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Abstract: The aim of this research is to investigate on the osmolarity changes, sugar profiles,
chlorophyll fluorescence and growth performances of indica rice cultured under exogenous
glucose and abscisic acid (ABA). Osmolarity in the root tissues of rice was positively related
to increase glucose concentration in the media, while ABA application does not affected.
Endogenous soluble sugars, sucrose, glucose and fructose in rice seedlings were slightly
increased when exposure to glucose and ABA. High osmolarity in glucose treated seedlings
was negatively related to total chlorophyll concentration. Chlorophyll a, chlorophyll b and
total carotenoid concentrations in the rice seedlings were significantly damaged by high
glucose and ABA application in the media. The chlorophyll a, total chlorophyll and total
carotenoid degradation in the leaf tissues was positively correlated to maximum quantum
yield of PSII (Fv/Fm), quantum efficiency of photosystem IT (@) and non-photochemical
quenching (NPQ), respectively. The low efficiency of light capture in photosystem II should
be caused to low growth, in term of root length, plant height and dry matter. Induced water
deficit or drought stress by exogenous glucose application and ABA treatment in this
investigation would be further applied to drought tolerant scresning in rice breeding program.
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INTRODUCTION

Drought or water deficitis one of the most important barriers to reduce on rice crop growth and
development (Cabuslay er al., 2002; Pieters and Souki, 2005), leading to low productivity (O’ Toole
2004; Pantuwan ef af., 2004; Yang and Zhang, 2006, Kumar et af., 2006). There are many reports that
demonstrated on adverse effects of drought to higher plants, in term of osmotic stress (Jongdee et al.,
2002; Sanchez et af., 2004; Blum, 2005), oxidative stress (Wang ef ¢f., 2005; Nayyar and Gupta, 2006)
and hormonal regulation (Riccardi e# @f., 2004, Perales ef al., 2005; Zhang ef af., 2006). Compatible
solute accumulation including soluble sugar (Sancez et af., 2004), proline (Uyprasert ef af., 2004,
Yoshiba ef al., 1997), glycinebetaine (Ma ef af., 2006) and polyamines (Liu ef af., 2004) in the plant
cells 1s mainly function as osmoregulation defensive mechanism to drought stress. Soluble sugar is a
member of neutral compatible solutes to play a central role in the biosynthetic pathway of primary
and secondary metabolites, building blocks of macromolecules and controlling developmental processes
(Gibson, 2000; Smeekens, 2000; Price ef af., 2004) as well as drought tolerant mechanism (Gupta and
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Kaur, 2005). Normally, the sugar in the green plants is produced by photosynthesis system as a main
energy sources for growth and development (Rolland ef /., 2002) and enhanced photosynthesis using
CO, enrichment delays drought stress (Lin and Wang, 2002; Widodo et al., 2003). There are a large
mumber of gene(s) to induce by sugars as a complex regulatory web or signal transduction metabolisms,
relating to environmental stresses (Gibson, 2000; Price er al., 2004). Abscisic acid (ABA) is a plant
hormone that plays a role in plant response to drought stress ( Seo and Koshiba, 2002, Wang ef a/.,
2003; Alves and Setter, 2004; Lopez-Carbonell and Jauregui, 2005; Rook ef &/, 2006, Wan and Li,
2006) as cellular signaling (Verslues and Zhu, 2005) in water movement from root to leaf (Jia ef al.,
2001; Alves and Setter, 2004) and sugar sensing cascades (Toyofuku et af., 2000; Leon and Sheen,
2003; Li ef al., 2004a), resulting in whole plant physiological and morphological adaptations (Jia ef ai.,
2001; Lief af., 2004b; Yin ef af., 2004). In addition, ABA 1s a stress signal generated in root tissues,
carried up through xylem to shoot by transpiration stream and function as stomatal closure to reduce
the water loss in transpiration (Steudle, 2000, Hartung ef f., 2002; Seo and Koshiba, 2002). In present
study, the exogenous glucose and ABA were applied as drought signaling stressors for physiological
and morphological changes in indica rice seedlings.

