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In plants, endogenous and environmental signals such as light control the timing of the transition to flowering. Two
phytochrome B-interacting transcription factors, VASCULAR PLANT ONE-ZINC FINGER1 (VOZ1) and VOZ2, redundantly
promote flowering in Arabidopsis (Arabidopsis thaliana). In the voz1 voz2 mutant, the expression of FLOWERING LOCUS C (FLC)
was up-regulated and that of FLOWERING LOCUS T (FT) was down-regulated, which was proposed to be the cause of late
flowering in voz1 voz2. However, the detailed mechanism by which the VOZ genes promote flowering is not well understood.
Here, we show that neither the reduced FT expression nor the late-flowering phenotype of voz1 voz2 is suppressed in the voz1
voz2 flc triple mutant. Genetic interaction experiments between voz1 voz2 and constans-2 (co-2) mutants reveal that the VOZs and
CO work in the same genetic pathway. Using in vitro pull-down, electrophoretic mobility shift, and bimolecular fluorescence
complementation assays, we show that VOZ1 and VOZ2 interact with CO. The voz1 voz2 35S::CO:YFP plants show suppression
of the early-flowering phenotype induced by CO overexpression, suggesting that CO requires VOZ for the induction of
flowering. Determination of the VOZ consensus-binding site followed by genome-wide sequence analysis failed to identify
any VOZ-binding sites near known flowering time genes. Together, these results indicate that the VOZ genes regulate flowering
primarily through the photoperiod pathway, independent of FLC, and suggest that VOZs modulate CO function to promote
flowering.

In plants, the onset of flowering is an important de-
velopmental decision that governs reproductive suc-
cess. Therefore, plants have evolved several strategies
to regulate the timing of this transition so that flowering
occurs at the most optimal time of the year. Molecular
and genetic analyses of flowering time mutants in

Arabidopsis (Arabidopsis thaliana) and other model
plants have identified distinct genetic pathways that
integrate cues from various endogenous and environ-
mental factors to regulate the onset of flowering
(Koornneef et al., 1991; Simpson, 2004; Srikanth and
Schmid, 2011; Song et al., 2013a, 2015).

Light (especially daylength and spectral light quality)
is an important environmental factor that affects flow-
ering time. Plants can sense and adapt to seasonal
fluctuations in daylength (photoperiod), and based on
their photoperiod requirement, plants can be classified
as long day (LD), short day (SD), or day neutral. Day-
length is perceived in the leaves, resulting in the pro-
duction of a mobile flowering signal historically
called florigen, which is then transported to the shoot
apical meristem to initiate flowering (Zeevaart, 1976;
Corbesier et al., 1996). Arabidopsis is a facultative LD
plant that flowers earlier in inductive LDs compared
with noninductive SDs.

Central to this daylength discrimination is the regu-
lation of CONSTANS (CO), a B-box-type zinc finger
transcription factor that promotes flowering in re-
sponse to increasing daylengths (Koornneef et al., 1991;
Putterill et al., 1995). Under the control of the circadian
clock, the CO mRNA shows a biphasic diurnal oscilla-
tion patternwith one peak of expression toward the end
of the photoperiod and a second in the night under LDs,
whereas under SDs, the CO mRNA peaks only in the
night (Suárez-López et al., 2001; Yanovsky and Kay,
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2002). Two circadian clock-controlled proteins,
GIGANTEA and FLAVIN-BINDING, KELCH RE-
PEAT, F-BOX1, work as a heterodimeric complex in a
blue light-dependent manner to degrade CYCLING
DOF FACTOR1, a repressor of CO expression, late in
the afternoon of LDs, resulting in a daytime peak in CO
expression (Imaizumi et al., 2003, 2005; Sawa et al.,
2007). Furthermore, regulation of the CO protein plays
a key role in the LD-induced flowering transition.
Light-mediated regulation of CO through photorecep-
tors results in stabilization of the CO protein at the end
of LDs (Valverde et al., 2004). In the dark, the CO pro-
tein is degraded rapidly by the E3 ligase COP1 (Jang
et al., 2008). As a consequence, the CO protein accu-
mulates only under LDs and, in turn, activates the ex-
pression of FLOWERING LOCUS T (FT) in leaf phloem
cells (Kardailsky et al., 1999; Kobayashi et al., 1999;
Suárez-López et al., 2001; Yanovsky and Kay, 2002; An
et al., 2004). Research in the last decade has established
the FT protein as the main component of florigen,
which moves from the leaf to the shoot apical meristem
(Corbesier et al., 2007; Tamaki et al., 2007). At the shoot
apex, FT forms a complex with FD, a bZIP transcription
factor, and the FT-FD complex activates floral meristem
identity genes such as APETALA1 to induce flowering
(Abe et al., 2005; Wigge et al., 2005).

FT is not regulated exclusively by the photoperiod
pathway. The expression of FT and SUPPRESSOR OF
OVEREXPRESSOR OF CONSTANS1 (SOC1), collec-
tively known as the floral integrators, is suppressed
directly by the MADS domain-containing transcription
factor FLOWERING LOCUS C (FLC), the major floral
repressor in Arabidopsis (Michaels and Amasino, 1999;
Helliwell et al., 2006; Searle et al., 2006). In the winter-
annual accessions of Arabidopsis, FLC expression is
induced to very high levels by FRIGIDA (FRI), thereby
causing extremely late flowering in the absence of
vernalization (Sanda et al., 1997; Levy and Dean, 1998;
Michaels and Amasino, 1999; Le Corre, 2005). In re-
sponse to vernalization, the FLC locus is epigenetically
silenced by the well-orchestrated action of noncoding
RNAs and protein factors, including VERNALIZA-
TION INSENSITIVE3, VERNALIZATION1 (VRN1),
and VRN2, rendering the plants competent to flower
(Gendall et al., 2001; Levy et al., 2002; Sung and Ama-
sino, 2004; Swiezewski et al., 2009; Heo and Sung, 2011;
Song et al., 2013a). In contrast, the summer-annual va-
rieties do not have fully functional FRI or FLC alleles
and, therefore, flower early even without vernalization,
in contrast to their FRI/FLC-positive counterparts
(Johanson et al., 2000; Gazzani et al., 2003; Michaels
et al., 2003; Shindo et al., 2005). Besides FRI and ver-
nalization, FLC also is regulated by the autonomous
pathway, which acts to suppress FLC as a function of
plant age to control flowering time (Koornneef et al.,
1991; Simpson, 2004). Consequently, mutations in
genes in the autonomous pathway cause elevated FLC
levels, conferring a late-flowering phenotype in both
LDs and SDs.

