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The genes regulated by ANAC069 were further studied 
using a gene chip on a genome-wide scale, and 339 and 
226 genes up- and downregulated by ANAC069 were iden-
tified. Analysis of the promoters of the genes affected by 
ANAC069 suggested that ANAC069 regulates the expres-
sion of genes mainly through interacting with the DNA 
sequence C[A/G]CG[T/G] in response to abiotic stresses. 
Collectively, our data suggest that ANAC069 could recog-
nize C[A/G]CG[T/G] sequences to regulate the expression 
of genes that negatively regulates salt and osmotic stress 
tolerance by decreasing ROS scavenging capability and 
proline biosynthesis.

Keywords ANAC069 · Abiotic stress · Cis-acting 
element · Gene expression · Proline biosynthesis · Reactive 
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Introduction

NAM-ATAF1/2 and CUC2 (NAC) proteins belong to a 
large family of plant-specific transcription factors (TFs) 
that are expressed at various developmental stages in dif-
ferent tissues. To date, 105 NAC genes have been identi-
fied in Arabidopsis thaliana (Ooka et  al. 2003), 157 in 
maize (Lu et al. 2015), 138 in rice (Fang et al. 2008), 152 
in soybean (Le et al. 2011) and 163 in poplar (Hu et al. 
2010). All proteins in the NAC family possess an NAC 
domain at the N-terminus, comprising a highly conserved 
stretch of ~160 amino acids, which serves as a plat-
form for DNA binding and is involved in the formation 
of homo- or hetero-dimers with other NAC domain pro-
teins (Ooka et  al. 2003; Lindemose et  al. 2014; Welner 
et al. 2012; Fang et al. 2014). By contrast, the C-terminal 
region is a diversified domain of variable sequence and 
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length, which serves as a transcriptional activator (Xie 
et al. 2000) or transcriptional repressor (Hao et al. 2011). 
Furthermore, some NAC TFs contain a transmembrane 
domain (TMD) in the C-terminal region, which may 
determine their subcellular localization and conditional 
TF activity (Seo et al. 2010).

Plant NAC proteins play essential roles in a diverse 
range of processes, including leaf senescence (Balazadeh 
et al. 2010, 2011; Liang et al. 2014; Takasaki et al. 2015), 
lateral root formation (Xie et  al. 2000; Hao et  al. 2011), 
shoot apical meristem development (Aida et  al. 1997), 
axillary meristem (Hibara et  al. 2006), cotyledon forma-
tion (Souer et al. 1996), flowering (Kim et al. 2007), vas-
cular development (Duval et al. 2014), xylem development 
(Ohashi-Ito et al. 2010), programmed cell death (Lee et al. 
2014) and secondary cell wall synthesis (Yao et al. 2012).

Increasing evidence indicates that some NAC TFs play 
crucial roles in protecting plants against abiotic stresses. 
Certain NACs are involved in cold or thermal stress toler-
ance. For instance, a banana NAC protein (MaNAC1) is 
the target of the ICE transcription factor (MaICE1), which 
is involved in cold tolerance by interacting with the ICE1-
CBF cold signaling pathway (Shan et  al. 2014). NAC019 
binds to the promoters of HSFA1b, HSFA6b, HSFA7a, and 
HSFC1 to regulate their expression, and overexpression of 
NAC019 in Arabidopsis increases thermotolerance (Guan 
et al. 2014). NAC proteins also regulate abiotic stress tol-
erance positively or negatively. For instance, JUNGBRUN-
NEN1 (JUB1) from Arabidopsis regulates salt tolerance 
positively. Plants overexpressing JUB1 exhibit a salt-tol-
erant phenotype, and jub1 knockout mutants are hyper-
sensitive to salt and heat stresses (Wu et al. 2012; Shahne-
jat-Bushehri et  al. 2012). In addition, JUB1 regulates the 
expression of DREB2A (DEHYDRATION RESPONSIVE 
ELEMENT BINDING 2A) directly, which is required 
for the expression of many other water stress-inducible 
genes (Sakuma et al. 2006a, b). In contrast to JUB1, ORE-
SARA1 (ORE1) acts as a negative regulator of plant salt 
tolerance: ore1 mutants are tolerant to high salinity stress 
(Balazadeh et al. 2010). Soybean NAC proteins GmNAC2 
and GmNAC20 are induced by drought, and further studies 
showed that GmNAC2 functions as a negative regulator in 
abiotic stress, whereas GmNAC20 overexpression in plants 
induced enhanced salt and freezing tolerance (Hao et  al. 
2011; Jin et al. 2013). A stress-responsive NAC1 (SNAC1) 
from rice was induced by osmotic stress, specifically in 
guard cells; a large number of stress-related genes are 
upregulated by SNAC1, and plants overexpressing SNAC1 
showed significantly improved osmotic and salt tolerance 
(Hu et al. 2006). Additionally, SNAC1 also interacted with 
either OsNAC5 or OsNAC6 to induce the expression of 
stress-responsive genes (Nakashima et  al. 2007; Takasaki 
et al. 2010).

In addition, certain membrane-anchored NAC tran-
scription factors, such as NTL4 and NTL6, play important 
roles in abiotic stress tolerance. As NAC TFs that contain 
a C-terminal TMD, NTL6 and NTL4 are also involved in 
drought stress signaling. Plants overexpressing NTL6-OX 
exhibit drought tolerance, whereas ntl4 null mutant plants 
show drought tolerance (Kim et  al. 2012; Lee and Park 
2012), indicating that the functions of NTL4 and NTL6 are 
all involved in drought stress-responsive signaling. Notably, 
their C-terminal TMDs regulate the TF activities of these 
two NTLs conditionally: under water deficit conditions, 
cleavage of their TMDs allows NTL6 and NTL4 to trans-
locate from the cytoplasm to the nucleus (Kim et al. 2012; 
Lee and Park 2012).

Previously, Park et  al. (2011) showed that the plasma 
membrane-bound NAC transcription factor ANAC069 pro-
tein (also known as NTM2), integrates salt and auxin sig-
nals to regulate Arabidopsis seed germination. In that path-
way, auxin delays seed germination under salinity stress 
conditions via cross talk with NTM2-mediated salt signal-
ing. However, there are still many grey areas that need to be 
further studied in the ANAC069-mediated stress response, 
such as the gene regulatory networks through which 
ANAC069 exerts its functions during the stress response 
and its physiological integration. In this work, we demon-
strated that ANAC069 regulates salt, osmotic and abscisic 
acid (ABA) stress tolerance negatively, and proposed a 
working model for ANAC069 in response to abiotic stress 
conditions.

Materials and methods

Plant materials and growth conditions

All A. thaliana plants used in this study were Colum-
bia ecotype background. The ANAC069 mutant Arabi-
dopsis plants (ANAC069 T-DNA inserted mutant line), 
SALK_082353 and SALK_095231C were obtained from 
the Arabidopsis Biological Resource Center (ABRC). 
Genotyping was determined by PCR detection using 
gene specific primers 095231C-LP/095231C-RP and 
082353-LP/082353-RP together with LBa1 (Table  S3). 
Plants were grown in a controlled environment at 22 °C 
and 16/8  h light/dark cycles with a light intensity of 
100 μmol photons m−2 s−1.

Generation of lines overexpressing ANAC069

The CDS of ANAC069 (AT4G01550) was cloned into 
pROK II vector under the control of the CaMV35S pro-
moter, and was transformed into Arabidopsis using the 
floral-dip method. Homozygous transgenic lines (OE lines) 
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were obtained by selection on Kanamycin for three consec-
utive generations (Table S3 for primers).

