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Abstract

Ameliorative effect of exogenously applied glycinebetaine (GB) on photosynthetic capacity of
two wheat cultivars differing in salt tolerance grown under salt stress was assessed. Plants were
grown under field conditions at 2.84, 15 dS/m in split-split plot design. Different levels of GB (no
spray NS, 0.1% Tween 20 solution, 50 and 100 mM GB in 0.1% Tween 20 solution) were
exogenously applied as a foliar spray to salt tolerant (S-24) and moderately salt sensitive (MH-97)
wheat cultivars under saline and non-saline conditions. Salt stress reduced the photosynthetic
capacity of both cultivars. Reduction in photosynthetic rate was primarily due to stomatal
limitations. Cultivar S-24 excelled MH-97 under salt stress with respect to photosynthetic rate and
leaf turgor potential. Salt-induced reduction in photosynthetic capacity was ameliorated by
exogenous application of GB. High accumulation of GB mainly contributes to OA, which is one of
the factors for improving photosynthetic capacity under salt stress. Better osmotic adjustment or
plant water status due to GB application increased the stomatal conductance and thus favored
higher CO:z2 fixation rate. The protective effect of GB on photosynthetic pigments and GB induced
reduction in transpiration rate are additional factors which might have contributed to better growth
of wheat cultivars under salt stress. However, cv. S-24 was higher in photosynthetic capacity and
plant water status or osmotic adjustment than MH-97, which could explain the ability of the salt
tolerant S-24 to show higher salt tolerance than the moderately sensitive MH-97.

Introduction

Salinity, one of the important growth limiting stress factors, reduces growth and
grain yield in various crop species (Ashraf, 2004). Salt-induced reduction in plant growth
and yield occurs due to various factors such as reduced photosynthetic metabolism, leaf
chlorophyll content and photosynthetic capacity (Seeman & Critchley, 1985; Dubey,
2005), diversion of energy in the processes of osmotic adjustment and ion exclusion, and
nutritional imbalance (Ashraf, 2004). There is an ample evidence that decline in net
photosynthesis under salt stress is primarily due to stomatal closure (Makela et al., 1999;
Dubey, 2005). However, non-stomatal limitations have also been reported to be
responsible for reduced photosynthetic rate under saline conditions (Meyer & de
Kouchkovsky, 1993).

The accumulation of glycinebetaine in salt stressed plants has been proposed to play
an important role in salinity tolerance (Holmstrom et al., 2000; Ashraf & Harris, 2004;
Ashraf, 2004). Glycinebetaine accumulates in the chloroplasts of many higher plants
under environmental stress conditions, and it stabilizes quaternary structures of complex
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proteins such as those of PSIlI (Papageorgiou & Murata, 1995), and protects the
membrane from high concentrations of Na* and CI- (Rhodes & Hanson, 1993; Hanson et
al., 1995). Since the synthesis of organic solutes such as GB is energetically costly,
exogenous foliar application of these compatible solutes is a possible shotgun approach to
ameliorate salt-induced growth reduction (Makela et al., 1996). Some crops, including
wheat accumulates GB in moderate quantities (Wyn Jones & Storey, 1981). Makela et
al., (1998) reported that exogenous GB application caused a significant increase in
growth and yield in green-house and field grown tomatoes. This improvement in growth
and/or yield was linked to high endogenous GB level, improved water status of plants
(Lopez et al., 2002), increased photosynthetic capacity (Makela et al., 1998; Yang & Lu,
2005). However, adverse effects of exogenous GB on growth of tomato have also been
reported (Heuer, 2003). In view of the above-mentioned reports, the present study was
conducted to assess whether exogenous application of GB can ameliorate the adverse
effects of salt stress on photosynthetic capacity of wheat, a moderate GB-accumulator.

