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The cysteine2/histidine2-type zinc finger proteins are a large family of transcription regulators, and some of them play essential
roles in plant responses to biotic and abiotic stress. In this study, we found that expression of C2H2-type ZINC FINGER OF
ARABIDOPSIS THALIANA6 (AtZAT6) was transcriptionally induced by salt, dehydration, cold stress treatments, and pathogen
infection, and AtZAT6 was predominantly located in the nucleus. AtZAT6-overexpressing plants exhibited improved
resistance to pathogen infection, salt, drought, and freezing stresses, while AtZAT6 knockdown plants showed decreased
stress resistance. AtZAT6 positively modulates expression levels of stress-related genes by directly binding to the TACAAT
motifs in the promoter region of pathogen-related genes (ENHANCED DISEASE SUSCEPTIBILITY1, PHYTOALEXIN DEFICIENT4,
PATHOGENESIS-RELATED GENE1 [PR1], PR2, and PR5) and abiotic stress-responsive genes (C-REPEAT-BINDING FACTOR1
[CBF1], CBF2, and CBF3). Moreover, overexpression of AtZAT6 exhibited pleiotrophic phenotypes with curly leaves and small-
sized plant at vegetative stage and reduced size of floral organs and siliques at the reproductive stage. Modulation of AtZAT6
also positively regulates the accumulation of salicylic acid and reactive oxygen species (hydrogen peroxide and superoxide
radical). Taken together, our findings indicated that AtZAT6 plays important roles in plant development and positively
modulates biotic and abiotic stress resistance by activating the expression levels of salicylic acid-related genes and CBF
genes.

In nature, plants live in complex environmental con-
ditions in which various abiotic stresses and multiple
microbial pathogens with different infection strategies
and lifestyles influence plant growth and development
(Bent and Mackey, 2007; Shi et al., 2013a, 2013b). As
sessile organisms, plants cannot avoid unfavorable
circumstances by adjusting their location. Therefore,

they have evolved complex strategies to perceive stress
signals and further translate the perception into effec-
tive plant responses (Gimenez-Ibanez and Solano, 2013;
Shi et al., 2014a, 2014b).

In recent years, much attention has been paid to the
roles of the hormones in biotic and abiotic stress responses
and especially hormone interactions under stress condi-
tions (Pieterse et al., 2012; Yang et al., 2012a; Liu et al.,
2013c). Several plant hormone receptors are located in the
nucleus, such as jasmonate and auxin, while the signaling
perception of salicylic acid (SA), ethylene, and abscisic
acid initiates in the cytoplasm and then translocates to the
nucleus. Plant transcription factors (TFs) serve as impor-
tant mediators during hormone cross talks under biotic
and abiotic stress conditions (Kazan and Manners, 2009;
Kieffer et al., 2010; Liu et al., 2013c). Currently, various TFs
have been shown to be involved in biotic and abiotic
stress responses via activating stress-responsive gene
expression, such as C-repeat-binding factors (CBFs)/
dehydration-responsive element-binding proteins (DREBs),
WRKYs, ethylene-responsive element-binding factors,
MYBs, MYCs, basic domain-Leu zipper families, and zinc
finger proteins (ZFPs; Qiu et al., 2008; Yu et al., 2008; Bi
et al., 2010; Li et al., 2010a, 2010b; Seo and Park, 2010; Zhang
et al., 2010a, 2010b; Zhu et al., 2010; Cheng et al., 2011).
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ZFPs are a large family of transcription regulators in
plants for modulation of downstream stress-responsive
genes (Ciftci-Yilmaz et al., 2007; Devaiah et al., 2007;
Kodaira et al., 2011; Liu et al., 2013d). ZFPs have been
classified into at least nine types based on the number
and location of characteristic residues (Cys and His),
including C2H2, C2HC, C2HC5, C3H, C3HC4, C4, C4HC3,
C6, and C8 (Nguyen et al., 2012; Bogamuwa and Jang,
2013; Zhou et al., 2013). In Arabidopsis (Arabidopsis
thaliana), the involvement of C2H2-type ZFPs, including
Arabidopsis Zinc-Finger Protein1 (AZF1), AZF2, AZF3,
Drought induced19 (Di19), Zinc Finger of Arabidopsis6
(ZAT6), ZAT7, ZAT10, and ZAT12, in plant abiotic
stress response has been revealed (Liu et al., 2013b,
2013d). Kodaira et al. (2011) found that AtAZF1 and
AtZAF2 negatively regulated abscisic acid-repressive
and auxin-inducible genes under abiotic stress condi-
tions. Constitutive expression of AtZAT12 conferred
improved resistance to high light and osmotic and ox-
idative stresses, whereas knockout plants of AtZAT12
exhibited increased sensitivity to osmotic and salt
stresses (Rizhsky et al., 2004; Davletova et al., 2005).
AtZAT10 played a dual role in response to abiotic stress
because both gain- and loss-of-function mutations of
AtZAT10 displayed enhanced resistance to drought and
osmotic and salt stresses (Mittler et al., 2006). Recently,

AtZAT10 was identified as a substrate of mitogen-
activated protein kinase (Nguyen et al., 2012). Ciftci-
Yilmaz et al. (2007) revealed that AtZAT7 positively
mediated salt stress tolerance via modulating expres-
sion of several defense-responsive genes and that the
ethylene-responsive element-binding factor-associated
amphiphilic repression motif is required for abiotic
stress response. AtZAT6 is a repressor of primary root
growth that modulates phosphate homeostasis through
the control of root architecture (Devaiah et al., 2007).
Moreover, AtZAT6 was identified as a novel target of
MITOGEN-ACTIVATED PROTEIN KINASE6 (MPK6),
and phosphorylation of AtZAT6 is essential for its
positive regulation of seed germination under salt and
osmotic stresses (Liu et al., 2013d). Overexpressing
chimeric repressors derived AtZAT6 and also conferred
enhanced salt tolerance (Mito et al., 2011). However, the
molecular mechanisms of ZAT6 in plant response to
abiotic stress remain unclear, and the possible role of
ZAT6 in plant-pathogen interaction remains unknown.

