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Abstract

A transcription factor gene Arachis hypogaea abscisic acid (ABA) responsive element binding protein 1 (4h4REBI) has
been isolated from peanut previously. Here, the function of different domains from AhAREBI1 was investigated using
construct series containing AhAREBI full-length and truncated fragments to transform peanut hairy roots and pAhNCED ]
(promoter of Arachis hypogaea 9-cis-epoxycarotenoid dioxygenase 1) GUS/Col Arabidopsis thaliana, respectively. The
results of real-time quantitative PCR, transient expression, and chromosome immunoprecipitation (ChIP) assay all
showed that AhAREBI1 negatively regulated the expression of the AANCEDI gene. B-Glucuronidase (GUS) staining
shows that AhAREBI and the AhRAREBI gene truncated fragment 4/ may be bound to ABA responsive element motifs
in the promoter region of AANCED and involved in the negative regulation of the upstream AhNCED1 gene promoter,
reflected by the inhibited expression of the AANCED1 promoter reporter gene and significantly reduced GUS activity in
transgenic A. thaliana plants. Furthermore, only the full variant of AhAREBI1 and a fragment without a C1 domain had
repression activity on the AANCEDI promoter. On the contrary, the AhAREBI gene truncated fragments A2 and A3
variant without a C2 domain had no such repression activity. Moreover, the negative regulation of AANCED ] was detected
only when the C2 domain was present suggesting that the C2 domain was required for AhAREBI activity. Subcellular
localization analysis shows that the deletion of conserved domains C1, C2, C3 had no effects on the nuclear localization
of AhAREBI. In addition, ChIP analysis indicates that the deletion of domains C1 and C3 significantly affected the
binding of the AhAREBI transcription factor to the AZNCEDI promoter. Taken together, the results indicate that the
different N-terminal domains of the AhAREBI1 protein, which played different roles in the negative regulations of
ARNCED1, were necessary for ARNCED] transcription.
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Introduction

Abscisic acid (ABA) is an important plant stress hormone
crucial for modulating physiological responses to drought
stress and adaptation to unfavourable environments
(Zhang et al  2012). Nine-cis-epoxycarotenoid
dioxygenase (NCED) is a key rate-limiting enzyme in
ABA biosynthetic pathway (Xiong et al. 2001, Zhu 2002).
The high expression of NCED gene is one of the important
factors promoting ABA biosynthesis under drought
conditions (Burbidge ez al. 1999, Qin and Zeevaart 1999,
Chernys and Zeevaart 2000, Tuchi et al. 2000, 2001).

During ABA signalling-mediated stress responses,
many transcription factors have crucial regulatory roles in
activating  ABA-dependent  stress-responsive  gene
expression (Tang et al. 2012). For example, increased
NCED3 expression and ABA content in Arabidopsis
thaliana is correlated with an A. thaliana NAC
transcription factor, A. thaliana activating factor 1
(ATAF1), which binds to the NCED3 promoter (Jensen et
al. 2013). Yang and Tan (2014) found that a distal ABA
responsive element (ABRE) is required for ABA-induced
AtNCED3 expression. Abscisic acid responsive element
binding protein (AREB)/ABRE binding factors (ABF)
transcription factors are basic domain/leucine zipper
(bZIP) transcription factors. They bind to the ABA
responsive element (ABRE) motifs in the promoter region
of ABA-inducible genes and hence enhance the ability of
plant resistance to environmental stresses. The AREB
proteins contain four conserved domains; three N-
terminals (C1, C2, and C3) and one C-terminal (C4)
(Furihata et al. 2006). The C-terminal (C4) domain
contains a highly conserved bZIP structure which binds to
DNA and other proteins and is activated by
phosphorylation (Furihata et al. 2006).

Arachis  hypogaea L. (peanut) is an important
economic crop and source of oil. Low rainfall or seasonal

Materials and methods

Plants and cultivation: Seeds of Arabidopsis thaliana L.
were surface sterilized in 70 % (v/v) ethanol for 2 min and
then in 1.0 % (m/v) sodium hypochlorite for 2 min. After
five washes with sterile water, the seeds were sown on a
half strength Murashige and Skoog (MS) medium
supplemented with 2.0 % (m/v) sucrose and 1.0 % (m/v)
agar. After 2 d of cold treatment at 4 °C, the seeds were
germinated and transferred to growth chambers with a
16-h photoperiod, an irradiance of 300 pmol m? s, a
temperature of 20 £ 1 °C, and an air humidity of 65 - 70 %.
Seedlings of different developmental stages were planted
in plastic pots in a mixture of Vermiculite, peat moss, and
Perlite (1:2:1, v/v/v) and grown in the same growth
chamber. Plants in different growth stages were selected
according to experimental requirements.
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drought are the major factors that constrain its quality and
yield (Wan and Li 2006). The Arachis hypogaea 9-cis-
epoxycarotenoid dioxygenase 1 (4ANCEDI) gene
(GenBank accession No. AJ574819) was characterized in
dehydrated peanut plants and found to exhibit a typical and
significant response to dehydration (Liang et al. 2009).
Indeed, overexpression of AANCEDI can promote ABA
biosynthesis in transgenic Arabidopsis thaliana under
drought stress and hence improve its ability to tolerate
these unfavourable conditions (Wan and Li 2006).
Analysis of the AANCED I promoter (Genbank registration
number: EU497940) shows that it consists of four ABRE
motifs indicating that there may be AREB transcription
factors that combine with the AANCEDI promoter to
regulate its expression (Liang et al. 2009).

