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Abstract

MYB-type transcription factors (TFs) play essential roles in plant growth, development and respond to environmental
stresses. Role of MYB-related TFs of rice in drought stress tolerance is not well documented. Here, we report the isolation
and characterization of a novel MYB-related TF, OsMYB48-1, of rice. Expression of OsMYB48-1 was strongly induced by
polyethylene glycol (PEG), abscisic acid (ABA), H,0,, and dehydration, while being slightly induced by high salinity and cold
treatment. The OsMYB48-1 protein was localized in the nucleus with transactivation activity at the C terminus.
Overexpression of OsMYB48-1 in rice significantly improved tolerance to simulated drought and salinity stresses caused by
mannitol, PEG, and NaCl, respectively, and drought stress was caused by drying the soil. In contrast to wild type plants, the
overexpression lines exhibited reduced rate of water loss, lower malondialdehyde (MDA) content and higher proline
content under stress conditions. Moreover, overexpression plants were hypersensitive to ABA at both germination and post-
germination stages and accumulated more endogenous ABA under drought stress conditions. Further studies
demonstrated that overexpression of OsMYB48-1 could regulate the expression of some ABA biosynthesis genes (OsNCED4,
OsNCEDS5), early signaling genes (OsPP2C68, OSRKT1) and late responsive genes (RAB21, OsLEA3, RAB16C and RAB16D) under
drought stress conditions. Collectively, these results suggested that OsMYB48-1 functions as a novel MYB-related TF which
plays a positive role in drought and salinity tolerance by regulating stress-induced ABA synthesis.
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Introduction TFs like MYB, AP2/ERF, NAC, bZIP, and WRKY families act
as the early responders to environmental signals and trigger the

Crop plants are frequently exposed to variable abiotic stresses. expression of stress-induced genes that are important for plants to

Among them, drought is a major stress factor for crop growth and
production. During the long evolutionary history, plants have
evolved various mechanisms to survive in the stress environments,

be tolerant to abiotic stresses [6-8]. In recent years, many
researchers have demonstrated the utilization of TFs in the
engineering of crop plants as a powerful approach for enhanced

tolerance against abiotic stresses. For instance, overexpression of

processes [1]. Abscisic acid (ABA) is such an essential phytohor- AP37, OsNACI10, OsbZIP23 and OsbZIP46 in rice can significantly
mone that regulates various aspects of plant growth and

such as changes in internal molecules, cellular and physiological

improve the tolerance to drought and high-salinity stresses [9-12].

development in response to the abiotic stresses [2]. ABA content MYB is a large TF family in plants. There are over 198 MYB

increases dramatically when plants are exposed to abiotic stresses genes in Arabidopsis and over 183 members in rice [13]. According

such as drought and salinity that triggers the expression of many to the number of imperfect repeats of the SANT (for SWI3,
genes encoding various proteins important for biochemical and ADA2, N-CoR, and TFIIIB) (50-53 amino acids) in DNA-binding

physiological processes [3-5]. These proteins help plants be domains, plant MYB proteins can be classified into three major

tolerant to the stresses that includes late embryogenesis abundant subfamilies: the MYB-related group (one single SANT domain)
(LEA) Proteins, enzymes involved in osmo-protectant synthesis, the R2R3-type group (two SANT domains) and RIR2R3-MYB
protection proteins for plants from oxidative damage, and group (three SANT domains) [13,14]. Over the past decade, it has

signaling proteins, such as the transcription factors (TFs) [2]. been reported that the most of MYB genes, involve in response to
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diverse abiotic stress, belong to the R2R3-type group. For
instance, AtMYB2 functions in the ABA-mediated drought stress
response in Arabidopsis [15]. AtMYBI102 is a key regulatory
component in responses of Arabidopsis to wounding, osmotic stress,
salinity stress and ABA application [16]. In addition, AtMYB96
modulates ABA signaling in response to abiotic stresses in
Arabidopsis [17]. In rice, OsMYB4 was earlier reported to play a
positive role in transgenic Arabidopsis, tomato, and apple to cold
and drought tolerance [18-20]. OsMYB55 was shown to be
involved in tolerance to high temperature through enhanced
amino acid metabolism [21]. In a recent study, molecular
characteristic features of OsMYBZ2 have clearly been indicating
its regulatory role in salt, cold, dehydration tolerance in rice [22].

Compared with R2R3-type MYB genes, few studies of the
MYB-related group genes in abiotic stress response have been
reported in plants. In potato, the single MYB domain TF
StMYBIR-1 has been shown to involve in drought tolerance
through activation of drought-related genes [23]. Overexpression
of a single-repeat MYB TT AmMYBI from grey mangrove confers
salt tolerance in transgenic tobacco [24]. So far, MYBS3 is the
only MYB-related protein in rice, which was reported to be
involved in abiotic stresses, and it is essential for cold stress
tolerance of rice [25]. However, little is known about the role of
MYB-related TFs of rice in drought and salt stress tolerance.

Based on our cDNA microarray data published previously [26],
we isolated a novel rice MYB-related type gene, OsM1B48-1. In
this study, we found that the expression of OsMYB48-1 was
induced by various abiotic stresses. In order to carry out functional
studies on OsMYB48-1 gene and later on to apply it for genetic
engineering of crops, firstly we have developed the transgenic rice
overexpressing OsMYB48-1. Our study clearly indicated that many
ABA-related genes were up-regulated in the OsMYB48-1-overex-
pression plants especially under drought stress and the transgenic
plants had shown improved tolerance to drought and high salinity
stress. All these findings will be utilized for the engineering crops
with drought and salinity tolerance.

