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Abstract Fine-tuning of flowering timing is crucial for plants to survive and leave offspring and depends on various 
endogenous and environmental factors. Here we report the identification of a vascular transcription factor, ANAC075, a 
putative regulator of VASCULAR-RELATED NAC-DOMAIN7 (VND7), as a negative regulator of flowering in Arabidopsis. 
Loss of function of ANAC075 causes the upregulation of floral integrator genes and early flowering under both long- and 
short-day conditions. ANAC075 promoter activity was detected in vascular tissues, including phloem. Previous reports 
suggested that ANAC075 is a transcriptional activator involved in the secondary cell wall formation, implying that the 
promotion of flowering time in anac075 mutants is caused by the disruption of flowering-time gene regulation in phloem 
and/or vascular tissue formation.

Key words: flowering time regulation, NAC, secondary cell wall, transcription factor, vascular.

Flowering-time regulation is controlled by various 
genetic, epigenetic, and environmental factors in 
plants. In the facultative long-day plant Arabidopsis, 
flowering-time regulation is achieved by interdependent 
pathways, including the photoperiod, autonomous, 
vernalization, and gibberellic acid (GA) pathways 
(Amasino and Michaels 2010; Berry and Dean 2015; 
Song et al. 2013). Various signals from these multiple 
pathways converge on the regulation of floral integrators, 
such as FLOWERING LOCUS T (FT; Kardailsky et 
al. 1999; Kobayashi et al. 1999), SUPPRESSOR OF 
OVEREXPRESSION OF CO 1 (SOC1; Lee et al. 2000; 
Samach et al. 2000), and TWIN SISTER OF FT (TSF; 
Kardailsky et al. 1999; Kobayashi et al. 1999; Michaels et 
al. 2005; Yamaguchi et al. 2005). These function as floral 
activators that induce the transition from vegetative to 
reproductive phase by regulating inflorescence identity 
genes. FT is a major component of florigen and acts as 
a mobile signal that is generated in the phloem of leaves 
and transported through the phloem to the shoot apical 
meristem, triggering the phase conversion (Corbesier 
et al. 2007; Takada and Goto 2003). FT transcription is 

directly activated by CONSTANS (CO), a B-box zinc 
finger transcription factor that accumulates particularly 
under long-day conditions (Samach et al. 2000; Song et 
al. 2012; Suárez-López et al. 2001; Valverde et al. 2004). 
The circadian regulation of CO expression and light-
dependent regulation of CO stability and activity are keys 
to photoperiodic flowering. CO is expressed in vascular 
tissues of mature leaves and cotyledons as well as in the 
phloem and the protoxylem of stems. Weak expression 
has also been detected in the shoot apical meristem (An 
et al. 2004; Takada and Goto 2003).

TSF is the closest homolog of FT and its transcription 
is also activated by CO, in modes similar to those of 
FT (Yamaguchi et al. 2005). TSF and FT show similar 
expression profiles of diurnal oscillation and higher 
expression levels under long-day than those under short-
day conditions (Yamaguchi et al. 2005). Interestingly, 
although overlapping roles between FT and TSF are 
suggested (Michaels et al. 2005; Yamaguchi et al. 2005), 
spatial expression patterns differ between these genes in 
young seedlings; FT is expressed in the phloem of leaves, 
whereas TSF is not expressed there but in the phloem of 
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hypocotyls and near the shoot apical meristem (Takada and 
Goto 2003; Yamaguchi et al. 2005). TSF protein mobility 
and stability are lower than those of FT (Jin et al. 2015). 
These results suggest partially overlapping but distinct 
transcriptional regulation modes and roles of FT and TSF.