In this study, we found thatAtZAT6 positively regulated
biotic and abiotic stress resistances, and overexpression
ofAtZAT6 resulted in distinct developmental phenotypes.
Additionally, the regulatory mechanism underlying
AtZAT6-mediated stress responses was also character-
ized. The results indicated that AtZAT6 plays important

Figure 1. The expression pattern of AtZAT6. A, The expression levels of AtZAT6 after stress treatments. For real-time PCR, 28-d-
old Col-0 plants were treated by 300 mM NaCl, dehydration, 4˚C, 100 mM SA, Pst DC3000, and Pst DC3000(avrRpt2) for
designed times. The expression level of AtZAT6 at 0 h of treatment was normalized as 1.0. The results shown are the means 6
SDs of at least three independent experiments. Asterisks indicate the significant difference of P , 0.05 compared with the wild
type under control condition for 0 h. B, GUS staining of ProZAT6::GUS transgenic plants in different organs. C, Subcellular
localization of AtZAT6. GFP signals were detected in 5-d-old seedling roots of 35S::GFP-ZAT6 transgenic plants. The red
fluorescence indicates cell wall by propidium iodide staining, and the green fluorescence indicates the localization of AtZAT6.
Bars = 100 mm. [See online article for color version of this figure.]
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roles in stress responses through activating the expres-
sion levels of SA-related genes and CBF genes.

RESULTS

Expression Pattern of AtZAT6 under Stress Treatments

Based on publicly available gene expression data
analysis (Winter et al., 2007), we found that AtZAT6 was
highly induced by most abiotic and biotic stress treat-
ments (Supplemental Fig. S1). The expression pattern of
AtZAT6 was further examined through real-time PCR.
Consistent with microarray data, infections with Pseudo-
monas syringae pv tomato (Pst) DC3000 and Pst DC3000
(harboring the avirulence gene of Rpt2 [avrRpt2]) signifi-
cantly induced the transcript level of AtZAT6 in a time-
dependent manner (Fig. 1A). In addition, expression level
ofAtZAT6was also transcriptionally induced after abiotic
stress treatments, including salt, dehydration, and cold
stresses (Fig. 1A). Interestingly, the transcript level of
AtZAT6 was largely induced by SA treatment (Fig. 1A).

These results indicated that AtZAT6 might play some
roles in plant responses to biotic stress and abiotic stress.

Using ProZAT6::GUS transgenic plants, AtZAT6 was
found to be strongly expressed in cotyledons, leaves, and
roots, but weakly in flowers, siliques, and stems (Fig. 1B).
In the transgenic 35S::GFP-ZAT6 plants, GFP signals
were detected in 5-d-old seedling roots. As shown in
Figure 1C, 35S::GFP-ZAT6 fluorescence was predomi-
nantly localized in the nucleus and partially in the cy-
tosol. This result indicated that AtZAT6 is a nuclear
protein, which is consistent with the results of Devaiah
et al. (2007). Additionally, yeast (Saccharomyces cerevisiae)
transformation assay showed that AtZAT6 had trans-
activation activity in yeast (Supplemental Fig. S2).

AtZAT6 Regulates Plant Growth and Development

To reveal the in vivo role of AtZAT6, we constructed
AtZAT6-overexpressing and knockdown transforma-
tions in the background of Columbia (Col-0) Arabi-
dopsis plants. After selection by kanamycin and Basta

Figure 2. Developmental phenotypes of AtZAT6-overexpressing and knockdown plants. A, Twenty-eight-day-old plants in soil.
B to D, Size of leaves (B), siliques (C), and floral organs (D) in wild-type (WT) and AtZAT6-overexpressing and knockdown
plants. Bars = 1 cm. E, Seventy-day-old wild-type and AtZAT6-overexpressing and knockdown plants. F, AtZAT6 expression
levels in wild-type and AtZAT6-overexpressing and knockdown plants. The expression level of AtZAT6 in the wild type was
normalized as 1.0 (n = 3). G, Fresh weight per plant of 28-d-old wild-type and AtZAT6-overexpressing and knockdown plants.
Means6 SDs (n = 15) are shown, and asterisks indicate the significant difference of P , 0.05 compared with the wild type. [See
online article for color version of this figure.]
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resistance, the expression levels of AtZAT6 in the T1
generation of 35S::ZAT6 and artificial microRNA
(amiR)-ZAT6 transgenic plants were verified by real-
time PCR (Supplemental Figs. S3 and S4). The T1
generation of AtZAT6 transgenic plants exhibited

pleiotropic developmental phenotypes, including re-
tarded growth with small and curly leaves, and several
lines with relatively high transgene expression (lines 5,
10, and 11 with 243.42-, 504.04-, and 337.85-fold rela-
tive to the wild type [Col-0], respectively) could not