Materials and Methods

Plant Growth Conditions and Stress Treatments

To detect the transcription level of OsMYB48-1 under various
abiotic stresses and phytohormone treatment, seeds of Nipponbare
(0. sativa L. ssp. japonica) were sterilized in 75% ethanol for 2 min
and in 20% NaClO for 30 min, and washed with sterile water
thoroughly. The sterilized seeds were germinated at 37°C for 2 d
and grown hydroponically with Hoagland solution in growth
chamber (28°C/25°C (day/night) with a 12 h photoperiod).
Three-week-old seedlings were treated with stress including
dehydration stress (the intact seedlings were exposed in the air
without water supply), high osmotic pressure using 20% (w/v)
polyethylene glycol (PEG) 6000 solution, salinity stress using
150 mM NaCl solution, cold exposure at 4°C, oxidative stress
using 1 mM HyOy solution, and hormone treatment using
100 mM ABA solution followed by sampling in a pre-determined
time manner. Total RNA was extracted from leaves and used for
further analysis.

RNA Isolation and qRT-PCR Analysis

Total RNA was isolated from the rice leaves using RNAiso Plus
(TaKaRa, Dalian, China) according to the manufacturer’s
instructions. The DNase-treated RNA was reverse-transcribed
mto first-strand c¢cDNA with M-MLV reverse transcriptase
(TaKaRa, Dalian, China) according to the manufacturer’s
instructions. A fivefold dilution of the resultant 1** strand cDNA
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was used as template for PCR. Quantitative real-time PCR (qRT-
PCR) was performed according to described previously [27]. The
rice Actin gene was used as the endogenous control for data
normalization. Each analysis was repeated at three times. All the
primers were listed in Table S1.

Sequence Analysis

The homolog genes of OsM1B48-1 were searched through
BLAST database (http://www.ncbi.nlm.nih.gov/BLAST/). The
phylogenetic tree was constructed in MEGAD software based on
neighbor-joining method. Numbers indicate percentage values
after 1000 replications. The multiple sequence alignment was
performed with ClustalW. We searched the promoter sequence
(2,000 bp upstream from the transcription start site) against the
PLACE database (http://www.dna.affrc.go.jp/PLACE/
signalscan.html) to detect the cis-acting elements for reveal the
regulatory roles of OsMYB48-1.

Plasmid Construction and Plant Transformation

To generate OsM1B48-1 overexpression plants, the full-length
coding region of OsMYB48-1 was amplified from the first-strand
cDNA of Nipponbare using gene-specific primer pairs and cloned
into the Asc I and Pac I sites of binary expression vector PMDC32
under the control of double Cauliflower Mosaic virus (CaMV) 358
promoter. The resultant construct was transformed into Agrobacter-
wm tumefaciens EH105 and then transformed into Nipponbare by
Agrobacterium-mediated transformation method [28]. The trans-
genic plants were selected in 1/2 MS medium containing 50 mg/
L hygromycin (Roche, Germany).

To generate the RNA interference (RNAi) plants, the 462 bp
cDNA sequence was amplified and cloned into the Apn I and
BamH 1 and then Spe I and Sac I sites of the pTCK303 vector as
described previously [29]. Plant transformation protocols were
taken as described above.

Subcellular Localization and Transactivation Assay

To determine its subcellular localization, the whole OsMYB48-1
coding region without stop codon was amplified and sub-cloned
into the binary vector PMDC83, to produce OsMYB48-1-GIP
fusion construct driven by CaMV 35S promoter. The recombinant
constructs and free GFP were introduced into onion (Allum cepa)
epidermal cells, performed with a model PDS-1000/He Biolistic
particle delivery system (Bio-Rad, CO, USA). After incubation at
25°C for 24 h, the green fluorescence signal was observed using a
confocal laser scanning microscope LSM510 Meta (Carl Zeiss;
http://www.zeiss.com/) with an argon laser excitation wavelength
(488 nm).

The transactivation experiment was carried out according to the
manual of Yeast Protocols Handbook (Clontech). The full length
coding region and truncated fragments of OsMYB48-1 generated
by PCR amplification were fused in frame to the GAL4 DNA
binding domain in the vector of pGBKT?7 (Invitrogen). pGBK'T7
was used as a negative control, while the pGBK'T7-53 was used as
a positive control. These constructs were transformed into Yeast
strain AH109 by the Lithium acetate-method. The transformed
yeast strains were screened on the selective medium plates without
Tryptophan (SD/—Trp), and cultured at 30°C for 2 d. The PCR-
verified positive strains were transferred to SD medium lacking
Tryptophan/Histidine/Adenine (SD/—Trp/—His/—Ade) and
cultured for 2 d, and the w viwo agar plate assay (x-o-gal in
medium) was performed to analyze the transactivation activities.
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Evaluation of Transgenic Plants in Response to Various
Stresses

The seeds of OsMYB48-1 overexpression lines and the wild type
(WT) were germinated in 1/2 MS medium for various stress
evaluations. For osmotic and high salinity treatment, the 3 d
seedlings of both transgenic and W'T plants (10 plants each repeat,
3 repeats) were transplanted to normal 1/2 MS medium, and 1/2
MS medium containing 200 mM mannitol and 150 mM NaCl,
respectively. After 10 d at 28°C/25°C (day/night) with a 12 h
photoperiod, shoot height and fresh weight of each line and WT
were measured.

For dehydration treatment, three-week-old seedlings of both the
OsMYB48-1 transgenic and W'T plants were grown hydroponically
in bottom removed 96-well plates using Hoagland solution
containing 20% (w/v) PEG6000 for 3 d. Then, the stressed plants
were recovered in normal Hoagland solution for 10 d. Survival
rates of each line and WT were investigated.

For drought treatment, 20 seedlings of the transgenic and WT
in each flowerpot at 140 mm diameter x 160 mm deep filled with
well forest soil and vermiculite (1:1) were grown for one month.
After creating drought-stress by not watering for 7 days under
outdoor conditions, the seedlings were followed by recovery with
water supply for the next 10 days. Plants were regarded as
survivals if there were green and healthy young leaves after re-
watering treatment. Survival rate was calculated as the ratio of
number of survived plants over the total number of treated plants
in a flowerpot. The representative plants of the transgenic and W'T
were photographed before and after the drought treatments. Each
stress test was repeated at three times.