MATERIALS AND METHODS

Plant Material

Seeds of indica rice (Oryza sativa L. sp. indica cv. Pathumthani 1) were obtained from the
Pathumthani Rice Research Center (Rice Research Institute, Department of Agriculture, Ministry of
Agriculture and Cooperative, Thailand). Seeds were dehusked by hand, sterilized once in 5% Clorox®
(5.25% sodium hypochlorite, The Clorox Co, US) for 60 min, once in 30% Clorox® for 30 min and then
rinsed three times with sterile distilled-water. Surface-sterilized seeds were germinated on 0.25%
Phytagel®-solidified MS media (Murashige and Skoog, 1962) in a 250 mL glass jar vessel. The media
were adjusted to pH 5.7 before autoclaving. Seedlings were cultured iz vitro under condition of
2542°C ambient temperature, 60+3% relative humidity (RH) and 60+5 pmol m™? sec™!
photosynthetic proton flux (PPF) provided by fluorescence lamps (TDL 36 W/84 Cool White 3350
Im, Philips, Thailand) with 16 h day—' photoperiod. Fourteen-day-old rice seedlings were aseptically
transferred to MS-liquid media, contaiming 0, 111, 222, 333 or 444 mM glucose combined with
0, 20, 40, 60 or 80 uM abscisic acid (ABA) using vermiculite as supporting material. The number of
air-exchanges in the glass vessels was adjusted to 2.32 h™! by punching a hole on plastic cap {= 1 cm)
and covering the hole with a microporous filter (0.20 pM of pore size). All seedlings were
continuously cultured under the same conditions as during the seed germination process for 7 days.
Physiological characteristics, root osmolarity, soluble sugar content, pigment concentration and
chlorophyll a fluorescence and morphological characteristics, root length, plant height and dry matter
were measured.

Physiological Characteristics

Root osmolarity of rice seedlings was measured, according to Lanfermeijer ef af. (1999). Freshroot
tissues of rice were debris in 1.5 mL micro tube by glass rod. A 20 pL of extracted solution was
directly dropped on a disc filter paper in osmometer chamber (Wescor, USA) and then measured.

Endogenous soluble sugars, sucrose, glucose and fiuctose in rice seedlings were evaluated
following by Karkacier ef af. (2003). A 100 mg frozen material was grinded in 1.5 mL micro tube with
a small pestle. One milliliter of nanopure water was added and then sonicated for 15 min. The extracted
material was centrifuged at 12,000 rpm for 10 min and then the supernatant was collected. The
supernatant was directly filtered through 0.45 pM pore size prior to HPLC injection. Total soluble
sugar, including sucrose, glucose and fructose was analyzed using 410 differential refractometer (RI)
detector and Waters 600 gradient controller pump (Waters, Milford, MA, USA) with Metacarb 87C
analytical column {300x6.5 mM). Nanopure water was used as mobile phase with 0.6 mL min™! flow
rate. The sucrose, glucose and fructose sugar classes were used as standard.
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Chlorophyll a (Chl,), chlorophyll b (Chl,) and carotencid (C,,.) concentrations were analyzed
following the methods of Shabala ef &f. (1998) and Lichtenthaler (1987), respectively. The Chl, and
Chl, concentrations were measured using an UV-visible spectrophotometer (DR/4000, HACH, USA)
at wavelengths 662 and 644 nm. The C_,, concentration was measured spectrophotometrically at
470 nm. A solution of 95.5% acetone was used as a blank. The Chl,, Chl, and C,,, (ng g=! FW)
concentrations in the leaf tissues were calculated according to the following equations:

[Chla] = 9.784D , - 0.99D ,,
[Chib]=21.42D,,, - 4.65D

1000D ;,—1.90[Chl, | - 63.14[CHl, |
[c...]- T

where D, is the optical density at wavelength i.

The maximum quantum vield (F#/F_) of the adaxial surface on the leaves was directly measured
using Fluorescence Monitoring System (FMS 2, Hansatech Instruments Ltd., UK) in the pulse
amplitude modulation mode, as previously described by Loggini ef af. (1999). A 30 min dark-adapted
leaf of leaf-clips (PEA/LC, Hansatech Instrument Ltd., UK) was initially exposed to the modulated
measuring beam of far-red Light (LED source with typical peak at wavelength 735 nm). Original (F,)
and maximum (F_} fluorescence yields were measured under weak modulated red light (<0.5 umol m™
sec™"y with 1.6 s pulse of saturating light (>6.8 pmol m™ sec¢™! PAR) and calculated by FMS software
for Windows® (Fluorescence Monitoring System Software, Hansatech Instrument Ltd., UK). The
variable fluorescence yield (F,) was calculated by the equation of F_-F,. The PSII activity was
calculated by the ratio of F/F,,. The photon vield of PSII (&) in the light was calculated by
&= (F,/-FVF, after 45 sec of illumination, when steady state was achieved and NPQ by
Fm-Fm"y/Fm’, respectively.