Materials and Methods

Seeds of two spring wheat cultivars, a moderately salt sensitive MH-97 (Ashraf &
Igbal, 2005) and a salt tolerant S-24 (Ashraf, 2002) was obtained from the Ayub
Agricultural Research Institute, Faisalabad, Pakistan and Department of Botany,
University of Agriculture, Faisalabad, Pakistan, respectively. Field experiments were
conducted during the winter 2003 and 2004 in the Botanic Gardens of the University of
Agriculture, Faisalabad (latitude 31°30 N, longitude 73°10 E and altitude 213 m), where
the average PAR of the entire growth period was 1098 umol m=2 s, average rainfall
9.52+3.62 mm and the maximum and minimum relative humidity values were 79 and
32%, respectively. The average maximum and minimum temperatures were 28+4 and
12+3 °C, respectively. The experiment was laid out in a split-split plot design. Main plots
were subdivided into two sub-plots i.e., control and saline. Sub plots were further split
into three sub-sub-plots that were considered as replicates. Within sub-sub-plots GB
treatments and cultivars were completely randomized. Each GB treatment was applied to
three rows of wheat plants. Six sub-plots (formed in the field by digging soil) having a
length, width and depth of 152, 137 and 45 cm, respectively, and lined with polythene
sheets. They were filled with thoroughly mixed sandy loam soil (pH = 7.56; electrical
conductivity of the saturation paste = 2.84; saturation percentage = 25.5). When the soil
moisture contents were suitable for germination, seed of each cultivar was sown in rows
keeping row to row spacing of 15 cm. In order to develop 15 dS m* NaCl salinity, 9 days
after emergence, the calculated amount of NaCl was dissolved in water required for
complete saturation of the soil in three sub-plots (replicates). Thus, the soil was
completely saturated with salt solution so as to homogenize soil salinity. The other three
sub-plots served as control (2.84 dS m™).

Glycinebetaine treatments (0, no spray; 0.1% Tween-20 solution; 50 and 100 mM
GB in 0.1% Tween-20 solution) were applied as a foliar spray at the vegetative stage
when wheat plants were 56-day old. At the time of GB application, root zone EC. was
2.17 and 14.67 in control and salinized soil, respectively. Forty days after the exogenous
application of GB (when plants were of 96-day old i.e., at the initiation of boot stage), 9
plants from each treatment (3 plants replicate*) were uprooted and washed with distilled
water. Before harvest, water relations, proline, leaf chlorophyll, carotenoids, and gas
exchange were measured in the 2" leaf from top of each plant.

Water relations: The 2™ leaf from each plant was excised at 7.00 a.m, and the leaf water
potential measurements were made with a Scholander type pressure chamber (Arimad,
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UK). A proportion of the same leaf used for water potential measurements, was frozen
into 2 cm® polypropylene tubes at —40°C in an ultra-low freezer for two weeks, after
which time plant material was thawed and the frozen sap was extracted by crushing the
material with a glass rod. After centrifugation (8000 x g) for four minutes, the sap was
directly used for osmotic potential determination using a vapor pressure osmometer
(Wescor 5500). Leaf turgor pressure was calculated as the difference between leaf water
potential and leaf osmotic potential values.

Glycinebetaine: Leaf glycinebetaine was determined following Grieve & Gratan (1983).
Leaf glycinebetaine was extracted from the dry leaf material with warm distilled water
(70°C). The extract (0.25 ml) was mixed with 0.25 ml of 2N HCI and 0.2 ml of Potassium
tri-iodide solution. The contents were shaken and cooled in an ice bath for 90 min. Then
2.0 ml of ice cooled distilled water and 20 ml of 1-2 dichloromethane (cooled at -10°C)
were added to the mixture. The two layers were formed in the mixture. The upper
aqueous layer was discarded and optical density of the organic layer was measured at 365
nm. The concentrations of betaine were calculated on dry weight basis and then
converted into fresh weight basis.

Proline: Proline in the leaves was measured according to the method of Bates et al.,
(1973) after extraction at room temperature with 3% 5-sulfosalicylic acid solution. The
proline concentration was determined from a standard curve and calculated on fresh
weight basis.

Chlorophyll contents: The chlorophyll ‘a’ and ‘b’ contents were determined according
to the method of Arnon (1949). Fresh leaves (0.2 g) were cut and extracted overnight
with 80% acetone at 0-4°C. The extracts were centrifuged at 10,000 x g for 5 minutes.
Absorbance of the supernatant was read at 645, 663 and 480 nm using a
spectrophotometer (Hitachi-U2001, Tokyo, Japan).