Water Loss Assay and Quantification of Malondialdehyde
(MDA) and Proline

To detect the rate of water loss under dehydration conditions,
the leaves of the transgenic and W'T plants grown under normal
growth conditions for three weeks were detached and weighed
immediately as the initial weight. The samples were placed on a
laboratory bench at room temperature and weighed at the pre-
determined time intervals. The rate of water loss was calculated on
the basis of the initial weight of the leaves [27]. Ten plants of each
transgenic and WT line were used in this assay, and three
replicates were made for each line.

The malondialdehyde (MDA) content was measured following
the methods described by Duan et al [27]. Free proline content
was determined according to the methods used by Bates et al [30]
and Song et al [31].

ABA Sensitivity Test

The sensitivity of seed germination to ABA was assayed in 1/2
MS medium with ABA. Seeds of the transgenic and WT were
germinated n 1/2 MS medium (30 seeds each, 3 repeats)
containing four concentrations of ABA (0, 2, 3 and 5 uM) and the
germination rates were recorded after 7 d.

To test the ABA sensitivity at post-germination stage, the
transgenic and WT were germinated in normal 1/2 MS medium
plates. The seedlings (about 3 days, 10 plants each, and 3 repeats)
were transferred to 1/2 MS medium containing 0 pM and 3 pM
ABA. Plant height and fresh weight of each seedling were
measured after 10 d of the ABA treatment in a greenhouse at 28/
25°C (day/night) with a 12 h photoperiod.

Endogenous ABA Content Assay
Fresh leaves (0.2 g) from both the normal and drought stressed
(without water for 5 d) plants were ground in an ice-cooled
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mortar, and homogenized in 4 mL 80% methanol containing
I mM butylated hydroxytoluence as an antioxidant. The extract
was incubated at 4°C for 4 h and centrifuged at 4,000 g for
20 min. The supernatant was passed through a Sep-Pak C18
cartridge (Waters Corp. Milford, MA), and prepared for
endogenous ABA determination using enzyme-linked immuno-
sorbent assay (ELISA) as described previously [32]. Each data
point was the average value of three replicates.

Accession Numbers

Sequence data from this article can be found with the following
accession numbers in the GenBank databases: Actin (AK100267),
NCED4 (AK11978), NCEDS5 (AY838901), OsPP2C68 (AK063334),
OSRK1 (AB125307), RAB21 (AK121952), LEA3 (AK119713),
RABI16C (AKO071366), RAB16D (AK109096), P5CSI (AK102633)
and P5CS2 (AK069425).

Results

Isolation and Characterization of OsMYB48-1

Based on our previous work of rice expression profiling under
water stress using a cDNA microarray, an EST showing increased
expression level after water stress was identified [26]. The EST
showed homology to known MYB genes. Two transcripts that
resulted from alternative splicing were identified from the
Gramene database, designated as OsM1B48-1 and OsMYB48-2
(with locus name LOC_Os01g74410.2 and LOC_Os01g74410.1).
OsMYB48-1 misses the first R region, and encodes a single MYB-
like domain TF, while OsMYB48-2 encodes a R2R3 type MYB
TF. Here, we first introduce the isolation and characterization of
OsMYB48-1. The gene comprises 1583 bp nucleotides with a
633 bp open reading frame, 494 bp 5" UTR, 456 bp 3’ UTR, and
without intron. It encodes a putative protein of 211 amino acids
with a calculated molecular mass of 24.0 kD and a pl of 6.7855.
Amino acid analysis revealed that the OsMYB48-1 is a MYB-
related type protein with one single conserved SANT domain at
the N terminus between 45 and 90 amino acids.

The phylogenetic tree based on the amino acid sequences of
plant MYB proteins indicated that the OsMYB48-1 amino acid
sequence showed high similarity with other MYB proteins,
including AtMYB48 and AtMYB59 in Arabidopsis, OsMYB146
and OsMYB154 in rice (Fig. S1), indicating the possibility of
functional conservation between them.

Sequences of various putative stress response-related cis-acting
elements were identified in the promoter region of OsMYB48-1,
such as MYB, MYC recognition site, W-box element, RAV and
GCC-box element, and so on. The predicted functions and
frequencies of these cis-acting elements were summarized in Table
S2. Such an enriched presence of stress response-related cis-acting
elements may suggest a critical role of OsMYB48-1 in stress
tolerance.

OsMYB48-1 Expresses in Various Tissues and is Induced
by Different Stresses

Tissue specificity may be associated with specific biological
functions. We characterized the expression patterns of OsMYB48-1
with gqRT-PCR in various organs at seedling stage and productive
stages. As shown in Figure 1A, OsMYB48-1 was expressed in
various tissues, including root, stem, sheath, leaf and panicle, but
mainly expressed in roots at both seedling stage and reproductive
stage, whereas was lowly expressed in sheath at seedling stage.

As described above, the promoter region of OsMYB48-1
comprises of several stress response-related cis-elements. The
results of inducible expression analysis showed that OsMYB48-1
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was strongly induced by PEG, HyO,, ABA, and dchydration, and
slightly induced by NaCl and cold treatment (Fig. 1B). It suggested
that OsMYB48-1 may be involved in response to multiple abiotic
stresses.

Nucleus Localization and Transactivation Activity of

OsMYB48-1

As predicted that OsMYB48-1 is a TF, a nuclear localization
signal was detected in OsMYB48-1-GFP transformed cell, while
the free GFP showed ubiquitous distribution of signal in the whole
cell (Fig. 2A), implying the role of OsMYB48-1 as a nuclear
localized protein. To check if OsMYB48-1 has transactivation
activity, the full length coding region and a series of truncated
fragments of OsMYB48-1 were constructed to the pGBKT7 vector
and transformed into yeast. In wviwo plate assay showed that
OsMYB48-1 has transcriptional activity, and serial deletion in the
N-terminal region from the start to the position of 174 aa did not
affect the activation (Fig. 2B). These results confirmed that
OsMYB48-1 is a transcription activator, and the C-terminal has
transactivation activity.
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As described above, the expression of OsM1B48-1 was induced
by multiple abiotic stresses suggesting that OsMYB48-1 may play a
positive role in the regulation of stress tolerance. To confirm this,
ten transgenic lines with overexpression of OsM1B48-1 were
obtained. We also obtained six RNAI transgenic lines, but the
expression level of OsMYB48-1 in all these lines showed no obvious
decrease (Fig. S2). Therefore, just overexpression lines (T3, T6,
and T10) with normal morphology (Fig. S3) were selected to
further study the physiological function of OsMYB48-1.

