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Drought is one of the major abiotic stresses threatening rice (Oryza sativa) production
worldwide. Drought resistance is controlled by multiple genes, and therefore, a
multi-gene genetic engineering strategy is theoretically useful for improving drought
resistance. However, the experimental evidence for such a strategy is still lacking. In
this study, a few drought-responsive genes from rice were assembled by a multiple-
round site-specific assembly system, and the constructs were introduced into the
rice cultivar KY131 via Agrobacterium-mediated transformation. The transgenic lines
of the multi-gene and corresponding single-gene constructs were pre-evaluated for
drought resistance. We found that the co-overexpression of two genes, encoding a
constitutively active form of a bZIP transcription factor (OsbZIP46CAT) and a protein
kinase (SAPK®6) involved in the abscisic acid signaling pathway, showed significantly
enhanced drought resistance compared with the single-gene transgenic lines and the
negative transgenic plants. Single-copy lines of this bi-gene combination (hamed XL22)
and the corresponding single-gene lines were further evaluated for drought resistance in
the field using agronomical traits. The results showed that XL22 exhibited greater yield,
biomass, spikelet number, and grain number under moderate drought stress conditions.
The seedling survival rate of XL22 and the single-gene overexpressors after drought
stress treatment also supported the drought resistance results. Furthermore, expression
profiling by RNA-Seq revealed that many genes involved in the stress response were
specifically up-regulated in the drought-treated XL22 lines and some of the stress-
related genes activated in CA1-OE and SAPKB-OE were distinct, which could partially
explain the different performances of these lines with respect to drought resistance. In
addition, the XL22 seedlings showed improved tolerance to heat and cold stresses. Our
results demonstrate that the multi-gene assembly in an appropriate combination may
be a promising approach in the genetic improvement of drought resistance.

Keywords: drought stress, co-overexpression, bZIP transcription factor, SNF-1 related protein kinase, genetic
transformation, transcriptome
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INTRODUCTION

Drought, one of the major abiotic stresses which was faced by
the ancestors of modern rice cultivars about ten thousand years
ago, is still the major limiting factor of modern rice (Oryza sativa)
production worldwide, and will still be in the foreseeable future
(Sweeney and McCouch, 2007; Lobell and Tebaldi, 2014; Lesk
et al., 2016). Despite over 400 million years of evolution of the
plant itself, and many generations of crop domestication, it is
evident that enormous potential for the genetic improvement
of crop yield under unfavorable environmental conditions still
remains (Boyer, 1982; Rodriguez and Redman, 2008; Atwell et al.,
2014). Since rice is responsible for the feeding of a large part
of the world’s population, great efforts have been directed to
the genetic and molecular studies and the improvement of its
drought resistance in recent decades (Luo, 2010; Hu and Xiong,
2014).

Generally, the generation of a rice cultivar with enhanced
abiotic stress resistance is achieved by two approaches: classical
genetics and reverse genetics. The former approach, which
consists of trait identification, mapping, and elite line
construction, is known for being labor intensive and time-
consuming (Luo, 2010; Khan et al., 2016). Given the fact that
the effects of stress response controlling QTLs are usually minor,
very few successful studies using classical genetics approaches
have been reported in rice. On the other hand, with the advent
of the genomics era, studies on the molecular mechanisms of
abiotic stress responses in rice have been substantial, and a large
number of candidate genes have been characterized, especially in
recent years (Hu and Xiong, 2014; Yoshida et al., 2014; Todaka
et al., 2015; Khan et al., 2016).

According to published data, the application of knowledge
obtained in reverse genetics studies might be both promising and
challenging. It is noteworthy that a large number of reported
candidate genes have not been examined for their genetic
effects in field conditions or did not exhibit significant effects
in their field performance under unfavorable environmental
conditions, especially drought stress (Gaudin et al., 2013; Todaka
et al., 2015). Except for a handful of successful examples, the
remaining exiguous reports stating better field performance with
their candidate genes often cannot fully satisty the demand for
agricultural production (Hu et al., 2006; Shen et al., 2015; Todaka
etal., 2015; Lee et al., 2016). It is common for these researchers to
only test transgenic lines with the overexpression or suppression
of a single gene. For example, we have evaluated the drought
resistance of several well studied drought-responsive genes in
field conditions, and have noticed that the contribution of the
overexpression of a single gene was indeed limiting (Xiao et al.,
2007, 2009). Thus, just like many researchers have proposed,
the strategy of multi-gene assembly, overexpressing two or more
genes in a single transgenic plant, might be a practical solution
in this situation. Unfortunately, there are very few reports in
crop species confirming the application of this strategy, and most
of these researches used the marker-assisted strategy and cross
breeding instead of genetic transformation (Kang et al., 2016;
Shamsudin et al., 2016a,b). The absence of such reports may be
partially due to technical challenges in constructing multi-gene

assembly vectors, since the construction of multi-gene vectors
is often labor intensive and requires specialized vector systems
and strains (Li and Elledge, 2005; Chen et al., 2010; Sun et al.,
2013). Another challenge for multi-gene assembly is the selection
of multiple genes that will have additive genetic effects according
to our knowledge.

The abscisic acid (ABA) signaling pathway, which is regarded
as the central signaling pathway of abiotic stress response in
plants, has been well characterized, and the PYL/RCAR-PP2C-
SnRK2 core signaling module has been established (Umezawa
et al., 2010; Yoshida et al, 2014). A typical ABA signaling
pathway consists of four major components: (i) soluble ABA
receptor PYR/PYL/RCAR (Ma et al, 2009; Santiago et al,
2009; Yin et al., 2009); (ii) clade A protein phosphatase 2C,
a negative regulator of the downstream signaling pathway by
dephosphorylation of SnRK2 protein kinases in the absence of
ABA (Umezawa et al., 2009; Bhaskara et al., 2012); (iii) SNF-
1 related protein kinase 2 (SnRK2), a positive regulator that
can phosphorylate and activate downstream transcription factors
(Fujita et al., 2009; Soon et al, 2012); (iv) ABA-responsive
element binding factor (ABF/AREB), the third subfamily of
bZIP transcription factor that can induce the transcription
of ABA-responsive genes (Choi et al,, 2000; Yoshida et al,
2010). It has been reported in various plant species that the
activity of bZIP transcription factors is regulated by SnRK2s
through phosphorylation (Johnson et al., 2002; Kagaya et al,
2002; Kobayashi et al, 2005; Nakashima et al, 2009). Our
studies also revealed that the ABA-responsive bZIP transcription
factors OsbZIP23 and OsbZIP46 play essential roles in drought
resistance in rice, and these transcription factors can be activated
by SnRKs including SAPK2 and SAPK6 (Xiang et al., 2008;
Tang et al., 2012; Zong et al, 2016). In addition, it has been
reported that SAPK6 can also phosphorylate and activate the
bZIP transcription factor OREBI, indicating its broad substrate
specificity and vital regulatory role in the ABA signaling pathway
(Chae et al., 2007). Therefore, it can be predicted that the bZIP
transcription factors and SAPKs in the ABA signaling pathway
may be potential candidate genes for multi-gene assembly for
improving drought resistance.

OsbZIP46, a member of the third subfamily of bZIP
transcription factors in rice, has been identified as an abiotic
stress responsive gene in the previous study (Tang et al., 2012).
Overexpression of the native form of OsbZIP46 did not show
significant effect on drought resistance, whereas overexpression
of OsbZIP46CAl, a truncated and constitutively active form of
OsbZIP46 with the deletion of the negative regulatory domain D,
significantly increased the resistance to drought stress both at the
seedling and the reproductive stage (Tang et al., 2012). Besides,
the genes up-regulated by the overexpression of OsbZIP46CA1
were distinct from those up-regulated by the other members
of the third subfamily, implying its unique potential in genetic
engineering of drought resistance in rice.

In this study, an overexpression cassette harboring the
constitutively active form of OsbZIP46 (OsbZIP46CA1) (Tang
et al., 2012) and SAPK6 were assembled and transformed into
the rice cultivar KY131, the main cultivated rice variety in
Northeast China, to generate a co-overexpressor (named XL22).
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The performance of XL22, the corresponding single-gene
overexpressors (CA1-OE and SAPK6-OE), and negative
transgenic plants (KY131-N) were tested under drought,
heat, and cold stress conditions. The results showed that the
XL22 transgenic lines exhibited better performance under the
drought stress conditions at both the seedling and reproductive
stages compared to the CA1-OE, SAPK6-OE, and the negative
transgenic lines. The XL22 seedlings were also more tolerant
to both heat and cold stresses. Furthermore, transcriptome
profiling of XL22, CAI1-OE, and SAPK6-OE plants under
drought stress treatment revealed that more genes involved in
drought response were up regulated in XL22. This study provides
supporting evidence of multi-gene assembly for improving
drought resistance in rice.

MATERIALS AND METHODS

Generation of Transgenic Rice Plants

To construct XL22, the coding sequences (CDSs)
of OsbZIP46CAI (Tang et al, 2012) and SAPK6
(LOC_0s02g34600.1) were amplified from the total cDNA
of rice leaves and assembled according to the structure shown in
Figure 1A via the published procedure of multiple-round in vivo
site-specific assembly (MISSA) (Chen et al., 2010). The CDSs
were also cloned into the binary expression vector pCB2004 (Lei
etal., 2007) by the Gateway™ cloning technique' (Invitrogen™)
to construct CA1-OE and SAPK6-OE, respectively. The
constructs were then introduced into the rice cultivar KY131
(Oryza sativa L. ssp japonica cv) via Agrobacterium-mediated
transformation according to established methods (Hiei et al.,
1994; Lin and Zhang, 2005). Negative transgenic plants derived
from XL22 transgenic lines (KY131-N) were used as controls.