SOC1 encodes a MADS-box transcription factor 
and its transcription is activated by CO (Hepworth 
et al. 2002; Lee et al. 2000; Samach et al. 2000). FT 
also positively regulates SOC1 expression to promote 
flowering (Michaels et al. 2005; Yoo et al. 2005). 
The MADS-box transcription factors FLOWERING 
LOCUS C (FLC; Michaels and Amasino 1999; Sheldon 
et al. 1999) and SHORT VEGETATIVE PHASE (SVP; 
Hartmann et al. 2000), negative regulators of flowering, 
form a dimer that represses the transcription of floral 
activators (Fujiwara et al. 2008; Lee et al. 2007; Li et 
al. 2008; Mateos et al. 2015). FLC negatively regulates 
flowering by repressing the transcription of FT and TSF 
in the phloem and SOC1 in the shoot apical meristem 
(Hepworth et al. 2002; Lee et al. 2000; Michaels et al. 
2005; Samach et al. 2000; Searle et al. 2006; Yamaguchi et 
al. 2005). SVP represses the expression of FT and TSF in 
leaves and SOC1 in the shoot apical meristem (Lee et al. 
2007; Li et al. 2008; Jang et al. 2009).

Not only transcriptional regulation by transcription 
factors but also epigenetic regulation plays critical 
roles in flowering-time regulation. Among these, 
epigenetic FLC regulation is central to the vernalization-
dependent flowering pathway (Berry and Dean 2015). 
LIKE HETEROCHROMATIN PROTEIN 1 (LHP1)/
TERMINAL FLOWER 2 (TFL2), which is capable of 
binding H3K27me3 (Turck et al. 2007; Zhang et al. 
2007a, b), binds to the FLC locus and maintains the 
repressed chromatin state (Mylne et al. 2006; Sung et al. 
2006; Turck et al. 2007). LHP1 is expressed in the phloem 
tissues of leaves (Takada and Goto 2003). FT expression 
is also repressed by H3K27me3 and LHP1 (Jiang et al. 
2008; Kotake et al. 2003; Turck et al. 2007; Zhang et al. 
2007a, b).

Loss of function of JMJ14, a JmjC-domain containing 
histone demethylase, leads to early flowering under both 
long- and short-day conditions, and overexpression of 
JMJ14 (JMJ14-ox) leads to late flowering, indicating that 
JMJ14 functions as a floral repressor (Jeong et al. 2009; 
Lu et al. 2010; Ning et al. 2015; Searle et al. 2010; Yang 
et al. 2010). jmj14 under short days flowers considerably 
later than that under long days, suggesting that the 
mutants retain photoperiod sensitivity. This response is 
similar to that of mutants of FLC-dependent flowering 
pathways. JMJ14 is expressed in vascular tissues in young 
seedlings (Yang et al. 2010). The FLC level in jmj14 is not 
different from that in wild-type (WT), suggesting that 
JMJ14 functions independently of or downstream of 
FLC. Multiple floral integrator genes including FT and 
SOC1 show higher transcript levels in jmj14, suggesting 

that JMJ14 represses flowering by negatively regulating 
such gene expression. The mechanism by which JMJ14 
represses flowering is controversial. Jeong et al. (2009) 
reported that JMJ14 directly demethylates H3K4, an 
active-mark modification, of the FT locus, but Lu et al. 
(2010) and Ning et al. (2015) indicated that FT locus 
is not the direct target of demethylation by JMJ14. 
JMJ14 is reported to mediate H3K4 demethylation of 
TSF loci as well (Yang et al. 2010). Interestingly, JMJ14 
physically interacts with the NAC-family transcription 
factors ANAC050 and ANAC052 (Ning et al. 2015). 
Loss of function of ANAC050 and ANAC052 results in 
early flowering and overexpression of ANAC050 delays 
flowering, indicating that ANAC050 and ANAC052 
function as floral repressors. More than half of the 
upregulated genes in jmj14 and ANAC050/ANAC052-
RNAi plants overlapped, suggesting that JMJ14 and 
ANAC050/052 share common targets of repression.