Under high osmotic stress conditions caused by mannitol
treatment, the transgenic plants showed less growth inhibition
than WT (Fig. 3A). Overexpression lines showed significantly
lesser suppression of relative shoot growth (63.83% to 76.45% of
normal growth) than WT (only about 58.72% of the normal
growth), and also lesser suppression of relative fresh weight (88.8%
to 96.57% of normal growth) than W'T' (only about 76.93% of the
normal growth) (Fig. 3B).

Considering the cross-talk between the drought and high
salinity response pathway [33], the performance of OsMYB48-1
overexpression lines on high salinity stress was also determined.
The results revealed that the transgenic plants exhibited lesser
growth inhibition than WT (Fig. 3C), resulting from the
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significantly higher relative shoot growth (29.25%-42.57%) and
relative plant fresh weight (40.25%-47.87%) of the overexpression
lines than that of WT (27.67% and 31.13%, respectively) (Fig. 3D).

Under PEG treatment that mimics the physiological dehydra-
tion stress condition, the transgenic plants had shown higher
survival rate in the range of 83.33 to 100% as compared to WT
with only 53.33% to 63.33% (Fig. 4A, C).

PLOS ONE | www.plosone.org

Likewise, under soil drought stress conditions caused by not
watering, the transgenic plants had showed significantly higher
survival rate in the range of 21.67 to 100% as compared to WT
plants with 6.67 to 28.33%. (Fig. 4B, D).

Overexpression of OsM1B48-1 showed significant increase for
drought and salinity tolerance in rice based on the above findings.
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Physiological and Biochemical Changes in OsMYB48-1
Overexpression Plants

Rate of water loss in detached leaves is an important trait to
detect drought tolerance and the transgenic plants showed a lower
rate of water loss as compared to WT (Fig. 5A), indicating
OsMYB48-1 gene’s possible role in reducing water loss especially
under drought stress conditions.

Under abiotic stressed conditions, ROS gets accumulated in
plant tissues leading to oxidative damage, as indicated by the
membrane lipid peroxidation. Malondialdehyde (MDA) is a lipid
peroxidation product and serves as a biomarker for membrane
lipid peroxidation. As shown in Figure 5B, drought stress
conditions enhanced MDA production in the leaves of both
transgenic and WT plants, however it was significantly lower in
the transgenic overexpression plants (6.8-8.1 pg/g) as compared
to WT (10.11 pg/g). These results suggested that transgenic lines

Overexpressing OsMYB48-1 Confers Drought Tolerance

overexpressing OsMYB48-1 exhibited less oxidative damage under
drought stress conditions.

Accumulation of proline to counteract the effects of osmotic
stress is a common adaptive mechanism for plant responses to
stress conditions [22]. Proline content increased under stressed
conditions in both transgenic plants and WT, however, it was
significantly higher in transgenic plants (701-884 pg/g) as
compared to WT (581 pg/g) (Fig. 5C). Consequently, we detected
the transcription levels of two proline biosynthesis genes, OsP5CS!
and OsP5CS2 in transgenic plants and WT. As shown in Figure 5D,
the expression levels showed non-significant differences between
the transgenic plants and WT under normal growth conditions.
However, it was significantly higher in the transgenic plants than
WT wunder drought stress conditions. These results clearly
indicated that the overexpression of OsMYB48-1 could increase
the production of proline by regulating proline biosynthesis genes
in rice especially under drought stress conditions.
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Figure 5. Physiological and biochemical changes in OsMYB48-1 overexpression plants. (A) Rate of water loss in detached leaves cut from
the OsMYB48-1 transgenic and WT plants under normal conditions. Values are means = SE (n=10). (B) MDA contents. (C) Free proline contents. The
MDA and free proline contents were measured in the leaves of two month old plants under natural condition and separately after creating drought
treatment conditions by withholding water to plants for 5 d. Values are means = SE (n=4). FW, fresh weight. * and ** indicate significant difference
at P<0.05 and P<0.01. (D) Expression of drought stress responsive genes in OsMYB48-1 transgenic plants and WT. The gRT-PCR analysis was
performed with total RNA from OsMYB48-1 transgenic plants and WT under normal or drought stress treatment (withholding water for 5 d). Values
are means * SE (n=3). * and ** indicate significant difference at P<<0.05 and P<<0.01 probability, respectively.
doi:10.1371/journal.pone.0092913.9005
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Figure 6. ABA hypersensitivity of OsMYB48-1 overexpression plants. (A) Germination performance of OsMYB48-1-overexpression and WT
seeds on 1/2 MS medium containing 0, 2, 3, or 5 utM/L ABA measured at 10 d after initiation. (B) Calculation of the germination rates of transgenic
and WT seeds. Values are means = SE (n=3). (C) Performance of the OsMYB48-1 overexpression plants and WT in 1/2 MS medium containing 3 pM/L
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SE based on 30 seedlings. Values are means = SE. * and ** indicate significant difference at P<<0.05 and P<0.01 probability, respectively.

doi:10.1371/journal.pone.0092913.g006

Increased ABA Sensitivity of OsMYB48-1 Overexpression
Plants

Since the expression of OsM1B48-1 was induced by ABA, we
had investigated the exogenous ABA sensitivity of transgenic
plants at germination stage. Results showed non-significant
differences in germination rates between the overexpression lines

PLOS ONE | www.plosone.org

and WT at 0 uM ABA, however, it was significantly lower in the
transgenics as compared to W at 2, 3 and 5 uM ABA (Fig. 6A,
B). The results suggested that OsMYB48-1 overexpression plants
were hypersensitive to ABA than WT at the germination stage.
Hypersensitivity response of OsM1B48-1 overexpression plants
to exogenous ABA was also investigated at the post-germination
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doi:10.1371/journal.pone.0092913.9007

stage. OsMYB48-1-overexpression lines had significantly (P<<0.05)
more suppression of fresh shoot growth (20.78% to 25.87% of
normal growth) and fresh weight growth (33.75% to 42.21% of
normal growth) than that of WT (29.78% and 44.84% of the
normal growth, respectively) on the ABA treatments (Fig. 6C, D).
Overexpression of OsMYB48-1 could increase exogenous ABA
sensitivity at post-germination stages as observed by the results.