RNA Extraction and Gene Expression
Analysis

The total RNA of rice leaves was extracted using TRIzol®
reagent (Ambion™, Lot No. 15596018) according to the
manufacturer’s instructions. The quality and quantity of the
total RNAs were evaluated using a NanoDrop™ 2000 (Thermo
Scinetific™, Waltham, MA, United States). The DNase treated
RNA was reverse transcribed using Moloney murine leukemia
virus (M-MLV) reverse transcriptase (InvitrogenTM, Lot No.
28025013) and OsActin (LOC_Os03g50885) was amplified as
a control to identify the quality of the cDNA. The product
c¢DNA was diluted 10 times with ddH,O from which 2 pL was
used as the template for Real-time quantitative PCR (qPCR)
with 5 pL PowerUp™ SYBR® Green Master Mix (Applied
Biosystems™, Lot No. A25778), 10 uM forward and reverse
primers (0.5 pL for each), and 2 pL ddH,O. The qPCR was
performed using a Quant Studio 6 Flex Real-Time PCR System
(Applied Biosystems™). Thermal cycling conditions for qPCR
were as follows: 50°C for 2 min, 95°C for 2 min, followed by
40 cycles of 95°C for 1 s, 60°C for 30 s. The primers used
for qPCR are shown in Supplementary Table S1. The relative

Uhttps://www.thermofisher.com

expression level was calculated via the 2742CT method using
Ubiqutin (LOC_Os03g13170) as an internal control (Livak and
Schmittgen, 2001).

Southern Blot Hybridization

Genomic DNA was extracted from the leaves of transgenic
plants using Plant DNAzol reagent (Invitrogen™, Lot No.
10978021). Southern hybridization was performed according to
the standard method (Southern, 2006). In brief, about 4 pg
of total DNA was digested overnight with EcoR I and then
separated by electrophoresis in a 0.8% agarose gel using 1x
TAE buffer. After electrophoresis, the gel was denatured and
transferred onto a HybondTM-N+ membrane (GE Healthcare™,
Lot No. RPN1576). The blot was hybridized with the DIG-
labeled Hygromycin phosphotransferase (Hpt) gene probes (for
the XL22 lines) and the phosphinothricin acetyl transferase (Bar)
gene probes (for the CA1-OE and SAPK6-OE lines) and exposed
to X-ray film for signal detection. DNA probe preparation,
hybridization, membrane washing, and signal detection were
performed according to the protocols within the PCR DIG Probe
Synthesis Kit (Roche™, Lot No. 11636090910). The primers used
for probe amplification are listed in Supplementary Table S1.

ABA Sensitivity Test of the Transgenic

Plants

For ABA treatment of the transgenic plants, seedlings from
the transgenic lines and KY131-N were shelled and disinfected
(through treatment with 75% ethanol for 2 min, 0.15% HgCl, for
10 min, and washing in several changes of sterile water) before
germinating on 1/2 strength MS (Murashige-Skoog) medium.
After germinating for 4 days in a dark culture condition,
the seedlings with identical growth status were selected and
transferred to a lucent square box (10 plants per line, three
repeats) containing normal 1/2 strength MS medium or 1/2
strength MS medium with 3 wM ABA. After growth for 10 days,
the phenotype was recorded and the plant length was measured.

Stress Tolerance Testing of Transgenic
Rice at the Seedling Stage

For drought stress testing at the seedling stage, 1-week-old
seedlings of the bi-gene and single-gene overexpression lines (12
plants each, three repeats) were grown in a half-and-half manner
in barrels filled with a mixture of soil and sand (1:1). At the
4-leaf stage, watering was stopped and the soil water content
was monitored by TRIME-PICO32 (IMKO Micromodultechnik
GmbH, Ettlingen, Germany) on the basis of time domain
reflectometry (TDR). After the mean TDR value was kept below
25 for 7 days, the plants were recovered by ample watering.
Then the survival rates were recorded after recovery for 7 days.
For heat and cold stress testing at the seedling stage, 1-week-
old seedlings of the transgenic lines and KY131-N were grown
in barrels filled with paddy soil (the same as which was utilized
in drought stress testing, 12 plants each, three repeats). At the
4-leaf stage, the plants were moved into a growth chamber and
treated with temperature stress at 42°C for 12 h (for heat stress),
or moved into a cold room at 4°C for 5 days (for cold stress) and
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then returned to normal conditions for 7 days before the survival
rate was recorded.

Water Loss Rate Measurement

The water loss measurement was conducted as described
previously (Fang et al., 2015). Detached leaves from the 4-leaf-
old rice plants were cut and exposed to air at room temperature
and weighed at the designated times. The water loss rate was
expressed as (mp—-my)/mg x 100% (my: weight of the leaves at the
indicated time point; mg: weight of the leaves at the start point).
Leaves from six plants were collected as one of the three replicates
for each tested transgenic line.

Drought Resistance Testing of

Transgenic Rice at the Reproductive

Stage

For drought stress testing at the reproductive stage, the plants
were grown in a paddy field facilitated with a movable
rain-off shelter during the summer of 2016 in Wuhan, Hubei

Province, China. The transgenic lines and KY131-N were planted
following a randomized block design with four families for
each overexpressor. Ten plants for each family were planted
in two rows (one plot) with a planting density similar to real
agricultural fields. A plot of the co-overexpression family was
inserted between two plots of the corresponding single-gene
transgenic families, and the KY131-N control was planted after
every three of such plots to form a block. Drought stress was
applied by stopping watering at the booting stage (about 2
weeks before flowering) in the field, and drought stress was
considered to take place when the mean TDR value of a block
was less than 25. The drought condition was kept for 14 days
before re-watering. The mean TDR value was kept between
40 and 60 in the subsequent 30 days to simulate a moderate
drought condition. The same set of materials were planted in
the fully irrigated paddy field in the same period as controls
for the RNA-Seq analysis. Yield, filling rate, panicle number,
grain number, biomass, and spikelet number of the drought
treated plants were evaluated as previously described (Xiao et al.,
2009).

Frontiers in Plant Science | www.frontiersin.org

June 2017 | Volume 8 | Article 1102


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Chang et al.

Co-overexpression of OsbZIP46CA1 and SAPK6 Improves Drought Resistance

RNA-Seq and Analysis

In this study, total RNA for the RNA-Seq analysis was extracted
from the second upper leaves of ten plants for each transgenic
line both exposed to severe drought stress treatment (mean
TDR value <25 for 5 days) and grown in a well irrigated field
using TRIzol® reagent (Ambion™, Lot No. 15596018) according
to the manufacturer’s protocol. Two independent transgenic
lines for each overexpressor were sampled in both condition
and were regarded as two biological replicates. RNA-Seq was
performed by Novogene Bioinformatics Technology Co. Ltd
(Tianjin, China) with Hiseq-PE150 (Illumina, Inc. San Diego, CA
United States) and the raw data was analyzed using the software
package of Transcriptome Analysis with Reference Genomes in
the BMKCloud cloud server’. The quantification of the gene
expression levels was estimated by fragments per kilobase of
transcript per million fragments mapped (FPKM) (Trapnell et al.,
2010). A value of |logy(foldchange)] > 1 (FDR < 0.01) was
set as the threshold for differentially expressed genes (DEGs).
Gene Ontology (GO) enrichment analysis of the DEGs was
implemented by the GOseq R packages based on the Wallenius
non-central hyper-geometric distribution (Young et al., 2010).
Enrichment of the DEGs in the KEGG pathways was analyzed
using KOBAS software (Mao et al., 2005). Rice protein—protein
interaction (PPI) data from the STRING database® was used to
predict the PPIs of these DEGs (Snel et al., 2000). A combined
score >0.5 was set as the threshold for the predicted PPI pairs.
Then the PPI networks were visualized in Cytoscape (Shannon
etal., 2003).

Rice Protoplast Transformation and

Transcriptional Activity Assay

Rice protoplasts were isolated from KY131 seedlings according
to the reported method (Xie and Yang, 2013). To assess the
transcriptional activity of OsbZIP46FL (the native full length
form of OsbZIP46) and OsbZIP46CAL1 in the presence or absence
of SAPK6 in rice protoplasts, the coding sequences of the
corresponding genes were cloned into the BamH I and Kpn I sites
of the effector vectors. And the reporter construct harboring the
gene for Firefly luciferase (fLuc) driven by the 1.7 kb promoter of
the OsbZIP46 targeting gene RAB21 was generated according to
the previous study (Tang et al., 2016). The construct containing
the Renilla luciferase (rLuc) gene driven by the Arabidopsis
UBIQUITIN3 promoter (Hao et al., 2011) was used as an internal
control. The effector, reporter, and internal control plasmids, in
a ratio of 5:5:1, were co-transfected into rice protoplasts. The
luciferase activities were measured using the Dual Luciferase
Reporter Assay System (Promega, Lot No. E1910) according to
the manufacturer’s instructions. The relative luciferase activity
was expressed as the ratio of fLuc/rLuc.

Accession Numbers
Sequence data in this article is accessible in the GenBank
or EMBL databases with the following accession numbers:

Zhttp://www.biocloud.net
Shttp://www.string-db.org

OsbZIP46, LOC_Os06g10880; SAPK6, LOC_0s02g34600;
RAB16B, LOC_Os11g26780, RAB21, LOC_Os11g26790. The
RNA-Seq data were deposited in the Gene Expression Omnibus
under accession number GSE98775.

