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Summary

Effect of glycinebetaine (0, 50 and100 mM) applied as a foliar spray
at different growth stages i.e. vegetative, reproductive and both at the
vegetative and reproductive stages on growth, proline accumulation
and ion accumulation was investigated in plants of two maize
cultivars under saline conditions. Salt stress caused a significant
reduction in growth, leaves and roots K* and Ca? while, Na* and
CI" concentrations of both maize cultivars was significantly increased
due to salt stress, Foliar applied glycinebetaine at the vegetative
stage was more effective in ameliorating the adverse effects of salt
stress than when applied at the reproductive or at both vegetative and
reproductive stages. Foliar applied glycinebetaine did not change the
leaf proline concentration in the salt stressed plants of both cultivars.
However, exogenously applied glycinebetaine significantly reduced
Na* accumulation in the roots and leaves, while that of K* increased,
thereby resulting in higher K*/Na* and Ca**/Na* ratios under saline
conditions.

Introduction

Many plants accumulate low molecular weight compatible solutes
when exposed to different environmental stresses including salt
stress (GRIEVE and MASS, 1984; PARK et al., 1995). Glycinebetaine
(GB) is one of widely known compatible solutes that accumulate in
a number of plants grown under stress conditions. GB is actively
involved in stress tolerance of plants, because it acts as a potential
osmoprotectant in addition to a number of roles it plays in plant
metabolism (ASHRAF and FooLAD, 2007). GB is known to regulate
a number of physiological processes in plants subjected to salt stress
such as stomatal conductance, transpiration (AGBOMA et al., 1997a;
RAzA et al., 2006), ion homeostasis (CUIN and SHABALA, 2005; RAzA
et al., 2007), changes in antioxidant capacity (TOURKAN and DEMIRAL,
2004; RAzA et al., 2007).

However, it has been observed that in many crop plants the inherent
synthesis/accumulation of GB is lower than the desired level to
ameliorate the adverse effects of osmotic stress caused by various
environmental stresses (SUBBARAO et al., 2001; ASHRAF and FOOLAD,
2007). Although biosynthetic pathway of GB was promoted in some
non-accumulating species by genetic engineering, transgenic plants
still were not capable of producing GB levels equivalent to those in
natural GB accumulators (SAKAMOTO and MURATA, 2000; 2002).
With these results in mind, a number of scientists proposed a shot-
gun approach where enhanced internal GB level in plants could be
achieved through exogenous application of GB (HARINASUT et al.,
1996; MAKELA et al., 1999; RAzA et al., 2006; 2007; ASHRAF and
FOOLAD, 2007). There is accumulating evidence that exogenous
application of GB to low-accumulating or non-accumulating plants
may help to reduce the adverse effects of environmental stresses
(MAKELA et al., 1998; YANG and Lu, 2005; 2006; CHEN and MURATA,
2008; BANU et al., 2009). Uptake and accumulation of different ions in
plants under salt stress are also affected due to exogenous application
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of GB. For example, exogenous application of GB enhanced
endogenous level of GB and K* in wheat. Higher endogenous GB
caused an increase in K* and a decrease in Na* accumulation in the
leaves and roots of wheat plants. This phenomenon led to a better
maintenance of K'/Na* and Ca?*/Na* ratios in the shoots (RAZa et al.,
2007). In tomato, exogenous application of GB resulted in reduced
accumulation of Na* and CI' (HEUER, 2003).

Proline accumulation is one of the most important modifications
induced by salt stress in plants, and often considered to be involved
in stress resistance (MISRA and SAXENA, 2009). It plays a substantial
role in osmotic adjustment under saline conditions (HyuN et al., 2003;
KHEDR et al., 2003; AKRAM et al., 2006). Enhanced salt tolerance
(KHEDR et al., 2003; NOREEN and ASHRAF, 2009) by stabilization of
proteins, prevention of denaturation of enzymes, acting as a hydroxyl
radical scavenger (HSU et al., 2003), protection of protein turnover
machinery, and up-regulation of stress protective proteins (MISRA
and SAXENA, 2009) have been attributed to high accumulation of
proline.