Morphological Characteristics

The root length, plant height and dry matter of rice seedlings were measured as described by
Lutts ef al. (1996). The seedlings were dried at 110°C in a hot-air oven (Memmert, Model 500,
Germany) for 2 days, incubated in desiccators before measurement of dry weight and calculated the
dry matter percentage.

Experimental Design

The experiment was designed as 5x5 factorials in Completely Randomized Design (CRD) with
ten replicates and four plantlets per replication. The mean in cach treatment was compared by
Dancan’s New Multiple Range Test (DMRT) at p<0.01 and analyzed by SPSS software (SPSS for
Windows, SPSS Inc., USA).

RESULTS AND DISCUSSION

Osmolarity in the root tissues of rice seedlings cultured in exogenous glucose application was
gradually increased, relating to increase the concentration in the media (Fig. 1). High osmolarity in
glucose-added seedlings (333-444 mM) was directly limited on water availability as water deficit or
drought condition. Soluble sugar accumulation in rice seedlings, including sucrose, glucose and fiuctose
was strongly exhibited by the combination factors of glucose and ABA in the media. In exogenous
glucose application, the profile of endogenous sucrose, glucose and fructose was relatively increased
when exposure to 40-60 uM ABA and then slightly dropped in 80 uM ABA application (Table 1).
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Table: 1: Sucrose, glucose and fructose concentrations in indica rice seedlings treated by 0 111, 222, 333 or 444 mM
glucose and 0, 20, 40, 60 or 80 uM abscisic acid (ABA) in the media for 1 week

Glucose treatment Abscisic acid Sucrose Glucose Fructose
(mM) (UM) (UM g™ FW) (UM g~ FW) (UM g~ FW)
0 1.56hi 11.21n 6.71j
20 2.77hi 51.88hijk 26.38g
0 40 2.32hi 78.59%de 63.50a
60 4.12hi 51.26hijk 20.71F
80 9.50f 57.51 ghij 30.83f
0 2.2%hi 15.06mn 12.01i
20 2.9%hi 53.88¢ghijk 42.71¢
111 40 8.29fg 45.71jk 20.84h
60 5.35gh 63.16ghi 31.04f
80 3.52hi 67.11efg 40.88¢c
0 5.42¢h 46,64k 14.08i
20 30.3%bc 42,98k 20.64h
222 40 16.27e 28.981 34.92de
60 16.85¢ 77.51de 30.41F
80 1.64hi 90.29bcd 36.81d
0 4.45ghi 40,94k 21.8%h
20 23.03d 59.44ghij 30.98f
333 40 32.91b 81.59cd 30.12F
a0 27.67¢ 94.50bc 65.79a
80 0.94i 78.66de 46.27b
0 3.4%hi 26.26lm 13.871
20 37.72a 50.911jk 26.74g
444 40 20.56d 64.97feh 30.68f
60 33.11b 1192.15a 35.08de
80 1.56hi 94.93b 32.56ef
Significant level
Glucose ik ok ok
GlucosexABA w ok ok

Different letter(s) in each column show significant difference at p<0.01 by Duncan’s New Multiple Range Test (DMRT).
#%: Highly significant in statistics

1000
N y=0.97x1273.365
5 800 1 r=095
\gu 60[] -
g
g 400 -
o]
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0 1 T T 1
0 111 222 333 444
Glocuse concentration {mM)

Fig. 1: Osmolarity in the root tissues of indica rice seedlings treated by 0, 111, 222, 333 or 444 mM
glucose and 0 (=), 20 (w), 40 (&), 60 (x) or 80 (¢} uM abscisic acid (ABA) in the media for 1
week. Error bars represent by +SE

In sugar-free media, the glucose and fructose profiles were similarly expressed to sugar adding media,

except sucrose profile was positively accumulated. Moreover, the endogenous soluble sugar was
directly stimuilated by exogenous glucose application (Fig. 2). The accumulation soluble sugars in rice
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Fig. 2: Total soluble sugars, sucrose glucose and fructose, in indica rice seedlings treated by 0 111,
222,333 or 444 mM glucose and 0 (*), 20 (w), 40 (&), 60 (> or 80 () uM abscisic acid (ABA)
in the media for 1 week. Error bars represent by £3E

Table 2: Chlorophyll a, chlorophyll b and total carotenoid concentrations in indica rice seedlings treated by 0 111, 222,
333 or 444 mM glucose and 0, 20, 40, 60 or 80 M abscisic acid (ABA) in the media for 1 week