Endogenous ABA Accumulation and the Expression of
ABA-related Genes in OsMYB48-1overexpression Plants

Enhanced drought tolerance and hypersensitive response of
OsMYB48-1 overexpression plants to exogenous ABA application
necessitates the determination of endogenous ABA content both in
the transgenic and W'T plants. Transgenic and WT plants showed
non-significant differences for endogenous ABA content under
normal growth conditions, however, it was significantly higher in
transgenic seedlings (170-182 ng/g) than the WT (161 ng/g)
(Fig. 7A), indicating the role of OsMYB48-1 in regulating ABA
synthesis under drought stress conditions.

Since the transgenic plants were sensitive to exogenous ABA
and accumulated more endogenous ABA under drought stress
conditions, the transcription levels of some ABA biosynthesis and
signaling genes were analyzed. As shown in Figure 7B, the
transcript levels of two ABA biosynthesis genes, OsNCED4 and
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OsNCEDS in both the transgenic plants and WT were clearly up-
regulated by drought stress, while the expression levels of these
genes were clearly higher in OsMYB48-1 overexpression lines as
compared to WT. As shown in Fig. 7C, two early ABA signaling
genes, OsPP2C68 and OSRKI, showed much higher expression
levels in transgenic plants than that in WT under drought stress
conditions. The expression levels of four well-documented ABA
late responsive genes, RAB21, OsLEA3, RAB16C and RABI6D,
showed non-significant differences between the transgenic plants
and WT under normal growth conditions. However, under
drought stress conditions significant differences were observed
for higher expression levels of these genes in transgenic plants as
compared to WT were detected (Fig. 7D). Together, these data
suggested that OsMYB48-1 play an important role in drought
stress-induced ABA-biosynthesis through regulating the expression
of ABA-biosynthesis genes, such as OsNCED4 and OsNCEDS,
consequently, regulating early ABA signaling genes, such as
OsPP2C68 and OSRK1, and late responsive genes, such as RAB21,
OsLEA3, RABI6C and RABI6D.
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Discussion

OsMYB48-1, a Novel MYB-related TF of Rice in Abiotic

Stress Tolerance

The identification of some MYB TFs in rice and their roles in
abiotic stress response has been reported recently [20,22,34],
however, our results indicated that OsMYB48-1 to have unique
features as compared to other MYB members in rice.

The expression of OsMYB48-1 was found to be tissue specific
that showed highest expression levels in roots at both seedling and
reproductive stages, followed by leaves and sheath at reproductive
stages. However, OsMYB2 was detected to have a greatest
expression levels in leaves, followed by roots and shoots [22].
The highest level of transcripts of OsMYB3R-2 was found in young
stems while the lowest was in spikes [34]. Differential tissue
expression patterns of OsMYB48-1 in comparison to other MYB
genes involved in abiotic stress tolerance indicates a possibility of
different role for it.

The expression profiles of OsMYB48-1 under abiotic stress
treatments were much different from those of Osmyb4, OsMYB2,
and OsMYB3R-2, which were reported to be involved in drought
tolerance in rice. In contrast, the expression of OsMYB2 was
significantly induced by salt, cold, and PEG treatments [22].
OsMYB3R-2 was induced by cold, drought, and salt stress [35].
The expression of Osmyb4 in rice was only induced by cold but not
by other stresses [20]. Our results showed that the expression of
OsMYB48-1 was strongly induced by PEG, HyO,, ABA, and
dehydration treatments, while slightly induced by salt and cold
treatments. Therefore, based on the specific stress inductive
patterns of OsMYB48-1 as compared to other MYB proteins
suggest it to play a special role in response to abiotic stresses in
rice.
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Moreover, four single MYB-like domain proteins in rice have
been functionally studied. OsMYBSI, OsMYBS2 and OsMYBS3
mediate o-amylase gene expression [36], and OsMYBS3 plays a
role in cold tolerance in rice [25]. OsAIDI involves in spikelet
sterility [37]. To our knowledge, it is the first report that MYB-
related type TF, OsMYB48-1, involved in drought and salt
tolerance in rice. Placing all the results together we could deduce
OsMYB48-1 to be a novel MYB-related TF of rice for abiotic
stress tolerance.

Positive Effect of OsMYB48-1 in Drought and Salt Stress
Tolerance

Growth retardation has been frequently observed in rice plants
overexpressing stress-responsive TFs, such as OsDREBIA, Os-
DREBIB, OsWREKY89 and OsNAC6 in rice [38-40]. However, the
overexpression plants of OsMYB48-1 showed no obvious pheno-
typic changes from that of the WT under normal growth
conditions. Overexpression of OsMYB48-1 in rice resulted in
increased sensitivity to exogenous ABA at both germination and
post-germination stages and accumulated more endogenous ABA
content under drought stress conditions, suggesting OsM1B48-1 to
possibly play an important role in ABA-signaling transduction
pathway. It has been widely accepted that a positive regulator of
ABA signaling could play a positive role in the stress tolerance of
plants. Consequently, transgenic plants overexpressing OsM1B48-
1 showed improved growth performance under simulated drought
stress conditions created by mannitol and PEG treatments, and
also under dry soil conditions with enhanced survival rate.
Interestingly, OsMYB48-1 was only slightly up-regulated by high
salinity, overexpression plants showed tolerance to salt stress,
which suggested that OsMYB48-1 may be involved in salt stress
tolerance through a cross-talk between drought and high salinity
stress response pathway. Overall, OsMYB48-1 overexpression
plants demonstrated improved drought and salt tolerance besides
possessing an unaltered phenotype under normal conditions in
comparison to WT implies the usefulness of OsMYB48-1 in genetic
improvement of abiotic stress tolerance in rice.