RESULTS

Construction and Validation of the

Co-overexpression Transgenic Lines

In order to generate transgenic rice overexpressing multiple
abiotic stress responsive genes, multi-gene assembly vectors were
constructed using the MISSA system (Chen et al.,, 2010) and
were transformed into the rice cultivar KY131 (Oryza sativa L.
ssp. japonica) by Agrobacterium-mediated transformation (Lin
and Zhang, 2005). The corresponding single-gene overexpression
constructs were built using pCB2004 (Lei et al, 2007) as
the backbone and transformed by the same method. For an
initial screening of the multi-gene combinations, six drought-
responsive rice genes were included for the multi-gene assembly
in different combinations.

We identified the transgene copy number of all the Ty
transgenic plants by southern blot (Supplementary Figure S1) and
checked the transcription level of each transgene in the mixed
leaf tissues of T families derived from the single copy Ty plants
using Real-time quantitative PCR (qPCR). Drought resistance
was pre-evaluated in the T generation in a paddy field facilitated
with a movable rain-off shelter to find candidate multi-gene
overexpression lines with improved drought resistance compared
with the corresponding single gene overexpression lines and
negative transgenic plants (KY131-N) for further study.

During the pre-evaluation, the transgenic lines of a bi-gene
construct X122, co-overexpressing the constitutively active form
of a stress responsive bZIP transcription factor gene OsbZIP46
(OsbZIP46CAI) and a SnRK2 gene SAPKS6, exhibited better
drought resistance based on visual evaluation of leaf death at
the reproductive stage (Figure 1B). This co-overexpressor, along
with the corresponding single-gene overexpressors, was chosen
for further study.

It has been reported that the CaMV 35S promotor used in this
study can cause transgene silencing in some cases (Mishiba et al.,
2005; Weinhold et al., 2013). Thus, before starting subsequent
abiotic stress testing, we confirmed that OsbZIP46CAI and
SAPK6 were overexpressed as expected (Figure 1C). Two
dehydrin genes, Rab21 and Rabl6B, which were up-regulated
by the overexpression of OsbZIP46CAI in the previous study
(Tang et al, 2012) were also strongly induced in the XL22
seedlings (Figure 1C). This indicates that at least the cassette
of 35S5:0sbZIP46CA1 was functional. Furthermore, we tested
the ABA sensitivity of XL22 plants at the post germination
stage. As shown in Figure 2, after 15 days of growth, the
phenotype of all the transgenic lines and KY131-N planted
on the control 1/2 strength MS medium was identical, while
the CA1-OE lines were hypersensitive to ABA compared with
KY131-N, which was consistent with our previous study (Tang
etal,, 2012). Since SAPK® is a positive regulator of ABA signaling,
the ABA hypersensitive phenotype of SAPK6-OE was also as
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measured on the 15th day after germination when the photos in (A) were taken. Columns represent the average plant length of three independent biological
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expected (Chae et al,, 2007). The shoot lengths of the XL22
lines were significantly shorter than those of the CA1-OE and
SAPK6-OE lines, and KY131-N. This result suggested that all of
the constructs were functional as expected for ABA sensitivity,
and the co-overexpression of OsbZIP46CA Iand SAPK6 may have
an additive effect on the ABA response.

Enhanced Drought Resistance of the
XL22 Transgenic Plants

To evaluate the performance of XL22 under drought stress
conditions, four independent transgenic lines for each of the
overexpressors (XL22, CA1-OE, and SAPK6-OE) and KY131-N
were tested for drought resistance in the same paddy field as
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in the pre-screening experiment. The water supply was cut
off when the plants grew near the reproductive stage and
the soil water content was measured on the basis of time
domain reflectometry (TDR). Drought stress was considered
to take place when the mean TDR value of a block was
below 25 (the value was 100 for the water-saturated soil).
After 2 weeks of severe drought stress treatment, we re-watered
the field by spraying water to maintain the mean TDR value
between 40 and 60, which was associated with a moderate
drought condition for paddy rice cultivation. After a month
of such moderate drought stress treatment, XL22 transgenic
lines exhibited better performance in agronomic traits over both
single-gene overexpressors and KY131-N (Figures 3A,B). As

shown in Figure 3C and Supplementary Table S2, biomass,
grain number, spikelet number, and yield per plant for at least
three XL22 lines were significantly higher than those of the
single gene overexpressors and KY131-N. The average numbers
of panicles for XL22-125 and XL22-138 were also significantly
higher than those of the single gene overexpressors and KY131-
N. It should be mentioned that some KY131-N plants were
completely infertile even after a long period of recovery, while
all of the overexpressor plants retained a certain amount of grain
yield.

In addition, we tested the drought resistance of 4-leaf-old
transgenic seedlings grown in pots. After 7 days of drought
stress treatment with the mean TDR value in the pots reached

filling rate, which are normalized to those of KY131-N (set as 1 in the plot).

KY131-N CA1-0OE-20
c Panicle number
4.0
35
3.0
2.5
Filling rate Yield
Grain number Biomass
Spikeletnumber
—X122-96 XL22-125 XL22-128 ~———XL22-138
----CA1-OE-2 ----CAl-OE-4 ----CAI1-OE-19 ---CA1-OE-20
------- SAPK6-OE-13 - SAPK6-OE-19 SAPK6-OE-33  ----SAPK6-OE-48

FIGURE 3 | Enhanced drought resistance of the XL22 transgenic lines. (A) The plant performance of XL22, CA1-OE, and KY131-N at the beginning of the drought
stress treatment. (B) The plant performance after one-month of recovery from the drought stress treatment. (C) Comparison of the agronomic traits of all the
overexpressors measured after the recovery. The radar plot shows the relative average values of panicle number, yield, biomass, spikelet number, grain number, and

KY131-N  CA1-OE-20 XL22-138
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FIGURE 4 | XL22 plants were more resistant to drought treatment at the seedling stage. (A) Seedling performance of one of the three tested independent XL22,
CA1-OE, and SAPKB-OE lines in pots before, during, and after drought stress treatment. (B) Survival rates of drought-treated seedlings after recovery. (C) Water loss
rates of detached leaves from the seedlings of XL22, CA1-OE, and SAPK6-OE at the indicated time intervals. Error bars in (B) and (C) indicate the SE based on
three independent replicates. Asterisks indicate the significant difference (**P < 0.01; *P < 0.05) by Student’s t-test.

25, the seedlings were watered for recovery. As is shown in
Figure 4A, the seedlings of XL22 exhibited weaker symptom
of leaf rolling compared to the single gene overexpressors
subjected to the same drought stress. And XL22 transgenic lines
exhibited significantly greater survival rates when compared
with the CAI-OE and SAPK6-OE lines after the recovery
(Figures 4A,B). Furthermore, the water loss rates of detached
leaves from the XL22 lines were significantly lower than those
of the CA1-OE and SAPK6-OE lines (Figure 4C). These results
indicate that co-overexpressing OsbZIP46CA1 and SAPK6 can
enhance drought resistance better than over-expressing these
genes individually.

The XL22 Transgenic Lines Showed

Improved Heat and Cold Tolerance

In addition to drought stress, extreme temperature stresses
including heat and cold are another threat to rice production.
To evaluate whether the co-overexpression of OsbZIP46CA1 and
SAPK6 has an effect on heat or cold tolerance, 4-leaf stage
seedlings of three independent lines for each overexpressor and
KY131-N were treated with temperature stress at 42°C for 12 h
or at 4°C for 5 days, and were recovered for 7 days under normal
growth conditions. The results showed that XL22 seedlings were
less sensitive to heat or cold stress, and only exhibited slight
leaf rolling during treatment (Figures 5A,B). In both treatments,
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FIGURE 5 | XL22 seedlings were more tolerant to extreme temperature. (A,B) The phenotypes of the XL22, CA1-OE, SAPK6-OE lines and KY131-N before, during,
and after heat (A) and cold (B) stress treatment, respectively. (C,D) Survival rates were measured after recovery from heat (C) and cold (D) treatment, respectively.
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the survival rates of the XL22 lines were significantly greater
than the single gene overexpressors and KY131-N after recovery
(Figures 5C,D), indicating enhanced heat and cold tolerance for
the XL22 transgenic plants.

Transcriptome Profiling of the XL22

Transgenic Plants

To elucidate possible molecular mechanisms of the improved
drought resistance of XL22, the transcriptomes of XL22,
CA1-OE, and SAPK6-OE plants under both severe drought stress
and normal growth conditions were analyzed by RNA sequencing
(RNA-Seq). The expression profile changes caused by drought
stress treatment in the XL22 plants were compared to those in
the CA1-OE and SAPK6-OE plants. As shown in Figure 6A
and Supplementary Files S1-S3, the expression patterns of a
large number of genes in the overexpressors were affected by
drought stress treatment. With a threshold of |log,(foldchange)|

> 1 (FDR < 0.01), a total of 2977, 2962, and 3433 genes
were up-regulated, and 3243, 3514, and 3472 genes were
down-regulated in drought-treated XL22, CA1-OE, and SAPK6-
OE plants, respectively. More than half of the up-regulated DEGs
were common between XL22 and the single-gene overexpressors
(2332 for XL22 and CA1-OE, 2477 for XL22 and SAPK6-OE,
shown in Figure 6B), implicating the conserved functions of
these genes in the drought response.