We have also isolated AhAREBI (Arachis hypogaea
ABA responsive element binding protein 1) from peanut
and found that the AhAREBI gene is specifically induced
by ABA, dehydration, and drought (Hong et al. 2013). As
for the possible role of the AhAREBI transcription factor
in the regulation of AANCEDI, Liu et al. (2016a)
demonstrated that the AhAREBI/AhNAC2 protein
complex could negatively regulate the expression of
ARNCEDI. However, the regulation of AhAREBI on
ARNCEDI is not clear and the domain function of the
AhAREBI transcription factor also needs to be further
confirmed. Therefore, in this study, we examined how
AhAREBI might regulate AhNCEDI expression. Using
serial constructs containing AhAREBI full-length and
truncated fragments to transform peanut hairy roots and
pARNCEDI:GUS/Col Arabidopsis, we tried to identify
what is the definite function of each domain of AhAREB1
and which domain is essential to regulate the expression of
ARNCEDI.

Plasmid construction: The overexpression construct of
series of the AhAREBI1 coding region, AhAREBI1 full-
length cDNA (AF), and three different A4hAREBI gene
truncated fragments (A1, A2, and A3) was generated by
real-time PCR with forward primers (AF-F, A1-F, A2-F,
and A3-F) and reverse primers (AF-R, A1-R, A2-R, and
A3-R) (Table 1 Suppl.) for each gene (Fig. 1). Under the
control of the constitutive cauliflower mosaic virus
(CaMV) 35S promoter, all PCR products, confirmed by
DNA sequencing, were cloned into a modified binary
vector pBI121-GUSless between the Xba I and BamHI
sites (Liu et al. 2011) to generate the 35S:AF frame
(encoding a full-length protein), 35S:A1l (encoding the
protein N-terminal deletion of 82 amino acids), 35S:A2
(encoding the protein N-terminal deletion of 146 amino
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acids), and 35S:A3 (encoding the protein N-terminal
deletion of 174 amino acids) (Fig. 1).

The subcellular localization vector was constructed by
replacing the GUS fragment of pBI121 (Clontech,
Mountain View, CA, USA) with a green fluorescent
protein (GFP) cDNA following the CaMV 35S promoter.
The AF, A1, A2, and A3 coding regions were amplified as
before and inserted into the upstream multiple cloning sites
of the GFP frame for creating 35S:AF-GFP, 35S:A1-GFP,
35S:A2-GFP, and 35S:A3-GFP fusions. The empty
p35S:GFP was preserved in our laboratory and used as a
control for cellular localization.

To further confirm the role of the motifs of AhAREBI
in regulating AANCEDI expression, we designed
AhAREBI1, A4, AS, and A6 section carriers. Full-length
cDNA and A4hAREB] gene truncated fragments (A4) were
generated by real-time PCR with forward primers
(AREBI-F and A4-F) and reverse primers (AREB1-R and
A4-R) (Table 1 Suppl.) for each gene. Individual
ARAREBI gene truncated fragments (A5-C1, A5-C(3+4),
A6-C(1+2), and A6-C4) were generated by real-time PCR
with  forward primers (A5-C1-F, A5-C(3+4)-F,
A6-C(1+2)-F, and A6-C4-F) and reverse primers (A5-Cl1-

C1 C2 C3

R, A5-C(3+4)-R, A6-C(1+2)-R, and A6-C4-R) (Fig. 1,
Table 1 Suppl.) for each fragment (Fig. 1). A PCR
purification kit (4xygen, Tewksbury, MA, USA) was used
to purify and recover the PCR products. The amplified
products (Fig. 1) were used to perform an overlap
extension PCR reaction to connect the two segments. The
second amplification was done with forward primers (AS5-
A-F and A6-A-F) and reverse primers (A5-B-R and A6-B-
R) (Table 1 Suppl.) for each gene (Fig. 1). All recycled
PCR products confirmed by DNA sequencing were ligated
into a pMD-18T vector (7aKaRa, Tokyo, Japan),
transformed into DH5a, and screened on Luria Bertani
(LB) plates containing 50 mg dm™ ampicillin using a blue-
white selection. The selected recombinant cloning vectors
were digested with Xba I and Sma I and cloned into a
modified binary vector pBI121-GUSless between the Xba
I and Sma I sites (Liu et al. 2011) under the control of the
CaMV 35S promoter to generate the 35S:A4 frame
(encoding the protein N-terminal deletion of 87 amino
acids), 35S:A5 frame (encoding the protein N-terminal
deletion of 53 amino acids), and 35S:A6 frame (encoding
the protein N-terminal deletion of 23 amino acids) (Fig. 1).
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Fig. 1. The structure of different lacking fragments of AhAREBI.