Figure 3. Modulation of AtZAT6 expression affects defense responses. A, Morphology of 28-d-old soil-grown wild-type (WT)
and AtZAT6-overexpressing and knockdown plants. Bars = 1 cm. B to D, DAB staining (B), NBT staining (C), and trypan blue
staining (D) of 28-d-old soil-grown wild-type and AtZAT6-overexpressing and knockdown plants. Bars = 100 mm. E and F,
Quantification of H2O2 content (E) and O2c

– content (F). G, Pathogen-related genes’ expression in wild-type and AtZAT6-
overexpressing and knockdown plants. H, The accumulation of free SA, conjugated SA, and total SA assayed by HPLC. The
results shown are the means6 SDs of at least three independent experiments. Asterisks indicate the significant difference of P ,

0.05 compared with the wild type. [See online article for color version of this figure.]
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flower and set seeds (Supplemental Fig. S3). Consistently,
T2 and T3 generations of AtZAT6 transgenic plants (lines
6 and 8) with relatively low transgene expression showed
similar growth to those of the T1 generation, further
confirming the pleiotropic developmental phenotypes of
AtZAT6-overexpressing plants (Fig. 2A). It has been
reported that RNA interference suppression of AtZAT6
appears to be lethal (Devaiah et al., 2007). In our study,
we also found that AtZAT6 knockdown lines with rela-
tively lower AtZAT6 transcripts could not flower and set
seeds. Therefore, two AtZAT6 knockdown lines (lines 6
and 10) with about 40% expression level of the wild type
were used for further study (Fig. 2A).
When grown on Murashige and Skoog (MS) medium,

AtZAT6-overexpressing plants showed significantly
shorter primary roots and displayed abnormal cotyle-
dons (Supplemental Fig. S5, A–C). At the vegetative
stage on soil, AtZAT6-overexpressing plants (lines 6 and
8) exhibited retarded growth with bleached leaves, but
line 3 with the lowest (6.4-fold) AtZAT6 overexpression
level and AtZAT6 knockdown plants showed no signif-
icant difference with the wild type (Fig. 2, A, B, F, and G).
At the productive stage, AtZAT6-overexpressing plants
(lines 6 and 8) exhibited significantly retarded growth,
with a greater rosette leaf number, lower plant height,
lesser cauline branch number, smaller leaf length and

width, and reduced size of siliques and floral organs,
including sepals, petals, stamens, and carpels (Fig. 2,
B–E; Supplemental Table S1). However, AtZAT6 knock-
down plants (lines 6 and 10) displayed no significant
difference with wild-type plants for the whole growth
stage (Fig. 2, B–E; Supplemental Table S1). All of these
results provide genetic evidence that AtZAT6 is involved
in plant growth and development.

AtZAT6 Positively Regulates Defense Resistance to
Bacterial Pathogen Infection

As shown in Figure 3A, AtZAT6-overexpressing
plants (lines 6 and 8) exhibited dwarf morphology,
whereas overexpressing line 3 and AtZAT6 knock-
down plants (lines 6 and 10) exhibited wild-type-like
morphology. Diaminobenzidine (DAB) staining and
nitro blue tetrazolium (NBT) staining showed that the
AtZAT6-overexpressing plants accumulated higher
levels of hydrogen peroxide (H2O2) and superoxide
radical (O2c

–) than those in the wild type, while
AtZAT6 knockdown plants accumulated lower H2O2
and O2c

– contents (Fig. 3, B and C). Quantification of
H2O2 and O2c

– contents in leaves of 28-d-old soil-grown
AtZAT6-overexpressing and knockdown plants also
confirmed the results of DAB and NBT staining (Fig. 3,

Figure 4. Modulation of AtZAT6 expression affects oxidative burst under mock and pathogen-infected conditions. A and B,
Quantification of H2O2 content (A) and O2c

– content (B) in plants under mock and pathogen-infected conditions. For the assays,
28-d-old plant leaves were infected with mock (10 mM MgCl2), Pst DC3000 plus 10 mM MgCl2, and Pst DC3000(avrRpt2) plus
10 mM MgCl2 for designed times. Means6 SDs of three independent experiments are shown in the results, and asterisks indicate
the significant difference of P , 0.05 compared with the wild type (WT).
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E and F). Trypan blue staining showed that there was
extensive cell death in the AtZAT6-overexpressing
plants, with little in the AtZAT6 knockdown plants
(Fig. 3D). The glutathione antioxidant pool and redox
state were also modulated by AtZAT6 (Supplemental
Fig. S6, A–C). AtZAT6-overexpressing plants accu-
mulated lower reduced glutathione (GSH) and higher
oxidized glutathione (GSSG), while AtZAT6 knock-
down plants displayed increased GSH and decreased
GSSG (Supplemental Fig. S6, A–C). In addition, some
pathogen-related marker genes, including ENHANCED
DISEASE SUSCEPTIBILITY1 (EDS1), PHYTOALEXIN
DEFICIENT4 (PAD4), PATHOGENESIS-RELATED
GENE1 (PR1), PR2, and PR5, were constitutively
expressed in the AtZAT6-overexpressing plants but
exhibited lower mRNA levels in the AtZAT6 knock-
down plants (Fig. 3G). Moreover, free and conjugated
SA contents were also much higher in the overexpressing
transgenic plants but were lower in the AtZAT6 knock-
down plants than those of wild-type plants (Fig. 3H).
These data indicated that cell death and defense re-
sponses were constitutively activated in AtZAT6-
overexpressing plants but were repressed in AtZAT6
knockdown plants.

