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Abstract

Drought stress reduces the yield and production of tomato (Lycopersicum esculentum Mill.). Tomato does not naturally accumulate
glycinebetaine (GB) in the cells under natural conditions. Effects of exogenous glycinebetaine on some morpho-physiological
characteristics of Lycopersicum esculentum Mill. cv. PS was evaluated at different levels of drought stress. The experiment was
conducted in a factorial design based on completely randomized block design (RCBD) with four replications. Seeds were germinated
and arranged in pot conditions. Plants were watered weekly, bi-weekly and tri-weekly once as drought stress and irrigation was based
on 100% of field capacity (FC). Exogenous glycinebetaine was applied as foliar at three levels (0, 5 and 10 mM) in three stages with 10
days interval. Root length, leaves number, total leaf fresh weight, total leaf dry weight, leaf area index, relative water content (RWC),
and stress tolerance index (STI) were analyzed in the vegetative stage. Moreover, flowering number, fruit number and fruit weight were
recorded during reproductive period. Results showed that the vegetative growth parameters [shoot height (maximum; 59.75 cm,
minimum; 40.25 cm), root length (highest; 58.25 cm, lowest; 38.25 cm), leaf number (largest; 47.50, lowest; 16.50), leaf area (most;
819.21 mm?, least; 305.63 mmz)] and physiological characteristics [total shoot fresh weight (maximum; 52.68 g, minimum; 48.23 g),
total shoot dry weight (maximum; 51.18 g, minimum; 36.67 g), relative water content (highest; 47.08, lowest; 25.95) and stress
tolerance index (highest; 1.220, lowest; 0.548)] decreased with the increment of drought stress. In addition, all the above mentioned
traits increased (70%, 73%, 187%, 193%, 168%, 9%, 72% and 122%, respectively) by exogenous application of glycinebetaine,
significantly. Reproductive growth parameters [the number of flower (largest; 46, least; 23), fruit number (largest; 45, least; 22) and
weight of fruit (maximum; 34, minimum; 20)] decreased under drought stress and increased significantly by 86%, 115% and 125%,
respectively under exogenous application of glycinebetaine. Based on studied reproductive growth parameters in two levels of drought
stress, the 10 mM exogenous glycinebetaine was the best treatment and recommended to alleviate effects of drought condition.
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Introduction

Stresses such as drought reduce the yield of cultivated plants or
affect the quality of the harvested products (Arafa et al., 2009).
Drought stress tolerance is seen in almost all plants but its
extent varies from species to species and even within species
(Caeruty, et al., 2009). Tomato (Solanaceae) has berry fruit and
used as a vegetable (Yilmaz, 2001; Petro-Turza, 1978) and is a
warm season perennial (Gould, 1983). Tomato needs enough
irrigation based on climatic conditions and soil type, every
week about 20 to 70 mm (Kazemi et al., 2009). In Golestan
province (Iran), tomato is watered once a week. Tomato was
used as a model system for investigating the effects of GB
applications on plants supply (Makela, 1998b), as this species is
unable to synthesis GB naturally (Wyn Jones and Storey, 1981;
Makela, 1998b), but is sensitive to exogenous supply (Makela,
1998b). GB is a quaternary ammonium compound present in
bacteria, cyanobacteria, algae, animals, and plants of several
families (Rhodes and Hanson, 1993). The compatible solute