Glucose treatment Abscisic acid Chlorophyll Chlorophyll Total carotenoid
(mM) (UMD (hg o' FW) (hg o' FW) (hg o' FW)
0 329.0ab 89.3b 110.7a
20 207.6¢cd 68.1c 94.5b
0 40 154.2de 70.4¢ 58.0e
60 96.3¢efz s1.6¢ 23,6z
80 102.1efz 30.2¢d 19.8fz
0 324.6b 88.2b 107.3ab
20 105.7ef 324cd 64.3de
111 40 74.4fgh 62.8c 17.5¢
60 60.6fzh 19.8d 15.8¢
80 64.4fch 20.3d 13.9¢
0 383.2a 152.6a 97.2ab
20 71.6fzh 22.8cd 21.5fz
222 40 79.6fgh 25.8cd 17.5¢
0 44.5fgh 13.7d 14.4¢g
80 43.9fgh 14.9d 14.8¢
0 199.8cd 55.4c¢ 77.7cd
20 184.3¢d 109.6b 3.2
333 40 80.3fch 25.4cd 20.6tg
60 63.9fch 293¢cd 16.4g
80 59.4fgh 48.8¢ 12.8¢
0 232.0c 62.4c 80.0c
20 74.7fch 19.5d 18.2¢
444 40 48.1fgh 13.7d 16.8¢g
60 37.1gh 11.3d 13.7¢
80 29.9h 10.5d 13.1g
Significant level
Glucose *# *# o
GlucosexABA ok ok w

Different letter(s) in each column show significant difference at p<0.01 by Duncan’s New Multiple Range Test (DMRT).
#%: Highly significant in statistics

seedlings may be played a central role as osmoregulation in the high osmolarity or drought stress.

Chlorophyll a, chlorophyll b and total carotenoid concentrations in the leaf tissues of rice seedlings
were gradually reduced by both high glucose and ABA application (Table 2). In addition, total
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Fig. 3: Relationship between osmolarity and total chlorophyll concentration in indice rice seedlings
treated by 0, 111, 222, 333 or 444 mM glucose and 0, 20, 40, 60 or 80 uM abscisic acid (ABA)
in the media for 1 week. Error bars represent by +SE

1.00 7 ¥ = 0.0003x-+0.806
E\ r=0.67
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Fig. 4. Relationship between chlorophyll a concentration and maximum quantum yield of PSIT (Fv/FV)
in indica tice seedlings treated by 0, 111, 222, 333 or 444 mM glucose and 0, 20, 40, 60 or
80 uM abscisic acid (ABA) in the media for 1 week. Error bars represent by £SE

chlorophyll contents were directly damaged by water deficit with high osmolarity (Fig. 3). The
degradation of chlorophyll a, total chlorophyll and total carotencid was posifively related to
maximum quantum yield of PSII (FV/FV) (Fig. 4), quantum efficiency of PSII (®.,,) (Fig. 5) and
non-photochemical quenching (NPQ) (Fig. 6), respectively. It should be noted that the pigment
concentration in glucose and ABA treated seedlings was damaged and inhibited the function of light
capture ability. The reduction of photosynthetic ability was a main cause to decrease on growth
performances, root length, plant height and dry matter (Table 3). The growth parameters of rice
seedlings cultured on high concentrations of glucose (333-444 mM) and/or ABA (40-80 uM) were
powerfully inhibited in a week treatment.

Sugar in the culture media of heterotrophic and photomixotrophic tissue cultures is generally
applied as a carbon source of i vitre culture practice. It is directly absorbed by plant cells from the
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Table 3: Root length, plant height and dry matter in indica rice seedlings treated by 0, 111, 222, 333 or 444 mM ghicose
and 0, 20, 40, 60 or 80 UM abscisic acid (ABA) in the media for 1 week

Glucose treatment Abscisic acid Root length Plant height Dry matter
(mM) (D) (cm) (cm) (0]
0 60.0a 13.0ab 86.5a
20 37.9cd 12.8ab 82.1a
0 40 29.1d 11.5b 82.2a
60 281de 10.0bc 81.8a
80 22.0de 10.0bc 80.8a
0 63.1a 13.5ab 85.7a
20 26.4de 13.0ab 79.9ab
111 40 21.6de 12.0ab T77.6ab
60 19.3e 11.8b 76.1ab
80 18.9¢ 10.8bc 75.4ab
0 63.8a 15.5a 8l1.2a
20 44.6bc 14.8a 78.9ab
222 40 28.3de 13.0ab T76.2ab
60 28.1de 12.3ab 75.0ab
80 24.1de 12.0ab 70.9b
0 55.4ab 12.3ab 80.4a
20 32.3cd 11.3b 78.2ab
333 40 30.6cd 11.0b 74.2ab
60 29.1d 10.5bc 72.3b
80 23.3de 8.0c 71.%b
0 51.7be 10.5be 75.4ab
20 46.3bc 10.3bc 73.4b
444 40 28.8de 10.0bc 72.5b
60 26.5de 9.8bc 70.3b
80 20.8de 9.0bc 69.4b
Significant level
Glucose ok i ik
ABA ok * ik
GlucosexABA ok ok *