Research by several groups in diverse model plant
systems has led to the identification of a plethora of
genes that affect flowering time and has helped to build
a molecular and genetic framework of pathways that
regulate flowering (Koornneef et al., 1991; Simpson,
2004; Srikanth and Schmid, 2011; Song et al., 2013a,
2013b, 2015). Despite the vast knowledge, our under-
standing of flowering time control is still incomplete,
and more genes involved in these pathways are being
discovered. Two such genes,VASCULARPLANTONE-
ZINC FINGER1 (VOZ1) and VOZ2, were found to
promote flowering in Arabidopsis (Yasui et al., 2012;
Celesnik et al., 2013). VOZ1 and VOZ2 encode zinc
finger transcription factors and have been shown to
interact with and function downstream of phyB to
regulate FT expression and, thereby, flowering transi-
tion (Mitsuda et al., 2004; Yasui et al., 2012). It was also
demonstrated that the late-flowering phenotype of the
voz1 voz2 double mutant plants was specific to LDs and
that VOZ2 protein abundance in the nucleus was reg-
ulated by light quality in a phytochrome-dependent
manner, suggesting a role for the VOZ genes in the
light-dependent regulation of flowering (Yasui et al.,
2012; Celesnik et al., 2013). Contrary to this, it was also
reported that FLC expression was up-regulated in the
voz1 voz2mutant and that the late-flowering phenotype
of the voz1 voz2mutant was partially rescued in the flc-3
mutant background (Yasui et al., 2012; Celesnik et al.,
2013; Yasui and Kohchi, 2014). Moreover, both the late-
flowering phenotype and the elevated FLC expression
of the voz1 voz2 mutant could be rescued by vernali-
zation treatment (Celesnik et al., 2013). Thus, it is un-
clear whether the control of flowering by VOZ genes is
light mediated or through the FLC-mediated pathway.
Also, it remains unanswered what genes act down-
stream of VOZ1 and VOZ2 to control FT expression
and, therefore, flowering.

In this study, we describe the roles of VOZ1 and
VOZ2 in the photoperiodic regulation of flowering
in Arabidopsis. As reported previously, we found
that the voz1 voz2 double mutant exhibits LD-specific
late flowering, elevated FLC expression, and down-
regulated FT expression. Here, we demonstrate ge-
netically that neither reduced FT expression nor the
late-flowering phenotype of voz1 voz2 is suppressed by
the flc mutation. We further show that, although VOZ
and CO do not affect each other’s expression, they
act in the same genetic pathway and interact physi-
cally with each other in vitro and in vivo. Although the
determination of VOZ consensus DNA-binding se-
quences combined with microarray analysis failed to
identify any known flowering time genes as direct
transcriptional targets of VOZ, a genetic interaction
between 35S::CO:YFP and voz1 voz2 showed that VOZs
are required to manifest the early-flowering phenotype
in CO-overexpressing plants. Based on these results, we
propose a model where modulation of the function of
the CO protein by VOZs contributes to promoting FT
expression and photoperiodic flowering.
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RESULTS

Establishment of voz1 and voz2 Mutants

The VOZ1 and VOZ2 genes of Arabidopsis have been
implicated in promoting the floral transition. We had
previously established two homozygous T-DNA inser-
tion lines, voz1-1 and voz2-2, to study the function of the
VOZ genes (Fig. 1A). The precise positions of the inser-
tions within the genes were determined by DNA se-
quencing, which showed that the VOZ1 and VOZ2 loci
are disrupted by T-DNA at the fourth exon in the voz1-
1 and voz2-2 alleles, respectively (Fig. 1A; Supplemental
Fig. S1A). Since these two genes share a high level of se-
quence identity (Mitsuda et al., 2004), we also crossed
voz1-1with voz2-2 and generated the voz1-1 voz2-2 double
mutant (referred to as voz1 voz2 hereafter) and tested the
functional redundancy of the VOZ genes. To determine
whether the transcripts of these genes are altered in the
mutant lines, reverse transcription (RT)-PCR analysis was
performed on the RNA samples isolated from Columbia-
0 (Col-0), voz1-1, voz2-2, and voz1 voz2 plants and com-
pared. While a full-length VOZ1 transcript was detected
in Col-0 and voz2-2, noVOZ1 transcript could be detected
either in voz1-1 or voz1 voz2 (Supplemental Fig. S1B).
Similarly, the full-length VOZ2 transcript was absent
from voz2-2 and voz1 voz2 mutants (Supplemental Fig.
S1B). These results suggest that voz1-1 and voz2-2 are null
alleles. Our results are in accordance with previously
published results in the voz mutants (Yasui et al., 2012).

VOZ1 and VOZ2 Redundantly Promote Flowering in the
Photoperiod Pathway

Under normal growth conditions (LDs), none of the
mutant lines showed any striking morphological differ-
ences. However, the voz1 voz2 double mutant showed a
considerable delay in flowering compared with Col-0
(Fig. 1B). A detailed examination of flowering time
revealed that, while the voz1-1 and voz2-2 single mutants
flowered at a similar time to Col-0, the voz1 voz2 double
mutant showed a significant delay in flowering under
LDs, when measured as either the number of rosette
leaves at bolting or as days to flower (Fig. 1, C and D). To
examine whether the voz1 voz2 late-flowering phenotype
is photoperiod dependent, we studied flowering time
under the SD condition and observed that the voz1 voz2
double mutant did not exhibit any significant difference
in flowering time compared with the wild-type plants
(Fig. 1E). These data suggest that VOZ1 and VOZ2 act
redundantly to promote flowering specifically in the
photoperiod pathway. These findings are consistent with
other recently published studies on VOZ1 and VOZ2
(Yasui et al., 2012; Celesnik et al., 2013).

VOZ1 and VOZ2 Act Independently of FLC to Regulate the
Floral Transition

In Arabidopsis, the photoperiodic induction of flow-
ering is mediated by the activation of FT expression in

leaves under LDs (Kardailsky et al., 1999; Corbesier et al.,
2007; Tamaki et al., 2007). Therefore, to assess the role of
VOZs in the photoperiodic regulation of flowering, we
analyzed the expression of FT in the voz1 voz2 double
mutant. As reported previously (Yasui et al., 2012), we
found that FT expression was reduced significantly in
voz1 voz2 compared with the wild type under LDs (Fig.
2A), suggesting that VOZ1 and VOZ2 (VOZs) activate FT
expression to promote flowering.

Previously, it was reported that the late-flowering
phenotype of the voz1 voz2 mutant was the result of
increased FLC expression (Yasui et al., 2012). Since, in
this study, we used a different combination of voz1 and
voz2 single mutants to generate the double mutant, we
reanalyzed the expression of FLC in the voz1 voz2 line.
Consistent with the previous reports (Yasui et al., 2012;
Celesnik et al., 2013), we found that FLC expressionwas
up-regulated in the voz1 voz2mutant as compared with
the wild type (Fig. 2B), implying thatVOZs repress FLC
and, thereby, activate FT to promote flowering. On the
contrary, the voz1 voz2 mutant exhibits late flowering
specifically under LDs, and given the fact that FLC is a
target of the autonomous pathway, it is expected that
an increased FLC expression would cause a delay in
flowering in both LDs and SDs. Therefore, to determine
if the delay in voz1 voz2 flowering is indeed due to in-
creased FLC expression, we used a genetic approach
where voz1 voz2 was introduced into an flc mutant
background that harbors a T-DNA insertion in the first
intron. Interestingly, the voz1 voz2 flc triple mutant
flowered at the same time as the voz1 voz2 double
mutant under LDs (Fig. 2, C and D) under our growth
conditions. The expression of FLC in voz1 voz2 flc was
comparable to that of the flc single mutant (Fig. 2E). The
low FT transcript level observed in the voz1 voz2 double
mutant also was maintained in the voz1 voz2 flc triple
mutant (Fig. 2F). Taken together, our results strongly
suggest that the VOZ genes regulate FT expression and
flowering independently of FLC.

