transcript that lacks the 3rd and 4th

introns. Second, binding signal enrichment was also obtained for
the SIT4 region of the MycELFOOE1 and MycELF9OE2 plants
(Figure 6B). Unlike SIT3, for which both the forward and reverse
primers were designed to bind exonic regions, the SIT4 reverse
primer was designed to recognize a sequence in the 6th intron
that is retained in SOC1V. Therefore, the 277-bp SIT4 band
would have been amplified from a partially spliced SOC17 tran-
script containing the 6th intron but not the 3rd, 4th, and 5th introns.
Considering that SOC1V was found to be the unique splicing
variant, even after extensive RT-PCR amplifications (Figure 2C),
enrichment of the 277-bp SIT4 band in the MycELFOOE1 and
MycELF90OE2 plants after IP-RT-PCR might indicate that SOC1V
is a binding target of ELF9. Therefore, the binding enrichments in
the SIT3 and SIT4 regions of the MycELFOOE1 and MycELF9OE2
plants in these IP-RT-PCR analyses suggests that SOC1V, but not
the fully unspliced SOC7 pre-mRNA, is the preferential binding
target of ELF9.

The lack of enrichment in the SIT1 and SIT2 regions was
probably due to the lower production efficiency of the full-length
SOC1 cDNA compared with shorter SOC7 cDNAs during reverse
transcription. Alternatively, the full-length SOC1 transcript could
be more vulnerable than shorter forms of the transcript to
residual nuclease attack during the prolonged immunoprecipi-
tation period used for IP-RT-PCR. The use of SOC1EX7R instead
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Figure 5. Genetic Interaction between SOC7 and ELF9.

To measure the flowering time of the soc7-2 elf9-1 double mutant and
compare it with those of soc7-2 (Col accession background; white bars)
and elf9-1 (Ws accession background; black bars) single mutants,
individuals in the segregated F2 population obtained by crossing soc7-2
and elf9-1 (gray bars) were directly genotyped and evaluated for changes
in flowering time under LD conditions. Flowering time was determined as
the number of rosette leaves present at bolting. Error bars indicate sb of
at least 10 individuals for each genotype.
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Figure 6. ELF9 Protein Binds SOC1 Transcript.

(A) Schematic diagram of SOC7 pre-mRNA showing regions amplified
by the primers (see Methods) used for IP-RT-PCR analysis. The two
white boxes in the front represent the 5 UTR, while the white box at the
end indicates the 3’ UTR. Introns are represented by thin lines between
the exons. Primer SOC1EX7R indicated below the 7th exon was used
instead of an oligo(dT) primer for RT in this experiment.

(B) ELF9 binding to SOC1 transcript. Fifteen-day-old transgenic seed-
lings harboring the CaMV35S,,,,:Myc:ELF9 fusion construct were har-
vested and immunoprecipitated with Myc-specific antibody. RT was
performed using the eluates with SOC1EX7R as a primer (see Methods).
Input: chromatin before immunoprecipitation. Mock: control samples
lacking antibody. Myc Ab (+) RT: reverse transcribed with reverse
transcriptase after immunoprecipitation with Myc antibody. Myc Ab (—)
RT: reverse transcribed without reverse transcriptase after immunopre-
cipitation with Myc antibody.

of an oligo-(dT) primer in the RT reaction did not allow for
conversion of the 8th exon, which is recognized by the reverse
primer for SIT5, into cDNA. Thus, SIT5 served as an additional
control, along with (=)RT, demonstrating that SIT3 and SIT4-
enriched signals were derived specifically from SOC1 transcript.

ELF9 Is Required for NMD in Arabidopsis

In the elf9-1 mutants, the levels of both SOC1T and SOC1V were
increased without enhanced association of RNA Polll with SOC1
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chromatin (Figures 2 and 3), and ELF9 protein bound directly to
the SOC1V-like partially spliced SOC1 transcript, which lacks the
3rd, 4th, and 5th introns but contains the 6th intron (Figure 6).
These results indicate that ELF9 participates in SOC1 expression
at a posttranscriptional level and led us to speculate about three
scenarios regarding the biochemical role of ELF9: namely, (1) in
SOCT splicing, (2) in the transport of SOC1 transcript from the
nucleus to the cytoplasm, and (3) in NMD. However, the first two
scenarios are not consistent with the simultaneous increase of
both SOC1T and SOC1V in elf9-1 mutants.