Different letter(s) in each column show significant difference at p<0.01 by Duncan’s New Multiple Range Test (DMRT).

#% # Highly significant and significant in statistics, respectively

0.80 -
v=0.0004x+0.435 {
r=0.73
5 ¥
a 0.60 I
2 R
3
g
i 0.40 -
|,
4/
0.00 T T !
0 100 200 300 600

Total chlorophyll concentration (pg g FW)

Fig. 5. Relationship between total chlorophyll concentration and quantum efficiency of PSIT (dpgpp) in
indica rice seedlings treated by 0, 111, 222, 333 or 444 mM glucose and 0, 20, 40, 60 or 80 uM
abscisic acid (ABA) in the media for 1 week. Error bars represent by +SE

extracellular space through the plasma membrane, moving from cell to cell via plasmodesmata
(symplastic loading) (Roitsch, 1999; Williams ef /., 2000). In present data, there is evident information
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Fig. 6: Relationship between total carotenoid concentration and non-photochemical quenching (NPQ)
in indica rice seedlings treated by 0, 111, 222, 333 or 444 mM glucose and 0, 20, 40, 60 or
80 uM abscisic acid (ABA)in the media for 1 week. Error bars represent by £5E

on the sugar accumulation in rice seedlings treated by a low level of exogenous glucose in the media.
Glucose is an important carbohydrate in respiratory metabolism and acts as a substrate for the
biosynthesis of complex carbohydrates as starch and cellulose as well as provides building blocks for
the biosynthesis of primary and secondary metabolites during plant growth and development (Koch,
1996, Smeekens and Rook, 1997, Sheen ef al., 1999; Smeekens, 2000; Rolland ef al., 2002). On the
other hand, high concentration of sugar and/or sugar alcohols namely manmitol and sorbitol, in the media
or nutrient solution has been used as osmotic stress or water deficit condition because the water
available is limited or high osmotic pressure. The osmotic adjustment in plant cells is required for
plant grown in water deficit or drought stress (Taybi and Cushman, 2002; Li eral., 2004b;
Perales ef af., 2005; Morsy et al., 2006). There are many reports to highlight on drought stress effects
1.e., osmotic adjustment {da Silva and Arrabaca, 2004; Sanchez et af., 2004; Blum, 2005), antioxidants
(Reddy et ai., 2004; Nayyar and Gupta, 2006), hormonal regulation (Nan ef al., 2002; Perales et al.,
2005) and physiological responses (Cabuslay ez e, 2002; Reddy er al., 2004; Pieters and Souki, 2005).
Abscisic acid (ABA) is one of endogenous hormonal regulations in drought stressed plant, which is
attractively investigated in many crop species (Neill and Burnett, 1999; Jia ef @/, 2001; Nan ef al.,
2002; Alves and Setter, 2004; Lopez-Carbonell and Jauregui, 2005, Perales e# «f., 2005; Nayyar and
Gupta, 2006; Wan and Li, 2006, Zhang ef al., 2006). An exogenous ABA is an alternative way to
enhance on water-deficit defense mechanisms. The ABA accumulation in drought stressed plants is
plays an important role on water use efficiency, stomata closure, CO, assimilation and photosynthesis
system, leading to maintain on plant growth (Blasi er af., 1998; Blomstedt ef af.. 1998; Taybi and
Cushman, 2002; Nan ef al., 2002, Wang ef af., 2003; Li ez al., 2004b; Yin et af., 2004; Perales ef al.,
2005, Wan and Li, 2006). On the other hand, endogenous ABA in rice seedlings treated by high
exogenous ABA may be increased, causing on negative effects on plant growth and development or
senescence stimulation. In addition, the sugar and ABA have been reported as combinatorial control
in plant defense mechanisms to environmental stresses (Toyofuku ef af., 2000; Leon and Sheen, 2003;
Rook ef af., 2006).

