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Abstract

Much progress has been made towards understanding the role of serine/threonine phosphatases type 2C (PP2Cs) in
abscisic acid (ABA) signaling transduction. However, how the negative regulator, PP2Cs, responds to plant water loss
remains unclear. Here, we used a series of relative soil moisture [RSM: 85% (well watered), 65% (moderate stress), 45%
(severe stress)] potted winter wheat (Triticum aestivum L.) and the detached leaves to detect ABA levels and transcripts of
PP2Cs, including PP2C40, PP2C45, PP2C59 and PP2C6 as well as the core downstream signals of ABA, including 4BF,
SnRK2.4 and SnRK2.5. The results showed that the continual loss of water led to a consistent increase in ABA levels, and
that the mRNA expression levels of PP2Cs were dependent on plant water condition. PP2Cs expression could be induced
by a slight loss of water, and inhibited under severe loss of water. These results were further confirmed by the transcripts of
ABF, SnRK2.4 and SnRK2.5. Furthermore, in slight loss of water, 100 pM exogenous ABA could promote PP2Cs
expression; in severe loss of water, it inhibited PP2Cs expression. In conclusion, ABA accumulation is controlled by water
condition and the PP2C expression is dependent on plant water condition, suggesting that PP2Cs might be served as an early

signal molecule for water stress in wheat.
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Introduction

Drought often occurred in many areas of the world
including China and thereby becomes a major limiting factor
for crop production. For survival, the sessile plants develop
precise and complex regulation mechanisms, by which
protein reversible phosphorylation is demonstrated to play an
important role in the response and adaptation of plants to
water loss (Mizoguchi ef al., 1996). In the recent years, much
progress has been made toward understanding this
mechanism through the core signaling transduction pathway
trigged by ABA in response to water stress (Bano & Aziz.,
2003; Kang et al., 2010; Khan et al., 2011; Fujii et al., 2009).
Nevertheless, as a hub component of ABA signaling
transduction, how the negative regulator serine/threonine
phosphatases type 2C (PP2Cs) responds to plant water loss
remains unclear.

As an important regulatory mechanism in both
prokaryotic and eukaryotic organisms, reversibly-
phosphorylated proteins is referred to protein kinases and
protein phosphatases, including Ca®'-dependent protein
kinases (CDPKs), SNF1-related protein kinases (SnRKs),
mitogen-activated protein kinase (MAPK), and receptor type
kinases (RPKSs), serine/threonine phosphatases PP1, PP2A,
PP2B, and PP2C (Cohen & Cohen, 1989; MacKintosh et al.,
1991; Chang & Stewart, 1998; Sopory & Munshi, 1998;
Hirayama & Shinozaki, 2007). The Arabidopsis strong
ABA-insensitive loci ABI1 and ABI2 are first identified to
encode PP2C enzymes, which play a central role in ABA
signaling pathway as negative regulators of plant stress
response (Leung et al., 1994; Meyer et al, 1994;
Schweighofer et al., 2004). In the past years, the negative
regulatory role of PP2Cs in ABA signaling were extensively
studied in many plants (MacKintosh et al., 1992; Meskiene

et al., 1998; Sheen, 1998; Gosti, et al.1999; Gonzalez-Garcia
etal.,2003; Hu et al., 2010, Jia et al., 2013a).

Notably, in  recent years, the ABA-
PYR/PYL/RCAR-PP2C core signaling pathway has been
established by genetic and structural biology (Fujii et al.,
2009; Ma et al., 2009; Melcher et al., 2009; Miyazono et
al., 2009). In this model, the early reported PP2Cs,
serving as a central and negatively-regulated hub in ABA
signaling (Leung et al., 1994; Merlot and Giraudat, 1997,
Gosti et al., 1999; Merlot et al., 2001), were first
integrated into the canonical ABA signaling network by
reversible phosphorylation, namely ABA promotes the
interaction of PYR1 with protein phosphatase 2C (PP2C),
resulting in the inhibition of PP2C and the activation of
SnRK2; the activated SnRK2 turns on ABA signaling via
the phosphorylation of the downstream factors such as
AREB/ABF (Fujii et al., 2009). However, under different
soil moisture, especially under slight loss-of-water
condition, how the plant PP2Cs conduct in responsive to
ABA remains unclear.