GB, a small organic metabolite soluble in water and nontoxic at
high concentrations, is a compound that can potentially play a
crucial role in effective protection against salt, drought, and
extreme temperature stress (Ashraf and Harris, 2004; Ashraf
and Foolad, 2007; Chen and Murata, 2008). Moreover, there are
many other purposes, in which exogenously applied GB can be
used to improving drought tolerance (Igbal and Ashraf, 2006;
Ma et al., 2006; Ma et al., 2007; Zhao et al., 2007; Farooq et al.,
2008). It accumulates in response to water deficit or salt stress
in the leaves of some plants (Hanson, 1980; Weretilnyk et al.,
1989; Arakawa et al., 1990; Ishitani et al., 1993) and this
accumulated GB in leaves may confer tolerance to the osmotic
stress (Styrvold et al., 1986; Grumet and Hanson, 1986;
Saneoka et al., 1995). GB biosynthesis and accumulation in
halophyte species have been widely investigated (Rhodes and
Hanson, 1993; Hanson et al., 1995; Yu-Mei et al., 2004). But
some higher plants are not capable to accumulating GB (Yang
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and Lu, 2005). For example, tomato plants (Lycopersicon
esculentum Mill.) do not naturally accumulate GB (Wyn Jones
and Storey, 1981). Thus, as an alternative, exogenous
application of GB to non-accumulator plants may be a possible
approach to tolerate environmental stress (Yang and Lu, 2005).
There are contradictory reports on foliar application of GB in
inducing abiotic stress tolerance in crops. For example, foliar
application of GB improved salt and drought tolerance in
tomato (Makela et al., 1998b; Heuer, 2003). Uptake of foliar
applied GB has been shown to be active (Ladyman et al., 1980).

Exogenous GB was absorbed by the leaves and remained
stable which improves the growth, survival, and tolerance of a
wide variety of accumulator/non-accumulator plants under
various stress conditions (Harinasut et al., 1996; Rajasekaran et
al., 1997; Diaz-Zorita et al., 2001). Ashraf and Foolad (2007)
suggested that effectiveness of foliar applied GB depends on a
number of factors including plant species, plant developmental
stage at which GB applied, concentration of GB, and number of
applications. It is suggested that GB is not a compatible organic
osmoticum for all plants or cause of phytotoxicity, when
applied either at higher concentration or by increasing the
number of applications. The broadleaf species such as bean,
tomato, and grape are more sensitive to high concentrations of
GB than grass species/cereals. Therefore, it is important to
determine optimal concentration of GB, number of applications,
and time of application for each crop species (Muhammad
Ibrahim et al., 2006). In our previous studies, exogenous
application of GB by spraying techniques, in vegetative and
reproductive stages, did not lead us to a comprehensive
conclusion on plant morphological characteristics and growth
parameters of tomato after imposing the drought stress. Thus,
the purpose of this study was to evaluate the improvement of
drought tolerance, morphological characteristics, and growth
parameters of tomato (Lycopersicum esculentum Mill.) cv. PS
after exogenous and foliar application of GB.

Results and Discussion

Morphological characteristics in vegetative stage including
shoot height, root length, leaf number, leaf area (Table 1) and
physiological characteristic of total leaves fresh weight (except;
total dry weight of leaves) decreased with increment of stress.
All  morphological and physiological values increased
significantly by exogenous application of GB (p<0.05) (Table
2). In comparison with the control (50.56 and 36.67 g), total
leaves fresh weight decreased (48.92 and 48.23 g) and total
leaves dry weight increased (43.42 and 41.23 g) under drought
stress. Conversely, these parameters increased by exogenous
application of GB. RWC (38.2 in control) decreased in D14
(25.95) and increased in D21 (39.99) under drought stress and
GB had increasing effect on RWC in 10 mM of GB at all
drought stress levels (Table 2). STI decreased in D14 (0.702)
and D21 (0.548) under drought stress and influenced by GB
application (Table 2). Morphological characteristics at
reproductive stage, including number of flower, fruit number
and weight of fruit increased significantly by exogenous
application of GB, (Figs. 1, 2 and 3). It can be concluded that
drought stress, at vegetative and reproductive stage, effectively
influences the morphological characteristics of all studied traits
(except for total dry weight of leaves) and exogenous
application of GB will significantly alleviate the negative
effects of stress condition. In the present study, investigated
morphological and physiological characteristics, in vegetative
and reproductive stages, were reduced under drought stress and
then adversely increased by exogenous application of GB.