The third scenario presents a possible role for ELF9 in NMD,
which is a system for degrading abnormal transcripts with PTCs
(Isken and Maquat, 2008). SOC1V is an abnormal SOCT1 tran-
script with a PTC (Figure 4A) and thus might be a target for NMD.
The increased level of SOC1V in elf9-1 mutants is consistent
with this scenario. Furthermore, several wild-type mRNAs are
known to be upregulated in NMD mutants. These include certain
yeast mRNAs encoding telomerase components or regulators
(Dahlseid et al., 2003), CPAT mRNA (Ruiz-Echevarria and Peltz,
2000), and SPT10 mRNA (Welch and Jacobson, 1999). CPAT
mRNA is degraded by NMD because of an upstream open
reading frame that leads to a PTC. SPT70 mRNA becomes an
NMD target since ribosomes often scan beyond the initiator AUG
and initiate at the next downstream AUG (leaky scanning),
resulting in premature translation termination. Sequence analy-
ses of the SOC7 5’ UTR and coding region revealed multiple
candidate initiator codons for leaky scanning as well as upstream
open reading frame candidates (see Supplemental Figure 5
online). Therefore, we considered the possibility that not only
SOC1V, but also wild-type SOC7T mRNA (SOC1T), are regulated
by NMD and that the expression of both of these transcripts are
increased in NMD mutants.

Although the molecular mechanism of NMD in Arabidopsis is
not known, the genetic functions of Arabidopsis homologs of up-
frameshift (UPF) 1 and 3, which are evolutionarily conserved key
components of NMD in yeast and animals, have been addressed
(Hori and Watanabe, 2005; Arciga-Reyes et al., 2006). These
studies have shown that several transcripts containing PTCs are
upregulated in the Arabidopsis upf1 and upf3 mutants. There-
fore, as a first step to determining whether ELF9 is involved in
NMD in Arabidopsis, we examined the expression levels of five of
these PTC-containing Arabidopsis transcripts (Figure 7A) in wild-
type and elf9-1 plants and in one of the elf9-1 complementation
lines. Among the PTC-containing transcripts examined, those of
AGLS88, At1g10160, At1g66710, and At3963340 were upregu-
lated in elf9-1, and their increased expression was rescued by
the ELF9 genomic construct (Figure 7B). However, neither the
PTC-containing At5g62760b transcript nor the At5g62760a tran-
script, which does not contain a PTC, yielded detectable dif-
ferences between the wild type and elf9-1 at two different
amplification cycles in our RT-PCR analysis. These transcripts
obtained from Ws plants had exactly the same sequences as
those from Col plants, and the At5g62760b transcript contained
the PTC.

Next, we performed IP-RT-PCR to test whether the increase
of the PTC-containing transcripts in elf9-1 is directly mediated
by ELF9 protein. As shown in Figure 7C, three of the four tran-
scripts that were increased in elf9-1 were also enriched in the
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Figure 7. Increased Expression of NMD Target Transcripts in elf9-1.

(A) Schematic diagrams of the five PTC-containing genes (adopted from Hori and Watanabe, 2005; Arciga-Reyes et al., 2006) tested for NMD in elf9-1.
ATGs indicate translation start codons, while TGAs or TAAs represent stop codons. Exons are indicated by boxes and introns by lines. The PTC site for
each gene is marked. Arrows indicate the positions of the RT-PCR primers. The “a” and “b” indicate two alternatively spliced transcripts of At5g62760,

namely, At5g62760a and At5g62760b, respectively.

(B) RT-PCR or gPCR analysis of the PTC-containing genes shown in (A). The same RNAs used in Figure 4C were evaluated. C1 is one of the elf9-1
complementation lines described in Figures 1D, 1E, and 4C. Actin1 was used as an expression control. The numbers in parentheses indicate
amplification cycles for RT-PCR analysis. The wild-type Ws levels were set to 1 after normalization against Actin1 for qPCR analysis. Error bars

represent sD of three technical replicates.

(C) ELF9 binding to the PTC-containing transcripts shown in (B). RNAs immunoprecipitated with Myc-specific antibody and purified (shown in Figure
6B) were reverse transcribed with an oligo(dT) primer. PCR was performed with the primers used in Figure 7B. Figure captions are as described in

Figure 6B.

MycELF90OE1 and MycELF9OE?2 plants analyzed by IP-RT-PCR.
The enrichment occurred only after reverse transcription, indi-
cating that ELF9 binds specifically to RNAs of these genes. In the
case of the At3g63340 transcript, enrichment could not be
determined precisely because of the amplification of multiple
nonspecific bands.