Chlorophyll fluorescence: The polyphasic rise of fluorescence transients was measured
by a plant Efficiency Analyzer (PEA, Handsatech Instruments Ltd., King’s Lynn, UK)
according to Strasser et al., (1995). The transients were induced by red light of 3000
umol m2 st provided by an array of six light emitting diodes (peak 650 nm), which
focussed on the sample surface to give homogenous illumination over exposed area of
sample surface. All the samples were dark adapted for 30 minutes prior to fluorescence
measurements.

Gas exchange parameters: Measurements of gas exchange attributes were made on the
2" intact leaf from top of each plant using an ADC LCA-4 portable infrared gas analyzer
(Analytical Development, Hoddesdon, UK). These measurements were made from 10.30
a.m. to 12.30 p.m. with the following specifications/adjustments: leaf surface area, 11.25
cm?; water vapor pressure into chamber ranged from 0.0006.0 to 0.00089 MPa, ambient
CO; concentration, 352 umol mol*; temperature of leaf chamber varied from 28.4 to 32.4
°C; leaf chamber gas flow rate (U), 251 umol s*; molar flow of air per unit leaf area (Us)
221.06 mol m2 s; RH of the chamber ranged from 25.4 to 41.2 %; PAR (Qiear) at leaf
surface during noon was maximum up to 918 umol m? s; and ambient pressure 98.8
kPa.

Statistical analysis of data: The data were subjected to analysis of variance using a
COSTAT computer package (Cohort Software, Berkeley, California). The mean values
were compared with the least significance difference test following Snedecor & Cochran
(1980).
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Results

Analysis of GB content in the leaves of two cultivars showed that cv. S-24
accumulated significantly higher GB in the leaves than MH-97 under saline conditions
(Fig. 1). Exogenous application of GB caused a significant increase in endogenous level
of GB in both cultivars under non-saline or saline conditions. Salt stress significantly
increased proline accumulation in shoots of MH-97, whereas that in S-24 it remained
unaffected (Fig. 1). However, cv. S-24 was superior to MH-97 in accumulating proline
under normal or saline conditions. Application of GB had a non-significant effect on
accumulation of proline in the leaves of both cultivars both under non-saline and saline
conditions, except in salinized S-24 plants where the pattern of accumulation of proline in
the leaves was not consistent.

Salt stress caused a significant reduction in all leaf water relation parameters such as
water potential, osmotic potential, and turgor potential of both cultivars (Fig. 2). Leaf
water potential of salinized cv. S-24 plants was slightly improved (less —ve) due to GB
application. Leaf osmotic potential of both cultivars decreased which was found to be one
of the major factors for increasing turgor potential under saline conditions and exogenous
GB application. Furthermore, cv. S-24 was superior to MH-97 in both these variables
under saline conditions (Fig. 2).

Salt stress significantly reduced chlorophyll “a’, ‘b’ and total chlorophyll (Fig. 3).
However, exogenous application of GB increased the chlorophyll ‘b’ and total
chlorophyll of both cultivars under saline conditions. Chlorophyll ‘a’ of both cultivars did
not increase due to GB application. Furthermore, quantum yield of photosystem Il
(measured as F./Fn) was not affected either by salt stress or GB application (Fig. 3).

All gas exchange parameters of both cultivars were adversely affected due to salt
stress (Fig. 4). Exogenous application of GB improved the net CO; assimilation rate (A)
of both cultivars. However, salinized plants of cv. S-24 exhibited higher photosynthetic
rate when GB was applied foliarly. Similarly, sub-stomatal CO; (C;) along with stomatal
conductance (gs) was also improved due to GB application under saline conditions (Fig.
4). However, transpiration rate (E) of salinized plants of both cultivars was significantly
reduced due to GB application. Furthermore, water use efficiency (WUE) of both
cultivars was improved when GB was applied as a foliar spray under saline conditions.
However, application of GB improved WUE of cv. S-24 more than that in MH-97 under
saline conditions.