Morphological characteristics at vegetative stage

Results of analysis (Table 1) showed that drought stress had
significant decreasing (27% in D14 and 32% in D21) effect on
plant height (P<0.05). Reduction in plant height due to drought
stress has already been reported for tomato (Brown et al., 1992).
When plants were watered bi-weekly, there was significant
reduction in the plant height compared to daily watering
(Milton et al., 1992). Moisture stress at vegetative growth stage
caused a maximum reduction in plant height, when compared to
control. Rana and Kalloo (1989) studied the morphological
attributes associated with the adaptation under water deficit
conditions in tomato. Their data revealed that some, resistant
genotype recorded highest plant height compared to some other
other individuals, whereas susceptible genotype had recorded
least plant height. Application of GB decreased plant height
(Mohammed and Tarpley, 2011). This is different from the
findings of Farooq et al. (2008 a, b), which state that seed
priming of maize (Zea mays L.) with GB increased shoot length
under optimal conditions. However, Exogenous application of
GB significantly increased the maize's plant height with
increasing GB concentrations in the range of 2-20 mM and
when the concentration of GB was higher than 20 mM, there
was a decrease in plant height, compared to the control. This
indicates that high GB concentrations might have an adverse
effect on growth of maize plants (Xinghong and Congming,
2006). We interpret decrease in root length (32% in D14 and
34% in D21) by drought stress (Table 1) as an inhibition of cell
division and root growth that ameliorate by exogenous GB
adversely, via water relations in resistant and susceptible tomato
genotypes (Table 1). Farooq et al. (2008 a, b) suggested that the
adverse effects of stress on plant height and root length may be
due to its effects on meristimatic cell division and elongation as
well as root penetration. Studies of Farooq et al. (2008 a, b) also
showed that seed priming of maize (Zea mays L.) with GB
increased shoot length, root length and biomass under optimal
conditions. Root length of resistant and susceptible tomato
genotypes under water deficit condition revealed significant
difference and resistant genotypes showed maximum root
length, where susceptible genotype showed the minimum root
length (Rana and Kalloo, 1989). Khafagy et al. (2009) reported
that increasing salinity levels (NaCl) up to 6000 ppm decreases
the plant height, root length and shoot fresh as well as dry
weights in sweet pepper, indicating that application of GB and
ASA increased plant height, root length, fresh and dry weights
of shoot. GB at 2000 ppm proved to be more effective than
ASA to reduce the harmful effect of salinity.

In the present research, drought stress and exogenous
application of GB were two inverse factors affecting the leaf
number per plant (Table 1). Leaf number per plant was
decreased (21% in D14 and 51% in D21) under drought
condition, whereas increased by application of GB (42% in 10
mM of D21) (Table 1). In this case different results have been
reports. For example, leaf number per plant was not affected by
water stress (Seghatoleslami, 2008). A significant inter-specific
differences between two sympatric Populus species were found
in the total number of leaves under drought stress (Wullschleger
et al., 2005). Water stress reduced the leaf number, relative leaf
expansion rate and plant height depends on the stage of
development, particularly when water stress occurred during the
vegetative stage. After re-watering, plants stressed during the
vegetative and flowering stages increased leaf numbers. The
number of leaves for the stressed plants, at different
developmental stages, was significantly lower than the
unstressed plants, indicating the failure of plants full recovery.
Plants stressed during the pod filling stage had a 0% recovery
of leaf number after re-watering compared to control plants and
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Table 1. Plant height, root length, leaf number and leaf area in tomato (Lycopersicum esculentum Mill.) cv. PS under drought stress
after exogenous application of GB. Values represent mean-SE of four replications plants.

Drought*-GB treatment Plant height (cm) Root length (cm) Leaf number Leaf area (mmz)
(day/mM)

D7 (Control) 59.75+0.845a 58.25+0.866a 33.00+5.21b 682.58+5.11b
D14 43.5044.349bc 39.25+2.428¢ 26.00£2.42¢ 547.90+2.39¢
D14 x GB5 44.2543.614bc 41.50+0.957¢ 30.25+3.40b 632.18+3.39¢
D14 x GB10 58.50+0.289a 50.00+£0.913b 33.25+1.84b 683.16+1.84¢
D21 40.2543.119¢ 38.25+£2.175¢ 16.50£1.19d 305.63%1.19b
D21 x GB5 52.5044.490ab 51.5043.349b 34.00+0.14b 551.58+2.92¢
D21 x GB10 58.25+1.439a 56.25+1.364a 47.5044.53a 819.214+4.59a