Since OsbZIP46CA1 was previously characterized as a
transcriptional activator (Tang et al., 2012), we focused on the
up-regulated genes in XL22 for further analysis. There were 645
(Group I) and 500 (Group II) specifically up-regulated DEGs in
XL22 compared to CA1-OE and SAPK6-OE, respectively. Gene
Ontology (GO) analysis of the Group I and II genes showed that
annotated DEGs in several GO terms under "Biological Process"
were significantly enriched (Figure 6C and Supplementary Files
$4, S5). The top GO terms with the greatest proportions of DEGs
in Group I were “Response to Abscisic Acid” and “Regulation
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FIGURE 6 | Transcriptome profiling of the transgenic plants. (A) Heat map showing the expression patterns of drought-responsive genes in XL22, CA1-OE, and
SAPKB-OE plants in normal growth conditions (-N) and drought stress conditions (-D). (B) Venn diagrams illustrating the overlap of drought up-regulated genes
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FIGURE 7 | Predicted protein—protein interaction (PPI) network of Group | and Il proteins. Six proteins with the greatest number of interactors within each group are
highlighted. The histogram shows the relative expression levels of the highlighted genes in response to drought stress detected by gPCR using the same
drought-treated samples for RNA-Seq. The relative expression levels were normalized to the corresponding lines grown under normal conditions (arbitrarily set as 1).
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of Plant-type Hypersensitive response,” while the top GO
terms of Group II genes were “Organic Substance Biosynthetic
Process,” “Salicylic Acid Biosynthetic Process,” and “Regulation
of Hydrogen Peroxide Metabolic Process”. Furthermore, KEGG
pathway enrichment was performed using the Group I and II
genes. The results showed that the annotated genes in both
groups were mainly enriched in the term of “Metabolism”
(Figure 6D), suggesting substantial alteration in the metabolisms
of XL22 in response to the drought stress treatment.
Drought-inducible genes in CA1-OE and SAPK6-OE were
also compared. A total of 2564 genes were up-regulated in both
CA1-OE and SAPK6-OE, while 398 (Group III) and 869 (Group
IV) genes specifically regulated in CA1-OE and SAPK6-OE,
respectively (Figure 6B). GO analysis of the Group III and
IV genes revealed that the biological and molecular functions
of the two groups of genes were largely different. Group III
genes were significantly enriched in GO terms "Gene Expression

and Regulation" (21%), "Nitrate Related Metabolic Process"
(17%), and "Carbohydrate Biosynthetic Process” (15%), while
the Group IV genes were mainly categorized into "Cytokinesis
and Cell Proliferation" (24%), "Microtubule Related Process"
(23%), and "Response to Abiotic Stress" (20%) (Figure 6C
and Supplementary Files S6, S7). These results suggested that
the overexpression of OsbZIP46CA1 and SAPK6 might have
activated different downstream genes, which may partially
explain the different performance of CA1-OE and SAPK6-OE
under the drought stress conditions.

To identify the possible relationships of genes within Group
I and II, PPI data from the STRING database (Snel et al., 2000)
was used to draw PPI networks of Group I and II proteins,
respectively. As shown in Figure 7, both of the predicted PPI
networks were highly complex, with 481 PPIs in Group I and
280 PPIs in Group II. These results indicated closely linked
relationships among genes within each group. Of special note,
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six "nodes" (proteins labeled in Figure 7 with MSU locus
identifiers) with the greatest number of "branches" (interaction
partners) within each group caught our attention. Three genes
(LOC_0Os12g13720, LOC_0s03g58800, and LOC_0Os09g31486)
encoding a PDR ABC transporter, a ATPase, and a DnaK/Hsp70s
family protein, respectively, were shared by both group,
possibly indicating their vital functions in stress resistance. The
remainder of the genes including two protein phosphatase 2C
genes (LOC_Os04g42260 and LOC_0s02¢38580) in Group I,
and Rad51 (LOC_0s05g03050) and Hsp90 (LOC_Os09g36420)
family genes in Group II are also closely related to stress
according to their predicted functions. Furthermore, quantitative
PCR analysis confirmed the up-regulation of these "node" DEGs
in XL22 under the drought stress treatment (Figure 7). These
results suggested that the up-regulation of genes involved in the
PPI networks, especially those node genes, might be involved in
the biological processes and/or metabolic networks contributing
to the enhanced stress resistance of XL22.

DISCUSSION

Co-overexpression of OsbZIP46CA1 and
SAPK6 Enhanced Drought Tolerance

Since ABA is a critical stress-signaling hormone, some of
the ABA signaling components may be promising candidates
for engineering drought resistance in crops. A few successful
attempts have been made to assess the effects of overexpressing
ABA signaling components on drought resistance in rice.
For example, overexpression of ABA receptor genes OsPYL3,
OsPYL5, and OsPYL9 significantly increased drought resistance
in rice at the seedling stage (Kim et al, 2014; Tian et al,
2015). On the other hand, overexpression of OsPP2C49, an ABA
signaling negative regulator, resulted in a severe dehydration
phenotype even under the normal condition (Zong et al,
2016). The positive effects of SnRK2 genes on abiotic stress
resistance have been well evaluated in Arabidopsis thaliana
(Umezawa et al., 2004; Fujita et al., 2009), and overexpression of
SAPK4 increased salt resistance in rice (Diedhiou et al., 2008).
Furthermore, several members of the third subfamily of bZIP
transcription factor have been reported for their positive roles
in abiotic stress responses (Fujita et al., 2013). Overexpression
of OsbZIP23 significantly enhanced drought and salt tolerance in
rice (Xiang et al., 2008). OsbZIP46 was characterized as a close
homolog of OsbZIP23 and the overexpression of its constitutively
active form OsbZIP46CA1 resulted in improved resistance to
drought stress both at seedling stage and reproductive stage
(Tang et al., 2012). Therefore, it may be a promising approach
to appropriately combine the positive regulators in the ABA
signaling pathway to further improve drought resistance. In
the study, we simultaneously overexpressed OsbZIP46CA1 and
SAPK6 in rice cultivar KY131. Our results showed that the
co-overexpressor indeed showed better drought resistance than
both of the single gene overexpressors at the seedling and the
reproductive stages (Figure 3, 4).

It is widely accepted that the drought resistance of plants
mainly consists of three basic mechanisms: drought tolerance,

drought avoidance, and drought escape (Chaves et al., 2002;
Chaves and Oliveira, 2004; Yoshimura et al., 2008; Berger et al,,
2016). In addition to the three mechanisms, drought recovery
also contributes to the final phenotype after exposure to drought
stress conditions. In this study, the traits of the tested lines
during the process of drought stress treatment were not taken
into account because an unexpected high temperature hit the
testing field when the majority of the lines were at the flowering
stage and simultaneously under severe drought stress treatment
(mean TDR value <25), and the filling rate was generally low
(0-10% according to observation) among the tested plants. Thus,
we extended the recovery period to one month and carefully
controlled the soil water content by keeping the mean TDR value
of each block between 40 and 60. Although some agronomic
traits showed a difference after recovery, the better performance
of the co-overexpressor XL22 (as is shown in Figure 3 and
Supplementary Table S2) may not be regarded as the consequence
of improved drought recovery. It is known that the cultivation of
low land rice varieties including KY131 requires an ample water
supply, especially at the reproductive stage (usually with a soil
TDR value between 90 and100). However, during the recovery
process in this study, the soil TDR value was kept between 40
and 60, which was not a favorable condition for rice growth at
the reproductive stage. Thus, the 1 month recovery after severe
drought stress treatment was in fact a slight drought condition
for the tested lines.

It should be mentioned that the heading date of all the tested
transgenic lines and KY131-N were not significantly different
under normal and stress conditions, indicating that drought
escape via a difference in flowering was not involved in the
improved drought resistance of XL22. According to the RNA-Seq
data, one of the significantly enriched GO terms in Group II
was "Regulation of Hydrogen Peroxide Metabolic Process" which
is a typical physiological process related to drought tolerance
(Chaves and Oliveira, 2004; Yoshimura et al., 2008). Besides, out
of 9 node genes in the PPI networks, 2 genes (LOC_Os09g36420
and LOC_0Os09g31486) encoding heat shock proteins (Hsps) can
also be categorized as possible contributors for drought tolerance
due to the properties of Hsps in reactivating or sustaining the
functions of misfolded proteins in drought stress conditions
(Wang et al., 2004; Sarkar et al., 2013; Yu et al., 2015). This
indicates that drought tolerance may be one of the major
mechanisms for the improved drought resistance of XL22. On
the other hand, we noticed that a node gene (LOC_Os12g13720)
shared by both Groups encoded a PDR ABC transporter and
showed high identity to AtPDR9. It has been reported in
Arabidopsis that ABC transporters play an essential role in the
regulation of stomatal movement and root development, and
the mutation of ABC transporter genes resulted in reduced
root growth and increased water transpiration and drought
susceptibility (Gaedeke et al., 2001; Klein et al., 2003, 2004; Lee
et al., 2008; Kuromori et al., 2011). This implies that drought
avoidance might also contribute to the improvement of X122
drought resistance, since drought avoidance is achieved mainly
through increasing water uptake and reducing water loss (Berger
et al., 2016). Therefore, we propose that the better performance
of X122 in drought resistance may have resulted from the
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combined effect of enhanced drought tolerance and drought
avoidance.

In accordance with the increased drought resistance at
reproductive stage, XL22 also showed increased drought
resistance at seedling stage when compared with the single
gene overexpressors. The leaf rolling of XL22 seedlings was
obviously slighter than that of CA1-OE and SAPK6-OE lines
(Figure 4A), and the water loss in the detached leaves of XL22
was significantly slower (Figure 4C). These results imply that the
enhanced drought resistance of XL22 may be related to reduced
water transpiration. Since OsbZIP46 and SAPK6 are components
of ABA signaling, it is reasonable that the co-overexpressor
could enhance ABA sensitivity which is generally associated with
increased stomatal closure leading to less water loss during the
drought stress.