In conclusion, the osmolarity in rice seedlings was adjusted to high value when cultured in glucose
and ABA. The sugar accumulation in rice seedlings was directly promoted by low concentrations of
exogenous glucose and ABA application in the media. Alternatively, the pigments in rice seedlings
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cultured on high osmolarity were directly degraded, causing on light capture limitation in photosystem
II. The reduction on light reaction of photosynthetic system was positively related to decrease on
growth and development of rice seedlings. The responsive gene(s) regulation of rice exposed to glucose
and/or ABA should be further investigated as a novel defense mechanism.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Teeraporn Busaya-angoon at Pathumthani Rice Rescarch Center,
for providing of Pathumthami rice seeds. This research is supported by the National Center for Genetic
Engineering and Biotechnology (BIOTEC; Grant number BT-B-06-RG-14-4502).

REFERENCES

Alves, A.A.C.and T.L. Setter, 2004. Abscisic acid accumulation and osmotic adjustment in cassava
under water deficit. Environ. Exp. Bot., 51: 259-271.

Blasi, S.D., S. Puliga, L. Losi and C. Vazzana, 1998. S. stapfianus and F. curvala cv. Consol in vivo
photosynthesis, PSIT activity and ABA content during dehydration. Plant Growth Regul.,
25:97-104.

Blomstedt, C.K., R.D. Gianello, J.D. Hamill, A.D. Neale and D.F. Gaff, 1998. Drought-stimulated
genes correlated with desiccation tolerance of the resurrection grass Sporobolus stapfianus. Plant
Growth Regul., 24: 153-161.

Blum, A., 2005. Drought resistance, water-use efficiency and vield potential- are they compatible,
dissonant, or mutually exclusive? Aust. I. Agric. Res.. 56: 1159-1168.

Cabuslay, G.S, O. Tto and A.A. Alejar, 2002. Physiological evaluation of responses of rice
(Oryza sativa 1..) to water deficit. Plant Sci., 163: 815-827.

da Silva, IM. and M.C. Arrabaca, 2004. Contributions of soluble carbohydrates to the osmotic
adjustment in the C, grass Sefaria sphacelata: A comparison between rapidly and slowly
imposed water stress. J. Plant Physiol., 161: 551-555.

Gibson, S.I., 2000. Plant sugar-response pathways. Part of a complex regulatory web. Plant Physiol.,
124: 1532-1539.

Gupta, A.K. and N. Kaur, 2005. Sugar signaling and gene expression in relation to carbohydrate
metabolism under abiotic stresses in plants. J. Biosci., 30: 101-116.

Hartung, W., A. Sauter and E. Hose, 2002. Abscisic acid in the xylem: Where does it come from, where
does it go to? I. Exp. Bot., 53: 27-32.

Jia, W., J. Zhang and J. Liang, 2001. Imtiation and regulation of water deficit-induced abscisic acid
accumulation in maize leaves and roots: Cellular volume and water relations. J. Exp. Bot.,
52:295-300.

Jongdee, B., S. Fukai and M. Cooper, 2002. Leaf water potential and osmotic adjustment as
physiological traits to improve drought tolerance in rice. Field Crops Res., 76: 153-163.

Karkacier, M., M. Erbas, M.K. Uslu and M. Aksu, 2003. Comparison of different extraction and
detection methods for sugar using amino-bonded phase HPLC. J. Chrom. Sci., 41: 331-333.

Koch, K.E., 1996. Carbohydrate modulated gene expression in plants. Ann. Rev. Plant Physiol. Plant
Mol. Biol., 47: 509-340.

Kumar, R.. A K. Sarawgi, C. Ramos, S.T. Amarante, A.M. Ismail and L..J. Wade, 2006. Partitioning
of dry matter during drought stress in rainfed lowland rice. Field Crops Res., 98: 1-11.

Lanfermeijer, F.C., I.W. Koerselman-Kooij and A.C. Borstlap, 1991. Osmosensitivity of sucrose
uptake by immature pea cotyledons disappears during development. Plant Physiol., 95: 832-838.

163



Am. J. Plant Physiol., 2 (2): 155-166, 2007

Leon, P. and J. Sheen, 2003. Sugar and hormone connections. Trend Plant Sci., 8: 110-116.

Li, C., C. Yin and 8. Liu, 2004a. Different responses of two contrasting Populus davidiana
populations to exogenous abscisic acid application. Environ. Exp. Bot., 51: 237-246.

Li, Z.,L. Zhao, G. Kai, 8. Yu, Y. Cao, Y. Pang, X. Sun and K. Tang, 2004b. Cloning and expression
analysis of water stress-induced gene from Brassica oleracea. Plant Physiol. Biochem.,
42: 789-794.