Another JmjC-domain containing histone 
demethylase, EARLY FLOWERING 6 (ELF6), is also 
involved in flowering-time regulation as an H3K4 
demethylase at the FT transcription initiation site (Jeong 
et al. 2009; Noh et al. 2004). Loss of function of ELF6 also 
causes early flowering under both long- and short-day 
conditions (Noh et al. 2004).

GA also affects flowering under both long- and short-
day conditions. SOC1 and GAMYBs including MYB33 
have been suggested to be involved in GA-mediated 
flowering promotion under short days (Achard et al. 
2004; Gocal et al. 2001; Moon et al. 2003). MYB33 
mRNA accumulates in the shoot apex by floral induction 
in response to GA treatment under short-day conditions 
or transition from short-day to long-day conditions 
(Gocal et al. 2001). Under long-day conditions, GA 
is required to increase the transcript levels of FT and 
TSF in vascular tissues (Porri et al. 2012). A recent 
report suggests that the SVP:FLC complex directly 
regulates GA metabolism-associated genes, also 
contributing to flowering-time regulation (Mateos et 
al. 2015). TEMPRANILLO (TEM) genes function as 
direct repressors of FT and GA4 biosynthetic genes 
GA3-oxidase1 and 2, suggesting that TEMs link the 
photoperiod and GA-dependent flowering pathways 
(Castillejo and Pelaz 2008; Osnato et al. 2012).

The factors described above and many others 
have been reported to be involved in flowering-time 
regulation. Many of them have been reported to 
be expressed and function in phloem, showing the 
importance of phloem for flowering-time regulation 
(Imaizumi and Kay 2006; Song et al. 2013).

In general, mature phloem accumulates secondary 
cell walls like those of vascular vessels and fiber cells 
in xylem, although it is difficult to observe the phloem 
secondary cell walls in Arabidopsis. The gene regulatory 
mechanism of secondary cell wall formation in xylem 
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tissues has been well documented during the last decade. 
In particular, the important roles of NAC transcription 
factors have been clearly demonstrated. In vascular 
vessels, one specific clade of NAC transcription factors 
including VASCULAR-RELATED NAC-DOMAIN7 
(VND7) have been shown to be master regulators of 
vascular vessel differentiation (Kubo et al. 2005). In 
xylem fiber cells, anther endothecium cells, and silique 
endodermal tissues, genes phylogenetically close 
to VND7, namely NAC SECONDARY CELL WALL 
THICKENING PROMOTING FACTOR1 (NST1), 
NST2, and NST3/SECONDARY WALL-ASSOCIATED 
NAC DOMAIN PROTEIN1 (SND1), have been shown 
to encode master regulators of secondary cell wall 
formation (Mitsuda et al. 2005, 2007, 2008; Zhong et 
al. 2006). Overexpression of these transcription factors 
induced ectopic formation of secondary cell walls in 
various tissues (Kubo et al. 2005; Mitsuda et al. 2005, 
2007; Zhong et al. 2006). Conversely, simultaneous 
loss of function of NST1 and NST3 induced loss of 
secondary cell walls in xylem fiber cells (Mitsuda 
et al. 2007; Zhong et al. 2007). In addition to these 
genes, the phylogenetically distinct NAC transcription 
factor ANAC075 has previously been characterized 
as an upstream regulator of VND7 (Endo et al. 2015). 
ANAC075 also restored the phenotype of an nst1 nst3 
double mutant when it was expressed under the control 
of the NST3 promoter (Sakamoto and Mitsuda 2015). As 
expected, overexpression of ANAC075 induced ectopic 
secondary cell wall formation in various tissues (Endo et 
al. 2015; Sakamoto and Mitsuda 2015) through induced 
expression of VND7 (Endo et al. 2015). However, these 
experiments with ANAC075, using CaMV35S promoter 
and NST3 promoter, were somewhat artificial, so that the 
genuine function of ANAC075 in plants is still elusive.