It is noteworthy that, despite superior gains in spikelet and
grain number, X122 was identical to CA1-OE, SAPK6-OE, and
KY131-N plants with respect to the grain-filling (or seed-setting)
rate (Figure 3C and Supplementary Table S2). In our previous
study, overexpression of OsbZIP46CAl in the rice cultivar
Zhonghua 11 (ZH11) also resulted in greater yield without an
observed difference in the grain-filling rate after drought stress
treatment in PVC tubes (Tang et al., 2012). Thus, we speculate
that overexpression of OsbZIP46CA1 and/or SAPK6 improves
drought resistance mainly through retaining plant growth under
water deficient conditions.

SnRK2 family proteins are involved in abiotic responses, and
their kinase activities were undetectable but could be activated
by osmotic stress (Kobayashi et al., 2004). According to the
increased drought resistance of XL22, we suspected that, in
addition to the constitutive activation of OsbZIP46CA1, SAPK6
overexpression may further enhance the transcriptional activity
of endogenous OsbZIP46 under drought stress conditions.
Transcriptional activity assay in rice protoplasts derived from
KY131 seedlings showed that the native form of OsbZIP46
was indeed activated to certain extent when co-expressed with
SAPK6 (Supplementary Figure S2). Furthermore, according
to the presented data (Supplementary Figure S2) and the
results of a recent study involving SAPK9 (Tang et al,
2016), OsbZIP46CA1l is a truly activated form of OsbZIP46.
However, it cannot be excluded that SAPK6 might activate
other members of DbZIP transcription factors, as it has
been suggested for other SnRK2 proteins (Tang et al,
2012; Wang et al, 2013), which could in turn activate
other drought responsive genes. In accordance with this
speculation, many genes were specifically up-regulated in
SAPK6-OE but not in CAI1-OE under the drought stress
(Figure 6B).

In addition, despite its potential effect on drought stress
resistance, the overexpression of SAPK6 alone in KY131 did not
result in a greater yield or grain-filling rate according to our data
(Figure 3C and Supplementary Table S2). A possible explanation
may be that the expression level of the native SAPKG6 is relatively
high according to public transcriptome profiling data*>, which

*http://bar.utoronto.ca
>http://ricexpro.dna.affrc.go.jp

may partially cover the effect of SAPK6 overexpression. In
addition, there are ten SAPKs in rice, some of which may have
functions similar to SAPK6 in the drought response (Kobayashi
et al., 2004; Diedhiou et al., 2008). Furthermore, because SAPK6
is a protein kinase, simply overproducing the transcript levels
cannot guarantee an increased kinase activity. Future study on the
interaction network between SAPK6 and its substrates is required
to unveil its precise function.

Co-overexpression of OsbZIP46CA1 and
SAPK®6 Improves Tolerance to

Temperature Stress

It has been reported that pre-treating Arabidopsis plants
with exogenous ABA could reduce the oxidative damage in
recovery from heat stress (Larkindale and Knight, 2002).
Overexpression of AREB/ABF transcription factors could
increase thermotolerance in Arabidopsis (Kim et al., 2004; Zhang
et al, 2008; Suzuki et al, 2016). A recent study illustrated
that an ABA-inducible heat shock factor HSFA6b, a positive
regulator of thermotolerance via activating the transcription
of heat stress responsive genes, was transcriptionally regulated
by AREBI in Arabidopsis (Huang et al., 2016). Besides, ABA
pre-treatment also had positive effect on cold resistance in
crop plants such as tomato and wheat (Daie and Campbell,
1981; Lalk and Dorftling, 1985), and the overexpression of
ABA receptor-like genes OsPYL3 and OsPYL9 could significantly
increase cold resistance in rice (Tian et al., 2015). Furthermore,
a recent study suggested that the overexpression of OST1, a
key SnRK2 protein kinase conducting ABA signaling (Yoshida
et al, 2006), enhanced cold tolerance in Arabidopsis by
activating the CBF-dependent cold signaling pathway (Ding
et al., 2015). These findings together indicate that ABA signaling
also plays vital roles in the plant responses to temperature
stresses.

Despite the identified ABA signaling components
contributing to improved heat and/or cold resistance, the
effect of OsbZIP46CA1 and SAPK6 on heat or cold resistance
has not been studied. As is shown in Figure 5, the survival rates
of most of the CA1-OE and SAPK6-OE lines were only slightly
greater (but not statistically significant) than the KY131-N line
after heat or cold treatment. This indicates the overexpression
of OsbZIP46CA1 or SAPK6 alone had very limited effect, if any,
on the resistance to abnormal temperature stresses. However,
co-overexpression of OsbZIP46CA1 and SAPK6 resulted in
a significantly elevated survival rate after both treatments
(Figure 5). Just like in the case of drought stress treatment, it
seems that the assembly of OsbZIP46CA1 and SAPK6 also had
an additive effect on the resistance to unfavorable temperatures.
However, it has to be mentioned that the co-overexpression did
not seem to contribute to heat resistance at the reproductive
stage, since the grain-filling rate of XL22 and the other tested
transgenic lines and control plants showed no significant
difference in the high temperature condition during the
summer of 2016. This result also implies that the effect of the
co-overexpression of a given multi-gene combination largely
depends on not only the stress type but also the growth stage.
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It should be also noted that, although the assembly of
OsbZIP46CA1 and SAPK6 resulted in improved drought
resistance, it does not necessarily mean that the assembly
of any known stress-related gene has an additive genetic
effect on stress resistance. In fact, we have tested several
multi-gene assemblies harboring 2-4 different genes with
known function in drought resistance, and most of the
assemblies showed no significantly improved resistance or
even an increased sensitivity to drought stress treatment
than overexpressors of a single gene. It is likely that some
transgenes may cause antagonistic effects in certain biological
pathways when over-expressed together. Additionally, it is
common that overexpression of some stress-responsive genes
may cause growth repression and/or yield loss. Therefore, it is
recommended to gain insights into the molecular mechanism
of each candidate gene and optimize the combination before
starting a multi-gene assembly project. Meanwhile, more
combinations of stress-related genes with known functions
should be tested or optimized for a specific abiotic stress
at a specific growth stage when facing complex or variable
environmental conditions.

CONCLUSION

The results in this study demonstrate that co-overexpression of
SAPKG6 and the constitutively active form of OsbZIP46 in the rice
cultivar KY131 can further enhance the resistance to drought
and temperature stresses compared to the transgenic lines
overexpressing the single gene. This multi-gene assembly may
be further optimized, for example, using strong stress-inducible
promoters, for application in stress-resistance breeding in
rice.

REFERENCES

Atwell, B. J., Wang, H., and Scafaro, A. P. (2014). Could abiotic stress tolerance in
wild relatives of rice be used to improve Oryza sativa? Plant Sci. 215-216, 48-58.
doi: 10.1016/j.plantsci.2013.10.007

Berger, ., Palta, J., and Vadez, V. (2016). Review: an integrated framework for crop
adaptation to dry environments: responses to transient and terminal drought.
Plant Sci. 253, 58-67. doi: 10.1016/j.plantsci.2016.09.007

Bhaskara, G. B., Nguyen, T. T., and Verslues, P. E. (2012). Unique drought
resistance functions of the highly ABA-induced clade A protein phosphatase
2Cs. Plant Physiol. 160, 379-395. doi: 10.1104/pp.112.202408

Boyer, J. S. (1982). Plant productivity and environment. Science 218, 443-448.
doi: 10.1126/science.218.4571.443

Chae, M. ], Lee, J. S., Nam, M. H., Cho, K., Hong, J. Y., Yi, S. A,, et al. (2007).
A rice dehydration-inducible SNF1-related protein kinase 2 phosphorylates
an abscisic acid responsive element-binding factor and associates with ABA
signaling. Plant Mol. Biol. 63, 151-169. doi: 10.1007/s11103-006-9079-x

Chaves, M. M., and Oliveira, M. M. (2004). Mechanisms underlying plant resilience
to water deficits: prospects for water-saving agriculture. J. Exp. Bot. 55,
2365-2384. doi: 10.1093/jxb/erh269

Chaves, M. M., Pereira, J. S., Maroco, J., Rodrigues, M. L., Ricardo, C. P. P,,
Osorio, M. L., et al. (2002). How plants cope with water stress in the field.
Photosynthesis and growth. Ann. Bot. 89, 907-916. doi: 10.1093/aob/mcf105

Chen, Q. ., Xie, M., Ma, X. X,, Dong, L., Chen, J., and Wang, X. C. (2010). MISSA
is a highly efficient in Vivo DNA assembly method for plant multiple-gene
transformation. Plant Physiol. 153, 41-51. doi: 10.1104/pp.109.152249

AUTHOR CONTRIBUTIONS

YC generated the transgenic materials, designed the experiments,
and wrote the manuscript, BN performed the experiments, YX
analyzed RNA-Seq data, BX and NT provided assistance on
vector construction, WZ provided assistance on the drought pre-
screening experiment, TM provided vital advice on the article, LX
designed the experiments and wrote the manuscript.

FUNDING

This work was supported by the National Program of
China for Transgenic Research (2016ZX08009003-002 and
20167X08001-003).