As reviewed by Lamb and Dixon (1997), oxidative
burst and associated changes in defense gene expres-
sion following bacterial recognition occurs about 3 to
10 h after inoculation. Then, we examined the effects of
AtZAT6 expression on oxidative burst and associated
changes in defense gene expression at early periods
after inoculations by mock, Pst DC3000, and Pst
DC3000(avrRpt2). During the period between 0 and 9 h
post inoculation (hpi) of Pst DC3000(avrRpt2), oxida-
tive burst, including the accumulations of H2O2 and
O2c

–, was significantly displayed in wild-type plants
(Fig. 4, A and B). Compared with wild-type plants,
AtZAT6-overexpressing plants exhibited higher levels
of H2O2 and O2c

– at 3, 6, and 9 hpi of Pst DC3000
(avrRpt2), while AtZAT6 knockdown plants displayed
relatively lower levels (Fig. 4, A and B). After inocu-
lation of Pst DC3000, the H2O2 content was only
slightly induced at 6 and 9 hpi in wild-type plants,
while the O2c

– content was not significantly regulated
(Fig. 4, A and B). During the period between 0 and
9 hpi of Pst DC3000, AtZAT6-overexpressing plants
exhibited higher levels of H2O2 and O2c

– than those in
wild-type plants, while AtZAT6 knockdown plants
displayed relatively lower levels (Fig. 4, A and B).

Figure 5. Modulation of AtZAT6 expression affects defense gene expression under mock and pathogen-infected conditions.
A to G, Expression analysis of pathogen-related genes in wild-type (WT) and AtZAT6-overexpressing and knockdown plants.
The expression levels of EDS1 (A), PAD4 (B), PR1 (C), PR2 (D), PR3 (E), PR4 (F), and PR5 (G) in plants after mock and pathogen
infection for 6 h. The expression level of each gene in wild-type plants by mock infection was normalized as 1.0. For the assays,
28-d-old plant leaves were infected with mock (10 mM MgCl2), Pst DC3000 plus 10 mM MgCl2, and Pst DC3000(avrRpt2) plus
10 mM MgCl2 for 6 h. Means 6 SDs of three independent experiments are shown in the results, and asterisks indicate the
significant difference of P , 0.05 compared with the wild type.
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After pathogen infection for 6 h, the expression levels
of EDS1, PAD4, PR1, PR2, PR3, PR4, and PR5 were
transcriptionally induced compared with those of mock
treatment; however, AtZAT6-overexpressing plants
exhibited higher transcripts of EDS1, PAD4, PR1, PR2,
and PR5 than those in the wild type, while AtZAT6
knockdown plants displayed relatively lower levels
(Fig. 5, A–G). These results indicated that AtZAT6
positively modulated reactive oxygen species (ROS)
level and SA-related gene expressions under both
control (mock) and pathogen-infected conditions.
To test whether AtZAT6 regulates disease resistance

against pathogenic bacteria, we examined the basal
resistance and systemic acquired resistance (SAR) to
Pst DC3000 and Pst DC3000(avrRpt2) in the AtZAT6-
overexpressing and knockdown plants. Quantification
of bacteria number in the pathogen-infected Arabi-
dopsis leaves showed that the AtZAT6-overexpressing
plants exhibited significantly less bacterial propaga-
tion than the wild type at 3 d post infection (dpi) of
these pathogens, while the AtZAT6 knockdown plants
exhibited significantly more bacterial propagation than
the wild type (Fig. 6, A–C). Therefore, these results

indicated that AtZAT6 positively regulated basal re-
sistance and SAR against pathogenic bacteria.

AtZAT6 Positively Modulates Abiotic Stress Resistance

Because the expression of AtZAT6 was transcrip-
tionally induced by multiple abiotic stresses, including
salt, dehydration, and cold (Fig. 1A; Supplemental
Fig. S1), the involvement of AtZAT6 in abiotic stress
resistance was also dissected using AtZAT6-over-
expressing and knockdown plants. After salt, drought,
and chilling stress treatments, AtZAT6-overexpressing
plants showed better growth with higher survival rate
than the wild type and conferred improved resistance
to abiotic stresses, while AtZAT6 knockdown plants
exhibited severely inhibited growth with lower sur-
vival rate than the wild type (Fig. 7, A and B). Addi-
tionally, the expression levels of CBF1, CBF2, and CBF3
were constitutively expressed in the AtZAT6-over-
expressing plants but exhibited lower mRNA levels in
the AtZAT6 knockdown plants (Fig. 7C). However,
modulation of AtZAT6 had no significant effect on the
expression of CBF4, DREB2A, and DREB2B (Fig. 7C).

Figure 6. Modulation of AtZAT6 expression af-
fects disease resistance against bacterial infection.
A and B, Growth of Pst DC3000 (A) and Pst

DC3000(avrRpt2; B) on plants at 0 and 3 dpi of
bacterial infection. C, SAR assay of growth of Pst
DC3000 on plants at 0 and 3 dpi of bacterial infec-
tion. The results shown are the average means 6 SDs
of four independent experiments, and 20 indepen-
dent leaf discs were harvested in each independent
experiment. Asterisks indicate the significant difference
of P , 0.05 compared with the wild type (WT).
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These results indicated that AtZAT6 positively mod-
ulated abiotic stress resistance and the expressions of
CBF genes (CBF1, CBF2, and CBF3).