We could isolate another T-DNA insertion allele of ELF9 in the
Col accession (elf9-2; Figure 8A) from the SALK T-DNA collec-
tion. Unlike elf9-1, which is in the Ws background, e/f9-2 mutants
displayed a number of abnormal morphological phenotypes,
such as reduced fertility, smaller leaf size, and elongated leaf

morphology (Figure 8A). These phenotypes were similar to those
caused by some upfl and upf3 mutant alleles (Arciga-Reyes
et al., 2006). As in elf9-1, transcript levels of SOC1 (SOC1T),
AGL88, At1g66710, and At3g63340 were elevated in elf9-2
compared with in wild-type Col (Figures 8B and 8C). Levels of
At5g62760a and At5g62760b transcripts were not significantly
altered by the elf9-2 mutation (Figure 8B), as was the case for
elf9-1 (Figure 7B). However, unlike in elf9-1 and wild-type Ws,
expression of SOC1V was not detected in elf9-2 or in wild-type
Col even after extensive PCR (Figure 8B). Therefore, loss of ELF9
activity in the Col background results in the increased expression
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Figure 8. Increased Expression of SOC1T in elf9-2 and upf Mutants and
by CHX.

(A) Schematic diagram of the genomic structure of ELF9 and the
phenotypes of elf9-2. The T-DNA insertion site in the elf9-2 mutant is
indicated. Schematic is as described in Figure 1C. Wild-type Col and the
elf9-2 mutant plants were grown for 28 d in LDs.

(B) RT-PCR analysis of SOC1 and At5g62760 expression in elf9-2. Col
and elf9-2 plants were grown in LDs for 28 d, harvested at ZT8, and used
for RNA extraction. SOC1Fa and SOC1R were used as PCR primers to
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of SOCA1T, as is the case in the Ws background. Production of
SOC1V, which is a SOC1 splicing variant with an unspliced 6th
intron, is much lower in the Col accession than in Ws, possibly
due to more efficient splicing of the 6th intron in Col.

If the SOCT transcript is regulated by NMD, it might also be
affected by the mutations in the core NMD components, namely,
UPF1 and UPF3. Consistent with this hypothesis, SOC1T ex-
pression was increased by one upf1 (i.e., upf1-5) mutation and
two upf3 mutations (i.e., upf3-1 and upf3-2; Figures 8D and 8E).
As in elf9-2 (Figure 8B), expression of SOC1V was not detected
either, even after extensive PCR in these upf mutants (Figure
8D). Although the expression of At5g62760b, but not of the
At5g62760a transcript, was reported to be increased in upf1-5
(Arciga-Reyes et al., 2006), both of these transcripts showed
increased expression in upf1-5 and upf3-1 mutants, relative to
the wild type, in our assay (Figure 8D). Since NMD is initiated by
the recognition of PTC during translation, cycloheximide (CHX) is
often used as an NMD inhibitor (Carter et al., 1995; Hori and
Watanabe, 2005). When we treated leaf sections of wild-type Ws
and elf9-1 plants with CHX (Figure 8F), the expression of one of
the known PTC-containing transcripts, AGL88, was increased in
the wild type but not in elf9-1. Both SOC1T and SOC1V levels
were also elevated in the wild type but not in e/f9-1 after the CHX
treatment, which is consistent with our other results showing that
SOCT transcripts are regulated by ELF9-mediated NMD.

In summary, ELF9 is believed to be involved in NMD in
Arabidopsis for a subset of PTC-containing transcripts, including
those of SOC17 and of the genes tested above. In the process, the
RRM protein ELF9 might provide some degree of target spec-
ificity for the NMD machinery composed of UPF1, UPF3, and
other unknown factors.

DISCUSSION

Integration of environmental cues with endogenous and devel-
opmental components occurs via numerous genes acting in an

amplify SOC1 ([B] to [F]). Actin1 was included as an expression control.
Identical results were obtained from two independent experiments, one
of which is shown.

(C) gPCR analysis of the PTC-containing genes. The same RNAs used in
(B) were evaluated. The wild-type Col levels were set to 1 after normal-
ization against Actin1 for gPCR analysis. Error bars represent sb of three
technical replicates.

(D) RT-PCR analysis of SOC1 and At5g62760 expression in upf1-5,
upf3-1, and upf3-2 mutants. The wild-type Col, upf1-5, upf3-1, and upf3-2
plants were grown in LDs for 20 d, harvested at ZT8, and used for RNA
extraction. Actin1 was included as an expression control. Identical results
were obtained from two independent experiments, one of which is shown.
(E) gPCR analysis of SOC1T expression. The same RNAs used in (D)
were evaluated. The wild-type Col levels were set to 1 after normalization
against Actin1 for gPCR analysis. Error bars represent sb of three
technical replicates.