In the present study, winter wheat (7riticum aestivum
L), as the important crop in North China, is prone to water
stress, which led to a reduction in yield and even plant death.
Thus, winter wheat was used as experimental material and
cultivated under relative soil moisture (RSM) 85% (well
watered), 65% (moderate stress), and 45% (severe stress).
The ABA contents and the transcripts of PP2Cs, including
PP2C400 PP2C450 PP2C59 and PP2C6 together with its
downstream signals, including ABF, SnRK2.4 and SnRK2.5
were detected. Our results demonstrate that ABA
accumulation is controlled by plant water condition, and
PP2C expression is dependent on plant water condition,
suggesting that the serine/threonine phosphatases PP2Cs
might be served as an early signal molecular for water stress.
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Materials and Methods

Plant materials and growth conditions: The cultivated
wheat species ‘zhongmail2’ used here was provided by
the Institute of Crop Sciences of Chinese Academy of
Agriculture Sciences. All the plants were cultivated in
pots and auto-monitored by Em50 soil moisture data
collectors and Volumetric Water Content Sensors EC-5
Lowest Cost VWC (Decagon Devices). The plants were
well watered and the temperature was controlled between
22 to 25°C during seedling stage.

Drought stress assay: The potted wheat plants with
three true leaves were on drought treatment. Collect the
wheat leaves when the relative soil moisture successively
reached at 85%, 65%, and 45% and quick-frozed the
leaves with liquid nitrogen and finally stored at -80°C for
use. The experiment was repeated three times.

ABA treatment analysis using detached leaves: Fifty
treated and control leaves were collected from the potted
wheat at the same developmental stage and divided them
into five groups, each group includes 4-5 leaf blades and
was treated by 100uM ABA, then placed them in the
10,000 Lx light incubator (the temperature was controlled
at 25°C, relative humidity controlled at 75%) and dried
naturally. The leaves were collected respectively after 0 h
(control), 0.5 h, 2 h, 4 h, and 8 h, and quick-frozed them
in liquid nitrogen and stored at -800C. The experiment
was repeated three times.

ABA treatment analysis using potted wheat: Relative
soil moisture of three potted wheat groups were kept at 85%
(well watered), 65% (moderate stress), 45% (severe stress),
respectively. After spraying 100uM ABA to each group, the
leaves were collected after 0.5 h, 2 h, 4 h, and 8 h,
respectively, and quick-frozed them in liquid nitrogen and
stored at -80°C. The experiment was repeated three times.

Determination  of  stomatal conductance, leaf
temperature, leaf water potential: The stomatal conductances
of the leaves was measured under natural conditions using
portable SC-1 stable stomatal (Decagon Devices, USA).
Infrared thermometer Testo testo8450 Testo Itd, Germany)
was used for the detection of leaf temperature. The leaf water
potential was measured using WP4-T Dewpoint
Potentiameter (Decagon Devices, USA). The experiment has
three replications.

Measurement of endogenous ABA content: ABA
content was determined by gas chromatography-mass
spectroscopy. The frozed leaves were taken out, and 1 g
of leaves was used for ABA detection by the previously-
reported methods (Asami ef al., 1999). The experiment
was repeated three times.