Possible Mechanisms for the Drought Tolerance of

OsMYB48-1 Overexpression Plants

ABA plays a key role in abiotic stress response. In response to
abiotic stresses, transgenic plants overexpressing some ABA
biosynthesis-related genes increased ABA content dramatically to
cope with the stress, such as transgenic cottons overexpressing
AtLOS5 [41], transgenic Arabidopsis overexpressing OsNCED3 [42].
Here, we identified that the expression of OsMYB48-1 could be
induced by exogenous ABA, and OsMYB48-1 overexpression
plants showed hypersensitivity to exogenous ABA. Accumulation
of the endogenous ABA content in transgenic plants was higher
than in WT to confer drought tolerance, implicating OsMYB48-1
possible role in stress-induced ABA accumulation. The expression
of 9-¢is epoxycarotenoid dioxygenase (NCED) is generally consid-
ered to be the rate-limiting step among all the steps of drought
stress-induced ABA biosynthesis pathway [43]. Expression levels of
rice NCED genes in transgenic plants and WT under normal and
drought stress conditions were comprehensively studied by us.
Results showed similar low expression levels of OsNCED4 and
OsNCED) in transgenic plants and WT under normal conditions
which suggested OsM1B48-1 alone may not be sufficient to
regulate the ABA biosynthesis. However, the high expression levels
of OsNCED4 and OsNCEDS in transgenic plants under drought
stress conditions clearly suggested that OsMYB48-1 possible role in
stress-induced ABA-biosynthesis along with additional factors.
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The increased endogenous ABA levels in response to drought
stress results in further modifying the expression of many stress-
responsive genes [41], we also detected the expression levels of
some early ABA signaling genes and late ABA-responsive genes in
the transgenic plants and WT under normal and drought stress
conditions. OsPP2C68 encodes a protein phosphatase 2C, which
plays a prime role in ABA-mediated signaling network related to
stress responses [44]. OSRKI1 encodes a protein kinase of SnRK?2
family, which is associated with ABA signaling [45]. Under
drought stress conditions, OsPP2C68 and OSRKT had higher
expression levels in the transgenic plants than that in WT. Four
LEA genes, RAB21, OsLEA3, RABI16C and RABI6D have been
reported to be marker genes in ABA-dependent stress response
way [12,46,47]. We identified upon drought stress, the expression
levels of these genes were significantly higher in the transgenic
plants than WT. Overall the results suggested that the overex-
pression of OsMYB48-1 had further induced ABA synthesis in
transgenic plants under drought stress conditions, thus, leading to
increased expression levels of ABA signaling and -responsive
genes.

Proline acts as one of the most common osmolytes in plants.
The step catalyzed by enzyme pyrroline-5-carboxylate synthase
(P5CS) is the key step in proline synthesis [48]. Overexpression of
a P5CS gene in tobacco (Nicotiana tabacum) demonstrated the causal
relationship between proline synthesis and tolerance of drought
and salt stress [49]. A greater accumulation of free proline was
found in the OsMYB48-1 overexpression plants than that in WT
under drought stress conditions. Meanwhile, higher expression
levels of OsP5CS1 and OsP5CS2 were detected in the transgenic
plants as compared to WT under drought stress conditions. These
results suggested that the accumulated proline might be seen as a
response of OsMYB48-1 transgenic plants towards abiotic stresses.

Furthermore, the transgenic plants overexpressing drought-
tolerance related genes showed slower rate of water loss under
dehydration conditions, as observed in transgenic Arabidopsis
overexpressing TaM1B30-B [50] and OsMYB3R-2 [34] and
transgenic rice overexpressing OsbZIP23 [12] and OsMIOX [27].
Based on the earlier reports, overexpression of OsMYB48-1
transgenic rice had showed lower rate of water loss and improved
drought tolerance in comparison to WT indicating the vital role of
OsMYB48-1 in protecting water loss especially under drought
stress conditions.

We tried to summarize all the results obtained into a model to
explain the potential role of OsMYB48-1 in regulating drought
stress tolerance in rice (Fig. 8). In conclusion, this study isolated
and characterized a novel MYB-related type TF OsMYB48-1,

References

1. Hou X, Xie K, Yao J, Qi Z, Xiong L (2009) A homolog of human ski-interacting
protein in rice positively regulates cell viability and stress tolerance. Proc Natl
Acad Sci U S A 106: 6410-6415.

2. Fujita Y, Fujita M, Shinozaki K, Yamaguchi-Shinozaki K (2011) ABA-mediated
transcriptional regulation in response to osmotic stress in plants. J Plant Res 124:
509-525.

3. Finkelstein RR, Gampala SSL, Rock CD (2002) Abscisic acid signaling in seeds
and seedlings. Plant Cell 14: S15-S45.

4. Wang ZY, Xiong L, Li W, Zhu JK, Zhu J (2011) The plant cuticle is required for
osmotic stress regulation of abscisic acid biosynthesis and osmotic stress tolerance
in Arabidopsis. Plant Cell 23: 1971-1984.

5. Yamaguchi-Shinozaki K, Shinozaki K (2006) Transcriptional regulatory
networks in cellular responses and tolerance to dehydration and cold stresses.
Annu Rev Plant Biol 57: 781-803.

6. Hu H, You J, Fang Y, Zhu X, Qi Z, et al. (2008) Characterization of
transcription factor gene SNAC2 conferring cold and salt tolerance in rice. Plant
Mol Biol 67: 169-181.