AtZAT6 Can Bind to the TACAAT Motif of Several
Pathogen-Related Genes and CBF Genes

To reveal how ATZAT6 modulated the expressions
of the pathogen-related genes and CBF genes, we ana-
lyzed the promoter sequences of these genes, and the
results showed that TACAAT motifs were enriched
(Fig. 8C). Liu et al. (2013b) found that AtDi19 (one C2H2
ZFP) could modulate the expression levels of PR1, PR2,
and PR5 through binding to the TACAAT elements
within the PR1, PR2, and PR5 promoters; thus, whether
AtZAT6 could interact with the TACAAT element was
investigated in this study. Then, transient expression

assays in tobacco (Nicotiana tabacum) leaves were per-
formed using 35S-vector and 35S-AtZAT6 as the effectors
and m35S-GUS, TACAAT-m35S-GUS, and TAAAAT-
m35S-GUS as the reporters (Fig. 8A). As shown in
Figure 8B, only the leaf pieces cotransformed with
35S-AtZAT6, and TACAAT-m35S-GUS largely acti-
vated the expression of GUS, indicating the in vivo
interaction of AtZAT6 and the TACAAT motif. To
further investigate the interaction of AtZAT6 and the
promoters of several pathogen-related genes, chromatin
immunoprecipitation (ChIP)-PCR was performed using
35S::GFP-ZAT6-22 transgenic plants, which had the
similar phenotype with AtZAT6-overexpressing plants
(Supplemental Fig. S7, A–D). The results showed that
the AtZAT6 protein strongly interacted with several
fragments in the promoters of EDS1, PAD4, PR1, PR2,
PR5, CBF1, CBF2, and CBF3 that contained the

Figure 7. Modulation of AtZAT6 expression affects abiotic stress resistance. A, Phenotype of plants after abiotic stress treat-
ments for designed days. B, Survival rate of the wild type (WT) and different AtZAT6 lines at 7 d after recovery from abiotic stress
treatments. C, The expression of CBF genes in wild-type and AtZAT6-overexpressing and knockdown plants. Means 6 SDs of at
least three independent experiments are shown in the results, and asterisks indicate the significant difference of P , 0.05
compared with the wild type. [See online article for color version of this figure.]
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TACAAT motif but could not interact with the frag-
ments in the promoters of ACTIN2 and PR4 (Fig. 8,
C and D), indicating that the TACAAT motif is im-
portant for the binding of AtZAT6 to regulate the ex-
pressions of pathogen-related genes and CBF genes.

DISCUSSION

Plant hormones play essential roles in integrating
developmental and defense cues into complex signaling
networks that not only establish plant developmental
architecture, but also build up plant defense responses
to biotic and abiotic stresses (Kazan and Manners, 2009;
Seo and Park, 2010; Liu et al., 2013c). Among these
hormones, SA serves as the most important defense
hormone associated with microbial pathogenesis (Kieffer
et al., 2010; Xu et al., 2011; Zhang et al., 2012).

In this study, a novel function for AtZAT6 in plant
development and biotic and abiotic stress responses
has been elucidated based on phenotypic, molecular,
and physiological characterizations. We found that
AtZAT6-overexpressing plants exhibited constitutively
activated defense responses, with increased levels of
ROS accumulation (H2O2 and O2c

–) and extensive cell
death in the leaves, while AtZAT6 knockdown plants
showed decreased defense responses, with lower ROS
accumulation and less cell death (Fig. 3, B–F). In ac-
cordance with other studies, Pst DC3000(avrRpt2)
triggered ROS production in wild-type plants at the
period of 3 to 9 hpi because of the recognition of avrRpt2
by the Resistance to P. syringae2 resistance protein
(Kunkel et al., 1993; Lamb and Dixon, 1997). Moreover,
AtZAT6-overexpressing plants exhibited even higher
levels, while AtZAT6 knockdown plants displayed rel-
atively lower levels of H2O2 and O2c

– at these periods

Figure 8. AtZAT6 binds to the promoters of pathogen-related genes and CBF genes. A, Schematic diagrams of the effectors
(35S-vector and 35S-AtZAT6) and reporters (m35S-GUS, TACAAT-m35S-GUS, and TAAAAT-m35S-GUS) used for transient
expression analysis. B, Transient expression of representative tobacco leaves infiltrated with different combinations of effector
and reporter. 35S::GFP plastid was coinjected as an internal standard in each infection. C, Schematic structure of the TACAAT
motifs in the promoter of pathogen-related genes and CBF genes. The relative positions were chosen for ChIP-PCR analysis. D,
ChIP enrichment to show the in vivo binding ability of 35S::GFP-ZAT6 to the DNA fragments in the promoters of pathogen-
related genes and CBF genes. The ChIP results were normalized to input chromatin, and a fragment in the ACTIN2 promoter
was used as the negative control. The data represent the means 6 SDs of three independent experiments, and asterisks indicate
the significant difference of P , 0.05. [See online article for color version of this figure.]
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after inoculation of Pst DC3000(avrRpt2; Fig. 4, A and
B). The rapid induction of ROS by Pst DC3000(avrRpt2)
and AtZAT6-mediated ROS accumulation after infec-
tion with Pst DC3000(avrRpt2) might be largely con-
tributed to hypersensitive response (Kunkel et al., 1993;
Lamb and Dixon, 1997). However, Pst DC3000 only
slightly induced the H2O2 content at 6 and 9 hpi but had
no significant effect on the O2c