Certain maize cultivars, including many inbred lines are unable to
synthesize GB because they are defective in the first step of betaine
biosynthesis (RHODES et al., 1989). Although some maize cultivars
can accumulate GB, the synthetic capacity is relatively low. The
accumulation of GB in some stressed maize plants is only in the
range of 2-5 mmol g*! fresh weight which is about 10-fold lower than
those in stress-tolerant plants (GRIEVE and MAAS, 1984; KISHITANI
et al., 1994; ALLARD et al., 1998). Keeping in view the above
mentioned reports about the role of exogenous GB on various plant
species, there is a need for better understanding of GB mechanism of
action and the magnitude of its effects in improving stress tolerance
in different plant species. One of the most common modes of
exogenous application of GB i.e., foliar application may increase
the levels of glycinebetaine in plants that are unable to synthesize
this compound. Therefore, foliar application of GB seems to be an
effective and efficient alternative to genetic engineering to improve
crop productivity under stress conditions.

Thus, the primary objective of the present study was to assess up (o
what extent GB applied exogenously at different growth stages could
ameliorate the adverse effects of salt stress on maize. It is not known
if exogenous GB application has beneficial effects on ion uptake
in maize. A further aim was to determine whether exogenous GB
applied as a foliar spray could regulate ion homeostasis in maize
plants subjected to salt stress.

Materials and methods

The seeds of two maize cultivars, Golden and C-20 were obtained
from the Department of Plant Breeding and Genetics, University of
Agriculture, Faisalabad, Pakistan. A sand culture pot experiment was
conducted in the Botanic Garden of the University of Agriculture,
Faisalabad, Pakistan (latitude = 31°- 30" N, longitude = 73°- 10’ E
and altitude = 184.4m) in a nethouse under natural sunlight during
August-November, 2004-05 and 2005-06 where the average rainfall
was 49 £ 1.22 mm, maximum and minimum relative humidity 62%
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and 55%, and average temperatures were 35 + 1.60 and 21 +2.26 °C,
respectively. River sand was used as a growth medium. Ten seeds
were sown per plastic pot (24.5 cm diameter and 28 cm deep), each
containing 10 kg river sand. The sand was washed well with sufficient
amount of tap water. Two liters of full strength Hoagland’s nutrient
solution were applied on alternate days to each pot so as to flush
through all the salts previously present in the sand.

Salinity (NaCl) treatment (100 mAM NaCl) was applied in full strength
Hoagland’s nutrient solution after 21 days of plants germination.
Each time, two liters of each treatment solution were applied in the
evening. Glycinebetaine (GB) treatments (0, 50 and 100 mM in 0.1%
Tween-20 solution) were exogenously applied as a foliar spray to
plants at different growth stages, i.e., vegetative (28-day old plants),
reproductive (77-day old plants), and both vegetative and reproductive
stages (28- and 77-day old plants). The experiment was laid out in a
completely randomized design (CRD) with four factors. There were
four replicates for each treatment. Two plants (91-day old) from each
pot were uprooted carefully and washed with distilled water. After
drying with blotting paper, roots were carefully removed, then the
plant samples were oven-dried at 65 °C for one week and dry weights
of both shoots and roots recorded.

Determination of mineral elements

The dried ground leaf or root material (0.1 g) was digested with
sulphuric acid and hydrogen peroxide following WoLF (1982).
After digestion, the volume of each sample was made up to 100 mi
with distilled de-ionized water. Ions, i.e., Na*, K* and Ca™ were
determined with a flame photometer (Jenway PFP7). For Cl™ analysis,
the ground leaf or root material (0.1 g) was extracted in 10 ml distilled
water at 80 °C for 4 h. The CI' content was determined with a chloride
analyzer (Model 926, Sherwood Scientific Ltd., Cambridge, UK).

Proline determination

Proline in the leaves was determined 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.

Statistical Analysis

The data for all variables were computed using the MSTAT Computer
Program (MSTAT Development Team, 1989) for working out analysis
of variance. Four factors were cultivars, salt treatments, growth stages
and different levels of glycinebetaine. Bar graphs using mean + S.E
values were drawn using Microsoft Excel Software.