VOZ1 and VOZ2 Act Together with CO in the
Photoperiod Pathway

The observation that the voz1 voz2mutant shows late
flowering only in LDs suggests that VOZ1 and VOZ2
function in the photoperiod pathway. CO is central to
the photoperiodic control of flowering and directly ac-
tivates FT expression in the phloem companion cells
specifically at the end of LDs (Yanovsky and Kay, 2002;
An et al., 2004; Tiwari et al., 2010). Both CO and VOZs
are expressed in the leaf vasculature (An et al., 2004;
Mitsuda et al., 2004) and code for transcription factors
that positively regulate FT expression under LDs
(Putterill et al., 1995; Samach et al., 2000; Mitsuda et al.,
2004; Yasui et al., 2012). Therefore, to understand the
relation between VOZs and CO, we measured their
transcript levels in co-2 and voz1 voz2 mutant lines, re-
spectively. We found no significant difference in
CO expression in the voz1 voz2 double mutant
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Figure 1. VOZ1 and VOZ2 redundantly promote flowering only under LDs. A, Schematic showing the T-DNA (black triangles) in-
sertions in the VOZ1 and VOZ2 loci. Allele names are shown above the respective insertions. White rectangles represent 59 and 39
untranslated regions (UTRs), gray rectangles represent exons, and black lines represent introns. B, Five-week-old plants of the indicated
genotypes grown under LDs. Bar = 1 cm. C, Number of rosette leaves at bolting of the indicated genotypes grown under LDs. Data are
shown asmeans6 SD (n$ 16). D,Days from germination to flowering of Col-0 and voz1 voz2 plants grown under LDs.Data are shown
as means 6 SD (n = 28). E, Number of rosette leaves at bolting of Col-0 and voz1 voz2 plants grown under SDs. Data are shown as
means 6 SD (n = 21). Asterisks in C and D indicate significant differences from Col-0 (P , 0.001, unpaired Student’s t test).
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compared with the wild type (Fig. 3A), which is con-
sistent with earlier reports (Yasui et al., 2012). Also,
while FT was down-regulated significantly in the co-2
mutant (Supplemental Fig. S2A), the expression of
VOZ1 and VOZ2 was largely unchanged in co-2 when
compared with the wild type (Fig. 3B). To further
strengthen this finding, we examined VOZ1 and VOZ2
expression in a CO-overexpressing line (35S::CO) that
shows highly up-regulated CO and FT transcripts
(Supplemental Fig. S2B) and, consequently, flowers
early (Supplemental Fig. S2C). We found no significant
difference in VOZ expression in 35S::CO compared
with the wild type (Fig. 3C). Altogether, these results
indicate that VOZs do not regulate CO transcription
and vice versa.
To test the interaction between VOZs and CO at the

genetic level, we introduced the co-2 mutation into the

voz1 voz2 double mutant background by genetic
crossing and examined the flowering time of the voz1
voz2 co-2 triple mutant. Since co-2 is in Landsberg erecta
(Ler) and voz1 voz2 is in the Col-0 background, we
established wild-type, co-2, and voz1 voz2 homozygous
plants from the co-23 voz1 voz2 F2 individuals to serve
as more appropriate controls, all of them being in a
mixed Col-0/Ler background, for flowering time mea-
surement. Flowering time analysis revealed that the co-
2 mutant showed a strong late-flowering phenotype
and flowered later than the voz1 voz2 mutant (Fig. 3, D
and E). The voz1 voz2 co-2 triple mutant also flowered at
a similar time to the parental genotypes (Fig. 3, D and
E). Consistent with the above finding, the reduction in
FT expression also was similar in co-2 and voz1 voz2 co-2
plants (Fig. 3F). The fact that the voz1 voz2 co-2 triple
mutant did not display an additive late-flowering

Figure 2. VOZ1 and VOZ2 regulate flowering independently of FLC. A and B, Relative transcript levels of FT (A) and FLC (B)
analyzed by RT-quantitative PCR (qPCR). Asterisks indicate significant differences from Col-0 (P , 0.001, unpaired Student’s t
test). C, Five-week-old plants of the indicated genotypes under LDs. Bar = 1 cm. D, Number of rosette leaves at bolting of the
indicated genotypes under LDs. Data are shown as means 6 SD (n = 15). Letters shared between the genotypes indicate no
significant difference (P, 0.001, one-way ANOVA, Tukey’smultiple comparison test). E and F, Relative transcript levels of FLC (E)
and FT (F) analyzed by RT-qPCR. Letters shared between the genotypes indicate no significant difference (P , 0.05, one-way
ANOVA, Tukey’s multiple comparison test). For RT-qPCR, total RNAwas isolated at zeitgeber time (ZT)-16 (A and F) and ZT-8 (B
and E) from 14-d-old seedlings grown under LDs. RNA extraction was performed three times independently. The transcript levels
were normalized to ACTIN2 (ACT2). Data are shown as means 6 SD (n = 3).
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phenotype compared with the parents strongly implies
that VOZ1 and VOZ2 act together with CO in the
photoperiodic control of flowering.

VOZ1 and VOZ2 Interact Physically with CO

The above results show that VOZs and CO work in
association in the photoperiod pathway to promote FT
expression but do not affect each other’s expression,
suggesting a physical interaction between these two
proteins. This is supported by the spatial and temporal
overlap in their expression patterns as demonstrated by
reporter analysis (An et al., 2004; Mitsuda et al., 2004;
Yasui et al., 2012). Furthermore, our in silico analysis
using the Diurnal tool (Mockler et al., 2007) showed a
correlated temporal expression of the VOZ1, VOZ2,
and CO transcripts under LDs (Supplemental Fig. S3, A

and B) and SDs (Supplemental Fig. S3, C and D). We
tested the VOZ-CO interaction using an in vitro pull-
down assay wherein recombinant His-VOZ1, His-
VOZ2, GST-CO, and GST proteins were expressed in
Escherichia coli. GST-CO or GST lysates were mixed
with equal amounts of either His-VOZ1 or His-VOZ2
and incubated with glutathione-Sepharose beads in
separate columns. The bead-bound proteins were
eluted, separated by SDS-PAGE, and subjected to im-
munoblot analysis with an anti-His antibody (Fig. 4, A
and B). Immunoblotting detected distinct bands corre-
sponding to His-VOZ1 (Fig. 4A) and His-VOZ2 (Fig.
4B) in the proteins eluted from the GST-CO columns
but not from the GST columns (Fig. 4, A and B),
showing that both VOZ1 and VOZ2 interact with CO
in vitro.