(F) Increased expression of SOC17 transcripts by CHX treatment. See
Methods for details. UBQ was included as an expression control.
Identical results were obtained from two independent experiments,
one of which is shown.
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intricate network that controls flowering time in plants (reviewed
in Searle and Coupland, 2004; Sung and Amasino, 2005; Baurle
and Dean, 2006). This regulatory network includes transcrip-
tional regulation, mMRNA processing, and protein turnover. How-
ever, there have been few reports on the role of RNA processing
in the regulation of flowering time. ABA HYPERSENSITIVE1
(ABH1), which encodes the large subunit of the nuclear mRNA
cap binding complex, causes early flowering in response to both
SD and LD when mutated (Hugouvieux et al., 2001; Bezerra et al.,
2004). ABH1 is required for high expression levels of FLC and
FLM mRNAs (Bezerra et al., 2004; Kuhn et al., 2007), and there
was an accumulation of a partially spliced FLC transcript with the
1stintron in the abh1 mutants (Kuhn et al., 2007). However, it has
not been demonstrated whether the differential expression of
FLC and FLM transcripts in abh1 is a direct consequence of the
loss of ABH1 activity. HUA2 was first known to play a role in the
efficient splicing of intron 2 in AGAMOUS pre-mRNA (Cheng
et al., 2003; Chen and Meyerowitz, 1999) and was later reported
to also be required for high expression levels of FLC, FLM, MAF2,
and SVP mRNAs but not for SOCT mRNA (Doyle et al., 2005). The
biochemical role of HUA2 during mRNA expression of these FLC
family MADS genes remains elusive. One of the RRM protein-
encoding genes functioning as an FLC repressor in the auton-
omous pathway, FCA, has been shown to regulate its own
expression in an FY-dependent manner by promoting the use of
an internal polyadenylation site in the FCA transcript (Macknight
et al., 2002; Quesada et al., 2003). However, more recently, FCA
was shown to act through FLD with respect to chromatin
modification and transcriptional regulation of FLC rather than
by affecting FLC mRNA processing (Liu et al., 2007).

SOCT1 expression is regulated primarily by the negative and
positive effect on SOC7 transcription exerted by FLC and CO,
respectively. SVP is another negative regulator of SOC17 that may
be part of a repressive FLC protein complex (Li et al., 2008).
Other positive regulators of SOC7 include AGL24 (Liu et al.,
2008a), GA (Moon et al., 2003), and the FT-FD complex in the
shoot apex, possibly via an indirect mechanism (Wigge et al.,
2005).

In this study, we showed that loss of ELF9, an RRM protein,
affects Arabidopsis flowering time possibly through altering NMD
of the SOCT transcript. The elf9-1 mutants flowered early,
especially in SDs (Figures 1A and 1B), and this early flowering
was associated with increased expression of SOC1 transcript
(Figure 2A). Furthermore, the late flowering of soc? was fully
epistatic to elf9-1-induced early flowering (Figure 5), demon-
strating that the early flowering of elf9-1 mutants is caused
primarily or specifically by the increased expression of SOC1
transcript. ELF9 protein can directly bind a partially spliced SOC1
transcript (Figure 6), resulting in posttranscriptional turnover
possibly through NMD (Figures 2, 4, 7, and 8). Therefore, ELF9
allows for a previously unknown layer of regulation of SOC1
expression.

As discussed below, we believe the most likely role of ELF9 in
modulating SOC7 mRNA levels is via NMD. Our data are not
consistent with a role in SOC1 splicing or transport of the SOC1
transcript from the nucleus to cytoplasm. The ELF9-mediated
posttranscriptional regulation of SOC7 might be a part of the
general NMD-dependent mRNA quality control system in Arabi-

dopsis, due to the following reasons. First, multiple known
Arabidopsis NMD target transcripts are the binding targets of
ELF9 and are increased in the elf9 mutants (Figures 7B, 7C, and
8C). Second, SOCT transcripts are also increased in the mutants
of NMD core components (Figure 8E) and by CHX treatment
(Figure 8F). However, the expression of at least one of the NMD
target genes, At5g62760, was not increased in elf9, suggesting
that, unlike evolutionarily well-conserved NMD factors like UPF1
and UPF3, RNA binding components of the NMD machinery
might have some degree of target specificity and be involved in
selecting target transcripts during the initial stage of NMD.
Nonetheless, although SOC7 was the only target among flower-
ing genes examined (Figure 2), ELF9 clearly targets other tran-
scripts. In animals and yeast, ~3 to 10% of the transcriptome is
believed to be either direct or indirect targets of NMD (Lelivelt
and Culbertson, 1999; Ni et al., 2007).

The Ws allele (elf9-1) and the Col allele (e/f9-2) showed
differences in phenotype and in the generation of SOC1V.
Although the expression of At1g66710 showed a higher fold
increase in elf9-2 than in elf9-1 compared with each wild type,
the expression of At3g63340 was increased more in elf9-1 thanin
elf9-2 (Figures 7B and 8C). Furthermore, the 6th intron of SOC1
displayed a much lower splicing efficiency than the other introns
in Ws but not in Col plants (Figures 2C, 8B, and 8D). The lower
splicing efficiency of the 6th intron of SOC7 was observed more
clearly when SOC7 was overexpressed in wild-type Ws plants
(see Supplemental Figure 6 online). In the Col background,
SOC1V was detected at a low level only in a genetic background
inducing an extremely high level of SOC1 transcription (Col with
soc1-101D FRI genotype; see Supplemental Figure 3 online).
Therefore, we believe it is likely that the differences in phenotype
and the generation of SOC1V between elf9-1 and elf9-2 are
ecotype dependent and not due to allele strength.