*D7; weekly irrigation, D14; bi-weekly irrigation and D21; tri-weekly irrigation.
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Fig 1. Number of flowers in tomato (Lycopersicum esculentum Mill.) cv. PS under drought stress (D7; weekly irrigation, D14; bi-
weekly irrigation and D21; tri-weekly irrigation) after exogenous application of GB (0, 5 and 10 mM). Values represent mean-SE of

four replications plants.

all the treatments caused leaf abscission at the end of the
growing season (Vurayai et al., 2011). Water stress reduced the
number of leaves per plant in all stressed bambara groundnut
plants. Water deficit stimulates leaf abscission as drought stress
induces production of ethylene in a variety of species
(Apelbaum and Yang, 1981; Kacperska et al., 1989).
Mohammed and Tarpley (2011) reported that there was no
significant difference among untreated plants and GB-treated
plants with respect to leaf number per plant at the early grain-
fill stage. Application of GB to the leaves of grape resulted in
reduced growth rate and longer leaf development periods.
Application of 50 mM and higher GB resulted in thicker leaves.
When 100 or 200 mM GB was applied, growth completely
ceased, and the leaves exhibited severe phytotoxic symptoms
(Mickelbart et al., 2006). In current study, leaf number per plant
was reduced by drought stress and the number of leaves for the
GB-treated plants was still significantly higher than that of the
stressed and control plants, indicating the possibility of
improving and fully recovery by GB in cv. PS. Our results for
leaf area (Table 1) supported the study of plant like populus
(Wullschleger et al., 2005), soybean (Zhang et al., 2004) and
many other species (Farooq et al., 2009), that drought or water
deficit stress mostly reduced leaf growth and, in turn, the leaf
areas. Drought stress reduces leaf area (7.3% in D14 and 55%
in D21), whereas adversely increased by GB application (16.7%
in 10 mM of D21), and if the stress occurs before flowering and
after flowering reduced the green leaf duration (Banzinger et
al., 2000). At any time of crop development, stress reduced crop
photosynthesis rate, by which the total assimilates are being

available to the crop. Thereby, under stress, cell expansion is
inhibited, which expresses itself as reduction of leaf area
expansion (Banzinger et al., 2000). Lopez et al. (2002) found
that leaf area was increased significantly in unstressed plants,
when 10 mM GB was applied. However, at 30 mM GB
produced no increase in leaf area. Application of GB to plants
grown in a controlled environment slightly reduced growth
rates, resulting in a lower shoot leaf area at concentrations of
50, 100, or 200 mM. In contrast, application of GB also
increased the average number of days to maximum leaf area,
and increased specific leaf weight (Mickelbart et al., 2006).
Application of exogenous GB in glasshouse experiments on
tobacco (Nicotiana tobaccum) at various water stress levels
showed positive responses of plant such as increase in the fresh
and dry weights of leaves and the leaf area (Agboma et al.,
1997b). GB increased the leaf area of Zea mays cv. Giza2,
exposed to 150 mM NaCl by 22.9% as compared with stressed
plants. Similar results were reported for soybean [Glycine max
(L.) Merr.], where exogenous GB tended to increase the leaf
area and seed yield of plant by enhancement of photosynthetic
activity and nitrogen fixation (Agboma et al., 1997c). The
increase in leaf area following the GB treatment maximized the
photosynthetic activity (increase in total carbohydrate) and
biomass production which could be attributed to the
physiological ability of GB to prevent cellular dehydration,
maintain turgid pressure and photosynthetic activity under
conditions of low water potentials (Agboma et al., 1997b;
Mikeli et al., 1999).
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Table 2. Total shoot fresh weight, total shoot dry weight, RWC and STI in tomato (Lycopersicum esculentum Mill.) cv. PS under
drought stress after exogenous application of GlyBet. Values represent mean-SE of four replications plants.