Discussion

In the present study, endogenous level of GB was significantly enhanced in both
stressed and non-stressed plants of both cultivars with increase in the level of GB applied.
In the present study, the moderately salt tolerant cultivar S-24 (Ashraf, 2002)
accumulated more GB than moderately salt sensitive MH-97 (Igbal & Ashraf, 2005)
under salt stress. It is well evident that most of salt tolerant cultivars accumulate more GB
than salt sensitive cultivars of different crops, e.g., sugar beet (Beta vulgaris), spinach
(Spinacia oleracea), barley (Hordeum vulgare), wheat (Triticum aestivum), and sorghum
(Sorghum bicolor) (Weimberg et al., 1984; Fallon & Phillips, 1989; McCue & Hanson,
1990; Rhodes & Hanson, 1993; Yang et al., 2003). Thus, higher endogenous level of GB
of S-24, due to exogenous application of GB, can be related to its enhanced salt tolerance.
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Fig. 1. Leaf glycinebetaine and proline of two spring wheat (Triticum aestivum L.) cultivars
differing in salinity tolerance when different levels of GB were exogenously applied to salt-stressed
or non-stressed plants (No spray; 0.1% Tween20 solution; 50 mM GB; and 100 mM GB in 0.1%
Tween 20).

In view of some previous reports (Makela et al., 1998; 1999; Yang & Lu, 2005) it is
suggested that GB-induced increase in salt tolerance was associated with improved
photosynthetic capacity of both wheat cultivars under saline conditions (Fig. 4).
Glycinebetaine induced increase in photosynthetic capacity of both cultivars might have
been due to stomatal or non-stomatal limitations, major controlling factors of
photosynthetic rate (Brugnoli & Bjorkman, 1992; Athar & Ashraf, 2005; Dubey, 2005).
In this study, an increase in stomatal conductance and sub-stomatal CO- with an increase
in net CO- assimilation rate due to GB application in salt stressed wheat plants of both
cultivars suggests that the increase in photosynthesis is primarily due to increase in
stomatal conductance which caused higher CO; diffusion inside the leaf thus favoring
higher photosynthetic rate (Taize & Zeiger, 2002). These results are similar to those of
Makela et al., (1998, 1999) in which an increase in salt tolerance of field grown tomato
due to GB application was linked with increased net CO, assimilation rate and stomatal
conductance under salt or water stress. The positive effect of GB on the stomatal
conductance under salt stress could be simply mechanical, as GB may increase the
proportion of bound water in the cell structure (Timasheff, 1992) thereby increasing the
turgor potential in the stomatal guard cells with a subsequent increase in stomatal
conductance. The mechanism by which GB application reversed to some extent salt
induced injurious effects on photosynthesis through stomatal conductance was not clearly
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known (Makela et al., 1998; 1999; Yang & Lu, 2005). More importantly, rate of
transpiration was decreased with GB application in both wheat cultivars under saline
conditions. However, water use efficiency (WUE) calculated as A/E was improved with
GB application under saline conditions, particularly in S-24. This improvement in WUE
with GB application in both cultivars under saline conditions was due to an increase in A
and decrease in E.
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Fig. 2 Leaf water potential, osmotic potential and turgor potential of two spring wheat (Triticum
aestivum L.) cultivars differing in salinity tolerance when different levels of GB were exogenously
applied to salt-stressed or non-stressed plants (No spray; 0.1% Tween20 solution; 50 mM GB; and
100 mM GB in 0.1% Tween 20).
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Fig. 3. Leaf chlorophyll 'a', 'b', total chlorophyll and quantum yield of PSII (Fv/Fm) of two spring
wheat (Triticum aestivum L.) cultivars differing in salinity tolerance when different levels of GB
were exogenously applied to salt-stressed or non-stressed plants (No spray; 0.1% Tween20
solution; 50 mM GB; and 100 mM GB in 0.1% Tween 20).