Lichtenthaler, HK., 1987. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes.
Methods Enzymol., 148: 350-380.

Lin, I.S. and G.3. Wang, 2002. Doubled CO, could improve the drought tolerance better in sensitive
cultivars in spring wheat. Plant Sci., 163: 627-637.

Liu, HP, B.H. Dong, Y.Y. Zhang, Z.P. Linand Y L. Liw, 2004. Relationship between osmotic stress
and the levels of free, conjugated and bound polyamines in leaves of wheat seedlings. Plant Sci.,
166: 1261-1267.

Loggini, B., A. Scartazza, E. Brugnoli and F. Navari-Izzo, 1999, Anfioxidant defense system, pigment
composition and photosynthetic efficiency in two wheat cultivars subjected to drought. Plant
Physiol., 119: 1091-1099.

Lopez-Carbonell, M. and O. Jauregui, 2005. A rapid method for analysis of abscisic acid (ABA) in
crude extracts of water stressed Arabidopsis thaliana plants by liquid chromatography-mass
spectrometry in tandem mode. Plant Physiol. Biochem., 43: 407-411.

Lutts, S., I.M. Kinet and J. Bouharmont, 1996. NaCl-induced senescence in leaves of rice
(Oryza sativa 1..) cultivars differing in salinity resistance. Ann. Bot., 78: 389-398.

Ma, Q.Q., W. Wang, Y.H. Li, D.Q. Li and Q. Zou, 2006. Alleviation of photoinhibition in drought-
stressed wheat (Triticum aestivum) by foliar-applied glycinebetaine. J. Plant Physiol.,
163: 165-175.

Morsy, M.R., L. Jouve, J.F. Hausman, L. Hoffmann and J.M. Stewart, 2006. Alteration of oxidative
and carbohydrate metabolism under abiotic stress in two rice (Oryza sativa L.} genotypes
contrasting in chilling tolerance. J. Plant Physiol. (In Press).

Murashige, T. and F.A. Skoog, 1962. Revised medium for rapid growth and bioassays with tobacco
tissue cultures. Physiol. Plant., 15: 473-497.

Nan, R., I.G. Carman and F.B. Salisbury, 2002. Water stress, CO, and photoperiod influence hormone
levels in wheat. J. Plant Physiol., 159: 307-312.

Nayyar, H. and D. Gupta, 2006. Differential sensitivity of C, and C, plants to water deficit stress:
Association with oxidative stress and antioxidants. Environ. Exp. Bot., 58: 106-113.

Neill, 8.1, and E.C. Burnett, 1999. Regulation of gene expression during water deficit stress. Plant
Growth Regul., 29: 23-33.

O'Toole, J.C., 2004. Rice and water: The Final Frontier. The First International Conference on Rice
for the Future, 31 August-2 September 2004, Bangkok Thailand.

Pantuwan, G., S. Fukai, M. Cooper, S. Rajatasereckul, J.C. O’Toole and J. Basnayake, 2004. Yield
response of rice (Oryza sativa L.) genotypes to drought under rainfed lowlands 4. Vegetative
stage screening in the dry season. Field Crops Res., 89: 281-297.

Perales, L., V. Arbona, A. Gomez-Cadenas, M.J. Corngjo and A. Sanz, 2005. A relationship between
tolerance to dehydration of rice cell lines and ability for ABA synthesis under stress. Plant
Physiol. Biochem., 43: 786-792.

Pieters, A.J. and S.E. Souki, 2005. Effects of drought during grain filling on PSIT activity in rice. J.
Plant Physiol., 162: 903-911.

Price, I, A. Laxmi, S.K. Martin and I.C. Kang, 2004. Global transcription profiling reveals multiple
sugar signal transduction mechanisms in Arabidopsis. Plant Cell, 16: 2128-2150.

164



Am. J. Plant Physiol., 2 (2): 155-166, 2007

Reddy, AR., K.V. Chaitanya and M. Vivekanandan, 2004. Drought-induced responses of
photosynthesis and antioxidant metabolism in higher plants. J. Plant Physiol., 161: 1189-1202.

Riccardi, F., P. Gazeau, M.P. Jacquemot, D. Vincent and M. Zivy, 2004. Deciphering genetic
variations of proteome responses to water deficit in maize leaves. Plant Physiol. Biochem.,
42:1003-1011.

Roitsch, T., 1999, Source-sink regulation by sugar and stress. Curr. Opin. Plant Biol., 2: 198-206.