7. Huang GT, Ma SL, Bai LP, Zhang L., Ma H, et al. (2012) Signal transduction
during cold, salt, and drought stresses in plants. Mol Biol Rep 39: 969-987.

PLOS ONE | www.plosone.org

12

Overexpressing OsMYB48-1 Confers Drought Tolerance

which regulates the expression of ABA synthesis genes thus leading
to increased endogenous ABA accumulation under drought stress
conditions. Moreover, overexpression of OsMYB48-1 increased
LEA protein and proline content while reduced rate of water loss
in transgenic plants to confer drought tolerance. In addition, the
overexpression of OsMYB48-1 did not alter the phenotypes of the
transgenic plants carrying them. Therefore, we like to conclude
that OsMYB48-1 may be an effective gene for improving drought
and salinity tolerance in rice.

Supporting Information

Figure S1 Protein sequence analysis of OsMYB48-1. (A)
Phylogenetic tree of the MYB members in Arabidopsis and rice.
The phylogenetic tree was constructed in MEGAD software based
on neighbor-joining method. Numbers indicate percentage values
after 1000 replications. (B) Multiple sequence alignment of
OsMYB48-1, OsMYB146, OsMYB154, AtMYB48, AtMYB59
with  DNAMAN software. Conserved SANT DNA-binding
domain is indicated by red boxes.

(TIF)

Figure S2 RNA interference of OsMYB438-1. (A) RNAi
construct of OsMYB48-1 for rice transformation. (B) Expression
level of OsMYB48-1 in RNAIi transgenic lines analyzed by qRT-
PCR.
(TIF)

Figure 83 Overexpression of OsMYB48-1. (A) Overexpres-
sion construct of OsMYB48-1 for rice transformation. (B) The
expression level of OsMYB48-1 in WT and overexpression
transgenic lines analyzed by qRT-PCR. Transgenic lines T3,
T6, T10 showed the highest expression level, were selected for
further study.

(T1TE)
Table S1 Primer sequences used in this study.

(DOCX)

Table S2 Potential stress-related cis-elements in the
promoter of OsMYB48-1.
(DOCX)

Author Contributions

Conceived and designed the experiments: ZCL JJL HLZ JA. Performed
the experiments: HYX PLL JZD YZ XG YL. Analyzed the data: HYX
JJL. Contributed reagents/materials/analysis tools: ZCL JA. Wrote the
paper: HYX JJL ZCL.

8. Singh K, Foley R, Onate-Sanchez L (2002) Transcription factors in plant
defense and stress responses. Curr Opin Plant Biol 5: 430-436.

9. Jeong JS, Kim YS, Baek KH, Jung H, Ha S-H, et al. (2010) Root-specific
expression of OsNAC10 improves drought tolerance and grain yield in rice under
field drought conditions. Plant Physiol 153: 185-197.

. Oh S-J, Kim YS, Kwon C-W, Park HK, Jeong JS, et al. (2009) Overexpression
of the transcription factor AP37 in rice improves grain yield under drought
conditions. Plant Physiol 150: 1368-1379.

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

. Xiang Y, Tang N, Du H, Ye H, Xiong L (2008) Characterization of OshZIP23
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.

. ChenY, Yang X, He K, Liu M, Li]J, et al. (2006) The MYB transcription factor
superfamily of Arabidopsis: expression analysis and phylogenetic comparison
with the rice MYB family. Plant Mol Biol 60: 107-124.

March 2014 | Volume 9 | Issue 3 | €92913



20.

21.

22.

23.

26.

27.

28.

32.

. Du H, Zhang L, Liu L, Tang X-F, Yang W-J, et al. (2009) Biochemical and

molecular characterization of plant MYB transcription factor family. Biochem-
istry (Moscow) 74: 1-11.

. Abe H, Urao T, Ito T, Seki M, Shinozaki K, et al. (2003) Arabidopsis AIMYC2

(bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic
acid signaling. Plant Cell 15: 63-78.

. Denckamp M (2003) Integration of wounding and osmotic stress signals

determines the expression of the AtMYBI102 transcription factor gene. Plant
Physiol 132: 1415-1423.

Seo PJ, Xiang F, Qiao M, Park JY, Lee YN, et al. (2009) The MYB96
transcription factor mediates abscisic acid signaling during drought stress
response in Arabidopsis. Plant Physiol 151: 275-289.

. Pasquali G, Biricolti S, Locatelli F, Baldoni E, Mattana M (2008) Osmyb4

expression improves adaptive responses to drought and cold stress in transgenic
apples. Plant Cell Rep 27: 1677-1686.

. Vannini C, Campa M, Iriti M, Genga A, Faoro F, et al. (2007) Evaluation of

transgenic tomato plants ectopically expressing the rice Osmyb4 gene. Plant Sci
173: 231-239.

Vannini C, Locatelli F, Bracale M, Magnani E, Marsoni M, et al. (2004)
Opverexpression of the rice Osmyb4 gene increases chilling and freezing tolerance
of Arabidopsis thaliana plants. Plant J 37: 115-127.

El-Kereamy A, Bi YM, Ranathunge K, Beatty PH, Good AG, et al. (2012) The
rice R2R3-MYB transcription factor OsMYB55 is involved in the tolerance to
high temperature and modulates amino acid metabolism. PLoS One 7: €52030.
Yang A, Dai X, Zhang W-H (2012) A R2R3-type MYB gene, OsMYB2, is
involved in salt, cold, and dehydration tolerance in rice. J Exp Bot 63: 2541~
2556.

Shin D, Moon SJ, Han S, Kim BG, Park SR, et al. (2011) Expression of
SIMYBIR-1, a novel potato single MYB-like domain transcription factor,
increases drought tolerance. Plant Physiol 155: 421-432.

. Ganesan G, Sankararamasubramanian HM, Harikrishnan M, Ashwin G, Parida

A (2012) A MYB transcription factor from the grey mangrove is induced by
stress and confers NaCl tolerance in tobacco. J Exp Bot 63: 4549-4561.