ACKNOWLEDGMENTS

We thank Drs Qijun Chen (China Agricultural University)
for the assistance in MISSA construction, Masaru Ohme-
Takagi (National Institute of Advanced Industrial Science and
Technology, Japan), and Shouyi Chen (Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences) for
providing the vectors for the transcriptional assay in protoplasts.
We also thank Haifu Tu and Yilong Yao for their assistance in the
field drought experiment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01102/
full#supplementary- material

Choi, H., Hong, J., Ha, J,, Kang, J., and Kim, S. Y. (2000). ABFs, a family
of ABA-responsive element binding factors. J. Biol. Chem. 275, 1723-1730.
doi: 10.1074/jbc.275.3.1723

Daie, J., and Campbell, W. F. (1981). Response of tomato plants to stressful
temperatures : INCREASE IN ABSCISIC ACID CONCENTRATIONS. Plant
Physiol. 67, 26-29. doi: 10.1104/pp.67.1.26

Diedhiou, C. J., Popova, O. V., Dietz, K. J., and Golldack, D. (2008). The SNF1-
type serine-threonine protein kinase SAPK4 regulates stress-responsive gene
expression in rice. BMC Plant Biol. 8:49. doi: 10.1186/1471-2229-8-49

Ding, Y., Li, H., Zhang, X,, Xie, Q., Gong, Z., and Yang, S. (2015). OST1 kinase
modulates freezing tolerance by enhancing ICE1 stability in Arabidopsis. Dev.
Cell 32, 278-289. doi: 10.1016/j.devcel.2014.12.023

Fang, Y., Liao, K., Du, H., Xu, Y., Song, H., Li, X,, et al. (2015). A stress-responsive
NAC transcription factor SNAC3 confers heat and drought tolerance through
modulation of reactive oxygen species in rice. J. Exp. Bot. 66, 6803-6817.
doi: 10.1093/jxb/erv386

Fujita, Y., Nakashima, K., Yoshida, T., Katagiri, T., Kidokoro, S., Kanamori, N.,
et al. (2009). Three SnRK2 protein kinases are the main positive regulators of
abscisic acid signaling in response to water stress in Arabidopsis. Plant Cell
Physiol. 50, 2123-2132. doi: 10.1093/pcp/pcp147

Fujita, Y., Yoshida, T., and Yamaguchi-Shinozaki, K. (2013). Pivotal role of the
AREB/ABF-SnRK2 pathway in ABRE-mediated transcription in response to
osmotic stress in plants. Physiol. Plant. 147, 15-27. doi: 10.1111/j.1399-3054.
2012.01635.x

Gaedeke, N., Klein, M., Kolukisaoglu, U., Forestier, C., Muller, A., Ansorge, M.,
et al. (2001). The Arabidopsis thaliana ABC transporter AtMRP5 controls root

Frontiers in Plant Science | www.frontiersin.org

June 2017 | Volume 8 | Article 1102


http://journal.frontiersin.org/article/10.3389/fpls.2017.01102/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fpls.2017.01102/full#supplementary-material
https://doi.org/10.1016/j.plantsci.2013.10.007
https://doi.org/10.1016/j.plantsci.2016.09.007
https://doi.org/10.1104/pp.112.202408
https://doi.org/10.1126/science.218.4571.443
https://doi.org/10.1007/s11103-006-9079-x
https://doi.org/10.1093/jxb/erh269
https://doi.org/10.1093/aob/mcf105
https://doi.org/10.1104/pp.109.152249
https://doi.org/10.1074/jbc.275.3.1723
https://doi.org/10.1104/pp.67.1.26
https://doi.org/10.1186/1471-2229-8-49
https://doi.org/10.1016/j.devcel.2014.12.023
https://doi.org/10.1093/jxb/erv386
https://doi.org/10.1093/pcp/pcp147
https://doi.org/10.1111/j.1399-3054.2012.01635.x
https://doi.org/10.1111/j.1399-3054.2012.01635.x
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Chang et al.

Co-overexpression of OsbZIP46CA1 and SAPK6 Improves Drought Resistance

development and stomata movement. EMBO J. 20, 1875-1887. doi: 10.1093/
emboj/20.8.1875

Gaudin, A. C. M., Henry, A., Sparks, A. H., and Slamet-Loedin, I. H. (2013).
Taking transgenic rice drought screening to the field. J. Exp. Bot. 64, 109-117.
doi: 10.1093/jxb/ers313

Hao, Y. J., Wei, W, Song, Q. X., Chen, H. W., Zhang, Y. Q., Wang, F., et al. (2011).
Soybean NAC transcription factors promote abiotic stress tolerance and lateral
root formation in transgenic plants. Plant J. 68, 302-313. doi: 10.1111/j.1365-
313X.2011.04687.x

Hiei, Y., Ohta, S., Komari, T., and Kumashiro, T. (1994). Efficient transformation
of rice (Oryza sativa L.) mediated by Agrobacterium and sequence analysis of
the boundaries of the T-DNA. Plant ]. 6, 271-282. doi: 10.1046/j.1365-313X.
1994.6020271.x

Hu, H., Dai, M., Yao, J., Xiao, B., Li, X., Zhang, Q., et al. (2006). Overexpressing a
NAM, ATAF, and CUC (NAC) transcription factor enhances drought resistance
and salt tolerance in rice. Proc. Natl. Acad. Sci. US.A. 103, 12987-12992.
doi: 10.1073/pnas.0604882103

Hu, H. H,, and Xiong, L. Z. (2014). Genetic engineering and breeding of drought-
resistant crops. Annu. Rev. Plant Biol. 65, 715-741. doi: 10.1146/annurev-
arplant-050213-040000

Huang, Y. C, Niu, C. Y., Yang, C. R,, and Jinn, T. L. (2016). The heat stress
factor HSFA6b connects ABA signaling and ABA-mediated heat responses.
Plant Physiol. 172, 1182-1199. doi: 10.1104/pp.16.00860

Johnson, R. R., Wagner, R. L., Verhey, S. D., and Walker-Simmons, M. K. (2002).
The abscisic acid-responsive kinase PKABALI interacts with a seed-specific
abscisic acid response element-binding factor, TaABE, and phosphorylates
TaABF peptide sequences. Plant Physiol. 130, 837-846. doi: 10.1104/pp.001354

Kagaya, Y., Hobo, T., Murata, M., Ban, A., and Hattori, T. (2002). Abscisic
acid-induced transcription is mediated by phosphorylation of an abscisic
acid response element binding factor, TRABI1. Plant Cell 14, 3177-3189.
doi: 10.1105/tpc.005272

Kang, P., Bao, A. K, Kumar, T, Pan, Y. Q. Bao, Z, Wang, F, et al
(2016). Assessment of stress tolerance, productivity, and forage quality in T1
transgenic alfalfa co-overexpressing ZxNHX and ZxVP1-1 from Zygophyllum
xanthoxylum. Front. Plant Sci. 7:1598. doi: 10.3389/fpls.2016.01598

Khan, A., Sovero, V., and Gemenet, D. (2016). Genome-assisted breeding
for drought resistance. Curr. Genomics 17, 330-342. doi: 10.2174/
1389202917999160211101417

Kim, H.,, Lee, K., Hwang, H., Bhatnagar, N., Kim, D. Y., Yoon, L. S., et al. (2014).
Overexpression of PYL5 in rice enhances drought tolerance, inhibits growth,
and modulates gene expression. J. Exp. Bot. 65, 453-464. doi: 10.1093/jxb/ert397

Kim, S., Kang, J. Y., Cho, D. I, Park, J. H,, and Kim, S. Y. (2004). ABF2, an
ABRE-binding bZIP factor, is an essential component of glucose signaling
and its overexpression affects multiple stress tolerance. Plant J. 40, 75-87.
doi: 10.1111/§.1365-313X.2004.02192.x

Klein, M., Geisler, M., Suh, S. J., Kolukisaoglu, H. U., Azevedo, L., Plaza, S., et al.
(2004). Disruption of AtMRP4, a guard cell plasma membrane ABCC-type ABC
transporter, leads to deregulation of stomatal opening and increased drought
susceptibility. Plant J. 39, 219-236. doi: 10.1111/j.1365-313X.2004.02125.x

Klein, M., Perfus-Barbeoch, L., Frelet, A., Gaedeke, N., Reinhardt, D., Mueller-
Roeber, B, et al. (2003). The plant multidrug resistance ABC transporter
AtMRPS5 is involved in guard cell hormonal signalling and water use. Plant J.
33, 119-129. doi: 10.1046/j.1365-313X.2003.016012.x

Kobayashi, Y., Murata, M., Minami, H., Yamamoto, S., Kagaya, Y., Hobo, T,
et al. (2005). Abscisic acid-activated SNRK2 protein kinases function in the
gene-regulation pathway of ABA signal transduction by phosphorylating ABA
response element-binding factors. Plant J. 44, 939-949. doi: 10.1111/j.1365-
313X.2005.02583.x

Kobayashi, Y., Yamamoto, S., Minami, H., Kagaya, Y., and Hattori, T. (2004).
Differential activation of the rice sucrose nonfermentingl-related protein
kinase2 family by hyperosmotic stress and abscisic acid. Plant Cell 16,
1163-1177. doi: 10.1105/tpc.019943

Kuromori, T., Sugimoto, E., and Shinozaki, K. (2011). Arabidopsis mutants of
AtABCG22, an ABC transporter gene, increase water transpiration and drought
susceptibility. Plant J. 67, 885-894. doi: 10.1111/j.1365-313X.2011.04641.x

Lalk, I, and Dorflling, K. (1985). Hardening, abscisic acid, proline and
freezing resistance in two winter wheat varieties. Physiol. Plant. 63, 287-292.
doi: 10.1111/§.1399-3054.1985.tb04267.x

Larkindale, J., and Knight, M. R. (2002). Protection against heat stress-induced
oxidative damage in Arabidopsis involves calcium, abscisic acid, ethylene, and
salicylic acid. Plant Physiol. 128, 682-695. doi: 10.1104/pp.010320

Lee, D. K., Jung, H., Jang, G., Jeong, J. S., Kim, Y. S.,, Ha, S. H., et al. (2016).
Overexpression of the OsERF71 transcription factor alters rice root structure
and drought resistance. Plant Physiol. 172, 575-588. doi: 10.1104/pp.16.00379