Expression patterns of ANAC069

The 598  bp promoter region of ANAC069 together with 
its 5′UTR was amplified and cloned into pCAMBIA1301 
(Table  S3 for primers) to drive the GUS reporter gene 
(ANAC069pro:GUS), and used to transform Arabidopsis 
by the floral-dip method. Different tissues of 5-week-old 
ANAC069pro:GUS transgenic plants were harvest for GUS 
staining. At the same time, 4-day-old ANAC069pro:GUS 
transgenic seedlings grown on 1/2MS agar plates were 
incubated for 24  h in 1/2MS liquid media supplemented 
with 10 μM ABA or 200 mM mannitol. GUS staining was 
performed as previously described (Jefferson 1989), and 
plants were imaged with a stereomicroscope (Olympus, 
Japan).

For assessment of ANAC069 expression in response to 
ABA and abiotic stress, 4-week-old wild type plants were 
subjected to 50  µM ABA or 200  mM mannitol for 24  h, 
respectively. A fresh water-only control was conducted in 
parallel. After these treatments, the roots and leaves were 
harvested at the indicated times and stored at −80 °C for 
real-time RT-PCR assays.

Real‑time RT‑PCR

Real-time PCR was performed on a MJ Research Opti-
conTM2 instrument (Bio-Rad, Hercules, USA). The reac-
tion mixture contained 12.5 μl of 2 × SYBR Green Realtime 
PCR Master Mix (Toyobo), 0.5 μM of each primer, and 2 μl 
of cDNA template (equivalent to 100 ng of total RNA) in a 
total volume of 25 μl. The reaction conditions were: 94 °C 
for 30 s followed by 45 cycles at 94 °C for 12 s, 58 °C for 
30 s, 72 °C for 30 s and 80 °C for 1 s. ACT7 (AT5G09810) 
and TUB2 (AT5G62690) were used as internal controls. 
Melting curves were generated for each reaction to evalu-
ate amplification specificity. The relative expression levels 
were calculated by the delta–delta Ct method (Pfaffl et al. 
2002). Three biological replicates, each with three techni-
cal replicates, were analyzed for each sample. All primers 
used for real-time RT-PCR are shown in Table S3.

The recognition of ANAC069 to NACRS and ORS1S11 
motif

One copy of NACRS (AGCTCTTCTTCT 
GTAACACGCATGT), its mutants (Ma: 
AAAAAATCAAAAAAAACACGCATGT, Mg: 
AGGGGGTCGGGGGGAACACGCATGT, Mcacg: 
AGCTCTTCTTCTGTAATTTTCATGT), ORS1S11(C
GGGGTTACGTACGGCACACGCAACCGTGC), its 

mutants ORS1S11M1(CGGGGTTAAAAACGGCAC
ACGCAACCGTGC) or ORS1S11M2(CGGGGTTAC
GTACGGCAAAAACAACCGTGC) was cloned into a 
pHIS2 vector (Table  S3 for primers), respectively. Y1H 
screening analysis was performed to study their interac-
tions with ANAC069 following the protocol provided in 
the kit (BD Matchmaker One-Hybrid Library Construc-
tion & Screening Kit (#K1617-1)). For plant transient 
expression assays, one copy of the NACRS and mutant 
sequences Ma, Mg and Mcacg were fused to the mini-
mal 35S promoter (−46 to +1) to drive GUS (constructs 
containing NACRS and mutant sequences were named 
pCAM-NACRS, pCAM-Ma, pCAM-Mg and pCAM-
Mcacg, respectively) in a reformed pCAMBIA1301 (in 
which the region of 35S:Hygromycin was deleted and 
a 46  bp minimal promoter was inserted in the region 
between HindIII and GUS). The effector vector was con-
structed by cloning the truncated ANAC069ΔC form, 
which was similar in size to the transcriptionally active 
nuclear forms of NTM1 (Park et  al. 2011), consisting 
of residues 1–287 of ANAC069into pROK II driven by 
the 35S promoter (pROK II-ANAC069ΔC) (Table  S3 
for primers). The reporter constructs pCAM-NACRS, 
pCAM-Ma, pCAM-Mg and pCAM-Mcacg were respec-
tively cotrans formed with the effector construct pROK 
II-ANAC069ΔC into tobacco leaves using the particle 
bombardment method (Ueki et  al. 2009). GUS activ-
ity was determined according to the method of Jefferson 
et  al. (1987). The cotransformation of the reporter plas-
mid pCAM-NACRS and the empty pROK II were used 
as negative controls and the empty pCAMBIA1301 as a 
positive control. The 35S:LUC was also cotransformed to 
normalize the transgenic efficiencies. Three independent 
biological replications were performed.

Identification of the genes affected by ANAC069

Four-week-old OE (OE-3 line) and KO (KO-2 line) plants 
were treated with 200 mM NaCl for 3 h, which are inde-
pendent from treated seedlings used in qRT-PCR. Four-
week-old OE (OE-3 line) and KO (KO-2 line) plants were 
treated with 200 mM NaCl for 24 h, then the gene expres-
sion between OE and KO lines was compared using Affy-
metrix Arabidopsis gene chips (ATH1 Genome Array) with 
three independent biological replicates. P and Q values 
used for the comparison of genotypes were calculated using 
the EDGE software (http://www.genomine.org/edge/), and 
P = 0.05 was used as cutoff to select genes significantly dif-
ferentially regulated in OE vs. KO lines. To validate the 
gene chip data, 10 differentially expressed genes identified 
in gene chip were randomly selected for real-time RT-PCR 
analyses (Table S3 for primers).

http://www.genomine.org/edge/
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Identification of the motif recognized by ANAC069

To study whether ANAC069 regulated the expression of 
genes via recognizing other motifs besides NACRS, we 
randomly selected 59 genes that are highly regulated by 
ANAC069 (including up- and down-regulated genes), 
and the sequences of their promoter regions (from −1 to 
−1000) were obtained from TAIR (http://www.Arabidop-
sis.org). Conserved sequences among these promoters were 
searched using MEME (Multiple EM for Motif Elicitation) 
program (http://meme.nbcr.net/meme/cgi-bin/meme.cgi). 
The conserved sequences among the promoters of genes 
whose expression affected by ANAC069 were established 
and displayed using WebLogo.

The conserved sequences identified by MEME were 
“C[A/G]CG[T/G]”. Three tandem copies of different types 
of “C[A/G]CG[T/G]” sequences, including CACGT (C1), 
CACGG (C2), CGCGT (C3), CGCGG (C4), and their 
mutants AACGT (M1), CAAGT (M2), CACTT (M3) 
and AAATT (M4), were respectively cloned into a pHIS2 
vector (Table  S3 for primers), and used for Y1H analy-
sis. For study the interaction between DNA and protein 
in plants, three tandem copies of C1-4 and M1-4 were 
respectively fused to the minimal 35S promoter to drive 
GUS in a reformed pCAMBIA1301 (in which the region 
of 35S:Hygromycin was deleted and a 46  bp minimal 
promoter was inserted in the region between HindIII and 
GUS) to generate reporters (Table  S3 for primers). Each 
of these reporters was cotransformed with effector (pROK 
II-ANAC069ΔC) into tobacco leaves using the particle 
bombardment method (Ueki et  al. 2009). The 35S:LUC 
was also cotransformed to normalize the transgenic effi-
ciencies. Three independent biological replications were 
performed.