NMD has been extensively studied in yeast and mammalian
cells (reviewed in Isken and Maquat, 2008; Shyu et al., 2008).
Cells routinely make mistakes due to the inefficiency orinaccuracy
of RNA metabolic processes. It is important for cells to eliminate
mRNAs that contain PTC since the resulting truncated proteins
have the potential to be nonfunctional or acquire dominant-
negative or gain-of-function activities. Therefore, NMD provides
an important means by which cells ensure the quality of proteins
produced (Isken and Maquat, 2008; Shyu et al., 2008). Mammals
use machinery and mechanisms that differ from those present in
yeast. In yeast, an abnormally long distance between the termi-
nation codon and 3’ poly(A) tail, as defined by the presence of
poly(A) binding protein 1, seems to be sufficient to elicit NMD,
whereas in mammals, NMD usually requires at least one intron
within the pre-mRNA that results in the deposition of a post-
splicing exon-junction complex (EJC) of proteins situated more
than ~25 to 30 nucleotides downstream of the termination
codon (Isken and Maquat, 2008). Despite numerous differences,
the two systems use several common components, such as
UPF1, UPF2, and UPF3. Based on such evolutionary conserva-
tion, the in vivo functions of the homologs of a few common NMD
components have been studied in plants. Arabidopsis homologs
of UPF1 and UPF3 have been shown to be required for NMD of
PTC-containing mRNAs transcribed from both intron-containing
and intronless genes (Hori and Watanabe, 2005; Arciga-Reyes



et al., 2006). This study shows that ELF9 is also required for NMD
of both intron-containing (At7g07060 and At3g63340) and in-
tronless (AGL88 and At1g66710) transcripts (Figure 7). There-
fore, unlike mammalian NMD, which relies entirely on EJC, plant
NMD surveillance systems may recognize both spliced and
unspliced transcripts or rely on both EJC-dependent and inde-
pendent mechanisms.

The biochemical mechanisms responsible for NMD in plants
remain elusive, and there have been no previous reports on
protein complexes that mediate NMD in plants. Although NMD is
finally executed within the cytoplasm, assembly of the protein
complex for NMD is initiated within the nucleus after splicing of
the target transcript in mammals. Consistent with this, some
proteins that function in NMD are preferentially localized in the
nucleus, while others are in the cytoplasm. Many of these
proteins are also able to shuttle between the nucleus and
cytoplasm (reviewed in Isken and Maquat, 2008). Preferential
localization of the ELF9:GFP fusion protein in the nucleus (see
Supplemental Figure 1 online) suggests that ELF9 might function
during the early stages of NMD, possibly during the initial
assembly of the protein complex for NMD. Our observation
that ELF9 binds a partially spliced SOC1 transcript retaining the
PTC-containing 6th intron, but not the 3rd, 4th, and 5th introns
(Figure 6), is consistent with this possibility. Perhaps ELF9
recognizes PTC-containing aberrant transcripts and initiates
assembly of the NMD protein complex. Whether ELF9 moves
out of the nucleus into the cytoplasm as a component of the
complex at later stages has yet to be determined. It is possible
that a small fraction of ELF9 bound to transcripts destined for
NMD moves from the nucleus into the cytoplasm and finally
shuttles back into the nucleus. Because the ELF9:GFP fusion
protein shown in Supplemental Figure 1 online was driven by the
strong constitutive CaMV35S promoter, the free form of the
fusion protein might have been easily detected within the nu-
cleus, while the small fraction representing the substrate-bound
form, potentially shuttling between the nucleus and cytoplasm,
was barely detected. Hence, the subcellular localization and the
possibility of the ELF9 protein shuttling between the nucleus and
cytoplasm require further investigation.

ELF9 is a single-copy gene in the Arabidopsis genome. Data-
base searches for proteins with >80% amino acid similarities to
ELF9 in regions containing the two RRMs revealed a single ELF9
homolog in rice (Oryza sativa) and two homologs in sorghum
(Sorghum bicolor) and poplar (Populous trichocarpa; see Sup-
plemental Figure 7 online and http://www.phytozome.net/).
Therefore, a role for ELF9 is likely to be conserved in higher
plants.