Stable Arabidopsis thaliana transformation and GUS
histochemical staining: To test whether the AhAREBI1
series regulates the expression of AANCED1 by binding to
the ABRE cis-acting elements in its promoter, the four
overexpression constructs (p35S:AF-GFP, p35S:A1-GFP,
p35S:A2-GFP, and p35S:A3-GFP) were introduced into
the Agrobacterium tumefaciens strain GV3101 and
transformed into pAANCEDI1:GUS/Col Arabidopsis
(Liang et al. 2009), respectively, following the floral dip
method described by Clough and Bent (1998). The seeds
of pAhNCEDI.GUS were preserved in our laboratory
(Liang et al. 2009). The p35S:AF/ARNCEDIp:GUS,
Pp35S:A1/ARNCED1p:GUS, p35S:A2/AhNCEDIp:GUS,
and p35S:A3/AhNCEDIp:GUS transgenic A. thaliana
plants were generated and after the constructs namely
abbreviated as af, al, a2, and a3, respectively.

Primers for PCR used to confirm the recombinant
transgenes in transgenic plants are shown in Table 1 Suppl.
At least 10 lines carrying each construct described above
were obtained. The transgenic lines expressing transgenes
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at similar levels were selected and used for further
analyses. Three independent T3 transgenic lines were used
for the following experiments, and the experiments were
repeated three times. The pAhNCEDI:GUS/Col
Arabidopsis was used as a control.

At least 10 independent plants from each individual
transgenic line were analyzed by histochemical
GUS staining. Two developmental stages were observed:
2-d-old seedlings and 2-week-old seedlings during the
reproductive stage. B-Glucuronidase staining was carried
out according to Jefferson (1987), modified by Liang et al.
(2009). Tissues were observed and photographed with a
scanner (EPSON) and a SZXI2 microscope (Olympus,
Tokyo, Japan) equipped with a DP70 digital camera
system. The GUS stained tissues and plants shown in this
paper represent the typical results of at least three
independent lines for each construct.

Agrobacterium strain and induction of peanut hairy
roots: Agrobacterium strain and induction of peanut hairy



roots were carried out as described by Liu ef al. (2016b).
The resulting binary constructs p35S:44-GFP, p35S:
A5-GFP, p35S:46-GFP, and the p35S:GFP control were
transformed into A. rhizogenes strain K599 using the
freeze-thaw method. The neomycin phosphotransferase
gene (NPTII) under the control of the NOS promoter
located within T-DNA enables positive transformants to
be selected by kanamycin. Transgenic 4hAREBI peanut
hairy roots were obtained from our laboratory preservation
(Liu et al. 2016b). The 44, A5, and A6 peanut hairy roots
identified as GFP-positive were selected, and total RNA
was extracted using a TRIzol reagent (Takara) according
to the manufacturer’s instructions. Primers for PCR used
to confirm transgenic 44, A5, and A6 peanut hairy roots are
shown in Table 1 Suppl.

Real-time quantitative PCR assay: Five different lines
of peanut hairy roots with over-expressed AhAREBI were
used to analyze how AhAREBI regulates the expression
of AhNCEDI. The RNA was extracted as described by
Wan and Li (2005). Reverse transcription was carried out
using a PrimeScript™ reagent kit with a gDNA eraser
(Perfect Real Time) (TaKaRa). Quantitative real-time
reverse transcription PCR was performed with SYBR®
Premix Ex Taq™ (TaKaRa) and a LightCycler 480 (Roche,
Mannheim, Germany) equipped with the Light-Cycler
v.1.5 software based on the manufacturer’s instructions
(Alos et al. 2008). Amplification reactions were carried
out in a total volume of 0.02 cm?. Cycling was 95 °C for
30 s followed by 40 cycles of 95 °C for 5 s, 60 °C for 34 s
(depending on the optimal reaction temperature of the
different primers), and 72 °C for 20 s. Data collection was
performed during the annealing phase of each
amplification. Then processing a melting curve was from
60 °C to 95 °C by reading the intensity of fluorescence
every 0.2 s. All real-time PCR reactions were technically
repeated three times. Relative expressions were calibrated
using the formula 22T method (Livak and Schmittgen
2001). The peanut gene ACTIN (Genbank: DQ873525.1)
was used as an internal control gene. The primers used for
real-time PCR analysis are listed in Table 1 Suppl.