Drought*-GB treatment ~ Total shoot fresh weight  Total shoot dry weight RWC STI
(day/mM) (2 (&
D7 (Control) 50.56+0.99¢ 36.67+0.63¢ 38.20+0.41e 1.000+0.000b
D14 48.92+0.26d 43.42+0.48¢c 25.95+0.57¢ 0.702+0.018d
D14 x GB5 51.62+0.47b 40.91+0.48d 30.50+1.09d 0.814+0.031c
D14 x GB10 52.56+0.36a 45.72+0.64b 43.90+0.58b 1.141£0.019a
D21 48.23+0.47d 41.23+0.47¢c 39.9940.80f 0.548+0.017¢
D21 x GB5 50.72+0.47¢ 45.97+0.47b 34.0040.63c 1.044+0.087b
D21 x GB10 52.68+0.48a 51.18+0.48a 47.08+0.66a 1.220+0.024a
*D7; weekly irrigation, D14; bi-weekly irrigation and D21; tri-weekly irrigation.
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Fig 2. Number of fruits in tomato (Lycopersicum esculentum Mill.) cv. PS under drought stress (D7; weekly irrigation, D14; bi-weekly
irrigation and D21; tri-weekly irrigation) after exogenous application of GB (0, 5 and 10 mM). Values represent mean-SE of four

replications plants.
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Fig 3. Fruit weight in tomato (Lycopersicum esculentum Mill.) cv. PS under drought stress (D7; weekly irrigation, D14; bi-weekly
irrigation and D21; tri-weekly irrigation) after exogenous application of GB (0, 5 and 10 mM). Values represent mean-SE of four

replications plants.

Physiological characteristics at vegetative stage

In our results, the application of exogenous GB showed positive
effect and increased the fresh and dry weights of leaves (Table
2). Similarly, application of GB in unstressed conditions on
some maize (Zea mays L.) characteristics such as shoot fresh
and dry weights did not affect by foliar application of GB
(Magsood, et al., 2006). Exogenous application of GB
significantly influenced the growth of maize plants, in which
fresh and dry weight of shoots and roots increased with
increasing GB concentrations in the range of 2-20 mM and
when the concentration of GB was higher than 20 mM.

There was a decrease in fresh and dry weight of roots and
shoots compared to the control, indicating that too high GB
concentrations had an adverse effect on growth of maize plants
(Xinghong and Congming, 2006). Hewer (2003) reported that
fresh weight for both roots and shoots decreased with the
application of GB in rice. In the 50% irrigation regime, the
application of GB reduced the fresh weight and dry weight in
contrast to the 75 and 100% irrigation levels, where its
application often resulted in marginal improvements (Agboma
et al.,, 1997b). In contrast, it was also investigated that shoot
fresh weight of rice cv. Pokkali and shoot and root dry weight
of IR-28 increased by GB application (Damaral and Turkan,
2005). Similar to our results, the application of exogenous GB
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in tobacco (Nicotiana tobaccum) showed positive responses and
increased the fresh and dry weights of leaves (Agboma et al.,
1997b). GB applied at the vegetative stage was very effective in
improving plant dry weight of salt-stressed plants of two maize
cultivars (Nawaz and Ashraf, 2007).