Rolland, F., B. Moore and J. Sheen, 2002. Sugar sensing and signaling in plants. Plant Cell, S185-8205.

Rook, F., S.A. Hadingham, Y. Li and M.W. Bevan, 2006. Sugar and ABA response pathways and the
control of gene expression. Plant Cell Environ., 29: 426-434.

Sanchez, F.J., E.F. De Andres, J.I.. Tenorio and L. Ayerbe, 2004. Growth of epicotyls, turgor
maintenance and osmotic adjustment in pea plants (Pisum sativien L.) subjected to water stress.
Field Crops Res., 86: 81-90.

Seo, M. and T. Koshiba, 2002. Complex regulation of ABA biosynthesis in plants. Trend Plant Sci.,
7. 41-48.

Shabala, S.N., S.1. Shabala, A.I. Martynenko, O. Babourina and I.A. Newman, 1998. Salinity effect on
bioelectric activity, growth, Na™ accumulation and chlorophyll fluorescence of maize leaves: A
comparative survey and prospects for screening. Aust. J. Plant Physiol., 25: 609-616.

Sheen, J., L. Zhou and J.C. Jang, 1999. Sugar as signaling molecules. Curr. Opin. Plant. Biol.,
2: 410-418.

Smeekens, S. and F. Rook, 1997, Sugar sensing and sugar-mediated signal transduction in plants. Plant
Physial., 115: 7-13.

Smeekens, S., 2000. Sugar-induced signal transduction in plants. Ann. Rev. Plant Physiol. Plant Mol.
Biol., 51: 49-81.

Steudle, E., 2000. Water uptake by roots: Effects of water deficit. J. Exp. Bot.,, 51: 1531-1542.

Taybi, T. and J.C. Cushman, 2002. Abscisic acid signaling and protein synthesis requirements for
phosphoenolpyruvate carboxylase transcript induction in the common ice plant. J. Plant Physiol.,
159: 1235-1243.

Toyofuku, K., E. Loreti, P. Vernieri, A. Alpi, P. Perata and J. Yamaguchi, 2000. Glucose modulates
the abscisic acid inducible Rab16 A gene in cerzal embryos. Plant Mol. Biol., 42: 451-460.
Uyprasert, 8., T. Toojinda, N. Udomprasert, S. Tragoonrung and A. Vanavichit, 2004. Proline
accumulation and rooting patterns in rice in response to water deficit under rainfed lowlands.

Science Asia, 30: 301-311.

Verslues, P.E. and J.K. Zhu, 2005. Before and beyond ABA: Upstream sensing and internal signals
that determine ABA accumulation and response under abiotic stress. Biochem. Soc.
Trans., 33: 375-379.

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

Wang, 7., B. Huang and Q. Xu, 2003. Effect of abscisic acid on drought responses of Kentucky
bluegrass. J. Am. Hortic. Sci., 128: 36-41.

Wang, F.7Z., Q.B. Wang, S.Y. Kwon, S.S. Kwak and W.A. Su, 2005. Enhanced drought tolerance of
fransgenic rice plants expressing a pea manganese superoxide dismutase. J. Plant Physiol.,
162: 465-472.

Widodo, W, J.C.V. Vu, K.J. Boote, ].T. Baker and L .H. Jr. Allen, 2003. Elevated growth CO,
delays drought stress and accelerates recovery of rice leaf photosynthesis. Environ. Exp. Bot.,
49:259-272.

165



Am. J. Plant Physiol., 2 (2): 155-166, 2007

Williams, L., R. Lemoine and N. Sauer, 2000. Sugar transporters in higher plants: A diversity of roles
and complex regulation. Trends Plant Sei., 5: 583-590.

Yang, J. and J. Zhang, 2006. Tansley review; Grain filling of cereals under soil drying. New Phytol.,
169: 223-236.

Yin, C., B. Duan, ¥. Wang and C. Li, 2004. Morphological and physiological responses of two

contrasting Poplar species to drought stress and exogenous abscisic acid application. Plant Sci.,
167: 1091-1097.

Yoshiba, Y. T. Kiyosue, K. Nakashima, K. Yamaguchi-Shinozaki and K. Shinozaki, 1997.
Regulation of levels of proline as an osmolyte in plants under water stress. Plant Cell
Physiol., 38: 1095-1102.

Zhang, I., W. lia, I. Yang and A M. Ismail, 2006. Role of ABA in integrating plant responses to
drought and salt stresses. Field Crops Res., 97: 111-119.

166



	AJPP.pdf
	Page 1