Results

Salinity had a detrimental effect on growth (shoot and root dry
biomass, leaf areca, and number of leaves per plants (Fig. 1A-D)
of two maize cultivars. However, cv. Golden had higher shoot
dry biomass than that of cv. C-20 (Fig. 1A). Exogenously applied
glycinebetine (GB) improved almost all growth components,
particularly leaf area, and shoot dry biomass production under saline
conditions. Although both 50 and 100 mM GB levels applied foliarly
had almost similar increasing effect on the growth of both cultivars
under saline conditions, GB applied at the vegetative stage proved to
be very effective in enhancing shoot dry weight of salt-stressed plants
of both cultivars. Likewise, the effect GB applied at the vegetative
stage was more prominent in improving number of leaves per plant
(Fig. 1D) and leaf area of both maize cultivars than that applied at the
other growth stages.

Addition of salt to the growth medium caused a significant (P <

0.001) increase in the accumulation of Na* and Cl- in the roots and
leaves of both cultivars (Fig. 2 A-D). Cultivar Golden had lower
Na* and CI" concentrations in the leaves and roots than those in cv.
C-20 under saline conditions. Foliar application of GB significantly
(P £0.05) reduced the accumulation of Na* in the leaves and roots
of both cultivars. Overall, 50 mM GB was the most effective GB
concentration in reducing Na* accumulation in the leaves and roots of
both cultivars under saline conditions. Exogenous application of GB
at different growth stages also had a significant effect on leaf Na*,
Exogenous application of GB did not significantly (P < 0.05) alter the
accumulation of CI" in the leaves of both cultivars under normal or
saline conditions. Excessive amount of NaCl in the rooting medium
significantly reduced K* and Ca®" concentrations in the leaves and
roots of both maize cultivars (Fig. 3 A-D). Application of 50 mM
GB and 100 mM GB increased the accumulation of K* in the leaves
and roots of salinized plants of both cultivars, whereas they did not
significantly alter leaf K* of non-stressed plants. Accumulation of
K* in the leaves was generally higher when GB was applied at the
vegetative stage or at the vegetative and reproductive stages than
applied at the reproductive stage under saline conditions. Of different
levels of GB, 50 mM GB was found to be more effective in promoting
the accumulation of K*in the roots, particularly when applied to cv.
Golden at the vegetative stage and 100 mM GB to cv. C-20 under
saline conditions.

Exogenous application of GB, particularly, at the vegetative stage
had a significant increase in leaf Ca® of both cultivars under saline
conditions. However, GB applied exogenously at different growth
stages did not significantly affect the root Ca** in both cultivars
(Fig. 3 C and D).

Exogenous application of 50 mM GB was more effective than
100 mM GB in increasing the leaf K*/Na* and the reverse was true in
case of root K*¥/Na* ratio in both maize cultivars under both normal
and saline conditions (Fig. 4 C and D). Foliar application of GB at the
vegetative stage was more effective in increasing leaf K*/Na* ratio
as compared with GB applied at other growth stages. Under saline
conditions, leaf Ca®*/Na* ratio increased particularly at 50 mM.
However, foliar applied GB did not cause a significant effect on root
Ca*/Na* ratio of both cultivars. Application of GB at the vegetative
stage was more effective in improving leaf Ca**/Na* and root Ca?/
Na* ratios under saline conditions than that applied at the other
growth stages (Fig. 4 A and B).

Exogenously applied GB (50 and 100 mM) significantly (P < 0.05)
affected the leaf proline concentration in both cultivars, but the
cultivars did not differ significantly. Proline accumulation in the
leaves of salt stressed plants of both cultivars was increased when
GB was applied at the reproductive stage or at both the vegetative and
reproductive stages, whereas proline accumulation remained almost
unchanged when GB was applied at the vegetative stage (Fig. 4 E).