In the present study, we identified ANAC075 as a 
negative regulator of flowering. Loss of function of 
ANAC075 caused early flowering under both long- and 
short-day conditions, associated with the upregulation 
of floral integrator genes. Possible roles and functional 
machineries of ANAC075 in flowering-time regulation 
are discussed.

Materials and methods

Plant materials and growth conditions
All Arabidopsis thaliana plants used in this study were 
Columbia ecotype. anac075-1 (SALK_130117) and anac075-2 
(SALK_132120) were obtained from the Arabidopsis Biological 
Resource Center. For flowering time analysis and expression 
analyses, seeds were soaked in water and kept in 4°C for 3–4 
days and sown on soil. Plants were grown at 22°C under long-
day (16-h light and 8-h dark) or short-day (8-h light and 16-h 
dark) conditions. For GUS assay, Arabidopsis T2 plants were 
grown on Murashige and Skoog medium containing 0.8% agar, 

30 mg l−1 hygromycin, and 250 mg l−1 vancomycin.

Vector construction
For the construction of a promoter: GUS gene construct, a 
2989-bp upstream region of ANAC075 coding region was 
amplified by polymerase chain reaction (PCR) with primer 
pairs shown in Supplementary Table 1. The amplified fragment 
was digested with AscI and BamHI and cloned into a pGUS_
Ent vector (Mitsuda et al. 2007). The content of the resulting 
plasmid was then transferred to pBCKH T-DNA vector 
(Mitsuda et al. 2006) by Gateway LR clonase reaction (Thermo 
Fisher Scientific, MA, USA). ANAC075, ANAC052 or JMJ14 
coding region without a stop codon was amplified by PCR from 
an Arabidopsis cDNA library fusing Gateway attB1 and attB2 
sequences (Thermo Fisher Scientific) at the 5′ and 3′ ends, 
respectively, to prepare plasmids for constitutive expression of 
ANAC075-HA, ANAC052-HA, and JMJ14-FLAG. Primers used 
for PCR are shown in Supplementary Table 1. Each fragment 
was cloned into pDONR207 (Thermo Fisher Scientific) and 
introduced into the binary vectors pGWB414 (HA) and 
pGWB411 (FLAG, Nakagawa et al. 2007), respectively, using 
Gateway LR Clonase II (Thermo Fisher Scientific).

RNA extraction and qRT-PCR
RNA extraction and qRT-PCR were performed as described 
previously (Fujiwara et al. 2014a). Semi-quantitative RT-
PCR was performed using the same cDNA used for the qRT-
PCR. The gene-specific primers used for qRT-PCR and semi-
quantitative RT-PCR are shown in Supplementary Table 1.

Immunoprecipitation assay
Transient protein co-expression in Nicotiana benthamiana 
and co-immunoprecipitation were performed as described 
previously (Fujiwara et al. 2014b) with some modifications as 
follows. α-DYKDDDDK tag antibody beads (Wako, Osaka, 
Japan) were used for immunoprecipitation. The blots were 
incubated with α-HA-HRP (1 : 1000; Wako) or α-DYKDDDDK-
HRP (1 : 15,000; Wako).