Subcellular localization: To examine subcellular
localization of all transcription factors (TFs)-GFP fusion
proteins, isolation of A. thaliana mesophyll protoplasts
and transformation were conducted as described by Yoo et
al. (2007). Recombinant expression plasmids were
introduced into A. thaliana mesophyll protoplasts by
polyethylene glycol mediated transformation. The
expression of the series truncated AhAREBI1-GFP fusion
protein in A. thaliana mesophyll protoplasts was observed
at 12 h after transformation. The empty p35S: GFP was
preserved in our laboratory and used as a control.

To further explore the localization of the series
truncated AhAREBI-GFP fusion protein, the root
elongation zone of 6-d-old seedlings of af, al, a2, and a3
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were also wused for GFP expression. Empty
p35S:GFP/pARNCEDI:GUS/Col was preserved in our
laboratory and used as a control. A GFP fluorescence was
observed with a confocal laser scanning microscope
(LSM710, Carl Zeiss, Germany). A GFP emission was
observed between 515 and 530 nm to avoid crosstalk with
chloroplast autofluorescence. The GFP was excited at 488
nm using an argon laser.

Transient transactivation assay in Arabidopsis thaliana
protoplasts: To further study AhAREBI function on
AhNCED] gene activity, the effector and reporter plasmids
were purified for a transient expression assay. Transient
expression assays using protoplasts from wild-type
Arabidopsis thaliana plants were performed following the
method of Yoshida et al. (2010). The series pBI121-
p35S::AhAREBI  plasmids and pCAMBIA1301-
PARNCED]: LUC plasmid were co-transfected with each
effector plasmid as a reporter and an internal control,
respectively. The pCAMBIA1301-pAhNCEDI1:LUC
vector was preserved in our laboratory.

Chromatin immunoprecipitation (ChIP) analysis: To
examine whether AhAREBI series execute their function
by binding to the AWNCED1 promoter, a ChIP assay was
performed. Transgenic AhAREBI, A4, A5 and A6 peanut
hairy roots were used for the ChIP assay and a p35S:GFP
peanut hairy root was used as a negative control. The ChIP
assay was performed as described by Liu ef al. (2016a)
with minor modifications. In brief, anti-GFP antibody
(Abcam) and protein A/G agarose beads (Roche) were
used to precipitate the chromatin complex. The ChIP
products were dissolved in 0.5 cm3 of Tris-EDTA (TE) and
5 mm?® of each primer was used for real-time PCR.
According to the core ABRE sequence position of the
ARNCEDI promoter, five pairs of specific primers were
designed, in which pN2, pN3, and pN4 contained one
ABRE cis-element, and pNland pN5 did not contain any
ABRE cis-element. Each sample was assayed in triplicate
by quantitative real-time PCR as described above, and the
peanut gene 60s (Brand and Hovav 2010) was used as an
internal control to calculate the relative fold-enrichment of
target DNA fragments. Primers used for real-time PCR
analysis in ChIP assays are listed in Table 1 Suppl.

Statistical analysis: All tests were carried out at o = 0.05
level of significance using SPSSv. 11 (SPSS Inc., Chicago,
IL, USA). One-way analysis of variance (ANOVA) was
performed to determine statistical significance for relative
gene expression among different transgenic peanut hairy
roots, for fold change among different regions of
ARNCEDI1 promoters, and for the effects of transient
expressing fragmented-AhAREB1 on luciferase (LUC)
activity of AANCEDI gene promoters. Means were
compared at a = 0.05 using Tukey honestly significant
difference (HSD) post hoc comparisons.
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Results

Over-expressed AhAREB1 peanut hairy roots were used to
analyze how AhAREBI regulates the expression of
ARNCEDI. Real-time PCR shows that the AhRAREBI
expression in all the five different lines of AhAREBI over-
expressed hairy roots was significantly higher than in the
control (Fig. 2A4). The expression of AANCEDI in

AhAREBI over-expressed peanut hairy roots was
significantly lower than in the control under normal
conditions (Fig. 2B). These show that AhAREB1 may
negatively regulate the expression of the AANCEDI gene
in transgenic peanut hairy roots.

To examine the role of AhAREBI series in regulating
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Fig. 2. The relative expression of AhAREBI (4) and AhNCED (B) genes in different transgenic peanut hairy roots. Control: p35S:GFP
hairy roots. 1-5: five different lines of AhAREBI over-expressed peanut hairy roots. Means +SEs, n = 10. Within each graph, different
letters indicate significantly different means at P < 0.05 according to Tukey HSD post hoc comparisons.