Extraction of total RNA: Total RNA was extracted from
wheat leaves using TRIzol® Reagent (Invitrogen, USA).
Wheat leaves were ground in liquid nitrogen using
mortars and pestles and transferred to a plastic tube. The
tissue powder was quickly suspended in TRIzol® Reagent
(1ml per 50mg of tissue samples) and incubated for 5-10
min at room temperature. The chloroform was added by
0.6 ml per 1 ml of TRIzol® Reagent. Shake tube
vigorously by hand for 30 s and incubated them at room
temperature for 3 min. Centrifuge the tube at 12,000 g for
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10 min at room temperature to remove insoluble
materials. The upper aqueous phase was transferred to a
new tube, mixed with an equal volume of isopropyl
alcohol, and ncubated for 20min at room temperature and
centrifuged at 12,000g for 10min at 4°C to removed the
supernatant. At least 1 ml of 75% ethanol was used to
wash the RNA pellet and after centrifugation at 12,000 g
for 5 minutes at 4°C, the wash was discarded completely.
The RNA was finally dissolved in 30pl DEPC-treated
water and the RNA was finally dissolved in 30ul DEPC-
treated water and 2 pl were taken to conduct 1% agarose
gel electrophoresis test. The rest RNA solution stored at -
80°C for until use.

Synthesis of cDNA: Every 2ug total RNA of wheat
leaves was used as a template for synthesis of the first-
strand cDNA with the oligo(dT),s primer and reverse
transcriptase M-MLV(RNase H-) (TaKaRa Dalian
Liaoning China) and followed the manufacturer’s
instruction.

Real-time PCR: The sequences of PP2Cs, SnRK2.4,
ABF, Actin in wheat were obtained from NCBI, and the
primers of real-time PCR were designed using Primer
Premier 5 and DNAMAN V6. Different cDNA
concentration gradients have used to test the specificity of
the primers (Table.1). Real-time PCR was carried out
using the Quantitative Fast SYBR Green RT-PCR Kit
(TaKaRa Dalian Liaoning China) on an Bio-Rad CFX96
thermal cycler (Bio-Rad, Hercules, CA, USA), using
actin as the endogenous control. Every processed cDNA
was used as template to conduct the PCR. Keep the
reaction volume at 10 pl including 3.5 pul DEPC-treat
water, 0.25 pl forward primer, 0.25 pl reverse primer and
1pl ¢cDNA. The PCR was done as followsl 3 min 95°C
and10 s 94°C, 20 s 58°C, 20s 72°C, for 40 cycles; Melt
Curve was controlled from 65°C to 95°C, increment 0.5°C
for 30s. The experiment was repeated three times.

Statistical analysis: The standard error compute used
excel and all the data of significance levels were analyzed
used statistical method by SPSS software.

Results

Changes of physiological parameters and transcripts
of TaPP2Cs under different soil relative moisture in
potted wheat: To explore the changes of ABA levels and
transcripts of TaPP2Cs in response to soil water loss, a
series of RSM was controlled at 85% (well watered), 65%
(moderate stress), 45 % (severe stress) levels. As shown
in Fig. 1A, with soil water loss from 85% to 45% RSM,
ABA contents increased rapidly and significantly at
p<0.05 and p<0.01. The changes of stomatal conductance
and leaf water potential showed the same trends, namely
with water loss, increasing rapidly then declining
continuously (Fig. 1C and D). As shown in Fig. 1B, with
RSM from 85% to 65%, the mRNA expression levels of
TaPP2Cs, including PP2C6, PP2C40, PP2C4, and
PP2C59, all increased rapidly; hereafter with soil water
further loss, namely RSM from 85% to 45%, all reduced.
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Taken together, with soil water loss, the complex
trends occurred between ABA levels and PP2Cs
transcripts: similarity from 85% to 65% RSM; reverse
from 65% to 45% RSM (Fig. 1). These results suggest
that under special soil water conditions, PP2Cs
expression could be induced by slight loss of water or be
inhibited by severe water loss in potted wheat.

Effect of detached leave water loss on TaPP2Cs
expression levels in wheat /n vitro: In order to further explore
the response of PP2Cs to water loss, the detached wheat
leaves were tested at 25°C for 0-8 hr, and the transcripts of
PP2C40, PP2C45, PP2C59, PP2C6 were detected by real-
time PCR. The results showed that with the leave water loss,
the mRNA expression levels of PP2C40 and PP2C6
increased significantly during 0-2 hr, hereafter declined; the
mRNA expression levels of PP2C45 increased significantly
during 0-0.5 hr and 2-4 hr, hereafter decreased, respectively;
the mRNA expression levels of PP2C59, on the whole,
changed slightly in 0-8 hr (Fig. 2). These results indicated that
PP2Cs expression could be induced by slight loss of water or
be inhibited by severe water loss in wheat I vitro.