Results

Loss of function of ANAC075 causes early flowering 
under both long- and short-day conditions
In an attempt to find novel transcription factors involved 
in flowering-time regulation, we found that a loss-of-
function line of ANAC075 (At4g29230) flowered earlier 
than WT (Figure 1A–C). ANAC075 belongs to the 
NAC transcription factor family and has transactivation 
activity in plants (Sakamoto and Mitsuda 2015). These 
authors also reported that ANAC075 has the ability to 
restore the pendent stem phenotype of nst1 nst3 double 
loss-of-function plants, which lose the secondary cell 
wall when expressed by NST3 promoter and fused with 
VP16, suggesting that ANAC075 functions in secondary 
cell wall formation. However, its precise contribution 
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to cell wall formation and function in flowering-time 
regulation has not been reported. Two independent 
T-DNA insertion lines SALK_130117 and SALK_132120, 
named as anac075-1 and anac075-2, respectively, showed 
significant shortening of the vegetative phase and 
flowered earlier than WT under both long- and short-
day conditions (Figure 1A–D). The flowering phenotype 
of anac075-1 was slightly weaker than that of anac075-
2 under short-day conditions (Figure 1C). To test the 
effect of T-DNA insertion on ANAC075 transcription in 
these two mutants, semi-quantitative RT-PCR analysis 
was performed using two primer sets located in the 
ANAC075 coding region (Figure 1D, E). For anac075-1, 
although no amplification was detected when primers 
were located upstream and downstream of the T-DNA, 
strong signal was detected when both primers were 
located downstream of the T-DNA. This result suggested 
that not the full-length but the 3′ region of ANAC075 
was transcribed in this line and could be a leaky allele. 
No amplification was detected using both primer sets in 
anac075-2, suggesting that this is a null allele.

Transcript levels of floral integrator genes were 
higher in anac075 mutants than those in WT
To identify the cause of the early flowering phenotype 

of anac075 mutants, we analyzed major flowering-
time regulation-associated genes (Figures 2, 3). After 
cold treatment in water, WT, anac075-1, and anac075-
2 seeds were sown on soil and grown under long- and 
short-day conditions. Aerial parts were harvested 7 and 
14 days after sowing at ZT16 and ZT14 respectively, at 
times when WT plants showed high transcript levels 
of FT. The major floral integrator genes FT and SOC1 
showed significantly higher transcript levels in anac075 
mutants than in WT under both long- and short-day 
conditions, suggesting that the upregulation was the 
cause of the promotion of flowering. The upregulation 
of another floral integrator gene, TSF, was also detected 
under long-day conditions, whereas the expression level 
was too low to quantify under short-day conditions. This 
finding indicates that TSF upregulation also contributes 
to the early flowering phenotype of the anac075 mutants 
at least under long-day conditions. Given that the 
expression of these genes is known to be regulated by 
multiple floral regulation pathways, we also evaluated the 
transcript levels of major members of each pathway in 
which ANAC075 potentially functions. Under long-day 
conditions, transcript levels of FLC, ELF6, and MYB33 
were slightly, but significantly, lower in the anac075 
mutant than those in WT. In contrast, none of the genes 

Figure 1. anac075 plants flowered early under long- and short-day conditions. (A) Representative WT, anac075-1 and anac075-2 plants grown 
under long-day conditions for 24 days. (B, C) Flowering time of WT, anac075-1, and anac075-2 plants under long- (B) and short-day conditions 
(C). Rosette (white bars) and cauline (gray bars) leaf numbers at the bolting stage were counted. n=12–20. Asterisks indicate significant differences 
compared with WT (p<0.05). (D) Positions of T-DNA insertions in the ANAC075 locus and primers used for semi-qRT-PCR. (E) Semi-qRT-PCR 
data using primers amplifying the full-length coding region (gray arrows shown in D) and partial fragment downstream of the T-DNA insertion sites 
(black arrows shown in D). ACTIN2 (ACT2) data is shown as an internal control.
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tested showed significant downregulation in transcript 
level under short-day conditions. CO levels were slightly 
higher in the anac075 mutants under both long- and 
short-day conditions. These findings suggested that 
ANAC075 functions upstream of FT, SOC1, and TSF and 
that their upregulation may be partially caused by the up- 
and downregulation of upstream genes. However, it was 
not clear whether such small changes in the transcript 
levels of the potential upstream genes actually contribute 
to the upregulation of floral integrator genes and the 

strong early flowering phenotype. Taking these findings 
into account, we searched for other possible factors to 
explain the early flowering and differences in flowering 
time-associated genes in the anac075 mutants.