To examine the VOZ-CO interaction further, we
exploited the DNA-binding property of VOZ proteins.

Figure 3. VOZs and CO function together in the photoperiod pathway to promote flowering. A, Relative CO transcript levels as
analyzed by RT-qPCR. B, Relative VOZ1 and VOZ2 transcript levels as analyzed by RT-qPCR. The asterisk indicates a significant
difference from Ler (P, 0.05, unpaired Student’s t test). C, RelativeVOZ1 andVOZ2 transcript levels as analyzed by RT-qPCR.D,
Five-week-old plants of the indicated genotypes grown under LDs. Bar = 1 cm. E, Number of rosette leaves at bolting of the
indicated genotypes under LDs. Data are shown asmeans6 SD (n$ 15; P, 0.01, one-way ANOVA, Tukey’smultiple comparison
test). F, Relative transcript levels of FT as analyzed by RT-qPCR. Letters shared between the genotypes indicate no significant
difference (P, 0.05, one-way ANOVA, Tukey’s multiple comparison test). For RT-qPCR, total RNAwas isolated at zeitgeber time
(ZT)-12 (A), ZT-8 (B and C), and ZT-16 (F) from 14-d-old seedlings (A–C) and 11-d-old seedlings (F) grown under LDs. RNA
extraction was performed three times independently. The transcript levels were normalized to ACT2. Data are shown as means6
SD (n = 3). WT, Wild type.
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Previously, VOZ2 was shown to be capable of binding
to the GCGT(N)7ACGT sequence (Mitsuda et al., 2004).
A [g-32P]ATP-labeled oligonucleotide containing the
VOZ2-binding site (GCGTGTGATACACGT) was in-
cubated with His-VOZ2 alone or in combination with
GST-CO or GST (Fig. 4C). While His-VOZ2 was able to
retard the wild-type probe, neither GST-CO nor GST
alone bound to the wild-type probe (Fig. 4C). His-
VOZ2, however, did not bind to the probe containing
a mutant VOZ2-binding site (tCGTGTGATACACGT)
used as a control (Fig. 4C), demonstrating that the in-
teraction between VOZ2 and the wild-type probe is
specific. His-VOZ2 in combination with GST-CO fur-
ther retarded the wild-type probe (seen as a supershift)
but not when used in combination with GST (Fig. 4C).
The supershift observed in the mobility of the His-
VOZ2-wild-type probe complex caused by GST-CO
(Fig. 4C) further confirms the interaction of VOZ2 and
CO in vitro.
To test whether VOZs and CO interact in planta, we

performed a bimolecular fluorescence complementa-
tion (BiFC) assay. For this, the N-terminal half of the
yellow fluorescent protein (YFP)-coding gene was
fused to CO and the C-terminal half to VOZ1 or VOZ2,
and the resulting nYFP-CO and VOZ1-cYFP or VOZ2-
cYFP constructs, respectively, were coexpressed in
Nicotiana benthamiana leaves byAgrobacterium tumefaciens-
mediated infiltration. Confocal microscopy revealed a
distinct, reconstituted YFP signal in the nucleus of ep-
idermal cells in leaves that coexpressed nYFP-CO/

VOZ1-cYFP or nYFP-CO/VOZ2-cYFP (Fig. 5). How-
ever, no YFP fluorescence was detected in the nuclei
that coexpressed nYFP-CO/cYFP, nYFP/VOZ1-cYFP,
or nYFP/VOZ2-cYFP, which were used as negative
controls (Supplemental Fig. S4). Taken together, these
results show that both VOZ1 and VOZ2 interact
physically with CO in vitro as well as in vivo.

Transcripts of Known Flowering Time Genes Remain
Unaltered in the voz1 voz2 Mutant

Although the VOZ transcription factors are known to
regulate the flowering transition as well as biotic and
abiotic stress responses in Arabidopsis (Nakai et al.,
2013a, 2013b), their direct transcriptional targets have
not been reported so far. In an attempt to identify the
VOZ targets that may mediate the control of flowering
time, global transcriptomic analysis of the voz1 voz2
double mutant was performed using a DNA micro-
array. Comparative transcriptomic analysis revealed
that 699 genes were up-regulated and 1,278 genes were
down-regulated in the voz1 voz2 double mutant com-
pared with Col-0 (Supplemental Data Set S1). Although
genes involved in several important biological pro-
cesses, such as stress regulation, energy metabolism,
development, and signaling (Supplemental Fig. S5A),
were deregulated, we did not detect any known flow-
ering time genes that can be implicated in the late-
flowering phenotype of voz1 voz2.

Figure 4. VOZ1 andVOZ2 interact with
CO in vitro. A and B, GST pull-down
assay showing the interaction of VOZ1 and
VOZ2withCO.His-VOZ1(A)orHis-VOZ2
(B) proteins were incubated with GST or
GST-CO together with glutathione-Sephar-
ose beads in a column. The bead-bound
proteins were subjected to 10% (w/v) SDS-
PAGE and detected by immunoblot (IB)
analysis using anti-His antibody. For the in-
put blots, 0.5% (v/v) input extracts were
loaded todetectHis-VOZ1orHis-VOZ2.C,
Electrophoretic mobility shift assay (EMSA)
showing the interactionofVOZ1andVOZ2
with CO. [g-32P]ATP-labeled wild-type
(WT) probe containing the VOZ2-binding
site (GCGTGTGATACACGT) was incu-
bated with His-VOZ2 alone or in combi-
nation with GST-CO or GST. As controls,
GST-CO and GST alone were incubated
separately with the wild-type probe. Addi-
tionally, His-VOZ2 was incubated with a
probe containing a mutant VOZ2-binding
site (tCGTGTGATACACGT).
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Therefore, we performed a systematic evolution of
ligands by exponential enrichment (SELEX) experiment
to determine the consensus DNA-binding elements of
VOZ1 and VOZ2 (Pollock and Treisman, 1990). Anal-
ysis of the sequences obtained for VOZ1 and VOZ2 by
SELEX (Fig. 6; Supplemental Tables S1 and S2) yielded
a total of five possible consensus VOZ-binding se-
quences (Supplemental Fig. S5B). In a previous study
(Mitsuda et al., 2004), VOZ1 and VOZ2 were shown to
bind strongly to GCGT(N)7ACGC, while VOZ2 also
bound to GCGT(N)7ACGT, albeit weakly, supporting
the results from our SELEX analysis. To identify the
genes that contain the VOZ consensus motifs in their
regulatory regions and, therefore, are potentially the
targets of the VOZ transcriptional activity, we scanned
the Arabidopsis genome for the presence of all five
VOZ consensus-binding sequences (Supplemental Fig.
S5B) using the PatMatch service (https://www.
arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl).
The analysis revealed that a total of 774 genes contain at
least one VOZ consensus motif within 1 kb of the up-
stream regulatory region (Supplemental Data Set S2)
and 76 genes contain the motif within the 59 UTR
(Supplemental Data Set S3). At least one of these pu-
tative cis-elements (in the AT1G32640 locus) containing
the GCGT(N)7ACGT motif bound to the VOZ2 protein
efficiently and specifically, as determined by EMSA
(Fig. 4C; Supplemental Fig. S5C). However, out of the
845 genes that contained VOZ consensus sites, we did
not find any gene that can explain the LD-specific
late-flowering phenotype of the voz1 voz2mutant (see
“Discussion”). The flowering integrator FT, whose