ABA and abiotic stress tolerance assays

Seeds of WT, ANAC069 overexpression (OE-2 and OE-3 
lines), and ANAC069 knockdown (KO-1 and KO-2 lines) 
plants were plated on 1/2MS medium supplemented with 
different concentrations of ABA (0, 0.5, 1, and 2  μM), 
NaCl (0, 50, 100, and 150 mM), or mannitol (0, 100, 200, 
and 300 mM). Germination rates were averaged over three 
experiments at sowing for 4 days using emergence of vis-
ible radicles as a morphological marker for germination, 
and approximately 100–110 seeds were used for each meas-
urement. For root length and fresh weight assessments, 
5-days-old seedlings were transferred to vertical agar plates 
supplied with ABA (0, 10, 20, and 50 μM), NaCl (0, 50, 
100, and 150 mM), or mannitol (0, 200, 300, and 400 mM). 
After 10 day of growth, root lengths and fresh weights of 
seedlings were measured. For survival rates assays of soil 
plants, 4-week-old plantlets of WT, OE-2, OE-3, KO-1, 

and KO-2 grown on soil were treated with water (con-
trol), 100  μM ABA, 200  mM NaCl and 300  mM manni-
tol, respectively. Photographs were taken on the 10th day of 
stress treatment. After treatment, plants were placed under 
normal growth conditions and grown for 4 additional days 
and survival rates were determined. All experiments were 
repeated at least three times, and 40–50 plants were used in 
each comparison.

Physiological roles of ANAC069

For physiological analysis, 4-week-old plantlets of WT, 
OE-2, OE-3, KO-1, and KO-2 were irrigated with water 
(control), ABA (100  μM), NaCl (200  mM), or mannitol 
(300  mM) for 3 days, respectively. SOD, POD activities, 
and electrolyte leakage were measured according to Wang 
et al. (2012). MDA amount, proline content, and GST activ-
ity were determined as described by Song et  al. (2011), 
Bates et al. (1973) and Rezaeia et al. (2013), respectively. 
At least 30 seedlings were included in each sample and all 
experiments were run on three biological replicates.

To measure the SOD, POD and GST gene expression 
regulated by ANAC069, 4-week-old WT, OE and KO lines 
subjected with ABA (100 μM), NaCl (200 mM), or man-
nitol (300  mM) for 24  h were harvested. To compare the 
expression of proline-related genes among different lines 
under abiotic stress, WT, OE and KO lines treated as above 
for 3 day were harvested. The transcript levels of the tar-
get genes in WT plants under the same condition were used 
as a calibrator 1 to calculate their expression in other kinds 
of plants. Seven GST, ten POD, nine SOD and two P5CS 
genes from Arabidopsis were analyzed by real-time RT-
PCR (the loci of these genes in Tair and primers are shown 
in Table S3). Three independent biological replicates were 
performed to ensure the accuracy of analyses.

Detection of ROS levels and cell death

Leaves from 4-week-old WT, OE and KO plantlets were 
subjected to treatments by ABA (50 μM), NaCl (200 mM) 
or mannitol (300 mM) for 2 h, and respectively infiltrated 
with 3, 30-diaminobenzidine (DAB) or nitroblue tetrazo-
lium (NBT) following the procedures described by Zhanget 
al. (2011). Cell death was evaluated by Evans blue stain-
ing as described by Kim et al. (2003) with minor modifi-
cations. ROS production in intact guard cells was assessed 
using 2,7-dichlorofluorescin diacetate (H2DCF-DA, Fluka) 
as described by Zhang et al. (2011).

Water loss assays

Rosette leaves were detached from 4-week-old plants, 
weighed immediately (fresh weight, FW), and placed on a 

http://www.Arabidopsis.org
http://www.Arabidopsis.org
http://meme.nbcr.net/meme/cgi-bin/meme.cgi
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clean bench (relative humidity of about 50%, 25 °C). Desic-
cated weights were measured at designated time intervals, 
as indicated in Fig. 5c. Leaves were finally oven-dried for 
24 h at 80 °C to a constant dry weight (DW) and water loss 
rates (%) measured according to the formula: water loss 
rate (%) = 1–(desiccated weight–DW)/(FW−DW) × 100.

Chromatin immunoprecipitation (ChIP) assays

The coding region of ANAC069ΔC, was ligated in frame 
to the N-terminus of GFP driven by the CaMV 35S pro-
moter to generate the ANAC069ΔC-GFP fusion construct 
(35S::ANAC069ΔC-GFP), which was transformed into 
Arabidopsis plants. A ChIP assay was performed follow-
ing the procedures of Haring et al. (2007). Briefly, protein 
and DNA were cross-linked using formaldehyde and puri-
fied. After purification, the cross-linked chromatins were 
fragmented into 0.3–1.0 kb by sonication, and 1/10 volume 
of the fragmented chromatin was used as the input. The 
remaining material was separated into two equal aliquots, 
and incubated with anti-GFP antibody (ChIP+) or a rab-
bit anti-hemagglutinin (HA) antibody, as a negative control 
(ChIP−). The antibody-bound complexes were precipitated 
by protein A + G Agarose beads, and the enriched DNA 
fragments were eluted by incubating the cross-linking com-
plex at 65 °C for 5 h. PCR was performed to assay the bind-
ings of ANAC069 to promoters of its target genes, which 
were visualized by gel electrophoresis. The primer bind-
ing regions in these promoters are shown in Fig. 8, and the 
primers used are shown in Table S3.

Statistical analyses

Statistical analyses were carried out using SPSS 16.0 soft-
ware (SPSS Inc, Chicago, IL, USA). Data were compared 
using one-way ANOVA test and differences were consid-
ered statistically significant at P < 0.05.

Results

Tissue localization and stress‑specific induction 
of ANAC069

To examine the expression patterns of ANAC069, the pro-
moter sequence of ANAC069 and its full 5′ UTR sequence 
was fused to GUS (ANAC069pro:GUS), and the construct 
was transformed into Arabidopsis (Col-0) plants. In 5-day-
old seedlings, GUS activity was high in shoots and petioles, 
and relatively lower GUS activity was detected in young 
leaves; the lowest GUS activity was observed in roots and 
stems. In 5-week old plants, GUS activity was detected in 
all tissues, although it was higher in rosette leaves, cauline 

leaves, stems and mature siliques, and relatively low in 
flowers (Fig. 1A). To further confirm these findings, real-
time RT-PCR was performed (Fig. 1B), and the ANAC069 
expression level in roots of 5-week old plants was used as 
a calibrator. Consistent with the GUS staining, ANAC069 
was highly expressed in rosette leaves, followed by cauline 
leaves, stems, siliques and young leaves. The expression of 
ANAC069 in roots of 5-day-old seedlings was lower than 
that of 5-week-old plants. These results suggested that 
the expression of ANAC069 is tissue and developmental 
stage-specific.

Previous study showed that the expression of ANAC069 
is induced by salt treatment (Park et al. 2011). To further 
examine the expression of ANAC069 in response to ABA 
and osmotic stress, 4-day-old transgenic plants were treated 
with ABA or mannitol for 24 h before staining. Compared 
with control plants (untreated), significantly elevated GUS 
activity was observed in the roots of ABA-treated seed-
lings, meanwhile the difference in GUS activity was more 
pronounced in the whole seedlings of mannitol-treated 
seedlings, including a region of stem that did not show 
ANAC069 expression in the absence of stress (Fig.  1C). 
Consistently, real-time RT-PCR showed that the expression 
of ANAC069 was dramatically induced after salt treatment 
during the studied period in leaves. In roots, ANAC069 was 
highly induced by osmotic stress and ABA for 24 h. These 
findings are consistent with GUS staining results, dem-
onstrating that ANAC069 is induced by ABA and osmotic 
stress (Fig. 1D). These results suggested that ANAC069 is 
involved in abiotic stress responses.