ANAC075 is expressed in the vascular tissues
ANAC075 transcript levels are high in seeds, stems, and 
siliques (eFP browser; Winter et al. 2007). To further 
investigate the location of ANAC075 transcription, we 
generated transgenic plants expressing β-glucuronidase 

Figure 2. Transcript levels of flowering-time regulation-associated genes under long-day conditions. Transcript levels of flowering-time regulation-
associated genes in WT, anac075-1 and anac075-2 were analyzed by qRT-PCR using aerial parts of seedlings grown under long-day conditions for 
7 days and harvested at ZT16 (ZT: hours after the start of the light period) at the time at which the diurnal FT transcript level oscillation showed 
its maximum level in the WT. Mean values of four biological replicates are shown. Error bars represent±standard deviations. Asterisks indicate 
significant differences compared with WT (p<0.05).
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(GUS) driven by the ANAC075 promoter and performed 
histochemical analysis. Strong GUS signal was detected 
in the vascular tissue of leaves, cotyledons, hypocotyls, 
and roots in seven-day-old seedlings grown under long- 
and short-day conditions (Figure 4A, B). In adult plants, 
strong GUS staining was observed in the phloem of 
the stem, and a weak signal was also observed in xylem 
(Figure 4C–F). These observations suggest that ANAC075 
is expressed in vascular tissues including phloem and 
xylem and that the early-flowering phenotype of anac075 
mutants may be caused by the loss of ANAC075 function 
in the phloem.

ANAC075 did not interact with a histone 
demethylase, JMJ14
To further investigate the cause of the early-flowering 
phenotype of anac075, we searched for other potential 
factors that might be involved in it. Recent reports show 
that some NAC transcription factors are also involved 

in flowering-time regulation (Ning et al. 2015; Yoo et 
al. 2007). Among them, NAC050 and NAC052 were 
reported to function as negative regulators of flowering 
(Ning et al. 2015). Similarly to anac075 mutants, loss-of-
function lines of NAC050/NAC052 flower early under 
both long- and short-day conditions. NAC050/052 
physically associate with a histone demethylase, JMJ14, 
and activate the transcription of FLC, which indirectly 
represses FT expression. We hypothesized that ANAC075 
also associates with JMJ14 and negatively regulates 
flowering by supporting the removal of H3K4me3 from 
the floral activator genes and/or disturbing the JMJ14 
function on the floral repressor gene. A clear physical 
interaction between NAC052 and JMJ14 was detected by 
immunoprecipitation assay, as described above (Figure 
5). However, interaction between JMJ14 and ANAC075 
was not detected. This result suggests that the function of 
ANAC075 does not involve association with JMJ14 but 
with other unidentified factors.

Figure 3. Transcript levels of flowering-time regulation-associated genes under short-day conditions. Transcript levels of flowering-time regulation-
associated genes in WT, anac075-1, and anac075-2 were analyzed by qRT-PCR using aerial parts of seedlings grown under short-day conditions for 14 
days and harvested at ZT14 at the time at which diurnal FT transcript-level oscillation showed its maximum level in WT. Mean values of 4 biological 
replicates are shown. Error bars represent±standard deviations. Asterisks indicate significant differences compared with WT (p<0.05).
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Discussion

We report that ANAC075 functions as a floral repressor 
that functions under both long- and short-day 
conditions. anac075 mutants flowered later under short-
day than long-day conditions, suggesting that they still 

retain photoperiod sensitivity (Figure 1A–C) and that 
ANAC075 functions not only in the photoperiodic 
pathway but also in other pathways.