Su CF, Wang YC, Hsieh TH, Lu CA, Tseng TH, et al. (2010) A novel MYBS3-
dependent pathway confers cold tolerance in rice. Plant Physiol 153: 145-158.
Wang H, Zhang H, Gao F, Li J, Li Z (2007) Comparison of gene expression
between upland and lowland rice cultivars under water stress using cDNA
microarray. Theor Appl Genet 115: 1109-1126.

Duan J, Zhang M, Zhang H, Xiong H, Liu P, et al. (2012) OsMIOX, a myo-
inositol oxygenase gene, improves drought tolerance through scavenging of
reactive oxygen species in rice (Orza sativa L.). Plant Sci 196: 143-151.

Hiei Y, Ohta S, Komari T, Kumashiro T (1994) Efficient transformation of rice
(Orza sativa L.) mediated by Agrobacterium and sequence analysis of the
boundaries of the T-DNA. Plant J 6: 271-282.

. Wang Z, Chen C, Xu Y, Jiang R, Han Y, et al. (2004) A practical vector for

efficient knockdown of gene expression in rice (Orza sativa L.). Plant Mol Biol

Rep 22: 409-417.

. Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free proline for

water-stress studies. Plant Soil 39: 205-207.

Song SY, Chen Y, Chen J, Dai XY, Zhang WH (2011) Physiological
mechanisms underlying OsNAC5-dependent tolerance of rice plants to abiotic
stress. Planta 234: 331-345.

Yang J, Zhang J, Wang Z, Zhu Q, Wang W (2001) Hormonal changes in the
grains of rice subjected to water stress during grain filling. Plant Physiol 127:
315-323.

PLOS ONE | www.plosone.org

13

33.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

Overexpressing OsMYB48-1 Confers Drought Tolerance

Shinozaki K, Yamaguchi-Shinozaki K (2007) Gene networks involved in
drought stress response and tolerance. J Exp Bot 58: 221-227.

. Dai X, Xu Y, Ma Q, Xu W, Wang T, et al. (2007) Overexpression of an

RI1R2R3 MYB Gene, OsMYB3R-2, Increases Tolerance to Freezing, Drought,
and Salt Stress in Transgenic Arabidopsis. Plant Physiol 143: 1739-1751.

. Ma Q, Dai X, Xu Y, Guo J, Liu Y, et al. (2009) Enhanced tolerance to chilling

stress in OsMYB3R-2 transgenic rice is mediated by alteration in cell cycle and
ectopic expression of stress genes. Plant Physiol 150: 244-256.

Lu C-A, Ho T-hD, Ho S-L, Yu S-M (2002) Three novel MYB proteins with one
DNA binding repeat mediate sugar and hormone regulation of a-amylase gene
expression. Plant Cell 14: 1963-1980.

Zhu QH, Ramm K, Shivakkumar R, Dennis ES, Upadhyaya NM (2004) The
ANTHER INDEHISCENCEI gene encoding a single MYB domain protein is
involved in anther development in rice. Plant Physiol 135: 1514-1525.

Ito Y, Katsura K, Maruyama K, Taji T, Kobayashi M, et al. (2006) Functional
analysis of rice DREB1/CBF-type transcription factors involved in cold-
responsive gene expression in transgenic rice. Plant Cell Physiol 47: 141-153.
Nakashima K, Tran LS, Van Nguyen D, Fujita M, Maruyama K, et al. (2007)
Functional analysis of a NAC-type transcription factor OsNAC6 involved in
abiotic and biotic stress-responsive gene expression in rice. Plant J 51: 617-630.
Wang H, Hao J, Chen X, Hao Z, Wang X, et al. (2007) Overexpression of rice
WRKY89 enhances ultraviolet B tolerance and disease resistance in rice plants.
Plant Mol Biol 65: 799-815.

Yue Y, Zhang M, Zhang J, Tian X, Duan L, et al. (2012) Overexpression of the
AtLOS5 gene increased abscisic acid level and drought tolerance in transgenic
cotton. J Exp Bot 63: 3741-3748.

Hwang S-G, Chen H-C, Huang W-Y, Chu Y-C, Shii C-T, et al. (2010) Ectopic
expression of rice OsNCED3 in Arabidopsis increases ABA level and alters leaf
morphology. Plant Sci 178: 12-22.

Tuchi S, Kobayashi M, Taji T, Naramoto M, Seki M, et al. (2001) Regulation of
drought tolerance by gene manipulation of 9-¢is-epoxycarotenoid dioxygenase, a
key enzyme in abscisic acid biosynthesis in Arabidopsis. Plant J 27: 325-333.
Xue T, Wang D, Zhang S, Ehlting J, Ni F, et al. (2008) Genome-wide and
expression analysis of protein phosphatase 2C in rice and Arabidopsis. BMC
Genomics 9: 1-21.

. Chae M-J, Lee J-S, Nam M-H, Cho K, Hong J-Y, 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.

RoyChoudhury A, Roy C, Sengupta DN (2007) Transgenic tobacco plants
overexpressing the heterologous lea gene Rab164 from rice during high salt and
water deficit display enhanced tolerance to salinity stress. Plant Cell Rep 26:
1839-1859.

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

Chen Z, Hong X, Zhang H, Wang Y, Li X, et al. (2005) Disruption of the
cellulose synthase gene, AtCesA8/IRX1, enhances drought and osmotic stress
tolerance in Arabidopsis. Plant J 43: 273-283.

Kishor P, Hong Z, Miao GH, Hu C, Verma D (1995) Overexpression of [delta]-
Pyrroline-5-Carboxylate Synthetase Increases Proline Production and Confers
Osmotolerance in Transgenic Plants. Plant Physiol 108: 1387-1394.

Zhang L, Zhao G, Xia C, Jia J, Liu X, et al. (2012) A wheat R2R3-MYB gene,
TaMYB30-B, improves drought stress tolerance in transgenic Arabidopsis. J Exp
Bot 63: 5873-5885.

March 2014 | Volume 9 | Issue 3 | €92913