The reduction in photosynthesis under salt stress can also be attributed to a decrease
in chlorophyll content (Delfine et al., 1999). In the present study, photosynthetic
pigments like chlorophyll ‘a’ or ‘b’ decreased in both wheat cultivars due to salt stress
(Fig. 3), which is in agreement with some previous studies on different crops e.g., alfalfa
(Winicov & Seemann, 1990), sunflower (Ashraf & Sultana, 2000), and wheat (El-
Hendawy et al., 2005). Application of GB increased the leaf chlorophyll ‘b’ and total leaf
chlorophyll under saline conditions. Thus, higher leaf chlorophyll content is one of the
additional factors (other than stomatal limitations) that may have contributed to a higher
photosynthetic capacity of wheat cultivars under saline conditions, particularly in cv. S-
24. This type of relationship between net CO; assimilation rate and photosynthetic
pigments has already been observed in maize (Ashraf & Rehman, 1999), and some trees
(Kozlowski, 1982).

Many studies have demonstrated that the improvement of photosynthesis by GB in
salt stressed plants strongly correlates with the enhanced PSII photochemical
performance (Sakamoto et al., 1998; Holmstrom et al., 2000), because GB protects the
PSII complex by stabilizing the association of the extrinsic PSII complex proteins under
salt stress (Sakamoto & Murata, 2002). However, in the present study quantum yield of
PSII as measured by F./Fn was not affected either due to salt stress or foliar application
of GB (Fig. 3). These results can be related to some earlier findings in which it has been
observed that salt stress had no effect on PSII photochemical activity e.g., in cotton
(Brugnoli & Bjorkman, 1992), and barley (Morales et al., 1992).
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Fig. 4. Net CO: assimilation rate (A), transpiration rate (E), sub-stomatal CO2 (Ci), stomatal
conductance (gs), water use efficiency (WUE measured as A/E) of two spring wheat (Triticum
aestivum L.) cultivars differing in salinity tolerance when different levels of GB were exogenously
applied to salt-stressed or non-stressed plants (No spray; 0.1% Tween20 solution; 50 mM GB; and
100 mM GB in 0.1% Tween 20).

Increase in stomatal conductance accompanied with a decrease in transpiration rate
of wheat cultivars due to GB application under saline conditions may change the plant
water relations. This was also supported by the fact that GB application improved the
WUE under saline conditions. A decrease in leaf osmotic potential coupled with an
increase in leaf turgor, as observed in the present study (Fig. 2), is a phenomenon referred
to as osmotic adjustment. Osmotic adjustment (OA) is one of the factors that can enhance
salt tolerance (Ashraf, 2004). Osmotic adjustment in plants may have been due to
accumulation of inorganic and/or organic solutes but their relative contribution of these
solutes varies among species, among cultivars and even among compartments within the
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same plant (Ashraf, 2004). The organic osmotica generally found in higher plants are low
molecular weight sugars, organic acids, polyols and nitrogen containing compounds such
as glycinebetaine, proline, free amino acids and their derivatives (Ashraf & Harris, 2004).
If parallels are drawn between leaf osmotic potential and each of GB or proling, it is
evident that GB contributed more to osmoregulatory process (Figs. 1, 2).

The result of the present study would suggest that salt-induced adverse effects on
photosynthetic capacity in wheat can be improved by the exogenous application of GB
through enhanced level of endogenous GB. High accumulation of GB mainly contributes
to OA, which is one of the factors for improving photosynthetic capacity under salt stress.
Better osmotic adjustment or plant water status due to GB application increased the
stomatal conductance and thus favored higher CO; fixation rate. The protective effect of
GB on photosynthetic pigments and GB induced reduction in transpiration rate are
additional factors which might have contributed to better growth of wheat cultivars under
salt stress. However, cv. S-24 was higher in photosynthetic capacity and plant water
status or osmotic adjustment than MH-97, which could explain the ability of the salt
tolerant S-24 to show higher salt tolerance than the moderately sensitive MH-97.

References

Arnon, D.T. 1949. Copper enzyme in isolated chloroplasts, polyphenaloxidase in Beta vulgaris.
Plant Physiol., 24: 1-15.

Ashraf, M. 2002. Exploitation of genetic variation for improvement of salt tolerance in spring
wheat. In: Prospects for Saline Agriculture. (Eds.): R. Ahmad and K. A. Malik. Kluwer
Academic Publishers, Netherlands. pp. 113-121.