Although slight upregulation of CO  and 
downregulation of FLC, ELF6, and MYB33 transcript 
levels were observed in anac075 mutants (Figures 2, 3), it 

Figure 4. ANAC075 is expressed in phloem and vessels. (A, B) GUS staining of 7-day-old ANAC075pro: GUS seedlings grown under long-day (A) 
and short-day (B) conditions. Black arrows indicate cotyledons. Bars represent 1 mm. (C–F) Cross section of inflorescence stem of ANAC075pro: 
GUS plant observed under normal light (C, E) and UV illumination (D, F) after GUS staining. Clear GUS staining was observed in phloem tissues in 
addition to newly differentiated vascular vessels. Blue autofluorescence in (D) and (F) indicates the presence of lignin. Bars represent 100 µm.
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was not clear whether such differences contributed to the 
clear early flowering phenotype and upregulation of floral 
integrator genes. It is possible that ANAC075 regulates 
transcription of a wide range of genes and that its loss 
of function causes early flowering as a result of a sum of 
multiple gene-expression changes.

ANAC075 itself showed transcriptional activation 
activity in a transient assay (Sakamoto and Mitsuda 
2015), suggesting that ANAC075 functions as a 
transcriptional activator in the flowering-time 
regulation pathway. However, none of the flowering-
time regulation-associated genes we tested showed 
clear reductions in their transcript levels in anac075 
mutants, despite the clear early-flowering phenotype 
and upregulation of floral integrator genes (Figures 
1–3). There are several possibilities for the interpretation 
of these results. One is that ANAC075 functions as a 
transcriptional activator and activates the function of 
genes that negatively regulate the expression of genes 
showing higher transcript levels in the anac075 mutant, 
such as FT, SOC1, and TSF. A second possibility is 
that ANAC075 actually functions as a transcriptional 
repressor, not an activator, in flowering-time regulation. 
ANAC075 may have an unknown transcriptional 
repression motif and/or represses expression of target 
genes by forming a protein complex with other proteins, 
such as transcriptional repressors and transcriptional 
corepressors. Indeed, differences in heterodimerization 
patterns of transcription factors change transcriptional 
activity and target genes in flowering-time regulation 
(Posé et al. 2012). It is also possible that ANAC075 
affects the chromatin status of flowering-time regulation-
associated genes, such as their histone modification 
status by associating with histone modifiers. JMJ14 was 
a possible partner of ANAC075 but we did not detect 
their association (Figure 5). Identification of proteins 
interacting with ANAC075 is a potential approach 
to elucidating the biological machinery of ANAC075 
flowering repression.

ANAC075 shows high homology to SND2 and 
SND3 at the amino acid sequence level. Furthermore, 
their expression preferences are similar, according to 
public microarray databases. SND2 and SND3 are also 
suggested to be involved in secondary cell wall formation 
in xylem tissues (Hussey et al. 2011; Sakamoto and 
Mitsuda 2015; Zhong et al. 2008). In our previous study, 
fusion of SND2 and SND3 to the strong transcriptional 
activation domain VP16 but not SND2 and SND3 alone 
restored secondary cell wall formation in the nst1 nst3 
double mutant when they were expressed by NST3 
promoter like ANAC075 did (Sakamoto and Mitsuda 
2015). In addition, constitutive expression of SND2-
VP16 or SND3-VP16 induced ectopic formation of 
secondary cell walls as in ANAC075 (Sakamoto and 
Mitsuda 2015). Because SND2 and SND3 do not possess 

a long C-terminal part which ANAC075 does, it may be 
speculated that SND2 and SND3 are transcriptionally 
neutral factors that function as negative regulators, 
whereas ANAC075 appears to be a transcriptional 
activator in secondary cell wall formation. We 
accordingly propose that there is no gene redundancy 
between ANAC075 and SND2/3. In fact, their double 
and triple mutants did not show the enhancement of 
phenotype observed in anac075 mutants (data not 
shown).