– content at the period of
3 to 9 hpi. Additionally, AtZAT6-overexpressing plants
exhibited higher levels of H2O2 and O2c

– at the period of
3 to 9 hpi of Pst DC3000, while AtZAT6 knockdown
plants displayed relatively lower levels than those in
wild-type plants (Fig. 4, A and B). Thus, AtZAT6 posi-
tively modulates ROS level under both mock and
pathogen-infected conditions (Fig. 4, A and B), indicating
putative links between AtZAT6-mediated ROS accumu-
lation and disease resistance. Miller et al. (2008) have
reviewed that AtZAT proteins (AtZAT7, AtZAT10, and
AtZAT12) are key regulators of ROS signaling and could
function as integrators of ROS signaling and plant stress
responses. Our study indicated that AtZAT6 is another
important factor of the ZAT network-involved ROS
signaling. As Miller et al. (2008) reviewed, further studies
are needed to investigate how ZAT proteins mediate
ROS signaling.

Moreover, the dwarf and retarded phenotype of
AtZAT6-overexpressing plants is similar to reported
dwarf mutants that displayed constitutive activation of
ROS and SA-dependent responses, such as activation-
tagged mutant of GH3.5 (Zhang et al., 2007), myb96-1d
(Seo and Park, 2010), snc2-1D (for suppressor of npr1-1
[knockout mutant of NON-INDUCIBLE IMMUNITY1,
NONEXPRESSER OF PR GENES1], constitutive2; Zhang
et al., 2010b), snc1 and Toll-like/interleukin-1 receptor1-
human influenza virus hemagglutinin (Zhu et al., 2010), loss-
of-function of CULLIN1 (Cheng et al., 2011), mos14-1 snc1

npr1 containing the MOS14 [modifier of snc1-1, 14] trans-
gene under its native promoter; Xu et al., 2011), mpk4
(Kong et al., 2012), loss-of-function mutant of BDA1 (for
bian da; becoming big in Chinese; Yang et al., 2012b),
mkk1/mkk2 for mutant of MAP kinase kinase1 [MKK1]/
MKK2; Zhang et al., 2012), and mutant of BAK1-
INTERACTING RECEPTOR-LIKE KINASE1 (Liu et al.,
2013a). Additionally, the expression of EDS1 and PAD4,
which are responsible for SA biosynthesis, were sig-
nificantly up-regulated after overexpression of AtZAT6
(Fig. 3G). SA accumulation is necessary for the activa-
tion of SA downstream gene expression (Zhang et al.,
2010b, 2012; Zhu et al., 2010; Kong et al., 2012). Con-
sistently, AtZAT6-overexpressing plants showed in-
creased endogenous SA and up-regulated expression of
SA-dependent PR genes, resulting in enhanced immunity
resistance against pathogen bacterials, while AtZAT6
knockdown plants exhibited decreased immunity re-
sistance (Fig. 3). Similar to AtDi19 (one C2H2 ZFP; Liu
et al., 2013b), AtZAT6 can bind to the TACAAT elements
within the PR1, PR2, and PR5 promoters, as well as the
TACAAT elements in the EDS1 and PAD4 promoters
(Fig. 8). Thus, AtZAT6 positively regulates endogenous
SA and the expression of SA-dependent PR genes via
directly binding to the TACAAT elements of pathogen-
related genes.

In addition to biotic stress, AtZAT6 positively
modulated abiotic stress resistance, including salt,
drought, and cold stresses. Liu et al. (2013d) found that
phosphorylation of AtZAT6 by AtMPK6 was essential
for its positive regulation of seed germination under
salt and osmotic stresses (Liu et al., 2013d). According
to Liu et al. (2013b), the expressions of PR1, PR2, and
PR5 were largely induced by drought stress treatment.
Overexpression of these PR genes and pretreatment
with SA analogs 2,6-dichloroisonicotinic acid conferred

Figure 9. Model depicting the mechanisms of
AtZAT6 involved in plant stress responses. Path-
ogen and abiotic stress could largely induce the
expression of AtZAT6. First, AtZAT6 could bind to
the TACAAT elements of the promoters of EDS1,
PAD4, PR1/PR2/PR5, and CBF1/CBF2/CBF3, leading
to accumulation of SA and up-regulation of these
genes’ expression. Second, AtZAT6-overexpressing
plants could result in higher ROS concentration. All
of these results resulted in improved resistance to
biotic and abiotic stress. [See online article for color
version of this figure.]
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improved drought resistance. In Arabidopsis, CBF1,
CBF2, and CBF3 (also known as DREB1b, DREB1c,
and DREB1a, respectively) play key roles in cold, salt,
and drought stress responses via binding to the
C-repeat/dehydration-responsive element cis-acting
element of several stress-responsive genes (Novillo
et al., 2012). Because AtZAT6 positively regulates
the expression of SA-dependent PR1/PR2/PR5 and
CBF1/CBF2/CBF3 via directly binding to the TACAAT
elements in the promoters, the positive regulation of
pathogen-related genes and CBF1/CBF2/CBF3 was
also contributed to AtZAT6-mediated abiotic stress
resistance.
It should be mentioned that ectopic overexpression