In addition, the stimulating effect of GB on plant growth may
be attributed to an increase in the viability and uptake of water
and essential nutrients through adjusting osmotic pressure in
plant cells and by stabilizing many function units, like oxygen-
evolving PSII complex, and ATP synthesis, membrane
integrity, and enzyme activity (Tao and Gao, 2003). GB
treatment fully overcame the adverse effects on CO, absorption
and chlorophyll fluorescence during water stress (Weibin et al.,
1999). In maize growth, CO, assimilation rate, and stomata
conductance increased at low exogenous GB concentrations (2-
20 mM), but decreased significantly at high exogenous GB
concentrations (30-50 mM) (Xinghong and Congming, 2006).
Specifically, under stress conditions, GB can protect
photosynthetic activity including photosynthetic enzymes
(Incharoensakadi et al., 1986), proteins and lipids of thylakoid
membranes (Wiliams et al., 1992 ), and electron flow in the
photosystem II complex (Papageorgiou et al., 1991) and its
major role in plants exposed to saline soil is probably protecting
plant cells from salt stress by osmotic adjustment (Gadallah,
1999), protein stabilization (RuBisCo) (Makela et al., 2000),
photosynthetic apparatus protection (Allakhverdiev et al.,
2003), and reduction of oxygen radical scavengers (Heuer,
2003). The rate of CO, uptake by the leaves decreased
considerably in response to water stress and was recovered fully
by the GB treatment, and influenced same to that, in well-
watered control plants. So, GB-treated plants showed better
ability to recover from wilting than the untreated plants. In our
experiment, exogenous application of GB has positive effect on
RWC in drought stress leaves (Table 2), whereas in glasshouse-
grown plants of two sugar beet genotypes, RWC of the leaves
decreased in response to drought stress (Barbara et al., 2002).

Drought stress prevented N and P absorption and decreased
RWC of apple leaves, which caused the decline of
photosynthesis and transpiration (Zhang et al., 2010). GB
application significantly increased stomata conductance of
tomato plants grown in well-watered, water-deficient or saline
conditions but not via ABA metabolism or water relations.
However, GB did not affect the leaf ABA concentration and
RWC (Makela et al., 1998b). Mickelbart et al. (2006) reported
that endogenous GB concentrations did neither correlate with
RWC and application of exogenous nor result in altered RWC
on grapevines. Two tobacco cultivars with different drought
tolerance were used to study the effects of GB applied on plant
roots. The results showed that GB applied through roots could
be absorbed by tobacco roots and then accumulated in leaves
and accompanied by negative changes of RWC (Zhi et al.,
2006). Changes in RWC due to GB application were almost
negligible (Muhammad Ibrahim et al., 2006). On the other
hand, accumulation of GB has been linked with plant’s ability
to better survive by osmotic adjustments under water stress
condition (McCue and Hanson, 1990). Exogenously applied GB
alleviated the damaging effects of NaCl treatment in two rice
(Oryza sativa L.) cultivars (salt-tolerant Pokkali and -sensitive
IR-28) (Demiral and Turkan, 2004). Similar results for higher
GB concentrations were observed which increased the leaf
turgor potential in maize (Quan et al., 2004), wheat (Raza et al.,
2006), and grapevine (Mickelbart et al., 2006). We did not find
any literature about significant relation between exogenous
application of GB and calculation of STI in plants. Further work
is essential to determine whether the higher GB accumulating
ability or exogenous application could be used as a reliable
index of stress tolerance in breeding programs as has been

shown in barley, wheat, and maize (Naidu et al., 1998). In the
present research, RWC and STI of the leaves decreased under
drought stress and GB had increasing and positive effect (Table
2). Fernandez et al. (1992) proposed that STI index can
discriminates genotypes with high yield and stress tolerance
potentials. Talebi et al. (2009) showed that STI is able to
discriminate tolerant genotypes under stress conditions. There
was a significant correlation between STI and yield under
stress. The results indicated that there was a positive and
significant correlation among STI and grain yield under normal
conditions and grain yield under drought condition. A general
linear model regression of grain yield under drought stress on
STI has been reported (Talebi et al., 2009). The significant and
positive correlation of grain yield under normal conditions and
STI showed that this index were more effective in identifying
high yield cultivars under different moisture conditions (Talebi
et al., 2009) and this conforms with our results in drought stress
and exogenous application of GB.