It should be noted that anac075 mutants showed no 
recognizable phenotype associated with the secondary 
cell wall, suggesting that ANAC075 is not involved in 
secondary cell wall formation in plants. SOMBRERO, 
BEARSKIN1 (BRN1), and BRN2, which belong to the 
same clade as VND and NST transcription factors, are 
known to induce ectopic secondary cell wall formation 
when overexpressed, but their mutants show defects in 
root cap maturation and its detachment from root that 
are not associated with secondary cell walls (Bennett et 
al. 2010). ANAC075 could be another example to have 
a function not associated with secondary cell wall, even 
if its overexpression induces ectopic secondary cell wall 
formation. The long C-terminal region of ANAC075 
may function not only as a transcriptional activation 
domain but also as a protein–protein interaction domain 
for flowering-time regulation. A search for proteins 
interacting with this region may lead to elucidation 
of the ANAC075 function and how it works. It is also 
possible that loss of function of ANAC075 affects 
phloem function, which affects the gene expression 
and trafficking of flowering-time regulation-associated 
proteins, RNA, and hormones. Precise analyses of spatial 

Figure 5. Physical association between ANAC075 and JMJ14 
was not detected. (A) FLAG-tagged JMJ14 (JMJ14-FLAG) was co-
expressed with ANAC075-HA or ANAC052-HA in N. benthamiana 
leaves, and the protein complexes were immunoprecipitated using 
α-DYKDDDDK-tagged antibody beads. Inset, immunoprecipitated 
(IP) and co-immunoprecipitated (co-IP) samples were detected by 
α-DYKDDDDK or α-HA antibodies, respectively.
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and temporal ANAC075 expression under both long- and 
short-day conditions will yield further information.
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Supplementary Table 1. Primers used in this study 

Purpose Gene Primer sequence (5' to 3')
TCCGGCAAGCTCTACAGCTT
GCTGTTTCCCATATCGATCAAGGA

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGTCGCGAATCTGTGGCTGTTG

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATCAGCTTGCATCTCTAGCAGAGT

Promoter amplification (for fusion
with GUS)

semi-quantitative RT-PCR

CO CTCACTACAACGACAATGGTTCCA
CTTGGGTGTGAAGCTGTTGTGA

SVP TTCTGTAGCTCCAGCATGAAGGA
AGATGGCTGATCAAGCTTCTCCAA

LHP1 GCTCACAATCCTCATCTCCTGATT
CCTACAAGGGCTGTGTACAAACA

quantitative RT-PCR

TTACCCATGATGATCTTGGTTGTC

FLC

FT CTGCTACAACTGGAACAACCTTTG

GGGGACCACTTTGTACAAGAAAGCTGGGTTTTGTCCATTAGCATTGTTCTTCTTG

JMJ14 GGGGACCACTTTGTACAAGAAAGCTGGGTTAGGACTTATCTCCATCTTATCAACCAAAGT

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAACAAGAGTAATCCTGCTGGTTCGG
GGGGACCACTTTGTACAAGAAAGCTGGGTCCCCATGATGATCTTGGTTGTCAGAAGAGT  ANAC075

CDS amplification without a stop
codon (for entry clone

construction)

ACATTGTGCTCAGTGGTGGA
GAGATCCACATCTGCTGGAAT
TAACAAGGCGCGCCGGAAATGGGATAAAACGGAGCTCAAAT 

GAGCCGGTGATGTGGTTTGT
GACCGGACTTTCCAGTGGATATA

GGAGGGAAACTCCTCAGACT
GGTAGAAGAAGTGCAGCCCATTA

TEM1

ANAC075  downstream

ACT2

ANAC075 ATTCCTGGATCCATCTCAATCTCGAATATCTTTGATCA

ANAC075 full ATGAACAAGAGTAATCCTGCTG

ANAC052

TTTGCCTGCCAAGCTGTCGAA

SOC1 ATGAATTCGCCAGCTCCAATATGC
TGGTGCTGACTCGATCCTTAGTA

ELF6 AGGAGAGACAGATGCTCAGGAAAT
GAGGCAGAAAATGCGAGGTCTTA

TSF CACTGGAAATGCCTTTGGCAATGA
CTTCCGAGTTGCCGGAACAA

MYB33 GCACGTATGGCTGCACATTTG
GCTCGTTGTCGCCTCTTGATA