AhNCEDI in transgenic A4. thaliana plants, 10 individual
plants from each line were analyzed by histochemical GUS
staining. In 2-d-old seedlings, GUS expression was found
in veins, stems, and root conducting tissues in the control
(Fig. 3a-e), a2 (Fig. 3p-t), and a3 (Fig. 3u-y), but it was
significantly inhibited in these parts in af (Fig. 3/~/) and al
(Fig. 3k-0). Moreover, GUS expression occurred only in
the apical parts of af and al (Fig. 3f,gk /). During the
reproductive stage, GUS activity was found in leaves (Fig.
4b,n,r), siliquae (Fig. 4c,0,s), and sepals (Fig. 4d,p,t) of
control, a2, and a3 transgenic plants, but expressed little in
those parts of af (Fig. 4e-h) and al (Fig. 4i-/). The results
of GUS staining show that AZAREBI and Al may be
bound to ABRE motifs in the promoter region of
ARNCEDI and involved in the negative regulation of the
upstream AANCED] gene promoter inhibiting expression
of the AhRNCED 1 promoter reporter gene and significantly
reducing GUS activity in transgenic 4. thaliana.

Fluorescence nuclear localization experiments show
that all the TF-GFP fusion proteins were located in the
nucleus (Fig. 2 Suppl.) and combined with the nuclear
AREB localization sequence (NLS)-located bZIP region
(Yoshida et al. 2010). These results suggest that the
deletion of conserved domains C1, C2, and C3 had no
effects on the nuclear localization of AhAREB1 and may
not be involved in the transforming process of AhZAREBI
into the nucleus.

The TF activity was assessed in transient expression
analysis in A. thaliana. Under normal conditions, the
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relative activity of LUC was about 0.3 when the control
plasmid-empty vector pBI121 was transformed. However,
the relative activity of LUC was significantly reduced
when the effectors p35S:AF, p35S:44, and p35S:46 were
transformed (Fig. 54). These findings indicate that
AhAREBI negatively regulated the gene expression of
PARNCEDI :Fluc. In addition, the results of the effector
p35S:AF show that the deletion of C2 significantly
affected the regulation of AANCEDI gene expression,
whereas C1 and C3 did not play a significant role in this
regulation.

In order to analyze the combination of the AhAREBI
fragments and AANCED] promoter, ChIP assay was used
to detect the binding of AhAREBI1 fragments to the
promoter of AANCEDI in control, AF, A4, A5, A6
transgenic peanut hairy roots (Fig. 54). In the full-length
aspect (Fig. 5B), the expression of AF was significantly
higher than of control in pN2, pN3, and pN4 regions of
ARNCED1 promoters, whereas no obvious enrichment of
AF was found in pNI and pNJ5 regions. This suggests that
AhAREBI1 negatively regulated the expression of
ARNCEDI by binding to the ABRE cis-elements on the
AhNCED] promoter. From the conserved domain aspect,
the enrichment of AS in pN2, pN3, and pN4 regions was
similar to that in AF suggesting that the deletion of
conserved domain C2 did not affect the binding of
AhAREBI to the AhNCED1 promoter. The enrichments of
A4 and A6 in pN2, pN3, and pN4 regions were similar to
those of the control, which was significantly lower than
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that of AF indicating that the deletion of conserved  the AhAREBI transcription factor to the AZNCEDI
domains CI and C3 significantly affected the binding of  promoter.

seedling leaves stem root root tip

control

af

al

a2

a3

Fig. 3. Histochemical analysis of B-glucuronidase (GUS) expression (blue color) in 2-d-old Arabidopsis thaliana transgenic seedlings
p35S:AF/ARNCED1p:GUS (af), p35S:A1/ARNCEDIp:GUS (al), p35S:A2/AhNCEDIp:GUS (a2), and p35S:A3/AhNCEDIp (a3).
a, f, k, p, u - seedlings (bar = 500 um); b, g, I, g, v - leaves (bar = 200 um); ¢, h, m, r, w - stems (bar = 400 pm); d, i, n, s, x - roots
(bar =200 um); e, j, o, t, y - root tips (bar =200 um).