transcript level was reduced in the voz1 voz2 double
mutant (Fig. 2A), also did not have any VOZ-binding
sites in its upstream regulatory region, suggesting an
indirect control of FT by the VOZ proteins.

Therefore, we hypothesized that the regulation of
flowering by VOZs is mediated by protein-protein
interactions with CO. To test this, we crossed the
early-flowering 35S::CO:YFP plants with the late-
flowering voz1 voz2 double mutant and analyzed
the flowering transition of the voz1 voz2 35S::CO:YFP
plants. While 35S::CO-YFP plants flowered much
earlier than the wild type and made only approxi-
mately eight leaves as compared with ;16 leaves at
bolting by Col-0 under LDs, the voz1 voz2 35S::CO:
YFP plants flowered significantly later (Fig. 7). To test
whether the elevated CO expression is maintained in
the voz1 voz2 35S::CO:YFP plants, we determined the
CO transcript abundance in these seedlings by
RT-qPCR analysis. Even though the CO level was
reduced compared with that in 35S::CO:YFP plants,
the voz1 voz2 35S::CO:YFP seedlings showed a greater
than 4-fold increase in CO transcript compared with
Col-0 (Supplemental Fig. S6A). It has been demon-
strated that a moderate 2- to 3-fold increase in CO
expression is sufficient to cause a corresponding in-
crease in FT expression and early flowering (Fornara
et al., 2009). However, the 4-fold higher CO transcript
level failed to promote FT expression in the voz1
voz2 35S::CO:YFP plants compared with Col-0
(Supplemental Fig. S6A). Taken together, this sug-
gests that CO requires VOZ proteins for FT activation
and, thus, its flowering-promoting effect.

Figure 5. VOZ1 and VOZ2 interact with CO in vivo. BiFC analysis shows the interaction of VOZ1 (top) and VOZ2 (bottom)
proteinswith CO inN. benthamiana epidermal cells. Red arrows indicate YFP signal, andwhite arrows indicate the nuclei stained
with 49,6-diamidino-2-phenylindole (DAPI). BF, Bright field; Merge, merge of YFP, BF, and DAPI. Bars = 20 mm.
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DISCUSSION

The role of VOZ genes in regulating flowering time
has been reported previously (Yasui et al., 2012;
Celesnik et al., 2013). However, the mechanism of this
regulation and the components acting downstream to
VOZs are not clearly known. In this study, we con-
firm that these genes promote the floral transition
specifically through the photoperiod pathway. Using
genetics, we show that VOZs act independently of
FLC but in association with CO in the control of the
floral transition. In vitro GST pull-down, EMSA, and
BiFC analyses demonstrate that VOZ1 and VOZ2
interact physically with CO in vitro as well as in
planta.

VOZs Regulate Flowering Independently of FLC

Results from previous studies (Yasui et al., 2012;
Celesnik et al., 2013; Yasui and Kohchi, 2014) and from
our analysis here show that the voz1 voz2 mutant has
elevated FLC expression (Fig. 2C). Since FLC sup-
presses flowering by directly repressing FT, it could
be presumed that the reduced FT expression and
the late-flowering phenotype of the voz1 voz2 plants
are due to higher FLC levels. Considering this possi-
bility, the voz1 voz2 double mutant was expected to
exhibit a late-flowering phenotype under both LDs and
SDs like the autonomous pathway mutants, which
show a photoperiod-independent late flowering due to

Figure 6. A, 15 representative unique sequences obtained for VOZ1 SELEX. B, 18 representative unique sequences obtained for
VOZ2 SELEX. C, Consensus logo for VOZ1 (top) obtained from the software toolMEME and the countmatrix (bottom) showing the
occurrence of each base. D, Consensus logo for VOZ2 (top) obtained from the software tool MEME and the count matrix (bottom)
showing the occurrence of each base.
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increased FLC expression (Koornneef et al., 1991;
Simpson, 2004). Contrary to this, voz1 voz2 plants show
an LD-specific delay in floral transition (Fig. 1E), sug-
gesting that the voz1 voz2 double mutant is defective in
photoperiod sensing and that VOZs function in the
photoperiod pathway. In fact, our results show that
neither the down-regulation in FT expression nor the
voz1 voz2 late flowering could be rescued in the voz1
voz2 flc triple mutant (Fig. 2, D and F). In contrast to our
findings, recently it was shown that the voz1 voz2 late-
flowering phenotype could be partially rescued in the
flc-3 mutant background (Yasui and Kohchi, 2014). We
speculate that the difference in the results could be due
to the different flc allele used in our study. Recent
studies also reported that the late flowering of the voz1
voz2 plants could be rescued by a vernalization treat-
ment (Celesnik et al., 2013; Yasui and Kohchi, 2014).
These contradictions can be explained by the fact that
vernalization can promote flowering not only by
repressing FLC but also via FLC-independent mecha-
nisms (Michaels and Amasino, 2001). Thus, the
up-regulation of FLC in the voz1 voz2 background
seems to have only a minor role, if any, in the late
flowering of the voz1 voz2mutant and could not explain
the LD-specific delay in the floral transition. Therefore,
we conclude that VOZs promote flowering specifically
in the photoperiod pathway largely independently of
FLC.

VOZs Function with CO in the Photoperiod Pathway

Daylength is perceived in the leaves by CO, which
activates FT expression in the phloem companion cells
in response to long photoperiods (Suárez-López et al.,
2001; Yanovsky and Kay, 2002; An et al., 2004). Similar
to CO and FT, VOZ1 and VOZ2 are expressed strongly
in the leaf vasculature (Mitsuda et al., 2004; Yasui et al.,
2012), suggesting that the VOZ genes are involved in
the photoperiodic control of flowering. In fact, similar
to loss-of-function mutants of CO, the voz1 voz2 double
mutant exhibits an LD-specific late-flowering pheno-
type, a characteristic feature of photoperiod pathway

mutants (Koornneef et al., 1991). Our results demon-
strate that, although FT expression is reduced in the
voz1 voz2 background, CO does not affect VOZ ex-
pression and vice versa (Fig. 3, A–C). However, the
genetic interaction between voz1 voz2 and co-2 mutants
reveals that VOZswork together with CO to control FT
expression in the photoperiod pathway (Fig. 3, D–F).