METHODS

Plant Materials and Growth Conditions

The elf9-1 mutant was isolated from an activation-tagging T-DNA inser-
tion population constructed in the Ws background. The two mutants that
were in the Col background, soc7-2 (Moon et al., 2003) and soc7-101D
FRI (Lee et al., 2000), have been previously described. The elf9-2 T-DNA
insertion mutant in the Col background (SALK_040796) was obtained
from the SALK collection (http://signal.salk.edu/). For RT-PCR, surface-
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sterilized seeds were sown on MS media (Murashige and Skoog, 1962)
containing 1% sucrose, maintained in the dark at 4°C for 2 d, and then
transferred to 22°C. All plants were grown under ~100 wE m~2s—1 cool
white fluorescent light at 22°C.

T-DNA Flanking Sequence Analyses

The sequence flanking the T-DNA of elf9-1 was obtained using thermal
asymmetric interlaced PCR (Liu et al., 1995) as described by Schomburg
et al. (2003). The T-DNA border of elf9-1 was defined by sequencing PCR
products obtained using a T-DNA border primer (JL270: 5'-TTTCTCCA-
TATTGACCATCATACTCATTG-3’) and gene-specific primers. SALKLB1
(5'-GCAAACCAGCGTGGACCGCTTGCTGCAACT-3’) was used as a
T-DNA border primer for elf9-2.

ChIP Assays

ChlIP was performed as described by Han et al. (2007) using 14- to 16-d-
old seedlings. Briefly, seedlings were vacuum infiltrated with 1% formal-
dehyde for cross-linking and ground in liquid nitrogen after quenching the
cross-linking process. Chromatin was isolated and sonicated into ~0.5-
to 1-kb fragments. RNA Polll-specific monoclonal antibody (8WG16;
Covance) was added to the chromatin solution, which had been pre-
cleared with salmon sperm DNA/Protein A agarose beads (Upstate
Biotechnology). After subsequent incubation with salmon sperm DNA/
Protein A agarose beads, immunocomplexes were precipitated and
eluted from the beads. The cross-links were reversed, and residual
proteins in the immunocomplexes were removed by incubation with
proteinase K, followed by phenol/chloroform extraction. DNA was recov-
ered by ethanol precipitation. The amount of immunoprecipitated SOC1
chromatin was determined by evaluating four different regions of the
SOC1 promoter by PCR. The sequences of the primer pairs used
for each PCR reaction were as follows: SPR1, PF1 (5'-GGGT-
ACTTAATCTTTCGTTGAC-3') and PR1 (5'-CTTGTCTGCTTGTTGCATT-
CTC-8'); SPR2, SOC1Fa (5'-CAAACCCTTTTAGCCAATCG-3') and PR2
(5'-GTTTGGGTGGGAGAAGACTGATG-3'); SPR3, PF3 (5'-GCTCCTCC-
CTCTTTCTTTCTC-3') and PR3 (5'-CTCTGCGAAAGGAAGAACC-3');
SPR4, PF4 (5'-TACAAGTGGGGGCATATAGG-3') and PR4 (5'-GTC-
GCAAATATGATGGACGC-3'); and Actin1, JP1595 (5'-CGTTTCGCTT-
TCCTTAGTGTTAGCT-3') and JP1596 (5'-AGCGAACGGATCTAGAG-
ACTCACCTTG-3').

IP-RT-PCR

IP-RT-PCR with ChIP was performed as described by Wang et al. (2008),
except that the sonication step was omitted. Briefly, 14- to 16-d-old
seedlings were vacuum infiltrated with 1% formaldehyde for cross-linking
and, after the cross-linking was quenched, the seedlings were ground in
liquid nitrogen. Myc-specific antibody (Upstate Biotechnology) was
added to the solution, which was precleared with salmon sperm DNA/
Protein A agarose beads (Upstate Biotechnology). After subsequent
incubation with salmon sperm DNA/Protein A agarose beads, immuno-
complexes were precipitated and eluted from the beads. The cross-links
were reversed, and residual proteins in the immunocomplexes were
removed by incubation with proteinase K, followed by phenol/chloroform
extraction. The recovered RNA was reverse transcribed as described for
RT-PCR using either the SOC1 7th-exon-specific primer, SOC1EX7R
(5'-CTGCAGCTAGAGCTTTCTC-3'; Figure 6) or an oligo(dT) primer (Fig-
ure 7). For SOCT, the amount of cDNA reverse transcribed from the
immunoprecipitated RNA was determined by PCR amplification of five
different regions of the SOC7 pre-mRNA. The primer pair sequences used
for each PCR reaction are as follows: SIT1, SOC1Fa and SOC1EX5R
(5’'-GCTCCTCGATTGAGCATGTTCC-3'); SIT2, SOC1Fa and SOC1EX3R
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(5’-GCTGACTCGATCCTTAGTATGCC-3'); SIT3, SOC1F (5'-TGAGGCA-
TACTAAGGATCGAGTCAG-3') and SOC1EX5R; SIT4, SOC1F and
SOCS6INT (5'-GCAAGCACAAGAGGCTTAC-3'); and SIT5, SOC1F and
SOC1R (5'-GCGTCTCTACTTCAGAACTTGGGC-3'). For transcripts in
Figure 7C, the primers used for RT-PCR analyses were also used to
determine the amount of cDNAs generated after IP-RT.