Ashraf, M. 2004. Some important physiological selection criteria for salt tolerance in plants. Flora,
199: 361-376.

Ashraf, M. and H. Rehman. 1999. Interactive effects of nitrate and long-term water logging on
growth, water relations, and exchange properties of maize (Zea mays L). Plant Sci., 144:
35-43.

Ashraf, M. and P.J.C. Harris. 2004. Potential biochemical indicators of salinity tolerance in plants.
Plant Sci., 166: 3-16.

Ashraf, M. and R. Sultana. 2000. Combination effect of NaCl salinity and N-form on mineral
composition of sunflower plants. Biol. Plant., 43: 615-619.

Athar, H.R. and M. Ashraf. 2005. Photosynthesis under drought stress. In: Handbook of
Photosynthesis. (Ed.): M. Pessarakli, CRC Press, Taylor and Francis Group, NY, pp. 793-804.

Bates, L.S., R.P. Waldren and I.D. Teare. 1973. Rapid determination of free proline for water stress
studies. Plant Sci., 39: 205-207.

Brugnoli, E. and O. Bjorkman. 1992. Growth of cotton under continuous salinity stress: influence
on allocation pattern, stomatal and non-stomatal components and dissipation of excess light
energy. Planta, 187: 335-347.

Delfine, S., A. Alvino, M.C. Villani and F. Loreto. 1999. Restrictions to carbon dioxide
conductance and photosynthesis in spinach leave recovering from salt stress. Plant Physiol.,
119: 1101-1106.

Dubey, R.S. 2005. Photosynthesis in plants under stressful conditions. In: Hand Book of
Photosynthesis, 2 (Ed.): M. Pessarakli. C. R. C. Press, New York, USA, pp. 717-718.

El-Hendawy, S., Y. Hu and U. Schmidhalter. 2005. Growth, ion content, gas exchange, and water
relations of wheat genotypes differing in salt tolerances. Aus. J. Agric. Res., 56: 123-134.

Fallon, K.M. and R. Phillips. 1989. Responses to water stress in adapted carrot cell suspension
cultures, J. Exp. Bot., 40: 681-687.

Grieve, C.M., S.R. Grattan. 1983. Rapid assay for the determination of water soluble quaternary
ammonium compounds. Plant Soil, 70: 303-307.



250 SYED HAMMAD RAZA ET AL,

Hanson, A.D., J. Rivoal, M. Burnet and B. Rathinasabapathi. 1995. Biosynthesis of quarternery
ammonium and tertiary sulphonium compounds in response to water stress. In: Environment
and Plant Metabolism, Flexibility and Acclimation. (Ed.): N. Smirnof. BIOS: Lancaster, pp.
189-198.

Heuer, B. 2003. Influence of exogenous application of proline and glycinebetaine on growth of
salt-stressed tomato plants. Plant Sci., 165: 693-699.

Holstrom, K.O., S. Somersalo, A. Mandal, E.T. Palva and B. Welin. 2000. Improved tolerance to
salinity and low temperature in transgenic tobacco producing glycinebetaine. J. Exp. Bot., 51:
177-188.

Igbal, M. and M. Ashraf. 2005. Changes in growth, photosynthetic capacity and ionic relations in
spring wheat (Triticum aestivum L.) due to pre-sowing seed treatment with polyamines. Plant
Growth Regul. 46: 19-30.

Kozlowski, T.T. 1982. Water supply and tree growth. Il. Flooding, For. Abst., 43: 145-161.

Lopez, C.M.L., H. Takahashi and S.Yamazaki. 2002. Plant water relations of kidney bean plants
treated with NaCl and foliarly applied glycinebetaine. J. Agron. Crop Sci., 188: 73-80.

Mékeld, P., J. Mantila, R. Hinkkanen, E. Pehu and P. Peltonen-Sainio. 1996. Effect of foliar
applications of glycinebetaine on stress tolerance, growth, and yield of spring cereals and
summer turnip rape in Finland. J. Agron. Crop Sci., 176: 223-234.

Makela, P., M. Kontturi, E. Pehu and S. Somersalo. 1999. Photosynthetic response of drought and
salt-stressed tomato and turnip rape plants to foliar applied glycinebetaine. Physiol. Plant.,
105: 45-50.