Discussion

Salt stress caused a significant reduction in growth of both maize
cultivars, but the response of the two cultivars was different with
cv. C-20 being more sensitive to salt stress than cv. Golden. The
reduction in growth and dry matter production of plants is attributed
to several reasons. The most important reason is the reduced water
and nutrient transport under stress conditions, which occurs due to
the accumulation of high amounts of soluble salts in the rooting
medium, thereby resulting in impaired plant growth. However, the
reduction in growth of the maize cultivars was compensated by foliar
application of GB, because foliar application of GB with increased
growth of both cultivars. These results are similar to some earlier
findings in which foliar application of GB resulted in a significant
improvement in salt tolerance of maize plants (YANG and Lu, 2005;
2006). Similarly, in rice, a marked improvement in salt tolerance was
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Fig. 1: Shoot and root dry weights, leaf area and number of leaves/plant of two maize (Zea mays L.) cultivars when different levels of GB were applied as foliar
spray to salt stressed or non-stressed plants at the vegetative, reproductive or vegetative and reproductive stages. (*** = significant at 0.00! level; ns =

non-significant).

observed due to exogenous application of GB (HARINASUT et al.,
1996; LuTTs, 2000).

Changes in growth of both maize cultivars due to imposition of salt
stress or foliar applied GB might have been due to changes in leaf
growth (leaf area). It is well documented that biomass production
is closely related to light interception or leaf area index (LAI) as
observed in different agricultural crops (MONTEITH, 1977) and other
vegetation types (HIROSE et al., 1997). From the results of the present
study, it is also clear that foliar application of GB increased leaf area

of both cultivars under both normal and saline conditions. Thus, it is
plausible to propose that reduction in growth of both maize cultivars
was due to their reduced leaf growth, and GB-induced growth
improvement was also due to GB-induced increase in leaf area
(photosynthesizing tissue).

Comparison of some earlier reports in the literature with the present
study shows that the eftective and efficient doses of GB depends on
the species (MAKELA et al., 1996; AGBOMA et al., 1997a; 1997b;
1997¢), mode of application (HEUER, 2003), plant growth stage at
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Fig. 2: Leaf and root Na* and CI" concentrations of two maize (Zea mays L.) cultivars when different levels of GB were applied as foliar spray to salt stressed
or non-stressed plants at the vegetative, reproductive, or the vegetative and reproductive stages. (*, **, *** = significant at 0.05, 0.0l and 0.001 levels,

respectively; ns = non-significant).

which it is applied (AGBOMA et al., 1997a), concentration of GB
applied (RAzA et al., 2006; 2007), and number of foliar applications
(IBRAHIM et al., 2006). In the present study, effect of exogenous
application of GB varied when applied at different growth stages.
For example, GB applied at the vegetative growth stage was more
effective in ameliorating the adverse effects of salt stress on both
maize cultivars than when applied at the reproductive stage or at
both the vegetative and reproductive growth stages. The differential
response of maize plants to exogenous application of GB at different
growth stages may have been due to its role in biosynthesis and
transport of hormones like cytokinins (BADENOCH-JONES et al.,

1996) which may have a role in the transport of photoassimilates
(TAlz and ZEIGER, 2006). Secondly, the plants which received GB at
the reproductive stage had been subjected to salt stress for a longer
period without GB application than those which were sprayed with
GB at the vegetative stage. This factor may have played a vital role in
the differential response of maize plants to GB application at different
growth stages.

Proline accumulation has been correlated with tolerance to salinity
stress in most plant species (KAvi KiSHOR et al., 1995). Thus, GB
may play a protective role rather osmoregulatory role in preventing
cell injury from salt stress as has earlier been reported in some studies
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Fig. 3: Leaf and root K* and Ca® concentration of two maize (Zea nays L.) cultivars when different levels of GB were applied as foliar spray to salt stressed
or non-stressed plants at the vegetative, reproductive, or the vegetative and reproductive stages. (¥, **, *** = gignificant at 0.05, 0.01 and 0.001 levels,

respectively; ns = non-significant).

on different crops, e.g., in Trifolium alexandrinum (VARSHNEY
et al., 1988), species of Triticum, Agropyron and Elymus (WYN
JONES et al., 1984), and in pea (Pisum sativiin L.) (NOREEN and
ASHRAF, 2009). Although in the present study, salt stress increased
proline accumulation in both maize cultivars, it remained unchanged
in salinized plants due to GB application. From these findings, it is
plausible to propose that GB may have not modulated the biosynthesis
of proline (HASSINE et al., 2008; MISRA and SAXENA, 2009).