Lee, M., Choi, Y., Burla, B.,, Kim, Y. Y., Jeon, B., Maeshima, M., et al. (2008).
The ABC transporter AtABCB14 is a malate importer and modulates stomatal
response to CO2. Nat. Cell Biol. 10, 1217-1223. doi: 10.1038/ncb1782

Lei, Z. Y., Zhao, P, Cao, M. J., Cui, R,, Chen, X,, Xiong, L. Z., et al. (2007). High-
throughput binary vectors for plant gene function analysis. J. Integr. Plant Biol.
49, 556-567. doi: 10.1111/j.1672-9072.2007.00442.x

Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme
weather disasters on global crop production. Nature 529, 84-87. doi: 10.1038/
naturel6467

Li, M. Z., and Elledge, S. J. (2005). MAGIC, an in vivo genetic method for the
rapid construction of recombinant DNA molecules. Nat. Genet. 37, 311-319.
doi: 10.1038/ng1505

Lin, Y. J,, and Zhang, Q. (2005). Optimising the tissue culture conditions for
high efficiency transformation of indica rice. Plant Cell Rep. 23, 540-547.
doi: 10.1007/500299-004- 0843- 6

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402-408. doi: 10.1006/meth.2001.1262

Lobell, D. B., and Tebaldi, C. (2014). Getting caught with our plants down: the risks
of a global crop yield slowdown from climate trends in the next two decades.
Environ. Res. Lett. 9, 074003. doi: 10.1088/1748-9326/9/7/074003

Luo, L. J. (2010). Breeding for water-saving and drought-resistance rice (WDR) in
China. J. Exp. Bot. 61, 3509-3517. doi: 10.1093/jxb/erq185

Ma, Y., Szostkiewicz, I, Korte, A., Moes, D., Yang, Y., Christmann, A., et al. (2009).
Regulators of PP2C phosphatase activity function as abscisic acid sensors.
Science 324, 1064-1068. doi: 10.1126/science.1172408

Mao, X. Z., Cai, T, Olyarchuk, J. G, and Wei, L. P. (2005). Automated
genome annotation and pathway identification using the KEGG Orthology
(KO) as a controlled vocabulary. Bioinformatics 21, 3787-3793. doi: 10.1093/
bioinformatics/bti430

Mishiba, K., Nishihara, M., Nakatsuka, T., Abe, Y., Hirano, H., Yokoi, T.,
et al. (2005). Consistent transcriptional silencing of 35S-driven transgenes
in gentian. Plant ]. 44, 541-556. doi: 10.1111/j.1365-313X.2005.
02556.x

Nakashima, K., Fujita, Y., Kanamori, N., Katagiri, T., Umezawa, T., Kidokoro, S.,
et al. (2009). Three Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2,
SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3, involved in ABA signaling are
essential for the control of seed development and dormancy. Plant Cell Physiol.
50, 1345-1363. doi: 10.1093/pcp/pcp083

Rodriguez, R., and Redman, R. (2008). More than 400 million years of
evolution and some plants still can’t make it on their own: plant stress
tolerance via fungal symbiosis. J. Exp. Bot. 59, 1109-1114. doi: 10.1093/jxb/
erm342

Santiago, J., Rodrigues, A., Saez, A., Rubio, S., Antoni, R., Dupeux, F., et al. (2009).
Modulation of drought resistance by the abscisic acid receptor PYL5 through
inhibition of clade A PP2Cs. Plant J. 60, 575-588. doi: 10.1111/j.1365-313X.
2009.03981.x

Sarkar, N. K., Kundnani, P., and Grover, A. (2013). Functional analysis of Hsp70
superfamily proteins of rice (Oryza sativa). Cell Stress Chaperones 18, 427-437.
doi: 10.1007/s12192-012-0395-6

Shamsudin, N. A., Swamy, B. P. M., Ratnam, W., Cruz, M. T. S, Raman, A., and
Kumar, A. (2016a). Marker assisted pyramiding of drought yield QTLs into
a popular Malaysian rice cultivar, MR219. BMC Genet. 17:30. doi: 10.1186/
512863-016-0334-0

Shamsudin, N. A., Swamy, B. P. M., Ratnam, W., Cruz, M. T. S,, Sandhu, N.,
Raman, A. K, et al. (2016b). Pyramiding of drought yield QTLs into a high
quality Malaysian rice cultivar MRQ74 improves yield under reproductive stage
drought. Rice 9, 21. doi: 10.1186/s12284-016-0093-6

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S,, Wang, J. T., Ramage, D.,
et al. (2003). Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/
gr.1239303

Frontiers in Plant Science | www.frontiersin.org

June 2017 | Volume 8 | Article 1102


https://doi.org/10.1093/emboj/20.8.1875
https://doi.org/10.1093/emboj/20.8.1875
https://doi.org/10.1093/jxb/ers313
https://doi.org/10.1111/j.1365-313X.2011.04687.x
https://doi.org/10.1111/j.1365-313X.2011.04687.x
https://doi.org/10.1046/j.1365-313X.1994.6020271.x
https://doi.org/10.1046/j.1365-313X.1994.6020271.x
https://doi.org/10.1073/pnas.0604882103
https://doi.org/10.1146/annurev-arplant-050213-040000
https://doi.org/10.1146/annurev-arplant-050213-040000
https://doi.org/10.1104/pp.16.00860
https://doi.org/10.1104/pp.001354
https://doi.org/10.1105/tpc.005272
https://doi.org/10.3389/fpls.2016.01598
https://doi.org/10.2174/1389202917999160211101417
https://doi.org/10.2174/1389202917999160211101417
https://doi.org/10.1093/jxb/ert397
https://doi.org/10.1111/j.1365-313X.2004.02192.x
https://doi.org/10.1111/j.1365-313X.2004.02125.x
https://doi.org/10.1046/j.1365-313X.2003.016012.x
https://doi.org/10.1111/j.1365-313X.2005.02583.x
https://doi.org/10.1111/j.1365-313X.2005.02583.x
https://doi.org/10.1105/tpc.019943
https://doi.org/10.1111/j.1365-313X.2011.04641.x
https://doi.org/10.1111/j.1399-3054.1985.tb04267.x
https://doi.org/10.1104/pp.010320
https://doi.org/10.1104/pp.16.00379
https://doi.org/10.1038/ncb1782
https://doi.org/10.1111/j.1672-9072.2007.00442.x
https://doi.org/10.1038/nature16467
https://doi.org/10.1038/nature16467
https://doi.org/10.1038/ng1505
https://doi.org/10.1007/s00299-004-0843-6
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1088/1748-9326/9/7/074003
https://doi.org/10.1093/jxb/erq185
https://doi.org/10.1126/science.1172408
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1111/j.1365-313X.2005.02556.x
https://doi.org/10.1111/j.1365-313X.2005.02556.x
https://doi.org/10.1093/pcp/pcp083
https://doi.org/10.1093/jxb/erm342
https://doi.org/10.1093/jxb/erm342
https://doi.org/10.1111/j.1365-313X.2009.03981.x
https://doi.org/10.1111/j.1365-313X.2009.03981.x
https://doi.org/10.1007/s12192-012-0395-6
https://doi.org/10.1186/s12863-016-0334-0
https://doi.org/10.1186/s12863-016-0334-0
https://doi.org/10.1186/s12284-016-0093-6
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Chang et al.

Co-overexpression of OsbZIP46CA1 and SAPK6 Improves Drought Resistance

Shen, H., Zhong, X., Zhao, F., Wang, Y., Yan, B,, Li, Q., et al. (2015). Overexpression
of receptor-like kinase ERECTA improves thermotolerance in rice and tomato.
Nat. Biotechnol. 33, 996-1003. doi: 10.1038/nbt.3321

Snel, B., Lehmann, G., Bork, P., and Huynen, M. A. (2000). STRING: a web-
server to retrieve and display the repeatedly occurring neighbourhood of a gene.
Nucleic Acids Res. 28, 3442-3444. doi: 10.1093/nar/28.18.3442

Soon, F. F,, Ng, L. M., Zhou, X. E., West, G. M., Kovach, A., Tan, M. H,, et al.
(2012). Molecular mimicry regulates ABA signaling by SnRK2 kinases and
PP2C phosphatases. Science 335, 85-88. doi: 10.1126/science.1215106

Southern, E. (2006). Southern blotting. Nat. Protoc. 1, 518-525. doi: 10.1038/nprot.
2006.73

Sun, Q. X, Liy, J,, Li, Y. X,, Zhang, Q., Shan, S. H, Li, X. Z, et al. (2013).
Creation and validation of a widely applicable multiple gene transfer vector
system for stable transformation in plant. Plant Mol. Biol. 83, 391-404.
doi: 10.1007/s11103-013-0096-2

Suzuki, N., Bassil, E., Hamilton, J. S., Inupakutika, M. A., Zandalinas, S. I,
Tripathy, D., et al. (2016). ABA is required for plant acclimation to a
combination of salt and heat stress. PLoS ONE 11:¢0147625. doi: 10.1371/
journal.pone.0147625

Sweeney, M., and McCouch, S. (2007). The complex history of the domestication
of rice. Ann. Bot. 100, 951-957. doi: 10.1093/a0b/mcm128

Tang, N., Ma, S., Zong, W, Yang, N, Lv, Y., Yan, C,, et al. (2016). MODD mediates
deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling
and drought resistance in rice. Plant Cell 28, 2161-2177. doi: 10.1105/tpc.16.
00171