Generation of Arabidopsis plants overexpressing 
and lacking ANAC069

To investigate the function of ANAC069 using gain-and-
loss-of function method, transgenic Arabidopsis plants 
overexpressing ANAC069 were generated using the flo-
ral-dip method. We randomly selected three transgenic 
lines to analyze the expression of ANAC069. The results 
showed that the expression of ANAC069 increased greatly 
in these three transgenic lines compared with WT plants 
(Fig. S1b), indicating that ANAC069 had been transformed 
and expressed in these lines. The OE-2 and OE-3 lines 
have the medium and highest ANAC069 expression lev-
els, respectively, and were selected for further study. The 
transcript levels of ANAC069 were reduced by 91% and 
95%, respectively, in SALK_082353 and 095231C lines 
(Fig. S1b), indicating that ANAC069 was knocked down in 
these two lines. Therefore, the SALK-082353 and 095231C 
lines were selected for study, and were termed as KO-1 and 
KO-2 respectively. Both of the T-DNA insertion sites are 
located in the promoter region of ANAC069 (Fig. S1a).
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ANAC069 modulates abiotic stress tolerance negatively 
in plants

No difference was found in germination rates, root lengths 
and fresh weights when the WT and mutant plants were 
compared under normal growth conditions. However, after 
salt and mannitol treatments, both WT and KO lines dis-
played higher germination rates compared with OE lines 

(Fig. S1c), with the highest root lengths and fresh weights 
being recorded in the KO lines (Fig.  2a–c). Interestingly, 
under ABA treatment, KO-1, KO-2 and WT plants showed 
similar germination rates, root lengths and fresh weights, 
with values significantly higher than that of OE-2 and OE-3 
plants.

Soil-grown plants were also subjected to treatment 
with abiotic stresses and ABA. Consistent with above 

Fig. 1  Tissue localization and stress specific induction of ANAC069. 
A GUS staining analysis of ANAC069 expression. a 5-week-old T3 
Arabidopsis plant; b root; c stem; d rosette-leaf; e cauline-leaf; f in 
florescences; g flower; h an inflorescence at anthesis; i sepal; j silique; 
k stamen; l and m mature silique; n 5-day-old plant. B Real time RT-
PCR analysis of ANAC069 expression in different tissues. ANAC069 
transcript levels in root were used as a calibrator (set to 0 after log2 

transformation) to calculate the relative expression of ANAC069 in 
other tissues. Error bars were obtained from three replicates analyzed 
by real time RT-PCR. C GUS staining analysis of ANAC069 expres-
sion in response to ABA and mannitol treatment. D Real-time RT-
PCR analysis of ANAC069 expression in response to ABA, salt and 
osmotic. The relative expression level values were log2 transformed. 
Data are mean ± SD from three independent experiments
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data, there was no difference in growth among the 
WT, OE-3 and KO-2 lines under normal growth condi-
tions (Fig.  2d). However, OE-3 showed the most severe 
growth retardation and the lowest survival rate under 
salt, osmotic stress and ABA treatment conditions. 
Meanwhile, KO-2 and WT plants showed no significant 

difference under ABA treatment conditions. However, 
KO-2 showed higher tolerance to salt and osmotic stress 
compared with WT plants (Fig.  2d, e). Taken together, 
these findings indicated that ANAC069 plays a detrimen-
tal role in the salt and osmotic response of plants.

Fig. 2  Effects of ABA, salt 
and osmotic stress on plant root 
lengths, fresh weights, growth 
and survival rates. a Root length 
assay. Images were taken after 
transfer of 5-day-old seed-
lings from 1/2 MS medium to 
plates containing 50 μM ABA, 
150 mM NaCl or 400 mM 
mannitol for 10 days. b, c Root 
length and fresh weight statisti-
cal analysis. Seedlings of 5-day-
old were subjected with ABA, 
NaCl or mannitol, respectively. 
After 10 days of growth, root 
lengths and fresh weights of 
seedlings were measured. Three 
independent experiments were 
averaged; bars indicate standard 
deviation. Asterisk indicates 
significant differences between 
the wild type and the KO or OE 
lines under the same conditions 
(P < 0.05). d Plant growth in 
soil under treatments of water 
(used as control), ABA, salt and 
osmotic stress conditions. e Sur-
vival rates of WT, OE and KO 
after recovery from stress treat-
ments for 4 day. Each data point 
represents the mean of triplicate 
tests and 40–50 plants were 
evaluated in each test. Bars 
indicate SD. (*P < 0.05, **P 
< 0.01). WT wild type plants, 
OE overexpressing ANAC069 
plants, KO ANAC069 knock-
down plants
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ANAC069 modulates ROS scavenging systems 
negatively

We examined O2
− and H2O2 cellular levels by DAB or NBT 

in situ staining. As shown in Fig. 3a, b, the steady state lev-
els of both H2O2 and O2

− were largely reduced in KO lines 
compared with OE and WT plants after salt and mannitol 
treatments. We then evaluated the cellular levels of H2O2 in 
guard cells under abiotic stress, using H2DCF-DA staining. 
As shown in Fig. 3c, the H2O2 levels of KO lines in guard 
cells were much lower than in the WT or OE lines under 
salt and mannitol stress, whereas OE lines displayed the 
highest O2

− and H2O2 levels under abiotic stress conditions. 

These results demonstrated a positive correlation between 
the transcript level of ANAC069 and ROS levels in response 
to salt and osmotic stress.

We further assessed GST, SOD and POD activities, 
which were all significantly reduced in the OE-2 and 
OE-3 lines compared with the KO-1 and KO-2 lines under 
either normal growth or salt and mannitol-induced stress 
conditions (Fig.  3d). Under normal or ABA treatment 
conditions, both SOD and POD activities were lower in 
the OE lines than in the KO lines and WT plants; how-
ever, the KO lines and WT plants showed similar SOD 
and POD activities. Under salt and mannitol-induced 
stress conditions, the KO lines showed the highest SOD 

Fig. 3  Detection of ROS 
levels and physiological roles 
of ANAC069. a, b Analyses of 
ROS levels by histochemical 
staining in situ. Histochemical 
staining by DAB and NBT to 
reveal accumulation of O2

− and 
H2O2. Rosette leaves sampled 
from 4-week-old Arabidopsis 
plantlets treated with water 
(control), 50 μM ABA, 200 mM 
NaCl or 300 mM mannitol for 
2 h were used for histochemical 
staining assay. c Representa-
tive microscopy images of ROS 
production in intact guard cells 
indicated by fluorescent dye 
H2DCF-DA. Rosette leaves 
sampled from plantlets treated 
as above were used to obtain 
epidermal peels. d Physiologi-
cal roles of ANAC069. 4-week-
old Arabidopsis plantlets were 
treated with water, ABA, 
NaCl, or mannitol for 3 day for 
physiological change evalua-
tion. Bars indicate SD and data 
are mean ± SD from three inde-
pendent experiments. Asterisk 
indicates significant differences 
between the wild type and the 
KO or OE lines under the same 
conditions (*P < 0.05)
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and POD activities, followed by WT plants; the OE lines 
displayed the lowest SOD and POD activities (Fig.  3d). 
Under normal growth and stress conditions, GST activ-
ity was significantly higher in the KO lines compared 
with the WT and OE lines. GST activity in the WT was 
similar to that of the OE lines under normal growth con-
ditions. However, under abiotic and ABA treatment con-
ditions, GST activity in both the KO lines were highest, 
followed by that in the WT; the OE lines had the lowest 
GST activities (Fig. 3d). The MDA content assay showed 
that the KO lines had the lowest MDA levels, followed 
by WT plants; the OE lines showing highest MDA levels 
under all studied conditions (Fig. 3d).