of tagged TFs obviously does not reflect the natural
situation, and it may have some limitations in dis-
secting the in vivo roles of the TF. However, the ChIP
result (the direct binding of AtZAT6 to the TACAAT
elements of the promoters of EDS1, PAD4, PR1, PR2,
PR5, CBF1, CBF2, and CBF3) exhibited high consis-
tency with changes of gene expression levels in
AtZAT6-overexpressing and knockdown plants rela-
tive to wild-type plants as well as the phenotypes of
stress resistance. Based on the above observations, a
working model is proposed in Figure 9 to depict the
mechanism of AtZAT6 involved in plant biotic and
abiotic stress responses. Biotic and abiotic stresses
largely induced the expression of AtZAT6. AtZAT6
could bind to the TACAAT elements of the promoters
of EDS1, PAD4, PR1, PR2, PR5, CBF1, CBF2, and CBF3,
leading to accumulation of SA and up-regulation of
stress-responsive genes. Moreover, increased expres-
sion of AtZAT6 also resulted in higher ROS accumu-
lation. All of these changes resulted in improved
resistance to biotic and abiotic stress in AtZAT6 over-
expressors.
Taken together, this study indicates that AtZAT6

plays important roles in plant development and posi-
tively modulates biotic and abiotic stress resistances by
activating the expression levels of SA-related genes
and CBF genes.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) seeds of Col-0 ecotypes were first

surface sterilized with 50% (v/v) bleach and 0.1% (v/v) Triton X-100 and then

thoroughly washed three times with sterile water. After stratification at 4°C

for 3 d in darkness, Arabidopsis seeds were grown in soil or on MS medium

containing 1% (w/v) Suc and cultured in a growth chamber. The growth

chamber was controlled at an irradiance of 120 mmol quanta m–2 sec–1 at

23°C 6 2°C with 65% relative humidity under 16-h-light and 8-h-dark cycles.

Nutrient solution was supplied with water every three days to keep plant

growth.

Generation of AtZAT6 Transgenic Lines

For the ProZAT6::GUS transgenic construct, the promoter regions of

AtZAT6 were amplified by PCR and inserted into SalI/BamHI sites of

pBI101.2 vector with kanamycin resistance. For the overexpressing AtZAT6

transgenic construct, the full-length coding sequence of AtZAT6 was inserted

into SmaI/XhoI sites of pBIM vector with kanamycin resistance under the

control of the Cauliflower mosaic virus 35S promoter (Yang et al., 2005). For the

AtZAT6 and GFP coexpressing construct, the coding regions of AtZAT6 were

amplified by PCR and inserted into SmaI/XhoI sites of the 35S::EGFP vector

with Basta resistance (Cutler et al., 2000). For the amiR-ZAT6 transgenic

construct, amiR-ZAT6 fragments were amplified from the plasmid pRS300 by

PCR using specific primers from Web MicroRNA Designer 3 (http://wmd3.

weigelworld.org/cgi-bin/webapp.cgi; Schwab et al., 2006), and then the

amiR-ZAT6 fragment was inserted into the SmaI site of pBARN vector with

Basta resistance (LeClere and Bartel, 2001). The primers for vector constructs

are listed in Supplemental Table S2. After introduction into Arabidopsis wild-

type (Col-0) plants, homozygous transgenic plants were selected on MS me-

dium containing 1% (w/v) Suc by kanamycin or Basta resistance and were

confirmed by PCR analysis.

RNA Isolation and Quantitative Real-Time PCR

RNA isolation and quantitative real-time PCR was performed as described

by Shi et al. (2013b). The quantitative real-time PCR was carried out with Sybr-

green fluorescence using a CFX96 Real Time System (Bio-Rad). System software

by the comparative DDcycle threshold method was used for quantification, and

the expression levels of target genes were normalized to the amount of the

housekeeping gene ubiquitin10 (UBQ10). At least three independent experiments

were performed for real-time PCR, and three technical replicates were used in

each independent experiment. The specific primers of analyzed genes for real-

time PCR are listed in Supplemental Table S3.

Subcellular Localization Analysis

For subcellular localization analysis, 5-d-old seedling roots of 35S::GFP-

ZAT6 transgenic plants were analyzed. GFP signals were detected using the

Olympus FluoView 1000 confocal laser scanning microscope, and 20 mg mL–1

propidium iodide was used for cell wall staining in GFP lines.

GUS Staining and Quantification of GUS Activity

GUS staining and quantification of GUS activity was performed using the

method described by Jefferson et al. (1987).

Determination of ROS Level

DAB staining and NBT staining were performed as previously described

by Shi et al. (2013b). The concentrations of H2O2, O2c
–, GSH, and GSSG were

also quantified as described by Shi et al. (2013a, 2013b).

Trypan Blue Staining

Trypan blue staining was carried out on 28-d-old plant leaves in lactophenol

trypan blue solution as described by Yang et al. (2005). Then, the stained

plants were transferred to 70% (v/v) ethanol to remove the chlorophyll

and photographed.