Discussion

The AREB-like transcription factors play an importantrole ~ dependent gene expression under drought stress. They
in the ABA signaling pathway, which activates ABA  bind to ABRE, thereby regulating plant drought and
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osmotic stress tolerance (Uno et al. 2000). In this study,
AhAREBI might inhibit the expression of the AANCED]
promoter (Figs. 3 and 4). In over-expressed AhAREBI
transgenic peanut hairy roots, Ah4AREBI might negatively
regulate expression of AANCED]1 (Fig. 2B). Specifically,
ChIP assay and transient expression analysis identified that
AhAREB1 negatively regulated the expression of

seedling leaves

control

af

al

a2

a3

ARNCEDI by binding to the ABRE cis-elements on the
ARNCED] promoter (Fig. 64-C). Combined with above
results, we assume that 4h4REB] may negatively regulate
the expression of 4hNCEDI by binding to the ABRE
element in the AANCEDI promoter. It is also consistent
with what has been reported by Liu ez al. (2016a).

flowers

silique

Fig. 4. Histochemical analysis of B-glucuronidase (GUS) expression (blue color) in 2-week-old Arabidopsis thaliana transgenic
seedlings and leaves, as well as siliquae and flowers of 4-week-old transgenic seedlings [control; p35S:AF/AhNCED1p:GUS (af),
p35S:A1/ARNCEDIp:GUS (al), p35S:A2/AhNCED1p:GUS (a2), and p35S:A3/AhNCEDIp (a3)]: a, e, i, m, q - seedlings (bar =
4 mm); b, £, j, n, r - leaves (bar =2 mm); ¢, g, k, o, s - siliquae (bar = 0.5 mm); d, h, [, p, t - flowers (bar =2 mm).

394



The results of GUS staining show that Ah4REBI and
Al significantly reduced GUS activity in transgenic A.
thaliana (Figs. 3 and 4). This finding suggests that
AhAREBI and A1 proteins likely specifically bind to cis-
acting elements (ABRE) of the upstream promoter DNA
fragments of AhANCEDI and may negatively regulate the
ARNCEDI gene. We also found that only the full variant
of AhAREBI and the fragment without C1 domain had
repression activity on the AhANCEDI promoter. However,
A2 and A3 variants without C2 domain had no such
repression activity. In other words, the deletion of
conserved domain C1 did not affect the transcription

0.4
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activity of AhAREBI, but the deletion of conserved
domain C2 led to a reduction in the transcription activity
of AhAREBI. It is consistent with the results of transient
expression analyses, which show that the deletion of C2
significantly affected the regulation of AANCEDI gene
expression by AhAREBI, whereas C1 and C3 did not play
a significant role in this regulation (Fig. 64). That is to say,
the negative regulation of the transactivation activity of
ARNCED1 was detected only when C2 domain was present
suggesting that C2 domain is an essential motif and may
play a prominent role in AhNCED1 activity.
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Fig. 5. Transient expression analysis and chromosome immunoprecipitation (ChIP) assay of fragmented-AhAREBI protein binding to
the AhNCED| gene promoter. A - Effect of transient expressing fragmented-4hAREB1 on luciferase (LUC) activity of AhNCED1 gene
promoters. Control - p35S: GFP hairy roots, AF- p35S: AF GFP hairy roots, A4- p35S: A4 GFP hairy roots, A5- p35S: AS GFP hairy
roots, A6 -- p35S: A6 GFP hairy roots. Means + SEs, n = 3 and different letters indicate significant differences at P < 0.05 according
to Tukey honestly significant difference (HSD) post hoc comparisons. B - The design of the ChIP analysis. C - Gene expressions
detected by real-time PCR. 60s - internal control gene, pNI to pN5 - the regions examined by ChIP. Means + SEs, n = 3. Within each
region of AhNCEDI promoters, different letters indicate significantly different means at P < 0.05 according to Tukey HSD post hoc

comparisons.

Fluorescence nuclear localization experiments indicate
that conserved domains C1, C2, or C3 were likely
notinvolved in the transforming process of AhAREBI into
the nucleus (Fig. 5). These results are consistent with what
has been reported by Fujita et al. (2005), where a nuclear
localization signal is located in the bZIP of AREBI.

The results from ChIP assays show that conserved
domains C1 and C3 of AhAREBI affected the binding of
the AhAREBI transcription factor to the ABRE element
on the AhNCED promoter and play an important role in a
negative regulation of AhKNCED] expression (Fig. 5B,C).
It is in agreement with the results of transient expression
analysis (Fig. 54).

However, our results are inconsistent with those of
Furihata et al. (2006), where conserved domain C1 of the
N-terminal plays a key role in regulating transcriptional

activation, and conserved domains C2 and C3 also
influence transcription activation. Thus, we compared the
amino acid sequences of conserved domains of 4. thaliana
ABF1-ABF4 and AhAREBI, soybean SIAREB, tomato
GmAREB, and poplar PtrABF (Hong et al. 2013) (Fig. 1
Suppl.). Phosphorylation sites in C1 domain of 4. thaliana
are R-Q-G/N/S-S, whereas we found that these sites in C1
domain of AhAREBI1 are R-Q-P-S. Phosphorylation of
key amino acid sites R and S did not change, but the
mutation of G/N/S into P may cause structural
inactivation. Moreover, phosphorylation sites in conserved
domain C2 in A. thaliana are L-Q-R-Q, but these sites in
C2 domain of peanut AhAREBI1 are S-Q-R-Q; L is
mutated into S and then it becomes as a new
phosphorylation site. Phosphorylation sites in conserved
domain C3 in A. thaliana are R-Q-Q-T, but these sites in
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AhAREBI are G-Q-P-A (Fig. 1 Suppl.). It is speculated
that a change in the amino acid sequence at these critical
sites may result in a difference between the peanut
AhAREB1 protein region and the A. thaliana
AREB1/ABF2 protein region, but this needs further
experimental verification.