As GST, POD and SOD activities were significantly 
altered among the KO, WT and OE lines, we further 
assessed the expression of these genes in various plant 
lines. Nine SOD, ten POD and seven GST genes from 
Arabidopsis, which were previously confirmed to express 
proteins with POD, SOD and GST activities, were 
selected for analyses. Under salt or osmotic conditions, 
their expressions were more strongly induced in the KO 
lines and were highly decreased in the OE lines compared 
with the WT. In particular, in the KO lines, many genes 
showed the highest increases (Fig. 4). These results sug-
gested that ANAC069 regulates the expression of SOD, 
POD, and GST genes negatively, especially under salt 
and osmotic stress.

Expression of ANAC069 increases cell death and water 
loss rate

No difference was observed in electrolyte leakage rate 
among the KO, OE and WT lines under normal growth 
conditions. However, under ABA, salt and mannitol-
induced stress conditions, the OE lines showed the high-
est electrolyte leakage rates, followed by the WT and KO 
lines, in that order (Fig. 5a). Consistent with these find-
ings, Evans Blue staining showed decreased cell death in 
the KO lines compared with the WT and OE lines; the 
OE lines displaying the most cell damage under abiotic 
stress or ABA conditions (Fig.  5b). These results sup-
port the view that ANAC069 regulates the abiotic stress 
response negatively in Arabidopsis. The KO lines showed 
an enhanced capacity to conserve water compared with 
the WT. However, the water loss rates were higher in 
the OE lines compared with the WT under dehydration 
conditions (Fig.  5c). These data indicated a detrimental 
role of ANAC069 in the conservation of water, and the 
increased water loss rate at contributed, least in part, to 
the reduced salt and osmotic resistance observed in the 
OE lines.

Proline biosynthesis is regulated negatively 
by ANAC069

We found no difference in proline contents among the 
OE, KO and WT plants under normal growth conditions 
(Fig.  6a). After ABA treatments, the WT and KO lines 
showed similar proline levels, while the OE lines displayed 
lower proline levels. Under salt and osmotic stress condi-
tions, the KO lines exhibited the highest proline levels, fol-
lowed by the WT and OE lines, in that order (Fig. 6a).

Finally, we evaluated the expression of two known bio-
synthesis genes, P5CS1 and P5CS2, in the OE, WT and 
KO lines. We found that P5CS2 (AT3G55610) was highly 
expressed in the KO lines, followed by the WT plants and 
OE lines after exposure to salt, osmotic stress and ABA 
(Fig.  6b), which is fully consistent with the proline level 
patterns (Fig.  6a). However, P5CS1 (AT2G39800) was 
expressed at its highest levels in the WT plants, and the 
OE lines had the lowest P5CS1 level under all conditions, 
which also indicated that proline biosynthesis is highly 
inhibited in the OE lines.

Identification of genes affected by ANAC069 using 
a gene chip

To identify the target genes regulated by ANAC069, the 
expression profiles of the OE and KO lines under salt stress 
conditions were compared using Affymetrix Arabidop-
sis gene chips. A total of 339 and 226 genes with p values 
<0.05 and a fold change ≥2 were upregulated and down-
regulated in OE lines relative to the KO lines, respectively 
(Table  S1). Ten differentially expressed genes identified 
in the gene chip data were selected randomly for real-time 
RT-PCR analyses to validate the gene chip results, and their 
locus number and primer sequences are shown as Table S3. 
The results showed a high correlation between the real-time 
RT-PCR and gene chip data (R2 = 0.9866, P < 0.05) (Fig. 
S2), demonstrating the reliability of the gene chip results. 
These gene chip data were submitted to the GEO database 
of the series accession number GSE82274.

Gene ontology (GO) enrichment analysis highlighted 
52 (List Hits ≥4) significant GO terms classified as bio-
logical process, molecular function or cellular component 
(Fig. S3). Many genes regulated by ANAC069 were related 
with the stress response. For instance, in the biological pro-
cess category, 11 GO sub-terms related to stress response 
were highly enriched (>5%), including response to chitin, 
response to wounding, and response to abscisic acid stimu-
lus. This result suggested that ANAC069 alters the expres-
sion of stress response genes, resulting in abiotic stress 
sensitivity in plants. Therefore, these gene chip data will be 
helpful to reveal the regulatory mechanism of ANAC069 in 
response to salt stress.
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ANAC069 recognizes NACRS and ORS1S11 motif

Previous studies showed that the NAC proteins could 
bind to NACRS and ORS1S11 motif (Tran et  al. 2004; 
Matallana-Ramirez et  al. 2013). To determine whether 
ANAC069 also recognizes the NACRS and ORS1S11 
motif, yeast one-hybrid (Y1H) analysis was performed. 
The results showed that ANAC069 recognizes the NACRS 
motif (AGCTCTTCTTCTGTAACACGCATGT) and 
mutants of non-core sequences, Ma (in the sequence of 
“AAAAAATCAAAAAAAACACGCATGT”, the mutated 
sequences are italics), or Mg “AGGGGGTCGGGGG 
GAACACGCATGT”, but is not able to recognize to the 
mutated core sequence Mcacg (in the sequence, “CACG” 
is underlined: “AGCTCTTCTTCTGTAACACGCATGT” 
and was mutated to “TTTT”) (Fig.  7b). To confirm 

the interactions identified in the Y1H assays, the effec-
tor (pROKII–ANAC069ΔC) and reporter constructs 
(pCAM-NACRS, -Ma, -Mg, and -Mcacg) were coex-
pressed into tobacco leaves. In accordance with the Y1H 
results, ANAC069 induced the expression of the GUS gene 
driven by the NACRS motifs and NACRS motifs with 
mutated non-core sequences (Ma and Mg; Fig.  7d), but 
failed to activate the GUS gene driven by the mutated core 
sequence Mcacg. These findings together demonstrated 
that ANAC069 can recognize the NACRS motif, and the 
core NACRS sequence, CACG, is crucial for ANAC069 
protein recognition. As shown in Fig. 7f, ANAC069 could 
also recognize the ORS1S11 motif with the sequence of 
CGGGGTTACGTACGGCACACGCAACCGTGC (the 
core sequences for NAC binding are underlined), but failed 
in recognize to all-nucleotide mutations, both within the 

Fig. 4  Analysis of the expres-
sions of SOD, POD and GST 
genes in WT, OE and KO 
plants. 4-week-old WT, OE and 
KO plants subjected with ABA 
(100 μM), NaCl (200 mM), or 
mannitol (300 mM) for 24 h 
were harvested for analysis. The 
transcript levels of the target 
Genes in WT plants under the 
same condition were used as a 
calibrator 1 to calculate their 
expression in other kinds of 
plants. The error bars were 
calculated from three replicates 
of the real-time RT-PCR
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first motif (CGGGGTTAAAAACGGCACACGCAAC 
CGTGC) and within the second binding motif (CGGGGT 
TACGTACGGCAAAAACAACCGTGC). The data 

indicated that ANAC069 can recognize the ORS1S11 motif 
and that both the core sequences ACGTA and CACG are 
essential for ANAC069 protein recognition.