RT-PCR and qPCR Analyses

Reverse transcription was performed with Superscript Il (Invitrogen Life
Technologies) and an oligo(dT) primer according to the manufacturer’s
instructions using 2.5 pg of total RNA isolated as described above. PCR
was performed using first-strand DNA with i-Tag DNA polymerase
(iINtRON Biotechnology) and the following primer pairs for each gene:
CRY2 (5'-GACAATCCCGCGTTACAAGGCG-3' and 5'-CGTTGTAA-
CGAACAGCCGAAGG-3'), FT (5'-GCTACAACTGGAACAACCTTT-
GGCAAT-3’ and 5'-TATAGGCATCATCACCGTTCGTTACTC-3'), GI
(5'-GTTGTCCTTCAGGCTGAAAG-3’ and 5'-TGTGGAGAGCAAGCTG-
TGAG-3'), CO (5'-AAACTCTTTCAGCTCCATGACCACTACT-3' and
5'-CCATGGATGAAATGTATGCGTTATGGTTA-3'), FLC (5'-TTCTCCA-
AACGTCGCAACGGTCTC-3' and 5'-GATTTGTCCAGCAGGTGACAT-
CTC-3'), FLM (5'-GGCATAACCCTTATCGGAGATTTGAAGC-3" and
5'-ACACAAACTCTGATCTTGTCTCCGAAGG-3'), MAF2 (5'-GGGTCT-
CCGGTGATTAGG-3' and 5'-CTTGAGCAGCGGAAGAGTCTCCC-3'),
MAF3 (5'-CATTTTGGGTCCCCGGTGG-3' and 5'-GCGAAAGAGT-
CTCCGGTAC-3'), MAF4 (5'-CGTTCAGTGTCTCCGGCGAG-3' and
5'-CGTAGCAGGGGGAAGAAGAGG-3'), MAF5 (5'-TTCAGGATCTCC-
GACCAG-3' and 5'-CAGCCGTTGATGATTGGTGG-3'), SVP (5’'-CGC-
TCTCATCATCTTCTCTTCCAC-3' and 5'-GCTCGTTCTCTTCCGTTAGT-
TGC-3'),and UBQ (5'-GATCTTTGCCGGAAAACAATTGGAGGATGGT-3'
and 5'-CGACTTGTCATTAGAAAGAAAGAGATAACAGG-3'). The primers
used for SOC71 RT-PCR are described above in the IP-RT-PCR section.
The RT-PCR primers used for FCA, FY, FVE, and FLD were as previously
described (Han et al., 2007), and those used to evaluate NMD in elf9
alleles were described previously (Hori and Watanabe, 2005; Arciga-
Reyes et al., 2006). The abundance of the PCR products was quantified
based on the images using Metamorph software (Universal Imaging).
qPCR was performed in 96-well blocks with an Applied Biosystems 7300
real-time PCR system using the SYBR Green | master mix (Bio-Rad) in a
volume of 20 pL. The reactions were performed in triplicate for each run.
The comparative ,oCT method was used to evaluate the relative quan-
tities of each amplified product in the samples. The threshold cycle (Ct)
was automatically determined for each reaction by the system set with
default parameters. The specificity of the PCR was determined by melt
curve analysis of the amplified products using the standard method
installed in the system.

Complementation of elf9-1

To complement the elf9-1 mutant, a 6.1-kb genomic fragment of ELF9
containing 0.6 kb of the 5’ upstream region, the entire coding region,
and the 3’ UTR of ELF9 was generated by PCR amplification using prim-
ers ELFOGUS-Pst (5'-aaactgcagACTCTTCTACTGGTGATGAAGAAG-3')
and ELF9-Kpn (5'-cggggtaccTGCGAATAAAACATTCCTCGT-3'). The re-
striction sites used for cloning are underlined, and sequences corre-
sponding to ELF9 genomic DNA appear in capital letters. The resulting
PCR product was digested with Pst1 and Kpnl and ligated into pPZP211-G
(Noh et al., 2001) between the Pst1 and Kpnl sites. The elf9-1 mutant
plants were transformed by infiltration (Clough and Bent, 1998) using
Agrobacterium tumefaciens strain GV3101 containing the construct.
Transgenic plants were selected on MS media with 50 wg/mL of kana-
mycin (Sigma-Aldrich) and evaluated for changes in flowering time.