Abscisic acid could be synthesized and accumulated
rapidly by a rate limiting enzyme NCED in peanut plants
in the early stage of drought stress (Hu et al. 2013). In this

References

Alos, E., Roca, M., Iglesias, D.J., Minguez-Mosquera, M.IL.,
Damasceno, C.M., Thannhauser, T.W., Rose, J.K., Talon, M.,
Cercos, M.: An evaluation of the basis and consequences of
a stay-green mutation in the navel negra citrus mutant using
transcriptomic and proteomic profiling and metabolite
analysis. - Plant Physiol. 147: 1300-1315, 2008.

Brand, Y., Hovav, R.: Identification of suitable internal control
genes for quantitative real-time PCR expression analyses in
peanut (4rachis hypogaea). - Peanut Sci. 37: 12-19, 2010.

Burbidge, A., Grieve, T.M., Jackson, A., Thompson, A.,
McCarty, D.R., Taylor, I.B.: Characterization of the ABA-
deficient tomato mutant notabilis and its relationship with
maize Vpli4. - Plant J. 17: 427-431, 1999.

Chernys, J.T., Zeevaart, J.A.: Characterization of the 9-cis-
epoxycarotenoid dioxygenase gene family and the regulation
of abscisic acid biosynthesis in avocado. - Plant Physiol. 124:
343-354, 2000.

Clough, S.J., Bent, A.F.: Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis
thaliana. - Plant J. 16: 735-743, 1998.

Fujita, Y., Fujita, M., Satoh, R., Maruyama, K., Parvez, M.M.,
Seki, M., Hiratsu, K., Ohme-Takagi, M., Shinozaki, K.,
Yamaguchi-Shinozaki, K.: AREBI1 is a transcription
activator of novel ABRE-dependent ABA signaling that
enhances drought stress tolerance in Arabidopsis. - Plant Cell
17: 3470-3488, 2005.

Furihata, T., Maruyama, K., Fujita, Y., Umezawa, T., Yoshida, R.,
Shinozaki, K., Yamaguchi-Shinozaki, K.: Abscisic acid-
dependent multisite phosphorylation regulates the activity of
a transcription activator AREBI. - Proc. nat. Acad. Sci.
USA.103: 1988-1993, 2006.

Hong, L., Hu, B., Liu, X., He, C.Y., Yao, Y., Li, X.L., Li, L.:
Molecular cloning and expression analysis of a new stress-
related AREB gene from Arachis hypogaea. - Biol. Plant. 57:
56-62,2013.

Hu, B., Hong, L., Liu, X., Xiao, S., Lv, Y., Li, L.: The higher
expression and distribution of 9-cis-epoxycarotenoid
dioxygenasel (AhNCEDI1) from Arachis hyopgaea L.
contribute to tolerance to water stress in a drought-tolerant
cultivar. - Acta Physiol. Plant. 35: 1667-1674, 2013.

Tuchi, S., Kobayashi, M., Taji, T., Naramoto, M., Seki, M., Kato,
T., Tabata, S., Kakubari, Y., Yamaguchi-Shinozaki, K.,
Shinozaki, K.: Regulation of drought tolerance by gene
manipulation of 9-cis-epoxycarotenoid dioxygenase, a key
enzyme in abscisic acid biosynthesis in Arabidopsis. - Plant
J. 27:325-333,2001.

Tuchi, S., Kobayashi, M., Yamaguchi-Shinozaki, K., Shinozaki,
K.: A stress-inducible gene for 9-cis-epoxycarotenoid

396

study, we demonstrated that AhAREBI could down-
regulate the expression of AANCEDI through binding to
ABRE cis-elements on the AhNCEDI promoter, and the
different domains of AhAREBI protein play different
roles in this regulation. These results provide a theoretical
basis for our further studies on transcriptional activity and
regulation mechanisms of AhAREBI in complex
transcriptional networks.

dioxygenase involved in abscisic acid biosynthesis under
water stress in drought-tolerant cowpea. - Plant Physiol. 123:
553-562, 2000.

Jefferson, R.A.: Assaying chimeric genes in plants: the GUS gene
fusion system. - Plant mol. Biol. Rep. 5: 387-405, 1987.
Jensen, M.K., Lindemose, S., Masi, F.d., Reimer, J.J., Nielsen,
M., Perera, V., Workman, C.T., Turck, F., Grant, M.R.,
Mundy, J.: ATAF1 transcription factor directly regulates
abscisic acid biosynthetic gene NCED3 in Arabidopsis

thaliana. - FEBS Open Biol. 3: 321-327, 2013.