Effect of exogenous ABA on TaPP2Cs expression
levels in different RSM potted wheat leaves In vivo: In order
to further determine the response of PP2Cs expression to
ABA in different soil water condition, the potted 85%, 65%,
and 45% RSM wheat leaves were treated with exogenous
100 uM ABA under 25°C for 0-8 hr. The results showed that
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in 85% RSM, transcripts of PP2C40, PP2C45, PP2C59, and
PP2C6 , on the whole, showed an increased trends during 0-
8 hr; in 45% RSM , in addition to PP2C6 in 0.5 or 8 hr point,
the transcripts of PP2C40, PP2C45, PP2C59, and PP2C6 , on
the whole, showed an decreased trends during 0-8 hr; in 65%
RSM, in addition to PP2C45, the transcripts of PP2C40,
PP2C59, and PP2C6, on the whole, increased first and then
decrease (Fig. 3). These results indicated that PP2Cs
expression could be induced by ABA or be inhibited by
ABA in different RSM potted.

Effect of water loss on transcripts of TaPP2Cs
downstream signals under different relative soil
moisture: To further confirm the response of PP2C with
water loss, the mRNA expression levels of ABF

SnRK2.4 and SnRK2.5 of PP2C downstream components
were carried out by real-time PCR analysis under
different RSM. The results showed that in addition to an
unsignificant variation at p<0.01 in SnRK2.4 expression
under different RSM, the same trends were observed in
both SnRK2.5 and ABF expression. With soil water loss,
both transcripts declined rapidly from 85% to 65% RSM,
then increased rapidly from 65% to 45% RSM (Fig. 4).
These results suggest that in slight loss of soil water
condition, SnRK2.5 and ABF expression could be inhibit
by water loss, supporting the notion that PP2Cs
expression could be induced by slight loss of water.
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Fig. 1. ABA content and PP2Cs transcripts under different RSM in potted wheat.
A: ABA contents; B: The transcripts of PP2Cs. C: Stomatal conductance ; D: Leaf water potential; E: Lea, F: tempurture.
Different small and capital letters within the same column indicate significant differences at p<0.05 and p<0.01, respectively.

Error bars represent SE (n=3).
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Fig. 2. Transcripts of PP2Cs in detached wheat leaves with water loss. Different small and capital letters within the same column
indicate significant differences at p<0.05 and p<0.01, respectively. Error bars represent SE (n=3).
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Fig. 3. Transcripts of PP2Cs in 100uM ABA treated, different RSM potted wheat.
A: in RSM 85% RSM; B: in RSM 65% RSM; C: in RSM 45% RSM. Different small and capital letters within the same column
indicate significant differences at p<0.05 and p<0.01, respectively. Error bars represent SE (n=3).
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Table 1. Primers used for real-time PCR.

Gene
names

NCBI ID No. Primer seq (5°-3")

5 TTGGCAGTGATGGCTTAT -3’
5- GGATACCTGCTTCTTTGG -3’
5. GGGTCAACAGCATCAACT -3’
TaPP2C45 5, (CCTGCCCACATAACAAA -3°

5. CGTGTCAAGGGACCATAAGC -3’
TaPP2C39 5, ACCAAATGCCCGAGAAA -3
5.GAATGAAGAGGTATGCGATGT-3’
5.CAATAACCGTGATGTTGTCC-3’
5. CACGATGAGGGAGATAAAG-3’
5. TCCGAGAAAGAAGGCAC-3’

5’-TCAGTCTTGCGAGAGAAGCA-3’

(HQ391079.1) TaPP2C40
(HQ287800.1)

(EF672269.1)

(AB238930.1) o e

(GQ384359.1) TaSnRK2.4
(AF519804.1)

TadBE 5 CTTTCAGACGAGCGTTCTCC-3’
_ 5.TACTCCCTCACAACAACCG -3’
(ABIBIOOLL)  dctin 5, ) GAACCTCCACTGAGAACAA-3’
rasnrica.s S -GCGACCTCAAGCTGGAG-3

5’-CCGAGCAGAAGAAGAAGAATC-3’
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Fig. 4. Transcripts of ABF, SnRK2.4 and SnRK2.5 under different
RSM potted wheat.