Quantification of SA Content

Free and conjugated SA in 28-d-old Arabidopsis leaves were extracted and

quantified by HPLC as previously described (Qiu et al., 2007) with minor

modification. For HPLC assay, samples were passed over a column with a

length of 15 cm and an internal diameter of 4.6 mm filled with 5 mm of reverse

phase material (HeSep C18-T; Weltech) at 25°C; the solvent flow was 0.8 mL

min–1 (methanol:water with 0.1% [w/v] H3PO4 = 1:1).

Plant Disease Resistance Assay

For disease resistance assay, 28-d-old plant leaveswere infected as described

by Shi et al. (2012) with the virulent Pseudomonas syringae pv tomato (Pst)

DC3000 and the avirulent Pst DC3000(avrRpt2) at optical densities at 600 nm

of 0.001 and 0.02, respectively. Inoculation with 10 mM MgCl2 was used as

mock treatment. At 0 and 3 dpi, leaf discs within the infiltrated area were

taken immediately, and the bacterial growth from infected Arabidopsis leaves

and symptoms were monitored as described (Shi et al., 2012). For SAR assay,
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local leaves were first infected with Pst DC3000(avrRpt2) for 1 d. Then, the

distal, uninfected plant leaves were infected with Pst DC3000, and the growth

of Pst DC3000 on distal plant leaves was assayed at 0 and 3 dpi of bacterial

infection. At least three independent experiments were performed, and 20

independent leaf discs were harvest in each independent experiment.

Plant Abiotic Stress Resistance Assay

Plant abiotic stress resistance was assayed as described by Shi et al. (2013b),

and survival rate was determined 7 d after recovery from the abiotic stress

treatments.

Transient Expression Assay in Tobacco Leaves

To confirm the interaction between AtZAT6 and the TACAAT element, the

transient expression assay in tobacco (Nicotiana tabacum) leaves were performed

as described by Huang et al. (2013). The m35S-GUS, TACAAT-m35S-GUS, and

TAAAAT-m35S-GUS were constructed by inserting PCR products of mini35S,

43TACAAT-mini35S, and 43TAAAAT-mini35S from the minimal-100 Cauli-

flower mosaic virus 35S-pCAMBIA1391 plastid (Huang et al., 2013) into HindIII

and BamHI sites of the pCAMBIA1391Z vector. The corresponding primers for

vector construction are listed in Supplemental Table S2. For the transient ex-

pression analysis, the pBIM vector and AtZAT6-pBIM construct were used as

the effectors, and the m35S-GUS (mini35S-pCAMBIA1391Z), TACAAT-m35S-

GUS (43TACAAT-mini35S-pCAMBIA1391Z), and TAAAAT-m35S-GUS

(43TAAAAT-mini35S-pCAMBIA1391Z) constructs were used as the reporters.

The effector and reporter were transformed into Agrobacterium tumefaciens strain

GV3101 and coinfected into tobacco leaves as described by Huang et al. (2013),

and the 35S::GFP plastid (Cutler et al., 2000) was coinjected as an internal

standard in each infection. The GUS activity and GFP fluorescence intensity

were quantified using the Infinite M200 Microplate reader (Tecan).

ChIP Assay

ChIP was performed as described by Bowler et al. (2004). Briefly, 2 g of 14-d-

old 35S::GFP-ZAT6 transgenic plants were harvested and then immersed in

1% (v/v) formaldehyde for cross linking the DNA with DNA-binding pro-

teins. Next, the chromatin pellets were extracted and sheared by sonication as

described by Bowler et al. (2004), and the anti-GFP antibody (AG281; Beyo-

time) was used to immunoprecipitate the DNA-ZAT6 complexes. The DNA

was released with proteinase K, and the enrichment of DNA fragments was

determined using quantitative real-time PCR with the specific primers listed in

Supplemental Table S3.

Statistical Analysis

All experiments in this study were repeated at least three times, and every

experiment was harvested from at least 15 seedlings per genotype. Student’s

t test was used to determine the significant difference between wild-type and

transgenic lines, and asterisks indicate the significant difference of P , 0.05

compared with the wild type.

Nucleotide sequence data for the genes described in this article are available

from The Arabidopsis Information Resource under the following accession

numbers: ZAT6 (At5g04340), UBQ10 (At4g05320), ACTIN2 (At3g18780), EDS1

(At3g48090), PAD4 (At3g52430), PR1 (At2g14610), PR2 (At3g57260), PR3

(At3g12500), PR4 (At3g04720), PR5 (At1g75040), CBF1 (At4g25490), CBF2

(At4g25470), CBF3 (At4g25480), CBF4 (At5g51990), DREB2A (At5g05410), and

DREB2B (At3g11020).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Expression level changes of AtZAT6 under abi-

otic and biotic stress conditions.

Supplemental Figure S2. Transactivation activity of AtZAT6 in yeast.

Supplemental Figure S3. Phenotypes of 21-d-old wild-type and AtZAT6-

overexpressing T1 generation plants.

Supplemental Figure S4. The expression level of AtZAT6 in AtZAT6

knockdown plants.

Supplemental Figure S5. Phenotypes of 7-d-old wild-type and AtZAT6-

overexpressing plants on MS plate.

Supplemental Figure S6. Modulation of AtZAT6 expression affects gluta-

thione pool and redox state.

Supplemental Figure S7. Phenotype of 35S::GFP-ZAT6 transgenic plants.

Supplemental Table S1. Modulation of morphological phenotypes by

AtZAT6 expression.

Supplemental Table S2. Primers used for vector construction.

Supplemental Table S3. Primers used for quantitative real-time PCR.
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