VOZ1 and VOZ2 Interact Physically with CO

The posttranscriptional regulation of CO by light is
central to photoperiod-dependent flowering control
(Valverde et al., 2004). A plethora of factors are known
to interact with the CO protein to modulate its stability
such that CO only accumulates under LDs toward the
end of the day, which, in turn, activates FT to induce
flowering (Song et al., 2015). CO and VOZs do not
regulate each other transcriptionally and yet work in
the same genetic pathway (Fig. 3), suggesting the pos-
sibility that VOZ proteins interact with CO. Our pull-
down assays using recombinant VOZ1, VOZ2, and CO
proteins clearly show that both VOZ1 and VOZ2 in-
teract physically with CO in vitro (Fig. 4, A and B). The
VOZ2-CO interaction was further demonstrated by
EMSA (Fig. 4C). Furthermore, BiFC analyses demon-
strate that VOZ1 and VOZ2 interact with CO in planta
and that this interaction is observed specifically in the
nucleus (Fig. 5).

VOZs Likely Promote Flowering Independently of
Transcriptional Activity

The VOZ proteins are DNA-binding transcription
factors capable of activating the transcription of target
genes that contain the VOZ-binding sites (Mitsuda
et al., 2004), yet the known flowering time genes are
likely not the direct targets of their transcriptional ac-
tivity (Supplemental Fig. S5; Supplemental Data Sets
S1–S3). Of the 845 genes that contain VOZ consensus
sites, four genes, namely EARLY FLOWERING4 (ELF4),
DAY NEUTRAL FLOWERING (DNF), SUPPRESSOR

Figure 7. Genetic interaction between
35S::CO:YFP and voz1 voz2. A, Five-
week-old plants of the indicated geno-
types under LDs. B, Number of rosette
leaves at bolting of the indicated geno-
types under LDs. Data are shown as
means 6 SD (n = 15). Letters shared be-
tween the genotypes indicate no signif-
icant difference (P , 0.001, one-way
ANOVA, Tukey’s multiple comparison
test).
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OF AUXIN RESISTANCE3 (SAR3), and PHYTO-
CHROME AND FLOWERING TIME1 (PFT1), are
known regulators of flowering time (Supplemental
Table S3). Since ELF4 and DNF suppress the flowering
transition by repressing CO transcription (Morris et al.,
2010; Kim et al., 2013) and because CO transcript levels
remain unaffected in the voz1 voz2mutant (Fig. 3A), we
inferred that VOZs regulate the flowering transition
independently of ELF4 and DNF. Since SAR3 mutants
flower early (Zhang and Li, 2005; Parry et al., 2006) and
affect flowering strongly in the FRI-containing back-
ground (Jacob et al., 2007), the LD-specific late flower-
ing of the voz1 voz2 mutant cannot be explained by
SAR3 activity. Since PFT1 acts downstream of phyB
and promotes flowering via CO-dependent and
CO-independent pathways (Iñigo et al., 2012), it can
potentially mediate VOZ-dependent flowering time
control. To test this, we analyzed PFT1 expression in the
voz1 voz2 mutant. However, no difference was ob-
served in the PFT1 transcript level in the voz1 voz2
mutant compared with the wild type (Supplemental
Fig. S6B).
The flowering time integrator FT is activated directly

by CO and also is down-regulated in the voz1 voz2
double mutants. Even though overexpression of
CO caused early flowering in the 35S::CO:YFP plants, it
failed to exert its effect to the same extent in the absence
of functional VOZ genes (Fig. 7). Thus, promotion of
flowering by CO requires functional VOZ proteins.
Since VOZ and CO form a stable complex (Figs. 4 and
5), it is possible that the CO protein is either stabilized
ormade functional by interactingwith VOZ. It has been
reported previously that overexpression of VOZ2 has
no effect on FT or FLC expression beyond their re-
spective levels in the wild type (Yasui et al., 2012). It is
possible that VOZs exert their effect on FT expression,
and thereby flower promotion, by associating with CO,
the level of which acts as a limiting factor when VOZ is
overexpressed.
Therefore, we speculate that the VOZ-CO interaction

stabilizes CO and, therefore, the loss-of-function voz1
voz2 plants would have a reduced abundance of CO
protein and, hence, reduced FT transcript, resulting in a
delay in flowering. It is known that phyB destabilizes
CO and that this effect is counteracted by PHYTO-
CHROME DEPENDENT LATE FLOWERING (PHL),
which interacts with both phyB andCO (Valverde et al.,
2004; Yasui et al., 2012; Endo et al., 2013). We show that
VOZ proteins interact with CO (Figs. 4 and 5), and it
was shown recently that VOZs also interact with phyB
(Yasui et al., 2012). Therefore, it is possible that, similar
to PHL, VOZs also inhibit phyB-mediated CO desta-
bilization. Nevertheless, we do not rule out the possi-
bility that VOZs may mediate CO stabilization
independently of phyB. Additionally, while our SELEX
and microarray experiments failed to identify direct
transcriptional targets of VOZ1/VOZ2 that could be
implicated in the control of flowering, it is still possible
that VOZs regulate flowering also via yet unidentified
target proteins.

CONCLUSION

In summary, our study provides new insights into
the role ofVOZ genes in the photoperiodic regulation of
flowering. Our results reveal that VOZs work together
with CO in the photoperiod pathway to promote
flowering. Moreover, we demonstrate that VOZ1 and
VOZ2 interact physically with CO in vitro as well as in
planta. Finally, we show that VOZs are required by CO
to promote flowering. Therefore, we propose that
VOZs modulate CO function to regulate flowering by
promoting FT induction. However, further research is
required to determine the exact mechanism by which
the VOZ-CO interaction affects CO activity.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) accessions Col-0 and Lerwere used as
wild-type controls. The voz1-1 (GABI_418B02), voz2-2 (SALK_115813), flc
(SALK_003346), and co-2 (GABI_363408) mutants were obtained from the
Arabidopsis Biological Resource Center (http://arabidopsis.org/). The voz1-1,
voz2-2, and flc mutants are in the Col-0 background, whereas co-2 is in the Ler
background. The voz1 voz2 (voz1-1 voz2-2), voz1 voz2 flc, and voz1 voz2 co-2
mutants were generated by crossing. The seeds of 35S::CO and 35S::CO:YFP
lines were a kind gift from George Coupland. Plants were grown onMurashige
and Skoog agar medium (Himedia), stratified for 3 d in dark at 4°C, and then
transferred to LDs (16 h of light/8 h of dark) or SDs (8 h of light/16 h of dark) at
22°C. Light intensity was ;130 mmol m22 s21.

Flowering Time Measurement

Flowering timewasmeasured by recording the number of days from the day
of sowing to the day when the flowering shoot grew ;1 cm long and also by
counting the number of rosette leaves at bolting. The number of cauline leaves
also was counted separately in some cases.