Fig. 5  Analysis of cell 
death and water loss rates. a 
Assay of electrolyte leakage. 
Relative electrolyte leakage 
was assessed after exposure to 
water (control), ABA (100 μM), 
NaCl (200 mM), or mannitol 
(300 mM) for 3 day. Three 
replicates were performed. 
Bars indicate SD from three 
replicates (*P < 0.05). b 
Analysis of cell death by Evans 
Blue staining. Rosette leaves 
sampled from seedlings treated 
with water, ABA, NaCl or 
mannitol for 2 h were used for 
Evans Blue staining. c Water 
loss rate assays. Rosette leaves 
were dried and weighed at the 
indicated time points. Leaves 
from ten plants were measured 
and averaged in each experi-
ment, done in triplicates. Bars 
indicate SD

Fig. 6  Proline metabolism 
in WT, OE and KO plants. a 
Proline content assays. Proline 
contents were measured after 
treated with water, ABA, 
NaCl, or mannitol for 3 day. 
Three independent assays were 
performed. (*P < 0.05, one-way 
ANOVA test). b Comparison 
of the expression of P5CS 
genes among WT, OE and KO 
plants. Four-week-old plants 
were treated as above and the 
expression of proline-related 
genes P5CS1 and P5CS2 were 
analyzed. The relative gene 
expression was calculated and 
normalized with the reference 
gene ACT7 and TUB2. Error 
bars represent the standard 
deviations from three independ-
ent replicates
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Identification of the DNA sequence recognized 
by ANAC069

We randomly selected 59 genes that are highly differ-
entially regulated by ANAC069 to study the conserved 
sequences in their promoter regions. Although both the 

NACRS (containing both CATGTG and CACG) and the 
ORS1S11 motifs are recognized by ANAC069, many genes 
regulated by ANAC069 do not contain either an NACRS 
or an ORS1S11 motif in their promoter regions (Table S2). 
This phenomenon prompted us to study whether there 
are other DNA sequences that can be recognized by 
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ANAC069. Promoter sequences (from −1 to −1000) of 
these genes were searched using MEME. The conserved 
sequences present in the promoters of genes affected by 
ANAC069 were displayed using WebLogo, where the 
character size represents the frequency of occurrence. 
The motif detected by MEME was “[G/C/A][C/A]C[A/G]
CG[T/G]” (Fig. 8a). The [G/C/A] and [C/A] both had low 
frequencies in the detected motif, indicating that they might 
not be important for recognition by ANAC069; therefore, 
the sequence of C[A/G]CG[T/G] was further studied. 
The recognition by ANAC069 of CACGT (C1), CACGG 
(C2), CGCGT (C3), CGCGG (C4) and mutants AACGT 
(M1), CAAGT (M2), CACTT (M3) and AAATT (M4) 
were studied using a Y1H assay. The results confirmed 
that ANAC069 could recognize to all these sequences, but 
failed to recognize the mutants (Fig. 8b). The recognition 
by ANAC069 of the C[A/G]CG[T/G] sequences was fur-
ther studied in plants. Reporters containing sequences C1-4 
or mutant sequences M1-4 fused with the 35S minimal 
promoter to drive the GUS gene were cotransformed with 
effector (35S:ANAC069ΔC) and 35S:LUC into tobacco 
plants. GUS activity was normalized using the LUC activ-
ity to normalize the transformation efficiencies. GUS activ-
ity measurements indicated that these sequences could be 
bound by ANAC069; however, the four mutants all failed 
to be recognized by ANAC069 (Fig.  8d). Taken together, 

these results suggested that ANAC069 could activate the 
GUS reporter gene when any of the four sequence types of 
C[A/G]CG[T/G] sequence were present.

ChIP analysis of ANAC069 binding to the promoters 
of target genes

To further study whether the binding of ANAC069 to 
C[A/G]CG[T/G] sequences actually occurs in Arabidop-
sis plants, ChIP analysis was performed. The transgenic 
Arabidopsis plants expressing GFP-tagged ANAC069ΔC 
was generated under the control of CaMV35S promoter. 
AT3G02840, which was upregulated by ANAC069 in 
that microarray data and contained three C[A/G]CG[T/G] 
sequences and no other NAC binding motifs in its promoter 
region, was selected for ChIP analysis. The results showed 
that the truncated promoter of AT3G02840 was detected 
only from a chromatin immunoprecipitated fragment when 
precipitated using an anti-GFP antibody (ChIP+); whereas 
this promoter fragment was not detected when precipitated 
with the anti-HA antibody (ChIP−) (Fig.  8e), suggesting 
that ANAC069 binds to the C[A/G]CG[T/G]sequences 
in vivo.

Some NAC genes that were highly induced by 
ANAC069 according to the microarray contained C[A/G]
CG[T/G] sequences. To study whether they could be regu-
lated directly by ANAC069, ChIP analysis was performed. 
The results showed that the truncated promoters of AtANP, 
ATAF1, ANAC055 and ANAC019 could be amplified from 
DNA immunoprecipitated with the anti-GFP antibody 
(Fig.  8f), further indicating that ANAC069 could bind to 
C[A/G]CG[T/G] sequences to regulate the expressions of 
its target genes.

The C[A/G]CG[T/G] sequences exist commonly 
in the promoters of genes regulated by ANAC069

Seventy-seven genes that were highly upregulated by 
ANAC069 identified by the gene chip in this study were 
selected for study. The promoter regions (−1000 to −1) 
of these genes were screened for the C[A/G]CG[T/G] 
sequences, NACRS (containing both the discontinuous 
sequences of CACG and CATGTG) motifs and ORS1S11 
motifs (containing both the discontinuous sequences of 
ACGTA and CACG). The results showed that 73 genes 
(94.8%) contain the C[A/G]CG[T/G] sequences in their 
promoter regions, six genes have NACRS motifs and two 
genes have ORS1S11 motifs (Table S2). These results indi-
cated that the C[A/G]CG[T/G] sequences exist commonly 
in the promoter regions of genes regulated by ANAC069, 
and should play an important role in gene expression regu-
lation mediated by ANAC069.

Fig. 7  Analyses of the recognition of ANAC069 to NACRS and 
ORS1S11 motif. a The sequence of NACRS and its mutants. b 
Y1H analyses of the recognition of ANAC069 to NACRS. pHIS2-
NACRS, -Ma, -Mg, -Mcacg: One copy of NACRS or its three 
mutant types (-Ma, -Mg and -Mcacg) was respectively cloned into 
the pHIS2 upstream of the HIS3 gene as the reporter construct. 
pGADT7-ANAC069: pGADT7-Rec2 that encodes ANAC069 fused 
with GAL4AD as the effector construct. c Schematic diagram of the 
effector and reporter constructs used in plant transient expression 
assays. d Analyses of recognition of ANAC069 to NACRS in tobacco 
leaves by transient expression assays. The reporter constructs pCAM-
NACRS, pCAM-Ma, pCAM-Mg and pCAM-Mcacg (one copy of 
the NACRS and mutant sequences Ma, Mg and Mcacg were fused to 
the minimal 35S promoter to drive GUS) were respectively cotrans-
formed with the effector construct pROK II-ANAC069ΔC (consisting 
of residues 1–287 of ANAC069into pROK II driven by the 35S pro-
moter) into tobacco leaves using the particle bombardment method. 
The 35S:LUC was cotransformed to normalize the transgenic effi-
ciencies. Transformation of the empty pCAMBIA1301(35S:GUS) 
was used as positive control. Cotransformation of empty pROK II and 
pCAM-NACRS were used as negative control. Data represent mean 
values of three independent experiments. Bars indicate SD. e The 
sequence of ORS1S11 and its mutants. f Y1H analyses of the recog-
nition of ANAC069 to ORS1S11. pHIS2-ORS1S11, -ORS1S11M1, 
-ORS1S11M2: one copy of ORS1S11 or its two mutant types was 
respectively cloned into the pHIS2 upstream of the HIS3 gene as the 
reporter construct. p53HIS2/pGADT7-p53 and p53HIS2/pGADT7-
ANAC069 were used as positive and negative controls, respectively. 
Positive transformants were further identified by spotting serial dilu-
tions (1, 10−1, 10−2 and10−3) of yeast onto SD/-His/-Leu/-Trp (TDO) 
with 40 mM 3-AT. The transformants grown at SD/-Leu/-Trp (DDO) 
were used as positive controls for transformant growth