CHX Treatment

Leaves of 38-d-old wild-type Ws and elf9-1 plants grown in SDs were
harvested at ZT8 and treated with 20 uM CHX (CALBIOCHEM) as
described previously (Hori and Watanabe, 2005). Briefly, the leaf sections
were vacuume-infiltrated with the CHX solution or with water as a control
for 5 min and incubated at room temperature for 4 h. Total RNA was
extracted and used for RT-PCR analyses.

GUS and GFP Assays

To construct the ELF9,,,:ELF9:GUS translational fusion construct, a 4.7-
kb genomic fragment of ELF9 containing the 0.6-kb 5’ upstream region
and the entire coding region was generated by PCR amplification us-
ing ELFOGUS-Pst (5'-aaactgcagACTCTTCTACTGGTGATGAAGAAG-3')
and ELFO9GUS-Sma (5'-acccgggCTCAGCAGCTTCCAGTTC-3') as
primers. The restriction sites for cloning are underlined in the primer
sequences, and sequences corresponding to the ELF9 genomic DNA are
in capital letters. The resulting PCR product was digested with Pstl and
Smal and ligated into pPZP211-GUS (Noh and Amasino, 2003) digested
with the same enzymes. The CaMV35S,,,.ELF9:GFP fusion construct
was generated by PCR amplification of the 1.6-kb ELF9 cDNA frag-
ment using ELFOGFP-Sal (5'-gtcgacATGTCAGACTCTGATAATC-3') and
ELFOGFP-Sma (5'-acccgggaaCTCAGCAGCTTCCAGTTC-3') as primers.
After restriction digestion with Sall-Smal, the PCR product was ligated
into JJ461 (Han et al., 2007). Wild-type Ws plants were transformed using
A. tumefaciens strain ABI containing the ELF9,,,.ELF9:GUS or the
CaMV35S,,,.ELF9:GFP construct by infiltration (Clough and Bent,
1998). Histochemical GUS staining was performed as described by
Schomburg et al. (2001) using transgenic plants, which were selected as
described below. Transgenic plants containing the ELF9,,,:ELF9:GUS or
the CaMV35S,,,,:ELF9:GFP construct were selected on MS media with
50 pg/mL of kanamycin (Sigma-Aldrich) or 50 wg/mL of hygromycin
(Sigma-Aldrich), respectively. The GFP fusion protein was excited at 488
nm, and the signals were filtered with an HQ515/30 emission filter using a
confocal laser scanning microscope (MRC-1024; Bio-Rad).

ELF9 Overexpression

To overexpress ELF9, 4.1 kb of genomic DNA containing the entire coding
region of ELF9 was generated by PCR amplification using ELFOOEF-
BamH (5'-ggatccCCATGTCAGACTCTGATAATC-3’) and ELFOOER-Sma
(5’-acccgggCTCAGCAGCTTCCAGTTC-3') as primers. The restriction
sites used for cloning are underlined, and sequences corresponding to
ELF9 genomic DNA are indicated in capital letters. The resulting PCR
product was digested with BamHI-Smal and ligated into myc-pBA (Zhou
et al., 2005) digested with BamHI-SnaBI. Transformation of wild-type Ws
with A. tumefaciens strain GV3101 carrying the construct and selection of
transgenic lines were performed on MS media containing 50 wg/mL of
BASTA (glufosinate ammonium; Aventis). Two representative lines dem-
onstrating robust expression of ELF9 mRNA were crossed with the elf9-1
mutants. Homozygous lines were selected in the T3 generation and
evaluated for changes in flowering time.

SOC1 Overexpression

To overexpress SOC1, a 3.3-kb fragment of genomic DNA containing the
5’ UTR and entire coding region of SOC71 was generated by PCR using
primers SOC10EF (5'-acccgggGCTCCTCCCTCTTTCTTITCTC-3') and
SOC10ER (5'-cggatccCTTTCTTGAAGAACAAGGTAACC-3'). The re-
striction sites used for cloning are underlined, and the sequences
corresponding to SOC7 genomic DNA are indicated in capital letters.
The resulting PCR product was digested with Xmal-BamHI and ligated
into myc-pBA (Zhou et al., 2005) digested with the same enzymes. After




transformation with A. tumefaciens strain GV3101 carrying the construct,
transgenic Ws plants were selected on MS media containing 50 wg/mL of
BASTA. Three transgenic lines (SOC10E1, SOC10E2, and SOC10ES3)
displaying robust expression of SOC7 were selected.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative, GenBank/EMBL, or Phytozome (http://www.phytozome.net)
databases under the following accession numbers: ELF9, At5g16260; Pt
EFL9a, ID 226768; Pt ELF9b, ID 564123; Os ELF9, AK111787; Sb ELF9a,
ID Sbi_0.40096; and Sb ELF9b, ID Sbi_0.7552.
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