Morphological characteristics at reproductive stage

Morphological characteristics of reproductive stage including
the number of flower (46-23) (Fig. 1), fruit number (45-22)
(Fig. 2) and weight of fruit (34-20 g) (Fig. 3) decreased under
drought stress conditions and significantly increased by
exogenous application of GB (86%, 115%, 125%, respectively).
The total number of flowers in some varieties may be reduced
up to 47% under drought conditions affecting the number of
pods per plant (Mwanamwenge et al., 1999; Abelardo et al.,
2005). The drought stress affected the vegetative growth of
both, main stem and branches of the dry bean plants; however
branch growth was the most affected, limiting the number of
flowers, pods and final yield significantly. This indicated that
branch growth may be important trait that could be used by
plant breeders to achieve higher yield in determinate dry bean
varieties (Abelardo et al., 2005). The effect of drought stress on
flowering and pod setting on the different plant axes had
influence on yield and yield components. The most affected
yield component during the stress period was pods per plant,
with a reduction of 63.3%, compared to 28.9% and 22.3%
reduction of seeds per pod and weight of seeds, respectively
(Abelardo et al., 2005). The decrease in yield of legumes grain
grown under drought conditions is largely due to the reduction
in the number of pods per plant (Muchow, 1985; Lopez et al.,
1996; Pilbeam et al., 1992). On the other hand, irrigation deficit
in the first growth period of tomato reduced the number of
flowers leading to a decrease in the number of fruits and in the
marketable yield (Colla et al., 1999). Drought stress improved
fruit quality, organic acid, and vitamin C, increased sugar/acid
ratio, but decreased yields. Under simulated drought stress, the
number of fruits almost did not change but the weight per fruit
was reduced. Dry matter content per fruits increased, and the
total dry matter content per section did not change (Mingchi,
2010). GB treatment of tomato plants in a commercial vegetable
producer's greenhouse in Southern Finland increased the yield
and the number of tomato fruits (Makela et al., 1998b). There
have been significant yield increases in tomato crops following
application of GB (25, 50 and 100 mM) in normal growing
conditions. However, GB at concentrations above 100 mM was
toxic to plants, causing leaf burn (Makela et al., 1998a, b). In
one study conducted on codA-transgenic tomato plants, an
interaction was found between GB accumulation, increased size
of flowers and fruits and changes in the expression of genes
involved in cell division (Park et al., 2007b). Foliar application
of tomato plants in greenhouse with 0.05 M GB during early
flowering period clearly increased fruit yields. The increasing
yield of tomato with 0.05 M GB was partially due to increased
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number of fruits, while the application of 0.1 M GB at the early
flowering decreased the number of tomato fruits. Foliar
application of tomato plants in field condition with 3.36 Kg ha’'
GB during mid flowering period increased fruit yield 36 and
39%, as compared to control in salt and heat stress, respectively
(Makela et al., 1998b).

In conclusion, GB applied at the vegetative growth stage was
more effective in ameliorating the adverse effects of drought
stress on tomato cv. PS, due to GB-induced improvement in
plant water status. The adverse effects of drought stress on
tomato can be alleviated by the exogenous application of GB at
different growth stages by modulating water relations. The
decrease in yield of tomato fruit number and weight grown
under drought conditions is largely due to the reduction in the
number of flowering per plant and plant growth.

Materials and methods

Seeds of tomato (Lycopersicum esculentum Mill.) cv. PS, is
cultivated in Golestan province of Iran, provided by the
Falatiran Company, were germinated (5 May 2010) in 36 pots
containing silt: clay lome: soil (56%: 34%: 10%), EC=1.4, pH
7.4, absorbable K and P of 108, and 16.7 ppm, respectively,
saturated percent of 57.9 and % O.C= 1.06. The pots were
arranged on plastic trays (30 x 30 cm). Treatments were three
different levels of irrigation [weekly (D7), bi-weekly (D14) and
tri-weekly (D21) once)] of drought stress [irrigation based on
100% FC]. Exogenous GB (Sigma Chemical Co., USA) was
supplied by application in three levels (0, 5 and 10 mM that
were applied as foliar in three stages with 10 day interval. Root
length, leaves number, plant total leaf fresh weight, plant total
leaf dry weight, root length, leaf area index, RWC (Barrs and
Weatherly, 1962), stress tolerance index (STI) (Fernandez,
1993), were analyzed in the vegetative stage and flowering
number, fruit number and fruit weight were also recorded
during reproductive period. Statistical analysis was carried out
with SPSS version 19 for all the parameters studied. All data
were subjected to Duncan’s Multiple Range Test at the 5% level
of probability to test differences between treatment means.
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