Tang, N., Zhang, H., Li, X, Xiao, J., and Xiong, L. (2012). Constitutive activation
of transcription factor OsbZIP46 improves drought tolerance in rice. Plant
Physiol. 158, 1755-1768. doi: 10.1104/pp.111.190389

Tian, X., Wang, Z., Li, X, Lv, T., Liu, H., Wang, L., et al. (2015). Characterization
and functional analysis of pyrabactin resistance-like abscisic acid receptor
family in rice. Rice (N Y) 8, 28. doi: 10.1186/s12284-015-0061-6

Todaka, D., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2015). Recent advances
in the dissection of drought-stress regulatory networks and strategies for
development of drought-tolerant transgenic rice plants. Front. Plant Sci. 6:84.
doi: 10.3389/fpls.2015.00084

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren,
M. ], et al. (2010). Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 28, 511-515. doi: 10.1038/nbt.1621

Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T., Tanokura, M.,
Shinozaki, K., et al. (2010). Molecular basis of the core regulatory network
in ABA responses: sensing, signaling and transport. Plant Cell Physiol. 51,
1821-1839. doi: 10.1093/pcp/peql56

Umezawa, T., Sugiyama, N., Mizoguchi, M., Hayashi, S., Myouga, F., Yamaguchi-
Shinozaki, K., et al. (2009). Type 2C protein phosphatases directly regulate
abscisic acid-activated protein kinases in Arabidopsis. Proc. Natl. Acad. Sci.
U.S.A. 106, 17588-17593. doi: 10.1073/pnas.0907095106

Umezawa, T., Yoshida, R, Maruyama, K., Yamaguchi-Shinozaki, K., and
Shinozaki, K. (2004). SRK2C, a SNF1-related protein kinase 2, improves
drought tolerance by controlling stress-responsive gene expression in
Arabidopsis thaliana. Proc. Natl. Acad. Sci. US.A. 101, 17306-17311.
doi: 10.1073/pnas.0407758101

Wang, P., Xue, L., Batelli, G., Lee, S., Hou, Y. J., Van Oosten, M. ], et al. (2013).
Quantitative phosphoproteomics identifies SnRK2 protein kinase substrates
and reveals the effectors of abscisic acid action. Proc. Natl. Acad. Sci. U.S.A. 110,
11205-11210. doi: 10.1073/pnas.1308974110

Wang, W., Vinocur, B., Shoseyov, O., and Altman, A. (2004). Role of plant heat-
shock proteins and molecular chaperones in the abiotic stress response. Trends
Plant Sci. 9, 244-252. doi: 10.1016/j.tplants.2004.03.006

Weinhold, A., Kallenbach, M., and Baldwin, I. T. (2013). Progressive 35S promoter
methylation increases rapidly during vegetative development in transgenic

Nicotiana attenuata plants. BMC Plant Biol. 13:99. doi: 10.1186/1471-2229-
13-99

Xiang, Y., Tang, N., Du, H., Ye, H., and Xiong, L. (2008). Characterization of
OsbZIP23 as a key player of the basic leucine zipper transcription factor family
for conferring abscisic acid sensitivity and salinity and drought tolerance in rice.
Plant Physiol. 148, 1938-1952. doi: 10.1104/pp.108.128199

Xiao, B., Huang, Y., Tang, N., and Xiong, L. (2007). Over-expression of a LEA gene
in rice improves drought resistance under the field conditions. Theor. Appl.
Genet. 115, 35-46. doi: 10.1007/s00122-007-0538-9

Xiao, B. Z., Chen, X,, Xiang, C. B., Tang, N., Zhang, Q. F., and Xiong, L. Z.
(2009). Evaluation of seven function-known candidate genes for their effects
on improving drought resistance of transgenic rice under field conditions. Mol.
Plant 2, 73-83. doi: 10.1093/mp/ssn068

Xie, K., and Yang, Y. (2013). RNA-guided genome editing in plants using a
CRISPR-Cas system. Mol. Plant 6, 1975-1983. doi: 10.1093/mp/sst119

Yin, P, Fan, H.,, Hao, Q., Yuan, X. Q., Wu, D, Pang, Y. X,, et al. (2009). Structural
insights into the mechanism of abscisic acid signaling by PYL proteins. Nat.
Struct. Mol. Biol. 16, 1230-1236. doi: 10.1038/nsmb.1730

Yoshida, R., Umezawa, T., Mizoguchi, T., Takahashi, S., Takahashi, F., and
Shinozaki, K. (2006). The regulatory domain of SRK2E/OST1/SnRK2.6
interacts with ABI1 and integrates abscisic acid (ABA) and osmotic stress
signals controlling stomatal closure in Arabidopsis. J. Biol. Chem. 281,
5310-5318. doi: 10.1074/jbc.M509820200

Yoshida, T., Fujita, Y., Sayama, H., Kidokoro, S., Maruyama, K., Mizoi, J.,
et al. (2010). 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 ]. 61, 672-685.
doi: 10.1111/j.1365-313X.2009.04092.x

Yoshida, T., Mogami, J., and Yamaguchi-Shinozaki, K. (2014). ABA-dependent and
ABA-independent signaling in response to osmotic stress in plants. Curr. Opin.
Plant Biol. 21, 133-139. doi: 10.1016/j.pbi.2014.07.009

Yoshimura, K., Masuda, A., Kuwano, M., Yokota, A., and Akashi, K. (2008).
Programmed proteome response for drought avoidance/tolerance in the root
of a C(3) xerophyte (wild watermelon) under water deficits. Plant Cell Physiol.
49, 226-241. doi: 10.1093/pcp/pem180

Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene
ontology analysis for RNA-seq: accounting for selection bias. Genome Biol.
11:R14. doi: 10.1186/gb-2010-11-2-r14

Yu, A, Li, P, Tang, T., Wang, J., Chen, Y., and Liu, L. (2015). Roles of Hsp70s
in stress responses of microorganisms, Plants and Animals. Biomed. Res. Int.
2015:510319. doi: 10.1155/2015/510319

Zhang, X., Wollenweber, B., Jiang, D., Liu, F. L., and Zhao, J. (2008). Water deficits
and heat shock effects on photosynthesis of a transgenic Arabidopsis thaliana
constitutively expressing ABP9, a bZIP transcription factor. J. Exp. Bot. 59,
839-848. doi: 10.1093/jxb/erm364

Zong, W., Tang, N., Yang, J., Peng, L., Ma, S., Xu, Y., et al. (2016). Feedback
regulation of ABA signaling and biosynthesis by a bZIP transcription
factor targets drought-resistance-related genes. Plant Physiol. 171, 2810-2825.
doi: 10.1104/pp.16.00469

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Chang, Nguyen, Xie, Xiao, Tang, Zhu, Mou and Xiong. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

June 2017 | Volume 8 | Article 1102


https://doi.org/10.1038/nbt.3321
https://doi.org/10.1093/nar/28.18.3442
https://doi.org/10.1126/science.1215106
https://doi.org/10.1038/nprot.2006.73
https://doi.org/10.1038/nprot.2006.73
https://doi.org/10.1007/s11103-013-0096-2
https://doi.org/10.1371/journal.pone.0147625
https://doi.org/10.1371/journal.pone.0147625
https://doi.org/10.1093/aob/mcm128
https://doi.org/10.1105/tpc.16.00171
https://doi.org/10.1105/tpc.16.00171
https://doi.org/10.1104/pp.111.190389
https://doi.org/10.1186/s12284-015-0061-6
https://doi.org/10.3389/fpls.2015.00084
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1093/pcp/pcq156
https://doi.org/10.1073/pnas.0907095106
https://doi.org/10.1073/pnas.0407758101
https://doi.org/10.1073/pnas.1308974110
https://doi.org/10.1016/j.tplants.2004.03.006
https://doi.org/10.1186/1471-2229-13-99
https://doi.org/10.1186/1471-2229-13-99
https://doi.org/10.1104/pp.108.128199
https://doi.org/10.1007/s00122-007-0538-9
https://doi.org/10.1093/mp/ssn068
https://doi.org/10.1093/mp/sst119
https://doi.org/10.1038/nsmb.1730
https://doi.org/10.1074/jbc.M509820200
https://doi.org/10.1111/j.1365-313X.2009.04092.x
https://doi.org/10.1016/j.pbi.2014.07.009
https://doi.org/10.1093/pcp/pcm180
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1155/2015/510319
https://doi.org/10.1093/jxb/erm364
https://doi.org/10.1104/pp.16.00469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Co-overexpression of the Constitutively Active Formof OsbZIP46 and ABA-Activated Protein Kinase SAPK6 Improves Drought and Temperature Stress Resistance in Rice
	Introduction
	Materials And Methods
	Generation of Transgenic Rice Plants
	RNA Extraction and Gene Expression Analysis
	Southern Blot Hybridization
	ABA Sensitivity Test of the Transgenic Plants
	Stress Tolerance Testing of Transgenic Rice at the Seedling Stage
	Water Loss Rate Measurement
	Drought Resistance Testing of Transgenic Rice at the Reproductive Stage
	RNA-Seq and Analysis
	Rice Protoplast Transformation and Transcriptional Activity Assay
	Accession Numbers

	Results
	Construction and Validation of the Co-overexpression Transgenic Lines
	Enhanced Drought Resistance of the XL22 Transgenic Plants
	The XL22 Transgenic Lines Showed Improved Heat and Cold Tolerance
	Transcriptome Profiling of the XL22 Transgenic Plants

	Discussion
	Co-overexpression of OsbZIP46CA1 and SAPK6 Enhanced Drought Tolerance
	Co-overexpression of OsbZIP46CA1 and SAPK6 Improves Tolerance to Temperature Stress

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