Genotyping of Mutant Lines

Specific combinations of gene-specific and insertion-specific primers were
used to genotype the voz1-1, vlb2-2, and flcmutants. To genotype the co-2 double
mutant, a combination of gene-specific forward and gene-specific reverse
primers were used to PCR amplify a product specific to the mutant co-2 allele.
The product was digested with the PscI restriction enzyme (Thermo Scientific)
and analyzed on an agarose gel for the presence of a co-2-specific banding
pattern (324-, 292-, and 114-bp fragments). The wild-type CO allele produced a
different banding pattern (616- and 114-bp fragments). A list of the primers
used is presented in Supplemental Table S1.

RNA Isolation and Expression Analysis

Plants were grown at 22°C under LDs with fluorescent white light, and then
whole seedlings were harvested at the indicated times (Figs. 2 and 3;
Supplemental Figs. S2 and S6) for RNA isolation. Total RNA was extracted
using the Tri Reagent (Sigma). After treatment with RNase-free DNase (Thermo
Scientific), first-strand cDNA was synthesized from 2 mg of total RNA with
oligo(dT18) primers using the SuperScript III reverse transcriptase (Invitrogen).
For RT-qPCR, the cDNA samples were diluted with distilled water (1:10). Gene
expression was monitored using 1 mL of the diluted cDNA in the SYBR-qPCR
master mix (KAPA Biosystems), according to the manufacturer’s instructions.
The following thermal profile was used for all RT-qPCRs: 95°C for 15 min,
followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. To de-
termine the specificity of the reaction, a melt-curve analysis of the product was
performed immediately after the final PCR cycle by gradually increasing the
temperature from 60°C to 95°C at 0.05°C s21. RT-qPCRwas performed with the
7900HT real-time PCR detection system (ABI systems). Data analysis was
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performed using ABI Prism 7900HT SDS software (Applied Biosystems), and
the relative expression was calculated using the equation 22DDCt, where ΔΔCt =
[(Ct gene of interest2 Ct internal control) sample A2 (Ct gene of interest2 Ct
internal control) sample B] (Schmittgen and Livak, 2008). Quantification of
three independent biological replicates was performed for each sample. Ex-
pression of ACT2 or TUBULIN2 (TUB2) was used for normalization. RT-PCR
was performed using Taq DNA polymerase (Thermo Scientific). A 20-mL PCR
amplification was performed with respective primers, and after 30 cycles, the
PCR products were visualized on an ethidium bromide-stained 1% (w/v) ag-
arose gel.UBIQUITIN10 (UBQ10) was used as an internal control. Each reaction
was repeated at least three times, and one representative result is shown. A list
of the primers used is presented in Supplemental Table S1.

Plasmid Construction

For the GST pull-down assay and EMSA, the complete coding sequences of CO,
VOZ1, and VOZ2 were PCR amplified using specific primers and cloned into the
pGEMT-Easy vector (Promega) as described previously (Protocols andApplications
Guide, online edition, 2005, Promega). The CO-pGEMT-Easy clone was restriction
digested with BamHI and SalI, and the resulting fragment was ligated in frame into
the pGEX-4T-1 vector to generate the pGEX-4T-1-CO fusion construct. The VOZ1-
pGEMT-Easy and VOZ2-pGEMT-Easy clones were restriction digested with EcoRI,
and the fragments were ligated in frame into pRSETB and pRSETC to generate
pRSETB-VOZ1 and pRSETC-VOZ2 fusion constructs. For BiFC, the complete coding
sequences of CO, VOZ1, and VOZ2were first PCR amplified using specific primer
combinations and then cloned into the pGEMT-Easy vector (Promega). The CO-
pGEMT-Easy clonewas restriction digestedwith BamHI andKpnI, and the fragment
was ligated in frame into pSPYNE(R)173 vector (Waadt et al., 2008) to generate the
nYFP-CO fusion construct. VOZ1-pGEMT-Easy and VOZ2-pGEMT-Easy clones
were restriction digested with SpeI/KpnI and SalI/SmaI, respectively, and the frag-
ments were ligated in frame into the pSPYCE(M) vector (Waadt et al., 2008) to
generateVOZ1-cYFP andVOZ2-cYFP fusion constructs. For the SELEX experiment,
the complete coding sequences of VOZ1 and VOZ2 were PCR amplified using
specific primers and cloned in frame with the MBP coding sequence between the
EcoRI and SalI sites of the pMALc2x vector to generate the pMALc2x-VOZ1 and
pMALc2x-VOZ2 constructs. The primers used for the plasmid construction are listed
in Supplemental Table S4.

Protein Purification

Competent Escherichia coli BL21 (DE3, pLysS) cells were transformed with the
pGEX-4T-1 (GST), pGEX-4T-1-CO (GST-CO), pRSETB-VOZ1 (His-VOZ1), and
pRSETC-VOZ2 (His-VOZ2) constructs. Primary cultures were prepared by inocu-
lating 5 mL of Luria-Bertani broth, containing 100 mg mL21 ampicillin and 25 mg
mL21 chloramphenicol, with a single colony of transformed bacteria using a sterile
tip and incubated overnight in a shaking incubator (180 rpm) at 37°C. A total of
100 mL of prewarmed Luria-Bertani broth with appropriate antibiotics was inocu-
lated with 1% (v/v) inoculum from the primary cultures. Protein expression was
induced at 0.4 to 0.6 OD600with 0.6mM isopropylthio-b-galactoside at 18°C for 12 h,
and the cells were harvested by centrifugation at 6,000 rpm for 10 min at 4°C. Cell
pellets were resuspended in 5 mL of lysis buffer (50 mM Tris-Cl [pH 7.4], 150 mM

NaCl, 1 mM DTT, 0.1% [v/v] Tergitol-type NP-40 [NP-40], and 0.2 mM phenyl-
methylsulfonyl fluoride [PMSF]). Cells were disrupted by sonication on ice, and the
lysate was cleared by centrifugation at 13,000 rpm for 30 min at 4°C. The GST and
GST-CO proteins were purified from the supernatant using GST-bind resin in a
column (as described by the manufacturer [Novagen, Merck Millipore]). GST and
GST-CO proteins were eluted with 10 mM reduced glutathione in 0.5-mL fractions,
and His-VOZ1 and His-VOZ2 proteins were purified from the supernatant using
Ni-NTA His-bind resin in a column (as described by the manufacturer [Novagen,
Merck Millipore]). His-VOZ1 and His-VOZ2 proteins were eluted with 500 mM

imidazole in 0.5-mL fractions. The purified GST, GST-CO, His-VOZ1, and His-
VOZ2 proteins were dialyzed in 1,000 mL of dialysis buffer (50 mM Tris-Cl [pH
7.4], 150 mM NaCl, 1 mM DTT, 0.1% [v/v] NP-40, 0.2 mM PMSF, and 10% [v/v]
glycerol) for 6 h. Protein concentrations were determined by a Bradford assay
(Bradford, 1976), and the purities were analyzed by running the samples on 10%
(w/v) SDS-PAGE.