Different small and capital letters within the same column indicate
significant differences at p<0.05 and p<0.01, respectively. The
error bars represent the SE (n=3)

Discussion

It is known that the initial physiological response to
drought stress is a loss of water, as a result which leads to
stomatal closure, in turn, repression of cell growth and
photosynthesis, disturbance of metabolism, and even plant
death (Smirnoff, 1993). Owing to a key role of ABA in
stomatal movement (Zhang & Outlaw, 2001; Wikinson
and Davies, 2002; Davies et al., 2005), over the past
years, much progress has been made toward
understanding the mechanisms of ABA action (Hirayama
and Shinozaki, 2007; Raghavendra et al., 2010; Guo et
al., 2011; Jia et al., 2013b).

Earlier studies by the identification of the strong
ABA-insensitive loci ABIl and ABI2 establish the
negatively-regulated role of PP2Cs in ABA response in
Arabidopsis (Finkelstein et al., 2002). In recent years, this
notion was definitely clarified in the ABA-PYR1-PP2C
core signaling pathways: as no or less ABA, PP2C can
inhibit target gene expression of ABA response; in
contrast, as more ABA, PP2C can promote target gene
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expression of ABA response. In the current study, slightly
loss water both in potted and in detached wheat leaf tests,
could activated PP2Cs expression, finally inhibited ABA
responses (Figs. 1 and 2). This situation (slightly loss
water) might be the same as ‘as no or less ABA’. This
notion is further confirmed by the effect of exogenous
ABA on PP2C expression in different RSM potted test,
namely, PP2C expression, on the whole, was induced by
ABA in 85% RSM; was first induced then inhibited in
65% RSM; was inhibited in 45% RSM (Fig. 3).

To further confirm the response of PP2C with water
loss, the mRNA expression levels of the downstream
PP2C signals were also carried out by real-time PCR
analysis under different RSM. The results showed that
with soil water loss, the transcripts of both ShRK2.5 and
ABF declined rapidly from 85% to 65% RSM coupled
with an opposite trend in both ABA levels and PP2C
expression. These results suggest that SnRK2.5 and ABF
expression could be inhibit by water loss, supporting that
PP2Cs expression could be induced by slight water loss.

Conclusion

ABA accumulation is controlled by plant water
condition. The hub gene PP2C expression is dependent
on plant water condition, namely, in early loss of water,
PP2Cs expression could be induced by ABA; in severe
loss of water, the PP2Cs expression could be inhibited by
ABA, suggesting that PP2Cs might be served as an early
signal molecular for water stress in wheat, and this gene
may be useful in agricultural production in drought area.

Acknowledgments

This work was supported the China National Science
Foundation (Project 31471837, 31040006), the National
Key Technology Supported Program of China (Project
2011BAD32B03), and Teacher Career Development for
Universities and Colleges under Beijing Municipality
(grant no. IDHT20140509).

References

Asami, T., K. Sekimata, J.M. Wang, K. Yoneyama, Y. Takeuchi
and S. Yoshida. 1999. Preparation of abscisic acid for use
as a stable and pure internal standard. J. Chem. Res.
(Synop.), 11: 658-659.

Bano, A. and N. Aziz. 2003. Salt and drought stress in wheat
and the role of abscisic acid. Pak. J. Bot., 35: 871-883.
Chang, C. and R.C. Stewart. 1998. The Two-Component
System: Regulation of Diverse Signaling Pathways in

Prokaryotes and Eukaryotes. Plant Physiol, 117: 723-731.

Cohen, P. and P.T. Cohen. 1989. Protein phosphatases come of
age. J. Biological Chem.,264: 21435-21438.