◂



382 Plant Mol Biol (2017) 93:369–387

1 3

Discussion

NAC proteins play essential roles in plant development 
and stress responses. NACs with a transmembrane (TM) 
motif1-like (NTL) are TFs and have regions including the 

N-terminal NAC domain, the middle regulation region, 
and the C-terminal TM domain. In the present study, we 
studied NAC TF ANAC069. Previously, we had found 
that ANAC069 is regulated by AtDOF5.8 (He et al. 2015). 
Parket al. (2011) and Jung and Park (2011) showed that 
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ANAC069 mediated salt signaling by crosstalk with auxin 
to delay seed germination under salinity stress conditions. 
These findings prompted further studies to reveal the mech-
anism by which ANAC069 is involved in abiotic stress 
regulation. Additionally, the physiological responses to abi-
otic stress mediated by ANAC069 remain mostly unknown. 
In the present study, we proposed a working model of 
ANAC069 in response to abiotic stress.

The regulatory mechanism of ANAC069 in response 
to abiotic stress

NAC proteins can bind the discontinuous motif NACRS 
(containing discontinuous core sequence of CATGTG 
and CACG), continuous core sequence TTNCGT[G/A] 
and CGT[G/A] to regulate gene expression (Zhouet al. 
2013; Hu et al. 2006; Tran et al. 2004; Jensen et al. 2010; 
Xu et al. 2013; Lindemose et al. 2014). NAC proteins can 
also bind to the bi-partite sequence ORS1S11 (Matal-
lana-Ramirez et  al. 2013). Additionally, the ANAC069 
protein was found to bind to the IAA30-BS sequence 

that contains the ACGT conserved sequence (Park et al. 
2011). In the present study, ANAC069 was also found to 
bind to NACRS and ORS1S11 motifs (Fig.  7). In addi-
tion, MEME analysis showed that most of the genes regu-
lated by ANAC069 have a C[A/G]CG[T/G] sequence in 
their promoters (Fig.  8a). Both Y1H assay and in  vivo 
interaction between ANAC069 and the sequences of 
C[A/G]CG[T/G] in plants showed that the C[A/G]
CG[T/G] sequence can be recognized specifically by 
ANAC069 (Fig. 8b, d–f). Therefore, besides recognition 
to discontinuous motifs such as NACRS and ORS1S11, 
ANAC069 can also recognize continuous the DNA 
sequences C[A/G]CG[T/G]. Furthermore, ANAC069 
showed different transactivation activities when interact-
ing with four sequence types of the sequences of C[A/G]
CG[T/G]: CACGT showed the highest transactivation 
activity, followed by CGCGT and CACGG; CGCGG 
showed the lowest transactivation activity. These results 
suggested that the last nucleic acid “T” in the C[A/G]
CG[T/G] sequences is important for ANAC069 recogni-
tion (Fig. 8d).

Some NAC proteins could recognize the DNA motif 
TTNCGT[G/A] (Jensen et  al. 2010), or to the core 
sequence of CGT[G/A] (Xu et al. 2013; Lindemose et al. 
2014). In the present study, we identified that ANAC069 
also recognizes the sequences C[A/G]CG[T/G], which 
are similar to CGT[G/A] (reverse complementary 
sequences of CGT[G/A] contain CACG, which is a par-
tial sequence of C[A/G]CG[T/G]). However, there were 
some differences between these motifs, and these dif-
ferences might be useful to reveal the requirements of 
NAC proteins to recognize different DNA sequences. For 
instance, CGCGT (C3) and CGCGG (C4) are both rec-
ognized by ANAC069 (Fig.  8b, d), which are not simi-
lar to CGT[G/A]. These results indicated that NAC could 
recognize diverse DNA motifs. Additionally, ANAC069 
could recognize the CACGT (C1), and CACGG (C2) 
motifs, but failed to interact with the mutated motifs 
AACGT (M1), CAAGT (M2), CACTT (M3) and AAATT 
(M4) (Fig.  2a), indicating that the CxCG sequence is 
important for NAC protein recognition.

Considering that the genes regulated differentially by 
ANAC069 also include that are not regulated directly 
by ANAC069 (i.e. they are regulated by genes that are 
regulated by ANAC069), the fact that 94.8% of the genes 
regulated by ANAC069 contain the sequences of C[A/G]
CG[T/G] in their promoters (Table  S2) suggested that 
most gene that are regulated directly by ANAC069 should 
contain the sequences of C[A/G]CG[T/G] in their pro-
moters. Therefore, these results indicated that ANAC069 
regulates the expression of genes mainly by recognizing 
the C[A/G]CG[T/G] sequences.

Fig. 8  Identification of the sequences of C[A/G]CG[T/G] recog-
nized by ANAC069. a Analyses of the putative ANAC069-recog-
nizing sequences using MEME. The size of the characters represents 
the frequency of occurrence. b Y1H analysis of the recognitions of 
ANAC069 to the sequences of C[A/G]CG[T/G]. C1-4: the differ-
ent types of the sequences of “C[A/G]CG[T/G]” used for further 
study; M1-4: four types of mutant sequences. pHIS2-C1, C2, C3, 
C4, M1, M2, M3, M4: three tandem copies of these sequences were 
respectively cloned into the pHIS2 upstream of the HIS3 gene as the 
reporter constructs. pGADT7-ANAC069: pGADT7-Rec2 that encodes 
ANAC069 fused with GAL4AD as the effector construct. c Schematic 
diagram of the effector and reporter constructs used in plant tran-
sient expression assays. d Determination of the recognition of C1-4 
to ANAC069 by in  vivo study of plants. Three tandem copies of 
C1-4 and M1-4 were respectively fused to 35S minimal promoter to 
drive GUS gene as reporters. The effector vector was constructed by 
cloning the truncated ANAC069ΔC form into pROKII driven by the 
35S promoter (pROK II-ANAC069ΔC). Each of these reporters was 
cotransformed with effector (pROK II-ANAC069ΔC) into tobacco 
leaves using the particle bombardment method. The 35S:LUC was 
also cotransformed to normalize the transgenic efficiencies. Empty 
pCAMBIA1301 was used as positive control (35S:GUS). pROK 
II-ANAC069ΔC plasmid was used as a negative control. The data 
represent mean values of three independent experiments. Error 
bars indicate SD. e ChIP analysis of the regulation of the bind-
ing of ANAC069 to “C[A/G]CG[T/G]” motifs present in promoter. 
PCR products amplified from the promoter of AT3G02840 was size 
fractionated by gel electrophoresis. Grey lines represent the pro-
moter fragments and black shading represents the “C[A/G]CG[T/G]” 
motifs. M marker DL2000. Input, PCR amplification of sonicated 
chromatin. ChIP+, immunoprecipitated chromatin incubated with 
anti-GFP antibody; ChIP−, immunoprecipitated chromatin incubated 
with anti-hemagglutinin (HA) antibody. 1, 2 and 3, PCR product of 
the promoter fragments using three pairs of primers, respectively. 
f Binding of ANAC069ΔC to the promoters of NACs in  vivo. The 
truncated promoters of ANAC019, AtNAP, ANAC055 and ATAF1 
were PCR amplified from Input, ChIP+ and ChIP−. Black shading 
represents the C[A/G]CG[T/G] motifs