Liang, J., Yang, L., Chen, X., Li, L., Guo, D., Li, H., Zhang, B.:
Cloning and characterization of the promoter of the 9-cis-
epoxycarotenoid dioxygenase gene in Arachis hypogaea L. -
Biosci. Biotech. Biochem. 73: 2103-2106, 2009.

Liu, S., Li, M.J., Su, L.C., Ge, K., Li, L.M,, Li, X.Y., Liu, X,, Li,
L.: Negative feedback regulation of ABA biosynthesis in
peanut (Arachis hypogaea): a transcription factor complex
inhibits AANCED 1 expression during water stress. - Sci. Rep.
6: 37943, 2016a.

Liu, S., Su, L., Liu, S., Zeng, X., Zheng, D., Hong, L., Li, L.
Agrobacterium  rhizogenes-mediated transformation of
Arachis hypogaea: an efficient tool for functional study of
genes. - Biotechnol. Biotech. Equip. 30: 1-10, 2016b.

Liu, X., Hong, L., Li, X\Y., Yao, Y., Hu, B., Li, L.: Improved
drought and salt tolerance in transgenic Arabidopsis over-
expressing a NAC transcriptional factor from Arachis
hypogaea. - Biosci. Biotech. Bioch. 75: 443-450, 2011.

Livak, K.J., Schmittgen, T.D.: Analysis of relative gene
expression data using real-time quantitative PCR and the
278ACT method. - Methods 25: 402-408, 2001.

Qin, X., Zeevaart, J.A.: The 9-cis-epoxycarotenoid cleavage
reaction is the key regulatory step of abscisic acid
biosynthesis in water-stressed bean. - Proc. Nnt. Acad. Sci.
USA 96: 15354-15361, 1999.

Tang, N., Zhang, H., Li, X.H., Xiao, J.H., Xiong, L.Z.:
Constitutive activation of transcription factor OsbZIP46
improves drought tolerance in rice. - Plant Physiol. 158:
1755-1768, 2012.

Uno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K.,
Yamaguchi-Shinozaki, K.: Arabidopsis basic leucine zipper
transcription factors involved in an abscisic acid-dependent
signal transduction pathway under drought and high-salinity
conditions. - Proc. nat. Acad. Sci. USA 97: 11632-11637,
2000.

Wan, X.R., Li, L.: Molecular cloning and characterization of a
dehydration-inducible ¢cDNA encoding a putative 9-cis-
epoxycarotenoid dioxygenase in Arachis hygogaea L. -
Mitochondrial DNA 16: 217-223, 2005.



Wan, X.R., Li, L.: Regulation of ABA level and water-stress
tolerance of Arabidopsis by ectopic expression of a peanut 9-
cis-epoxycarotenoid dioxygenase gene. - Biochem. biophys.
Res. Commun. 347: 1030-1038, 2006.

Xiong, L., Ishitani, M., Lee, H., Zhu, J.K.: The Arabidopsis
LOS5/4ABA3 locus encodes a molybdenum cofactor sulfurase
and modulates cold stress- and osmotic stress-responsive
gene expression. - Plant Cell 13: 2063-2083, 2001.

Yang, Y.Z., Tan, B.C.: A distal ABA responsive element in
AtNCED3 promoter is required for positive feedback
regulation of ABA biosynthesis in Arabidopsis. - PloS ONE
9: 87283, 2014.

Yoo, S.D., Cho, Y.H., Sheen, J.: Arabidopsis mesophyll
protoplasts: a versatile cell system for transient gene

FUNCTION OF DIFFERENT DOMAINS OF 4hAREB1

expression analysis. - Nat. Protoc. 2: 1565-1572, 2007.

Yoshida, T., Fujita, Y., Sayama, H., Kidokoro, S., Maruyama, K.,
Mizoi, J., Shinozaki, K., Yamaguchi-Shinozaki, K.: AREBI1,
AREB2, and ABF3 are master transcription factors that
cooperatively regulate ABRE-dependent ABA signaling
involved in drought stress tolerance and require ABA for full
activation. - Plant J. 61: 672-685, 2010.

Zhang, L., Gao, M., Hu, J., Zhang, X., Wang, K., Ashraf, M.:
Modulation role of abscisic acid (ABA) on growth, water
relations and glycinebetaine metabolism in two maize (Zea
mays L.) cultivars under drought stress. - Int. J. mol. Sci. 13:
3189-3202, 2012.

Zhu, J.K.: Salt and drought stress signal transduction in plants. -
Annu. Rev. Plant Biol. 53: 247-273, 2002.

397




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