Davies, W.J.,, G. Kudoyarova and W. Hartung. 2005. Long-
distance ABA signaling and its relation to other signaling
pathways in the detection of soil drying and the mediation
of the plants response to drought. J. Plant Growth Regul.,
24:285-295.

Finkelstein, R.R., S.S. Gampala and C.D. Rock. 2002. Abscisic
acid signaling in seeds and seedlings. Plant Cell, 14
(Suppl.): S15-S45.



1670

Fujii, H., V. Chinnusamy, A. Rodrigues, S. Rubio, R. Aatoni,
S.Y. Park, S.R. Cutler, J. Sheen, P.L. Rotrigues and J.K
Zhu. 2009. In vitro reconstitution of an abscisic acid
signalling pathway. Nature, 462:660-664.

Gonzalez-Garcia, M.P., D. Rodriguez, C. Nicolas, P.L. Rodriguez,
G. Nicolas and O. Lorenzo. 2003. Negative regulation of
abscisic acid signaling by the Fagus sylvatica FsPP2C1 plays
a role in seed dormancy regulation and promotion of seed
germination. Plant Physiol., 133: 135-144.

Gosti, F., N. Beaudoin, C. Serizet, A.A.R. Webb, N. Vartanian
and J. Giraudat. 1999. ABI1 protein phosphatase 2C is a
negative regulator of abscisic acid signaling. Plant Cell, 11:
1897-1909.

Guo, J., X. Yang, D.J. Weston and J.G. Chen. 2011. Abscisic
acid receptors: past, present and future. J. Integr. Plant
Biol., 53: 469-479.

Hirayama, T. and K. Shinozaki. 2007. Perception and
transduction of abscisic acid signals: keys to the function of
the versatile plant hormone ABA. Trends in Plant Science,
12: 343-351.

Hu, X., L. Liu, B. Xiao, D. Li, X. Xing, X. Kong and D. Li.
2010. Enhanced tolerance to low temperature in tobacco by
over-expression of a new maize protein phosphatase 2C,
ZmPP2C2. J. Plant Physiol., 167: 1307-1315.

Jia, HF., C.L. Li, Y.M. Chai, Y. Xing and Y.Y. Shen. 2013b.
Sucrose promotes strawberry fruit ripening by stimulation
of abscisic acid biosynthesis. Pak. J. Bot., 45: 169-175.

Jia, H.F., D. Lu, J.H. Sun, C.L. Li, Y. Xing, L. Qin and Y.Y.
Shen. 2013a. Type 2C protein phosphatase ABII is a
negative regulator of strawberry fruit ripening. J. Exp. Bot.,
64: 1677-187.

Jones, H.G. 1999. Use of infrared thermometry for estimation of
stomatal conductance as a possible aid to irrigation
scheduling. Agri. & Forest Meteorol., 95: 139-149

Kang, J., J.U. Hwang, M. Lee, Y.Y. Kim, S.M. Assmann, E.
Martinoia and Y. Lee. 2010. PDR-type ABC transporter
mediates cellular uptake of the phytohormone abscisic acid.
Proc. Natl. Acad. Sci. USA, 107: 2355-2360.

Khan, M., M.A. Khan and M. Raziudin. 2011. Role of abscisic
acid and proline insalinity tolerance of wheat genotypes.
Pak. J. Bot., 43: 1111-1118.

Leung, J., M.B. Durand, P.C. Morris, D. Guerrier, F. Chefdor
and J. Giraudat. 1994. Arabidopsis ABA response gene
ABIl: features of a calcium-modulated protein
phosphatase. Science, 264: 1448-1452.

Ma, Y., I. Szostkiewicz, A. Korte, D. Moes, Y. Yang, A.
Christmann and E. Grill. 2009. Regulators of PP2C
phosphatase activity function as abscisic acid sensors.
Science, 324: 1064-1068.

MacKintosh, C., Coggins and J. Cohen. 1991. Plant protein
phosphatase: subcellular distribution, detection of protein
phosphatase 2C and identification of protein phosphatase
2A as the major quinate dehydrogenase phosphatase.
Biochemical Journal, 273: 733-738.