◂
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Overexpression of ANAC069 decreases tolerance 
to abiotic stresses and ABA

The ANAC069 (NTM2) protein consists of 457 residues, 
and is a membrane binding protein. However, the ΔC con-
struct that contained only residues 1–287 was targeted to 
the nucleus (Park et  al. 2011). Transgenic plants overex-
pressing the full CDS of ANAC069 were phenotypically 
indistinguishable from control plants, while plants overex-
pressing the ΔC form exhibited a dwarfed phenotype, with 
small, curled leaves, indicating that membrane release of 
the ANAC069 protein is essential for its activity (Park et al. 
2011). In the present study, we found that plants overex-
pressing the full CDS of ANAC069 showed increased sensi-
tivity to salt, osmotic and ABA stimuli, compared with the 
WT and ANAC069 knockdown plants, indicating that the 
full CDS of ANAC069 also works well in plants in response 
to salt, osmotic and ABA stimuli (Figs. 2, 3, 4, 5, 6). These 
results suggested that membrane release of the ANAC069 
protein occurs when plants are exposed to salt, osmotic and 
ABA stimuli. Consistently, previous studies showed that 
most NTLs are localized to the endoplasmic reticulum, and 
are restricted to the nucleus. Arabidopsis NTL13, NTL10 
and NTL8 contain certain inhibitory regions that mask 
the nuclear localization signal sequence in the N-terminus 
of the NAC domain and permit their diffusion between 
the cytoplasm and nucleus. The N-terminus of the NAC 
domain and the middle regulation region of NTL are trans-
located into the nucleus when activated by proteolytic 
cleavage events stimulated by internal and external envi-
ronmental signals (Liang et  al. 2015). Therefore, stress 
response studies could be carried out with the full CDS 
of ANAC069. Notably, the full CDS of ANAC069 inserted 
into pGADT7-rec2 in Y1H assays also confirmed the abil-
ity of ANAC069 to recognize NACRS and ORS1S11 motif 
and t C[A/G]CG[T/G] sequences in yeasts, suggesting that 
ANAC069 in yeast cells should be only partly membrane 
bound or not membrane bound. In addition, the WT and 
KO lines showed similar tolerances to ABA treatment. 
However, the OE lines were more sensitive to ABA, indi-
cating that a certain level of ANAC069 in plants does not 
affect ABA tolerance. Nevertheless, high ANAC069 expres-
sion level result in sensitivity to ABA.

ANAC069 inhibits the expression of antioxidant genes, 
leading to reduced ROS scavenging ability

ROS scavenging is crucial in plant abiotic stress toler-
ance. As ANAC069 is sensitive to abiotic stress, we fur-
ther investigated ROS accumulation in plants with different 
ANAC069 expressions. The results showed that ANAC069 
affects ROS accumulation negatively (Fig.  3). Addition-
ally, we found that the expression of Redox Responsive 

Transcription Factor1 (RRTF1) is highly induced by 
ANAC069 (Table  S1). RRTF1 was upregulated rapidly 
and transiently by H2O2, as well as by biotic- and abiotic-
induced redox signals, and increased expression of RRTF1 
could induce ROS accumulation in Arabidopsis (Mat-
suo et  al. 2015). Therefore, the accumulated ROS might 
represent the reason for the high induction of RRTF1 by 
ANAC069. Conversely, the induced RRTF1 might lead 
to enhanced ROS accumulation. Furthermore, ANAC069 
expression is correlated negatively with GST, POD and 
SOD activities (Fig.  3d), and with the transcript levels of 
most SOD, POD and GST genes (Fig. 4). The fact that not 
all genes are correlated negatively with ANAC069 expres-
sion is reasonable, because these genes may be involved 
in different regulatory networks that do not involve 
ANAC069. Taken together, these data suggested that 
ANAC069 affects the expression of POD, SOD and GST 
genes negatively to modulate their activities, resulting in 
decreased ROS scavenging capability and sensitivity to salt 
and osmotic stress.

ANAC069 decreases the expression of P5CS genes 
to reduce proline accumulation

In plants, proline protects cells from damage by acting as 
both a radical scavenger and an osmotic agent. Once the 
stress is relieved, stored proline is degraded to provide 
a supply of energy for growth. In addition, proline main-
tains sustainable growth under long-term stress, and its 
homeostasis is important for actively dividing cells (Kavi 
and Sreenivasulu 2014). In Arabidopsis, two P5CS iso-
forms have been identified, P5CS1 (AT2G39800) and 
P5CS2 (AT3G55610), with different expression patterns 
and specific functions in primary metabolism and stress 
defense (Funcket al. 2012). We showed that both P5CS1 
and P5CS2 displayed their lowest expression levels in the 
OE lines (Fig.  6b). Correspondingly, proline levels were 
also lower in the OE lines compared with the KO and WT 
plants (Fig. 6a). These data indicated that proline biosyn-
thesis is highly decreased in the OE lines because of the 
downregulation of P5CS genes, resulting in sensitivity to 
salt, osmotic and ABA stress conditions. Furthermore, 
the expression of P5CS2 was higher in the KO than WT 
plants, but no difference in the expression level of P5CS1 
was observed between the KO and WT plants; meanwhile, 
the proline content was significantly higher in the KO lines 
compared with the WT plants (Fig.  6a), which suggested 
that expression of P5CS2 is closely related to proline lev-
els, probably playing a more critical role in proline bio-
synthesis mediated by ANAC069 when exposed to abiotic 
stressors. Therefore, high expression of P5CS2 results in 
elevated proline levels in the KO lines and the enhanced 
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proline levels contribute to the improvement in salt and 
osmotic stress resistance in these lines.

Changing the expression of ANAC069 appears to have 
a major effect on other NAC genes

Our microarray results showed that many NAC genes 
were upregulated by ANAC069 (Table  S1). For instance, 
the NAC genes such as ANAC019, AtNAP, ANAC055, 
ATAF1 and ANAC102 were significantly upregulated by 
ANAC069. Additionally, many of these NACs have the 
C[A/G]CG[T/G] sequences in their promoter regions, and 
some of them were confirmed to be regulated directly by 
ANAC069, according to the ChIP analysis (Fig. 8). These 
results suggested that altering ANAC069 expression in 
transgenic plants could have a major effect on other NACs 
and their target genes.

Working model of ANAC069 in response to abiotic 
stress

Our data suggest a working model for the function of 
ANAC069 in the abiotic stress response. Abiotic stresses, 
such as salt or osmotic stress conditions, induce stress 
signals to trigger the expression of ANAC069. Mean-
while, stress signals also induce the release of expressed 
ANAC069 from the membrane (Park et al. 2011). The acti-
vated ANAC069 then recognizes motifs such as C[A/G]

CG[T/G] to regulate its target genes. Finally, the altered 
expressions of the downstream genes of ANAC069 lead 
to physiological changes that modulate the plant stress 
response, including decreased ROS scavenging leading to 
ROS accumulation, inhibition of proline biosynthesis to 
decrease osmotic potential and increased water loss rates, 
among others (Fig. 9).
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