In Vitro Pull-Down Assay

For in vitro pull-down assays, a combination of 20 mg each of either His-
VOZ1 or His-VOZ2 and CO-GST proteins was incubated with 50 mL of

glutathione-Sepharose beads (Novagen, Merck Millipore) in lysis buffer (50 mM

Tris-Cl [pH 7.4], 150mMNaCl, 1mMDTT, 0.1% [v/v] NP-40, and 0.2mM PMSF) for
2 h at 4°C. As a control, a combination of 20 mg each of either His-VOZ1 or
His-VOZ2 andGST proteins was incubated with 50mL of glutathione-Sepharose in
lysis buffer for 2 h at 4°C. The sampleswere then resolved by 10% (w/v) SDS-PAGE
and analyzed by immunoblotting using an anti-His antibody (1:5,000; Sigma) fol-
lowed by an anti-mouse IgG secondary antibody (1:10,000; Sigma). For the input
blots, 0.5% (v/v) input extracts were loaded to detect His-VOZ1 or His-VOZ2.

EMSA

Oligonucleotides were end labeled with [g-32P]ATP using T4 polynucleotide
kinase (Thermo Scientific). Binding reactions were performed in a 25-mL reaction
volume containing oligonucleotide probe (5 3 104 cpm), binding buffer (10 mM

HEPES [pH 7.8], 50 mM KCl, 5 mM MgCl2, 0.1% [w/v] BSA, 10 ng of herring sperm
DNA, 10% [v/v] glycerol, and 5 mM DTT), and 0.5 mg of purified recombinant
proteins. Binding reaction mixtures were incubated for 30 min at 4°C and resolved
on a 6% (w/v) native polyacrylamide gel in 0.53TBE buffer (45mMTris-borate and
1mMEDTA). For the competition experiment,multifold excesses of eitherwild-type
or mutant oligonucleotides were used along with the labeled wild-type probe.
Electrophoresis was conducted at 4 V cm21 for 1 h at 4°C. The gel images were
analyzed with a BAS-2000 system (Fuji Film). The oligonucleotides used for this
experiment are listed in Supplemental Table S4.

BiFC Assay

Agrobacterium tumefaciens (strain EHA-105) cultures harboring the BiFC constructs
were grown overnight at 28°C in 10 mL of Luria-Bertani broth in the presence of
appropriate antibiotics. The cells were harvested, resuspended in infiltration medium
(10 mM MgCl2, 150 mM acetosyringone, and 10 mM MES, pH 5.6) to an OD600 of 1,
incubated for 2 to 3 h at room temperature, and then infiltrated into 3- to 4-week-old
Nicotiana benthamiana leaves grown under LDs. At 30 h postA. tumefaciens infiltration,
theN. benthamiana leaves were infiltrated with 0.1% (v/v) DAPI solution for 5 min to
visualize the nuclei. Leaf discs were cut and imaged for YFP fluorescence (excitation,
488 nm; emission, 520–545 nm) and for DAPI (excitation, 405 nm; emission, 410–
474 nm) using a confocal laser scanning microscope (Zeiss; LSM 880).

Microarray Experiment

Total RNA was isolated from 14-d-old LD-grown Col-0 and voz1 voz2
seedlings using the Spectrum Plant Total RNA Isolation Kit (Sigma) according
to the manufacturer’s instructions. Two biological replicates each were per-
formed for Col-0 and voz1 voz2. The quality of the RNA samples was assessed
with an Agilent Bioanalyzer (Agilent Technologies). RNA sampleswere labeled
with a single-color dye (Cy3) using Agilent’s Quick-Amp labeling kit and hy-
bridized onto an 8x60 K Arabidopsis Agilent microarray chip (Agilent Tech-
nologies). Data analysis and normalization were done using GeneSpring GX
12.0 Software. Genes whose expression changed by 2-fold or greater and had
P # 0.05 were considered to be up-/down-regulated.

SELEX Assay

The pMALc2x-VOZ1 and pMALc2x-VOZ2 constructs were transformed into BL21
(DE3,pLysS)E. coli cells. Five-milliliter cultures from the transformedcellsweregrown
to 0.4 OD600 in the appropriate antibiotics (100 mg mL21 ampicillin and 25 mg mL21

chloramphenicol) and inducedwith 1mM isopropylthio-b-galactoside. The cells were
harvested and lysed by sonication in column buffer (20 mM Tris, pH 8, and 200 mM

NaCl). The lysate was centrifuged, and the supernatant was used for SELEX.
TheSELEXmethodwasmodifiedfromSchommeretal. (2008).Briefly,MBP-VOZ1

andMBP-VOZ2protein lysateswerefirst bound to amylose beads on ice for 30min in
columnbuffer.Afterwashing away the unboundprotein, the beadswere equilibrated
withbindingbuffer: 20mMTris-Cl, pH8, 50mMNaCl, 5%(v/v) glycerol, 5mMMgCl2,
1mMDTT, and fresh herring spermDNA (200mgmL21). A total of 200 ng of random
double-stranded oligonucleotides (R704), consisting of the sequence 59-GGAAA-
CAGCTATGACCATG[N]18GTAAAACGACGGCCAGT-39, was incubated with the
protein-bead mix on ice for 30 min. After washing away the unbound oligonucleo-
tides, the protein-DNA complex was eluted in 100 mL of water by boiling for 10 min.
Selected oligonucleotides were amplified with primers complementary to the 19-bp
flanking sequences of R704 (forward, 59-GGAAACAGCTATGACCATG-39; reverse,
59-GTAAAACGACGGCCAGT-39). The obtained PCR product was purified, and
10 mL was subjected to another round of selection with R704. With each round of
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selection, the number of PCR cycles was reduced as the fraction of high-affinity
binding sites increased. Purified products after multiple rounds of selection were
cloned into the pGEMT-Easy vector and sequenced.

Bioinformatic Analysis of the VLB-Binding Site

The PatMatch service of the TAIR Web site (http://www.arabidopsis.org)
was used to identify VLB-binding sites in the upstream region of all Arabi-
dopsis genes. The annotation of each gene was cited from the TAIR Web site.

Accession Numbers

Sequence data for the genes mentioned in this article can be found in the
Arabidopsis Genome Initiative with the following accession numbers: At1g28520
(VOZ1), At2g42400 (VOZ2), At3g18780 (ACT2), At1g65480 (FT), At5g15840 (CO),
At5g10140 (FLC), At1g32640 (MYC2), At5g62690 (TUB2), At1g25540 (PFT1),
At4g05320 (UBQ10),At2g40080 (ELF4),At3g19140 (DNF), andAt1g80680 (SAR3).
Microarray data (accession no. GSE111342) have been deposited to the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi).
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