Makela, P., R. Munns, T.D. Colmer, A.G. Condon and P. Peltonen-Sainio. 1998. Effect of foliar
applications of glycinebetaine on stomatal conductance, abscisic acid and solute
concentrations in leaves of salt-or drought-stressed tomato. Aust. J. Plant Physiol., 25: 655-
663.

McCue, R.F. and A.D. Hanson. 1990. Drought and salt tolerance: Towards understanding and
application. TIBTECH. 8: 358-362.

Meyer, S. and Y. deKouchkovsky. 1993. Electron transport, photosystem Il reaction centers
chlorophyll-protein complexes of thylakoids of drought resistant and sensitive lupin plants.
Photosynth. Res., 37: 49-60.

Morales, F., A. Abadia, J. Gomez-Aparis and J. Abadia. 1992. Effects of combined NaCl and CaCl2
salinity on photosynthetic parameters of barley grown in nutrient solution. Physiol. Plant., 86:
419-426.

Papageorgiou, G.C. and N. Murata. 1995. The unusually strong stabilizing effects of glycinebetaine
on the structure and function of the oxygen-evolving photosystem Il complex. Photosynth.
Res., 44: 243-252.

Rhodes, D. and A.D. Hanson. 1993. Quaternary ammonium and tertiary sulfonium compounds in
higher-plants, Annu. Rev. Plant Physiol. Plant Mol. Biol., 44: 357-384.

Sakamoto, A. and N. Murata. 2002. The role of glycinebetaine in the protection of plants from
stress: clues from transgenic plants. Plant Cell Environ., 25: 163-171.

Sakamoto, A., A. Murata and N. Murata. 1998. Metabolic engineering of rice leading to
biosynthesis of glycinebetaine and tolerance to salt and cold. Plant Mol. Biol., 38: 1011-10109.

Seemann, J.R. and C. Critchley. 1985. Effects of salt stress on the growth, ion content, stomatal
behaviour and photosynthetic capacity of a salt sensitive species. Phaseolus vulagris L. Plant
Physiol., 82: 555-560.

Snedecor, G.W. and W.G. Cochran. 1980. Statistical Methods, 7" edition, The lowa State
University Press, Ames.

Taiz, L. and E. Zeiger. 2002. Plant physiology, 3™ Edition. Sinauer Assoc., Sunderland, USA.

Timasheff, S.N. 1992. A physicochemical basis for the selection of osmolytes by nature. In: Water
and Life: Comparative Analysis of Water Relationships at the Organismic, Cellular and
Molecular Levels. (Eds.): C.N. Somero, C.B. Osmond and C.L. Bolis. Springer, Berlin, pp.
71-84.



EFFECT OF GLYCINEBETAINE ON PHOTOSYNTHETIC CAPACITY OF WHEAT 251

Weimberg, R., H.R. Lerner and A. Poljakoff-Mayber. 1984. Changes in growth and water soluble
solute concentrations in Sorghum bicolor stressed with sodium and potassium, Physiol. Plant.,
62: 472-480.

Winicov, I. and J.R. Seemann. 1990. Expression of genes for photosynthesis and the relationship to
salt tolerance of alfalfa (Medicago sativa) cells. Plant Cell Physiol., 31: 1155-1161.

Wyn Jones, R.G. and R. Storey. 1981. Betaine. In: Physiology and Biochemistry of drought
resistance in plants (Eds.): L.C. Paleg and D. Aspinall. Academic Press. New York, pp. 171-
204.

Yang, W.-J., P.J. Rich, J.D. Axtell, K.V. Wood, C.C. Bonham, G. Ejeta, M.V. Mickelbart and D.
Rhodes. 2003. Genotypic variation for glycine betaine in sorghum, Crop Sci. 43: 162-169.
Yang, X. and C. Lu. 2005. Photosynthesis is improved by exogenous glycinebetaine in salt stressed

maize plants. Physiologia Plantarum, 1-10.d0i:10.111/j.1399-3054.2005.00518.x

(Received for publication 19 November 2005)