MacKintosh, R.W., S.P. Davies, P.R. Clarke, J. Weekes, J.G.
Gillespie, B.J. Gibb and D.G. Hardie. 1992. Evidence for a

K.H. SONG ET AL.,

protein kinase cascade in higher plants. Eur. J. Biochem.,
209: 923-931.

Melcher, K., L.M. Ng, X.E. Zhou, F.E. Soon, Y. Xu, K.M.
Suino-Powell, S.Y. Park, J.J. Weiner, H. Fujii, V.
Chinnusamy, A. Kovach, J. Li, Y. Wang, J. Li, F.C.
Peterson, D.R. Jensen, E.L. Yong, B.F. Volkman, S.R.
Cutler, J.K. Zhu and H.E. Xu. 2009. A gate-latch-lock
mechanism for hormone signalling by abscisic acid
receptors. Nature, 462: 602-608.

Merlot, S. and J. Giraudat. 1997. Genetic analysis of abscisic
acid signal transduction. Plant Physiol., 114: 751-757.
Merlot, S., F. Gosti, D. Guerrier, A. Vavasseur and J. Giraudat.
2001. The ABI1 and ABI2 protein phosphatases 2C act in a
negative feedback regulatory loop of the abscisic acid

signaling pathway. Plant J., 25: 295-303.

Meskiene, 1., L. Bogre, W. Glaser, J. Balog, M. Brandstotter, K.
Zwerger, G. Ammerer and H. Hirt. 1998. MP2C, a plant
protein phosphatase 2C, functions as a negative regulator of
mitogenactivated protein kinase pathways in yeast and
plants. Proc. Natl. Acad. Sci., 95: 1938-1943.

Meyer, K., M.P. Leube and E. Grill. 1994. A protein
phosphatase 2C involved in ABA signal transduction in
Arabidopsis thaliana. Science, 264: 1452-1455.

Miyazono, K., T. Miyakawa, Y. Sawano, K. Kubota, H.J. Kang,
A. Asano, Y. Miyauchi, M. Takahashi, Y. Zhi, Y. Fujita, T.
Yoshida, K.S. Kodaira, K. Yamaguchi-Shinozaki and M.
Tanokura. 2009. Structural basis of abscisic acid signalling.
Nature, 462: 609-614.

Mizoguchi, T., K. Irie, T. Hirayama, N. Hayashida, K.
Yamaguchi-Shinozaki, K. Matsumoto and K. Shinozaki.
1996. A gene encoding a mitogen-activated protein kinase
kinase kinase is induced simultaneously with genes for a
mitogen-activated protein kinase and an S6 ribosomal
protein kinase by touch, cold, and water stress in
Arabidopsis thaliana. Proc. Natl. Acad. Sci., 93: 765-769.

Raghavendra, A.S., V.K. Gonugunta, A. Christmann and E.
Grill. 2010. ABA perception and signalling. Trends Plant
Sci., 15:395- 401.

Schweighofer, A., H. Hirt and 1. Meskiene. 2004. Plant PP2C
phosphatases: emerging functions in stress signaling.
Trends Plant Sci., 9: 236-243.

Sheen, J. 1998. Mutational analysis of protein phosphatase 2C
involved in abscisic acid signal transduction in higher
plants. Proc. Natl. Acad. Sci., 95: 975-980.

Smirnoff, N. 1993. The role of active oxygen in the response of
plants to water deficit and desiccation. New Phytol.,125:
27-58.

Sopory, S.K. and M. Munshi. 1998. Protein kinases and
phosphatases and their role in cellular signaling in plants.
Critical Reviews in Plant Science, 17: 245-318.

Wikinson, S. and W.J. Davies. 2002. ABA-based chemical
signaling: the co-ordination of responses to stress in plants.
Plant Cell Environ., 25: 195-210.

Zhang, S.Q. and W.H.JR. Outlaw. 2001. Abscisic acid
introduced into the transpiration stream accumulates in the
guard-cell apoplast and causes stomatal closure. Plant Cell
Environ., 24: 1045-1054.

(Received for publication 6 August 2014)