Exogenous application of GB significantly reduced Na* accumulation
in the roots and leaves of both cultivars, while increased that of K*.

Similarly, K*/Na* and Ca®/Na* ratios of both cultivars were also
increased with GB application under saline conditions. These
results can be explained in view of some earlier reports in which it
has been demonstrated that exogenous GB application reduces the
accumulation of Na* and maintains or promotes the accumulation of
K* in the shoots of most plant species (LUTTS et al., 1999; MAKELA
et al., 1999; RAHMAN et al., 2002; RAzA et al., 2007). For example,
GB-treated rice plants had significantly lower Na* and higher K*
concentrations in the shoots, compared with those of the untreated
plants. The ameliorative effect of exogenously applied GB on rice
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seedling growth was due to GB-induced greater accumulation of Na*
in the root and its decreased transportation to the shoot (RAHMAN
et al., 2002). Exogenous application of GB to rice plants exposed to
salt stress resulted in reduced Na* accumulation and maintenance of
K* concentration in the shoot (LUTTS et al., 1999). Recently, Raza
et al. (2007) have found that exogenous GB applied as a foliar
spray to wheat plants particularly at the vegetative stage reduced
the accumulation of Na*, but it did not alter that of K*, thereby,
resulting into improved K*/Na* ratio. There are a number of reports
and reviews available in the literature that show that plants use
different transporters for the uptake of Na*, K* and Ca?*, which play

important roles in maintaining cellular K*/Na* and Ca*/Na* ratios
(QUINTERO and BLATT, 1997; SANTA-MARIA et al., 1997; AMTMANN
and SANDERS, 1998; TESTER and DAVENPORT, 2003; ASHRAF, 2004;
MUNNS, 2005). Furthermore, it is widely accepted that GB main-
tains integrity of biological membranes and protects various trans-
porters for proper functioning under various environmental stresses
(MURATA et al.,, 1992; MANSOUR, 1998; Yeo, 1998; HASEGAWA
et al., 2000; SAKAMOTO and MURATA, 2002; ASHRAF and FOOLAD,
2007). For example, MANSOUR (1998) proposed that GB protects
various transporters for normal functioning under salt stress. Root
applied 0.5-5 mM GB maintained cytosolic K* homeostasis in barley
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preventing NaCl-induced K* leakage from the cell, possibly through
enhanced H*-ATPase activity (CUIN and SHABALA, 2005). Recently,
exogenous application of a range of compatible solutes including
GB also reduced oxidative stress-induced K* leakage from the roots
of Arabidopsis thaliana. Furthermore, they have suggested that the
beneficial effect of GB in salt stressed plants may have been due to
the protective effect of GB on the integrity of plasma membrane and
its associated transporter proteins, and scavenging free radicals (CUIN
and SHABALA, 2007). From the results of the present study and all
these reports, it can be concluded that leaf applied GB might have
direct beneficial effect on salt stressed plants of maize cultivars by
providing stabilization of biological membranes and macromolecules
(proteins, PS-1, and transporters) which resuited in Na* discrimination
against K* and Ca”" (improved K*/Na* and Ca**/Na* ratio) rather than
simply providing protection against osmotic stress.

By summarizing all the results, it is clear that foliar application of
GB was effective in ameliorating the adverse effects of salinity on
growth of both maize cultivars. Moreover, foliar application of GB
was more effective when applied at the vegetative stage than applied
at the reproductive or at both the vegetative and reproductive stages.
Beneficial effect of GB applied as a foliar spray caused enhanced Na*
discrimination against K* and Ca®*" (improved K*/Na* and Ca®*/Na*
ratio) in salt stressed maize plants.
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